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Abstract

This study investigated the expression of scleraxis in a murine model of patellar tendon injury in
which the central third of the patellar tendon was unilaterally injured. The presence of tendon
pathology was assessed using dual photon microscopy, conventional histology and micro CT.
Tendon pathology was also quantified noninvasively over a 12-week period using high-frequency
ultrasound and laser Doppler flowmetry. Gene expression (Scx, Tnmd, and Collal) was
determined at defined end-points (1, 4, 8, and 12 weeks) using gPCR on RNA from individual
patellar tendons on injured and uninjured sides. There was significant development of tendon
pathology as gauged by ultrasound and laser Doppler over 12 weeks. Injured tendons
demonstrated significant histological and microCT evidence of pathological change, and
disorganized collagen with reduced density. The expression of Scx and Collal was unchanged at 1
week, significantly upregulated at 4 and 8 weeks, and had returned to baseline by 12 weeks. Tnmd
expression was unchanged at 1 week, and significantly increased at 4, 8, and 12 weeks. Patellar
tendon injury was associated with marked increases in the expression of Scx, Tnmd, and Collal.
Our data suggest new roles for Scleraxis in coordinating the response to injury in the pathogenesis
of tendon disorders.
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INTRODUCTION

Tendon injuries occur frequently among athletes and workers and represent a spectrum of
conditions seen frequently by rheumatologists including paratendonitis, chronic tendinosis,
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and tendon rupture[1]. Chronic tendon injuries can be significantly disabling, leading to lost
time from work, physical inactivity, and early retirement from sports or labor [2-5].

The pathogenesis of many chronic tendon injuries remains poorly understood [6,7]. Biopsy
material from surgical patients reveals a cluster of histological characteristics known as
tendinosis, reflecting the essentially noninflammatory picture of chronic (> 3 months)
injuries [4,5,8-10]. Commonly observed changes in chronic tendon injuries include adipose
and fibrocartilaginous metaplasia, variable tenocyte density including both proliferation and
apoptosis, disorganized collagen and reduced total collagen content, and proliferation of
cells from paratendinous and neurovascular tissue [11-13]. This picture is consistent with a
failed healing response model of tendon injury [14]. In this model, an injury—whether acute
or due to insidious periods of overuse and matrix weakening and remodeling—triggers a
repair and remodeling response which leads to imperfect estoration of tendon phenotype and
long-term structural abnormality.

Studies of tendon biology and pathology have been hampered by lack of a consistent tendon
phenotype marker. Traditionally, tendon is characterized morphologically by its abundant
and well-organized collagen fibers, elongated and interconnected fibroblasts (tenocytes), and
relative avascularity [15]. Recently, scleraxis (Scx) was identified as a master regulator of
embryonic tendon [16-18]. Scx encodes for an E-box transcription factor required for early
tendon development, being present in tendon progenitor cells of mouse limb bud from E11.5
onwards and continuously in tendon thereafter into adulthood [18]. Scx knock-out mice
display dramatically reduced formation of load-bearing tendons, and reduced or absent
expression of other tendon related genes including Collal (type I collagen) and Tnmd
(tenomodulin) [17]. Although Scx clearly plays key roles in tendon development, its role in
adulthood—including the possibility of coordinate regulation during the response to injury
—has not been extensively studied [19].

Therefore, we aimed to assess the extent of Scx expression in relation to tendon injury and
repair in a novel murine model. We found that Scx was coordinately expressed following
injury, over a prolonged time course in concert with an evolving tendon repair response. The
findings support a novel role for SCX in injured tendon.

MATERIALS AND METHODS

Surgery

All animal procedures were carried out with the approval of the local animal ethics
committee. The surgical procedure was based on a previously reported protocol.20 Forty
female CD-1 mice were obtained at 8 weeks of age (Charles River, St. Constant, Canada)
and used at 10 weeks of age. All mice underwent the surgical procedure, and the
contralateral uninjured limb served as a control. Mice were then placed under isoflurane, and
buprenorphine (0.1 mg/kg) and saline (0.5 ml) were injected subcutaneously. Using sterile
surgical preparation, a 5mm incision was made over the shaved medial knee in order to
avoid injuring the skin directly over the tendon. The tendon was exposed by laterally shifting
the skin opening, and a number 11 blade passed through the lateral and medial retinacula
and directly behind the patellar tendon. A 0.5mm biopsy punch (Shoney Scientific,
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Waukesha, WI) was used to create a defect in the central part of the tendon, using the blade
as a backing. The skin was apposed with a single sterile wound clip (9mm Autoclips,
Becton-Dickinson, Franklin Lakes, NJ) placed medial to the knee. After 1 week, any
remaining wound clips were removed. Animals were randomly assigned to time points at
which they were euthanized.

Ultrasound Imaging

Ultrasound imaging was used to qualitatively and quantitatively monitor the response to
injury. Under isoflurane, the mouse was placed on a custom plinth with a soft strap passing
around the chest and under the forelimbs, with the lower limbs submerged in a 37°C water
bath. Sagittal images of the right (injured) patellar tendon at baseline and at 1, 2, 3, 4, 10,
and 12 weeks were obtained with a 35MHz water path probe. The sweep angle was 153 and
image capture frequency was 80 MHz. The onboard digital caliper function was used to
measure tendon anterior—posterior diameter (thickness) as an objective indicator of tendon
pathology [21].

MicroCT Analysis

MicroCT analysis was used to confirm the location and extent of patellar tendon injury (Fig.
1). Mice were euthanized by CO2 inhalation and tendons dissected with bony attachments
(patella and tibia) intact. The specimen was placed in 2.5% iodine for 3 h at 43C, then
pinned flat on styrofoam and submersed in a 2 ml tube filled with sunflower oil. Tendons
were scanned for their entire length at 45 kV, for 12.5 min (VivaCT, Scanco, Brdttisellen,
Switzerland). In a subset of tendons, bony attachments were also included in the scan, and
the tendon and bone thresholded to generate a binary image. For thresholding, sigma=8 and
support=1 were used, with the lower threshold set at 158 and the upper threshold at 1,000. In
optimization studies, the reduced X-ray lucency resulting from a 3-h incubation in iodine
solution was found to occur preferentially in the water soluble components (e.g., tendon,
fascia) but relatively excluded from fatty tissues (e.g., paratendinous tissue), thereby
increasing the contrast between these tissue layers and allowing them to be separately
assessed. The cross-sectional area for each tissue compartment (tendon and paratendon) was
traced with the onboard software and calculated for the right (injured) and left (uninjured
control) tendons of a subset (n=10 mice) 4 weeks after injury at the patellar tendon midpoint
for both tendon and paratendon.

Blood Flow Monitoring

Blood flow was measured at 1mm depth using a laser Doppler flowmeter with tissue
spectroscopy capability (02C 1212, LEA Medizintechnik, Inc., Giessen, Germany) with
LF-1 probe (1mm depth). The patellar tendon was clearly visible through the shaved,
overlying skin, allowing the probe to be placed directly over the injured patellar tendon
midportion. Scans were conducted under the same ambient lighting conditions, and
following automatic correction for background illumination. Values for tendon blood flow
were expressed in arbitrary units (AU) for the right (injured) and left (uninjured control)
tendons.
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Ten tendons (left and right, from five animals) were dissected at 16 weeks to examine for the
presence of chronic histopathological changes [22]. All injured tendons were
macroscopically abnormal on dissection. Tendons were fixed in paraformaldehyde, paraffin
embedded, sectioned at 5 micron thickness, and stained with hematoxylin and eosin (H&E),
Alcian blue (pH 2.5) for sulfated glycosaminoglycan with fast nuclear red counterstain, or
picrosirius red for collagen. A modified Bonar scale [23] was used to quantitate the extent of
tendon pathology as visualized using the three stains. The scale assigns a value of 0 (hormal)
to 3 (abnormal) for cellularity, collagen, vascularity, and glycosaminoglycan, and has been
shown to be a valid and reliable indicator of chronic tendon pathology [22].

Collagen Analysis

Collagen structures in the histological specimens were visualized using second harmonic
generation (SHG) microscopy [24]. A mode-locked femto-second Ti:Sapphire Tsunami
(Spectra-Physics, Mountain View, CA) synchronously pumped by a Millenia Xs J (Spectra-
Physics) diode-pumped solid-state laser capable of delivering up to 10W pumping power at
532nm was used. The Tsunami laser produced pulses of 100-fs width between 790 and 950
nm. The average power at different wavelengths was recorded by a Spectra-Physics 407a
power meter. Wavelength identification and selection were performed with an IST laser
spectrum analyzer (IST, Horseheads, NY) coupled to a TDS 210 oscilloscope (Tektronix,
Beaverton, OR). The laser output was attenuated using neutral density filters (New Focus,
San Jose, CA) and the average power maintained below the damage threshold of the
samples. The power attenuated laser was directed to a Leica AOBS RS scan head (4,000 Hz)
coupled with Leica upright microscope system (Heidelberg, Germany). The laser beam was
focused on the specimen through a Leica 20x/0.7 Plan-Apochromat oil immersion objective.
Upon entering the Leica microscope system, the laser beam was directed to the scanning
mirrors, then through a 670nm long pass dichroic mirror (RSP 670, Leica) and subsequently
focused through the objective lens. Leica Confocal Software TCS SP2 was used for image
acquisition. SHG signal in the forward direction originating from the histological specimens
was captured using a nondescanned detector in thetransmission geometry. In this
nondescanned PMT detector (R6357, Hamamatsu, Shizuoka, Japan), a 440/20nmband pass
filter (MP 440/20, Chroma Technology, Bellows Falls, VT) was used to collect the SHG
signal. All SHG spectral data were generated using the descanned PMT detector (R6357,
Hamamatsu) located inside the scan head where the emission signals were delivered through
the AOBS detection system with the maximum confocal pinhole setting at 600 _m via the
spectral dispersion prism. The gain and offset of the PMTs were adjusted for optimized
detection using the color gradient to avoid pixel intensity saturation and background. Images
(8 bit) were acquired at 10 s per 512x512 pixels.

The SHG signals from collagen structures have been shown to strongly depend on the
collagen organization where collagen molecular density scales as a square-root of SHG
signal intensity [25,26]. In order to determine the extent of collagen organization, we studied
fixed samples from eight injured mice and eight control mice at 16 weeks post-injury. We
recorded SHG images in four different areas for each sample, which resulted in 32
measurements in each case. We applied a noise removal filter with kernel size of 5x5 to
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define the boundary between foreground and background, and the lower threshold in the
histogram was set to 10% of the highest pixel intensity value. The total SHG signal intensity
values thus generated were normalized by the cropped collagen area (square microns) and
expressed in AU.

RNA Isolation and Quantitative PCR

At 0, 4, 8, and 12 weeks, right (injured) and left (uninjured control) tendons were dissected
using a sterile blade and flash frozen in liquid nitrogen. Tendons were powdered in a tissue
mill (Mikrodismembrator S, Sartorius, Germany) for 30s at 3,000 RPM in cryogenic tubes
(Nalgene, Rochester, NY), then placed in 1ml Trizol. RNA was extracted according to the
manufacturer’s instructions and purified using RNEasy columns (Qiagen, Mississauga,
Canada) and RNA was reverse transcribed using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA), as previously reported.27 Gene
expression was quantitated using gPCR on an ABI (Applied Biosystems) 7500 Fast system
with custom ABI TagMan MGB probe and primer sets for Scx and Collal (Table 1), and
proprietary ABI “On Demand” probe and primer sets for TNMD (00491594 m1) and 18s
(cat#4308329). Expression was determined using the relative quantitation method and gene
expression was normalized to 18s abundance as previously reported [27].

Statistical Analysis

RESULTS

To examine differences in gene expression, tendon thickness and tendon blood flow, a 1-way
ANOVA was used followed by Bonferonni-corrected paired tests comparing matched right
and left values for each variable. A paired t-test was used to detect differences in Bonar
score, collagen density, and tendon/paratendon cross-sectional area. Statistical significance
was predetermined at p<0.05.

At present, research into new treatments for tendon injuries is hampered by the lack of
suitable small animal models, especially those in which genetically modified animals are
available. To address this deficiency we have adopted a surgical model of patellar tendon
injury in mice and characterized relevant molecular changes associated with this pathology.

Macroscopic Analyses

The injury procedure was well tolerated by animals, with no observable defect in cage
mobility observed after cessation of anesthesia. Upon dissection, injured tendons appeared
macroscopically abnormal compared to uninjured tendons at all time points, having a
hyperemic region corresponding to the original defect site, as well as a more generalized
thickened and/or yellowed appearance.

Ultrasound Appearance of Injured Tendon

Ultrasound demonstrated the acute onset and gradual resolution of tendon pathology over
time, but with persistence of structural abnormality at the conclusion of the study (Fig. 2).
Qualitative findings indicative of pathology which occurred in injured tendons included

hypoechoic areas, collagen defects, and tendon bowing. Objectively, tendon thickness was

J Orthop Res. Author manuscript; available in PMC 2014 March 13.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Scott et al.

Page 6

significantly increased by week 1 (p<0.0001) and gradually returned toward baseline over a
12-week period. Tendons remained on average twice as thick as controls at 12 weeks. These
changes are consistent with chronic human tendon injuries, specifically in the fact that even
12 weeks post-surgery there were still marked changes in tendon structure.

Tendon Blood Flow

Blood flow was significantly increased in the injured patellar tendon compared to the
uninjured side at 1 week (p<0.001), and gradually declined toward baseline over the ensuing
weeks, but remained elevated even at 12 weeks (p<0.05) (Fig. 2). These observations are
congruent with those of the ultrasound findings, in that the healing time is prolonged, and
extended beyond the acute inflammatory phase.

MicroCT Appearance of Injured Tendon

MicroCT imaging of isolated tendons was used to evaluate pathological tendon changes
(Fig. 3). Abnormalities including thickening, variability in lucency and irregularity of tissue
borders, were present in both the tendon proper, and the anterior and posterior paratendinous
tissues. Tendon cross-sectional area was increased to a similar degree as that observed using
noninvasive ultrasound measures. However, the microCT analyses in comparison to
ultrasound provided additional information on the extent and location of tendinous
thickening (described in Fig. 3D).

Tendon Histology

The surgical model employed herein was designed to provide an acute injury stimulus,
enabling efficient analysis of the evolution of cellular and molecular changes within injured
patellar tendon. Histological analysis showed increased hypercellularity and collagen
disruption in the injured tendon in comparison to control (Fig. 4A-D). Alcian blue staining
also revealed the presence of chondrocytes within the paratendon (Fig. 4E). Furthermore,
within the paratendon, sites of synovial and adipocyte proliferation were apparent (Fig. 4F).
The Bonar score was 4.8+/-0.67 in injured tendons, and 0.6 +/- 0.43 in uninjured tendons.
Together, these findings indicate that the murine patellar tendon injury model provides
hallmarks remarkably similar to that observed in chronic human tendon injury.

Collagen Analysis

The SHG emission spectrum was used to evaluate collagen fibrillar organization and density.
The wavelength scan of hormal and injured tendons showed a highly specific SHG signal
manifested by a narrow peak at 440nm (Fig. 5). This SHG signal was found to be spectrally
clean arising only at the expected wavelength of 440nm which was exactly at the half the
pumping wavelength of 880 nm. The SHG signal strength of normal tendons was found to
be up to five times stronger than injured tendons, indicating that the collagen density was
reduced in pathologic samples (p=0.004). Injury appeared to cause an excessive degradation
and disarray of the collagen fibers particularly in the area of the tendon which was originally
injured (central third). In contrast, areas of the injured tendon which were distant from the
site of the original lesion (i.e., central third) demonstrated normal tendon morphology and a
collagen density which was unchanged from controls (201 +/-21 vs. 191 +/-19 AU, n.s.).
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Analysis of Scx, Tnmd, and Collal Expression

Scx, Tnmd, and Collal are all expressed during tendon development and in adult tendon;
however, their expression has not been extensively assessed in relation to tendon injury. To
assess gene expression, the patellar tendons were grossly dissected. The total RNA values
were 37.65 (1.26) ng/l and average 260/280 ratio was 1.82 (0.06). Expression of 18s was
unchanged at all time points. Analysis of Scx and Tnmd using gPCR showed a coordinated
pattern of expression, with no change at 1 week, significant increases at 4 and 8 weeks
(p<0.05), and returning to baseline at 12 weeks (Fig. 6). In contrast, Tnmd expression
peaked later (8 weeks, p<0.001) and remained significantly upregulated at 12 weeks post-
surgery (p<0.01). The injured tendon exhibited coordinated expression of Collal, Scx, and
Tnmd, in association with multiple features of chronic tendon injury.

DISCUSSION

The creation of a partial defect in the mouse patellar tendon resulted in protracted increases
in expression of Scx and associated genes, along with persistent ultrasound and microCT
thickening of tendon and paratendon, increased blood flow, reduced collagen density, and
histopathologic evidence of chronic tendon pathology. This study therefore demonstrates a
potential role for Scx in a relevant murine model of tendon injury.

SCX, a transcriptional regulator, is abundantly expressed in embryonic and adult tendon
[16]. The current article demonstrates that Scx is coordinately re-expressed after injury. The
later time course of Scx expression suggests that it may be regulating transcription of
tenocyte genes as cells differentiate within the repair tissue. The cell populations which
contribute to tendon repair are not yet known, but roles have been postulated both for local
tenocyte activation and proliferation, and recruitment of perivascular cells [28-30].
Presumably, once recruited or activated at the repair site these cells may undergo
differentiation toward the tendon lineage. Indeed, tendons harbor pluripotent cells which
may contribute not only to repair, but also to the pathological metaplasia observed following
injury [31]. Further work is clearly required to identify the source and ultimate fate of Scx-
expressing cells in injured tendon.

The injury stimulus to the central third of the patellar tendon resulted in persistent
ultrasound and microCT abnormalities, increased blood flow, reduced collagen density, and
histopathology consistent with chronic human tendon injuries. Here we reasoned that
chronic tendon pathology may result from a failed healing response to an acute insult.
Indeed, acutely injured human patellar tendon displays pathological changes up to 10 years
following injury [32]. Our results support the use of a partial patellar tendon rupture as a
valid injury model, at least for studying events up to 16 weeks after injury. Thus, the murine
model will provide a useful tool with which to manipulate tendon biology to study emerging
treatments to promote recovery from tendon injury.

We used harmonic generation imaging to visualize the fibrillar structure of collagen in
histological specimens. Highly ordered fibril-forming collagens produce specific SHG
signals without the need for any exogenous label [24,33]. The high specificity of SHG
signals for fibrillar collagens results in an intrinsically low background in the images which
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enables very sensitive measurements. In comparison, immunolabeling procedures for
extracellular matrix components are less quantitative despite their specificities, since these
methods are highly sensitive to the accessibility of the epitope in antigens recognized by the
antibodies. In addition, bright field or fluorescent images of immunolabeled tissue samples
are always convolved with a significant amount of background. Analysis of highly specific
SHG signal in our studies demonstrated that the collagen density was significantly reduced
in tendons even at 16 weeks after injury, confirming the presence of chronic tendon
abnormality in this injury model. We anticipate much future use of SHG in the field of
tendon research.

Expression of Scx and related genes showed coordinated regulation in relation to an
extensively validated mouse patellar tendon injury model, representing a potentially
important new function for Scx in post-natal tendon pathology and physiology.
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Figurel.
MicroCT of right mouse patellar tendon. A representative scan illustrating the nature and

location of the central defect immediately following injury.
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Weeks post- injury

Noninvasive measurement of patellar tendon pathology. Top panels (A—C) demonstrate
evolving ultrasound appearance of a mouse patellar tendon before (week 0) and after (weeks
1, 2) injury. (A) Tendon denoted by asterisk. (B) Hypoechoic area corresponding to sight of
defect marked with arrowhead. (C) Tendon marked by asterisk—note substantial tendon
thickening. (D,E) Tendon thickness and blood flow gradually decreased over time but
remained significantly increased at 12 weeks (p<0.001 for thickness, p=0.0312 for blood

flow).
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Tendon cross-sectional area
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Figure 3.
MicroCT analysis of tendon and paratendon. (A) At 4 weeks, both tendon and paratendon

were significantly greater in crosssectional area (CSA). *p<0.05. Lower panels:
Representative microCT images of tendon that is uninjured (B), immediately post-injury
(C), and 3 days following injury (D). In D, substantial thickening can be appreciated both in
the tendon (T) and paratendon (PT). Note the in homogenous texture of tendon and
paratendon, as well as the irregularity of tendon and paratendon boundaries.
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Figure 4.
Histology of injured and uninjured tendon. Uninjured tendon demonstrated regular

cellularity (A, fast nuclear red [FNR]) and ordered collagen (B, picrosirius red [PSR]).
Sixteen weeks following injury, areas of cellular (C, FNR) and collagen (D, PSR) disarray
were prevalent. Other abnormalities present in injured, but not in control, tendon included
fibrocartilage metaplasia (E, FNR and Alcian Blue) and expansion of paratendon (F, H&E).
In E, note the area of glycosaminoglycan accumulation (blue staining) surrounding
chondrocyte-like cells. All images at same scale, original magnification, x400.
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Figureb.
Representative second harmonic generation (SHG: A,C) and corresponding histological

images (H&E: B,D) of normal and injured tendon tissues. The scale bar in A is 80.0 _m, and
all images are at the same scale. (E)We observe that the collagen density in the active repair
area is significantly reduced compared to uninjured tendons (p=0.004). (F) A representative
histogram of the detected SHG signal demonstrates the distribution of the collagen
molecular density obtained from normal tendon as well as the one undergoing active repair.
The detected SHG signal is clearly manifested by a narrow peak and is spectrally clean,
arising only at the expected wavelength of 440 nm. Considerable differences in the collagen
matrix are observed between the normal and injured tendon tissues.
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Figure 6.

Tenocyte gene expression
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weeks post-injury

12

Gene expression in injured patellar tendon. Values are normalized to 18S rRNA, and
compared to control patellar tendon from the same animal and expressed as % change. Scx,

Scleraxis; Tnmd, tenomodulin; Collal, collagen type 1al. *p<0.0.05, **p<0.01. n=8

tendons per data point.
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Table 1

Primer sequences for g°PCR

Gene Forward Primer Reverse Primer
Scx TTGAGCAAAGACCGTGACAGA | TGT GGACCCTCCTCCTTCTAAC
Collal | CTTCACCTACAGCACCCTTGTG | TTGGTGGTTTTGTATTCGATGACT
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