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While the processes involved in the formation, maturation and apoptosis of osteoclasts have been
investigated extensively in previous studies, little is known about the mechanisms responsible for the
localization and homing of osteoclast precursor cells to the bone environment in order to initiate the bone
remodeling process. Recent studies have suggested that the extracellular Ca2+ (Ca2+o) concentration gradient
present near the bone environment may be one of the participating factors, producing a chemoattractant
effect on osteoclast precursors. Using the murine osteoclast precursor cells of the monocyte–macrophage
lineage, the RAW 264.7 cell line, we have shown that Ca2+o increases the migration of these cells in a
directional manner. The participation of the calcium sensing receptor (CaR) in this effect was tested by
knocking down its expression through RNA interference, which resulted in an abolition of the migratory
response. By the use of specific pathway inhibitors and western blot analysis, the phosphoinositide 3-kinase
(PI3K)/Akt and phospholipase Cβ pathways were shown to be implicated in the migratory effect. The
implication of the Akt pathway in the Ca2+o-induced chemoattraction of RAW 264.7 cells was also confirmed
by transducing the cells with the fusion protein TAT-dominant negative-Akt, which decreased the migratory
effect. In contrast, the MAPK pathways (ERK1/2, p38 and JNK) were not involved in the production of the
migratory effect. We conclude that through the activation of the CaR and subsequent signaling via the PI3K/
Akt pathway, Ca2+o produces a chemoattractant effect on the osteoclast precursor RAW 264.7 cells. These
results suggest that the Ca2+o gradient present near the bone may be one of the initiating factors for the
homing of osteoclast precursors to bone, thus possibly playing a role in the initiation of bone remodeling.
ouvels, Amiens 80037, France.

r (R. Mentaverri).
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Introduction

Throughout life a continuous process of bone turnover takes place,
involving the degradation of old bone and formation of new bone. The
bone remodeling process is the result of a collaborative effort of
osteoclasts, cells responsible for bone resorption, and osteoblasts, cells
in charge of bone formation [1]. These two cell types form temporary
anatomical structures, the so-called Basic Multicellular Units (BMUs),
which dissolve old bone and replace it with new bone [2]. About 1
million operational BMUs function at any instant in healthy human
adults [3,4]. However, the factors underlying BMU initiation are
currently not well understood. The first stage of the remodeling
process is believed to involve the recruitment of mononucleated
osteoclast precursors from the circulation [5]. These cells then
infiltrate the bone lining cell layer, followed by the fusion of osteoclast
precursors, thus forming multinucleated osteoclasts, capable of
resorbing bone [6]. The resorption phase ends with osteoclast
apoptosis, which is then followed by bone formation phase, initiated
by the recruitment of osteoprogenitor cells to the surface of resorption
lacunae [7]. Osteoprogenitor cells are attracted to this environment
due to the release of appropriate chemoattractant signals from bone,
which then drive the differentiation of these cells to functional
osteoblasts involved in bone formation [8,9].

In addition to its important roles in body movement and the
protection of internal organs, the skeleton also serves as a reservoir of
calcium and phosphorus and other factors. These bone derived
products play an important role in directing various cell types to the
bone environment. For example, in the case of osteoclast precursor
cells, it has previously been described that peripheral bloodmonocyte
cells (PBMC) are chemotactically attracted to resorbed products of the
bone matrix [10,11]. Furthermore, a previous study by Olszak et al.
(2000) has described that Ca2+o stimulates the migration of PBMC
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[12,13]. Since the concentrations of Ca2+o can reach very high levels
near resorbing bone (up to 40 mM) [14,15], it is tempting to speculate
that Ca2+o is one of the signals that initiates the invasion of bone by
circulating osteoclast precursors in order to initiate the formation of a
BMU and begin the bone remodeling process. While a number of
studies have investigated osteoclast formation, differentiation and
apoptosis, very little is known about the mechanisms that lead cir-
culating osteoclast precursor cells to the bone environment to begin
bone resorption.

For this reason, in this study we examined the effect of Ca2+o on
the migration of a well established osteoclast precursor model, the
RAW 264.7 cell line. Our results show that increased Ca2+o stimulates
the migration of osteoclast precursor cells in a concentration-
dependent manner. One mechanism by which cells can respond to
variations in Ca2+o concentrations is through the calcium sensing
receptor (CaR), a G protein-coupled receptor sensitive to divalent
cations, aromatic L-amino acids and aminoglycoside antibiotics [16].
Using RNA interference, we have demonstrated the involvement of
the CaR in the migratory effect, and we show that the phosphoinosi-
tide 3-kinase (PI3K)/Akt signaling pathway is implicated in the
phenomenon. In this work we propose the CaR as a possible candidate
for the initiation of the formation of a BMU and the bone remodeling
process.

Materials and methods

Materials

RAW 264.7 cells were purchased from American Type Culture
Collection (ATCC). Dulbecco's modified Eagle's medium (DMEM),
phosphate buffered saline (PBS), trypsin-EDTA and penicillin/strep-
tomycin were provided by Sigma, France. GlutaMAX™ was provided
by Invitrogen, France. Wortmannin, U73122, U0126, SB 202190 and
SP600125 were purchased from Sigma, France. Bovine serum albumin
(BSA), Trypan blue, Giemsa stain, Tween 0.1% and bromophenol blue
were provided by Sigma, France. Nitrocellulose membranes, SDS-
polyacrylamide gel (SDS-PAGE), Whatman papers and fetal bovine
serum (FBS) were purchased from Dominique Dutscher Laboratories,
France. Nuclepore Track-Etched membranes (8 μm pore) were
purchased from Whatman. ECL substrate solution was provided by
Amersham Pharmacia Biotech, Orsay, France. The Lowry protein assay
was purchased from BIO-RAD. Boyden Chambers and polycarbonate
membranes were provided by Neuroprobe, Inc®, USA. siPORT NéoFX
came from Ambion, France and OPTI-MEM was bought from Gibco,
Invitrogen, France. Small interfering RNA (siRNA) directed against CaR
and scramble sequences came from Eurogentec, Belgium. Primary
mouse anti-CaR antibody was purchased from Bioreagent; rabbit
pERK antibody was obtained from Cell Signaling Technology, Boston,
MA. Secondary anti-rabbit and anti-mouse peroxidase IgG antibodies
were purchased from Sigma, France. Antibodies against P-AktSer473

and Akt came from Cell signaling Technology, Boston, MA. Antibodies
against HA came from Roche, Basel, Switzerland. Phycoerythrin (PE)
conjugated IgG mouse antibodies were obtained from BD Biosciences,
Le pont de Claix, France. BL21 pLysS Escherichia coli came from
Stratagene, Amsterdam, Netherlands. Ni-NTA agarose came from
Qiagen. All others reagents were purchased from Sigma, France.

Cell culture and stimulation

Murine RAW 264.7 monocyte–macrophage cells were maintained
in DMEM supplemented with 10% FBS, 2 mM GlutaMAX™, 100 U/ml
penicillin/streptomycin. Cell viability was assayed using Trypan blue
dye exclusion, and was typically greater than 95%. Cultured cells were
maintained up to passage 20, and then discarded. Before each ex-
periment, cells were serum starved for at least 4 h in DMEM
containing 0.2% BSA, preincubated with or without pharmacological
inhibitors for 30 min. For western blot analyses, cells were stimulated
for the indicated times and concentrations with Ca2+. Stimulationwas
stopped by aspirating themedium andwashing the cells with ice-cold
PBS.

Migration assay

Boyden Chamber cell migration assays were performed using poly-
carbonatemembraneswith a pore size of 8 µm. Serum-freeDMEMwith
different concentrations of Ca2+ (1.8–20 mM) was added to the lower
chamber. 5×104 RAW 264.7 cells in 500 µl serum-free DMEM (with or
without TAT–Akt proteins) were added to the upper chamber. Cells
were allowed to migrate for 5 h at 37 °C in an incubator with 5% CO2.
After the incubation period, the upper media were removed, chambers
were disassembled and membranes were fixed in 96% methanol for
2 min. Filters were stained with Giemsa, then rinsed well with water.
Cells on the upper side of themembrane were cleaned off with a cotton
swab. The cells were then viewed at 20× magnification under an
inverted microscope and counted. To allow for comparison between
multiple assays, the data were normalized, and they are expressed as
percentage of the number of cells present in the membrane at 1.8 mM
Ca2+o.

CaR-siRNA transfection

Cells were grown in a 6-well plate to a confluence of 25%. They
were then transiently transfected either with CaR-siRNA or scramble-
siRNA (negative control) using 50 nM siRNA in OPTI-MEM medium
and the siPORT NéoFX transfection reagent, following the manufac-
turer's instructions. Themixture was delicately applied to cells. After a
3 h incubation at 37 °C in an incubator containing 5% CO2, the cells
received DMEM supplemented with 30% FBS and they received fresh
DMEM with 10% FBS the next day. Transfected cells were maintained
in culture for 24 h before use.

Preparation of cell lysates and Western blot analysis

After stimulation, cells were washed once with PBS and lysed with
100 µl lysis buffer (25 mMTris–HCl, pH 7.6, 150 mMNaCl, 10% glycerol,
1% Nonidet P-40, 2 mM Na3VO4 and cocktail mini-protease inhibitors),
placed on ice for 30 min and then centrifuged at 14,000×g for 20 min at
4 °C. Protein concentrations were measured using the Lowry protein
assay. Following SDS-polyacrylamide gel electrophoresis, equal
amounts of protein were electrophoretically transferred to protean
nitrocellulose membrane. All SDS-polyacrylamide gel electrophoresis
were performed under reducing conditions (β-mercaptoethanol). Blots
were blocked, then probed with antibodies raised against the following
proteins: CaR, P-AktSer473, Akt, HA. Immunoblots were developed using
appropriate secondary horseradish peroxidase-coupled antibodies
before adding ECL substrate solution and exposing to Kodak X-Omat
film. To ensure equal loading of proteins from whole extracts, the
membranes were stripped by incubating the membrane for 30 min at
55 °C in 62.5 mM Tris–HCl, pH 6.7, 100 mM β-mercaptoethanol and 2%
SDS. The blot was then washed twice with 50 mM Tris–HCl, pH 7.5,
150 mM NaCl and 0.1% Tween 20 and reprobed as described above.

Flow cytometry analysis

5×105 cells were incubated with CaR monoclonal antibodies or
with isotype control antibodies for 30 min on ice in the dark. After
washes in PBS-3% FBS and 0.1% sodium azide, cells were incubated
with PE-conjugated IgG mouse antibodies for 30 min. After several
washes, expression of cell surface CaR was analyzed by FACS (FACS
Aria cytometer).



Fig. 1. The effect of Ca2+o on RAW 264.7 cell migration. The effect of different
concentrations of Ca2+o (1.8–20 mM) on the migration of RAW 264.7 cells was tested in
the Boyden Chamber migration assay. A Ca2+o concentration-dependent increase in
migration of RAW264.7 cells was observedwith amaximal effect at 10 mMCa2+o. Results
from four independent experiments are shown. Data were analyzed by t-test analysis,
§ pb0.01 and * pb0.001 control (1.8 mM Ca2+o) vs. migration at increased Ca2+o.

Fig. 2. The Ca2+o-induced migratory effect on RAW 264.7 cells is mediated through the CaR.
CaR antibodies and flow cytometry analysis (A). MW = Molecular Weights. The involvemen
using cells transfected either with siRNA directed against the mRNA of this receptor, or scram
test their migratory ability in response to Ca2+o (B). Results from three independent exper
transfected vs. CaR-siRNA-transfected cell migration at the same Ca2+o concentration; †, pb
Ca2+o concentration. The efficacy of the siRNA sequences was confirmed by cytometry analy
fluorescence intensity (D). *, pb0.001: scramble-siRNA-transfected vs. CaR-siRNA-transfect
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Purification of TAT–Akt fusion proteins

The cDNAs encoding wild-type (wt) and dominant negative (dn)-
Akt were cloned into pTAT-HA plasmid by C.B. and F.G. as previously
described [17,18]. Akt fusion proteinswere expressed by inducing BL21
pLysS Escherichia coli transformedwith plasmids encoding the TAT–Akt
fusion proteins with 100 μM IPTG for 4 h. Cells were harvested by
centrifugation at 4000×g for 5 min. The bacterial pellets were
resuspended in extraction buffer A (4 M urea, 20 mM HEPES pH 8.0
and 500 mM NaCl) followed by sonication. Lysates were clarified by
centrifugation and adjusted to 15 mM Imidazole and loaded on a Ni-
NTA agarose column. Afterwards, the resin was washed in buffer A+
15mM imidazole and eluted with 250 mM imidazole. The eluate was
dialyzed against PBS overnight at 4 °C. Purified fusion protein
concentrations were determined by Coomassie blue staining of SDS-
PAGE compared to BSA standards.
Statistical analyses

The results are expressed as the mean+/− the standard error of
measurement (S.E.M.) of the indicated number of experiments.
CaR expression in RAW 264.7 cells was confirmed by Western blot analysis using anti-
t of the CaR in the Ca2+o-induced migratory response of RAW 264.7 cells was assesses
ble-siRNA (control). These cells were then used in Boyden Chamber migration assays to
iments are shown. Data were analyzed by t-test analysis, *, pb0.001: scramble-siRNA-
0.05: scramble-siRNA-transfected vs. CaR-siRNA-transfected cell migration at the same
sis. Results are express in number (count) per PE-conjugated antibody (C) or in ratio of
ed cell.



Fig. 3. The PI3K pathway is involved in the Ca2+o-induced migratory response of RAW
264.7 cells. RAW 264.7 cells were preincubated with or without the PI3K inhibitor
wortmannin (10 µM), prior to their use in the Boyden Chamber migration assay, to
assess their chemoattraction towards elevated Ca2+o. Results from three independent
experiments are shown. Data were analyzed by t-test analysis, *, pb0.001: untreated vs.
wortmannin-treated cell migration at the same Ca2+o concentration; †, pb0.05:
untreated vs. wortmannin-treated cell migration at the same Ca2+o concentration.
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Statistical analyses were performed using Student's t-test. A value of
pb0.05 was considered to be significant.

Results

Migration of RAW 264.7 cells increases at elevated Ca2+o concentrations

Since Ca2+o has previously been described to regulate the
migration of different cell types [12,13,19,20], we studied the effects
of Ca2+o on the migration of RAW 264.7 osteoclast precursor cells.
Using the Boyden Chamber assay, we showed that Ca2+o strongly
stimulates themigration of RAW264.7 cells in the direction of elevated
Ca2+o concentrations (Fig. 1). This effect was Ca2+o concentration-
dependent, with a maximal increase in migration observed at 10 mM
Ca2+o. Higher Ca2+o concentrations (20 mM) did not affect the
migration of RAW 264.7 cells.

The Ca2+o-induced migration of RAW 264.7 cells is mediated through
the CaR

Previous studies have reported the role of the CaR in the migration
of various cells [12,13,19,20]. Firstly,wehavedemonstrated that theCaR
is expressed in RAW264.7 cells byWestern blot analysis, corresponding
to a 120 kDa protein, and cytometry analyses (Fig. 2A), confirming
previous reports [21]. Cytometry analysis has demonstrated that cell
surface CaR is expressed by 96% of the cells (Fig. 2A).

Next, to determine whether the CaR is involved in the Ca2+o-
induced migration of RAW 264.7 cells, the expression of the CaR was
decreased using specific siRNA targeting the CaR or control scramble-
siRNA. With CaR-siRNA-transfected cells, the Ca2+o-induced migra-
tionwas greatly reduced compared to cells transfectedwith scramble-
siRNA (Fig. 2B). These results demonstrate that the Ca2+o-induced
migratory effect is mediated through the activation of the CaR. The
functionality of the siRNA sequences utilized in this study was
confirmed by cytometry analysis that has demonstrated that while
74.6% of scramble-siRNA-transfected cells expressed cell surface CaR,
only 23.1% of CaR-siRNA-transfected cells expressed the receptor
(Fig. 2C). Moreover, the ratio of receptor expression between CaR-
siRNA vs. scramble-siRNA-transfected cells was even greater when
total fluorescence intensity was calculated, with receptor expression
of around 1:4 (Fig. 2D).

Ca2+o-induced migration of RAW 264.7 cells is mediated via the
PI3K/Akt pathway

To investigate the intracellular pathways involved in the Ca2+o-
induced migration of RAW 264.7, cells were incubated with 10 μM of
various specific pathway inhibitors, including inhibitors of PI3K
(wortmannin), phospholipase Cβ (PLCβ) (U73122) and inhibitors of
different MAPKs, ERK1/2 (U0126), p38 (SB 202190) and JNK
(SP600125). This was followed by testing cell migration in a Boyden
Chamber assay at different concentrations of Ca2+o, as described above.
Fig. 3 shows that the Ca2+o-induced migration of RAW 264.7 cells was
completely inhibited by wortmannin, demonstrating that the PI3K
pathway is involved in the Ca2+o-inducedmigratory effect. Cell viability
after wortmannin treatment remained unchanged compared to control
whenassessedby Trypanblue exclusion (data not shown). The inhibitor
of PLCβ also dramatically reduced the Ca2+o-induced migratory
response (Fig. 4A). This was in contrast to the MAPK pathways,
inhibition of which produced no effect on the migratory response
mediated by Ca2+o (Figs. 4 B–D).

One of the known targets of PI3K is the serine–threonine kinase
Akt.We studied the activation of Akt in RAW264.7 cells in response to
Ca2+o by western blot analysis. Ca2+o induced the phosphorylation of
Akt in a concentration-dependent manner (Fig. 5A). This effect was
maximal after 5 min of stimulation with Ca2+o and decreased after
30 min of stimulation (Fig. 5B). The phosphorylation of Akt did not
change when cells were stimulated with 10 or 20 mM Ca2+o,
suggesting that other molecular mechanisms may be responsible for
the modulation of cell migration at high calcium concentrations. The
involvement of the CaR in the Ca2+o-induced Akt activation was
confirmed by siRNA directed against this receptor, which abolished
Akt activation (Fig. 5C).

To assess the involvement of Akt in RAW 264.7 cell migration, these
cells were transduced either with wt-Akt or mutant dn-Akt K179M. To
prepare the cell permeable Akt fusion protein, an expression vector
expressingAkt as a fusion proteinwith the protein transduction domain
(PTD) of the HIV-1 TAT protein was constructed. Then, different
recombinant TAT–Akt fusion proteins were generated (Fig. 6A). A wt-
or a dn-form of Akt, containing a point mutation inactivating its kinase
activity (K179M), was fused to the protein transduction domain of the
TAT HIV protein. Proteins TAT–wt-Akt and TAT–dn-Akt were generated
and purified by affinity chromatography on a nickel column. The purity
of TAT–wt-Akt and TAT–dn-Akt fusion proteins was verified by
Coomassie blue stained gel. The purified products were confirmed by
western blotting with anti-HA and anti-Akt antibodies (Fig. 6B).
Transduction efficiency of the different TAT–Akt proteins in RAW
264.7 cells was evaluated by western blot analysis with anti-Akt and
anti-HA antibodies (Fig. 6C). We observed equal transduction of both
proteins. The biological effects of the TAT–Akt proteins on themigration
of RAW 264.7 cells in response Ca2+o were then evaluated. As shown in
Fig. 6D, transduction of TAT–dn-Akt completely inhibited cell migration
induced by Ca2+o, whereas TAT wt-Akt had no effect. These results
demonstrate that Akt plays an important role in RAW 264.7 cell
migration in response to Ca2+o.
Discussion

In the parathyroid, the CaR plays a primary role in the regulation of
systemic Ca2+o homeostasis due to its ability to senseminute changes in
Ca2+o concentrations, leading to modulation of parathyroid hormone
secretion [22]. Recent data have reported that the CaR is also expressed
by other organs and tissues involved in Ca2+o homeostasis such as



Fig. 4. PLC but not MAPKs activation is involved in the Ca2+o-induced migratory response of RAW 264.7 cells. RAW 264.7 cells were preincubated with or without the inhibitors of
PLC or MAPKs, i.e. ERK1/2 (U0126), p38 (SB 202190) and JNK (SP600125), prior to their use in the Boyden Chamber migration assay, to assess their chemoattraction towards
elevated Ca2+o. Results from three independent experiments are shown. Data were analyzed by t-test analysis, †, pb0.05 and *, pb0.001: untreated vs. inhibitor-treated cell
migration at the same Ca2+o concentration.
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the bone [23,24] and kidneys [25,26], aswell as in tissuesnot involved in
Ca2+o homeostasis, such as lens epithelial cells and antral gastrin cells of
the stomach [27,28]. Expression of the CaR has been confirmed in the
different cell types present in bone, including the osteoclasts [24],
osteoblasts [23] and osteocytes [23] and their precursors [29]. In these
cell types, the CaR is involved in numerous physiological functions, for
example osteoclast differentiation and apoptosis [21].

In addition to the previously reported role of the CaR in dif-
ferentiation, proliferation and apoptosis of bone cells, several recent
studies have suggested that this receptor may also play a role in the
migration of osteoclast precursor cells, as well as other cells
[12,13,19,20]. For example, Adams et al. (2006) have demonstrated
the involvement of Ca2+o and the CaR in the homing of hematopoietic
stem cells to the bone marrow [12]. For this reason, we hypothesized
that Ca2+o and the CaR may play a role in the initiation of the
formation of a BMU by recruiting osteoclast precursor cells of the
hematopoietic lineage from the circulation to their osseous niches in
the bone environment, where high Ca2+o concentrations are present
as a result of nearby bone resorption. In order to address this issue, we
investigated the effect of Ca2+o on the migration of RAW 264.7 cells of
the monocyte–macrophage lineage using the Boyden Chamber
migration assay. We have demonstrated that the migration of the
osteoclast precursor RAW 264.7 cells increases with elevated Ca2+o
concentrations. This effect was shown to require the presence of the
CaR, and knocking down CaR expression using siRNA abrogated the
Ca2+o-induced migration.

Furthermore, we wanted to decipher the intracellular signaling
pathways responsible for the migratory effect. The CaR couples to Gαq

and Gαi G proteins, leading to the activation of several intracellular
responses, especially PLCβ [30] and MAPKs [31,32], and inhibition of
adenylate cyclase activity [33]. In order to investigate the involvement
of these pathways in the migratory effect of RAW 264.7 cells in
response to Ca2+o, we have utilized different pathway inhibitors,
demonstrating that the PI3K/Akt and PLCβ pathways are involved in
the migratory effect. Next, we addressed the involvement of the Akt, a
downstream target of PI3K, in the migration of the RAW 264.7 cells.
Ca2+o-induced activation of Akt was demonstrated by western blot
analysis and it was shown to be mediated through the CaR. Further-
more, the role of Akt in the migratory effect was shown by trans-
ducing the cells with dominant negative TAT–Akt, which decreased
the migration of the cells in response to Ca2+o. In contrast, inhibition
of the p42/44, p38 and JNK MAPKs did not abolish the Ca2+o-induced
migration of RAW 264.7 cells, suggesting that these pathways are not
required for the migratory response. It is not yet clear whether the
CaR present in osteoclasts and osteoclast precursors couples to the
MAPKs. While it has been demonstrated that the CaR present in



Fig. 5. Ca2+o-induced Akt phosphorylation is mediated through the CaR. RAW 264.7
cells were stimulated either with different Ca2+o concentrations (1.8–10 mM) for
10 min (A) or with 10 mM Ca2+o for 0–30 min (B). Cell lysates were analyzed by SDS-
PAGE and western blotting using specific antibodies which recognized the phosphor-
ylated form of the Akt (P-Akt). The blots was then stripped and reprobed with anti-Akt
antibodies. The involvement of the CaR in the Ca2+o-induced Akt activation was
demonstrated by the use of siRNA directed against the receptor (10 mM Ca2+o, 10 min)
(C). Data shown are representative of three independent experiments.
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osteoblasts does activate p38, p42/44 and JNK [31,32], the intracel-
lular signaling pathways activated via the CaR in osteoclasts require
further investigation. However, this study has nevertheless shown
that the MAPKs are not involved in the Ca2+o-induced migratory
effect, and importantly, we have clearly identified the PI3K/Akt
pathway as being pivotal for the Ca2+o-induced migration of RAW
264.7 cells.

Activation of the PI3K pathway through the CaR has previously
been described in different cell types [34,35]. It has been described
that cell proliferation is mediated through the activation of this
pathway via the CaR [36,37]. Furthermore, Liu et al. (2003) have
shown that the Ca2+o-induced secretion of serotonin from parafolli-
cular cells is mediated through the CaR and subsequent activation of
PI3K [38]. The involvement of the PI3K pathway in the migratory
effect reported in our study is consistent with several recent findings.
For example, it has been shown that osteoclasts derived from mice
lacking the p85α regulatory subunit of PI3K demonstrate a signifi-
cantly reduced ability to migrate [39]. Additionally, in a study by
Pilkington et al. (1998), the authors have proposed that the
directional motility of mature osteoclasts in response to M-CSF is
mediated through the PI3K pathway [40], and it has also been
reported that the PI3K pathway is involved in the platelet derived
growth factor-induced migratory effect [41,42]. However, contrasting
findings have also been reported, for example Godwin and Soltoff
(1997) have shown that Ca2+o-induced chemotaxis of MC3T3-E1 is
mediated through a pertussis-toxin sensitive pathway and is
independent of the PI3K pathway, shown by its resistance to
wortmannin [41].

A possible source of the local increase in Ca2+o may originate from
bone microdamages, as a result of daily activity. Through bone
remodeling, bone cells are able to repair any microdamage, thus
contributing to the maintenance of the structural integrity of bone
and calcium homeostasis [43]. However, the mechanism by which
microcracks are detected, and repair initiated, is not yet understood.
Form our data, it can be speculated that microdamage of the bonemay
result in the release of Ca2+o, stimulating the homing of cells
specialised in bone-repair. It is also conceivable that this increase in
Ca2+o is the result of an initial osteoclast activity which may lead to
the recruitment of further osteoclast precursors, whose transforma-
tion into osteoclasts is promoted by the CaR [21]. While our study
demonstrates that the migration of RAW 264.7 increases in response
to elevated Ca2+o through the activation of the CaR/PI3K/Akt, thus
possibly implicating this pathway in the homing of osteoclast
precursor cells to bone and the initiation of the establishment of
BMUs, the shortcomings of our study need to be stressed.Whether the
CaR plays a pivotal role in the bone remodeling process in a
physiological context still needs to be elucidated in future studies.
The experimental model used in this study is limited and it is not
suitable to address this issue. Therefore, to gain a better understand-
ing of the precisemechanisms involved in the initiation of a functional
BMU, a novel experimental approach needs to be developed, that
maximally mimics the physiological conditions of the bone.

Interestingly, Garner et al. (2001) have reported that expected
skeletal manifestations of PTH excess were not the main skeletal
features in CaR knock-out mice, which rather showed growth plate
calcification and disorderly deposition of mineral, excessive osteoid
accumulation, and prolonged mineralization lag time in metaphyseal
bone[44]. Given our results, certain outstanding questions still
remain. Does the bone remodeling process take place in these
animals? Do the osteoclast precursors in these animals target the
correct sites in the bone in order to initiate bone remodeling? For all
these reasons, in future investigations it would be very interesting to
study the migration of osteoclast precursors derived from the bone
marrow of CaR−/− mice. Our current study aimed to determine
certain aspects of the intracellular signaling that takes place upon CaR
activation in osteoclast precursor cells and the involvement of these
pathways in the Ca2+o-induced chemoattraction. Given the results we
obtained on the effects of high concentrations of calcium on the
differentiation, bone resorption and apoptosis of osteoclasts, it can be
hypothesized that the CaR is involved in the recruitment of osteoclast
precursor cells from the circulation during the establishment of a
functional BMU [21]. Furthermore, activation of the CaR may also lead
to a negative feedback effect at higher concentrations of Ca2+o,
released from bone during the bone resorption process. It is possible
that the CaR is also involved in the infiltration of these cells through
the bone lining cell layer and fusion of these cells into functional



Fig. 6. The effect of recombinant TAT–Akt fusion proteins on Ca2+o-induced migration of RAW 264.7 cells. Schematic representation of the TAT–Akt constructs (A). Resulting
recombinant Akt (wt and dn) proteins were fused at the N-terminal to 6 His-Tag sequence followed by the protein transduction domain (PTD) of the TAT protein and HA-Tag. Purity
of recombinant TAT–Akt proteins was assessed by Coomassie blue staining of SDS-PAGE andwestern blot analysis of different TAT–Akt proteins with anti-HA and anti-Akt antibodies
(B). RAW 264.7 cells were either transduced with different TAT–Akt proteins (100 nM) or treated with (PBS) for 24 h. After extensive washes, the presence of recombinant TAT–Akt
proteins in RAW 264.7 cells was analyzed by western blotting with indicated antibodies (C). To determine the involvement of the Akt pathway in the migration of RAW 264.7 cells,
the cells were transduced with 100 nM TAT–wt-Akt or TAT–dn-Akt, and cell migrationwas assessed in a Boyden Chamber assay (D). Results from three independent experiments are
shown. Data were analyzed by t-test analysis, †, pb0.05 and §, pb0.01: TAT–wt-Akt- vs. TAT–dn-Akt-transduced cell migration at the same Ca2+o concentration.
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resorbing osteoclasts. Clearly, these questions need to be addressed in
future studies.

In conclusion, this study has demonstrated that the CaR and the PI3K/
Akt pathway are involved in the chemoattraction induced by Ca2+o on
osteoclast precursor RAW264.7 cells. These findings suggest that the CaR
may possibly have a role in the initiation of bone remodeling in vivo.
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