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Abstract

Chronic metabolic acidosis stimulates cell-mediated calcium efflux from bone through 

osteoblastic prostaglandin E2-induced stimulation of RANKL leading to increased osteoclastic 

bone resorption. Osteoblasts express the proton-sensing G-protein coupled receptor, OGR1, which 

activates IP3-mediated intracellular calcium. Proton-induced osteoblastic intracellular calcium 

signaling requires OGR1, suggesting OGR1 is the sensor activated during acidosis to cause bone 

resorption. Growing mice produce large amounts of metabolic acids which must be buffered, 

primarily by bone, prior to excretion by the kidney. Here we tested whether lack of OGR1 inhibits 

proton-induced bone resorption by measuring bone mineral density by μCT and histomorphometry 

in 8 week old male OGR1−/− and C57/Bl6 wild type mice. OGR1−/− mice have normal skeletal 

development with no atypical gross phenotype. Trabecular and cortical bone volume was 

increased in tibiae and vertebrae from OGR1−/−. There were increased osteoblast numbers on the 

cortical and trabecular surfaces of tibiae from OGR1−/− mice, increased endocortical and 

trabecular bone formation rates, and osteoblastic gene expression. Osteoclast numbers and surface 

were increased in tibiae of OGR1−/− mice. Thus, in rapidly growing mice, lack of OGR1 leads to 

increased bone mass with increased bone turnover and a greater increase in bone formation than 

resorption. This supports the important role of the proton receptor, OGR1, in the response of bone 

to protons.
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Introduction

Chronic metabolic acidosis (MET), a systemic increase in proton (H+) concentration due to 

a reduction in bicarbonate (HCO3
−) concentration is present during a number of clinical 

disorders, such as chronic kidney disease and renal tubular acidosis (1). MET induces a 

direct loss of calcium (Ca) from bone in the process of buffering the acid load (1–3). Using 

an in vitro model of MET, we found that in the first few hours this loss of Ca from bone 

occurs through physicochemical mineral dissolution (4, 5) and subsequently by cell-

mediated bone resorption (4, 6–8). We have shown previously that MET regulates specific 

gene expression in osteoblasts, decreases collagen synthesis and subsequent mineralization, 

and promotes osteoclastic bone resorption (8–11). Acid-induced bone resorption is mediated 

primarily by stimulation of osteoblastic cyclooxygenase 2 (COX2) leading to a 

prostaglandin E2-mediated increase in RANKL expression (12–14). RANKL interacts with 

its receptor, RANK, on osteoclast precursors, leading to differentiation and activation of 

osteoclasts, increased bone resorption and subsequent net Ca efflux from bone (15).

We and others have demonstrated that osteoblasts express the G protein-coupled H+ sensing 

receptor, OGR1 (16,17,18). This receptor senses extracellular H+ through histidine residues 

and is coupled to Gq, stimulating inositol phosphate (IP3) production and mobilization of 

intracellular Ca (Cai) (17, 19). OGR1 is expressed in osteoblasts and osteocytes as well as 

osteoclasts, and has been found in other tissues and neoplastic cells (19). We found that H+ 

activation of OGR1 results in increased Cai signaling in osteoblasts and that the OGR1 

inhibitor, CuCl2, which directly stabilizes histidine residues in OGR1, inhibits H+-induced 

stimulation of bone resorption in cultured neonatal mouse calvariae {(16)}. Pharmacologic 

inhibition of IP3-mediated Cai release also inhibits H+-induced intracellular signaling in 

osteoblasts and bone resorption (20). Our findings strongly suggest that OGR1 is the H+ 

sensor that detects the increase in [H+] during metabolic acidosis and initiates osteoblastic 

signaling leading to increased osteoclastic bone resorption.

Mammalian basal metabolic rate is inversely correlated with mammalian body size, being 

highest in the smallest animals (21). Endogenous metabolic acids must be buffered, in large 

part by bone (6, 22), prior to renal excretion (1, 3). Since our prior work indicated that 

OGR1 is the H+ sensor which initiates the bone response to metabolic acidosis, we 

hypothesized that the lack of OGR1 would protect the skeleton from acid-induced bone 

resorption in rapidly growing mice. To test the hypothesis that the lack of OGR1 would 

inhibit H+-induced bone resorption, we determined bone mineral density and bone 

histomorphometric parameters of mice with a genetic null mutation in OGR1 (OGR1−/−) 

compared to wild type mice. In OGR1−/− mice the observation of increased bone mineral 

density, with increased bone formation and decreased bone resorption, would support this 

hypothesis.
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Results

Gross Phenotype

At 8 weeks of age there is no gross phenotypic or size difference between male OGR1−/− 

and WT mice and no significant difference in body weight (OGR1−/− = 22.8±0.6 vs. WT = 

23.8±0.2 gm).

Immunohistochemistry

To confirm the absence of OGR1 in bones from OGR1−/− mice, tibial sections were stained 

with a specific OGR1 antibody. Immunohistochemical analysis did not demonstrate staining 

in the absence of the primary antibody (Fig. 1, panel A), positive staining in osteoblasts on 

bone surfaces in tibial sections from WT (Fig. 1, panel B) and the absence of specific OGR1 

staining in OGR1−/− bone (Fig. 1, panel C). Immunoblot analysis of total protein from 

primary calvarial cells demonstrates OGR1 in cell lysates from wild type but not from 

OGR1 −/− mice (Fig. 1D).

Micro-computed Tomography (μCT)

Tibiae and vertebrae from OGR1−/− and WT mice were analyzed by μCT. Representative 

images of tibiae show increased trabecular bone density in the OGR1−/− mice compared to 

WT mice (Fig. 2A). Quantitative analysis of μCT images demonstrate significantly 

increased trabecular bone volume/total volume and increased trabecular number and 

decreased trabecular spacing in the OGR1−/− tibiae (Fig. 2B). Representative μCT images 

of vertebrae also demonstrate increased trabecular bone density in the OGR1−/− vertebrae 

(Fig. 3A). Quantitative analysis of μCT images demonstrates significantly increased 

trabecular bone volume/total volume, increased trabecular number and thickness and 

decreased trabecular spacing in the OGR1−/− vertebrae (Fig. 3B). Tibial cortical bone 

volume is increased in the OGR1−/− mice, as illustrated in representative μCT images (Fig. 

4A). Quantitative analysis of the μCT of tibial cortical bone demonstrates significantly 

increased cortical bone area as well as increased cortical thickness from OGR1−/− mice 

(Fig. 4B).

Osteoblast Histomorphometry and Bone Formation Rate

Representative H&E-stained sections of tibiae from WT (upper panels) and OGR1−/− 

(lower panels) mice demonstrate that OGR1−/− mice have increased trabecular bone volume 

(Fig. 5A). Histomorphometric analysis of these sections demonstrates an increase in % bone 

volume and a decrease in trabecular spacing (Fig. 5B), which is similar to the results 

obtained with μCT (Fig. 2 and Fig. 4). By histomorphometric analysis there was an increase 

in osteoblast number along the endocortical and trabecular bone surface of OGR1−/− tibia 

(Fig. 6A). Bone formation rates, as determined by in vivo calcein labeling, were also 

significantly increased in both endocortical and trabecular bone in OGR1−/− tibiae (Fig. 

6B).
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Osteoblastic Gene Expression

To further define the role of the osteoblast in the increased density of bones from OGR1−/− 

mice we isolated primary osteoblasts from OGR1−/− and wild type neonatal calvariae and 

examined characteristic osteoblast gene expression levels in these cells. When grown to 

confluence (0′), we found significantly greater expression of alkaline phosphatase, collagen 

1, osterix, runx2 and RANKL in the knockout osteoblasts compared to wild type (Fig. 7A). 

When these cultures were switched to mineralization medium and allowed to further 

differentiate for an additional 2 weeks, expression of these same osteoblast genes remained 

higher in the knockout than in the wild type osteoblasts. There was no difference in the level 

of osteocalcin expression at either time point (Fig. 7B). Additional cultures were stained 

with alizarin red after 2 weeks in mineralization medium to determine the extent of 

mineralization. There was significantly more staining in the OGR1−/− cultures compared to 

wild type cultures (Fig. 7C).

Osteoclasts

Histomorphometric analysis of H&E stained sections demonstrate an increase in osteoclast 

number and osteoclast surface in the tibial metaphyses of OGR1−/− mice compared to wild 

type (Fig. 8A). There is also an increase in tartrate resistant acid phosphatase staining in 

OGR1−/− mice compared to wild type (Fig. 8B).

Discussion

Rapidly growing mice generate large amounts of metabolic acids (21) which must be 

buffered, principally by bone, before they are ultimately excreted by the kidney. We have 

shown previously that MET directly regulates both osteoblastic and osteoclastic activity (8, 

23), decreases collagen synthesis and mineralization and increases osteoclastic bone 

resorption (8, 11), responses which are mediated by H+ signaling in the osteoblast through 

the H+ receptor OGR1 (16, 20). OGR1 is a H+-sensing receptor that stimulates inositol 

phosphate formation and increases Cai and is found in osteoblasts, osteocytes and 

chondrocytes (17, 19), as well as other tissues (19, 24). We previously confirmed the 

expression of OGR1 in mouse osteoblasts and found that inhibition of OGR1 with CuCl2 

decreased acid-induced bone resorption (16). MET increased Cai in CHO cells stably 

transfected with OGR1 comparably to the H+-induced increases in Cai observed in primary 

mouse osteoblasts (16). In contrast, non-transfected CHO cells did not increase Cai in 

response to MET. Further support for OGR1 mediating the response to H+ in osteoblasts is 

our finding that pharmacologic inhibition of increased Cai blocks acid-induced stimulation 

of COX2 and RANKL in primary osteoblasts, as well as H+-induced osteoclastic bone 

resorption (20).

To further test the hypothesis that OGR1 is important in the osseous response to acid we 

determined the bone mineral density and histomorphometry of mice with a genetic null 

mutation in OGR1 (OGR1−/−) compared to age and sex matched WT mice. We found that 

male mice lacking OGR1 have increased bone density and increased bone formation 

compared to WT controls. However in addition to the increase in bone formation rate we 

found an increased number of osteoclasts and increased TRAP staining in the OGR1−/− 
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mice, suggesting increased bone resorption. In 8 week old growing mice, there is active 

bone remodeling, with ongoing bone formation and bone resorption. Given the observed 

increased bone density in OGR1−/− mice, the measured increase in bone formation must 

exceed any increase in bone resorption. Although the increased expression of osteoblastic 

genes would contribute to the increase in bone formation, the increase in RANKL gene 

expression should contribute to the increased resorption. Further studies will be necessary to 

directly characterize the activity of osteoclasts isolated from these mice. The current 

findings support our hypothesis that OGR1 is an important H+ sensor in bone which detects 

the increase in H+ concentration and initiates the signal transduction cascade leading to 

MET-induced, increased cell-mediated bone resorption and decreased bone formation. 

While the results of this study are consistent with decreased proton sensing in the OGR1−/− 

mice, this interpretation is limited by our inability to directly measure arterial blood pH in 

these mice. Future studies may require direct measurement of arterial blood gases in 

unanesthetized and unstimulated mice.

That OGR1 is a primary mediator of the response by osteoblasts to increased [H+] is 

consistent with our current findings that both trabecular and endocortical bone formation 

rates were significantly increased in OGR1−/− tibiae. In this study μCT analyses 

demonstrated that vertebral and tibial trabecular bone volume and trabecular number were 

increased and trabecular spacing was decreased in OGR1−/− mice; vertebral trabecular 

thickness and tibia cortical bone volume were also increased in OGR1−/− compared to WT 

bones. Histomorphometric analyses of tibia sections also demonstrated an increase in 

trabecular bone volume. In contrast to the increased bone formation in OGR1−/− mice, 

metabolic acidosis decreases collagen synthesis in calvariae from mice with intact OGR1 

(8). Supporting the current observations, Tomura et al. found that in human osteoblastic 

cells an acidic pH induced a transient increase in Cai and inositol phosphate production as 

well as increased COX2-mediated PGE2 production (18). Inhibition by siRNA for OGR1 

blocked these responses, again supporting the primary role for OGR1 as the osteoblastic 

signal transducer for H+ in bone.

In addition to being the H+ sensor in osteoblasts, OGR1 appears to have a direct role in the 

response of osteoclasts to acid. As with RANKL-induced activation of osteoclasts (15, 25), 

metabolic acidosis directly activated isolated osteoclasts by a Cai-mediated stimulation of 

NFATc1 (26). Osteoclasts also express OGR1, which increased in response to RANKL 

treatment (26). Proton-induced increases in Cai in osteoclasts were blocked by zinc, 

presumably due to inhibition of OGR1 (26). Both CSF-1 and RANKL stimulated OGR1 

expression and osteoclast differentiation in vivo and also in vitro in isolated pre-osteoclasts 

(RAW 264.7 cells) (27). Acidosis increased the survival of isolated osteoclasts, possibly by 

suppressing apoptosis, and survival was lessened by depleting OGR1 using RNA 

interference (28). Li et al. generated a conditional OGR1-deficient mouse by homologous 

recombination (29). They found no gross abnormalities in bones of these knockout mice by 

X-ray or histomorphometry. However, using isolated bone marrow cells from these mice, 

they observed fewer osteoclasts in response to M-CSF and RANKL induction. In contrast to 

the findings of Pereverzev, Li found that osteoclasts from knockout mice had a similar 

survival rate at pH 7.4 and pH 6.8, while osteoclasts from wild type mice had reduced 
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survival at the lower pH. Thus, OGR1 appears to play a direct role in osteoclast 

differentiation and function in addition to its role in osteoblast activation by H+.

It is unclear why there is an increase in RANKL and osteoclast activity in addition to an 

increase in osteoblastic bone formation in the OGR1−/− mice. However, a simultaneous 

increase in both bone resorption and bone formation is not unique to OGR1−/− mice. For 

example constant, excessive PTH, such as found in primary hyperparathyroidism results in 

both an increase in bone formation and bone resorption with resorption predominating over 

formation, resulting in a decrease in bone mass (30). In contrast small intermittent 

exogenous doses of PTH result in increased bone formation and increased bone mass (30). 

Future studies of osteoclast regulation in OGR1−/− mice will be needed to understand the 

role of this cell in the increase in bone mass of this animal.

In this study, while we found an increase in osteoclast number in OGR1−/− mice, there was 

also an increase in the osteoblast number and bone formation rate. In addition, primary 

osteoblasts from OGR1−/− calvariae demonstrated increased expression of genes 

characteristic of differentiated osteoblasts. The net increase in trabecular and cortical bone 

mass in the OGR1−/− mice therefore almost certainly represents a net increase in bone 

formation relative to bone resorption. Although there is an overall increase in bone 

remodeling in the OGR1−/− mice, the data support an imbalance in favor of increased bone 

formation. In this study OGR1 was absent in both osteoblasts and osteoclasts. While the 

increase in osteoblastic bone formation must be due to the lack of OGR1 in the osteoblast, 

we cannot yet determine if the increase in osteoclast number was due to a lack of 

osteoclastic OGR1 or mediated through the osteoblast. This determination will require 

generation of a conditional deletion of OGR1 in osteoblastic and osteoclastic cells and 

further characterization of the effect of H+ on isolated osteoblasts and osteoclasts from 

OGR1−/− mice.

As our model is a global knockout of OGR1, we cannot rule out that the effects we observe 

are due to a response to OGR1 in other tissues. OGR1 has also been shown to be an active 

H+ receptor in non-osseous cells, including human aortic smooth muscle cells (31) which 

respond to acidic extracellular pH with increased inositol phosphate production, transient 

increased Cai and increased prostaglandin I2. These responses were blocked when cells were 

transfected with siRNA specific for OGR1. In addition, OGR1 has been shown to function 

as a tumor metastasis suppressor gene when overexpressed in human prostate cancer cells in 

vivo (32). OGR1 is not the only metabolically active H+ receptor. GPR4 is another G-

protein coupled proton receptor that is abundant in the kidney. GPR4−/− mice have 

decreased net acid excretion resulting in metabolic acidosis (33). OGR1 is of low abundance 

in the kidney; and would not be expected to play a role in how the kidney detects changes in 

[H+], though this has not been tested directly.

In the current study we tested the hypothesis that the lack of OGR1 would inhibit H+-

induced bone resorption in rapidly growing mice that generate large amounts of metabolic 

acid. We found that mice lacking this H+ receptor have a net increase in bone formation 

resulting in increased bone mineral density, supporting this hypothesis. A greater 

understanding of the importance of OGR1 in the response of bone to excess H+ may provide 
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new approaches for mitigating the bone loss associated with isolated chronic metabolic 

acidosis and in metabolic acidosis as part of chronic kidney disease-mineral bone disorder.

Methods

Animals

Mice with a genetic null mutation in OGR1 (OGR1−/−) were provided by K. Seuwen, 

Novartis (Basel, Switzerland). As OGR1−/− mice were generated on a C57/Bl6 background, 

wild type C57/Bl6 (WT) mice were used as controls. Eight week old OGR1−/− and WT 

male mice were used for all comparisons. Bones from at least 12 animals of each genotype 

were analyzed for histology and for microCT, though not all bones were suitable for use for 

each analysis. For each determination the number of bones analyzed is listed in the figure 

legend. When measuring bone formation rate, at 14 days and 2 days prior to sacrifice, mice 

were injected with 0.6% calcein (Sigma) in buffered saline at pH 7.4. All mice were 

anesthetized with nembutol and killed by cervical dislocation; intact knee joints (distal 

femur and proximal tibiae) and lumbar columns were dissected. All procedures were 

approved by the University Committee for Animal Resources.

Immunohistochemistry

Intact left knee joints were fixed in neutral buffered formalin for 72 hrs, washed and 

decalcified in 5% formic acid (Immunocal, Decal Chemical Corp) and then paraffin 

embedded, and sectioned. Sections were baked overnight at 60°C, deparaffinized and 

rehydrated through graded ethanol solutions. For immunohistochemical analyses, antigen 

retrieval was performed in 10% hyaluronidase (MP Biomedicals) in PBS for 10 min at 

37°C. Endogenous peroxidase was quenched with DAKO Dual Endogenous Enzyme 

Blocking Reagent for 30 min (Dako). Sections were blocked with normal goat serum 

(Vectastain Elite Rabbit IgG Kit) for 30 min, and incubated overnight at 4°C with a specific 

primary OGR1 antibody (LifeSpan BioSciences, Inc.) 1:200 in 2% normal goat serum. 

Binding was detected with a biotinylated goat anti-rabbit (Vectastain Elite Rabbit IgG Kit) 

secondary antibody and subsequent incubation with Vectastain ABC Reagent. The color 

reaction was detected with Vector Impact DAB (Vector SK-4105) and counterstained with 

hematoxylin (Zymed).

Micro-computed tomography (μCT)

To determine cortical and trabecular bone volume, right tibiae and L2 vertebrae were placed 

in 70% ethanol and scanned by μCT using a Scanco Medical vivaCT 40 with a resolution of 

10.5 micron isotropic (cubical) pixels. Two-dimensional images were used to generate three-

dimensional reconstructions and calculate morphometric parameters defining cortical bone 

and trabecular bone mass and micro-architecture. These include bone volume/tissue volume 

(BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation 

(Tb.Sp), cortical bone area and mean bone mineral density.

Histomorphometry

Intact left knee joints were fixed in neutral buffered formalin for 72 hours, washed and 

decalcified in 10% EDTA, embedded in paraffin, and 3 mm sections were cut from the 
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centers of the tibiae. Hematoxylin and eosin (H&E) and tartrate-resistant acid phosphatase 

(TRAP) staining were performed using standard protocols. Histomorphometric analysis of a 

defined region 120 μm below the growth plate, 1400 μm long covering the width of the 

section inside the cortical bone in the tibial diaphysis was analyzed for % bone volume, 

trabecular number and spacing as well as osteoclast numbers and surfaces and eroded 

surfaces and quantified using Visiomorph software (Visiopharm) with an algorithm 

developed to automatically measure these parameters, according to standard bone 

histomorphometric practice. Osteoclast number and activity were evaluated from paraffin-

embedded tibial sections stained for TRAP activity on the bone surface. Slides were scanned 

and digitized using an Olympus VS110 whole slide imaging system and then analyzed with 

Visiopharm image analysis software. For analysis of trabecular osteoblast number, 

cancellous bone from paraffin-embedded tibial sections was imaged at 20x in the proximal 

diaphysis beginning 450 μm below the growth plate and extending down 600 μm. An 

algorithm was developed to automatically measure trabecular bone surface and volume in 

the two regions using Visiopharm software. Results were normalized as percent osteoblast 

surface/bone surface. Osteoblast number on the endocortical surface was determined in 

paraffin-embedded tibial sections using an area calculating algorithm in OsteoMeasure 

software (Osteometrics, Decatur, GA). Individual osteoblasts were counted in a defined area 

of each section, the perimeter of outlined regions was quantified, and osteoblast number was 

normalized to the numbers of pixels for each section.

Bone Formation Rate

After μCT, bones were embedded in plastic (LR White, Polyscience) to determine bone 

formation rate based on calcein labeling. For trabecular bone, the region of interest 

examined was 700 μm wide × 550 μm high, centered between cortical bone and 120 μm 

below the growth plate of each section. For cortical bone the endosteal region of interest was 

3 mm below the growth plate for a distance of 550 μm for each section. Bone formation rate 

(BFR, = MAR x MS/TS) was calculated using the Visiomorph program (Visiopharm) for 

measurement of total trabecular or cortical surface area (TS), double- (DL) and single-

labeled (SL) trabecular or cortical surface to calculate mineralizing surface (MS = DL + ½ 

SL) and inter-label distance, averaged over measurements every 25 μm, to calculate the 

mineral apposition rate (MAR).

Primary Bone Cell Culture

Primary bone cells, almost exclusively osteoblasts, were isolated from neonatal OGR1−/− 

and wild type mouse calvariae by sequential collagenase digestion as described previously 

(34). After each digestion, released cells were collected and resuspended in the HEPES 

buffer with 1 mM MgSO4; digests were pooled for plating on 6 well Primaria plates 

(Falcon). Cells were cultured until confluent. At confluence, initial plates were collected for 

RNA isolation and QPCR. Other plates were switched to mineralization medium containing 

50 μg/ml ascorbic acid and 10 mM β-glycerophosphate and cultured for an additional 2 

weeks, with medium changes every 3–4 days. Bone nodule formation was determined by 

alizarin red staining of plates after the 2 weeks in culture in mineralization medium.

Krieger et al. Page 8

Kidney Int. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Immunoblot analysis

Primary osteoblastic cells were isolated as above from neonatal OGR1−/− and wild type 

mouse calvariae. At confluence, cells were washed in cold PBS, scraped into Laemmli 

buffer + 100 mM dithiothreitol, boiled for 5 min and stored at −20°C. Parallel cultures were 

collected in 0.2 N NaOH for determination of protein concentration. Equal amounts of 

protein were separated on 12% polyacrylamide gels, transferred to Immmobilon-P 

membranes (Millipore) and immunoblotted with primary antibody to OGR1 (LifeSpan 

BioSciences) at a 1:1000 dilution, and simultaneously with an actin antibody (Santa Cruz) at 

a 1:10000 dilution and incubated overnight at 4°C. Specific binding was detected using a 

secondary antibody coupled to horseradish peroxidase (Vector) and the Clarity Western 

ECL substrate (BioRad) chemiluminescent detection system for OGR1 and a secondary 

antibody coupled to dylight 550 (ThermoScientific) for actin. Blots were analyzed on a 

ChemiDoc MP Imager (BioRad) using a multichannel analyzer.

RNA Isolation and Quantitative Polymerase Chain Reaction

At indicated times, cells were washed with cold PBS and lysed in RLT buffer according to 

the Qiagen protocol using a Qiashredder. Total RNA was prepared using the Qiagen RNeasy 

kit(14, 35). RNA (1 μg) was reverse transcribed to first-strand cDNA using an iScript cDNA 

synthesis kit (Bio-Rad) and specific transcript levels were determined by quantitative real 

time polymerase chain reaction using iQ SYBR-green in an iCycler thermocycler and 

analyzed with MyIQ optical system software (Bio-Rad). Primers were synthesized by 

Integrated DNA Technologies for mouse sequences. Standard curves were generated for 

each primer. Relative expression levels were normalized to RPL13A RNA levels using the 

comparative threshold cycle method(36).

Data Analysis

All tests of significance were calculated using analysis of variance, with Bonferroni’s 

correction for multiple comparisons using conventional computer programs (Statistica, 

StatSoft).
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Figure 1. OGR1 staining was not detectable by immunohistochemical analysis in tibial sections 
from 8 week OGR1−/− mice compared to wild type (WT) sections
A) WT decalcified tibial section incubated with no primary antibody; B) WT decalcified 

tibial section incubated with specific primary antibody to OGR1; C) OGR1−/− decalcified 

tibial section incubated with specific primary antibody to OGR1. 20x magnification, scale 

bar = 100 μm. D) Immunoblot of total protein from osteoblast lysates detects OGR1 from 

WT but not OGR1−/− primary osteoblasts. Data are normalized to actin.
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Figure 2. MicroCT analysis of tibial metaphyseal trabecular bone from 8 week old male wild 
type and OGR1−/− mice
A) Representative μCT scans of wild type (upper panels) and OGR1−/− tibiae (lower 

panels). B) Quantitative analysis of μCT scans: Bone Volume/Total Volume (BV/TV), 

Trabecular Number (Tb.N.), Trabecular Thickness (Tb.Th.) and Trabecular Spacing 

(Tb.Sp.); mean ± SE for 12 wild type and 11 OGR1−/− mice. *, p<0.05 vs wild type bone.
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Figure 3. MicroCT analysis of vertebral trabecular bone from 8 week-old male wild type and 
OGR1−/− mice
A) Representative μCT scans of vertebrae from wild type (upper panels) and OGR1−/− 

(lower panels) mice. B) Quantitative analysis of μCT scans: Bone volume/total volume (BV/

TV), Trabecular Number (Tb.N.), Trabecular Thickness (Tb.Th.) and Trabecular Spacing 

(Tb.Sp.); mean ± SE for 12 wild type and 11 OGR1−/− mice. *, p<0.05 vs wild type bone.
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Figure 4. MicroCT analysis of tibia cortical bone volume from 8 week old male wild type and 
OGR1−/− mice
A) Representative μCT scans of wild type tibia (upper panel) and OGR1−/− tibia (lower 

panel). B) Quantitative analysis of cortical bone area (on left) and cortical thickness (on 

right) for wild type (open bars) and OGR1−/− (solid bars). Results are mean ± SE for 10 

wild type and 6 OGR1−/− mice; *, p<0.05 vs wild type bone.
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Figure 5. Increased trabecular bone volume in the tibial metaphysis from 8 week-old OGR1−/− 
mice compared to wild type mice
A) Representative tibial sections were stained with H&E and orange G, which displays 

trabecular bone in orange, from wild type (upper panels) and OGR1−/− (lower panels) mice. 

B) Quantitative histomorphometric analysis of trabecular bone from undecalcified tibial 

sections of wild type (open bars) and OGR1−/− (solid bars) mice using Visiopharm 

software: Bone Volume/Total Volume (BV/TV), Trabecular Number (Tb.N), Trabecular 

Spacing (Tb. Sp). Results are mean ± SE for 9 wild type and 7 OGR1−/− mice; *, p<.05 vs 

wild type bone.
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Figure 6. Histomorphometric analysis of osteoblast number from tibial endocortical bone 
surfaces of 8 week-old wild type and OGR1−/− mice
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A) Quantitative analysis of osteoblasts along the endocortical bone (upper panel) and 

trabecular (lower panel) surface of sections from wild type (open bars) and OGR1−/− (solid 

bars) using OsteoMeasure software for endocortical measurements and Visiopharm software 

for trabecular measurements, normalized to bone surface. Results are mean ± SE for 7 wild 

type and 6 OGR1−/− mice; *, p<0.05 vs wild type. B) Bone formation rates in tibiae from 8 

week-old wild type or OGR1−/− mice. Mice were injected with calcein 14 days and again 2 

days prior to sacrifice. Bones were fixed, embedded in plastic and sectioned. Quantitative 

analyses of bone formation rates were determined from analysis of the resultant fluorescent 

images: sections of wild type (open bars) and OGR1−/− (solid bars) tibiae; trabecular (left) 

and endocortical (right) bone. Results are mean ± SE for 6 for wild type and 4 for OGR1−/− 

mice; *, p<.05 vs wild type.
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Figure 7. Osteoblastic gene expression in primary cells from wild type and OGR1−/− neonatal 
calvariae
A) Primary calvarial osteoblasts were grown to confluence and total RNA isolated. Relative 

expression of alkaline phosphatase (AP), collagen 1a1 (col1a1), osteocalcin (OC), osterix, 

runx2 and RANKL were analyzed by QPCR relative to the housekeeping gene RPL13a. B) 

Additional confluent cultures were switched to mineralization medium for an additional 2 

weeks, at which time, total RNA was isolated and analyzed for expression of the same 

osteoblastic genes following this additional differentiation. Results are the mean ± SE for 

26–30 replicate cultures in each group. *p<0.05 compared to wild type expression of the 

indicated gene. C) Increased alizarin red staining of OGR1−/− compared to wild type 

primary osteoblasts after 2 weeks in mineralization medium.
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Figure 8. Increased osteoclasts in the tibial metaphyses of 8 week-old OGR1−/−mice compared to 
wild type mice
A) Quantitative histomorphometric analysis of osteoclast number and surface area from 

tibiae from wild type (open bars) and OGR1−/− (solid bars) mice using Visiopharm 

software. Results are mean ± SE for 9 wild type and 7 OGR1−/− mice; *, p<.05 vs wild type 

bone. B) Detection of tartrate resistant acid phosphatase (TRAP) staining of osteoclasts in 

tibiae from 8 week-old wild type and OGR1−/− mice. Tibial sections were stained for 

tartrate resistant acid phosphatase activity, which is observed as red staining. Representative 

images of wild type (upper panels) and OGR1−/− (lower panels) tibial sections (5x 

magnification, scale bar = 600 μm).
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