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Abstract

Tendons/ligaments insert into bone via a transitional structure, the enthesis, which is susceptible to 

injury and difficult to repair. Fibrocartilaginous entheses contain fibrocartilage in their transitional 

zone, part of which is mineralized. Mineral-associated proteins within this zone have not been 

adequately characterized. Members of the Small Integrin Binding Ligand N-Linked Glycoprotein 

(SIBLING) family are acidic phosphoproteins expressed in mineralized tissues. Here we show that 

two SIBLING proteins, bone sialoprotein (BSP) and osteopontin (OPN), are present in the mouse 
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enthesis. Histological analyses indicate that the calcified zone of the quadriceps tendon enthesis is 

longer in Bsp−/− mice, however no difference is apparent in the supraspinatus tendon enthesis. In 

an analysis of mineral content within the calcified zone, micro-CT and Raman spectroscopy reveal 

that the mineral content in the calcified fibrocartilage of the quadriceps tendon enthesis are similar 

between wild type and Bsp−/− mice. Mechanical testing of the patellar tendon shows that while the 

tendons fail under similar loads, the Bsp−/− patellar tendon is 7.5% larger in cross sectional area 

than wild type tendons, resulting in a 16.5% reduction in failure stress. However, picrosirius red 

staining shows no difference in collagen organization. Data collected here indicate that BSP is 

present in the calcified fibrocartilage of murine entheses and suggest that BSP plays a regulatory 

role in this structure, influencing the growth of the calcified fibrocartilage in addition to the 

weakening of the tendon mechanical properties. Based on the phenotype of the Bsp−/− mouse 

enthesis, and the known in vitro functional properties of the protein, BSP may be a useful 

therapeutic molecule in the reattachment of tendons and ligaments to bone.

Keywords

bone sialoprotein; osteopontin; enthesis; quadriceps tendon; supraspinatus tendon; calcified 
fibrocartilage

1. INTRODUCTION

Members of the Small Integrin Binding Ligand N-linked Glycoprotein (SIBLING) protein 

family are associated with the mineralized tissues of the skeleton and dentition [1]. 

SIBLINGs are anionic phosphoproteins with a flexible structure and extensive post-

translational modifications. The family consists of 5 members: bone sialoprotein (BSP), 

osteopontin (OPN), dentin matrix protein 1 (DMP1), dentin sialophosphoprotein (DSPP) 

and matrix extracellular phosphoglycoprotein (MEPE), with the encoding genes located in a 

syntenic gene locus on murine chromosome five [1].

BSP is a heavily glycosylated and phosphorylated protein that is expressed at the onset of 

mineralization in hard connective tissues [2]. In cell-free systems, BSP has been 

demonstrated to be a potent nucleator of hydroxyapatite (HA), the principal mineral 

component of bone [3]. Nucleation and binding to HA by BSP is conferred by polyglutamic 

acid sequences found in the central region of the protein [3,4]. BSP also contains an N-

terminal collagen-binding domain and it is proposed that binding of BSP to collagen 

promotes HA nucleation [5,6]. Finally, BSP contains an integrin-binding RGD motif, 

located towards the C-terminus, which promotes osteoblast differentiation and matrix 

mineralization [7].

Mice in which the Bsp gene has been ablated (Bsp−/−) have a variety of skeletal and dental 

defects [8]. At 4 months of age, these mice display reduced long-bone length and cortical 

thickness, and a lower rate of bone formation, but have higher trabecular bone density than 

wild type mice [9]. However, due to incisor malocclusion phenotype on hard diet, some of 

these defects are ameliorated if Bsp−/− mice are fed a soft food diet [10]. Further studies by 

the Malaval group showed that the Bsp−/− mouse displays a delay of bone repair in cortical 
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injury models [11] and impaired bone formation and resorption in marrow ablation models 

[12].

More recently, a significant periodontal phenotype has been uncovered in the Bsp−/−mouse. 

Acellular cementum is a thin mineralized tissue found along the cervical portion of the root 

of the tooth, into which the periodontal ligament (PDL) inserts. Immunohistochemistry 

shows that acellular cementum is rich in BSP, and in the Bsp−/− mouse there is a striking 

reduction in cementum deposition [13]. Additionally, the Bsp−/− mouse PDL is 

disorganized, with poorly aligned collagen fibers that do not properly insert into the tooth 

root [10,13,14]. However, insertion of the PDL collagen into alveolar bone appears normal 

[14].

The defects observed in the PDL of the Bsp−/− mouse have spurred us to investigate other 

junctions between soft and mineralized tissue. Of particular interest is the enthesis, the 

transition site of tendon and ligament insertion into bone. Fibrocartilaginous entheses are 

found where tendons or ligaments attach to the epiphysis or apophysis of long bones [15]. 

As such, they are present at several key sites involved in locomotion, such as where the 

supraspinatus tendon (SST) of the rotator cuff meets the epiphysis of the humerus, and 

where the quadriceps tendon (QCT) inserts into the back of the patella.

Fibrocartilaginous entheses contain a fibrocartilage zone containing type II, IX, X collagen 

and fibrochondrocytes at the interface between tendon and bone [16]. Fibrocartilaginous 

entheses display 4 transitional zones: the dense connective tissue of the tendon, uncalcified 

fibrocartilage (UFC), calcified fibrocartilage (CFC), and bone. A sharp boundary occurs 

between the calcified and uncalcified fibrocartilage which is known as the tidemark. 

Entheses are largely avascular and as such, have a limited potential for regeneration [15,17]. 

Once torn away from bone, reattachment of a tendon or ligament is difficult. Indeed, the 

failure rates for repairs of massive rotator cuff tears remain high despite advances in surgical 

technique [18].

Given its HA nucleating and collagen binding properties, and the phenotype observed in the 

Bsp−/− mouse PDL, we hypothesize that BSP is present in fibrocartilaginous entheses and is 

involved in directing the mineralization and organization of these structures. In this study we 

show for the first time that the mineralized zones of murine fibrocartilaginous entheses 

contain the SIBLING proteins BSP and OPN, and that the loss of BSP results in a 

morphological abnormality of the QCT enthesis as well as a mechanical defect in the 

patellar tendon.

2. RESULTS

2.1 BSP and OPN are present in the mineralized tissues of fibrocartilaginous entheses

Immunohistochemistry was performed to identify BSP in the murine fibrocartilaginous 

entheses. BSP was detected in the calcified fibrocartilage (CFC) of the QCT and SST 

entheses, as well as the adjacent bone (Fig. 1). Additionally the presence of OPN was 

identified in the enthesis, and its tissue distribution mimics that of BSP. The absence of BSP 
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and OPN immunostaining in the mineralized tissues was confirmed in Bsp−/− and Opn−/− 

mice, respectively (Fig. 1).

2.2 Bsp−/− mice exhibit abnormalities in the calcified fibrocartilage of the enthesis

In order to study BSP’s role in the murine fibrocartilaginous enthesis, histological 

characterization of two selected entheses was performed. The QCT enthesis was chosen due 

to its large size, as well as ease of access. It was thought that differences between wildtype 

and Bsp−/− animals would be more pronounced in a larger enthesis. The SST enthesis was 

chosen due to its medical relevance, as avulsion of the SST from the humeral head is a 

common rotator cuff injury.

Tide mark to bone lengths (corresponding to the CFC) in 15 week-old Bsp−/− entheses were 

measured (Fig. 2A,B,E,F, Table 1, Supplemental Fig. 1). At 15 weeks of age, there is a 28% 

increase over wild type in the length of the QCT CFC in Bsp−/− mice (p<0.05, n=5). In 

addition, 14 month-old wild type and Bsp−/− entheses were analyzed (Table 1). Although the 

availability of mice at this time point was limited (n=3), older Bsp−/− animals did trend 

towards an increase with an extension in length of 41% over littermate wild type animals of 

the same age (Table 1). No difference was observed in wild type QCT CFC lengths between 

the 15 week and 14 month age groups. In contrast, SST CFC lengths did not significantly 

differ between wild type and Bsp−/− mice in either age group (Fig. 2E–H). Von Kossa 

staining of the QCT and SST enthesis indicate approximately equivalent mineral content in 

the CFC of the wild type and Bsp−/− 15 week old mouse enthesis (Fig. 2C,D,G,H).

As BSP is postulated to play a direct role in mineral deposition, mineralization analysis was 

initially performed using micro-CT. The QCT enthesis was again chosen for this analysis in 

part because of the previously highlighted abnormality in the length of this enthesis in 

Bsp−/− mice and also due to the ease of locating this structure using microCT. Discerning the 

exact location of enthesis CFC via microCT is normally difficult since CFC and bone have 

similar radioopacity, however the location of the QCT CFC is relatively easy to determine as 

it occupies the majority of the posterior of the patella. Furthermore, by delineating a 3-D 

volumes of interest (VOI), we were able to minimize the contribution of bone to the mineral 

density measurements.

We analyzed the degree of mineralization along the length of the QCT enthesis. Micro-CT 

analysis demonstrated that radiodensity in the region corresponding to the CFC of the QCT 

enthesis increased rapidly and then plateaued (Fig. 3A,B). No statistically significant 

difference in radiodensity was observed between wild type and Bsp−/− mice, suggesting that 

mineral content in the Bsp−/− QCT enthesis is normal (Fig. 3C,D). A slight increase in 

radiodensity was observed in the region immediately after the tidemark (region of interest: 

0.04–0.08 mm) of the Bsp−/− QCT enthesis compared to wild type, suggesting that higher 

levels of mineral are present in this region in the Bsp−/− mouse, however the difference was 

not statistically significant (Fig. 3A,B).

Previously, the mineral gradient that occurs at the tidemark was measured to be 

approximately 20 μm in length, and this length was constant at several developmental 

timepoints [20]. Of relevance, past studies have shown that a gradient of mineral is present 
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along the enthesis where it is believed to play a role in stress dissipation [19,20]. Since the 

resolution of the micro-CT analysis was limited to 13.5 μm, to obtain more definitive 

analysis, Raman spectroscopy, which has a resolution of approximately 0.5–0.75 μm, was 

used to determine the gradient of mineral content. An additional advantage of Raman 

spectrocopy is that scan points were initally determined using light microscopy, making the 

distinctions between the zones of the enthesis obvious. Thus, the exact location of the 

tidemark as well as the CFC-bone junction are well defined, ensuring that only CFC was 

measured.

We used Raman spectrocopy to analyse the relative difference in intensity between the P-O 

bonds (peak at 960 cm−1) of phosphate ions of HA to the organic C-H bonds (peak at 2940 

cm−1) of the organic matter present in the tissue (mostly collagen), in Bsp−/− and wild type 

mice (Fig. 4A). Raman analysis mirrored our micro-CT findings. Mineral content increases 

rapidly at the tidemark in both Bsp−/− and wild type mice and then plateaued, with relatively 

equal levels of mineral being present in both sets of mice (Fig. 4B). Similar to micro-CT 

analysis, there appears to be a minor increase in mineral near the tidemark (first 10–15 μm 

past the tidemark), based on the analyses of individual Bsp−/− mice (Fig. 4C,D); however, 

due to the highly variable nature of Raman signals, statistical significance was not found 

(p>0.05).

2.3 Mechanical testing suggests a weakened patellar enthesis in Bsp−/− mice

Abnormalities noted in the CFC of the QCT enthesis prompted us to determine whether the 

strength of Bsp−/− enthesis is compromised. Ideally the strength of the QCT would be 

determined directly; however, mechanical studies on this particular tendon are not as easily 

done as the patellar tendon. The QCT is a short tendon which connects the muscles of the 

quadriceps to the posterior of the patella. As such the proximal end of the QCT cannot be 

mounted into the mechanical testing apparatus. Instead the strength of the patellar tendon, 

which connects the anterior of the patella to the proximal tibia, was analyzed.

Mechanical testing performed on the patellar tendon, which links the patella to the proximal 

end of the tibia, indicated that its cross-sectional area was approximately 7.5% larger in 

Bsp−/− mice than wild type (p<0.05)(Fig. 5A). The load required to fail the patellar tendon is 

similar for both genotypes (Fig. 5D). Although the failure loads are the same, the failure 

stress, which is load per cross-sectional area, is decreased by 16.5% (p<0.05), indicating that 

Bsp−/− mice have a weaker patellar tendon compared to wild type (p<0.05) (Fig. 5B). 

Regardless of genotype, the patellar tendon failed at different positions along its length, with 

some failures occurring at the enthesis while others occurred at the tendon midsubstance 

and, in some cases, failed at more than one location (Fig. 5C). Unexpectedly, the local 

elastic moduli of Bsp−/− patellar tendon at three different regions: 1) patellar insertion, 2) 

midsubstance, and 3) tibial insertion, were found to be similar to wild type (Fig. 5G–I). In 

addition, the overall percent relaxation and stiffness of the Bsp−/− patellar tendon were not 

affected (Fig. 5E,F).
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2.4 Collagen organization is not affected by the loss of BSP

Given the mechanical deficit observed, as well as the disorganization seen in the periodontal 

ligament [13], collagen organization was assessed by picrosirus red staining. Images of wild 

type and Bsp−/− SST and QCT entheses were taken using circularly polarized light (Fig. 6). 

No striking difference in collagen organization was observed.

3. DISCUSSION

BSP is an extracellular matrix protein present in mineralized tissues including bones and 

teeth. Here we demonstrate for the first time that BSP is also present in the CFC zone of the 

fibrocartilaginous enthesis. OPN was identified for the first time in this structure as well. 

The absence of BSP resulted in a lengthening of the CFC in the QCT enthesis. Furthermore, 

the Bsp−/− patellar tendon has an increased cross-sectional area and lower failure stress, 

however, the overall collagen organization and mineral content of the Bsp−/− QCT enthesis 

appeared to be normal. Our findings suggest that BSP plays a role, though undefined, in the 

fibrocartilaginous enthesis.

3.1 Role of altered calcified fibrocartilage zone of the Bsp−/− QCT enthesis

In this study, we have shown that BSP, a protein with demonstrated potency to promote 

mineral formation in vitro [3], is present in the CFC zone of the enthesis. In the same tissue, 

we also demonstrated the presence of OPN, a close relative of BSP with inhibitory activity 

on HA formation [21]. The extracellular matrix composition of fibrocartilaginous entheses 

has been investigated previously [16,22,23], however these studies primarily focused on the 

various collagens and proteoglycans. The distribution of mineral and orientation of the 

collagen fibers in the enthesis has been shown to influence its mechanical properties 

[19,24,25,26,27]. Recent studies have indicated that the Indian Hedgehog signaling pathway 

is involved in enthesis development and mineralization of the CFC, in part because its 

ablation results in decreased mineralization and less collagen imbedded in the mineralized 

tissues [28,29,30,31]. Similarly, alkaline phosphatase, whose expression is correlated to 

mineral formation, is expressed by the differentiated fibrocartilaginous cells [29]. To our 

knowledge, the presence of the SIBLING family of mineral-associated and mineral-

modulating proteins has never been reported in the enthesis.

Our previous studies have shown that acellular cementum is deficient in the Bsp−/− mice, 

which resulted in periodontal ligament (PDL) detachment and disorganization, and 

associated periodontal tissue breakdown such as resorption of alveolar bone and tooth 

surface [13]. Minimizing the mechanical load during mastication, by changing to a soft diet, 

was not successful in ameliorating the rate of periodontal breakdown [10]. In spite of this, 

reducing the mechanical load significantly reduced the rate of incisor malocclusion, which 

affected the ability of Bsp−/− mice to feed normally. Based on the disorganization and 

detachment in the PDL, we initially hypothesized that the loss of BSP would have a negative 

effect on the collagen structure of the enthesis. However, the absence of changes in collagen 

organization in the CFC of Bsp−/− mouse enthesis suggests that BSP does not play a role in 

this.
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In the absence of BSP, the calcified fibrocartilage of the enthesis still forms and becomes 

mineralized. Furthermore, based on microCT and Raman spectroscopy the mineral density 

of the Bsp−/− QCT enthesis at 15 weeks appears relatively normal. Thus it is of interest that 

at 15 weeks, the Bsp−/− QCT enthesis is greater in length (28% increase) compared to wild 

type mice and that at 14 months the QCT CFC length appears to increase in the Bsp−/− mice 

but not wild type mice. These results indicate that CFC growth is dysregulated in BSP’s 

absence. While unexpected we can only speculate the reasons for this at the present time. 

The CFC helps to anchor the tendons or ligaments to the bone and withstand tensile and 

shear loads under minimal movement. The enthesis fibrocartilage is a dynamic tissue that 

responds to mechanical load. Thus, the observed increased length in the QCT of the CFC 

zone is likely a compensation to strengthen the CFC-bone interface by allowing for greater 

dissipation of stress.

Extensions of the mineralized zones of entheses have been documented in other studies. 

Polisson et al. have reported lengthening of the mineralized tissues of tendon and ligament 

insertions in humans suffering from X-linked hypophosphatemic osteomalacia [32]. 

Utilizing a murine model of this disorder in which PHEX, a gene involved in phosphate 

regulation, has been inactivated, Liang et al. have shown lengthening of the CFC in the QCT 

enthesis as well as in the Achilles tendon insertion into the calcaneus and the attachment of 

the patellar tendon to the tibial tubercle [33]. Interestingly, a related disorder, autosomal 

recessive hypophosphatemia, is caused by a loss of function mutation in DMP1 [34], which 

is also part of the SIBLING protein family [1]. Characterization of the Dmp1−/− 

fibrocartilaginous enthesis, however, has not yet been described.

A curious observation of these studies is that while alterations are present in the mineralized 

tissues of the QCT enthesis, there are no apparent histological changes in the SST enthesis. 

The observation may be due to the different mechanical forces experienced by the SST and 

QCT entheses. For example, in entheses that display a large change in insertional angle 

during joint movement, a larger region of uncalcified fibrocartilage (UFC) is observed 

[15,35]. Because this enthesis zone is more pliable than either tendon or the CFC, 

researchers have hypothesized that the increased size of the UFC aids in smooth movement 

of the joint during its total range of movement. Gao and Messer suggest that the size of the 

CFC is determined by the tensile load that the enthesis experiences at puberty [36]. When 

the shoulder muscles of newborn mice were paralyzed with botulinum toxin, decreased 

mineralization near the SST enthesis in the bone was observed at 21 days of age and 

fibrocartilage failed to form at the insertion [37].

The quadriceps muscles are some of the largest and most powerful muscles in the body, in 

both mice and humans. Located on the anterior surface of the femur, they are involved in the 

extension of the leg and are used extensively during locomotion. The QCT inserts directly 

into the back of the patella. As such, the tensile force on the QCT enthesis under load is 

large and the insertional angle is small. In contrast, the supraspinatus muscle is located in the 

shoulder and its contraction drives abduction at the shoulder joint and exterior rotation of the 

arm. The muscle is smaller than the quadriceps muscles and produces loads of a lower 

magnitude. Furthermore the SST makes contact with bone at an oblique angle, wrapping 

around the head of the humerus before inserting at the SST enthesis. As such, the nature of 
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the loads in the QCT and SST entheses are quite different, and these differences may be the 

cause of the discrepancies in phenotypes observed in the Bsp−/− mouse.

3.2 Bsp−/− patellar tendon exhibits weakened mechanical properties under load

Interestingly, the Bsp−/− patellar tendon cross-sectional area is greater than the wild type; 

however, under mechanical testing, the Bsp−/− patellar tendon failed at a similar applied load 

compared to wild type. This implies that the Bsp−/− patellar tendon is weaker, as a tendon of 

larger cross-sectional area is expected to fail at higher loads. It is possible that a larger 

patellar tendon cross-sectional area observed in the Bsp−/− mouse is a compensatory 

mechanism that ensures that although the tendon is weaker, it can withstand the same loads. 

Mentioned previously, Gao and Messer have hypothesized that the size of the CFC in an 

enthesis is related to the tensile load under which it is placed during its use [36]. The 

increased size of the QCT CFC in the Bsp−/− mouse may also be compensating for a 

weakened tendon. Challenge experiments in which greater stress is placed on the Bsp−/− 

enthesis may provide insight as to how mechanical factors impact BSP’s role in enthesis 

mineralization.

Challenge experiments may also reveal a more profound defect caused by the loss of BSP 

due to compromised repair processes in the enthesis. BSP has been implicated in the repair 

of several mineralized tissues. When BSP and collagen (prepared by crosslinking BSP to 

collagen, personal communication E. Salih) are implanted into calvarial defects of 7–8 week 

old rats, new bone formation is observed [38]. Cortical defects drilled into the femurs of 

Bsp −/− mice heal slowly when compared to wild type counterparts [11,39]. Indeed, given 

BSP’s collagen binding domain, hydroxyapatite nucleating properties and cell attachment, 

signaling and migration functions, BSP may be an attractive molecule to promote repair in 

common entheseal injuries such as rotator cuff tears, however further characterization of 

BSP’s role in enthesis development is required.

Interestingly, there are many similarities between the development of fibrocartilaginous 

entheses and growth plates involved in endochondral ossification [40]. We and others have 

recently identified abnormalities in the growth plates of Bsp−/− mice as well as a delay in 

mineral deposition during endochondral ossification [41,42]. By 8 weeks however, Bsp−/− 

mice display a normal bone length when fed a soft food diet [10]. This suggests that a more 

pronounced phenotype may be present during the development of Bsp−/− fibrocartilaginous 

entheses.

These studies have identified the SIBLING proteins BSP and OPN in the CFC of the murine 

fibrocartilaginous enthesis, showing for the first time the presence of these mineral 

associated proteins in the enthesis. The enthesis phenotype of mice that lack BSP was 

examined in order to elucidate the role of BSP in enthesis fibrocartilage. In the absence of 

BSP, the growth of the CFC appears to be dysregulated in the QCT enthesis, which 

continues to increase in size well into adulthood. In the absence of BSP, the body may 

compensate with an increase in the cross-sectional area of tendons in the Bsp−/− mouse as 

was observe in the platellar tendon. Due to the known properties of BSP, it may still be 

involved at the mineralization front of the fibrocartilaginous enthesis where it likely 

contributes to a complex network of proteins, which act to control the growth of the CFC 
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and regulate mineral deposition in the enthesis. As such, BSP may ultimately prove to be a 

useful molecule in the reattachment of tendons and ligaments into bone.

4. MATERIALS AND METHODS

4.1 Animals

Animal care followed guidelines of the Canadian Council on Animal Care and Veterinary 

Services at the University of Western Ontario (Protocol #: 2008-092). Preparation and 

genotyping of Bsp−/− and wild type mice, maintained on a mixed 129/CD1 background, 

were performed as described previously [9]. Opn−/− mice were obtained from Jackson 

Laboratory (JAX Stock number 004936, Sacramento, USA) and handled as described 

previously [43]. All mice used in this study were fed a soft diet as previously outlined [10] 

and were sacrificed as required by CO2 asphyxiation. All comparisons between genotypes 

were performed on male mice born in the same litter.

4.2 Histology and Immunohistochemistry

Wild type and Bsp−/− shoulder and knee joints from 15 week old mice were harvested and 

prepared for histology as described previously, with alterations [44]. Briefly, tissues were 

fixed in neutral buffered formalin (10%) overnight at 4°C and were then decalcified in 0.65 

M EDTA pH 7.4 at 37°C for three weeks. Tissues were processed by University Hospital 

Pathology Core, London, ON, Canada, then embedded in paraffin and sectioned into 5 μm 

sections.

Immunohistochemical analysis was performed as described previously [13,42]. Sections 

were treated overnight at 4°C with rabbit anti-mouse BSP serum (courtesy of Dr. Renny 

Franceschi, University of Michigan School of Dentistry, Ann Arbor, MI), diluted 1:200 

times in 5% goat serum in phosphate buffered saline (PBS), or rabbit anti-mouse OPN 

serum (LF-175, courtesy of Dr. Larry Fisher, NIDCR, NIH, Bethesda, MD) diluted 1:200 

times in 5% goat serum in phosphate buffered saline (PBS).

Hematoxylin and eosin staining was performed with Harris’s Hematoxylin (Sigma-Aldrich) 

and Eosin Y (Sigma-Aldrich). Whole tissue von Kossa staining was performed as previously 

described [45] (Tripp and Mackay, 1972). Briefly, undecalcified tissues were fixed and 

immersed in a 2% silver nitrate solution for 2 days. Silver ions were then reduced and 

precipitated within the samples using 0.6 M sodium hypophosphite then decalcified in 10% 

formic acid and embedded in paraffin for sectioning.

For picrosirius red staining tissues were stained with Sirius red (Sigma-Aldrich) in saturated 

picric acid for 1 hour. Following staining, sections were washed in two changes of acidified 

water, then dehydrated and cleared. Specimens were imaged using circularly polarized light.

All solutions used in these protocols were made with Milli-Q deionized water unless 

otherwise indicated.
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4.3 Measurement of the calcified fibrocartilage zone

In H&E stained images, the distance between the tidemark and bone of the SST and QCT 

entheses were measured across three transverses drawn parallel to the known orientation of 

the collagen fibers based on picrosirius red staining. Measurements were performed by two 

blinded individuals, in five 15 week-old and three 14 month-old male wild type and Bsp−/− 

litter mate pairs. Bone-CFC junction was identified by the sharp but irregular boundaries 

between the CFC and the osteons of bone (Shown in Figure S1). The lengths of the triplicate 

measurements in each enthesis were averaged and these averages were compared between 

wild type and Bsp−/− mice using a parametric unpaired t-test.

While all measurements were made in the sagittal plane on the QCT enthesis, particular 

attention was made to minimize potential differences due to the angle of the plane of 

sectioning. Given the number of individual samples measured and the size of the difference 

observed between wild type and Bsp−/− CFC lengths, it is unlikely that the minor variations 

of the plane of the sectioning introduced major artifactual discrepancies.

4.4 Mechanical testing

Immediately after euthanization, the hind limbs (n =15 per genotype) of 15 week old mice 

were removed and wrapped in phosphate buffered saline (PBS) soaked gauze, then stored at 

−20°C prior to mechanical testing. After thawing, the skin of the contralateral limbs was 

removed and the patella-patellar tendon-tibia complexes were carefully dissected under 

magnification, as described previously [46]. The tendon cross-sectional area was measured 

using a custom laser-based device. The anterior surface of each tendon was speckle-coated 

with Verhoeff’s stain to facilitate optical strain measurement. Prior to mechanical testing, the 

tibia was potted in polymethyl methacrylate (PMMA) and the patella was gripped with 

custom aluminum fixtures. The specimens were then loaded into a materials testing system 

(Instron, Model 5848; Norwood, MA, USA) with a 10 N load cell. Throughout the testing, 

the specimen and fixtures were submerged in a PBS bath maintained at 37°C. All specimens 

were tested using a modified version of the protocol outlined in Dunkman et al. [46]. Briefly, 

the protocol consisted of preloading and preconditioning followed by 300 second hold and 

stress relaxation at 5% strain. After a return to gauge length, a ramp to failure at 0.1%/s was 

performed to measure the failure load of the specimens. For data analysis, modulus was 

calculated using optical tracking software for each tendon at three regions: (1) the patellar 

origin (1 mm distal to the patella), (2) tendon mid-substance and (3) tibial insertion (1 mm 

proximal to tibial insertion).

4.5 Microcomputed Tomography

Microcomputed tomography (μCT) analysis of the patella was performed prior to 

decalcification using the eXplore Locus SP scanner (GE Healthcare, London, ON, Canada). 

2D images were acquired using an X-ray tube with a voltage of 80 kVP and a current of 80 

μA, with a 0.508 mm Al filter. The exposure interval time of the scanner was 1600 msec/

frame at 4 frames/view. In total, 900 views were obtained at 0.4 degrees angular increments. 

The data were reconstructed at a spatial resolution of 13.5 μm. All reconstructed data were 

calibrated with a cortical bone phantom (SB3; Gammex RMI, Milwaukee, WI, USA) with a 
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hydroxyapatite equivalent of 1,100 mg/cc (White 1978), as well as water and air. Data were 

analyzed with MicroView ABA version 2.2 (GE Healthcare).

For patellar analysis, 5 mice per genotype were used. Quantification of mineral density was 

performed on 3D cubical volumes of interest (VOIs; 20 × 20 × 20 voxels) identified at the 

base area, where attachment of the quadriceps tendon occurred.

For measurement of mineral density distribution along the tendon-to-bone insertion, three 

parallel transverse line measurements were obtained and averaged for each region of interest 

(ROI). The lines were defined manually along the CFC of the QCT enthesis.

4.6 Raman spectroscopy

Three pairs of male wild type and Bsp−/− littermates aged 15 weeks were euthanized, and 

the patellae were carefully dissected out immediately following death. Patellae were then 

immersed in optimal cutting temperature (O.C.T) media (Tissuetek) and snap frozen. 

Sagittal sections (10 μm) of the patellae were cut in a cryostat, sections were quickly fixed, 

washed and dehydrated using an ethanol gradient, and then stored −80°C until scanning.

The apparatus used for Raman spectroscopy was a LabRAM HR (Horiba-Jobin-Yvon, 

Kyoto Japan) combined with an inverted optical microscope (IX71, Olympus, Tokyo, Japan) 

and interfaced with a piezoelectric positioning stage (TAO stage, JPK Instruments Inc., 

Berlin, Germany). The protocols used were adapted from those described by Schwartz et al. 
[20]. Raman spectra were collected using an excitation source of 632.8 nm with a power of 

10 mW at the sample. The beam was focused onto the sample surface by a 100× objective 

(N.A. 0.9) allowing for a beam diameter between 0.5 and 0.75 μm. A grating of 600 

grooves/mm was used and the pinhole of the spectrometer was opened to 200 μm. Each 

spectra was collected between 200 and 4000 cm−1 for 10 seconds and averaged over 5 

accumulations. The sample was preliminary step-scanned with 1 μm step between 

successive points. Scans were performed along a line crossing the tide mark, the Raman 

spectra of which was used to confirm precise location of the mineral interface. Once the tide 

mark was identified, Raman spectra were then collected using 20 μm intervals.

Peak intensity (height) was measured at 960 cm−1, representing the P-O bonds of 

hydroxyapatite, and 2940 cm−1, representing the C-H bonds of collagen and other proteins. 

After baseline correction, the P-O peak was normalized to the C-H peak, based on the 

assumption that the collagen content of the sample was constant at all points measured. 

Normalized 960 cm−1 hydroxyapatite P-O peak intensities were then compared between 

wild type and Bsp−/− samples. For each individual QCT enthesis, three separate linear 

measurements were made per enthesis, as described in the figure legends, lines of 

measurement were drawn from tidemark to bone in the orientation of the collagen fibers of 

the CFC.

4.7 Statistical analyses

Quantitative data are expressed as mean ± standard deviation. For enthesis length and 

mechanical comparisons, statistical analyses between experimental groups were performed 

using an unpaired parametric t-test. For micro-CT and Raman spectroscopy, differences 
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between wild type and Bsp−/− mice were investigated using repeated measures two way 

ANOVA. All statistical analysis were performed with Prism version 6.00 (GraphPad 

Software, La Jolla, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• We identified bone sialoprotein and osteopontin in the mineralized murine 

fibrocartilaginous entheses

• Histological analysis of Bsp−/− mouse revealed that the quadriceps tendon 

enthesis in these mice are 28% longer than wild type mice at age 15 weeks

• Mechanical testing of the Bsp−/− patellar tendon revealed a thicker yet 

mechanically inferior tendon as compared to wild type.

• Mineral content of the Bsp−/− enthesis, as measured my micro-CT and Raman 

spectroscopy, is similar to that of wild type mice.
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Figure 1. SIBLING proteins are present in the calcified fibrocartilage of the SST and QCT 
entheses
Immunohistochemistry was performed to detect the presence of BSP and OPN protein 

(brown staining) in the quadriceps tendon enthesis (QCT) and supraspinatus tendon enthesis 

(SST). BSP and OPN were detected in the bone and calcified fibrocartilage of these entheses 

and are not present beyond a sharp boundary representing the tidemark between the CFC 

and UFC. Negative controls for BSP and OPN immunostaining were performed on Bsp−/− 

and Opn−/− mice. No staining in the CFC of the knockout mice was detected. Animals are 

15 week old male wild type 129/CD1 mice. CFC: calcified fibrocartilage, UFC: uncalcified 

fibrocartilage, bar = 100 μm
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Figure 2. Morphology of the calcified fibrocartilage is altered in Bsp−/− mice
(A,B,E,F) Staining with hematoxylin and eosin was used to assess gross morphology. An 

extenson of the calcifed fibrocartilage was observed, as measured from tidemark to bone 

(yellow arrow) in the QCT enthesis (n=5). (C,D,G,H) Von Kossa staining of the QCT and 

SST entheses indicate approximately equivalent mineral content in the CFC of the wild type 

and Bsp−/− enthesis. CFC: calcified fibrocartilage, UFC: uncalcified fibrocartilage, bar = 100 

μm
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Figure 3. Micro-CT analyses indicates similar levels of mineralization in wild type and Bsp−/− 

QCT entheses
(A) Three parallel lines (yellow) were drawn along the known orientation of the insertion 

into bone to analyze changes in mineral density across the CFC. Lines span from points 

before the tidemark across the QCT enthesis and patellar bone into the marrow space. 

Positon 0.00 indicates where radiodensity crossed a threshold of 800 HU, which was 

estimated to be the tidemark. (B) Radiodensity, which is an estimate of mineral content, 

across the length of the QCT enthesis was similar between wild type and Bsp−/− mice. 

Radiodensity near the tidemark trended towards an increase in the region adjacent to the 

tidemark in Bsp−/− mice. (C) Micro-CT analysis was also performed to determine the overall 

radiodensity within a 20 × 20 × 20 voxel region of the CFC. However, (D) the results 

showed no apparent changes in the overall mineral density of the Bsp−/− CFC zone 

compared to wild type. HU: Hounsfield units.
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Figure 4. Raman spectroscopy shows that the mineral content in the QCT enthesis is comparable 
between wild type and Bsp−/− mice
(A) 960 cm−1 hydroxyapatite peak intensities and 2940 cm−1 collagen peak intensities were 

analyzed at the tidemark and 5 μm to either side. 960 cm−1 peaks are normalized to the 2940 

cm−1 peak at each position measured. (B) Overall mineral content across the length of the 

QCT enthesis is similar between Bsp−/− and wild type mice. (C,D) Differences in mineral 

gradients are more apparent in comparisons of single lines from individual wild type and 

Bsp−/− littermate pairs, however overall there are no significant differences due to the high 

variability in mineral to collagen ratios.
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Figure 5. Bsp−/− mice exhibit alterations in patellar tendon mechanical properties
Various mechanical properties of the patellar tendon of 15 week-old wild type and Bsp−/− 

mice were measured. Bsp−/− mice patellar tendons have a larger cross-sectional area 

compared to wild type (A). During tensile mechanical tests, the Bsp−/− mice patellar tendons 

failed at similar loads (D) compared to wild type, despite having a larger cross-sectional 

area, resulting in lower failure stress (B). The failure sites varied across the tendon (C). 
Percent relaxation and stiffness of the tendons were not significantly different between 

genotypes (E,F), nor were there any significant differences between genotypes in the linear 

moduli of the tendons at any site measured (G–I). Values shown represent means ± SEM; *p 

< 0.05.
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Figure 6. Collagen organization in the enthesis is not affected by loss of BSP
(A) SST and QCT entheses of wild type and Bsp−/− animals were stained using picrosirius 

red and viewed under circularly polarized light (n=7). Red-orange hues represent densely 

packed collagen fibers while greenish hues represent more loosely packed collagen fibers. 

CFC: calcified fibrocartilage, UFC: uncalcified fibrocartilage, bar = 100 μm
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Table 1

CFC lengths of 15 week and 14 month old wild type and Bsp−/− QCT entheses

CFC length was measured by drawing three lines from tidemark to bone in the orientation of the insertion per 

individual mouse by two blinded observers and averaged (see Supplemental Fig 1). Average CFC lengths from 

wild type and Bsp−/− mice were compared against each other using a two-tailed, unpaired, parametric t-test. 

Statistical analysis indicated significant differences (p<0.05) between genotypes within the 15 week old group.

CFC Length (μm) Wild type Bsp−/−

15 weeks (n=5) 178.8±15.5 μm 229.1±17.5 μm

14 months (n=3) 182.9±23.7 μm 259.3±17.5 μm
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