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ABSTRACT

Enthesesreconnectiveissues thatconnect tendon to bone, two vastly
different hierarchical materials with different structural and mechanical properties. As
a result of this material mismatch, entheses are prone to local peaks in mechanical
stress (stress concentrations) that increasedhsceptibility to overuse injuries,
especially during rapid growth (postnatal maturation)iangung athletes. The
enthesis matures postnatally in a mechanoadaptive process, similar to the growing
bone, and forms a graded transition to dampen thesstncentrations at the
attachment site. Despite decades of research, the key biological and mechanoadaptive
processes that govern the adaptation of the enthesis under repeated loading and onset
of injury during its postnatal maturation remain unknown.

The objective of this researgbas to investigate the role of mechanical and
biological cues on the mechanoadaptation of growing and adult entheskethat
through four main aimg1) developingand confirming the feasibility and
repeatability ofa nové non-invasivein vivo model forrepeated loading of the tendon
and enthesigysing optogeneti¢g2) investigating thegedependeninechanically
induced structural and functional adaptation of the enthesis during growth and
adulthood (3) exploring the structurandfunctional relationships and possible
mechanisms of damagiee., disruptednterdigitation vs. collagen denaturatian)
disruption of the toughening mechanisirthe maturing enthesiand (4)identifying
FGFssignaling a known mediator of bone growids acritical regulator ofthe

structural gradation, and therefore, mechanical properties of maturing entheses.
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This study is innovative in taking an intesdiplinary approach teut forth a
novel model for skeletal adaiton to loading during growth, elucidating the structural
adaptation of maturing and adult enthesis under repeated loading, and proposing new
biological pathway#volved in themechanoadaptation of the maturing enthesis. The
results and tools developadthis work can be used tovestigate the@daptatiorof
the enthesis by investigating the mechanobiology of enthesis formation, with the long
term goal of improving thdiagnosis and treatmeot overuse injuriesn maturing

attachment.
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Chapter 1

INTRODUCTION

The Achilles is the strongest tendon in the vertebrate body. Like many other
large tendons and ligaments, the Achilles tendon attachlelione via a
fibrocartilage tissue interface known as the enthesis. Tendons atersthuropelike
tissues that transfer skeletal muscle loadkedone for joint motion and stability.
The focus of my dissertation work has been on identifying, defining, and comparing
loadingmediated adaptation of the Achilles tendon enthesis dgrimgth and into
adulthood using innovative tools to control muscle contraatisivo. In this chapter,
| reviewed the anatomy of the Achilles tendorbone attachment (enthesis), both at
the macroscopic structure (i.e., tissue morphology and morphgraattymicroscopic
level (cellular and extracellular matrix). | then described the role of the Achilles
enthesis in the translation of muscle loads during locomotion from tendon to bone and
reviewedthe knowledge in the field in terms of the multiscale aflenthesis
fibrocartilaginous structure, as well as
concentrations caused by the material mismatch at the enthesis. Later in this chapter, |
provided the foundational background for the structural and fumadti
mechanoadaptive response of the fibrocartilaginous enthesis complex to loading both
in growingand maturenthess. Finally, | concluded this chapter by reviewing the
clinical significance of enthesopathies and apophyseal overuse injuries and the current
state of the basic and clinical research in the investigation and mitigation of these

injuries.



1.1 The Achilles enthesis (a fibrocartilaginous attachment)

1.1.1 Grossanatomy

TheAchillesconnectghe triceps suragroup (gastrocnemius and sadgto
the posteriocalcaneusia smaller sudendonsThe gastrocnemius muscle is a
fusiform muscle with lateral and medial heafisgether with the soleus,
gastrocnemius muscferms the threeheaded triceps surae mus@ad subtendons
form the Achilles tendortFigure 1.1) The Achilles proximally flattens at the
musculotendinous junction with the triceps surae and transitiona notanded
ellipsoidal crosssection(~4cm above the calcaneushumang before wrapping
aroundthe posterior calcanswsteotendinoumsertionwith a splayed geomethy?
Along its length, the Achilles tendon can be classified into two main portions:
musculotendinous, which consists of proximal muscle fibers and free distal tendon
fibers, and insertional, which consists of fibrocartilage attachAm&nits insertion
(enthesis)Achilles subtendons twisto various degredsefore athching tothe deep
layer of the calcane&liberosity Others have classified thisist level based on the
attaching suitendons at the posterior calcanéd$ieanatomy of the Achilles tendon
(i.e., shape, crossectional area) and enthesis (i.e., location of the calcanedlange
and amount of twist in the siibndons can vary between individsimay have
sex/agedependent morphologiés

At its mid-substancethe Achilles tendornis relatively hypevascularized
(avascular)Despite the poor blood supply along its lengftle Achilles tendonis
vascularized ahe musalotendinousandosteotendinous (calcaneal insertion)

junctions as well as through the tengmatenorf:’
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Figurel.l: Ac h i tendenstfaches three stamdonsoriginatingfrom thetriceps
surae muscles (medial gastrocnemius: MG, lateral gastrocnemius: LG,
and Soleus: Sol) to the posterior calcaneusMA3cles of the lower leg
Adapted fromAnatomy and Physiologpy Betts et al., 201D penStax.
CC BY 4.¢% (B) Posteror view of the human Achilles attachment at the
calcaneus, denotingchilles subtendons and their attachment at the
calcaneusReproduced (and modified) with permission and copyright ©
of The British Editorial Society of Bone & Joint Surg€rfC) Schematic
of Achilles subtendons and their insertion into the calcaneus in rats.
Reproduced with permission and copyrighof the Journal of
Anatomy°( D, D6) Sagittal view of mouse /
bonevisualized by contrastnhanced micr€T. The dange box denotes
the insertionsReproduced with permission and copyrighof the
Journal of Angomy.*!

1.1.2 The hiochemical and microscopic structure of the Achilles athesis
TheAchillesterdonwarps andanchors to the calcaneus via a macroscopically

smooth and microscopically graded attachment site (i.e., entfieégisje 1.2A).

Both tendon and borerehierarchical structurehatconsist oftropocollagen triple

helices(at thenananeter scalgthat fom collagenfibrils (micrometerscalg. These



fibrils bundle together ttorm long and thiclcollagenfibersin thetendon(hundeds
of micrometerk In bonethe fibrils are stiffenethy the creslinked bioapatite mineral
crystals The Achillestendonattackesto the boneviaa fitfiocartilaginous t eto-d o n
bone attachmenEibrocartilaginougntheges(such as Achilles and supraspinatus) are
transitionalandstructurally graded tissues tHikiely reduce stress concentrations
caused byhe mesmatchin material propertiebetween tendons, and bone, during
growth and movement131315

The fibrocartilaginous enthesis is classically described as having four distinct
regions, primarily based on the cellularmmioology and the composition of the
extracellular matrix: (1) tendon proper, (2) uncalcified fibrocartilage (UFC), (3)
calcified fibrocartilage (CFC), and (4) subchondrvahe(Figure 1.2)!%8 Tendon
fibroblastsresidein an alignednatrix of predominantlycollagen typd (COL I). The
fibrocartilage (FC) zone is separated by a basophilic tide mark into UFC and CFC,
along the mineralization gradient in the bone direction. It confdirechondrocytes
in a matrix ofpredominantly collagerype 1l (COL Il) and COL | andcollagen type
[l (COL Ill). At theCFC, the ECM also consists obllagen type XCOL X) and
aggrecanCFCthencontinuously transitions intthe bone that consists of osteoblasts,
osteoclastsand osteocytes in a mineralkiz€OL | matrix (Figure 1.2)1823

Despite its zonal cellular and extracellular gradation, the enthesis is structurally
continuous (e.glinearincrease of mineral contert)Quantificationof the mineral
gradientalong the éngth of the entheskss been replicated in multiple laboratories
using Raman spectroscapy?*At the enthesis, collagen fibers are lesganized
(with higher angular deviation) compared to tendon or Bdfée tendon fibers

gradually spread out into thinner fitsriat the enthes{&igure 1.2C).22 In mice, the



mineratto-collagen ratio increasewer the 120 untkengthof the fibrocartilaginous
supraspinatus enthesfsom tendon to bon&

Finally, proteoglycan content alsiocreases alontie fibrocartilaginous
transitionfrom tendonand ligamento bone!®?*While dong theprimarily
unidirectionalfibrocartilaginous ACLinsertion into the femur and tihiproteoglycan
content idaterallyvariable quantification of the distribution giroteoglycan content

along the wrapping Achilles isot available?*

Tendon

Blood
Supply
Mineral
Gradient

Fibroblast

Fibrochondrocyte

. Osteocyte

Osteoblast

Bone Enthesis

Osteoclast

Figurel.2: (A) Enthesis histological sectipstained withToluidine Blue stain.
Purpledenotegproteoglycas at the enthesiéB) Schematic showing the
micro-level structure of the fibrocartilaginous enthesis. Nigroscopic
unraveling of thehicker COL | fibers (magenta) into thinner entheseal
fibers (cyankt the fibrocartilaginous enthesReproduced with
permission from Springer Natufg.

1.2 Transfer of musclegenerated loads from tenda to bone
Thegastrocnemius, soleus, apldntarismuscles are ankle flexor muscleand

thesoleus muscle is a stabilizer of the ankle joint. Theretbeichilles tendon is



activated not only during locomotion (gait, running, ebeitalsoduring stase by the
stabilizing activation of the sels muscl€.’ The Achilles enthesiss an example of a
largetendonboneinterfacethat enables thiganslation of muscle forces to the
calcaneus during stana#orsilexion, andplantaflexion.

Muscle contractioris initialized from electrical nervous messages sent from
the brain that induce action potentsthat arebrief depolarizations of the neuron
membrangyotential Action potemials traveldownthe spinal cordalong axons), cross
the midine, and project into peripheral motor neurons comprising motor. Uxtms
divide into seveal terminals and form neuromuscular gtions between the axon
terminal and the muscle fiber membra@ace the AP arrives at the axon terminal,
calciumentersthe neuron andacetylcholineis releasedrom the presynaptic terminal
into the neuromuscular junctiocetylcholinebinds and opes post synaptic
acetylcholinereceptor§AchR) on the muscle fiber's sarcolemmoeaallow for cation
influx into the cell merbrane The channels remain open until the membrane potential
reaches a critical threshold that propagates thal&iythe muscle sarcolemma and
into the muscle fiber via the transverse tubules ¢(arbliles) Finally, the excitation
contraction processasts utilizing calciumto induce actirmyosin binding and
muscle contraction. Potassium, in turn, exits the muscle fiber to balance intercellular
potential and allow for repolarization of the membréfigure 1.3) Upon activation,
the muscleulls onthetendon at the musculotendinous junctiandmuscle
generatedorces are translated through the tendon terthesigo facilitate joint

motion
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Figurel.3: Schematic of the neuromuscular activatidmhe skektalmuscle (A)
Action potential travedthrough the spinal cord, into the nerve branch,
and along the motor neuron axons. Action potential initiates the release
of acetylcholine (Ach) from the presynaptic membrane into the synaptic
cleft. Ach binds to th Achreceptors (Nachannels) on the postsynaptic
membrane of the muscle fiber. And muscle activation initiated from
cationinflux into the muscle thattilizes calcium tdranslatenembrane
depolarization intskeletal muscle contraction.

Muscle Fiber

As mentioned previously, th&chilles tendon translates the tensile loads from
the triceps surae muscle group to the calcaneus to generate torque about the ankle
joint. The midsubstance of tifchilles tendonexperiences hightrainsduring
locomotion (peak strain value of 421.2% during walking, 4 %+1.3% slow
running, and 4 %+1.2% fast running¥, andresponds wittprimarily elastic(spring
like) mechanial behavior?® The release of the elastic energy from the Achilles tendon
is critical for facilitating forward body propulsion during pustf. The recoil of the
tendon improves the translational efficiency of the musaelon force and reduces

the power demand of musclit has been shown that the elasticity of the Achilles



facilitates the changes in the tissue stiffness required for maintaining efficient
locomotion®°

Duringthelate stance phage65% gait) the triceps surae muscle functions
nearly isometrically (constant fiber lenyfd32As a resultthe compliant Achilles
tendn stretches response to the maximum force in thee stance phased stores
energy (near the teaff) to progel the body forward (early swing and toé).3%3°
Theseforces are translated tthe calcaneus througthe enthesisThe maximum forces
at the Achillegendonincrease from-4 bodyweights (BWyduringwalking to 68 BW
during running®32* At the latestance phasef the gait cycle, principatresses at the
calcaneus are also maximal (70% of walking, maximum ankle moiie@d)culated
von Mises stress froitine 3-D analysis was maximal at the lence and pusbif
phase of gait® Maximum principal stress at the nasegittal calcaneus typically
occurs at the late stance phase rather than during early stance (i.e., heel strike) and in
response to the vertical peak in imp&cthreedimensional finite element analysis of
the foot during gait further showed that von Mises stress was concentrated at the

superior posterior calcaneal tuberosity dutimg puskoff phase of gait’

1.2.1 Structure-function relationships and stressdissipation at the enthesis

The enthesis connects fibrous orthotropic (transversely isotropiehdon
(elastic modulus 450MPaaxial andd5MPatransverse) to rigid isotropic bone
(elastic modulus 20 GP#.123816.263%The enthesis is algnechanically toughehan
either tendon or boné:*°Theinterface of dissimilar materials is often prone to
reduced toughness @stress concentrations caused by the material mismatch, which
makes the enthesis a unique interface to study mecharfichilglassic engineering

applications, adhesives are used to improve toughness at edges that are prone to



singularities and prevent the initiation of detachment at the corners of the material
interface® The gross, micrg ard nanescale structure of the fibrocartilaginous
entheses (e.g., Achilles and supraspinatus), however, is a biological solution to
all eviating stress concentrations and toucg
tendon and bone.

At the issuelevel, thefibrocartilaginousenthesisexperienceshe highest
strains during motioncompared to either tendon or bbhanddistributes tensile
tendon strains across the attachment to prevent local strain concentitions.
Quasilinear viscoelastic modeling of the enthesis at the tenddonyg sides, based
on magnetic resonance imaging measuremdriteesupraspinatus strajnsedict that
while thebonyside of thansertionbehave®lastially, thefibrous side of the enthesis
behaves moreiscoelasticallywith a fasterelaxation duration Therefore, this model
suggests thahetendon side othe enthesis can undergo higher loads for longer
periods tharthe bony enénd predicts thgieak strain is almoshreetimes higher at
the bony side of the insertidghanthe tendon sidé® At the microelevel, it is now
known that the entheseperienceghehighest strains durinfprce translation from
tendon and bone arnsimore compliant than either tisstfe#®

Fiber twisting describes the cumulative fiber curvature and is a potential
indicator of the local distribution of the mode of loadfd¢n the mouse Achilles
insertion, measurements of individuaD3fiber tracks along the length of fiber twist
have indicated that the UFC has the highest fiber curvétiitigher curvature of
fibers results in increased contact pressure within the ECM because the fiber curvature
is maintained by the ceECM interaction between fibrochondrocytes and the fibrous

network?® At the site of the enthesis, the tissue withstands both maximum tensile



(because of reduced fiber CSA) and compredsiaeds(increase contact pressure
between curved fibers), and therefore equivadeeiss'® Effective attachment ahe
tendon to bone is facilitated by (1) gross splaying of the attachment morphology; (2)
recruitment of superficial fibers for load sharing, dependent on loading @egle
angledependent fiber recruitment in a network sgl{@) interdigitation (toughenp);
and (4) a functional gradidg®that contributes collagemineral interactions
(stiffening) at the enthesis.

Translation of forces through the enthesis involves four dynamic sesces
fiber realignment, crimp, deformation, and slidf@rimp and fiber realignment are
positive predictors of the mechanical properties of the tendon ins#réibresultsn
delayed ralignment and subsequent deformations at the enfietisicturally, the
enthesis fibrilshave adivergent splay at the wrappibgndonto boneattachmers(e.g.,
supraspinatus tendpthat results in loading angtiependentecruitment of fiberg®
Along the width of the enthesispliagen fibersare nearly perpendicular at the
tidemark andplayto the edges witlessorganizatiorat the edges of the enthesis
compared to its midine.*®>! Enthesis fibrils hava symmetrical splay of up to ~15
degreesAlong the enthesjshese fibrilsunravel into the superficial fibetsat what is
the point of highest angular deviation during this transitional tissue, compared to either
tendon or bon&>2The splayed geometry of the fibrils at the attachment to the rigid
substrate serves to reduce corner singularities that occur at the outward splay of the
attachmenthatmay, otherwiseincrease local stresseistiae center of the attachment
substrateand lead taheinitiation of detachmerf Additionally, the depershce of
fiber recruitment on thiwading anglesuggests that the enthesis fibers displace similar

to a networked solidather tharanaffine one(i.e., local fiber straims equal tothe

1C



macroscopic tissue strainS)This means that for the case of the Achilles enthesis, the
recruitment of fibers at the enthesis for effective transfer of loads endept on the

gait phaseFiber recruitment determines the madel mechanical response (shear,
buckling, or rotationsdf the interface fibex®! Interdigitation of the fibers at the
enthesis into the mineralized matfollows a stahastic patternHigherstochastic
interdigitationreduceghe sstrength dthe enthesisndincreasests structural

toughnesdy modulating amsynchronous failure of the attachment along its witith.
Combination of stochastic interdigitation and argépendent fibril recruitment and
load-sharing atheentesis are the main factors in increasing the-toasduction

area to overcome local stress concentrations and increase toughness under-the multi
modal loading conditions during motiéh.

Mineral-collagen interactions are important at the enthesis and have been used
to estimate enthesis tissgeale stiffness and its macroscale mechanical beh&vior.
Raman spectroscopic measurements of the bovine#a@E® and rat supraspinatus
tendonbone attachment$?®have confirmed that the minerairgent increases along
the fibrocartilaginous enthesis from tendon to bone. Estimations of the enthesis tissue
level moduliin silico have been made by inferring local mechanical properties of the
fibers based on the spatial distribution of fibers (podatizight microscopy) and local
mineral volume fraction (Raman microscopyY.he results from these estimations
have suggested that the graded ECM mineralization likely modulates collagen
stiffening, especially at the fibrous side of the attachm&wtork by Genin et al. has
proposed a theoretical Ami ner al percol ati c
parametersabove whichttheincrease in the mineral content across the enthesis lead

to significant stiffening of the enthesis. These results have shown that despite the
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increase in mineral content at the enthesis, the tissue remainsaongukant (less
stiff) than either tendon or bor2.

In addition to the prominent role of the fibrocartilaginous enthesis
(osteotendinous junction), stresses at the site of the wrapping enthesig(@.lg., | | es 0
tendon) also dissipate from the attachment by adjacent tissues, such as retrocalcaneal
bursa, gnovialfatpad, and bur sal cavity. The Achil/
combined tissues that aid in daammg the compressive stresses caused by the
wrapping geometry of the Achilles around the calcafélihese compressive loads
are localized between the deep layer of the Achilles tendon (sesamoid fibrocartilage)
and the superior calcaneal tuberosity (periosteal fibrocartitAdéese
fibrocartilaginougomponents form in response to both mechanical and biological
cues® and act ashock absorbsiin the presence of compressieadsduringgait and
locomotion®® This fibrocartilage alsalissipates energy that accumulates between the
wrapping tendon and anterior calcaneus tuberosity during compressive ffimiaet.
At these sites, extracellulargteoglycan macromoleculeggregate and improve the

compressive strength of the tissti.

1.3 Mechanoadaptationof the enthesis

Movement and mechanical loading are essential for the formatidn
maturationof musculoskeletal tissué%52 Tensile strains in the direction of muscle
contraction translate into multixial tensile and compressive lgaat the site of
wrapping attachments like the Achilles tenddf?¢3¢4These multimodal stresses at
the site of the tendebone attachment modulate cellular and tissue kevelation

and remodeling (i.e., tissue turnover) of the tendon, bone, and elftfésis.
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1.3.1 Formation of the Achilles enthesis

The development of Achilles enthesis and calcaneal apophysis iatiodve
mechanoadaptive process of endochondral ossificktfdiThe calcaneus
mineralization occurs postnatally and mineralizes primarily via drafwtral
ossification®® Fibrocartilaginous entheses (e.g., Achilles and supraspinatus) mature
postnatally with biolgical pathways similar to those of a developing growth @ate
the attachment of the cartilage templates to the teWdfduring endochondral
ossification, chondrocytes form a cartilage templatel vessels infiltrate the cartilage
template from the bone marrow and initiate bone forma&fidhEndochondral
ossification of long bones involves ossification of bothgaa) (growth plate) and
apophyseal cartilage (secondary ossification center, SOC) located at the posterior end
of the calcaneu’’? ”® This SOC marks the mineralization front of the rgnowth
plate of the fibrocartilaginous enthesis. During this process, the mineralization front is
marked at the site wheohondrocytes swell into hypertrophic chondrocytes GCd
X-rich ECM. Hypertrophic chondrocytes undergo apoptosis at the mineralization
front, and the mineralization front advances toward the developing fibrocartilaginous
enthesis at the posterior sidetioé SOC until it reaches the UEE.

Loading is critical for the progression of endochondral ossification as well as
for mineralization of the enthesis. Muttiodal loads (compression andabxial
tension) regulate the distribution of the entheseal fibrochondrocytes cells as well as
ECM compments. Under tensioejongated fibroblasts are embedded in an aligned
fibrousECM of predominanthCOL | (tendon midsubstance)Under compression,
the tissue has a cartilaginous morphology with round chondrocytes embedded in an

ECM of predominantly COLIlland proteoglycan at trete of wrapping enthes(e.g.,
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at thesubacromion region of rotator cuff tendon and deep Achilles ten@ogiire

1_4)_19,77[ 80
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Figurel4: Thefibrocartilaginous enthesis forms in responsa tombnation of
tensile force from elongated tendon during muscle contraction and
compressive loadst the site of bonavrappingenthesisReproduced
with permission fronElsevier Science & Technology Journ#ls

1.3.2 Postnatal maturation of the Achilles enthesis

Longitudinal radiographic assessment of progression of ossification in human
calcaneus in children indicates that ossification of calcaneal apophysis occurs during
late childhood and early adolescence (~ ad&)#%8'In mice, he development of the
fibrocartilaginous enthesis has also been shown to occur postnaiéiilyncreasing
mineral content and advancing mineralization front during early postnatal timepoint

(PO-P14), and adult enthesis forming at ~ 1 month after birth (F28)wever, how
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the development of enthesis coincides with the formation of the apophysis is not well
understood. The estimated timeline of postnatal human and mouse develogment
be linkedto their reproductive maturatidi? (Figure1.5)

As part of my doctoral work, | confirmed that postnatal maturation of the
developing Achilles enthesis forms in parallel with the calcaneal growth pleged
Toluidine Blue staining to visualize tissue morphology and spatial distribution of
proteoglycans (stained in dark purple). | showed that ddin@garly stages of
enthesis development (FRL2f3, the enthesis formsithoutan ECM or minerally-
graded transition between tendon and bémeundP14,thegraded transition at the
enthesis starts to formand by P28, enthesis mineralization occuts>-8 weeks of
age theadult enthesis witlts gradel transition isestablished and matu¢gigure 1,

B). Previously, assessment of lateral proteoglycan distribution along the length of the
enthesis was reported to be variable and lateralljowalized along the enthesis of

ACL insertions at both the femur and tiBfeResults from my characterization of the
maturing Achilles enthesis qualitatively support that during maturation, ECM
proteoglycans may be localized to the anterior side of the attathmen adaptive
response to the increase in the compresankshealoads at the wrapping Achilles
during loading. Based on these findings, it is evident that the maturation of the
enthesis precedes the fusion of the calcaneal growth platbematuation of the

apophysis.
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Figurel5: The maturation of the Achilles enthesis precedes$usien of the
calcaneal apophysis. Ossification of the calcaneal apophysis (A) initiates
during late childhood (Byearsold , a n ddpdpbysis fusés eluring
adolescence. B0) Mature FC Achilles enthesi
form until 56 weeks (wk) of age (i.e., adulthood) in mice. During early
postnatal timgoints, thegrowth rate in mice is much higher thian
humans, where 4 weeks (postnatal day 28: R28)ice is comparable
developmentally to a-§earold human infant. In mice, puberty occurs
around 1.5 months (6wk) which is comparable developmentally 1d-a
yearold human child. As they age, theowth rate in mice declines, and
at around 2.5 monthgmjice are comparable to 3@arold adults Panels
A, A0 aitth pepntissiah from WitersKluwer health, iné®

Several key biological factors are involved in the graded formation and
maturation of the cellular and extraceliutmponents of the enthes&:leraxis £c3
is a transcription factor that expressed in all tenddmeage and progenitor cells and
is necessaryor transcription for tenogenesis and functional tendon formé&figh.

Initiation of thegradedenthesis is facilitated b$cx(tendon formation regulatqthe

16



sex-determining region Yoox 9 Sox9 cartilage formation regulatprandglioma-
associated oncogefie.g.,Gli1) transcription factor$48’ Growth factors associated
with enthesis formation includeohemorphogenetigrotein 4 BMP4) that initiate the
formation of initial unmineralizedtfrocartilaginous anchorage of the tendon to bone
(eminences; e.g., greater humeral tuberosity and calcaneal tubesodifiproblast
growth factor EGP ligands and receptot§GF, which control cell differentiatia®®
An emergenbody of resealt ha explored the role dFGFsin the formation of the
enthese& 8 Thematuration of the enthesis occurs witte formation of the graded
transition enthesis frorthetendon, through UFC and CFC,ttebone® The
developmental patterns in the formation of the enthesis are similar to the cellular
processes of an fAarrestedo gr owtbthe pl at e,

maturing growth platé!

1.3.3 Role of mechanical loading in thelevelopment andmaturation of the
enthesis

Embryonically, the developing enthesis forimsially asacompliant anchorage
between the tendon and bdii€3This anchorage then matures postnatally into graded
fibrocartilaginous enthesis in resEe to the mechanoadaptive processes that modulate
the cellular and extraellular morphology of this tissugigure 16, A). During early
postnatal development, finite element estimates of the sitaissfields of the postnatal
enthesis indicate thatdher cellular density and mineral distribution may amplify the
stresses at the cell and matrix interface to compensateetow contractions of the
developing muscle by amplifying the stress concentrations at the interface leslslt

(Figure 1.6)°2

17



A B ..o , R

A4 XY |m.
2

Time (day)

1atrix interfac

L=

SCF at cell-i

Growth 71014

n
=

T T T T T

-
T

-
©
—_—
1

Enthesis { Initiation

1 q

o T I 1
0 71014 28 56
Time (day)

Figurel.6: Role of micromechanics on enthesis growth and formation. (A)
Schematic showing role of initial enthesis anchoradadiitating bone
ridge growh.®’ (B) Higher stress concentration factor (SCF) between the
cell and mineralized ECMuring neonatal timepoints may serve to (B)
compensate and increase stresscentrations at the enthesis to adult
level. Reproduced with permission from Springeatie®?

The wloading of muscle during postnatal growth delays maturation of the
fibrocartilaginous enthesiby disruptingproteoglycan content, collagen alignment,
and mineralizatioi>°¢%These structural changes, in turn, result in inferior
mechanical function (strength, modulus, and toughness) afitiieenthesi§>*3
Interestingly muscle unloading results in delayed initiation of endochondral
ossification at the enthesis but does not impaietformation rat€® Unloading of the
growth plate via denervatienducedparalysis of the hindlimb also leads to disrupted
growth plate columnar organization and delayed longitudinal bone gramdh

reduced bone quality and proliferatith.
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1.4 Effect of loading on structure and function of the enthesis

In studying the mechanoadaptive resgoakthe enthesis, it is essential to
understand how mechanical loading influences the structure of fibrous and
mineralized constituents and the function of the enthesis. The cellular and extracellular
components of the fibrous and mineralized tissuei(sedt3.1) can be assessed
guantitatively and qualitatively. Structural information can then be used in conjunction
with mechanical testing to interrogate the strucfurection relationships that govern
themechanoadaptive response of the skeletal tidatiag growth, injury, and healing
to improve clinical outcomes.

The main structural component of the ECM in tendon, bone, and enthesis is
collagen. In tendon, collagen triple helices form bundles and assemble into fibers that
bundle together into tendoibérs. These fiberarethe main contribut@to the
elasticity inthetendon under tensile loads. Repeated tensile loading of the tendon
fibers can change their orientation and can contributeetdisruption of fiber
organization anthe formation of kinked fiber§>° Loading can also initiate
accumulatre damage at the molecular level by inducing fibril breaks and proteinase
enzymeinduced degradation of the EC¥IAs a result of this ECM damage, even
under physiologic temperatures, collagen triple helices can irreversibly dhfold.
Collagen hybridizing peptides (CHPs) have been engineered as specifiessiagte
pepticesthattarget and specifically bind tahe unfolded triple heliX’*® CHPs can be
conjugated with fluorescent or other labelgbable visualization of molecutavel
detection in order to observe the localized distribution of the collagen denaturation in
skeletal tissue, such as bone, cartilage, and tendorinbatio andexvivo.®”:%8

Additionally, mineralization of the ECM and bone microstructure are the

primary mediators of bone mechanical properties. Moa@zmputed tomography is the
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gold standard, and &reliable, fast, and neshestructive technique for assessing bone
quality (i.e., mineral density) and thrdenensional cortical and trabecular
microstructure. This technique uses aray energy generator and a detector that
measures energy absorptiorthvin a specimef?1%°X-ray emissions ardetected at
incremental angles to reconstruct a thd@éaensional representation of the specimen.
The X-ray radiation absorption varies based on the sample density and its ability to
attenuate signal. Thre#mensional attenuation data of the scanned sptican be
compared to hydroxyapatite standards to better estimate tissue mineral density. In the
clinic, bone mineral density is a commonly used measurement of bone health used to
investigate susceptibility to fractur&®.Threedimensional characterization of the
bone microstructure (e.g., traldar and cortical thickness, trabecular number) can
help informaboutits material behaviot®*

Immunohistochemistry and histology arauabletoolsfor studyingthesecell-
level changes by targeted stainfiog ECM constituents and cellular markers. Tendon
and bone also respond to change in loading at the cellular level. The mechanoadaptive
response of the cells may be anabolic (adaptive) or catabolic (degenerative) depending
on the loading environment (e.tpading mode, frequency, magnitud&}®?In
tendon, while training causes increasetlular metaboli@ctivity, inactivity and
degeneration cause reduced metabolic cellular activity and apoptdSién bone,
the remodeling process is a highly mechanosensitive response that involves a
continuos transition of the cellular activity transitions between formation (i.e.,
osteoblastic deposition) and bone resorption (osteoclastic activity) in response to the

loading environment®
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Finally, exvivo uniaxial tensilas the standard method for the characterization
of the mechanical properties of the enthesis. The testing involves gripping of the distal
tendon, and the proximbbny attachment in secure fixtures in a teséipgaratus
Most importantly, the testingpparatugonsists of a motorized stage that displaces at
predefined increments and speed and the load cell that collects the fordéhdata.
force-displacement and genetric measures (gage length and csesgional area)
stressstrain curves argenerated to calculate the relevant mechanical propérhes.
essentiaconsideration$or uniaxial tensilgesting ofthe enthesis involve: (1)
appropriate fixture design ensure appropriate mode of failure (i.e., growth plate vs
enthesis failure)2) tissue hydration for maintenance of the viscoelastic properties, (3)
loading rate depending on the testing protocol (i.e., egtasic vs. dynamic), (4)
meaningful approxiration of crosssectional tissue area, (5) prohibiting-affis
loading, (6) appropriate gauge length, (7) physiologic testing temperature, and (8)

tissue preloading and po®nditioning to improve fiber engageméfft.

1.5 The aurrent state of in vivoinvestigations of enthesis mechanoadaptation
Tendon is prone to overuse injuries (i.e., tendinopathies) caused by the
imbalance between matrix regeneration and synthesis in response to I6atihty®
Chronicand/orexcesi/e loadingcanadvance into tendonstepair and
degeneratio”?” Comprehensive reviews of tendon remodeling and mechanobiology
can be found in previously published revie\&!!! Similarly, bone remodeling and
growth are governed by the mechanicalimmment!®Wo | f f 6s | aw rel ates
stimulation of bone apposition to intermittent and increased stress and asserts that
reduced itermittent stresmay be an underlying cause of bone remodeling (surface

based modeling and drift§¥'**Moreover, longitudinal bone growth is governed by
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HueterVolkmandsii | awo t hat correlandredsiced ust ai ned

compressive loads result in suppressed and accelevatgtiilinal bone growth,
respectivel\:°° Bone growth is, therefore, modulated by the sustained compressive
loads rather than pbkiologic dynamic loads. Others have suggested that tension
beyond a threshold on the growing bone hinders bone grdtih:11°

The relationship between loading and tissue growth and remodeling is
intricately dependent on the level of maturity, frequency of the applied load, and the
translated tissue strains. Therefore, it is es®eio understand the temporal effect of
loading on mineralization during growth. Animal models affibrel opportunityto
controltheindividual variabilities (i.e., genetic, anatomical, and histprgsent irthe
clinical studiesVarious small animal model studies have investigated the effact of
vivo loading on the structure and function of wrapping tesdqorostly supraspinatus)
andtheirinsertiors.

Animal models can afford the control of variables related to both biological
and structural adaptatiaf the tendon and tenden-bone attachments. In Tablell
have summarized some of the key findings of current mouse and rasmbdel
decreased and increased loading and their effects on témélone attachment.
Standard basic science models of muscle unloading inbltdénum toxirinduced
(BTX) paralysisdenervatiomerve transectigrand limb unloading!®!1'The effect
of increased loading has been studiethg models of active loading (e.g., uphill and
downhill treadmill running) and passive loading (e.g., electrical stimulatative
running models (either up or downhill) have been previously used to study the
adaptive response of the tendon or tendwhits enthesis to repeated loadiThis

previous work has identified the potential role of increased loading on the structural
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and functional adaptation of tendon and enthesis in adult animal models. Yet, these

models are linted and insufficient for studying immature tissue remodeling.

Therefore, a need exists to study the effect of increased loading on postnatal enthesis

growth A major focus of this dissertation work was to develop and use-mxasive

model to increaseenhdon and enthesis loading using innovative optogenetic tools,

described in detail in Chapter 3.

Tablel.1: Overview of theprevious chronic loading and unloading modelthef
murinefibrocartilaginous enthesis and their attached tendonhamain
findings ofthese studiegAge: A-Adult, Y-Young; Approach: TRU
Uphill treadmill running TRD-Downhill treadmill running CA-casting
BTX-Botulinum toxin Ainjection ES electrical stimuation HS
hindlimb suspensiqgriTissue AT-Ac h i tedden®AG-Ac hi | | es 0
insetion, QT- quadricepinsertion on tibia; SSsupraspinatusendon)

Animal | Age | Loading | Approach | Tissue | Main findings Ref
Model
Mouse | A - BTX SS Mineralized tissug-) 119
Toughness-§
Strength {)
Risk if avulsion fractures
(+)
Mouse | A - Space SS No micro-and tissue 120
flight AC level changes
Mouse | Y - BTX SS Disrupted mineral 65
distribution
Mechanical properties
Fiber organization-§
Altered mineral content
Mouse | Y - BTX SS Delayedendochondral | %6
ossification
Mouse | A + AT AT Cellularity (+) 121
tenotomy Neovascularization (+)
Fiber organization-§
Rabbit | A + ES QT Load dependent 122
variable cellularity (+)
loads Disrupted tidemark
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Rat A + after- | TR after | QT Restored 123
CA fibrocartilaginous

thickness

Rat A - HS AT Stiffness ) 124
Max stress+

Rat A + ES AT Cellularity (+) 125
Fiber organizatioig-)

Rat A + TR-D SS CSA (+) 126
Cellularity (+)
Fiber organization-§
E ()
Maximum failure stress
()

Rat A |+ TR-U AT Cell density (+) 127
Bonar score (+)
Fiber organization-§

Rat A + TR-D SS Local stimulation of 128
tendon cells

Rat A + TR-D SS Fibrocartilagirous 129
phenotype in tendon

Rat A + TR-D AT No gross structural or | ¢
mechanical changes

Rat A + TR-D and | AT No changes in 131

TR-U mechanical properties
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1.6 Overuseinjuries of the Achilles enthesis

In contrasttoacutmu s cul os kel et alt riarujmaroi, e © veerr ufsma
injuries are caused bdlamahgem, camd dc ammoemlt
lower limb and tendof®? These injuries are caused by the failure of the adult or
developing tissue to adagppropriatelyjto the biomechnical demands caused by
repested increased activit}?® 13 Therefore, due to increased sports training, overuse
injuries, especially in the younger athletes, have become prevalent32136140The
Achilles enthesis complex is commonly affected by ovemdaced diseases at the
tendinoug/Achilles tendinopathy), insertional (Achilles insertional tendinopathy), and

calcaneal apophysis (Sever Disease), during childhood, growth, and addfthiééd.

1.6.1 Achilles insertional tendinopathy

Insertionaltendinopathiegor enthesopathiegpnstitute25% of all tendon and
ligament diseaseand commonly affect contirously training athleteoth young and
adult)13>143144Cinjcally, insertional tendinopathies aeagnosed by local or diffuse
swellingandpainnear the attachmeahd in some casetead toreduced local
strength and disruptgaerformancée® Clinical interventions for Achilles insertional
tendinopathy range from conservative management methods such as resting, modified
footwear, ice, and eccentric gassoleus training, to surgicaiterventions such as
calcaneal debridement and Achillesarechoringt*®14° In patients unresponsive to
conservative interventions for@months, surgical interventi@uccessfully manages
the pain but may involve ~g months of recovery for return to activit§f:*>°

The etiology of enthesopathies, however, idtifactorialand under
investigated>>1°1Both intrinsic €.g.,anatomical variation, skeletal malalignment,

muscle contracture imbalan@nd fatigued muscle stiffeningpd extrinsic factors
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(e.g., training, footwear, and contact forces from the tercainjribute tahe onset of
tendinopathie4>®1 These injuries caugain, dysfunction, red impairedactivity .26:134
Yet, the underlying cause tiie pain associ&d with enthesopathiesusclearand
underinvestigateé?®

At the microscopidevel, theadaptation of the tendinopathic insertiomge
dependent andssociated witincreasegroteoglycarcontent degeneration of
fibrocartilage and ECM, and disruption of thethesigtidemark!%+152154 Moreovey
despitetheavascularity of the healtignthesisthe enthesaghic tissue is infiltrated
by blood vessels from the bone marrow at the osteotendinous junctionayextend
to the fibrous UFC and tendd/®

Achilles insertional tendinopathy is not an isolated adaptation of the enthesis
and affects the focal site of the tendorbone attachmerats well asurrounding
tissues (e.g., sesamoid fibrocartilage and rektac@al bursaj.e., the Achilles
enthesis orgar?y.>®t the tissudevel, abnormal bony projections or spurs
(enthesophytgsare radiographically detectable near the-tsge enthesopathic
attachment>® Specifically, impingement between the deep layer of Achilles enthesis
and the superior aspect of the calcaneus may catrsealcaneal bursitihat often
coexists with the Achilles insertional tendpathy andbony projection at the
posterosuperior calcaneti:'*®Bony spurs form with a distinct ossification pattern
from endochondral ossificatidf® While the formatiorand progression of borspurs
is not wellunderstoodhistological examinatiosiof the humanandthe aging studies
in animalssuggest théormationof bony spursesults fromincreasegroteoglycan
andfibrocartilaginous formatiofollowing repeateccompressivestrain at theleep

layer of wrapping tendon at the site of fibrocartilaginenthess.*¥ 1! Progression
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of these bony abnormalities under repeated loading in adult enthesis is still an open

subjec of research.

1.6.2 Sever disease

Sever diseass the most common cause of heel paiganngathletesin a
prospective study 6f1200schootagedchildren, Sever disease was the most common
overuse injury of the upper and lower extremitagounting for 20% of these
cases® This injury commonly affects youngthlete§commonly gymnast
basketballandsoccelplayers)duringthe period of rapid growth (late childhood and
early adolescencend may cause pain and loss of activify!38163.164

Sever disease is caused by repeated microtrauma at the heel that affects the
posterior calcaneus at the site of the apopH§3idistopathologic information is not
available’? Therefore, tinical diagnosis of Sever disegsgmarily involves
biomedical imaging (radiography, MRI, and computed tomography) and physical
examinationHowever, radiographic diagnosis is challengfr§>*¢andrequires
examinatiorfor other commormveruseinducedcauses of heel pain such as calcaneal
spur, etrocalcaneal bursitisnd Haglund deformity8 The clinicalappearance of
Sever disease involves an opening of the calcaneal growthmlatemotion of the
developingapophysisand bruisingf the metaphyseal trabecular bone that may
indicate microdamage or separation cartilage from osgifisde’>%¢Unfortunately,
due to norperiodic examingon during the progression ofisoveruse injury or
limitation in radiographic diagnosis, progression of Sever diddadg goes
undiagnosed in young athlet€s.

In most cases, the pain in the injured heel is tolerable and can be managed by a

short period of rest or ankimmmobilization (~48 weeks)shoe weamaodification
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(e.g., raising heel inserts to reduce Achilles tension), and strengthening of dorsiflexor
muscles’?138.165.167.16Rest and immobilization have been the most effective
intervention in pain management at the injury §it€8Ogden et al. reported that in 14
symptomatic patients, weighearing immobilization of the ankle and resinr the
aggravating activity resolve the trabecular metaphysis bruikiggre 17) and the

pain at the injury sité Interestingly for some patientsmmobilizationdoesnot

resolve apophyseal sclerosis (i.e., increased signal inteffsity).

Figurel.7: Trabecular bone bruisingbservedn Sever patienté_eft) diminished
after castedaveightbearing interventiosi(Right), the apophyseal bone
bruising does not resolvAdaptedwith permission from WitersKluwer
health, inc 2

1.6.3 Missing links and unclearlong-term effects
Overuse ione of the most common causes of pain and discomftine
ent hesis (e.g., Achilles insertiondl tendi
the young apophysis (e.g., Osgood Schiatehe tibial growth plateSeverdiseasg
In a report on 470 patients with Achillemndinopathyand insertional complaint25%

are young athletg/$*that are alsthe mostcommonly affecteghatient populatiofy
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apophyseatliseasedsmmobilization iseffective in pain managemeéand, inthecase

of Severdiseasgrestoration ofhe normal metaphyseal constrdét®’In theclinic,
apophysitis ajp aadikeapapdytsdal scienssandrbondruising

that be a normal sign of remodelifigd®®!Ho we ver , whfern & elikei miend cr o
appearance of the apophysis is, in fact, microfractures of the posterior caléaneus
contributes to increased susceptibility to insertional tendinopathies is unclear.

Therefore, msssectionalnvestigatiors are necessarfpr the study othe longterm

effect of apophyseal injuries and manageméht.

1.7 Motivation
Muscleloading iscritical for the healthy developmeand growthof

musculoskeletal tissué&>*213n the human population, investigation of enthesis
mechanoadaptatida unfortunately limited by interindividual structural, genetic, and
physiological variabilitiesand the challenges in retrospective clinical investigation.
Small animal models allovor mechanistiénvestigationof the effect of loading on
the structural remodeling of the enthesisvivo, murine animal models (e.g., ratdan
mouse) are invaluable, readily availaldgperimentally inexpensive tools that have
been extensively used in the field of musculoskeletal research for the controlled
investigation of the effect of loading on the structural adaptation of enthesis and
terdon’¥1"® androle of specific biological factors in the postnatal formation of the
enthesi§.6'177'178(p5)

Much of what § known about the basic mechanisms of mechanicadiyced
adaptation of musculoskeletal tisstiesncreased loadingomes from decades of
experiments usingdultmice to study anabolic bone loadtfty®andtendon fatigue

damag@.®® The available muine models of increased loading for the study of
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mechanoadaptation of the tendon and enthesis (i.e., treadmill riffmindelectrical
stimultatiort?), howeverare primarily applicable to adult and not growing animals.
Downhill and uphill treadmill running are the most commonly used models for the
study of ircreased loading ate structure and function of adult and aging
supraspinatus enthesg8126:18yet, theyoungest age for the initiation ofdreased
activity is 8 weeks old, sindaese modelsan only be used in freely mobile adult
animals that can actively load thenuscles by running on a treadmill for the duration
of the experiment. Electrical stimulation helso beemprimarily used for epeated
stimulation of adult muscle in mice and rats due to the challenge in repeaieol
subdermal needle electrode placement at the site of growing nerve potential tissue
damage from repeated needle electrode placement in young mice. Therefore, there is a
need for the development of nowasive animal models that allow for high precision,

controlled, and specific stimulation of the growing and immature enthesis.
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Chapter 2

DISSERTATION OBJECTIVES

Overuse injuries of the enthesis account for 25% of all tendon injuries that cost
~850 billion dollars in direct health cost and indirect wage dosaially in the United
Statest®? These injuries affect both the adult and growing enthesis aasdsitgiated
apophysis. Yet, overusejumies are hard to diagnose and have an unknown etiology,
in part due to limitation of theurrentclinical diagnostis and documentation of these
diseasesd(.g., lack of young histopathological darad history of physical activity,
inter-individual varidilities). Despite theclinical relevancéSection 1.6pf the effect
of loading on enthesis adaptation, available models of increased loading are not
applicable to young tissy&ection 1.5)unfortunately, the effect of repeated loading
on thematurationof the enthesis and its biological and mechanical interaction with the
mineralizing apophysis is uncledherefore thedevelopment of methods for
studyingthe effect of loading and its implication on biological and mechanical
interaction in the enthesisespecially in theleveloping tissuess needed.

In thisdissertationl aimedto investigate the role of mechanical and biological
cues on the adaptation of growing and adult enthesigsaattached apophysis. This
dissertatiorwork develogdnovel animal models tstudyage and dosedependent
effects ofincreasednechanical loding on the enthesis amtkentified a potential role
of the growthfactor, FGF9,as an emergent mediator of the enthesis developfnent

duringenthesigevelopment and maturation
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Aim 1: Development ofa mousemodel for non-invasive skeletal muscle
stimulation. In this aim, | developed a transgenic mouse modattvateskeletal
muscle contraction using optogenetic contriotkeletalmusclecell depolarization. |
optimized an on/ofblue light exposurerotocol for maximizingustainedriceps
surae contraction and generagetkle torque and compared these measurements with
electricalnervestimulation the goldstandard rathod in physiological muscle
activation

Aim 2: Determine the dfect of daily non-invasive muscle stimulation on
the mechanoadaptation othe young and adult enthesisThe optogenetic mouse
model | developed in Aim 1 was then used in Aino thvestigate enthesis
mechanoadaptation in young and adult mic&lidated the repeatability of
contractioninduction anccompared the effect of daily repeated muscle stimulation
About so o n(cdluasty, collagen fibér orgaaization, bone morphology)
andtissuelevel mechanicapropertiesof the Achilles tendoione enthesis i8i 4-
weekold mice (immature, unfused growth plates) din@-monthold mice (mature,
fused gowth plates).

Aim 3: Determine the effect of repeated bouts and duration on
mechanoadaptationof the young enthesis todaily non-invasive muscle
stimulation. Because | hypothesized that bone development and enthesis maturation
are concurrent during postaagrowth, | further investigated the mechanoadaptive
response of the young enthelSiSM and its associated apophyseal growth plate. |
characterized the effect of repeated bouts of loading on denaturation of the ECM
collagen and distribution armbmparedheyoung enthesis and apophysis strucase

functionsof loading duratior(e.g.,5min vs 20min).
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Aim 4: Determine the role of the growth factor, FGF9, duringenthesis
development andmaturation. In my first three aims, | established a model of
enthesis mechanoadaptation. However, the biological mediators of enthesis adaptation
during postnatal growth remain unclear. A known biological pathway that regulates
enthesis development is the fibroblgstwth factor signaling pathway. In Aim 4, |
identifiedthe role of FGF9, a known mediator of bone development and angiogenesis,
as contributing tahe postnatal maturation of the enthesis and its apophysis. |
developedhtransgenic mouseodel toconditionally delete the gen&gf9, in tendon
and enthesisnieage cellaisingScxCre. | measured phenotypic differences of the
enthesis betwedrgf9; ScxCre knockout mice and agsatched wildtype littermates
usingmicro-CT, histology, and uniaxial tensile teggiof Young (3 weeks old) and

Adult (8 weels old) mice.
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Chapter 3

DEVELOPMENT AND VALIDATION OF A MOUSE MODEL FOR NON -
INVASIVE REPEATED SKELETAL MUSCLE STIMULATION 1

Adapted fromOptogenetic activation of muscle contraction in vivo
Elahe Ganji, C. Savi€han, Christopher W. Ward & Megan L. Killian (2021)
Connective Tissue Research, 62:1.28, DOI: 10.1080/03008207.2020.1798943

3.1 Introduction

Optogenetics is a tool commonly used in neuroscience that facilitates
controlled activation of activatable cellsckuas neurons and muscle cells, with high
spatial and temporal specificitpptogeneticsitilizes lightresponsive ion channels
such as opsinthat aremicrobial photosensitive proteing/hen exposed to light,
activated opsinganslocate ions acrossll lipid membrando achieve precise
(targeted ceitbpecific) and fast (millisecontime scales) contralf the membrane
voltages'®*®Channelrhodopsi2 (ChR2)is acommonly usedight-sensitive
microbial opsirthat, when present on the cell membraaess as a norspecific light
activated cation channel (i.e., membrane depolarizatféf§®Although ChR2has
been primarily utilizd to date for opticalctivationof mammalian neurorn$3184.187

its application more recently has extended to sni&taind skeletaf%1°° muscle cells.

1 The content of this Chapter are modified with permisgichc c e pt ed Manuscr i
an article published by Taylor & Francis Group in 202€8r, available online:
https://www.tandfonline.com/doi/full/10.1080/03008207.2020.1798943
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Optogenetics is an emerging contactless alternative to the traditional electrical
stimulation forin vivo action potential (AP) generation and contractions in skeletal
and smooth muset Optogenetic stimulatiohas highespatial specificitjthan
electrical stimulatiorand cartarget cell subpopulations basedtbair morphological
markers and molecular footprit-184

Targeted localization of ChR2 @he cell membrane cabe inducedor both
neuronmediatedand indirecexcitation(i.e., presynaptic localization of ChR2
receptors, such agcondary motor cortex subpopulation of neurons in the
peripheral nervous systéf) or transmembranmediate anddirectexcitation (i.e.,
postsynaptic localization of ChR2 receptorstbe muscle cell, sarcolemma, or T
tubuleg®?).

Previous work has utilizedon-viral delivery of exogenous ligigensitive
ChR2 (e.g., tandem cell unit®} viral ChR2 expression with CAG promoters in
embryonic stem ceft€ and transgenic mouse s (e.g., Creecombinasé§? for
targeted distribution and expressionasfR2 in cellsThe Crerecombinase system is
a ubiquitous genetic manipulation system that can induce targeted expression of ChR2
by inducing its expression in the cpbpulation (Crdine) of interest. In short, Cre is a
recombinase proteitmatspecifies the targeted swkll population that catalyzéise
recombination of loxFSTORIoxP-ChR2 sites on the DNA of reporter mice to
promote localized expression of ChR2 in a specific tisSnelocalized presence of
Cre in a specific cell population deletes the STOP codoneoBMA by recombining
the loxP sites tactivate ChR2 expression localRecently the Crerecombinase

systemhas been used tocalizethe expression of ChR&n skeletal muscle
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sarcolemma and-fubule (Sim1Cre) and inducein vivo skeletal muscle
contradion.!%?

Light-exposure duration allows for firtened control of the force generation
duration and decafy.e., return from active to resting statBpthin vivo andex vivo
studies have demonstrated that exposure frequency during synchronous contraction
controls the duration of stimulation, where higld éow-frequency light exposure of
ChR2 results isynchronous sustained contract{tetanuslike) andshort
repolarization(twitch-like contractiof), respectively®® Exvivoinvestigation of single
isolated muscle fibers from flexor digitorum brevis muscle has shown that increased
ChR2 light exposure time (etrme) results in continued increase until 50ms followed
by maximum twitch force generation stabilization at higher exposure duratfdns.
intact explanted soleus muscle, it has been shown that continuous light exposure
(4seconds) results in fast decay and a significant decrease of the avenagiezad
generated force compared to tetanic electrical stimulation at 136Hzthe same
study, Bruegmann et al. showed that fetfr@gjuency relationshgpdepend on the
exposure dur at-iiohe@ti rtaethyv dlt widamrd f-or high
frequency normalized average generated force stabilized and reached maximum force
generation at lower frequenci€$ Forcefrequency relationshigs vivo have only
been reported using namonstrained limb under light exposure with brief
repolarization (1 and 5ms¥! Yet, (1) ability of the optogenetic stimulatitminduce
comparablesometric contractions to@ttrical stimulation (i.e., the gektandard
method in muscle physiologic activat)oii2) forcefrequency relationships, recorded
with high temporal resolution to capturellmecond (nseq scale depolarizations, and

(3) repeatability and fatigue profitd optogenetic stimulation at different loading
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frequencies fom vivoisometric activation is unknowithereforedespite the
potential of optogenetics fam vivo stimulation of the skeletal muscle and ultimately
for addressing limitations of currenthyailable models in the study of
mechanoadaptive response in juvenile mouse muscle, the feasibditgpeatability
of optogenetic stimulation for sustainadd repeatetsometric contraction of skeletal
muscle in different aged micemainundetermined.

This chapter reportsiy development and validation of an optogenetic method
for the direct (nomerve mediated) activation of skeletal muscleivo. Here, laimed
to develop a method for sustainiragd limiting the decay ahuscle contraction using
contactles optical exposurd utilized the Crerecombinassystento induce targeted
expression of ChR2(H134HYFP in ActatCre miceandaimed tooptimizean
experimentasetup forin vivo skeletal muscle activation with sustained contraction

andsimilar functionalityto thatof electrical stimulation.
3.2 Methodsand results

3.2.1 Animal model

All procedures were approved by the Institutional Animal Care and Use
Committee at the Unarsity of Delaware (N = 21 mice). Mice were housed in same
sex cages (maximum of five per cage) with littermates in BSL1 containment and
monitored daily with regular chow and waset libitumwith a 12hr on/12hr off light
cycle.l usedin vivo Cre-lox recanbination for targeted expression of
channelrhodopsi2/YFP (ChR2(H134REYFP) fusion protein (Ai32) in skeletal
musclet®Ai-32 mice express a modified ChR2/EYFP fusion protein that allows for

high light sensitivity (excitability with 1ms light pulses at low light intensities and
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shortlatency to spiking) and the generation of larger photocurt&wslditionaly, |
used inducible Cre to control the timing of recombination.

To generate these midegrossed doxycyclinenducible, skeletal muscle
specific ACTAZLITA, tetO-cre male mice (ActaCre; C57BL6J background) with
Ai32 reporter female micer(ixed background, 129S6/SvEvTac x C57BL/6NCrl,
maintained on C57BLBoackground) (Figures.1).1%"1%8Mice (dams) were provided
with doxycycline chow(Envigo)ad libitumatthetime of matingand chow
administation wascontinued until pups were weaned at @/eeks of age. Offspring
were genotyped using PCR (Transnetyx, TN, US¥}al-Cre; Ai32 homozygous
mice (experimental) were used for blue lighdluced stimulatiopand heterozygous or
homozygous Ai32 (€&-negative) offspring were used as controls. To vehéy
specificity ofActal-Cre to skeletal musclésimilarly crossed Ail4 (tdTomato)
reporter miceghat express a robust tdTomato fluorescence following Cre
recombination at the tissue of interesth ActatCre mice to generate Actdlre;

Ail4 reporters (N = 2).
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Figure 3.1: A) Schematiof the breeding scheme used for generation of experimental
(Actal-Cre Ai32) and control (Craegative) mice.E) Wholemount
triceps surae muscle (TS) of ContrabdaActalCre; tdTomato mice Q)
ChR2 was expressed in the skeletal muscle fibers but was not expressed
in the sciatic nerve using tieducibleActal-promoter. Scale bar
100pm

3.2.2 ChR2 location and nerve infiltration

To visualize the localization of the ChR2(H134RYFP protein in the skeletal
muscle and nerve, | dissected the quadriceps muscle and the main femoral branch of
the sciatic nerve from ActaCre; Ai32 mice at euthanadi = 2). Harvested tissues
were fixedin 4% PFA, cryoprotected in increasing sucrose concentration, mounted in
OCT freezing medium (Sakura, CA, USA). | then sectioned the samples at 30 um
thickness and imaged the collected slides with an Imager A2 microscope (Carl Zeiss,
Germany).

These rests confirmed the muscle specificity of Act&te. Gross
examination of dissectadcepssurae muscles from Greegative and ActaCre Ail4

mice showed robust tdTomato fluorescence in skeletal muscle following Cre
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recombination and verified the skeletal sole specificity of ActaXlCre (Figure 3.1 B).
Results from fluorescence imaging of nerve and skeletal muscle further confirmed this
specificity by strong expression of ChR2(H134RJFP in skeletal muscle and non

existent expression of ChR2 in the main feahsciatic nervdranch (Figure 3.1, C).

3.2.3 Instrumentation and mouse preparation

For light stimulationplue lightLED (455 nm, 900 mW, M455L3, Thorlabs,
NJ, USA)was used witla collimator (SM2F327; 350-700 nm, Thorlabs, NJ, USA)
to reduce energy dissipaih. LED light was connected toragh-power 2Channel
LED Driver (DC2200, Thorlabs, NJ, USA) for pulse modulaticadjusted th&.ED
driver interfacewith customprogramning in LabViewto induce usedefined
pulsatile light activation intervals (NationstrumentsTX, USA). Detailed Lab
view codes can be found in the Appendix.

Before stimulation, nce were anesthetized using isoflurane administration (1
2%). Hair was removed frothe hindlimb at the triceps surae muscle using chemical
hair remover (Nig, Church & Dwight Co., NJ, USA). Animals were placed on a
heating pad (Stoelting, IL, USA) at 37 °C in the prone posiaod their hindlimb
was placed in a modular vivo muscle stimulation apparatus (Aurora Scientific, ON,
Canada). The foot was plate the footplate connected to a servomotor, with the
ankle axis of rotation aligned with and tibial axis perpendicular to the servomotor
shaft. The hindlimb was then clamped at the knee to stabilize the joint construct at 90°
tibiofemoral joint angle forsometric muscle contractions. Reéghe measurements of
applied ankle torque to the foot pedal during hglttuced plantar flexion were

collected with a 1 N force transducer (Aurora Scientific, ON, Can&dgire 3.2.)
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Figure 3.2 Experimental setupA) before (B) during light stimulation. (C)
Schematishowing theexperimentasetupdimensions and distances
optogeneticstimulation

3.2.4 Light intensity assessment through the skin a&n experimental distance
Transmittedight intensity through the skin waseasuredvith a thermopile
power meter sensor (Fieldmate, Coherent PM10; 19 mm diameter of active area), with
appropriate wavelength sensitivity to the bligdt, LED power range = 1150145
mW. Mice were euthanized thiCarbon dioxi@ asphyxiation, and skin was freshly
dissected after hair removal from the abdomen and back of euthanized mice. The
reduction of light intensity was measured with and without skin in the path of light at
the fixed experimental distance (6@between the collimator and knee fixation
clamp used foin vivo stimulations. Power readouts were divided by active sensor area
(19 mm) to calculate light intensity in each case.
Results from th@ssessmermtf power showed that despite a8@% reductia
of light intensity through abdominal skin and 91% reduction through back skin, light

intensity was maintained at 0.26 and 0.35 mW#mespectively (Figure 3.3)
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comparable to the minimum required light intensity for activation of ChR2 receptors
in solets muscle explantshichis reported at 0.35 mW/nfby Bruegmann and

colleagues?*
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Figure 3.3: (A) Schematic of the experimental setup for light intensigasurements
through collected skinB() Although the transdermal delivery of blue
light reduced the light intensity, it still maintains an intensity of 0.2
0.3mW/mnt. AB = abdominal skin; B = back skin

3.2.5 Light stimulation protocol optimization and in vivo repeatability

Actal-Cre; Ai32 mice (N = 3; Male; 3 months of age) were used to optimize
the experimental frequenclyused an iterative process(fj determinesuggested
optogenetic stimulation parametersrorease the lighinducedgeneratd peak
isometric ankle torquand(2) obtain sustained submaximal contractidéenerated
ankle torque was measured using the Aureira B system for the duration of the
experiments.

First, sort-duration (twitchlike) light exposure wasptimized for maximum
twitch force generation by increasing the-tdne from 20100msecat 10ms

intervals.l selected’0 msecOn-time for maximum torque generati@Rigure 34. A).
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At this working distance with 0-2.3mW/mn# light intersity, 6070 msecof light
exposure induced the maximum twiitke contraction. Continuous light exposure of
the ChR2 results in accelerated decay of the contradtiamd sufficient
repolarization of the ChR2 occurs after ~20ms of deactivation time between
activations:®! Therefore 30 msecoff-time was selected between 10, 20, and3ec
trials because increased membrane rest froi30h@s, although minimally,
maintained the generated torque a higher forceevaitil complete depolarization

(Figure 34. B).
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Figure 34: Representative images of skeletal muscle contractile profiles during (A)
On and (B) Off time optimization. (A) Peak ankle torque occurs &30
msecOn-time, and (B) higher Offime duration increased the sustained
contractile ankle torque under pulsatile stimulation.

Next, contralateraricepssurae muscles weexposed tdight for 1 bout of 1
second stimulation d0Hzand 40 Hz of light exposufeequency. Contractile profiles
were examinetbb compare the effect of light exposure frequency on muscle

contraction. Muscles were exposed to light at each frequency for a total duration of 1
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second, followed by 3 minuted recovery. Immediately aftercevery, fatigue

stimulation was conducted for 18 bofs a total duration o8 minutes

Results indicated thaight exposure at 10 Hz for 1 secoelttited a partially

fused yet sustainadometric generated muscle force at a higher value througheut th

1 second light exposure duration, compared to 40Hz of stimulation (Fidg)neith a

it etlankieco sti mul ation profile. Therefore,

optimized stimulation protocol for sustaining muscle contraction and used this

proto®l for the remainder of this study.
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3.2.6 Sensitivity of optogenetic stimulation in muscle activation in different
aged mice

Tricepssurae muscle of ActaCre; Ai32 male mice at 1.5, 3, 4, anar®nths
of age (n = 2/age)ere subjectetb blue light at the 10 Hz protocol was used, as
previously describedo assess the feasibility of optogenetic stimulation for generation
muscle forcesn different aged miceGenerated ankle torque from plantar flexion of
the joint during triceps muscle contraction was measured using the Adrota 3
system.

Optogeneticstimulation profile and maximum generated torque was repeatable
in differentaged mee (Figure 36.A). In addition, he magnitude abptically induced
ankle torque linearly increased with mouse weight (FiguseBand C, R= 0.9004,
p < 0.001).
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Figure 36: Representative profile of generated ankle torque usingsé&zon/30
msecoff blue light stimulation for different aged mic€)(Light-
activated ankle torque was linearly correlated with mouse weight
(R2=0.9004)
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3.2.7 Comparisonof in vivocontralateral functionality of optogenetic compared
to electrical stimulation

| thencomparedhe contractile functionality of optogenetic stimulation to
electrical stimulation for isometric contractiontbétriceps surae muscle group.
Contralateral limbs o&dult ActatCre; Ai32 mice (N = 4; 2 males and 2 females; >3
months of ageyvere randomly assigned foptogenetic or electrical activatignoups
Stimulation protocol consisted of 10Hz stimulation for optogenetic activation
msecon time, 30msecoff time, 5 repspand 150 Hz tetanielectrical stimulation
(based on preliminarily foreequency data for electrical stimulatiai@®3 (mse¢
pulse width 150(Hz) pulse frequency, 0.5 (s) duratjoRTFEcoated stainless steel
EMG needle electrodes were plasedbdermally at the posterior knee and distal
Achilles to activate the tibial nerve for electrical stimulatiba maintain a non
invasive stimulation protocol comparable to stimulation using optogenetics, | chose
not to sever the peroneal nerve to inh#sitagonist anterior muscle contraction
Optogenetic and electricatimulatiors and measurements were repeatethree

consecutive days

3.2.7.1 Data and statistical analysis

Force and time data were analyzeith Aurora 611 dynamic muscle analysis
software Aurora, Ontario, Canadaursors were placed to specify the start and end
of each stimulationand highthroughput analysis function was used to measure peak
force, time to peak force (time to max), time to 50% maximum force (half relaxation
time), maximuncontractionand relaxation rates (maximum and minimum
derivatives) for each stimulation profileeak ankleorquemeasuremer(tnN-m) was
normalized to body mass (kg) feach mouse to account for body measability.

Statistical analys was performeah Prism (8.3, GraphPad) softwaresppeated
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measures twavay ANOVA with GeisseiGreenhouse correction was use@ssess
the effect of repeated measurement and stimulation protocebftt measured

variable from the contractile force profile.

3.2.7.2 Optogenetics has comparable contractile functionality to that of
electrical stimulation

Light-induced activation of ChR2 receptors using optical activation at 10Hz
resulted in sustainddcepssurae muscle contracti@omparable telectrical
stimulation induced bgubdermal electrode placement at the tibial nerve ends (Figure
3.7). Peak normalized ankle torque was comparable between the optimized
optogenetics protocol and electrical stimulation of the tibial n&tatistical analysis
results showedo significant changes in maximum generated torqus=( 1852,
pstim=0.2054), mrmalized maximum generated torquex0.1568, gim=0.1772)
between optogenetic and electrical stimulation on consecutive stimulation days.
Physiological measurement of muscle contraction and activation similarly did not
change between the two stimudatiprotocols time to max ¢g=0.0911,

Ppstim=0.0693), maximum derivative {§=0.5071, gim=0.9015), minimum derivative
Pday=0.2142, Bim=0.7293), half relaxation time {g=0.4336, gim=0.1216) (Figure
3.8).
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Figure 37: (A) Representative ankle targ profiles for electrical stimulation (0.3
msecpulse duration; 150Hz frequency; 0.5 sec duration) and (B)
optogenetic stimulation (0.5 sec duration; 10Hz). (C) The average peak
ankle torque generated during stimulations was comparable or slightly
reducedor optogenetics stimulation compared to electrical stimulation.
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Figure 38: Resultsfrom muscleanalysisshowcomparable results between electrical
and optogenetic stimulation fQA) half relaxationtime, (B) timeto
maximum,(C) maximumderivative,and(D) minimumderivative

3.3 Discussion
Results from this study confirm the feasibility of optogenetic stimulation for

isometric muscle contractian vivo. Here, | constructed a custom setup to quantify

48



the torque measurement during isometricsole contraction in mice with targeted
expression of ChR2 in their skeletal muscle. | used an iterative process to optimize
light exposure protocol (i.e., duty cycle and frequency) to sustain optical isometric
contraction and reduce decaghoweal that 0Hz (70ms on, and 30ms off)

stimulation can induce sufficient repolarization of the membrane potentials and sustain
the contraction at higher force values, compared to 40Hz stimylahdrthabptical
stimulation at 10 Hzs physiologically (e.g., halfelaxation time) and functionally

(max generated torque) comparable to electrical stimulation.

Muscleloading iscritical for the healthy development of musculoskeletal
tissuest*172173n the case othe enthesispthers have shown thanleading this
tissue using intermuscular injectiontadtulinum toxin Ain supraspinatus musae
disruptive to the development of functionally graded supraspinatus etfi{idsie
role of increasedhuscleloading onthe structure and function of the developing
enthesigs not well understood in the fieldueto technical limitationselated to
stimulatng the growing muscle in neonatal mice usistandardapproaches such as
electrical stimulation and treadmill training.

In aim 1, | developed and optimized a repeatable contactless optogenetic
muscle stimulation with the potential to addrésslimitations of available models
(e.g.,unwanted physiological effegtior the study ofyrowth and adaptation of
skeletal tissuesuch as the enthesldoreover, thisnusclespecific stimulatioomodel
allows for contralateral comparisons tha¢not posgle in physiological models (e.
g., treadmill running)Direct optogenetic stimulation can be widely utilized as a tool
for nonrinvasive muscle contractido better understand the mechanobiological

cascades involved in the formation, maturation, and lbstasis of the enthesis
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vivo. This norrinvasive, repeatable model fiorvivo muscle loading enables
mechanistic investigation of the effect of loading on the structure of developing and
mature enthesifr potential investigation of effects of childrwactivity on the
structural and functional health of adult tendmme complexn order to improve

clinical interventions for overuse
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Chapter 4

AGE-DEPENDENT MECHANOADAPTIVE RESPONSE OF THE ENTHESIS
TO LOADING

4.1 Introduction

The enthesis is the site otathment between two dissimilar materials that,
intuitively, would be expected to fail because of stress and strain accumulation.
However, the enthesis rarely fails, and inst@adte injuries near the attachment
commonly involve either thadjacentendon(e.g., Achilles tendon ruptures) or bone
(e.g., calcaneal avulsion fracturé®}?°'During its postnatal maturation, the enthesis
adapts in waysotminimize stress concentrations caused by the material mismatch
between tendon and boHe?34%515The mature enthesis asfibrous mineralized
network of collagen fibers that isugher than eithetenda or bone!® Under chronic
loading conditions, stresewcentrationsind localized deformations thite enthesis
increasehesusceptibilityto localized damage aral/eruserelated injuriesatthe site
of adultand growing enthesi$2672:166.202Thyg up to 25% otll tendon and ligament
diseases involve the attachméf#.

Muscle loading is critical in functional mineralization of the fibrocartilaginous
enthesis and its ability to reduce stress concentrations caused by the material mismatch
at theattachment sit& Early after birth thetendon is attached thebone n a non
graded anchoraghypothesized tiitiate load transfer fomechanoadaptive
formation of the enthesfS.Enthesis matures postnatally into a graded cellular,

mineral, and fibrous transition frothefibrous tendon téhe mineral bone. The
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adaptation of the enthesis occurs in respomfise combination of musclgenerated
tensile loads and compressive loadsA®een the superior calcaneal cartilaginous
surface and the deep anterior layarghetendon.

A lot of what we know about the growing musculoskeletal is in the context of
bone growth and adaptatid#!® Less is understood about the growing enthesis.
However, whatve do know is that increasesttivity during periods of rapid grdby,
such as in children and during adolescence, can lead to micromotiorcalcteeal
enthesisand apophysjdeading to pairand the clinical presentatisof Severdiseag
(e.g., apophyseal and metaphyseal bone bruising and openingcafdtieeal growth
plate)’21%6|n adults, repeategnthesedbadingduring activities likeexcessive
runningcan causenineralization microdamaggeabnormalities such as bospur
formationat the distal tendon that leave individuals with pain and
dysfunction?®>"1%620Degpitethe potential agassociated differences in adaptation of
the enthesis to repeated loading, tiechanisms contributing to attachment
remodelingin the immature and mature skeletemain poorly understood?

In this aim | tested the hypothesis thajpeated daily bouts téndonloading
would lead to structural remold®y, apophyseal expansion, and reduced
biomechanical strength duriggowthin youngenthesed alsohypothesized that the

mechaneadaptatie response wouldiffer between themmature and mature enthesis.
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Isometric Muscle loading Effect of Chronic Loading on Developing Enthesis Staructure and Function
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Figure 4.1: Schematic of gperimental desigfor Aim 2.

To test these hypothes@snduced unilateral loading via transdermal
optogenetiactivationof skeletalmuscle(Chapter 3) forsustained muscle contractions
in the triceps surae muscle graiip2°’ | comparedhe structure and function tife
Achilles tendon enthesia Young (4-week old) andAdult (6-month old) mice
following three weeks of daily, 2inute bouts of unilateral muscle contractidns
used microcomputed tomography (microCHistology to evaluate the effect of
repeated meclmécal loading on the mineralization ambrpholog, anduniaxial
tensile testing to compare the effect of loading on the mechanical properties of both

Youngand AdultAchilles enthess (Figure 4.1)
4.2 Methods

4.2.1 Animals
All procedures were approved by the Institutional Animal Care and Use

Committees at the University of Delaware @heUniversity of Michigan.
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Doxycyclineinducible ACTAZErTA;tetO-cre mice (ActaiCre; C57BL6IC3H
background) and Ai32 reporter miaaikedbackgrounylwere obtained from Jackson
Laboratory (The Jackson Laboratory, Bar Harbor, ME, USAg mice were bred and
maintained o mixed backgroundActal-Cre and Ai32 reporter mice were bred to
generate ActaCre; Ai32 offspring that expressed a Y-kBBed ChR2 lightensitive
opsin (455nm sensitivity) in skeletal muscle when treated with tetracycline. Dams
weretreated with doxycycline chow at the time of mating and maintained on chow
until weaning. Offspring were genotyped using PCR (Transnetyx,0@ard N,

USA). A total of N = 56 animals were used in this study. ActaBiZ&2 homozygous
mice (n=42 total) were used for unilateral lightluced stimulation of muscle in
Young @ weeks old, n = 34, Ifé@maleand 21male) or Adult (6-8 months old, n 8,

2 femaleand 6male) mice. Lightinduced muscle contractions were initiated at 4
weeks of age in the Young group as this time point coincides with the formation of
graded fibrocartilage of other stat@y (e.g., supraspinatus) enthe$&€ontralateral
(within-animal) limbs were used as paired controls. Additionally, a second group of
animalswas used to compare ag®tched littermates as controls for both Young (n =

10, 4femaleand 6male) and Adult (n = 4, Zemaleand 2male) groups.

4.2.2 Optogenetics stimulation

Mice were anesthetized with isofluraed hair was removed using chemical
hair remover from their right triceps surae muscles (NGhigrch & Dwight Ewing,
NJ, USA). Animals were placed on a heating pad to maintain body temperature at
37°C (Stoeling, Wooddale, Il, USA). The right limb waalslized at the knee joint
and the right foot was placed on a foot pedal connected to a servomotor shaft (Aurora

Scientific, Ontario, Canada) to measure isometric muscle contractions and joint
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torque. Animals were weighed dalhgforestimulations. For ght stimulation, a

collimated LED light (455 nm, 900 mW, M455L3, Thorlabs) and a{pgver LED

driver (DC2200, Thorlabs, Newton, NJ) were used for pulse moduffi@river

code was adjusted in LabView (National Instruments, Austin, TXA)UJ& additional
Control of the pulsed light activation frequency. Tricep surae muscles were stimulated
using an approximated 10Hz puldeght (70ms on, 30ms off; 10ycles) followed by

4 seconds of rest for 20 minutes (240 consecutive loading cycésyimg (n = 29,

11f and 18m) and Adult (n = 8, 2f and 6m) groups. Daily bouts of loadeang

repeated weekly with five days of stimulation and two days of Festasubset of

mice (n=8/ age groupankle torque was measured throughout the stimulatiog as
Aurora 3in-1 system. All other mice were loaded in a 3D printed mimic of the
platform. Knee and ankle placements were replicated for the Young Control group for
20 minutes daily under anesthesia. After recovery from anesthesia, mice were returned

to their cages for unrestricted cage activity.

4.2.3 Micro-computed tomography

Mice were euthanized using carbon dioxide asphyxiation 48hr after the final
bout of loadingThe «in was carefully dissectednd distal hindlimbs (knee, ankle,
and foot) were fixedor 24hr in 4% paraformaldehyde. Tbalcaneitibial complex
from loaded and contralateral limbs of Young (n=3/sex), Adult (n=2/sex), and Young
control groups (external controls; n=7, 3nd 4f) vasscanned using micro
computed tomography (microCT) at thaiversity of Delaware (microCT, Bruker
SkyScan 1276, 59k V, 175¢ A, 10.58em voxel
filter). Digital reconstructions of the calcaneal apogsygeresemimanually

segmented based on the growth plate morphology and @i8tmemposterior calcanei
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in Young and Adult mice, respectively. Thesterior calcaneal tuberosity (PGV¥as
segmented from the.5mm wide posterior region of the calcaneus both in Young and
Adult calcanei Segmented regions of interest wanalyzed usig CTAn software
(Bruker, Kontich, Belgium). Bone morphometry wassessedt the volume of
interestusing tissue volume, TV; bone volume, BV; bone volumef/tissue, BV/TV; and
bone mineral densityolumetricBMD .2% Aligned image stacks were overlayed for
gualitative assessment of the Young and Adult loaded and contralateral limbs using

Dragonfly software(Object Resarch Systems, Montreal, Quebec, CA).

4.2.4 Histology

Loaded (Young n=6, Adult n=4) and Control (Young n=7, Adult n=4) distal
hindlimbs were decalcified in 14% ethylenediaminetetraacetic acid and processed for
paraffin embeddi ng. Tinthesagital plan@ndslidese ct i onec
were stained with Hematoxylin and Eosin (H&E), Toluidine Blue, or Masson
Trichrome (for enthesis morphology) and cesépped with an acrylic mounting

media (Acrymount, Statlab, McKinnery, TX, USA).

4.2.5 Biomechanical testingof the Achillesenthesis
After 3 weeks of daily (20min) loading, Young and Adult mice wauhanizedand

carcasses were kept-20°C until testing. Carcasses were thawed for no more than 24
hr at 4°C.TheAchilles tendorcalcaneusomplex was carefully dissected and stored in
PBS for no more than 2 hr at room temperatBeforemechanical testinghe muscle

was carefully removed from the Achilles tendon, the plantaris tendon was detached, and

the calcaneus was disarticulated friima surrounding bone.
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Crosssectional area (CSA) measurements were made using photogrammetry
with a custom 3Bprinted fixture attached to a motor controller (Arduino, Ivrea, Italy).
Forty consecutive images of the tendmne complex were acquired atl@gree
rotation steps usg a macro lens (Basler Fujinon Lens, Ahrensburg, Germany).
Images were converted from sparse to dense point ¢landsn STL surface mesh of
the tendon was generated using Metashape software (Agisoft, St. Petersburg, Russia).
CSA was measured using Daadly software at the Achilles tendon near the enthesis.
The calcaneus was then placed in a custom 3D printed fixture to secure the bone, and
the proximal Achilles tendowas clamped in a thin film grip (Imaddprthbrook;ll,

USA) 106

The asembled tendegrip unit wasplaced inacustan PBS bath maintained
at 37°C via aemperature controll§MA160, Biomomentum Inc, Laval, Quebec,
Canadaand secured with a pin to a tensile testing frame with raxisi load cells
(Mach1 VS500CST£70N, Biomomentum, Laval, Quebec, Canada). Samples wer
preloaded to @1IN, and gage length (). was measure@.0Imm+0.17mm) as the
distance between the calcaneal fixture and the thin film grip. Preconditioning involved
10 cyclesof between0.06N and +0.05Nat 003 Hz and followed load to failure at
0.05mm/sec rate. Load and torque datdhree axes wereollected to assess edikis
loading for the duration of the experimeldsing Mach1 Analysis and Matlab
(R2017, Mathworks, Natick, USAhe mechanical properties of the entheses were
calculated from théorce-displacement readings. Engineering stieas calculated as
the instantaneous force divided ttwe original CSA (calculated from
photogrammetry)Engineeringnstantaneous grifp-grip strainwas calculateds the

displacement divided bgriginal gauge length,d- Stiffnessand elastic modulus were
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calculated fronthe linear portion of the loadisplacement and strestrain curves,
respectivelyMaximum load, maximum stress, maximum strain were assessed. Work
to maximum force (area undgre curve-AUC) and toughness were calculated from
the area under the forgBsplacement and strestrain curves. Maximum strain

reflects the strain at maximum ford&fter testing tissues were stored in PB8d

scanned using microCT with identical scanghparameters described for thentnute

stimulation cohort.

4.2.6 Statistical analysis

| usedPrism @8.3,GraphPad Software, La Jolla, US&)d GPowerlniversity
of Kiel, Kiel, Germany) fostatistical evaluatioand power analysigo assesthe
Gaussiardistribution of the datal used Shapiréswa | i Kk and -PPaysBgost i no
normality testsResults from micreCT analyses were tested for normality and
compared between the loaded and control samples aisungpaired ttest.For
statistical comparisoof the CSA measuremeniand mechanical testing resullts
parametric data were tested using paiveattailedt-test andWilcoxon ranktestwas
used for norparametric results. For power analys$ig effect size was calculated
from the descriptive statistics of eagtoup andtheeffect size was calculated as the
ratio of mean and standard deviation (SD) of difference. Power for each variable was
calcul ated using total sample size (N=16),
effect size fomat-test with matchmean values. For power < 0.8, apriori power analysis
was performed to calculate the required sample size to achieve 0.8 power. Statistical
significance was considered Requalto or less than 0.05. Mean + SD is reported in

the text.
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4.3 Results

4.3.1 Daily isometric optogenetic stimulation of the triceps surae is a noen
invasive model for adaptive loading of the enthesis complex.

All mice tolerated the daily loading bowdadwere included in analyseafter
each loading session, animals returned to cage activity and continued to use the loaded
limb without preferential loading of the nstimulated limb. Additionally, we
gualitativelyobserved minor changes in the gait patterns, toe contraction, and
supination of the loaded feet. Youngce continued to gain weigfdr the duration of
the stimulationsimilar toagematched contrdittermates (Figuré.2, A). Adult
stimulated mice lost weight with continued stimulation (Figu& B). Initial ankle
torqgue (IAT) was measured at the start of each loading bout. IAT did not significantly
change in the threeeek duration of the experiment from the first experimental day in
either Young or Adult triceps surae (results not reported here). The weekly awkrage
the IAT did not fluctuate in either Young or Adult triceps surae muscles for the
duration of the experiment (Maturingidakiweek>0.1, Rveekiweek30.1, fveekaweek0.1;
Adult: preekiweek=0.31, Preekaweeki=0.90, Reekaweeks=0.1) (Figure4.2, C). The weekly
average of the normalized IAT to mouse body weight did not differ in either Young or
Adult triceps surae, except between week 1 and week 2 in Adult mice (Maturing:
Pweekiweek=0.60, Meekiweeki=0.1, Mveekiweeki=0.78; Adult: reekrweek=0.018, preekt
weeki=0.13, Preekaweeks=0.84) (Figuret.2,D).
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Figure4.2: Optogenetic activation of the tricep surae muscle group ismasive.
A) Average weekly % weight gain (from experimental Day 1) for Young
Control and 50r 20 minutesloaded miceData pointsbiological
replicates (individuamicefor control, 5min loaded, and 2tin loaded
groups) paired across experimental we&ksor bars: Mean+95Cl. B)
Averagedaily weight average for each experimental group. Average
weekly IAT (C) to IAT/baly mass for each sample. Significance
p<0.005.

Gross @amination of the dissected loaded and contralateral limbs showed
signs of bruising near the knee joat the site ofepeatedknee stabilizatiorfFigure
4.3). However, there waso gross sign oinflammationor injury near theenthesis
Thedistal caudal femoral artery branch aaphenous artergonnectinghebiceps

femoris tathe dorsalfoot?®®, wasmore prominenand noticeabl@ the loaded limb
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compared to the contralateral limb (&g 4.3, D. The Achilles tendomaintainedts

grossbright, healthycoloring

Non-loaded Loaded

Figure4.3 Hi ndl i mbs of the Loaded mice had sigr
stabilization and appearé&gpervascular at the distal caudal femoral
artery branch. Filledh arrow (B, D) and hollow arrow (D) indicate knee
bruising and hypervastarization of the Loaded limb, respectively.

Bone morphometry measurements (i.e., TV, BV, BV/TV) of the calcaneal
apophysis did not differ between the external and contralateral Young controls.
Therefore, for the remainder of thealysis, external and tralateral controls are

referred to as controls interchangeaflgljle 4.).
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Table4.1: Bone morphometric measures did not change between Young external
(pinned stabilization) and contralateral controls. (A) TV, (B) BV, (C)
BV/TV, and (D) BMD. mean + S[and p<0.05.

Measured variable External ont Contralateral Cont. p-value

TV (mn?) 0.161+ 0025  0.157+0.024 0.7289
BV (mm?) 0.121+0.017  0.118+0.017 0.7955
BV/TV (%) 74.90% 1.7 75.61+ 2.8 05645
BMD (g/cn) 0.905+0.066  1.027+0.156 0.1030

4.3.2 Repeated loading results in the opening of the calcaneal growth plate and
less volumetriccalcaneal bone in Young but not Adult mice.

Qualitatively assessment of the apopsyand calcanei after three weeks of
repeated loading rakted inthereorientatiorof theapophysisn the posterior
direction and opening of the calcaneal growth platéhe Young loaded calcaneus
compared to the normal contrdighite arrowheadrFigure4.3 D). Thetotal
apophyseal volume did not differ betwdeaded and@ontrol graups ineither group
Bone quality, measured as BMD, was loweldaded comparei contralateral
control inboth Youngand Adult apophysg$igure4.3 C, Table4.2). Total PCT
volume, encompassing the apophysis and bone quallpwer in theYoung,
loaded calcasi compared taonloadedcontrol and did not differ betweehe Adult

loaded and contradalcanei (Figre4.3E, F, Tablet.2).
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Figure 44: Loading reslis in the opening of the growth plate and significant
reduction of total tissue volume and bone quality (BMD) in the loaded
Young PCT compared to Control. Qualitative and quantitative
assessment of the {B8) apophysis and ({B) PCT in Young and Adult
mice Representative schematic of the (A) apophysis in Young and Adult
animals and (D) overlayed representative visualization of the PCT. Star
specifiestheopening of the calcaneal growth plate. White arrowhead
denoteghemicro-motion of the apophysis. Dottdine indicates the
depth of the segmented apophysis in Adult (0.8mm) and PCT in Young
and Adult (1.5mm) groups. Scale bar denotes 0.5mm. (B) Apophyseal
TV, (C) Apophyseal BMD, (E) PCT TV, and (F) PCT BMD in Loaded
and ControlsScale = 0.5 mnmBars indiate significant difference (p
<0.05,mean+SD).
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Table4.2: Descriptivestatistics of calcaneal apophysis and PCT morphometric
measurements in young and adult loaded mice aradye from pair+

test analysis of loaded calcanei compared to controls. * denotes p

value<0.05
Age groupAnatomical Site Control Loaded p-value
Young/Apophysis
TV (mm?) 0.157£0024  0.156+0.029  0.8432
BV (mm®) 0.118+0.017 0.111+0.020 0.0915
BV/TV (%) 75.61 + 2.8 7142+ 21 0.0225*
VolumetricBMD (g/cm?) 1.027 +0.156 0.867 + 0.150 0.0001*
Adult/Apophysis
TV (mm®) 0.483+0.107  0.450+0.122 0.1538
BV (mm?) 0.377£0.096 0.331+0.099  0.0498*
BVITV (%) 77.60+ 4.8 73.30+ 238 0.0409*
VolumetricBMD (g/cnt) 1.443+0.130 1.298+0.114 0.0072*
Young/PCT
TV (mm3) 0.891+0.081 0.729+0.077 <0.0001*
BV (mm3) 0.537+0.058 0.434+0.049 <0.0001*
BV/TV (%) 60.17+ 1.9 59.56+ 2.1 0.5583
VolumetricBMD (g/cnt) 0.954+0.196 0.835+0.162 0.0089*
Adult/PCT
TV (mm3) 0.981+0.200 0.917+0.167 0.0854
BV (mm3) 0.694+0.199 0.634+0.188 0.0247*
BV/TV (%) 69.93+ 7.0 68.16+ 8.3 0.0920
VolumetricBMD (g/cnr) 1.601+0.124 1.481+0.188  0.0507

4.3.3 Repeated loadingesulted in adaptation of the young micebut not the
adult enthesis

Histological results indicatealdaptatiorof the enthesis at and near the
attachment site as shown m®ducedapophyseal bone, vascular infiltrationaadnear
thesubchondraéntheseabone, and disruption of the enthesis tide mark (Figuré&4.5
B). Tendon cells (tenocytes) in the loaded group were morphologically elongated and

thereforeless metabolially active?'%?*Remodeling response of the adult enthesis,
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however, was more prominent at the fibrous side of the attach8igns of ECM

disruption were evident at the deep anterior layer of the adult enthesis compared to the
yourg attachment, in line with previous reports of fibrocartilagiridkesmorphology

at the site of tendon wrapping in adult enth€gf€ (Figure 4.5 A, C)However,

repeated loading of the adult enthesisultedn increased alignment of the collagen

fibers at the tendon mislubstance and restoration of the fiborous EChhatleep

layer tenda layer (Figure 4.5. @; Figure 4.6 CD).

Adult

Figure 4.5: Repeated loading resultslass volumetri@pophyseal bonendicated
by starin B) and vascular infiltration at and near the young enthesis (A,
B) and improves the collagen fiber alignment ofthe n d o n
at the site of the adult attachment (orange triangle) (OQnDhe Young
loadedgroup,tenocytes irthe loadedtendonwereappeared more
elongated and sparserB éoinpared to the contrél A.&¢gale bar = 100
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4.3.4 Mechanical testing results

Postelastic measures tfie mechanical function of the enthesis were
significantly lower in the loaded young enthesis compared to their contralateral
controls. All the samples faileat the enthesis/apophysis and were included in the
analysisThe aosssectional area was similar between loaded and contralateral
controls beéh in the young and adult samples. Stiffness and elastic modulus of the
enthesis did not change in either young or adult loaded samples compared to the
normal controls. Maximum load and work to maximum load significantly decreased in
the young loaded entbis and did not change in the adult loaded enthesis compared to
contralateral controls. Repeatedly loaded young samples had reduced tensile strength

compared to the contralateral controls, but there was no significant difference between
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the adult loaded ahcontrol samples (Figure 4.7, F). Tissue toughaadsstrain at
maximum stressimilarly werereduced in the loaded young enthesis compared to the

normal controls, with no significant changes betwagult samples (Figure 4.7, G, H).
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Figure 47: Repe&ed loadingesults in inferior tensile strength and toughness of the
young but not the adult enthesis. (A) stiffness, (B) maximum load, (C)
work to maximum load, (D) CSA, (E) elastic modulus, (F) maximum
tensile strength, (G) Toughness, (G) strain at maxra stressError bars
denote 95% CIp<0.05

All adult loaded and young and adult control samples failed instantaneously at
the site of the enthesis at maximum |oddung loaded enthesis exhibited pefstic

stressstrainbehavior(force-displacement)hat wasqualitatively different from
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normal controls, with noinstantaneosifailure that likely is indicative ofrowth

plate/apophysedhilures®®

30 50~
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Figure 4.8: Overlayed stresstrain curves for (AYoungand (B)Adult Achilles
enthess; control (yellow) and loaded (blue).

4.4 Discussion

In this aim | evaluaté the structural and functional adaptation of young and
adult enthesis to repeatkxhding using optogenetic stimulatidarevious studies have
explored the effects of repeated loading on the structural and functiopéaiiata of
healthy and repaired tendon and enthiesaslult and aging tissue¥et, due tadhe
unavailability of repeatable models of loading of immature tissue in murine models,
theeffect of increased loading, despite its critical role in functionddesmnsg
development, is unknowhused optogenetic stimulation of the triceps surae muscle

group (Aim1l) for repeated and namvasive tensile loading of the Achilles tendon and
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enthesis to address this gape significantfindings of this studywerethat (1)

optogenetic stimulation of the triceps surae muscle wasnvasive and did not cause
weight loss or gross macroscopic alteration at the enthesis or the tendon after 3 weeks
of loading and (2) repeated loading resulteddaptatioranddisruption of he

structure and function of the young, but not the aaldtphysis anénthesis.

Repeated loading resultedvascular infiltration an@daptatiorof the Young
enthesis andisruption of the enthesis tidemaifto investigate the effect of this
structural adaptation on the mechanical function of the enihesied uniaxial tensile
testing.All loaded tissues failed at the enthesis side of the grip during uniaxial tensile
testing rather than the melibstancewhere loaded young tendda-bone attachments
failed at significantly lower load and stress values compared to contralateral controls.
However,in contrat to all adult and control young samples that failed at the enthesis,
failure of the young loaded emis occurred with loadisplacement curves that are
indicative of growth platéailurest®, possibly due to the opening of the calcaneal
growth plate and reduced bone quality in maturing Young loediedneicompared
to nonloaded controlsThe lower failure loads in the Young loadedgdes
compared to contralateral controls may be due to failure of the subchondral bone at the
apophysis. The exact location of the failure can be determined by future microCT
scanning of the failed insertions.

Additionally, the boundary between the mineratl and nommineralized
matrix of the enthesis formsstochastic interdigitatiorhypothesized tonodulatethe
stress concentratiareduction andmprove the mechanical toughnedghe
enthesis?4°This transition occurs at a critical percolation mineral volume fraction as

the fibrous tissue transitions withcireasing mineral ratio into the bone that dictated
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the mechanics of the graded enthesis in response to logtiligrefore,reduced
energy required for failure and toughness of the young loaded enthesis compared to
the nonloaded controldéikely occursdue to loadingnduced disruption of the
entheseal meral transition and loss of the normal subchondral mineralized tissue
(bone tissue volume and quality).

Despite the morphological, tissuge., BMD., TV) and cellevel changes in
the enthesis and apophysis of the loaded hindlimbs, repeated loatimyf diter the
gross morphologef the Achilles tendon, either in young or adult enthesis.

In tendons, ging results in impairedelfrenewal potentigd'? ?1®tissue
turnover!’, preence of nortendinous tissufé® (e.g., proteoglycan, calcificatiorgnd
degenerative structural adaptations (e.g., reduced cellularity, disruption collagen fiber
orientation, and fibroblastic changg£s}28In mice, reduced tendon stem cell
proliferation has beereported as early as 5 months of &§d®egenerative changes of
the adult tendon and enthesis in response to increased loading include increased cross
sectional arég®, higher cellularity?® 125127 neovascularizatidd', andreduced fiber
organization'?* 126 127 Excessive repeated loading additionally, results in reduced
stiffnesd?4 126 and max stres€4126 Results from this study, howevéndicate that
repeated loading of the adult enthesastores the netendinous composition (i.e.,
proteoglycannfiltration) and improvesligned fibrous structure of the tendon at the
site of the attachmensuggesting a positive remodeling response in the adult enthesis
in response to loading. Additionally, despite the-s@mnificant change in the
mechanical properties of the adult samples, loaded samples may have improved
mechanical properties (elastic modulus and toughness) compared|taded

controls. Howeverthe sample size for mechanical testing of the adult enthesis was
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limited to 4 animals (8 total limbs) with reduced the statistical power for this analysis,
that limits conclusive report of this observation.

This studywasnot without its limitations. There were gross signs of knee
bruising caused by repeated pinninghef developing bone for stabilizatiorhe
study is not controlled for sex and litter size. Although muscle contraction was
confirmed throughout the experimental loading duratioe translated loads from
muscle to tendgrenthesis, and boriring loadng areunknown.There maybe
unknown physiological changes that directly or indirectly affect the

mechanoadaptation of the tendon and enthesis.
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Chapter 5

MECHANOADAPTATION OF THE YOUNG ENTHESIS TO DAILY NON -
INVASIVE MUSCLE STIMULATION

5.1 Introduction

Increased antepeated loading leads to dedependent degeneration and
outpace of healing by the accumulation of-¢ailure damagé’?2'%2?Results from
Chapter 4 highlightheagedependent and differential effect of loadingtba
structure and function of the entheargdthe high mechaneadaptabilityof the young
enthesisThe microstructures of tendon, enthesis, and bone adapt to the changes in
their mechanical environmermiowever, it remains uncleét) if and howthis
adaptation progresses with change in the loading duration and (2) how repeated
loading affects cell and molecular level adaptation of the mineralizing apophyseal
bone and growing tendoNlotivated bythe results in Chaptér, | aimed to studyhe
underlying structural mechanism involved in the functional and mechanical adaptation
of the young enthesis.

Collagenis the primarystabilizingconstituent of the tendon, bone, and enthesis
ECM??! and the key contributing factew in the elastic behavior eéndorf?? and
toughness of the borté>?24In the tendon, initial structural reorganization of the
collagen fiberadvancesnto nonreversible molecular level denaturation of the
collagen fiber collagen at higher strains and ultimadesygs tanferior mechanical
properties of the tissti&2?>Collagen hybridiing peptides (CHPS) are synthetic single

strand peptides that have recently been developed to hybridize with denatured collagen
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triple helix. At the tendon, CHPs specificalijnd to denatured collagen to visualize
nonrecoverabldpostyield) damage andnfolding of collageriibers®

In thischaptey | usedcollagen hybridizing peptides to visualizellagen
denaturation at thieaded and contraendon and enthesearly (5 days) after
initiation of repeated stimulation. | usedmunohistochemistry to assebkg change in
the spatialdistribution ofprominenteCM proteing[COL II: fibrocartilaginous
enthesisCOL Il and Aggrecan: CFCat the enthesis and the growth platesed the
norrinvasive optogenetic model developed in Aim 1 to study the effect of both
duration and frequency oépeated loading on adaptive response of young tendon,
bone, and enthesis, under short (5 minutes bouts) and26mgifutebouts) of
repeated loadind.usedbasic histologyo assess the cellularity of the enthesis and the
calcaneal growth plate amiicroCT analysisto assess bone morphometry.
hypothesized that loading would disrupt the spatial enthesis ECM components and
increase aggrecan presence in the loaded growthipldite loaded compared to the

controls.
5.2 Methods

5.2.1 Animals and optogeneticsstimulation

Animals were generated similar to the described methodology in séc®dn
and 4.2.2. Twaddition cohorts o¥oung (4 weeks old; N=9) mice were added for
comparisons between loaded and control contralateral limbs: (1) with 5 days of 20
minutesfi | o loaglidg as previously describg@40 consecutive cycles; n = 4, 1f and
3m).,and (2)5 minutesort S h doading protocol¢60 consecutive cycles = 5, 2f

and 3n). Figure 5.1 describes the study design.

73



Denaturation—»

Collagen Damage

Histology

2 Days of Rest

14 XRAY

5 min/Day 20 min/Day N~
HCT Scan

Figure 5.1: Schematic of experimeaitdesign for Aim 3.

5.2.2 Collagen hybridization and damage visualization

Youngmice were loaded for 20 minutes daily for either 5 days (n=4) or 3
weeks with 2 rest days each wdak?2). Immediately following the last bout of
loading, 20ul sulfeCy7.5 collagerhybridizing peptide (sCy7-:EHP) (3Helix, Salt
Lake City, UT, USA) was injected subcutaneously adjacent to the Achilles tendon
mid-substance using an insulin syringe (Exel Internatid®al, USA). Mice were
imaged under anesthesia{Cor Pearl imager; 8am pixel resolution; 700 and 800
nm wavelength) 24 hours after the injection. Intensity measurements warertake
userdefined ROI at the Achilles tendon and enthasssg L-Cor image acquisition
software forboth 700 an@00 nm wavelengths. Animals were euthanizlbdskin

was removed, and hindlimb imaging was repeated with the same settings.

5.2.3 Micro-computed tomography
Mice were euthanized f t er 3 we e ks laaflingboutsusimgut e A s hc

carbon dioxide asphyxiaticf8hr after the final bout of loadinghe «in was
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carefully dissectedand distal hindlimbs (knee, ankle, and foot) were fixed for 24hr in

4% paraformaldehyd€alcaneudibial complex from the short {Binute) stimulation

group were scanned at the Unisigy of Michigan (Bruker SkyScan1176; 50kV;

500e A, 8.93egm voxel size, 1350ms exposur e,
reconstructions of the calcaneal apophgsidthe posterior calcaneal tuberosity

(PCT) (1.5mm wide posterior region of the calcaneusgwemimanually segmented

and analyzed using CTAnN (Bruker, Kontich, Belgium). Bone morphometry (total

volume, TV; bone volume, BV; bone volume/total volume, BV/TV; and bone mineral

density, BMD) was measured at the volume of intefgtligned image stacks were

overlayed for qualitative assessment of the Young loaded and contralateral limbs using

Dragonfly (ObjecResearch Systems, Montreal, Quebec, CA).

5.2.4 Histology and Immunohistochemistry

After microCT, distahindlimbsfrom the 5-minutes loaded growpere
decalcified in 14%&DTA and processed for paraffiristology. Tissues were
sectioned at 6anenSedtianedtidesewers stajnedtwithaHemagoxylin
and Eosin (H&ERndToluidine Blue and coveslipped with an acrylic mounting
media (Acrymount, StatlabJcKinney, TX, USA).

Slidesf r om fAsnh ot @ s5 a mMihutés Istonalagian werdained
with Tartrate Resistant Acid Phosphatase (TRAP) to visualize osteo8ladgs from
both groups werstained with Toluidine Bluandused to quantify nuclear density at
the enthesid-or this, Itrained a blinded second observer to segment the
fibrocartilaginous enthesis using the changes in the celluthE&QM morphologyof
the graded enthesjBnageJ 1.53a, National Institutes of Health, USAA Random

Forest classifiewas trainedn ilastik software to classify Toluidine blue pixels and
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semiautomatically segment theells from the ECM {lastik 1.3)?2’ Binarized

segmentatioutpus from ilastik were imported into ImageJ software and analyzed

with particle analysiso measure celiumberand area of the enthesfS.

Forimmunohistochemistry Jlisesfrom the 20 minute3week cohort (Chapter

4, young)were deparaffinized and quenched in 0.3% hydrogen peroxide (Santa Cruz,

Dallas, TX), followed by heatediated antigen retrieval and blocking (5% goat serum

in phosphate buffesaline). Slides were then incubated in primary antibodies

(ABCAM, Cambridge, MA, USA) overnight at 4;@llowed by washing and

incubation with a secondary antibody fdr minutegTable 1). Horseradish

per oxi dbamiaobéhzidhé system (Millipor®igma, Billerica, MA, USA) was

used for detection. Slides were counterstained with hemataytinoverslipped with

Acrymount (Acrymount, StatlabicKinney, TX, USA). All slides were imaged on a

brightfield microscope (Eclipse NJ, Nikon, Tokyo, Japan).

Table5.1:  Antigenretrieval and antibody information for immunohistochemistry
experiments.

Antibody Source and Catalog 1 Dilution | Buffer; Antigen Retrieval
Anti-collagen Il Abcam, ab185430 | 1:250 Tris EDTA, pH 9.0; 65°C, 2 hi
(mouse monoclonal]

Anti-collagen 1l Abcam, ab7778 1:100 Tris EDTA, pH 9.0; 65°C, 2 hi
(rabbit polyclonal)

Anti-aggrecan Abcam, ab216965 | 1:100 0.1% trypsin; 37°C, 30 min
(rabbit polyclonal)

Biotinylated goat Millipore-Sigma, 1:1000 | Roomtemperaturel0 minutes

antrmouse IgG and

goat antirabbit 1IgG

20777/15
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5.2.5 Statistical analysis

| usedPrism (8.3, GraphPad Software, La Jolla, U8A) GPowerlniversity
of Kiel, Kiel, Germany) fosstatistichevaluationand power analysigo assess the
Gaussian distribution of the data, | used Shagiitksa n d D 6 ARearsoh i n o
normality tests. For CHP analysitthe 5-daysloaded samples, mean and SD of
intensity and number of pixels in the ROl were nueed for each limb. Intensity
measurements were compared between the loaded and contralateral controls using
paired tweway ttest. Results from micr€T analyses were tested for normality and

compared between the loaded and control samples using aregnigast. Results

5.3 Results

5.3.1 Repeated loading resulted in the accumulation of collagen denaturation
and damage in the loaded tendon and enthesis
After 5 (1 week)and 17 day$3 weeks)f 20-minute daily bouts ofbading,
young, loadedimbs had higher CHP intensigndcollagen denaturation than

contralateral controlgp=0.0074)
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I 1
Control Loaded

Muscle Tendon Bone

Figure 5.2: Repeated loading resulted in the accumulation of collagen denaturation at
the site of loaded tendon and enthesis. p<0.05.
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5.3.2 Daily bouts of 20minloading for 3 wk led tothinner fibrocartilaginous
transition, superficial enthesis ECM morphology

COL Il is the most abundaiCM protein of the fibrocartilaginous
enthesis2122JHC results show that distribution GOL Il is disrupted in the loaded
enthesis at thdistal and inferior (superficial) site of the enthesis. The loaded entheses
had a thinner fibrocartilaginous transition comparedgematched controls (Figure

5.3).

Collage Il

Control

Loaded

./‘ |

— S, —

Figure 5.3: Loading resulted in thinner fibroddaginous transition and disrupted
COL Il distribution (in brown) in the entheseal ECM, shown by the
arrow.scale bar 100 um

Loaded attachments had higher collagen Itl aggrecan preseat thedistal

superficialUFC and CFGites of theenthesisrespectivelycompared t@ontrols
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(Fi gur e 5. 4Inadditin, heBaded c&lcaned) grawth plate had
gualitativelyhigher aggrecan than néoaded controls (Figurg.4. A, B).

Collagen llI

Control

Loaded

Figure 5.41Loaded samples hajualitativelyhi gher (A6, B®&6) aggreca

enthesis CFC and (C, D) higheOL Ill present at the UFC site of the
attachment compared to contrasale bar 100 um

5.3.3 Shorter bouts of daily loading led b disruption of the enthesis tidemark
and the calcaneal growth plate openindput did not affect bone volume or
quality.

Toluidine blue staining results show that consistent with results2fbsm
minutebouts of loading, short-Binute bouts of loadintpadto disruption of the
enthesis tidemark. After 3 weeks efrinutes loading, enthesis cellularity decreased

compared to controls (p=0.0331). After 3 week@@Mminuteloading, enthesis

cellularity in the loaded enthesis significantly decreased compared to the control

entheses (0.0257).
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Figure 5.5: Shorter (5minutes) bouts of daily loadirgdto disruption of the
insertion, and the growth plate morphology (Starwghoplate opening),
without gross alteration of mineral tissue at the apophysis. Short (5
minute) (A) Control (B) loaded, and 20 minutes young (D) Control, (E)
Loaded. Enthesis cellularity measurements after {@)riuteor (F) 20-
minutebouts of repeateldading for 3 weeks. Error bars denote mean +
SD. p<0.05

Short duration (5 minutes) and 20 minutes bout of repeated loading resulted in
the opening of the calcaneal growth plate (Figure 5.6). Bone volume, tissue volume,
BV/TV, and BMD did not change at tlagophysis or the posterior calcaneal

tuberosity after short bouts of repeated loading (Table 5.2).
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Control Loaded Overlay

5-minute

20-minute

Figure5.6: Shorter bouts (AC) of loading resulted in the opening of the calcaneal
growth plateRepresentativenicro-CT images of the (A, D) control, |B
loaded, and (C) contralateral limb overlays in the-gadittal plane. The
dashed linalenote®.8and 1.5 depth of thepaphysisand PCT,
respectively. Scals 0.5mm.Star: opening of the growth plate hollpw
Arrow: reducedapophyseal bondilled in arow: change in the
orientationof the apophysis and apophyseal pulling.

Table5.2: Descriptive statisticBMean+ SD)and pvalue from paired analysis of
bone morphometric measurements at the calcaneal apophysis and
posterior calcaneal tubeidsin the 5minutes loaded samples vs.
contralateral control$<0.05

Age groupAnatomical Site Non-loaded 5-minute loaded p-value

Young/Apophysis

TV (mmd) 0.1412+0.014  0.139+0.0236 0.763
BV (mm®) 0.118+0.012 0.118+ 0.019 0.9618
BVITV (%) 83.88+ 2.212 85.10+ 2.291 0.1732
BMD (g/cnv) 0.839+ 0.020 0.798+ 0.055 0.1532
Young/PCT

TV (mm®) 0.767+ 0.099 0.723+0.092 0.1295
BV (mm?) 0.535+ 0.081 0.497+ 0.055 0.1221
BV/TV (%) 69.67+ 2.796 68.93+ 2.681 0.4039
BMD (g/cnv) 0.769+ 0.030 0.724+ 0.055 0.0650
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5.4 Discussion

In this chapter, | characteridéhe microstructural and duratiaependent
changes of the young enthesis in response to repeated |dadimg.study | showed
thatrepeated loading disrupts fibrocartilaginowmsitionand locally alters the ECM
composition at the superficial site of the enthesis. Loading resulted in incfeé@sed
1l, localized to the UFC at the fibrous side of the attachment, and aggrecan at the CFC
and mineral site of the enthesis attachm@etently, it has been shown that the
macroscopic strains along the enthesis are heterogeneous. Change of the force angle is
shown to alter the subset of the fibers that sustain the load (fibeshaaithg at the
attachment site}® The local superficial adaptation of the enthesis may be associated
with higher loadbearing® of superficial fiberghat are engagedlring plantar flexion
of the ankleand higher mineral mobility of theaferior enthesig®

Furthermore, thigualitativelocal increase of aggrecan at the entheseal CFC
coincides withthe opening of the mineral tissue in the growth plateiacréased
aggrecann the loaded calcan€éfhe aygrecan molecule at the cartilaginous ECM
plays a crucial role in growth plate maturation (e.g., chondrocyte survival and
hypertrophic maturation) and columnar organizafdmlthough the changes in ECM
aggrecann the native and loaded growth plate endochondral ossification is net well
characterized, results from this study suggest that with repeated loasegkold
growth plate maintains a medtethehotwadedi | agi nc
control. Additionally, while tibial unloading is shown to disrupt the columnar
formation and actin cytoskeleton of the growth pfatecreased weight bearing
results in narrowed growth plates and increased mineralization and vasculafZation.

Here,|l showedthat repeated tensile loading of the calcaneal apophysis results in
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cartilaginous ECM of the loaded growth plate, and growth plate widening, even at a
shorter stimulation duration.

Crosslinks between collagen molecules within the tendon fibrils facilitate load
transfer by resisting excessive intermolecular sliding between fibrils untilefte
strain®6.230232 After theyield point, sheadominantonrecoverablesliding is an
initial mechanism of tendon damageder increasing strain valu&$ During this
transitian, at the yield straincollagen denaturatiostartsin both energy storing and
positional tendon&° While fascicle sliding has been identified as the primary
irreversible mechanism of tendon damagyevivo experiments show that therattail
tendon this sheasxdominant slidingcorrelateswith reducecelastic modulus of the
damaged tendof?* The data from this chapter indicates that despite irreversible
damage and denaturation of collagen triple helix in the loaded Achilles tendon after
5days, this nomecoverable dmage may not alter thensile elastibehavior of the
tendon and enthesis (Figure 4.7 and Figure Z18} finding is consistent with
previousreportof similar local elastic modulus between fatigue loaded with local
collagen denaturation and nativexor carpi ulnaris tendons in r&f8.These
differences may be due to thiggher collagen crosslink density and resistance to-inter
molecular slidingenergystoring and thereforejifferent damage andenaturation
initiation mechanismbetween Achilles tendoand positional tend@) such as rat tail
tend0n230,234,235

The findings from this chapter highlight the connection between growth and
enthesis mechanoadaptation in the imgrace of loading duration in the differential

structural adaptation of the enthesis and apophysis during postnatal growth.
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Chapter 6

POTENTIAL BIOLOGICAL MEDIATORS OF ENTHESIS DEVELOPMENT
AND MECHANOADAPTATION: ROLE OF FGF SIGNALING PATHWAY

6.1 Introduction

In theprevious chapters, | described a novel model and implementation of an
optogenetic tool to studye adaptation of the postnatal enthesis. This work focused
primarily on the mechanical adaptation of the enth&sisy doctoralwork, | was
also interested ipotential biological mediators of entheaaptation

An emergent body of researchstslnown the role oFGFsin the formation of
the entheses by modulating cell proliferation and hypertr&p¥\This chapter
describesny work usingthe Cre-lox recombirase systerno study fibroblast growth
factor (FGF) signalingspecifically FGF9: a known regulator mineralizatioR®® 242
in the postnatal maturation of the enthesier brevity, in this chaptel referred to
both calcaneal apophgsand humeral epiphysis as epiphysis.

The enthesimatures vidhe developmentatternsof an arrested growth plate
(i.e., cellular processes of endochondral ossificafibtff*Due to these similarities in
thecellular and morphological patteragenthesis and growth plaigejs, therefore,
likely that key regulators of graw plate development are also essential in the
maturation of enthesé$?**FGFs and their binding recept{RGFR) areappreciated
ascritical factorsin growth plate developmeft?239246.24"FGFs regulate chondrocyte
proliferation and differentiation of the growth plate during bone developffient

FGF2, 9, and 18 are three known FGF ligands critical during bone gttetf25°
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FGF9 has affinity to fibroblast growth factor receptors (FGFRs) FGFR1/2@RRE
and is most prevalent in ti@neperichondrium and periosteum during growah.
During endochondral bone growthgf9 expression regulates chondrocyte
proliferation and hypertrophy through its affinity to FGFRSBPrevious studies using
knockout mice have highlighted the importance of FGF signalitigeiformation of
the growth plate duringdevelopment and growth. Global deletiorFgff9 leads to
disrupted vascularization of the developing bone, reduced chondrocyte proliferation,
and delayed hypertrophy during skeletal developpanivell as limb shortening in
murine embryo$*:2°2Conversely overexpression oFgf9in chondrocytes leads to
decreased chondrocyte proliferation and teaidifferentiation during endochondral
ossification?>° Despite its prominenble in osteogenesis andscularizationtherole
of Fgf9in the postnatl maturation ofunctionally graded fibrocartilaginous enthesis
and apophysisemains unknown.

Scxis an early marker of the tendon/ligament progenitmdits expressioms
essential fotheformationand postnatal growtbf tendonattachment site®,86.258255
During enthesis development, the enthé&sisis from a pool 050x9 andScx
positive progenitor cell$-2*®Scxpositive chondroprogenitors contribute to
chondrocyte differentiation at the bony eminence of the entfRésss,

TheCrerecombinase system, briefly described in Sectioni8idely
utilized for targeted deletion of genes in a specific cell population (e.g., tendon
lineage).In this study,| used Crerecombinase technology for targetegf9 deletion
in tendon anenthesis progenitor cel(Scxpositive) | investigated the structural and
functional outcomes dhis targetedgf9 deletion on the postnatal maturation of the

fibrocartilage enthesis:or this, Icompared the mineral and cellular morpholagy
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functional (mechanical) properties of the mature fibrocartifagelles and
supraspinatsienthesebetween WT (normally developing) afdf9>*°® (knockout)
mice.| hypothesized that deletion Bf9 in thetendonlineage cel would disrupt the
postnathmineralization of theepiphysis disrupt the formation of the
fibrocartilaginous enthesis, and reddlee mineral content in the apophysis of the

adult mice compared to WT controls.
6.2 Methods

6.2.1 Animal models

This study was approved by the Institutional Aair@are and Use Committee
(IACUC) at theUniversity of Delawarendthe University of Michigan(N=57 mice).
Mice were housed in 12 hours on/off light cycle housing and placed insatages
with littermates aftebeingweaned. Food and water were pded forad libitum To
generate conditional knockout mice, we crogsgi®™'*: ScxCre females, with
Fgf9™™ males. Offspring were genotyped using PCR (Transnetyx, Cordova, TN).
ScxCre;Fgfo™ (Fgfo>xCy and wildtype (WT Fgfa™™) littermates were euthanized
at 3weeks Young n=7/genotypeand 8 weeksAdult; n=8 Fgfo>*“"eandn=10 WT)
of age using carbon dioxide. Normal development of the fibrocartilage enthesis (i.e.,
A c h i atthcarsedt) was assessed for a second set of nla(@¥8) mice at the
following time points:Developing (postnatal day10), Young adult(postnatal day
15-28), and Adult (postnatal day 4B629) (N=2/time point).Hindlimbs and forelimbs
were dissected #hetime of euthanasia and fixed in 4% paraformajaishfor 24hr
while contralateral hindlimbs were kept intact and staed°C for uniaxial tensile

testing.
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6.2.2 In situ hybridization

To assess the mRNA presence of Hgfthe enthesis, weerformedn situ
hybridization using the RNAscope Multiplex Fluorest Reagent Kit v2 (Advanced
Cell Diagnostics, Hayward, CA, USA). PO hindlimbs were decalcified in 14% EDTA
for 2 weeks, paraffiembeddedand sectioned atum thick.The slidegn=3 per
genotype/timepoint) were treated wklgfo probe (Advanced Cebiagnostics,
Hayward, CA, USA) for 2 hours at 40C. A positive control slide used a mixture of
probes targeting housekeeping geReb2A, Ppib,andUbc. A negative control slide
used dapB (a bacteria gene). Nuclei were counterstained with DAPI and mwithted
Citifluor Antifade mounting medium (Electron Microscopy Science, Hatfield, PA,
USA). Slides were imageat 40Xmagnificationusing Lionheart FX (BioTek,
Winooski, Vermont, USA).

6.2.3 Microcomputed tomography

Fixed forelimbs and hindlimbs were scanned wepm 70% ethanesoaked
gauz, using micrecomputed tomography (microCT; Skyscan 1276, Bruker, Belgium)
with optimizedsettingsf or mouse | i mb i maging (0. 5mm
voxel size, 50 kV voltage, 200 mA current, and 950 ms exposure tinfiegp@adon
step, and 360° scarbhlumeral epipyses and calcaneal apoplegswere segmented
based on the growth plate morphology (humeral epiphysis: supetiaw@ gyowth
plate calcaneal apophysis: posterior to the growth plate), Wi\ software
(Bruker, Belgium) | thenmeasuredissuevolume(TV), bone volumégBV), and bone
volume ratio (BV/TV, %)in thecalcaneusis well as théumeral and calcaneal
epiphysesForthehumerus anthe calcaneusiength, bone mineral density (BMD),

anddiaphyseal cortial thicknessvere measured.measuredhe proximal trabecular
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properties of the humeral epiphysis (i.e., trabedB3\4iTV ; trabecular number,

thickness, and separatioMineralized insertional thickness was measurdatdeinid-

sagittal plane of the humeral and calcaneus at the attachment site of the supraspinatus
and Achilles tendons were measured manually, respectughyg CTAnSoftware

(Bruker, Belgium. Thickness masurements were repeated three tialeng the
anatomicakite of the attachmeimdr both Achilles and supraspinatus entdse®ercent
variation was calculated between technreglicates, and values were averaged for

guantitative analysis.

6.2.4 Histology andcellularity measurements

Fixedsamplesvere decalcifiedisingF o r mi ¢ dof Ne@natdl Young-
adult, and Adult samples and using 1E#ylenediamingetra aceti@acid(EDTA) for
Youngsamples. Samples were thgaraffinrembeddedand secti oned at 6
thicknessFor qualitative assessment of proteoglycan and overall esthes
morphology fore and hindlimbs were stained with Toluidine Blue and Hematoxylin &
Eosin For assessment tie effect of Fgf9 deletion on théormation of the
fibrocartilaginousenthesis, Youngforaand hi ndl i mbs were stai ne:i
Trichrome.Slides wee mounted with xylendased mounting media and imaged at
20x magnificationHistological slides were imaged on a brightfield microscat20x
magnification(Eclipse NitU, Nikon, Tokyo, Japan).

Enthesis cellularity was measured from ToluidBlae stained slidesf
normally developing neonatal, yowaglult, and adult samples. Entheses were
manually segmented based on the cellular morglyodmd the change in GAG

distribution, usingparticle analysis immageJ software.
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In the alult WT andFgf9>>“"® attachment sites, cell nuclei were stained with
DAPI. Fluorescent images were taken ugingDAPI channelat 20xmagnification
(Axio Obsener.Z1 microscope, Carl Zeiss, Germarni)e ptal number of nuclei in a
field of viewwasquantified from DAPIstained images using a manually defined
rectangular area (130pmx200um fdrc h i inderdos Site and 60umx130um for
Supraspinatus) at the mid enthesis redkigure 6.1) Selected regions were verified
by brightfield images of the insertion sites. Images were converted to greyscale
imagesthresholdegand preprocessedParticle ana}sis wassubsequentlperformed

usinglmageJsoftware(NIH, Bethesda, MD, US).

Supra.

Achilles

Figure 6.1: Representative (A, C) brightfield and (B, D) DAPI fluorescent images of
the region of interest (black and yellow rectangles) used for nuclear
quantification.Scde bardenoteslO0 um.T h e A crkgioh df iaterést
was130x200unt and Supraspinatuggion of interest wag0x130unt.
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6.2.5 Immunohistochemistry

Col X expression and chondrocyte hypertrophy mark the mineralization front
during endochondral ossification athe postnatal enthesis maturatin.
Immunohistochemistrwas used to assettwe distribution of COL X, marker ofthe
mineralization front in the ECM.&gtioned slidefrom Young samplewere
deparaffinized and rehydrated to 70% ethanol (n= at least 4/ gendt#gag)nediated
antigen retrieval was performed a5 COL X: Sodium Citrate Buffer, pH 6.@OL
II: Tris-EDTA Buffer, pH 9.0). Slides were quenched and blocked at room
temperatee using 3@minute incubation in 0.3% hydrogen peroxide (Santa Cruz,
Dallas, TX) and 4hour incubation 5% goat serum in posphate buffer saline,
respectively. Primary Rabbit monoclonal artilagen Xantibody (ab260040; 100).
HRP/DAB system (Millipoe Sigma) was used for detecti@lides were
counterstained with hematoxylin and cover slipped with acrylic mounting media
(Acrymount, Statlab, McKinney, TX, USAELOL X presence in the ECM was
guantified at the secondary ossification center. Fortfhéssecondary ossification
center was segmented based on cellular and tissue morpholodlye aegion with

COL X presence was segmented and measured in the ImageJ software.

6.2.6 Mechanical testing

For biomechanics, frozen contralateral hindlimbs weasved overnight and
calcanei were dissected with minimal interruption of the Achilles attachment site.
Bonetendon complexes were equilibrated in physiological buffered saline (PBS) prior
to testing Plantaris tendon anthe gastrocnemiusoleus muscle estruct vere
carefully removed without disruption of tehilles tendon and enthesiBo avoid

slippage samples were clamped in a custorade fixture using sandpaper
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Mechanical tests were performasing an electromechanical uniaxial tegtestron

5943, Norwood, MA) All samples were tested galine batrat room temperature

Each sample's major diameter area and gauge leregghmeasured at 0.01N preload
usingard scaled image taken from the posterior aspect of the preloaded s@h®le
crosssectional area was then calculated with the assumption of ellipsoidal geometry
with adiametric ratio of A. The loading protocol consisted of a rato.02\,
preconditioningwith 10 cycleq0.020.04N) anddisplacemento failure at 0.03mm/s
rate Force displacement data were analyzed using a custom Matlab codagore
stiffnessmaximumload,work to maximum loadelastic modulusyltimate stress

strain at ultimate stress amoughness

6.2.7 Statistical analysis

Statistical analyses were performeing Prism (Graphpad, LaJolla, CA).
Results fom bone morphometry (microCeasurementjuclear andCOL X
quantification, and uniaxial tensile testing were compared betWdeandFgfg>excre
samples withunpaired ttests.Results from cellularity measurements of neonatal,

youngadult, and adult enthes were compared using multiple comparison ANOVA.
6.3 Results

6.3.1 Fgf9is expressed postnatally at the Achilles tendon to bone attachment
In situ hybridizatiorresults showed th&gf9is expressed postnatally

(postnatal day 0) in the neonatal enthesis and tendon (Figure 6.2).
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Tendon

Figure 62: Fluorescenin situ hybridization shows thdgf9 (magenta)s expressed
postnatally(P0)in the neonatal ¢ h i énthesisadd tendonScalebar
=100 pm.

6.3.2 FGF9 deletion resulted in reduced calcaneal and humeral apophyseal
bone volume and thinning of theadult mineralized enthesis.

Results from microCT analysis showed tR&F9 deletion in the tendon
reducedrabecular bone volume am@dbecular number at the humeral epiphysis
compared to WT contral¥he @lcaneusf Fgfo>*C"®micewassignificantly shorter
with reduced bone and tissue voluomempared to WTEpiphyseatissue volume was
significantly lower in both humerus and calcaokihe knockouFgfo>***®micethan
agematched control§Table 6.1).

Deletion ofFgf9resulted in lower tissue volume in the adult humeral and
calcaneal epiphyses (Figure 6.3) and thinner subchondral bone thickness at
supraspinatus amdl ¢ h i teddenattdchmerd, at the humeral heal and posterior

calcaneus, respectively (Figure 6.4).
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Table6.1: Whole bone and apophyseal bone morphometric measurements at the site

of Achilles and supraspinatus attachme(itean + SD; g0.05)

Anatomical Site WT Fgfg>excre p-vaue
Humerus
Length (mm) 11.760 + 0.552 11.310 + 0.555 0.0919
g.or“ca' thicknessat mid- g 166 4 9 024 0.152+0.018  0.2870
iaphysis(mm)
g"zg‘ﬁjég('\gg%m'd 0.734 + 0.030 0.757+0.036  0.1295
Humeral epiphysis
TV (mm3) 2.417 £ 0.169 2.139£0.125 0.0045*
BV (mm?3) 0.952 +0.170 0.872 £ 0.162 0.2135
BVITV (%) 39.340 £ 6.233 40.780 £ 7.143 0.3592
Trabecular TV (mr) 1.205 + 0.152 1.129 + 0.091 0.1609
Trabecular BV (mm) 0.424 + 0.080 0.345 £ 0.064 0.0431*
Trabecular BV/ITV (%)  35.220 +5.341 30.400 + 4.234 0.0572
Trabecular number (1/mmr 5.191 + 0.254 4.832 + 0.304 0.0254*
Trabecular thickness (um 0.067 + 0.008 0.063 = 0.006 0.1367
Trabecular separation (un 0.170 + 0.019 0.173 £ 0.0201 0.4046
Calcaneus
Length (mm) 3.745+0.126 3.624 £ 0.116 0.0431*
TV (mm°) 2.803 £ 0.390 2.356 £ 0.307 0.0175*
BV (mm?3) 2.075 £ 0.447 1.593 + 0.367 0.0239*
BV/TV (%) 73.550 £ 7.072 66.970 £ 6.692 0.0495*
Cortical thickness (mm) 0.199 £ 0.038 0.171 +0.035 0.0942
Cortical BMD (gcn) 0.763 £ 0.152 0.725+0.163 0.6599
Calcaneal Epiphysis
TV (mm°) 0.147 +£0.035 0.107 £ 0.030 0.0415*
BV (mm°) 0.126 + 0.039 0.089 + 0.027 0.0644
BV/TV (%) 84.480 £ 6.015 82.750 £ 6.818 0.6241
TMD (g/cnt) 0.630 £ 0.102 0.544 £ 0.122 0.1825
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Figure 63: Fgf9deletion results imeduced tissue volume at the (@meraland(D)
calcaneakpiphysesSchematics showing segmentation of (A) the
humeral epiphysis and trabecular bone and (B) calcaneal epipBiyss.
and salmon dots denote male and female samples, respedively.
bars denote Mean+95%@hdp<0.05.
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Figure 64: Cortical thickness sigficantly reduced at th@A, B) supraspinatus and
(C, D) Achilles enthesesError bars denote mean + 95%Gtale bar
denotes 600 um.q9.05.

94



Results from histology confirmed the cortical thinning at the supraspinatus and
Achilles entheses iRgf9>> "eattachments (Figure 6.5Fgfo>*“"®mice developdan

acellular metachromatic region at the superior Achilles enthesis

FngSchre

Supraspinatus

Achilles

Figure 65: The(A) supraspinatuand (C) Achillesenthesis oFgfo>>*“"®mice have
thinner cortical bone comparedttee (B, D)WT mice {ellow and
orange arrows Fgfo®*“®mice (B) have acellular metachromatic regions
(black arrow) at the superior Achilles enthesis, shown in Toluidine blue
stained sections of Achilles, coamed to (A) WT mice; 100 um scale.
100 pm scale.

6.3.3 Fgf9 deletion in the tendon cells resulted in increased cellularity at adult
the supraspinatus and Achilles enthesepossibly indicative of an
immature attachment.

Quantification of the nuclei in supraspinatus and Achilles entheses showed that
Fgf9>*“®mice havehigher cellularityat the supraspinatus (p=0.0074), but not the
Achilles (p=0.0563)endon attachment site compared to WT mice (Figuse
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Figure 6.6: cellularity is higher in th&gfo>>C"supraspinatus enthesismpared to
WT. (A) Representativuorescenimages ofsupraspinatuand
A c hi tediomssobinteregtscale bar 20um)B) nuclear density and
(C) number of nuclei. &le badenotess0 um. Error bars énotemean +
95%CI (p<0.05)

Quantification of the cellularityn healthy Achilles enthes, showed that
while cell count did not change during postnatal maturation (Figure 6.7), area of the
enthesis significantly increased from developing (0.03+0.003rtyoungadult
samples (0.061+ 0.01mMn?) (p=0.0031). Cellulaty of enthesis, decreased during
postnatal maturatiofDeveloping vs. Youngdult: p<0.0001; Developing vs. Adult:
p<0.0001; Younendult vs. Adult: p=0.0000) Fi gur e 6. 7 AQ0) .
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6.3.4 Deletion of Fgf9 results in reduced ultimate tensile load in adult enthesis
FGF9 deletion in Schneagecells leads to reducgg@=0.0406)ultimate load

at the Achilles enthesis bGISA (p=0.77), stiffness (p=0.1415), work to max load

(p=0.0936)did not changeTensilemechanical properties did not change between

Fgfo®>>Cand WT samples (Elastic modulus: p= 0.6447, Max Stress: p=0.1701, Strain

at max stress: p= 0.3175, Toughness: p=0.4Fdgure 68).
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Figure6.8: Deletion ofFgf9leads to reduced maximum tensiladoin the enthesis.
(A) overlayed loaedisplacement curves for all tested samples, (B) CSA,
(C) stiffness, (D) maximum load, (E) work to maximum load, (F) elastic
modulus, (G) maximum stress, (H) strain at maximum stress, (1)
toughnessPink dots/lines =dmale mice; Blue dots/lines = male mice.
Error bars denote me&95%Cl, p<0.05

6.3.5 Fgf9 deletion results in delayed mineralization of calcaneal SOC

To investigate the underlying cause of the structural adaptation in adult
enthesis, structure of young entisesnd the mineralization of the SOC was
characterized through M4 XI6l@. KResultsfromc hr o me
histology showededucedoresence of hypertrophic chondrocytes at the SOC of the

youngFgf9>>“calcaneus compared to WT (Figuré 8, B). IHC of COL X showed
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that while the size of the SOC did not change (p=0.1972) betwe&igidr*“"*and
WT mice (Figure 6.8, C), there wasignificantdecreas@& COL X at the SOC of the
young calcana epiphgisin the youngFgfo>*c"®compared to WTg= 0.035;Figure
6.8D-F).

WT Fgf9$cx0re

% ColX/SOCAea T

Figure 69: Fgf9®>“*®had more (A, B) hypertrophic chondrocytes aneE)aCOL X
present in the calcaneal S@Gmpared to WT littermateScale bar
10Qum anderror bars= 95% Cl

6.4 Discussion

In this study, | investigated the role of FGF3he postnatamaturationof
functionally gradedAchilles andsupraspinatysntheses and thessociated
apphysesHere, | showedisingin situ hybridizationthatFgf9is postnatally
expressedh the Achilles tendon anehthesisDeleting Fgf9in tendon lineage call
did not changdong bonegrowthratesandbonemorphology but rathdnad a localized
effect on theapophysesf the calaneusand humeruswhere the Achik s 6 an d

supraspinatus tendons attach, respectivatpckdownof Fgf9 expression irscx
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expressing (i.etendon and enthesis progenijacells delagd postnatal
mineralizationandresultedn smaller mineralized attachment in matarghesesThis
led tolower ultimate load in theonditionalknockouttendonenthesis compared to
agematched/NT entheses. Others have shownljne with thesefindings, disruption
of the mineral matrix of the enthesiansignificantly influencehe tensile strength of
the enthesig*®

Despite the thinner mineral thickness atdldelt supraspinatus and Achilles
entheseg~gf9 deletion led to increadecellulardensityat the attachment site.
Previously, increased mesenchymal cellularity has been linked to the delayed palatal
growth in embryos with global deletion B§f9.24? Thus, theincreased cellularity of
the Fgf9®>>C%enthesis mighbe due to delayeenthesisnaturationin theconditional
knockout miceAdditionally, the aellularmetachromaticlefect at the Achilles
enthesis ofFgf9>*“"®mice may indicate an altered microenvironment at the tendon
bone attachmen€ompressive loadmof the tendomesults in increased proteoglycan
formation?°¥ 26! The metachromatic andcallular disruption in the ECM of the deep
tendon at the Achilles enthesisay, therefore be due to altered and increased local
compressive loads due to the disrupted mineralization in the enthese$gfdhe
knockout mice.

These findingsighlight theimportant role otendon and enthesislerived
FGF9playsepiphyseal trabeculdonemicrostructure and epiphyseal bone volume,

and cellular and functional formation of mineraliZdmtocartilaginous enthées
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Chapter 7

CONCLUSION AND FUTURE DIRECTIONS

Despite their prevalence in young and adult populations, the etiology and
underlying mechanical and biomechanical mechanisms for overuse injuries of the
enthesis remainnderexplored due to limitations in clinical investigation of
developing tissue and aNability of animal models for the study of mechanical and
biological regulators of the enthesis adaptation and postnatal gfbvighs the first
study to investigate the mechanoadaptive changes of the young enthesis under
repeated loading using an irnvative optogenetic tool.here developed a noninvasive
model for repeated loading of the maturing enthesis. | then used this model to study
the structural and functional adaptation in the young and adult enthesis with repeated
loading. | showed that reptea optogenetic loading of the maturing enthesis in mice
impairs the mechanical function of the maturing enthesis and results in similar
morphological changes to apophyseal pathologies reported in the young athlete. In the
adult mice, the same loading dtioa and frequency improved the enthesis structure
and likely mechanical properties. Additionally, repeated loading, even at shorter
durations, locally disturbed the cédlvel gradation of the superficial enthesis and
mineralization of the growth plateiffure 7.1). hese findings highlight
mechanosensitivity of young enthesis and apophysigh likely acceleratethe

onset of degenerative and pathological adaptations in the maturing tissue.
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Apophysis Maturation Developmental stage Enthesis Maturation
O Birth
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Infancy
Tyr —

Childhood

— 7/\V¢
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"
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Figure 71. Repeated opticallinducedlioading of the enthesis during postnatal
maturation leads to disruption of the enthesis interdigitation of the
enthesis and opening of the growth plate (red), and improves the structure
and of adult enthesis (greef)A) I ni ti ation and (AG6) f
calcaneal apophysis during childhood and adolescertzptéd with
permission from WitersKluwer health, in€®(B-B6) Tol ui di ne B
stained sections of the mouse Achilles enthesis during postnatal
maturation.

The work presented here contributes to the field by (1) developing a novel non
invasivein vivomodel forrepeated loading of the tendon and enthesis, (2)
highlighting the agelependent entheseal adaptation and the detrimental effect of
repeatedoading onthe maturationof thefibrocartilaginous enthesis awnlisruption of
structural toughnesa the site of the young attachment, €Rjcidating the concurrent
ard loading duratiordependent adaptive response in the maturing enthesis and

mineralizing growth plate in response to repeatedile loading, (4identifying FGF
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signaling as a potential regulator of the formation of the CFC in the maturing enthesis.
Thes studies set the framework for several new avenues of exploration focused on not
only enthesis but bone adaptation and mechanobioldgyfinding and developed
methods in this work and can be used in future investigations of enthesis
mechanoadaptatiomd remodeling witlihe extended goal of improving the clinical
interventions for overuse injuries in children and aduttshe following, | briefly

discuss the major conclusions of each Aim of this dissertation and discuss my

suggestions for future woikn this topic.

7.1 Development and validation of a mouse model for nemvasive repeated
skeletal muscle stimulation

The model developed in Chapter 3 famninvasive loading of the Achilles
enthess has the advantage over other approaches for chronic lo@dggtreadmill
running)to study the effect of repeated tensile strain on formation and adaptation of
the enthesisThe future longterm and clinical implicatiosiof thismodelare its
potentid to improve (1theadaptatiorof the enthesiby investigation of the
mechanobiology of enthesis formatj@nd (2)diagnosis and treatmeot overuse
injuriesby investigatng the mechanoadaptive responsenaiturebone and enthesis to
loading.Future drection and adaptations of this model include:

1. Nerveindependent activation of the muscle in this mdadedtudy the
potential rehabilitative rolef passive stimulation in casesradrve
damage

2. Alimitation of Ai32 mice expressinGhR2(H134REYFPis
overexpression of the EYFP that may affect the optimal repolarization of

membrane potentials. Future work should adapt mouse models without
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fluorescenEYFP expressioto avoid unwanted membrane activati@mns
potentialdisruption ofbasal lipid membrane Wtage

3. The optogenetic stimulation paradigm in the present work was iterative.
Future work should investigate the light intensépd frequency
dependent force generation for more reliable and repeatable adaptation of
this model in other applications

4. Torque measurement data presented in this work is for the maximum
induced torque values at the start of the experiment. Future work should
investigate the fatigue behavior of the muscle for the duration of the
stimulation and measure the translated strainesaht the Achilleghe
antagonist muscle groupand the calcaneutiring each bout of
stimulation

5. Theinvivomodel is the first to use optogenetics to model loathdgced
injury in the maturing Achilles enthesis. The presented setup can be
adaptedyith experimental optimizations for hip joint stabilization{le
future investigation of sutdermally accessible quadricep muscle to
investigate more prevalent entheseal overuse injuries like Osgood Schlatter
disease at the patellar insertion site anphoximal tibia during postnatal
maturation. For this application, experimental considerations must be made
to fix the knee joint at the tibia and femur or hip joint. For activation of

more complex muscle groups use of optical fiber can be explored.

7.2 Age-dependent mechanoadaptive response of the enthesis to loading
Although repeated optogenetic stimulation of the triceps surae muscle did not

cause weight loss or gross macroscopic alteration at the enthesis or the tendon after 3
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weeks of loading, repeatedalding resulted imnaltered gait pattern after stimulation.

Future work should use gait analysis to characterize this pattern gain and its

implications of the mechanoadaptive changes during loading in the young enthesis.

Data from this chapter showed thepeated loading resultedadaptatiorand

disruption of the enthesis tidemark and significantly impaired mechanical properties of

the loaded enthesis. My recommendations for future work on this chapter include:

1.

Investigation of the effect of repeatexhtling on the stochastic pattern of

the enthesis and modeling of the adaptative toughening and strengthening
mechanisms at the loaded young enthesis based on previous work by Hu et
al A0

Future work shouldnvestiga¢ theeffect of loading on the bone
mineralization rate®f the enthesis, usingethods such adynamic
histomorphometryin young and adult enthes

Future studies should investigate the biological interaction and biochemical
interaction of the developing amadlapting between enthesis and the growth
plate to characterize the interaction between early childhood activity and
theonset of tendinopathy.

This modelcan be utilized for the study of the long term effects of repeated
loadingduring maturation of the enthesis and apophgsithe adult

enthesis complex structure and function and theaey of short term
interventions (e.gimmobilization)**>in restoring the structural and

functional adaptations seanthe young enthesis.
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7.3 Mechanoadaptation of the young enthesis to daily neimvasive muscle
stimulation

In this chapter, | found that the adaptation of the young enthesis is driven by
thedisruption of the enthesis interdigitation and ECM consthatt ikely disrupts the
toughening mechanisms of the native enthésiso showed that the adaptive
response to loading in the young enthesis is not localized to the enthesis and affects
the attached apophysis by the opening of the calcaneal growth pldesthvehi
adaptationothec al caneal tuberositygtéagé&el yespgsoms s e
Thesefindings model the structural and mechanical changes similar to those occurring
during overuse activities in the young athletel those occurring during overu
activities in the young athlete and are generally associated with pediatric apophyseal
pathologie€%2 2%° Futureresearch should focus on:

1. Effect of genetic strain on the structural and functional adaptation of the
enthesis and apophysis under repeated loadliimgmice used in this study
were bred to a mixed backgroureuture work car\dencassociated virus
(AAV) viral injectable cre and different genetic backgrounds.

2.  The underlying genetic and biological pathways involved in the structural
and functional changes in the young enthesis and apophysis after loading,
using quantitative redglme polymerase chain reaati or the
transcriptomic analysis of the adaptive response in the tendon, bone, and
muscle in response to loading at during the progression loading to
decipher.

3. Results from histology of the young loaded calcaneal growth plate indicate
disruption of the alumnar organization of the chondrocytes witeshort

and prolonged bout of loading. Others have shown that unloatlihg
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guadricep muscleads to disruption of the actin cytoskeletornhe tibial
growth plate. This suggests thheactincytoskelg¢onis likely acritical
regulator otthe columnar organizatioof the growth plate chondrocyge
Future work should investigate the role of increased loading on the
formation and maturation of the mineralizing growth plate during postnatal
maturation.

This study focused on isometric stimulation of theepsmuscle for

maximal force translation in the Achilles enthesis and tendon. Localized
adaptation of the enthesis ECM at the superficial Achilles insertion may be
due to fiber load sharing caused byeaed plantar flexion of the fo&t*°
Future work should investigate the effect of loading angle on loading
induced adaptation at the enthesis, known to change the mechanical

behavior of the enthesfs and therefore the translated strain to the bone.

7.4 Potential biological mediators of enthesis development and
mechanoadaptation: role ofFGF signaling pathway

In this chapter, | identified FGF9 as a critical factor in the postnatal maturation

of the functional mineralized enthesis. Future work on this chapter should:

1.

Investigate the mechanoadaptive change in the FGF9 signaling that may be
driving the morphologial changes in the mineralized maturing enthesis
under repeated loading (results from Chapter 4, 5).

Reduced hypertrophy in the apophysis of mice lackigi® may be related

to disruption of vascularization during mineralization of the apophysis in
thesemice. Therefore, future work should test whether this disruption of

the mineralization in the apophysisFEdf9>*“mice is linked to changes



in vascularizatiorby using IHCfor markers such as vascular endothelial

growth factor4
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35
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All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The license
created by the exchange of an Order Confirmatien (andfor any invoice) and payment by User of the full amount set forth on that
document includes only those rights expressly set forth in the Order Confirmation and in these terms and conditions, and conveys
no other rights in the Work(s) to User. All rights not expressly granted are hereby reserved.

General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month. If you and we
agree that you may establish a standing account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance
Center, 29118 Network Place, Chicago. IL 60673-1291. Payments Due: Invoices are payable upon their delivery to you (or upon our
notice to you that they are available te you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwize specifically zet forth in the Order
Confirmation or in 8 separate writben agreement signed by CCC, invoices are due and payable on "net 30" terms. While User may
exercise the rights licensed immediately upon issuance of the Order Confirmation, the license iz automatically reveked and is null
and void, as if it had never been izzued, if complete payment for the license is not received on a timely basis either from User
directly or through a payment agent, such as a credit card company.

Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time” {including the editions and product
family specified in the license), {ii) is non-exclusive and non-transferable and (jii) is subject to any and all limitations and restrictions
[such as. but not limited to, limitations on duration of use or circulation) incduded in the Order Confirmation or invoice and/or in
these terms and conditions. Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or
severing links or other locators) any further copies of the Work (except for copies printed on paper in accordance with thiz license
and still in User's stock at the end of such peried).

In the event that the material for which a republication license is sought includes third party materials (such as photographs,
illustrations, graphs, inserts and similar materials) which are identified in such material az having been used by permission, User is
responsible for identifying, and seeking separate licenses (under this Service or otherwise) for, any of such third party materials;
without a separate license, such third party materials may not be used.

Usze of proper copyright notice for a Work i= required as a condition of any license granted under the Service. Unless otherwise
provided in the Order Confirmation, a proper copyright notice will read substantially as follows: "Republished with permission of
[Rightsholder's name], from [Work's title, author, volume, edition number and year of copyright]; permission conveyed through
Copyright Clearance Center, Inc. * Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used [for example, as part of a by-line or footnote but not as a separate electronic link) or in
the place where substantially all other credits or notices for the new work containing the republished Wark are located. Failure to
include the required notice resultz in loss to the Rightshelder and CCC, and the User shall be liable te pay liquidated damages for
each such failure equal to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees
and charges specified.

User may onky make alterations to the Work if and as expressly set forth in the Order Confirmation. Mo Work may be used in any
way that iz defamatory, violates the rights of third parties (including such third parties' rights of copyright, privacy, publicity, or other
tangible or intangible property), or is otherwize illegal, sexually explicit or obscene. In addidon, User may not conjein a Work with
any other material that may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection
therawith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against
all claims. liability, damages. costs and expenses, incduding legal fees and expenses, arising out of any use of a Work beyond the scope of the
rights granted herein, or any use of a Work which has been altered in any unauthorized way by User, including claims of defamation or
infringement of rights of copyright, publicity, privacy or other tangible or intangible property.
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5. Limitaticn of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIAELE FOR ANY DIRECT, INDIRECT,
CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR
INFORMATION, OR FOR BUSIMESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF ONE OF THEM HAZ BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC {including their respective
employees and directors) shall not exceed the total amount actually paid by User for this license. User azsumes full liability for the actions
and omissions of its principals, employees, agents, affiliates, successors and assigns.

by

Limited Warranties. THE WORK(5) AND RIGHT(S) ARE PROVIDED "AS I15". CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN
THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK({S) AND
RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A
PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR
OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANMER CONTEMPLATED BY USER; USER UNDERSTAMDS AND
AGREES THAT MEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIOMNAL RIGHTS TO GRANT.

=

Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the license set forth in
the Order Confirmation and/or these terms and conditions, shall be a material breach of the licenze created by the Order Confirmation and
these terms and conditions. Any breach not cured within 30 days of written notice therecf shall result in immediate termination of such
license without further notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liguidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated
immediately for any reason (including, for example, because materials containing the Work cannot reasonably be recalled) will be subject to
all remedies available at law or in eguity, but in no event to a payment of less than three times the Rightshelder's ordinary license price for
the most closely analegous licensable use plus Rightsholder's andior CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and conditions, and
CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes of notifying User of such changes
or addidons; provided that any such changes or additions shall not apply to permissions already secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
herehttps=fmarketplace_copyright com/rs-ui-web/mp/privacy-policy

8.

i

. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or transfer to any
other person (whether a natural persen or an organization of any kind) the license created by the Order Confirmation and these
termis and conditions or any rights granted hereunder; provided, however, that User may assign such license in its entirety on
written notice to CCC in the event of a ransfer of all or substantially all of User's rights in the new material which indudes the
Work{s) licensed under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The Rightsholder and CCC
hereby object to any terms contained in any writing prepared by the User or its principals, employees, agents or affiliates and
purporting to govern or otherwise relate to the licensing transaction described in the Order Confirmation, which terms are in any
way imconsistent with any terms set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard
operating procedures, whether such writing is prepared prior to, simultanecusly with or subsequent to the Order Confirmation, and
whether such writing appears on a copy of the Order Confirmation or in a separate instrument.

85.

in

The licensing transaction described in the Order Confirmation document shall be governed by and construed under the law of the
State of New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding
arising out of, in connection with, or related to such licensing transaction =shall be brought, at CCC's sole discretion, in any federal or
state court located in the County of Mew York, State of Mew York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties expresshy submit to the personal
jurisdiction and venue of each such federal or state court.If you have any comments or guestions about the Service or Copyright
Clearance Center, please contact us at 978 750-8400 or send an e-mail to support@copyright.com.



CCC Marketplace”

Thiz is a License Agreement between Elahe Ganji ("User") and Copyright Clearance Center, Inc. ("CCC") on behalf of the Righshelder
identified in the crder details below. The license consists of the order details, the CCC Terms and Condidons below, and any Rightsholder
Terms and Conditions which are included below.

All payments must be made in full to CCC in accordance with the CCC Terms and Conditions below.

Order Date
Order License ID
I55M

LICENSED CONTENT

Publication Title
Article Title

Author/Editor

Date
Language
Country

Rightsholder

REQUEST DETAILS

Portion Type

Number of images f photos f
illustrations

Format (select all that apply)
Who will republish the content?
Duration of Use

Lifetime Unit Quantity

Rights Requested

NEW WORK DETAILS
Title
Instructor name

ADDITIONAL DETAILS

The requesting person /
organization to appear on the
license

28-Jun-2021
11291941
14657580

Journal of anatomy

Comparative multi-scale
hierarchical structure of the tail,
plantaris, and Achilles tendens in
the rat.

Anatomical Society of Great
Britain and Ireland.

010171918

English

United Kingdom of Great Britain
and Nerthern Ireland

John Wiley & Sons - Books

Image/photo/illustration
1

Print, Electronic
Academic institution
Life of current editon
Up to 439

Main preduct

Growth and mechanobiclogy of
the Achilles enthesis in mice

Elahe Ganji

Elahe Ganji

REUSE CONTENT DETAILS

Title, description or numeric
reference of the portion(s)

Editor of portion(s)
Volume of serial or monograph

Page or page range of portion

Figure 1-G

Elliotr, Dawn M; Lee, Andrea H
234
252-262

RIGHTSHOLDER TERMS AND CONDITIONS

Type of Use
Publisher
Partion

Publication Type
Start Page

End Page

Issue

Volume

URL

Distribution

Translation

Copies for the disabled?
Minor editing privileges?
Incidental promotional use?

Currency

Institution name

Expected presentation date

Title of the article/chapter the
portion is from

Author of portion{s)

Publication date of portion

14C

Republish in a thesis/dissertation
BLACKWELL PUBLISHING
Image/photo/illustration

e-Journal
252

262

2

234

hitpfwww.pubmedcentral.nih.g
ovitocrender.fcgi?
Jjournal=265&action=archive#jan
atphys

Worldwide

Criginal language of publication

University of Delaware

20210713

Comparative multi-scale
hierarchical structure of the tail,
plantaris, and Achilles tendons in
the rat.

Ellictt, Dawn M; Lee, Andrea H

2019-02-01



Mo right, licensze or interest te any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licenzors is granted hereunder,
and you agree that you shall not assert any such right. license or interest with respect thereto. You may not alter, remove or suppress in any
manner any copyright, trademark or other notices displayed by the Wiley material. Thiz Agreement will be veoid if the Type of Use, Format,
Circulation, or Requestor Type was misrepresentad during the licensing process. In no instance may the total amount of Wiley Materials used in any
Main Product. Compilation or Collective work comprise more than 5% (if figuresftables) or 15% (if full articles/chapters) of the (entirety of the) Main
Product, Compilaticn or Collective Work. Some titles may be available under an Open Access license. It is the Licensors' responsibility to identify the
type of Open Access license on which the requested material was published, and comply fully with the terms of that license for the type of use
specified Further details can be found on Wiley Online Library http:/folabout.wiley com/WileyCDASSectionfid-410835. html.

CCC Terms and Conditions

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for republication of one or more
copyrighted works as described in detail on the relevant Order Confirmation {the "Wark(z)"). Copyright Clearance Center, Inc. ("CCC") grants
licenses through the Service on behalf of the rightshelder identfied on the Order Confirmation (the "Rightsholder”). "Republication”, as used
herein, generally means the indusion of a Work, inwhole or in part, in a new work or works, also as described on the Order Confirmation.
"User”, as used herein, means the person or enbity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightshelder with respect to a particular Work, govern the
terms of use of Works in connection with the Service. By using the Service, the person transacting for a republication license on behalf of the
User represents and warrants that he/shesit (a) has been duly authorized by the User to accept. and hereby does accept. all such terms and
conditions on behalf of User, and (b) =hall inform User of all such terms and conditions. In the event such perzon is a "freelancer™ or other
third party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and conditions. In any
event, User shall be deemed to have accepted and agreed to all such terms and conditions if User republishes the Work in any fashion.

3. Scope of License; Limitaticns and Obligations.

3.1. All'Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The license
created by the exchange of an Order Confirmation (andfor any invoice) and payment by User of the full amount set forth on that
document includes only those rights expressly set forth in the Order Confirmation and in these terms and conditions, and conveys
no other rights in the Work(s) to User. All rights not expressly granted are hereby reserved.

3.2, General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month. If you and we
agree that you may establish a standing account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance
Center, 29118 Mertwork Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable upen their delivery to you (or upon our
notice to you that they are available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwize specifically zet forth in the Order
Confirmation or in a separate written agreement signed by CCC, invoices are due and payable on "net 30" terms. While User may
exercise the rights licensed immediately upon issuance of the Order Confirmation, the license is automatically reveked and is null
and void, as if it had never been izsued, if complete payment for the license is not received on a timely basis either from User
directly or through a payment agent, such as a credit card company.

3

L

. Unlezs otherwize provided in the Order Confirmation, any grant of rights to User (i) iz "one-time® (incleding the editions and product
family specified in the licenze), (i) iz non-exclusive and non-transferable and {jii) iz subject to any and all limitations and restrictions
[such as. but not limited to, limitations on duration of use or circulation) induded in the Order Confirmation or invaice and/or in
these terms and conditions. Upoen completion of the licenzed use, User shall either secure a new permission for further use of the
Waork(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or
severing links or other locators) any further copies of the Work (except for copies printed on paper in accordance with this license
and stll in User's stock at the end of such period).

3.4 In the event that the material for which a republication license is sought includes third party materials (such as photographs,
illustrations, graphs, inserts and similar materials) which are identified in such material as having been used by permission, User is
responsible for identifying, and seeking separate licenses (under this Service or otherwise) for, any of such third party materials;
without a separate license, such third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless otherwise
provided in the Order Confirmation, a proper copyright notice will read substantially as follows: "Republished with permission of
[Right=halder's name], from [Work's title, author, volume, edition number and year of copyright]; permizsion conveyed through
Copyright Clearance Center, Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a separate electronic link) or in
the place where substantially all other credits or notices for the new work centaining the republished Work are located. Failure to
include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liqguidated damages for
each such failure equal to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees
and charges specified.

36
User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. Mo Work may be used in any

way that is defamatory, violates the rights of third parties (including such third parties' rights of copyright, privacy, publicity, or other
tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with
amny other material that may result in damage to the reputation of the Rightsholder. User agrees te inform CCC if it becomes aware

141



o

al

~

8

of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection
therewith.

Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against
all claims, liability, damages, costs and expenses, including legal fees and expenses, arising cut of any use of a Work beyond the scope of the
rights granted herein, or any use of a Work which haz been altered in any unauthorized way by User, including claims of defamation or
infringement of rights of copyright, publicity, privacy or other tangible or intangible property.

Limitaticn of Liability. UNDER MO CIRCUMSTAMNCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT,
COMNSEQUEMNTIAL OR INCIDEMTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFTS OR
INFORMATION, OR FOR BUSIMESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightzsholder and CCC {including their respective
employees and directors) shall not exceed the total amount actually paid by User for this icense. User assumes full liability for the actions
and omissicns of its principals, employees, agents, affiliates, successors and assigns.

Limited Warranties. THE WORK(5) AND RIGHT{5) ARE PROVIDED "AS I5". CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN
THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTEZHOLDER DISCLAIM ALL OTHER WARRAMTIES RELATING TO THE WORK(S) AND
RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A
PARTICULAR PURPOSE. ADDITIOMNAL RIGHTS MAY BE REQUIRED TO WSE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR
OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND
AGREES THAT MEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the license set forth in
the Order Confirmation andfor these terms and conditions, shall be a material breach of the licenze created by the Order Confirmation and
these terms and conditions. Any breach not cured within 30 days of written notice therecf shall result in immediate termination of such
license without further notice. Any unautherized [but licensable) use of a Work that is terminated immediately upon notice thereof may be
uidated by payment of the Rightsholder's crdinary license price therefor; any unauthorized (and unlicensable) use that is not terminated
immediately for any reason {including, for example, because materials containing the Work cannot reasonably be recalled) will be subject to
all remedies available at law or in equity, but in no event to a payment of less than three times the Rightsholder's ordinary license price for
the most closely analogous licensable use plus Rightzholder's andfor COC's costs and expenses incurred in collecting such payment.

Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and conditions, and
CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes of notifying User of such changes
or additions; provided that any such changes or additions shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy pelicy, available online
here:httpsifmarketplace.copyright com/irs-ui-webdmp/privacy-policy

8.

L

. The licensing tranzaction described in the Order Confirmation is personal to User. Therefore, User may not assign or transfer to any
ather person (whether a natural person or an organization of any kind) the license created by the Order Confirmation and these
terms and conditions or any rights granted hereunder: provided, however, that User may assign such license in its entirety on
written notice to CCC in the event of a transfer of all or substantially all of User's rights in the new material which indudes the
Work(s) licensed under this Service.

8.4, No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The Rightzholder and CCC
hereby object to any terms contained in any writing prepared by the User or its principals, employees, agents or affiliates and
purporting to govern or otherwize relate to the licensing transaction described in the Order Confirmation, which terms are in any
way inconsistent with any terms set forth in the Order Confirmation andfor in these terms and conditions or CCC's standard
operating procedures, whether such writing is prepared prior to, simultanecusly with or subsequent to the Order Confirmation, and
whether such wridng appears on a copy of the Order Confirmation or in a separate instrument.

8.

L

The licensing transzaction described in the Order Confirmation document shall be governed by and construed under the law of the
State of Mew York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding
arizing out of, in connection with, or related te such licensing transaction shall be brought, at CCOC's sole discretion, in any federal or
state court located in the County of Mew York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the lecation of the Rightsholder set forth in the Order Confirmation. The parties expressly submit to the personal
jurisdiction and venue of each such federal or state court.If you have any comments or questions about the Service or Copyright
Clearance Center, please contact us at 978-750-8400 or send an e-mail to support@copyright.com.



CCC Marketplace”

This is a License Agreement between Elahe Ganji ("User") and Copyright Clearance Center, Inc. ("CCC") on behalf of the Righshelder
identified in the order details below. The license consists of the order detsilz, the CCC Terms and Conditions below, and any Rightsholder
Terms and Conditicns which are included below.

All payments must be made in full to CCC in accordance with the CCC Terms and Conditions below.

Order Date
Order License ID
IS5N

LICENSED CONTENT

Fublication Title
Article Title

Author/Editor

Date
Language
Country

Rightsholder

REQUEST DETAILS

Portion Type

Number of images / photos /
illustrations

Format (select all that apply)
Who will republish the content?
Duration of Use

Lifetime Unit Quantity

Rights Requested

NEW WORK DETAILS
Title
Instructor name

ADDITIONAL DETAILS

The requesting person /
organization to appear on the
license

28 Jun-2021
11291831
1469-7580

Journal of anatomy

Three-dimensional imaging of
the fibrous microstructure of
Achilles tendon entheses in Mus
musculus.

Anatomical Society of Great
Britain and Ireland.

010171916

English

United Kingdom of Great Britain
and Morthern Ireland

John Wiley & Sons - Books

Image/photo/illustration
2

Print, Electronic
Academic institution
Life of current editon
Up to 499

Main product

Growth and mechanobiology of
the Achilles enthesis in mice

Elahe Ganji

Elahe Ganji

REUSE CONTENT DETAILS

Title, description or numeric
reference of the portion{s)

Editor of portion(s)

Volume of serial or monograph

Page or page range of portion

Figure 1 A and Figure 1B

Fischer, Martin 5; K&hring,
Sebastian; Loffler, Markus;
Sartori, Julian; Witte, Hartmut

233
370-380

Type of Use
Publisher
Portion

Publication Type
Start Page

End Page

Issue

Volume

URL

Distribution

Translation

Copies for the disabled?
Minor editing privileges?
Incidental promotional use?

Currency

Institution name

Expected presentation date

Title of the article/chapter the
portion is from

Author of portion(s)

Publication date of portion

145

Republish in a thesis/dissertation
BLACKWELL PUBLISHING
Image/photo/illustration

&-Journal
370

330

3

233

hotpz/fwww. pubmedcentral.nih.g
owltocrender fcgi?
Jjournal=265&action=archive#jan
atphys

Worldwide
Original language of publication
MNo

University of Delaware

20210713

Three-dimensional imaging of
the fibrous microstructure of
Achilles tendon entheses in Mus
musculus.

Fischer, Martin 5; Kohring.
Sebastian; Loffler, Markus;
Sartori, Julian; Wite, Hartmut

2018-07-13



RIGHTSHOLDER TERMS AND CONDITIONS

Mo right, license or interest te any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licensors is granted hereunder,
and you agree that you shall not assert any such right, license or interest with respect thereto. You may not alter, remove or suppress in any
manner any copyright, trademark or other notices displayed by the Wiley material. Thiz Agreement will be void if the Type of Use, Format,
Circulation, or Requestor Type was misrepresented during the licensing process. In no instance may the total amount of Wiley Materials used in any
Main Preduct, Compilation or Collective werk comprise more than 5% (if figures/tables) or 15% (if full articles/chapters) of the (entirety of the) Main
Product, Compilation or Collective Work. Some titles may be available under an Open Access license. It is the Licensors' responsibility to identify the
type of Open Access license on which the requested material was published, and comply fully with the terms of that license for the type of use
specified Further details can be found on Wiley Online Library http./olabout.wiley com/WileyCDASection!id-410835. html.

CCC Terms and Conditions

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for republication of one or more
copyrighted works as described in detail on the relevant Order Confirmaticn {the "Work(zs)"). Copyright Clearance Center, Inc. ("CCC") grants
licenzes through the Service on behalf of the rightsholder identified on the Order Confirmation (the "Rightsholder”). "Republication”, as used
herein, generally means the indusion of a Work, in whaole or in part, in a new work or works, also as described on the Order Confirmation.
"Uszer”, as used herein, means the person or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a particular Work, govern the
terms of use of Works in connection with the Service. By using the Service, the person transacting for a republication licensze on behalf of the
User represents and warrants that he/shefit (a) has been duly authorized by the User to accept, and hereby does accept, all such terms and
conditions on behalf of User, and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer” or other
third party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and conditions. In any
event, User shall be deemed to have accepted and agreed to all such terms and conditions if User republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The license
created by the exchange of an Order Confirmation {andfor any invoice) and payment by User of the full amount set forth on that
document includes only those rights expressly set forth in the Order Confirmation and in these terms and conditions, and conveys
no other rights in the Work(s) to User. All rights not expressly granted are hereby reserved.

3.2, General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month. If you and we
apgree that you may establish a standing account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance
Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable upon their delivery to you [or upon our
notice to you that they are available to you for downloading). After 30 days. outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically set forth in the Order
Confirmation or in a separate written agreement signed by CCC, invoices are due and payable on "net 30" terms. While User may
exercise the rights licensed immediately upon issuance of the Order Confirmation, the license is automatically reveked and is null
and void, as if it had never been izzued, if complete payment for the license is not received on a timely basis either from User
directly or through a payment agent, such as a credit card company.

3.

L

Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time” (including the editions and product
family specified in the license), {ii) is non-exclusive and non-transferable and (iii) is subject te any and all limitations and restrictions
[such as, but not limited to, limitatieons on duration of use or circulation) induded in the Order Confirmation er invoice andfor in
these terms and conditions. Upen completion of the licensed use, User shall either secure a new permission for further use of the
Workis) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or
sewvering links or other locators) any further copies of the Work (except for copies printed on paper in accordance with this license
and =tll in User's stock at the end of such period).

3.4 In the event that the material for which a republication license is sought includes third party materials (such as photographs,
illustrations, graphs, inserts and similar materials) which are identified in such material as having been used by permission, User is
responsible for identifying. and seeking separate licenses (under this Service or otherwise) for, any of such third party materials;
without a separate license, such third party materials may not be used.

3.5. Use of proper copyright netice for a Work is required as a condition of any license granted under the Service. Unless otherwise
provided in the Order Confirmation, a proper copyright notice will read substantially as follows: "Republished with permission of
[Right=haolder's name], from [Work's title, author, volume, edition number and year of copyright]; permizs=sion conveyed through
Copyright Clearance Center, Inc. ™ Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a separate electronic link]) or in
the place where substantially all other credits or notices for the new work containing the republizshed Wark are located. Failure to
include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for
each such failure equal to twice the use fee specdified in the Order Confirmation, in addidon to the use fee itself and any other fees
and charges specified.

3.6.
User may only make alterations to the Werk if and as expressly set forth in the Order Confirmation. Mo Work may be used in any

way that iz defamatory, viclates the rights of third parties (including such third parties' rights of copyright, privacy, publicity, or other
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tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with
any other material that may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reazonable request of CCC or the Rightshelder in connection
therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightshelder and CCC, and their respective employees and directors, against
all claims, liability. damages. costs and expenses, induding legal fees and expenses, arising out of any use of a Work beyond the scope of the
rights granted herein, or any use of a Work which haz been altered in any unauthorized way by User, including claims of defamation or
infringement of rights of copyright, publicity, privacy or other tangible or intangible property.

o

Limitaticn of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT.
COMNSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFTS OR
INFORMATION, OR FOR BUSINESS INTERRUPTION]) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN
ADVISED OF THE POSSIEBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their respective
employees and directors) shall not exceed the total amount actually paid by User for this licensze. User assumes full liability for the actions
and omissions of its principals, employees, agents. affiliates. successors and assigns.

m

Limited Warranties. THE WORK(5) AND RIGHT(5) ARE PROVIDED "AS I5°. CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED 1M
THE ORDER CONFIRMATION DOCUMEMNT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND
RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED WARRAMNTIES OF MERCHAMNTAEBILITY OR FITMESS FOR A
PARTICULAR PURPOSE. ADDITIOMAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRALCTS, INSERTS OR
OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE EMTIRE WORE) IM A MANMER COMTEMPLATED BY USER; USER UNDERSTAMDS AMND
AGREES THAT MEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIOMAL RIGHTS TO GRANT.

el

Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the license set forth in
the Order Confirmation and/or these terms and conditions, shall be a material breach of the license created by the Order Confirmation and
these terms and conditions. Any breach not cured within 30 days of written notice thereof shall result in immediate termination of such
licenze without further notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liguidated by payment of the Rightsholder's ordinary license price therefor: any unauthorized (and unlicensable) use that is not terminated
immediately for any reason (including, for example, becausze materials containing the Work cannot reazonably be recalled) will be subject to
all remedies available at law or in equity. but in no event to a payment of less than three times the Rightsholder's ordinary license price for
the most closely analogous licensable use plus Rightsholder's andfor CCC's costs and expenses incurred in collecting such payment.

2. Miscellaneous.

8.1 User acknowledges that COC may, from time to time, make changes or additions to the Service or to these terms and conditions, and
CCC reserves the right to send notice to the User by electronic mail or otherwize for the purposes of notifying User of such changes
or additions; provided that any such changes or additions shall not apply to permissions already secured and paid for.

8.2, Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
herehttps/marketplace.copyright com/rs-ui-web/mp/privacy-policy

8.

L

The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or transfer to any
other person (whether a natural person or an organization of any kind) the license created by the Order Confirmation and these
terms and conditions or any rights granted hereunder; provided, howewver, that User may assign such license in its entirety on
written notice to CCC in the event of a transfer of all or substantially all of User's rights in the new material which incdudes the
Workis) licensed under this Service.

8.4, Mo amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The Rightsholder and CCC
hereby object to any terms contained in any writing prepared by the User or its principals, employees, agents or affiliates and
purporting te govern or otherwise relate to the licensing transaction described in the Order Confirmation, which terms are in any
way inconsistent with any terms set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard
operating procedures, whether such writing is prepared prior te, simultanecusly with or subseguent to the Order Confirmation, and
whether such wridng appears on a copy of the Order Confirmation or in a separate instrument.

8.

L

The licensing transaction described in the Order Confirmation document shall be governed by and construed under the law of the
State of New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding
arising out of, in connection with, or related to such licensing transaction shall be brought, at CCC's sole discretion, in any federal or
state court located in the County of Mew York, State of Mew York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties expressly submit to the personal
jurisdiction and venue of each such federal or state court.If you have any comments or questicns about the Service or Copyright
Clearance Center, please contact us at 378-750-8400 or send an e-mail to support@copyright.com.
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CCC Marketplace”

This is a License Agreement between Elahe Ganji ("User") and Copyright Clearance Center, Inc. ("CCC") on behalf of the Rightshelder
identified in the order details below. The license censists of the order details, the CCC Terms and Conditions below, and any Rightsholder
Terms and Conditiens which are included below.

All payments must be made in full to CCC in accordance with the CCC Terms and Conditions below.

Order Date
Order License ID
IS5N

LICENSED CONTENT

Publication Title
Article Title

Date
Language
Country

Rightsholder

REQUEST DETAILS

Portion Type

Number of images f photos /
illustrations

Format (select all that apply)
Who will republish the content?
Duration of Use

Lifetime Unit Quantity

Rights Requested

NEW WORK DETAILS
Title
Instructor name

ADDITIONAL DETAILS

The reguesting person /
organization to appear on the
license

28 Jun-2021
11292021
1476-4660

Mature materials

The microstructure and
micromechanics of the tendon-
bone insertion.

01/01/2002

English

United Kingdom of Great Britain
and Morthemn Ireland

Springer MNature BY

Image/photo/fillustration
1

Print, Electronic
Academic institution
Life of current editon
Up to 499

Main product

Growth and mechanobiclogy of
the achilles enthesis in mice

Elahe Ganji

Elahe Ganji

REUSE CONTENT DETAILS

Title, description or numeric
reference of the portion(s)

Editor of portion(s)

Volume of serial or monograph

Page or page range of portion

Figure 3-4

Rossetti, L.; Kuntz, L A_; Kunold,
E.; Schock, |.; Miller, B_W.;
Grabmayr. H_; Stolberg-Stolberg,
J.; Pfeiffer, F.; Sieber, 5. A_;
Burgkart, R.; Bausch, A R.

16

664670

RIGHTSHOLDER TERMS AND CONDITIONS

Type of Use
Publisher
Portion

Publication Type
Start Page

End Page

Issue

Volume

URL

Distribution

Translation

Copies for the disabled?
Minor editing privileges?
Incidental promotional use?

Currency

Institution name

Expected presentation date

Title of the article/chapter the
portion is from

Author of portion(s)

Publication date of portion

14¢€

Republish in a thesis/dissertation
Nature Research
Image/photo/illustration

e-Journal
6564

670

6

16

hitp/fwww.nature_com/nmaty

Worldwide

Original language of publicadon
No

Yes

No

uso

University of Delaware

20210713

The micrestructure and
micremechanics of the tendon-
bone inzertion.

Roz=etti, L; Kuntz, L A Kuncld,
E.: Schock, ).; Miller, K. W.;
Grabmayr, H.; Stolberg-Stolberg,
). Pfeiffer, F.: Sieber. 5. A
Burgkart, R.; Bausch, AL R.

2017-02-27






