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ABSTRACT

Tendon injuries are exceedingly common and afflict 16.4 million people yearly
in the United States. As tendons are involved with all movement, these injuries can be
debilitating for everyday life. Frequent among these injuries include tendon rupture
and tendinopathy, both arising from excess mechanical loading to the tissue, leading to
damage and degeneration. Tendon degeneration and mechanical damage are widely
referred to as an overuse injury, with little distinction in the clinical or research
communities between the magnitude of load (overload) or the number of cycles
(overuse) as the injury mechanism. Because the clinical presentation between
tendinopathy and tendon rupture are quite different, it is likely that different
mechanisms and pathways lead to the end-stage degenerative state. Overuse and
overload injuries develop over months in humans and early changes are not detectable,
necessitating the use of animal models to evaluate the structural and mechanical
changes throughout the degenerative process. However, animal models used to study
tendon degeneration are mostly focused on overuse. As a result, it remains unknown
how overload, in the absence of overuse, leads to tendon degeneration. Without a full
understanding of the multiscale structure-function relationship and damage of tendon,
treatments and interventions are doomed to remain ad hoc and not founded in rigorous
physiology or etiology.

This dissertation addresses this gap in understanding the progression of
degeneration by using novel multiscale structural and functional techniques in

combination with an in vivo model of tendon overload. To help researchers and

xii



clinicians discuss and interpret the complexities of tendon loading and tendon injuries,
a new visual framework for use in the field was also designed. In one of the aims in
this dissertation, we were able to assess tendon structural and functional degeneration
in our in vivo surgical model of tendon overload using activity monitoring, high-
resolution MRI, histology, confocal microscopy, Serial Block Face Scanning Electron
Microscopy, and multiscale mechanical testing. To ensure that we were accurately
describing physiological damage, we first evaluated the effect of bathing solution
osmolarity on ex vivo tendon mechanics. To measure collagen fibril geometry from a
volumetric sample, we also developed a method using electron microscopy and
machine learning to determine the 3D ultrastructure of collagen fibrils in dense tendon
samples. From these three aims, we determined that bathing solutions which prevent
tissue swelling result in more accurate tendon mechanics; successfully measured
collagen fibril geometry in 3D tendon samples; and confirmed that our model of in
vivo overload induced degenerative structural changes and impaired mechanical
function of tendon.

The outcomes of this dissertation established an in vivo model to study
overload-induced degeneration, separate from overuse, and will be used to study
mechanisms and treatments for tendon overload injuries. The novel tools developed in
this dissertation will be used in future research studying structure-mechanics studies of
tendon and other highly aligned, collagenous soft tissue, as well as improving

treatments and prevention strategies for tendon injuries.
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Chapter 1

INTRODUCTION

Tendons are fibrous connective tissues which transfer load between muscle
and bone to facilitate movement. Tendon is primarily made up of highly aligned
collagen, which enables it to withstand high magnitudes of mechanical forces over
long durations [1-4]. These high mechanical demands make tendons susceptible to
degeneration, or tendinosis. Degeneration can lead to two highly prevalent disorders:
tendinopathy and tendon rupture. Tendinopathy is a combination of degeneration and
pain [5,6], while tendon rupture occurs suddenly without early pain symptoms [7-10].
As tendinopathy and rupture are both increasing in incidence, improved prevention
and rehabilitation strategies are necessary [11-13]. Currently, the distinction between
the underlying mechanisms and progression of degeneration leading to either painful
tendinopathy or acute rupture is not well elucidated, leaving clinical intervention
difficult.

Tendon degeneration and mechanical damage has been studied using a variety
of ex vivo explant testing and in vivo animal models [14-17]. Due to tendon’s
hierarchical structure, multiscale structural and mechanical assays are necessary to
fully describe the changes that occur with degeneration [18—-27]. Animal models are
useful as they allow for control of mechanical loading and usage of numerous assays.
However, there is little distinction within research as to the effect of increasing
loading magnitude (overload) and loading cycle number or duration (overuse). Most

animal studies are focused on increasing only loading cycles to induce degeneration



[28-34]. A clear inquiry on the effect of increasing loading magnitude on tendon
degeneration would further elucidate the environment which leads to tendon injury
and help describe the different mechanisms which determine whether degeneration
leads to rupture or tendinopathy.

Thus, this thesis will investigate the structural and functional changes induced
by studying the multi-scale mechanics of tendons and hierarchical structure following
in vivo overload. Chapter 2 will include pertinent background information to
illuminate the significance of the dissertation and contribution to the field. Chapter 3
will study the effect of bathing solution osmolarity on multiscale mechanics and
damage mechanisms of tendon explants, to determine which testing conditions best
recapitulate the tendon physiological environment. A novel method using serial block
face scanning electron microscopy (SBF SEM) to evaluate 3D tendon collagen
fibrillar geometry will be presented in Chapter 4. Chapter 5 will focus on the
multiscale structural and functional changes which occur in tendon following overload
in a surgical rodent model and introduce a new visual framework to separate overload
and overuse in tendon loading. Finally, Chapter 6 will provide a summary and
conclusion of this dissertation, and future studies based on the findings of the
dissertation are proposed.

Quantification of the contributions of altered loading states to the multiscale
tendon degeneration will improve prevention and rehabilitation strategies, as well as
identify structural targets for functional regeneration, repair, and replacement. In
addition, the novel methods established in this dissertation can also be applied to
evaluate other highly aligned, collagenous tissues (e.g., ligament, meniscus, annulus

fibrosis) in the future.



Chapter 2

BACKGROUND

Tendon is a hierarchical structure of highly aligned collagen, other matrix
components such as proteoglycans, spanning multiple length scales and cells [1,2]. By
dry weight, tendon is 65-80% aligned collagen, or Type I, as well as Type 11l and
Type IV [1,3-5]. Tendon has a generally low cellular density, with cells consisting
mainly of tenocytes and tendon stem cells [6-8]. The collagen fibrils, the main
component of the tissue, seem to span the entire functional length of the tendon, at
least within the animal tendons imaged in research, though mechanical experiments
show evidence of discontinuous fibrils [9-12]. The diameter distributions of collagen
fibrils are dependent on the functional capacity of tendon [13,14], and collagen fibrils
in energy-storing tendons have more stable cross-links [15]. The various length scales
of tendon structure also exhibit complex geometry, specifically with helical
superstructures, as we move from collagen molecules to the whole tendon (Fig 2.1)
[15-20]. Collagen molecules consist of a tight triple helix comprised of peptide chains
which can also form cross-links with adjacent molecules [21-26]. Some collagen
fibrils also twist independently or form double or triple helices with adjacent fibrils
[16,27,28]. Collagen fibrils form cross-links with each other via advanced glycation

end products (AGEs), as well as interact with tenocytes via integrins [29-32].
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Figure 2.1: Hierarchical tendon structure. Hierarchical structure of tendon showing
respective length scales encompassing the collagen molecule, collagen
fibril, collagen fiber, and tendon fascicle. [33]

2.1 Tendon Mechanical Function

Tendons are responsible for transferring load from muscle to bone and must
support very high loads and high frequencies of loading during normal motion
throughout their lifespan. Under tensile loading, tendon exhibits a characteristic
nonlinear S-curve with a toe-region as collagen fibrillar crimp straights out, a linear
region of recoverable loading, and plastic deformation as collagen fibrils are damaged
with a decrease in overall load-bearing capacity until failure or rupture (Fig 2.2)

[13,34-37]. The hierarchical arrangement of aligned collagen is the main contributor



of tendon’s tensile strength [10,38-42]. At the collagen fiber level, tendons experience
fibrillar strain and sliding as interfibrillar shear between collagen fibrils aids in load
bearing of the tissue [42—44]. Further, the exact mechanical function of tendons is

determined by their physiological niche; load-bearing tendons are more fatigue-

resistant [45].
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Figure 2.2: Tendon loading curve schematic. Characteristic partial S-curve of tendon
showing the macroscopic crimp of tendon straightening out (a,viewed
with Raman spectroscopy) and illustrating the gliding of collagen fibrils

(b(i-ii)) [46].



2.2 Tendon Structure-Function Relationships

Tendon’s hierarchical structure leads to differences in mechanical behavior

across the length scales. Loading curves appear to become more nonlinear, and

Young’s modulus increases when comparing a collagen molecule, tendon collagen

fibril, and whole tendon (Fig 2.3) [36]. Similarly, applied strain decreases from the

macroscale (whole tendon, ~cm) to the microscale (collagen fiber, ~100 pm)

[11,43,47]. Various structural changes across the hierarchy can lead to changes in the

macroscale function. An increase in collagen fiber cross-links (AGEs) reduces fiber

sliding and viscoelasticity [23,30,48]. Reduction of specific proteoglycans, either with

enzymes or genetic models, either decreased or had no effect on tendon mechanics

[41,49,50].
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Figure 2.3: Multiscale tendon stress-strain curves. Comparison of force-strain curves
for a collagen molecule (filled circles), collagen fibril (open circles), and
tendon (open boxes). [36]



2.3 Tendon Damage, Tendinopathy, and Tendinosis

Tendon is susceptible to damage during mechanical loading, as collagen fibrils
first plastically deform into “kinks”, and eventually rupture with increasing strains
[2,34,35,51,52]. This is observed functionally as a loss in mechanical properties,
specifically modulus, as well as microscale damage measures such as non-recoverable
fiber sliding and collagen fibril denaturation [43,47,52-55]. In vivo, this local
microscale damage is either repaired as a part of tendon maintenance or leads to
tendon pathology when tendon’s healing capacity is overcome (Fig 2.4)
[26,29,51,54,56-59].

Underloading tendon also leads to functional deficits, and thus the loading
environment of tendon can also be considered as a linear continuum (Fig 2.5) [60].
Tendon’s healing capacity is somewhat limited, due to its low cellularity, lack of
vascularization, and low collagen fibril turnover [61]. Accumulation of microdamage
is widely understood to lead to tendinosis and tendinopathy. There is a lack of
consensus within the field whether cellular dysregulation from excess load leads to
impaired matrix, or impaired matrix leads to cellular dysregulation, but both
contributors are involved in degeneration [29,62]. Tendinosis is degeneration of both
tendon structure and function resulting from excess mechanical loading. Tendinopathy

is any tendon pathology which causes pain and may result from tendinosis [63-65].
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Figure 2.4: Model of tendinopathy initiation. Schematic showing divergent pathways
to tendon adaptation or tendon degeneration. [59]
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Figure 2.5: Tendon physiological loading curve. Continuum of structural and
functional changes occurring with varying loading environments in
tendon. [60]

2.4 Tendon and Altered Loading

When the loading environment of tendon is changed, tendon structure
remodels in response. This adaptation can be positive and return the tissue to
homeostasis, or degenerative and lead the tissue towards impairment. The thresholds
between positive adaptation or degeneration are neither fully defined nor equally
explored for different altered loading environments, and further, altered loading can be
generally divided into underload or overload.

Underloading or fully unloading tendons induces changes in tendon structure,
including a reduction in glycosaminoglycan content [66], increase in fibrillar adhesion
[67], inconclusive changes in collagen content either increasing [67] or remaining
unchanged [68] but a decrease in collagen fibril diameter [68], and a short-term

decrease in tendon CSA following unloading [69]. An overall decrease in mechanical



function has also been observed in numerous studies [66,68,70—74]. Underload starves
tendon of necessary mechanical load for homeostasis, resulting in degeneration
without increasing microdamage. It is not clear that there is any beneficial, or
subthreshold, amount of unloading for tendon [66,75,76].

Increasing tendon load with well-structured exercise within the physiological
range reinforces tendon by making the tissue larger and increasing mechanical
strength [77-81]. However, defining a universal demarcation between positive
adaptation and pathological response is difficult, due to its dependence on highly
variable intrinsic and extrinsic factors such as individual age, genetic factors,
environmental conditions, heavy activity levels, or other systemic diseases [29,82,83].

Excessive overload to tendon results in degeneration including heterogeneous
thickening of the tendon [2,29,84], changes in cellular density and cellular
morphology show an alteration of the tendon composition to a more chondrocyte-like
morphology [2,62,85,86], disorganization of collagen [87-92], neovascularization
[92,93], and changes in proteoglycan content [94-96]. Mechanically, a reduction in

tendon modulus and strength have been observed [90,97-101].

2.5 Animal Models of Tendinosis

Evaluating the progression of tendon injuries in humans is a difficult talk, as
tendon degeneration does not typically with pain or symptoms until damage is already
widespread [29]. As a result, animal models are essential to studying the initiation and
progression of tendon degeneration [102-104]. Animal models which alter tendon
loading and keep the tendon intact are useful for tendinosis etiology, as it allows for
observation and investigation of controlled overload over time, as well as the use of

destructive experimental assays to evaluate structural and mechanical tissue changes.
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Tendons can be unloaded in vivo by lower limb suspension [75,76],
casting/wiring [66,105] , immobilization via Botox [67,106-108], surgical
intervention [108-110], and the removal of gravity via spaceflight [68,69,111]. While
unloading is an interesting state of altered loading, due to tendon’s intended function
of supporting loads, mechanical environments that increase tendon loading are more
valuable for understanding underlying mechanisms and injury pathways.

Tendons can be exposed to excess mechanical load in vivo by treadmill
running, direct tendon loading, and forced muscle contraction [102,103,112-114].
Direct tendon loading has the advantage of controlling the applied load and frequency
but has a limited time course for use due to animal use guidelines for anesthesia [115—
118]. Treadmill running has the advantage of increasing frequency of load and
keeping the tendon intact and is widely used to study tendon injuries resulting from
excess mechanical use [98,119-122]. However, treadmill running combines increasing
frequency and load, especially if on an incline. Exercise can also cause systemic stress
such as increased serum corticosterone [123], and the remodeling results may be
variable depending on exercise regimen [124]. In all these models, tendon overloading
is accomplished by increasing the frequency of loading on the tendon. To investigate
remodeling changes occurring from simple overload without increasing frequency, a
different model is needed.

Synergistic ablation (SynAb) is a surgical animal model originally developed
to study muscular hypertrophy [125-131]. Rat plantaris tendon, the tendon of interest,
is overloaded by surgically ablating the synergist Achilles tendon. The plantaris
tendon then experiences an excess of load without increasing the number of loading

cycles, as animals are allowed to maintain typical activity levels. This model has been
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applied to investigating tendon changes as well, but only shortly after surgical

intervention [132-135].

2.6 Research Objectives

The objectives of this thesis were to investigate the structural and mechanical
changes that occur when tendon is overloaded using a novel animal model. First,
multiscale mechanical testing was conducted on healthy rat tail tendons to determine
which bathing solution for mechanical testing best preserves in vivo damage
conditions. Serial Block Face Scanning Electron Microscopy and successful
implementation of a U-Net machine learning for collagen fibril segmentation and
reconstruction was used to investigate the difference between positional and load-
bearing tendons, as well as differences in complex fibrillar geometry in the different
regions of healthy tendon. A novel surgical rat model, Synergist Ablation, was
established to overload the plantaris tendons of rat without increasing loading
frequency. The structural changes occurring from overload were assessed with
longitudinal MRI measures, histology, serial block face scanning electron microscopy
(SBF-SEM), and second harmonic generation (SHG); while the mechanical changes
occurring from overload were assessed with multiscale mechanical testing and these

were assessed with microscale SBF-SEM structure.
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Chapter 3

TENDON MULTISCALE STRUCTURE, MECHANICS, AND DAMAGE ARE
AFFECTED BY OSMOLARITY OF BATH SOLUTION

Based on published work: Bloom, ET; Lee, AH; Elliott, DM. “Tendon Multiscale
Structure, Mechanics, and Damage are Affected by Osmolarity of Bath Solution,”
Annals of Biomedical Engineering, 2020, 1-11. Reproduced with permission from
Springer Nature.

3.1 Introduction

Bath solutions are frequently necessary during tissue mechanical testing to
maintain tissue hydration, mechanics, and microstructure. One of the most common
bath solutions used for tendon and other musculoskeletal samples is phosphate
buffered saline (PBS). However, even at physiological concentrations (15 mM), PBS
causes tissue swelling. In tendon, this swelling results in decreased tendon modulus
and induces microstructural changes [136,137]. SEM images of tendon equilibrated in
PBS show that collagen fibril diameter is increased and fibril packing density is
decreased in rat tail tendon [137]. The swelling effect of PBS has been observed in
collagenous other tissues as well, including ligament, annulus fibrosus, and meniscus
[138-140]. Along with inducing swelling, solutes present in buffer may diffuse into
tissue and alter structure and mechanics [141-145].

With evidence of PBS solution altering tissue-level mechanics and microscale
structure, is it critical to evaluate the multiscale mechanical behavior of tendon under
these conditions. We have previously investigated multiscale mechanics and damage

in tendon by comparing sequential loading curves and microscale recovery [11,44,47].
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In these experiments, microscale damage was related to changes in tissue-level
mechanical parameters after loading. By using a similar multiscale approach, it is
possible to link the observed PBS related changes in structure to changes in
mechanical behavior.

For many tests, using a bath solution is not optional, either as a result of
sample cross section or test duration. The duration of our multiscale experiments is
long enough that a buffer solution is necessary to avoid tissue drying (> 55 minutes),
thus no buffer-free “fresh” control can exist. Our group previously investigated
possible bath alternatives to PBS. We showed that a combination of 8% weight
polyethylene glycol (PEG) by volume of Tris-buffered saline maintained physiological
levels of tissue hydration [146]. PEG was selected because the available large particle
size (~20 kDa) does not readily diffuse into the tissue [147,148]. In addition to its
large size restricting diffusion, PEG is a hydrophilic polymer, contributing to its
ability to maintain tissue hydration [50,149-151]. Using the PEG and saline solution
(SPEG) as a bathing solution to prevent swelling facilitates investigation of the
difference in mechanics between swollen and non-swollen tissue. Previous studies on
multiscale mechanics and damage were completed with PBS [11,43,44], and
understanding this effect of swelling offers a lens to interpret prior work as well as
providing information to better design future studies.

The objective of this study was to compare the effects of PBS and 8% SPEG
bathing solutions on multiscale tendon mechanics and damage as well as tendon
microstructure to understand the effect of osmotic pressure on tendon. We
hypothesized that increased tendon swelling due to the use of physiological PBS

causes microstructural changes that alter microscale sliding and increase tendon
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damage during tensile loading compared with a bath that maintains fresh tendon

hydration.

3.2 Materials and Methods

3.2.1 Sample Preparation

Rat tail tendon samples were harvested from fresh-frozen female Long-Evans
rats, aged 4-7 months, which were obtained from another study not affecting
musculoskeletal tissues. The samples were limited to a maximum of 2 freeze-thaw
cycles, and a maximum storage time 4 months at -20 °C, with all tendons coming from
frozen, undissected animals [44]. The entire tail was removed, with the 80 mm
proximal section preserved with skin intact. Tendon fascicles were individually
removed from the proximal tail portion using forceps. A centimeter from each end of
the tendon was removed, to eliminate any tissue possibly damaged during sample
preparation. Each sample was stained with a 10 pg/ml solution of DTAF (5-(4,6-
Dichlorotriazinyl) Aminofluorescein) (5-DTAF, Life Technologies) for thirty minutes,

to prepare the sample for photobleaching [43,44].

3.2.2 Mechanical Testing Protocol

The testing protocol was like that used in prior studies [41,44]. There are
known mechanical differences between testing at room temperature and at
physiological temperature; however, we completed our experiments at room
temperature as we were interested in comparing our results to similar prior studies
[41,43,44,47,136,146,152,153]. Each sample was tested using a custom uniaxial
testing device mounted on an inverted confocal microscope (LSM 5 LIVE, objective

Plan-Apochromat 10x/0.45), which allows for simultaneous imaging and mechanical
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loading. The sample was gripped and loaded to a reference length by applying a 5 mN
(0.5 g) preload. Each sample was then preconditioned with 5 cycles between 0 and 2%
strain. Following preconditioning, four parallel photobleached lines were made on the
midportion of the tendon, between the ink markers, equally spaced 200 um apart. Each
sample was then ramped to 6% strain (Baseline), held for 15 minutes at constant 6%
grip strain, and unloaded back to the reference length. The sample remained at the
reference length for a 40-minute recovery period before undergoing a second ramp
(Diagnostic) until failure (Fig 3.1). All loading and unloading rates were 0.1%/sec. We
chose 6% strain as our previous study indicated it was sufficient to induce damage
[41,44,47]. While the applied grip strain was 6%, post-test optical imaging indicated
that tissue strain was 3.9 £ 0.4% and 3.6 £ 0.4% for the PBS and SPEG groups,

respectively, with no difference between groups (t-test, p > 0.1).
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Figure 3.1: Multiscale mechanical parameter quantification. (a) Mechanical loading
protocol used in experiment, showing the time points for confocal
imaging with blue circles. The Baseline and Diagnostic ramps are
indicated in green and red, respectively. (b) A representative stress-strain
curve, showing the Baseline and Diagnostic curves. Transition point
(blue circle), modulus (dashed line), and inflection point (purple square)
are indicated, as well as the A value difference between them. (C)
Confocal images of a sample tendon at the reference, end of ramp, end of
stress-relaxation (SR), and end of rest. Microscale strain (&) and
microscale sliding (y) are also indicated.

3.2.3 Imaging and Data Acquisition

To measure the tissue strain, we imaged the tendon with a CCD camera to
track displacement of the ink markers on the midportion surface using digital image
correlation (Vic 2D, Correlated Solutions). For microscale analysis, confocal image
stacks were taken after preconditioning, at the beginning and end of loading,
immediately after unloading, and every 10 minutes during the recovery (blue dots in
Fig 3.1A). The cross-sectional area was calculated using confocal imaging of the
major and minor axes of each sample at the reference length and an ellipse fitted to

obtain area of the cross-section.

3.2.4 Tissue-Scale Data Analysis

Tissue-level strain (€) was measured from tracking displacement of surface ink
markers, while tissue-level stress (o) was calculated by dividing the tensile force by
the initial cross-sectional area. Transition point, inflection point, and linear region
modulus were all calculated from the c-€ curve, with the transition point defined as the
end of the toe region and inflection point as the change between strain-stiffening and
strain-softening behavior (Fig 3.1B). The inflection point was calculated by fitting a

cubic smoothing spline with the csaps function in MATLAB and finding the first zero
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crossing point of the second derivative. The stress-strain curve between zero and the
inflection point was fit to a nonlinear exponential constitutive model which was
optimized to obtain the transition strain (p), transition stress (q), and linear region

modulus (E):

6_{A*(exp(Be) - 1), Ve Sp}
lEx(e-p)+gq Ve >p

(3.1)
The optimization was performed on three of the parameters (p, A, B) and was
completed using the MATLAB function fmincon to minimize the mean square error.
Optimization was performed for both the Baseline and Diagnostic ramps. The change
in these measures between the Baseline and Diagnostic ramp was quantified as a delta
value (A), of the Baseline — Diagnostic, where a non-zero delta values indicate damage
as a result of mechanical loading (Fig 3.1B). Conversely, when A=0, or Baseline and

Diagnostic measures are the same, no damage is observed.

3.2.5 Microscale Data Analysis

The microscale parameters were measured from the photobleached lines,
where the deformation was tracked to calculate microscale strain and sliding.
Microscale strain was calculated from the average displacement of the photobleached
lines, while microscale sliding was calculated as the average tortuosity of the lines
(Fig 1C). Sliding recovery after unloading was decomposed into elastic recovery,
viscous recovery, and non-recoverable, using the sliding measured at the end of
loading (EL), start of rest (SR), and end of the rest (ER). Elastic recovery, the sliding

that immediately recovered after unloading, was calculated as:

(EL-SR)/ELx100% (3.2)
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The viscoelastic recovery, or the sliding recovered during the rest period after

subtracting the elastic recovery, was calculated as:
(SR-ER)/ELx100% (3.3)

Finally, the non-recoverable sliding was the residual sliding remaining at the
end of the rest period, calculated as the sliding value at EL minus the elastic and
viscous recovery.

In order to evaluate the strain transfer between the tissue and microscale levels,
the ratio of microscale strain to tissue strain was calculated at the end of the Baseline

ramp (beginning of stress-relaxation period).

3.2.6 Transmission Electron Microscopy (TEM)

Samples were prepared for TEM without any mechanical testing. Samples
were in 3 different groups: PBS, SPEG, and Fresh (n = 3/group). For the PBS and
SPEG samples, a single fascicle was bisected, with one half going to each group.
Samples in PBS and SPEG were equilibrated in the appropriate buffer for 90 minutes
prior to processing, while the Fresh group was processed immediately following
dissection. Each sample was fixed with 2% glutaraldehyde and 2% paraformaldehyde
in 0.1M sodium cacodylate buffer overnight at 4°C. The next day, the sample was cut
to 1 mm segments and fixed for an additional hour in the fixative solution. The sample
spent 2 hours in a 1% osmium tetroxide in 0.1M sodium cacodylate buffer before
being washed with DI water three times for 15 minutes each. Next, dehydration was
completed in an ascending acetone series, including a 95% acetone step lasting 48
hours (or 2 days). Dehydration was finished with two 30-minute fixations in 100%
anhydrous acetone. The sample was finally subjected to multiple ascending steps of

first polypropylene oxide and the EMBed-812 Resin before polymerization in a
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vacuum. After processing, the sample was ultramicrotomed before TEM imaging
(Libra 120 TEM, Zeiss). TEM images were segmented manually using GIMP software
(GIMP 2.10.12), and the distributions of fibril diameter and area density calculated
using F1JI. Images with artifacts or other features which might affect the density

calculation, such as cells or large gaps, were excluded.

3.2.7 Statistical Analysis

The difference in mechanical parameters between the SPEG and PBS groups
was determined using a two-tailed Student’s t-test with significance set to 0.05. A
Kolmogorov-Smirnov test was performed to evaluate the normality of all data. Of the
forty-eight measured parameters, all were normally distributed except four. The non-
normal measured data were PBS Diagnostic Transition Strain, and PBS microscale
strain at three of the seven time points. For any comparisons involving these data, a
nonparametric two-tailed Mann-Whitney test was used with significance set to 0.05.
Additionally, the A values comparing the differences between Baseline and Diagnostic
between the two ramps in a single group were evaluated using a one-sample t-test to
determine if a statistically significant difference from zero existed (p < 0.05). All

statistical tests were completed in GraphPad Prism.

3.3 Results

3.3.1 Tissue-Scale Parameters

For the tissue-level parameters, we first compared the SPEG and PBS
mechanical parameters from the Baseline ramps, which represented a pre-
mechanically damaged state (Fig 3.2). The SPEG samples had a higher linear region

modulus, consistent with prior literature (p = 0.0003). SPEG also had a higher
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inflection point stress compared to the PBS samples (p = 0.009), while there were no

differences between the groups for inflection point strain, transition strain, or
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Figure 3.2 Baseline mechanical results. The Baseline values for A) transition strain,
B) transition stress, C) inflection point strain, D) inflection point stress,
and E) modulus were calculated for both for SPEG (n = 7) and PBS
(n=8) groups. There was no difference between groups for transition
strain, transition stress, or inflection point strain. * (p < 0.05). Error bars
represent 95% confidence interval.

In order to compare the effect of swelling on damage in the tissue, the change
in mechanical parameters was calculated using a A parameter (calculated as difference
between Baseline and Diagnostic) (Fig 3.3). A non-zero A value indicates tissue-level
damage, while a zero A indicates no damage induced by mechanical loading. For

transition strain, SPEG showed damage, while PBS did not (p= 0.003, p = 0.053).
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Consequently, the A transition strain was higher in SPEG samples than in PBS (p =
0.014). For transition stress, neither group showed damage nor were not different from
each other (p = 0.22, p = 0.64, p = 0.15). For inflection point strain, both SPEG and
PBS showed damage (p = 0.007, p = 0.001), though were not different from each other
(p = 0.42). For inflection point stress, SPEG did not show damage, though PBS did (p
=0.70, p = 0.008). Consequently, the A inflection point stress was higher in PBS (p =
0.043). For modulus, both SPEG and PBS showed damage (p = 0.0002, p = 0.006).
Additionally, SPEG showed greater damage than PBS (p = 0.0002). This modulus

result is consistent with previous work using this loading regime [43,47].
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Figure 3.3 Baseline and Diagnostic mechanical parameters. The Baseline and
Diagnostic values for A) transition strain, B) transition stress, C)
inflection point strain, D) inflection point stress, and E) modulus were
calculated for both SPEG (n=7) and PBS (n=8). The difference between
Baseline and Diagnostic was calculated as a A value F-J. * (p < 0.05), #
significantly different from zero (p < 0.05). Error bars indicate the 95%
confidence interval.

3.3.2 Microscale Parameters

In order to evaluate the microscale mechanics, we measured mechanical
changes using photobleached lines on the midportion of the tendon. Microscale results
were calculated for each time point of confocal imaging. Microscale strain was
calculated as the average strain between the photobleached lines. SPEG samples
experienced higher microscale strain during the end of the ramp (p < 0.05), at the end
of stress relaxation (p < 0.05), and throughout the relaxation period, excepting the time
point at 20 minutes (p = 0.39) (Fig 3.4A). While neither group returned to zero strain,
the SPEG group had a greater partial recovery with a final mean strain of -0.0031 and
the PBS group with a final mean strain of -0.0094 (Fig 3.4A). Microscale sliding was
calculated as the average tortuosity of the photobleached lines, normalized to the
reference measurements. Microscale sliding only partially recovered for both groups

and sliding was not different between groups at any time point (Fig 3.4B, p > 0.10).

24



A Microscale Sliding (deg.)
. -= PBS
! -e- SPEG

0 1

B Microscale Strain
1 -= PBS
-»- SPEG

0.02:

20 40 6
Time (min)

Figure 3.4

1, 0023 x o )

Time (min)

Microscale mechanical behavior. Microscale mechanical behavior for

SPEG (n=7) and PBS (n=8). A) Both groups experienced partial recovery
of microscale strain after unloading, with significantly different
magnitudes throughout recovery (p < 0.02). This suggests that collagen
fibrils experienced more damage with PBS incubation. B) Microscale
sliding also showed only partial recovery for both groups. * (p < 0.05).

The microscale sliding recovery was decomposed into elastic recovery, viscous

recovery, and non-recoverable sliding as described in the methods (Fig 3.5). There

was no difference between the groups for both elastic and viscous recovery (p > 0.20

and p > 0.80). The amount of non-recoverable sliding, a measure for microscale

damage, was lower in SPEG samples compared to PBS samples (p < 0.05).
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Figure 3.5 Decomposed recovery for microscale sliding. Decomposed recovery for
microscale sliding for SPEG (n=7) and PBS (n=8). A) Elastic and B)
viscous recovery showed no significant differences between groups. C)
Non-recoverable sliding (residual sliding at the end of recovery) was
higher in the PBS group. Error bars represent the 95% confidence
interval. * (p < 0.05).

In order to evaluate the transfer of strain between the different hierarchical
levels of tendon, we calculated the strain ratio from the microscale measurements to
the tissue-level measurements. The time point for which we have simultaneous strain
measurements was at the end of the Baseline ramp. The microscale to tissue strain

ratio at this time point was higher in SPEG compared to PBS (Fig 3.6, p < 0.001).

Microscale:Tissue Strain Ratio
1.5= *

b SPEG PES

Figure 3.6  Micro: Tissue-scale strain ratio. The microscale strain to tissue strain
ratio was calculated at the end of the Baseline ramp for SPEG (n=7) and
PBS (n=8). SPEG had a significantly higher Microscale: Tissue ratio
compared to PBS. Error bars indicate 95% confidence interval. * (p <
0.05).
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333 TEM

Representative images and segmented masks from each group show the effect
of bath solution on image quality (Fig 3.7A-F). The distributions of fibril diameters
for each group were all found. (Fig 3.7G-1). The medians of the distribution of fibril
diameter and the % area density (Fig 3.7J-K) were measured for SPEG, PBS, and
Fresh.
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Figure 3.7: TEM structural changes with bath solution. Representative TEM images
from A) Fresh (fixed immediately after dissection), B) SPEG, and C)
PBS groups. D-F) Masks of representative images. Fibril diameter
distribution for G) Fresh, H) SPEG, and I) PBS. The distributions were
all significantly different from each other as determined by a one-way
ANOVA (p =0.0009). The solid line indicates the combined distribution
mean, while the dashed line indicated the median. J) The % area of fibrils
was not different between Fresh and SPEG, though Fresh and SPEG both
had % area densities larger than PBS. (n=3) K) The fibril diameter
distribution medians were not different between any groups. (n=3) * (p <
0.05).
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3.4 Discussion

In this study, we have shown that a PBS bathing solution alters tendon
multiscale mechanics and increases microscale damage compared to an SPEG bathing
solution. At the tissue level, tendons in the PBS group had a lower modulus than
SPEG samples for their baseline curves. PBS samples also showed an increased
amount of non-recoverable sliding, which was an analog for microscale damage. In
relation to load transfer between hierarchical levels, SPEG had a higher microscale to
tissue strain ratio, which was close to 1. Thus, fibrils in SPEG experienced less strain
attenuation between hierarchical levels than those in PBS.

The tissue-level mechanical behavior for PBS was consistent with previous
findings [43,44,47,146], as was the baseline tissue-level behavior for the SPEG
samples [44,146]. We showed that using PBS decreases the baseline modulus of
tendon, which is consistent with prior findings [152]. We were particularly interested
in any effects on transition and inflection point strains, as the stresses were all
calculated with using the cross-sectional area measured at the reference length, thus, it
is unclear whether bath solution influenced changes in the behavior of cross-sectional
area during loading, apart from the already increased cross-sectional area as a result of
swelling. Although the transition and inflection point strains were not different
between groups at the baseline, the A value for transition strain was different. The A
measurements, meant to evaluate the mechanical damage induced in the tissue as a
result of mechanical loading, showed some differences between groups. Thus, PBS
alters the tissue-level mechanical behavior beyond the previously observed decreases
in modulus. Specifically, these changes for transition point strain suggest that bath

solution may influence collagen fiber recruitment in the tissue.
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At the microscale, SPEG samples illustrated a greater ability to recover
microscale strain and sliding compared to PBS. PBS samples also showed a lower
magnitude of microscale strain during mechanical loading compared to SPEG, further
supporting our conclusion from the micro: tissue-scale strain ratio that PBS samples
have reduced loading of the fibrils. As PBS increases the interfibrillar spacing of
collagen fibrils, the ability of the tissue to bear load via interfibrillar shear could be
restricted, leading to the observed reduction in load-bearing capacity, tissue level
modulus, and microscale to tissue strain ratio [11,152,154].

Unexpectedly, SPEG samples had larger magnitude A values for modulus,
transition point strain, and inflection point stress. The larger A, which corresponds to
an increased amount of tissue-level damage, could be a result of the changes induced
in the PBS samples from swelling prior to mechanical loading. That is, the A modulus
for the SPEG group as a result of mechanical loading is larger in magnitude because
the PBS modulus was already reduced as a result of swelling prior to mechanical
loading. Whether or not this apparent decrease in material properties due to tissue
swelling is reversible is a point for further investigation, though these effects have
been seen to be reversible in other fibrous tissues [140].

The TEM images illustrate the structural changes as a result of bath solution on
collagen fibril diameter and density. The % area density of fibrils was larger in both
Fresh and SPEG groups than in PBS, showing that the tissue swelling decreases the
collagen fibril density. This decrease in density reduces the amount of possible shear
transfer by reducing contact between fibrils, altering the load sharing between
collagen fibrils and influencing the observed changes in mechanical behavior and

damage. Contrary to our expectation, the fibril diameter medians showed no difference
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between any groups, though the distributions were all different. It is possible that there
is a difference which is lost due to the relatively low sample size for medians
(n=3/group). Additionally, the high diameter distributions of Fresh and SPEG samples
may be affected by their high densities. The high densities decrease resolution first by
hindering the perfusion of staining medium and resin into the tissue; second, the high-
density samples have fibrils in much more direct contact with each other. Both
limitations make the defined boundaries between fibrils harder to define in the Fresh
and SPEG samples, particularly for the boundaries of smaller fibrils. It is also possible
that the large PEG molecules further restrict diffusion of the fixation solutions into the
tendon, further hindering image quality. The resulting distributions may thus not be
adequately reporting the amount of smaller diameter fibrils in the Fresh and SPEG
samples. Though the resolution challenges made the definition of distinct boundaries
difficult, the difference between fibril and matrix was still clear, and thus the % area
density measurement was not affected to nearly the same extent by the resolution
change. Overall, these TEM results show clear structural changes as a result of bath
solution choice to tendon fascicles, with SPEG appearing to more like Fresh, which
may help explain the altered mechanical behavior with PBS.

The use of various salts and differing hydration levels has been shown to alter
the self-assembly of collagen fibrils, as well as mechanics of collagen’s molecular
triple helix [155,156]. It thus possible that the large, hydrophilic PEG molecules
present in the SPEG buffer may alter the surface hydration of the collagen triple helix
[155]. Also, the difference between the Tris and phosphate ions in the respective
buffers could alter the intrafibrillar collagen mechanics [156]. However, this study was

focused on the geometric changes induced by the buffers and the resulting effect on
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mechanics. A discussion of the chemical mechanisms within the collagen fibrils is
beyond the scope of this study.

The mechanical effects of altered water content have been observed in other
tissues [139,140]. Tendon’s uniaxial fibers leave the tissue relatively unrestrained to
swell in the lateral direction. Tissues which have a more complex fiber network, such
as articular cartilage or cornea, may therefore experience less swelling. A study with
annulus fibrosus showed swelling in PBS; however, the samples were excised and
sectioned to release residual stress in the fibers and thus freed the tissue for lateral
swelling [140]. While some of these previous studies were able to have a fresh-frozen
control [137,140,146,152], our test duration and the small cross-section of rat tail
tendon made this unfeasible. A recent study done in human iliotibial band investigated
the effect of water content on tissue and microscale properties using atomic force
microscopy and tensile testing. The results of this study similarly found that micro-
and tissue level mechanics were altered with changes in water content [157]. The
effect of choice of bath solution on swelling and mechanics in the rat tail tendon
demonstrated here are likely to also occur in other fibrous tissues, as PBS equilibration
effects the interfibrillar space of collagen in annulus fibrosus, meniscus, human
tendon, and ligament [138-140,157]. However, the magnitude of these effects is likely
to be tissue and species specific due to differences in composition, fiber density and
alignment, and size.

With this study, we have shown that the osmotic pressure of bath solution
changes the microscale loading and mechanical damage in tendon, in addition to
altering microstructure and tissue-level mechanical behavior. The mechanical protocol

completed in this study was about an hour in duration following at least an hour of
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bath equilibration, and involved only a single ramp, hold, and recovery period before
the Diagnostic ramp. Longer duration tests or tests with repeated loading such as
cyclic fatigue may be further affected by bath osmotic pressure. Rat tail tendon is a
commonly used model for studying tendon mechanics and degeneration, and due to its
small size and diameter may be especially susceptible to bath solution effects.

In conclusion, this study demonstrates the differences between a PBS and
SPEG bath on tendon microstructure and mechanical behavior. The TEM imaging, in
which tendon microstructure in SPEG appears like Fresh tendon, suggests that SPEG
bath may better represent Fresh tissue mechanical behavior by reducing the swelling
that occurs with PBS. Thus, SPEG may be a more appropriate choice for bathing
solution for mechanical testing of tendon, especially for samples with a small cross
section. Previous tests completed in PBS are still valid if appropriate control groups
were used; however, true tissue properties measured from experiments with PBS baths
should be used with careful consideration for modeling. Although previous studies
have illustrated that PBS alters tendon modulus, hydration, and microstructure, our
study shows that PBS also increases microscale damage in tendon and alters
multiscale mechanics, compared to an SPEG bath that does not induce swelling.
Future ex vivo mechanical testing should consider using SPEG as a bath solution with

an osmotic pressure which preserves fresh tissue water content.
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Chapter 4

TENDON COLLAGEN FIBRIL AUTO-SEGMENTATION WITH NUERAL
NETWORKS AND THREE-DIMENSIONAL RECONSTRUCTION FROM
SERIAL BLOCK FACE SCANNING ELECTRON MICROSCOPY IMAGES

4.1 Introduction

The main load-bearing component of tendon is its aligned collagen [1-3].
Tendon collagen has a hierarchical structure spanning length scale from nanometer
(tropocollagen and molecule) to millimeter (fibril, fiber, and fascicle) [2,3,21,33,137].
The ultrastructure at these hierarchical levels directly impacts tendon mechanical
function [16]. While tendon collagen has a low turnover rate [61], fibril structure is
altered with tendon loading and is associated with changes in mechanical properties
[36,100,119,158]. Therefore, it is important to measure the three-dimensional tendon
ultrastructure across the hierarchical length scales, including at the nanometer scales.

Several imaging techniques has been used to visualize collagen structure at its
smaller length scales, included x-ray crystallography, x-ray diffraction, electron
microscopy, and second harmonic generation confocal microscopy
[10,21,25,36,159,160]. Electron microscopy provides excellent high-resolution images
of collagen fibrils to quantify two-dimensional (2D) parameters of fibril diameter,
shape, and density [10,16]. However, traditional electron microscopy only provides an
image in a single plane and cannot provide the three-dimensional (3D) structure that
informs mechanical function. Serial Block Face Scanning Electron Microscopy (SBF-

SEM) is a newer technique that uses automatic sequential microtoming between image
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captures to collect a series of images which span a sample volume, in an advance of
earlier manual serial sectioning techniques [161,162]. These large datasets can by
analyzed to reconstruct the 3D fibril structure and from this structure quantify
parameters such as tortuosity, fibril alignment and fibril chirality [163]. The 3D fibril
structure has important implications for load bearing via mechanisms such as fibril
shear [16,33]. SBF-SEM has recently been used to evaluate structural changes which
occur during development and to characterize the collagen fibrils within mature
tendons [9,16,17,41,162-166].

Two considerable challenges are presented by the large image stacks from
SBF-SEM: 1) the burden of segmenting thousands of fibrils, and 2) the difficulty of
creating 3D reconstructions from segmented fibril cross-sections. When fibril density
is low, contrast agents can easily diffuse into the sample, providing images with high
contrast for which routine image processing can identify and segment collagen fibril
cross-sections [41,162,167]. The rat tail is an example of a high contrast and low-
density tendon (Fig 4.1A). Yet many tendons have high fibril density, making it
difficult for contrast agents to diffuse into the sample and where fibril boundaries are
less identifiable, making manual tracing necessary [9,16]. The rat plantaris is an
example of a high-density tendon (Fig 4.2A, Fig 4.3A). Moreover, manual
segmentation is not practical for large SBF-SEM datasets extending over many slices.
For example, a typical dataset within a 20 x 13 um field of view may have ~2,000
fibrils, and a 150-slice stack would contain ~300,000 total cross-sections for
segmentation. To manually segment this large dataset in a single image stack would
require ~1,750 hours. Thus, recent advances in machine learning using computer

vision, such as u-net, a deep convolutional neural network (dCNN) developed for
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biomedical imaging, could be an alternative approach to traditional threshold-based
image processing and manual segmentation. [168]

Following fibril segmentation, the second challenge is reconstruction into 3D
collagen fibrils for evaluation of the fibrillar ultrastructure such as fibril length,
tortuosity, angle to fascicle axis, merging and branching. Previous 3D reconstructions
have been created from relatively low-density segmentations (either skeletally
immature or prenatal tissue), or from manual segmentations of only a fraction of
fibrils [16,162,166]. Reconstructing segmentations of highly dense tissue involves
large numbers of fibrils that are often in contact with each other, necessitating robust
workflows that consider the 3D structure to correctly recreate the fibrils. The
challenge of 3D reconstruction is also likely to be more difficult for disorganized
tendon, such as with degeneration or following injury and remodeling.1

The objective of this work was to establish a u-net machine learning algorithm
to automatically segment collagen fibril cross-sections from tendon SBF-SEM data
sets and create 3D reconstructions of fibril ultrastructure for tendons that have low
fibril density (rat tail tendon), high fibril density (rat plantaris tendon), and a high
fibril density hypothesized to have disorganized 3D fibril ultrastructure (degenerated
rat plantaris tendon due to 8-weeks of overload, Chapter 5). A secondary objective of
this work is to compare the fibril geometries between the groups, to evaluate possible

differences between positional (tail), and load bearing (plantaris) tendons.
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4.2 Methods

4.2.1 Sample Preparation

A rat tail tendon, healthy plantaris tendon, and degenerated plantaris tendon
were obtained and processed for SBF-SEM. The tail tendon from a 3-month-old male
Sprague-Dawley rat was equilibrated in phosphate buffered saline, processed, and
imaged in a previously published study [16]. The healthy plantaris tendons were
female Long-Evans retired breeders. The healthy plantaris tendon was removed after
euthanasia and immediately processed for SBF-SEM. The degenerated plantaris
tendon was obtain from a model of synergist ablation in which the Achilles is excised,
which overloads the plantaris tendon, resulting in degenerative changes at 8 weeks
including increased area, increased cell density, fiber disorganization, and decreased
material properties (Chapter 5).

Each tendon was sectioned into a Imm x 1mm block and fixed in a 2%
paraformaldehyde, 2% glutaraldehyde, 2mM calcium chloride in 0.1M sodium
cacodylate buffer for a minimum of 5 days [169]. Next, each block was stained
according to an established protocol that included steps with osmium tetroxide,
potassium ferrocyanide, thiocarbohydrazide, 1% uranyl acetate, and en bloc lead
aspartate [169]. Each block was then dehydrated with an ascending ethanol series.
Finally, samples were infiltrated with Epon hard resin in an ascending series over 10

days and polymerizated in a 60°C oven for 48 hours [169].

4.2.2 Image Acquisition
The SBF image stacks were acquired using a ThermoFisher Scientific Apreo
Volumescope SEM (Hillsboro, OR) in low vacuum mode at 50 Pa with accelerating

voltage of 2.5 keV and at beam current of 0.1nA. The tail image stack had a 20.27 x

37



16.74 pm in-plane field of view with a 10 nm/pixel resolution; 432 slices were
collected with 200 nm spacing, resulting in an image stack along an 86.20 um total
axial length and 2028 x 1675 image size. The plantaris tendon image stacks had a
20.49 x 13.66 pm in-plane field of view with a 6.67 nm/pixel resolution; 175 slices
were collected with 200 nm spacing, resulting in an image stack along 35 pum in total

axial length and 3072 x 2048.

4.2.3 Image Pre-processing

Image preprocessing and segmentation operations were performed with a Unix
high performance computer (96 GB RAM, 4x Intel Xeon Gold 5118 CPUs @
2.30GHz). SBF-SEM images were first processed in FI1JI to remove noise by applying
a Gaussian blur with sigma=1.25, followed by an anisotropic diffusion filter [170].
Each sample was segmented using two techniques: routine Otsu thresholding and u-
net machine learning. For Otsu thresholding of the degenerated plantaris, a Gaussian
blur with sigma=2 gave an Otsu segmentation with a better IOU value and was thus

used instead of Gaussian sigma=1.25.

4.2.4 Otsu Thresholding Segmentation

Otsu thresholding was completed in F1JI after pre-processing. Otsu was
selected as the threshold method in the F1JI thresholding function [171]. After
thresholding, a watershed transform was applied followed by 2x erosion to separate

joined collagen cross-sections.

4.2.5 U-net Machine Learning Segmentation
Manual segmentation was performed for u-net training and validation. Two

training rounds were required. For the first training round, five image slices, randomly
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spaced along the image stack, were selected. A 1024 x 1024 region of interest (ROI)
was chosen in each slice and this ROI was checked to confirm that it included
representative background material such as voids and cells. Each ROI was then
imported into Seg3D and the ROI was manually segmented to create fibril masks
[172]. The segmented masks and corresponding ROIs were exported and used to train
the u-net.

The u-net architecture was based on Ronneberger et. al [168]. The model was
built in Python using the Keras machine learning library with TensorFlow backend
and runs on a high-performance computer with an Nvidia v100 GPU. Our u-net
architecture utilized four contracting and expansion blocks with 3x3 convolutional
layers. A patch size of 64 was used for training, and the dataset was augmented by
patch rotations (90, 180, 270 degrees), and horizontal and vertical flipping. Training
consisted of 200 epochs, with a loss function based on the Tversky index.

After training the u-net on the first five ROIls, the output weights were used by
the u-net to segment the entire image stack. The resulting segmentation of the entire
image stack was inspected and an additional five slices with qualitatively poor
segmentation results were selected. A second set of 1024 x 1024-pixel ROIs from
these image slices were manually segmented for a second round of training. The u-net
was then re-trained using all 10 manually segmented ROIs. Weights from the second
training round were used by the u-net to segment the entire image stack. The u-net
segmented dataset was imported into FIJI, and a watershed transform was applied

followed by 2x erosion to separate joined collagen cross-sections.
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4.2.6 Validation
To evaluate the success in the collagen segmentations, a random subset of the
manual segmentation data (20%) was reserved, and the accuracy of the u-net and Otsu

methods were calculated with the Intersection over Union method (Table 1).

4.2.7 2D Analysis

To compare to previous work, 2D analysis of the segmentation masks was
performed. A 1024 x 1024 region with no cells or interruptions was selected. The
estimated fibril diameter (calculated from area as assumed circle), fibril circularity
(calculated as 4pi(area/perimeter”2)) and fibril area fraction were calculated using the
Analyze Particles function in FI1JI. These metrics were calculated for every single
fibril cross section for each slice, resulting in each fibril being represented multiple
times. The results are shown as normalized histograms comparing the parameters from
both automatic segmentation techniques, Otsu thresholding and u-net, as well as from

the limited manually segmented ROlIs.

4.2.8 3D Reconstruction

A 3D model of the collagen network was created in Amira Software
(ThermoFisher Scientific) for the Otsu threshold and the u-net machine learning
segmentations. Joining segmented collagen cross-sections along the z-axis was
accomplished by first applying a 3D Distance Map to the dataset, followed by a 3D
Anisotropic Diffusion transform. Next, fibrils were filtered using interactive
thresholding, before being labeled as individual objects. Finally, collagen fibrils that
were cut off by the image borders were removed using the Selective Border Kill
Python plugin, where all fibrils touching the outside edges (XZ and YZ, where Z is the

long axis of the fibrils), were removed. Finally, fibrils were filtered by length such that
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only fibrils persisting in at least 50% of the axial length of the sample remained. The
3D network structures were inspected, and the number of persisting fibrils were

evaluated.

4.3 Results

Representative ROIs of the automatic and manual segmentations are shown in
Figures 1-3. From the raw images, the tail SEM images have the least density and best
contrast, with well-defined boundaries between fibrils, while both plantaris samples
are much denser, and with less clear boundaries. Overall, the u-net results across
samples appear to match the rounded shape of the fibrils than the Otsu results, which
have more straight lines and sharp corners. The automatic segmentations also seem to
result in smaller cross-sections than the manual tracing, which is likely from the
erosion step in the analysis. While u-net and Otsu segmentations appear extremely
similar for the more ideal tail images, the difference in shape is more pronounced for

both plantaris samples.

Table 4.1 — 10U Values for Segmentations

Sample Otsu 10U U-net IOU
Tail 0.821 0.816
Healthy Plantaris 0.783 0.652
Degenerated Plantaris 0.599 0.605
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To assess the accuracy of the segmentation, Intersection over Union
calculations were performed, where a value of 1 indicated perfect agreement. Overall,
the segmentation accuracies were similar between Otsu thresholding and u-net
machine learning and accuracies decreased as the tendon structural complexity
increased (Table 1) For tail tendon, the Otsu 10U was 0.821 and the u-net was 0.816
(Fig 4.1). For healthy plantaris tendon, Otsu 10U was 0.783 and u-net was 0.652 (Fig
4.2). For degenerated plantaris tendon, Otsu 10U calculation was 0.599 and u-net was

0.605 (Fig 4.3).

F UnetlOU G Otsulou

IOU=0.81 10U =0.82

Figure 4.1: Tail segmentation results. A) Full raw tail SBF-SEM
slice, showing a B) 1024 x 1024-pixel ROI following preprocessing. The
segmentation results from C) u-net, D) Otsu thresholding and from E)
manual segmentation. The Intersection over Union figures are shown for
F) u-net v. manual, G) Otsu v. manual with manual segmentation in red,
automatic segmentation in green, and intersection in blue.
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I0U =0.65 10U =0.72

Figure 4.2: Healthy plantaris segmentation results. A) Full raw plantaris SBF-SEM
slice, showing a B) 1024 x 1024-pixel ROI following preprocessing. The
segmentation results from C) u-net, D) Otsu thresholding, and E) manual
segmentation. The Intersection over Union figures are shown for F) u-net
v. manual and G) Otsu v. manual segmentation, with manual
segmentation in red, automatic segmentation in green, and intersection in

blue.
A Full Image Processed U-net D Otsu
: Manual F UnetlouU G Otsulou
10U =0.61 10U =0.59

Figure 4.3: Degenerated plantaris results. A) Full raw plantaris SBF-SEM slice,
showing a B) 1024 x 1024-pixel ROI following preprocessing. The
segmentation results from C) u-net, D) Otsu thresholding, and E) manual
segmentation. The Intersection over Union figures are shown for G) u-net
v. manual and G) Otsu v. manual segmentation, with manual
segmentation in red, automatic segmentation in green, and intersection in
blue.
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The 2D segmentations were analyzed to compare the Otsu and u-net results to
manual segmentation (Table 2). For tail, mean Otsu and u-net diameters were 0.26
pum, compared to 0.35 for manual segmentation. For healthy plantaris, mean Otsu
diameter was 0.19 um and u-net was 0.18 um, compared to 0.23 um for manual
segmentation. For degenerated plantaris, mean Otsu diameter was 0.20 um and u-net
was 0.17 pm, compared to 0.19 pm for manual segmentation. Overall, u-net and Otsu
results were startlingly similar when evaluating fibril diameter. However, the mean
fibril circularity was lower from Otsu results compared to u-net. For tail, mean Otsu
circularity was 0.72 and u-net was 0.82, compared to 0.81 for manual; for unloaded
plantaris mean Otsu circularity was 0.75 and u-net was 0.81 compared to 0.80 for
manual; and for overloaded plantaris mean Otsu circularity was 0.73 and u-net was

0.76 compared to 0.82 for manual (Fig 4.4D-F).

Table 4.2 — 2D Geometry Comparison Between Segmentations

Diameter (um) Circularity
Sample Otsu | U-net | Manual | Otsu U-net | Manual
Tail 0.26 | 0.26 0.35 0.72 0.82 0.81
Healthy Plantaris 0.19 |0.18 0.23 0.75 0.81 0.80
Degenerated Plantaris 0.20 |0.17 0.19 0.73 0.76 0.82

To compare the segmentation results between samples, 2D analysis was
completed on the image stacks. The tail sample had a lower collagen area fraction,
with a mean value of 38%, while the unloaded plantaris sample had a mean value of

46%, and overloaded plantaris samples a mean value of 47% (Fig 4.5A). Fibril
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diameter and fibril circularity were also compared between samples. Tail fibril
diameter was slightly larger than both plantaris tendons, with tail having a mean
diameter of 0.26 um, 31% larger than the plantaris mean fibril diameter of 0.18 pm,
and 35% larger than 0.17 um for overloaded plantaris (Fig 4.5B). The degenerated
plantaris fibrils were slightly less round than those from tail and healthy plantaris, with
the tail sample having a mean fibril circularity of 0.82, unloaded plantaris sample a

mean circularity of 0.81, and overloaded plantaris a mean circularity of 0.76 (Fig
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Figure 4.4: 2D segmentation analysis. A-C) Histogram of fibril diameter and D-F)
fibril circularity for tail, healthy plantaris, and degenerated plantaris for
u-net (color solid line), and Otsu (color dashed line), and manual (black
solid line) segmentations. While u-net and Otsu perform similarly
compared to manual segmentation for diameter, u-net much more
accurately matched circularity from manual segmentation in comparison
to Otsu.
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Figure 4.5: 2D fibril geometry analysis. A) The collagen area fraction from each
slice in tail, healthy plantaris, and degenerated plantaris plotted with
means and error bars showing maximum and minimum values.
Histograms of individual fibril B) diameter and C) circularity for all
segmented cross-sections in the image stack from tail, healthy plantaris,
and degenerated plantaris. Overall, plantaris fibrils were denser and
smaller compared to tail fibrils, while degenerated plantaris was less
round than both healthy plantaris and tail.

To compare the reconstruction results between Otsu thresholding and u-net
segmentation, the number of fibrils remaining after filtering from reconstructions
using both segmentations were assessed (Fig 4.6E-F). Tail reconstruction resulted in
749 fibrils with u-net and 739 with Otsu; unloaded plantaris in 1424 fibrils with u-net
and 1410 with Otsu; and overloaded plantaris in 3019 fibrils with u-net and 189 with
Otsu.
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Plantaris Overload Plantaris

Otsu Image

U-net

Figure 4.6: 3D fibril reconstruction and analysis. Raw image slice for A) tail, B)
healthy plantaris, and C) degenerated plantaris tendon samples. D-F)
show reconstructions from Otsu segmentation, while G-1) show
reconstructions from u-net segmentation. While Otsu performs similarly
to u-net while reconstructing the tail and healthy plantaris tendons, it is
unable to reconstruct many fibrils from the denser, lower contrast
degenerated plantaris sample.

4.4 Discussion

In this work, we applied a u-net machine learning algorithm to automatically
segment collagen fibril cross-sections from tendon SBF-SEM data sets and created
detailed 3D reconstructions of this data. We evaluated the success of the u-net results
compared to manual segmentation and Otsu thresholding. Manual segmentation is the
gold standard in the field for accuracy, but is not practical to evaluate large images,

due to the extreme time demands. Otsu thresholding is fully automatic and thus very
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fast but struggles to accurately recapitulate fibril shape and handle high-density
images. U-net was able to accurately segment three different tissues, and these
segmentations were high enough quality to create fibril reconstructions including
thousands of collagen fibrils. Using u-net segmentation, we were able to analyze three
different tissue samples: one from tail tendon, one from healthy plantaris tendon, and
one from a degenerated plantaris tendon. Rat tail tendon fascicles, a positional tendon,
and rat plantaris tendon, an energy-storing tendon, were selected as traditional electron
microscopy has shown differences in fibril diameters for functionally different
tendons, with both bovine and equine load-bearing tendon having a lower fibril
diameter than positional tendon [14,15]. Between the imaged samples, the tail had a
lower collagen fibril density and larger mean fibril diameter compared to both
plantaris tendon samples. The measured difference in fibril diameter for the load
bearing plantaris tendon compared to tail also matched that to previous studies in
traditional electron microscopy in equine and bovine forelimb tendons [14,15]. From
the fibril circularity results, degenerated plantaris fibrils were slightly less round than
those from tail and healthy plantaris.

Our successful implementation of a u-net algorithm for automatic
segmentation of collagen fibril cross-sections allows for analysis of more dense,
complicated tissues. Tendon is far from an idealized tissue for automatic segmentation
— image contrast may be low as stain diffusion is hindered from high density, and the
high fibril density is itself a challenge. Interestingly, while u-net resulted in a
segmentation that was more accurate in describing manually traced fibril circularity, it
slightly underperformed in 10U calculations and in matching fibril diameter compared

to Otsu segmentation. It is possible that the unprocessed segmentation from u-net is
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more accurate than Otsu, and that the repeated erosion step is too aggressive for the u-
net results but brings Otsu closer to the manual segmentation. Raymond-Hayling et al
recently created another analysis pipeline to track collagen fibrils through SBF-SEM
image stacks. This work used different techniques for both the segmentation and
reconstruction phases, with some shared steps. Segmentation was completed by
cropping images and applying a Gaussian filter to remove image noise, as completed
in this work, before using adaptive thresholding followed by watershed analysis.
Unlike u-net analysis, adaptive thresholding is based solely on local image contrast,
and does not involve error minimization during segmentation. For samples with
extremely high contrast and clear boundaries, thresholding — whether adaptive, Otsu,
or another method — is likely sufficient for accurate segmentation. This holds
especially true if only diameter or centroid information is desired, and not accurate
description of fibril cross-sectional shape. The success of our segmentation with
multiple tissues of varying image clarity shows that this method would be easily
applied to any imaging with highly aligned collagen — including cornea, ligament,
meniscus, intervertebral disk, and engineered tissues.

Beyond developing a method which improved segmentation accuracy, in this
work 3D reconstructions of the fibrils were also created using Amira software. In
comparison, Raymond-Hayling fibril tracking was achieved using an error
minimization method of Euclidean distance of fiber centroids in adjacent slices, as
well as fibril cross section shape. This is a fundamentally different approach from the
3D technique used in this work, which involved 3D image processing filters such as

diffusion mapping and 3D anisotropic diffusion. Importantly, a reconstruction
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workflow that can handle many fibrils can give a robust evaluation of 3D geometric
features of the collagen fibrils that have important implications in load transfer.

After reconstruction, work by Safa et. al. in manually segmented fibrils
calculated tortuosity as a metric of the complexity of fibrillar structure, finding that
smaller diameter fibrils were more likely to have a higher tortuosity, or more complex
structure [16]. Raymond-Hayling also assessed the 3D geometry of the fibrils after
reconstruction with fibril tortuosity, as well as alignment, and chirality. Increases in
complexity suggest more opportunities for load dispersion by mechanisms such a fibril
shear and conversion of tensile load to off-axis loading and contribute to the higher
fatigue resistance of energy-storing tendons, and is valuable information that can be
obtained from successful fibril reconstructions [41,173].

One limitation of the completed work is that the reconstruction workflow was
optimized to evaluate the structure of fibrils which crossed the entire region of
interest, and misses other interesting features, such as fibril ends [9]. Further, cells and
cellular components were not segmented from the image stacks. The interaction of
tenocytes and collagen fibrils can inform the understanding of mechanotransduction
within tendon and is of great interest to the field.

In summary, this study used a u-net algorithm to automatically segment
collagen fibril cross-sections and created a 3D reconstruction of those fibrils for three
different tendon samples. Our u-net segmentation outperformed a more standard Otsu
thresholding technique when describing fibril shape, and in reconstructing fibrils for
the most challenging sample. We also observed that tail, a positional tendon, had a
lower collagen fibril density and larger mean fibril diameter compared to both

plantaris tendon samples, a load-bearing tendon. This method’s successful application
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to multiple different tendon samples shows promise to can be applied in a variety of
conditions to better understand how differences in collagen fibril structure lead to
functional changes. Additionally, degenerated plantaris fibrils were slightly less round
than those from tail and healthy plantaris. Overall, between the workflow developed in
this work and others in the field, there are a range of approaches available to the field

depending on the relatively complexity of collected image stacks.
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Chapter 5

OVERLOAD IN A RAT IN VIVO MODEL OF SYNERGIST ABLATION
INDUCES TENDON MULTI-SCALE STRUCTURAL AND FUNCTIONAL
DEGENERATION

5.1 1. Introduction

Tendon degeneration and mechanical damage are widely referred to as an
overuse injury, with little distinction in the clinical or research communities between
the magnitude of load (overload) or the number of cycles (overuse) as the injury
mechanism. Clinically, there are two primary tendon disorders, overuse tendinopathy
and acute tendon rupture, and these are associated with different loading
environments. Overuse tendinopathy is a painful disorder that most commonly occurs
in individuals who perform a high number of repeated motions at relatively normal
load magnitudes such as athletes and manual laborers [174-176]. In contrast, tendon
rupture most commonly occurs in an apparently asymptomatic (pain-free) tendon and
is associated with rapid increases in force magnitude or direction during activity [177—
180]. Importantly, both tendinopathy and tendon rupture occur in degenerating
tendons, as indicted by evaluation of the tendon after acute rupture [180-182].
Because the clinical presentation between tendinopathy and tendon rupture are quite
different, it is likely that different mechanisms and pathways lead to the end-stage
degenerative state. However, animal models of tendon degeneration are mostly
focused on overuse [102,114,183]. As a result, there is a need to understand how

overload, in the absence of overuse, leads to tendon degeneration.
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Prior animal models of overuse induce damage primarily via increasing the
number of loading cycles (e.g., using treadmill running). Additionally, previous
animal models have used an increased number of loading cycles to induce
degeneration combined with a moderately increased magnitude of load via inclined
treadmill running [98,184]. Notably, some overuse animal models do not develop
degenerative tendon changes; and therefore, may be more accurately considered
exercise models, where tendons adapt to the increased loading demands with
increasing cross-sectional area (CSA) and stiffness but without degenerative changes,
like humans [70,185]. Degenerative structural tendon changes in animal models
include atypical collagen fibril size, organization, type, and content; increased
proteoglycan content; and increased cell density as well as cell and nuclear
morphology changes [17,86,98,184,186-192]. Degenerative tendons also experience
functional deficits, such as decreases in tendon stiffness or modulus, and ultimate
stress [98,102,103,184,193-195].

In contrast to overuse models, synergistic ablation (SynAb) is an animal model
originally used to study muscular hypertrophy in which the tendon-muscle unit of
interest is overloaded by surgically ablating its synergist [127,129,196,197]. To
overload the plantaris tendon in rodent hindlimbs, the Achilles tendon has been
surgically ablated [129,132—-134]. Short term remodeling of the plantaris up to four
weeks following SynAb has demonstrated increases in CSA, proteoglycan content,
collagen expression, and regional increases in cell density [132-135]. Similarly, a
recent study used a comparable procedure in the murine shoulder where the
infraspinatus tendon was ablated and the synergist tendon (supraspinatus) exhibited

increased CSA, decreased proteoglycan content, and decreases in stiffness, maximum
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force, and ultimate stress after 4 weeks [193]. It remains unknown, however, whether
tendon overload will lead to chronic tendon degeneration, as previous studies of
isolated overload cover a relatively short time duration [133-135,193]. Clinical and
pre-clinical model definitions for “chronic” tendon disorders vary, with clinical
chronic tendinopathy spanning 3 months to 30 years, while previous pre-clinical
animal studies have considered timepoints from 6-8 weeks as the beginning of chronic
changes [57,113,198-202]. Therefore, the objective of this study was to investigate
whether overload of the plantaris tendon leads to chronic degeneration by
investigating the multiscale structure and function up to 8-weeks following SynAb of
the Achilles tendon. We hypothesized that tendon overload via SynAb will result in
degenerative changes, such as an increase in tendon CSA, increased cell density,
decreased collagen alignment, increase in collagen fibril diameter, and decrease in

tissue modulus.

5.2 2. Methods

5.2.1 Surgical Procedure

All experiments were approved by the University of Delaware Institutional
Animal Care and Use Committee. Seven-month-old Long-Evans female virgin rats
were obtained (Charles River Laboratory, Table 2). These rats were randomly
assigned to one of three groups: surgical synergistic ablation of the Achilles tendon
(SynAb), sham surgery (Sham), or intact nonsurgical control (Intact). To increase
loading of the plantaris tendon in the SynAb group, bilateral Achilles tenectomy was
performed under 2-3% isoflurane anesthesia. First, a subcutaneous injection of

bupivacaine (0.1 mg/kg) was administered at the site of incision to reduce sensation
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during the procedure, while a subcutaneous buprenorphine injection (0.05 mg/kg) was
given to alleviate pain at the end of the procedure. Incision sites were closed with
vicryl 3-0 sutures or skin glue (VetBond, 3M, Maplewood, MN). Silver sulfadiazine
was applied topically to the incision site to mitigate infection risk for incisions closed
with sutures. Following surgery, animals were allowed to ambulate at will with access
to water, solid food, and a heat source for at least 4 hours before returning to their
normal cages. The sham group followed the same bilateral surgical protocol described
for SynAb without resection of the Achilles tendon. The intact group included age-
matched animals which received no surgical intervention. Animals were evaluated for
activity and tendon geometry for up to 8 weeks, as described below. After 8 weeks,
animals were euthanized, and the left and right tendons were block randomized. One
tendon was immediately prepared for histology and scanning electron microscopy
(SBFSEM), while the other limb was left intact and frozen for multi-scale
biomechanical testing and second harmonic generational (SHG) imaging, as described

below.

Table 5.1 — Distribution of Study Animals:

Assay # Animals # Tendons
Activity Monitoring 6 (2/group) N/A
MRI 18 (6/group) 36 (12/group)

Histology H&E: 12 (4/group) H&E: 12 (4/group)
PSR: 17 (5-6/group) PSR: 17 (5-6/group)

SBF-SEM Imaging 3 (1/group) 3 (1/group)

Mechanical Testing 17 (5-6/group) 17 (5-6/group)

SHG Imaging 18 (6/group) 18 (6/group)
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5.2.2 Activity Monitoring

Activity monitoring was performed to evaluate animal activity post-surgery.
Rats (n=2/group) were housed individually on the evening of monitoring (~5PM) into
a standard clear cage with a frame containing an infrared activity monitoring system
placed on the outside of the cage (ActiTrack, PanLab, Barcelona, Spain). Distance
traveled and number of hindlimb rearings were monitored throughout the night, and
the recorded data was analyzed for an 8-hour dark cycle, in 10-min bins and summed.
Recordings were made pre-operatively for 3 consecutive nights for an average
baseline activity and for one monitoring cycle 3 days, 2-, 4-, and 8-weeks post-

surgery.

5.2.3 Longitudinal High-Resolution MRI

To evaluate changes in cross-sectional area and shape of the plantaris tendon,
rats were anesthetized using 2-3% inhaled isoflurane and limbs were imaged using
high-resolution magnetic resonance (MR) images (Bruker Biospec 94/20, Billerica,
MA). MR images were acquired 2-3 days before surgery as a baseline measurement
and at 4- and 8-weeks post-surgery (n=4 rats/group, Table 2). The intact controls were
imaged only at baseline and 8 weeks. For MR image acquisition, a 2 cm surface coil
with global shimming was used to acquire multi-slice axial images using a 3D T1
FISP sequence (TR/TE =584/2.9 ms, Field of View=16 x 31 x 86 mm, matrix = 165 x
224 x 43, spatial resolution = 100 x 140 x 200 um, excitations =4, flip angle = 10.0°
and acquisition time = 6 min). The plantaris tendon and granulation tissue (in the
SynAb group) were manually segmented using ITK-SNAP software [203]. After
segmentation and realignment of the tendon neutral axis in ITK-Snap, the tendon CSA

and eccentricity and the granulation tissue CSA were calculated using MATLAB
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[203]. As the aspect ratio of the tendon changes rapidly close to the enthesis, we
compared the median plantaris CSA and eccentricity at each time point for all
segmented slices in a sample. This was to reduce the bias from the distance of a slice
to the enthesis, as there was some variation between samples in number of slices with
free tendon visible. Therefore, no comparisons were made along the length of the
tendon because of the relatively large slice thickness and difficulty indexing location

between slices.

5.2.4 Histology

Immediately post-euthanasia, one plantaris tendon from each animal was
dissected for use in structural assays, with half the tendon prepared for SBF-SEM, and
the other going to histology. The plantaris tendon was dissected and then one-half
fixed with 4% paraformaldehyde in Sorenson’s buffer for at least 48 hours before
paraffin embedding, with the other half prepared for electron microscopy. Tendons
were processed for paraffin histology. Paraffin processed tendons were transversely
bisected at the midline, with one half randomly assigned to longitudinal sectioning.
Longitudinal slices were stained using either Hematoxylin & Eosin (H&E) for cell
density and morphology or Picrosirius Red (PSR) for collagen organization. H&E-
stained sections were imaged using a brightfield microscope (EVOS M5000,
Invitrogen, Waltham, MA). Sections stained with PSR were imaged using circular
polarized light microscopy.

Sections stained with H&E were used to quantify the cell density and the cell
nuclear aspect ratio (NAR). A custom ImageJ (FIJI) macro was used to segment the
nuclei from the tendon [204]. Briefly, we performed color deconvolution

(vectors=H&E) followed by Gaussian blur (sigma=2) and contrast enhancement

57



(0.35%, normalize) to segment nuclei based on their high intensity threshold.
Segmented nuclei were masked, and the analyze particles function in ImageJ was used
to quantify nuclei number and morphological parameters, specifically NAR. Cell
density was calculated based on the nuclei number per mm?.

PSR stained sections were scored by 3 blinded reviewers using a semi-
quantitative scale from 1-5, with 5 being the best organization [5 = extremely
organized and yellow, 4 = predominantly organized and orange, 3 = mixed
organization and green, 2 = predominantly random and red/green, 1 = extremely

random and red/black] as previously [205].
5.2.5 Serial Block Face Scanning Electron Microscopy (SBF-SEM)

5.2.5.1 Sample Preparation

Immediately post-euthanasia, one plantaris tendon from each animal was
dissected for use in structural assays, with half the tendon prepared for SBF-SEM, and
the other going to histology. Distal and proximal tendon bisections were block
randomized between the two assays, with the medial portion of bisection used for
imaging. The tendons were cut into 1mm x 1mm pieces before fixation in 2%
paraformaldehyde, 2% glutaraldehyde with 2mM calcium chloride in 0.1M sodium
cacodylate buffer for a minimum of 5 days. The samples were stained for SBF-SEM
by adapting an established protocol that included steps with osmium tetroxide,
potassium ferrocyanide, thiocarbohydrazide, 1% uranyl acetate, and en bloc lead
aspartate, before dehydration with an ascending ethanol series. Finally, samples were
infiltrated with Epon hard resin in an ascending series over 10 days before

polymerization in a 60°C oven for 48 hours [169].
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5.2.5.2 SBE-SEM Imaging

SBF-SEM image stacks were collected after confirming axial alignment of the
samples (FEI Apreo VolumeScope SEM, ThermoFisher Scientific). The samples were
sliced every 100 nm with images taken every other image for a total slice thickness of
200 nm and a pixel resolution of 6.6667 nm. Overall, the in-plane field of view was

20.48 um x 13.65 pum.

5.2.5.3 U-Net Segmentation and Analysis

To segment the collagen fibril cross-sections, an adapted u-net algorithm was
used [168]. Raw images were processed with Gaussian and anisotropic diffusions
filters to reduce noise while preserving edges. For each sample algorithm training was
completed, where 1/6 of 10 slices from a full stack were segmented by hand to use as
ground truth. Training of the adapted u-net was completed on a GPU for 200 epochs.
The trained u-net was then applied to the full image stack that included the training
images and applied to other ROIs from the same sample. Following segmentation, a
watershed and two erode functions were applied in ImageJ to separate fibrils for
particle analysis to measure area fraction, estimated fibril diameter, and fibril

circularity for all slices in the stack.

5.2.6 Multiscale Mechanics

5.2.6.1 Sample Preparation

On the day of mechanical testing, samples were thawed at room temperature
before dissection. The plantaris tendons were removed at the calcaneal insertion and
the musculotendinous junction, with some muscle and fibrocartilage preserved for

gripping [206]. To ensure that tenocytes embedded in between collagen fiber bundles,
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and not superficial cells, were being imaged for microscale strain analysis, 150 um of
the tendon surface was removed using a freezing-stage microtome. The cross-sectional
area was calculated using laser displacement in a custom device across the sample
midportion after microtoming [206]. Samples were stained in 0.5 ug/ml Hoechst
33342 (2'-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5'-bi-1H-benzimidazole,
ThermoFisher) for at least 15 min to stain the cell nuclei for fluorescence imaging
[136]. Further, a fluorescence fiducial marker was made with CellMask Orange cell
membrane stain (ThermoFisher) on the surface of the tendon to assist in locating the
same ROI throughout the loading protocol. Two ink markers on the tendon surface at
the midportion were used for digital image correlation for tissue strain calculation. All
samples were kept at room temperature after thawing and throughout mechanical
testing. To maintain tissue hydration, samples were kept in a bathing solution of 8%
weight-by-volume PEG (polyethylene glycol, 20kDa) and 15 mM Tris-buffered saline
[146,207].

5.2.6.2 Mechanical Testing Protocol

The testing protocol (Fig 5.1A) was like that used in prior studies [44,47,207].
Each sample was tested using a custom uniaxial testing device mounted on an inverted
confocal microscope (Zeiss 880 Airyscan, objective Plan-Apochromat 10x/0.45W),
which allows for simultaneous imaging and mechanical loading. The sample was
gripped and loaded to a reference length by applying a 5 mN (0.5 g) preload and
preconditioned for 5 cycles between 0 and 5% strain. Each sample was then ramped to
25% strain, held for 10 minutes at constant 25% grip strain, and unloaded back to the
reference length. The sample remained at the reference length for a 15-minute

recovery period before undergoing a final ramp until failure. All loading and
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unloading rates were 0.1%/sec. We chose 25% strain to be within the linear region

based on pilot tests and previous work in plantaris tendon [43].

A Loading Protocol B Representative Stress-Strain
Bl
10 min —_
= o
i E_.m_
‘::T:- @ 25% Ramp
i S Ramp to Fail
w in 204 Transition Paint
Y¥ield Point
Preload = . Modulus Fit
Time 0.0 0.1 0.2 03 0.4

Figure 5.1: Mechanical loading protocol. Time points for confocal imaging shown
with blue circles and SHG imaging with green X. B) A representative
stress-strain curve from the Intact group, showing the 25% ramp as a
solid line and ramp to failure as a dashed line. Transition point (red
circle), modulus (dashed green line), and yield point (purple square) are
indicated.

5.2.6.3 Imaging and Data Acquisition

To measure the tissue strain, we imaged the tendon with a CCD camera and
tracked displacement of the ink markers on the midportion surface using digital image
correlation. For microscale analysis, confocal image stacks were taken after
preconditioning, and at the beginning of loading with a 10X water-immersion lens
(425 x 425 pm). Following pre-conditioning, samples were also imaged with second

harmonic generation (SHG) to assess collagen fiber alignment and damage [118].

5.2.6.4 Tissue-Level Data Analysis
The stress-strain (o — €) curves were analyzed for transition point, yield point,

and linear region modulus, with the transition point defined as the end of the toe
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region and yield point as the inflection point where the curve changes from strain-
stiffening to strain-softening, as previously described (Fig 5.1B) [43,44,207]. Because
some samples lost video tracking for digital image correlation, applied grip strain was
used. The yield point was calculated by fitting a cubic smoothing spline with the csaps
function in MATLAB and finding the first zero crossing point of the second
derivative. The stress-strain curve between zero and the yield point was fit to a
nonlinear exponential constitutive model which was optimized to obtain the transition

strain (p), transition stress (q), and linear region modulus (E):

_ {A * (exp(Be) — 1), Ve < p} 5.1)

Ex(e—-p)+gq Ve >p
The optimization was performed on three of the parameters (p, A, B) and was
completed using the MATLAB function fmincon to minimize the mean square error.
Data analysis was performed for both the ramp to 25% strain and ramp to failure. The
ramp to 25% strain did not reach a yield point, so the yield stress and strain, along
with the failure stress and strain, were only determined for the ramp to failure, and

25% strain was used as a yield value for curve fitting the 25% ramps.

5.2.6.5 Microscale Data Analysis

Microscale deformations were determined from displacements of stained
tenocyte nuclei in confocal images at reference and immediately following the 25%
ramp (Fig 5.1A). Deformations were calculated using IMARIS (Oxford Instruments,
Abingdon, UK). These displacements were used to calculate two-dimensional
deformation gradient (F) and Lagrangian strain using a custom MATLAB program
[208]. Lagrangian strain was calculated as E =% (C — ), where 1 is the identity matrix

and C is the right Cauchy-Green deformation tensor (C = F' « F, where F is the
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deformation gradient). To calculate the Lagrangian strain across the field of view, all
tracked cells were pooled (n=24-45 cells per sample). Maximum principal strains (e1)

were then calculated, using the relationship:

2
e, = E11‘2H‘722 +\/(E1142'Ezz) + E122 (52)

To evaluate load transfer attenuation within the sample, the ratio of tissue to

microscale strain at the end of ramp to 25% strain was calculated.

5.2.7 Collagen Organization and Damage Area Fraction from SHG Images

SHG images were taken at the same time and ROI as the reference stacks used
for cell tracking (Fig 5.1A), having a 425 x 425 um FOV and 0.29 um in-plane pixel
resolution (Zeiss 880 Airyscan, objective Plan-Apochromat 10x/0.45W).
Quantification of collagen organization from images was automated using MATLAB
based on Seresky et al. [118]. SHG images were divided into approximately 850
individual 41x 41-pixel blocks (0.01 x 0.01 mm) and a colormap was created to
determine the variance of pixel intensities. Extreme intensities that were not associated
with tissue were removed. A Fourier transform followed by a 3x3 Gaussian filter was
applied to each block. A high pass filter was then used to remove all pixels except
those with the top 20% of intensities to isolate collagen. Next, the image was binarized
and ellipses were fit to the remaining pixels. The length of the major and minor axis
and orientation of the major axis were collected for each ellipse and plotted against the
original image. Fiber angle was calculated by subtracting the angle from the major
axis to the x-axis from 90°. Strength of alignment was found for the fiber orientation
of each ellipse by subtracting 1 from the ratio of the length of the major axis to the

length of the minor axis. The fiber orientation of each block was then compared to the
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orientations of the adjacent blocks. If the difference between the orientation of the
center block and the orientation of both adjacent blocks was greater than 5°, the
window was labeled as damaged. Damage Area Fraction (DAF) was then calculated
by normalizing the number of damaged blocks by the total number of blocks in the

image (Fig 5.2).

Figure 5.2: Representative damage area fraction method. DAF calculated from SHG
images showing A) raw image, B) 41x41 pixel block, C) fast Fourier
transform + Gaussian filter, D) best fit ellipse with major and minor axis
superimposed, and E) overall fiber orientation of window.

5.2.8 Statistics

Variation in activity within each subject between timepoints was analyzed
using a mixed effects model with only time as an effect. Plantaris CSA and
eccentricity between groups were compared using a mixed effects model (effects:
treatment, time, time X treatment, and between-subject effect) with standard least
squares and restricted maximum likelihood estimation followed by Tukey post hoc
tests for all pairwise comparisons. The difference in CSA of the granulation tissue
between 4- and 8-weeks post-surgery was determined with a pairwise Student’s t-test.
Differences in cell density, average NAR, fiber orientation, and DAF at 8 weeks were
determined with a non-parametric one-way ANOVA and Dunn’s multiple comparison
tests post-hoc. Differences in matrix organization from PSR at 8 weeks were

determined with a Kruskal-Wallis’s test. In all the above tests, significance was
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defined as p<0.05. Differences in modulus, transition strain, and transition stress were
calculated with a repeated measures two-way ANOVA and multiple comparisons
completed using Tukey’s HSD tests. Differences in yield strain, yield stress, failure
strain, and failure stress were calculated with One-way ANOVAS (as all measures
passed normality assessed by Kolmogorov-Smirnov) and multiple comparisons

completed with Dunn’s multiple comparison tests.

5.3 Results

5.3.1 Activity Monitoring

There was no difference in total distance traveled and total number of rearings
over time, specifically post-surgery (Fig 5.3). This indicates that any structural
changes are due to overload and not altered number of loading cycles; animals did not
alter their activity either due to surgery or developing degeneration. However, we
recognize that our current sample size is limited, and activity levels are highly variable

between rats and over time.
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Figure 5.3:  Activity monitoring results. Monitoring (n=2 rats/group) for 3 pre-
surgical sessions to obtain an average baseline, and then at 3 days, 2-, 4-,
6-, and 8-weeks post-surgery. A) Normalized distance traveled for each
animal and B) normalized number of rearings to own average baseline
measures. The gray band shows the average baseline standard deviation
for all animals.

5.3.2 Tendon Geometry from MRI

In vivo MRI was performed to evaluate the macro-scale changes over time
(Fig 5.3, representative mid-tendon slice). The MRIs showed the plantaris tendon
against the surrounding fat pad (at baseline and in Intact and Sham groups across
time). The plantaris tendon macro-scale measures of CSA and eccentricity were
calculated from segmented MR images (Fig 5.4A-B). There was no difference in the
median CSA between any groups prior to surgery (0.18 mm2 +/- 0.03 mm2 (n=24),
p=0.63). At 8 weeks, the SynAb median CSA was 14% larger than Sham (p=0.001)
and 22% larger than Intact (p=0.002). Sham and Intact controls were not different at 8
weeks (p=1.0). Sham and Intact tendons were also not different at 8 weeks compared

to their own baseline scans at 0 weeks (p=1.0, p=0.18). At 8 weeks, the SynAb CSA
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increased by 30% compared to its own 0-week CSA (p=0.06, Fig 5.5A). The median
eccentricity was not different with treatment, however, the SynAb tendon had a lower
eccentricity compared to its own baseline (p=0.03, Fig 5.5B). The CSA of the
granulation tissue decreased from 4 to 8 weeks post-surgery in the SynAb group
(p=0.03, Fig 5.6). To check for a potential increase in CSA due to overall animal
growth, the correlation in animal weight to median CSA was found to have no effect

(R?=0.01, Fig 5.7).

Figure 5.4: MRI of a representative SynAb sample. Before surgery (Week 0), and 4
& 8 weeks after surgery. Week 0 shows normal structures, including the
Achilles tendon, while Week 4 and Week 8 show plantaris and formation
(then resolution) of granulation tissue filling the Achilles void. Arrow
indicates plantaris tendon, * Achilles tendon, G granulation tissue, and T
tibia.
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Figure 5.5: Geometry changes measured by MRI. A) Median CSA and B) median
eccentricity with standard deviation between Intact, Sham, and SynAb
groups at each time point. 8 weeks after surgery, the SynAb tendons were
larger in cross-sectional area compared to Intact and Sham at 8 weeks,
and SynAb at 0 weeks. 8 weeks after surgery, SynAb tendons were less
round than SynAb at 0 weeks, but no differences were observed between
groups. Line (between groups) and # (compared to baseline) show

p<0.05.
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Figure 5.6: Longitudinal analysis of granulation tissue. Average CSA for granulation
tissue after surgery for SynAb group. Line indicates p<0.05.
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Figure 5.7: Correlation of rodent weight to median CSA. Pooled data correlation
plotted with the 95% confidence interval. Table shows R? values from
each correlation, as well as p-value testing for slope different from zero.

Histology

Histological staining with H&E was conducted to quantify cell density and
nuclear aspect ratio (NAR) (Fig 5.8A) and staining with PSR was conducted to
quantify collagen alignment in plantaris tendons (Fig 5.8B). At 8 weeks, SynAb cell
density was 46% higher than Sham (p=0.03) and Intact (p=0.03, Fig 5.8C). Sham and
Intact were not different from each other at 8 weeks (p=0.95) and there were no
differences in NAR between any group at 8 weeks (p=0.6, Fig 5.8D). At 8 weeks,
SynAb matrix organization was lower than Sham (p=0.04), but not Intact (p=0.18, Fig

5.8E), with Sham and Intact again showing no difference (p=0.67).
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Figure 5.8: Histology results and analysis. A) Representative longitudinal H&E for
each group (Intact, Sham, SynAb) at each time point B) Representative
longitudinal PSR for each group (Intact, Sham, SynAb) at each time
point. B) Cell density, and C) nuclear aspect ratio (NAR) for Intact,
Sham, and SynAb at 8 weeks from H&E images. At 8 weeks, SynAb had
a higher cell density than Intact and Sham, while no changes were seen in
NAR between groups. E) Semi-quantified matrix organization for Intact,
Sham, and SynAb at 8 weeks. At 8 weeks, SynAb was more disorganized
than Sham, but not Intact. Lines with * show p<0.05.

5.3.3 Serial Block Face Scanning Electron Microscopy (SBF-SEM)

SBF-SEM imaging was conducted to investigate changes in collagen fibril
structure following overload. SynAb had a larger area fraction of fibrils compared to
Intact and Sham, with SynAb having a mean area fraction of 47%, compared to 39%
for Intact and 40% for Sham (Fig 5.9). For the examined samples, SynAb also had a
larger mean fibril diameter of 0.16 um, compared to 0.12 um for both Intact and
Sham. There seemed to be no clear trend in circularity, with Intact having a mean

circularity of 0.67, Sham of 0.75, and SynAb of 0.71.
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Figure 5.9: SBF-SEM images and analysis. Representative regions (6.8 x 6.8um)
from A) Intact, B) Sham, and C) SynAb SBF-SEM image stacks. D)
Mean collagen fibril area fraction with standard deviation and histograms
of E) collagen fibril diameter and F) fibril circularity for Intact, Sham,
and SynAb tendons.

5.3.4 Multiscale Mechanics

Multiscale mechanics tests were performed to evaluate the functional changes
between groups. Mechanical parameters were compared between groups, as well as
between the first ramp to 25% and the second ramp to failure for modulus and
transition point as a measure of treatment (Intact, Sham, or SynAb) and ramp type.
During the initial 25% Ramp, SynAb had a trending decrease in modulus compared to
Sham (p=0.09), but not compared to Intact (p=0.21, Fig 5.10A). During the ramp to
failure, SynAb had a lower modulus than Sham (p=0.04), but not to Intact (p=0.20).
There were no differences between groups for transition strain (Fig 5.10B). There was

no difference between groups for transition stress (p=0.15, Fig 5.10C). As yield and
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failure parameters were only measured during the Ramp to Failure, the effect of
treatment was assessed with a one-factor ANOVA. The SynAb yield stress was 60%
lower than Sham (p=0.02), but not different from Intact (p=0.49), and Sham and Intact
were not different from each other (p=0.16, Fig 5.10E). There were no differences
between any groups for yield strain, failure strain, or failure stress (p=0.29, p=0.50,
p=0.16, Fig 5.10D, F, G). Mechanical parameters calculated from tissue strains, rather
than grip strains, had overall findings of treatment consistent with these results despite

samples lost to tracking errors (Fig 5.11).
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Figure 5.10: Mechanics results from grip strain. A) Mean modulus, B) transition
strain, C) transition stress, D) yield strain, E) yield stress, F) failure
strain, and G) failure stress with standard deviation for Intact, Sham, and
SynAb groups. Modulus and transition point were evaluated during both
the 25% ramp and ramp to failure, while yield and failure were evaluated
only during the ramp to failure. After 8 weeks of overload, SynAb
samples had a lower modulus than Sham during ramp to failure as well as
a lower yield stress. Line and * show p<0.05.
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Figure 5.11: Mechanics results from optical strains. Calculated as described in
methods, including A) mean modulus, B) transition strain, C) transition
stress, D) yield strain, E) yield stress, F) failure strain, and G) failure
stress with standard deviation for Intact (n=4), Sham (n=3), and SynAb
(n=3) groups. Sample size reduced due to samples dropped for poor
optical tracking. Modulus and transition point were evaluated during both
the 25% ramp and ramp to failure, while yield and failure were evaluated
only during the ramp to failure. Line and * show p<0.05.

To assess load transfer within the tissue, the ratio of microscale to tissue-level
strain was calculated at the end of the 25% Ramp (Fig 5.12A). There was no
significant difference between groups for the micro: tissue strain ratio with an average

micro: tissue strain ratio for SynAb being 0.43, Sham 0.78, and Intact 0.82 (p=0.23,

Fig 5.12B).
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Figure 5.12: Multiscale mechanics results. A) Correlation between microscale strain
measured from cell nuclei displacements plotted and sample tissue strain
measured from digital image correlation, with 1:1 value showing perfect
load transfer across length scales, with a value below the 1:1 line shows
strain attenuation down the length scales. and B) mean ratio of micro:
tissue strain with standard deviation.
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5.3.5 Second Harmonic Generation (SHG)

SHG images at reference were acquired following preconditioning during the
mechanical testing to assess collagen fiber orientation and damage (Fig 5.13A-C).
After 8 weeks, there was a trending increase in SynAb DAF compared to Intact
(p=0.15), with SynAb trending 92% larger than Intact (p=0.15), but not compared to

Sham (p=0.39, Fig 5.13D). At 8 weeks, there were no differences between groups in

mean fiber angle (p=0.20, Fig 5.13E).
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Figure 5.13: Representative SHG images and analysis. Representative z-projections of
SHG stacks for A) Intact, B) Sham, and C) SynAb. D) Damage area
fraction (DAF) and E) mean fiber orientation with standard deviation
between Intact, Sham, and SynAb groups calculated from SHG images

taken under preload.
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5.4 Discussion

We observed degenerative structural and functional changes in SynAb tendons
compared to our Sham and Intact controls. Structurally, there was an increase in
tendon CSA at 8 weeks post-surgery, an increase in cell density, a decrease in matrix
organization, and an increase in collagen fibril diameter. Mechanically, there was a
decrease in modulus and yield stress at 8 weeks post-surgery. These alterations
indicate sustained tendon degeneration after 8 weeks of overload.

Overall, SynAb overload led to a decrease in modulus and yield stress when
compared to the Sham control, while yield strain, transition behavior, and failure
behavior were unchanged. As SynAb tendons experienced an increase in CSA and a
concurrent decrease in modulus, the tissue is mechanically inferior. Although the other
metrics were not statistically significant, qualitatively there is a clear downward shift
for transition, yield, and failure stresses for SynAb. Significance is likely hindered by
the relatively low sample size. Interestingly, SynAb tendons also have an increase in
collagen area fraction and increase in mean fibril diameter, which are typically
correlated with an increase in tendon stiffness [25,209,210]. The lack of explicit
impairment at the fibril level also includes the similarity in the micro: tissue strain
ratios between the groups, showing that this metric of multiscale load transfer has not
been affected. While the fibril level changes may suggest an increase in modulus, they
are in balance with the other observed structural changes in the tissue.

While interpreting this work against the landscape of tendon clinical research
and animal models of tendon disorders, we developed a new two-dimensional
framework to distinguish between overload and overuse and the transition from
adaptation (exercise) to degeneration (Fig 5.14). This new framework separates the

role of load from cycle number (along the x- and y- axes) and captures many types of
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activity that are a combination of load and cycle number. This framework suggests
that as tendons transition from homeostasis to a degenerative state, there are likely
different mechanisms due to overload and overuse environments and this suggests that
unique animal models may be important to study these potentially different pathways
and mechanisms (Fig 5.14, dashed boxes). This new framework can be applied to
include other loading environments important to tendon clinical and basic research
such as immobilization and strength training. This framework also includes the
positive adaptation that occurs with moderately increased load and cycle number (Fig
5.14). Positive adaptation to increased loading without experiencing detrimental
functional changes or pain is observed by increased cross-sectional area and stiffness
after habitual exercise [29,78,81,82,211]. The thresholds between tendon homeostasis,
tendon adaptation, and tendon degeneration are driven by a combination of loading
components, as well as shifts due to other factors including age, genetics, lifestyle, and

other medical conditions [29].
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Figure 5.14: Tendon loading framework. Schematic illustrating the changes in
response to altered activity via load and frequency. The “Cycles” and
“Load” axes allow for differentiation between high load magnitudes and
high load cycle numbers. The dark green circle indicates the region in
which normal activity incudes no changes, the light green region
indicates where increased activity leads to positive adaptation, and the
blue region indicates were degeneration and/or impairment occur.
Asterisks indicate representative activities. Black, dashed rectangles
indicate approximate locations of various animal models.

Our findings and our proposed framework for tendon overload and overuse as
different degenerative mechanisms can be compared to changes to the supraspinatus
tendon observed Abraham et al. [193]. In the context of our proposed framework (Fig

5.14), the normal cage activity group would be within the homeostatic region, the

80



destabilization group (overload) would be high on the loading y-axis within the
degeneration region, and the overuse downhill treadmill running group has both
increased load and cycle, so would be in the “High Load, High Cycles” region
between the two axes. Notably, the overuse group in their study did not degenerate,
but remained within the adaptation region of our proposed framework [193]. This is
like several studies of Achilles’ tendon overuse that show adaptation but not
degeneration [120,124,184].

We observed an increase in tendon CSA at 8 weeks after SynAb. This finding
is consistent with both tendon adaptation and degeneration, thus additional
measurements were taken to elucidate where the tendon changes occur along the
adaptation to degeneration continuum (boundary between adaptation and
degeneration, Fig 5.14). For example, human tendon CSA adaptively increases with
both endurance training and resistance training [78,81] and increases with
tendinopathy [64,92]. We observed hypercellularity at 8 weeks and trend for decrease
in matrix organization after SynAb, consistent with degenerative alterations due to
overload in this model. Increased cell density and decreased organization similarly
occurs in human tendinosis and ruptured tendons [94,181,191]. We also observed
decreases in the overall disorganization of the tendon matrix following overload in our
histological PSR images. Matrix disorganization and loss of collagen alignment are
hallmark changes observed in degenerative tendon [118,212-214]. While we did not
observe a significant decrease in DAF from SHG images, the imaging ROI during
mechanical testing was chosen to be an area of tissue with highly aligned tenocytes to
allow for cell tracking. As a result, for SynAb samples, the SHG images were taken of

the most structurally preserved regions. Finally, our SynAb tendons observed an
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increase in collagen fibril diameter, consistent with changes seen in human
degenerative tendons [215]. While some of the structural changes could be examples
of tendon adaptation, the observed decrease in tendon modulus when combined with
an increase in matrix disorganization suggests that the SynAb overload results in a
degenerate tendon, rather than an adapted one [97-100].

Abraham et al. recently investigated the effect of different loading conditions
on mouse supraspinatus tendon, including unloading (via botulinum toxin A), normal
activity, overuse (via downbhill treadmill running), and joint destabilization (via
surgical excision of the synergist infraspinatus tendon) [193]. Though it was not
possible to confirm increased load to the remaining supraspinatus tendon following
SynADb, the joint destabilization group in this forelimb study is like our SynAb
overload group and was noted by the authors to be inspired by the hindlimb synergist
ablation models [133,193]. Abraham et al. also observed a similar increase in tendon
CSA in their destabilization group akin to our SynAb group. For mechanics they also
observed a decrease in stiffness, and their destabilization group lead to decreases in
maximum force and ultimate stress as well. Our findings for increased CSA and cell
density at 8 weeks are generally consistent with previous SynAb studies of the
plantaris tendon, where histology demonstrated an increase in CSA but no increase in
cell density at early timepoints of 1 and 4 weeks [133]. However, in a second study by
the same group in plantaris tendon, no changes in CSA or cell density were observed 4
weeks post-surgery [134]. More broadly, the mechanical behavior for Intact was
consistent with previous findings for healthy tissue [43].

Several animal studies have identified structural and functional changes that

occur following overuse, especially in rodent overuse models like treadmill running
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[98,102,103,184,194,195]. However, the presence of degenerative changes with
treadmill running are highly variable and depend on the duration of training as well as
with the incline/decline used during treadmill running, which is correlated with
magnitude of load [186]. For rotator cuff and supraspinatus tendon overuse, treadmill
running that is done using a downhill incline is consistently degenerative, with
increases in collagen fiber disorganization, cell density, CSA, and decreases in
modulus and maximum stress [90,98]. However, other overuse protocols, particularly
with hind limb tendons, are less consistently degenerative. For example, no
differences were found in tendon CSA or elastic properties in a rat Achilles tendon
using a downhill running model [184], while another downhill model showed
increases in collagen fiber disorganization and cross-sectional area [98]. Some uphill
running models show increases in collagen fiber disorganization, and cell density
[213], while others show no differences between running subjects and controls [216].
In the context of our proposed framework (Fig 5.14), flat treadmill running studies
would be examples of overuse, with uphill/downhill running models representing
overuse models with possible moderate overload. Further, these previous results show
that varying levels of increased cycles, or cycles in combination with increased load
by changing incline during running, can result in adaptation or degeneration,
seemingly moving from homeostasis with increasing intensity.

This study has some limitations. First, in vivo loads were not measured.
Although the observed changes in tendon size (i.e., increased CSA) partially confirms
that the plantaris tendon was effectively overloaded following SynAb, we did not
directly confirm increased in vivo loads in this study. Based on a simple ratio of CSA

of the plantaris and Achilles, we estimate that the load increased by a factor of 5.
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Second, no inflammation assays were performed in this study to account for
immunomodulatory effects following SynAb. We saw an early inflammatory response
to surgery with the formation of granulation scar tissue in the space where the
Achilles’ tendon was removed; however, it is likely this inflammation resolved within
a short time after surgery. By eight weeks, we did not observe a noticeable
inflammatory response, however, the increased cellularity indicated active remodeling
that would include upregulation of cytokines [217]. Finally, though previous studies
have considered 8 weeks sufficient for chronic changes, it is possible that further
mechanical impairment and structural disorganization could occur with prolonged
chronic overload.

Inflammation is an important part of the tendon healing cycle; when the
healing response is dysregulated or tendon degeneration surpasses the tissue’s intrinsic
healing ability, aberrant remodeling occurs [218]. In our study, the acute overload
from surgical resection, as well as iatrogenic effects from the surgery itself, may illicit
an inflammatory response. The presence of inflammatory and degenerative changes in
adjacent tissues in tendinopathic limbs shows that inflammation can be cross-tissue
and that the granulation tissue caused by the Achilles ablation in our model likely has
biological effects on the plantaris tendon [29].

In summary, this study used a SynAb model to overload tendon in vivo and
demonstrated the structural and functional changes up to 8-weeks using longitudinal
high-resolution MRI, histology, SHG imaging, SBF-SEM, and multiscale mechanics.
We observed that overload, without increasing the number of loading cycles, is
sufficient to induce degenerative changes in cross-sectional area, cellularity, matrix

organization, fibril diameter, modulus, and yield stress at 8-weeks. We also introduce
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a new framework for evaluating tendon loading that separates overload (increased
magnitude) from overuse (increased cycles). It is likely that the landscape of
pathology is not uniform between tendon overload and overuse, and these differences
may explain the discrepancies between the asymptomatic degeneration that precedes
tendon rupture and painful tendinopathy. This work establishes SynAb as a model to
study overload-induced degeneration, separate from overuse, and can be used to study
different mechanisms and treatments between the tendon overload and overuse
injuries. Additionally, this new visual framework more clearly highlights the
complexities of tendon's remodeling landscape and can help researchers and clinicians

to discuss the effects of tendon loading.

85



Chapter 6

SUMMARY AND FUTURE DIRECTIONS

6.1 Summary

Chronic tendon injuries, such as tendinopathy, are exceedingly common and
can be debilitating for recreational activities, work, and everyday quality of life.
Further, there is evidence that acute tendon ruptures may result from unperceived
tendon degeneration. While the link between excess mechanical loading and tendon
injury is well established, the mechanisms of degenerative progression leading to
clinical disorders is not fully elucidated, nor elements which lead to diverging
endpoints such as tendinopathy or tendon rupture. As clinical diagnosis of these
tendon disorders typically occurs after significant degeneration has already taken place
(after pain initiates in tendinopathy, or after acute rupture), ex vivo studies and in vivo
animal models are essential to investigating the changes occurring in tendon with
altered loading states.

The objective of this thesis was to evaluate the structural and functional
changes occurring after tendon was overloaded in an in vivo animal model. In Chapter
3, multiscale mechanical testing and electron microscopy was completed to determine
which bathing solution best preserves in vivo damage conditions during mechanical
testing. This study quantified the mechanical properties of the tendon equilibrated in
two different solutions, the microscale damage experienced by the tendon after a
single loading ramp, and the collagen fibril diameter and density. Analysis of the

tissue-scale mechanics showed that using a solution of saline with 20 kD polyethylene
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glycol (SPEG) leads to a tendon with higher modulus and higher inflection point
stress. The tendons equilibrated in SPEG also showed an increase in damage,
measured as a larger delta value between baseline and final loading curves for
transition strain, inflection stress, and modulus. However, the SPEG samples had a
lower amount non-recoverable sliding from microscale measurements. The TEM
images showed that samples equilibrated in SPEG as opposed to another commonly
used bath (PBS) had a collagen fibril diameter and density more like that of fresh
tendon. This work thus concluded that using SPEG more accurately preserves fresh
tendon structure and that swelling caused by other baths effect the multiscale
mechanics and damage of tendon.

In Chapter 4, the 3D ultrastructure of collagen fibrils was evaluated in tendons
using Serial Block Face Scanning Electron Microscopy (SBF-SEM) and an adapted u-
net deep convolutional neural network to segment the collected image stacks. After
segmentation, a 3D reconstruction of the collagen fibrils was created to evaluate the
differences in ultrastructure between rat tail tendon fascicles, a positional tendon, and
rat plantaris tendon, an energy-storing tendon. In this work, a u-net workflow
automatically segmented collagen fibril cross sections more accurately than Otsu
thresholding, the typical field standard, and orders of magnitude more quickly than
manual segmentation. The segmented image stack was also successfully reconstructed
and analyzed using a combination of imaging software, to show that the plantaris
tendon had a larger fibril tortuosity than the tail tendon. This work not only provided
new information on the 3D geometric differences between tendon types, but also
established a method to investigate 3D geometries of collagen fibrils for fiber-

reinforced tissues.
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In Chapter 5, the effect of chronic overload on structural and functional
changes in tendon was evaluated. To help describe the differences in overload and
overuse, a new framework was developed to interpret the tendon loading environment.
To expose tendons to chronic overload, a surgical model called Synergist Ablation
(SynAb) was used, where a target tendon (plantaris) was overloaded by surgically
ablating its synergist (Achilles) in skeletally mature rats. Changes in gross
morphology were quantified from high resolution MRI images taken before and after
surgical intervention. Hematoxylin and eosin, as well as picrosirius red with polarized
light, histology staining was competed on tendon samples to investigate collagen fiber
alignment and cellular morphology. Collagen alignment was also assessed using
second harmonic generation (SHG) imaging, while collagen fibril geometry was
assessed using serial block face scanning electron microscopy (SBFSEM). Multiscale
mechanics were measured from uniaxial tension tests on tendon samples completed
during confocal imaging. After 8 weeks, overloaded tendons had larger tendon cross-
sectional areas, higher cellular density, decreased collagen fiber alignment, increased
collagen fibril diameter, decreased collagen density, and decreased modulus and yield
stress. To confirm that our surgical model was increasing the magnitude of the load
(overload) without increasing the number of loading cycles (overuse), activity
monitoring was used to measure the distance traveled by animals overnight. No
differences were seen after surgery, confirming that animal activity level stayed
constant. These findings confirmed that chronic overload without overuse is sufficient

to induce degeneration in tendon.
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6.2 Future Directions

6.2.1 Degeneration Mitigation

While important new findings were elucidated in Chapters 3 to 5, this thesis
also establishes methods and questions for further avenues of inquiry. Perhaps most
pressingly, the visual framework introduced in Chapter 5 is foundational for
translating animal models to humans or large animal models. Clinical researchers have
found that eccentric/concentric exercise and strength training can be restorative with
regards to symptoms in clinical tendinopathy patients [219-221]. Introducing exercise
treatments following the overload model used in this dissertation to evaluate whether
tendon structure and function can be restored; or rather, whether the observed
degeneration is reversible with intervention. Subjecting animals to a moderate exercise
regimen (either with moderate increases in load or moderate increases in loading
cycles) prior to inducing overload via SynAb would give insights into the
combinations of activity that can lead to tendon adaptation or tendon degeneration, as
well as whether metabolically active tissue from moderate exercise is more readily
adaptable and resistant to degeneration, or if all loading is additive
[82,119,187,193,222]. Exercised tendons have a larger cross-section and increasing
mechanical strength, which could prepare tendons to sustain the increases from the
overload model, [77-81]. In contrast to introducing additional (preceding moderate
exercise or eccentric/concentric exercise after surgery) load to the tendon, an
attenuated SynAb model could also be used, to evaluate tendon changes to a lower
amount of increased load by ablating the plantaris tendon instead of the Achilles

tendon.
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6.2.2 Effect of Cells on Multiscale Mechanical Environment

As mentioned in Chapter 3 and Chapter 5, mechanically testing tendon
samples leads to multiscale damage. However, in all the work completed in this
dissertation, only fresh-frozen, nonviable tissues were used. Evaluating multiscale
mechanics with samples where cells are still viable could also help establish the role
of cellular response during mechanical loading. Previous work, in addition to the work
described in Chapter 3, show non-recoverable fiber sliding at relatively low strains
[43,47]. Physiological activity includes numerous cycles at these strains in typical
activity, frequently without injury. It is likely that cellular activity is responsible for
recovering this sliding and tendon elongation [223]. Though viable and non-viable
mechanical testing has been completed and showed little difference macroscale
mechanics, investigation at the microscale could determine how tendon equilibrium is
maintained [224]. In addition to evaluating how cells contribute to interfibrillar
sliding, cellular membranes could be stained in addition to cellular nuclei to measure
cellular aspect ratio changes and thus cellular deformation in response to loading.
There is currently debate whether tendon degeneration originates from damaged
extracellular matrix or aberrant cellular responses to changes in mechanotransduction
[56,183,225]. Evaluating the cellular deformations in addition to the cellular nuclei
deformations would add needed information into the loading environment of the cell
during tendon loading. Even further, multiscale mechanical testing with viable sample
could also be used to evaluate how cellular structures such as the actin cytoskeleton

deform during mechanical loading [194,226,227].
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6.2.3 Collagen Fibrillar Ultrastructure and Multiscale Translation Between
Species

In Chapter 4, a new analysis method which allows for high throughput of 3D
collagen fibril geometry analysis was introduced and applied to investigating
overloaded tendon. Differences between collagen fibril diameter by region within a
single tendon has been previously described in equine flexor tendon, but no
description for differences in 3D ultrastructure [228]. A study in the intra-tendon
regional differences would be helpful to establish the inherent variability of the 3D
collagen fibrillar ultrastructure and may shed light on the heterogenous nature of
tendon degeneration [229]. In addition, to apply the methods used here in rodents to
human, quantification of the 3D collagen fibrillar structure from large animal or
human tendon would be useful. Rodents have differing tendons in comparison to
larger species like horse and human in that they lack a fascicular structure [206]. As
previous work has shown differences in the collagen fibrils near cells, it is possible
that differences exist in the ultrastructure of rodent tendon and larger species [16].
Beyond establishing baseline 3D collagen fibrillar structure, traditional electron
microscopy has shown collagen disruption following mechanical loading as collagen
kinking [35,115,230]. Imaging the 3D structure of collagen fibrils after typical sub-
rupture loading would shed light on whether fibrils with a helical ultrastructure that
convert tensile load to compressive load are more robust during loading. Another issue
in translating the mechanics observed in multiscale testing between the species is the
size of tendon necessary for mechanical analysis. In order to discover this relationship,
parallel mechanics tests could be completed on whole cadaveric human tendons, then
tendon samples appropriately sectioned for use on multiscale tester to see how

sectioning effects the load transfer within the tissue. This characterization is important
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as the intrafascicular matrix is an important contributor to tendon mechanics, and
sectioning could disrupt these mechanisms.

Another issue in translating the mechanics observed in multiscale testing
between the species is the size of tendon necessary for mechanical analysis. The
multiscale mechanical testing used in this dissertation is only possible with tendon
samples around 1 mm for the major and minor axis, which are much smaller than
human load-bearing tendons. If the effect on sectioning tendons down in size were
described, it would be possible to complete the assays in this dissertation on human
tissue. To describe this relationship, parallel mechanical tests could be completed on
whole cadaveric human tendons, then tendon samples appropriately sectioned for use
on multiscale tester to see how sectioning effects the load transfer within the tissue.
This characterization is important as the interfascicular matrix is a well-described,
important contributor to tendon mechanics, and sectioning could disrupt these

mechanisms [231-234].

6.2.4 Loading Protocol Effects on Multiscale Mechanics

The mechanical testing completed in this thesis used only a single ramp and
hold before a ramp to failure in the loading protocol. As physiological loading is
repetitive, and completed to various levels of applied strain, a more complex loading
profile is necessary to better evaluate the role of microscale damage in tendon
mechanical behavior. The results of Chapter 3, as well as previous work has suggested
that microscale damage via non-recoverable sliding occurs prior to collagen fibril
rupture [43,44,47]. It also is clear from previous microtensile tests that microscale
sliding increases with increased applied load, and increased applied loads in

succession [11,43,44]. However, it is not clear whether this damage threshold for non-
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recoverable sliding is dependent on the maximum strain reached, or the loading
history (applied strain). Repetitive strain at the same target strain could determine how
microscale damage accumulates in tendon, while loading protocols with variations in
other factors (loading duration, rate, type) could further establish the important factors

in tendon damage.

6.2.5 Inflammation in SynAb Model

One of the limitations of the SynAb model used in this thesis is the
inflammatory response created by the surgery itself. Inflammatory markers, such as
MMPs, TIMPs, cytokines, and prostaglandins, could be used to ascertain the timeline
of iatrogenic inflammation as opposed to inflammation resulting from tendon
degeneration [29,218,235]. Introducing a short-term anti-inflammatory regimen to this
model could more accurately recapitulate the physiology of tendon overload in
humans but is dependent on a better understanding of the inflammatory timelines and
targets in this model. Once a description of the short-term, iatrogenic inflammatory
timeline in the SynAb model is described, the inflammatory profile in overload

compared to overuse studies could be assessed for possible therapeutic targets [236].

6.2.6 Relating Fiber and Microscale Strain with Molecular Damage
Previous work investigating the microscale mechanics of tendon has used
photobleached lines or grids to evaluate the overall fiber sliding and strains during
tensile loading. In this thesis, this method was used in Chapter 3, but the
displacements of stained cellular nuclei were used for microscale mechanics in
Chapter 5. One of the most surprising results of this thesis was the relatively

nonuniform microscale behavior exhibited during unloading by triads of cells
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(Appendix 1). To relate the slightly larger scale line/grid deformations to the
movement of cellular nuclei, these methods could be completed concurrently. Further,
a collagen hybridizing stain could be used with cellular displacement to connect the
fibril sliding observed in these microscale measurements with collagen fibril
denaturation because of collagen fibril failure [53,54,237,238]. With respect to the
overload model introduced in Chapter 5, tendon samples could be stained prior to any
ex vivo mechanical loading to assess the amount of collagen damage from the in vivo
loading environment post-surgery. It is possible that the in vivo overload is damaging

collagen, especially at early time points before tendon can remodel.

6.3 Final Conclusions

This dissertation investigated tendon structure, function, and damage following
in vivo overload of tendon in a relatively unexplored animal model. To evaluate
tendon structure, a full workflow to image and analyze 3D collagen fibrillar
ultrastructure using machine learning was created. To help researchers and clinicians
discuss and interpret the complexities of tendon loading and tendon injuries, a new
visual framework for use in the field was designed. These findings establish that in
vivo overload is sufficient to induce tendon degeneration and help link both
macroscale to microscale mechanics and damage and degenerative structural changes
to impaired tendon mechanics. The outcomes from this thesis provide valuable insight
into tendon damage and degeneration with mechanical loading, while the novel
methods can be deployed to evaluate multi-scale structure-function in tendons and
other highly aligned collagenous tissue. Overall, this work shows that overload alone
induces multifaceted tendon degeneration, and this new knowledge and experimental

assays can be used to inform tendon injury treatment and prevention.
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Appendix A
SBF-SEM FIXATION PROTOCOL

Tissues were cut into Imm x 1mm segments and fixed with 2%
glutaraldehyde and 2% paraformaldehyde in 0.1M sodium cacodylate
buffer with 2mM calcium chloride. Samples were held in fixative at
4°C.

Samples were transferred to 2% glutaraldehyde containing 1% tannic
acid in 0.1M sodium cacodylate buffer with 2mM calcium chloride and
fixed overnight at 4°C.

Samples were washed 3 x 15 min with 0.1M sodium cacodylate buffer
with 2mM calcium chloride

Incubate the samples in 2% osmium tetroxide in 0.15M cacodylate
buffer with 2mM calcium chloride, pH 7.4, for 1.5 h at RT.

Without a wash step, remove the osmium tetroxide and incubate the
samples in 2.5% potassium ferrocyanide in 0.15M cacodylate buffer
with 2mM calcium chloride, pH 7.4, for 1.5 h at RT.

During the initial osmium incubation, prepare thiocarbohydrazide
(TCH) solution. This reagent needs to be fresh and available right at the
end of step 7 (see page 2).

a. Add 0.1 g thiocarbohydrazide to 10 ml ddH20 and place in a
60°C oven for 1 h, (agitate by swirling gently every 10 min to
facilitate dissolving). Filter this solution through a 0.22 pm
Millipore syringe filter right before use.

Samples were washed 3 x 15 min with 0.1M sodium cacodylate buffer
Incubate samples in the TCH solution (0.22 um Millipore filtered) for
45 min at 40°C.

Samples were washed 3 x 15 min in ddHz0 at RT.

Incubate samples in 2% osmium tetroxide in ddH20 (NOT ferrocyanide
reduced osmium) for 1.5 hrs. at RT.

Rinse samples in ddH20 for 3 x 15 min at RT. You may need to
transfer the samples to a new scintillation vial if there is a lot of
osmium tetroxide residue present on the vial.

Incubate samples in 2% uranyl acetate and leave in a refrigerator
(~4°C) overnight.
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Day 2:
1.

2.

3.

Next day, incubate the samples in the same solution for an additional 2
h at 50°C.

Rinse samples in ddH20 for 3 x 15 min at RT followed by en bloc lead
aspartate (see page 2) staining for 2 hrs. at 50°C (0.02 M lead nitrate in
0.03 M sodium aspartate, pH 5.5; Walton, j. Histochem Cytochem.,
1979).

Prepare an aspartic acid stock solution by dissolving 0.998 g of L-
aspartic acid in 250 ml of ddH20. Note: the aspartic acid will dissolve
more quickly if the pH is 3.8. This stock solution is stable for 1-2
months if refrigerated.

a. To make the stain dissolve 0.066 g of lead nitrate in 10 ml of
aspartic acid stock and pH adjusted to 5.5 with 1IN KOH. The
lead aspartate solution is placed in a 60°C oven for 30 minutes
(no precipitate should form).

b. Wash samples with ddH2O for 3 x 15 min at RT.

c. Dehydrate samples with graded series of acetone (25%, 50%,
75%, 95%) for 1 h each. Samples can be held in 95% acetone

overnight.
Day 3-12:
1. Dehydrate with 100% anhydrous acetone 2 x 1 h each
2. Infiltrate with 1 part propylene oxide: 1 part acetone for 1h
3. Infiltrate with 100% propylene oxide for 1 h
4. Infiltrate with EMBed-812 resin:
5. 1 part Embed-812: 3 parts propylene oxide for overnight
6. 1 part Embed-812: 2 parts propylene oxide for 8 h
7. 1 part Embed-812: 1 part propylene oxide for overnight
8. parts Embed-812: 1 part propylene oxide for 8 h
9. parts Embed-812: 1 part propylene oxide for overnight
10. 100% Embed-812 for 8 h with vacuum

11.
12.
13.

100% Embed-812 for overnight with vacuum

100% Embed-812 for 8 h with vacuum

Polymerize samples in aluminum dishes with Embed-812 resin at 60°C
under vacuum for 48 hr.
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Appendix B
IACUC APPROVAL

University of Delaware
Institutional Animal Care and Use Committee

Application to Use Animals in Research
{New and 3-Yr submission)

Title of Protocol: Synergistic ablation model of tendinosis

AUP Number: 1206-2022-0 € (4 digits only — if new, leave blank)

Principal Investigator: Dawn Elliott, PhI}

Common Name (Strain'Breed If Appropriate): mt

Genus Species: rattus norvegicus

Date of Submission: 1 1/28/2]

Orfficial Use Only

IACUC Approvel Signatre: et e Ll . Ly ?,,ff"}"

Date of Approval: Q | . aDaB

Revised: 0572020 Page 1 ol 24
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Appendix C

PERMISSIONS

Figure 2.1 Rights Link: https://marketplace.copyright.com/rs-ui-
web/mp/license/62998e50-e7a9-470e-97b3-64c1b05e929a/f0cd937d-9e2e-46e8-8e2f-
6c8ad99c2ce7

Figure 2.2 Rights Link: https://marketplace.copyright.com/rs-ui-
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Figure 2.4 Rights Link: https://marketplace.copyright.com/rs-ui-
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Chapter 3 Rights Link:
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