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Abstract

Fatigue loading is a primary cause of tendon degeneration, which is characterized by the
disruption of collagen fibers and the appearance of abnormal (e.g., cartilaginous, fatty, calcified)
tissue deposits. The formation of such abnormal deposits, which further weakens the tissue,
suggests that resident tendon cells acquire an aberrant phenotype in response to fatigue damage
and the resulting altered mechanical microenvironment. While fatigue loading produces clear
changes in collagen organization and molecular denaturation, no data exist regarding the effect of
fatigue on the local tissue mechanical properties. Therefore, the objective of this study was to
identify changes in the local tissue stiffness of tendons after fatigue loading. We hypothesized that
fatigue damage would reduce local tissue stiffness, particularly in areas with significant structural
damage (e.g., collagen denaturation). We tested this hypothesis by identifying regions of local
fatigue damage (i.e., collagen fiber kinking and molecular denaturation) via histologic imaging
and by measuring the local tissue modulus within these regions via atomic force microscopy
(AFM). Counter to our initial hypothesis, we found no change in the local tissue modulus as a
consequence of fatigue loading, despite widespread fiber kinking and collagen denaturation. These
data suggest that changes in topography and tissue structure — but not local tissue mechanics —
initiate the early changes in tendon cell phenotype as a consequence of fatigue loading that
ultimately culminates in tendon degeneration.
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INTRODUCTION

Tendon degeneration and injury account for 20-30% of all musculoskeletal disorders and
result in impaired function and persistent pain (Badley and Tennant, 1993; Fleming et al.,
2005). A primary cause of tendon degeneration is overuse (i.e., fatigue loading), which
produces repeated microscale damage of the load-bearing collagen fibrils (Cook and
Purdam, 2009; Kujala et al., 2005; Gibbon et al., 1999; Soslowsky et al., 2000; Fung et al.,
2010; Nakama et al., 2005). Coincident with (and possibly due to) this direct mechanical
damage, tendons accumulate atypical tissue components (e.g., cartilaginous, fat, and calcium
deposits) during degeneration, which further weakens the tissue and drives disease
progression (Arya and Kulig, 2010; Kannus and J6zsa, 1991; Astrém and Rausing, 1995;
Hashimoto et al., 2003; Archambault et al., 2007; Scott et al., 2008; Samiric et al., 2009;
Corps et al., 2012). While it is generally believed that tenocytes produce these atypical
matrix deposits during fatigue in response to the excessive loading and resultant local tissue
damage, the specific biophysical cues that mediate this response are unknown. Uncovering
the mechanisms that induce tenocytes to exacerbate tendinopathy via the production of
atypical matrix deposits may inform new strategies that can prevent or reverse tendon
degeneration.

Experimental studies at the tissue and cellular level demonstrate that tenocytes are
mechanosensitive (Lavagnino et al., 2015; Wang et al., 2017). For example, unloading
tendons leads to deterioration in tissue structure and mechanics mediated by an increase in
protease secretion (Hannafin et al., 1995; Arnoczky et al., 2004, 2007b; Abreu et al., 2008;
Leigh et al., 2008). These findings suggest that there is a minimal loading level necessary to
maintain tendon homeostasis (Lavagnino and Arnoczky, 2005; Arnoczky et al., 2008; Wang
et al., 2015). Additionally, tendon overuse or fatigue loading produces structural and
mechanical deterioration, atypical matrix components, and increased protease activity
(Shepherd and Screen, 2013; Fung et al., 2010; Archambault et al., 2007; Attia et al., 2012;
Sun et al., 2008; Thorpe et al., 2014; Nakama et al., 2006). However, it is unclear what
changes in the mechanical microenvironment alter tenocyte behavior in response to fatigue
loading. On one hand, tenocytes may respond to the history of excessive mechanical
stimulation that occurs with repetitive loading. Indeed, when isolated tenocytes are exposed
to elevated strains they produce atypical matrix components (Zhang and Wang, 2010, 2013),
as well as inflammatory and pleiotropic cytokines (e.g., PGEy, IL-1B, TGF-, BMP-2)
(Wang et al., 2003; Tsuzaki et al., 2003; Jones et al., 2013; Rui et al., 2011) that may
instigate further tendon degeneration (Khan et al., 2005; Zhang and Wang, 2014; K. Zhang
et al., 2015; de Mos et al., 2009; Bell et al., 2013; Rui et al., 2013). Alternatively, it is
possible that fatigue loading damages the pericellular matrix surrounding tenocytes, leading
to microscale unloading rather than over-stimulation (Arnoczky et al., 2007a, 2008;
Lavagnino et al., 2006; Hakimi et al., 2017; Maeda et al., 2011; Mehdizadeh et al., 2017). To
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identify the altered mechanical stimuli that drive tendon degeneration, the magnitude and
time course of changes in the local mechanical microenvironment must be elucidated.

Currently, limited data exist regarding the specific changes in local tissue structure and
mechanics that result from tendon fatigue damage. Clear changes in collagen organization
(Fung et al., 2010; Sereysky et al., 2012; Herod and Veres, 2017) and molecular damage in
the form of denaturation (\Veres et al., 2014) have been identified. Surprisingly, these
structural changes do not seem to alter tissue strains at the cellular level (Shepherd et al.,
2014). However, no data exist regarding the effect of fatigue damage on the local tissue
mechanical properties. The stiffness of the local mechanical microenvironment has dramatic
effects on cell behavior, including morphology, motility, contractility, proliferation, survival,
and progenitor cell differentiation (Engler et al., 2006; Hadjipanayi et al., 2009; Oakes et al.,
2014; Pelham and Wang, 1997; Wang et al., 2000; Yeung et al., 2005). Therefore, it is
possible that fatigue-induced changes in tendon stiffness at the cellular level alter
mechanotransduction pathways in tenocytes or tendon progenitor/stem cells, resulting in
their adoption of abnormal (i.e., non-tenogenic) phenotypes and production of atypical
matrix deposits.

The objective of this study was to identify changes in the local tissue stiffness of tendons
that had been subjected to fatigue loading. We hypothesized that fatigue damage would
reduce local tissue stiffness, particularly in areas with significant structural damage (e.g.,
collagen denaturation). This hypothesis was tested by identifying regions of local fatigue
damage (i.e., collagen fiber kinking and molecular denaturation) via histologic imaging and
by measuring the local tissue modulus within these same regions via atomic force
microscopy (AFM). In contrast to our hypothesis, we found no change in the local tissue
modulus after fatigue loading, despite widespread fiber kinking and collagen denaturation.
These data suggest that changes in topography and tissue structure — but not local tissue
mechanics — initiate early changes in tendon cell phenotype as a consequence of fatigue
loading that ultimately culminates in tendon degeneration.

MATERIALS AND METHODS

Mechanical Testing and Fatigue Loading

Thirty-five flexor carpi ulnaris tendons (FCU), including the pisiform and muscle (Fig. 1),
were harvested from fresh-frozen 6 month-old male Sprague Dawley rats with approval from
the Institutional Animal Care and Use Committee. Tendon cross-sectional area was
determined using a non-contact laser transducer (micro-epsilon, optoNCDT1800-20). All
muscle was stripped from each tendon via blunt scraping and sandpaper tabs were affixed to
the tendon end with cyanoacrylate glue. Samples were placed in a bath of phosphate
buffered saline (PBS) heated to 37°C with the pisiform and sandpaper tabs clamped in
custom fixtures of a uniaxial tensile testing device (Instron, Model 5848). A preload of 2 mN
was applied and the sample gauge length was measured. Six tendons were ramped to failure
at a strain rate of 0.5%/s to determine the average ultimate tensile strength (UTS). Seven
additional samples were then sinusoidally loaded between 1 and 20% of the average UTS at
1 Hz until failure with the grip-to-grip strain and applied load recorded at 100 Hz. Plots of
the peak strain and secant modulus for each cycle exhibited a typical triphasic fatigue
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response (Fig. 2), with an initial rapid increase in peak cyclic strain and secant modulus
(primary phase), a period of slowly increasing strains and reductions in stiffness (secondary
phase), and finally rapid changes in strain and stiffness prior to failure (tertiary phase). The
secondary phase was defined as the cycles in which the creep rate (change in peak strain per
cycle) was within one order-of-magnitude of the median creep rate. Eleven additional
samples were then fatigue loaded while the peak strain was monitored in real-time to
determine the beginning of the secondary phase. Loading ceased when the peak strain
increased 6% beyond this point, which represents approximately 70% of the total creep
strain that occurred during the secondary phase (9.0 + 2.9%). These eleven fatigue-loaded
samples, as well as eleven fresh (unloaded) samples, were then cut to remove the pisiform
and sandpaper tabs, embedded in OCT medium, and frozen for subsequent analysis.

Cryosectioning and Staining

Imaging

Samples were cut using standard techniques on a cryotome into 20 pm thick sections and
placed on Superfrost Plus Gold slides (Fisher Scientific, 15-188-48). Sections were washed
with PBS and then incubated overnight at 4°C with a fluorescein-labeled collagen
hybridizing peptide (CHP) (Echelon, C-660F) that specifically binds to denatured collagen
(Lietal., 2013), diluted 1:10 in PBS with protease inhibitors (Sigma Aldrich, P8340).
Sections were then washed 3x with PBS prior to imaging and AFM.

Full tile-scan images of single sections from eleven fatigue and fresh tendons were captured
using a multiphoton microscope (Nikon, A1R MP+) to visualize CHP fluorescence as well
as fibrillar collagen via forward-scatter second harmonic generation (SHG) detection. The
SHG images were divided into 36x36 pixel (18%18 um) subregions, and local collagen fiber
alignment was measured via Fourier transform analysis (Fig. 3) (Sereysky et al., 2010).
Damage in the form of fiber kinking was defined as a >30° difference in fiber angles
between neighboring subregions.

Atomic Force Microscopy

Single sections from ten fatigue and fresh tendons were bathed in PBS supplemented with
protease inhibitors (Sigma Aldrich, P8340) while the local tissue modulus was measured
using an Asylum MFP-3D mounted onto a fluorescent microscope. Specifically, for each
fatigue-loaded sample, six locations within the CHP-positive and CHP-negative regions
were probed 3-5 times with a 10 um diameter polystyrene microsphere (Polysciences,
17136-5) mounted on a 0.6 N/m tipless cantilever (NanoAndMore, HQ:NSC36/tipless/Cr-
Au) at 1 um/s (Fig. S1). To obtain the average local tissue modulus for each location, force-
indentation curves were successfully fit with AtomicJ (Hermanowicz et al., 2014) to a depth
of 0.54 £ 0.15 um (Fig. S2) using a thickness-corrected Hertzian model (Dimitriadis et al.,
2002) and assuming a Poisson’s ratio of 0.5 for transverse compression of tendon (Salisbury
et al., 2016). These measurements were then averaged over the six locations to generate a
single value for the CHP-positive and CHP-negative regions. For the fresh samples, twelve
random locations were probed and the measurements were averaged.
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Unpaired Student’s t-tests with Dunnett’s correction were used to compare the amount of
kinked fibers and the local tissue modulus between fresh and fatigue-loaded samples. Paired
t-tests were used to compare the modulus values and overlap with kinked fiber regions
between the CHP-positive and CHP-negative regions of the fatigue-loaded samples. All data
are presented as mean + standard deviation.

Preliminary quasi-static tensile testing demonstrated that rat FCU tendons had an UTS of 45
+ 17 MPa. Based on these data, subsequent fatigue protocols loaded samples between 0.45
and 9.0 MPa. This resulted in a characteristic tri-phasic change in strain and modulus as a
function of loading cycle (Fig. 2). On average, the secondary creep phase accounted for 96
+ 2% of the loading cycles, during which the tendons elongated 9.0 + 2.9% strain at a rate of
0.001 £ 0.0005% per cycle. The number of cycles and peak strain at failure were 10,273

+ 5,580 and 31.3 £+ 11.4%, respectively, and the maximum secant modulus was 299 + 65
MPa.

Histological analysis revealed marked changes in tendon samples after fatigue loading.
Significantly larger areas of collagen fiber kinking (Fig. 4) were seen in fatigue-loaded
samples compared to fresh controls (14.9 + 6.0% vs 4.0 £ 1.9% tendon area; p<0.0001).
Additionally, CHP staining of denatured collagen was observed only in fatigue-loaded
samples (13.2 + 10.8% tendon area). Positive CHP staining generally was most intense near
the tendon end clamped using sandpaper tabs; however, denatured collagen was not isolated
to one location and could be found throughout the fatigue-loaded tissue. Fiber kinking was
evenly distributed across the fatigue-loaded samples, with regions of fiber kinking
comprising 14.9 + 10.5% of the CHP-positive regions versus 14.3 + 5.4% of the CHP-
negative regions (Fig. 5). Surprisingly, mechanical analysis of these regions with AFM
showed no difference in tissue modulus between the fresh and fatigue-loaded samples, and
no difference between CHP-positive and CHP-negative regions within the fatigue-loaded
sections (Fig. 6).

DISCUSSION

This study investigated the effect of fatigue damage on tendon microstructure and
microscale mechanical properties. Consistent with previous work (Fung et al., 2010;
Shepherd et al., 2014; Veres et al., 2014), we found that fatigue loading resulted in
widespread disruption of collagen fiber organization (i.e., fiber kinking) and collagen
denaturation at the molecular level (Fig. 4). Interestingly, the degree of fiber kinking was
independent of the presence of collagen denaturation (Fig. 5B), suggesting that these two
structural defects may result from independent damage mechanisms. Despite the widespread
structural damage observed in the fatigue-loaded samples, there was no difference in the
local tissue modulus compared to fresh controls (Fig. 6). This was even true when
comparing the modulus between regions with and without collagen denaturation in the
fatigue-loaded samples. These data suggest that changes in topography and tissue structure —
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but not local tissue mechanics — initiate early changes in tendon cell phenotype during
fatigue loading that lead to tendon degeneration.

The findings from this work are consistent with previous data regarding tendon fatigue
damage. Similar to the lack of colocalization between fiber kinking and molecular
denaturation, prior ultrastructural imaging of fatigue-loaded tendons showed that while fiber/
fibril kinking contains highly local points of fibril disruption at the kink point (Herod and
Veres, 2017), they largely lack the so-called “discrete plasticity” patterns resulting from
molecular denaturation spread across the fibril length (Veres et al., 2013, 2014).
Additionally, while the lack of change in local tissue modulus with fatigue is surprising, it is
consistent with data demonstrating that microscale tissue strains are also unchanged in
fatigue-damaged tendon (Shepherd et al., 2014). Finally, even in tendons with extensive
discrete plasticity or positive CHP staining, only about 4% of the total collagen is denatured
(\Veres et al., 2014; Zitnay et al., 2017), suggesting that the bulk of the collagen molecules
(and hence of the fibrils) are still mechanically unaffected. Together, these data suggest that
structural damage in fatigue-loaded tendons precedes changes in local tissue mechanical
properties.

Existing data also supports the idea that local changes in tissue organization and topography
are sufficient for initiating tendon degeneration or aberrant tissue remodeling. Aligned
biomaterials better maintain tendon cell phenotype in vitro compared to flat or randomly
organized substrates (Yin et al., 2010; Zhu et al., 2010). Similarly, aligned nanofibrous
scaffolds improve tenogenic differentiation of mesenchymal or induced pluripotent stem
cells (Maharam et al., 2015; Younesi et al., 2014; C. Zhang et al., 2015). Interestingly,
nuclear localization of the mechanosensitive transcriptional co-activator YAP and cell
contractility are similar in cells on aligned and non-aligned nanofibrous scaffolds (Heo et al.,
2017), suggesting that the local stiffness of the fiber networks are independent of fiber
alignment, which is consistent with the AFM data in this work. Changes in fiber crimping
(e.g., formation of kinking) also change tenocyte behavior even when stimulated by the same
substrate strain (Chao et al., 2014), suggesting that fiber crimping/kinking may influence the
mechano-perception of tenocytes (Szczesny et al., 2017). Indeed, our own preliminary data
suggest that severe fiber kinking distorts and possibly disrupts local tenocyte nuclei (Fig.
S3), which likely alters their behavior. Therefore, it is possible that fatigue-induced changes
in tissue structure may be the initial stimulus for aberrant tissue remodeling, which may lead
to later changes in local tissue mechanics and drive tendon degeneration.

One limitation to this work is that AFM measurements of sectioned samples may not
accurately reflect the properties of intact tissue. Nevertheless, the values obtained in this
study were comparable to those obtained from AFM of intact tendon samples (Connizzo and
Grodzinsky, 2017). Additionally, AFM measures the tissue transverse compressive
properties and not the tensile properties important for tendon function. However, the purpose
of this work was to estimate the local tissue mechanics in the tenocyte microenvironment.
By using a large colloidal probe, the modulus values presented here represent the overall
collagen fiber network modulus on a length scale that likely matches the mechanical stimuli
presented to cells within tendon. A second limitation is that unfixed tissue sections were
prepared using a cryotome, which could introduce cutting artifacts. Indeed, some of the fiber
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kinking observed in the fresh control samples was likely due to sectioning (Fig. 4).
Nevertheless, clear differences were observed between fresh and fatigue-loaded samples in
terms of the extent of fiber kinking. Furthermore, no CHP staining was observed in fresh
samples.

Another limitation is that random variability in the tissue modulus data between
measurement locations required averaging across all locations within a given sample. This
prevented more precise regional comparisons of the local tissue modulus (e.g., distal vs
proximal locations in control samples, kinked vs non-kinked regions). Additionally, a post
hoc power analysis demonstrated that our methods had a power of 0.8 for measuring a 30%
change in tissue modulus. Therefore, while we can conclude that there is no gross change in
local tissue mechanics with fatigue damage, there may be finer changes that could indeed
affect tenocyte mechanotransduction. Finally, this study used FCU tendons from only male
rats, which may accumulate fatigue damage more quickly than female tendons (Lepley et al.,
2018; Pardes et al., 2016). In the future, it would be interesting to investigate the gender
differences that may exist in the local tissue properties of fatigue-loaded tendons. Together,
these data represent a first step at evaluating the pertinent changes in local tissue structure
and mechanics with fatigue loading that may drive alterations in cellular behavior leading to
tendon degeneration.
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Figure 1.
(A) Schematic of anatomical location of FCU. (B) Image of rat FCU tendon including

adjacent pisiform (P) and muscle. Note: Anatomical locations of the FCU are identical
between rats and humans. (C) Fatigue loading protocol.
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Figure 2.
Change in peak strain and secant modulus during fatigue of representative sample loaded to

failure. Loading of subsequent samples was terminated prior to failure at a creep strain of
6%, which represents approximately 70% of the secondary creep phase.
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Figure 3.
Measurement of local collagen fiber orientation. (A) Representative subregion of SHG

image (18x18 pum). (B) Binarized image of two-dimensional Fourier transform for the
subregion. (C) Average collagen fiber orientation shown based on direction perpendicular to
image of Fourier transform. (D) Representative image of fiber kinking (green arrows), which
was defined as a >30 ° change in fiber orientation between adjacent subregions.
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Figure 4.
Minimal (A) collagen fiber kinking and (B) CHP staining was observed for fresh tendons,

which sharply contrasts the significant (C) kinking and (D) denaturation seen in the fatigue-
loaded samples. Scale bar =1 mm.
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Figure 5.

(A) Significantly more collagen fiber kinking and CHP staining was observed in the fatigue-
loaded samples. (B) Fiber kinking was evenly distributed between the CHP-positive and
CHP-negative regions, suggesting no correlation between fiber kinking and collagen
denaturation. * p<0.001 & ** p<0.0001 vs Fresh

J Biomech. Author manuscript; available in PMC 2019 June 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Szczesny et al. Page 17

N
o
[

__40-
©
o
= 30-
7
=
.g 20-
=
104
0' I I
Fresh CHP CHP
Pos Neg
Fatigue

No significant difference was found in the local tissue modulus either between fresh and
fatigue-loaded samples or between CHP-positive and CHP-negative regions.
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