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Abstract
Tendons are transition tissues that transfer the contractile forces generated by the muscles to

the bones, allowing movement. The region where the tendon attaches to the bone is called

bone-tendon junction or enthesis and may be classified as fibrous or fibrocartilaginous. This

study aims to analyze the collagen fibers and the cells present in the bone-tendon junction

using light microscopy and ultrastructural techniques as scanning electron microscopy and

transmission electronmicroscopy. Forty maleWistar rats were used in the experiment, being

20 adult rats at 4 months-old and 20 elderly rats at 20 months-old. The hind limbs of the rats

were removed, dissected and prepared to light microscopy, transmission electronmicroscopy

and scanning electron microscopy. The aging process showed changes in the collagen fibrils,

with a predominance of type III fibers in the elderly group, in addition to a decrease in the

amount of the fibrocartilage cells, fewer and shorter cytoplasmic processes and a decreased

synthetic capacity due to degradation of the organelles involved in synthesis.

Introduction
The calcaneal tendon, also known as Achilles tendon, is the thickest and strongest tendon in
the human body [1]. Tendons are typically described as a dense fibrous connective tissue that
attaches the muscles to the bones. It is constituted by a large density of collagen fibers and a
small number of cells, what produces extremely high tensile forces [2].

The collagen fibers are wrapped by a layer of connective tissue known as endotenon that
contains blood vessels, lymphatics, and nerves, to form higher structural units called fascicles,
which are surrounded by another connective tissue layer, epitenon, to form the tendon [3].

The main function of the tendons is to transfer the contractile forces generated by the mus-
cles to the bones, generating movement. The region where the tendons attach to the bones is
called bone-tendon junction or enthesis [4,5].

The entheses may be classified as fibrous or fibrocartilaginous [6]. In the fibrous entheses,
tendons and/or ligaments attach to the shaft (diaphysis) of the long bones and in the fibrocarti-
laginous, the attachment occurs at the epiphyses of the long or short bones [2].
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The attachment of the tendon to the bone constitutes a complex transition area of about
1mm [7]. This whole area is composed of 4 zones that are better identified by light microscopy
with picrosirius red staining under polarized light. These areas are: 1) tendon, 2) uncalcified
fibrocartilage, 3) calcified fibrocartilage, 4) bone.

The first zone is the terminal part of the tendon. Its lamellar tissue is composed of collagen
bundles longitudinally aligned, separated by loose connective tissue that merges into the perite-
non and contains a variable number of elastic fibers. The tendon changes gradually over a dis-
tance of a few microns into the second zone that is the uncalcified fibrocartilage. The cells take
on the chondrocyte phenotype, becoming rounded and arranging themselves in pairs or rows
within the lacuna. The third zone is composed of calcified fibrocartilage, the passage from the
second to the third zone occurs abruptly at a mineralization front seen as a basophilic line
(tidemark). Finally, the fourth zone is composed of trabecular bone [8–10].

The elderly population is growing in number worldwide remaining more physically active
and increasingly susceptible to injury. It is estimated that by 2030, 70 million people in the
United States will be over the age of 65 [11] and by 2020 in Brazil about 26.3 million people,
representing 12.9% of the total population [12].

Aging is the biggest risk factor for tendon disorders. Age-related changes affecting structural
and mechanical levels may predispose tendons to injury [13].

The tendon is subjected to early degenerative changes, since both the collagen and noncolla-
genous matrix components of tendons show qualitative and quantitative changes and these
process may be detected as early as the third decade [14,15].

The calcaneal tendon was chosen for this study because its ruptures rates are one of the
most common tendon injuries in the adult population as reported by [16,17], as well as the
incidence of acute calcaneal tendon rupture has increased from 1994 to 2013 as a result of
increasing incidence in the older population [18].

In terms of bone, aging itself is an effective predictor of osteoarthritis, bone loss, develop-
ment of osteoporosis and fracture [19].

The aim of this study is to contribute to the knowledge of the changes in the bone-tendon
junction of the calcaneal tendon that result from the aging process. Thus, this study compared
the structural and ultrastructural aspects of the bone-tendon junction of calcaneal tendon of
adults and elderly Wistar rats.

Materials and Methods
Forty male Wistar rats (Rattus norvegicus) were obtained from the animal house of the Institute
of Biomedical Sciences of the University of São Paulo. Rats were organized organized in two
groups, 20 adults rats (4 months-old) and 20 elderly rats (20 months-old). Each group was fur-
ther divided in subgroups of five rats that were prepared to light microscopy [five to hematoxy-
lin-eosin (HE) and five to picrosirius red], scanning electron microscopy and transmission
electron microscopy, we used both ankles in all techniques. All rats were maintained in plastic
standard cages (5 rats in each cage) at the animal house of the Institute of Biomedical Sciences
of the University of São Paulo. The rats had free access to food and water and were raised
under a controlled room temperature (23 ± 1°C) and a light–dark cycle of 12 h. The rats were
euthanized with an overdose of Ketamine (150 mg/kg) and Xylazine (10 mg/kg) [20].

The experiment was conducted in accordance to the Ethical Principles of Animal Experi-
mentation adopted by the Brazilian School of Animal Experimentation (COBEA) and was
approved by the Animal Experimentation Ethics Committee (EAEC) of the School of Veteri-
nary Medicine and Animal Science of the University of São Paulo (process no. 2536/2012) and
the Animal Experimentation Ethics Committee of the Institute of Biomedical Science of the
University of São Paulo (process no. 120/12).
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The experiments were conducted at the Anatomy Department of the Institute of Biomedical
Sciences of the University of São Paulo.

Histological Procedures
The ankles of rats were removed and immersed in 4% formaldehyde fixative solution (Synth
#01P1005.01.AF, Diadema-SP, Brazil) for 48h at room temperature. After fixation of the tis-
sues, the samples were rinsed with distilled water and dissected. The samples were subsequently
immersed in 7% EDTA Disodium Salt (Synth #E2005, Diadema-SP, Brazil) demineralizing
solution until complete demineralization with replacement of the EDTA solution 3 times a
week.

After the samples were dehydrated in a graded ethanol series (70–100°, 30 min for each
grade) the samples were diaphanized immersing the sample in xylene (Synth #00X1001.14.BJ,
Diadema-SP, Brazil) for 30 min in three repetitions. Thus, the samples were embedded in par-
affin for microtome sectioning.

Sections of 6 μm thickness were mounted in glass slides and stained with HE protocol: The
slides were immersed in hematoxilin solution (Sigma-Aldrich #HHS16, São Paulo-SP, Brazil)
for 3 min, washed in tap water for 5 min, transferred to eosin (Sigma-Aldrich #E4009, São
Paulo-SP, Brazil) for 1 min and rinsed in tap water. We dehydrated the samples in graded etha-
nol series (95–100°, 2 min each), xylene 3 times 2 min each and coverslipped with Entellan1

(Merck #107961, Darmstadt-HE, Germany).
The picrosirius red protocol, briefly consisted in immersion of slides in picrosirius red solu-

tion (EasyPath # EP-11-20011, São Paulo-SP, Brazil) for 60 min, rinsed in tap water, dehy-
drated and coverslipped as described above. Conventional and polarized histological images
were analyzed with a light microscope Nikon Eclipse E600 equipped with a Nikon Digital Sight
DS-Ri1 camera.

To polarized images microscope was configured and all images were then obtained only
once to avoid configuration interactions, because microscope stage rotation may change the
color of the collagen fibers [21].

Macroscopic view from region analyzed is in the S1 Fig.

Scanning Electron Microscopy (SEM) Procedures
The samples were removed after perfusion with a modified Karnovsky solution containing
2.5% glutaraldehyde (Sigma-Aldrich #V000383, São Paulo-SP, Brazil) and 2% formaldehyde
(Synth #01P1005.01.AF, Diadema-SP, Brazil) in 0.1 M sodium phosphate buffer at pH 7.4
(Synth #F1034.01.AH plus #F1033.01.AF, Diadema-SP, Brazil) [22]. The tissues were then
immersed in the same solution for 24h at 4°C, rinsed in 0.1 M phosphate buffer solution at pH
7.4. The samples were cryofractured [23], rinsed again in sodium phosphate buffer solution,
postfixation in 1% osmium tetroxide (EMS #19100, Hatfield-PA, USA) for 2h at 4°C, rinsed
with distilled water and dehydrated in a graded series of alcohol (70 to 100%, 15 min each
grade). The samples were dried in Balzers CPD-030 critical point apparatus using liquid CO2,
and mounted in metal stubs and coated with gold ions in Balzers Union SCD-040 apparatus.

The samples were analyzed in the scanning electron microscope Jeol JSM-7401F of the Ana-
lytical Center of the Institute of Chemistry of the University of São Paulo.

Macroscopic view from region analyzed is in the S1 Fig.

Transmission Electron Microscopy (TEM) Procedures
The samples were dissected after perfusion and immersed in 2.5% glutaraldehyde (Sigma-
Aldrich #V000383, São Paulo-SP, Brazil) for 4h at room temperature. Demineralized with
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1.9% glutaraldehyde, 0.06 M sodium cacodylate buffer (EMS, #12310, Hatfield-PA, USA) and
0.15 M EDTA at pH 7.4 (Synth #E2005, Diadema-SP, Brazil) [24]. They were then rinsed in
phosphate buffer solution, postfixation with 1% osmium tetroxide at 4°C for 2h. The samples
were dehydrated in a graded series of alcohol (30–100%, 30 min each grade) followed by 2
stages of dehydration in propylene oxide (EMS, # 20401, Hatfield-PA, USA) for the same time
interval and embedded in Spurr’s resin1 (EMS, #14300, Hatfield-PA, USA). Ultrathin sections
(thickness 65 nm) were obtained using diamond knives in a Reichert Ultra Cut microtome, col-
lected on copper grids (200-mesh) (EMS, #G200-Cu, Hatfield-PA, USA) [22]. The grids were
counterstained with 4% uranyl acetate (EMS, #22400, Hatfield-PA, USA) [25] and 0.4% lead
citrate solutions (Sodium Citrate Synth #01C1033.01.AF, Diadema-SP, Brazil plus Lead Nitrate
Sigma-Aldrich #V000361, São Paulo-SP, Brazil) [26] and examined in a Jeol JEM 1010 at 80
kV at the Microscopy Center of the Department of Development and Cell Biology of the Insti-
tute of Biomedical Sciences of the University of São Paulo.

Macroscopic view from region analyzed is in the S1 Fig.

Statistical Analyses
The statistical significance of the results were assessed with unpaired Student's T-Test with
Welch’s correction for two independent groups using the software GraphPad Prism 5 for
p< 0.05. The normality of the data was assessed using the Shapiro-Wilk test, thus permitting
the use of parametric tests. Data are presented as mean ± standard deviation [27]. To this tech-
nique were used both hind limbs of each rats.

Collagen Quantification. To quantify collagen types I and III in the area of bone-tendon
junction of the calcaneal tendon we used histological images stained by the method of picrosir-
ius red and analyzed under a polarized light microscope. The utilization of this method was
certified by Dapson and colleagues (2011) [28].

Each photomicrograph is composed by three monochromatic layers—yellow, red and green,
collagen type I is stained in yellow and red and type III in green [29,30]. The specificity and appli-
cability of this method was explained since the 70’s [31]. The images were processed with Photo-
shop CS6, after the decomposition of the photomicrographs into the three layers, they are
converted into binary images and the collagen is quantified. This step was conducted with ImageJ
1.47v [32]. The region used to quantify collagen in both groups may be seen in S2 Fig.

Fibrocartilage Cells and Insertion Thickness. To evaluate the amount of fibrocartilage
cells present in uncalcified and calcified fibrocartilage regions we used histological images
stained with hematoxylin-eosin. A 0.15 mm2 rectangle was superimposed on the entire enthesis
region. The rectangle was divided into two equal parts and the dividing line was placed over
the tidemark, thus creating two regions of fibrocartilage with equal area. Rats from adult group
presenting double tidemark the dividing line was placed between each tidemark. Only the cells
contained in the rectangle were counted (S3 Fig).

Insertion thickness of the tendon was measured near the end of the uncalcified fibrocartilage
(S4 Fig).

Results

Light Microscopy
The histological samples stained with picrosirius red allowed the observation of the tendon tis-
sue attached to the bone in both groups. The images show the adjacent periosteal fibrocartilage
and the bone tissue with the trabecular spaces surrounded by trabecular tissue. (Fig 1A, 1C, 1F
and 1H). In a higher magnification of the calcified fibrocartilage area it is possible to observe
several rows of cells (Fig 1C’ and 1H’).
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In Fig 1B, 1D, 1G and 1I these same regions are showed under polarized light with collagen
type I stained in yellow and red and type III stained in green. One may notice the contrasting
predominance of type I collagen in the adult group (Fig 1B and 1D) and of type III in the
elderly group (Fig 1G and 1I). Also, the periosteal fibrocartilage was clearly distinguished from
the bone tissue in the adult rats while in the older group this region is not well discernible (Fig
1B, 1D, 1G and 1I). The magnification of the bone-tendon junction under polarized light
clearly reveals types I and III collagen and the interdigitation of the fibers that constitute the

Fig 1. Light microscopy of bone-tendon junction of the calcaneal tendon of adults Wistar rats (A, B, C, D, E, C’, D’, and E’) and elderly Wistar rats (F, G, H, I,
J, H’, I’, and J’). (A, B, C, D) Calcaneal tendon (T), periosteal fibrocartilage (PF), trabecular space (*), trabecular bone (arrows). Stain: Fig A: Picro-Sirius. Fig
C: Picro-Sirius under polarized light. Bars: 50 μm, x100. (C’) Calcified fibrocartilage (CF), rows of cells (arrows), bone (B). Stain: Picro-Sirius. Bar: 20 μm,
x200. (D’) Calcified fibrocartilage (CF), rows of cells (arrows), bone (B), division between the collagen fibers of the tendon and bone (dashed line). Stain:
Picro-Sirius under polarized light. Bar: 20 μm, x200. (E) Uncalcified fibrocartilage (UF), calcified fibrocartilage (CF), tidemark (dashed ellipse), trabecular
space (*), trabecular bone (arrow). Stain: Hematoxylin–eosin. Bar: 50 μm, x100. (E’) Fibrocartilage cells in the uncalcified fibrocartilage (arrowhead),
fibrocartilage cells in the calcified fibrocartilage (larger arrows), tidemark (small arrows). Stain: Hematoxylin–eosin. Bar: 20 μm, x200. (F, H) Calcaneal
tendon (T), trabecular space (arrowhead), trabecular bone (arrow), periosteal fibrocartilage (PF). Stain: Picro-Sirius. Bar: 50 μm, x100. (G, I) Calcaneal
tendon (T), trabecular bone (arrows), periosteal fibrocartilage (PF). Stain: Picro-Sirius under polarized light. Bar: 50 μm, x100. (H’) Calcified fibrocartilage
(CF), rows of cells (arrows), bone (B). Stain: Picro-Sirius. Bar: 20 μm, x200. (I’) Calcified fibrocartilage (CF), bone (B), division between the collagen fibers of
the tendon and bone (dashed line). Stain: Picro-Sirius under polarized light. Bar: 20 μm, x200. (J) Uncalcified fibrocartilage (UF), calcified fibrocartilage (CF),
tidemark (dashed ellipse), bone (*). Stain: Hematoxylin–eosin. Bar: 50 μm, x100. (J’) Fibrocartilage cells in the uncalcified fibrocartilage (arrowhead),
fibrocartilage cells in the calcified fibrocartilage (larger arrows), tidemark (small arrows). Stain: Hematoxylin–eosin. Bar: 20 μm, x200.

doi:10.1371/journal.pone.0153568.g001
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tendon arranged in parallel in a well organized fashion towards the bone that, in turn shows
the collagen fibers distributed in a disordered way (Fig 1D’ and 1I’).

With the hematoxylin-eosin technique it is possible to demonstrate the uncalcified and cal-
cified fibrocartilage separated by tidemark that constitute the bone-tendon junction in both
groups (Fig 1E and 1J). In the adult group, one may notice the trabecular space surrounded by
the trabecular bone and the tidemark between the fibrocartilage. This tidemark is thinner in
the adult rats than in the older rats (Fig 1E and 1J). In a higher magnification, it is possible to
observe rows of fibrocartilage cells (Fig 1E’ and 1J’) a double tidemark in the adult group (Fig
1E’) and a marked single line in the elderly group between fibrocartilages (Fig 1J’).

Scanning Electron Microscopy
The SEM allowed the observation of the attachment of the calcaneal tendon to the bone tissue
(Fig 2A and 2B). Magnification of the bone-tendon junction shows collagen fibers attaching to
the bone and a higher degree of organization of the fibers in the adult group compared to the
elderly rats (Fig 2C and 2D). In the adult group cell lacunae may be observed both in the colla-
gen fibers of tendon and in the bone (Fig 2C).

Higher magnifications of tendon tissue show lipid droplets among the collagen fibers or
bonding the fibers together (Fig 2E). These lipid droplets may also appear in collagen fibers
bundles (Fig 2F).

The analysis of the calcified fibrocartilage in both groups reveals a detailed morphology of
the lacunae of fibrocartilage cells. In the lacunae, the collagen fibers intertwine to form a nest
that has the similar size as the cell occupying it and the fibrocartilage may be seen around this
complex (Fig 3A and 3B). The territorial matrix surrounding the lacunae may be seen in both
groups (Fig 3C and 3D).

Transmission Electron Microscopy
TEM revealed collagen fibers attaching to the calcified fibrocartilage in an orderly fashion (Figs
4A and 5A). The osteocytes presented an elongated shape and extensive nucleus in the bone
tissue and become lodged in the lacunae as well as the fibrocartilage cells. Their cellular pro-
cesses traverse the interior of the canaliculi. Rounded collagen fibers and bone tissue were also
observed (Figs 4B and 5B).

Fibrocartilage cells in both groups presented nuclei of varied formats, though in the adult
group these cells present larger cytoplasmic processes and longer granular endoplasmic reticu-
lum when compared to the elderly group. Territorial and inter-territorial matrix were evident
in both groups, in the elderly group was more evident a nucleolus and some mitochondria
(Figs 4C, 4D, 5C and 5D).

Analyzes of collagen that constitute tendon tissue revealed the collagen organized in bands
with some tenocytes visible among these bands in the adult group (Figs 4E and 5E). At high mag-
nification shows striations of the collagen fibrils of the tendon tissue, the dark bands are called
overlap and the white bands gap, both constitute a space called D-period (Figs 4F and 5F).

Type I and III of Collagen and Length of the D-Period of collagen fibrils
Statistical Analysis
The values obtained show an amount of 29 ± 8% of collagen type I in the adult group and
10 ± 4% of type III. This result shows statistical difference (p< 0.0001) enrichment of 65% of
type I collagen compared to type III (Fig 6A). In contrast, the elderly group revealed an amount
of 12 ± 7% type I collagen and of 18 ± 3% type III, an enrichment of 32% of type III compared
to type I (p< 0.0166) (Fig 6A).
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These results account for a difference of 57% in the concentration of collagen type I between
the two groups, with a significant enrichment in the adult group (p< 0.0002) (Fig 6A). Regard-
ing collagen type III, the elderly group shows a statistical difference (p< 0.0001) enrichment of
44% (Fig 6A).

When compared collagen type I in the adult group with the type III in the elderly group there
is statistical difference (p< 0.0043), but when compared collagen type I in the elderly group with
the type III in the adult group there is not statistical difference (p = 0.3639) (Fig 6A).

Analyzes of the D-period length of collagen fibrils showed an amount of 59 ± 6 nm in the adult
group and 56 ± 5 nm in the elderly group, this difference is significant (p = 0.0173) (Fig 6B).

Fig 2. Scanning electron microscopy of bone-tendon junction of the calcaneal tendon of adults Wistar rats
(A, C, E) and elderly Wistar rats (B, D, F). (A, B) Calcaneal tendon (T) and bone (B). Bar: 50 and 100 μm,
magnification x200 and x160 respectively. (C) Collagen fiber of the tendon (small arrow), lacuna of
fibrocartilage cell in the tendon tissue (larger arrow), lacuna of fibrocartilage cell in the bone (arrowheads),
bone (B). Bar: 10 μm, x1,000. (D) Collagen fiber of the tendon (**) and bone (B). Bar: 10 μm, x1,000. (E) Lipid
droplets (arrowheads), collagen fibers of the tendon tissue (arrows). Bar: 2 μm, x3,000. (F) Lipid droplets
(arrowheads), bundles of collagen fibers of the tendon tissue (*). Bar: 2 μm, x3,000.

doi:10.1371/journal.pone.0153568.g002
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Fibrocartilage Cells and Tendon Insertion Thickness Statistical Analysis
Our analysis in an area of the 0.15mm2 obtained 91 ± 11 fibrocartilage cells in the uncalcified
fibrocartilage region and 65 ± 10 cells in the calcified fibrocartilage region in the adult group,
an enrichment of 29% of cells in the uncalcified fibrocartilage region (p< 0.0001) (Fig 6C). In
the elderly group, the uncalcified fibrocartilage region presented 75 ± 17 cells in contrast to
42 ± 6 cells in the calcified fibrocartilage, showing an enrichment of 44% in the uncalcified
fibrocartilage region (p< 0.0022) (Fig 6C).

In the uncalcified fibrocartilage region the amount of fibrocartilage cells in the adult group
was 91 ± 10 and 75 ± 17 in the elderly group, an enrichment of 18% of cells in the uncalcified
fibrocartilage region in the adult group. This result, however, showed no statistical significance
(p = 0.0605) (Fig 6C). In the calcified fibrocartilage region the amount of fibrocartilage cells of

Fig 3. Scanning electron microscopy of bone-tendon junction of the calcaneal tendon of adults Wistar rats (A, C) and elderly Wistar rats (B, D). (A, B)
Lacuna of fibrocartilage cell fibrocartilage (**), territorial matrix (*). Bar: 1 μm, x7,500 and x10,000. (C, D) Lacuna of fibrocartilage cell (**), territorial matrix
(*). Bar: 2 μm, x5,000.

doi:10.1371/journal.pone.0153568.g003
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Fig 4. Transmission electronmicroscopy of bone-tendon junction of the calcaneal tendon of adults
Wistar rats. (A) Collagen fibers of the tendon (arrows), calcified fibrocartilage (*). Bar: 0.2 μm, x15,000. (B)
Collagen fibers (**), osteocyte nucleus (N), lacuna (*), cellular process (arrow), canaliculus (arrowhead),
bone (B). Bar: 0.5 μm, x6,000. (C) Nucleus of fibrocartilage cell (N), territorial matrix (*), inter-territorial matrix
(**). Bar: 0.5 μm, x6,000. (D) Nucleus of fibrocartilage cell (N), rough endoplasmic reticulum (small arrows),
lacuna (larger arrow), cytoplasmic processes (arrowheads), territorial matrix (*). Bar: 0.4 μm, x10,000. (E)
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the adult group was 65 ± 10 and 42 ± 6 cells of the elderly group, 35% more cells in the adult
group (p< 0.0001) (Fig 6C). However, when compared the cells of the uncalcified fibrocarti-
lage in the adult group with the cells of the calcified fibrocartilage in the elderly group
(p< 0.0001). On the other hand, when compared cells of the uncalcified fibrocartilage in the
elderly group with cells of the calcified fibrocartilage region in the adult group there is not sta-
tistical difference (p = 0.2091) (Fig 6C).

The thickness of the calcaneal tendon insertion into the bone tissue was 490 ± 97 μm in the
adult group and 465 ± 59 μm in the elderly group. This result shows a 5% thicker insertion of
the adult rats and no statistical difference (p = 0.4804) (Fig 6D).

Discussion
Our results showed the structural and ultrastructural morphological characteristics of the cal-
caneal bone-tendon junction and the alterations in collagen fibers and fibrocartilage cells of
uncalcified and calcified regions that take place during aging in rats.

In both groups, adults and elderly, the analyzes of light microscopy revealed the tendon
formed by cells arranged in rows separated by connective tissue. Bundles of this tissue compose
the collagen fibers that constitute the basic unit of the tendon, that is the smallest unit visible
by light microscopy [33].

We have demonstrated that tendon collagen fibers crossing fibrocartilaginous zones attach-
ing into the bone, forming a deep interdigitation and an irregular border between lamellar
bone and calcified fibrocartilage as suggested by Zhao and colleagues (2014) [34], these charac-
teristics are a direct type of the enthesis.

Apparently, the depth of interdigitation decreases in the elderly group, thus we consider to
be a possible cause of injury in older people.

However, analysis of the SEM demonstrated the interface between collagen fibers of the cal-
caneal tendon and bone in adult and elderly rats. This analysis method showed that the bone
collagen fibers intertwined and merged with those of the tendon, similar result was obtained by
Zhao and colleagues (2014) [34] which authors analyzed porcine anterior cruciate ligament tib-
ial enthesis, thus we may suggest that both entheses present a similar organization of the colla-
gen fibers.

Between uncalcified and calcified fibrocartilage may be seen the tidemark, the location
where mineralization with apatite abruptly starts [35], in our study the adult rats presented a
double tidemark that has been interpreted as a consequence of ‘start-stop’ phases of calcifica-
tion [36], in the elderly rats only one wavy tidemark is observed, which suggests an advanced
degree of mineralization.

Our study was realized in normal entheses, when it is compared with Milz and colleagues
(2004) [37] which the authors evaluated histopathology of the entheses in middle aged cadav-
ers (mean 47 years-old) and elderly cadavers (mean 84 years-old), both studies observed that
fibrocartilage is a normal characteristics of all entheses from subjects of a wide age range that
should not merely be equated with pathological change. However, Milz and colleagues (2004)
[37] suggest mechanical overload may induce bony spur formation, in their study it was
observed in the lateral epicondyle, whereas in our study was not observed in the region
analyzed.

Furthermore, unlike from our study which was not observed inflammatory cells, the above
authors mention the presence of this cells around small venules, and explain the majority of

Bands of collagen fibers of the tendon tissue (*), tenocytes (arrowheads), cytoplasmic prolongation (arrows).
Bar: 0.5 μm, x6,000. (F) Striations of the collagen fibrils of the tendon, overlap (arrow), gap (arrowhead) and
overlap plus gap called the D-period (*). Bar: 0.2 μm, x94,000.

doi:10.1371/journal.pone.0153568.g004
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Fig 5. Transmission electronmicroscopy of bone-tendon junction of the calcaneal tendon of elderly
Wistar rats. (A) Collagen fibers of the tendon (arrows), calcified fibrocartilage (*). Bar: 0.5 μm, x5,000. (B)
Osteocyte nucleus (white asterisk), lacuna (black asterisk), cellular process (arrows), bone (B). Bar: 0.5 μm,
x5,000. (C) Nucleus of fibrocartilage cell (N), rough endoplasmic reticulum (arrow), territorial matrix (*), inter-
territorial matrix (**). Bar: 0.5 μm, x5,000. (D) Nucleus of fibrocartilage cell (N), nucleolus (small arrow),
mitochondria (arrowheads), cytoplasmic processes (larger arrow), territorial matrix (*), inter-territorial matrix
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changes seen in elderly cadavers were degenerative rather than inflammatory and suggests that
such degenerative changes are normal in elderly people.

Our observations of the fibrocartilage cells demonstrates a morphology rounded/elongated
housed in the lacunae, revealing several cytoplasmic processes of different lengths. The cyto-
plasmic processes are detached in the territorial matrix, and the lacunae are formed when the
collagen fibrils surround these processes forming interconnected three-dimensional structures
[38].

Similarly to the fibrocartilage cells, the osteocytes present in the analyzed region are also
lodged in the lacunae formed by a complex network of collagen fibers. The osteocytes extend
cell processes within the canaliculi and communicate with neighboring cells. They have a den-
dritic morphology, and their cell body are fusiform in long bones or rounded in flat bones [39].
In general, lacunae and canaliculi of the lacuna-canalicular network are surrounded by bone
matrix [40]. Lacunae contain the cell bodies with slender cytoplasmic processes rich in actin
(each cell has 50–60 cellular processes) that propagate through the canaliculi [41], lacunae did
not differ with age, as well as collagen network did not present any significant alterations
observed by used methods.

(**). Bar: 0.5 μm, x5,000. (E) Bands of collagen fibers of the tendon tissue (*). Bar: 1 μm, x3,000. (F)
Striations of the collagen fibrils of the tendon, overlap (arrow), gap (arrowhead). Bar: 0.2 μm, x75,000.

doi:10.1371/journal.pone.0153568.g005

Fig 6. Quantitative analysis of collagen type I and III, D-period of the collagen fibers, fibrocartilage cells and insertion thickness of the calcaneal
tendon into the bone. (A)Graph of collagen type I and III in the adult and elderly groups. (B)Graph D-period length of the collagen fibers. (C)Graph of
fibrocartilage cells in uncalcified and calcified fibrocartilage region in the adult and elderly groups. (D)Graph of insertion thickness of the calcaneal tendon
into bone tissue. In all graphs horizontal lines indicates statistical difference. Horizontal lines represent statistical difference.

doi:10.1371/journal.pone.0153568.g006
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The ultrastructural analysis revealed that the adult cells contain more developed organelles,
however, both groups showed highly variable nuclei formats. The nuclei are typically rounded,
but multilobulated or jagged shaped are also frequent [42].

Functional changes during aging reduce the synthetic capacity of cells, that peaks in new-
borns and young animals and reaches its minimum in the elderly [43–45]. The decreased syn-
thesis caused by aging is related to the degradation of the Golgi apparatus, and the granular
endoplasmic reticulum and scarcity of mitochondria [42].

Our analyzes also showed the presence of lipid droplets among the collagen fibers of the
both groups. The number of lipid droplets increases with increasing age and especially under
pathological conditions. However, the exclusive presence of small lipid droplets does not cause
structural or chemical anomalies in collagen fibers and, therefore, is unlikely to affect the bio-
mechanical properties of tendons [46].

High magnification images noted by TEM showed clearly the striations that constitute the
collagen fibrils. Those striations are formed by dark bands called the overlap contains five mol-
ecules and by white bands called the gap and contains only four molecules, both bands together
are called the D-period.

Thus the D-period present a periodicity of about 70 nm based on a staggered arrangement
of individual collagen monomers [47], however, we observed a D-period about 59 nm in the
adult groups and 56 nm in the elderly group. The cited authors do not inform which animal
model like reference.

Moreover, Lavagnino and colleagues (2013) [48] demonstrate in their study a shortening of
the tendon as a age-related phenomenon affecting the contraction capacity. Our result show a
lesser D-period in the elderly group which suggest a shortening of the collagen fibrils.

Macroscopically our results showed no changes in bone-tendon junction, however, at the
microscopic level, the number of cells present in the regions of fibrocartilage was strikingly dif-
ferent. In both regions (uncalcified and calcified), the number of cells was higher in adult rats,
but no statistical difference was observed regarding the insertion thickness between the groups.

To analysis types of collagen we used a histological quantification method using glass slides
with picrosirius red staining analyzed under polarized light, this method differs type of collagen
by color, yellow-red strong birefringence would be assigned to collagen type I and collagen
type III would display a weak birefringence associated with a greenish color [49].

Constantine and Mowry (1968) [50] explain that collagen has a natural birefringence which
is attributed to the arrangement of its fibers. Picrosirius red staining is the better method to col-
lagen, because consistently stain thin collagen fibers, did not fade, and is appropriate for use
with polarized light microscopy [51].

Lattouf and colleagues (2014) [21] conclude their study stating picrosirius red analyzed
under polarized light is simple, sensitive and specific for collagen staining, it is particularly use-
ful to reveal the molecular order, organization and/or heterogeneity of collagen fiber orienta-
tion in different connective tissues and this method may be a precious tool in measuring the
amount of collagen content in normal or pathological tissues.

As well as in our study other authors has used this method in various tissues to quantify col-
lagen, for example Singh and colleagues (2012) [52] in their study about role of connective tis-
sue stroma on biological behavior of odontogenic cysts, Geary and colleagues (2015) [53] in
study of tendon repair, Manjunatha and colleagues (2015) [54] in oral squamous cell carci-
noma, Alves and colleagues (2015) [55] in a study of the splenic collagen polymorphism, and
many others.

Our statistical analysis about proportion of collagen type III relative to type I suggest that
type III increases with age.
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The collagen type I fibrils are resistant structures that provide strength and mechanical
durability to the tendon tissue while type III is constituted by thinner fibrils and has an impor-
tant role in the healing process, but presents a reduced resistance to mechanical stress [56–59].

Although Yu and colleagues (2013) [60] explain aging affects the enzymatic activities of
MMP-2 and -9 and their physiologic inhibitors TIMP-1 and -2 directly, in their study the
authors reported that these metalloproteinases mRNA expressions increases significantly with
age. Furthermore, as compared with young rats, mRNAs that encode TIMP-1 and -2 are
decreased in fibroblast present in the tendon (tenocytes) from the elderly rats and conclude
that activities of both MMP-2 and -9 are higher in the tendons of aging rats than in the tendons
of young rats. Regarding TIMP-1 and -2, their results reveal that both mRNA expression
decrease in old tenocytes, under less inhibitory effect from TIMP-1 and -2, may further have a
more negative impact on the integrity of tendon matrix. On the other hand, analyzes of RT-
qPCR realized by Kostrominova and Brooks (2013) [61] showed 28.5-fold decreases in
COL1a1 (collagen type I gene) mRNA expression and 7.3-fold decreases in COL3a1 (collagen
type III gene) mRNA. Despite significant decreases in both genes mRNA expression in calca-
neal tendon of elderly rats, relative levels of protein expression based on intensity of immunos-
taining showed almost 2.5 times more COL3a1 than COL1a1 in elderly rats compared with
young rats.

This result of protein expression coincides with ours and suggest that both collagens
decreases, however, type I decreases more than the type III, occurring a predominance of colla-
gen type III in the elderly group.

Consequently, the predominance of collagen type III is usually related to a decrease in the ten-
don’s resistance to tensile forces and may predispose to spontaneous tendon rupture [56,62].

These changes in collagen patterns also occur in the bone tissue. During aging, this process
causes a deterioration in the stiffness of the bone matrix and structural changes in micro and
nanometer scales [63]. The changes in the integrity of the collagen network may result in
weaker bridges and, as a consequence, diminished resistance to fractures [63,64].

Although this study does not encompasses all aspects of the bone-tendon junction research
the exploration of different approach methods may bring valuable insights about the morpho-
logical mechanisms of the tendon and their aging-related changes.

Scanning and transmission electron microscopy are methods of microanalysis rarely found
in the literature to analyze the bone-tendon junction, and they both may properly provide a
correlation in order to give a whole structural approach for the knowledge about the region
studied.

Conclusion
Aging-related changes in the bone-tendon junction may be too subtle to be identified macro-
scopically. Thickness of the calcaneal tendon insertion into the bone was similar in both
groups. However, structural and ultrastructural analyzes may reveal important signs of
degradation.

We showed a decrease of fibrocartilage cells in the elderly rats, both in calcified and uncalci-
fied fibrocartilage. Also, we observed a predominance of collagen type III in this group com-
pared to the adult rats, these two factors showed significant differences and may be related to a
greater risk of injury. D-period length of the collagen fibers was measured and revealed to be
lesser in the elderly group.

The analysis of scanning electron microscopy revealed the morphological aspects of the
fibrocartilage cells lacunae, and the presence of the lipid droplets among the collagen fibers of
the tendon in both groups; however, these droplets are not indicative of pathology.
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The ultrastructural analysis realized by transmission electron microscopy showed fibrocarti-
lage cells with shorter and fewer cytoplasmic processes and a reduced synthetic capacity due to
smaller Golgi apparatus, fewer granular endoplasmic reticulum cisterns and fewer mitochon-
dria in the elderly group when compared with adult rats. No difference was observed regarding
size and shape of the nucleus in the two groups.

Supporting Information
S1 Fig. Macroscopic view from region analyzed to light microscopy and SEM (black dashed
rectangle). To TEM (red dashed rectangle), tendon (T) calcaneal bone (C).
(TIF)

S2 Fig. Light microscopy showing location which collagen types was quantify (dashed rect-
angle). Stain: Picro-Sirius under polarized light. Bar: 50 μm, x100.
(JPG)

S3 Fig. Light microscopy showing location of fibrocartilage cells count in uncalcified (UF)
and calcified (CF) fibrocartilage regions. Stain: Hematoxylin–eosin. Bar: 50 μm, x100.
(TIF)

S4 Fig. Light microscopy showing the location where the insertion thickness of the tendon
was measured. Stain: Hematoxylin–eosin. Bar: 50 μm, x100.
(TIF)

Acknowledgments
The authors would like to thank FAPESP grant #2012/03280-1 for financial support and Sonia
Regina Yokomizo de Almeida, Marta Maria da Silva Righetti, Kelly Patrícia Nery Borges,
Sebastião Aparecido Boleta for the technical assistance and reviewers of the Plos One for all
suggestions and comments.

Author Contributions
Conceived and designed the experiments: DPCMAM IW. Performed the experiments: DPC
FJD. Analyzed the data: DPC FJD MAM IW. Contributed reagents/materials/analysis tools:
IW. Wrote the paper: DPCMAM IW. Processing of images and conducted statistical analyzes:
FJD. Revised the manuscript: MAM. Responsible for images acquisition: IW.

References
1. del Sol M, Junge C, Vásquez B. Insertion of the calcaneus tendon. Int J Morphol. 2011; 29: 918–921.

Available: http://www.scopus.com/inward/record.url?eid=2-s2.0-80155126990&partnerID=40&md5=
387091d8acec6321c700085be8920b02

2. Benjamin M, Ralphs JR. The cell and developmental biology of tendons and ligaments [Internet]. Inter-
national Review of Cytology. 2000. pp. 85–130. Available: http://www.scopus.com/inward/record.url?
eid=2-s2.0-0034014229&partnerID=40&md5=02ab9bb8568fc80759942f48083d2823 PMID:
10730214

3. Yang G, Rothrauff BB, Tuan RS. Tendon and ligament regeneration and repair: Clinical relevance and
developmental paradigm. Birth Defects Res Part C—Embryo Today Rev. 2013; 99: 203–222. doi: 10.
1002/bdrc.21041

4. Benjamin M, Ralphs JR. Fibrocartilage in tendons and ligaments—An adaptation to compressive load.
J Anat. 1998; 193: 481–494. doi: 10.1017/S0021878298004300 PMID: 10029181

5. Thomopoulos S, Genin GM, Galatz LM. The development and morphogenesis of the tendon-to-bone
insertion—What development can teach us about healing. J Musculoskelet Neuronal Interact. 2010;
10: 35–45. doi: 10.1016/j.biotechadv.2011.08.021.Secreted PMID: 20190378

Ultrastructural Study of Bone-Tendon Junction of the Calcaneal Tendon

PLOS ONE | DOI:10.1371/journal.pone.0153568 April 14, 2016 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153568.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153568.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153568.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153568.s004
http://www.scopus.com/inward/record.url?eid=2-s2.0-80155126990&partnerID=40&md5=387091d8acec6321c700085be8920b02
http://www.scopus.com/inward/record.url?eid=2-s2.0-80155126990&partnerID=40&md5=387091d8acec6321c700085be8920b02
http://www.scopus.com/inward/record.url?eid=2-s2.0-0034014229&partnerID=40&md5=02ab9bb8568fc80759942f48083d2823
http://www.scopus.com/inward/record.url?eid=2-s2.0-0034014229&partnerID=40&md5=02ab9bb8568fc80759942f48083d2823
http://www.ncbi.nlm.nih.gov/pubmed/10730214
http://dx.doi.org/10.1002/bdrc.21041
http://dx.doi.org/10.1002/bdrc.21041
http://dx.doi.org/10.1017/S0021878298004300
http://www.ncbi.nlm.nih.gov/pubmed/10029181
http://dx.doi.org/10.1016/j.biotechadv.2011.08.021.Secreted
http://www.ncbi.nlm.nih.gov/pubmed/20190378


6. Benjamin M, Kumai T, Milz S, Boszczyk BM, Boszczyk a a, Ralphs JR. The skeletal attachment of ten-
dons—tendon “entheses”. Comp Biochem Physiol A Mol Integr Physiol. 2002; 133: 931–945. doi: 10.
1016/S1095-6433(02)00138-1 PMID: 12485684

7. O’Brien M. Structure and metabolism of tendons. Scand J Med Sci Sport. 1997; 7: 55–61. Available:
http://www.scopus.com/inward/record.url?eid=2-s2.0-0031113402&partnerID=40&md5=
b255565c51712b4552051a1eeb126708

8. Benjamin M, Evans EJ, Copp L. The histology of tendon attachments to bone in man. J Anat. 1986;Vol.
149: 89–100. Available: http://www.scopus.com/inward/record.url?eid=2-s2.0-
0022922806&partnerID=40&md5=164ef66cc5f8dfdd713998f33b27ea6f PMID: 3693113

9. Claudepierre P, Voisin M-C. The entheses: Histology, pathology, and pathophysiology. Jt Bone Spine.
2005; 72: 32–37. doi: 10.1016/j.jbspin.2004.02.010

10. Thomopoulos S, Marquez JP, Weinberger B, Birman V, Genin GM. Collagen fiber orientation at the ten-
don to bone insertion and its influence on stress concentrations. J Biomech. 2006; 39: 1842–1851. doi:
10.1016/j.jbiomech.2005.05.021 PMID: 16024026

11. Dressler MR, Butler DL, Boivin GP. Effects of age on the repair ability of mesenchymal stem cells in rab-
bit tendon. J Orthop Res. 2005; 23: 287–293. doi: 10.1016/j.orthres.2004.06.017 PMID: 15734238

12. Alves LC, Leite IDC, Machado CJ. Health profile of the elderly in Brazil: analysis of the 2003 National
Household Sample Survey using the Grade of Membership method. Cad Saude Publica. 2008; 24:
535–546. doi: 10.1590/S0102-311X2008000300007 PMID: 18327441

13. Zhou Z, Akinbiyi T, Xu L, Ramcharan M, Leong DJ, Ros SJ, et al. Tendon-derived stem/progenitor cell
aging: Defective self-renewal and altered fate. Aging Cell. 2010; 9: 911–915. doi: 10.1111/j.1474-9726.
2010.00598.x PMID: 20569237

14. Bosco C, Komi P V. Influence of aging on the mechanical behavior of leg extensor muscles. Eur J Appl
Physiol Occup Physiol. 1980; 45: 209–219. doi: 10.1007/BF00421329 PMID: 7193130

15. Kannus P, Paavola M, Józsa L. Aging and degeneration of tendons. Tendon Injuries: Basic Science
and Clinical Medicine. 2005. pp. 25–31. doi: 10.1007/1-84628-050-8_4

16. Jozsa L, Kvist M, Balint BJ, Reffy A, Jarvinen M, Lehto M, et al. The role of recreational sport activity in
Achilles tendon rupture. A clinical, pathoanatomical, and sociological study of 292 cases. Am J Sports
Med. 1989; 17: 338–343. Available: http://www.scopus.com/inward/record.url?eid=2-s2.0-
0024412447&partnerID=40&md5=f65f3eda1caf03d8722c1f2a04166526 PMID: 2729483

17. Lantto I, Heikkinen J, Flinkkilä T, Ohtonen P, Leppilahti J. Epidemiology of Achilles tendon ruptures:
Increasing incidence over a 33-year period. Scand J Med Sci Sport. 2015; 25: e133–e138. doi: 10.
1111/sms.12253

18. Ganestam A, Kallemose T, Troelsen A, Barfod KW. Increasing incidence of acute Achilles tendon rup-
ture and a noticeable decline in surgical treatment from 1994 to 2013. A nationwide registry study of
33,160 patients. Knee Surg Sports Traumatol Arthrosc. 2015; doi: 10.1007/s00167-015-3544-5

19. Woolf AD, Pfleger B. Burden of major musculoskeletal conditions. Bull World Health Organ. 2003; 81:
646–656. Available: http://www.scopus.com/inward/record.url?eid=2-s2.0-0141920503&partnerID=
40&md5=e4969219cac240e90e0f236329cd52fe PMID: 14710506

20. Dias FJ, Issa JPM, Barbosa APA, de Vasconcelos PB, Watanabe I- S, MizusakiIyomasa M. Effects of
low-level laser irradiation in ultrastructural morphology, and immunoexpression of VEGF and VEGFR-2
of rat masseter muscle. Micron. 2012; 43: 237–244. doi: 10.1016/j.micron.2011.08.005 PMID:
21924919

21. Lattouf R, Younes R, Lutomski D, Naaman N, Godeau G, Senni K, et al. Picrosirius Red Staining: A
Useful Tool to Appraise Collagen Networks in Normal and Pathological Tissues. J Histochem Cyto-
chem. 2014; 62: 751–758. doi: 10.1369/0022155414545787 PMID: 25023614

22. Watanabe I, Yamada E. The fine structure of lamellated nerve endings found in the rat gingiva. Arch
Histol Jpn. 1983; 46: 173–182. Available: http://www.scopus.com/inward/record.url?eid=2-s2.0-
0020554607&partnerID=40&md5=eb509a32d57d8aac82e10186f0095740 PMID: 6882151

23. Watanabe I. Scanning electron microscopy atlas of cells and tissues of the oral cavity. 1st ed. São
Paulo: ICB/SBIB, Publication FAPESP and CNPq; 1998.

24. Everts V, Niehof A, Tigchelaar-Gutter W, BeertsenW. Transmission electron microscopy of bone [Inter-
net]. Methods in Molecular Biology. 2012. pp. 351–363. doi: 10.1007/978-1-61779-415-5_23

25. WATSONML. Staining of tissue sections for electron microscopy with heavy metals. II. Application of
solutions containing lead and barium. J Biophys Biochem Cytol. 1958; 4: 727–730. Available: http://
www.scopus.com/inward/record.url?eid=2-s2.0-0000523688&partnerID=40&md5=
05ff8fe4e3d99b5b334dda57e231c405 PMID: 13610936

Ultrastructural Study of Bone-Tendon Junction of the Calcaneal Tendon

PLOS ONE | DOI:10.1371/journal.pone.0153568 April 14, 2016 16 / 18

http://dx.doi.org/10.1016/S1095-6433(02)00138-1
http://dx.doi.org/10.1016/S1095-6433(02)00138-1
http://www.ncbi.nlm.nih.gov/pubmed/12485684
http://www.scopus.com/inward/record.url?eid=2-s2.0-0031113402&partnerID=40&md5=b255565c51712b4552051a1eeb126708
http://www.scopus.com/inward/record.url?eid=2-s2.0-0031113402&partnerID=40&md5=b255565c51712b4552051a1eeb126708
http://www.scopus.com/inward/record.url?eid=2-s2.0-0022922806&partnerID=40&md5=164ef66cc5f8dfdd713998f33b27ea6f
http://www.scopus.com/inward/record.url?eid=2-s2.0-0022922806&partnerID=40&md5=164ef66cc5f8dfdd713998f33b27ea6f
http://www.ncbi.nlm.nih.gov/pubmed/3693113
http://dx.doi.org/10.1016/j.jbspin.2004.02.010
http://dx.doi.org/10.1016/j.jbiomech.2005.05.021
http://www.ncbi.nlm.nih.gov/pubmed/16024026
http://dx.doi.org/10.1016/j.orthres.2004.06.017
http://www.ncbi.nlm.nih.gov/pubmed/15734238
http://dx.doi.org/10.1590/S0102-311X2008000300007
http://www.ncbi.nlm.nih.gov/pubmed/18327441
http://dx.doi.org/10.1111/j.1474-9726.2010.00598.x
http://dx.doi.org/10.1111/j.1474-9726.2010.00598.x
http://www.ncbi.nlm.nih.gov/pubmed/20569237
http://dx.doi.org/10.1007/BF00421329
http://www.ncbi.nlm.nih.gov/pubmed/7193130
http://dx.doi.org/10.1007/1-84628-050-8_4
http://www.scopus.com/inward/record.url?eid=2-s2.0-0024412447&partnerID=40&md5=f65f3eda1caf03d8722c1f2a04166526
http://www.scopus.com/inward/record.url?eid=2-s2.0-0024412447&partnerID=40&md5=f65f3eda1caf03d8722c1f2a04166526
http://www.ncbi.nlm.nih.gov/pubmed/2729483
http://dx.doi.org/10.1111/sms.12253
http://dx.doi.org/10.1111/sms.12253
http://dx.doi.org/10.1007/s00167-015-3544-5
http://www.scopus.com/inward/record.url?eid=2-s2.0-0141920503&partnerID=40&md5=e4969219cac240e90e0f236329cd52fe
http://www.scopus.com/inward/record.url?eid=2-s2.0-0141920503&partnerID=40&md5=e4969219cac240e90e0f236329cd52fe
http://www.ncbi.nlm.nih.gov/pubmed/14710506
http://dx.doi.org/10.1016/j.micron.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21924919
http://dx.doi.org/10.1369/0022155414545787
http://www.ncbi.nlm.nih.gov/pubmed/25023614
http://www.scopus.com/inward/record.url?eid=2-s2.0-0020554607&partnerID=40&md5=eb509a32d57d8aac82e10186f0095740
http://www.scopus.com/inward/record.url?eid=2-s2.0-0020554607&partnerID=40&md5=eb509a32d57d8aac82e10186f0095740
http://www.ncbi.nlm.nih.gov/pubmed/6882151
http://dx.doi.org/10.1007/978-1-61779-415-5_23
http://www.scopus.com/inward/record.url?eid=2-s2.0-0000523688&partnerID=40&md5=05ff8fe4e3d99b5b334dda57e231c405
http://www.scopus.com/inward/record.url?eid=2-s2.0-0000523688&partnerID=40&md5=05ff8fe4e3d99b5b334dda57e231c405
http://www.scopus.com/inward/record.url?eid=2-s2.0-0000523688&partnerID=40&md5=05ff8fe4e3d99b5b334dda57e231c405
http://www.ncbi.nlm.nih.gov/pubmed/13610936


26. REYNOLDS ES. The use of lead citrate at high pH as an electron-opaque stain in electron microscopy.
J Cell Biol. 1963; 17: 208–212. Available: http://www.scopus.com/inward/record.url?eid=2-s2.0-
52649114611&partnerID=40&md5=3afec45ea3282f3143d074488c2f3b8d PMID: 13986422

27. MendeşM, Akkartal E. Comparison of Anova F andWelch tests with their respective permutation ver-
sions in terms of Type I error rates and test power. Kafkas Univ Vet Fak Derg. 2010; 16: 711–716. Avail-
able: http://www.scopus.com/inward/record.url?eid=2-s2.0-78149441013&partnerID=40&md5=
9799415bf19a4153f47261121167c614

28. Dapson RW, Fagan C, Kiernan J a, Wickersham TW. Certification procedures for sirius red F3B (CI
35780, Direct red 80). Biotech Histochem. 2011; 86: 133–9. doi: 10.3109/10520295.2011.570277
PMID: 21417582

29. Junqueira LCU, Bignolas G, Brentani RR. Picrosirius staining plus polarization microscopy, a specific
method for collagen detection in tissue sections. Histochem J. 1979; 11: 447–455. doi: 10.1007/
BF01002772 PMID: 91593

30. Montes GS, Junqueira LC. The use of the Picrosirius-polarization method for the study of the biopathol-
ogy of collagen. Mem Inst Oswaldo Cruz. 1991; 86 Suppl 3: 1–11. Available: http://www.scopus.com/
inward/record.url?eid=2-s2.0-0026361447&partnerID=40&md5=
897dd62521660d2a8a73c275da9bead3

31. Junqueira LCU, Bignolas G, Brentani RR. A simple and sensitive method for the quantitative estimation
of collagen. Anal Biochem. 1979; 94: 96–99. http://dx.doi.org/10.1016/0003-2697(79)90795-4 PMID:
88913

32. Dias FJ, Paulo J, Issa M, Iyomasa MM, Coutinho-netto J, Alexandre R, et al. Application of a Low-Level
Laser Therapy and the Purified Protein from Natural Latex (Hevea brasiliensis) in the Controlled Crush
Injury of the Sciatic Nerve of Rats : A Morphological, Quantitative, and Ultrastructural Study. Biomed
Res Int. 2013; 2013: 1–11.

33. Kannus P. Structure of the tendon connective tissue. Scand J Med Sci Sport. 2000; 10: 312–320. Avail-
able: http://www.scopus.com/inward/record.url?eid=2-s2.0-0034577312&partnerID=40&md5=
aacff9a0ebd5ef677864a3521ce4c3ca

34. Zhao L, Thambyah A, Broom ND. A multi-scale structural study of the porcine anterior cruciate ligament
tibial enthesis. J Anat. 2014; 224: 624–633. doi: 10.1111/joa.12174 PMID: 24697495

35. Wopenka B, Kent A, Pasteris JD, Yoon Y, Thomopoulos S. The tendon-to-bone transition of the rotator
cuff: A preliminary Raman spectroscopic study documenting the gradual mineralization across the
insertion in rat tissue samples. Appl Spectrosc. 2008; 62: 1285–1294. doi: 10.1366/
000370208786822179 PMID: 19094386

36. Oegema TR Jr., Carpenter RJ, Hofmeister F, Thompson RC Jr. The interaction of the zone of calcified
cartilage and subchondral bone in osteoarthritis. Microsc Res Tech. 1997; 37: 324–332. doi: 10.1002/
(SICI)1097-0029(19970515)37:4<324::AID-JEMT7>3.0.CO;2-K PMID: 9185154

37. Milz S, Tischer T, Buettner a, Schieker M, Maier M, Redman S, et al. Molecular composition and pathol-
ogy of entheses on the medial and lateral epicondyles of the humerus: a structural basis for epicondyli-
tis. Ann Rheum Dis. 2004; 63: 1015–1021. doi: 10.1136/ard.2003.016378 PMID: 15308511

38. Yanagisawa H, Hoshi K, Asawa Y, Ejiri S, Sato K, Ozawa H. Matrix remodeling and cytological changes
during spontaneous cartilage repair. J Electron Microsc (Tokyo). 2012; 61: 237–248. doi: 10.1093/
jmicro/dfs044

39. Rochefort GY, Pallu S, Benhamou CL. Osteocyte: The unrecognized side of bone tissue. Osteoporos
Int. 2010; 21: 1457–1469. doi: 10.1007/s00198-010-1194-5 PMID: 20204595

40. Burger EH, Klein-Nulend J. Mechanotransduction in bone—Role of the lacuno-canalicular network.
FASEB J. 1999; 13: S101–S112. Available: http://www.scopus.com/inward/record.url?eid=2-s2.0-
0032895922&partnerID=40&md5=ad6244c54903607610aa03ab927731c6 PMID: 10352151

41. van Hove RP, Nolte PA, Vatsa A, Semeins CM, Salmon PL, Smit TH, et al. Osteocyte morphology in
human tibiae of different bone pathologies with different bone mineral density—Is there a role for
mechanosensing? Bone. 2009; 45: 321–329. doi: 10.1016/j.bone.2009.04.238 PMID: 19398046

42. Benjamin M, Tyers RNS, Ralphs JR. Age-related changes in tendon fibrocartilage. J Anat. 1991; 179:
127–136. Available: http://www.scopus.com/inward/record.url?eid=2-s2.0-0026326442&partnerID=
40&md5=2cee3b37cdc410112cfae1f6332cad68 PMID: 1817130

43. Ippolito E, Natali PG, Postacchini F, Accinni L, De Martino C. Morphological, immunochemical, and bio-
chemical study of rabbit Achilles tendon at various ages. J Bone Jt Surg—Ser A. 1980; 62: 583–598.
Available: http://www.scopus.com/inward/record.url?eid=2-s2.0-0018869426&partnerID=40&md5=
64ee5501317b5b361b8585df9f360f34

44. Floridi A, Ippolito E, Postacchini F. Age-related changes in the metabolism of tendon cells. Connect Tis-
sue Res. 1981; 9: 95–97. doi: 10.3109/03008208109160246 PMID: 6458452

Ultrastructural Study of Bone-Tendon Junction of the Calcaneal Tendon

PLOS ONE | DOI:10.1371/journal.pone.0153568 April 14, 2016 17 / 18

http://www.scopus.com/inward/record.url?eid=2-s2.0-52649114611&partnerID=40&md5=3afec45ea3282f3143d074488c2f3b8d
http://www.scopus.com/inward/record.url?eid=2-s2.0-52649114611&partnerID=40&md5=3afec45ea3282f3143d074488c2f3b8d
http://www.ncbi.nlm.nih.gov/pubmed/13986422
http://www.scopus.com/inward/record.url?eid=2-s2.0-78149441013&partnerID=40&md5=9799415bf19a4153f47261121167c614
http://www.scopus.com/inward/record.url?eid=2-s2.0-78149441013&partnerID=40&md5=9799415bf19a4153f47261121167c614
http://dx.doi.org/10.3109/10520295.2011.570277
http://www.ncbi.nlm.nih.gov/pubmed/21417582
http://dx.doi.org/10.1007/BF01002772
http://dx.doi.org/10.1007/BF01002772
http://www.ncbi.nlm.nih.gov/pubmed/91593
http://www.scopus.com/inward/record.url?eid=2-s2.0-0026361447&partnerID=40&md5=897dd62521660d2a8a73c275da9bead3
http://www.scopus.com/inward/record.url?eid=2-s2.0-0026361447&partnerID=40&md5=897dd62521660d2a8a73c275da9bead3
http://www.scopus.com/inward/record.url?eid=2-s2.0-0026361447&partnerID=40&md5=897dd62521660d2a8a73c275da9bead3
http://dx.doi.org/10.1016/0003-2697(79)90795-4
http://www.ncbi.nlm.nih.gov/pubmed/88913
http://www.scopus.com/inward/record.url?eid=2-s2.0-0034577312&partnerID=40&md5=aacff9a0ebd5ef677864a3521ce4c3ca
http://www.scopus.com/inward/record.url?eid=2-s2.0-0034577312&partnerID=40&md5=aacff9a0ebd5ef677864a3521ce4c3ca
http://dx.doi.org/10.1111/joa.12174
http://www.ncbi.nlm.nih.gov/pubmed/24697495
http://dx.doi.org/10.1366/000370208786822179
http://dx.doi.org/10.1366/000370208786822179
http://www.ncbi.nlm.nih.gov/pubmed/19094386
http://dx.doi.org/10.1002/(SICI)1097-0029(19970515)37:4<324::AID-JEMT7>3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1097-0029(19970515)37:4<324::AID-JEMT7>3.0.CO;2-K
http://www.ncbi.nlm.nih.gov/pubmed/9185154
http://dx.doi.org/10.1136/ard.2003.016378
http://www.ncbi.nlm.nih.gov/pubmed/15308511
http://dx.doi.org/10.1093/jmicro/dfs044
http://dx.doi.org/10.1093/jmicro/dfs044
http://dx.doi.org/10.1007/s00198-010-1194-5
http://www.ncbi.nlm.nih.gov/pubmed/20204595
http://www.scopus.com/inward/record.url?eid=2-s2.0-0032895922&partnerID=40&md5=ad6244c54903607610aa03ab927731c6
http://www.scopus.com/inward/record.url?eid=2-s2.0-0032895922&partnerID=40&md5=ad6244c54903607610aa03ab927731c6
http://www.ncbi.nlm.nih.gov/pubmed/10352151
http://dx.doi.org/10.1016/j.bone.2009.04.238
http://www.ncbi.nlm.nih.gov/pubmed/19398046
http://www.scopus.com/inward/record.url?eid=2-s2.0-0026326442&partnerID=40&md5=2cee3b37cdc410112cfae1f6332cad68
http://www.scopus.com/inward/record.url?eid=2-s2.0-0026326442&partnerID=40&md5=2cee3b37cdc410112cfae1f6332cad68
http://www.ncbi.nlm.nih.gov/pubmed/1817130
http://www.scopus.com/inward/record.url?eid=2-s2.0-0018869426&partnerID=40&md5=64ee5501317b5b361b8585df9f360f34
http://www.scopus.com/inward/record.url?eid=2-s2.0-0018869426&partnerID=40&md5=64ee5501317b5b361b8585df9f360f34
http://dx.doi.org/10.3109/03008208109160246
http://www.ncbi.nlm.nih.gov/pubmed/6458452


45. Squier CA, Magnes C. Spatial relationships between fibroblasts during the growth of rat-tail tendon.
Cell Tissue Res. 1983; 234: 17–29. doi: 10.1007/BF00217399 PMID: 6640615

46. Biancalana A, Velloso LA, Taboga SR, Gomes L. Implications of obesity for tendon structure, ultrastruc-
ture and biochemistry: A study on Zucker rats. Micron. 2012; 43: 463–469. doi: 10.1016/j.micron.2011.
11.002 PMID: 22137973

47. Gelse K, Pöschl E, Aigner T. Collagens—Structure, function, and biosynthesis. Adv Drug Deliv Rev.
2003; 55: 1531–1546. doi: 10.1016/j.addr.2003.08.002 PMID: 14623400

48. Lavagnino M, Gardner K, Arnoczky SP. Age-related changes in the cellular, mechanical, and contrac-
tile properties of rat tail tendons. Connect Tissue Res. 2013; 54: 70–75. doi: 10.3109/03008207.2012.
744973 PMID: 23186207

49. Arun Gopinathan P, Kokila G, Jyothi M, Ananjan C, Pradeep L, Humaira Nazir S. Study of Collagen
Birefringence in Different Grades of Oral Squamous Cell Carcinoma Using Picrosirius Red and Polar-
ized Light Microscopy. Scientifica (Cairo). 2015; 2015: 802980. doi: 10.1155/2015/802980

50. Constantine VS, Mowry RW. Selective staining of human dermal collagen. II. The use of picrosirius red
F3BA with polarization microscopy. J Invest Dermatol. UNITED STATES; 1968; 50: 419–423. PMID:
4172462

51. Rich L, Whittaker P. Collagen and Picrosirius Red Staining : a Polarized Light Assessment of Fibrillar
Hue and Spatial Distribution. Braz J Morphol Sci. 2005; 22: 97–104. Available: http://jms.org.br/PDF/
v22n2a06.pdf

52. Singh HP, Shetty DC, Wadhwan V, Aggarwal P. A quantitative and qualitative comparative analysis of
collagen fibers to determine the role of connective tissue stroma on biological behavior of odontogenic
cysts: A histochemical study. Natl J Maxillofac Surg. 2012; 3: 15–20. doi: 10.4103/0975-5950.102142
PMID: 23251052

53. Geary MB, Orner CA, Bawany F, Awad HA, Hammert WC, O’Keefe RJ, et al. Systemic EP4 Inhibition
Increases Adhesion Formation in a Murine Model of Flexor Tendon Repair. PLoS One. 2015; 10:
e0136351. doi: 10.1371/journal.pone.0136351 PMID: 26312751

54. Manjunatha BS, Agrawal A, Shah V. Histopathological evaluation of collagen fibers using picrosirius
red stain and polarizing microscopy in oral squamous cell carcinoma. J Cancer Res Ther. 2015; 11:
272–6. doi: 10.4103/0973-1482.154061 PMID: 26148583

55. Alves A, Gritsch K, Sirieix C, Drevon-Gaillot E, Bayon Y, Clermont G, et al. Computerized histomorpho-
metric study of the splenic collagen polymorphism: A control-tissue for polarization microscopy. Microsc
Res Tech. 2015; 78: 900–907. doi: 10.1002/jemt.22553 PMID: 26238067

56. Maffulli N, Ewen SWB, Waterston SW, Reaper J, Barrass V. Tenocytes from ruptured and tendino-
pathic achilles tendons produce greater quantities of type III collagen than tenocytes from normal achil-
les tendons: An in vitro model of human tendon healing. Am J Sports Med. 2000; 28: 499–505.
Available: http://www.scopus.com/inward/record.url?eid=2-s2.0-0033852775&partnerID=40&md5=
d95f9cac0f6e850bd11e33b174e8694d PMID: 10921640

57. Eriksen HA, Pajala A, Leppilahti J, Risteli J. Increased content of type III collagen at the rupture site of
human Achilles tendon. J Orthop Res. 2002; 20: 1352–1357. doi: 10.1016/S0736-0266(02)00064-5
PMID: 12472252

58. Järvinen TAH, Järvinen TLN, Kannus P, Józsa L, Järvinen M. Collagen fibres of the spontaneously rup-
tured human tendons display decreased thickness and crimp angle. J Orthop Res. 2004; 22: 1303–
1309. doi: 10.1016/j.orthres.2004.04.003 PMID: 15475213

59. Buckley MR, Evans EB, Matuszewski PE, Chen Y-L, Satchel LN, Elliott DM, et al. Distributions of types
I, II and III collagen by region in the human supraspinatus tendon. Connect Tissue Res. 2013; 54: 374–
379. doi: 10.3109/03008207.2013.847096 PMID: 24088220

60. Yu T-Y, Pang J-HS, Wu KP-H, Chen MJ-L, Chen C-H, Tsai W-C. Aging is associated with increased
activities of matrix metalloproteinase-2 and -9 in tenocytes. BMCMusculoskelet Disord. 2013; 14: 2.
doi: 10.1186/1471-2474-14-2 PMID: 23281803

61. Kostrominova TY, Brooks S V. Age-related changes in structure and extracellular matrix protein
expression levels in rat tendons. Age (Omaha). 2013; 35: 1–12. doi: 10.1007/s11357-013-9514-2

62. Józsa L, Bálint BJ, Réffy A, Demel Z. Fine structural alterations of collagen fibers in degenerative tendi-
nopathy. Arch Orthop Trauma Surg. 1984; 103: 47–51. doi: 10.1007/BF00451318 PMID: 6466064

63. Ritchie RO, Nalla RK, Kruzic JJ, Ager JW, Balooch G, Kinney JH. Fracture and ageing in bone: Tough-
ness and structural characterization. Strain. 2006; 42: 225–232. doi: 10.1111/j.1475-1305.2006.00282.
x

64. Wang X, Shen X, Li X, Mauli Agrawal C. Age-related changes in the collagen network and toughness of
bone. Bone. 2002; 31: 1–7. doi: 10.1016/S8756-3282(01)00697-4 PMID: 12110404

Ultrastructural Study of Bone-Tendon Junction of the Calcaneal Tendon

PLOS ONE | DOI:10.1371/journal.pone.0153568 April 14, 2016 18 / 18

http://dx.doi.org/10.1007/BF00217399
http://www.ncbi.nlm.nih.gov/pubmed/6640615
http://dx.doi.org/10.1016/j.micron.2011.11.002
http://dx.doi.org/10.1016/j.micron.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22137973
http://dx.doi.org/10.1016/j.addr.2003.08.002
http://www.ncbi.nlm.nih.gov/pubmed/14623400
http://dx.doi.org/10.3109/03008207.2012.744973
http://dx.doi.org/10.3109/03008207.2012.744973
http://www.ncbi.nlm.nih.gov/pubmed/23186207
http://dx.doi.org/10.1155/2015/802980
http://www.ncbi.nlm.nih.gov/pubmed/4172462
http://jms.org.br/PDF/v22n2a06.pdf
http://jms.org.br/PDF/v22n2a06.pdf
http://dx.doi.org/10.4103/0975-5950.102142
http://www.ncbi.nlm.nih.gov/pubmed/23251052
http://dx.doi.org/10.1371/journal.pone.0136351
http://www.ncbi.nlm.nih.gov/pubmed/26312751
http://dx.doi.org/10.4103/0973-1482.154061
http://www.ncbi.nlm.nih.gov/pubmed/26148583
http://dx.doi.org/10.1002/jemt.22553
http://www.ncbi.nlm.nih.gov/pubmed/26238067
http://www.scopus.com/inward/record.url?eid=2-s2.0-0033852775&partnerID=40&md5=d95f9cac0f6e850bd11e33b174e8694d
http://www.scopus.com/inward/record.url?eid=2-s2.0-0033852775&partnerID=40&md5=d95f9cac0f6e850bd11e33b174e8694d
http://www.ncbi.nlm.nih.gov/pubmed/10921640
http://dx.doi.org/10.1016/S0736-0266(02)00064-5
http://www.ncbi.nlm.nih.gov/pubmed/12472252
http://dx.doi.org/10.1016/j.orthres.2004.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15475213
http://dx.doi.org/10.3109/03008207.2013.847096
http://www.ncbi.nlm.nih.gov/pubmed/24088220
http://dx.doi.org/10.1186/1471-2474-14-2
http://www.ncbi.nlm.nih.gov/pubmed/23281803
http://dx.doi.org/10.1007/s11357-013-9514-2
http://dx.doi.org/10.1007/BF00451318
http://www.ncbi.nlm.nih.gov/pubmed/6466064
http://dx.doi.org/10.1111/j.1475-1305.2006.00282.x
http://dx.doi.org/10.1111/j.1475-1305.2006.00282.x
http://dx.doi.org/10.1016/S8756-3282(01)00697-4
http://www.ncbi.nlm.nih.gov/pubmed/12110404

