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Entheses are connective tissues that connect 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 increase their susceptibility to overuse injuries, 

especially during rapid growth (postnatal maturation) and in young athletes. The 

enthesis matures postnatally in a mechanoadaptive process, similar to the growing 

bone, and forms a graded transition to dampen the stress concentrations 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 research was to investigate the role of mechanical and 

biological cues on the mechanoadaptation of growing and adult entheses. I did that 

through four main aims: (1) developing and confirming the feasibility and 

repeatability of a novel non-invasive in vivo model for repeated loading of the tendon 

and enthesis, using optogenetics; (2) investigating the age-dependent mechanically-

induced structural and functional adaptation of the enthesis during growth and 

adulthood; (3) exploring the structural and functional relationships and possible 

mechanisms of damage (i.e., disrupted interdigitation vs. collagen denaturation) in 

disruption of the toughening mechanism of the maturing enthesis; and (4) identifying 

FGFs signaling, a known mediator of bone growth, as a critical regulator of the 

structural gradation, and therefore, mechanical properties of maturing entheses. 

ABSTRACT 
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This study is innovative in taking an interdisciplinary approach to put forth a 

novel model for skeletal adaptation to loading during growth, elucidating the structural 

adaptation of maturing and adult enthesis under repeated loading, and proposing new 

biological pathways involved in the mechanoadaptation of the maturing enthesis. The 

results and tools developed in this work can be used to investigate the adaptation of 

the enthesis by investigating the mechanobiology of enthesis formation, with the long-

term goal of improving the diagnosis and treatment of overuse injuries in maturing 

attachment. 
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INTRODUCTION  

The Achilles is the strongest tendon in the vertebrate body. Like many other 

large tendons and ligaments, the Achilles tendon attaches to the bone via a 

fibrocartilage tissue interface known as the enthesis. Tendons are structural, rope-like 

tissues that transfer skeletal muscle loads to the bone for joint motion and stability. 

The focus of my dissertation work has been on identifying, defining, and comparing 

loading-mediated adaptation of the Achilles tendon enthesis during growth and into 

adulthood using innovative tools to control muscle contraction in vivo. In this chapter, 

I reviewed the anatomy of the Achilles tendon-to-bone attachment (enthesis), both at 

the macroscopic structure (i.e., tissue morphology and morphometry) and microscopic 

level (cellular and extracellular matrix). I then described the role of the Achilles 

enthesis in the translation of muscle loads during locomotion from tendon to bone and 

reviewed the knowledge in the field in terms of the multiscale role of enthesis 

fibrocartilaginous structure, as well as the enthesis ñorganò in attenuating the stress 

concentrations caused by the material mismatch at the enthesis. Later in this chapter, I 

provided the foundational background for the structural and functional 

mechanoadaptive response of the fibrocartilaginous enthesis complex to loading both 

in growing and mature entheses. Finally, I 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.  

Chapter 1 



 2 

1.1 The Achilles enthesis (a fibrocartilaginous attachment)  

1.1.1 Gross anatomy 

The Achilles connects the triceps surae group (gastrocnemius and soleus) to 

the posterior calcaneus via smaller sub-tendons. The gastrocnemius muscle is a 

fusiform muscle with lateral and medial heads. Together with the soleus, 

gastrocnemius muscle forms the three-headed triceps surae muscle, and sub-tendons 

form the Achilles tendon (Figure 1.1). The Achilles proximally flattens at the 

musculotendinous junction with the triceps surae and transitions into a rounded 

ellipsoidal cross-section (~4cm above the calcaneus in humans) before wrapping 

around the posterior calcaneus osteotendinous insertion with a splayed geometry.1,2 

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 attachment.2 At its insertion 

(enthesis), Achilles sub-tendons twist to various degrees before attaching to the deep 

layer of the calcaneal tuberosity. Others have classified this twist level based on the 

attaching sub-tendons at the posterior calcaneus.3 The anatomy of the Achilles tendon 

(i.e., shape, cross-sectional area) and enthesis (i.e., location of the calcaneal insertion) 

and amount of twist in the sub-tendons can vary between individuals may have 

sex/age-dependent morphologies.3ï5 

At its mid-substance, the Achilles tendon is relatively hypo-vascularized 

(avascular). Despite the poor blood supply along its length, the Achilles tendon is 

vascularized at the musculotendinous and osteotendinous (calcaneal insertion) 

junctions as well as through the tendon paratenon.6,7  
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Figure 1.1: Achillesô tendon attaches three sub-tendons originating from the triceps-

surae muscles (medial gastrocnemius: MG, lateral gastrocnemius: LG, 

and Soleus: Sol) to the posterior calcaneus. (A) Muscles of the lower leg. 

Adapted from Anatomy and Physiology, by Betts et al., 2013, OpenStax. 

CC BY 4.08 (B) Posterior view of the human Achilles attachment at the 

calcaneus, denoting Achilles sub-tendons and their attachment at the 

calcaneus. Reproduced (and modified) with permission and copyright © 

of The British Editorial Society of Bone & Joint Surgery.9 (C) Schematic 

of Achilles sub-tendons and their insertion into the calcaneus in rats. 

Reproduced with permission and copyright © of the Journal of 

Anatomy.10 (D, Dô) Sagittal view of mouse Achilles tendon insertion to 

bone visualized by contrast-enhanced micro-CT. The orange box denotes 

the insertions. Reproduced with permission and copyright © of the 

Journal of Anatomy.11 

1.1.2 The biochemical and microscopic structure of the Achilles enthesis 

The Achilles tendon warps and anchors to the calcaneus via a macroscopically 

smooth and microscopically graded attachment site (i.e., enthesis) (Figure 1.2-A). 

Both tendon and bone are hierarchical structures that consist of tropocollagen triple 

helices (at the nanometer scale) that form collagen fibrils (micrometer-scale). These 



 4 

fibrils bundle together to form long and thick collagen fibers in the tendon (hundreds 

of micrometers). In bone, the fibrils are stiffened by the crosslinked bioapatite mineral 

crystals. The Achilles tendon attaches to the bone via a ñfibrocartilaginousò tendon-to-

bone attachment. Fibrocartilaginous entheses (such as Achilles and supraspinatus) are 

transitional and structurally graded tissues that likely reduce stress concentrations 

caused by the mismatch in material properties between tendons, and bone, during 

growth and movement.12,13,13ï15 

The fibrocartilaginous enthesis is classically described as having four distinct 

regions, primarily based on the cellular morphology and the composition of the 

extracellular matrix: (1) tendon proper, (2) uncalcified fibrocartilage (UFC), (3) 

calcified fibrocartilage (CFC), and (4) subchondral bone (Figure 1.2).16ï18 Tendon 

fibroblasts reside in an aligned matrix of predominantly collagen type I (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 contains fibrochondrocytes 

in a matrix of predominantly collagen type II (COL II) and COL I and collagen type 

III (COL III ). At the CFC, the ECM also consists of collagen type X (COL X) and 

aggrecan. CFC then continuously transitions into the bone that consists of osteoblasts, 

osteoclasts, and osteocytes in a mineralized COL I matrix (Figure 1.2).18ï23 

Despite its zonal cellular and extracellular gradation, the enthesis is structurally 

continuous (e.g., linear increase of mineral content).13 Quantification of the mineral 

gradient along the length of the enthesis has been replicated in multiple laboratories 

using Raman spectroscopy.13,24 At the enthesis, collagen fibers are less organized 

(with higher angular deviation) compared to tendon or bone.13 The tendon fibers 

gradually spread out into thinner fibrils at the enthesis (Figure 1.2-C).23 In mice, the 
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mineral-to-collagen ratio increases over the 120 µm length of the fibrocartilaginous 

supraspinatus enthesis, from tendon to bone.25  

Finally, proteoglycan content also increases along the fibrocartilaginous 

transition from tendon and ligament to bone.19,26 While along the primarily 

unidirectional fibrocartilaginous ACL insertion into the femur and tibia, proteoglycan 

content is laterally variable, quantification of the distribution of proteoglycan content 

along the wrapping Achilles is not available.24 

 

Figure 1.2: (A) Enthesis histological section, stained with Toluidine Blue stain. 

Purple denotes proteoglycans at the enthesis. (B) Schematic showing the 

micro-level structure of the fibrocartilaginous enthesis. (C) Microscopic 

unraveling of the thicker COL I fibers (magenta) into thinner entheseal 

fibers (cyan) at the fibrocartilaginous enthesis. Reproduced with 

permission from Springer Nature.23 

1.2 Transfer of muscle-generated loads from tendon to bone 

The gastrocnemius, soleus, and plantaris muscles are ankle flexor muscles, and 

the soleus muscle is a stabilizer of the ankle joint. Therefore, the Achilles tendon is 
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activated not only during locomotion (gait, running, etc.) but also during stance by the 

stabilizing activation of the soleus muscle.27 The Achilles enthesis is an example of a 

large tendon-bone interface that enables the translation of muscle forces to the 

calcaneus during stance, dorsiflexion, and plantarflexion.  

Muscle contraction is initialized from electrical nervous messages sent from 

the brain that induce action potentials that are brief depolarizations of the neuron 

membrane potential. Action potentials travel down the spinal cord (along axons), cross 

the midline, and project into peripheral motor neurons comprising motor units. Axons 

divide into several terminals and form neuromuscular junctions between the axon 

terminal and the muscle fiber membrane. Once the AP arrives at the axon terminal, 

calcium enters the neuron, and acetylcholine is released from the presynaptic terminal 

into the neuromuscular junction. Acetylcholine binds and opens post synaptic 

acetylcholine receptors (AchR) on the muscle fiber's sarcolemma to allow for cation 

influx into the cell membrane. The channels remain open until the membrane potential 

reaches a critical threshold that propagates the AP along the muscle sarcolemma and 

into the muscle fiber via the transverse tubules (or T-tubules). Finally, the excitation-

contraction process starts, utilizing calcium to induce actin-myosin binding and 

muscle contraction. Potassium, in turn, exits the muscle fiber to balance intercellular 

potential and allow for repolarization of the membrane (Figure 1.3). Upon activation, 

the muscle pulls on the tendon at the musculotendinous junction, and muscle-

generated forces are translated through the tendon to its enthesis to facilitate joint 

motion.  
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Figure 1.3: Schematic of the neuromuscular activation of the skeletal muscle. (A) 

Action potential travels through 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 the Ach-receptors (Na+ channels) on the postsynaptic 

membrane of the muscle fiber. And muscle activation initiated from 

cation influx into the muscle that utilizes calcium to translate membrane 

depolarization into skeletal muscle contraction.  

As mentioned previously, the Achilles tendon translates the tensile loads from 

the triceps surae muscle group to the calcaneus to generate torque about the ankle 

joint. The midsubstance of the Achilles tendon experiences high strains during 

locomotion (peak strain value of 4.0%±1.2% during walking, 4.5%±1.3% slow 

running, and 4.9%±1.2% fast running)28, and responds with primarily elastic (spring-

like) mechanical behavior.29 The release of the elastic energy from the Achilles tendon 

is critical for facilitating forward body propulsion during push-off. The recoil of the 

tendon improves the translational efficiency of the muscle-tendon force and reduces 

the power demand of muscle. It has been shown that the elasticity of the Achilles 
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facilitates the changes in the tissue stiffness required for maintaining efficient 

locomotion.30  

During the late stance phase (~65% gait), the triceps surae muscle functions 

nearly isometrically (constant fiber length).31,32 As a result, the compliant Achilles 

tendon stretches in response to the maximum force in the late stance phase and stores 

energy (near the toe-off) to propel the body forward (early swing and toe-off).33ï35 

These forces are translated to the calcaneus through the enthesis. The maximum forces 

at the Achilles tendon increase from ~4 bodyweights (BW) during walking to 6-8 BW 

during running.33,34 At the late-stance phase of the gait cycle, principal stresses at the 

calcaneus are also maximal (70% of walking, maximum ankle moment).33 Calculated 

von Mises stress from the 3-D analysis was maximal at the late-stance and push-off 

phase of gait.36 Maximum principal stress at the mid-sagittal 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 impact.33 Three-dimensional finite element analysis of 

the foot during gait further showed that von Mises stress was concentrated at the 

superior posterior calcaneal tuberosity during the push-off phase of gait.37 

1.2.1 Structure-function relationships and stress-dissipation at the enthesis 

The enthesis connects a fibrous orthotropic (transversely isotropic) tendon 

(elastic modulus = 450MPa axial and 45MPa transverse) to rigid isotropic bone 

(elastic modulus = 20 GPa).12,38,16,26,39 The enthesis is also mechanically tougher than 

either tendon or bone.13,40 The interface of dissimilar materials is often prone to 

reduced toughness and stress concentrations caused by the material mismatch, which 

makes the enthesis a unique interface to study mechanically.41 In classic engineering 

applications, adhesives are used to improve toughness at edges that are prone to 
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singularities and prevent the initiation of detachment at the corners of the material 

interface.42 The gross, micro-, and nano-scale structure of the fibrocartilaginous 

entheses (e.g., Achilles and supraspinatus), however, is a biological solution to 

alleviating stress concentrations and toughening of the ñmaterialò interface between 

tendon and bone.  

At the tissue level, the fibrocartilaginous enthesis experiences the highest 

strains during motion, compared to either tendon or bone43, and distributes tensile 

tendon strains across the attachment to prevent local strain concentrations.44,45 

Quasilinear viscoelastic modeling of the enthesis at the tendon vs. bony sides, based 

on magnetic resonance imaging measurements of the supraspinatus strains, predict that 

while the bony side of the insertion behaves elastically, the fibrous side of the enthesis 

behaves more viscoelastically with a faster relaxation duration. Therefore, this model 

suggests that the tendon side of the enthesis can undergo higher loads for longer 

periods than the bony end and predicts that peak strain is almost three times higher at 

the bony side of the insertion than the tendon side.46 At the micro-level, it is now 

known that the enthesis experiences the highest strains during force translation from 

tendon and bone and is more compliant than either tissue.47,48 

Fiber twisting describes the cumulative fiber curvature and is a potential 

indicator of the local distribution of the mode of loading.49 In the mouse Achilles 

insertion, measurements of individual 3-D fiber tracks along the length of fiber twist 

have indicated that the UFC has the highest fiber curvature.49 Higher curvature of 

fibers results in increased contact pressure within the ECM because the fiber curvature 

is maintained by the cell-ECM interaction between fibrochondrocytes and the fibrous 

network.49 At the site of the enthesis, the tissue withstands both maximum tensile 
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(because of reduced fiber CSA) and compressive loads (increase contact pressure 

between curved fibers), and therefore equivalent stress.49 Effective attachment of the 

tendon to bone is facilitated by (1) gross splaying of the attachment morphology; (2) 

recruitment of superficial fibers for load sharing, dependent on loading angle (i.e., 

angle-dependent fiber recruitment in a network solid); (3) interdigitation (toughening); 

and (4) a functional grading18,25 that contributes collagen-mineral interactions 

(stiffening) at the enthesis.  

Translation of forces through the enthesis involves four dynamic processes: 

fiber realignment, crimp, deformation, and sliding.50 Crimp and fiber realignment are 

positive predictors of the mechanical properties of the tendon insertion that results in 

delayed realignment and subsequent deformations at the enthesis.50 Structurally, the 

enthesis fibrils have a divergent splay at the wrapping tendon to bone attachments(e.g., 

supraspinatus tendon) that results in loading angle-dependent recruitment of fibers.23 

Along the width of the enthesis, collagen fibers are nearly perpendicular at the 

tidemark and splay to the edges with less organization at the edges of the enthesis 

compared to its mid-line.46,51 Enthesis fibrils have a symmetrical splay of up to ~15 

degrees. Along the enthesis, these fibrils unravel into the superficial fibers23 at what is 

the point of highest angular deviation during this transitional tissue, compared to either 

tendon or bone.13,52 The 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 

attachment that may, otherwise, increase local stresses at the center of the attachment 

substrate, and lead to the initiation of detachment.42 Additionally, the dependence of 

fiber recruitment on the loading angle suggests that the enthesis fibers displace similar 

to a networked solid rather than an affine one (i.e., local fiber strain is equal to the 
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macroscopic tissue strains).13 This means that for the case of the Achilles enthesis, the 

recruitment of fibers at the enthesis for effective transfer of loads is dependent on the 

gait phase. Fiber recruitment determines the mode and mechanical response (shear, 

buckling, or rotations) of the interface fibers.51 Interdigitation of the fibers at the 

enthesis into the mineralized matrix follows a stochastic pattern. Higher stochastic 

interdigitation reduces the strength of the enthesis and increases its structural 

toughness by modulating an asynchronous failure of the attachment along its width.40 

Combination of stochastic interdigitation and angle-dependent fibril recruitment and 

load-sharing at the enthesis are the main factors in increasing the load-transduction 

area to overcome local stress concentrations and increase toughness under the multi-

modal loading conditions during motion.23  

Mineral-collagen interactions are important at the enthesis and have been used 

to estimate enthesis tissue-scale stiffness and its macroscale mechanical behavior.13 

Raman spectroscopic measurements of the bovine ACL-bone53 and rat supraspinatus 

tendon-bone attachments13,25 have confirmed that the mineral content increases along 

the fibrocartilaginous enthesis from tendon to bone. Estimations of the enthesis tissue-

level moduli in silico have been made by inferring local mechanical properties of the 

fibers based on the spatial distribution of fibers (polarized light microscopy) and local 

mineral volume fraction (Raman microscopy).13 The results from these estimations 

have suggested that the graded ECM mineralization likely modulates collagen 

stiffening, especially at the fibrous side of the attachment.13 Work by Genin et al. has 

proposed a theoretical ñmineral percolation thresholdò and described mineralization 

parameters, above which the increase in the mineral content across the enthesis leads 

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 remains more compliant (less 

stiff) than either tendon or bone.13  

In addition to the prominent role of the fibrocartilaginous enthesis 

(osteotendinous junction), stresses at the site of the wrapping enthesis (e. g., Achillesô 

tendon) also dissipate from the attachment by adjacent tissues, such as retrocalcaneal 

bursa, synovial fat-pad, and bursal cavity. The Achilles ñenthesis organò refers to the 

combined tissues that aid in dampening the compressive stresses caused by the 

wrapping geometry of the Achilles around the calcaneus.54 These compressive loads 

are localized between the deep layer of the Achilles tendon (sesamoid fibrocartilage) 

and the superior calcaneal tuberosity (periosteal fibrocartilage).54 These 

fibrocartilaginous components form in response to both mechanical and biological 

cues55 and act as shock absorbers in the presence of compressive loads during gait and 

locomotion.56 This fibrocartilage also dissipates energy that accumulates between the 

wrapping tendon and anterior calcaneus tuberosity during compressive impact.49,57,58 

At these sites, extracellular proteoglycan macromolecules aggregate and improve the 

compressive strength of the tissue.59  

1.3 Mechanoadaptation of the enthesis  

Movement and mechanical loading are essential for the formation and 

maturation of musculoskeletal tissues.60ï62 Tensile strains in the direction of muscle 

contraction translate into multi-axial tensile and compressive loads at the site of 

wrapping attachments like the Achilles tendon.11,49,63,64 These multi-modal stresses at 

the site of the tendon-bone attachment modulate cellular and tissue level formation 

and remodeling (i.e., tissue turnover) of the tendon, bone, and enthesis.65,66 
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1.3.1 Formation of the Achilles enthesis  

The development of Achilles enthesis and calcaneal apophysis involves the 

mechanoadaptive process of endochondral ossification.17,67 The calcaneus 

mineralization occurs postnatally and mineralizes primarily via endochondral 

ossification.68 Fibrocartilaginous entheses (e.g., Achilles and supraspinatus) mature 

postnatally with biological pathways similar to those of a developing growth plate at 

the attachment of the cartilage templates to the tendon.17,67 During endochondral 

ossification, chondrocytes form a cartilage template, and vessels infiltrate the cartilage 

template from the bone marrow and initiate bone formation.69ï71 Endochondral 

ossification of long bones involves ossification of both physeal (growth plate) and 

apophyseal cartilage (secondary ossification center, SOC) located at the posterior end 

of the calcaneus.3,72ï75 This SOC marks the mineralization front of the mini-growth 

plate of the fibrocartilaginous enthesis. During this process, the mineralization front is 

marked at the site where chondrocytes swell into hypertrophic chondrocytes in a COL 

X-rich ECM. Hypertrophic chondrocytes undergo apoptosis at the mineralization 

front, and the mineralization front advances toward the developing fibrocartilaginous 

enthesis at the posterior side of the SOC until it reaches the UFC.76  

Loading is critical for the progression of endochondral ossification as well as 

for mineralization of the enthesis. Multi-modal loads (compression and bi-axial 

tension) regulate the distribution of the entheseal fibrochondrocytes cells as well as 

ECM components. Under tension, elongated fibroblasts are embedded in an aligned 

fibrous ECM of predominantly COL I (tendon mid-substance). Under compression, 

the tissue has a cartilaginous morphology with round chondrocytes embedded in an 

ECM of predominantly COL II and proteoglycan at the site of wrapping entheses (e.g., 
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at the sub-acromion region of rotator cuff tendon and deep Achilles tendon) (Figure 

1.4).19,77ï80  

 

Figure 1.4: The fibrocartilaginous enthesis forms in response to a combination of 

tensile force from elongated tendon during muscle contraction and 

compressive loads at the site of bone-wrapping enthesis. Reproduced 

with permission from Elsevier Science & Technology Journals.56 

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 (~ age 7-15).68,81 In mice, the development of the 

fibrocartilaginous enthesis has also been shown to occur postnatally, with increasing 

mineral content and advancing mineralization front during early postnatal timepoint 

(P0-P14), and adult enthesis forming at ~ 1 month after birth (P28).76 However, 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 development can 

be linked to their reproductive maturation.82 (Figure 1.5) 

As part of my doctoral work, I confirmed that postnatal maturation of the 

developing Achilles enthesis forms in parallel with the calcaneal growth plate. I used 

Toluidine Blue staining to visualize tissue morphology and spatial distribution of 

proteoglycans (stained in dark purple). I showed that during the early stages of 

enthesis development (P0-P12)83, the enthesis forms without an ECM- or minerally-

graded transition between tendon and bone. Around P14, the graded transition at the 

enthesis starts to form, and by P28, enthesis mineralization occurs. At 5-6 weeks of 

age, the adult enthesis with its graded transition is established and mature (Figure 1, 

B). Previously, assessment of lateral proteoglycan distribution along the length of the 

enthesis was reported to be variable and laterally non-localized along the enthesis of 

ACL insertions at both the femur and tibia.24 Results from my characterization of the 

maturing Achilles enthesis qualitatively support that during maturation, ECM 

proteoglycans may be localized to the anterior side of the attachment in an adaptive 

response to the increase in the compressive and shear loads 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 plate and the maturation of the 

apophysis. 
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Figure 1.5: The maturation of the Achilles enthesis precedes the fusion of the 

calcaneal apophysis. Ossification of the calcaneal apophysis (A) initiates 

during late childhood (7-9 years old), and(Aô) the apophysis fuses during 

adolescence. (B-Bò) Mature FC Achilles enthesis transition does not 

form until 5-6 weeks (wk) of age (i.e., adulthood) in mice. During early 

postnatal time points, the growth rate in mice is much higher than in 

humans, where 4 weeks (postnatal day 28: P28) in mice is comparable 

developmentally to a 1-year-old human infant. In mice, puberty occurs 

around 1.5 months (6wk) which is comparable developmentally to an 11-

year-old human child. As they age, the growth rate in mice declines, and 

at around 2.5 months, mice are comparable to 20-year-old adults. Panels 

A, Aô adapted with permission from Wolters Kluwer health, inc.68 

Several key biological factors are involved in the graded formation and 

maturation of the cellular and extracellular components of the enthesis. Scleraxis (Scx) 

is a transcription factor that is expressed in all tendon-lineage and progenitor cells and 

is necessary for transcription for tenogenesis and functional tendon formation.84,85 

Initiation of the graded enthesis is facilitated by Scx (tendon formation regulator),the 
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sex-determining region Y-box 9 (Sox9; cartilage formation regulator), and glioma-

associated oncogene (e.g., Gli1) transcription factors. 84ï87 Growth factors associated 

with enthesis formation include bone morphogenetic protein 4 (BMP4) that initiate the 

formation of initial unmineralized fibrocartilaginous anchorage of the tendon to bone 

(eminences; e.g., greater humeral tuberosity and calcaneal tuberosity) and fibroblast 

growth factor (FGF) ligands and receptors (FGFr), which control cell differentiation.83 

An emergent body of research has explored the role of FGFs in the formation of the 

entheses.88,89 The maturation of the enthesis occurs with the formation of the graded 

transition enthesis from the tendon, through UFC and CFC, to the bone.90 The 

developmental patterns in the formation of the enthesis are similar to the cellular 

processes of an ñarrestedò growth plate, linking its key biological regulators to the 

maturing growth plate.91  

1.3.3 Role of mechanical loading in the development and maturation  of the 

enthesis  

Embryonically, the developing enthesis forms initially as a compliant anchorage 

between the tendon and bone.67,83 This anchorage then matures postnatally into graded 

fibrocartilaginous enthesis in response to the mechanoadaptive processes that modulate 

the cellular and extra-cellular morphology of this tissue (Figure 1.6, A). During early 

postnatal development, finite element estimates of the stress-stain fields of the postnatal 

enthesis indicate that higher cellular density and mineral distribution may amplify the 

stresses at the cell and matrix interface to compensate for the low contractions of the 

developing muscle by amplifying the stress concentrations at the interface to adult levels 

(Figure 1.6).92 
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Figure 1.6: Role of micromechanics on enthesis growth and formation. (A) 

Schematic showing role of initial enthesis anchorage in facilitating bone 

ridge growth.67 (B) Higher stress concentration factor (SCF) between the 

cell and mineralized ECM during neonatal timepoints may serve to (B) 

compensate and increase stress-concentrations at the enthesis to adult 

level. Reproduced with permission from Springer Nature.92  

The unloading of muscle during postnatal growth delays maturation of the 

fibrocartilaginous enthesis, by disrupting proteoglycan content, collagen alignment, 

and mineralization.65,66,93 These structural changes, in turn, result in inferior 

mechanical function (strength, modulus, and toughness) of the adult enthesis.65,93 

Interestingly, muscle unloading results in delayed initiation of endochondral 

ossification at the enthesis but does not impair bone formation rate.66 Unloading of the 

growth plate via denervation-induced paralysis of the hindlimb also leads to disrupted 

growth plate columnar organization and delayed longitudinal bone growth, and 

reduced bone quality and proliferation.94  
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1.4 Effect of loading on structure and function of the enthesis  

In studying the mechanoadaptive response of the 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 tissue (section 1.3.1) can be assessed 

quantitatively and qualitatively. Structural information can then be used in conjunction 

with mechanical testing to interrogate the structure-function relationships that govern 

the mechanoadaptive response of the skeletal tissue during 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 tendon fibers. These fibers are the main contributors to the 

elasticity in the tendon under tensile loads. Repeated tensile loading of the tendon 

fibers can change their orientation and can contribute to the disruption of fiber 

organization and the formation of kinked fibers.95,96 Loading can also initiate 

accumulative damage at the molecular level by inducing fibril breaks and proteinase 

enzyme-induced degradation of the ECM.96 As a result of this ECM damage, even 

under physiologic temperatures, collagen triple helices can irreversibly unfold.96 

Collagen hybridizing peptides (CHPs) have been engineered as specific single-strand 

peptides that target, and specifically bind to, the unfolded triple helix.97,98 CHPs can be 

conjugated with fluorescent or other labels to enable visualization of molecular-level 

detection in order to observe the localized distribution of the collagen denaturation in 

skeletal tissue, such as bone, cartilage, and tendon both in vivo and ex vivo.97,98  

Additionally, mineralization of the ECM and bone microstructure are the 

primary mediators of bone mechanical properties. Micro-computed tomography is the 
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gold standard, and is a reliable, fast, and non-destructive technique for assessing bone 

quality (i.e., mineral density) and three-dimensional cortical and trabecular 

microstructure. This technique uses an x-ray energy generator and a detector that 

measures energy absorption within a specimen.99,100 X-ray emissions are detected at 

incremental angles to reconstruct a three-dimensional representation of the specimen. 

The X-ray radiation absorption varies based on the sample density and its ability to 

attenuate signal. Three-dimensional attenuation data of the scanned specimen can 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 fractures.100 Three-dimensional characterization of the 

bone microstructure (e.g., trabecular and cortical thickness, trabecular number) can 

help inform about its material behavior.101 

Immunohistochemistry and histology are valuable tools for studying these cell-

level changes by targeted staining for 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.g., loading mode, frequency, magnitude).79,102 In 

tendon, while training causes increased cellular metabolic activity, inactivity and 

degeneration cause reduced metabolic cellular activity and apoptosis.103,104 In bone, 

the remodeling process is a highly mechanosensitive response that involves a 

continuous transition of the cellular activity transitions between formation (i.e., 

osteoblastic deposition) and bone resorption (osteoclastic activity) in response to the 

loading environment.105  
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Finally, ex vivo uniaxial tensile is the standard method for the characterization 

of the mechanical properties of the enthesis. The testing involves gripping of the distal 

tendon, and the proximal bony attachment in secure fixtures in a testing apparatus. 

Most importantly, the testing apparatus consists of a motorized stage that displaces at 

predefined increments and speed and the load cell that collects the force data. The 

force-displacement and geometric measures (gage length and cross-sectional area) 

stress-strain curves are generated to calculate the relevant mechanical properties. The 

essential considerations for uniaxial tensile testing of the enthesis involve: (1) 

appropriate fixture design to 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., quasi-static vs. dynamic), (4) 

meaningful approximation of cross-sectional tissue area, (5) prohibiting off-axis 

loading, (6) appropriate gauge length, (7) physiologic testing temperature, and (8) 

tissue preloading and pre-conditioning to improve fiber engagement.106 

1.5 The current state of in vivo investigations of enthesis mechanoadaptation 

Tendon is prone to overuse injuries (i.e., tendinopathies) caused by the 

imbalance between matrix regeneration and synthesis in response to loading.104,107,108 

Chronic and/or excessive loading can advance into tendon disrepair and 

degeneration.107 Comprehensive reviews of tendon remodeling and mechanobiology 

can be found in previously published reviews.109ï111 Similarly, bone remodeling and 

growth are governed by the mechanical environment.105 Wolffôs law relates 

stimulation of bone apposition to intermittent and increased stress and asserts that 

reduced intermittent stress may be an underlying cause of bone remodeling (surface-

based modeling and drifts).112,113 Moreover, longitudinal bone growth is governed by 
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Hueter-Volkmann's ñlawò that correlates sustained increased, and reduced 

compressive loads result in suppressed and accelerated longitudinal bone growth, 

respectively.105 Bone growth is, therefore, modulated by the sustained compressive 

loads rather than physiologic dynamic loads. Others have suggested that tension 

beyond a threshold on the growing bone hinders bone growth.111,114,115 

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 essential to understand the temporal effect of 

loading on mineralization during growth. Animal models afford the opportunity to 

control the individual variabilities (i.e., genetic, anatomical, and history) present in the 

clinical studies. Various small animal model studies have investigated the effect of in 

vivo loading on the structure and function of wrapping tendons (mostly supraspinatus) 

and their insertions.  

Animal models can afford the control of variables related to both biological 

and structural adaptation of the tendon and tendon-to-bone attachments. In Table 1, I 

have summarized some of the key findings of current mouse and rat models of 

decreased and increased loading and their effects on tendon-to-bone attachment. 

Standard basic science models of muscle unloading include botulinum toxin-induced 

(BTX) paralysis, denervation/nerve transection, and limb unloading.116,117 The effect 

of increased loading has been studied using models of active loading (e.g., uphill and 

downhill treadmill running) and passive loading (e.g., electrical stimulation). Active 

running models (either up or downhill) have been previously used to study the 

adaptive response of the tendon or tendon and its enthesis to repeated loading.118 This 

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 limited 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 a non-invasive 

model to increased tendon and enthesis loading using innovative optogenetic tools, 

described in detail in Chapter 3. 

Table 1.1:  Overview of the previous chronic loading and unloading models of the 

murine fibrocartilaginous enthesis and their attached tendon and the main 

findings of these studies. (Age: A-Adult, Y-Young; Approach: TRU-

Uphill treadmill running, TRD-Downhill treadmill running, CA-casting, 

BTX-Botulinum toxin A injection, ES- electrical stimulation, HS-

hindlimb suspension; Tissue: AT-Achillesô tendon, AC-Achillesô 

insertion, QT- quadricep insertion on tibia; SS- supraspinatus tendon) 

Animal 

Model 

Age Loading  Approach Tissue Main findings Ref 

Mouse  A - BTX SS  

 

Mineralized tissue (-) 

Toughness (-) 

Strength (-) 

Risk if avulsion fractures 

(+) 

119 

Mouse A - Space 

flight 

SS 

AC 

No micro-and tissue-

level changes 

120 

Mouse Y - BTX SS Disrupted mineral 

distribution  

Mechanical properties  

Fiber organization (-) 

Altered mineral content 

65 

Mouse  Y - BTX SS Delayed endochondral 

ossification 

66 

Mouse A +  AT 

tenotomy 

AT Cellularity (+) 

Neovascularization (+) 

Fiber organization (-) 

121 

Rabbit  A + ES- 

variable 

loads 

QT Load dependent 

cellularity (+) 

Disrupted tidemark 

122 
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Rat A + after - TR after 

CA 

QT Restored 

fibrocartilaginous 

thickness 

123 

Rat A - HS AT Stiffness (-) 

Max stress (-) 

124 

Rat A + ES AT Cellularity (+) 

Fiber organization (-) 

125 

Rat A + TR-D SS CSA (+) 

Cellularity (+) 

Fiber organization (-) 

E (-) 

Maximum failure stress 

(-) 

126 

Rat A + TR-U AT Cell density (+) 

Bonar score (+) 

Fiber organization (-) 

127 

Rat  A + TR-D SS Local stimulation of 

tendon cells 

128 

Rat  A + TR-D SS Fibrocartilaginous 

phenotype in tendon  

129 

Rat  A + TR-D AT No gross structural or 

mechanical changes 

130 

Rat A + TR-D and 

TR-U 

AT No changes in 

mechanical properties  

131 
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1.6 Overuse injuries of the Achilles enthesis  

In contrast to acute musculoskeletal injuries or ñmacro-traumaò, overuse 

injuries are caused by chronic and repeated ñmicro-damageò, and commonly affect the 

lower limb and tendon.132 These injuries are caused by the failure of the adult or 

developing tissue to adapt appropriately to the biomechanical demands caused by 

repeated increased activity.133ï135 Therefore, due to increased sports training, overuse 

injuries, especially in the younger athletes, have become more prevalent.132,136ï140 The 

Achilles enthesis complex is commonly affected by overuse-induced diseases at the 

tendinous (Achilles tendinopathy), insertional (Achilles insertional tendinopathy), and 

calcaneal apophysis (Sever Disease), during childhood, growth, and adulthood.141,142  

1.6.1 Achilles insertional tendinopathy 

Insertional tendinopathies (or enthesopathies) constitute 25% of all tendon and 

ligament diseases and commonly affect continuously training athletes (both young and 

adult).135,143,144 Clinically, insertional tendinopathies are diagnosed by local or diffuse 

swelling and pain near the attachment and, in some cases, lead to reduced local 

strength and disrupted performance.145 Clinical interventions for Achilles insertional 

tendinopathy range from conservative management methods such as resting, modified 

footwear, ice, and eccentric gastro-soleus training, to surgical interventions such as 

calcaneal debridement and Achilles re-anchoring.146ï149 In patients unresponsive to 

conservative interventions for 3-6 months, surgical intervention successfully manages 

the pain but may involve ~7-9 months of recovery for return to activity.146,150 

The etiology of enthesopathies, however, is multifactorial and under-

investigated.135,151 Both intrinsic (e.g., anatomical variation, skeletal malalignment, 

muscle contracture imbalance, and fatigued muscle stiffening) and extrinsic factors 
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(e.g., training, footwear, and contact forces from the terrain) contribute to the onset of 

tendinopathies.43,151 These injuries cause pain, dysfunction, and impaired activity .26,134 

Yet, the underlying cause of the pain associated with enthesopathies is unclear and 

underinvestigated.2,26  

At the microscopic level, the adaptation of the tendinopathic insertion is age-

dependent and associated with increased proteoglycan content, degeneration of 

fibrocartilage and ECM, and disruption of the enthesis tidemark.104,152ï154 Moreover, 

despite the avascularity of the healthy enthesis, the enthesopathic tissue is infiltrated 

by blood vessels from the bone marrow at the osteotendinous junction that may extend 

to the fibrous UFC and tendon.155  

Achilles insertional tendinopathy is not an isolated adaptation of the enthesis 

and affects the focal site of the tendon-to-bone attachment as well as surrounding 

tissues (e.g., sesamoid fibrocartilage and retrocalcaneal bursa) (i.e., the Achilles 

enthesis organ).57,58At the tissue-level, abnormal bony projections or spurs 

(enthesophytes) are radiographically detectable near the late-stage enthesopathic 

attachment.156 Specifically, impingement between the deep layer of Achilles enthesis 

and the superior aspect of the calcaneus may cause retrocalcaneal bursitis that often 

coexists with the Achilles insertional tendinopathy and bony projection at the 

posterosuperior calcaneus.157,158 Bony spurs form with a distinct ossification pattern 

from endochondral ossification.156 While the formation and progression of bony spurs 

is not well-understood, histological examinations of the human and the aging studies 

in animals suggest the formation of bony spurs results from increased proteoglycan 

and fibrocartilaginous formation following repeated compressive strain at the deep 

layer of wrapping tendon at the site of fibrocartilaginous entheses.159ï161 Progression 
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of these bony abnormalities under repeated loading in adult enthesis is still an open 

subject of research. 

1.6.2 Sever disease  

Sever disease is the most common cause of heel pain in young athletes. In a 

prospective study of >1200 school-aged children, Sever disease was the most common 

overuse injury of the upper and lower extremities, accounting for >20% of these 

cases.162 This injury commonly affects young athletes (commonly gymnasts, 

basketball, and soccer players) during the period of rapid growth (late childhood and 

early adolescence) and may cause pain and loss of activity.137,138,163,164 

Sever disease is caused by repeated microtrauma at the heel that affects the 

posterior calcaneus at the site of the apophysis.165 Histopathologic information is not 

available.72 Therefore, clinical diagnosis of Sever disease primarily involves 

biomedical imaging (radiography, MRI, and computed tomography) and physical 

examination. However, radiographic diagnosis is challenging72,165,166 and requires 

examination for other common overuse-induced causes of heel pain such as calcaneal 

spur, retrocalcaneal bursitis, and Haglund deformity.138 The clinical appearance of 

Sever disease involves an opening of the calcaneal growth plate, micromotion of the 

developing apophysis, and bruising of the metaphyseal trabecular bone that may 

indicate microdamage or separation cartilage from ossified tissue.72,166 Unfortunately, 

due to non-periodic examination during the progression of this overuse injury or 

limitation in radiographic diagnosis, progression of Sever disease likely goes 

undiagnosed in young athletes.162 

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

short period of rest or ankle immobilization (~4-8 weeks), shoe wear modification 
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(e.g., raising heel inserts to reduce Achilles tension), and strengthening of dorsiflexor 

muscles.72,138,165,167,168 Rest and immobilization have been the most effective 

intervention in pain management at the injury site.72,138 Ogden et al. reported that in 14 

symptomatic patients, weight-bearing immobilization of the ankle and rest from the 

aggravating activity resolve the trabecular metaphysis bruising (Figure 1.7) and the 

pain at the injury site.72 Interestingly, for some patients, immobilization does not 

resolve apophyseal sclerosis (i.e., increased signal intensity).72 

 

Figure 1.7: Trabecular bone bruising observed in Sever patients (Left) diminished 

after casted weight-bearing interventions (Right), the apophyseal bone 

bruising does not resolve. Adapted with permission from Wolters Kluwer 

health, inc. 72 

1.6.3 Missing links and unclear long-term effects 

Overuse is one of the most common causes of pain and discomfort at the 

enthesis (e.g., Achilles insertional tendinopathy, jumperôs knee, and tennis elbow) and 

the young apophysis (e.g., Osgood Schlatter at the tibial growth plate, Sever disease). 

In a report on 470 patients with Achilles tendinopathy and insertional complaints, 25% 

are young athletes,144 that are also the most commonly affected patient population by 
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apophyseal diseases. Immobilization is effective in pain management and, in the case 

of Sever disease, restoration of the normal metaphyseal construct.72,137 In the clinic, 

apophysitis appears with ñmicro-fractureò-like apophyseal sclerosis and bone bruising 

that be a normal sign of remodeling 72,169,170 However, whether ñmicro-fractureò-like 

appearance of the apophysis is, in fact, microfractures of the posterior calcaneus72 and 

contributes to increased susceptibility to insertional tendinopathies is unclear. 

Therefore, cross-sectional investigations are necessary for the study of the long-term 

effect of apophyseal injuries and management.171 

1.7 Motivation  

Muscle loading is critical for the healthy development and growth of 

musculoskeletal tissues.113,172,173 In the human population, investigation of enthesis 

mechanoadaptation is unfortunately limited by interindividual structural, genetic, and 

physiological variabilities and the challenges in retrospective clinical investigation. 

Small animal models allow for mechanistic investigation of the effect of loading on 

the structural remodeling of the enthesis. In vivo, murine animal models (e.g., rat and 

mouse) are invaluable, readily available, experimentally 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 

tendon,174ï176 and role of specific biological factors in the postnatal formation of the 

enthesis.86,177,178(p5) 

Much of what is known about the basic mechanisms of mechanically-induced 

adaptation of musculoskeletal tissues to increased loading comes from decades of 

experiments using adult mice to study anabolic bone loading179,180 and tendon fatigue 

damage.95 The available murine models of increased loading for the study of 
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mechanoadaptation of the tendon and enthesis (i.e., treadmill running126 and electrical 

stimultation125), however, are primarily applicable to adult and not growing animals. 

Downhill and uphill treadmill running are the most commonly used models for the 

study of increased loading on the structure and function of adult and aging 

supraspinatus entheses.118,126,181 Yet, the youngest age for the initiation of increased 

activity is 8 weeks old, since these models can only be used in freely mobile adult 

animals that can actively load their muscles by running on a treadmill for the duration 

of the experiment. Electrical stimulation has also been primarily used for repeated 

stimulation of adult muscle in mice and rats due to the challenge in repeated in vivo 

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 non-invasive animal models that allow for high precision, 

controlled, and specific stimulation of the growing and immature enthesis.  
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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 loss annually in the United 

States.182 These injuries affect both the adult and growing enthesis and its associated 

apophysis. Yet, overuse injuries are hard to diagnose and have an unknown etiology, 

in part due to limitation of the current clinical diagnostics and documentation of these 

diseases (e.g., lack of young histopathological data and history of physical activity, 

inter-individual variabilities). Despite the clinical relevance (Section 1.6) of the effect 

of loading on enthesis adaptation, available models of increased loading are not 

applicable to young tissue (Section 1.5); unfortunately, the effect of repeated loading 

on the maturation of the enthesis and its biological and mechanical interaction with the 

mineralizing apophysis is unclear. Therefore, the development of methods for 

studying the effect of loading and its implication on biological and mechanical 

interaction in the enthesis, especially in the developing tissues, is needed.  

In this dissertation, I aimed to investigate the role of mechanical and biological 

cues on the adaptation of growing and adult enthesis and its attached apophysis. This 

dissertation work developed novel animal models to study age- and dose-dependent 

effects of increased mechanical loading on the enthesis and identified a potential role 

of the growth factor, FGF9, as an emergent mediator of the enthesis development88, 

during enthesis development and maturation. 

Chapter 2 
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Aim 1: Development of a mouse model for non-invasive skeletal muscle 

stimulation. In this aim, I developed a transgenic mouse model to activate skeletal 

muscle contraction using optogenetic control of skeletal muscle cell depolarization. I 

optimized an on/off blue light exposure protocol for maximizing sustained triceps-

surae contraction and generated ankle torque and compared these measurements with 

electrical nerve stimulation, the gold-standard method in physiological muscle 

activation.  

Aim 2: Determine the effect of daily non-invasive muscle stimulation on 

the mechanoadaptation of the young and adult enthesis. The optogenetic mouse 

model I developed in Aim 1 was then used in Aim 2 to investigate enthesis 

mechanoadaptation in young and adult mice. I validated the repeatability of 

contraction-induction and compared the effect of daily repeated muscle stimulation 

ñboutsò on the structure (cellularity, collagen fiber organization, bone morphology) 

and tissue-level mechanical properties of the Achilles tendon-bone enthesis in 3ï4-

week-old mice (immature, unfused growth plates) and 4ï6-month-old mice (mature, 

fused growth plates).  

Aim 3: Determine the effect of repeated bouts and duration on 

mechanoadaptation of the young enthesis to daily non-invasive muscle 

stimulation. Because I hypothesized that bone development and enthesis maturation 

are concurrent during postnatal growth, I further investigated the mechanoadaptive 

response of the young enthesis ECM and its associated apophyseal growth plate. I 

characterized the effect of repeated bouts of loading on denaturation of the ECM 

collagen and distribution and compared the young enthesis and apophysis structure as 

functions of loading duration (e.g., 5min vs. 20min).  
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Aim 4: Determine the role of the growth factor, FGF9, during enthesis 

development and maturation. In my first three aims, I 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 fibroblast growth factor signaling pathway. In Aim 4, I 

identified the role of FGF9, a known mediator of bone development and angiogenesis, 

as contributing to the postnatal maturation of the enthesis and its apophysis. I 

developed a transgenic mouse model to conditionally delete the gene, Fgf9, in tendon 

and enthesis lineage cells using Scx-Cre. I measured phenotypic differences of the 

enthesis between Fgf9; ScxCre knockout mice and age-matched wildtype littermates 

using micro-CT, histology, and uniaxial tensile testing of Young (3 weeks old) and 

Adult (8 weeks old) mice.  
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DEVELOPMENT AND VALIDATION OF A MOUSE MODEL FOR NON -

INVASIVE REPEATED SKELETAL MUSCLE STIMULATION 1 

Adapted from: Optogenetic activation of muscle contraction in vivo 

Elahe Ganji, C. Savio Chan, Christopher W. Ward & Megan L. Killian (2021) 

Connective Tissue Research, 62:1, 15-23, DOI: 10.1080/03008207.2020.1798943 

3.1 Introduction  

Optogenetics is a tool commonly used in neuroscience that facilitates 

controlled activation of activatable cells such as neurons and muscle cells, with high 

spatial and temporal specificity. Optogenetics utilizes light-responsive ion channels 

such as opsins that are microbial photosensitive proteins. When exposed to light, 

activated opsins translocate ions across cell lipid membrane to achieve precise 

(targeted cell-specific) and fast (millisecond-time scales) control of the membrane 

voltages.183,184 Channelrhodopsin-2 (ChR2) is a commonly used light-sensitive 

microbial opsin that, when present on the cell membrane, acts as a non-specific light-

activated cation channel (i.e., membrane depolarization).185,186 Although ChR2 has 

been primarily utilized to date for optical activation of mammalian neurons,183,184,187 

its application more recently has extended to smooth188 and skeletal189,190 muscle cells. 

 

 
1 The content of this Chapter are modified with permission óAccepted Manuscriptô of 

an article published by Taylor & Francis Group in 2020, year, available online: 

https://www.tandfonline.com/doi/full/10.1080/03008207.2020.1798943 

Chapter 3 
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Optogenetics is an emerging contactless alternative to the traditional electrical 

stimulation for in vivo action potential (AP) generation and contractions in skeletal 

and smooth muscles. Optogenetic stimulation has higher spatial specificity than 

electrical stimulation and can target cell subpopulations based on their morphological 

markers and molecular footprint.183,184  

Targeted localization of ChR2 on the cell membrane can be induced for both 

neuron-mediated and indirect excitation (i.e., presynaptic localization of ChR2 

receptors, such as secondary motor cortex or sub-population of neurons in the 

peripheral nervous system190) or transmembrane-mediated and direct excitation (i.e., 

post-synaptic localization of ChR2 receptors on the muscle cell, sarcolemma, or T-

tubules191).  

Previous work has utilized non-viral delivery of exogenous light-sensitive 

ChR2 (e.g., tandem cell units)192; viral ChR2 expression with CAG promoters in 

embryonic stem cells193; and transgenic mouse models (e.g., Cre-recombinase)193 for 

targeted distribution and expression of ChR2 in cells. The Cre-recombinase system is 

a ubiquitous genetic manipulation system that can induce targeted expression of ChR2 

by inducing its expression in the cell population (Cre-line) of interest. In short, Cre is a 

recombinase protein that specifies the targeted sub-cell population that catalyzes the 

recombination of loxP-STOP-loxP-ChR2 sites on the DNA of reporter mice to 

promote localized expression of ChR2 in a specific tissue. The localized presence of 

Cre in a specific cell population deletes the STOP codon on the DNA by recombining 

the loxP sites to activate ChR2 expression locally. Recently, the Cre-recombinase 

system has been used to localize the expression of ChR2 on skeletal muscle 
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sarcolemma and T-tubule (Sim1-Cre) and induces in vivo skeletal muscle 

contraction.191  

Light-exposure duration allows for fine-tuned control of the force generation 

duration and decay (i.e., return from active to resting state). Both in vivo and ex vivo 

studies have demonstrated that exposure frequency during synchronous contraction 

controls the duration of stimulation, where high and low-frequency light exposure of 

ChR2 results in synchronous sustained contraction (tetanus-like) and short 

repolarization (twitch-like contraction), respectively.189 Ex vivo investigation of single 

isolated muscle fibers from flexor digitorum brevis muscle has shown that increased 

ChR2 light exposure time (on-time) results in continued increase until 50ms followed 

by maximum twitch force generation stabilization at higher exposure durations.194 In 

intact explanted soleus muscle, it has been shown that continuous light exposure 

(4seconds) results in fast decay and a significant decrease of the average normalized 

generated force compared to tetanic electrical stimulation at 100Hz.194 In the same 

study, Bruegmann et al. showed that force-frequency relationships depend on the 

exposure duration at each ñtwitch-likeò interval, and for higher (20ms) exposure time-

frequency normalized average generated force stabilized and reached maximum force 

generation at lower frequencies.194 Force-frequency relationships in vivo have only 

been reported using non-constrained limb under light exposure with brief 

repolarization (1 and 5ms).191 Yet, (1) ability of the optogenetic stimulation to induce 

comparable isometric contractions to electrical stimulation (i.e., the gold-standard 

method in muscle physiologic activation), (2) force-frequency relationships, recorded 

with high temporal resolution to capture millisecond (msec) scale depolarizations, and 

(3) repeatability and fatigue profile of optogenetic stimulation at different loading 
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frequencies for in vivo isometric activation is unknown. Therefore, despite the 

potential of optogenetics for in vivo stimulation of the skeletal muscle and ultimately 

for addressing limitations of currently available models in the study of 

mechanoadaptive response in juvenile mouse muscle, the feasibility and repeatability 

of optogenetic stimulation for sustained and repeated isometric contraction of skeletal 

muscle in different aged mice remain undetermined. 

This chapter reports my development and validation of an optogenetic method 

for the direct (non-nerve mediated) activation of skeletal muscle in vivo. Here, I aimed 

to develop a method for sustaining and limiting the decay of muscle contraction using 

contactless optical exposure. I utilized the Cre recombinase system to induce targeted 

expression of ChR2(H134R)-EYFP in Acta1-Cre mice and aimed to optimize an 

experimental setup for in vivo skeletal muscle activation with sustained contraction 

and similar functionality to that of electrical stimulation. 

3.2 Methods and results 

3.2.1 Animal model 

All procedures were approved by the Institutional Animal Care and Use 

Committee at the University 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 water ad libitum with a 12hr on/12hr off light 

cycle. I used in vivo Cre-lox recombination for targeted expression of 

channelrhodopsin-2/YFP (ChR2(H134R)-EYFP) fusion protein (Ai32) in skeletal 

muscle.195Ai-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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short-latency to spiking) and the generation of larger photocurrents.196 Additionally, I 

used inducible Cre to control the timing of recombination.  

To generate these mice, I crossed doxycycline-inducible, skeletal muscle-

specific ACTA1-rtTA,tetO-cre male mice (Acta1-Cre; C57BL6J background) with 

Ai32 reporter female mice (mixed background, 129S6/SvEvTac x C57BL/6NCrl, 

maintained on C57BL6J background) (Figure 3.1).197,198 Mice (dams) were provided 

with doxycycline chow (Envigo) ad libitum at the time of mating, and chow 

administration was continued until pups were weaned at 3-4 weeks of age. Offspring 

were genotyped using PCR (Transnetyx, TN, USA). Acta1-Cre; Ai32 homozygous 

mice (experimental) were used for blue light-induced stimulation, and heterozygous or 

homozygous Ai32 (Cre-negative) offspring were used as controls. To verify the 

specificity of Acta1-Cre to skeletal muscle, I similarly crossed Ai14 (tdTomato) 

reporter mice that express a robust tdTomato fluorescence following Cre 

recombination at the tissue of interest with Acta1-Cre mice to generate Acta1-Cre; 

Ai14 reporters (N = 2).  
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Figure 3.1: (A) Schematic of the breeding scheme used for generation of experimental 

(Acta1-Cre Ai32) and control (Cre-negative) mice. (B) Whole-mount 

triceps surae muscle (TS) of Control and Acta1-Cre; tdTomato mice. (C) 

ChR2 was expressed in the skeletal muscle fibers but was not expressed 

in the sciatic nerve using the inducible Acta1-promoter. Scale bar = 

100µm. 

3.2.2 ChR2 location and nerve infiltration  

To visualize the localization of the ChR2(H134R)-EYFP protein in the skeletal 

muscle and nerve, I dissected the quadriceps muscle and the main femoral branch of 

the sciatic nerve from Acta1-Cre; Ai32 mice at euthanasia (N = 2). Harvested tissues 

were fixed in 4% PFA, cryoprotected in increasing sucrose concentration, mounted in 

OCT freezing medium (Sakura, CA, USA). I then sectioned the samples at 30 µm 

thickness and imaged the collected slides with an Imager A2 microscope (Carl Zeiss, 

Germany). 

These results confirmed the muscle specificity of Acta1-Cre. Gross 

examination of dissected triceps surae muscles from Cre-negative and Acta1-Cre Ai14 

mice showed robust tdTomato fluorescence in skeletal muscle following Cre 
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recombination and verified the skeletal muscle specificity of Acta1-Cre (Figure 3.1 B). 

Results from fluorescence imaging of nerve and skeletal muscle further confirmed this 

specificity by strong expression of ChR2(H134R)-EYFP in skeletal muscle and non-

existent expression of ChR2 in the main femoral sciatic nerve branch (Figure 3.1, C). 

3.2.3 Instrumentation and mouse preparation 

For light stimulation, blue light LED (455 nm, 900 mW, M455L3, Thorlabs, 

NJ, USA) was used with a collimator (SM2F32-A; 350-700 nm, Thorlabs, NJ, USA) 

to reduce energy dissipation. LED light was connected to a high-power 1-Channel 

LED Driver (DC2200, Thorlabs, NJ, USA) for pulse modulation. I adjusted the LED 

driver interface with custom programming in LabView to induce user-defined 

pulsatile light activation intervals (National Instruments, TX, USA). Detailed Lab 

view codes can be found in the Appendix.  

Before stimulation, mice were anesthetized using isoflurane administration (1-

2%). Hair was removed from the hindlimb at the triceps surae muscle using chemical 

hair remover (Nair, Church & Dwight Co., NJ, USA). Animals were placed on a 

heating pad (Stoelting, IL, USA) at 37 °C in the prone position, and their hindlimb 

was placed in a modular in vivo muscle stimulation apparatus (Aurora Scientific, ON, 

Canada). The foot was placed in 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 for isometric muscle contractions. Real-time measurements of 

applied ankle torque to the foot pedal during light-induced plantar flexion were 

collected with a 1 N force transducer (Aurora Scientific, ON, Canada) (Figure 3.2.). 
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Figure 3.2: Experimental setup (A) before (B) during light stimulation. (C) 

Schematic showing the experimental setup dimensions and distances for 

optogenetic stimulation. 

3.2.4 Light intensity assessment through the skin at an experimental distance 

Transmitted light intensity through the skin was measured with a thermopile 

power meter sensor (Fieldmate, Coherent PM10; 19 mm diameter of active area), with 

appropriate wavelength sensitivity to the blue-light, LED power range = 1150-1145 

mW. Mice were euthanized with Carbon dioxide 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 (60mm) between the collimator and knee fixation 

clamp used for in vivo stimulations. Power readouts were divided by active sensor area 

(19 mm) to calculate light intensity in each case. 

Results from the assessment of power showed that despite a 74-80% reduction 

of light intensity through abdominal skin and 91% reduction through back skin, light 

intensity was maintained at 0.26 and 0.35 mW/mm2, respectively (Figure 3.3), 
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comparable to the minimum required light intensity for activation of ChR2 receptors 

in soleus muscle explants which is reported at 0.35 mW/mm2 by Bruegmann and 

colleagues.194 

 

Figure 3.3: (A) Schematic of the experimental setup for light intensity measurements 

through collected skin. (B) Although the transdermal delivery of blue 

light reduced the light intensity, it still maintains an intensity of 0.2-

0.3mW/mm2. AB = abdominal skin; B = back skin 

3.2.5 Light stimulation protocol optimization and in vivo repeatability 

Acta1-Cre; Ai32 mice (N = 3; Male; 3 months of age) were used to optimize 

the experimental frequency. I used an iterative process to (1) determine suggested 

optogenetic stimulation parameters to increase the light-induced generated peak 

isometric ankle torque and (2) obtain sustained submaximal contractions. Generated 

ankle torque was measured using the Aurora 3-in-1 system for the duration of the 

experiments.  

First, short-duration (twitch-like) light exposure was optimized for maximum 

twitch force generation by increasing the On-time from 20-100 msec at 10ms 

intervals. I selected 70 msec On-time for maximum torque generation (Figure 3.4. A). 
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At this working distance with 0.2-0.3mW/mm2 light intensity, 60-70 msec of light 

exposure induced the maximum twitch-like contraction. Continuous light exposure of 

the ChR2 results in accelerated decay of the contraction194, and sufficient 

repolarization of the ChR2 occurs after ~20ms of deactivation time between 

activations.191 Therefore, 30 msec off-time was selected between 10, 20, and 30 msec 

trials because increased membrane rest from 10-30ms, although minimally, 

maintained the generated torque a higher force value until complete depolarization 

(Figure 3.4. B). 

 

Figure 3.4: Representative images of skeletal muscle contractile profiles during (A) 

On and (B) Off time optimization. (A) Peak ankle torque occurs at 60-70 

msec On-time, and (B) higher Off-time duration increased the sustained 

contractile ankle torque under pulsatile stimulation. 

Next, contralateral triceps surae muscles were exposed to light for 1 bout of 1-

second stimulation at 10Hz and 40 Hz of light exposure frequency. Contractile profiles 

were examined to compare the effect of light exposure frequency on muscle 

contraction. Muscles were exposed to light at each frequency for a total duration of 1 



 44 

second, followed by 3 minutes of recovery. Immediately after recovery, fatigue 

stimulation was conducted for 18 bouts for a total duration of 3 minutes.  

Results indicated that light exposure at 10 Hz for 1 second elicited a partially 

fused yet sustained isometric generated muscle force at a higher value throughout the 

1 second light exposure duration, compared to 40Hz of stimulation (Figure 3.5) with a 

ñtetanic-likeò stimulation profile. Therefore, I selected 10 Hz stimulation as the 

optimized stimulation protocol for sustaining muscle contraction and used this 

protocol for the remainder of this study.  

  

Figure 3.5: (A) Representative ankle torque profiles during 1-sec duration 

stimulation for 10 Hz and 40 Hz. Optogenetics induces comparable 

contraction in contralateral limbs. (A) representative contractile profile of 

contralateral limbs for each stimulation frequency protocol and (B) 

maximum contraction induced under 10Hz and 40Hz optogenetic 

stimulation. (C) Decay in peak ankle torque after repeated 1-second 

duration optogenetic stimulation was comparable between 10Hz and 

40Hz with 10seconds rest between stimulations. The total duration of 

repeated stimulations was 3minutes, including rest. 
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3.2.6 Sensitivity of optogenetic stimulation in muscle activation in different 

aged mice 

Triceps surae muscle of Acta1-Cre; Ai32 male mice at 1.5, 3, 4, and 6-months 

of age (n = 2/age) were subjected to blue light at the 10 Hz protocol was used, as 

previously described, to assess the feasibility of optogenetic stimulation for generation 

muscle forces in different aged mice. Generated ankle torque from plantar flexion of 

the joint during triceps muscle contraction was measured using the Aurora 3-in-1 

system. 

Optogenetic stimulation profile and maximum generated torque was repeatable 

in different-aged mice (Figure 3.6.A). In addition, the magnitude of optically induced 

ankle torque linearly increased with mouse weight (Figure 3.6, B and C, R2 = 0.9004, 

p < 0.001).  

 

Figure 3.6:  Representative profile of generated ankle torque using 70 msec on/30 

msec off blue light stimulation for different aged mice. (C) Light-

activated ankle torque was linearly correlated with mouse weight 

(R2=0.9004) 
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3.2.7 Comparison of in vivo contralateral functionality of optogenetic compared 

to electrical stimulation  

I then compared the contractile functionality of optogenetic stimulation to 

electrical stimulation for isometric contraction of the triceps surae muscle group. 

Contralateral limbs of adult Acta1-Cre; Ai32 mice (N = 4; 2 males and 2 females, >3-

months of age) were randomly assigned for optogenetic or electrical activation groups. 

Stimulation protocol consisted of 10Hz stimulation for optogenetic activation (70 

msec on time, 30 msec off time, 5 reps) and 150 Hz tetanic electrical stimulation 

(based on preliminarily force-frequency data for electrical stimulation) (0.3 (msec) 

pulse width, 150 (Hz) pulse frequency, 0.5 (s) duration). PTFE-coated stainless steel 

EMG needle electrodes were placed sub-dermally at the posterior knee and distal 

Achilles to activate the tibial nerve for electrical stimulation. To maintain a non-

invasive stimulation protocol comparable to stimulation using optogenetics, I chose 

not to sever the peroneal nerve to inhibit antagonist anterior muscle contraction. 

Optogenetic and electrical stimulations and measurements were repeated on three 

consecutive days.  

3.2.7.1 Data and statistical analysis 

Force and time data were analyzed with Aurora 611 dynamic muscle analysis 

software (Aurora, Ontario, Canada). Cursors were placed to specify the start and end 

of each stimulation, and high-throughput analysis function was used to measure peak 

force, time to peak force (time to max), time to 50% maximum force (half relaxation 

time), maximum contraction, and relaxation rates (maximum and minimum 

derivatives) for each stimulation profile. Peak ankle torque measurement (mN-m) was 

normalized to body mass (kg) for each mouse to account for body mass variability. 

Statistical analysis was performed in Prism (8.3, GraphPad) software. Repeated 
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measures two-way ANOVA with Geisser-Greenhouse correction was used to assess 

the effect of repeated measurement and stimulation protocol for each 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 sustained triceps surae muscle contraction comparable to electrical 

stimulation induced by subdermal 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 nerve. Statistical analysis 

results showed no significant changes in maximum generated torque (pday=0.1852, 

pStim=0.2054), normalized maximum generated torque (pday=0.1568, pStim=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 stimulation protocols time to max (pday=0.0911, 

pStim=0.0693), maximum derivative (pday=0.5071, pStim=0.9015), minimum derivative 

pday=0.2142, pStim=0.7293), half relaxation time (pday=0.4336, pStim=0.1216) (Figure 

3.8). 
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Figure 3.7:  (A) Representative ankle torque profiles for electrical stimulation (0.3 

msec pulse 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 

reduced for optogenetics stimulation compared to electrical stimulation. 

 

Figure 3.8: Results from muscle analysis show comparable results between electrical 

and optogenetic stimulation for (A) half relaxation time, (B) time to 

maximum, (C) maximum derivative, and (D) minimum derivative. 

3.3 Discussion 

Results from this study confirm the feasibility of optogenetic stimulation for 

isometric muscle contraction in vivo. Here, I constructed a custom setup to quantify 
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the torque measurement during isometric muscle contraction in mice with targeted 

expression of ChR2 in their skeletal muscle. I used an iterative process to optimize 

light exposure protocol (i.e., duty cycle and frequency) to sustain optical isometric 

contraction and reduce decay. I showed that 10Hz (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 stimulation, and that optical 

stimulation at 10 Hz is physiologically (e.g., half relaxation time) and functionally 

(max generated torque) comparable to electrical stimulation. 

Muscle loading is critical for the healthy development of musculoskeletal 

tissues.113,172,173 In the case of the enthesis, others have shown that unloading this 

tissue using intermuscular injection of botulinum toxin A in supraspinatus muscle is 

disruptive to the development of functionally graded supraspinatus enthesis.199 The 

role of increased muscle loading on the structure and function of the developing 

enthesis is not well understood in the field, due to technical limitations related to 

stimulating the growing muscle in neonatal mice using standard approaches such as 

electrical stimulation and treadmill training.  

In aim 1, I developed and optimized a repeatable contactless optogenetic 

muscle stimulation with the potential to address the limitations of available models 

(e.g., unwanted physiological effects) for the study of growth and adaptation of 

skeletal tissues such as the enthesis. Moreover, this muscle-specific stimulation model 

allows for contralateral comparisons that are not possible in physiological models (e. 

g., treadmill running). Direct optogenetic stimulation can be widely utilized as a tool 

for non-invasive muscle contraction to better understand the mechanobiological 

cascades involved in the formation, maturation, and homeostasis of the enthesis in 
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vivo. This non-invasive, repeatable model for in vivo muscle loading enables 

mechanistic investigation of the effect of loading on the structure of developing and 

mature enthesis for potential investigation of effects of childhood activity on the 

structural and functional health of adult tendon-bone complex in order to improve 

clinical interventions for overuse.  
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AGE-DEPENDENT MECHANOADAPTIVE RESPONSE OF THE ENTHESIS 

TO LOADING  

4.1 Introduction  

The enthesis is the site of attachment between two dissimilar materials that, 

intuitively, would be expected to fail because of stress and strain accumulation. 

However, the enthesis rarely fails, and instead, acute injuries near the attachment 

commonly involve either the adjacent tendon (e.g., Achilles tendon ruptures) or bone 

(e.g., calcaneal avulsion fractures).200,201 During its postnatal maturation, the enthesis 

adapts in ways to minimize stress concentrations caused by the material mismatch 

between tendon and bone.18,23,40,51,57 The mature enthesis is a fibrous mineralized 

network of collagen fibers that is tougher than either tendon or bone.15 Under chronic 

loading conditions, stress concentrations and localized deformations at the enthesis 

increase the susceptibility to localized damage and overuse-related injuries at the site 

of adult and growing enthesis.15,26,72,166,202 Thus, up to 25% of all tendon and ligament 

diseases involve the attachment.203  

Muscle loading is critical in functional mineralization of the fibrocartilaginous 

enthesis and its ability to reduce stress concentrations caused by the material mismatch 

at the attachment site.65 Early after birth, the tendon is attached to the bone in a non-

graded anchorage, hypothesized to initiate load transfer for mechanoadaptive 

formation of the enthesis.83 Enthesis matures postnatally into a graded cellular, 

mineral, and fibrous transition from the fibrous tendon to the mineral bone. The 

Chapter 4 
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adaptation of the enthesis occurs in response to the combination of muscle-generated 

tensile loads and compressive loads between the superior calcaneal cartilaginous 

surface and the deep anterior layers of the tendon.  

A lot of what we know about the growing musculoskeletal is in the context of 

bone growth and adaptation133,164. Less is understood about the growing enthesis. 

However, what we do know is that increased activity during periods of rapid growth, 

such as in children and during adolescence, can lead to micromotion at the calcaneal 

enthesis and apophysis, leading to pain and the clinical presentations of Sever disease 

(e.g., apophyseal and metaphyseal bone bruising and opening of the calcaneal growth 

plate).72,166 In adults, repeated entheseal loading during activities like excessive 

running can cause mineralization, microdamage, abnormalities such as bony spur 

formation at the distal tendon that leave individuals with pain and 

dysfunction.26,57,156,202 Despite the potential age-associated differences in adaptation of 

the enthesis to repeated loading, the mechanisms contributing to attachment 

remodeling in the immature and mature skeleton remain poorly understood.204  

In this aim, I tested the hypothesis that repeated daily bouts of tendon loading 

would lead to structural remodeling, apophyseal expansion, and reduced 

biomechanical strength during growth in young entheses. I also hypothesized that the 

mechano-adaptative response would differ between the immature and mature enthesis.  
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Figure 4.1: Schematic of experimental design for Aim 2. 

To test these hypotheses, I induced unilateral loading via transdermal 

optogenetic activation of skeletal muscle (Chapter 3) for sustained muscle contractions 

in the triceps surae muscle group.205ï207 I compared the structure and function of the 

Achilles tendon enthesis in Young (4-week old) and Adult (6-month old) mice 

following three weeks of daily, 20-minute bouts of unilateral muscle contractions. I 

used microcomputed tomography (microCT), histology to evaluate the effect of 

repeated mechanical loading on the mineralization and morphology, and uniaxial 

tensile testing to compare the effect of loading on the mechanical properties of both 

Young and Adult Achilles entheses (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 and the University of Michigan. 
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Doxycycline-inducible ACTA1-rtTA;tetO-cre mice (Acta1-Cre; C57BL6J/C3H 

background) and Ai32 reporter mice (mixed background) were obtained from Jackson 

Laboratory (The Jackson Laboratory, Bar Harbor, ME, USA). The mice were bred and 

maintained on a mixed background. Acta1-Cre and Ai32 reporter mice were bred to 

generate Acta1-Cre; Ai32 offspring that expressed a YFP-fused ChR2 light-sensitive 

opsin (455nm sensitivity) in skeletal muscle when treated with tetracycline. Dams 

were treated with doxycycline chow at the time of mating and maintained on chow 

until weaning. Offspring were genotyped using PCR (Transnetyx, Cordova, TN, 

USA). A total of N = 56 animals were used in this study. ActaCre; Ai32 homozygous 

mice (n=42 total) were used for unilateral light-induced stimulation of muscle in 

Young (4 weeks old, n = 34, 13 female and 21 male) or Adult (6-8 months old, n = 8, 

2 female and 6 male) mice. Light-induced 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 stationery (e.g., supraspinatus) entheses.76 Contralateral 

(within-animal) limbs were used as paired controls. Additionally, a second group of 

animals was used to compare age-matched littermates as controls for both Young (n = 

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

4.2.2 Optogenetics stimulation 

Mice were anesthetized with isoflurane, and hair was removed using chemical 

hair remover from their right triceps surae muscles (Nair, Church & 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 was stabilized 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 daily before stimulations. For light stimulation, a 

collimated LED light (455 nm, 900 mW, M455L3, Thorlabs) and a high-power LED 

driver (DC2200, Thorlabs, Newton, NJ) were used for pulse modulation.205 Driver 

code was adjusted in LabView (National Instruments, Austin, TX, USA) for additional 

Control of the pulsed light activation frequency. Tricep surae muscles were stimulated 

using an approximated 10Hz pulsed light (70ms on, 30ms off; 10 cycles) followed by 

4 seconds of rest for 20 minutes (240 consecutive loading cycles) in Young (n = 29, 

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

repeated weekly with five days of stimulation and two days of rest. For a subset of 

mice (n=8/ age group), ankle torque was measured throughout the stimulation using an 

Aurora 3-in-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 loading. The skin was carefully dissected, and distal hindlimbs (knee, ankle, 

and foot) were fixed for 24hr in 4% paraformaldehyde. The calcanei-tibial complex 

from loaded and contralateral limbs of Young (n=3/sex), Adult (n=2/sex), and Young 

control groups (external controls; n=7, 3m, and 4f) was scanned using micro-

computed tomography (microCT) at the University of Delaware (microCT, Bruker 

SkyScan 1276; 59kV, 175ɛA, 10.58ɛm voxel size, 930ms exposure, 0.5mm aluminum 

filter). Digital reconstructions of the calcaneal apophyses were semi-manually 

segmented based on the growth plate morphology and at the 0.8 mm posterior calcanei 
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in Young and Adult mice, respectively. The posterior calcaneal tuberosity (PCT) was 

segmented from the 1.5mm wide posterior region of the calcaneus both in Young and 

Adult calcanei. Segmented regions of interest were analyzed using CTAn software 

(Bruker, Kontich, Belgium). Bone morphometry was assessed at the volume of 

interest using tissue volume, TV; bone volume, BV; bone volume/tissue, BV/TV; and 

bone mineral density, volumetric BMD.208 Aligned image stacks were overlayed for 

qualitative assessment of the Young and Adult loaded and contralateral limbs using 

Dragonfly software (Object Research 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 embedding. Tissues were sectioned at 6ɛm in the sagittal plane, and slides 

were stained with Hematoxylin and Eosin (H&E), Toluidine Blue, or Masson 

Trichrome (for enthesis morphology) and cover-slipped with an acrylic mounting 

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

4.2.5 Biomechanical testing of the Achilles enthesis 

After 3 weeks of daily (20min) loading, Young and Adult mice were euthanized, and 

carcasses were kept at -20°C until testing. Carcasses were thawed for no more than 24 

hr at 4°C. The Achilles tendon-calcaneus complex was carefully dissected and stored in 

PBS for no more than 2 hr at room temperature. Before mechanical testing, the muscle 

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

the calcaneus was disarticulated from the surrounding bone.  



 57 

Cross-sectional area (CSA) measurements were made using photogrammetry 

with a custom 3D-printed fixture attached to a motor controller (Arduino, Ivrea, Italy). 

Forty consecutive images of the tendon-bone complex were acquired at 9-degree 

rotation steps using a macro lens (Basler Fujinon Lens, Ahrensburg, Germany). 

Images were converted from sparse to dense point clouds, and an STL surface mesh of 

the tendon was generated using Metashape software (Agisoft, St. Petersburg, Russia). 

CSA was measured using Dragonfly 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 tendon was clamped in a thin film grip (Imada, Northbrook, Il, 

USA).106  

The assembled tendon-grip unit was placed in a custom PBS bath maintained 

at 37ºC via a temperature controller (MA160, Biomomentum Inc, Laval, Quebec, 

Canada) and secured with a pin to a tensile testing frame with multi-axis load cells 

(Mach-1 VS500CST, ±70N, Biomomentum, Laval, Quebec, Canada). Samples were 

preloaded to 0.01N, and gage length (L0) was measured (4.01mm±0.17mm) as the 

distance between the calcaneal fixture and the thin film grip. Preconditioning involved 

10 cycles of between -0.05N and +0.05N at 0.03 Hz and followed load to failure at 

0.05mm/sec rate. Load and torque data in three axes were collected to assess off-axis 

loading for the duration of the experiment. Using Mach-1 Analysis and Matlab 

(R2017, Mathworks, Natick, USA), the mechanical properties of the entheses were 

calculated from the force-displacement readings. Engineering stress was calculated as 

the instantaneous force divided by the original CSA (calculated from 

photogrammetry). Engineering instantaneous grip-to-grip strain was calculated as the 

displacement divided by original gauge length, L0. Stiffness and elastic modulus were 
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calculated from the linear portion of the load-displacement and stress-strain curves, 

respectively. Maximum load, maximum stress, maximum strain were assessed. Work 

to maximum force (area under the curve -AUC) and toughness were calculated from 

the area under the force-displacement and stress-strain curves. Maximum strain 

reflects the strain at maximum force. After testing, tissues were stored in PBS and 

scanned using microCT with identical scanning parameters described for the 5-minute 

stimulation cohort. 

4.2.6 Statistical analysis 

I used Prism (8.3, GraphPad Software, La Jolla, USA) and GPower (University 

of Kiel, Kiel, Germany) for statistical evaluation and power analysis. To assess the 

Gaussian distribution of the data, I used Shapiro-Walik and DôAgostino-Pearson 

normality tests. Results from micro-CT analyses were tested for normality and 

compared between the loaded and control samples using an unpaired t-test. For 

statistical comparison of the CSA measurements and mechanical testing results, 

parametric data were tested using paired two-tailed t-test, and Wilcoxon rank test was 

used for non-parametric results. For power analysis, the effect size was calculated 

from the descriptive statistics of each group, and the effect size was calculated as the 

ratio of mean and standard deviation (SD) of difference. Power for each variable was 

calculated using total sample size (N=16), significance (Ŭ=0.05), and the calculated 

effect size for a t-test with match mean 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 as P equal to 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 non-

invasive model for adaptive loading of the enthesis complex.  

All mice tolerated the daily loading bouts and were included in analyses. After 

each loading session, animals returned to cage activity and continued to use the loaded 

limb without preferential loading of the not-stimulated limb. Additionally, we 

qualitatively observed minor changes in the gait patterns, toe contraction, and 

supination of the loaded feet. Young mice continued to gain weight for the duration of 

the stimulation, similar to age-matched control littermates (Figure 4.2, A). Adult 

stimulated mice lost weight with continued stimulation (Figure 4.2, B). Initial ankle 

torque (IAT) was measured at the start of each loading bout. IAT did not significantly 

change in the three-week duration of the experiment from the first experimental day in 

either Young or Adult triceps surae (results not reported here). The weekly average of 

the IAT did not fluctuate in either Young or Adult triceps surae muscles for the 

duration of the experiment (Maturing: pweek1-week2>0.1, pweek1-week3>0.1, pweek2-week3>0.1; 

Adult: pweek1-week2=0.31, pweek2-week3=0.90, pweek2-week3=0.1) (Figure 4.2, 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: 

pweek1-week2=0.60, pweek1-week3=0.1, pweek1-week3=0.78; Adult: pweek1-week2=0.018, pweek1-

week3=0.13, pweek2-week3=0.84) (Figure 4.2, D).  
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Figure 4.2: Optogenetic activation of the tricep surae muscle group is non-invasive. 

A) Average weekly % weight gain (from experimental Day 1) for Young 

Control and 5- or 20- minutes-loaded mice. Data points: biological 

replicates (individual mice for control, 5-min loaded, and 20-min loaded 

groups) paired across experimental weeks. Error bars: Mean±95CI. B) 

Average daily weight average for each experimental group. Average 

weekly IAT (C) to IAT/body mass for each sample. Significance 

p<0.005. 

Gross examination of the dissected loaded and contralateral limbs showed 

signs of bruising near the knee joint at the site of repeated knee stabilization (Figure 

4.3). However, there was no gross sign of inflammation or injury near the enthesis. 

The distal caudal femoral artery branch and saphenous artery, connecting the biceps 

femoris to the dorsal foot209, was more prominent and noticeable in the loaded limb 
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compared to the contralateral limb (Figure 4.3, D). The Achilles tendon maintained its 

gross bright, healthy coloring. 

 

Figure 4.3: Hindlimbs of the Loaded mice had signs of ñbruisingò at the site of knee 

stabilization and appeared hyper-vascular at the distal caudal femoral 

artery branch. Filled-in arrow (B, D) and hollow arrow (D) indicate knee 

bruising and hypervascularization 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 the analysis, external and contralateral controls are 

referred to as controls interchangeably (Table 4.1). 
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Table 4.1: 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 ± SD and p<0.05. 

Measured variable External cont. Contralateral Cont. p-value 

TV (mm3) 0.161 ± 0.025 0.157 ± 0.024 0.7289 

BV (mm3) 0.121 ± 0.017 0.118 ± 0.017 0.7955 

BV/TV (%) 74.90 ± 1.7 75.61 ± 2.8 0.5645 

BMD (g/cm3) 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 volumetric calcaneal bone in Young but not Adult mice. 

Qualitatively assessment of the apophyses and calcanei after three weeks of 

repeated loading resulted in the reorientation of the apophysis in the posterior 

direction, and opening of the calcaneal growth plate in the Young loaded calcaneus 

compared to the normal controls (white arrowhead, Figure 4.3 D). The total 

apophyseal volume did not differ between loaded and control groups in either group. 

Bone quality, measured as BMD, was lower in loaded compared to contralateral 

control in both Young and Adult apophyses (Figure 4.3 C, Table 4.2). Total PCT 

volume, encompassing the apophysis and bone quality, was lower in the Young, 

loaded calcanei compared to non-loaded control and did not differ between the Adult 

loaded and control calcanei (Figure 4.3 E, F, Table 4.2).  



 63 

 

Figure 4.4: Loading results 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 (A-C) apophysis and (D-F) 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 

specifies the opening of the calcaneal growth plate. White arrowhead 

denotes the micro-motion of the apophysis. Dotted line 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 Controls. Scale = 0.5 mm. Bars indicate significant difference (p 

<0.05, mean±SD).  
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Table 4.2: Descriptive statistics of calcaneal apophysis and PCT morphometric 

measurements in young and adult loaded mice and p-value from pair t-

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

value<0.05 

Age group/Anatomical Site Control Loaded p-value 

Young/Apophysis        

TV (mm3) 0.157 ± 0.024 0.156 ± 0.029 0.8432 

BV (mm3) 0.118 ± 0.017 0.111 ± 0.020 0.0915 

BV/TV (%) 75.61 ± 2.8 71.42 ± 2.1 0.0225* 

Volumetric BMD (g/cm3) 1.027 ± 0.156 0.867 ± 0.150 0.0001* 

Adult/Apophysis     

TV (mm3) 0.483 ± 0.107 0.450 ± 0.122 0.1538 

BV (mm3) 0.377 ± 0.096 0.331 ± 0.099 0.0498* 

BV/TV (%) 77.60 ± 4.8 73.30 ± 2.8  0.0409* 

Volumetric BMD (g/cm3) 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 

Volumetric BMD (g/cm3) 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 

Volumetric BMD (g/cm3) 1.601 ± 0.124  1.481 ± 0.188 0.0507 

4.3.3 Repeated loading resulted in adaptation of the young mice but not the 

adult enthesis  

Histological results indicated adaptation of the enthesis at and near the 

attachment site as shown by reduced apophyseal bone, vascular infiltration at and near 

the subchondral entheseal bone, and disruption of the enthesis tide mark (Figure 4.5 A, 

B). Tendon cells (tenocytes) in the loaded group were morphologically elongated and, 

therefore, less metabolically active.210,211 Remodeling response of the adult enthesis, 
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however, was more prominent at the fibrous side of the attachment. Signs of ECM 

disruption were evident at the deep anterior layer of the adult enthesis compared to the 

young attachment, in line with previous reports of fibrocartilaginous-like morphology 

at the site of tendon wrapping in adult enthesis19,212 (Figure 4.5 A, C). However, 

repeated loading of the adult enthesis resulted in increased alignment of the collagen 

fibers at the tendon mid-substance and restoration of the fibrous ECM at the deep 

layer tendon layer (Figure 4.5. C-D; Figure 4.6 C-D).  

  

Figure 4.5: Repeated loading results in less volumetric apophyseal bone (indicated 

by star in B) and vascular infiltration at and near the young enthesis (A, 

B) and improves the collagen fiber alignment of the tendon (Cô, Dô) and 

at the site of the adult attachment (orange triangle) (C, D). In the Young 

loaded group, tenocytes in the loaded tendon were appeared more 

elongated and sparser (Bô) compared to the control (Aô). Scale bar = 100 

µm. 
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Figure 4.6: Repeated loading disrupts the enthesis tidemark in the young (A, Aô, B, 

Bô) and improves the gradation at the site of the Adult enthesis (C, Cô, D, 

Dô).  

4.3.4 Mechanical testing results  

Post-elastic measures of the mechanical function of the enthesis were 

significantly lower in the loaded young enthesis compared to their contralateral 

controls. All the samples failed at the enthesis/apophysis and were included in the 

analysis. The cross-sectional area was similar between loaded and contralateral 

controls both 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 enthesis 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 and control samples (Figure 4.7, F). Tissue toughness and strain at 

maximum stress similarly were reduced in the loaded young enthesis compared to the 

normal controls, with no significant changes between adult samples (Figure 4.7, G, H).  

 

Figure 4.7: Repeated loading results 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 maximum stress. Error bars 

denote 95% CI. p<0.05  

All adult loaded and young and adult control samples failed instantaneously at 

the site of the enthesis at maximum load. Young loaded enthesis exhibited post-elastic 

stress-strain behavior (force-displacement) that was qualitatively different from 
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normal controls, with non-instantaneous failure that likely is indicative of growth 

plate/apophyseal failures.106  

 

Figure 4. 8: Overlayed stress-strain curves for (A) Young and (B) Adult Achilles 

entheses; control (yellow) and loaded (blue). 

4.4 Discussion  

In this aim, I evaluated the structural and functional adaptation of young and 

adult enthesis to repeated loading using optogenetic stimulation. Previous studies have 

explored the effects of repeated loading on the structural and functional adaptation of 

healthy and repaired tendon and enthesis in adult and aging tissues. Yet, due to the 

unavailability of repeatable models of loading of immature tissue in murine models, 

the effect of increased loading, despite its critical role in functional enthesis 

development, is unknown. I used optogenetic stimulation of the triceps surae muscle 

group (Aim1) for repeated and non-invasive tensile loading of the Achilles tendon and 
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enthesis to address this gap. The significant findings of this study were that (1) 

optogenetic stimulation of the triceps surae muscle was non-invasive 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 resulted in adaptation and disruption of the 

structure and function of the young, but not the adult apophysis and enthesis.  

Repeated loading resulted in vascular infiltration and adaptation of the Young 

enthesis and disruption of the enthesis tidemark. To investigate the effect of this 

structural adaptation on the mechanical function of the enthesis, I used uniaxial tensile 

testing. All loaded tissues failed at the enthesis side of the grip during uniaxial tensile 

testing rather than the mid-substance, where loaded young tendon-to-bone attachments 

failed at significantly lower load and stress values compared to contralateral controls. 

However, in contrast to all adult and control young samples that failed at the enthesis, 

failure of the young loaded enthesis occurred with load-displacement curves that are 

indicative of growth plate failures106, possibly due to the opening of the calcaneal 

growth plate and reduced bone quality in maturing Young loaded calcanei compared 

to non-loaded controls. The lower failure loads in the Young loaded samples 

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 mineralized and non-mineralized 

matrix of the enthesis forms a stochastic interdigitation, hypothesized to modulate the 

stress concentration reduction and improve the mechanical toughness of the 

enthesis.12,40 This transition occurs at a critical percolation mineral volume fraction as 

the fibrous tissue transitions with increasing mineral ratio into the bone that dictated 
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the mechanics of the graded enthesis in response to loading.13 Therefore, reduced 

energy required for failure and toughness of the young loaded enthesis compared to 

the non-loaded controls likely occurs due to loading-induced disruption of the 

entheseal mineral transition and loss of the normal subchondral mineralized tissue 

(bone tissue volume and quality).  

Despite the morphological, tissue- (i.e., BMD., TV) and cell-level changes in 

the enthesis and apophysis of the loaded hindlimbs, repeated loading did not alter the 

gross morphology of the Achilles tendon, either in young or adult enthesis. 

In tendons, aging results in impaired self-renewal potential,213ï216 tissue 

turnover217, presence of non-tendinous tissue218 (e.g., proteoglycan, calcification), and 

degenerative structural adaptations (e.g., reduced cellularity, disruption collagen fiber 

orientation, and fibroblastic changes).217,218 In mice, reduced tendon stem cell 

proliferation has been reported as early as 5 months of age.216 Degenerative changes of 

the adult tendon and enthesis in response to increased loading include increased cross-

sectional area126, higher cellularity121, 125, 127, neovascularization121, and reduced fiber 

organization121, 126, 127 Excessive repeated loading additionally, results in reduced 

stiffness124, 126, and max stress.124,126 Results from this study, however, indicate that 

repeated loading of the adult enthesis restores the non-tendinous composition (i.e., 

proteoglycan infiltration) and improves aligned fibrous structure of the tendon at the 

site of the attachment, suggesting a positive remodeling response in the adult enthesis 

in response to loading. Additionally, despite the non-significant change in the 

mechanical properties of the adult samples, loaded samples may have improved 

mechanical properties (elastic modulus and toughness) compared to non-loaded 

controls. However, the 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 study was not without its limitations. There were gross signs of knee 

bruising caused by repeated pinning of the developing bone for stabilization. The 

study is not controlled for sex and litter size. Although muscle contraction was 

confirmed throughout the experimental loading duration, the translated loads from 

muscle to tendon, enthesis, and bone during loading are unknown. There may be 

unknown physiological changes that directly or indirectly affect the 

mechanoadaptation of the tendon and enthesis.  
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MECHANOADAPTATION OF THE YOUNG ENTHESIS TO DAILY NON -

INVASIVE MUSCLE STIMULATION  

5.1 Introduction  

Increased and repeated loading leads to dose-dependent degeneration and 

outpace of healing by the accumulation of sub-failure damage.172,219,220 Results from 

Chapter 4 highlight the age-dependent and differential effect of loading on the 

structure and function of the enthesis and the high mechano-adaptability of the young 

enthesis. The microstructures of tendon, enthesis, and bone adapt to the changes in 

their mechanical environment. However, it remains unclear (1) if and how this 

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 tendon. Motivated by the results in Chapter 4, I aimed to study the 

underlying structural mechanism involved in the functional and mechanical adaptation 

of the young enthesis.  

Collagen is the primary stabilizing constituent of the tendon, bone, and enthesis 

ECM221 and the key contributing factor to in the elastic behavior of tendon222 and 

toughness of the bone.223,224 In the tendon, initial structural reorganization of the 

collagen fibers advances into non-reversible molecular level denaturation of the 

collagen fiber collagen at higher strains and ultimately leads to inferior mechanical 

properties of the tissue.96,225 Collagen hybridizing peptides (CHPs) are synthetic single 

strand peptides that have recently been developed to hybridize with denatured collagen 

Chapter 5 
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triple helix. At the tendon, CHPs specifically bind to denatured collagen to visualize 

non-recoverable (post-yield) damage and unfolding of collagen fibers.96  

In this chapter, I used collagen hybridizing peptides to visualize collagen 

denaturation at the loaded and control tendon and enthesis early (5 days) after 

initiation of repeated stimulation. I used immunohistochemistry to assess the change in 

the spatial distribution of prominent ECM proteins (COL II: fibrocartilaginous 

enthesis, COL III and Aggrecan: CFC) at the enthesis and the growth plate. I used the 

non-invasive optogenetic model developed in Aim 1 to study the effect of both 

duration and frequency of repeated loading on adaptive response of young tendon, 

bone, and enthesis, under short (5 minutes bouts) and long (20-minute bouts) of 

repeated loading. I used basic histology to assess the cellularity of the enthesis and the 

calcaneal growth plate and microCT analysis to assess bone morphometry. I 

hypothesized that loading would disrupt the spatial enthesis ECM components and 

increase aggrecan presence in the loaded growth plate in the loaded compared to the 

controls.  

5.2 Methods 

5.2.1 Animals and optogenetics stimulation 

Animals were generated similar to the described methodology in section 4.2.1. 

and 4.2.2. Two addition cohorts of Young (4 weeks old; N=9) mice were added for 

comparisons between loaded and control contralateral limbs: (1) with 5 days of 20 

minutes ñlongò loading, as previously described (240 consecutive cycles; n = 4, 1f and 

3m)., and (2) 5 minutes or ñShortò loading protocols (60 consecutive cycles; n = 5, 2f 

and 3m). Figure 5.1 describes the study design.  
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Figure 5.1: Schematic of experimental design for Aim 3.  

5.2.2 Collagen hybridization and damage visualization 

Young mice were loaded for 20 minutes daily for either 5 days (n=4) or 3 

weeks with 2 rest days each week (n=2). Immediately following the last bout of 

loading, 20µl sulfo-Cy7.5 collagen hybridizing peptide (sCy7.5-CHP) (3Helix, Salt 

Lake City, UT, USA) was injected subcutaneously adjacent to the Achilles tendon 

mid-substance using an insulin syringe (Exel International, CA, USA). Mice were 

imaged under anesthesia (Li-Cor Pearl imager; 85 µm pixel resolution; 700 and 800 

nm wavelength) 24 hours after the injection. Intensity measurements were taken in a 

user-defined ROI at the Achilles tendon and enthesis, using Li-Cor image acquisition 

software for both 700 and 800 nm wavelengths. Animals were euthanized, the skin 

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

5.2.3 Micro -computed tomography 

Mice were euthanized after 3 weeks of 5 minute ñshortò loading bouts, using 

carbon dioxide asphyxiation 48hr after the final bout of loading. The skin was 
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carefully dissected, and distal hindlimbs (knee, ankle, and foot) were fixed for 24hr in 

4% paraformaldehyde. Calcaneus-tibial complex from the short (5-minute) stimulation 

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

500ɛA, 8.93ɛm voxel size, 1350ms exposure, 0.5mm aluminum filter). Digital 

reconstructions of the calcaneal apophysis and the posterior calcaneal tuberosity 

(PCT) (1.5mm wide posterior region of the calcaneus) were semi-manually segmented 

and analyzed using CTAn (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 interest.208 Aligned image stacks were 

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

Dragonfly (Object Research Systems, Montreal, Quebec, CA).  

5.2.4 Histology and Immunohistochemistry 

After microCT, distal hindlimbs from the 5-minutes loaded group were 

decalcified in 14% EDTA and processed for paraffin histology. Tissues were 

sectioned at 6ɛm in the sagittal plane. Sectioned slides were stained with Hematoxylin 

and Eosin (H&E) and Toluidine Blue and cover-slipped with an acrylic mounting 

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

Slides from ñshortò 5-minutes and ñlongò 20-minutes stimulation were stained 

with Tartrate Resistant Acid Phosphatase (TRAP) to visualize osteoclasts. Slides from 

both groups were stained with Toluidine Blue and used to quantify nuclear density at 

the enthesis. For this, I trained a blinded second observer to segment the 

fibrocartilaginous enthesis using the changes in the cellular and ECM morphology of 

the graded enthesis (ImageJ 1.53a, National Institutes of Health, USA).226 A Random 

Forest classifier was trained in ilastik software to classify Toluidine blue pixels and 



 76 

semi-automatically segment the cells from the ECM (ilastik 1.3).227 Binarized 

segmentation outputs from ilastik were imported into ImageJ software and analyzed 

with particle analysis to measure cell number and area of the enthesis.226 

For immunohistochemistry, slides from the 20 minute-3week cohort (Chapter 

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

Dallas, TX), followed by heat-mediated antigen retrieval and blocking (5% goat serum 

in phosphate buffer saline). Slides were then incubated in primary antibodies 

(ABCAM, Cambridge, MA, USA) overnight at 4°C, followed by washing and 

incubation with a secondary antibody for 10 minutes (Table 1). Horseradish 

peroxidase 3,3ô-Diaminobenzidine system (Millipore Sigma, Billerica, MA, USA) was 

used for detection. Slides were counterstained with hematoxylin and coverslipped with 

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

brightfield microscope (Eclipse Ni-U, Nikon, Tokyo, Japan).  

Table 5.1: Antigen retrieval and antibody information for immunohistochemistry 

experiments. 

Antibody Source and Catalog # Dilution Buffer; Antigen Retrieval  

Anti-collagen II 

(mouse monoclonal) 

 Abcam, ab185430 1:250  Tris EDTA, pH 9.0; 65°C, 2 hr  

Anti-collagen III 

(rabbit polyclonal) 

Abcam, ab7778 1:100  Tris EDTA, pH 9.0; 65°C, 2 hr 

Anti-aggrecan  

(rabbit polyclonal) 

Abcam, ab216965  1:100 0.1% trypsin; 37°C, 30 min 

Biotinylated goat 

anti-mouse IgG and 

goat anti-rabbit IgG  

Millipore-Sigma, 

20777/15 

1:1000 Room temperature, 10 minutes 
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5.2.5 Statistical analysis 

I used Prism (8.3, GraphPad Software, La Jolla, USA) and GPower (University 

of Kiel, Kiel, Germany) for statistical evaluation and power analysis. To assess the 

Gaussian distribution of the data, I used Shapiro-Wilks and DôAgostino-Pearson 

normality tests. For CHP analysis of the 5-days-loaded samples, mean and SD of 

intensity and number of pixels in the ROI were measured for each limb. Intensity 

measurements were compared between the loaded and contralateral controls using 

paired two-way t-test. Results from micro-CT analyses were tested for normality and 

compared between the loaded and control samples using an unpaired t-test. 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 days (3 weeks) of 20-minute daily bouts of loading, 

young, loaded limbs had higher CHP intensity and collagen denaturation than 

contralateral controls (p=0.0074).  

 

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 20min loading for 3 wk led to thinner fibrocartilaginous 

transition, superficial enthesis ECM morphology 

COL II is the most abundant ECM protein of the fibrocartilaginous 

enthesis.19,21,22 IHC results show that distribution of COL II is disrupted in the loaded 

enthesis at the distal and inferior (superficial) site of the enthesis. The loaded entheses 

had a thinner fibrocartilaginous transition compared to age-matched controls (Figure 

5.3). 

 

Figure 5.3: Loading resulted in thinner fibrocartilaginous transition and disrupted 

COL II distribution (in brown) in the entheseal ECM, shown by the 

arrow. scale bar 100 um 

Loaded attachments had higher collagen III and aggrecan present at the distal 

superficial UFC and CFC sites of the enthesis, respectively, compared to controls 
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(Figure 5.4, Aô, Bô, C, D). In addition, the loaded calcaneal growth plate had 

qualitatively higher aggrecan than non-loaded controls (Figure 5.4. A, B). 

 

Figure 5.4: Loaded samples had qualitatively higher (Aô, Bô) aggrecan present at the 

enthesis CFC and (C, D) higher COL III present at the UFC site of the 

attachment compared to controls. scale bar 100 um 

5.3.3 Shorter bouts of daily loading led to disruption of the enthesis tidemark 

and the calcaneal growth plate opening but did not affect bone volume or 

quality. 

Toluidine blue staining results show that consistent with results from 20-

minute bouts of loading, short 5-minute bouts of loading lead to disruption of the 

enthesis tidemark. After 3 weeks of 5-minutes loading, enthesis cellularity decreased 

compared to controls (p=0.0331). After 3 weeks of 20-minute loading, enthesis 

cellularity in the loaded enthesis significantly decreased compared to the control 

entheses (0.0257). 
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Figure 5.5: Shorter (5-minutes) bouts of daily loading led to disruption of the 

insertion, and the growth plate morphology (Star: growth plate 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 (C) 5-minute or (F) 20-

minute bouts of repeated loading 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 the apophysis or the posterior calcaneal 

tuberosity after short bouts of repeated loading (Table 5.2). 
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Figure 5.6: Shorter bouts (A-C) of loading resulted in the opening of the calcaneal 

growth plate. Representative micro-CT images of the (A, D) control, (B) 

loaded, and (C) contralateral limb overlays in the mid-sagittal plane. The 

dashed line denotes 0.8 and 1.5 depth of the apophysis and PCT, 

respectively. Scale is 0.5mm. Star: opening of the growth plate hollow; 

Arrow: reduced apophyseal bone; Filled in arrow: change in the 

orientation of the apophysis and apophyseal pulling. 

Table 5.2: Descriptive statistics (Mean ± SD) and p-value from paired analysis of 

bone morphometric measurements at the calcaneal apophysis and 

posterior calcaneal tuberosity in the 5-minutes loaded samples vs. 

contralateral controls. p<0.05 

Age group/Anatomical Site Non-loaded 5-minute loaded p-value 

Young/Apophysis        

TV (mm3) 0.1412 ± 0.014 0.139 ± 0.0236 0.763 

BV (mm3) 0.118 ± 0.012 0.118 ± 0.019 0.9618 

BV/TV (%) 83.88 ± 2.212 85.10 ± 2.291 0.1732 

BMD (g/cm3) 0.839 ± 0.020 0.798 ± 0.055 0.1532 

Young/PCT    

TV (mm3) 0.767 ± 0.099 0.723 ± 0.092  0.1295 

BV (mm3) 0.535 ± 0.081 0.497 ± 0.055 0.1221 

BV/TV (%) 69.67 ± 2.796 68.93 ± 2.681 0.4039 

BMD (g/cm3) 0.769 ± 0.030 0.724 ± 0.055  0.0650 
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5.4 Discussion 

In this chapter, I characterized the microstructural and duration-dependent 

changes of the young enthesis in response to repeated loading. In this study, I showed 

that repeated loading disrupts fibrocartilaginous transition and locally alters the ECM 

composition at the superficial site of the enthesis. Loading resulted in increased COL 

III, localized to the UFC at the fibrous side of the attachment, and aggrecan at the CFC 

and mineral site of the enthesis attachment. Recently, 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 (fiber load-sharing at the 

attachment site).23 The local superficial adaptation of the enthesis may be associated 

with higher load-bearing23 of superficial fibers that are engaged during plantar flexion 

of the ankle and higher mineral mobility of the inferior enthesis.15 

Furthermore, this qualitative local increase of aggrecan at the entheseal CFC 

coincides with the opening of the mineral tissue in the growth plate and increased 

aggrecan in the loaded calcanei. The aggrecan molecule at the cartilaginous ECM 

plays a crucial role in growth plate maturation (e.g., chondrocyte survival and 

hypertrophic maturation) and columnar organization.228 Although the changes in ECM 

aggrecan in the native and loaded growth plate endochondral ossification is not well-

characterized, results from this study suggest that with repeated loading, 7-week-old 

growth plate maintains a more ñcartilaginousò phenotype compared to the non-loaded 

control. Additionally, while tibial unloading is shown to disrupt the columnar 

formation and actin cytoskeleton of the growth plate94, increased weight bearing 

results in narrowed growth plates and increased mineralization and vascularization.229 

Here, I showed that 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 until the yield 

strain.96,230ï232 After the yield point, shear-dominant non-recoverable sliding is an 

initial mechanism of tendon damage under increasing strain values.233 During this 

transition, at the yield strain, collagen denaturation starts in both energy storing and 

positional tendons.230 While fascicle sliding has been identified as the primary 

irreversible mechanism of tendon damage, ex vivo experiments show that in the rat tail 

tendon, this shear-dominant sliding correlates with reduced elastic modulus of the 

damaged tendon.234 The data from this chapter indicates that despite irreversible 

damage and denaturation of collagen triple helix in the loaded Achilles tendon after 

5days, this non-recoverable damage may not alter the tensile elastic behavior of the 

tendon and enthesis (Figure 4.7 and Figure 4.8). This finding is consistent with a 

previous report of similar local elastic modulus between fatigue loaded with local 

collagen denaturation and native flexor carpi ulnaris tendons in rats.235 These 

differences may be due to the higher collagen crosslink density and resistance to inter-

molecular sliding energy-storing, and therefore, different damage and denaturation 

initiation mechanisms between Achilles tendon and positional tendons, such as rat tail 

tendon.230,234,235  

The findings from this chapter highlight the connection between growth and 

enthesis mechanoadaptation in the importance of loading duration in the differential 

structural adaptation of the enthesis and apophysis during postnatal growth.  

  



 84 

POTENTIAL BIOLOGICAL MEDIATORS OF ENTHESIS DEVELOPMENT 

AND MECHANOADAPTATION: ROLE OF FGF SIGNALING PATHWAY  

6.1 Introduction  

In the previous chapters, I described a novel model and implementation of an 

optogenetic tool to study the adaptation of the postnatal enthesis. This work focused 

primarily on the mechanical adaptation of the enthesis. In my doctoral work, I was 

also interested in potential biological mediators of enthesis adaptation. 

An emergent body of research has shown the role of FGFs in the formation of 

the entheses by modulating cell proliferation and hypertrophy.88,89 This chapter 

describes my work using the Cre-lox recombinase system to study fibroblast growth 

factor (FGF) signaling, specifically FGF9: a known regulator of mineralization236ï242, 

in the postnatal maturation of the enthesis. For brevity, in this chapter, I referred to 

both calcaneal apophysis and humeral epiphysis as epiphysis.  

The enthesis matures via the development patterns of an arrested growth plate 

(i.e., cellular processes of endochondral ossification).243,244 Due to these similarities in 

the cellular and morphological patterns of enthesis and growth plate, it is, therefore, 

likely that key regulators of growth plate development are also essential in the 

maturation of entheses.91,245 FGFs and their binding receptors (FGFR) are appreciated 

as critical factors in growth plate development.237ï239,246,247 FGFs regulate chondrocyte 

proliferation and differentiation of the growth plate during bone development.247 

FGF2, 9, and 18 are three known FGF ligands critical during bone growth.240,248ï250 

Chapter 6 
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FGF9 has affinity to fibroblast growth factor receptors (FGFRs) FGFR1/2 and FGFR3 

and is most prevalent in the bone perichondrium and periosteum during growth.251 

During endochondral bone growth, Fgf9 expression regulates chondrocyte 

proliferation and hypertrophy through its affinity to FGFR3.236 Previous studies using 

knockout mice have highlighted the importance of FGF signaling in the formation of 

the growth plate during development and growth. Global deletion of Fgf9 leads to 

disrupted vascularization of the developing bone, reduced chondrocyte proliferation, 

and delayed hypertrophy during skeletal development, as well as limb shortening in 

murine embryos.241,252 Conversely, over-expression of Fgf9 in chondrocytes leads to 

decreased chondrocyte proliferation and terminal differentiation during endochondral 

ossification.250 Despite its prominent role in osteogenesis and vascularization, the role 

of Fgf9 in the postnatal maturation of functionally graded fibrocartilaginous enthesis 

and apophysis remains unknown.  

Scx is an early marker of the tendon/ligament progenitors, and its expression is 

essential for the formation and postnatal growth of tendon attachment sites.85,86,253ï255 

During enthesis development, the enthesis forms from a pool of Sox9- and Scx- 

positive progenitor cells.91,256 Scx-positive chondroprogenitors contribute to 

chondrocyte differentiation at the bony eminence of the enthesis.257,258  

The Cre-recombinase system, briefly described in Section 3.1, is widely 

utilized for targeted deletion of genes in a specific cell population (e.g., tendon 

lineage). In this study, I used Cre-recombinase technology for targeted Fgf9 deletion 

in tendon and enthesis progenitor cells (Scx-positive). I investigated the structural and 

functional outcomes of this targeted Fgf9 deletion on the postnatal maturation of the 

fibrocartilage enthesis. For this, I compared the mineral and cellular morphology and 



 86 

functional (mechanical) properties of the mature fibrocartilage Achilles and 

supraspinatus entheses between WT (normally developing) and Fgf9ScxCre (knockout) 

mice. I hypothesized that deletion of Fgf9 in the tendon-lineage cells would disrupt the 

postnatal mineralization of the epiphysis, disrupt the formation of the 

fibrocartilaginous enthesis, and reduce the 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 Animal Care and Use Committees 

(IACUC) at the University of Delaware and the University of Michigan (N=57 mice). 

Mice were housed in 12 hours on/off light cycle housing and placed in same-sex cages 

with littermates after being weaned. Food and water were provided for ad libitum. To 

generate conditional knockout mice, we crossed Fgf9flx/+; ScxCre females, with 

Fgf9flx/flx males. Offspring were genotyped using PCR (Transnetyx, Cordova, TN). 

ScxCre; Fgf9flx/flx (Fgf9ScxCre) and wildtype (WT; Fgf9flx/flx) littermates were euthanized 

at 3 weeks (Young; n=7/genotype) and 8 weeks (Adult; n=8 Fgf9ScxCre and n=10 WT) 

of age using carbon dioxide. Normal development of the fibrocartilage enthesis (i.e., 

Achillesô attachment) was assessed for a second set of male WT (n=6) mice at the 

following time points: Developing (postnatal day 7-10), Young adult (postnatal day 

15-28), and Adult (postnatal day 45-129) (N=2/time point). Hindlimbs and forelimbs 

were dissected at the time of euthanasia and fixed in 4% paraformaldehyde for 24hr 

while contralateral hindlimbs were kept intact and stored at -4°C for uniaxial tensile 

testing. 
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6.2.2 In situ hybridization  

To assess the mRNA presence of Fgf9 in the enthesis, we performed in situ 

hybridization using the RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced 

Cell Diagnostics, Hayward, CA, USA). P0 hindlimbs were decalcified in 14% EDTA 

for 2 weeks, paraffin-embedded, and sectioned at 7µm thick. The slides (n=3 per 

genotype/timepoint) were treated with Fgf9 probe (Advanced Cell Diagnostics, 

Hayward, CA, USA) for 2 hours at 40C. A positive control slide used a mixture of 

probes targeting housekeeping genes Polr2A, Ppib, and Ubc. A negative control slide 

used dapB (a bacteria gene). Nuclei were counterstained with DAPI and mounted with 

Citifluor Antifade mounting medium (Electron Microscopy Science, Hatfield, PA, 

USA). Slides were imaged at 40X magnification using Lionheart FX (BioTek, 

Winooski, Vermont, USA). 

6.2.3 Microcomputed tomography 

Fixed forelimbs and hindlimbs were scanned wrapped in 70% ethanol-soaked 

gauze, using micro-computed tomography (microCT; Skyscan 1276, Bruker, Belgium) 

with optimized settings for mouse limb imaging (0.5mm Aluminum filter, 10.6 ɛm 

voxel size, 50 kV voltage, 200 mA current, and 950 ms exposure time, 0.3° rotation 

step, and 360° scan). Humeral epiphyses and calcaneal apophyses were segmented 

based on the growth plate morphology (humeral epiphysis: superior to the growth 

plate; calcaneal apophysis: posterior to the growth plate), using CTAN software 

(Bruker, Belgium). I then measured tissue volume (TV), bone volume (BV), and bone 

volume ratio (BV/TV, %) in the calcaneus as well as the humeral and calcaneal 

epiphyses. For the humerus and the calcaneus, length, bone mineral density (BMD), 

and diaphyseal cortical thickness were measured. I measured the proximal trabecular 
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properties of the humeral epiphysis (i.e., trabecular BV/TV; trabecular number, 

thickness, and separation). Mineralized insertional thickness was measured at the mid-

sagittal plane of the humeral and calcaneus at the attachment site of the supraspinatus 

and Achilles tendons were measured manually, respectively, using CTAn Software 

(Bruker, Belgium). Thickness measurements were repeated three times along the 

anatomical site of the attachment for both Achilles and supraspinatus entheses. Percent 

variation was calculated between technical replicates, and values were averaged for 

quantitative analysis. 

6.2.4 Histology and cellularity measurements  

Fixed samples were decalcified using Formical 2000 for Neonatal, Young-

adult, and Adult samples and using 14% Ethylenediamine tetra acetic acid (EDTA) for 

Young samples. Samples were then paraffin-embedded and sectioned at 6 ɛm 

thickness. For qualitative assessment of proteoglycan and overall enthesis 

morphology, fore and hindlimbs were stained with Toluidine Blue and Hematoxylin & 

Eosin. For assessment of the effect of Fgf9 deletion on the formation of the 

fibrocartilaginous enthesis, Young fore- and hindlimbs were stained with Massonôs 

Trichrome. Slides were mounted with xylene-based mounting media and imaged at 

20x magnification. Histological slides were imaged on a brightfield microscope at 20x 

magnification (Eclipse Ni-U, Nikon, Tokyo, Japan).  

Enthesis cellularity was measured from Toluidine-Blue stained slides of 

normally developing neonatal, young-adult, and adult samples. Entheses were 

manually segmented based on the cellular morphology and the change in GAG 

distribution, using particle analysis in ImageJ software.  
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In the adult WT and Fgf9ScxCre  attachment sites, cell nuclei were stained with 

DAPI. Fluorescent images were taken using the DAPI channel at 20x magnification 

(Axio Observer.Z1 microscope, Carl Zeiss, Germany). The total number of nuclei in a 

field of view was quantified from DAPI-stained images using a manually defined 

rectangular area (130µm×200µm for Achillesô insertion site and 60µm×130µm for 

Supraspinatus) at the mid enthesis region (Figure 6.1). Selected regions were verified 

by brightfield images of the insertion sites. Images were converted to greyscale 

images, thresholded, and pre-processed. Particle analysis was subsequently performed 

using ImageJ software (NIH, Bethesda, MD, USA).  

 

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. Scale bar denotes 100 µm. The Achillesô region of interest 

was 130×200µm2 and Supraspinatus region of interest was 60×130µm2. 
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6.2.5 Immunohistochemistry 

Col X expression and chondrocyte hypertrophy mark the mineralization front 

during endochondral ossification and the postnatal enthesis maturation.90 

Immunohistochemistry was used to assess the distribution of COL X, marker of the 

mineralization front in the ECM. Sectioned slides from Young samples were 

deparaffinized and rehydrated to 70% ethanol (n= at least 4/ genotype). Heat-mediated 

antigen retrieval was performed at 65°C (COL X: Sodium Citrate Buffer, pH 6.0, COL 

II: Tris-EDTA Buffer, pH 9.0). Slides were quenched and blocked at room 

temperature using 30-minute incubation in 0.3% hydrogen peroxide (Santa Cruz, 

Dallas, TX) and 1-hour incubation 5% goat serum in 1X phosphate buffer saline, 

respectively. Primary Rabbit monoclonal anti-collagen X antibody (ab260040; 1:100). 

HRP/DAB system (Millipore Sigma) was used for detection. Slides were 

counterstained with hematoxylin and cover slipped with acrylic mounting media 

(Acrymount, Statlab, McKinney, TX, USA). COL X presence in the ECM was 

quantified at the secondary ossification center. For this, the secondary ossification 

center was segmented based on cellular and tissue morphology, and the region with 

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

6.2.6 Mechanical testing  

For biomechanics, frozen contralateral hindlimbs were thawed overnight and 

calcanei were dissected with minimal interruption of the Achilles attachment site. 

Bone-tendon complexes were equilibrated in physiological buffered saline (PBS) prior 

to testing. Plantaris tendon and the gastrocnemius-soleus muscle construct were 

carefully removed without disruption of the Achilles tendon and enthesis. To avoid 

slippage, samples were clamped in a custom-made fixture using sandpaper. 
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Mechanical tests were performed using an electromechanical uniaxial tester (Instron 

5943, Norwood, MA). All samples were tested in saline bath at room temperature. 

Each sample's major diameter area and gauge length were measured at 0.01N preload 

using and scaled image taken from the posterior aspect of the preloaded sample. The 

cross-sectional area was then calculated with the assumption of ellipsoidal geometry 

with a diametric ratio of 7/5. The loading protocol consisted of a ramp to 0.02N, 

preconditioning with 10 cycles (0.02-0.04N), and displacement to failure at 0.03mm/s 

rate. Force displacement data were analyzed using a custom Matlab code to measure 

stiffness, maximum load, work to maximum load, elastic modulus, ultimate stress, 

strain at ultimate stress and toughness. 

6.2.7 Statistical analysis  

Statistical analyses were performed using Prism (Graphpad, LaJolla, CA). 

Results from bone morphometry (microCT) measurement, nuclear and COL X 

quantification, and uniaxial tensile testing were compared between WT and Fgf9ScxCre 

samples with unpaired t-tests. Results from cellularity measurements of neonatal, 

young-adult, and adult entheses, were compared using multiple comparison ANOVA.  

6.3 Results 

6.3.1 Fgf9 is expressed postnatally at the Achilles tendon to bone attachment 

In situ hybridization results showed that Fgf9 is expressed postnatally 

(postnatal day 0) in the neonatal enthesis and tendon (Figure 6.2). 
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Figure 6.2: Fluorescent in situ hybridization shows that Fgf9 (magenta) is expressed 

postnatally (P0) in the neonatal Achillesô enthesis and tendon. Scale bar 

= 100 µm.  

6.3.2 FGF9 deletion resulted in reduced calcaneal and humeral apophyseal 

bone volume and thinning of the adult mineralized enthesis. 

Results from microCT analysis showed that FGF9 deletion in the tendon 

reduced trabecular bone volume and trabecular number at the humeral epiphysis 

compared to WT controls. The calcaneus of Fgf9ScxCre mice was significantly shorter 

with reduced bone and tissue volume compared to WT. Epiphyseal tissue volume was 

significantly lower in both humerus and calcanei of the knockout Fgf9ScxCre mice than 

age-matched controls (Table 6.1). 

Deletion of Fgf9 resulted in lower tissue volume in the adult humeral and 

calcaneal epiphyses (Figure 6.3) and thinner subchondral bone thickness at 

supraspinatus and Achillesô tendon attachments, at the humeral heal and posterior 

calcaneus, respectively (Figure 6.4). 
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Table 6.1: Whole bone and apophyseal bone morphometric measurements at the site 

of Achilles and supraspinatus attachments. (Mean ± SD; p<0.05) 

Anatomical Site WT Fgf9ScxCre p-value 

Humerus       

Length (mm) 11.760 ± 0.552 11.310 ± 0.555 0.0919 

Cortical thickness at mid-

diaphysis (mm) 
0.166 ± 0.024 0.152 ± 0.018 0.2870 

Cortical BMD at mid-

diaphysis (g/cm3) 
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 (mm3) 0.952 ± 0.170 0.872 ± 0.162 0.2135 

BV/TV (%) 39.340 ± 6.233 40.780 ± 7.143 0.3592 

Trabecular TV (mm3) 1.205 ± 0.152 1.129 ± 0.091 0.1609 

Trabecular BV (mm3) 0.424 ± 0.080 0.345 ± 0.064 0.0431* 

Trabecular BV/TV (%) 35.220 ± 5.341 30.400 ± 4.234 0.0572 

Trabecular number (1/mm) 5.191 ± 0.254 4.832 ± 0.304 0.0254* 

Trabecular thickness (µm) 0.067 ± 0.008 0.063 ± 0.006 0.1367 

Trabecular separation (µm) 0.170 ± 0.019 0.173 ± 0.0201 0.4046 

Calcaneus       

Length (mm) 3.745 ± 0.126 3.624 ± 0.116 0.0431* 

TV (mm3) 2.803 ± 0.390 2.356 ± 0.307 0.0175* 

BV (mm3) 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 (g/cm3) 0.763 ± 0.152 0.725 ± 0.163 0.6599 

Calcaneal Epiphysis       

TV (mm3) 0.147 ± 0.035 0.107 ± 0.030 0.0415* 

BV (mm3) 0.126 ± 0.039 0.089 ± 0.027 0.0644 

BV/TV (%) 84.480 ± 6.015 82.750 ± 6.818 0.6241 

TMD (g/cm3) 0.630 ± 0.102 0.544 ± 0.122 0.1825 
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Figure 6.3: Fgf9 deletion results in reduced tissue volume at the (C) humeral and (D) 

calcaneal epiphyses. Schematics showing segmentation of (A) the 

humeral epiphysis and trabecular bone and (B) calcaneal epiphysis. Blue 

and salmon dots denote male and female samples, respectively. Error 

bars denote Mean±95%CI and p<0.05. 

 

Figure 6.4: Cortical thickness significantly reduced at the (A, B) supraspinatus and 

(C, D) Achilles entheses. Error bars denote mean ± 95%CI. Scale bar 

denotes 600 µm. p<0.05. 
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Results from histology confirmed the cortical thinning at the supraspinatus and 

Achilles entheses in Fgf9ScxCre attachments (Figure 6.5). Fgf9ScxCre mice developed an 

acellular metachromatic region at the superior Achilles enthesis.  

 

Figure 6.5: The (A) supraspinatus and (C) Achilles enthesis of Fgf9ScxCre mice have 

thinner cortical bone compared to the (B, D) WT mice (yellow and 

orange arrows). Fgf9ScxCre mice (B) have acellular metachromatic regions 

(black arrow) at the superior Achilles enthesis, shown in Toluidine blue 

stained sections of Achilles, compared to (A) WT mice; 100 µm scale. 

100 µm scale. 

6.3.3 Fgf9 deletion in the tendon cells resulted in increased cellularity at adult 

the supraspinatus and Achilles entheses, possibly indicative of an 

immature attachment. 

Quantification of the nuclei in supraspinatus and Achilles entheses showed that 

Fgf9ScxCre mice have higher cellularity at the supraspinatus (p=0.0074), but not the 

Achilles (p=0.0563) tendon attachment site compared to WT mice (Figure 6.6). 
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Figure 6.6: cellularity is higher in the Fgf9ScxCre supraspinatus enthesis compared to 

WT. (A) Representative fluorescent images of supraspinatus and 

Achillesô regions of interest (scale bar 20µm). (B) nuclear density and 

(C) number of nuclei. Scale bar denotes 50 µm. Error bars denote mean ± 

95%CI (p<0.05). 

Quantification of the cellularity in healthy Achilles entheses, showed that 

while cell count did not change during postnatal maturation (Figure 6.7), area of the 

enthesis significantly increased from developing (0.03±0.003mm2) to young-adult 

samples (0.061± 0.014 mm2) (p=0.0031). Cellularity of enthesis, decreased during 

postnatal maturation (Developing vs. Young-adult: p<0.0001; Developing vs. Adult: 

p<0.0001; Young-adult vs. Adult: p=0.0007) (Figure 6.7 Aô).  
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Figure 6.7: During post-natal maturation, the cellularity of the enthesis decreased. 

(A) cell count, (Aô) cellularity, (B, C) developing enthesis, (Bô, Cô) 

young-adult enthesis, (Cò, Dò) adult enthesis. Scale bar = 200 µm. 

6.3.4 Deletion of Fgf9 results in reduced ultimate tensile load in adult enthesis  

FGF9 deletion in Scx lineage cells leads to reduced (p= 0.0406) ultimate load 

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

(p=0.0936) did not change. Tensile mechanical properties did not change between 

Fgf9ScxCreand WT samples (Elastic modulus: p= 0.6447, Max Stress: p=0.1701, Strain 

at max stress: p= 0.3175, Toughness: p=0.4386) (Figure 6.8).  
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Figure 6.8: Deletion of Fgf9 leads to reduced maximum tensile load in the enthesis. 

(A) overlayed load-displacement 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, (I) 

toughness. Pink dots/lines = female mice; Blue dots/lines = male mice. 

Error bars denote mean ± 95% CI, 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 enthesis and the mineralization of the SOC was 

characterized through Massonôs trichrome straining and COL X IHC. Results from 

histology showed reduced presence of hypertrophic chondrocytes at the SOC of the 

young Fgf9ScxCre calcaneus compared to WT (Figure 6.9 A, B). IHC of COL X showed 



 99 

that while the size of the SOC did not change (p=0.1972) between the Fgf9ScxCre and 

WT mice (Figure 6.8, C), there was a significant decrease in COL X at the SOC of the 

young calcaneal epiphysis in the young Fgf9ScxCre compared to WT (p= 0.035; Figure 

6.8 D-F). 

 

Figure 6.9: Fgf9ScxCre had more (A, B) hypertrophic chondrocytes and (C-E) COL X 

present in the calcaneal SOC compared to WT littermates. Scale bar = 

100µm and error bars = 95% CI. 

6.4 Discussion 

In this study, I investigated the role of FGF9 in the postnatal maturation of 

functionally graded (Achilles and supraspinatus) entheses and their associated 

apophyses. Here, I showed using in situ hybridization that Fgf9 is postnatally 

expressed in the Achilles tendon and enthesis. Deleting Fgf9 in tendon lineage cells 

did not change long bone growth rates and bone morphology but rather had a localized 

effect on the apophyses of the calcaneus and humerus, where the Achillesô and 

supraspinatus tendons attach, respectively. Knockdown of Fgf9 expression in Scx-
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expressing (i.e., tendon- and enthesis progenitor) cells delayed postnatal 

mineralization and resulted in smaller mineralized attachment in mature entheses. This 

led to lower ultimate load in the conditional knockout tendon enthesis compared to 

age-matched WT entheses. Others have shown, in line with these findings, disruption 

of the mineral matrix of the enthesis can significantly influence the tensile strength of 

the enthesis.14,65  

Despite the thinner mineral thickness at the adult supraspinatus and Achilles 

entheses, Fgf9 deletion led to increased cellular density at the attachment site. 

Previously, increased mesenchymal cellularity has been linked to the delayed palatal 

growth in embryos with global deletion of Fgf9.242 Thus, the increased cellularity of 

the Fgf9ScxCre enthesis might be due to delayed enthesis maturation in the conditional 

knockout mice. Additionally, the acellular metachromatic defect at the Achilles 

enthesis of Fgf9ScxCre mice may indicate an altered microenvironment at the tendon-

bone attachment. Compressive loading of the tendon results in increased proteoglycan 

formation.259ï261 The metachromatic and acellular disruption in the ECM of the deep 

tendon at the Achilles enthesis may, therefore, be due to altered and increased local 

compressive loads due to the disrupted mineralization in the entheses of the Fgf9 

knockout mice.  

These findings highlight the important role of tendon- and enthesis-derived 

FGF9 plays epiphyseal trabecular bone microstructure and epiphyseal bone volume, 

and cellular and functional formation of mineralized fibrocartilaginous enthesis.  
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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 remain under-explored due to limitations in clinical investigation of 

developing tissue and availability of animal models for the study of mechanical and 

biological regulators of the enthesis adaptation and postnatal growth. This is the first 

study to investigate the mechanoadaptive changes of the young enthesis under 

repeated loading using an innovative optogenetic tool. I here developed a noninvasive 

model for repeated loading of the maturing enthesis. I then used this model to study 

the structural and functional adaptation in the young and adult enthesis with repeated 

loading. I showed that repeated 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 duration and frequency improved the enthesis structure 

and likely mechanical properties. Additionally, repeated loading, even at shorter 

durations, locally disturbed the cell-level gradation of the superficial enthesis and 

mineralization of the growth plate (Figure 7.1). These findings highlight 

mechanosensitivity of young enthesis and apophysis, which likely accelerates the 

onset of degenerative and pathological adaptations in the maturing tissue. 

  

Chapter 7 
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Figure 7.1: Repeated optically-induced loading 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 (green). (A) Initiation and (Aô) fusion of human 

calcaneal apophysis during childhood and adolescence. Adapted with 

permission from Wolters Kluwer health, inc.68 (B-Bò) Toluidine Blue 

stained sections of the mouse Achilles enthesis during postnatal 

maturation. 

The work presented here contributes to the field by (1) developing a novel non-

invasive in vivo model for repeated loading of the tendon and enthesis, (2) 

highlighting the age-dependent entheseal adaptation and the detrimental effect of 

repeated loading on the maturation of the fibrocartilaginous enthesis and disruption of 

structural toughness at the site of the young attachment, (3) elucidating the concurrent 

and loading duration-dependent adaptive response in the maturing enthesis and 

mineralizing growth plate in response to repeated tensile loading, (4) identifying FGF 
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signaling as a potential regulator of the formation of the CFC in the maturing enthesis. 

These studies set the framework for several new avenues of exploration focused on not 

only enthesis but bone adaptation and mechanobiology. The findings and developed 

methods in this work and can be used in future investigations of enthesis 

mechanoadaptation and remodeling with the extended goal of improving the clinical 

interventions for overuse injuries in children and adults. In the following, I briefly 

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

suggestions for future work on this topic.  

7.1 Development and validation of a mouse model for non-invasive repeated 

skeletal muscle stimulation 

The model developed in Chapter 3 for non-invasive loading of the Achilles 

enthesis has the advantage over other approaches for chronic loading (e.g., treadmill 

running) to study the effect of repeated tensile strain on formation and adaptation of 

the enthesis. The future long-term and clinical implications of this model are its 

potential to improve (1) the adaptation of the enthesis by investigation of the 

mechanobiology of enthesis formation, and (2) diagnosis and treatment of overuse 

injuries by investigating the mechanoadaptive response of mature bone and enthesis to 

loading. Future direction and adaptations of this model include: 

1. Nerve-independent activation of the muscle in this model to study the 

potential rehabilitative role of passive stimulation in cases of nerve 

damage; 

2. A limitation of Ai32 mice expressing ChR2(H134R)-EYFP is 

overexpression of the EYFP that may affect the optimal repolarization of 

membrane potentials. Future work should adapt mouse models without 
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fluorescent EYFP expression to avoid unwanted membrane activations and 

potential disruption of basal lipid membrane voltage; 

3. The optogenetic stimulation paradigm in the present work was iterative. 

Future work should investigate the light intensity- and 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 strain values at the Achilles, the 

antagonist muscle groups, and the calcaneus during each bout of 

stimulation; 

5. The in vivo model is the first to use optogenetics to model loading-induced 

injury in the maturing Achilles enthesis. The presented setup can be 

adapted, with experimental optimizations for hip joint stabilization, in the 

future investigation of sub-dermally accessible quadricep muscle to 

investigate more prevalent entheseal overuse injuries like Osgood Schlatter 

disease at the patellar insertion site on the proximal 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, repeated loading resulted in an altered 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 that repeated loading resulted in adaptation and 

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 repeated loading 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.40 

2. Future work should investigate the effect of loading on the bone 

mineralization rate of the enthesis, using methods such as dynamic 

histomorphometry, in young and adult entheses. 

3. Future studies should investigate the biological interaction and biochemical 

interaction of the developing and adapting between enthesis and the growth 

plate to characterize the interaction between early childhood activity and 

the onset of tendinopathy.  

4. This model can be utilized for the study of the long term effects of repeated 

loading during maturation of the enthesis and apophysis on the adult 

enthesis complex structure and function and the efficacy of short term 

interventions (e.g., immobilization) 165 in restoring the structural and 

functional adaptations seen in the young enthesis.  
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7.3 Mechanoadaptation of the young enthesis to daily non-invasive muscle 

stimulation 

In this chapter, I found that the adaptation of the young enthesis is driven by 

the disruption of the enthesis interdigitation and ECM construct that likely disrupts the 

toughening mechanisms of the native enthesis. I also 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 plate, while the 

adaptation of the calcaneal tuberosity likely is a secondary ñlate-stageò response. 

These findings model the structural and mechanical changes similar to those occurring 

during overuse activities in the young athlete and those occurring during overuse 

activities in the young athlete and are generally associated with pediatric apophyseal 

pathologies.262ï265 Future research should focus on: 

1. Effect of genetic strain on the structural and functional adaptation of the 

enthesis and apophysis under repeated loading. The mice used in this study 

were bred to a mixed background. Future work can Adeno-associated 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 real-time polymerase chain reaction 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 columnar organization of the chondrocytes with the short 

and prolonged bout of loading. Others have shown that unloading of the 
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quadricep muscle leads to disruption of the actin cytoskeleton in the tibial 

growth plate. This suggests that the actin cytoskeleton is likely a critical 

regulator of the columnar organization of the growth plate chondrocytes. 

Future work should investigate the role of increased loading on the 

formation and maturation of the mineralizing growth plate during postnatal 

maturation.  

4. This study focused on isometric stimulation of the triceps muscle 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 by repeated plantar flexion of the foot.23,49 

Future work should investigate the effect of loading angle on loading-

induced adaptation at the enthesis, known to change the mechanical 

behavior of the enthesis14, and therefore the translated strain to the bone.  

7.4 Potential biological mediators of enthesis development and 

mechanoadaptation: role of FGF signaling pathway 

In this chapter, I 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 morphological changes in the mineralized maturing enthesis 

under repeated loading (results from Chapter 4, 5).  

2. Reduced hypertrophy in the apophysis of mice lacking Fgf9 may be related 

to disruption of vascularization during mineralization of the apophysis in 

these mice. Therefore, future work should test whether this disruption of 

the mineralization in the apophysis of Fgf9ScxCre mice is linked to changes 
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in vascularization by using IHC for markers such as vascular endothelial 

growth factor.240 
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