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NMDA Glutamate Receptors Are Expressed by
Osteoclast Precursors and Involved in the
Regulation of Osteoclastogenesis

Blandine Merle,* Cecile Itzstein, Pierre D. Delmas, and Chantal Chenu

INSERM Unit 403, Hôpital E. Herriot, Pavillon F, 69437 LYON Cedex 03, France

Abstract We previously identified functional N-methyl-D-aspartate (NMDA) glutamate receptors in mature
osteoclasts and demonstrated that they are involved in bone resorption in vitro. In the present work, we studied the
expression of NMDA receptors (NMDAR) by osteoclast precursors and their role in osteoclastogenesis using two in vitro
models, the murine myelomonocytic RAW 264.7 cell line and mouse bone marrow cells, both of which differentiate into
osteoclasts in the presence of macrophage colony-stimulating factor (M-CSF) and Rank ligand (RankL). Using RT-PCR
analysis with specific probes, we showed that RAW 264.7 cells and mouse bone marrow cells express mRNA of NMDAR
subunits NMDA receptor 1 (NR1) and NMDA receptor 2 (NR2) A, B, and D. These subunits are expressed all along the
differentiation sequence from undifferentiated precursors to mature resorbing osteoclasts. Semi-quantitative PCR analysis
showed no regulation of the expression of these subunits during the differentiation process. Two specific non competitive
antagonists of NMDAR, MK801 and DEP, dose-dependently inhibited osteoclast formation in both models, indicating that
osteoclastogenesis requires the activation of NMDAR expressed by osteoclast precursors. MK801 had no effect when
added only during the first 2 days of culture, suggesting that NMDAR are rather involved in the late stages of osteoclast
formation. Finally, we demonstrated using Western-blotting and immunofluorescence that activation of NMDAR in RAW
264.7 cells by specific agonists induces nuclear translocation of NF-kappa B, a factor required for osteoclast formation.
Altogether, our results indicate that osteoclast precursors express NMDAR that are involved in the osteoclast
differentiation process through activation of the NF-kappa B pathway. J. Cell. Biochem. 90: 424–436, 2003.
� 2003 Wiley-Liss, Inc.
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There has been growing evidence during the
past years that glutamate, the major neurome-
diator of the nervous system, contributes to
the local regulation of bone cell functions.
Glutamate itself and most of the components
involved in its signal transduction, glutamate

receptors and transporters, were identified in
bone [Mason et al., 1997; Chenu et al., 1998;
Patton et al., 1998; Bhangu et al., 2001]. Gluta-
matewas detected in thenetwork of nervefibers
running in bone marrow [Serre et al., 1999], as
well as in vesicles in osteoblasts where it can be
released by exocytosis [Bhangu et al., 2001;
Genever and Skerry, 2001]. The expression and
putative functions in bonemetabolism of theN-
methyl-D-aspartate receptor (NMDAR) subtype
of glutamate receptors were the most charac-
terized. Osteoblasts and osteoclasts express N-
methyl-D-aspartate (NMDA) receptor 1 (NR1)
together with different NMDA receptor 2 (NR2)
subunits, supporting a molecular diversity of
NMDAR in bone, similar to what was demon-
strated inbrain [Chenuetal., 1998;Pattonetal.,
1998; Itzstein et al., 2001]. Electrophysiological
studies have demonstrated that NMDAR
are functional on mature osteoclasts and osteo-
blasts with similar electrophysiological and
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Recherche Médicale (France); Grant sponsor: Les Fonds de
Recherche Hoechst Marion Roussel.

*Correspondence to: Blandine Merle, INSERM Unit 403,
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pharmacological properties to those described
in neuronal cells [Espinosa et al., 1999; Laketic-
Ljubojevic etal., 1999;Peet et al., 1999;Guetal.,
2002].While the function ofNMDARhas not yet
been elucidated in osteoblasts, our group has
demonstrated that activation of NMDAR on
mature osteoclasts is required for their resorp-
tive function. Using an in vitro model of bone
resorption, we showed that specific antagonists
of NMDAR prevent osteoclast sealing zone
formation required for bone resorption [Chenu
et al., 1998; Itzstein et al., 2000]. By contrast,
Peet et al. [1999] showed that MK801, an
antagonist of NMDAR, inhibits bone resorption
by amechanismpredominantly involving osteo-
clast differentiation rather than activity. In
their model, osteoclasts develop in cocultures of
bone marrow cells and osteoblasts and it is
presently unknown whether MK801 inhibits
osteoclastogenesis by acting directly on osteo-
clast precursors that express NMDAR or indir-
ectly through NMDAR present in osteoblasts.
Osteoclasts are multinucleated cells that

differentiate from hematopoietic precursors
in presence of Rank ligand (RankL) and macro-
phage colony-stimulating factor (M-CSF)
in vitro [Lacey et al., 1998; Yasuda et al.,
1998]. Commitment of mononuclear precursors
to mature osteoclasts involves multiple tran-
scription factors including NF-kappa B. Mice
deficient in both p50 and p52 subunits of NF-
kappa B are osteopetrotic due to the failure of
osteoclast differentiation [Franzoso et al., 1997;
Iotsova et al., 1997], but this factor also plays a
role in osteoclast survival and activity [Jimi
et al., 1996; Ozaki et al., 1997]. In brain, NF-
kappa B is an essential factor of neuronal
development and controls the expression of a
wide variety of genes [Rothwarf and Karin,
1999]. It has been shown that glutamate
specifically activates NF-kappa B in neuronal
cells by binding to NMDAR [Guerrini et al.,
1995; Kaltschmidt et al., 1995].
In this article, we analyzed the expression of

NMDAR subunits by osteoclast precursors and
studied their role in the osteoclastic differ-
entiation process. Using two in vitro models of
osteoclast differentiation, themurinemyelomo-
nocytic RAW 264.7 cell line and mouse bone
marrow cells, we show that osteoclast precur-
sors express mRNA for NR1 and several NR2
subunits. We demonstrate that specific antago-
nists of NMDAR inhibit osteoclast differentia-
tion in vitro, indicating that activation of

NMDAR is required for osteoclastogenesis.
Finally, we observed that stimulation of
NMDARby glutamate andNMDAup-regulates
NF-kappa B activity, suggesting that the NF-
kappa B pathway is involved in glutamate
regulation of osteoclast formation through
NMDAR.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagles’s medium
(DMEM), a modified essential medium
(aMEM), penicillin/streptomycin, L-glutamine,
and fungizone were purchased from Gibco
(Invitrogen, Cergy-Pontoise, France), and fetal
bovine serum (FBS) from Hyclone (Perbio
Sciences France, Bezons, France). Sterile cul-
ture plasticware were obtained from Falcon
Becton Dickinson (Le Pont De Claix, France).
Recombinant murine M-CSF was purchased
from R&D Systems (London, England). RankL
was kindly given by Amgen (Thousands Oaks,
CA).Monoclonal antibody anti-NF-kappaB p65
protein was bought from Santa Cruz Biotech-
nology (Tebu International, Le Perray en
Yvelynes, France). Peroxidase-conjugated goat
anti-mouse IgG and cyanine-conjugated anti-
mouse IgG antibodies were from Jackson Im-
munoResearch Laboratories (West Grove, PA).
Western lightning chemiluminescence reagent
was bought from Perkin Elmer Life Sciences
(Courtaboeuf, France). Glutamate receptor ago-
nists NMDA, glutamate, and glutamate re-
ceptor antagonists (5R,10S)-(þ)-5-methyl-10,
11-dihydro-5H-dibenzo[a, d]cyclohepten-5,10-
imine (MK801), 1-(1,2-diphenylethyl) piperi-
dine (DEP), and 2,3-Dioxo-6-nitro-1,2,3,4 tetra-
hydrobenzo [f] quinoxaline-7-sulphonamide
(NBQX) were purchased from Tocris (Fisher
Bioblock Scientific, Illkirch, France). Unless
specified, all other chemicals were obtained
from Sigma (L0Isle d0Abeau Chesnes, France).

RAW 264.7 Cell Culture and Differentiation

The murine monocytic cell line RAW 264.7
was purchased from theAmericanTypeCulture
Collection (Manassas, VA) and grown, as indi-
cated by supplier, inDMEMsupplementedwith
10% FBS, 1% penicillin/streptomycin, 1% glu-
tamax, and 0.5% fungizone.

For differentiation into osteoclasts, RAW
264.7 cells were plated on 100 mm culture
dishes in aMEM medium containing 10% FBS,
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1% penicillin/streptomycin, 1% glutamax, 0.5%
fungizone, and supplemented with 30 ng/ml
RankL. Cells were cultured for 5 days at 378C in
a humidified atmosphere containing 5% CO2,
with fresh medium and cytokines replaced on
day 3. RAW 264.7 cells differentiate into multi-
nucleated osteoclast-like cells expressing speci-
fic markers of osteoclasts: tartrate-resistant
acid phosphatase (TRAP) and calcitonin recep-
tor (CTR), as previously shown [Hsu et al.,
1999]. For RT-PCR analysis of NMDAR sub-
units mRNA expression during RAW 264.7 cell
differentiation, cells were collected on each day
of culture for RNA extraction after washing
with phosphate-buffered saline (PBS) to remove
non adherent cells.

Bone Marrow Cell Culture and Differentiation

Bone marrow cells were prepared, as pre-
viously described [Raynal et al., 1996]. Briefly,
long bones from 8 week-old NMRI male mice
were removed and the bone marrow cavity was
flushed with aMEM. After centrifugation, this
heterogeneous population containing osteoclast
precursors was resuspended in aMEM contain-
ing 10% FBS, 1% penicillin/streptomycin, 1%
glutamax, and seeded into 100 mm culture
dishes. To obtain 1-day bone marrow cells for
PCR analysis, cultures were maintained in this
medium at 378C in a humidified atmosphere
containing 5% CO2 for 24 h and adherent cells
were collected after washing with PBS. For
osteoclast differentiation assay, bone marrow
cells were seeded in the same medium supple-
mented with 30 ng/ml M-CSF and 20 ng/ml
RankL. Cultures supplemented with fresh
medium and cytokines every 2 days were main-
tained for 6 days at which time, multinucleated
mature osteoclasts were formed. For RT-
PCR analysis of NMDAR subunits mRNA
expression during osteoclastogenesis, bone
marrow cells were collected at each day of the

differentiation process for RNA extraction after
vigorous washing with PBS to remove non
adherent cells.

RNA Isolation, RT-PCR, and Southern Analysis

Total RNA obtained from RAW 264.7 cells
or bone marrow cells was extracted with
RNeasyR minikit (Qiagen SA, Courtaboeuf,
France) and reverse-transcribed using omnis-
cript reverse transcriptase from Qiagen SA and
oligo(dT)12–18 primers (Amersham Pharmacia
Biotech, Orsay, France). The cDNAs were
amplified by PCR with HotStarTaqTM DNA
polymerase (Qiagen SA) with specific primers
designed for the different NMDAR subunits,
CTRandTRAP (Table I), according to published
sequences [Hollmann and Heinemann, 1994;
Monyer et al., 1994; Sullivan et al., 1994; Reddy
et al., 1995; Inoue et al., 1999]. The identity of
the PCR amplified fragments was confirmed by
DNA sequence analysis.

For time course analysis of NMDAR subunits
expression during osteoclastogenesis, total
RNA from each day culture of RAW 264.7 and
bone marrow cells was extracted and reverse-
transcribed as described above. cDNAs were
subjected to semi-quantitative PCR: during
the last 12 cycles of the PCR process, 10 ml
aliquots of each PCR sample were collected
every three cycles and run on 1.5% agarose gels.
Amplification products were transferred to
Hybond-N nylon membranes (Amersham Bio-
sciences, Saclay, France) and ultra-violet cross-
linked. The membranes were then hybridized
overnight at 658C with specific PCR generated
cDNA probes (QIAquickTM Spin, Qiagen SA),
purified, and labeled with [32P]dCTP using a
randompriming labeling kit (Life Technologies,
Grand Island, NY), as described elsewhere
[Church and Gilbert, 1984]. After washing,
the radiolabeled membranes were exposed to
X-ray films.

TABLE I. Primers Sequences Used in the Polymerase Chain Reaction (PCR)

Target cDNA (accession no.)

Oligonucleotide sequences

Sense primer Antisense primer

Human NR1 (L05666) 50-gatgtcttccaagtatgcgga-30 50-gggaatctccttcttgaccag-30

Rat NR1 (U08261) 50-aatgaccccaggctcagaaac-30 50-tgaagcctcaaactccagcac-30

Rat NR2A (AF001423) 50-tatagagggtaaatgttgga-30 50-agaaactgtgaggcatttct-30

Rat NR2B (U11419) 50-actgtgacaacccacccttc-30 50-cggaactggtccaggtagaa-30

Rat NR2C (08259) 50-tgtgtcaggccttagtgaca-30 50-ccacactgtctccagcttct-30

Rat NR2D (L31612) 50-aagaagatcgatggcgtctg-30 50-ggatttcccaatggtgaagg-30

Mouse CTR (U18542) 50-gtcttgcaactacttctggatgc-30 50-aagaagaagttgaccaccagagc-30

Mouse TRAP (NM007388) 50-ctctctgaccacctgtgcttcctc-30 50-gaacctcttgtcgctggcatcgtg-30
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Osteoclastic Differentiation Assay
in the Presence of NMDAR Antagonists

To analyze the effects of NMDAR antagonists
on osteoclast differentiation, bone marrow
cells or RAW 264.7 cells were seeded in 24-well
plates in aMEM supplemented with RankL
with or without M-CSF, as described above.
Cells were treated with specific NMDAR anta-
gonists: MK801 or DEP at 10, 50, or 100 mM
added at the beginning of the culture and all
along the differentiation sequence, or for 2–4
days pulses at different stages of the differen-
tiation process. NBQX, an antagonist of AMPA
receptors, a second class of ionotropic glutamate
receptors, was used as control at the same
concentrations. At the end of culture, cells were
washed with PBS, fixed, and stained for TRAP.
Multinucleated TRAP-positive osteoclasts (>3
nuclei) were scored under a light microscope.

NF-Kappa B Nuclear Translocation
Analysis by Immunoblotting

To analyze the role of NMDAR agonists on
nuclear translocation of NF-kappa B, RAW
264.7 cells grown in DMEM were starved in
PBS for 30 min, then stimulated with 100 mM
NMDA in the presence of its coagonist glycine
(100 mM) in PBS for 10 or 20min. Alternatively,
cells were pretreated for 10 min with MK801
before stimulation with NMDA and glycine.
Stimulation by RankL in the same conditions
was used as a positive control [Wei et al., 2001].
Untreated or NMDA-stimulated RAW 264.7

cellswere lifted from the dishwith citrate buffer
(15mM)andnuclear proteinswere extracted for
Western-blot analysis. Briefly, cells were resus-
pended inhypotonic lysis buffer (10mMHEPES
pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.2 mM
PMSF, 0.5 mM DTT, 5 mg/ml leupeptin) and
incubated at 48C for 45 min. Nuclei were pel-
leted, washed, resuspended in low salt nuclear
extraction buffer (20 mM HEPES pH 7.9,
1.5 mM MgCl2, 20 mM KCl, 0.2 mM EDTA,
25% glycerol, 0.2 mMPMSF, 0.5mMDTT, 4 mg/
ml leupeptin, 4 mg/ml pepstatin) to which was
added an equal volume of high salt nuclear
extraction buffer (20 mM HEPES pH 7.9,
1.5 mM MgCl2, 800 mM KCl, 0.2 mM EDTA,
25% glycerol, 0.2 mMPMSF, 0.5mMDTT, 4 mg/
ml leupeptin, 4 mg/ml pepstatin). After a 30 min
rotation at 48C, samples were centrifuged and
the supernatants containing nuclear proteins
were dialyzed against HEPES buffer (20 mM

HEPES, 0.4 mM PMSF, 1 mM DTT) for 1 h at
48C. After centrifugation, the supernatants
were collected and nuclear protein concentra-
tions were determined by the micro BCATM

protein assay (Pierce, Perbio Sciences France,
Bezons, France).

An aliquot of nuclear proteinswasmixedwith
loading buffer, boiled for 5 min, and subjected
to electrophoresis on 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis
(SDS–PAGE). Proteins were transferred to a
nitrocellulose membranes using a semidry blot-
ter (VWR International, Fontenay-sous-Bois,
France). Membranes were blocked in Tris-
buffered saline (TBS) (20 mM Tris, 137 mM
NaCl, pH7.6) containing 0.1%Tween 20 and 5%
non fat dry milk for 1 h to reduce non specific
binding. Membranes were then incubated over-
night at 48C with a monoclonal antibody direc-
ted against NF-kappa B p65 protein in TBS
containing 0.1% Tween 20 and 5% non fat dry
milk. After washing, membranes were exposed
to peroxidase-conjugated goat anti-mouse IgG
for 1 h, washed, and chemiluminescence detec-
tion was performed. A picture was made and
analyzed with ImageQuant v1.2 software
(Amersham Pharmacia Biotech) to quantify
bands intensity (integral density of the band).

Immunofluorescence Analysis

NF-kappa B nuclear translocation in RAW
264.7 cells after glutamate treatment was
studied by immunofluorescence. RAW 264.7
cells grown on glass coverslips in DMEM were
pre-incubated in PBS for 30min and stimulated
by 1mMglutamate and 1mMglycine in PBS for
the indicated times. Cells were then fixed with
4% paraformaldehyde in 0.1 M PBS for 5 min
and permeabilized with methanol at �208C for
20 min. Non specific immunoreactions were
blocked with TBS containing 3% bovine serum
albumin for 2 h. Cells were incubated for 1 h at
room temperature with a monoclonal antibody
directed against NF-kappa B p65 protein or
with purified mouse immunoglobulins as con-
trol, diluted in PBS with 0.05% bovine serum
albumin. After rinsing, the cells were incubated
for 1 h at room temperature with a cyanine 3-
conjugated anti-mouse IgG antibody (Jackson
ImmunoResearch Laboratories). Hoechst
33258 (Aventis, Strasbourg, France), a fluoro-
chrome used to visualize nuclei, was added
concomitantly. After washing, coverslips were
mounted with Mowiol (Aventis) and analyzed
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by epifluorescence with a Leica microscope.
Treatment with RankL (100 ng/ml) was used
as a positive control. Alternatively, cells were
pre-incubated for 30 min in PBS containing
100 mM pyrrolidine dithiocarbamate (PDTC),
an inhibitor of NF-kappa B activation before
treatment with 1 mM glutamate, glycine, and
100 mM PDTC in PBS.

Statistical Analysis

Data were subjected to Mann–Whitney
U-test, using the Instat software (Graphpad,
San Diego, CA).

RESULTS

RAW 264.7 Cells and Bone Marrow Cells Express
NR1 Together With Different NR2 Subunits

To determine if osteoclast precursors express
NMDAR,we studied by RT-PCR the presence of
the different NMDAR subunits in RAW 264.7
cells andmouse bonemarrow cells using specific
oligonucleotides primers designed for each sub-
unit (Table I). RAW 264.7 cells, a homogenous
population of mouse myelomonocytic cells
that can differentiate into osteoclast-like cells,
expressNR1aswell asNR2A,NR2B, andNR2D
(Fig. 1). Mouse bone marrow cells cultured for
1 day, which contain osteoclast precursors,
express NR1 and the same NR2 subunits as
RAW 264.7 cells. No amplification was obtained
for these two cell populationswithNR2C,which
was only present in mouse brain used as a
positive control (Fig. 1).

Time Course of NMDAR Subunits mRNA
Expression During Osteoclastogenesis

Since both osteoclast precursors and mature
osteoclasts express NMDAR subunits [Itzstein
et al., 2001], we studied the expression of these
subunits all along osteoclastogenesis using
two in vitro models of osteoclastogenesis: the
monocyte/macrophagic RAW 264.7 cell line
and mouse bone marrow cell cultures. In both
models, precursors differentiate into resorbing
osteoclasts in the presence of RankL, in 5 days
for RAW 264.7 cells and 6 days for bonemarrow
cells.

Expression of NR1 and NR2 subunit mRNAs
was demonstrated at every stage of the differ-
entiation process of RAW 264.7 cells from non
differentiated cells, illustratedby thefirst day of
culture in the presence of RankL, to mature
osteoclast-like cells on day 5 of the culture
(Fig. 2A). Semi-quantitative RT-PCR analysis
did not show any regulation of the expression of
these NMDAR subunits during differentiation,
in contrast to CTR and TRAP mRNA, two
markers of the osteoclast lineage, whose expres-
sion increased with osteoclast differentiation
(Fig. 2A).

Similarly, no regulation of NMDAR subunits
mRNA expression throughout the successive
stages of osteoclast differentiation was demon-
strated for mouse bone marrow cells (Fig. 2B).
In this model, CTR mRNA expression was
almost constant all along osteoclastogenesis
(Fig. 2B), while TRAP mRNA expression
increased during osteoclast differentiation.

NMDAR Antagonists Inhibit
Osteoclast Differentiation

The presence of NMDAR on osteoclast pre-
cursors has led us to study their role in osteo-
clast differentiation. We showed that specific
non competitive channel blockers of NMDAR,
MK801, and DEP significantly inhibit, in a
dose-dependant manner, the number and the
size of the TRAP-positive multinucleated osteo-
clasts formed by RAW 264.7 cells cultured for 5
days with RankL, compared to control (Fig. 3A).
In contrast, NBQX, an antagonist of AMPA
receptors, another class of glutamate receptors,
had no effect on the number of TRAP-positive
osteoclasts formed in this model (Fig. 3A).

MK801 and DEP showed a more drastic
inhibitory effect on TRAP-positive osteoclast
formation from bone marrow precursors with

Fig. 1. RAW 264.7 cells and bone marrow cells express NR1
and several NR2 subunits mRNA. cDNAs were synthesized from
RNA isolated from RAW 264.7 cells or mouse bone marrow
cells cultured for 1 day and amplified by PCR using specific
primers designed for N-methyl-D-aspartate receptor (NMDAR)
subunits. cDNA from mouse brain was used as a positive control.
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more than 88% inhibition at 50 mM (Fig. 3B).
NBQX at 100 mM had a slight inhibitory effect
on osteoclast differentiation from marrow pre-
cursors. In both models, DEP was the most
powerful antagonist.

MK801 Preferentially Inhibits the Late Stages
of Osteoclast Differentiation

To determine at which stage of the differ-
entiation sequence NMDAR antagonists were
inhibitory, they were added to the cultures for
only 2 or 4 days (d). Addition ofMK801 (100 mM)
during the last 2 days of RAW 264.7 cell differ-
entiation cultures (d3–d5) led to a significantly
greater inhibition of TRAP-positive osteoclast
formation (41%) thanwhenMK801was present
only during the first 3 days of culture (d0–d3,
27%inhibition) (Fig.4A).Similarly toFigure3A,
the inhibitory effect ofMK801 added during the
entire culture was around 80%.

Asimilarobservationwasmadeduringmouse
bone marrow cell differentiation. MK801 treat-
ment (100 mM), restricted to the first 2 days of
culture (d0–d2), had no significant effect on
osteoclast formation (11% inhibition) while
inhibition was almost total when MK801 was
added from day 2, for 2 or 4 days (Fig. 4B).
MK801 present for a 4 day pulse (d0–d4 or d2–
d6) led to a very strong reduction of TRAP-
positive multinucleated osteoclast number and
size (more than 98% inhibition), as observed
when it is present during the entire differentia-
tion sequence (d0–d6). An identical inhibition
was demonstratedwhenMK801was added only
for 2 days (d2–d4 or d4–d6) (Fig. 4B). Alto-
gether, these results indicate that the inhibitory
effect of MK801 is maximal in the late stages of
osteoclagenesis, suggesting that NMDAR may
play a role in more differentiated osteoclast
precursors.

Fig. 2. Time course of NMDAR subunits mRNA expression
during osteoclastogenesis. RAW 264.7 cells (A) and bone
marrow cells (B) were grown in the presence of Rank ligand
(RankL) for 5 or 6 days, respectively. Total RNA was collected
every day and subjected to RT-PCR analysis using specific

primers of NMDAR subunits, CTR and TRAP. L32 was used as an
internal control. Aliquots of PCR products were collected every
three cycles of amplification and subjected to Southern-blot
detection as described in ‘‘Materials and Methods.’’
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NMDAR Activation Induces Nuclear
Translocation of NF-Kappa B

Since commitment of mononuclear precur-
sors to mature osteoclasts involves transcrip-
tion factors such as NF-kappa B and glutamate
activates this transcription factor in neuronal
cells, we investigated whether NF-kappa B is
activated by glutamate or NMDA in osteoclast
precursors [Guerrini et al., 1995; Kaltschmidt
et al., 1995; Franzoso et al., 1997; Iotsova
et al., 1997]. Using a specific antibody against
NF-kappa B p65 subunit, we showed by
Western-blotting that addition of exogenous
NMDA during 10 or 20 min to RAW 264.7 cells
greatly enhances nuclear translocation of NF-
kappa B (174 and 341% of control, respectively)

(Fig. 5A,B). When RAW 264.7 cells were
previously treated with MK801, nuclear trans-
location of NF-kappa B induced by a 10 or 20
min NMDA treatment was strongly inhibited
(83 and 21% of inhibition, respectively)
(Fig. 5A,B). RankL, a known activator of NF-
kappaBusedasapositivecontrol, causednearly
five times stimulation of nuclear translocation
of p65 (Fig. 5A,B).

To confirm these results, we carried out im-
munofluorescence experiments in RAW 264.7
cells stimulated with glutamate using the same
antibody against p65 protein labeled with
cyanine. In untreated control cells (Fig. 6), p65
protein expression revealed by the red labeling
wasmainly observed in the cytoplasm, although
some labeling was also shown in the nucleus,

Fig. 3. NMDAR antagonists inhibit osteoclast differentiation.
RAW 264.7 cells (A) and mouse bone marrow cells (B) were
grown in aMEM in the presence of RankL with or without specific
non competitive antagonists of NMDAR, MK801 and DEP at 10,
50, or 100 mM. NBQX, an antagonist of AMPA receptors, was
used as a control. At the end of the differentiation process,

osteoclasts were stained for TRAP and the number of TRAP-
positive multinucleated osteoclasts (>3 nuclei) was counted for
each condition. Results, expressed as percentage of control, are
mean� SD of two independent experiments, each performed in
quadruplicate. *P<0.05; **P< 0.01; ***P<0.001 (vs. untreated
cells, by Mann–Whitney U-test).
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confirming the presence of NF-kappa B activity
in nuclei of untreated cells as observed using
Western-blotting (Fig. 5A,B). Treatment with
glutamate (1 mM) for 10 min increased translo-
cation of p65 immunoreactivity to the nucleus,
while cytoplasmic p65 labeling was greatly
reduced or absent. p65 labeling was still con-
centrated in the nuclei after 20, 30, and 60 min
of glutamate treatment with a progressive
return of p65 to the cytosol after 60 min
(Fig. 6). Treatment of RAW 264.7 cells with
RankL (100 ng/ml), used as a positive control,
induced a stimulation of nuclear labeling of p65
(Fig. 6) while no labeling was observed with
non specific control immunoglobulins (data not
shown).

DISCUSSION

Thepresent study shows for thefirst time that
osteoclast precursors, like mature osteoclasts,
express NMDAR. We used RAW 264.7 cells
and mouse bone marrow cells to investigate
NMDAR expression during osteoclast differen-
tiation. RAW 264.7 cell line is an homogenous
population of mouse macrophage/monocytes
equivalent to mononuclear osteoclast precur-
sors that can be induced with RankL to form
osteoclast-like cells that express a number of
osteoclast-specific markers [Battaglino et al.,
2002]. This is confirmed in our study by an in-
creased expression with RAW 264.7 cell differ-
entiationofCTRandTRAPmRNA, twomarkers
of the osteoclast lineage. By contrast, bone
marrow contains many different cell types,
including in its adherent fraction precursors of
the monocytic/macrophagic lineage from which
osteoclasts originate. The adherent cell popula-
tion cultured for 2 days with RankL already
expressed TRAP and CTR mRNA, confirming
the presence of the osteoclast lineage in this
population of cells that are more mature than
RAW 264.7 cells. We showed that RAW 264.7
cells and bone marrow cells express NR1 toge-
ther with NR2A, 2B, and 2D mRNA. Although
we cannot exclude in our heterogenous bone
marrow cultures a possible amplification of
cDNA from cells different from the osteoclast
lineage, the fact that RAW 264.7 cells express
identical NR2 subunits to bone marrow cells
supports the specificity of these results. Expres-
sion of NR2Amight refer to a species specificity
since, in contrast to mature rabbit osteoclasts
and human osteoclast-like cells [Itzstein et al.,
2001], this subunit is present in osteoclasts
differentiated from RAW and mouse bone
marrow cells. We did not find expression of
NR2C subunit mRNA in the osteoclast lineage
while it is present in osteoblasts [Gu and
Publicover, 2000]. The presence of mRNA for
several NR2 subunits suggests that different
subtypes of NMDAR composed of NR1/NR2A,
NR1/NR2B, or NR1/NR2D might be expressed
by the osteoclast lineage, as demonstrated for
neuronal cells. It is also possible that osteoclast
precursors express heteromeric NMDAR com-
posed of NR1 associated with more than one
type of NR2 subunit or coexpress different
subtypes of NMDAR, as previously reported
for neuronal cells [Chazot and Stephenson,
1997; Plant et al., 1997; Dunah et al., 1998].

Fig. 4. MK801 preferentially inhibits the late stages of osteo-
clast differentiation. RAW 264.7 cells (A) and mouse bone
marrow cells (B) were grown in aMEM in the presence of RankL,
with or without MK801 added all along the differentiation
process (d0–d6) or for 2–4 days pulses at different stages of cell
differentiation. At the end of the differentiation sequence,
osteoclasts were stained for TRAP and the number of TRAP-
positive multinucleated osteoclasts (>3 nuclei) was counted in
each condition. Results, expressed as percentage of control,
are mean� SEM of two independent experiments, each per-
formed in quadruplicate. *P<0.05; **P< 0.01; ***P<0.001 (vs.
untreated cells, by Mann–Whitney U test)
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The functional properties of these different
NMDA receptor channels vary as they are
related to the nature of the NR2 subunits in-
volved in the complex [Cull-Candy et al., 2001].

We demonstrated that mRNA for NR1 and
NR2 subunits are expressed all along the differ-
entiation process from the non differentiated
precursors to mature osteoclasts. Semi-quanti-
tative RT-PCR analysis did not show any
regulation of these subunits expression during
the differentiation sequence. However, this
absence of NMDAR subunit mRNA regulation
does not exclude a modulation at the protein
expression level. In brain, control of NMDAR
number and composition has been demon-
strated both at transcriptional and transla-
tional levels [Monyer et al., 1994; Huh and
Wenthold, 1999; Cull-Candy et al., 2001].
Unfortunately, we could not investigate expres-
sion of NR1 and NR2 subunit proteins during
osteoclastogenesis due to a lack of good specific
antibodies directed against those subunits.
Rapid modulation of NMDAR cell surface ex-
pression may also be regulated by the turnover
rate of NMDAR subunits [Huh and Wenthold,
1999].

The demonstration of NMDAR on osteoclast
precursors suggests that, besides its effect on
bone resorption [Chenu et al., 1998; Itzstein
et al., 2000], glutamate may also have a direct
effect on osteoclastic differentiation. This is
supported by our results that clearly showed
that two specific NMDAR channel blockers
inhibit osteoclastic differentiation from RAW
264.7 cells and bone marrow precursors. This is
not the first demonstration that NMDA gluta-
mate receptor function is important for osteo-
clast development since it has been previously
shown that MK801 prevents bone resorption by
inhibiting osteoclastic differentiation in a cocul-
ture model of bone marrow cells and mouse
osteoblasts [Peet et al., 1999]. In this study, the
authors have shown evidence that NMDAR
function is critical during osteoclastogenesis
while less important in regulating mature
osteoclast activity. However, they did not dis-
criminate between direct effects of MK801
mediated by receptors on osteoclast precursors
or indirect ones through receptors expressed by
osteoblasts that are present in their cultures
and necessary to induce osteoclastogenesis.
Our results, which clearly demonstrate that

Fig. 5. NMDAR activation induces nuclear translocation of NF-
kappa B in RAW 264.7 cells. A: RAW cells were stimulated with
N-methyl-D-aspartate (NMDA) (100 mM) and glycine (100 mM)
for 10 or 20 min, with or without a 10 min pretreatment with
MK801 (100 mM). Nuclear extracts were prepared, electrophor-
esed, and analyzed by Western-blotting with an antibody

directed against the p65 subunit of NF-kappa B. Stimulation by
RankL (50 ng/ml) was used as a positive control. B: Graph
showing the relative amount of NF-kappa B expression, obtained
from the immunoreactive bands of panel A using ImageQuant
v1.2 software analysis. The data illustrate one representative
experiment.
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osteoclast precursors express NMDAR and that
MK801 inhibits osteoclastogenesis in RAW
264.7 cells, are in favor of a direct effect of
glutamate on osteoclast precursors. Indeed, if
we cannot exclude in bone marrow cells, the

presence of other cells expressing NMDAR
[Genever et al., 1999], it is not true for the
homogenous RAW cells, therefore our results
a direct action of antagonists on osteoclastic
precursors. We showed that antagonists of

Fig. 6. Glutamate induces nuclear translocation of NF-kappa B
in RAW 264.7 cells. RAW 264.7 cells were immunostained with
an antibody against NF-kappa B p65 protein and detected using a
secondary antibody labeled with cyanine 3 (red fluorescence). In
control conditions, p65 expression was mainly localized in
the cytoplasm. A 10 min (100) treatment with 1 mM glutamate

increased nuclear translocation of p65. Nuclear expression of
p65 was still concentrated in the nuclei after 20, 30, or 60 min of
glutamate treatment with a progressive return to the cytosol after
600. Treatment with RankL (100 ng/ml, 30 min) was used as a
positive control to illustrate nuclear translocation of p65.
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NMDAR inhibit osteoclastogenesis only when
added from day 2 of 5 or 6 days cultures,
suggesting that NMDAR are involved in the
late stages of the differentiation process, maybe
in the fusion of mononucleated precursors in
multinucleated mature osteoclasts. By con-
trast, in their coculture model, Peet et al.
[1999] showed that MK801 inhibits osteoclast
formation even when added only for the first 2
days of the 11-day culture. These discrepancies
might be explained by the presence in their
coculture model of other cells that express
NMDAR, which could indirectly regulate osteo-
clast formation. In ourmodels, NBQX anAMPA
receptor antagonist had no effect on RAW 264.7
cell differentiation while it showed a slight
inhibitory effect on bone marrow cell differen-
tiation at high concentrations. We cannot ex-
clude an involvement of AMPA receptor in
osteoclastogenesis since expression of these
receptors was previously demonstrated in bone
cells [Chenu et al., 1998; Taylor et al., 2000].

Our present data demonstrate for the first
time that NMDAR activation involved in osteo-
clast formation stimulatesNF-kappaB in osteo-
clast precursors, as demonstrated for neuronal
cells [Guerrini et al., 1995; Kaltschmidt et al.,
1995]. This transcription factor has been shown
to play an essential role in osteoclastogenesis as
mice deficient in both p50 and p52 subunits of
NF-kappa B are osteopetrotic due to impaired
osteoclast differentiation [Franzoso et al., 1997;
Iotsova et al., 1997]. Furthermore, RankL-
induced osteoclastogenesis is mediated, at least
in part, by NF-kappa B signaling [Wei et al.,
2001]. Using immunoblotting and immuno-
fluorescence, we showed that NMDA and
glutamate, both agonists of NMDAR, lead to a
rapid nuclear translocation of NF-kappa B in
RAW 264.7 cells, which is inhibited by MK801.
The fact that PDTC, a selective and potent
inhibitor of NF-kappa B activation, inhibited
nuclear translocation of this factor induced by
glutamate (data not shown) further supports a
role for NF-kappa B in glutamate-mediated
signal. Our data do not exclude, however, the
involvement of other transcription factors or
kinases known to be involved in osteoclastogen-
esis, such as PU.1, cFos, or c-jun N-terminal
kinase [Wang et al., 1992; Tondravi et al., 1997;
Hsu et al., 1999]. c-jun N-terminal kinase and
cFos were indeed shown to be activated by
NMDAR in neuronal cells [Herdegen and Leah,
1998; Ko et al., 1998]. NF-kappaB regulates the

expression of numerous genes involved in
osteoclastic differentiation, including cytokines
[Boyce et al., 1999]. The target genes of NF-
kappa B induced by NMDAR activation in
osteoclast precursors remain to be determined.
It is likely that activation of NF-kappa B
translocation induced by NMDAR agonists is
Ca2þ-dependent, as shown in brain [Ko et al.,
1998].

In addition to the previously described role of
NMDAR in osteoclast activity, our results
provide evidence for a control of osteoclastogen-
esis by NMDAR, indicating a major role for
glutamate in the bone resorption process. This
work supports the increasing number of studies
published during the past years, which demon-
strate that glutamate signaling regulates bone
cell differentiation and function. Further work
is nevertheless needed to assess the relevance of
glutamate-mediated processes in bone in vivo
and to consider them as possible targets for the
development of new therapeutics to treat bone
pathologies.
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