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Abstract

Anabolic actions of PTH in bone involve increased deposition of mineralizing matrix. Regulatory 

feedback of the process may be important to maintain calcium homeostasis and, in turn, calcium 

may inform the process. This investigation clarified the role of calcium availability and the 

calcium sensing receptor (CaSR) in the anabolic actions of PTH. CaSR function promoted 

osteoblastic cell numbers, with lower cell numbers in post-confluent cultures of primary calvarial 

cells from Col1-CaSR knock-out (KO) mice, and for calvarial cells from wild-type (WT) mice 

treated with a calcilytic. Increased apoptosis of calvarial cells with calcilytic treatment suggested 

CaSR is critical for protection against stage-dependent cell death. Whole and cortical, but not 

trabecular, bone parameters were significantly lower in Col1-CaSR KO mice versus WT 

littermates. Intact Col1-CaSR KO mice had lower serum P1NP levels relative to WT. PTH 

treatment displayed anabolic actions in WT and, to a lesser degree, KO mice, and rescued the 

lower P1NP levels in KO mice. Furthermore, PTH effects on whole tibiae were inhibited by 

osteoblast-specific CaSR ablation. Vertebral body implants (vossicles) from untreated Col1-CaSR 

KO and WT mice had similar bone volumes after 4 weeks of implantation in athymic mice. These 

findings suggest that trabecular bone formation can occur independently of the CaSR, and that the 

CaSR plays a collaborative role in the PTH anabolic effects on bone.
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Introduction

Calcium is a critical secondary messenger and regulator of biological functions. Osteoclasts 

liberate extracellular calcium [Ca2+] from the matrix during bone resorption, producing a 

local calcium concentration of up to 40 mM [Silver et al., 1988]. Increased [Ca2+] promotes 

osteoblast recruitment, proliferation and differentiation, and controls further osteoclast 

function [Miyauchi et al., 1990; Zaidi et al., 1989]. While other factors have been suggested 

to couple bone resorption and formation (e.g. TGF-β) [Ota et al., 2013; Tang et al., 2009], 

the resorption-induced increase in [Ca2+] levels has also been suggested to be a coupling 

mediator between osteoclasts and osteoblasts during normal bone remodeling and 

pathological states [Liao et al., 2006; Sugimoto et al., 1993]. Despite this vital role, the 

mechanisms for sensing and regulation of extracellular calcium levels lack clarity.

Serum calcium levels are tightly regulated and respond to changes in parathyroid hormone 

(PTH) secretion [Boden and Kaplan, 1990; Mundy and Guise, 1999]. PTH, with its key 

anabolic effects, is currently a therapy for osteoporosis, and is being investigated for use in 

localized craniofacial and long bone defects [Bashutski et al., 2010; Poole and Reeve, 2005]. 

While the mechanisms for the anabolic actions of PTH in bone are not entirely clear, it is 

postulated that PTH may support osteoprogenitor cell proliferation and early osteoblast 

survival, and regulate transcription and growth factors [Chen et al., 2002; Koh et al., 2011; 

Wu et al., 2010].

PTH is released by parathyroid cells in response to a decrease in [Ca2+] levels to promote 

liberation of [Ca2+] from the bone matrix through the process of bone resorption, and 

increased calcium reabsorption by the kidneys. Elevated [Ca2+] levels suppress PTH 

production, acting as a feedback mechanism for PTH-regulated serum calcium homeostasis. 

The calcium sensing receptor (CaSR), a membrane-bound G protein-coupled receptor, plays 

a key role in maintaining calcium homeostasis by regulating parathyroid hormone (PTH) 

secretion and urinary calcium excretion [Brown, 2007; Goltzman and Hendy, 2015]. CaSR-

deficiency in patients manifests as a rickets-like bone phenotype with mild to severe 

hyperparathyroidism, high serum calcium (hypercalcemia) and low urinary calcium 

(hypocalciuria) [Brown and MacLeod, 2001; Brown et al., 1998]. Similarly, transgenic mice 

with a CaSR deletion have an undermineralized skeleton at birth, hypercalcemia and 

increased morbidity [Garner et al., 2001; Ho et al., 1995]. The mineralization defect in 

CaSR-deficient mice is clearly maladaptive from a bone structural perspective, and may 

contribute to their hypercalcemia. Those phenotypes notwithstanding, impaired matrix 

mineralization may still have some adaptive value when serum calcium is low, and/or when 

osteoblasts lacking a functional CaSR are incapable of assessing ambient calcium 

concentrations. When calcium demand is increased, osteoid mineralization can be used to 

promote hypocalcemia and maintain normal overall serum calcium levels despite severe 

impairment of intestinal calcium absorption [Kostenuik et al., 2015; Lieben et al., 2012]. 

While not involving altered CaSR signaling capacity, this highlights the potential value of a 

regulatory mechanism by which osteoblasts can sense ambient calcium, and appropriately 

adjust osteoid production and/or its mineralization in a manner that mitigates the risk of 

hypocalcemia.
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Deletion of the CaSR in osterix and collagen I (2.3 and 3.6 kb) expressing cells revealed the 

importance of the CaSR in the proliferation, survival and maturation of early osteoblasts 

[Chang et al., 2008; Riccardi et al., 2013]. Osteocalcin and Dmp-1 specific knock-outs of 

CaSR in mature osteoblasts were found to negatively regulate osteoclasts through the 

RANKL/OPG pathway [Chang et al., 2008; Riccardi et al., 2013]. However, skeletal defects 

in mice resulting from a global CaSR deletion were partially rescued by PTH deficiencies 

(e.g. crossing with PTH-null or parathyroid gland-deficient mice), suggesting that the CaSRs 

expressed outside of parathyroid glands are less critical for bone development [Ho et al., 

1995; Kos et al., 2003; Tu et al., 2003].

Thus, while [Ca2+] is important in osteoblasts [Dvorak and Riccardi, 2004; Marie, 2010; 

Riccardi et al., 2013] and has been implicated indirectly in bone through PTH or other 

endocrine factors [Cheng et al., 2013], the role of the CaSR in bone remains controversial. 

In this study, the role of exogenous calcium administration and the CaSR on osteoblast 

proliferation and bone formation was determined both in vitro and in vivo. The findings 

demonstrate the calcium dose-dependency of osteoblasts, and suggest that the CaSR plays a 

contributing role in protecting osteoblasts against apoptosis. A possible role of the CaSR in 

the PTH anabolic effects in bone was also investigated, with resulting data suggesting 

interactions between PTH and calcium, through the CaSR, that may contribute to calcium 

homeostasis.

Materials and Methods

Calvarial cell isolation

Calvaria were harvested from 3 to 7 day old C57BL/6 mice (The Jackson Laboratories, Bar 

Harbor, ME) after euthanasia under an institutionally approved protocol. Digestion medium 

was prepared by adding 0.2% collagenase-A (Roche Applied Science, Indianapolis, IN), 

10% trypsin and 1% penicillin-streptomycin-glutamine (PSG) to alpha-MEM (Invitrogen, 

Grand Island, NY). Cells were isolated by three serial incubations of calvaria in digestion 

medium at 37°C with gentle agitation. Supernatant from the first two incubations (15 and 20 

minutes, respectively) were discarded, and fresh digestion medium was added each time. 

Supernatant from the last incubation (1 hour) was filtered through a 100 μm cell strainer. 

The eluted cells were then centrifuged, resuspended in growth medium (10% FBS, 1% PSG 

in alpha-MEM), and seeded in 24-well plates at a density of approximately 2×104 cells per 

well.

In vitro enumeration assays

Calvarial cells were cultured overnight in alpha-MEM medium containing 1.8 mM CaCl2 

(Invitrogen) to allow equal initial seeding and adhesion in all groups prior to treatment with 

different doses of calcium. Calcium chloride (CaCl2; Sigma-Aldrich, St Louis, MO) was 

added to calcium-free DMEM (Invitrogen) containing 10% FBS, 1% PSG to achieve final 

concentrations of 0 to 5 mM. Cells were detached from their wells using 0.25% trypsin-

EDTA (Invitrogen) at different time points (up to 14 days) to assess cell numbers using 

trypan blue exclusion. In other experiments, cells were treated with either calcimimetic, 

R-568 (1 μM, Tocris Bioscience, Bristol, UK), calcium sensing receptor antagonist, NPS 
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2143 (1 μM, Santa Cruz Biotechnology, Dallas, TX), or vehicle (DMSO) for 14 days to 

assess the effects of the compounds on cell number using the trypan blue exclusion method. 

Cell death was quantified using ELISA for histone-complexed DNA fragments (Roche), per 

the manufacturer’s protocol.

Animal breeding and care

The Col-BoneCaSRΔflox/Δflox mice with osteoblast-specific CaSR ablation were generated as 

previously described [Chang et al., 2008]. Briefly, floxed CaSR mice were bred with mice 

expressing the 2.3kb Col(I) Cre transgene. To identify genotypes, genomic DNA was 

extracted from mouse tails using a REDExtract-N-Amp Tissue PCR Kit (Sigma-Aldrich) 

and amplified by PCR with specific primers (Supplementary Table 1), with the final PCR 

products run in a 3% agarose gel (Supplementary Figure 3A). Homozygous 

knockout, Col-BoneCaSRΔflox/Δflox (KO) mice had stunted growth and severe skeletal 

development compared to control wild-type and heterozygous littermates (WT).

All animals were fed rodent chow containing 0.95% calcium and 0.7% phosphorus 

(LabDiet, St Louis, MO), and were housed and cared for by the Unit for Laboratory Animal 

Medicine. Procedures were approved by the University of Michigan Committee for the Use 

and Care of Animals and performed in accordance with institutional ethical requirements.

RT-PCR

Calvaria were isolated from 4–5 day old Col-BoneCaSRΔflox/Δflox(KO) mice and control 

littermates (WT), frozen in liquid nitrogen, and crushed using a mortar and pestle. Total 

RNA was extracted using TRIzol reagent (Invitrogen) and purified using RNeasy Mini Kit 

(Qiagen, Valencia, CA), per manufacturers’ protocols. cDNA was reversed-transcribed from 

0.6 μg RNA in 1 μl reaction mixture using the TaqMan RT-PCR system (Applied 

Biosystems, Branchburg, NJ). TaqMan Master Mix and primer/probe sets (Applied 

Biosystems) were used to amplify genes of interest: RUNX-2 (Mm00501584_m1), 

osterix/Sp7 (NM_130458), and osteocalcin/Bglap1 (Mm03413826_mH). GAPDH 

(Hs99999915_m1) was used as an endogenous control. PCR was performed using the ABI 

Prism 7700 Sequence Detection System (Applied Biosystems) in triplicate, and Ct values 

were calculated as an average of each triplicate per sample. Ct values of the genes of interest 

for each sample were normalized to the corresponding Ct value of GAPDH (−ΔCt).

Ectopic ossicle model

Bone marrow stromal cells (BMSCs) were isolated from femurs and tibiae of 4–8 week old 

C57BL/6 luciferase transgenic mice (B6; C3-Tg (TettTALuc) 1Dgs/J, Jackson Labs) as 

described previously [Pettway and McCauley, 2008; Pettway et al., 2008]. Expression of the 

luciferase transgene in individual mice was first confirmed using bioluminescent imaging 

(BLI, see below). Cells were isolated by flushing media (20% FBS, 1% PSG, 10 nM 

dexamethasone (Sigma) in alpha-MEM) through the marrow cavity of each bone. Bone 

marrow cells from two mice were pooled, plated onto a single T-75 flask, and cultured until 

confluence (approx. 1 week), at which point they were detached using 0.25% trypsin-EDTA 

and re-plated onto two T-75 flasks for another 3–5 days. Upon confluence, cells were 

trypsinized and seeded onto poly(L-lactic acid) scaffolds [He et al., 2010; Wei and Ma, 
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2006] containing different amounts of calcium phosphate (0–1.2 mg). Before cell seeding, 

scaffolds were primed and sterilized by incubating with 70% ethanol under vacuum (13 psi) 

for 30 minutes, washed twice with sterile PBS for 20 minutes each, and immersed in cell 

growth medium for 30 minutes. Excess media was gently aspirated before seeding cells at a 

density of 1–2.5×106 cells per scaffold. Cell seeded scaffolds (ossicles) were placed on ice 

until implantation into subcutaneous pockets in 4 week old male athymic mice (Harlan 

Laboratories, Haslett, MI), then left for four weeks until sacrifice and harvesting of ossicles 

for analyses.

Ectopic vossicle model

Ten days old male and female Col-BoneCaSRΔflox/Δflox (KO) mice and control (WT) 

littermates, which carried homozygous floxed-CaSR alleles without Cre expression, were 

euthanized and the lumbar region of their spine was harvested for individual vertebral bodies 

(vossicles), as described previously [Koh et al., 2005; Pettway and McCauley, 2008]. 

Longitudinal skin incisions (1–2 cm long) were made on both the right and left sides of the 

dorsal surface of 4–6 week old male athymic mice (Harlan Laboratories), creating four 

subcutaneous pockets. Four vossicles from a single donor mouse were implanted 

subcutaneously into a single host athymic mouse to reduce variability. After four weeks of 

implantation, animals were sacrificed and vossicles harvested for analyses.

Bioluminescent imaging (BLI)

In vivo bioluminescence was measured using the IVIS 200 imaging system (PerkinElmer, 

Hopkinton, MA, USA) at the University of Michigan Cellular and Molecular Imaging 

Center. Mice were injected with 100 μl of 40 mg/ml D-luciferin in PBS (approx. 20 mg/kg) 

intraperitoneally, and anesthetized using a 2% isofluorane/air mixture. Image acquisition 

was initiated approximately 12 minutes after injection of D-luciferin. Living Image 3.0 

software was used for data analysis (PerkinElmer). Regions of interest corresponding to the 

implanted ossicles were defined to quantify the photon distribution.

In vivo PTH treatment regimen

Four-day old CaSR pups were injected with either 50 μg/kg/d human PTH (1–34) (Bachem, 

Torrance, CA) or vehicle (saline) subcutaneously for 17 days, as previously described [30]. 

Mouse weight was measured daily to determine the injection dose. Animals were sacrificed 

one day after the last injection (day 18), and blood and bones were collected. Bones were 

imaged using x-ray radiography after fixation.

Serum Analysis

At sacrifice, mice were anesthetized and whole blood collected from cardiac puncture. 

Serum was isolated from mouse whole blood by centrifugation at 8,000 rpm. P1NP was 

measured using a mouse serum ELISA (Immunodiagnostic Systems, Scottsdale, AZ), per 

the manufacturer’s protocol.
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microCT

Specimens were embedded in 1% agarose and placed in a 19 mm diameter tube and scanned 

over their entire length using a microCT system (μCT100 Scanco Medical, Bassersdorf, 

Switzerland). Scan settings were: voxel size 12 μm, medium resolution, 70 kVp, 114 μA, 0.5 

mm AL filter, and integration time 500 ms. Bone mineral density (BMD), tissue mineral 

density (TMD) and bone volume fraction (BV) in ossicles and vossicles were evaluated 

using the manufacturer’s software with a fixed global threshold of 18% (180 on a grayscale 

of 0–1000) to segment bone from non-bone.

For intact tibiae, whole bone parameters were measured over the entire length of the bone 

using a 28% threshold. Tibial trabecular bone parameters were measured over a 240 μm-

long region using a threshold of 28% at a point 360 μm distal to the growth plate. Cortical 

bone was measured over a 360 μm-long region at 60% of the bone length distal to the tibio-

fibular joint (TFJ) using a 28% threshold.

Histology

Upon harvest, bones, ossicles, and vossicles were fixed in 10% formalin at 4°C, and stored 

in 70% ethanol at room temperature until further processing. Specimens were decalcified in 

10% EDTA (pH = 7.4) for 10 days, embedded in paraffin, sectioned (5 μm), and stained with 

hematoxylin and eosin. Sections were imaged under brightfield, and color balance enhanced 

using Photoshop CS5 (ver. 12.0, Adobe Systems Inc., San Jose, CA). Total eosin-positive 

bone area was quantified using the thresholding function of the NIS Elements BR Software 

(ver. 4.12, Nikon Instruments Inc., Melville, NY).

Statistical analysis

Statistical analyses were performed using Student’s t-test against the control group using 

SPSS Statistics software (IBM SPSS Statistics ver. 20.0, IBM Corp., Armonk NY), and a 

significance level α = 0.05. Experiments were performed at least twice, with sample size 

noted for each experiment. Data are presented as mean ± SEM of indicated numbers of 

specimens.

Results

Exogenous calcium administration regulates osteoblast number in vitro and in vivo

Calvarial osteoblastic cells isolated from neonatal wild-type mice were treated with 0–5 mM 

calcium chloride to determine the effect of calcium availability on cell proliferation. The 

number of viable cells was dependent on calcium dose, peaking with 3.5 mM CaCl2 (Figure 

1A; p<0.05 vs. 0 mM CaCl2 at each time point). A further increase in calcium did not elicit 

a greater increase in cell number over time.

Calcium-dependency of osteoblastic cell growth was further demonstrated in vivo using an 

ectopic BMSC ossicle model (Figure 1B). BMSC numbers were monitored in vivo using 

bioluminescent imaging (BLI) of luciferase-tagged BMSCs in scaffolds containing 0–1.2 mg 

calcium (Figure 1C). Similar to the in vitro studies, increased cell numbers were observed in 
vivo in ossicles with calcium scaffolds versus without calcium (Table 1). Ossicles containing 
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0.6 mg Ca2+ scaffolds had the greatest overall bioluminescence, reflecting cell number that 

peaked in week 3. A further increase in calcium did not enhance the signal.

MicroCT performed ex vivo after 28 days of implantation (Figure 1D) showed a significant 

increase in bone volume in 0.6 mg Ca2+ scaffolds versus calcium-free scaffolds (Figure 1E; 

p = 0.03 vs. 0 mg Ca2+). Histological analysis indicated a trend in bone area similar to the 

findings from microCT, where bone area peaked in the 0.6 mg Ca2+ scaffold (Supplementary 

Figure 1).

Calcium supports PTH effects on osteoblast proliferation and bone formation

To determine PTH and calcium interactions on bone, luciferase-labeled BMSCs seeded on 

scaffolds containing 0 or 0.6 mg calcium phosphate were implanted in athymic mice that 

were then subjected to daily PTH administration. The 0.6 mg Ca2+ scaffold was selected 

based on its robustness in the BLI and microCT findings from the dose response study. In 
vivo BLI imaging of the implants demonstrated synergistic effects of PTH and calcium on 

cell number (Figure 2A, B). Calcium-containing scaffold implants in animals treated with 

PTH had a 5.7-fold increase in BLI over scaffold implants in vehicle-treated mice (p=0.006, 

n=8), and a 2.4-fold increase over calcium-free scaffold implants in PTH-treated mice 

(p=0.03, n=8). MicroCT analysis of scaffolds after harvest (day 40) showed no effect of 

PTH treatment on bone volume in calcium-containing scaffold implants, but a 1.6-fold 

increase in bone volume in calcium-free scaffolds by daily PTH injections (Figure 2C, D; 

p=0.003, 0 mg Ca2+-PTH vs. vehicle, n=8). The number of cells per bone volume, 

determined as the ratio of BLI luminescence over microCT bone volume (Figure 2E), 

increased two-fold in calcium scaffolds with PTH treatment (p=0.04, PTH vs. vehicle) and 

1.6-fold in scaffolds without calcium (p=0.07, PTH vs. vehicle). Similar trends were 

observed in the histologic analysis of bone area using H&E staining, where while bone area 

was increased 1.9-fold in calcium-free scaffold implants with PTH treatment (Figure 2F; 

p=0.05), the number of cells per bone area (BLI/bone area) was significantly increased in 

calcium-containing scaffold implants with PTH treatment (Figure 2G, H; p=0.02).

CaSR supports osteoblast survival in vitro

The calcium sensing receptor is a key mediator of PTH and calcium homeostasis. To 

determine the role of the CaSR on cell growth, calvarial cells from Col-BoneCaSRΔflox/Δflox 

(KO) mice and control littermates (WT) were cultured and quantified in vitro (Figure 3A). 

There was no difference between the number of WT versus KO calvarial cells during initial 

stages of proliferation; however, after confluence (day 8), the number of WT cells continued 

to increase whereas KO cells reached a plateau (35% increase in WT vs. KO; p=0.005, n = 

7–11).

To validate the specificity of the calcium response, a pharmacologic approach was utilized. 

When treated with the calcimimetic drug R-568 in vitro, wild-type calvarial cell numbers 

were unaltered from vehicle-treated cells (Figure 3B). However, treatment with the calcilytic 

drug NPS 2143 caused a significant decrease in cell number after confluence (32% decrease 

relative to vehicle; p=0.02, n=4), similar to the effect observed with 

the Col-BoneCaSRΔflox/Δflox KO cells. To further evaluate the role of the CaSR on osteoblast 
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number, cell death was quantified in vitro (Figure 3C). Confluent cells harvested from wild-

type C57/B6 mice and treated with the calcilytic had a 1.7-fold increase in cell death relative 

to vehicle control (p=0.03, n=4), while the calcimimetic tended to suppress cell death (72% 

reduction relative to vehicle, p=0.06).

Bone-CaSR does not affect normal bone accrual

Veterbral bodies (vossicles) isolated from Col-BoneCaSRΔflox/Δflox KO and control (WT) 

neonates were implanted in athymic mice to determine the role of the CaSR on bone accrual 

in vivo in an organ-specific manner. There was no difference in either the microCT or 

histological analyses of bone between the WT and KO CaSR vossicles after four weeks of 

implantation (Supplementary Figure 2), suggesting that the bone-specific CaSR may not be 

necessary for bone formation in vivo.

Histological analysis of H&E stained femurs from 4 days old CaSR WT and KO mice 

revealed no difference in bone fraction between WT and KO mice (Supplementary Figure 

3B, C). MicroCT revealed no differences in bone volume or bone tissue mineral density 

(Supplementary Figure 3D–F; n=6). Gene expression of early osteoblast markers (RUNX-2, 

osterix, osteocalcin) measured using real-time PCR was did not differ between the two 

genotypes (Supplementary Figure 3G–I).

Anabolic effect of PTH is blunted in CaSR-deficient mice

PTH is anabolic in bone, yet a regulatory role of the CaSR on PTH action remains unclear. 

Control and KO mice received daily injections of PTH (50 μg/kg) or vehicle starting at 4 

days of age for 17 days. Col-BoneCaSRΔflox/Δflox KO mice were significantly smaller than 

their control littermates (Figure 4A, B; p=0.01, n=8–9), regardless of PTH administration. 

Serum P1NP levels were lower in vehicle-treated Col-BoneCaSRΔflox/Δflox KO versus control 

mice (Figure 4C; p=0.02). PTH increased P1NP levels in control mice (p=0.04 vs. vehicle 

treatment), as well as in KO mice (p=0.075 vs. vehicle), hence rescuing the effect of 

the Col-BoneCaSRΔflox/Δflox KO on this bone formation marker relative to control vehicle 

levels. Qualitative radiographic analysis of tibiae at sacrifice suggests an increase in 

radiopacity in control mice and, to a lesser degree, in KO mice with PTH treatment (Figure 

4D).

Histomorphometric analysis of tibiae revealed similar levels of trabecular bone volume in 

vehicle-treated control versus Col-BoneCaSRΔflox/Δflox KO mice (Figure 4E, F), both of which 

were markedly increased with PTH treatment when compared to corresponding vehicle-

treated controls (p<0.01).

MicroCT analysis of tibiae showed a significantly lower BV/TV and BMD over the whole 

bone in Col-BoneCaSRΔflox/Δflox KO versus WT mice. An anabolic PTH effect was seen on 

BV/TV in wildtype mice, but not in Col-BoneCaSRΔflox/Δflox KO mice. No baseline 

differences in trabecular bone parameters in tibiae were found between vehicle-treated 

control and KO mice (Figure 5). PTH administration enhanced trabecular bone BV/TV 

(43%), BMD (38%), trabecular number (51%) and trabecular spacing (47%) in WT mice 

relative to vehicle treatment. In KO mice, PTH improved BMD and trabecular number (34% 

and 29% increase, respectively), and reduced trabecular spacing (33%) relative to vehicle-
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treatment (all p<0.05), but had no significant effect on BV/TV or trabecular thickness. 

Cortical bone parameters were compromised in KO mice relative to WT, and no PTH effects 

were observed in either genotype.

Discussion

While the complex mechanisms orchestrating the anabolic actions of PTH in bone are still 

under investigation, calcium availability and the calcium sensing receptor (CaSR) are 

potential cofactors. This study demonstrated osteoblast dependency on calcium and its 

synergy with PTH, and provided evidence for an adjunctive role of the CaSR in the anabolic 

actions of PTH.

Osteoclasts release calcium from the extracellular matrix during the process of bone 

resorption, thereby creating local free calcium ion concentrations of up to 40 mM [Silver et 

al., 1988]. Changes in calcium levels play an important role in osteoblast migration, 

proliferation, survival, differentiation and mineralization [Dvorak and Riccardi, 2004; Marie, 

2010; Riccardi et al., 2013]. This study first demonstrated calcium dose dependency in 

primary calvarial osteoblastic cells in vitro, where cell numbers increased with calcium dose 

to a maximum amount and then declined. Interestingly, there was a decline in cell number in 

the calcium-free treatment group after switching from the initial seeding medium containing 

1.8 mM CaCl2, suggesting the importance of calcium in retaining cell adhesion and number. 

Calcium dose-dependency of cell number was validated in vivo using an ossicle implant 

model [Pettway and McCauley, 2008; Pettway et al., 2008], in which cells were seeded 

subcutaneously in scaffolds bearing varying amounts of calcium phosphate deposits. The 

calcium phosphate-coated PLLA nanofiber scaffolds mimic the composition and structure of 

the extracellular matrix in bone, whereby the bound calcium is slowly released from the 

scaffold, creating a physiologically relevant environment for cell proliferation and bone 

formation [He et al., 2010]. BLI, microCT and histological analyses of implanted ossicles 

suggested a similar trend in calcium dose dependency, where 0.6 mg Ca2+ supported cell 

numbers and matrix accrual and a further increase in calcium resulted in an opposite effect. 

These trends suggest that [Ca2+] plays a dual role in regulating osteoblasts, perhaps by 

regulating osteoblast turnover and acting as a coupling mediator between osteoblasts and 

osteoclasts during bone remodeling.

Using cell implanted scaffolds containing 0 mg and 0.6 mg calcium phosphate, PTH had a 

greater effect on cell number in vivo in the presence of calcium. PTH had a greater effect on 

bone volume in scaffolds without calcium, but there was increase in the number of cells per 

bone volume with the combined calcium and PTH treatment; however, similar trends did not 

exist in bone volume and bone area. The increased total number of cells resulting from the 

combination of PTH and calcium may include differentiated BMSCs that are not specific to 

the osteoblastic lineage, thus accounting for the different patterns in cell number versus bone 

volume. The bone marrow contains a diverse population of cells, including fibroblasts, 

endothelial cells, reticulocytes, adipocytes and mesenchymal cells, which can be driven 

towards the osteoblast, adipocyte or chondrocyte lineages [Caplan, 1991]. The osteoblast 

lineage can be directed by treating BMSCs in vitro with dexamethasone [Cheng et al., 1994; 

Maniatopoulos et al., 1988; Peter et al., 1998], as was initially performed in this study. This 
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treatment, while effective in increasing alkaline phosphate (ALP) activity, osteocalcin 

expression, bone sialoprotein expression and matrix mineralization, also promotes the 

adipocyte lineage [Bennett et al., 1991; Beresford et al., 1992]. In a similar ossicle model 

where BMSCs were seeded onto gelatin sponges and implanted ectopically in 

immunodeficient mice, both PTH and vehicle treatment supported adipose cell number 

[Pettway et al., 2005]. Therefore, the increase in cell number, demonstrated using 

bioluminescence, may include a population of non-osteoblastic cells, and potentially 

explains why an increase in cell number does not correlate with tissue level alterations.

One proposed mediator involved in calcium and PTH interactions is the CaSR. While the 

presence of the CaSR has been demonstrated in osteoblasts [Chattopadhyay et al., 2004; 

Kameda et al., 1998; Yamaguchi et al., 1998; Yamaguchi et al., 2001], its function has been 

largely controversial and not well understood, as osteoblasts lacking CaSR are still able to 

sense and respond to extracellular calcium [Fromigué et al., 2009; Pi et al., 2000], 

potentially through other cation-sensing receptors such as the G-protein coupled receptor, 

GPRC6A [Pi et al., 2005], or alternatively spliced CaSR variants missing exon 5 that 

continue to be expressed even with a global CaSR deletion of full-length CaSRs [Rodriguez 

et al., 2005]. The findings in this study suggest that the CaSR, in fact, plays a critical 

protective role in osteoblast survival.

Absence of the CaSR had no effect on the number of osteoblastic cells during early stages in 

culture. However, after confluence (approx. day 8 in culture), wild-type cells continued to 

increase in number whereas osteoblast-specific CaSR knock-out cells plateaued. Treatment 

of wild-type cells with a calcilytic agent significantly reduced the number of cells at 

confluence relative to vehicle and calcimimetic treatment. While the osteoblast-specific 

CaSR knock-out had a similar effect as the calcilytic treatment, the latter had a greater 

impact on cell number likely because the calcilytic agent acts as agonist to the CaSR in all 

cell types. CaSR gene expression has been shown to increase in mature osteoblasts during 

later stages in culture [Chattopadhyay et al., 2004], supporting the above findings.

Quantitative real-time PCR indicated similar expression levels of important early osteoblast 

markers RUNX-2, osterix and osteocalcin between CaSR knock-out and wild-type mice. 

These results are in contrast with earlier findings showing a decrease in osteoblast gene 

expression markers [Chang et al., 2008], and may reflect intrinsic differences between the 

calvarial osteoblasts in the present study and bone marrow-derived osteoblasts. Interestingly, 

while the CaSR knock-out phenotype has reduced bone quality in adult mice [Brown et al., 

1998; Chang et al., 2008; Garner et al., 2001; Ho et al., 1995; Riccardi et al., 2013; Tu et al., 

2003], microCT and histologic analyses of neonatal CaSR control and knock-out mice 

showed no differences in bone parameters of young mice. Together, these findings suggest 

that the role of the CaSR is less pronounced in young mice, and supports the in vitro 
findings proposing the importance of the CaSR in mature osteoblasts and cell survival.

In the present study, vertebral bodies from young CaSR control and Col-BoneCaSRΔflox/Δflox 

osteoblast-specific knock-out mice had comparable levels of trabecular bone four weeks 

after implantation. The CaSR knock-out also did not have an effect on trabecular bone 

parameters of vehicle-treated intact mice. Together, these findings indicate that trabecular 
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bone formation can occur independently of the osteoblast-specific CaSR and may be 

supplemented by normal endocrine signaling from the host mouse. The robust PTH effect on 

wild-type mice was seen to a lesser extent in osteoblast-specific CaSR knock-out mice, with 

an improvement in serum P1NP levels but no net significant effect on trabecular bone 

volume, suggesting that the anabolic actions of PTH are at least partially dependent on the 

CaSR.

Cortical bone microCT parameters, however, were compromised in the osteoblast-specific 

CaSR knock-out, suggesting a more significant role for the CaSR in cortical bone. Whole 

bone parameters were reduced and PTH effects were abolished by the osteoblast-specific 

CaSR knock-out. These findings are consistent with a proposed compartmental role for the 

CaSR on PTH effects in bone, where the CaSR is thought to have a larger effect on cortical 

bone than trabecular bone [Xue et al., 2012], and suggest a role for the CaSR in the anabolic 

effects of PTH.

In summary, osteoblast numbers in vitro and bone volume in vivo depend on calcium 

suggesting that the CaSR is important for osteoblast activity. Trabeculation occurred 

normally in osteoblast-specific CaSR knock-out mice and vertebral implants, suggesting that 

the CaSR is dispensable for trabecular bone formation. However, whole and cortical bone 

parameters were significantly compromised by the loss of the osteoblast-specific CaSR, and 

PTH effects were abolished in these mice. These findings suggest that the CaSR is part of an 

endocrine signaling pathway that plays an important role in the anabolic actions of PTH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Osteoblasts and bone volume are influenced by calcium availability
(A) Calvarial osteoblast numbers are dependent on exogenous calcium concentration in 
vitro. Cell number increased dose-dependently and reached a maximum with 3.5 mM CaCl2 

treatment (* p<0.05 relative to no calcium, n=4/gp). (B) Schematic illustration of ossicle 

experiment. BMSCs were isolated from long bones of luciferase-tagged C57BL/6 mice, 

expanded in vitro and seeded (1×106 cells/ossicle) in PLLA-based scaffolds. Scaffolds were 

implanted in athymic mice and left for 28 days, with regular in vivo monitoring using 

bioluminescence (BLI). (C) BLI imaging was used to monitor cell number post-

implantation. Representative microCT images (D) and analysis (E) of scaffolds after harvest 
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indicated a significant increase in bone volume in the 0.6 mg Ca2+ scaffold. (Data is mean ± 

SEM, n=8/gp; * p<0.05 relative to 0 mg Ca2+).
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Fig. 2. Calcium enhanced PTH effects on osteoblast number in vivo
(A) Representative BLI images of mice implanted with scaffolds (0 mg vs. 0.6 mg Ca2+) 

seeded with luciferase-tagged BMSCs. (B) PTH administration significantly increased 

luminescence reflecting increased cell number relative to vehicle which was further 

enhanced by calcium (0.6 mg Ca2+) relative to calcium-free (0 mg Ca2+) scaffolds. 

Representative images (C) and analysis (D) of scaffolds on day 40 using microCT suggested 

a PTH effect in scaffolds with no calcium. (E) BLI/BV, reflecting the number of cells per 

bone volume, was significantly increased by the combination of calcium and PTH. (F) 

Histological analysis of osseous matrix area relative to total scaffold area using H&E 

Al-Dujaili et al. Page 17

J Cell Biochem. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



staining revealed an increase in mineralized tissue in Ca-free scaffolds with PTH treatment 

but not in calcium scaffolds. (G) There was no difference in cell number (BLI) per bone area 

(histology) between calcium and calcium-free scaffolds within treatment groups, but a 

significant increase was found in calcium scaffolds with PTH. (H) Representative images of 

scaffolds. Unstained (grey/white) areas indicate remaining scaffold particles, whereas pink 

denotes eosin-positive bone matrix. (Data is mean ± SEM, n = 8/gp; * p<0.05 PTH + 0.6 mg 

Ca2+ vs. Veh + 0.6 mg Ca2+, ** p<0.05 PTH + 0.6 mg Ca2+ vs. PTH + 0 mg Ca2+, *** 

p<0.05 PTH + 0 mg Ca2+ vs. Veh + 0 mg Ca2+).
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Fig. 3. Presence of the CaSR supports osteoblast survival in vitro
Calvarial cell culture from osteoblast-specific CaSR knock-out mice 

(Col-BoneCaSRΔflox/Δflox; KO) and control littermates (WT). (A) There were no differences 

between the number of KO and WT calvarial osteoblasts during the initial days of culture. 

However, after cells reached confluence the number of WT cells continued to increase, 

whereas KO cells plateaued. (n=7–11/gp, * p<0.05 KO relative to WT cells). (B) 

Pharmacologic treatment of WT cells with a CaSR agonist (calcimimetic, R-568) or 

antagonist (calcilytic, NPS 2143) had no effect on cell number during the initial days of 

culture, but NPS 2143 caused cell number to decline after cells reached confluence. (C) 

Measurement of DNA fragmentation revealed an increase in apoptosis with NPS 2143 

treatment on day 14 relative to the other treatment groups. (n=4/gp for B–C, * p<0.05 

relative to both vehicle and calcimimetic treatment). All data is mean ± SEM.
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Fig. 4. PTH effects on body weight, serum P1NP and tibial radiography in WT 
vs. Col-BoneCaSRΔflox/Δflox mice
(A) Images of 21-day-old WT and KO littermates after 17 days of vehicle or PTH treatment. 

(B) Mouse total body weight was significantly lower in KO mice, with no PTH effect in 

either WT or KO mice. (C) Serum P1NP levels were significantly reduced in KO vs. WT 

vehicle-treated mice. PTH treatment increased P1NP levels in WT mice, and normalized the 

effect of the Col-BoneCaSRΔflox/Δflox KO to WT-vehicle levels. (n=8–9 for B–C; * p<0.05 

relative to WT control in each treatment group.) (D) KO tibiae appeared smaller and more 

radiolucent than WT. PTH treatment increased radiopacity of both KO and WT bones. (E) 
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Histologic analysis revealed that osseous bone matrix area was not affected by the Col1-

CaSR KO, and was increased with PTH treatment in both WT and KO mice (n=8–9/gp; # 

p<0.01 relative to vehicle treatment). (F) Representative images of H&E staining of mouse 

tibiae. All data are mean ± SEM.
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Fig. 5. PTH effects on microCT parameters in WT vs. Col1-CaSR KO mice
MicroCT reconstruction (A) and analysis (B–J) of Col1-CaSR WT and KO tibiae revealed 

significant differences between WT and KO mice in both vehicle and PTH-treated mice. (B–

C) The anabolic actions of PTH on whole tibiae (W.B. – whole bone) were diminished in 

Col1-CaSR KO mice. (D–H) No differences in trabecular bone (Tb.) parameters (BV/TV, 

BMD, Tb.N. – trabecular number, Tb.Th. trabecular thickness, Tb.Sp. – trabecular spacing) 

between vehicle-treated WT and KO mice. A consistent PTH effect was seen in trabecular 

bone parameters of WT mice, and to a lesser extent in the KO mice but not in trabecular 

BV/TV of KO mice. (I–J) Cortical bone (Ct.) parameters (BV/TV, BMD) were significantly 

compromised in Col1-CaSR KO mice, and PTH did not alter cortical parameters in either 
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group. (Data are mean ± SEM, n = 8/gp; * p<0.05 relative to WT control in the same 

treatment group, unless otherwise indicated).
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