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Abstract

Mineralisation of the tendon tissue has been described in various models of injury, ageing and disease. Often
resulting in painful and debilitating conditions, the processes underlying this mechanism are poorly
understood. To elucidate the progression from healthy tendon to mineralised tendon, an appropriate model is
required. In this study, we describe the spontaneous and non-pathological ossification and calcification of
tendons of the hindlimb of the domestic chicken (Gallus gallus domesticus). The appearance of the ossified
avian tendon has been described previously, although there have been no studies investigating the
developmental processes and underlying mechanisms leading to the ossified avian tendon. The tissue and cells
from three tendons — the ossifying extensor and flexor digitorum longus tendons and the non-ossifying Achilles
tendon — were analysed for markers of ageing and mineralisation using histology, immunohistochemistry,
cytochemistry and molecular analysis. Histologically, the adult tissue showed a loss of healthy tendon crimp
morphology as well as markers of calcium deposits and mineralisation. The tissue showed a lowered expression
of collagens inherent to the tendon extracellular matrix and presented proteins expressed by bone. The cells
from the ossified tendons showed a chondrogenic and osteogenic phenotype as well as tenogenic phenotype
and expressed the same markers of ossification and calcification as the tissue. A molecular analysis of the gene
expression of the cells confirmed these results. Tendon ossification within the ossified avian tendon seems to be
the result of an endochondral process driven by its cells, although the roles of the different cell populations
have yet to be elucidated. Understanding the role of the tenocyte within this tissue and the process behind
tendon ossification may help us prevent or treat ossification that occurs in injured, ageing or diseased tendon.
Key words: ageing; chicken; mineralisation; ossification; tendon.

Introduction

Incidences of tendon pathology have risen in the past two
decades, as shown in various studies across Europe
(Leppilahti et al. 1996; Moller et al. 1996; Levi, 1997;
Houshian et al. 1998; Maffulli et al. 1999). This change in
incidence seems to correlate with higher sporting participa-
tion in the general population (Benjamin & Ralphs, 2000).
In our ever-ageing population, an understanding of our
musculoskeletal unit is of utmost importance. Despite the
surprisingly high tensile strength of tendon, some capable
of undergoing over 4000 N of force (Sandelin et al. 1988),
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tendons are particularly vulnerable to damage both with
age and following injury. Tendon mineralisation can cause
pain and creates weakness, making it an important target
of musculoskeletal research (Leppilahti et al. 1996; Moller
et al. 1996; Levi, 1997; Houshian et al. 1998; Maffulli et al.
1999; O'Brien et al. 2012).

Tendon is a key component of the musculoskeletal unit —
transmitting forces from muscle to bone to bring about
movement, and despite some apparent neglect has, in
recent years, become a focus of research interest. Tendon
fibroblasts, known as tenocytes, are the main cells found in
tendon tissue. These spindle-shaped cells with an elongated
cytoplasm are arranged longitudinally between collagen
fibrils, making contact with each other via gap junctions
and adherens junctions (McNeilly et al. 1996; Benjamin &
Ralphs, 2000; Benjamin et al. 2000; Stanley et al. 2007).
High collagen content gives the tendon tissue its character-
istic crimp morphology: this morphology allows the fibres
to stretch beyond their resting length. Collagen fibres
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can also slide along each other, adding to this stretching
capability (Sandelin et al. 1988; Screen, 2008).

In some cases of tendon degeneration and disease, bone-
like material has been found within the damaged tissue
(Jarvinen et al. 1997). The deposit of mineral in tendons or
its alteration towards a bony or cartilaginous structure has
the consequence of transforming the tissue into a more
rigid structure which cannot perform the wide variety of
movements needed for the transfer of tension and force
from muscle to bone. It is unclear how this mineralisation
process occurs and whether some tendons are preferentially
more affected than others. In addition and in relation to
reparative processes it is of upmost importance to know
whether the mineralisation can be reversed. The mineralisa-
tion process of tendons in some species occurs naturally, for
example in the lower limbs of certain birds (Abdalla, 1979).
Some dinosaurs have also been shown to have had minera-
lised tendons (Adams & Organ, 2005; Organ & Adams, 2005;
Klein et al. 2012). The tendons in these species have natu-
rally evolved to become mineralised (Hutchinson, 2002;
Summers & Koob, 2002) but it is not known why this might
have been an evolutionary asset. Nevertheless, such a phe-
nomenon provides a possible model system to investigate.
Tendon problems contribute to a large proportion of the
number of days off a year, with rotator cuff mineralisation
contributing between 2.7 and 22% of the cases (Leppilahti
et al. 1996; Moller et al. 1996; Levi, 1997; Houshian et al.
1998; Maffulli et al. 1999; Oliva et al. 2011b), among several
other tendons affected by mineralisation (Kannus & Jozsa,
1991; Benjamin & Ralphs, 2000; Richards et al. 2008).

Two types of mineralisation can occur within the tendon:
calcification (deposit of mineral on the tendon) and ossifica-
tion (laying down of new bone material). The process which
human tendons undergo in injury and disease has only been
studied in a case-by-case manner without a clear common
conclusion, with the processes occurring either separately or
together in different instances (Fisher & Woods, 1970; Lotke,
1970; Fink & Corn, 1982; Sandelin et al. 1988; Hatori et al.
1994, 2002; Joshi et al. 1994; Yu et al. 1994; Goyal & Vadhva,
1997; Aksoy & Surat, 1998; Parton et al. 1998; Mady & Vajda,
2000). A wide range of case studies have reported ectopic
ossification and calcification post injury, particularly in the
Achilles tendon and the anterior cruciate ligament (ACL;
Brown et al. 1986; Rooney et al. 1993; Leppilahti et al.
1996; Moller et al. 1996; Levi, 1997; Houshian et al. 1998;
Maffulli et al. 1999; Erdogan et al. 2004; Kraus et al. 2004;
Liden et al. 2006; O'Brien et al. 2012).

Why do these calcium deposits form in human tendon
and what are the cell sources? A variety of different theo-
ries have arisen from these studies. Ossification/calcification
might be an extension from the development of the enthe-
sis (the tendon-to-bone junction), linking it to entesopa-
thies (Benjamin & Ralphs, 1996, 2000; McNeilly et al. 1996;
Benjamin et al. 2000; Stanley et al. 2007) with the ossifica-
tion being either endochondral or intramembranous in
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nature. Some studies have focused on outlining genetic fac-
tors in these diseases (Sandelin et al. 1988; Oliva et al.
2011a). Candidates include biglycan and aggrecan, which
could have roles in ectopic chrondro-osteogenesis (Jarvinen
et al. 1997; Young et al. 2002; Lui et al. 2011), chondro-
osteogenetic factors such as various bone morphogenetic
proteins (BMPs; Abdalla, 1979; Lui et al. 2009a) but also os-
teopontin and other associated factors (Nakase et al. 2000;
Adams & Organ, 2005; Organ & Adams, 2005; Oliva et al.
2011a; Klein et al. 2012). Intratendinous accumulation of
calcium deposits is common in tendon pathology (Kannus &
Jozsa, 1991; Hutchinson, 2002; Summers & Koob, 2002).
There is evidence that the formation of these calcific depos-
its is due to a cell-mediated process (Rui et al. 2011a). Some
mineralised deposits in Achilles and patella tendons occur
by a process resembling endochondral ossification, with
bone formation and remodelling mediated by populations
of osteoblasts and osteoclasts (Fenwick et al. 2002). There
have been suggestions of incorrect differentiation of ten-
don cells within the tissue resulting in ectopic tissue forma-
tion (Archer et al. 1993).

Different theories and observations have been hypothes-
ised as to what cellular processes lead to this differentia-
tion. A chondrocytic environment has been observed
around calcium deposits within tendons, including chondro-
cytes and multinucleated giant cells (Uhthoff & Loehr, 1997;
Nakase et al. 2000; Fenwick et al. 2002). The cells in tendon
are capable, in the right environment, of forming fibrocarti-
lage, a precursor to bone formation. Could they not also be
capable of bone formation?

Most recently, studies have been focusing on tendon-
derived stem-like cells (TDSCs), with the finding that stem
cells are present within tendon tissue (Bi et al. 2007; Clegg
et al. 2007; Ruzzini et al. 2013) and have the potential to
differentiate into various different cell types including those
of osteogenic and chondrogenic lineages. It has been
hypothesised that this is due to the erroneous differentia-
tion of TDSCs as a result of an alteration of the mechanical
and biological environment (Rui et al. 2011a,b,c). Recent
data have suggested that TDSCs could be at the source of
abnormal ossification and calcifying processes in diseases
such as fibrodysplasia ossificans progressiva and calcifying
tendinopathy (reviewed in Lui & Chan, 2011).

To further investigate the nature of tendon mineralisa-
tion we propose using as a model the adult chicken, in
which a non-pathological mineralisation process occurs in
the tendon of the hindlimb. This mineralisation has been
reported previously but the process underlying it has not
been investigated (Ranvier, 1875; Engel & Zerlotti, 1967;
Abdalla, 1979; Landis & Silver, 2002; Spiesz et al. 2012). This
study aims to characterise the tissue and cells from the adult
ossified tendon and compare these with the embryonic
non-ossified avian tendon. A clear understanding of the his-
tology of the tissue, its immunological profile as well as
characterisation of the molecular and immunological



profile of the cells within it may lead towards a better
understanding of the process behind this non-pathological
mineralisation.

Material and methods

Tissue preparation

Tendons were removed from chickens aged between 20 and
24 months, killed by cervical dislocation. Limbs were thoroughly
rinsed in disinfectant, followed by 70% IMS (industrial methylated
spirit) and the extensor digitorum longus tendon (EDL), flexor digi-
torum longus tendon (FDL) and Achilles tendon (AT) carefully dis-
sected out under sterile conditions. As the EDL and FDL tendons
contain both ossified and non-ossified regions, samples from the
centre of both these regions were taken.

For embryonic samples, fertilised White Leghorn chicken eggs
(Henry Stewart & Co. Ltd, Lincolnshire, UK) were incubated at
38 °C in a humidified incubator until day 19 (stage 45; Hamburger
& Hamilton 1951). The embryos were killed by cervical dislocation
and the extensor digitorum longus tendon (EDL), flexor digitorum
longus tendon (FDL) and Achilles tendon (AT) carefully dissected
from the foot and shank regions and cleaned of any adherent tis-
sue.

Histological staining

All specimens were processed for routine histological examination.
Paraffin sections for each sample were cut in the sagittal plane at a
thickness of 4 um, collected onto glass slides and air dried for 24 h.
Samples were stained with haematoxylin and eosin (HE), Alcian
Blue, Alizarin Red S and von Kossa. Briefly, sections were de-waxed
in xylene and then rehydrated through a series of graded alcohols.
Sections were stained according to the criteria of each staining
method/protocol and subsequently dehydrated through a series of
graded alcohols and xylene before mounting with DPX mountant
and subsequent viewing.

Cell culture

Adult primary cell culture

FDL, EDL and AT were carefully dissected from adult hindlimbs;
ossified and non-ossified regions of each tendon were separated
and cleaned in Dulbecco’s phosphate-buffered saline (DPBS) sup-
plemented with 25 ug mL~"' amphotericin B. Samples were then
placed into complete Dulbecco’s modifed Eagle medium (DMEM)
supplemented with 1% insulin-transferrin-selenium (ITS; Fisher),
0.5% gentamycin (PAA) and 0.5% amphotericin B (PAA) over-
night. Tendon samples were then dissected into small fragments,
washed in DPBS and incubated in 10 mL supplemented complete
DMEM per 1 g tissue containing 1 mg mL~" Pronase (Sigma) for
1 h at 37 °C, 5% CO, with agitation. The tissue was incubated
with 20 mL supplemented complete DMEM per 1 g tissue con-
taining 0.25mgmL™' Collagenase type XI (Sigma) and
0.55 mg mL~" Dispase (Sigma) for 3 h at 37 °C, 5% CO, with agi-
tation. Following each incubation period, media was collected
and cells filtered through a 70-um-pore cell strainer and collected
by centrifugation at 320 g for 5 min. Supernatant was removed
and cell pellets washed in supplemented DPBS, centrifuged and
resuspended in supplemented complete DMEM. Cells were grown
on tissue culture-treated plastic and expanded up to passage 2.
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Embryological primary cell cultures

Tendons from eight embryonic limbs were dissected and harvested
into complete DMEM (Gibco) supplemented with 10% fetal calf
serum (PAA), 1% sodium pyruvate (PAA), 25 mm HEPES (PAA) and
antibiotics (1% penicillin/streptomycin; PAA), The tissue was dis-
sected into small fragments and digested in a solution of 0.05%
trypsin/EDTA (Gibco) at 37 °C for 30 min. Following trypsin inactiva-
tion, cells were harvested by centrifugation at 210 g for 10 min.
The cell pellets were resuspended in complete DMEM and seeded
onto tissue culture plastic flasks (Nunc).

Growth curves

Cells frozen down at P2 for each cell type were defrosted and
allowed to grow on T25 cell culture flasks until confluent. Cells
were passaged to P3 into T75 cell culture flasks. Once confluent,
cells were trypsinised, counted and seeded at a density of
30 000 cells per well into 24-well plates. Cells were then counted
daily. For each cell type, the cells were counted over a period of
either 6 or 12 days, in triplicate.

Immunofluorescent labelling

Tissue

Cryosections (7 um) were cut in the sagittal plane and mounted
on poly-L-lysine coated glass slides (Thermo Scientific). Cryosec-
tions were rehydrated in PBS plus 0.1% (vA) Tween-20® (PBST;
Fisher Scientific) and blocked with PBS containing 5% (v/v) goat
serum (Fisher Scientific) for 30 min. Immunolocalisation was per-
formed using standard indirect immunofluorescence with mono-
clonal mouse antibodies (see Supporting Information Table S1).
The secondary antibody AlexaFluor488 conjugated goat anti-
mouse 1gG (Invitrogen, Paisley, UK) was used at a final concen-
tration of 15 pug mL™" diluted in 5% (vA) goat serum. Cell
nuclei were counterstained with propidium iodide solution
(1 pg mL™"; Sigma-Aldrich, Dorset, UK) and mounted in a hard-
set mounting medium (Vectashield; Vector Laboratories, Burli-
game, CA, USA).

Cells

Cells were cultured on coverslips in 24-well plates at a seeding den-
sity of 3.0 x 10° cm™2 Prior to antibody labelling, media was
removed and the coverslips rinsed gently with PBST. Cells were
fixed in chilled 4% (w/v) methanol-free paraformaldehyde (PFA) for
3-5 min, and subsequently rinsed with PBST. Cells were permeabi-
lised with 0.1% (vAv) Triton X solution for 5 min and rinsed with
PBST, then incubated for 15 min with 5% NGS (normal goat serum)
blocking solution. Primary antibodies were added (see Table S1)
and incubated at room temperature for 30 min. Following rinsing
in  PBST, AlexaFluor488 conjugated goat anti-mouse IgG
(15 ug mL™") was added and cells were incubated for a period of
30 min at room temperature. Coverslips were subsequently rinsed
in PBST before adding propidium iodide solution (1 pg mL™") to
stain cell nuclei. Cells were then incubated for 20 min at room tem-
perature. Coverslips were then rinsed thoroughly with PBST and
mounted on slides using Vectashield mounting medium. Slides were
left to dry at 4 °C, protected from light.

Morphology labelling
Cells were seeded and fixed onto coverslips as above, and permea-
bilised with 0.1% Triton X-100. Following rinsing with PBST, cells
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were stained for filamentous actin (F-actin using phalloidin (1/40)
for 20 min. Cells were rinsed in PBST and counterstained with DAPI
(4',6-diamidino-2-phenylindole — 1/1000) for 5 min. Once rinsed,
cells were mounted in Vectashield.

Quantitative microscopy

Tissue

Following histological preparation, images of each tendon of inter-
est were taken (Leica DM5000B microscope) using Las imaging soft-
ware. A minimum of 10 images were produced for each tendon
sample. Cells from each image were counted using maGes software.
A total area of 8.5 mm? for the embryonic sections and 38 mm? for
the adult sections was analysed. Cell nuclei were counted inside this
field using an images counting macro. Cell counts were converted
into average cells mm™2. These numbers were also correlated to the
average length and width of each tendon of interest to analyse the
average cell count in a tendon slice.

Cells

Following immunocytochemical preparation, images of cells were
taken using a Leica DM5000B microscope and Las imaging software.
All images were visualised on the same equipment and using the
same exposure settings to ensure consistency of immunolabelling.
Separate RFP (Red Fluorescent Protein) and GFP (Green Fluorescent
Protein) images were taken for each image. Biological and
experimental triplicates were performed, yielding nine images for
each cell type/antibody set. To quantify the immunolabelling in
each image, the total pixelated area for each GFP image was calcu-
lated using the imMages ‘Measurements’ tool and correlated to the
number of cells of each RFP image (calculated using the maGes
‘Analyse Particles’ tool).

Molecular analysis

RNA isolation and cDNA synthesis

Total cellular RNA was isolated by TRI Reagent Lysis Buffer (Sigma-
Aldrich) according to the manufacturer’s protocol. Total RNA was
quantified by spectrophotometry using a Nanodrop ND-1000 and
decontaminated using a Precision DNAse kit (Primer Design).
Briefly, 1 uL of 10x Precision DNAse enzyme and 8 pL 10x Preci-
sion DNAse reaction buffer were added to 80 pL mRNA and incu-
bated at 30 °C for 10 min. The enzyme was deactivated by
heating at 55 °C for 5 min. mRNA was reverse-transcribed (1 pg
per reaction) into complementary DNA (cDNA) using a Precision
nanoScript cDNA Reverse Transcription kit (Primer Design). A total
reaction volume of 9 uL, containing RNA and RNase-free water,
was added to 1 pL Oligo-dT primers and heated at 65 °C for
5 min before returning to ice. The mix was then added to 2 pL
10x reaction buffer, 1 uyL dNTP mix (10 mm each), 2 uL 10x DTT
(100 mm) and 1 pL nanoScript enzyme to obtain a final volume of
20 pL. The synthesis of cDNA from RNA was performed according
to the manufacturer’s recommendations: 20 min at 55 °C followed
by 15 min at 75 °C on a thermal cycler (Eppendorf Mastercycler EP
Gradient S, Eppendorf North America). cDNA integrity was tested
by PCR with reference genes GAPDH and B-actin using AmpliTaq
Gold 360 Master Mix (AB) following the manufacturer’s protocol.
Primers were designed for reference genes and genes of interest
(see Supporting Information Table S2). cDNA 1 uL was used as a
template for each PCR reaction.
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Quantitative reverse transcriptase-polymerase chain reaction
(QRT-PCR)

Quantitative PCR was performed using TagMan Brilliant Il qPCR
Low ROX Master Mix (Agilent Technologies) and TagMan Gene
Expression Assays (AB) according to the recommended protocol (see
Supporting Information Table S3). The PCR cycling consisted of an
initial set-up of 2 min at 50 °C followed by 10 min at 95 °C and 40
cycles of amplification of the template DNA with primer denaturing
at 95 °C for 15 s and primer annealing at 60 °C for 1 min using
Stratagene MX3005P.

Statistical analysis

Relative quantities present in each sample were assessed using the
2-(4A%) method; the values obtained for each gene were norma-
lised on a reference gene (B-actin). Using an appropriate statistical
analysis package (GrapHPAD PrisM), analysis of variance (anova) with
Bonferroni post hoc test or independent samples t-test was per-
formed on data sets where appropriate using a significance of
P < 0.05. Statistically significant differences in gene expression val-
ues detected between the adult ossified, adult non-ossified and
embryonic tendon cells were analysed by paired Student’s t-test.
Significance was predetermined at P < 0.05.

Results

Characterisation of the ossified avian tendon tissue

Trichrome staining of prepared paraffin wax sections of
each individual adult tendon was performed to assess
morphological differences and localisation of the ossifica-
tion, if present. Figure 1 shows the morphology of the
embryonic and adult tendon in the FDL. Figure 1A shows
the morphology of embryonic tendon and Figure 1B dem-
onstrates the appearance of the adult tendon. The tendon
tissue appears degenerated and less cellular than that of
the embryonic FDL (Fig. 1B) and also appears interspersed
by cartilage and fibrocartilage tissue (black arrowheads).
Figure 1C shows the appearance of the junction between
the ossified and the non-ossified regions of the adult ten-
don: a clear boundary is observable where a degenerated
tissue is visible at the ossification centre.

The adult ossified tendon appears to have an ossification
centre
To assess the differences between embryonic and adult ten-
dons, paraffin wax sections of each tendon of interest were
prepared from both embryonic and adult tendons. An over-
all morphological analysis of all three embryonic tendons
showed similar patterns. All showed the distinct crimp mor-
phology inherent to tendon tissue (black arrows denote the
tenocytes and white arrows the collagen fibres surrounding
them) and a high number of cells when stained with a hae-
matoxylin and eosin (H&E) stain (here illustrated by the
embryonic EDL tendon - Fig. 2A).

In all three adult tissues, certain characteristics of old age
were seen with the H&E staining, including loss of crimp
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Fig. 1 Trichrome staining of embryonic and adult FDL tendon. (A) Appearance of embryonic tendon tissue. (B) Appearance of the adult tendon:
the tissue appears less condensed than the embryonic tissue, cells appear sparser and areas of chondrocytic cells and fibrocartilage are visible
(black arrows). (C) Appearance of the junction between the ossified and non-ossified regions of adult tendon and demonstrates the clear demarca-
tion of the ossification centre.
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Alcian Blue

Alizarin Red

Von

Fig. 2 Comparative analysis of EDL tendon structure from embryonic and adult chicken. (A-D) Characteristic crimp morphology of embryonic ten-
don tissue, here in the EDL tendon. The tenocytes are located longitudinally (black arrows) between the collagen fibres of the extracellular matrix
(white arrows). (E-H) Histological profile of the adult tendon tissue, here in the EDL tendon. Characteristic crimp morphology is lost (white arrows)
and the tenocytes are sparser and longer (black arrows). (F) Staining for cartilage specific proteoglycans reveals more rounded, chondrocytic cells
(c1) in the tissue. (G) Calcium deposits are revealed by Alizarin Red S staining (AR). (H) Mineralisation of the tissue is revealed by Von Kossa stain-
ing (VK). (E, G, H) Highlight the separation of the adult tendon tissue into two distinct areas: mineralised tendon and non-mineralised tendon,
creating a mineralisation centre reminiscent of an endochondral ossification model. (I,J) Histological profile of the adult tendon tissue in the
non-mineralising Achilles tendon. The tissue shows similar ageing patterns, loss of crimp morphology (white arrows) and more sparse, longer
tenocytes (black arrows) and the presence of chondrocyte-like cells but does not show any other signs of mineralisation.

morphology and reduction of cells. The EDL and FDL adult — Fig. 2E). In addition to the ageing of the tissues (less crimp
tendons revealed similar changes in the tissues: the adult and fewer cells), they both showed characteristics of ossifi-
tendons looked degenerated and damaged, with rather cation and calcification. The Alcian blue staining revealed a
long and thin cells (here illustrated by the adult EDL tendon large amount of blue cartilage cells within the tissues,
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spread around and in between the tenocytes (Fig. 2F),
whereas the embryonic tissue did not possess any cartilage
cells and there were no apparent signs of Alcian blue-
positive cells (Fig. 2B). Both Alizarin Red and von Kossa
staining methods revealed strong calcium deposits and min-
eralisation at the centre of the EDL and FDL tendons
(Fig. 2G,H). In these cases, the stain was particularly strong
at the centre of the tissues. These were not detected in the
embryonic tissue, as shown by a lack of positive staining
from Alizarin Red (Fig. 2C) and von Kossa (Fig. 2D). It
appears the ossification of the adult tendon is isolated to a
mid-portion of the tendon length, whereas the rest of the
tissue remains tendon-like.

In contrast, the Achilles tendon had a different pattern of
change. The chosen range of stains revealed the appear-
ance of cartilage cells within the adult tissue, interspersed
between and around the tendon cells (Fig. 21,J). The base of
the Achilles tendon is composed of naturally occurring
fibrocartilage even at a young age, due to the compression
around the bone and cartilage area of the knee. However,

80

z

601

Cells per mm

401

20

0_
eEDL

tEDL

oEDL eFDL tFDL oFDL eAT tAT

the spread of cartilage cells and thus of fibrocartilaginous
tissue in the adult tissue was found throughout the tendon,
even up to the myotendinous junction with the gastrocne-
mius muscle. Although the Achilles tendon did show the
same signs of ageing as the other tendons, with a similar
loss of cells and loosening of the crimp morphology of the
tissue, neither ossification nor mineralisation was present
within the tissue. Both Alizarin Red and von Kossa staining
showed no more than background levels of staining and
fibrocartilage tissue (Fig. 3K,L).

The adult ossified tendon is degenerated

As mentioned above, differences can be seen between the
embryonic and adult tendons, in this case in the EDL tendon
(Fig. 3): characteristic crimp morphology is lost in both the
tendon and ossified portions of the adult samples (white
arrows) and the tenocytes are sparser and longer (black
arrows). Cellularity analysis of cells per mm? for each ten-
don from embryonic (e) to non-ossified (t) and ossified (o)
adult tendon revealed the number of cells per mm? was
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Fig. 3 Cellularity analysis (n = 10 images). (A-C) Histological appearance of the EDL tendon from embryonic (A) to non-ossified (B) and ossified
(C) adult tendon. Characteristic crimp morphology is lost (white arrows) and the tenocytes are sparser and more elongated (black arrows). (D) Cel-
lularity analysis of cells per mm? for each tendon from embryonic (e) to non-ossified (t) and ossified (o) adult tendon. (E) Cellularity analysis corre-
lated to the wholemount size of the tendon generating a number of total cells per tendon slice. Although the number of tenocytes per mm? is
significantly reduced in adult ossified and non-ossified tendon, the data suggest the total number of tenocytes per tendon is significantly higher in

the adult ossified and non-ossified tendon.
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significantly lower in both the ossified and non-ossified
adult tendon compared with the embryonic tendon. The
number of cells per mm? was also significantly lower in the
ossified tendon than the non-ossified tendon (Fig. 3D).
When normalised to the whole mount size of the tendons,
the total number of cells in a tendon was significantly
higher in both the ossified and non-ossified adult tendon
compared with the embryonic tendon. The number of cells
in the non-ossified tendon remained higher than in the
ossified tendon (Fig. 3E).

A changing immunological profile in the adult ossified
tendon
Figure 4 shows the immunological profile of the ossifying
tendon (here the FDL tendon), in the embryonic and in the
adult ossified tendon (both ossified and non-ossified
regions).

All labelling for key tendon proteins (tenascin, decorin
and fibronectin) was highly visible in the embryonic tendon
and showed a significant decrease in expression in the adult

tFDL

Collagen llI Pro Collagen |

Collagen X

Alkaline
Phosphatase

Osteocalcin
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tendon (data not shown). Pro collagen | showed a very high
expression level in the embryonic tendon (Fig. 4A) and a
considerably decreased expression in the adult non-
ossified (Fig. 4F) and adult ossified (Fig. 4K) tendon. Colla-
gen lll showed strong visual labelling in the embryonic
tendon (Fig. 4B); however, it was less visible and showed a
different distribution in adult non-ossified tendon (Fig. 4G)
and a lack of expression in adult ossified tendon (Fig. 4L).

Collagen Il was not expressed in the embryonic or the
adult non-ossified tendon but showed some low level
expression in the adult ossified tendon (data not shown).
Collagen X was not expressed in the embryonic tendon
(Fig. 4C) but was expressed at low levels in the adult non-
ossified (Fig. 4H) and adult ossified (Fig. 4M) tendon. The
expression of bone markers alkaline phosphatase, msx2 and
osteocalcin were not expressed in the embryonic tendon
(Fig. 4D,E) but were positive in both non-ossified (Fig. 4l,J)
and ossified adult tendon (Fig. 40,P). Table 1 summarises
the differences in immunohistochemical labelling between
the embryonic and adult tendons.

oFDL

Fig. 4 Immunological profile of the
embryological and adult FDL tendon. (A-E)
Expression profile characteristics of embryonic
tendon: a high expression of procollagen | (A)
and collagen Il (B), both part of the tendon
extracellular matrix and no expression of
collagen X (C), alkaline phosphatase (D) and
osteocalcin (E), all markers for endochondral
ossification and bone. (F-J) Expression profile
of the non-ossified adult tendon: the
expression of tendon markers is considerably
lowered (F,G), whereas the expression of
bone and ossification markers is slightly
increased (H-J). (K-P) Expression profile of the
ossified adult tendon: the expression of
tendon markers is noticeably lowered (K,L)
and bone and ossification markers have an
observably strong expression (M-P).

100 prﬁ
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Table 1 Summary of immunohistochemistry.

Tissue type
Antibody eEDL tEDL oEDL eFDL tFDL oFDL eAT tAT
Tenascin ++ ++ + ++ ++ + ++ +
Decorin ++ ++ + ++ ++ + ++ +
Procollagen | ++ ++ — T+ _ _ Tt +
Collagen llI ++ + - ++ + — ++ +
Fibronectin ++ + ++ ++ + + 4+ +
Collagen I - — — _ _ _ _ _
Collagen X - + ++ — + T+ _ +
Msx2 — + +—+ — + 4+ _ +
Osteocalcin - + ++ - + ++ - +
Alkaline phosphatase - + ++ - + ++ _ +

e, embryonic; t, non-ossified adult tendon; o, ossified adult tendon.

Characterisation of the cells from the ossified avian
tendon

A heterogeneous population

Cells from the ossified and non-ossified regions of the ten-
dons were harvested and cultured leading to five different
populations: non-ossified EDL (tEDL), ossified EDL (oEDL),
non-ossified FDL (tFDL), ossified FDL (oFDL) and non-ossified
AT (tAT).

It is apparent in Figure 5 that the cells from the different
regions of the tendons are morphologically different to the
cells from embryonic tendons. The non-ossified regions of
the adult tendon of both the EDL (Fig. 5A) and FDL
(Fig. 5B) as well as the ossified region (Fig. 5C) appear to

Fig. 5 Morphological appearance of cells
cultured from adult tendons. (A,B) Cells from
the non-ossified region of both EDL (A) and
FDL (B) adult tendon. (C) Cells from the
ossified region of the adult FDL. All three
show the presence of spindle-shaped cells
(black arrows), cuboidal-shaped cells (white
arrows) and polygonal-shaped cells (thick
black arrows), although the cuboidal and
polygonal cells are present more in (C). (D)
Appearance of cells from the embryonic FDL,
mainly composed of spindle-shaped
tenocytes. (E-G) Close-ups of the different-
shaped cells from the ossified adult EDL
tendon (C). (H-J) Morphological appearance
of the cells from the adult ossified tendon
when stained with an actin marker
(phalloidin) to show the cell shapes. (I,))
Highlights the morphological appearance of
embryonic tendon cells (I) and bone cells (J)
under the same conditions.
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contain a heterogeneous population of cells: cells of a spin-
dle-shaped nature are visible (black arrowheads — Fig. 5E),
other cells with a more polygonal (white arrowheads —
Fig. 5F) or cuboidal (thick black arrowheads - Fig. 5G) are
also visible.

The mineralisation process does not affect cell growth

Growth curves were performed on cells from both the ossi-
fied and non-ossified regions of the adult tendons and on
cells from the embryonic tendons (Fig. 6). The growth rates
of the EDL adult population show little variation from that
of the embryonic population, although statistical analysis
of the oEDL growth rate showed it to be significantly
different to the eEDL. The growth rates of both adult FDL




I

Population doulbing times
N

eEDL tEDL oEDL eFDL tFDL oFDL eAT tAT

Fig. 6 Comparative analysis of the growth rates of adult non-ossified
and embryonic EDL, FDL and AT tenocytes (error bars of standard
deviation included — n = 9 experiments). The growth rates of the EDL
adult population show are not significantly different from that of the
embryonic population. The oEDL growth rate is significantly higher.
The growth rates of both adult FDL populations show no significant
variation from the embryonic population. The adult AT population rate
appears lower than that of the embryonic population.

eFDL

Alkaline
Phosphatase Collagen X Collagen Il Pro Collagen |

Osteocalcin
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populations show no significant variation from the embry-
onic population. Analysis of the adult AT population rate
showed it to be significantly lower than the embryonic pop-
ulation. No clear differences in population doubling time
can be inferred from this analysis.

An immunocytochemical profile characteristic of ossification
The cells from the non-ossified and ossified adult FDL were
immunocytochemically analysed using a panel of tendon,
cartilage and bone markers.

Both groups of cells were found to express tendon mark-
ers decorin and fibronectin in similar patterns to embryonic
tenocytes (data not shown). The expression of pro collagen
I and collagen Ill was seen at lower levels in both non-
ossified (Fig. 7F,G) and ossified (Fig. 7K,L) adult FDL cells
when compared with embryonic EDL tenocytes (Fig. 7A,B).

Marker for cartilage collagen Il was not expressed in
either non-ossified adult or ossified adult cells (data not
shown), whereas collagen X was expressed in both non-
ossified (Fig. 7H) and ossified (Fig. 7M) adult FDL cells. The
expression of bone markers alkaline phosphatase, msx2 and

oFDL

o

Fig. 7 Immunological profile of cells from
adult non-ossified FDL, adult ossified FDL and
embryonic FDL. (A-E) Expression profile of
embryonic tendon cells: a high expression of
procollagen | (A) and collagen Il (B), both
part of the tendon extracellular matrix and no
expression of collagen X (C), alkaline
phosphatase (D) and osteocalcin (E), all
markers for endochondral ossification and
bone. (F-J) Expression profile of the non-
ossified adult tendon cells: the expression of
tendon markers is noticeably lowered (F,G),
whereas bone and ossification markers have a
slightly increased expression (H-J). (K-P)
Expression profile of the ossified adult tendon
cells: the expression of tendon markers is
considerably lowered (K,L) and bone and
ossification markers have a substantially
strong expression (M-P).
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Table 2 Summary of immunocytochemistry.

Cell type
Antibody eEDL tEDL oEDL eFDL tFDL oFDL eAT tAT Bone Cartilage
Tenascin ++ ++ + ++ ++ + ++ + ++ ++
Decorin ++ + + ++ ++ + ++ + + +
Procollagen | ++ + + ++ + + ++ + + ++
Collagen llI ++ + + ++ + + ++ + +
Fibronectin ++ ++ ++ ++ ++ ++ ++ ++ — —
Collagen Il — - - - — — _ _ T+ n
Collagen X - + ++ - + ++ — + ++
Msx2 — + ++ — + ++ — + ++ —
Osteocalcin — + ++ — + ++ - + ++ ++
Alkaline phosphatase - + + — + ++ - + ++ +

e, embryonic; t, non-ossified adult tendon; o, ossified adult tendon.

osteocalcin was positive in both non-ossified (Fig. 71,J) and
ossified adult FDL cells (Fig. 70,P). Table 2 summarises the
differences in immunocytochemical labelling between the
cells from the embryonic and adult tendons.

A statistical analysis of the difference in immunocyto-
chemical profiles revealed similar results: a decrease in Pro
collagen | and collagen Ill from embryonic cells to adult ossi-
fied and non-ossified cells, and an increase in ossification
markers collagen I, collagen X, msx2, osteocalcin and alka-
line phosphatase (Fig. 8). It is to be noted that few of these
changes were statistically significant following the quantifi-
cation analysis of the immunocytochemistry.

The molecular profile of the adult cells confirms an
endochondral ossification hypothesis

Corroborating with the cells’ protein expression, an analysis
of the gene expression of extracellular matrix proteins was
performed (Fig. 9). The expression of tendon specific matrix
proteins tenascin, decorin and fibronectin were not found
to be significantly different in adult non-ossified and ossi-
fied tissue compared to the embryonic tissue in the EDL
(Fig. 9A), FDL (Fig. 9B) or the Achilles tendon (Fig. 9C). In
both the EDL and FDL cells, an increase in gene expression
of collagen | was noted, although the variation between
ossified, non-ossified and embryonic tendon was not found
to be statistically significant. A statistically significant
increase of collagen Il expression was found in all three cell
types between the embryonic and adult samples. A marked
elevation of the expression of bone markers alkaline phos-
phatase and msx2 was found in the cells from ossifying ten-
dons EDL and FDL, but not in the non-ossifying Achilles
tendon.

Discussion

The present study investigated the cellular and extracellular
basis of the ossified avian tendon. The morphological
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appearance of the tissue and cells including cell number
and morphology and patterns of expression of extracellular
matrix (ECM) proteins together lead to a theory of endo-
chondral ossification for the ossified avian hindlimb
tendons.

The ossified avian tendon tissue

Morphological analysis of the tissue demonstrated the
presence of two distinct regions within the adult tendon:
a non-ossified region and an ossified region. Both these
regions displayed a loss in collagen crimp morphology in
comparison with embryonic tendon, characteristic of age-
ing and injury in tendon (Lavagnino et al. 2012). The
clear boundary between the ossified and non-ossified
regions of the adult tendon, suggest tendon ossification
could be patterned on the process of formation of the
enthesis, as in cases of calcific tendinopathy (Benjamin
et al. 2000). A development from the enthesis as a graded
region of fibrocartilage could also be suggested (Roeder
et al. 2012); however, the central localisation of the ossi-
fied regions suggests a different ossification mechanism.
The presence of cartilage and fibrocartilage cells within
the ossified region of the tendon confirms distinctive ele-
ments of an ossification process; however, it is unclear
whether this is an endochondral or an intramembranous
process.

When correlated to the total surface area of the ten-
dons, cellularity data suggested that there are significantly
more cells in total in the adult than the embryonic ten-
don. This would indicate that additional tendon cells are
created following hatching of the chick but are reduced
gradually with aging. Our histological analysis of the ossi-
fied region of the adult tendon confirmed typical patterns
of ageing seen in other models (Lavagnino et al. 2012). A
lack of crimp morphology was observed in all adult sam-
ples, as well as a reduced number of cells per mm?. It is
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unclear whether a reduction in the number of cells per
mm? in the adult tendon is enough to affect normal ten-
don mechanics and ultimately lead to a framework for
tendon mineralisation.

Different forms of mineralisation, ossification and calcifi-
cation were observed in the adult tendons. As collagen |
provides an accurate template for the binding of minerals
(Landis & Silver, 2009), it is possible the age-related struc-
tural changes provide the correct scaffold for mineralisation
and the deposit of calcium in the tendon tissue. The
absence of calcium deposits or mineralisation in the Achilles
tendon suggests that the cartilage and fibrocartilage cells
present are not solely responsible for the mineralisation of
the other tendons. However, they could be a stepping stone
to bone-forming cells inducing ossification.

Whereas calcification is the deposit of material on tis-
sue, ossification involves bone formation from within the
tissue. The presence of cartilage cells within the ossified
tissue could be a marker for endochondral ossification, as
opposed to a suggested intramembranous ossification
process, as intramembranous ossification does not require
a cartilage template, with mesenchymal cells differentiat-
ing into bone-forming osteoblasts (Karsenty & Wagner,
2002).

The foundation of the tendon’s ability to stretch and
withstand strong forces is dependent on the ECM, which
forms the main body of the tendon. Our analysis of ECM
proteins expressed in the ossified avian tendon revealed
large changes in the normal profile. Although key tendon
proteins were continuously expressed throughout the adult
tendon, a significant decrease in expression of the collagen
I was found compared with the embryonic tendon. This
decrease in the tendon material could explain the lack of
crimp morphology found in the tissue as well as the stiff-
ness in the ossified regions. The lowered expression of colla-
gen | and increased expression of collagen lll in the adult
tendon could lead to a less organised and weaker tendon,
previously described in other models accompanied by
chondrocyte markers (Sharma & Maffulli, 2005; Maffulli
et al. 2006; de Mos et al. 2007; Lui et al. 2010). It would
appear this depletion of collagen occurs as a result of the
ossification process, with more bone-like material replacing
the tendon’s inherent collagens. Increased collagen Il and
collagen X in addition to a decrease in collagen | has been
found around calcific deposits in calcific tendinopathy (Lui
et al. 2009b).

The cells behind ossified avian tendon

To better elucidate the basis of the ossification process in
the adult tendon, cells from ossified and non-ossified
regions of the adult tendon were harvested and analysed.
Cells displaying osteogenic, chondrogenic and tenogenic
morphology were found in all samples. The finding that
there were no significant differences in the growth rates
between adult groups or between adult and embryonic
tenocytes suggests the mineralisation process does not
affect cell growth. Analysis of the cells from the adult ten-
don revealed similar expression profiles to that of the tissue:
a decrease in production of collagen |, an increase in pro-
duction of collagen lll, and an increase in expression of
bone-specific markers all correlate with a model of endo-
chondral ossification. The same analysis at the molecular
level revealed the protein expression visibly correlated to
the gene production in the cells.

The variety of cells found in the samples as well as the
ECM expression profile indicates that a cellular process such
as the differentiation of tenocytes is likely to be responsible
for the ossification progression. Tendon derived stem-like
cells (TDSCs) have been isolated from tendon in a variety of
species (Rui et al. 2010a) and appear capable of differenti-
ating into chondrocytes and osteoblasts (Salingcarnbori-
boon et al. 2003). These cells demonstrate stem cell-like
characteristics and can induce ectopic bone formation in
response to bone morphogenetic protein-2, 4 and 7 (BMP-2,
BMP-4 AND BMP-7; Hashimoto et al. 2007; Lui et al. 2009a;
Rui et al. 2010b, 2011b,c; Zhang & Wang, 2011). It is
therefore possible tendon ossification could be caused
by the erroneous differentiation of these cells (Rui et al.
2011a). This has been suggested in other disorders of
ectopic calcification including vascular (Speer et al.
2009), skin (Kim et al. 2008), lung (Chan et al. 2002) and
skeletal disorders (Lounev et al. 2009).

Various theories have been proposed as to the driving
force behind pathological and non-pathological ossification.
Although ossification has been observed in some ten-
dons, particularly those with wrap-around regions, the
presence of mineralisation in the tensional regions of ten-
dons refutes a model of homeostatic adaptation as an
interpretation of the mineralisation of the tendons of the
chicken hindlimb (Benjamin et al. 2008). The biomechan-
ics of the tendon must have a strong influence on its
development and function. As the structure—function

Fig. 8 Immunocytochemistry quantification analysis (error bars of standard deviation included — n = 9). (A) Quantified immunocytochemical
expression of cells from the adult non-ossified, adult ossified and embryonic EDL tendon. The expression of procollagen | and collagen Il was low-
ered, whereas the expression of bone and cartilage markers collagen I, collagen X, osteocalcin, alkaline phosphatase and Msx2 was higher.

(B) Quantified immunocytochemical expression of cells from the adult non-ossified, adult ossified and embryonic FDL tendon, with similar results to
that for the EDL. (C) Quantified immunocytochemical expression of cells from the adult non-ossified and embryonic Achilles tendon, which also

showed similar patterns of expression.
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Fig. 9 gRT-PCR mRNA expression analysis (error bars of standard deviation included — n = 9). (A) Gene expression of cells from the adult non-
ossified, adult ossified and embryonic EDL tendon. (B) Gene expression of cells from the adult non-ossified, adult ossified and embryonic FDL ten-
don. (C) Shows the gene expression of cells from the adult non-ossified and embryonic Achilles tendon. The expression of tendon specific markers
tenascin, decorin and fibronectin was similar in all samples from the EDL, FDL and Achilles tendons. Collagen | expression was found not to vary in
a statistically significant manner as opposed to collagen Il expression, which was significantly increased in the ossified and non-ossified samples
from all three tendons. An increase in gene expression of bone markers alkaline phosphatase and Msx2 was found in the cells from the adult ossi-
fying EDL and FDL tendons compared with the embryonic cells; however, a decrease of these same markers was found in the cells from the

non-ossifying adult Achilles tendon.

relationship of tendons varies greatly depending on their
anatomical location and biomechanical purpose, differ-
ent tendons should also be considered separately in the
study of their adaptation and cellular behaviour (Screen
et al. 2013). It is important to understand why this pro-
cess is natural in the chicken hindlimb as well as those of
other birds like turkey (Spiesz et al. 2012) so that we
might better understand the role this mineralisation plays
in pathology. Recent evidence reveals ossified tendons in
dinosaurs (Klein et al. 2012). As chickens are close to
dinosaurs on the evolutionary tree, could this provide
some evolutionary advantage?

Concluding remarks

This study characterised ossified avian tendon tissue found
in the chicken species and suggests that a process akin to
endochondral ossification is responsible for the non-
pathological mineralisation of the tendon. This process is
most likely instigated by the cells present in the tendon
tissue; however, the nature of the cells responsible and
the mechanism by which tenocytes are replaced by cells
of an osteogenic and chondrogenic lineage remain
unclear. Further investigation into the plasticity of these
cells should lead to a better understanding of this process
and, as such, tendon mineralisation in injury, ageing and
disease.
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