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Abstract 

Traumatic joint injuries produce osteoarthritic cartilage manifesting accelerated 

chondrocyte terminal differentiation and matrix degradation via unknown cellular and 

molecular mechanisms. Here we report the ability of biomechanical stress to increase 

expression of the calcium-sensing receptor (CaSR), a pivotal driver of 

chondrocyte terminal differentiation, in cultured chondrogenic cells subjected to fluid 

flow shear stress (FFSS) and in chondrocytes of rodent temporomandibular joint 

(TMJ) cartilage subjected to unilateral anterior cross-bite (UAC). In cultured ATDC5 

cells or TMJ chondrocytes, FFSS induced Ca2+-loading and CaSR localization in 

endoplasmic reticulum (ER), casually accelerating cell differentiation that could be 

abrogated by emptying ER Ca2+ stores or CaSR knockdown. Likewise, acute 

chondrocyte-specific Casr knockout (KO) prevented the UAC-induced acceleration of 

chondrocyte terminal differentiation and matrix degradation in TMJ cartilage in mice. 

More importantly, local injections of CaSR antagonist, NPS2143, replicated the 

effects of Casr KO in preventing the development of osteoarthritic phenotypes in 

TMJ cartilage of the UAC-treated rats. Our study revealed a novel pathological action 

of CaSR in development of osteoarthritic cartilage due to aberrant mechanical stimuli 

and supports a therapeutic potential of calcilytics in preventing osteoarthritis in 

temporomandibular Joints by targeting the CaSR. 

 

Key words 

calcium-sensing receptor, osteoarthritis, chondrocyte differentiation, dental 
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Introduction 

Osteoarthritis (OA) is a prevalent disorder characterized by accelerated 

chondrocyte terminal differentiation and extracellular matrix degradation in the 

cartilage of movable joints (1,2). OA is often caused by acute and chronic traumatic 

joint injuries (3). It is generalized that alteration in chondrocyte terminal 

differentiation (4,5) by biomechanical stress precedes morphological and functional 

derangement in the affected cartilage (6). However, the mechanisms altering 

chondrocyte terminal differentiation remain unclear, representing a major obstacle in 

treating the disease.  

The calcium-sensing receptor (CaSR), which is a member of family C G 

protein-coupled receptor (GPCR-C), senses changes in serum [Ca2+] in parathyroid 

glands to regulate parathyroid hormone (PTH) to control mineral and skeletal 

homeostasis (7,8). The CaSR is abundantly expressed in maturing and hypertrophic 

chondrocytes in growth plates (9) and in chondrocytes in deep layers of articular 

cartilage (10) with localization on cell membrane and intracellularly in Golgi and ER. 

In cultured chondrocytes, activation of CaSR by high extracellular [Ca2+] ([Ca2+]e) or 

orthosteric agonists promotes terminal differentiation and mineralizing functions of 

the cells (11,12). Furthermore, ablating CaSR expression specifically in chondrocytes 

in embryos or post-natally delays terminal cell differentiation and growth plate 

development, resulting in shortened skeleton and dwarfism in mice (9). Given that 

chondrocyte terminal differentiation is accelerated (13-15) and CaSR expression is 

upregulated in OA cartilage (10), we hypothesize that this receptor is involved in the 

induction of maladaptive chondrocyte terminal differentiation and the resulting OA 

phenotypes in response to mechanical assaults.  
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Dental malocclusion can cause OA in temporomandibular joint (TMJ) (16,17). In 

rodents, anterior cross-bite (UAC) imposed by dental prosthetics produces OA lesions 

in their TMJ cartilage as indicated by accelerated chondrocyte terminal differentiation 

and degradation of extracellular matrix (18-20). Herein, we first investigated the 

impact of biomechanical stresses on CaSR expression and terminal cell differentiation 

by studying the effect of fluid flow shear stress (FFSS) on isolated TMJ chondrocytes 

and chondrogenic ATDC5 cells. As majority of CaSR protein is localized to 

intracellular organelles (8,21,22) of chondrocytes, we focused on impact of 

Ca2+-loading and CaSR expression in endoplasmic reticulum (ER). We took genetic 

and/or pharmacological approaches to delineate the role of CaSR in OA development 

in TMJs of mice and/or rats subjected to UAC and explore the therapeutic potential of 

CaSR for OA treatment. 

 

Materials and Methods 

Animal Studies 

Application of the unilateral anterior cross-bite (UAC) prosthesis 

Male Tamoxifen (Tam)-inducible (Tam-CartCasrflox/flox) mice, which expresses 

Cre-ERT2 under the control of a Col-II promoter (Tam-CartCre) and Casrflox/flox alleles, 

were bred with female Casrflox/flox mice to produce Tam-CartCasrflox/flox and control 

Casrflox/flox littermates as described previously (9). Six-week-old female 

Tam-CartCasrflox/flox mice were injected with 5 consecutive daily doses of Tamoxifen 

(100 mg/kg, 06734, Sigma-Aldrich) to induce ablation of Casr genes in chondrocytes 

in the resulting Tam-CartCasrflox/flox (KO) mice. Female Casrflox/flox littermates were 

subjected to the same Tam injection schedule as “control” or “Cont”. This 

proof-of-principle study only focused on female mice or rat as clinical studies showed 
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higher prevalence of TMJ OA in female vs. male patients (23). All KO and Cont mice 

were randomized into groups and subjected to UAC procedure as detailed previously 

(18,20), beginning immediately after the second Tamoxifen injection for 3 or 7 weeks 

before tissue harvests and analyses. Six-week-old female Sprague–Dawley rats 

obtained from the Animal Center of the Fourth Military Medical University (FMMU) 

were subjected to UAC for 2, 4, or 8 weeks before tissue analyses. No significant 

difference was noticed in manifestation of OA phenotype between right and left TMJs 

in UAC or sham group, so both joints were analyzed.  

All animal procedures were approved by the Ethics Committee of School of 

Stomatology and carried out in accordance with the recommendations by the 

Committee of Care and Use of Laboratory Animals of the FMMU to minimize animal 

stresses. All animals were housed in pathogen-free room and fed with sterilized food 

and distilled water during the study. No more than four animals were housed in a 

single cage (measuring 50 × 40 × 25 cm) at ambient temperature of 20 ± 2°C and 

humidity of 55% ± 5%, with good ventilation and 12/12-hrs dark/light cycles (4 W 

per square meter). Sterilized wood-chip bedding was replaced every other day. 

Animal health status was monitored twice daily. All animals were healthy from the 

beginning to the end of the study.  No adverse events other than TMJ pathology were 

observed. All animals were euthanized by a single intraperitoneal injection of 

overdosed pentobarbital sodium before tissue and blood harvests. This study complied 

with ARRIVE guidelines for preclinical animal studies.  

 

UAC application 

UAC was applied by a pair of metal prosthetics. Briefly, for rat, a small metal tube 

(length = 2.5 mm, inside diameter = 3 mm) was fitted onto left maxillary incisor and a 

larger tube (length = 4.5 mm, inside diameter = 3.5 mm) for left mandibular incisor. 
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The end of the large tube was bended to create a 135o-angle leaning toward labial side 

to create a cross-bite relationship between the top and bottom incisors. Similar 

prosthetics was made from smaller metal tubes (inner diameter =0.61 mm, thickness = 

0.3 mm) for mouse incisors.  

 

Intra-TMJ injections in rats 

Fifty microliters of NPS2143 (10-7 M in PBS, S2633, Selleckchem), Cinacalcet 

(10-7 M in PBS, S1260, Selleckchem) or vehicle (PBS) were injected into TMJs of 

anesthetized rats, beginning 4 weeks after UAC. The injections were performed by 

inserting a 100-µl Hamilton needle below the zygomatic arch between the eye and ear 

until it reached posterior mandibular ramus, which was then used as a reference point 

for repositioning the needle head to the outside of TMJ for final penetration and then 

drug delivery. Both TMJs in each animal were injected every other day for 4 weeks 

before tissue harvests for analyses. 

 

Cell culture and FFSS application  

Primary chondrocytes were isolated from TMJs of six-week-old female 

Sprague–Dawley rats (the Animal Center of the FMMU) or knee joints of 

six-week-old female Casrflox/flox mice as described previously (12). Briefly, cartilage 

deprived of subchondral bone was micro-dissected from the condyles of rat TMJ or 

femur head and tibial plateau of mouse knee joints, minced, and digested with 0.25% 

trypsin (T4674, Sigma) for 20 min to first remove outer fibrous tissues, followed by 

0.2% type II collagenase (17101015, Gibco) for 2-3 hrs to release chondrocytes. 

Isolated chondrocytes as well as ATDC5 cells were cultured at a density of 5×103/cm3 

in DMEM with 10% FCS on type I collagen-coated glass slides (Flexcell) for 48 hrs 
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and then exposed to steady laminar flow (16 dyn/cm2) for 1 hr before protein and 

RNA harvests. To study the impact of calcium influx and CaSR-mediated activities 

on chondrocyte terminal differentiation, cells grew in DMEN with 10% FCS for 48 

hrs were switched to fresh media with or without NPS2143 (10-5 M) or a FCS- and 

Ca2+-free medium (SH30262.01, Hyclone) before 1-hr FFSS treatment. To study the 

impact of ER Ca2+ stores, cells were pretreated with thapsigargin (TG) (10-6 M, 

ab120286, Abcam) for 2 hrs before exposure to FFSS in the FCS- and Ca2+-free 

medium. NPS2143 and TG were dissolved in dimethyl sulfoxide (DMSO) to make 

10-1 M stocks and then diluted in culture medium to final concentrations of 10-5 M 

and 10-6 M, respectively. The trace amount (0.01-0.001%) of DMSO, added along 

with TG or NPS2143, had no acute effect on the expression of CaSR and chondrocyte 

differentiation markers, when compared to controls without drug (Supplemental Fig. 

1). Therefore, the latter controls were presented. 

To study the impact of Casr gene KO, chondrocytes cultured from the Casrflox/flox 

mice were pre-incubated with complexes of Cre recombinase (SCR508, Millipore) 

and EndoFectinTM transfection reagent (Z01010, GeneCopoeia) for 2 hrs in FCS-free 

medium (24) and then cultured in DMEM with 10% FCS for 24hrs before the FFSS 

and drug treatments described above. After FFSS stimulation for 1 hr, primary 

chondrocytes and chondrogenic cells were analyzed. 

 

siRNA transfection 

ATDC5 cells, cultured at a density of 5×103/cm3 in DMEM medium with 10% FCS, 

were transfected with CaSR-siRNA (5 nM, 5’-GAGUGCAUCAGGUAUAACUTTA 

GUUAUACCUGAUGCACUCTT-3’) or control siRNA (5 nM, 

5’-UUCUCCGAACGUGUCACGUTTACGUGACACGUUCGGAGAATT-3’) 

http://www.holdbio.com/goods.php?id=7137
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(GenePharma) premixed with Lipofectamine 2000 (11668-027, Invitrogen) for 6 hrs. 

Cells were then cultured in fresh DMEM with 10% FCS for additional 24 hrs before 

RNA preparation for qPCR assay, or 72 hrs before protein preparations for Western 

blotting or FFSS experiments. 

 

Histochemistry, Immunohistochemistry, and OARSI Score 

TMJs were fixed in 4% paraformaldehyde, decalcified with 4% EDTA for 4 weeks, 

dehydrated in ethanol, embedded in paraffin, and cut sagittally into 5μm-thick 

sections. The most central sagittal sections of each joint were selected for safranin O 

staining (S2255, Sigma-Aldrich) and immunohistochemical detection with antibodies 

for CaSR (2 µg/ml, ab19347, Abcam), PTH/PTHrP receptor 1 (PPR) (2 µg/ml, 

ab7150, Abcam) and type X collagen (Col-X) (2 µg/ml, ab58632, Abcam). For 

negative controls, non-immune goat serum was substituted for the primary antibody. 

To quantitate the morphological changes, images of safranin O-stained condylar 

cartilage was equally divided into three sections (anterior, middle and posterior). A 

region of interest (ROI) with a width of 200 μm for rat and 70 μm for mouse was 

placed at the center of each section and an OA grade (0-VI) was assigned based on the 

previously reported OARSI score system (25) to indicate the degree of TMJ OA 

progression (26). The values from three ROIs was averaged and reported for each 

sample.  

 

RNA extraction and qPCR 

Total RNA was extracted from condylar cartilage free of bone and fibrous tissues 

and cultured cells using the RNeasy Fibrous Tissue Midi Kit (75742, QIAGEN), 

re-purified by the RNeasy mini kit (74104, QIAGEN), reverse-transcribed into cDNA, 
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and analyzed by an Applied Biosystems 7500 thermocycler using custom-made 

primers (Table.1). The amount of target cDNA, relative to GAPDH, was calculated 

using the formula 2−ΔCt. Each cartilage or cell sample was analyzed in triplicate and 

each mean value was normalized to the control group as specified.  

 

Extraction of endoplasmic reticulum protein  

Cultured chondrocytes and ATDC5 cells were washed twice with cold PBS and 

collected with a fractionation buffer (20 mM HEPES, pH 7.4, 250 mM sucrose, 10 

mM KCl, 1.5 mM MgCl2, 1 mM EDTA, and 1 mM EGTA) supplemented with 

proteases inhibitor PMSF (1 mM) and DTT (1 mM). Cell suspension was then passed 

through a 25-gage needle 10 times, incubated on ice for 20 min, and centrifuged at 

800g for 5 min at 4℃ to remove nuclei and unbroken cells. The nucleus-free 

supernatant was centrifuged at 10,000g for 15 min at 4℃ to remove mitochondria and 

then at 100,000g for 1 hr to obtain ER fractions. The ER fraction pellets were washed 

and resuspended in the fractionation buffer, passed through a 25-gage needle 10 times, 

and centrifuged as described above. After centrifugation, ER proteins were extracted 

by a PBS buffer containing 10% glycerol and 0.1% SDS for immunoblotting analyses. 

 

Immunoblotting analyses  

Total and ER protein (50μg), extracted from cartilage, primary chondrocytes, or 

ATDC5 cells, was quantified by Bradford assay (Beyotime Biotechnology) 

electrophorized on SDS-PAGE gel, transferred onto a nitrocellulose membrane, and 

blotted with primary antibodies against CaSR (2 µg/ml), PPR (2 µg/ml), G6Pase (2 

µg/ml, orb6097, Biorbyt), type X collagen (Col-II) (2 µg/ml, ab34712, Abcam), 

Aggrecan (2 µg/ml, sc-16492, Santa Cruz) or β-actin (1 µg/ml, ab8226, Abcam), 
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followed by a horseradish peroxidase–conjugated secondary antibody (1 µg/ml, 

A0216 or A0208, Beyotime Biotechnology). Immunoreactivity was detected by a 

Chemiluminescent HRP Substrate kit (P90718, Millipore) and quantified by Image 

Lab software (version 5.1, Bio-Rad). Each protein sample was analyzed three times 

and the mean intensities or their ratios over β-actin were reported. 

 

Fluorescent immunocytochemistry 

  For dual fluorescent detection of CaSR and G6Pase, primary chondrocytes and 

ATDC5 cells were cultured on coverslips, fixed in 4% paraformaldehyde, and 

incubated with the CaSR-antibody (2 µg/ml) and G6Pase-antibody (2 µg/ml) at 4oC 

overnight. After incubation with fluoro-conjugated secondary antibodies (1 µg/ml, 

ab6785 orab6939, Abcam) for 30 min at 37oC, cells were counter-stained with DAPI 

and mounted on glass slides for visualization by a confocal microscope (FV1000, 

OLYMPUS). For dual fluorescent staining of Ca2+ and ER, cells were incubated with 

ER-Tracker Red (E34250, Thermo-Fisher) for 20 min at 37℃ and then with Fluo-8 

(ab142773, Abcam) for 1 hr at room temperature, before DAPI staining. 

 

Transmission electron microscopy 

The dissected TMJs, primary chondrocytes, and ATDC5 cells were fixed in 2.5% 

glutaraldehyde in a phosphate buffer (pH 7.2) for 24 hrs, decalcified in 10% EDTA 

for 1 month (cartilage only), post-fixed in 1% osmium tetroxide for 1hr, dehydrated in 

ethanol, perfused with propylene oxide, embedded in Epon812. Ultrathin sections (40 

nm thickness) were cut, stained with uranyl acetate and lead citrate, and examined by 

a transmission electron microscope (H-600, Hitachi). 
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Plasma levels of PTH detection 

  Blood samples were collected from caudal veins of rats one hours after NPS2143 or 

Cinacalcet injection on the day before and one week after the drug treatments. Blood 

samples were mixed with heparin sodium and centrifuged at 3,000 rpm for 5 min to 

separate the plasm. Plasma PTH levels were determined using the rat PTH ELISA kit 

(CSB-E07866r, Cusabio).  

 

Statistics 

Data presented as mean ± SD. Statistical analysis was performed using SPSS 

software, version 11.0. Before comparison, the normality of data distribution was 

tested by Shapiroe-Wilk test and Levene’s test was used to assess homogeneity of 

variance. Comparison between two groups was performed by 2-tails Student’s t-test. 

Comparison among 3 or more groups, one-way ANOVA was performed, followed by 

Tukey's Post Hoc tests to evaluate the statistical significance for pairwise comparisons. 

The statistical significance was defined as p < 0.05. 

 

Results 

FFSS accelerates terminal differentiation of chondrocyte by stimulating 

Ca2+-loading and CaSR expression in ERs.  

We examined the impact of biomechanical stimuli on chondrocyte terminal 

differentiation by culturing rat TMJ chondrocytes and subjecting them to FFSS (16 

dyn/cm2) for 1hr (27). Acute FFSS induced only very modest cell death 

(Supplemental Fig. 2A), increased expression of terminal differentiation markers 

(Mmp13, Alp, Osteocalcin, and Runx2), and suppressed expression of early 

chondrogenic genes [Aggrecan, the 1 unit of the type II collagen (Col-II) and 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 12 

PTH/PTHrP receptor 1 (PPR)] (Fig. 1A), indicating accelerated terminal 

differentiation in these TMJ chondrocytes.  

Previous studies have shown that Ca2+ influx  is one of early cellular responses to 

mechanical stimulus (32,33) that increases cytoplasmic [Ca2+], refills intracellular 

Ca2+ stores, and subsequently alters chondrocyte functions (34,35). However, 

mechanisms coupling those Ca2+-mobilizing activities to chondrocyte terminal 

differentiation are unclear. Interestingly, along with the accelerated terminal 

differentiation, FFSS significantly increased CaSR mRNA (Fig. 1A) and protein 

expression (Fig. 1B) and its ER localization (Fig. 1C and 2A) in cultured rat TMJ 

chondrocytes. These cellular changes coincided with increases in ER [Ca2+] (or Ca2+ 

loading), as indicated by increased Flou-8 signal (green) that was co-localized with 

ER-tracker (red) (Fig. 2B), 1 hr after FFSS stimulation. The increased ER [Ca2+] was 

corroborated by profound ER swelling, a morphological indicator of Ca2+ loading (36) 

(Fig. 2C). The FFSS-induced CaSR expression, Ca2+ loading, and swelling of ERs 

required both Ca2+ entry and refilling activities, as they could be diminished by 

removing extracellular Ca2+ or emptying ER Ca2+ store using Thapsigargin (TG), 

respectively, during FFSS treatments (Fig. 2A, 2B, 2C and 1C). Interestingly, in the 

latter two conditions, the ability of FFSS to promote expression of terminal 

chondrocyte markers was also significantly attenuated (Fig. 1A), supporting a causal 

role for the ER CaSRs and Ca2+ loading in transducing biomechanical stimuli to 

down-stream cellular responses that control terminal differentiation of TMJ 

chondrocyte. Adding trace amount (0.01-0.001%) of DMSO (vehicle) that was 

included in the drug treatments did not affect the gene expression (Supplemental Fig. 

1) in the cultured chondrocytes, supporting the specificity of TG. 
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In ER, the CaSR is assumed to situate in lipid bilayers with its Ca2+-binding 

domain facing the lumen of the organelle (22), enabling it to sense changes in luminal 

[Ca2+]. To examine whether raising ER [Ca2+] activates CaSRs to sustain its 

expression in ER and mediate terminal differentiation of chondrocyte, we treated rat 

TMJ chondrocytes with NPS2143, a hydrophobic membrane-permeable orthosteric 

CaSR antagonist, during FFSS treatments. Indeed, NPS2143, which did not block the 

ability of FFSS to increase ER [Ca2+] (Fig. 2B) or cause ER swelling (Fig. 2C), 

prevented an increase in CaSR expression in ERs (Fig. 2A and 1C) and attenuated the 

expression of terminal differentiation markers (Fig. 1A) in the FFSS-treated TMJ 

chondrocytes. In the absence of FFSS treatment, the removal of extracellular Ca2+ or 

the treatment with TG or NPS2143 did not significantly affect the expression of ER 

CaSR and terminal differentiation markers (Supplemental Fig. 3) and ER 

Ca2+-loading and swelling (Supplemental Fig. 4) in TMJ chondrocytes, albeit a 

trending of decrease, likely due to the relatively short period (1 hr) of the treatments.  

To further establish the role of CaSR in mediating FFSS-induced chondrocyte 

terminal differentiation, we attempted to examine the impact of CaSR knockdown on 

rat TMJ chondrocytes by the siRNA approach. However, significant cell losses after 

siRNA transfection prevented accurate assessments of the impact of FFSS. 

Alternatively, we performed RNA knockdown on chondrogenic ATDC5 cells. CaSR 

siRNA (1 and 5 nM) suppressed both CaSR RNA and protein expression in a 

dose-dependent manner when compared to the cells transfected with scramble RNA 

(Supplemental Fig. 5). As seen in TMJ chondrocytes, FBSS promoted CaSR 

expression and its localization in ERs (Supplemental Fig. 6A, 6B), increased ER 

Ca2+-loading (Supplemental Fig. 6C) and swelling (Supplemental Fig. 7B), and 

altered gene-expressing profiles indicative of accelerated chondrocyte terminal 
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differentiation (Supplemental Fig. 7A) in the control ATDC 5 cells or cell 

transfected with scramble RNA. In contrast, ablation of CaSR by siRNA completely 

or partially blocked the effects of FBSS (Supplemental Fig. 5-7), supporting a 

critical role of the CaSR in mediating chondrocytic responses to mechanical stimuli.  

Next, we studied the effects of Casr gene KO on differentiation of chondrocytes 

cultured from the knee joints of Casrflox/flox mice by Cre-loxP recombination to further 

validate the CaSR actions in native articular chondrocytes. We were unable to 

perform these experiments on mouse TMJ chondrocytes due to inability to isolate 

sufficient amounts of cell from mouse TMJ cartilage. The cultured chondorcytes were 

incubated with Cre recombinase for 24 hrs to induce Casr gene excision before they 

were subjected to FFSS. As shown in Supplemental Fig. 8, expression of CaSR 

protein and RNA was reduced by >80% in the Cre-treated articular chondrocytes vs. 

non-treated or vehicle-treated controls. As seen in the studies of rat TMJ chondrocytes 

and ATDC5 cells, in the mouse articular chondrocytes treated with vehicle, FFSS 

increased ER [Ca2+] (Fig. 3A), enhanced expression of CaSR protein in ERs (Fig. 3B, 

3C) and mRNA (Fig. 3D), caused ER swelling (Fig. 3E), and increased expression of 

terminal differentiation markers, but suppressed expression of early chondrogenic 

markers (Fig. 3D). In contrast, in cultures of Casrflox/flox chondrocytes treated with Cre, 

the effects of FFSS were largely abrogated (Fig. 3A-D), except ER swelling (Fig. 3E). 

These results together with the studies of rat TMJ chondrocytes and ATDC5 cells 

establish a non-redundant role for the ER CaSR in mediating chondrocyte terminal 

differentiation in response to FFSS-induced Ca2+ loading.    

 

Dental malocclusion by UAC stimulated CaSR expression in ERs and terminal 

differentiation in chondrocytes in rat and mouse TMJ cartilage 
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Mandibular condylar cartilage in UAC-treated rats manifested characteristics of 

OA phenotypes including cartilage thinning, reduced proteoglycans content and 

expression of Col-II and Aggrecan mRNA and protein, and ER swelling (18,20), as 

well as increased OA scores by a slightly modified OARSI scoring system (26). All of 

these OA phenotypes worsen with time of UAC treatment in both rat (Supplemental 

Fig. 9) and mice (Supplemental Fig. 10). These OA phenotypes are closely 

associated with enhanced chondrocyte terminal differentiation as indicated by 

increased proportions of Col-X-positive cells in rat (Supplemental Fig. 11A) and 

mouse (Supplemental Fig. 11B) condylar cartilage. Interestingly, at later time point 

of UAC, substantial numbers of chondrocytes in superficial layer and/or 

“proliferation” zone became Col-X-positive (Supplemental Fig. 11), supporting 

accelerated or premature terminal differentiation of chondrocytes in the 

UAC-treatment TMJs.   

To test whether the CaSR is critical for OA development, we first compared the 

impact of UAC on CaSR expression in TMJ cartilage. UAC increased in the numbers 

of CaSR-positive cells along with increased expression of CaSR protein (Fig. 4A and 

4F) and mRNA (Fig. 4B) in TMJ cartilage of UAC-treated rat (Fig. 4A) and mice 

(Fig. 4F). The increased CaSR expression was localized to both cell membrane and 

ERs of chondrocytes in deep layers of cartilage (Fig. 4A and 4F). This increased 

expression of ER CaSR was corroborated by immunoblotting of ER protein lysates 

extracted from UAC vs Control cartilage (Fig. 4C). These changes in CaSR 

expression were accompanied by swelling of ERs and mitochondria in UAC-treated 

chondrocytes vs Control (Fig. 4E). In consistent with an accelerated terminal cell 

differentiation in the UAC-treated cartilage, we observed profound deceases in 
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expression of PPR mRNA (Fig. 4B) and protein (Fig. 4D), which is known to delay 

chondrocyte terminal differentiation (37).  

To firmly define the role of CaSR in mediating the development of OA in mouse 

TMJs responding to dental malocclusion, we studied the effects of acute Casr gene 

KO on TMJ cartilage of Tam-CartCasrflox/flox mice. Deletion of Casr gene in 

chondrocytes in the latter mice was induced by five consecutive daily intraperitoneal 

injections of tamoxifen beginning one day before UAC treatment. Two “flox” 

controls (Casrflox/flox mice with or without Tam injection ), which did not render CaSR 

ablation, were subjected to the same UAC regimen. In both control groups, UAC 

produced OA morphology, characterized by decreased cartilage thickness and 

increased OARSI scores (Fig. 5A) along with reduced mRNA and/or protein levels of 

Col-II and Aggrecan and PPR (Fig. 5B), and increased expression of terminal 

differentiation markers (ALP, Runx2, MMP13, and Osteocalcin) in their 

TMJ-cartilage after UAC treatments for 3 weeks (Fig. 5B) and 7 weeks 

(Supplemental Fig. 12). In contrast, Casr KO in Tam-CartCasrflox/flox mice without 

UAC slowed down age-dependent cartilage thinning (Fig. 5A and Supplemental Fig. 

12A, 12B) and loss of Col-II and Aggrecan RNA and protein (Fig. 5B, 5C; and 

Supplemental Fig. 12B, 12C), but increased expression of Col-X (Supplemental Fig. 

13) and markers of terminal cell differentiation (Fig. 5B and Supplemental Fig. 12B), 

supporting a role of the CaSR in mediating age-dependent changes in articular 

chondrocyte differentiation. Furthermore, Casr KO significantly blocked the ability of 

UAC to produce OA morphology (Fig. 5A and Supplemental Fig. 12 A), increase 

expression of Col-X (Supplemental Fig. 13) and accelerate terminal cell 

differentiation (Fig. 5B, and Supplemental Fig. 12B). These data support a 

non-redundant role for the CaSR in promoting both age- and mechanical 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 17 

stress-induced terminal cell differentiation and development of OA phenotypes in 

TMJs.  

 

The CaSR served as a pharmaceutical target to control the progression of OA in 

UAC-treated TMJs. 

Lastly, we tested whether chondrocytic CaSRs can serve as a pharmaceutical target 

to prevent OA development by assessing the effects of locally injected CaSR 

antagonist (NPS2143) or agonist (Cinacalcet) on OA development in rat TMJs 

subjected to UAC. As assessed by histological staining, OARSI score and gene 

expression profiling, NPS2143 injections not only increased the thickness and matrix 

content (Col-II and Aggrecan) (Fig. 6A and 6B), retarded chondrocyte terminal 

differentiation (Fig. 6B) and decreased proportions of Col-X-positive chondrocyte 

(Supplemental Fig. 14) in mandible condylar cartilage of control mice without UAC 

treatments, but also significantly blocked the ability of UAC to alter these parameters 

(Fig. 6C, 6D). On the other hand, injections of Cinacalcet, a CaSR agonist, promoted 

thinning and loss of cartilage matrix (Col-II and Aggrecan), accelerated chondrocyte 

terminal differentiation, and increased the proportions of Col-X-positive cells in both 

control (Fig. 6A, 6B and Supplemental Fig. 14) and UAC-treated (Fig. 6C, 6D and 

Supplemental Fig. 14) rats. Immunohistochemical staining further indicated the 

ability of NPS2143 to reduce the numbers of CaSR-positive chondrocytes in both 

control and UAC-treated cartilage (Supplemental Fig. 15), but it did not block the 

ability of UAC to induce ER expression of the receptor. In contract, Cinacalcet 

increased the numbers of CaSR-positive cells and promoted ER expression of the 

receptor in those cells (Supplemental Fig. 15). The lack of effect on plasma PTH 

levels (Supplemental Fig. 16) supports direct actions of the drugs (potential via ER 
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CaSR) in mediating cell-autonomous responses of TMJ chondrocytes. These data 

indicate the pharmaceutical potential of calcilytics in slowing down OA progression 

in response to traumatic joint injuries by targeting CaSR in chondrocytes. 

 

Discussion 

Slow differentiation of articular chondrocyte into hypertrophic or terminal 

differentiation state retains its ability to produce abundant Col-II, proteoglycans (e.g., 

Aggrecan), and other matrices, which together produce a unique material property to 

absorb shocks and protect osseous tissues underneath. This delayed terminal cell 

differentiation also preserves the ability of chondrocyte to proliferate for tissue repair 

(38). Accelerated terminal cell differentiation as a result of cell senescence due to 

aging or trauma-induced biomechanical stresses lead to thinning and degradation of 

articular cartilage and its attaining of OA characteristics (38,39). Critical drivers of 

chondrocyte terminal differentiation, therefore, represent potential pharmaceutical 

targets to preserve articular cartilage and its functions against aging and 

trauma-induced joint injury. The CaSR expressed in maturing and hypertrophic 

chondrocytes is a critical driver of terminal differentiation which is essential for 

normal growth plate development and subsequent bone formation (40). Herein, our 

studies of cultured TMJ chondrocytes and chondrogenic ATDC5 cells support a novel 

signaling scheme, in which mechanical stresses induce Ca2+ influx and subsequent ER 

Ca2+ loading that activates ER CaSRs to alter cell differentiation program in TMJ 

chondrocytes (Fig.7). This signaling scheme is further supported by our genetic and 

pharmacological studies of normal rats and mice lacking CaSR in which the ability of 

UAC to increase CaSR expression in ER of articular chondrocytes and accelerate their 
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terminal differentiation in TMJs could be reduced by reduced CaSR activity or 

expression. 

Our data showed reductions of Col-II and Aggrecan protein in cartilage subjected 

to UAC, supporting changes in homeostasis of matrix protein. These data coupled 

with a reduced RNA level of MMP13 in UAC-treated cartilage, support a 

cell-mediated increase in matrix degradation. The ability of CaSR knockdown to 

suppress MMP13 expression supports a role of this receptor to change matrix content 

potentially by altering cell differentiation program. These observations are consistent 

with our previous studies of cultured growth plate chondrocytes in which low 

extracellular [Ca2+] (0.5mM) retains high levels of Col-II and aggrecan mRNA 

expression, increases proteoglycan content in the surrounding matrix, and slows down 

terminal differentiation of the cell, while raising extracellular [Ca2+] does the 

opposites by activating the CaSR (12). However, our studies cannot rule out 

additional mechanical impact of UAC on degradation of cartilage matrix which are 

independent of cell differentiation.  

The CaSR on the cell membrane is ascribed to sensing and responding to changes 

in extracellular [Ca2+] and the large amount of the receptor residing in intracellular 

organelles are generally described as the “immature” products trafficking to the cell 

membrane (8). Our study, however, for the first time, uncovers physiological actions 

of the CaSR in intracellular organelles, particularly in ERs. Specifically, we 

demonstrated the ability of FFSS-induced increases in ER Ca2+ loading and CaSR 

expression to accelerate chondrocyte terminal differentiation without changing the 

extracellular [Ca2+] in cultured chondrocytes, and furthermore the ability of CaSR 

mRNA knockdown or gene KO to completely abolish these effects. The role of ER 

CaSR in mediating chondrocyte terminal differentiation in response to biomechanical 
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stimuli (i.e., FFSS) is further accentuated by the lack of notable increases in CaSR 

localization to the cell membrane of the cell. Considering that the CaSR situates in 

ERs or other organelles with its low-affinity Ca2+-binding domains (for mM Ca2+ 

concentrations) facing the lumens of the organelles, it’s plausible that raising lumen 

[Ca2+], which is assumed to reach a mM range in a Ca2+-loading state in response to 

biomechanical stresses, could activate those CaSRs directly. It has been shown that 

binding of CaSR to Ca2+ promote its stability in the membrane, including those in the 

ERs (7,8). Therefore, the increased localization of ER CaSR could be a direct result of 

the increased ER [Ca2+]. Our studies indicate that initial Ca2+ influx by mechanical 

stimuli is an essential driver of ER loading to stimulate ER CaSR expression in 

cultured chondrocytes. Future studies are required to assess signaling molecules 

associated with the ER CaSRs to determine how these receptors coupled to 

downstream cellular functions, including the transcriptional regulation of 

chondrogenic genes in chondrocytes.    

Many Ca2+ channels have been reported to potentially mediate the stress-induced 

ER Ca2+-loading in chondrocytes (41). T-type Ca2+ channel and TRPV channel (36) 

are the most potential candidates and could represent other pharmaceutical targets for 

OA prevention and treatment. In keratinocytes, CaSRs are co-localized with PLC-1 

ATP-Ca2+ transporter, and IP3-receptor in Golgi apparatus (42). PPR has been shown 

to activate adenylate cyclase in endosomes to increase cytosolic cAMP concentration 

(43,44). In the growth plate, PTHrP maintains the proliferative state of chondrocyte 

and prevents their terminal differentiation through the action of PPR (40). The CaSR 

signaling antagonizes these PTHrP/PPR actions to promote chondrocytes terminal 

differentiation (40). In accordance with this counteracting relationship between the 

CaSR and PRR, we showed profound reduction of PPR expression in FFSS-treated 
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chondrocytes in cultures as well as articular cartilage in joints subjected to UAC.  

This change in PPR expression is mediated directly by the CaSR activation, as it 

could be enhanced by CaSR antagonist or suppressed by CaSR agonists in vitro or in 

vivo. The reduced PPR expression could be one of the mechanisms promoting 

chondrocyte terminal differentiation in FFSS- or UAC-treated chondrocytes.  

NPS2143, a small hydrophobic compound that bind to the transmembrane domain 

of the CaSR in lipid bilayers in cell membrane or intracellular organelles (46), like ER, 

reproduce the effects of CaSR knockdown or knockout in promoting chondrocyte 

terminal differentiation. While we cannot rule out the actions of the drug on the 

CaSRs on the cell-surface, the ability of the drug to mimic the actions of TG and free 

extracellular Ca to block FFSS-induced chondrocyte terminal differentiation support 

its direct action on ER CaSR. In supporting this idea, Muanprasat (45) reported that 

NPS2143 acts through ER CaSR to suppress a Chitosan oligosaccharide-induced 

increase in [Ca2+]i.   

CaSR antagonists, like Ronacaleret, has been developed for treating osteoporosis 

by increasing endogenous PTH secretion, but the results of the clinical trials were 

unsatisfactory for its original intent (46). These compounds are readily to be 

repurposed for future clinical trials in treating OA. The clinical relevance of our study 

is accentuated by the ability of the injectable NPS2143 to suppress the presentation of 

OA phenotypes in rats. The latter permits local injections, as we have demonstrated in 

this study, to prevent systemic actions of the drug on multiple targets, including 

parathyroid glands, and therefore prevent hyperparathyroidism and hypercalcemic 

side effects (47).  

Overall, our study elucidates a novel pathological action of ER CaSR in the 

development of osteoarthritic cartilage due to aberrant mechanical stimuli and 
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indicates a therapeutic potential of the clinically available calcilytics in treating OA in 

TMJs by targeting the CaSR.  Future studies are needed to assess the roles of CaSR 

in OA development in other anatomical sites. 
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Genes Forward primer Reverse primer 

CaSR (rat) TTTGGAGTAGCAGCCAAAGATCAAG ACCATCGGAATCCACGGAAG 

Ppr (rat) TGGATGCGGACGATGTCTTTAC CCAGCCCTTGTCTGACTCCATTA 

Alp (rat) CACGTTGACTGTGGTTACTGCTGA CCTTGTAACCAGGCCCGTTG 

Osteocalcin (rat) AAGGTGGTGAATAGACTCCG AAACGGTGGTGCCATAGATG 

Mmp13 (rat) TGATGATGAAACCTGGACAAGCA GAACGTCATCATCTGGGAGCA 

Col-II(rat) CGCCACGGTCCTACAATGTC GTCACCTCTGGGTCCTTGTTCAC 

Aggrecan (rat) TGGCATTGAGGACAGCGAAG TCCAGTGTGTAGCGTGTGGAAATAG 

Runx2 (rat) CATGGCCGGGAATGATGAG TGTGAAGACCGTTATGGTCAAAGTG 

Gapdh (rat) GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA 

CaSR (mouse) TTTGGAGTAGCAGCCAAAGATCAAG ACCATCGGAATCCACGGAAG 

Ppr (mouse) CCAGTGCTCAGCTCCGCATA TCCTTGAGCAGCTTGTCACATTG 

Alp (mouse) CCCTCTTCCCACCATCTG GGTCTCTTGGGCTTGCTG 

Osteocalcin (mouse) CTGCTCACTCTGCTGACC  GGACTGAGGCTCCAAGGT  

Mmp13 (mouse) TCCCTGGAATTGGCAACAAAG GCATGACTCTCACAATGCGATTAC 

Col-II(mouse) CATCCAGGGCTCCAATGATGTA ATGTCCATGGGTGCGATGTC 

Aggrecan (mouse) TTCCACCAGTGCGATGCAG TGGTGTCCCGGATTCCGTA 

Runx2 (mouse) GATGAGCGACGTGAGCC ATGGTGCGGTTGTCGTG 

Gapdh (mouse) TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG 

 

Figure legends 

Fig. 1. Effects of FFSS (16dyn/cm2 for 1hr) on expression of cell differentiation 

marker and expression and localization of CaSR protein in ERs in cultured rat TMJ 

chondrocytes with or without Ca2+, TG (10-6M), or NPS2143 (10-5M). (A) mRNA 

expression profiles by quantitative real-time PCR (qPCR) showed the ability of FFSS 

to upregulate the expression of terminal differentiation markers (Mmp13, ALP, 

Osteocalcin, and Runx2) and CaSR and downregulate the expression of early 

differentiation makers (Aggrecan, Col-II and PPR). These effects were abrogated by 

removal of extracellular Ca2+ or treatments with TG or NPS2143. The mRNA 

expression levels were normalized to the expression of housekeeping GAPDH and 

presented as fold-increase over control without FFSS treatment. (B,C) 

Immunoblotting of (B) total and (C) ER proteins with anti-CaSR antibody 

demonstrated the ability of FFSS to increase the expression of CaSR protein and its 
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localization in ERs and the ability of Ca2+-free medium, TG, and NPS2143 to 

abrogate these changes. β-actin and G6Pase were used as loading controls for total 

and ER protein, respectively, and for normalization to calculate the expression ratios 

in the histograms. n=4 separate cultures. Control, cultured cells without FFSS or other 

treatment. Values are presented as the mean±SD. **p<0.01, *p<0.05 between groups 

as specified by top horizontal bars in each panel. 

 

Fig. 2. Effects of FFSS (16dyn/cm2 for 1hr) on (A) CaSR localization, (B) Ca2+ 

loading, and (C) organelle swelling in ERs of rat TMJ chondrocytes cultured with or 

without extracellular Ca2+, TG (10-6M), or NPS2143 (10-5M). (A) Dual-fluorescence 

staining with anti-CaSR (in green) and anti-glucose-6-phosphatase (anti-G6Pase, in 

red) antibodies showed the ability of FFSS to increase CaSR localization in ERs and 

the ability of Ca2+-free medium, TG or NPS2143 to abrogate this effect. (B) 

Dual-fluorescence staining with Fluo-8 (in green) and ER-tracker (in red) showed the 

ability of FFSS to increase [Ca2+] in ERs. This effect was abrogated by treatments of 

the cells with Ca2+-free medium or TG, but not with NPS2143. n=4 separate cultures. 

Bar=5μm. (C) Representative transmission electron microscopy (TEM) images 

showed the ability of FFSS to induce swelling of mitochondria and ERs. These 

morphological effects by FFSS could be abrogated by treatments Ca2+-free medium or 

TG, but not with NPS2143. Control, cultured cells without FFSS or other treatment.  

 

Fig. 3. The impact of Casr gene knockout on FFSS-induced changes in (A) Ca2+ 

loading, (B, C) CaSR localization in ERs, (D) expression of cell differentiation 

markers, and (E) organelle swelling in primary chondrocytes cultured from knee 

joints of Casrflox/flox mice. Induction of gene KO was performed by transduction of 
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Cre protein in chondrocyte cultures for 24 hrs before the application of FFSS. (A) 

Dual-fluorescence staining of Ca2+ and ERs by Fluo-8 (in green) and ER-tracker (in 

red) respectively, showed inability of Casr KO to prevent the FFSS-induced Ca2+ 

loading in ERs. (B) Dual-fluorescence staining and (C) immunoblotting of CaSR (in 

green) and G6Pase (in red) showed the ability of Casr KO to abrogate the 

FFSS-induced CaSR localization in ERs. Bar=5μm. (D) mRNA expression profiles by 

qPCR showed the ability of Casr KO to block the impact of FFSS on the expression 

of early and terminal differentiation markers. Values are presented as the mean±SD. 

**p<0.01, *p<0.05 between groups as specified by top horizontal bars in each panel. 

(E) TEM images showed the inability of Casr KO to affect the FFSS-induced 

swelling of mitochondria and ERs. n=4 separate cultures. 

 

Fig. 4. UAC induced CaSR expression, but suppressed PPR expression in condylar 

cartilage of rat and/or mouse TMJs. UAC was applied in rats (A-E) and in mice (F). 

(A) Immunohistochemical staining showed increased % of CaSR-positive 

chondrocytes and increased localization of the receptor in intracellular compartments, 

presumably ERs of the cells in TMJ cartilage of UAC vs control rat s. n=6 rats per 

group. (B) qPCR analyses showed increased CaSR mRNA level and reduced PPR 

mRNA expression in UAC vs control cartilage. Immunoblotting showed (C) 

increased expression of CaSR protein in the ER extracts and (D) reduced expression 

of total PPR protein lysates from UAC vs Control cartilage. (E) TEM images showed 

profound swelling of mitochondria and ERs in chondrocytes of UAC vs Control 

cartilage in rats. n=6 rats per group. (F) Immunohistochemical staining also showed 

increased % of CaSR-positive chondrocytes and increased localization of CaSR in 

intracellular compartments of the cells in cartilage of UAC vs control mice. n=6 mice 
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per group. Bars in panels (A) and (F), 100μm or 20μm in digitally enlarged pictures. 

Values are presented as the mean±SD. **p<0.01 and *p<0.05 between UAC and 

Control groups. 

 

Fig. 5. Effects of Tamoxifen (Tam)-induced Casr gene KO on chondrocyte functions 

in TMJ cartilage of mice without (Control) or with UAC. The Casr gene KO was 

induced by 5 daily intraperitoneal (IP) Tam injections in Tam-CartCasrflox/flox mice at 8 

weeks of age, followed by 3 weeks of UAC. Three control groups -- Casrflox/flox, 

Casrflox/flox injected with Tamoxifen (Casrflox/flox+Tam), or Tam-CartCasrflox/flox without 

Tamoxifen injections --, which did not have their Casr genes ablated, were subjected 

to the same UAC regimen. (A) Safranin O staining (in red) showed retention of 

proteoglycan content and thickness of TMJ-cartilage and decreased OA grade in 

Tam-CartCasrflox/flox mice injected with Tamoxifen vs the other 3 control groups with or 

without UAC treatment. Bar=100μm. n=6 mice per group. (B) qPCR analyses of 

mRNA and (C) immunoblotting of Col-II and Aggrecan protein extracted from the 

TMJ-cartilage of the above mice showed inability of UAC to reduce the expression of 

early differentiation markers and to increase terminal differentiation makers in 

Tam-CartCasrflox/flox mice injected with Tamoxifen vs other 3 controls with or without 

UAC. Eighteen TMJ-cartilages were pooled into 3 samples (6 cartilage per sample) 

for qPCR and immunoblotting analysis. All values in (B) and (D) were normalized to 

the Casrflox/flox Control. Values are presented as the mean±SD. **p<0.01, *p<0.05 

between groups as specified by top horizontal bars in each panel. 

 

Fig. 6. Effects of intra-synovial injections of CaSR antagonist (NPS2143) and agonist 

(Cinacalcet) on morphology (A), gene (B) and protein expression (C) in rat 
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TMJ-cartilage without (Control) or with UAC stimulation. Test compounds (50 µl of 

100 nM stock) and vehicle injections were performed on 10 weeks old rats every 

other day 2 days for 4 weeks. UAC began 4 weeks before drug injections and 

continued for another 4 weeks during drug treatments. (A) Safranin O staining (in red) 

showed the ability of NPS2143 to increase proteoglycan content and thickness of 

TMJ-cartilage and decreased OA grade, the ability of Cinacalcet to suppress these 

parameters in both control and UAC groups when compared to corresponding 

vehicle-injected group. Bar=100μm. n=6 rats per group. (B) qPCR analyses of mRNA 

and (C) immunoblotting analysis of Col-II and Aggrecan protein extracted from the 

TMJ-cartilage of the above mice showed the ability of NPS2143 to increase the 

expression of early differentiation markers and to suppress expression of terminal 

differentiation makers in both control and UAC groups when compared to 

corresponding vehicle-injected group and vice versa for effects of Cinacalcet. Six 

TMJ-cartilages were pooled into 3 samples (2 cartilage per sample) for qPCR and 

immunoblotting analysis. All values in (B) and (D) were normalized to the 

Control-Vehicle. Values are presented as the mean±SD. **p<0.01, *p<0.05 between 

groups as specified by top horizontal bars in each panel. 

 

Fig. 7. Schema for the effects of CaSR on biomechanical stress-induced chondrocyte 

terminal differentiation. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 


