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Abstract

This study aimed to characterize porcine Achilles tendon (PAT) in terms of its structural 

components, vascularity, and resident tendon cells. We found that PAT is composed of a paratenon 

sheath, a core of fascicles, and an endotenon/interfascicular matrix (IFM) that encases the fascicle 

bundles. We analyzed each of these three tendon components structurally using tissue sections, 

and by isolating cells from each component and analyzing in vitro. Many blood vessel-like tissues 

were present in the paratenon and IFM but not in fascicles, and the vessels in the paratenon and 

IFM appeared to be inter-connected. Cells isolated from the paratenon and IFM displayed 

characteristics of vascular stem/progenitor cells expressing the markers CD105, CD31, with α-

smooth muscle actin (α-SMA) localized surrounding blood vessels. The isolated cells from 

paratenon and IFM also harbored abundant stem/progenitor cells as evidenced by their ability to 

form colonies, and express stem cell markers including CD73 and CD146. Furthermore, we 

demonstrate that both paratenon and IFM isolated cells are capable of undergoing multi-

differentiation. In addition, both paratenon and IFM cells expressed elastin, osteocalcin, tubulin 

polymerization promoting protein (TPPP), and collagen IV, whereas fascicle cells expressed none 

of these markers, except collagen I. The neurotransmitter substance P (SP) was also found in the 

paratenon and IFM localized surrounding blood vessels. The findings of this study will help us to 

better understand the vascular and cellular mechanisms of tendon homeostasis, injury, healing, and 

regeneration.
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Introduction

Tendons are specialized connective tissues that enable joint movement by transmitting 

mechanical forces from muscle to bone. The Achilles tendons (AT) of humans and large 

animals have a well-defined structure that consists of three main components: a paratenon 

sheath surrounds bundles of collagen fascicles, with individual fascicles separated by an 

endotenon or interfascicular matrix (IFM) (Benjamin et al. 2008; Kannus 2000; Kapetanakis 

et al. 2017). Fascicles are the fundamental functional units of tendon, and are comprised of 

tightly packed parallel collagen fibers and fibroblast-like cells, while IFM and paratenon are 

composed of loose membrane-like structures with the presence of blood vessels and a likely 

diverse cell population. While each of the three compartments has specialized structures for 

the overall function of tendon, the role of each in performing specific functions in tendon 

maintenance, injury, and healing are not well understood. Tendon is constantly subjected to 

excessive mechanical loading and overuse; hence tendon is very prone to injuries that are 

both acute and chronic. Although Achilles tendon is the largest and strongest tendon in the 

body, it is commonly injured (Maffulli et al. 2004), which is generally attributed to poor 

vascularity in human Achilles tendon (Ahmed et al. 1998; Theobald et al. 2005). 

Traditionally, tendon subcomponents exhibit variable levels of vascularity, with fascicles as a 

largely avascular structure surrounded by vascularized IFM and paratenon, leading to an 

overly generalized description of tendon as hypovascular (Fenwick et al. 2002; Tempfer and 

Traweger 2015).

Like other connective tissues, human and animal tendons harbor tendon stem/progenitor 

cells (TSCs) (Bi et al. 2007; Rui et al. 2010; Zhang and Wang 2010). Moreover, 

sophisticated lineage tracing efforts and single cell RNA technology (Dyment et al. 2014; 

Yin et al. 2016) have been applied to identify distinct subpopulations of these cells. 

However, these advances still lack progress in analyzing the location of subpopulations 

within these three components of tendon (i.e. paratenon, IFM, and fascicles), and the 

differential morphological and functional characteristics of these subpopulations and tissues 

have not been thoroughly characterized yet. Lineage tracing techniques mostly rely on cell 

markers that are not specific to TSCs, and single cell analysis requires either a pooled 

collection of multiple tendons to produce results or culturing and expansion of tendon cells 

prior to analysis (Dyment et al. 2014; Yin et al. 2016). TSC isolation regularly involves the 

digestion of entire tendons rather than specific components, with at most the separation of 

the tendon sheath, or paratenon, from the tendon proper (Bi et al. 2007; Mienaltowski et al. 

2013; Rui et al. 2010; Tan et al. 2013; Zhang and Wang 2010). Thus, such procedures may 

have inadvertently included IFM either in fascicles or paratenon, which may have affected 

the location-specific identification and analysis of specific cell populations. Further 

limitations exist in performing analysis of subpopulations of TSCs, such as size of the 

research animal and hence tendon, as well as the rarity of the cell.
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It is possible that each individual component within tendon contains specialized and unique 

stem cells whose role is to repair their own individual structural component in the event of 

injury (Nichols et al. 2019; Snedeker and Foolen 2017). In order to understand how injured 

tendon accomplishes healing and repair, it is important to understand the relationship 

between tendon structure, vascularity, and resident cells, and how each contributes to tendon 

function and healing. Therefore, the aim of this study was to perform a detailed 

characterization and comparison of three well-defined components in terms of their 

structural and cellular properties using scanning electron microscopy (SEM), as well as 

immunohistochemical and cytochemical analyses with specific markers. For this purpose, 

we chose easily available juvenile porcine Achilles tendon, considering its large size and the 

difficulty in obtaining normal human tendon tissues. We dissected each of the three main 

tendon components namely paratenon, IFM, and fascicles separately (Benjamin et al. 2008; 

Kannus 2000; Kapetanakis et al. 2017), and characterized them in regard to their differential 

structural features, vascularity, and resident cellular populations. Our results show distinct 

structural features for each component with a clear separation between them, and a clear 

vascularity through the presence of blood vessels extending from the paratenon into the IFM 

but are not present in fascicles. The vascularity of paratenon and IFM is supported by the 

presence of a specific population of vascular stem cells with differential properties within 

both of them, but this vascularity is not evident in fascicles.

Materials and methods

Tissue samples and histochemical staining on PAT sections

The hind legs of a 6-month old juvenile male domesticated pig were obtained from Thoma 

meat market (Saxonburg, PA), from which two fresh Achilles tendons were removed, 

imaged, and each component (paratenon, fascicles, IFM) was carefully dissected under 

sterile conditions as described elsewhere (Benjamin et al. 2008; Kapetanakis et al. 2017). 

For dissection, the paratenon was separated from the epitenon and the paratenon was further 

analyzed separately. The epitenon remained with the tendon proper. Next, the IFM, or 

endotenon, was dissected separately from the epitenon. Collected tendon tissues were used 

within 24 hrs of slaughter. Harvested tissue samples focused specifically on midportion 

Achilles tendon. Tendon tissues were fixed with 4% paraformaldehyde at room temperature 

for 5 hrs, embedded in paraffin, and cut into longitudinal and cross sections with a thickness 

of 5 μm. To visualize tendon tissue structures, sections were stained either with hematoxylin 

and eosin (H&E) or with Safranin O and Fast Green (S&F) according to the standard 

protocols, and stained tendon sections were examined under light microscopy (Nikon 

eclipse, TE2000-U). Safranin O stains proteoglycans whereas Fast Green stains collagens.

Scanning electron microscopy (SEM) of PAT sections

Achilles tendon samples were fixed with 3% glutaraldehyde for 30 min, and then washed 

with PBS three times for 5 min/each. Fixed samples were then treated with a series of 

ethanol concentrations in distilled water for 15 min/each (10%, 30%, 50%, 60%, 70%, 80%, 

90%, and 100% ethanol) for dehydration. The dehydrated tendon tissue samples were dried 

via the critical point drying process by liquid nitrogen. The dried tendon samples were 
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sputter coated with gold/palladium and examined under a JEOL SEM (Tokyo, Japan) with 

an accelerating voltage of 5.0 kV.

Immunostaining on PAT tissue sections

Fixed Achilles tendon tissue samples were mounted in OCT embedding compound and 

frozen at −80°C. The tissue block was cut into longitudinal and cross sections with 5 m 

thickness by a cryostat. The tissue sections were incubated with the following antibodies 

separately: mouse anti-CD146 (1:500, Bio-RAD, Cat. MCA2141), mouse anti-CD105 

(1:500, Abcam, Cat. ab69772, Cambridge, MA), mouse anti-collagen type I (1:500, Abcam, 

Cat. ab34170, Cambridge, MA), rabbit anti-collagen type IV (1:500, Abcam, Cat. ab6586, 

Cambridge, MA), rabbit anti-CD31 (1:350, Abcam, Cat. ab28364, Cambridge, MA), rabbit 

anti-elastin (1:500, Abcam, Cat. ab21610, Cambridge, MA), sheep anti-CD73 (1:350, R & D 

Systems, Cat. AF4488, Minneapolis, MN), mouse anti-osteocalcin (1:400, ThermoFisher 

Scientific, Cat. MA1–20786, Pittsburgh, PA), mouse anti- -SMA (1:500, Abcam, Cat. 

ab7817, Cambridge, MA), rabbit anti-TPPP (1:350, antibodies-online, Cat. ABIN925874, 

Atlanta, GA), and rat anti-substance P (1:500, Bio-RAD, Cat. 8450–0505, Farmingdale, 

NY) overnight at 4 °C. Sections were then washed twice in PBS for 5 min before being 

incubated with secondary antibody. Cy3-conjugated donkey anti-sheep IgG secondary 

antibody (1:500, Millipore Sigma, Cat. AP184C, Burlington, MA) was used for CD73 

testing. Cy3-conjugated goat anti-mouse IgG secondary antibody (1:500, Millipore Sigma, 

Cat. AP124C, Burlington, MA) was used for -SMA, osteocalcin, CD146, and CD105 

testing. FITC-conjugated goat anti-rabbit IgG secondary antibody (1:500, ThermoFisher 

Scientific, Cat. F-2765, Waltham, MA) was used for CD31, elastin, and collagen I testing. 

Cy3-conjugated goat anti-rabbit IgG secondary antibody (1:500, Millipore Sigma, Cat. 

AP132C, Burlington, MA) was used for collagen IV, and TPPP testing. Cy3-conjugated goat 

anti-rat IgG secondary antibody (1:500, Millipore Sigma, Cat. Ap136C, Burlington, MA) 

was used for SP testing. All secondary antibodies were incubated for 2 hrs with the 

appropriate slides at room temperature. Slides were washed again, counterstained with 

Hoechst H33342 (Sigma, St. Louis, MO) nuclear stain, and photographed on a fluorescence 

microscope (Nikon eclipse, TE2000-U). Negative staining images were generated for elastin 

and CD73 antibodies by omitting primary antibodies, followed by incubating tissue sections 

with the same concentrations of secondary antibodies at the same conditions. The control 

images did not show any real signal, with only minor background staining (data not shown).

Cell isolation and culture

The paratenon was carefully collected from the surface, and IFM was separated from the 

collagen fascicles of the PAT under a microscope (Keeler, UK). Each tendon tissue structure 

was minced into small pieces approximately 1 mm3, and digested in 1 ml of PBS containing 

3 mg of collagenase type I and 4 mg of dispase as described previously (Zhang and Wang 

2010). Following centrifugation, the cell pellets were re-suspended with Dulbecco’s 

modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 20% 

fetal bovine serum (FBS) (Gibco, Grand Island, NY) and cultured in dishes or T25 flasks in 

5% CO2 at 37°C.
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Cell proliferation measurement

After 14 days in culture, cells at passage 0 from the paratenon, IFM, and collagen fascicles 

were rinsed twice with PBS for 5 min, fixed in 4% paraformaldehyde for 15 min and then 

stained with methyl violet for 30 min. After rinsing twice with PBS for 5min, colonies were 

visualized and then counted manually. Cell proliferation assays with passage-2 cultures were 

analyzed for population doubling time (PDT) according to our published protocol (Zhang 

and Wang 2010), thus colony forming properties were evaluated by analyzing colony 

numbers/mg tissue. Briefly, three cell populations isolated from paratenon, IFM, and 

fascicles were seeded into 6-well plates with a density of 5 × 104 cells/well at passage 1. 

After five days in culture, the medium was removed, cells were treated with trypsin, and the 

cell numbers were counted by an automated cell counter (Nexcelom Bioscience, Lawrence, 

MA). The PDT was calculated using the equation: (T2-T1)/3.32 × (logN2 − logN1), where 

T1 was the culture starting time, T2 was the culture end time, N1 is the number of cells 

seeded, and N2 is the collected cell numbers. Each individual experiment was performed at 

least three times.

Cell multi-differentiation potential analysis

The multi-differentiation potentials of the cells isolated from paratenon, IFM, and collagen 

fascicles were examined in vitro to determine whether they could undergo adipogenesis, 

osteogenesis, and chondrogenesis. Cells at passage 2 were seeded in a 24-well plate at a 

density of 6 × 104 cells/well with DMEM (low glucose) consisting of 10% heat inactivated 

FBS, 100 U/ml penicillin, and 100 g/ml streptomycin. After reaching confluence, the cells 

were cultured with three separate differentiation media for 21 days with media being 

changed every three days. For adipogenesis, the cells were cultured in adipogenic induction 

medium (Millipore, Cat. #SCR020) consisting of DMEM (low glucose) supplemented with 

1 M dexamethasone, 10 g/ml insulin, 100 M indomethacin, and 0.5 mM 

isobutylmethylxanthine (IBMX) for 21 days. Oil Red O assay (Millipore, Cat. #90358) was 

used to detect lipid drops contained in the differentiated adipocytes according to our 

published protocol (Zhang et al. 2011).

For osteogenesis, the cells were cultured with osteogenic induction medium consisting of 

DMEM (low glucose) with 100 nM dexamethasone, 0.2 mM ascorbic 2-phosphate, and 10 

mM glycerol 2-phospahte for 21 days. The differentiated cells released calcium-rich 

deposits, which were stained by Alizarin Red S (Millipore, Cat. 2003999) according to our 

published protocol (Zhang et al. 2011).

For chondrogenesis, confluent cells were cultured in chondrogenic induction medium 

consisting of DMEM (low glucose) with 40 g/ml proline, 39 ng/ml dexamethasone, 10 

ng/ml transforming growth factor beta 3 (TGF- 3), 50 g/ml ascorbic acid 2-phosphate, 100 

g/ml sodium pyruvate, and 50 mg/ml ITS premix (BD, Cat. #354350). After 21 days in 

culture, proteoglycans-rich matrix produced by differentiated chondrocytes was stained with 

Safranin O (Sigma, Cat. #HT904) according to our published protocol (Zhang et al. 2011).
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Immunocytochemical analysis of cell markers

The characterizations of the cells isolated from three structural components of the tendon 

were further analyzed by immunocytochemistry (ICC) staining with specific cell markers. 

Isolated cells at passage 2 were seeded into 12-well plate at a density of 3 × 104 cells/well 

and cultured with DMEM medium containing 20% FBS for one week. To maintain the 

‘stemness’ of isolated stem/progenitor cells, high concentrations of FBS-containing medium 

is necessary (Zhang and Wang 2010). The cells were washed for 5 min twice in PBS and 

fixed with 4% paraformaldehyde in PBS for 30 min at room temperature. The fixed cells 

were incubated separately with the following antibodies: sheep anti-CD73 (1:350, R & D 

Systems, Cat. AF4488, Minneapolis, MN), mouse anti-CD146 (1:500, BioRAD, Cat. 

MCA2141), mouse anti-CD105 (1:500, Abcam, Cat. ab69772, Cambridge, MA), mouse 

anti-collagen type I (1:500, Abcam, Cat. ab34170, Cambridge, MA), rabbit anti-collagen 

type IV (1:500, Abcam, Cat. ab6586, Cambridge, MA), rabbit anti-CD31 (1:350, Abcam, 

Cat. ab28364, Cambridge, MA), and rabbit anti-elastin (1:500, Abcam, Cat. ab21610, 

Cambridge, MA) overnight at 4 °C. The cells were then washed twice in PBS for 5 min 

before being incubated with secondary antibodies. Cy3-conjugated donkey anti-sheep IgG 

secondary antibody (1:500, Millipore Sigma, Cat. AP184C, Burlington, MA) was used for 

CD73 testing. Cy3-conjugated goat anti-mouse IgG secondary antibody (1:500, Millipore 

Sigma, Cat. AP124C, Burlington, MA) was used for CD146 and CD105 testing. Cy3-

conjugated goat anti-rabbit IgG secondary antibody (1:500, Millipore Sigma, Cat. AP132C, 

Burlington, MA) was used for collagen IV and elastin testing. All secondary antibodies were 

incubated with the appropriate cells for 2 hrs at room temperature. The cells were washed 

again, counterstained with H33342 (Sigma, St. Louis, MO) nuclear stain, and photographed 

with fluorescence microscope (Nikon eclipse, TE2000-U).

Semi-quantification of positively stained tissue sections

To quantify cell marker staining in vivo, we used a semi-quantitative method. First, we 

obtained five randomly selected images from each tissue section stained for each cell marker 

using a fluorescence microscope (Nikon eclipse, TE2000-U). Then, positive staining in each 

image was identified using SPOT imaging software (Diagnostic Instruments, Inc., Sterling 

Heights, MI). The proportion of positive staining was calculated by dividing the total area 

viewed under the microscope by the positively stained area. Three sections were tested for 

each cell marker. The final percentage of positive staining was derived by averaging the 

values from all 15 images.

Semi-quantification of positively stained cells

To quantify cell marker staining in vitro, we used the similar semi-quantitative method as 

described above for tissue section staining. Three random images were taken from each well 

using the same equipment and software as described above. The percentage of positive 

staining in each image was estimated by dividing the number of positively stained cells by 

the total number of cells counterstained with H33342 (1 μg/ml; Sigma, St. Louis, MO) in the 

microscopic field, and multiplying by 100. Three wells were used for each marker staining. 

The final percentage of positive staining was derived by averaging the values from all 9 

images.
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Statistical analysis

Data are expressed as means ± standard deviations (SD). For statistical analysis, one-way 

ANOVA were performed followed by Fisher’s least significant difference (LSD) test. 

Statistical significance was defined by the value of p < 0.05.

Results

Dissection and gross anatomy of PAT displays three distinct components

A gross examination of young juvenile 6-month old porcine Achilles tendon indicated that 

the tendon is a few millimeters thick, consisting of a pearly white, glistening layer of fiber 

bundles, connecting the calcaneus with the leg muscle tissue (Fig. 1a). The tendon displayed 

the typical structural features of human Achilles tendon. The surface of the Achilles tendon 

was covered with paratenon (red arrows in Fig. 1a, b, d), the core part under the paratenon 

was formed by collagen fascicles (blue arrows in Fig. 1b, c), with the IFM comprised of 

membrane-like structures between the fascicles (yellow arrows in Fig. 1b, c). When the 

paratenon and IFM were removed, the white collagen fibers remained (pink arrow in Fig. 

1e). Further characterization of Achilles tendon was performed using histochemical staining 

and immunostaining.

Histological staining and structural assessment of tendon tissue sections

Staining of cross and longitudinal sections showed that PAT consists of at least three distinct 

components (Fig. 2). The outside tendon is surrounded by a loose sheath representing the 

paratenon (black arrows in Fig. 2a, d), with some blood vessel-like tissues extended from the 

paratenon (green arrows in Fig 2a, d) to the IFM (green arrows in Fig. 2b, e). The core 

tissues are formed by high density collagen fiber bundles, i.e. forming collagen fascicles 

(blue arrows in Fig. 2a–f), with the loose net-like structure of the IFM forming between 

tendon fascicles (red arrows in Fig. 2a–f). Finally, the morphology of cells within collagen 

fibers are elongated in shape (yellow arrows in Fig. 2f), while cells within the IFM are round 

shape (white arrows in Fig. 2f).

These findings were further confirmed by Safranin O and Fast Green staining showing three 

separate components. Similar to the H&E staining results, the tendon surface was covered by 

the loose sheath of the paratenon (yellow arrows in Fig. 3a), and some blood vessel-like 

tissues also extended from the paratenon to the IFM (black arrows in Fig. 3a–d, g–h). The 

core component of the tendon was formed by high density collagen fiber bundles shown by 

staining with Fast Green (Fig. 3). In contrast to these closely packed fiber bundles, the IFM 

again showed a loose net-like mesh structure between the collagen fiber bundles as 

evidenced by Safranin O staining (red arrows in Fig. 3).

Similar results were obtained by using a scanning electron microscope (SEM) to obtain clear 

and highly detailed images of cross and longitudinal sections of PAT. The loose net-like 

mesh of the IFM (red arrows in Fig. 4a, c, d, f) was found between the collagen fiber 

bundles, with some blood vessel-like structures within the IFM (yellow arrows in Fig. 4a, d, 

f). Many high-density collagen fiber bundles were found in core tendon tissues (white 

arrows in Fig. 4a, d), and were well organized into collagen fascicles (green arrows in Fig. 
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4b, e). Overall, the structures of the collagen fascicles (green arrow in Fig. 4b) and IFM (red 

arrow in Fig. 4c) are different.

Next, cross tissue sections of each component were analyzed for collagen I (green 

fluorescence) and collagen IV content (red fluorescence), with results showing a clear 

separation between the paratenon, IFM, and fascicle components (Fig. 5a–c). Paratenon 

tissues stained for collagen IV (Fig. 5d, f) and collagen I (Fig. 5e, f). The net-like IFM 

tissues were also positively stained for collagen type IV (Fig. 5g, i), but relatively lower 

level for collagen type I (white arrows in Fig. 5h, i). Finally, fascicle tissues showed high 

level of positive staining for collagen type I (Fig. 5h, i), but none for collagen IV (blue 

arrows in Fig. 5g, i). Overall, the merged image (Fig. 5i) combined with semi-quantification 

(Fig. 5j) shows a clear net-like IFM (white arrows) staining with high levels of collagen IV 

and low levels of collagen I thus producing an overall orange color, with this IFM resting 

between fascicles (blue arrows), and fascicles staining with high levels of collagen I only.

Immunostaining of tendon components for the presence of vascular markers, blood 
vessel-like structures, and structure-specific stem cells

Each component within PAT was assessed for the presence of stem cells and blood vessel-

like structures in cross and longitudinal tissue sections. Initial experiments focused on 

analyzing sections for the presence of elastin (green fluorescence) and CD73+ surface 

marker for mesenchymal stem cells (MSCs; red fluorescence). Paratenon and net-like IFM 

tissue stained positively for both elastin and CD73 (Fig. 6a–d). Fascicles were negatively 

stained with CD73 (white arrows indicating black/unstained regions in Fig. 6b, c, f, g), with 

only a few fascicles stained positively for elastin. Some blood vessel-like tissues were found 

in IFM, with the interior surfaces of these structures positively stained with elastin and the 

exterior positively stained with CD73 (yellow arrows in Fig. 6e–h). Some large areas were 

positively stained with CD73 due to a high density of CD73+ cells. Similar results can be 

found elsewhere (Monteiro et al. 2018; Tan et al. 2019). Semi-quantification supports these 

results, showing elevated levels of elastin and CD73 within both the paratenon and IFM 

tissues in comparison to minimal levels within fascicles (Fig. 6i).

Cross-sectional tissue sections (Fig. 7) showed evidence of pericytes (CD105, red 

fluorescence) and blood vessels (CD31, green fluorescence) within specific components. 

Phase contrast imaging (Fig. 7a, f) and H33342 staining (blue in Fig. 7b, g) shows a clear 

separation of the paratenon, IFM, blood vessels, and fascicles. Paratenon tissues were 

stained positively for both CD105 and CD31 (Fig. 7h–j). Overall net-like IFM tissues 

contained both pericytes and blood vessels, as evidenced by CD105 and CD31 markers (Fig. 

7c–e, h–j) concentrated on the interior of these blood vessel tissues (white arrows in Fig. 7c–

e). However, fascicle tissues did not show staining for either CD105 or CD31, suggesting 

that they may not contain pericytes or vessels (empty areas in Fig. 7c–e, h–j). Semi-

quantification of these results supports our immunostaining findings, showing elevated 

CD31 and CD105 within both the paratenon and IFM, and low levels within fascicles (Fig. 

7k).

Cross section staining results were analyzed for the presence of CD146 endothelial marker 

(red fluorescence) and collagen type I (green fluorescence), again showing a clear separation 
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of the paratenon, IFM, and fascicle structures (labeled with arrows in Fig. 8a). The 

paratenon and IFM were stained positively for both CD146 and collagen type I markers (Fig. 

8b–e), and fascicles were stained with collagen I only (yellow arrows and white outlined 

structures Fig. 8b–e). Semi-quantification was performed on images a-d, showing that IFM 

is enriched for CD146 in contrast to fascicles which were enriched for collagen I (Fig. 8f). 

Longitudinal sections further confirmed our CD146 staining results. IFM structures 

displayed a higher level of staining for endothelial cell marker CD146 (white outlined 

structure in Fig. 8g–i) but a few fascicle cells were also positively stained with CD146 

(white arrows in Fig. 8g–i).

Osteocalcin, α-SMA, and TPPP expression in PAT

We assessed cross and longitudinal sections of each component for the presence of 

osteocalcin (Wang et al. 2017), tubulin polymerization promoting protein (TPPP) (Harvey et 

al. 2019; Staverosky et al. 2009), and α-SMA (Bi et al. 2007; Dyment et al. 2014; 

Geevarghese and Herman 2014; Grcevic et al. 2012) (red fluorescence in Fig. 9), all 

previously described markers that are present within TSCs. Osteocalcin was found within 

the paratenon (white double-headed arrow in Fig. 9a) and IFM tissues (Fig. 9b–e), and 

negatively stained in fascicles (green arrows in Fig. 9a–e). Smooth muscle actin (α-SMA) 

was only positively stained in surrounding blood vessel-like tissues within the paratenon 

(Fig. 9f) and IFM (Fig. 9g–j), while overall IFM and fascicles (green arrows) were 

negatively stained with α-SMA (Fig. 9f–j). Additional staining was carried out for tubulin 

polymerization promoting protein (TPPP) staining. Our results show that paratenon tissues 

(Fig. 9k) were highly stained for TPPP, with a low level of staining within some IFM tissues 

(Fig. 9l–o). However, fascicles were not positively stained with TPPP (green arrows in Fig. 

9k–o). Semi-quantification of this data shows the paratenon and IFM to be predominant 

components that express each of these markers (Fig. 9p). This is in contrast to fascicles, 

which exhibited only minimal levels of each.

Localization of Substance P within tendon components

Our results show that substance P (SP) was localized specifically surrounding blood vessel-

like structures (red fluorescence) within the paratenon (Fig. 10a, e) and IFM (Fig. 10b–d, f–

h), but the fascicles (white arrows) and overall IFM tissues (yellow arrows) were negatively 

stained (Fig. 10 b–d, f–h). Again, semi-quantification supports our results, showing that SP 

is highly expressed within the paratenon and IFM tissues compared to fascicles (Fig. 10i). 

With our combined immunostaining results, our data suggests that paratenon, IFM, and 

fascicles perform different yet complementary functions. Table 1 summarizes the data from 

Figs. 1–10 of the analysis of tissue sections.

Immunostaining of in vitro cell populations from paratenon, IFM, and fascicles

Cells were isolated from each specific component, cultured, and analyzed for differences in 

morphology and population doubling time (PDT). In general, individual stem/progenitor 

cells give rise to colonies, however mature or fully differentiated cells do not. Primary 

cultures showed that cells isolated from paratenon were endothelial-like cells (Fig. 11a), and 

cells isolated from the IFM exhibited cobblestone-like morphology and formed colonies 
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with the typical features of stem cells (Fig. 11b). Fascicle cells were elongated in shape 

without forming colonies (Fig. 11c), and exhibited characteristics of fibroblast-like cells as 

suggested by their morphology, multi-differentiation potential, and population doubling time 

(PDT). After 21 days in three differentiation media, both paratenon cells and IFM cells 

expressed lipid droplets (Fig. 11d, e), calcium-rich deposits (Fig. 11g, h), and proteoglycans 

(Fig. 11j, k). However, only a few fascicle cells were positively stained for lipid droplets 

(Fig. 11f), calcium-rich deposits (Fig. 11i), and proteoglycans (Fig. 11l).

With additional culturing, passage 2 cells were utilized for PDT analysis, with results 

showing paratenon cells produced the shortest PDT of the three populations. Thus, 

paratenon cells grew faster than the other two cell populations as indicated by PDT values of 

the three populations of cells (Fig. 11m). Thus, each tendon component displayed a unique 

property in terms of cell morphology and PDT.

Additional staining was performed on isolated cells from each component for specific stem 

cell and vascular markers. Our results showed that although all three cell populations 

expressed elastin, elevated levels can be seen in the paratenon and IFM cells in comparison 

to lower levels within fascicle cells (Fig. 12a–c). The paratenon and IFM cells expressed 

high levels of collagen IV (Fig. 12d, e), with only a few fascicle cells expressing collagen IV 

(Fig. 12f). The paratenon also expressed collagen type I (Fig. 12g), however the relative 

level of expression was lower, compared to fascicle cells that expressed high levels of 

collagen type I (Fig. 12i). IFM cells, on the other hand, did not have any collagen type I 

staining (Fig. 12h). Our data is supported by semi-quantification of these slides, showing 

elevated elastin and collagen IV within the paratenon and IFM tissues, and elevated levels of 

collagen I within fascicles (Fig. 12j).

Finally, isolated cells were assessed for the expression of specific stem cell and vascular 

markers. Both paratenon and IFM cells expressed CD73 (Fig. 13a, e) and CD146 (Fig. 13b, 

f) to similar levels, however only a few fascicle cells were positively stained for both 

markers (Fig. 13i, j). Furthermore, both paratenon and IFM cells expressed vascular cell 

markers CD105 (Fig. 13c, g) and CD31 (Fig. 13d, h) to similar levels, with fascicle cells 

expressing CD31 at much lower levels (Fig. 13l) without any expression of CD105 (Fig. 

13k). Overall, both the paratenon and IFM isolated cell cultures contained vascular stem/

progenitor cell populations, in direct contrast with isolated fascicle cells, and is supported by 

our semi-quantification of this data (Fig. 13m). These results are in agreement with 

immunohistochemical results of the porcine Achilles tendon in Table 1. In vitro results from 

Figs. 11–13 are summarized in Table 2.

Discussion

Considering the lack of sufficient understanding of the tendon substructure, we characterized 

juvenile porcine midportion Achilles tendons in terms of their detailed structure, vascularity, 

and presence of specific vascular stem cells. Specifically, structural analysis of the paratenon 

and IFM showed a loose membrane-like tissue interconnected with blood vessels extending 

from the paratenon into the net-like IFM, in contrast to well-organized collagen fascicles 

that lacked vascularity. In addition to the similarity in overall structure and vascularity, 

Zhang et al. Page 10

Cell Tissue Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



paratenon and IFM harbor similar stem/progenitor cell populations, specific collagen IV 

content, and localization of SP within blood vessel structures. In contrast, fascicles with high 

collagen I lack the above characteristics. The cells isolated from each structure component 

also displayed differential properties in terms of their morphology, multi-differentiation 

potential, stem cell marker expression, and proliferation.

Tendon is generally described as a hypovascular structure, however specific substructures of 

tendon does contain evidence of vascularity (Ahmed et al. 1998; Doral et al. 2010; Fenwick 

et al. 2002). Our findings on the structural analyses of PAT show the presence of blood 

vessel-like structures extending from the paratenon into the IFM. This is in agreement with 

similar structural studies, including human Achilles tendon, detailing a highly vascularized 

paratenon, with blood vessels running from the outer layers into the endotenon (IFM), 

surrounding avascular collagen fiber bundles or fascicles, as discussed in great detail 

elsewhere (Ahmed et al. 1998; Dederer and Tennant 2019; Doral et al. 2010; Fenwick et al. 

2002). Our results are consistent with previous findings supporting tendon vascularization 

(Benjamin et al. 2008; Fenwick et al. 2002; Tempfer and Traweger 2015) as well as a recent 

study showing vascularization of the IFM within the equine superficial digital flexor tendon 

and common digital extensor tendons (Godinho et al. 2017). The study of tendon vascularity 

has been used to make conclusions about tendon repair, with research suggesting that the 

level of vascularity is linked to the level or quality of tendon healing and repair at the site of 

injury. Cells isolated from the peritenon (the combined structure of the paratenon and 

epitenon) or perivascular structures have been shown to express cell markers related to both 

mature tendon tissue and mesenchymal stem cells (Tempfer et al. 2009), as well as 

exhibiting clonogenicity and multipotency (Zhang et al. 2019). While it is understood that 

the paratenon in young adult human tendon is highly vascularized, vascularity decreases 

with age leading to poorly vascularized tendon (Fenwick et al. 2002). Tendon vascularity, 

such as in Achilles tendon, is not uniform throughout the entirety of the tendon, which is 

considered to be a reason why human midportion tendon region, weakened by tendinopathic 

lesions, is highly susceptible to rupture (Dederer and Tennant 2019; Doral et al. 2010). Our 

results showed that vascularity is present in midportion PAT, but this vascularity is not 

uniform between all three substructures; the paratenon and IFM are vascular as shown 

through structural studies and the presence of vascular cells within them, while the tendon 

core region, i.e. the fascicles, is largely avascular.

Our data also shows that paratenon and IFM contain high levels of collagen IV, in contrast to 

core fascicle tissues with no collagen IV, but high levels of collagen I. Since collagen IV is 

an integral component of vascular basement membrane (Boudko et al. 2018), our 

observation further substantiates that paratenon and IFM indeed harbor vessels. The 

paratenon and IFM had relatively lower level of collagen I compared to that in fascicles. The 

main components of paratenon are known to be collagen I and III (Kannus 2000; Williams 

1986), and IFM also contains small amounts of a variety of collagens including collagen I 

and III (Sodersten et al. 2013; Thorpe et al. 2016a). However, collagen III can also be found 

in low amounts within fascicles (Thorpe et al. 2016a), making it an imperfect marker for this 

immunostaining research when attempting to characterize unique or separate markers for 

each component. We also found higher levels of elastin in paratenon and IFM compared to 

low levels in fascicles. Elastin is sparsely distributed in fascicles (Kannus 2000), but it is 
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concentrated within the IFM in equine models, and contributes to the overall elasticity 

within this structure by facilitating sliding and recoiling between fascicles (Godinho et al. 

2017; Thorpe et al. 2016b). Thus, our data clearly show that the IFM contains high levels of 

elastin.

Substance P (SP) is a mechanoresponsive neuropeptide known to be found in the area of 

nerve fascicles and fibers surrounding blood vessels, and is known to be involved in tendon 

pain (Andersson et al. 2007; Andersson et al. 2008). SP plays a role in pain transmission, 

cell growth and angiogenesis (Fan et al. 1993), vasodilation and increased vascular 

permeability (Lam and Yip 2000), as well as a role in improved healing in rat Achilles 

tendon (Burssens et al. 2005; Steyaert et al. 2006). SP has also been shown to be present in 

the region surrounding blood vessels in the paratenon and epitenon of human healthy and 

tendinopathic mid-portion Achilles tendon tissues (Ackermann et al. 2003; Ackermann 

2016; Bjur et al. 2005), and may play a role in fibrotic tendon healing and pain (Barbe et al. 

2019). Our results support this localization of SP, showing expression in and around blood 

vessels within the paratenon and IFM but lacking in fascicles, suggesting a role for SP in 

pain transmission through blood vessels in the event of tendon injury. More research is 

needed in order to understand how SP and tendon vascularity impact tendon damage, 

healing, and repair.

With regard to the cell population in the three components, our results show the presence of 

specific stem cell populations, including MSC markers CD73, CD105, and CD146 

(Dominici et al. 2006; Lv et al. 2014; Maleki et al. 2014; Monteiro et al. 2018; Tan et al. 

2019). Both paratenon and IFM display CD73 surface marker for MSCs, while fascicles 

lacked the expression. Similar results were seen with vascular endothelial markers CD105 

and CD31, with elevated levels of expression in the paratenon and IFM, but only minimal 

levels within fascicles. These results further support the presence of vascularity in paratenon 

and IFM, but not in fascicles. Additionally, CD146 is one of the markers that identifies TSCs 

(Bi et al. 2007; Rui et al. 2010; Zhang and Wang 2010). Our results show that it is highly 

expressed in paratenon and IFM (Fig. 8f), and at minimal levels in fascicles. Previous 

studies have identified distinct populations of TSCs either from the paratenon or tendon 

proper suggesting that different progenitor populations exist within distinct niches at the 

tendon proper and paratenon (Cadby et al. 2014; Mienaltowski et al. 2013; Tan et al. 2013; 

Walia and Huang 2019; Zhang et al. 2019).

Osteocalcin, α-SMA, and TPPP are markers that have been presented in the literature as 

specific markers of progenitor cell populations within tendon (Dyment et al. 2014; 

Geevarghese and Herman 2014; Grcevic et al. 2012; Harvey et al. 2019; Staverosky et al. 

2009; Wang et al. 2017). Our results show the presence of all three markers with variability 

between each in localization and expression level within PAT. Osteocalcin is present within 

the paratenon and IFM, previously described as a specific marker for tendon sheath specific 

stem progenitor cells in mice involved in facilitating tendon healing and repair by activating 

hedgehog signaling (Wang et al. 2017). Osteocalcin is strongly stained near blood vessels, 

suggesting that cells expressing osteocalcin may circulate throughout the tendon or 

elsewhere. Our results with TPPP staining, in regards to their role in tendon sheath 

embryonic development and as a marker for paratenon sheath tendon stem cells that 
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facilitate healing and repair (Harvey et al. 2019; Staverosky et al. 2009), indicate that TPPP+ 

cells are present in both the paratenon and IFM tissues, but absent in fascicles. Our results 

also show localization of α-SMA surrounding blood vessels within the paratenon and IFM. 

Alpha-SMA is known to be highly expressed within smooth muscle cells in blood vessels, 

and act as a marker for tendon progenitor cells, MSCs, and perivascular cells (Bi et al. 2007; 

Dyment et al. 2014; Geevarghese and Herman 2014; Grcevic et al. 2012). It remains to be 

seen how these markers respond to tendon injury and trauma, and how these cells may 

migrate within the connected paratenon-IFM structure. The role of these specific cellular 

populations and the level of coordination that may occur between these populations in regard 

to responding to early or late stage tendon injuries, requires more research.

This study has certain limitations. While porcine tendon provides a clear evaluation of 

specific components not known to exist within rats or mice, pigs are quadruped animals, and 

thus a direct translation of our results to humans must be further explored through a careful 

comparison to human specimens. However, the ability to obtain fresh human tendon in large 

quantities sufficient to obtain consistent results is limited. Secondly, while we have 

characterized collagen fascicles in terms of collagen content and cell types, fascicles are 

composed of many small components, such as decorin and aggrecan. Additionally, more 

sensitive methods like fluorescence activated cell sorting (FACS) analysis are needed to 

identify and create a pool of each of these sub-populations of stem cells specific to each 

component. Such sophisticated analysis will overcome the limitation of this study that used 

only immunocytochemical analysis from cultures that may have been impure.

In conclusion, our results have shown that the vascularity of PAT substructures are not 

uniform throughout the tissue. While paratenon and IFM are highly vascular, these 

structures extend into the tendon surrounding the tendon core fascicles which are avascular. 

The paratenon and IFM are structurally and cellularly different from fascicles. However, it is 

possible that the paratenon and IFM may harbor similar but also separate sub-populations of 

stromal cells and tendon/stem progenitor cells that may have differential functions in tendon 

healing and repair. Further studies are warranted to assess how specific cell populations 

within each component contribute to healing and repair of tendon following injury.
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Fig. 1. Gross examination of PAT.
Gross examination shows typical structural features of the Achilles tendon with three 

distinct compartments (a). The surface of the PAT is covered with paratenon (red arrows in 

a, b, d), the core part under the paratenon is formed by collagen fascicles (blue arrows in b, 
c), and the IFM with membrane-like structures are found between the fascicles (yellow 

arrows in b, c). When paratenon and IFM are removed, the white collagen fibers are left 

(pink arrow in e).
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Fig. 2. Histological analysis of PAT by H&E staining of cross and longitudinal tissue sections.
The results show that the PAT at least has three different components: paratenon, IFM, and 

fascicles. The tendon surface is covered by the paratenon (black arrows in a, d), with the 

loose net-mesh of the IFM between the collagen fiber bundles (red arrows in a-f). The core 

tendon structure is formed by high-density collagen fiber bundles (blue arrows in a-f). Some 

blood vessel-like tissues extend from the paratenon (green arrows in a, d) to the IFM (green 

arrows in b, c). The cells in the collagen fibers are elongated in shape (yellow arrows in f), 
however, the cells in IFM exhibit a round shape (white arrows in f). Images a, b, d, and e 
represent separate tissue sections. Image c is the enlarged image of b, with a correlating blue 

box. Image f is the enlarged image of the black box in image e. Black bars: 200 μm; Blue 

bars: 50 μm.
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Fig. 3. Histological analysis of PAT by Safranin O & Fast Green staining of cross and 
longitudinal tissue sections.
Results show that the PAT at least has three different components, with the tendon surface 

covered by paratenon (yellow arrows in a), and a loose net-mesh of the IFM between the 

collagen fiber bundles (red arrows), and a core component formed by high-density collagen 

fiber bundles stained with fast green. Some blood vessel-like tissues are extended from 

paratenon to IFM (black arrows in a-d, g, h). Images a-c and e-g are separate tendon 

sections. Images d and h are enlarged images of c and g, respectively, with correlating blue 
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and green boxes outlining the enlarged regions. White bars: 500 μm; Red bars: 200 μm; 

Black bars: 50 μm.
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Fig. 4. Scanning electronic microscope (SEM) imaging analysis of PAT.
SEM images of cross and longitudinal sections show a loose net-mesh IFM (red arrows) 

between the collagen fiber bundles, with the IFM harboring blood vessel-like tissues (yellow 

arrows in a, d, f). The core structure of the tendon (white arrows in a, d) is formed by high-

density collagen fiber bundles organized into collagen fascicles (green arrows in b, e). 

Overall, the structures of the IFM (red arrow in c) and the collagen fascicles (green arrow in 

b) are completely different. The image f is the enlarged image of d, with a correlating red 

box. Green bars: 300 μm; Yellow bar: 50 μm; White bars: 10 μm; Red bar: 2 μm.
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Fig. 5. The differential collagen expression in paratenon, IFM, and fascicles.
Cross-sectional tissue sections were evaluated for collagen I (green fluorescence) and 

collagen IV (red) expression by immunofluorescent staining. Whole tendon tissue staining 

in images a-c, with enlarged images in blue and yellow boxes in d-f and g-i, respectively. 

Images c, f, and i represent merged images. Clear boundaries between the paratenon and 

IFM/Fascicles are represented within a by a white boundary line and appropriate labels. 

Paratenon tissues are positively stained for collagen IV (d, f), and collagen I (e, f), albeit its 

level appears lower than collagen IV. The IFM tissues are positively stained by collagen IV 

(g, i), but produced low levels of collagen I staining (net-like structure, white arrows in h, i). 
Fascicle tissues show strong positive staining by collagen I (h, i), but they are negatively 
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stained by collagen IV (blue arrows in g, i). Semi-quantification of these images is displayed 

in figure j. *p < 0.001(IFM compared to paratenon); **p < 0.001 (fascicles compared to 

paratenon and IFM). White bars: 100 μm; Blue bars: 25 μm.
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Fig. 6. The differential expression of elastin and CD73 in paratenon, IFM, and fascicles.
Each component is analyzed in cross (a-d) and longitudinal sections (e-h) staining for 

elastin (green) and CD73 (red) by immunofluorescent staining. Each component is labeled 

in a with white boundaries designating specific regions of the tendon. Each component is 

replicated in a-d images and in e-h images. Paratenon tissues are positively stained with 

both elastin and CD73 (a-d). The interior of blood vessel-like tissues within the IFM are 

positively stained by elastin (yellow arrow e, h), with the exterior positively stained for 

CD73 (yellow arrows in f, h). High levels of net-like IFM are positively stained by elastin 
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(a, c, e, g, h) and CD73 (b, c, f-h), whereas fascicles show a minimal amount of staining for 

elastin and are negative for CD73 (white arrows in b, c, f, g). Image d is the enlarged blue 

box area of image c. Image h is the enlarged pink box area of image g. Semi-quantification 

is displayed in figure i. **p < 0.001 (fascicles compared to both paratenon and IFM). 

Negative staining images were generated for elastin and CD73 antibodies, as described in 

the methods. Control images did not show any real signal, with only minor background 

noise (data not shown). White bars: 100 μm; Pink bars: 25 μm.
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Fig. 7. The differential vascular cell marker expression in paratenon, IFM, and fascicles.
Phase images (a, f) and H33342 images (b, g) show a clear separation between the 

paratenon, IFM, and fascicles. Designated and labeled areas in white (a, f) are repeated in 

subsequent images in a-e and f-j. Images are stained for CD105 (red fluorescence) and 

CD31 (green fluorescence). Cross sections show that paratenon tissues are positively stained 

by both CD105 (c, e) and CD31 (d, e), with blood vessel-like tissues within the IFM 

positively stained by both CD105 and CD31 on the interior surface (white arrows in c-e). 

High levels of the IFM are positively stained by both CD105 (c, e) and CD31 (green in d, e), 
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but fascicles are neither stained by CD105 (empty areas in c, e) nor by CD31 (empty areas in 

d, e). Similar results have been found in longitudinal tissue sections (f-j). Semi-

quantification is displayed in k. *p < 0.05 (IFM compared to paratenon); **p < 0.001 

(fascicles compared to paratenon and IFM). White bars: 100 μm.
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Fig. 8. The differential CD146 and collagen type I expression in tendon tissue sections.
Cross (a-e) and longitudinal (g-i) tissue sections are stained for CD146 (red fluorescence) 

and collagen I (green fluorescence), compared to Hoechst H33342 staining (h) and phase 

contrast images (h). Cross sections show paratenon tissues are positively stained for both 

CD146 (a) and collagen I (a), IFM also is stained for CD146 and collagen I (a-e), and 

fascicles are positive for collagen I (a, c-e). Semi-quantification of a-e is displayed in f. *p < 

0.001 (IFM compared to paratenon); **p < 0.001 (fascicles compared to both paratenon and 

IFM). Additional longitudinal tissue sections (g-i) show the IFM (the areas between white 

dash lines) positively stained for CD146, but very few cells in fascicles are positively stained 

by CD146 (white arrows). Thus, fascicles are only positively stained by collagen I (yellow 

arrows in b-e). The image e is the enlarged blue box area within image d which shows that 
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IFM tissues are stained positively by CD146 and fascicles are positively stained by collagen 

I. White bars: 100 μm; Yellow bar: 25 m.
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Fig. 9. Osteocalcin, alpha-smooth muscle actin (α-SMA), and tubulin polymerization promoting 
protein (TPPP) expression on PAT tissue sections determined by immunostaining.
a-e: Osteocalcin staining; f-j: α-SMA staining; k-o: TPPP staining. Cross and longitudinal 

sections are labeled on the left of the image. a, c, e: The cells were stained with H33342 

(blue) and osteocalcin (red); f, h, j: The cells were stained with H33342 (blue) and α-SMA 

(red); k, m, o: The cells were stained with H33342 (blue) and TPPP (red); b, d: Merged 

images of osteocalcin (red) and phase contrast images; g, i: Merged images of α-SMA(red) 

and phase contrast images. l, n: Merged images of TPPP (red) and phase contrast images. 
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The results showed that the paratenon (a) and IFM (b-e) are positively stained for 

osteocalcin, but fascicles are negatively stained by osteocalcin (green arrows in a-e). The 

blood vessel-like tissues within the paratenon (f) and IFM (g-j) are specifically stained for 

α-SMA, but both overall IFM and fascicles are negatively stained by α-SMA (white lines 

demarcating the IFM, green arrows for fascicles in f-j). Paratenon tissues are positively 

stained by TPPP (red fluorescence in k), while a low amount of staining can be seen within 

IFM tissues (red fluorescence in l-o). No fascicles are positively stained for TPPP (green 

arrows k-o). Semi-quantification is displayed in figure p, *p < 0.001 (IFM compared to 

paratenon); **p < 0.001 (fascicles compared to both paratenon and IFM). White bars: 200 

m; Yellow bars: 100 m; red bars: 500 m.
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Fig. 10. Differential expression of Substance P (SP) in paratenon, IFM, and fascicles.
a, c, d: Merged images of positively staining on SP (red) and phase contrast images. b: 

Tissue stained for substance P only. e, g, h: Merged images of SP (Red) and H33342 (blue). 

f: H33342 (blue) staining only. Results show that only blood vessel-like tissues in paratenon 

(a, e) and IFM (b, c, g) are positively stained by SP (red fluorescence), but fascicles (white 

arrows in b, c, f, g, h) and overall IFM tissues (yellow arrows in c, d, g, h) are negatively 

stained by SP. Semi-quantification is displayed in figure i. **p < 0.001 (fascicles compared 

to paratenon and IFM). White bars: 200 m; Yellow bars: 50 m.
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Fig. 11. Differential morphologies and population doubling time of in vitro isolated cells from 
paratenon, IFM, and fascicles.
Cells were harvested and analyzed for morphology at day 8 during primary culture. Phase 

contrast images of cells from the paratenon (a), IFM (b), and fascicles (c) were collected and 

analyzed. Isolated paratenon cells were endothelial-like, IFM isolated cells exhibited 

cobblestone-like morphology suggestive of stem cells, and isolated fascicle cells exhibited 

an elongated fibroblast-like morphology. Each cell population was assessed for multi-

differentiation potential, with oil red O staining (d-f) assessing for adipogenesis, alizarin 
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Red S staining (g-i) testing for osteogenesis, and safranin O staining (j-l) for 

chondrogenesis. The population doubling time (PDT) indicates that cells isolated from the 

paratenon grew faster than cells isolated from IFM and fascicles. Quantification of PDT is 

displayed in figure m, with resulting p values: *p = 0.014 (IFM compared to paratenon), and 

**p < 0.001 (fascicles compared to paratenon and IFM). Red bars: 100 μm.
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Fig. 12. Immunostaining of isolated cells from paratenon, IFM, and fascicles for expression of 
structural tendon proteins.
Passage 2 cells were analyzed with ICC. a-c: Elastin; d-f: Collagen IV; g-i: Collagen I; a, d, 
g: paratenon isolated cells; b, e, h: IFM isolated cells; and c, f, i: Fascicle isolated cells. All 

components expressed elastin, with high levels in the paratenon and IFM isolated cells (a, 
b), and minimal levels within fascicle isolated cells (c). High levels of collagen IV staining 

can be seen in both the paratenon and IFM (d, e), with very few positively stained cells 

within fascicle isolated cultures (f). Collagen I is apparently expressed at a low level in 

isolated paratenon (g) and is minimally expressed in IFM (h) cell cultures, while isolated 

fascicle cells presented high levels of expression for collagen I. (i). Semi-quantification is 

displayed in figure j, *p < 0.01 (fascicles compared to IFM); **p < 0.001 (fascicles 

compared to both paratenon and IFM). Yellow bars: 25 μm.
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Fig. 13. Immunostaining of isolated cells from paratenon, IFM, fascicles in vitro for expression of 
stem cell and vascular markers.
a-d: paratenon isolated cells; e-h: IFM isolated cells; i-l: fascicle isolated cells; a, e, i: CD73 

staining; b, f, j: CD146 staining; c, g, k: CD105 staining; and d, h, l: CD31 staining. Cells 

isolated from the paratenon and IFM expressed markers CD73, CD146, CD105, and CD31 

(a-d, e-h), while fascicle isolated cells only expressed CD73, CD146, and CD31 at minimal 

levels, and exhibited no expression of CD105 (i-l). Semi-quantification is displayed in figure 

m, **p < 0.001 (fascicles compared to both paratenon and IFM). White bars: 100 μm.
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Table 1

Summary of PAT Structure

Paratenon IFM Fascicle

Tendon structure Loose sheath Loose net-like mesh structure Densely packed fiber bundles

Collagen I minimal minimal +

Collagen IV + + --

Elastin + + minimal

CD73 + + --

CD105 + + --

CD31 + + --

CD146 + + minimal

Osteocalcin + + --

α-SMA + at BVs + at BVs --

TPPP + minimal --

Substance P + at BVs + at BVs --

PAT = porcine Achilles tendon; + = Positive staining; BVs = blood vessels
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Table 2

Summary of PAT Cells in Culture

Paratenon IFM Fascicle

Tendon cell morphology Endothelial-like cells Cobblestone-like; with many colonies, 
highly proliferative

Elongated fibroblast-like tenocytes; 
no colonies

PDT 33.6 hrs 40.5 hrs 50.9 hrs

Collagen I -- -- +

Collagen IV + + --

Elastin + + minimal

CD73 + + minimal

CD105 + + --

CD31 + + --

CD146 + + minimal

PAT = porcine Achilles tendon; + = Positive staining; PDT = population doubling time as reported in Fig. 11d.
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