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Abstract
It is not known how extensively a localised flexor tendon injury affects the entire tendon.

This study examined the extent of and relationship between histopathologic and gene ex-

pression changes in equine superficial digital flexor tendon after a surgical injury. One fore-

limb tendon was hemi-transected in six horses, and in three other horses, one tendon

underwent a sham operation. After euthanasia at six weeks, transected and control (sham

and non-operated contralateral) tendons were regionally sampled (medial and lateral

halves each divided into six 3cm regions) for histologic (scoring and immunohistochemistry)

and gene expression (real time PCR) analysis of extracellular matrix changes. The histopa-

thology score was significantly higher in transected tendons compared to control tendons in

all regions except for the most distal (P� 0.03) with no differences between overstressed

(medial) and stress-deprived (lateral) tendon halves. Proteoglycan scores were increased

by transection in all but the most proximal region (P< 0.02), with increased immunostaining

for aggrecan, biglycan and versican. After correcting for location within the tendon, gene ex-

pression for aggrecan, versican, biglycan, lumican, collagen types I, II and III,MMP14 and

TIMP1 was increased in transected tendons compared with control tendons (P< 0.02) and

decreased for ADAMTS4,MMP3 and TIMP3 (P< 0.001). Aggrecan, biglycan, fibromodulin,

and collagen types I and III expression positively correlated with all histopathology scores

(P< 0.001), whereas lumican, ADAMTS4 andMMP14 expression positively correlated

only with collagen fiber malalignment (P< 0.001). In summary, histologic and associated

gene expression changes were significant and widespread six weeks after injury to the

equine SDFT, suggesting rapid and active development of tendinopathy throughout the en-

tire length of the tendon. These extensive changes distant to the focal injury may contribute

to poor functional outcomes and re-injury in clinical cases. Our data suggest that successful

treatments of focal injuries will need to address pathology in the entire tendon, and that bet-

ter methods to monitor the development and resolution of tendinopathy are required.
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Introduction
Tendon injuries represent a major problem for the both the professional and leisure sporting
communities[1,2]. In particular, Achilles tendon injuries occur frequently in activities involv-
ing running and jumping[3,4]; shoulder tendon injuries are frequent in baseball[5] and racket
sports and flexor tendon injuries commonly occur in young workers[6]. Current clinical treat-
ments are limited, lengthy and often result in suboptimal outcomes, and repair of damaged ten-
dons may or may not reduce the risk of re-injury[7,8]. Recurrent injury, despite apparently
successful healing/repair, is a common complication following tendon tears, with reported re-
rupture rates ranging from 3–9% in Achilles[9], 25% in hamstring[10,11], 6% in flexors[6] and
up to 95% in the rotator cuff[12]. In addition to re-failure, chronic pain and dysfunction are re-
ported by up to 40% of patients after rotator cuff repair[12].

The reasons for the remarkably poor outcomes and high recurrence rates after tendon inju-
ry remain unclear but have largely focussed on changes at the injury site (reviewed in [13]).
Tendon healing, either within the tendon itself or at the bone-tendon junction, is slow and the
resulting tissue is often fibrotic without recapitulating normal structure, even after a prolonged
rehabilitation. This “tendon scar” does not have the same material properties and thus may be
compromised under subsequent loading. In addition, adhesions between the healed tendon
and surrounding tissue may limit normal excursion, leading to stiffness and dysfunction. Our
previous findings in the ovine infraspinatus tendon[14] support an alternative hypothesis, that
following focal injury, a widespread tendinopathy develops and it is this that leads to re-injury.
In humans, pre-existing histopathologic tissue is highly prevalent in tendons of patients sus-
taining a spontaneous rupture[15] and ruptured Achilles tendons have a more degenerate his-
topathology than chronic pathological tendons[16]. This suggests not only that pre-existing
degeneration is a predisposing factor to injury, but also that following a tear further degenera-
tive change occurs. How far from the injury such pathology extends is unclear.

Recurrent tendon injury is also a significant clinical problem in athletic horses; incidence
ranges from 10–40%[17], with approximately half of the horseracing injuries in Britain involv-
ing the superficial digital flexor tendon (SDFT). While 46% of tendon injuries in racehorses
have been attributed to overstrain, the role of pre-existing tendinopathy from a previous unde-
tected injury is unclear[18]. A previous diagnosis of tendinopathy is the highest risk factor for
developing future tendinopathy (odds ratio 8.5, 95%CI 6.1–12)[19]. As in humans, tendon re-
injury rates have been estimated as 53% by three years in a Scottish case-control study[20], and
70% of Japanese racehorses with tendon problems fail to reach their pre-injury performance
level[21]. Dyson[22] suggested that the very high rate of SDFT re-injury in racehorses may, as
in humans, be attributed to the poor quality of the repair tissue. However, biomechanical stud-
ies[23] have suggested that SDFT re-injury is most likely to occur adjacent to the initial injury,
in the bordering “unaffected” tendon. This suggests that increased risk of re-injury may be at-
tributed to the development of tendinopathy distant to the injury site. There is a paucity of
data describing how far away from the initial lesion tendon is altered and how this may con-
tribute to re-injury.

The pathogenesis of tendon degeneration is not well understood, although it is known to in-
volve transient inflammation and synthesis of an abnormal tendon matrix with altered bio-
mechanical properties[1,3,24]. Both the process of tendon degeneration and that of
remodelling involve increased synthesis of extracellular matrix molecules and increased activity
of the enzymes responsible for their turnover[25]. There are few studies that discriminate be-
tween tendon lesion repair, often involving early inflammation and tissue granulation[3], and
the development of tendinopathy at sites distant from an acute injury[26]. The length of the
equine SDFT provided an ideal model to determine the extent to which tendinopathy develops

Equine Flexor Tendon Pathology

PLOS ONE | DOI:10.1371/journal.pone.0122220 April 2, 2015 2 / 25

Competing Interests: The authors have declared
that no competing interests exist.



in the tissue around a local injury. A better understanding of the molecular mechanisms of
post-injury tendinopathy and how this may differ with distance form the lesion may provide
novel targets to improve the long-term outcome of tendon injury. The objective of this present
study was hence to quantify the extent of the histologic and gene expression changes that oc-
curred in adjacent tendon regions six weeks after experimental injury (partial transection) in
the equine SDFT. We hypothesised that there would be widespread, degenerative histopatholo-
gy throughout the tendon, not merely near the lesion site, and that there would be associated
changes in gene expression of ECM components and the enzymes and inhibitors responsible
for their turnover.

Materials and Methods

Ethics Statement
All animal procedures were approved by the University of Sydney Animal Care and Ethics
Committee (protocol N00/11-2007/1/4739) and complied with their guidelines.

Animal procedures including ultrasonography
The study used nine healthy Standardbred geldings aged 3–19 years purchased from local sale-
yards with normal forelimb SDFTs on physical and ultrasonographic examination (Phillips
HD 11 Ultrasound; Phillips Electronics, North Ryde, NSW, Australia), and no signs of lame-
ness at walk or trot. All horses had three months paddock rest prior to the start of the study; ex-
ercise history before this time was unknown.

Horses were randomly allocated (numbers drawn from a hat) to either the treatment or the
control group. Six horses had the lateral 50% of one randomly selected forelimb SDFT tran-
sected in the mid-metacarpus (Fig 1A) under general anesthesia (treatment group). As there
was concern these horses would offload the operated limb after surgery and because loading
has been shown to induce changes in tendons[27], the contralateral SDFTs from these horses
were not used as controls. The three remaining horses had sham surgery on one forelimb with
the contralateral SDFT used as a non-operated control.

Tendon surgery
Peri-operative antibiotic prophylaxis was provided with procaine penicillin (22mg/kg IM) (Prop-
ercillin, Troy Laboratories, North Ryde, NSW, Australia) and gentamicin sulfate (6.6mg/kg IV)
(Gentam 100, Troy Laboratories). Horses were pre-medicated with xylazine hydrochloride
(1.1mg/kg IV) (Xylazine, Troy Laboratories) and anesthesia was induced with ketamine hydro-
chloride (2.2mg/kg IV) (Ketamine, Troy Laboratories) and diazepam (0.1mg/kg IV) (Pamlin,
Parnell Laboratories, North Ryde, NSW, Australia). Anesthesia was maintained with additional
ketamine hydrochloride and xylazine hydrochloride as required. Analgesia was provided with
butorphanol (8mg IV) (Torbugesic, Troy Laboratories) and phenylbutazone (4.4mg/kg IV)
(Butasyl, Fort Dodge, North Ryde, NSW, Australia).

A 5cm skin incision was made on the palmar aspect of the mid-metacarpus and the SDFT
isolated using hemostats. In six horses the lateral 50% by width of the isolated SDFT at the
mid-metacarpal level was transected using a scalpel blade. Sham-operated horses had the
SDFT isolated but not transected. The skin incision was closed with simple interrupted sutures
and a bandage was applied. Phenylbutazone (2.2mg/kg orally BID) was continued for three
days after surgery. Horses were kept in compatible groups of three in small yards (12 m x
12 m) with shelter available for six weeks. They were fed 2.5% (w/w) lucerne hay in divided
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Fig 1. Transection details and ultrasound. A) Schematic diagram of the equine forelimb showing the
metacarpal region of the superficial digital flexor tendon (SDFT; width not to scale) used in this study. The
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feeds daily and had unlimited access to fresh water. Bandages and sutures were removed two
weeks after surgery.

Ultrasonographic examination of the tendons (at the lesion site and up to 8cm proximal
and distal to the lesion) was performed prior to surgery and at two, four and six weeks post-
surgery. Horses were euthanased six weeks after surgery using an intravenous (jugular) over-
dose of sodium pentobarbitone (Lethabarb, Virbac, Milperra, Australia).

Sample collection
Immediately following euthanasia the legs were shaved and aseptically prepared by using alter-
nate scrubs of isopropyl alcohol and iodine to avoid contamination of the harvested tendons. A
longitudinal skin incision extending from the carpal to metacarpophalangeal joint (Fig 1A)
was made on the palmar aspect of the metacarpus and the skin reflected to either side. The
SDFT was sharply transected proximally at the level of the accessory carpal bone and distally at
the level of the metacarpophalangeal joint then removed and stored on ice in sterile saline
soaked gauze in a plastic bag. Tendons were kept moist with sterile saline throughout the sub-
sequent dissections (see below); these were completed within three hours of death. The partial-
ly transected SDFTs (n = 6), the sham-operated SDFTs (n = 3) and non-operated control
SDFTs (n = 3) were all processed in an identical manner.

The paratenon was removed and each tendon was divided longitudinally into medial and
lateral halves. Each half tendon was further divided into 6 x 3cm long samples (1–4cm, 4–7cm
and 7–10cm proximal and distal to the transection site) making a total of 12 samples (not in-
cluding the transection site). Each of these 12 samples were further longitudinally divided into
three sections for (1) gene-expression, (2) histology/immunohistology and (3) biomechanics
(Fig 1A). Tissue for RNA extraction was trimmed of all easily removable epitenon, then snap
frozen in liquid nitrogen. Histology samples were placed in 10% (v/v) neutral buffered forma-
lin. Tissue for biomechanical testing was wrapped in gauze soaked in isotonic saline, sealed in
2mL microtubes and stored at -20°C. Biomechanical testing was not performed as part of the
present study.

RNA isolation, reverse transcription and real time RT-PCR
Tendon samples were processed as previously reported for sheep infraspinatus tendon[14].
Briefly, weighed portions of tendon frozen in liquid nitrogen were pulverised to powder in a
Dismembrator (Braun, Melsungen, Germany). Total RNA extraction was performed using
TRIzol Reagent (Invitrogen, Melbourne, VIC, Australia), chloroform and RNeasy Mini Kits
(Qiagen, Doncaster, VIC, Australia) with an on-column DNase step (RNase-Free DNase Set;
Qiagen) according to the manufacturer’s instructions. RNA quantification was performed
using SYBRGreen II (Cambrex) and 28S RNA standards (Sigma-Aldrich) in a microplate
assay; the resultant fluorescent was determined using Synergy 2 microplate reader, (Biotek,
Vermont, USA). RNA (1μg) was reverse transcribed into complementary DNA (cDNA) using

tendon was divided into 12 regions; longitudinally lateral and medial (cyan line) and the 1–4cm, 4–7cm and
7–10cm proximal and distal to the midmetacarpal (yellow lines; transection/lesion site indicated by the
triangle). Each region was then further longitudinally divided into three portions for different analyses; gene
expression (black), biomechanics (grey; not presented here) and histology (white). The histology sections are
viewed from the face of the tendon indicated by the white arrows. B) Gross morphology of a representative
transected tendon at harvest, six weeks after surgery presented at the same vertical scale (ruler shows cm)
as in A) Inset is a control tendon at the lesion area for comparison. C) Ultrasonographs of the operated SDFT
of one horse pre-surgery and two, four and six weeks post-transection at three indicated locations along the
tendon. The SDFT is outlined with green dashes with areas of hypoechogenicity indicated with arrows.

doi:10.1371/journal.pone.0122220.g001
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an Omniscript RT Kit (Qiagen), random hexamers (Amersham, Buckinghamshire, UK) and
RiboSafe RNase Inhibitor (Bioline, Alexandria, NSW, Australia). Real-time polymerase chain
reaction (PCR) was performed in a Rotor-Gene 6000 (Corbett Life Science, Mortlake, NSW,
Australia) using Immomix (Bioline), SYBRGreen I (Cambrex) and primers designed using
MacVector software, version 7.2.2 (Accelrys, San Diego, CA, USA) (Table 1). All primers were
purchased from Sigma Genosys (North Ryde, NSW, Australia). Standard curves (4-fold dilu-
tions of stock equine tendon cDNA) were included with each run and expression (relative
fluorescent units) determined for each gene using the Rotorgene software. Melt curves were
obtained to verify a single amplification product.

Table 1. Primer sequences for real-time PCR of equine tendon cDNA.

Gene Direction Primer sequence (5’–3’) Anneal (°C) Product (bp)

ACAN Forward TCA GGT ATC CCA TCC ACT TGC C 57 105

Reverse CGT CGT AGG TCT CAT TGG TGT CAC 57 105

ADAMTS4 Forward ATG TGG TCA CTA TTC CTG CGG G 58 137

Reverse AGG GCA TCA GCG TGT ATT CAC C 58 137

ADAMTS5 Forward TTA CGA GAG AGG ATT TAT GTG GGC 56 217

Reverse CGC TTA TCT TCT GTG GAA CCA AAG 56 217

BGN Forward TGA TTG AGA ACG GGA GCC TGA G 56 143

Reverse TTT GGT GAT GTT GTT GGT GTG C 56 143

COL1A1 Forward CCT GGC AAG AAC GGA GAT GAT G 59 140

Reverse CCA CTG AAA CCT CTG TGT CCC TTC 59 140

COL2A1 Forward ACT TTC CAA TCC CAG TCA CGC 56 129

Reverse GAT TCT CTG GAC TTG ACC CGT CTG 56 129

COL3A1 Forward GGA AGT TGC TGA AGG AGG ATG C 55 166

Reverse TGG AAT CTC TGG GTT GGG ACA G 55 166

COMP Forward GCA AAC AAT GAA CAG CGA CCC 56 129

Reverse TGG TAG CCA AAG ATG AAG CCC 56 129

DCN Forward CCA AAG TGC GAA AGT CTG TGT TC 54 138

Reverse CAG CAA TGC GGA TGT AGG AGA G 54 138

FMOD Forward GCT CCA TCT TGA CCA CAA CCA G 55 123

Reverse CCT TTC ATA GAA CTG CCC ACT TCC 55 123

LUM Forward AGG TGC GTT TAC TTT CCT CTT GG 55 239

Reverse GGT CAA TCT GGT TAT TCC GAA GG 55 239

MMP3 Forward ATT CTG CTG TTA CTA TGC GTG GC 55 218

Reverse TTT CCT GTC ACC TTC AAC CCC 55 218

MMP14 Forward ACC AGG TGA TGG ATG GAT ACC C 56 126

Reverse CCC AGT GCT TGT CTC CTT TGA AG 56 126

TIMP1 Forward GGA TAC TTC CAC AGG TCG GAG AAC 59 234

Reverse CGT CCA CAA GCA ATC AGT GTC AC 59 234

TIMP2 Forward ACT CTG GCA ACG ACA TCT ACG G 57 261

Reverse TCT TCT TCT GGG TGG CAC TCA G 57 261

TIMP3 Forward AGG GGC TGA ACT ATC GGT ATC ACC 59 242

Reverse TGC TCA AGG GTC TGT GGC ATT G 59 242

VCAN Forward CCC ATC TCA CAA GCA TCC TGT C 55 123

Reverse TGC CAT CAG TCC AAC GGA AG 55 123

Primers were designed by MacVector 11.1.

doi:10.1371/journal.pone.0122220.t001
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Histology
Histology procedures were performed at room temperature unless otherwise noted. Tendon
tissue was fixed for 48 hours in 10% (v/v) neutral buffered formalin, softened for 48 hours in
10% (v/v) formic acid and 2.5% (v/v) formalin then transferred to 70% (v/v) ethanol for stor-
age. Tendon samples were dehydrated starting with 70% (v/v) ethanol for at least 24 hours,
then 80% (v/v) ethanol for five hours, 95% (v/v) ethanol for five hours and finishing with four
changes of 100% (v/v) ethanol once every three hours. Tendon samples were cleared in methyl
benzoate for three days then infiltrated with 1% (w/v) celloidin and 1.5% (w/v) trycresyl phos-
phate in methyl benzoate for three days then 5% (v/v) celloidin and 1.5% (v/v) trycresyl phos-
phate in methyl benzoate for three weeks. Specimens were rinsed with chloroform (three
changes), infiltrated with paraffin wax (eight changes over four days) then embedded in paraf-
fin blocks. Paraffin blocks were softened for six hours in 5% (v/v) formic acid, 45% (v/v) etha-
nol and 50% (v/v) glycerol on a cold plate then rinsed in cold water. Sections were cut at five
microns using a Leica RM2255 rotary microtome (Leica Microsystems, Wetzlar, Germany)
with Feather blades N35 (Arthur Bailey Surgico, Roselle, NSW, Australia). Sections were at-
tached to Menzel-Glaser SuperFrost Ultra Plus slides (HD Scientific, Wetherill Park, NSW,
Australia) and placed in an incubator at 85°C for at least 30 minutes, then kept at 55°C over-
night. Serial sections from each of the tendon regions were stained with hematoxylin and eosin
(H&E), picrosirius red (PSR) or toluidine blue using standard methods[14].

Sections were scored for histopathology as previously described for ovine infraspinatus ten-
don[14]. Coded sections were independently scored by three observers (EJ, TM and MMS),
blinded to surgical group or tendon region, for intrafasicular cellularity (0–3), intrafasicular
cell morphology (0–3), vascularity (0–3), interfascicular cell infiltration (0–3) and collagen
fiber alignment (PSR under optimized polarized light; 0–3). The sum of these ordinal scores
gave “histopathology score” (0–15), where lower scores were more normal. Toluidine blue sec-
tions were scored (0–3) for “proteoglycan score”, where zero is no proteoglycan visible and 3 is
widespread staining for proteoglycan. Images of representative sections were captured using a
light microscope (polarized for PSR sections), digital camera and Image Manager software (all
from Leica Microsystems).

Immunohistochemistry
Sections from lateral tendon proximal to the lesion were prepared from 2 randomly selected
control and transected tendons (two regions per tendon: one adjacent and one most distant to
the lesion), and pretreated with either hyaluronidase (Sigma #H3506, 1000U/mL for one hour
at 37°C; slides for aggrecan) or chondroitinase ABC (Sigma #C3667, 0.2U/mL for two hours at
37°C; slides for versican, biglycan and fibromodulin). Slides were washed and then incubated
(4°C overnight) with affinity-purified rabbit polyclonal antibodies to the G1 region of aggrecan
(provided by Dr John Mort, McGill University, Canada[28], 1:1000), the GAG-alpha and
GAG-beta regions of versican (Millipore AB1032 and AB1033, respectively, both at 5μg/mL),
and the human C-terminal peptide sequences of biglycan and fibromodulin (EF2 and EF3 re-
spectively, generated by Dr Emily Fuller, University of Sydney, both at 1μg/mL). Antibody
binding was detected with rabbit Envision (Dako, NovaRed) for 30 minutes at room tempera-
ture then counterstained with Mayer’s heamatoxylin.

Statistical analysis and data visualisation
Stata SE version 12 was used for all analyses and data visualisations. Based on our previous
studies in sheep tendon, a sample size of six was determined to be sufficient to detect a two-
fold change in gene expression with a power of 80–98%, depending on the gene[14]. Gene
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expression data were not normally distributed so both the expression and the score data were
analyzed using the nonparametric ranked Kruskal-Wallis analysis, followed by Mann-Whitney
U (for unpaired data) and Wilcoxon (for paired data) tests in the first instance. Non-operated
control and sham-operated tendons were not different for any histologic or gene expression pa-
rameters at 6 weeks post-operation, so these data were pooled as controls, although we ac-
knowledge that the shams and NOCs were not independent, being right and left legs of the
same horses. These tendons were, however, processed independently.

Results are presented as box plots with the median marked and hinges at the 25th and 75th

percentile. Box plots are positioned adjacent to a SDFT graphic with significant changes in-
duced by surgery indicated by shading that region. The graphs of results on the lateral side
(left) are presented with the origin on the right hand side for symmetry. Gene expression re-
sults are presented on a logarithmic scale as the relative fluorescent units per microgram start-
ing RNA to avoid issues with unexpected regulation of housekeeping genes[29,30].

A mixed model was used to determine whether surgery and any of the positional covariates
(medial/lateral, proximal/distal, distance from midmetacarpal) was a significant factor in the
change in expression for each gene, after logarithmic conversion to normalize the data distribu-
tion. The mixed model clustered the data by horse, limb (relevant for sham/NOC) and position
(carpal/MCP) to adjust for random grouping errors. Significant differences (P< 0.05) in these
covariates were determined from the log coefficients in models of each gene in both the full
dataset (with surgery as a covariate) and in control SDFT only.

Associations between histology scores and gene expression were determined by generating
partial correlation coefficients, using Kendall’s tau-b. This nonparametric process uses pairwise
ranked data values between the two variables under study (ordinal scores and continuous un-
transformed fluorescence for gene expression) and thus does not require data to be normally
distributed or the relationship between the variables to be linear. The subprogram “parttau”
(written by James Fiedler and Alan H. Feiveson, Johnson Space Center, Houston, Tx, USA)
was used within Stata to correct for confounders (surgery and positional location of original
sample within the tendon). The Bonferroni correction was applied to the P values of the gene
associations for each score, resulting in P< 0.003 being considered significant.

Results

Clinical findings
All horses recovered uneventfully, and were fully weight-bearing on the operated limb immedi-
ately following surgery. There was no swelling in the sham-operated limbs. There was palpable
swelling associated with the surgical site in the horses with the partially transacted SDFT that
extended approximately 3cm proximal and distal to the surgical incision. This swelling gradu-
ally became firmer over the six weeks following surgery.

Sham-operated and non-operated control tendons showed normal echogenicity and cross-
sectional area prior to surgery and at all time-points after surgery. The lesion created by partial
transaction of the SDFT was clearly visible by ultrasound in the mid-metacarpus at two, four
and six weeks after surgery in all six partially transected tendons (Fig 1C). The ultrasound
changes were milder with distance from the transected region of the tendon. By six weeks post-
transection, the SDFT 6cm distal to the lesion showed normal echogenicity but increased
cross-sectional area in all hemi-transected tendons. The SDFT 6cm proximal to the lesion
showed normal echogenicity in three of the partially transected tendons with the other three
showed areas of hypo-echogenicity. At 8cm proximal and distal to the site of transection, all
tendons appeared normal by ultrasound at all post-operative times.
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Gross morphology
Lesions created by partial transection had distracted to create a V-shaped area filled with a red-
tinged fibrous tissue that extended beyond the normal margins of the tendon (Fig 1B). Pink
discoloration and tissue softness was apparent throughout the length of the isolated tendon. In
contrast, both sham-operated and non-operated control tendons appeared normal, being off-
white in colour and firm on palpation (Fig 1B inset).

Histopathology
At six weeks post surgery, there were no differences in the histology scores between non-oper-
ated control and sham-operated tendons. Data from these SDFT were pooled as the control
group. Representative topographically mapped images of the H&E and PSR-stained sections of
tendon are presented in Fig 2A and 3A respectively. All of the histological parameters were sig-
nificantly increased in 9–12 regions of the partially transected compared with control tendons
(Fig 2B and 2C, S1 Fig). The overall histopathology scores were significantly higher in the par-
tially transected tendons compared to the control tendons in all regions (P< 0.02), except for
the most distal (Fig 2B) and were higher in regions near the site of transection compared to re-
gions further away (P< 0.009). Importantly, there were no significant differences found in his-
tological parameters between medial and lateral halves of the tendons despite the presumed
differences in loading resulting from the hemi-transection (over-stressed and stress-deprived
for medial and lateral halves respectively). Hemi-transection decreased collagen fiber align-
ment with the magnitude of change being greater with proximity to the lesion but not different
between medial and lateral halves (Fig 3A and 3B).

The control tendons showed regional variation in proteoglycan content with inter-fascicular
metachromatic staining near bony attachments but little in the mid-metacarpal regions (Fig
3C and 3D). The proteoglycan content was greatly increased in partially transected compared
with control tendon (P< 0.020) in all but the most proximal lateral region (Fig 3D). There
were no significant differences between the lateral and medial halves or distance from the le-
sion of partially transacted tendons.

Gene expression by real time RT-PCR
As there were no significant differences in expression for any of the genes measured between
non-operated control and sham-operated SDFT, these data were combined as the control
group. Gene expression data are presented as topographically-mapped box plots in Figs 4–6
and the direction of change and significances from mixed model analyses of effect of surgery
and regional variations are presented in Table 2. Model-generated estimates of beta coefficients
(with 95% confidence intervals) are given as supplementary data (S1 Table). The coefficients
are not reiterated in the text below as the actual relative fluorescent unit values are arbitrary
but fold differences between control and transected samples are given where appropriate.

In control tendons, matrix gene expression was uniform throughout the SDFT except
ACAN (P = 0.006) and COL2A1 (P< 0.001), where expression was significantly less mid-meta-
carpus than towards the bone, and COL1A1 and COL3A1 (both P = 0.004), where expression
was significantly more mid-metacarpus than towards the bone (Table 2). Both ADAMTS4 and
ADAMTS5 genes were expressed more highly on the lateral than the medial side in control ten-
dons (P� 0.001).

As with the histopathology, there were gene expression changes throughout the tendon fol-
lowing injury, although some changes were topographically localized with respect to proximity
of the lesion, proximal versus distal and/or side of tendon. Transection significantly increased
ACANmRNA up to 18 fold in the regions around the lesion site (P< 0.001; Fig 4A). Versican
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gene (VCAN) expression was increased significantly (up to 9 fold; P< 0.001) but with greater
increases proximally (P = 0.010) and in the lateral regions (P = 0.002) (Fig 4B). Both biglycan
(BGN; P = 0.001; Fig 4C) and lumican (LUM; Fig 4D) gene expression increased up to 4 fold
with transection, higher in the lateral areas than the medial (P = 0.038). The gene expression of
decorin (DCN; A in S2 Fig) and fibromodulin (FMOD; B in S2 Fig) did not change significantly
with transection.

Expression of ADAMTS4 (up to 10 fold; P<0.001; Fig 5A), but not ADAMTS5 (P = 0.29;
Fig 5B), significantly decreased throughout the SDFT after transection but more towards the
attachments areas, such that ADAMTS4mRNA levels were significantly lower with distance
from the mid-metacarpal (P< 0.001).MMP3 gene expression was greater distally than near
the carpus (Fig 5C) in both normal and transected SDFT. There was a significant reduction in
MMP3mRNA around the lesion area (up to 70 fold; P< 0.001), with distance from the mid-
metacarpus influencing expression levels (P = 0.001). On the other hand,MMP14 increased fo-
cally only in lateral regions (up to 8 fold; P = 0.016; Fig 5D), resulting not only in higher levels
in the lateral compared to medial (P< 0.001) but also differences in proximity to the carpus
(P = 0.008) and decreasing expression with distance for the mid-metacarpus (P< 0.001).
MMP13 andMMP1 expression were below limits of detection in all samples.

Expression of all three collagen alpha chain genes analyzed increased significantly with tran-
section (up to 48, 370, and 70 fold for types I, II and III respectively; P< 0.005), with COL1A1
and COL3A1 expressed significantly more on the lateral side and COL2A1 significantly more
on the medial side (all P� 0.001; Fig 6). After transection, COL2A1 expression was higher dis-
tally than proximally (P = 0.003). The three TIMP genes measured had a uniform expression
throughout the SDFT in control tendons (S3 Fig). After transection, TIMP1 expression in-
creased (up to 5 fold; P = 0.019; A in S3 Fig) more on the lateral than the medial side
(P< 0.001), TIMP2mRNA overall was unchanged despite small focal decreases in some re-
gions below the lesion (P = 0.36; B in S3 Fig) and TIMP3 expression significantly decreased (up
to 3 fold; P< 0.001; C in S3 Fig).

Association studies and immunohistology
The tau-b coefficients and significance of associations between the histological scores and the
gene expression results are given in Table 3. The gene expression of aggrecan, biglycan, fibro-
modulin and collagen type II alpha chain was significantly and positively associated with the
proteoglycan score (P< 0.001). Increases in aggrecan, biglycan, fibromodulin, and collagen
types I and III gene expression all positively correlated with histopathology scores (P< 0.001),
whereas versican, lumican, ADAMTS4 andMMP14 expression positively correlated only with
collagen fiber alignment scores (P< 0.001). DecreasingMMP3 expression correlated uniquely
with increasing cell number and cell rounding scores (P< 0.001).

To validate that the gene expression data used for correlation with histopathology was re-
flective of protein levels, immunostaining was performed for several of the key proteoglycans

Fig 2. Tendon histopathology.Representative light microscopic images of haematoxylin and eosin-stained sections (A) from each location from a control
and transected SDFTmapped to a diagram of the SDFT as depicted in Fig 1A. (B) Topographically-mapped box plot of overall histopathology scores ((n = 6
per group and region) of partially transected tendons (dark bars) compared with control SDFT (light bars). The lateral lesion site in the transected tendons is
indicated by a triangle. As the horizontal scale indicates, expression on lateral side increases from right to left for display symmetry. Tendon regions in the
central diagram are shaded if the score difference between control and transected tendons (indicated P values) is significant at the 5% level by Mann-
Whitney U. Overall histopathology scores were higher in regions near the site of transection compared to regions further away in the partially transected
tendons (P< 0.009, Kruskal-Wallis analyses). There were no significant differences in histological parameters between medial and lateral halves of the
tendons. Lines within the boxes represent the median, the boxes represent the 25th and 75th percentiles, and the lines outside the boxes correspond to the
minimum and maximum values. C) Topographical maps of significant changes in the indicated histopathology scores. Full box plots for these scores are in
S2 Fig.

doi:10.1371/journal.pone.0122220.g002
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Fig 3. Collagen alignment and proteoglycan scores. Representative microscopic images of (A) picrosirius
red-stained sections (polarised light) and (C) toluidine blue-stained sections (normal light) from each location
from a control and transected SDFTmapped to a diagram of the SDFT. Topographically-mapped box plots of
(B) collagen fiber alignment scores and (D) proteoglycan scores of partially transected tendons (dark bars)
compared with control SDFT (light bars). The lateral lesion site in the transected tendons is indicated by a
triangle. As indicated on the horizontal logarithmic scale, expression on lateral side increases from right to left
for display symmetry. Tendon regions in the central diagram are shaded if the score difference between
control and transected tendons (indicated P values) is significant at the 5% level by Mann-Whitney U.

doi:10.1371/journal.pone.0122220.g003
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(Fig 7). Consistent with PCR, staining for aggrecan, versican and biglycan, but not fibromodu-
lin core proteins, was increased in transected tendons. Aggrecan staining was largely absent in
control tendons, but was present in the intra- and inter-fascicular matrix following transection
(Fig 7B). There was differential localisation of the GAG-alpha and GAG-beta containing iso-
forms of versican, with the latter being absent from control tendons while peri-cellular GAG-
alpha was evident around tenocytes and inter-fascicular cells. In transected SDFT there was in-
creased intra- and inter-fascicular cellular, matrix, and vascular GAG-alpha (Fig 7D), and
GAG-beta staining became evident particularly in inter-fascicular regions around the blood
vessels (Fig 7F). The intra-fascicular matrix of control tendons had diffuse staining for biglycan
and fibromodulin (Fig 7G and 7I, respectively). While biglycan staining increased in intensity
in transected tendons, fibromodulin was somewhat decreased (Fig 7H and 7J, respectively).
Specificity of the various antibodies was demonstrated by lack of immunostaining in control or
transected tendons with rabbit IgG (Fig 7K and 7L).

Discussion
The equine SDFT provides a novel model to investigate the mechanisms of tendinopathy, its
length allowing detailed regional analysis not readily available in other species[31–34]. Poten-
tial tendinopathy induction methods include overuse (e.g. forced treadmill running[35,36],
chemical injections (e.g. collagenase[36]), or surgery (e.g. [14]). None of these models are per-
fect: overuse does not explain tendinopathy in the sedentary; exogenous collagenases elicit an
acute widespread inflammatory response; and surgical transection is somewhat artificial for
other than trauma-induced degeneration. Surgical models previously reported in the horse in-
clude a square, full thickness defect created by removing the central third of the equine SDFT
[37] and an 8cm long core lesion in the equine SDFT created with a synovial resector[38], how-
ever these studies reported lesion size rather than changes in the adjacent tendon[26,36].

Ageing and exercise are known to induce matrix changes in the equine SDFT[27]. The hors-
es used in this study were adult Standardbred geldings with an age range of 3–19 years. All
horses were rested and had normal SDFTs prior to inclusion, however, pre-existing subclinical
tendon damage could not be completely dismissed. The differences in composition between
normal and diseased tendons rapidly became far greater than changes that occur with ageing
[39,40]; therefore age-dependent variation was most likely minimal compared with that in-
duced by tendon injury.

Little is known about the changes outside the immediate injury zone that result from focal
tendon lesions. In an ovine model, degenerative histologic and gene expression changes were
demonstrated throughout the infraspinatus tendon four weeks after 50% of the fibers were sur-
gically transected at the mid point of the tendon[14]. The current study found similar histolog-
ic and gene expression changes extending at least 10cm proximal and distal to the hemi-
transection lesion, well beyond detectable ultrasound abnormalities. This not only supports
our hypothesis that widespread tendinopathy may explain the increased likelihood of future
problems in tendons after injury[19–21] but also raises concerns about the sensitivity of ultra-
sound as a diagnostic technique. This equine SDFT model offers an excellent opportunity to
test newer imaging techniques suggested to be superior in detecting tendon pathology, such as

Fig 4. Proteoglycan gene expression. Topographically-mapped box plots (n = 6 per group and region) of (A) aggrecan, (B) versican, (C) biglycan and (D)
lumican gene expression by partially transected tendons (dark bars) compared with control SDFT (light bars). The lateral lesion site in the transected tendons
is indicated by the black triangle. As the horizontal logarithmic scale indicates, expression on lateral side increases from right to left for display symmetry.
Tendon regions in the central diagram are shaded if the score difference between control and transected tendons (indicated P values) is significant at the 5%
level by Mann-Whitney U. RFU = relative fluorescent units. Differences in expression between different locations as assessed by mixed model regression are
summarized in Table 2.

doi:10.1371/journal.pone.0122220.g004
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magnetic resonance imaging[41], ultrasound with tissue characterization[42], contrast-en-
hanced computed tomography[43], multi-detector computed tomography[44] and multimodal
2-photon microscopy[45].

That histologic and gene expression changes were significant and widespread six weeks
after injury to the equine tendon, suggests studies that use tissue adjacent to a tear as the “nor-
mal comparator” for the lesion (e.g.[46–49]) should be interpreted with caution. We also iden-
tified regional variation in gene expression of ECM components (ACAN, COL1A1, COL2A1,
COL3A1) and enzymes (ADAMTS4, ADAMTS5,MMP3) in the control equine SDFT. This is
consistent with significant regional variation in gene expression described in the sheep infraspi-
natus[14] and human patellar tendons[50]. Thus care must be taken even when using normal
tendons for comparative studies of tendinopathogenesis, to ensure that similar anatomical lo-
cations are matched. In our previous study of the infraspinatus tendon, regional variations
could be explained by proximity to bone[14]. We postulate that, even within the long tensile
equine SDFT well removed from bone and musculotendinous junction, the topographical dif-
ferences are likely driven by specific biomechanical forces. It is interesting to speculate whether
these underlying molecular differences may render particular areas more susceptible to degen-
eration and injury e.g. lower ADAMTS on the medial side.

The histopathological features in the tendinopathy distant from the hemi-transection site in
equine SDFT, mirror those commonly reported in diseased human tendon[15,16,26,48,51], as
do most of the gene expression changes: decreasedMMP3[48,51–55] and TIMP3[52–55], and
increasedMMP14[48], ACAN and BGN[30,51,53,55], and COL1A1 and COL3A1[48,51,53,55].
Expression ofMMP13 in human tendinopathy has been more variable, being increased in
some cases[51,53,54] but undetectable or unchanged in others[48,52,53]. MMP13 upregulation
may be associated with inflammation[25,36] and as an early response to unloading[14,56,57].
Variations in gene expression may also be related to location relative to the injury. The magni-
tude of the change in COL1A1, COL3A1, ACAN, BGN and MMP3 expression was greater near
the lesion, suggesting that cellular/soluble factors (e.g. tumor necrosis factor-α[58,59]) released
at the injury site acutely or during wound healing may play a greater role in regulation of these
particular genes. In contrast, the restricted change in expression of COL2A1 (medial only) and
MMP14 (lateral only) implicates a greater role for altered biomechanics (increased and de-
creased strain, respectively) in their regulation. The greater decrease in ADAMTS4 distant
from the lesion, and increased VCAN predominantly proximal, suggest additional complex
regulatory control of injury-induced tendinopathy. Further work needs to be done to deter-
mine the exact contribution of mechanical cellular/soluble factors in the pathogenesis of tendi-
nopathy. Nevertheless, it is clear that the underlying pathophysiology leads to subtle molecular
differences with similar histologic outcomes. This has important implications when consider-
ing potential biological therapy of tendinopathy, particularly if administered locally.

Glycosaminoglycan accumulation is a classic feature of pathology in a variety of human ten-
dons[26,48,50,60–64], and occurred throughout the length of the transected equine SDFT. The
increased gene and protein expression of aggrecan and biglycan implicates these two proteogly-
cans, as previously suggested in human Achilles[30,65]. While increased[49,53], unchanged
[30,48] and decreased[66] VCANmRNA have been reported in human tendinopathy, versican

Fig 5. Proteinase gene expression. Topographically-mapped box plots of (A) ADAMTS4, (B) ADAMTS5, (C)MMP3 and (D)MMP14 gene expression
(n = 6 per group and region) by partially transected tendons (dark bars) compared with control SDFT (light bars). The lateral lesion site in the transected
tendons is indicated by the black triangle. As the horizontal logarithmic scale indicates, expression on lateral side increases from right to left for display
symmetry. Tendon regions in the central diagram are shaded if the score difference between control and transected tendons (indicated P values) is
significant at the 5% level by Mann-Whitney U. RFU = relative fluorescent units. Differences in expression between different locations as assessed by mixed
model regression are summarized in Table 2.

doi:10.1371/journal.pone.0122220.g005
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protein content is routinely increased[50,60,61] as in the current equine model, and may also
contribute to increased toluidine blue staining. The different isoforms of versican are indepen-
dently regulated with tendon pathology[66], our results suggesting they are also differentially
located within tendon. Decorin has longer glycosaminoglycan chains near the musculo- or
osteo-tendinous junctions than mid-SDFT[67]. While we and others[30,48,50,68] found no
tendinopathy-induced changes in DCNmRNA or core protein, post-translational modification

Fig 6. Collagen gene expression. Topographically-mapped box plots of the alpha-1 chains of collagen types I (COL1A1; A); II (COL2A1; B) and III
(COL3A1; C) gene expression (n = 6 per group and region) by partially transected tendons (dark bars) compared with control SDFT (light bars). The lateral
lesion site in the transected tendons is indicated by a triangle. As the horizontal logarithmic scale indicates, expression on lateral side increases from right to
left for display symmetry. Tendon regions in the central diagram are shaded if the score difference between control and transected tendons (indicated P
values) is significant at the 5% level by Mann-Whitney U. D) RFU = relative fluorescent units. Differences in expression between different locations as
assessed by mixed model regression are summarized in Table 2.

doi:10.1371/journal.pone.0122220.g006

Table 2. Mixed regressionmodelling of gene expression data.

Covariates

Gene P for model Transection surgery SideLateral (L) Medial (M) Proximity to C or MCP Distance from midmetacarpus /lesion site

Controls only

ACAN 0.021 nd (0.38) nd (0.22) Increase (0.006)

COL1A1 0.002 nd (0.07) nd (0.09) Decrease (0.004)

COL2A1 <0.001 nd (0.30) nd (0.29) Increase (<.001)

COL3A1 0.005 nd (0.14) nd (0.17) Decrease (0.004)

MMP3 0.003 nd (0.10) MCP > C (0.001) nd (0.91)

ADAMTS4 <0.001 L > M (<.001) C > MCP (0.033) nd (0.35)

ADAMTS5 0.005 L > M (0.001) nd (0.37) nd (0.52)

Controls and operated

ACAN 0.002 Increase (<.001) nd (0.26) nd (0.22) nd (0.22)

VCAN <.001 Increase (<.001) L > M (0.002) C > MCP (0.010) nd (0.63)

BGN 0.004 Increase (0.001) nd (0.23) nd (0.79) nd (0.12)

FMOD 0.066 - (0.011) nd (0.19) nd (0.47) nd (0.93)

LUM 0.012 Increase (0.005) L > M (0.038) nd (0.75) nd (0.34)

DCN 0.11 nd (0.06) nd (0.49) nd (0.67) nd (0.08)

COMP 0.72 nd (0.58) nd (0.94) nd (0.97) nd (0.19)

COL1A1 <.001 Increase (<.001) L > M (<.001) nd (0.66) Decrease (<.001)

COL2A1 <.001 Increase (0.004) M > L (<.001) MCP > C (0.003) Increase (<.001)

COL3A1 <.001 Increase (<.001) L > M (0.001) nd (0.40) Decrease (<.001)

MMP3 <.001 Decrease (<.001) nd (0.75) MCP > C (<.001) Increase (0.001)

MMP14 <.001 Increase (0.016) L > M (<.001) C > MCP (0.008) Decrease (<.001)

ADAMTS4 <.001 Decrease (<.001) L > M (<.001) C > MCP (<.001) Decrease (<.001)

ADAMTS5 <.001 nd (0.29) L > M (<.001) C > MCP (0.026) nd (0.49)

TIMP1 <.001 Increase (0.019) L > M (<.001) nd (0.05) nd (0.06)

TIMP2 0.29 nd (0.36) nd (0.24) nd (0.10) nd (0.92)

TIMP3 0.002 Decrease (<.001) nd (0.95) nd (0.62) nd (0.06)

GAPDH <.001 nd (0.66) L > M (<.001) C > MCP (0.007) nd (0.75)

Data was clustered by horse, limb and proximity to carpus (C) or metacarpophalanges (MCP). Significant effects of surgery and SDFT spatial position as

covariates (and resultant P values) were obtained with all indicated covariates included in the model. Results are given for significant models without

transection (n = 72; controls only) and from all models with transection (n = 140). nd = no difference; C = carpus; MCP = metacarpophalangeal joint.

doi:10.1371/journal.pone.0122220.t002
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of decorin or other proteoglycans, with longer glycosaminoglycans could also contribute to the
increase in toluidine blue staining in tendinopathy.

Accumulation of proteoglycans in tendinopathy may result from an imbalance between ex-
pression/synthesis and removal. While loss of large proteoglycans was increased 2–3 fold in
human tendinopathy, synthesis was increased 20–25 fold[61]. The widespread decrease in
ADAMTS4 gene expression (and by inference activity) reported here and previously[14], could
contribute to reduced proteoglycan turnover. While best described as an aggrecanase,
ADAMTS4 also degrades versican, biglycan, decorin, and fibromodulin[69]. Changes in
ADAMTS4 expression have not been observed in chronic human tendinopathies[51,52,61,70]
while ADAMTS5mRNA is generally decreased[51–53]. The current and previously identified
[14] decrease in ADAMTS4may be a consequence of the acute nature of the tendinopathy and/
or of particular importance for injury-induced pathology. Nevertheless, approaches to main-
tain ADAMTS proteoglycanase activity may be a valid therapeutic target to avoid/manage ten-
don degeneration after injury.

We demonstrated parallel gene and protein changes in our model for a number of the key
proteoglycans implicated in tendon pathology. While discordance between other mRNA and
protein levels must be borne in mind, particularly enzyme activity that is also regulated
through variable activation and inhibition, the associations between histopathology scores and
gene expression results potentially provide some novel insights into the pathophysiology of in-
jury-induced tendinopathy. Notably ACAN and COL2A1 correlated significantly with toluidine
blue staining, suggesting this is indicative of a bona fide chondroid metaplasia in diseased ten-
don. Increasing LUM and VCAN expression were significantly associated with changes in PSR
staining but not other pathology variables, suggesting that changes in these two proteoglycans

Table 3. Partial correlations of histology score parameters and gene expression.

Gene Proteoglycan score Fiber alignment Cellularity Cell morphology Vascularity

tau P tau P tau P tau P tau P

ACAN 0.200 <0.001 0.250 <0.001 0.239 <0.001 0.216 <0.001 0.181 0.001

VCAN 0.124 0.007 0.289 <0.001 0.133 0.012 0.131 0.014 0.120 0.032

BGN 0.192 <0.001 0.302 <0.001 0.259 <0.001 0.220 <0.001 0.180 0.004

FMOD 0.178 <0.001 0.241 <0.001 0.229 <0.001 0.192 <0.001 0.164 0.006

LUM 0.111 0.016 0.230 <0.001 0.105 0.035 0.100 0.063 0.111 0.051

DCN 0.018 0.69 0.037 0.51 -0.027 0.60 0.008 0.87 0.005 0.92

COMP 0.058 0.25 0.048 0.39 0.089 0.086 0.062 0.15 0.011 0.84

COL1A1 0.082 0.086 0.217 <0.001 0.281 <0.001 0.180 0.001 0.216 <0.001

COL2A1 0.186 <0.001 0.113 0.021 -0.018 0.72 0.036 0.47 -0.005 0.91

COL3A1 0.094 0.056 0.228 <0.001 0.254 <0.001 0.179 0.002 0.186 <0.001

MMP3 -0.055 0.24 -0.057 0.32 -0.278 <0.001 -0.209 <0.001 -0.072 0.19

MMP14 0.006 0.89 0.248 <0.001 0.112 0.033 0.046 0.34 0.119 0.005

ADAMTS4 0.022 0.66 0.159 <0.001 0.024 0.65 0.047 0.33 0.022 0.64

ADAMTS5 -0.007 0.89 0.138 0.006 -0.015 0.78 0.002 0.96 0.048 0.30

GAPDH 0.007 0.87 0.114 0.029 0.030 0.55 0.039 0.36 0.029 0.56

TIMP1 0.078 0.080 0.260 <0.001 0.242 <0.001 0.151 0.003 0.138 0.013

TIMP2 0.001 0.98 0.142 0.006 0.056 0.28 0.018 0.70 0.082 0.10

TIMP3 0.074 0.075 0.083 0.12 -0.064 0.26 0.000 0.99 -0.033 0.58

Surgery and SDFT spacial position (lateral or medial; proximal or distal; distance from transection site) were included as confounders. Partial rank

correlations are Kendall’s tau (see methods). P<0.003 was determined as significant (bold) after Bonferroni’s correction.

doi:10.1371/journal.pone.0122220.t003
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Fig 7. Tendon immunohistochemistry.Representative sections of a non-operated control (A,C,E,G,I,K)
and transected stress-derived tendon (B,D,F,H,J,L) from the lateral side proximal to the lesion are shown.
Positive immunostaining is seen as red/brown colour after incubating with antibodies to the aggrecan G1
domain (A,B); the versican GAG-alpha binding region (C,D); the versican GAG-beta binding region (E,F); the
C-terminus of biglycan (G,H) and fibromodulin (I,J); and rabbit IgG (K,L; negative control). Scale bar indicates
0.1mm.

doi:10.1371/journal.pone.0122220.g007

Equine Flexor Tendon Pathology

PLOS ONE | DOI:10.1371/journal.pone.0122220 April 2, 2015 20 / 25



may have a particular effect on increasing collagen fiber malalignment. DCN expression did
not correlate with any histopathology score, suggesting its well-known role in normal collagen
fibrillogenesis[71] is not recapitulated in pathology or healing of tendon after injury. The nega-
tive association betweenMMP3 expression and cellular changes (increasing numbers of more
rounded cells asMMP3 expression decreases) may suggest this enzyme plays a critical role in
regulating cell migration and morphology in tendon.

In conclusion, this study has demonstrated that tendon injury is not a focal disease, but
rather is associated with widespread tendinopathy. The rapid (within 6 weeks) extensive
changes included proteoglycan accumulation and altered expression of matrix proteins, pro-
teinases and inhibitors that are likely to have detrimental effects on regional tendon biome-
chanics and contribute to the poor outcome seen in clinical cases. Preliminary biomechanical
testing of transected and control SDFT has indicated widespread change and we are determin-
ing associations between the resultant viscoelastic data and histologic and gene expression re-
sults in the present study (manuscript in preparation). Further studies should aim to identify
histologic and gene expression changes at more time-points following injury to better under-
stand how the healing environment changes over time and whether the observed widespread
chondroid metaplasia of the injured tendon resolves. By increasing the knowledge of the mo-
lecular changes associated with the development of widespread tendon pathology, we may dis-
cover new targets for intervention therapies to prevent the debilitation due to injury and
perhaps enable prevention of tendon injuries in the first place.

Supporting Information
S1 Fig. Tendon histopathology. Topographically-mapped box plots of (A) cellularity, (B) cell
morphology, (C) interfasicular cell infiltration and (D) vascularity scores (n = 6 per region) of
partially transected tendons (dark bars) compared with control SDFT (light bars). The lateral
lesion site in the transected tendons is indicated by a triangle. As the horizontal scale indicates,
scores on lateral side increase from right to left for display symmetry. Tendon regions in the
central diagram are shaded if the score difference between control and transected tendons (in-
dicated P values) is significant at the 5% level by Mann-Whitney U. There were no significant
differences in histological parameters between medial and lateral or between proximal and dis-
tal halves of the tendons.
(TIF)

S2 Fig. Proteoglycan and COMP gene expression. Topographically-mapped box plots of (A)
DCN, (B) FMOD, and (C) COMP gene expression by partially transected tendons (dark bars)
compared with control SDFT (light bars). The lateral lesion site in the transected tendons is in-
dicated by the black triangle. As indicated on the horizontal logarithmic scale, expression on
lateral side increases from right to left for display symmetry. Tendon regions in the central dia-
gram are shaded if the score difference between control and transected tendons (indicated P
values) is significant at the 5% level by Mann-Whitney U. RFU = relative fluorescent units. Dif-
ferences in expression either after surgery or between different locations by mixed model re-
gression are summarized in Table 2.
(TIF)

S3 Fig. TIMP gene expression. Topographically-mapped box plots of expression (n = 6 per
group and region) of TIMP1 (A), TIMP2 (B), TIMP3 (C) by partially transected tendons (dark
bars) compared with control SDFT (light bars). The lateral lesion site in the transected tendons
is indicated by the black triangle. As the horizontal logarithmic scale indicates, expression on
lateral side increases from right to left for display symmetry. Tendon regions in the central
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diagram are shaded if the score difference between control and transected tendons (indicated
P values) is significant at the 5% level by Mann-Whitney U. RFU = relative fluorescent units.
Differences in expression induced by surgery or between different locations as assessed by
mixed model regression are summarized in Table 2.
(TIF)

S1 File. Excel file of raw data including gene expression relative fluorescent units and histo-
pathology scores for all samples.
(XLS)

S1 Table. Beta coefficients and P values for mixed models performed on gene expression
data (summarised in Table 2). b = beta co-efficient; CI = confidence interval; L/M = lateral/
medial; C/MCP = carpal/metacarpophalangeal.
(DOCX)

Acknowledgments
The authors would like to thank Susan Smith for histology expertise.

Author Contributions
Conceived and designed the experiments: EJ AJD CBL MMS. Performed the experiments: EJ
AJD TMNH LBJ CBL MMS. Analyzed the data: EJ AJD CBL MMS. Contributed reagents/ma-
terials/analysis tools: EJ AJD NH LBJ CBL MMS. Wrote the paper: EJ AJD TM NH LBJ CBL
MMS. Performed the surgery: EJ AJD NH LBJ.

References
1. Abate M, Gravare Silbernagel K, Siljeholm C, Di Iorio A, De Amicis D, Salini V, et al. (2009) Pathogene-

sis of tendinopathies: inflammation or degeneration? Arthritis Res Ther 11: 235. doi: 10.1186/ar2723
PMID: 19591655

2. Dowling BA, Dart AJ, Hodgson DR, Smith RKW (2000) Superficial digital flexor tendonitis in the horse.
Equine Vet J 32: 369–378. PMID: 11037257

3. Sharma P, Maffulli N (2006) Biology of tendon injury: healing, modeling and remodeling. J Musculoske-
let Neuronal Interact 6: 181–190. PMID: 16849830

4. Sobhani S, Dekker R, Postema K, Dijkstra PU (2013) Epidemiology of ankle and foot overuse injuries
in sports: A systematic review. Scand J Med Sci Sports 23: 669–686. doi: 10.1111/j.1600-0838.2012.
01509.x PMID: 22846101

5. Slager RF (1977) From Little League to big league, the weak spot is the arm. Am J Sports Med 5: 37–
48. PMID: 848635

6. Dy CJ, Daluiski A, Do HT, Hernandez-Soria A, Marx R, Lyman S (2012) The epidemiology of reopera-
tion after flexor tendon repair. J Hand Surg (Am) 37: 919–924.

7. Donaldson PR (2012) Surgical versus nonsurgical treatment of acute Achilles tendon rupture. Clin J
Sport Med 22: 169–170. doi: 10.1097/JSM.0b013e31824c2b2c PMID: 22388346

8. Nilsson-Helander K, Silbernagel KG, Thomeé R, Faxén E, Olsson N, Eriksson BI, et al. (2010) Acute
achilles tendon rupture: a randomized, controlled study comparing surgical and nonsurgical treatments
using validated outcomemeasures. Am J Sports Med 38: 2186–2193. doi: 10.1177/
0363546510376052 PMID: 20802094

9. Wilkins R, Bisson LJ (2012) Operative versus nonoperative management of acute Achilles tendon rup-
tures: a quantitative systematic review of randomized controlled trials. Am J Sports Med 40: 2154–
2160. doi: 10.1177/0363546512453293 PMID: 22802271

10. Hagglund M, Waldén M, Ekstrand J (2006) Previous injury as a risk factor for injury in elite football: a
prospective study over two consecutive seasons. Br J Sports Med 40: 767–772. PMID: 16855067

11. Petersen J, Thorborg K, Nielsen MB, Hölmich P (2010) Acute hamstring injuries in Danish elite football:
a 12-month prospective registration study among 374 players. Scand J Med Sci Sport 20: 588–592.
doi: 10.1111/j.1600-0838.2009.00995.x PMID: 19804575

Equine Flexor Tendon Pathology

PLOS ONE | DOI:10.1371/journal.pone.0122220 April 2, 2015 22 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122220.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122220.s005
http://dx.doi.org/10.1186/ar2723
http://www.ncbi.nlm.nih.gov/pubmed/19591655
http://www.ncbi.nlm.nih.gov/pubmed/11037257
http://www.ncbi.nlm.nih.gov/pubmed/16849830
http://dx.doi.org/10.1111/j.1600-0838.2012.01509.x
http://dx.doi.org/10.1111/j.1600-0838.2012.01509.x
http://www.ncbi.nlm.nih.gov/pubmed/22846101
http://www.ncbi.nlm.nih.gov/pubmed/848635
http://dx.doi.org/10.1097/JSM.0b013e31824c2b2c
http://www.ncbi.nlm.nih.gov/pubmed/22388346
http://dx.doi.org/10.1177/0363546510376052
http://dx.doi.org/10.1177/0363546510376052
http://www.ncbi.nlm.nih.gov/pubmed/20802094
http://dx.doi.org/10.1177/0363546512453293
http://www.ncbi.nlm.nih.gov/pubmed/22802271
http://www.ncbi.nlm.nih.gov/pubmed/16855067
http://dx.doi.org/10.1111/j.1600-0838.2009.00995.x
http://www.ncbi.nlm.nih.gov/pubmed/19804575


12. Bey MJ, Derwin KA (2012) Measurement of in vivo tendon function. J Shoulder Elbow Surg 21: 149–
157. doi: 10.1016/j.jse.2011.10.023 PMID: 22244057

13. Voleti PB, Buckley MR, Soslowsky LJ (2012) Tendon healing: repair and regeneration. Ann Rev
Biomed Eng 14: 47–71. doi: 10.1146/annurev-bioeng-071811-150122 PMID: 22809137

14. Smith MM, Sakurai G, Smith SM, Young AA, Melrose J, Stewart CM, et al. (2008) Modulation of aggre-
can and ADAMTS expression in ovine tendinopathy induced by altered strain. Arthritis Rheum 58:
1055–1066. doi: 10.1002/art.23388 PMID: 18383380

15. Kannus P, Józsa L (1991) Histopathological changes preceding spontaneous rupture of a tendon. A
controlled study of 891 patients. J Bone Joint Surg (Am) 73: 1507–1525. PMID: 1748700

16. Tallon C, Maffulli N, Ewen SW (2001) Ruptured Achilles tendons are significantly more degenerated
than tendinopathic tendons. Med Sci Sports Exerc 33: 1983–1990. PMID: 11740288

17. Avella CS, Ely ER, Verheyen KLP, Price JS, Wood JLN, Smith RKW (2009) Ultrasonographic assess-
ment of the superficial digital flexor tendons of National Hunt racehorses in training over two racing sea-
sons. Equine Vet J 41: 449–454. PMID: 19642404

18. Williams RB, Harkins LS, Hammond CJ, Wood JL (2001) Racehorse injuries, clinical problems and fa-
talities recorded on British racecourses from flat racing and National Hunt racing during 1996, 1997 and
1998. Equine Veterinary Journal 33: 478–486. PMID: 11558743

19. Reardon RJM, Boden LA, Mellor DJ, Love S, Newton JR, Stirk AJ, et al. (2013) Risk factors for superfi-
cial digital flexor tendinopathy in Thoroughbred racehorses in steeplechase starts in the United King-
dom (2001–2009). Vet J 195: 325–330. doi: 10.1016/j.tvjl.2012.06.033 PMID: 22840205

20. O'Meara B, Bladon B, Parkin T, Fraser B, Lischer C (2010) An investigation of the relationship between
race performance and superficial digital flexor tendonitis in the Thoroughbred racehorse. Equine Vet J
42: 322–326. doi: 10.1111/j.2042-3306.2009.00021.x PMID: 20525050

21. Oikawa M, Kasashima Y (2002) The Japanese experience with tendonitis in racehorses. J Equine Sci
13: 41–56.

22. Dyson SJ (2004) Medical management of superficial digital flexor tendonitis: a comparative study in
219 horses (1992–2000). Equine Vet J 36: 415–419. PMID: 15253082

23. Crevier-Denoix N, Collobert C, Pourcelot P, Denoix J-M, Sanaa M, Gelger D, et al. (1997) Mechanical
properties of pathological equine superficial digital flexor tendons. Equine Vet J Suppl: 23–26.

24. Dakin SG, Dudhia J, Smith RKW (2014) Resolving an inflammatory concept: The importance of inflam-
mation and resolution in tendinopathy. Vet Immunol Immunopathol 158: 121–127. doi: 10.1016/j.
vetimm.2014.01.007 PMID: 24556326

25. Riley GP (2005) Gene expression and matrix turnover in overused and damaged tendons. Scand J
Med Sci Sport 15: 241–251. PMID: 15998341

26. DeMos M, van El B, Degroot J, Jahr H, van Schie HTM, van Arkel ER, et al. (2007) Achilles tendinosis:
changes in biochemical composition and collagen turnover rate. Am J Sports Med 35: 1549–1556.
PMID: 17478653

27. Patterson-Kane JC, Firth EC (2009) The pathobiology of exercise-induced superficial digital flexor ten-
don injury in Thoroughbred racehorses. Vet J 181: 79–89. doi: 10.1016/j.tvjl.2008.02.009 PMID:
18406184

28. Sztrolovics R, White R, Roughley P, Mort J (2002) The mechanism of aggrecan release from cartilage
differs with tissue origin and the agent used to stimulate catabolism. Biochem J 362: 465–472. PMID:
11853556

29. Bustin SA, Nolan T (2004) Pitfalls of quantitative real-time reverse-transcription polymerase chain reac-
tion. J Biomol Tech 15: 155–166. PMID: 15331581

30. Corps AN, Robinson AHN, Movin T, Costa ML, Hazleman BL, Riley GP (2006) Increased expression of
aggrecan and biglycan mRNA in Achilles tendinopathy. Rheumatology 45: 291–294. PMID: 16219640

31. Warden SJ (2007) Animal models for the study of tendinopathy. Br J Sports Med 41: 232–240. PMID:
17127722

32. Lake SP, Ansorge HL, Soslowsky LJ (2008) Animal models of tendinopathy. TIDS 30: 1530–1541.

33. Lui PPY, Maffulli N, Rolf C, Smith RKW (2011) What are the validated animal models for tendinopathy?
Scand J Med Sci Sport 21: 3–17.

34. Longo UG, Forriol F, Campi S, Maffulli N, Denaro V (2011) Animal models for translational research on
shoulder pathologies: from bench to bedside. Sports Med Arthroscopy Rev 19: 184–193. doi: 10.1097/
JSA.0b013e318205470e PMID: 21822100

35. Archambault JM, Jelinsky SA, Lake SP, Hill AA, Glaser DL, Soslowsky LJ (2007) Rat supraspinatus
tendon expresses cartilage markers with overuse. J Orthop Res 25: 617–624. PMID: 17318892

Equine Flexor Tendon Pathology

PLOS ONE | DOI:10.1371/journal.pone.0122220 April 2, 2015 23 / 25

http://dx.doi.org/10.1016/j.jse.2011.10.023
http://www.ncbi.nlm.nih.gov/pubmed/22244057
http://dx.doi.org/10.1146/annurev-bioeng-071811-150122
http://www.ncbi.nlm.nih.gov/pubmed/22809137
http://dx.doi.org/10.1002/art.23388
http://www.ncbi.nlm.nih.gov/pubmed/18383380
http://www.ncbi.nlm.nih.gov/pubmed/1748700
http://www.ncbi.nlm.nih.gov/pubmed/11740288
http://www.ncbi.nlm.nih.gov/pubmed/19642404
http://www.ncbi.nlm.nih.gov/pubmed/11558743
http://dx.doi.org/10.1016/j.tvjl.2012.06.033
http://www.ncbi.nlm.nih.gov/pubmed/22840205
http://dx.doi.org/10.1111/j.2042-3306.2009.00021.x
http://www.ncbi.nlm.nih.gov/pubmed/20525050
http://www.ncbi.nlm.nih.gov/pubmed/15253082
http://dx.doi.org/10.1016/j.vetimm.2014.01.007
http://dx.doi.org/10.1016/j.vetimm.2014.01.007
http://www.ncbi.nlm.nih.gov/pubmed/24556326
http://www.ncbi.nlm.nih.gov/pubmed/15998341
http://www.ncbi.nlm.nih.gov/pubmed/17478653
http://dx.doi.org/10.1016/j.tvjl.2008.02.009
http://www.ncbi.nlm.nih.gov/pubmed/18406184
http://www.ncbi.nlm.nih.gov/pubmed/11853556
http://www.ncbi.nlm.nih.gov/pubmed/15331581
http://www.ncbi.nlm.nih.gov/pubmed/16219640
http://www.ncbi.nlm.nih.gov/pubmed/17127722
http://dx.doi.org/10.1097/JSA.0b013e318205470e
http://dx.doi.org/10.1097/JSA.0b013e318205470e
http://www.ncbi.nlm.nih.gov/pubmed/21822100
http://www.ncbi.nlm.nih.gov/pubmed/17318892


36. Watts AE, Nixon AJ, Yeager AE, Mohammed HO (2011) A collagenase gel/physical defect model for
controlled induction of superficial digital flexor tendonitis. Equine Vet J 44: 576–586. doi: 10.1111/j.
2042-3306.2011.00471.x PMID: 21950378

37. SchrammeM, Hunter S, Campbell N, Blikslager A, Smith R (2010) A surgical tendonitis model in hors-
es: technique, clinical, ultrasonographic and histological characterisation. Vet Comp Orthop Traumatol:
VCOT 23: 231–239. doi: 10.3415/VCOT-09-10-0106 PMID: 20585715

38. Watkins JP, Auer JA, Gay S, Morgan SJ (1985) Healing of surgically created defects in the equine su-
perficial digital flexor tendon: collagen-type transformation and tissue morphologic reorganization. Am
J Vet Res 46: 2091–2096. PMID: 4062012

39. Crevier-Denoix N, Ruel Y, Dardillat C, Jerbi H, Sanaa M, Collobert-Laugier C, et al. (2005) Correlations
between mean echogenicity and material properties of normal and diseased equine superficial digital
flexor tendons: an in vitro segmental approach. J Biomech 38: 2212–2220. PMID: 16154408

40. Peffers MJ, Thorpe CT, Collins JA, Eong R, Wei TK, Screen HR, et al. (2014) Proteomic analysis re-
veals age-related changes in tendon matrix composition, with age- and injury-specific matrix fragmen-
tation. J Biol Chem 289: 25867–25878. doi: 10.1074/jbc.M114.566554 PMID: 25077967

41. Rand T, Bindeus T, Alton K, Voegele T, Kukla C, Stanek C, et al. (1998) Low-field magnetic resonance
imaging (0.2 T) of tendons with sonographic and histologic correlation. Cadaveric study. Invest Radiol
33: 433–438. PMID: 9704281

42. Docking SI, Daffy J, van Schie HTM, Cook JL (2012) Tendon structure changes after maximal exercise
in the Thoroughbred horse: use of ultrasound tissue characterisation to detect in vivo tendon response.
Vet J 194: 338–342. doi: 10.1016/j.tvjl.2012.04.024 PMID: 22658820

43. van Hamel SE, Bergman HJ, Puchalski SM, de Groot MW, vanWeeren PR (2014) Contrast-enhanced
computed tomographic evaluation of the deep digital flexor tendon in the equine foot compared to mac-
roscopic and histological findings in 23 limbs. Equine Vet J 46: 300–305. doi: 10.1111/evj.12129
PMID: 23808755

44. Demehri S, Chalian M, Farahani SJ, Fishman EK, Fayad LM (2014) Detection and characterization of
tendon abnormalities with multidetector computed tomography. J Comput Assist Tomogr 38: 299–307.
doi: 10.1097/RCT.0b013e3182aa72bf PMID: 24625602

45. Sivaguru M, Eichorst JP, Durgam S, Fried GA, Stewart AA, Stewart MC (2014) Imaging horse tendons
using multimodal 2-photon microscopy. Methods 66: 256–267. doi: 10.1016/j.ymeth.2013.07.016
PMID: 23871762

46. Dyment NA, Kazemi N, Aschbacher-Smith LE, Barthelery NJ, Kenter K, Gooch C (2012) The relation-
ships among spatiotemporal collagen gene expression, histology, and biomechanics following full-
length injury in the murine patellar tendon. J Orthop Res 30: 28–36. doi: 10.1002/jor.21484 PMID:
21698662

47. Lui PPY, Cheuk YC, Lee YW, Chan KM (2012) Ectopic chondro-ossification and erroneous extracellu-
lar matrix deposition in a tendon window injury model. J Orthop Res 30: 37–46. doi: 10.1002/jor.21495
PMID: 21761446

48. Jelinsky SA, Rodeo SA, Li J, Gulotta LV, Archambault JM, Seeherman HJ (2011) Regulation of gene
expression in human tendinopathy. BMCMusculoskelet Disord 12: 86. doi: 10.1186/1471-2474-12-86
PMID: 21539748

49. Karousou E, Ronga M, Vigetti D, Passi A, Maffulli N (2008) Collagens, Proteoglycans, MMP-2, MMP-9
and TIMPs in Human Achilles Tendon Rupture. Clin Orthop Relat Res 466: 111–116.

50. Samiric T, Parkinson J, Ilic MZ, Cook J, Feller JA, Handley CJ (2009) Changes in the composition of
the extracellular matrix in patellar tendinopathy. Matrix Biol 28: 230–236. doi: 10.1016/j.matbio.2009.
04.001 PMID: 19371780

51. Corps AN, Robinson AHN, Harrall RL, Avery NC, Curry VA, Hazleman BL, et al. (2012) Changes in ma-
trix protein biochemistry and the expression of mRNA encoding matrix proteins and metalloproteinases
in posterior tibialis tendinopathy. Annals of the Rheumatic Diseases 71: 746–752. doi: 10.1136/
annrheumdis-2011-200391 PMID: 22241901

52. Jones GC, Corps AN, Pennington CJ, Clark IM, Edwards DR, Bradley MM, et al. (2006) Expression
profiling of metalloproteinases and tissue inhibitors of metalloproteinases in normal and degenerate
human achilles tendon. Arthritis Rheum 54: 832–842. PMID: 16508964

53. Ireland D, Harrall R, Curry V, Holloway G, Hackney R, Hazleman B, et al. (2001) Multiple changes in
gene expression in chronic human Achilles tendinopathy. Matrix Biol 20: 159–169. PMID: 11420148

54. Lo IKY, Marchuk LL, Hollinshead R, Hart DA, Frank CB (2004) Matrix metalloproteinase and tissue in-
hibitor of matrix metalloproteinase mRNA levels are specifically altered in torn rotator cuff tendons. Am
J Sports Med 32: 1223–1229. PMID: 15262646

Equine Flexor Tendon Pathology

PLOS ONE | DOI:10.1371/journal.pone.0122220 April 2, 2015 24 / 25

http://dx.doi.org/10.1111/j.2042-3306.2011.00471.x
http://dx.doi.org/10.1111/j.2042-3306.2011.00471.x
http://www.ncbi.nlm.nih.gov/pubmed/21950378
http://dx.doi.org/10.3415/VCOT-09-10-0106
http://www.ncbi.nlm.nih.gov/pubmed/20585715
http://www.ncbi.nlm.nih.gov/pubmed/4062012
http://www.ncbi.nlm.nih.gov/pubmed/16154408
http://dx.doi.org/10.1074/jbc.M114.566554
http://www.ncbi.nlm.nih.gov/pubmed/25077967
http://www.ncbi.nlm.nih.gov/pubmed/9704281
http://dx.doi.org/10.1016/j.tvjl.2012.04.024
http://www.ncbi.nlm.nih.gov/pubmed/22658820
http://dx.doi.org/10.1111/evj.12129
http://www.ncbi.nlm.nih.gov/pubmed/23808755
http://dx.doi.org/10.1097/RCT.0b013e3182aa72bf
http://www.ncbi.nlm.nih.gov/pubmed/24625602
http://dx.doi.org/10.1016/j.ymeth.2013.07.016
http://www.ncbi.nlm.nih.gov/pubmed/23871762
http://dx.doi.org/10.1002/jor.21484
http://www.ncbi.nlm.nih.gov/pubmed/21698662
http://dx.doi.org/10.1002/jor.21495
http://www.ncbi.nlm.nih.gov/pubmed/21761446
http://dx.doi.org/10.1186/1471-2474-12-86
http://www.ncbi.nlm.nih.gov/pubmed/21539748
http://dx.doi.org/10.1016/j.matbio.2009.04.001
http://dx.doi.org/10.1016/j.matbio.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/19371780
http://dx.doi.org/10.1136/annrheumdis-2011-200391
http://dx.doi.org/10.1136/annrheumdis-2011-200391
http://www.ncbi.nlm.nih.gov/pubmed/22241901
http://www.ncbi.nlm.nih.gov/pubmed/16508964
http://www.ncbi.nlm.nih.gov/pubmed/11420148
http://www.ncbi.nlm.nih.gov/pubmed/15262646


55. Lundin AC, Aspenberg P, Eliasson P (2014) Trigger finger, tendinosis, and intratendinous gene expres-
sion. Scand J Med Sci Sport 24: 363–368. doi: 10.1111/j.1600-0838.2012.01514.x PMID: 22882155

56. Leigh D, Abreu EL, Derwin K (2008) Changes in gene expression of individual matrix metalloprotei-
nases differ in response to mechanical unloading of tendon fascicles in explant culture. J Orthop Res
26: 1306–1312. doi: 10.1002/jor.20650 PMID: 18404723

57. Thornton GM, Hart DA (2011) The interface of mechanical loading and biological variables as they per-
tain to the development of tendinosis. J Musculoskelet Neuronal Interact 11: 94–105. PMID: 21625046

58. Hosaka YZ, Takahashi H, Uratsuji T, Tangkawattana P, Ueda H, Takehana K (2010) Comparative
study of the characteristics and properties of tendinocytes derived from three tendons in the equine
forelimb. Tissue Cell 42: 9–17. doi: 10.1016/j.tice.2009.06.002 PMID: 19640554

59. John T, Lodka D, Kohl B, Ertel W, Jammrath J, Conrad C, et al. (2010) Effect of pro-inflammatory and
immunoregulatory cytokines on human tenocytes. J Orthop Res 28: 1071–1077. doi: 10.1002/jor.
21079 PMID: 20127972

60. Scott A, Lian O, Roberts CR, Cook JL, Handley CJ, Bahr R, et al. (2008) Increased versican content is
associated with tendinosis pathology in the patellar tendon of athletes with jumper's knee. Scand J Med
Sci Sports 18: 427–435. PMID: 18067512

61. Parkinson J, Samiric T, Ilic MZ, Cook J, Feller JA, Handley CJ (2010) Change in proteoglycan metabo-
lism is a characteristic of human patellar tendinopathy. Arthritis Rheum 62: 3028–3035. doi: 10.1002/
art.27587 PMID: 20533294

62. Attia M, Scott A, Carpentier G, LianØ, Van Kuppevelt T, Gossard C, et al. (2014) Greater glycosamino-
glycan content in human patellar tendon biopsies is associated with more pain and a lower VISA score.
Br J Sports Med 48: 469–475. doi: 10.1136/bjsports-2013-092633 PMID: 24100290

63. Mazzocca AD, McCarthy MB, Ledgard FA, Chowaniec DM, McKinnonWJ Jr, Delaronde S, et al.
(2013) Histomorphologic changes of the long head of the biceps tendon in common shoulder patholo-
gies. Arthroscopy 29: 972–981. doi: 10.1016/j.arthro.2013.02.002 PMID: 23571131

64. Riley GP, Harrall RL, Constant CR, Chard MD, Cawston TE, Hazleman BL (1994) Glycosaminoglycans
of human rotator cuff tendons: changes with age and in chronic rotator cuff tendinitis. Ann Rheum Dis
53: 367–376. PMID: 8037495

65. Burssens A, Forsyth R, Bongaerts W, Jagodzinski M, Mahieu N, Praet M, et al. (2013) Arguments for
an increasing differentiation towards fibrocartilaginous components in midportion Achilles tendinopa-
thy. Knee Surg Sports Traumatol Arthrosc 21: 1459–1467. doi: 10.1007/s00167-012-2203-3 PMID:
23001016

66. Corps AN, Robinson AHN, Movin T, Costa ML, Ireland DC, Hazleman BL (2004) Versican splice variant
messenger RNA expression in normal human Achilles tendon and tendinopathies. Rheumatology 43:
969–972. PMID: 15138331

67. Watanabe T, Imamura Y, Suzuki D, Hosaka Y, Ueda H, Hiramatsu K, et al. (2011) Concerted and adap-
tive alignment of decorin dermatan sulfate filaments in the graded organization of collagen fibrils in the
equine superficial digital flexor tendon. J Anat 220: 156–163. doi: 10.1111/j.1469-7580.2011.01456.x
PMID: 22122012

68. Alfredson H, Lorentzon M, Bäckman S, Bäckman A, Lerner UH (2003) cDNA-arrays and real-time
quantitative PCR techniques in the investigation of chronic Achilles tendinosis. J Orthop Res 21: 970–
975. PMID: 14554207

69. Stanton H, Melrose J, Little CB, Fosang AJ (2011) Proteoglycan degradation by the ADAMTS family of
proteinases. BBA—Molecular Basis of Disease 1812: 1616–1629.

70. Corps AN, Jones G, Harrall R, Curry VA, Hazleman B, Riley GP (2008) The regulation of aggrecanase
ADAMTS-4 expression in human Achilles tendon and tendon-derived cells. Matrix Biol 27: 393–401.
doi: 10.1016/j.matbio.2008.02.002 PMID: 18387286

71. Zhang G, Ezura Y, Chervoneva I, Robinson PS, Beason DP, Carine ET, et al. (2006) Decorin regulates
assembly of collagen fibrils and acquisition of biomechanical properties during tendon development. J
Cell Biochem 98: 1436–1449. PMID: 16518859

Equine Flexor Tendon Pathology

PLOS ONE | DOI:10.1371/journal.pone.0122220 April 2, 2015 25 / 25

http://dx.doi.org/10.1111/j.1600-0838.2012.01514.x
http://www.ncbi.nlm.nih.gov/pubmed/22882155
http://dx.doi.org/10.1002/jor.20650
http://www.ncbi.nlm.nih.gov/pubmed/18404723
http://www.ncbi.nlm.nih.gov/pubmed/21625046
http://dx.doi.org/10.1016/j.tice.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19640554
http://dx.doi.org/10.1002/jor.21079
http://dx.doi.org/10.1002/jor.21079
http://www.ncbi.nlm.nih.gov/pubmed/20127972
http://www.ncbi.nlm.nih.gov/pubmed/18067512
http://dx.doi.org/10.1002/art.27587
http://dx.doi.org/10.1002/art.27587
http://www.ncbi.nlm.nih.gov/pubmed/20533294
http://dx.doi.org/10.1136/bjsports-2013-092633
http://www.ncbi.nlm.nih.gov/pubmed/24100290
http://dx.doi.org/10.1016/j.arthro.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23571131
http://www.ncbi.nlm.nih.gov/pubmed/8037495
http://dx.doi.org/10.1007/s00167-012-2203-3
http://www.ncbi.nlm.nih.gov/pubmed/23001016
http://www.ncbi.nlm.nih.gov/pubmed/15138331
http://dx.doi.org/10.1111/j.1469-7580.2011.01456.x
http://www.ncbi.nlm.nih.gov/pubmed/22122012
http://www.ncbi.nlm.nih.gov/pubmed/14554207
http://dx.doi.org/10.1016/j.matbio.2008.02.002
http://www.ncbi.nlm.nih.gov/pubmed/18387286
http://www.ncbi.nlm.nih.gov/pubmed/16518859


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


