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ABSTRACT
We previously showed that Ca21-sensing receptors (CaRs) are ex-

pressed in chondrogenic RCJ3.1C5.18 (C5.18) cells and that changes
in extracellular [Ca21] ([Ca21]o) modulate nodule formation and chon-
drogenic gene expression. In the present study, we detected expres-
sion of CaRs in mouse, rat, and bovine cartilage and bone by in situ
hybridization, immunocytochemistry, immunoblotting, and RT-PCR;
and we tested the effects of CaR agonists on signal transduction in
chondrogenic and osteogenic cell lines. In situ hybridization detected
CaR transcripts in most articular chondrocytes and in the hypertro-
phic chondrocytes of the epiphyseal growth plate. Expression of CaR
transcripts was weak or absent, however, in proliferating and ma-
turing chondrocytes in the growth plate. In bone, CaR transcripts
were present in osteoblasts, osteocytes, and bone marrow cells, but
rarely in osteoclasts. A complementary DNA was amplified from

mouse growth plate cartilage, which was highly homologous to the
human parathyroid CaR sequence. Immunocytochemistry of cartilage
and bone with CaR antisera confirmed these findings. Western blot-
ting revealed specific bands (;140–190 kDa) in membrane fractions
isolated from growth plate cartilage, primary cultures of rat chon-
drocytes, and several osteogenic cell lines (SaOS-2, UMR-106, ROS
17/2.8, and MC3T3-E1). InsP responses to high [Ca21]o were evident
in C5.18 cells and all osteogenic cell lines tested except for SaOS-2
cells. In the latter, high [Ca21]o reduced PTH-induced cAMP forma-
tion. Raising [Ca21]o also increased intracellular free [Ca21] in
SaOS-2 and C5.18 cells. These studies confirm expression of CaRs in
cartilage and bone and support the concept that changes in [Ca21]o

may couple to signaling pathways important in skeletal metabolism.
(Endocrinology 140: 5883–5893, 1999)

MOBILIZATION AND DEPOSITION of Ca21 into car-
tilage and bone matrix are key steps in mineraliza-

tion (1–3). Studies with vitamin D- and Ca21-deficient ani-
mals demonstrate that Ca21 availability is crucial for normal
skeletal development (2, 4). Although Ca21 balance in vivo is
regulated by circulating hormones, it seems likely that local
mechanisms at the tissue level are involved in mobilizing
Ca21 from the extracellular fluid into matrix during cartilage
and bone formation (2–5).

In vitro studies have demonstrated that extracellular
[Ca21] ([Ca21]o) influences chondrogenic and osteogenic
function. Studies by Bonen and Schmid (6) showed that
high [Ca21]o increased type II and X collagen synthesis in
tibio-tarsus chondrocytes from chick embryos. In the egg-
shell-less chicken model, Ca21 deprivation induced for-
mation of cartilage nodules in the calvaria, a site at which
intramembranous bone typically develops (7). Other stud-
ies with this model identified a population of calvarial
cells that preferentially differentiated into cartilage when
maintained at low [Ca21]o (8). Our previous studies
showed that changes in [Ca21]o modulate matrix protein

expression and several functions of the nontransformed
chondrogenic C5.18 cells (9). These observations suggest
that chondrocytes have the ability to detect and respond
to different [Ca21]o.

Ca21 is known to affect several aspects of bone cell func-
tion. Osteoclasts in vitro respond to increases in [Ca21]o with
an elevation of intracellular free [Ca21] ([Ca21]i), and high
[Ca21]o suppresses bone resorption (10, 11). Changes in
[Ca21]o and CaR agonists modulate DNA synthesis and che-
motactic responses in osteoblast-like MC3T3-E1 (12–14) and
bone marrow cells (15). The mechanisms underlying this
sensitivity to [Ca21]o are, however, still unclear.

[Ca21]o regulates diverse cellular functions by activat-
ing membrane Ca21-sensing receptors (CaRs) (16, 17). By
multiple approaches, we previously found parathyroid-
like CaRs in C5.18 cells (9). Other laboratories have re-
ported that CaRs are expressed in bone marrow cells (15),
osteoblastic MC3T3-E1 cells (14), the osteosarcoma cell
lines UMR-106 and SaOS-2 (18), and cultured rabbit os-
teoclasts (11).

To date, no information is available regarding which cells
express CaRs in cartilage and bone. To address this issue, we
performed in situ hybridization, immunocytochemistry, and
immunoblotting. We also assessed whether CaR agonists
could couple to signal transduction pathways in bone and
cartilage model systems. CaRs are expressed in specific cells
in bone and cartilage, and their expression pattern may pro-
vide clues critical to understanding how Ca21 alters skeletal
homeostasis.
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Materials and Methods

Materials

Culture media were prepared by the Cell Culture Facility of the
University of California, San Francisco. Fura-2 AM was from Molecular
Probes, Inc. (Eugene, OR). FCS was obtained from Intergen Company
(Purchase, NY). 3H-myoinositol was purchased from Amersham Phar-
macia Biotech (Arlington Heights, IL). Digoxigenin, RNA polymerase
DNA, and DNA polymerase were from Roche Molecular Biochemicals
(Indianapolis, IN). Biotinylated tyramide reagent and streptavidin per-
oxidase were from DAKO Corp. (Carpinteria, CA). Superscript II reverse
transcriptase and oligo-dT primers were purchased from Life Technol-
ogies (Grand Island, NY). Other reagents were from Sigma (St. Louis,
MO), unless otherwise specified.

Tissue preparation

The femurs and tibias from 21-day-old rats were obtained after eu-
thanasia, according to protocols approved by the Animal Welfare Sub-
committee of the San Francisco Department of Veteran Affairs Medical
Center. The tibia growth plate and adjacent articular cartilage from
newborn calves were dissected shortly after death. All tissues were
immediately fixed in paraformaldehyde (5%, vol/vol) plus glutaralde-
hyde (0.2%, vol/vol) at 4 C for 24–48 h and decalcified with EDTA (10%,
wt/vol) in PBS at 4 C for 2–3 weeks. After paraffin embedding, 5-mm
sections were cut and mounted on glass slides.

Cell culture

C5.18 cells, derived from fetal rat calvaria (19), were provided by Dr.
Jane E. Aubin (University of Toronto, Canada) and were maintained as
previously described (9). The osteogenic cell lines MC3T3-E1, ROS 17/
2.8, UMR-106, and SaOS-2 cells were cultured in a-modified MEM,
Ham’s F-12 media, DMEM, and McCoy’s media, respectively, supple-
mented with FCS (10%, vol/vol), penicillin (100 U/ml), and strepto-
mycin (100 mg/ml). Measurements of inositol phosphates (InsPs) and
cAMP were performed on 1- to 2-day postconfluent cells in 35-mm wells
approximately 48–72 h after plating (5 3 104 cells/cm2) (20–22).

Primary chondrocyte cultures for Western blotting were prepared
(23) from articular cartilage from 3-month-old rats, which was asepti-
cally dissected in ice-cold Medium A [D-MEM plus HEPES (20 mm),
NaHCO3 (45 mm, pH 7.4), penicillin (100 U/ml), and streptomycin (100
mg/ml)]. After mincing, cartilage pieces were treated with trypsin
(0.25%) in Medium A for 30 min at 37 C. After inactivating trypsin with
Medium A containing heat-inactivated FCS (10%, vol/vol), tissue was
digested in Medium A (5 ml/g tissue) with collagenase IA (0.18 g/100
ml), hyaluronidase (0.1 g/100 ml), and deoxyribonuclease I (0.01 g/100
ml), at 37 C, with gentle agitation. Cells were separated from undigested
cartilage with a nylon mesh, collected by centrifugation at 400 3 g for
10 min, and washed twice with Medium A. Cells released from cartilage
were plated in a-modified MEM, supplemented with nucleosides
(0.004%, wt/vol), FCS (15%, vol/vol), penicillin (100 U/ml), and strep-
tomycin (100 mg/ml), for 2 days, to allow for attachment. Chondrocytes
were then replated at a density of 5 3 104 cells/cm2 and allowed to reach
confluence before membrane protein isolation.

In situ hybridization

In situ hybridization of bone sections was adapted from previously
described methods using digoxigenin-labeled sense or antisense RNA
probes (9) prepared from the human keratinocyte CaR complementary
(cDNA) template (nucleotides 2442–2746) (24). Signals were visualized
with diaminobenzidine (DAB) chromogen substrate. Sections were
counterstained with aqueous hematoxylin. Experiments were repeated
at least twice on tissue sections from two or more animals.

Immunocytochemistry

Immunocytochemistry of rat articular chondrocytes and bone sec-
tions was performed, as previously described (9), with 2 antisera
[21825A (500 nm) and no. 421113A (100 nm)] (25). To assess specificity,
sections were treated with either antiserum preincubated with excess
peptide (100-fold for no. 421113A or 1000-fold for no. 21825A) or non-

immune rabbit IgG. After DAB-staining, cells or sections were coun-
terstained, either with aqueous hematoxylin or with alcian green, for the
detection of matrix proteoglycans (9). Experiments were repeated at
least four times on tissue sections from two or more animals.

Immunoblotting

Crude membrane protein fractions were prepared (9, 25) from 1- to
2-day postconfluent cultures of rat articular chondrocytes; C5.18,
SaOS-2, UMR-106, ROS 17/2.8, and MC3T3-E1 cells; and bovine growth
plate cartilage. Immunoblotting was performed after electrophoresis of
membrane proteins (50 mg) on 6% SDS-PAGE gels and transfer to ni-
trocellulose membranes (9, 25). After blocking with Blotto [150 mm NaCl,
10 mm Tris-HCl (pH 7.4), nonfat dry milk (5%, vol/vol), Tween-20
(0.05%, vol/vol)], membranes were incubated with either anti-CaR an-
tiserum (21825A, 50 nm), the same antiserum preincubated with 1000-
fold excess peptide, or nonimmune rabbit IgG. After three washes and
incubation with peroxidase-conjugated goat antirabbit IgG (Vector Lab-
oratories, Inc., Burlingame, CA; 1:4000), standard ECL assay kits were
used for signal detection (Amersham Pharmacia Biotech).

CaR cDNA amplification and subcloning

RT-PCR was performed, as previously described (26), on RNA ex-
tracted from epiphyseal growth plate cartilage of 2-day-old mice. Briefly,
first-strand cDNA was reverse-transcribed from total RNA using Su-
perscript II reverse transcriptase and oligo-dT primers (26) and subse-
quently used in PCR with Pwo DNA polymerase. Primers were derived
from the nucleotide sequence corresponding to the extracellular domain
of the mouse kidney CaR cDNA1 (sense primer: 59-CAAGGTCATT-
GTCGTTT TCTCCAGC; antisense primer: 59-GCAATGCAGGAAGTG-
TAGTTCTCAT). Amplified cDNA was subcloned into pCR 2.1 plasmid
by TOPO-TA cloning kit (Invitrogen, Carlsbad, CA) and sequenced by
the Biomolecular Resource Center, University of California, San
Francisco.

Measurement of InsPs and cAMP

InsPs were determined in extracts from 1- to 2-day postconfluent
C5.18, SaOS-2, UMR-106, ROS 17/2.8, and MC3T3-E1 cells after labeling
membrane polyphosphoinositides with 3H-myoinositol (2 mCi/ml) for
48 h, as previously described (25, 27). In each experiment, prelabeled cell
cultures were washed three times with MEM and incubated with the
same media containing LiCl (10 mm), CaCl2 (0.5 mm), and MgSO4 (0.5
mm) for the pretreatment period. [Ca21]o was then varied by adding
fresh media containing either 0.5 or 10 mm CaCl2 for 60 min. Total
3H-InsPs were extracted and analyzed as described (25, 27).

Accumulation of cAMP was determined after incubation of cells with
assay medium [MEM 1 BSA (0.1%, wt/vol), IBMX (0.4 mm), MgSO4

(0.5 mm)] containing 0.5, 2.5, 5.0, or 10.0 mm CaCl2 with or without PTH
(1026

m) for 10 min (25, 27).

Measurement of [Ca21]i

[Ca21]i was determined in either subconfluent (60–80%) or 1- to 2-day
postconfluent C5.18 cells and 1- to 2-day postconfluent SaOS-2 cells
using an InCyt Im2 imaging system (Intracellular Imaging, Inc., Cincin-
nati, OH) with a 403 Nikon Fluor objective. Briefly, cells were loaded
with Fura-2 AM (3–10 mm) in Buffer B [HEPES (20 mm, pH 7.4), NaCl
(120 mm), KCl (5 mm), MgCl2 (1 mm), pyruvate (1 mg/ml), glucose (1
mg/ml), and CaCl2 (1.0 mm)] at 37 C for 30–40 min. After three washes
with Buffer B, cells were incubated at 37 C for 15–30 min before re-
cording. Fluorescent emission (510 nm) was detected by a COHU high-
performance CCD camera (COHU, Inc, San Diego), digitized, and stored
in a microcomputer. The 340/380 excitation ratio (R340/380) of emitted
fluorescence was calculated and presented.

Statistics

Data, normalized to baseline activity in individual experiments, were
combined and reported as mean 6 se. Statistical significance was as-

1 Y. Oda and co-workers, manuscript in preparation; deposited se-
quence in GenBank (Accession no. AF110178)
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sessed by Student t test or ANOVA with f-test using Microsoft Corp.
Excel (Microsoft Corp., Seattle, WA).

Results

Expression of CaR messenger RNA (mRNA) in cartilage

and bone

To assess the expression and distribution of CaR tran-
scripts in rat and bovine cartilage and bone, we performed
in situ hybridization with a human keratinocyte CaR com-
plementary RNA (cRNA) probe. In growth plate, hybridiza-
tion signals were present in hypertrophic chondrocytes (Fig.
1, a and c, arrowheads). Proliferating chondrocytes demon-
strated weaker signals (Fig. 1, a and c, arrows). Staining was
evident in the majority of articular chondrocytes (Fig. 1b) and
was specific, because it was absent when the complementary
sense cRNA probe was used (Fig. 1d, and data not shown).

In situ hybridization of sections of bovine tibia (Fig. 2a) and
rat femur (Fig. 2b) showed expression of CaR transcripts in
most osteoblasts (arrowheads), osteocytes (arrows), and some
cells in the bone marrow (asterisks). Staining was, however,
weak to absent in osteoclasts (Fig. 2, a and b, double arrow-
heads). Staining was judged specific, because it was absent in
the hybridization with sense cRNA probe (Fig. 2c).

Immunocytochemical detection of CaRs in cartilage and

cultured chondrocytes

To localize CaR proteins by immunocytochemistry, we
used an anti-CaR antiserum (421113A) raised against an in-
tracellular epitope of the bovine parathyroid CaR (peptide
comprising residues no. 1043–1057) (25). The distribution of
CaR protein in cartilage and bone sections was similar to the
staining pattern by in situ hybridization. In the perichondral
area of bovine proximal tibia shown in Fig. 3a, there was
strong immunostaining (depicted by brown color) in chon-
droblasts within the chondrogenic layer (arrows) but no ap-
parent staining in chondroblasts within the fibrous perichon-
drium (asterisk). Higher magnification confirmed both
membrane and cytoplasmic staining in these chondroblasts
(Fig. 3b). CaR immunostaining was also evident in the epiph-
yseal growth plate of the bovine proximal tibia (Fig. 3, c and
d). Staining was weak in the proliferating zone (Fig. 3, c and
d, arrows) and increased as the cells progressed to the mat-
uration (Fig. 3d, arrowhead) and hypertrophic zones (Fig. 3c,
arrowhead; Fig. 3d, double arrow). In articular cartilage, stain-
ing was strong in chondroblasts and chondrocytes (Fig. 3e,
arrowheads). CaR immunoreactivity was specific, because
staining was not seen when either anti-CaR antiserum pre-
incubated with excess peptide (data not shown) or nonim-
mune serum was used (Fig. 3f). Identical staining patterns
were observed with another anti-CaR antiserum (21825A),
raised against an extracellular epitope of the bovine CaR,
confirming the above results (data not shown).

Immunocytochemistry of rat distal femur articular carti-
lage with both CaR antisera demonstrated staining in chon-
droblasts and chondrocytes on the articular surface (Fig. 4a,
and data not shown). The staining patterns with these an-
tisera in the adjacent rat distal femur growth plate were
comparable with those noted in Fig. 3 for bovine proximal
tibia. Lower-power views showed weak staining in the col-
umns of proliferating cells (Fig. 4b) that increased in hyper-
trophic chondrocytes (Fig. 4b, arrow). This was confirmed in
high-power views (Fig. 4c). The specificity of the staining
pattern was confirmed by its abolition after preincubation of
antiserum with excess peptide (data not shown).

CaRs were present in primary cultures of rat articular
chondrocytes, as evidenced by immunostaining within and
outside nodules in these cultures, which were identified by
alcian green staining (Fig. 5a). CaR staining was more intense
in cells within the nodules and absent in cultures incubated
with nonimmune IgG (Fig. 5b), underscoring specificity of
the staining.

CaR expression in bone

Figure 6a shows the primary spongiosa of bovine tibia in
which CaR immunoreactivity is present in most osteoblasts

FIG. 1. In situ hybridization of CaR transcripts in bovine and rat
growth plate cartilage. Hybridization with antisense (a, b, and c) and
sense (d) CaR probes was performed as described in Materials and
Methods. a and c, Expression of CaR transcripts was weak in prolif-
erating (arrow) and stronger in hypertrophic chondrocytes (arrow-
head) in bovine (a) and rat (c) epiphyseal growth plate. b, CaR tran-
scripts were strongly expressed in articular chondrocytes from bovine
proximal tibia cartilage. No signals were detected with the CaR sense
RNA probe in sections from the epiphyseal growth plate of the rat
femur (d) or bovine tibia or rat and bovine articular cartilage (data not
shown). Signals were also absent in sections incubated without cRNA
probes (data not shown). Bar, 10 mm (a and c) and 20 mm (b and d).
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(arrowheads). Staining was comparable, in intensity, with ad-
jacent hypertrophic chondrocytes (arrows). There was no im-
munoreactivity in cells with an osteoclastic or chondroclastic
morphology (double arrowheads). Higher-power micrographs
in Fig. 6b confirmed the cytoplasmic and membrane distri-
bution of the staining in osteoblasts (arrowheads) and lack of
staining in osteoclasts (double arrowheads). In the same field,
some mononuclear bone marrow cells (arrows) were faintly
stained. CaR immunoreactivity was also detected in most
osteocytes (Fig. 6c, arrows) at levels similar to those of adja-
cent osteoblasts (Fig. 6c, arrowheads).

Although CaR staining was generally absent in osteoclasts
(Fig. 6, a–c, double arrows), some osteoclasts, farther away
from the growth plate, stained positively with anti-CaR an-
tiserum. The intensity of staining in a large osteoclast in Fig.
6d (arrow) was comparable with that of adjacent osteoblasts
(arrowheads). Staining was weak to absent, however, in three
smaller osteoclasts in the same field (double arrows). CaR
expression in osteoclasts may vary, therefore, with their lo-
cation in bone and perhaps their stage of differentiation,
given that the large osteoclasts tend to be older than small
osteoclasts.

In rat tibia shown in Fig. 6e, CaR immunoreactivity was
detected in osteoblasts (arrowheads), cells in the bone marrow,
and osteocytes (arrows) but not in osteoclasts (double arrow-
heads), confirming the above observations in bovine bone
sections. Some osteocytes in the same field were not stained
(double arrows). Specificity of staining in both bovine and rat
tissues was confirmed by its abolition after preincubation of
antiserum with excess peptide (data not shown).

Detection of CaR protein by immunoblotting

To assess the size of CaRs, we immunoblotted crude mem-
brane fractions from cultured rat articular chondrocytes,
C5.18 cells, bovine growth plate cartilage, and four osteo-
blastic cell lines. Antisera blotted three major bands in mem-
brane preparations from HEK-293 cells expressing the bo-
vine CaR cDNA (Fig. 7a, upper panel, lane 1), as previously
observed (9, 25). Bands of approximately 140 and approxi-
mately 160 kDa in CaR-expressing HEK-293 cells are thought
to be the variably glycosylated forms of the CaR, which has
a protein core of approximately 120 kDa (16, 25). The protein
band of more than 205 kDa in these membranes is specific
and likely represents receptor aggregates (16, 25).

C5.18 cell membrane fractions contain a major band of
approximately 150 kDa and two faint bands of sizes approx-
imately 180 and approximately 190 kDa (Fig. 7a, upper panel,
lane 2) (9). Specific immunoreactivity, larger than our highest
protein standard, was also detected in these cells. In rat
articular chondrocytes, the most prominent band was ap-
proximately 155 kDa (Fig. 7a, upper panel, lane 3), although
there were several less discrete, but specific, bands between
approximately 170 and approximately 200 kDa and more
than 205 kDa. In lysates from bovine growth plate cartilage,
there was a predominant band of approximately 140 kDa and
2 fainter bands of approximately 168 and approximately 175
kDa (Fig. 7a, upper panel, lane 4). Immunoreactivity in these
cells was specific, because it was absent when preimmune
serum was used and was abolished by preincubation of

FIG. 2. In situ hybridization of CaR transcripts in bone from bovine
tibia (a) and rat femur (b and c). Hybridization with antisense (a and
b) and sense (c) CaR probes was performed as described in Materials
and Methods. a and b, Expression of CaR transcripts was evident in
osteoblast (arrowheads), osteocytes (arrows), and cells in bone mar-
row (*). Staining was weak to absent in osteoclasts (double arrow-
head). c, No signals were detected with the CaR sense RNA probe in
sections from the rat femur or bovine tibia (data not shown). Bar, 20
mm.
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antiserum with excess peptide (Fig. 7a, lower panel). These
results suggest that CaRs in articular chondrocytes and
growth plate share epitopes with the bovine parathyroid CaR
and are likely to be glycoproteins of similar molecular
weight.

In cultured osteoblastic model systems, such as SaOS-2
cells, we detected a prominent band at approximately 190
kDa, a fainter band of approximately 158 kDa, and two bands
of more than 200 kDa in membrane fractions (Fig. 7b, upper

panel, lane 1). A similar pattern was observed in membrane
fractions prepared from MC3T3-E1 cells, with one band at
approximately 155 kDa, a weaker signal at approximately
190 kDa, and the strongest signal at more than 205 kDa (Fig.
7b, upper panel, lane 3). In contrast, we detected only one band
of approximately 150 kDa in ROS 17/2.8 cells (Fig. 7b, upper
panel, lane 2). Two protein bands of approximately 140 and
approximately 150 kDa were detected in UMR-106 mem-
brane fractions. The immunoreactivity of the above bands

FIG. 3. Immunocytochemical detection
of CaRs in bovine articular and growth
plate cartilage. Immunocytochemistry
with antiserum 421113A (25) was per-
formed as described in Materials and
Methods. a, The perichondral region of
the proximal tibial growth plate, visu-
alized under polarized light, shows the
pattern of birefringence of the collagen
filament (pink) insertions into the fi-
brous perichondrium (*) and the under-
lying chondrogenic perichondrium.
DAB staining, indicative of CaRs, was
detected in chondrocytes (arrows) in
this region. b, Higher-power micro-
graph of the tibial growth plate region
in panel a, illustrating CaR staining in
chondroblasts. c, CaR staining of cells
in transition from the proliferating and
maturing chondrocyte region to the hy-
pertrophic zone in the tibial growth
plate. Faint staining is evident in the
proliferating zone (arrow), and greater
staining is present as the cells mature
and hypertrophy (arrowhead). d, High-
er-power view of the increased CaR
staining as proliferating chondrocytes
(arrow) mature (arrowhead) and hyper-
trophy (double arrow). e, CaR staining
in chondrocytes located at the tibial ar-
ticular surface (arrowheads). f, Section
of growth plate stained with nonim-
mune rabbit antisera. Bar, 20 mm (a, c,
e, and f) and 10 mm (b and d).

FIG. 4. Immunocytochemical detection of CaRs in rat distal femur articular and growth plate cartilage. a, Articular surface of the distal femur
illustrating CaR staining in most chondroblasts near the surface and in chondrocytes in deeper layers of the articular cartilage. b, Lateral
perichondral region of the epiphyseal growth plate of the distal femur. Staining for CaR is substantial in the chondrogenic layer of the
perichondral collar (*). Proliferating chondrocytes are lightly stained, if at all. Staining is much more evident in hypertrophic chondrocytes
(arrow). c, Higher-power micrograph of the distal epiphyseal growth plate illustrating weak staining in proliferating chondrocytes (arrow) and
stronger staining for CaRs in the hypertrophic zone (arrowheads). Bar, 20 mm (a and b) and 10 mm (c).
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was specific, because it was abolished by preincubation of
antiserum with excess peptide (Fig. 7b, lower panels).

Cloning of a partial CaR cDNA from epiphyseal growth

plate cartilage

To determine the molecular identity of a putative CaR in
cartilage, we performed RT-PCR on RNA isolated from
mouse epiphyseal growth plate and kidney (the latter as a
control tissue). A cDNA with an expected size of approxi-
mately 1 kb was amplified from both cartilage and kidney
(see Fig. 8). The PCR reaction was specific, because no cDNA
was amplified from control RNA samples incubated without

reverse transcriptase. We subcloned this PCR product and
analyzed its sequence. Both the nucleotide and deduced
amino acid sequences have a high degree of similarity (89%
and 95%, respectively) to the extracellular domain (residues
no. 265–599) of the human parathyroid CaR (28), suggesting
that this CaR cDNA is the cartilage homologue of the CaRs
identified in other systems.

Signal transduction responses to CaR agonists

CaRs couple to polyphosphoinositide turnover, suppres-
sion of cAMP accumulation, increases in [Ca21]i, and stim-
ulation of cation influx in other systems (25, 29). We tested

FIG. 5. Expression of CaRs in cultured
rat tibial articular chondrocytes. Chon-
drocytes were incubated with anti-
serum 21825A (a) or nonimmune serum
(b) followed by secondary antibody and
then counter-stained with alcian green
for the detection of matrix proteogly-
cans and hematoxylin, as described in
Materials and Methods. CaRs were ex-
pressed in most cells, and immunoreac-
tivity was more intense in the nodules
(a). Controls treated with nonimmune
serum were negative (b). Bar, 20 mm.

FIG. 6. Immunocytochemistry of bovine
and rat bone. Sections were prepared,
and CaRs were localized with antiserum
21825A, as described in Materials and
Methods. a, Primary spongiosa of bovine
proximal tibia illustrating diffuse CaR
expression in osteoblasts (single arrow-
heads) in the vicinity of hypertrophic
chondrocytes (arrows). In this region,
there was little staining of osteoclasts
(double arrowheads). b, Higher-power
micrograph of the primary spongiosa
showing the lack of CaR expression in
osteoclasts (double arrowheads), weak
staining in bone marrow cells (arrows),
and strong diffuse staining in adjacent
layers of osteoblasts (arrowheads). c, Sec-
ondary spongiosa of bovine proximal tibia
illustrating CaR expression in osteocytes
in the matrix (arrows) of intensity com-
parable with that in nearby osteoblasts
(arrowheads). Immunostaining was not
detected in osteoclasts in these sections
(double arrows). d, Sections of secondary
spongiosa distal to the growth plate
showing four osteoclasts with varying de-
grees of staining. The largest one (arrow)
is stained to a degree comparable with
that of the adjacent osteoblasts (arrow-
heads). Smaller osteoclasts (double ar-
rows) showed weak or absent staining for
CaRs. e, Secondary spongiosa of rat tibia
showing immunostaining of bone mar-
row cells, osteoblasts (arrowheads), and
osteocytes (arrows). Osteoclasts (double
arrowheads) and some osteocytes (double
arrows) showed weak or absent staining.
Bar, 20 mm.
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whether changes in [Ca21]o could activate signal transduc-
tion pathways in chondrogenic and osteogenic cells. Raising
[Ca21]o from 0.5 to 10 mm modestly, but significantly, in-
creased InsPs accumulation, by 89 6 7% in C5.18 cells and
to a lesser extent in MC3T3-E1, ROS 17/2.8, and UMR-106
cells, respectively (see Table 1). This increment in [Ca21]o,
however, had no significant effect on InsP production in
SaOS-2 cells (see Table 1).

CaRs in parathyroid cells (30), renal cells (31), and HEK-
293 cells (25) can also couple to the suppression of cAMP
accumulation. Because PTH increases cAMP formation in
SaOS-2 (32) and C5.18 cells (19), we examined whether high
[Ca21]o could suppress PTH-induced cAMP production in
these cells. In the absence of PTH, raising [Ca21]o from 0.5 to
2.5, 5.0, and 10.0 mm increased cAMP levels, from 4.4 6 0.8

to 4.7 6 0.6, 5.2 6 0.7, and 6.4 6 0.9 pmol/well, respectively
[ see Fig. 9, table (n 5 12); P . 0.1 for 2.5 and 5 mm Ca21 vs.
controls; and P , 0.03 for 10 mm Ca21 vs. controls]. Incuba-
tion of SaOS-2 cells with PTH (1026

m) at 0.5 mm Ca21

profoundly increased cAMP accumulation, by 16.5 6 1.1-fold
over basal (P , 0.001; see Fig. 9). PTH increased cAMP levels
by 12.4 6 1.3, 10.7 6 1.1, and 9.3 6 0.7-fold at 2.5, 5.0, and
10 mm Ca21, respectively (Fig. 9). The ability of PTH to
stimulate cAMP accumulation was modestly blunted by rais-
ing [Ca21]o. Similar inhibitory effects of high [Ca21]o on
cAMP production were also observed in C5.18 cells (data not
shown). These findings suggest that the cAMP responses of
osteoblastic and chondrogenic cells to PTH can be modulated
by the [Ca21]o.

In parathyroid cells, activation of CaRs elevates [Ca21]i by
releasing Ca21 from intracellular stores and by increasing
membrane Ca21 influx (29). We, therefore, measured [Ca21]i

to test whether high [Ca21]o induces Ca21 mobilization in
SaOS-2 and C5.18 cells. In SaOS-2 cells, raising [Ca21]o from
0.5 to 5 mm induced a gradual increase in [Ca21]i, which was
sustained for more than 10 min. Similar responses were ob-
served in most cells. To test whether PTH could also mediate
Ca21 mobilization, cells were treated with PTH (1026

m)
before and after raising [Ca21]o. As shown in Fig. 10, PTH did
not affect high [Ca21]o-stimulated Ca21 mobilization (a) or
basal [Ca21]i at 0.5 mm Ca21 (b). These and the above ob-
servations indicate that signaling pathways coupled to PTH
receptors and CaRs differ.

High [Ca21]o also increased Ca21 mobilization in C5.18
cells. In subconfluent cell cultures, increasing [Ca21]o from
0.5 to 5 mm elevated [Ca21]i, and two distinct responses were
evident (Fig. 11). In approximately 20% of cells, high [Ca21]o

induced a rapid (within 20 sec) and transient (duration, ,180
sec) peak increase in [Ca21]i. This was followed by a sus-
tained elevation in [Ca21]i lasting more than 10 min (Fig.
11a). In the majority of cells (;80%), [Ca21]i rose slowly over
approximately 2 min, until it reached a plateau, which was
sustained for at least 10 min (Fig. 11b). Figure 11c shows the
composite kinetics of the changes in [Ca21]i recorded from 31
cells in which the sharp initial phase of the response is not
evident (n 5 3 experiments). In contrast, in 1- to 2-day post-
confluent cells, more cells ($60%) expressed a fast transient
intracellular Ca21 response. As a result, the sharp transient
phase of the response was more evident in the ensemble
recording of the cell populations (Fig. 11d). To determine
whether changes in [Ca21]i are sensitive to [Ca21]o within the
physiological range, we performed dose-response studies.
Raising [Ca21]o from 0.5 to $1.0 mm substantially increased
[Ca21]i (see Fig. 11e), suggesting that physiologic levels of

FIG. 7. Immunoblotting of membrane proteins with anti-CaR anti-
serum. Crude membrane fractions, prepared from 1- to 2-day post-
confluent (a) HEK-293 cells stably expressing bovine parathyroid
CaRs (HEK) (25), C5.18 cells, rat articular chondrocytes (rAC), and
bovine tibia growth plate (bGP) and (b) the osteoblastic cell lines
SaOS-2, ROS 17/2.8 (ROS), MC3T3-E1 (MC3T3), and UMR-106
(UMR). Blotting was performed with antiserum 21825A (upper pan-
els) or with the same antiserum preincubated with 10003 excess
peptide (lower panels), as described in Materials and Methods.

FIG. 8. RT-PCR was performed on RNA isolated from newborn mouse
growth plate cartilage and kidney in the presence (1RT) or absence
(2RT) of reverse transcriptase, as described in Materials and Meth-
ods. A CaR cDNA (;1 kb) was amplified from cartilage, and its
sequence was analyzed and deposited in GenBank database (acces-
sion no. AF159565).

TABLE 1. Increases in total InsPs caused by high [Ca21]o

C5.18 MC3T3-E1 ROS 17/2.8 UMR-106 SaOS-2

% Increase 89 6 7 46 6 9 56 6 7 62 6 17 5 6 7
(399 6 20) (1852 6 199) (633 6 82) (2088 6 22) (488 6 57)

P ,0.001 ,0.001 ,0.001 ,0.003 .0.6

InsP production was determined in cells treated with either 0.5 or 10 mM Ca21, as described in Materials and Methods. Net increases in InsP
production, when [Ca21]o was increased from 0.5 to 10 mM Ca21, were normalized to the value determined at 0.5 mM Ca21 and expressed as
percent increase. Parentheses indicate average basal InsP accumulation (cpm/well) at 0.5 mM Ca21, determined from three independent
experiments in triplicate. P-values were determined using Student’s t test.
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extracellular Ca21 could readily modulate [Ca21]i in these
cells. Similar results were obtained in 2 other experiments.

Ca21 entry plays an important role in the sustained phase
of high [Ca21]o-induced Ca21 mobilization in parathyroid
cells (29). To test whether Ca21 influx plays a role in C5.18
cells, we examined the effects of the cation channel blockers
La31 and Gd31 on intracellular Ca21 responses to high
[Ca21]o. As shown in Fig. 11f, LaCl3 (100 mm) promptly and
profoundly suppressed the sustained increase of [Ca21]i

caused by high [Ca21]o. GdCl3 (100 mm) produced effects
similar to those of LaCl3 (data not shown). These results
suggest that high [Ca21]o elevates [Ca21]i in C5.18 cells by
increasing Ca21 uptake across the membrane.

Discussion

Cartilage and bone formation require the deposition of
Ca21 and other minerals into the extracellular matrix (1, 3).
Thus, these tissues must be capable of transporting Ca21

rapidly and quantitatively. Because of this, it is reasonable to
hypothesize that these tissues can sense changes in [Ca21]o.
Our previous studies (9) explored the idea that chondrogenic
functions are regulated by changes in [Ca21]o. We found that
CaRs, homologous to those in parathyroid and kidney (17),
were expressed in chondrogenic C5.18 cells. Because bone
and cartilage have many cell types and a highly organized
tissue architecture, these studies examined the expression
and localization of CaRs in bone and articular and growth
plate cartilage and the ability of high [Ca21]o to couple to
classical signal transduction pathways activated by CaRs.
Our findings support the idea that CaRs are differentially
expressed in specific cells in bone and cartilage and that this
localization may ultimately provide a clue to the functions
served by these receptors.

These studies are the first to demonstrate CaR expression
in growth plate in a distinctive pattern. Expression is strong
in chondroblasts and hypertrophic chondrocytes and absent
to weak in proliferating and maturing chondrocytes. This
may be important because chondroblasts and hypertrophic
chondrocytes serve very different functions. Chondroblasts
synthesize matrix proteins, such as proteoglycans and type
II collagen, which comprise early hyaline cartilage (3). Hy-
pertrophic chondrocytes, in contrast, participate in later
steps of chondrogenesis. They synthesize type X collagen,
express alkaline phosphatase, produce matrix vesicles, and
accumulate Ca21 in their intracellular compartments (3, 33,
34). These and other steps lead to the mineralization of car-
tilage and ultimately to new bone formation (1, 3, 33, 35).

Variable expression of CaRs in different populations of
chondrocytes may occur because [Ca21]o is important to
some (but not all) chondrocytes. [Ca21]o is likely to be rel-
evant to hypertrophic chondrocytes, which sequester Ca21

and secrete matrix proteins that eventually become miner-
alized. Perhaps [Ca21]o may be less important to the func-
tions of proliferating and maturing chondrocytes in which
we found weaker CaR expression. Alternatively, Ca21-sens-
ing mechanisms other than the CaR may be present in those
cells.

Our findings suggest that CaRs may play a role in the

FIG. 9. Inhibition of PTH-induced cAMP production by high [Ca21]o

in SaOS-2 cells. cAMP content was determined in extracts from cells
treated with or without PTH (1026

M) for 10 min at room temperature
in the presence of 0.5, 2.5, 5.0, or 10 mM Ca21. The ability of PTH to
induce cAMP production at each [Ca21]o was assessed by comparing
the cAMP levels, in the presence of PTH, with the basal levels shown
in the table, and is presented as fold-increase above basal. *, P , 0.03;
**, P , 0.001, compared with the response at 0.5 mM Ca21.

FIG. 10. Intracellular Ca21 responses to
changes in [Ca21]o and PTH treatment in
SaOS-2 cells. [Ca21]i was determined as
described in Materials and Methods in
confluence with 1-day postconfluent cells.
Data are presented as the values of the
ratio of fluorescence at excitation of 340
and 380 nm (R340/380). Horizontal bars on
top of the panels indicate the [Ca21]o (in
mM) during the recordings. In these ex-
periments, PTH (1026

M) was added ei-
ther after (a) or before (b) raising [Ca21]o
from 0.5 to 5.0 mM. Ionomycin (50 mM)
and EGTA (20 mM) were added to obtain
maximal and minimal R340/380, respec-
tively. Data were from 33 cells (a) and 34
cells (b) and are representative of 3 cell
preparations.
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differentiation of or matrix production by chondrocytes. We
previously found that C5.18 cells [which resemble hypertro-
phic chondrocytes by their expression of late chondrogenic
markers (e.g. type X collagen and alkaline phosphatase)]
respond to high [Ca21]o. High [Ca21]o suppresses aggrecan,
type II and type X collagen, and alkaline phosphatase mRNA
levels and inhibits cartilage matrix production (9). We also
found that high [Ca21]o promotes matrix mineralization and
the expression of type I collagen, osteonectin, and osteopon-
tin mRNA in C5.18 cells2 [markers typically associated with
the terminal differentiation of hypertrophic chondrocytes
(36, 37)]. Thus, CaRs may participate in as-yet-undefined
ways in differentiation and mineralization of chondrocytes.

Our studies revealed distinct kinetic patterns of intracel-
lular Ca21 responses in C5.18 cells. There was a fast, transient
phase in the intracellular Ca21 response analogous to CaR
receptor-mediated Ca21 mobilization in other systems. This
response is thought to be caused by the release of Ca21 from
intracellular stores (38). This transient Ca21 mobilization was

observed in only a small number of cells in subconfluent
cultures but became the prevalent response in confluent and
postconfluent cultures. It is still unclear how the stage of
growth in culture can affect signal transduction responses.

Previous studies did not demonstrate significant changes
in CaR expression in C5.18 cells in subconfluent and up-to-
10-days postconfluent cultures (9). It is, therefore, likely that
the intracellular Ca21 responses we observed at different
stages of confluence are caused by postreceptor signaling
molecules or possibly to other Ca21-sensing mechanisms.

Increases in [Ca21]i, with or without a preceding rapid
transient, were sustained for more than 10 min. This pro-
longed mobilization of Ca21 could be blocked by La31 and
Gd31 (suggesting that Ca21 entry via membrane channels is
important in sustained Ca21 mobilization). CaRs couple to
nonselective cation channels, permeable to Ca21, in other
cells (39). During cartilage differentiation, chondrocytes ac-
tively mobilize and store Ca21 in their intracellular compart-
ments, which is later released for matrix mineralization (5,
34). Whether increased CaR expression in hypertrophic
chondrocytes amplifies the ability of cells to mobilize and2 W. Chang and D. Shoback, unpublished observations.

FIG. 11. Intracellular Ca21 responses
to changes in [Ca21]o in C5.18 cells.
Measurements were made in either
subconfluent (a, b, c, and e) or 1- to
2-day postconfluent (d and f) cells. a, b,
c, and d, Changes of R340/380 in response
to raising [Ca21]o from 0.5 to 5 mM. a
and b, Recordings were collected from
two representative cells that displayed
the different intracellular Ca21 re-
sponses in the same experiment. c, En-
semble recordings were made from a
population of 31 cells, including those
shown in a and b. d, Ensemble record-
ings were collected from a population of
34 postconfluent cells. e, Intracellular
Ca21 responses to raising [Ca21]o step-
wise from 0.5 to 16 mM. Increments in
[Ca21]o were made at intervals of 2–3
min, indicated by the top bar. The trac-
ing represents the ensemble recordings
of 28 cells. f, Effect of La31 on the in-
tracellular Ca21 responses to raising
[Ca21]o. LaCl3 (100 mM) was added ap-
proximately 5–7 min after raising
[Ca21]o from 0.5 to 5.0 mM. The tracing
represents the ensemble recordings
from 35 cells. These data are represen-
tative of 3 cell preparations. Bars over
panels e and f represent [Ca21]o in mM.
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store Ca21 and produce mineralized cartilage is yet to be
explored. As in C5.18 cells, high [Ca21]o also induced a sus-
tained increase in [Ca21]i in osteoblastic SaOS-2 cells. Be-
cause osteoblasts are important in bone matrix synthesis and
mineralization, their ability to detect and mobilize Ca21

could be crucial in maintaining mineral homeostasis.
Our findings in rat and bovine bone sections were pre-

dictable, in part, by previous studies. CaRs were expressed
in most osteoblasts and bone marrow cells and in some (but
not all) osteocytes. Studies with RT-PCR and Western and
Northern blotting demonstrated CaR expression in UMR-
106, SaOS-2, and MC3T3-E1 cells (14, 18). House et al. (15) also
showed CaR expression in cultured human bone marrow
mononuclear cells. Whereas the latter cells may be the pre-
cursors of osteoblasts and osteoclasts, the remainder of the
studies from other groups were done with transformed os-
teoblastic (osteosarcoma) cell lines maintained in long-term
culture. How closely they resemble normal osteoblasts is
uncertain. Our studies are the first to identify CaRs by im-
munocytochemistry and in situ hybridization in normal
bone. The fact that high [Ca21]o can activate signal trans-
duction pathways in osteoblastic and chondrogenic cell lines,
similar to those coupled to classical CaRs, suggests that these
receptors may serve similar Ca21-sensing functions in these
systems.

In SaOS-2 cells, increases in [Ca21]o produce dual effects
on cAMP metabolism. In the absence of PTH, high [Ca21]o

modestly increased cAMP production. In contrast, high
[Ca21]o suppressed cAMP production in the presence of
PTH. The difference could be caused by the ability of ade-
nylate cyclases to be activated by high [Ca21]i (40, 41) in the
absence of PTH and the ability of PTH to couple to Gas and
to Gai activation. Further studies will be needed to address
these possibilities definitively.

The distribution of CaRs among osteoclasts was unex-
pected. CaR immunoreactivity was absent in osteoclasts
close to the growth plate but was apparent in osteoclasts in
the secondary spongiosa distal to the growth plate. In the
secondary spongiosa, the intensity of CaR staining seemed to
increase with osteoclast size (see Fig. 4d). Osteoclasts are
preferentially formed in the primary spongiosa during bone
growth (42), and their age is estimated to be greater as a
function of their distance from growth plate (43). Thus, CaR
expression may be restricted to the mature osteoclasts. This
finding requires confirmation, and its significance is un-
known. The following is, however, clear: osteoclasts in vitro
respond to changes in [Ca21]o with increases in [Ca21]i; high
[Ca21]o suppress bone resorption (10); and local [Ca21] in
bone during active resorption may reach concentrations as
high as 40 mm (44). Thus, [Ca21]o, potentially via CaR acti-
vation, may regulate osteoclast function.

Studies by Quarles et al. (13) and Yamaguchi et al. (14)
showed that changes in [Ca21]o and CaR agonists modulate
DNA synthesis and chemotaxis in osteoblast-like MC3T3-E1
cells. Membrane CaRs were proposed by both groups to
mediate the responses of osteoblasts to [Ca21]o (13, 14). There
is controversy, however, regarding the molecular identity of
these receptors. Sequences homologous to known CaRs,
were identified by Yamaguchi et al. (14). Quarles et al. (13),
however, did not detect CaR sequences by RT-PCR. The

reasons for these differences may be methodologic (14). Our
studies to assess CaR expression using immunocytochemis-
try, in situ hybridization, and immunoblotting support the
idea that molecules homologous to known parathyroid and
kidney CaRs are present in bone (16, 17).

Although full-length cDNAs encoding chondrocyte or os-
teoblast CaRs have not yet been isolated, our data underscore
the biochemical and functional similarities between such
putative receptors and known CaRs. In situ hybridization
with a CaR probe indicated the presence of transcripts in
cartilage and bone with homology to known CaRs. RT-PCR
demonstrated a product whose sequence was highly homol-
ogous to CaR cDNAs identified in other tissues. Antisera
raised against intracellular and extracellular epitopes of the
bovine parathyroid CaR revealed similar staining patterns in
both rat and bovine cartilage and bone sections. Western
blotting suggested interesting biochemical differences be-
tween CaRs in cartilage and bone and those in the parathy-
roid. Variations in the number and sizes of CaR proteins by
Western blotting were also reported in UMR-106, SaOS-2,
and MC3T3-E1 cells (14, 45). Variable degrees of glycosyla-
tion could explain the differences in molecular weights
among these putative CaRs. Alternatively spliced variants of
the CaR may be expressed in osteogenic and chondrogenic
cells similar to those reported in keratinocytes (26). Molec-
ular cloning of full-length CaR cDNAs in cartilage and bone
will be required to address these issues. The present studies,
taken together, begin to address potentially key aspects of the
control of chondrogenic and skeletal function that may be
subject to local regulation by extracellular Ca21.
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