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NSERM Unit 403, Hôpital E. Herriot, Pavillon F, 69437 Lyon Cedex 03, France

eceived December 28, 1999
osteoclasts are active (7) and that blocking their func-
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N-Methyl-D-aspartate (NMDA) glutamate receptors,
idely distributed in the nervous system, have re-

ently been identified in bone. They are expressed and
re functional in osteoclasts. In the present work, we
ave studied the effects of specific antagonists of
MDA receptors on osteoclast activation and bone re-

orption. Using an in vitro assay of bone resorption,
e showed that several antagonists of NMDA recep-

ors binding to different sites of the receptor inhibit
one resorption. Osteoclast activation requires adhe-
ion to the bone surface, cytoskeletal reorganization
nd survival. We demonstrated by autoradiography
hat the specific NMDA receptor channel blocker, MK
01, binds to osteoclasts. This antagonist had no effect
n osteoclast attachment to bone and did not induce
steoclast apoptosis. In contrast, MK 801 rapidly de-
reased the percentage of osteoclasts with actin ring
tructures that are associated with actively resorbing
steoclasts. These results suggest that NMDA recep-
ors expressed by osteoclasts may be involved in
dhesion-induced formation of the sealing zone re-
uired for bone resorption. © 2000 Academic Press

Glutamate (Glu) is the predominant excitatory
mino acid in the central and peripheral nervous sys-
em. This neurotransmitter participates in neuronal
lasticity, memory, learning and motricity through its
ction on two types of membrane receptors, ionotropic
eceptors which are gated ion channels and metabo-
ropic receptors coupled to protein G (1, 2). Three sub-
ypes of ionotropic glutamate receptors (GluR) have
een classified according to their activation by specific
gonists: N-methyl-D-aspartate (NMDA), a-amino-3-
ydroxy-5-methylisoxazole-4-propionate (AMPA) and
ainate (2, 3).
Several studies have documented the expression of

ifferent subtypes of GluR and Glu transporters by
one cells (4–6). Furthermore, we have recently dem-
nstrated that NMDA receptors (NMDAR) present on
201
ion leads to an inhibition of bone resorption in vitro
4), suggesting a new mechanism for regulating osteo-
last activity.
Osteoclasts are multinucleated and polarized cells

esponsible for bone resorption (8). Osteoclast activa-
ion is dependent on their adhesion to bone surface and
heir subsequent cytoskeletal reorganization required
or bone resorption (9–12). Upon activation, the osteo-
last cytoskeleton structures called podosomes become
oncentrated at the periphery of the cell, leading to the
ormation of an actin ring structure which is a prereq-
isite for the formation of the sealing zone (13). This
pecialized cell-extracellular matrix attachment do-
ain that seals off the osteoclastic bone-resorbing com-

artment is only present in osteoclasts during their
esorption phase and actin ring formation is considered
o be a marker of osteoclast activation. Survival and
poptosis of osteoclasts represent another mechanism
y which bone resorption could be regulated (14–20).
In this study, we wanted to clarify the role of
MDAR in osteoclast activation and bone resorption.
sing an in vitro model for isolating functional rabbit

steoclasts, we have tested several specific NMDAR
ntagonists on bone resorption and studied the effects
f one of them, MK 801, on the different steps leading
o osteoclast activation: adhesion to bone, cytoskeletal
eorganization and survival. We showed that MK 801,
hich inhibits bone resorption in vitro, has no effect
n osteoclast adhesion and does not induce osteoclast
poptosis, while it rapidly decreases the percentage of
steoclasts with actin ring. These results suggest that
MDAR expressed by osteoclasts may be involved in
dhesion-induced formation of the sealing zone re-
uired for bone resorption.

ATERIALS AND METHODS

Materials. Medium 199 (M199), a Minimal Essential Medium
aMEM), penicillin, streptomycin and HEPES buffer were purchased
rom Life Technologies (Grand Island, NY). Sterile culture plastic-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



ware were obtained from Falcon Becton Dickinson (Le Pont de Claix,
F
p
t
S
D
o
w
n
a
(

s
L
b

l
m
I
t
s
5
c
f
d
a
c
o
o
o
(

c
n
t
t
1
c
(
s
m
s
l
w
h
b
t
C
b

b
c
t
fi
M
m

r
d
a
t
1
1
0
o
u
a

Guernesey, UK). Results were expressed as the percentage of optical
d

d
s
d
fi
w
w
G
c
A
K
p
c
m
c
d
l
t
i
o
c

a
g
a
F
t
a
c
B
1
a
c
t
b
p
F
s
m
c
s

U

R

N

d
a
a
w
t
8
d
l
(
t
r
i

Vol. 268, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
rance). Acid hematoxylin, toluidine blue, sodium borate, the acid
hosphatase kit (procedure 386), Bovine Serum Albumin (BSA) and
he polyclonal antibody directed against actin were purchased from
igma Chemical Co. (Saint Quentin Fallavier, France). 3(4,5-
imethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide (MTT) was
btained from ICN Biomedicals Inc. (Aurora, OH). Elephant ivory
as kindly donated by the Musée Guimet (Lyon, France). Antago-
ists of NMDA GluR were purchased from Tocris Cookson (Bristol, UK)
nd the [3H]-MK 801 was obtained from NEN Life Science products
Boston, MA). Alendronate was given by MSD (West Point, PA).

Osteoclast isolation and resorption assay. Bovine cortical bone
lices or ivory slices were cut with an Isomet low speed saw (Buehler,
ake Bluff, IL), cleaned by ultrasonication, and incubated during 2 h
efore the experiment in M199 containing 10% heat-inactivated FCS.
Osteoclasts were isolated from long bones of 1-day-old New Zea-

and rabbits. Bones were removed, cleaned of soft tissues and bone
arrow, split and scraped into M199, 10% FCS, 20 mM HEPES, 100

U penicillin/streptomycin. Cells were centrifuged at low speed and
his heterogenous cell population containing the osteoclasts was
eeded onto cortical bone slices in 96-well plates for 1 h 30 at 37°C,
% CO2. After this adhesion period, nonadherent cells were removed,
ultures were washed, and the remaining cells were incubated
or 24 h with antagonists of NMDAR [D-AP5, MK 801, 1-(1,2-
iphenylethyl)piperidine (DEP), L-689,560, Arcaine sulphate] in
MEM (as supplied contains 0.5 mM glutamate and 0.66 mM gly-
ine), 2% FCS, 100 IU penicillin/streptomycin at pH 7.2. At the end
f the culture, cells were removed with 1 M NaOH, and the number
f resorption pits was scored under a light microscope after staining
f the bone slices with acid hematoxylin for 3 min and then with 1%
wt/vol) toluidine blue in 1% (wt/vol) sodium borate for 30 s.

Autoradiography of [3H]-MK 801 binding. The cell population
ontaining the osteoclasts was plated onto glass coverslips for one
ight. Nonadherent cells were removed and the remaining cells were
reated with 1027 M [3H]-MK 801, with or without an excess of 100
imes of unlabeled MK 801, in aMEM containing 0.1% BSA during
h at room temperature. The cells were then washed four times with

old aMEM and fixed for 10 min in 0.1 M sodium cacodylate buffer
pH 7,4) containing 1% formaldehyde and 1% glutaraldehyde. Cover-
lips were washed with water, allowed to dry, mounted onto glass
icroscope slides and stored at 4°C for a night. In the dark, cover-

lips were dipped in K5 emulsion (Ilford, Saint Priest, France) di-
uted (50:50) in water, dried and stored in dark boxes at 4°C for 6
eeks. Following development, coverslips were counterstained with
ematoxylin for cell observation. To evaluate the percentage of la-
elled osteoclasts, the number of silver grains was counted in more
han 10 osteoclasts and 10 mononucleated cells for each coverslip.
ell-bound radioactivity was determined after substraction of the
ackground radioactivity.

Osteoclast attachment to bone. Cells isolated from newborn rab-
it long bones, as described above, were plated onto ivory slices and
ultured during 24 h with or without 1024 M MK 801. At the end of
he culture, cells were washed with Phosphate Buffer Saline (PBS),
xed and stained for tartrate-resistant acid phosphatase (TRAP).
ultinucleated TRAP-positive osteoclasts were scored under a light
icroscope.

Cell viability assay. Cell viability was determined by a colorimet-
ic MTT assay, based on the conversion by a mitochondrial dehy-
rogenase of the tetrazolium salt to a formazan product, measured at
n absorbance of 570 nm (21). Briefly, the cell population containing
he osteoclasts was cultured during 24 h with or without 1024 or 5 3
025 M MK 801. At the end of the culture, each culture well received
0 ml of MTT at 5 mg/ml for 4 h. 100 ml of lysis buffer (10% SDS in
.01 N HCl) were then added to each well and the plates were kept
vernight at 37°C to allow complete dissolution of the reaction prod-
ct. Absorbance of the solubilized MTT formazan products was read
t 570 nm on a Dynatech MR7000 ELISA plate reader (Dynatech,
202
ensity, assuming absorbance of control untreated cells as 100%.

Osteoclast apoptosis. Rabbit osteoclasts, isolated as previously
escribed, were plated onto glass coverslips in the presence or ab-
ence of 1024 M MK 801 during 24 h. Osteoclast apoptosis was
etected using Hoechst 33258 (Sigma) staining. Briefly, cells were
xed with 4% paraformaldehyde in PBS for 10 min, then stained
ith 1% (wt/vol) methylene blue and Hoechst 33258 (10 mg/ml). Cells
ere examined under a fluorescence microscope (Polyvar, Reichert,
ermany) and the number of multinucleated osteoclasts showing

hromatin condensation and/or nuclear fragmentation was assessed.
nother method used for detection of osteoclast apoptosis was the
lenow in situ apoptosis detection kit, based on the TUNEL assay
rinciple (Genzyme Diagnostics, Cambridge, MA). Biotinylated nu-
leotides were incorporated into the 39-OH ends of the DNA frag-
ents by the Klenow fragment of DNA polymerase I in apoptotic

ells and were visualized using a streptavidin-horseradish peroxi-
ase staining. Cells were counterstained with 1% methyl green so-
ution and observed under a light microscope. In both assays, more
han 100 osteoclasts were scored on each coverslip to measure the
ncidence of apoptosis. Osteoclasts treated with 1024 M alendronate
r 1022 M calcium to induce their apoptosis were used as positive
ontrols.

Actin staining in osteoclasts and confocal microscopy. After the
dhesion period of 90 min, isolated rabbit osteoclasts plated onto
lass coverslips or ivory slices were cultured without or with MK 801
t concentrations of 1024 M or 5 3 1025 M, in aMEM containing 10%
CS, for different times (5, 10, 30 min, 1, 4, 8 and 24 h). Cells were
hen fixed with 4% paraformaldehyde in PBS for 10 min and perme-
bilized with 100% cold methanol for 5 min. After rinsing in PBS,
ells were incubated with Tris Buffer Saline (TBS) containing 3%
SA to block nonspecific antigen sites. Cells were then incubated for
h at room temperature with a polyclonal antibody directed against
ctin (dilution 1/100) or with purified rabbit immunoglobulins as
ontrol, diluted in TBS containing 0.05% BSA. The cells were rinsed
hree times in TBS and incubated with the anti-rabbit second anti-
ody conjugated with cyanine (dilution 1/500) for 1 h at room tem-
erature. Slices and coverslips were mounted in Mowiol (Hoechst,
rankfurt, Germany). Osteoclasts were visualized using a laser
canning confocal microscope (Laser Scan Microscope, Zeiss, Ger-
any). For each condition, the total number of osteoclasts by slice or

overslip was scored (over 100) and the percentage of osteoclasts
howing an actin ring was determined.

Statistical analysis. Data were subjected to Mann-Whitney
-test, using Instat software (Graphpad, San Diego, CA).

ESULTS

MDAR-Specific Antagonists Inhibit in Vitro
Bone Resorption

Several specific antagonists of NMDAR that bind to
ifferent sites of the receptor (ligand, glycine, channel
nd polyamine sites) have been tested in an in vitro
ssay of bone resorption by rabbit osteoclasts. D-AP5
hich binds to the ligand site, L-689,560 which acts on

he glycine coactivation site of the receptor, and MK
01 and DEP that are specific channel blockers, all
ose-dependently reduced the number of resorption
acunae on cortical bone slices compared to control
Fig. 1). In contrast, Arcaine sulphate, an antagonist of
he modulatory polyamine site, had no effect on bone
esorption. DEP and MK 801 were the most powerful
nhibitors in this model. These results demonstrate
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hat it is possible to inhibit in vitro bone resorption by
locking different sites of NMDAR.

he Antagonist of NMDAR, MK 801,
Binds to Osteoclasts

Previous results have demonstrated that osteoclasts,
steoblasts and their precursors express NMDAR (4,
). To determine if NMDAR antagonists inhibit bone
esorption by acting directly on osteoclasts or indi-
ectly through an action on other cells present in the
ulture, we examined the binding of [3H]-MK 801 to the
ell population isolated from rabbit long bones. Osteo-
lasts demonstrated a high level of [3H]-MK 801 bind-
ng as assessed by autoradiography (Fig. 2A). Quan-
ification of labeled multinucleated osteoclasts and
onucleated cells has shown that while most of osteo-

lasts (.80%) were positive for [3H]-MK 801 binding,
nly 20% of mononuclear cells present in the culture
ere labeled. The binding of [3H]-MK 801 to the cells
as specific since no labeling was observed in the pres-
nce of a 100 times excess of unlabeled MK 801 (Fig.
B). These data indicate that osteoclasts are the main
arget of MK 801.

K 801 Has No Effect on Osteoclast Attachment
to Bone nor Cell Survival

To investigate the mechanisms involved in the inhi-
ition of bone resorption induced by MK 801, we have
tudied the effect of this compound on osteoclast adhe-

FIG. 1. Effect of different specific NMDAR antagonists on in vitr
-689-560; Arcaine sulphate) were added at different concentrations (
one slices, and the number of resorption lacunae per slice was score
ndependent experiments, each performed in quadruplicate. *P , 0.
203
ion to bone, cell survival and osteoclast apoptosis. We
ound no significant difference in the total number of
RAP-positive multinucleated osteoclasts attached to

vory slices after 24 h of culture with or without 1024 M
K 801 (Fig. 3A), indicating that this compound does

ot inhibit osteoclast attachment to bone. Survival of
he total cell population containing the osteoclasts was
valuated by measuring the MTT reduction ability of
hese cells upon incubation for 24 h with MK 801 at
024 M or 5 3 1025 M. Cell survival was not affected by
K 801 treatment for 24 h (Fig. 3B).
We next examined the effect of MK 801 on osteoclast

poptosis using Hoechst 33 258 (Figs. 4A, 4B, 4C) and
TUNEL assay (Figs. 4D, 4E, 4F). Quantification of

poptotic osteoclasts has been performed for each
overslip and the mean percentage of apoptic osteo-
lasts for each condition is illustrated in Fig. 4G. In
ontrol conditions, no osteoclast apoptosis was ob-
erved (Figs. 4A, 4D, 4G). Treatment of osteoclasts
ith MK 801 (1024 M during 24 h) did not induce
steoclast apoptosis (Figs. 4B, 4E, 4G). In contrast,
steoclasts with characteristic changes of nuclear mor-
hology and chromatin condensation were observed
hen treated with 1024 M alendronate (Figs. 4C, 4F,
G) or 1022 M calcium (Fig. 4G).

K 801 Inhibits Actin Ring Formation in Osteoclasts

We have examined the effect of MK 801 on actin ring
ormation in osteoclasts cultured on glass coverslips or

one resorption. Five antagonists of NMDAR (MK 801; D-AP5; DEP;
3 M to 1026 M) to rabbit osteoclasts cultured during 24 h onto cortical

Results expressed as percentage of control are means 6 SD of three
**P , 0.01 vs untreated control.
o b
102

d.
05;



i
(
o
r
1
t
r
M
w
M
o
T
i
m
b

D

p
r
a
r
b
g
t
r
g
n
i
d
a
o

r
s
m
l
r
a
s
l
o
d
(
b

h
a
h
p
b
c
o
(
M
r
b
2
c
N
u
p
p
N
t
s

(
w
N
u

Vol. 268, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
vory slices, as visualized with confocal microscopy
Fig. 5A). In control conditions, the percentage of
steoclasts with actin rings increased with time and
eached 50% 1 h after osteoclast adhesion. MK 801 at
024 M induced a rapid inhibition of actin ring forma-
ion, as the percentage of osteoclasts showing actin
ings decreased by 50% after 10 min of treatment with
K 801 (Figs. 5B, 5C). This decrease was maintained
ith time and was similar after 24 h of culture with
K 801 (Fig. 5C). Identical results were obtained when

steoclasts were plated onto ivory slices (Fig. 5D).
hese results demonstrate that MK 801 induces mod-

fications of the actin organization in osteoclasts that
ay lead to osteoclast inactivation and inhibition of

one resorption.

ISCUSSION

We have previously reported that NMDAR are ex-
ressed by bone cells and are involved in in vitro bone
esorption (4). As shown in this study, several specific
ntagonists of NMDAR, acting on different sites of this
eceptor (ligand, glycine and channel sites), inhibit
one resorption in vitro. NMDAR activation requires
lutamate and glycine (22–24), that are both present in
he medium used for osteoclast culture. Fetal calf se-
um added to cultures also contains glutamate and
lycine, indicating that the concentrations of these ago-
ists in the culture medium are largely sufficient to

nduce NMDAR activation in bone cells. Our results
emonstrate that a number of modulators, competitive
nd noncompetitive antagonists, affect the activation
f the receptor in these cells as demonstrated for neu-

FIG. 2. Autoradiography of [3H]-MK 801 binding to osteoclasts. Is
A) or with (B) a 100 times excess of unlabeled MK 801. Two independ
ere processed for autoradiography and counterstained with hem
umerous silver grains were observed in multinucleated osteoclast
nlabeled MK 801, no significant labeling was observed in osteoclas
204
onal cells (25, 26). The antagonist of the polyamine
ite had however no effect on bone resorption, and this
ight reflect the presence in the culture medium of

arge amounts of polyamines, brought by fetal calf se-
um or secreted by cells. The blockade of NMDAR
ctivation by specific antagonists of the different active
ites of the receptor represents a new target for regu-
ating osteoclast activity and bone resorption. Numer-
us antagonists with therapeutic potential have been
eveloped to block NMDAR activation in neuronal cells
23–26), that might be used to regulate this receptor in
one cells.
The cell population isolated from rabbit long bones is

eterogenous and contains osteoblasts, stromal cells
nd hematopoietic cells, in addition to osteoclasts. We
ave previously demonstrated that NMDAR are ex-
ressed by both osteoclasts and osteoblasts, and possi-
ly their precursors (4). Because many hormones and
ytokines regulate bone resorption indirectly through
steoblasts that express receptors for these factors
27), we have determined if the NMDAR antagonist

K 801 was acting directly on osteoclasts. Autoradiog-
aphy experiments have shown that [3H]-MK 801
inds significantly to 80% of osteoclasts and only to
0% of mononuclear cells present in the culture, indi-
ating that osteoclasts are the principal target of
MDAR antagonists among cells present in this pop-
lation. These results are in line with the strong ex-
ression of NMDAR in osteoclasts (4), and confirm our
revious electrophysiological study which shows that
MDAR are functional in mammalian osteoclasts and

hat their activation is blocked by specific antagonists
uch as MK 801 (7). A 1000 times lower concentration

ted osteoclasts were incubated 1 h with 1027 M [3H]-MK 801, without
t experiments were performed, each in duplicate. After fixation, cells
oxylin for microscopic observation (original magnification 3400).
ut not in mononucleated cells (A). In the presence of an excess of
B).
ola
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f [3H]-MK 801 was however sufficient to label osteo-
lasts in the autoradiography experiment compared to
he efficient concentration of this antagonist in bone
esorption and electrophysiology experiments. This is
robably due to the high sensitivity of the autoradiog-
aphy technique. A significant labelling of osteoclasts
ay be obtained with a low number of bound molecules

f MK 801 per cell, while inhibition of bone resorption
y MK 801 may require a simultaneous activation of
lmost all NMDAR expressed by osteoclasts. This may
lso explain the lower percentage of osteoclasts (30%)
hat respond to MK 801 in our electrophysiological

FIG. 3. Effect of MK 801 on osteoclast adhesion to bone and cell
urvival. (A) Isolated osteoclasts were plated on ivory slices in ab-
ence or in presence of 1024 M MK 801. After 24 h of culture, cells
ere fixed and stained for TRAP, and the number of TRAP-positive
ultinucleated osteoclasts was scored on each slice. Results ex-

ressed as percentage of control are means 6 SD of two independent
xperiments, each performed in quadruplicate. (B) Isolated osteo-
lasts were cultured for 24 h without or with MK 801 at 1024 M or 5 3
025 M. Cell viability was determined using the colorimetric MTT
ssay. Absorbance of solubilized MTT products was measured at 570
m and results expressed as percentage of untreated control are
eans 6 SD of 10 wells in two independent experiments.
205
steoclast may not allow a measurable response in
lectrophysiology.
Bone resorption depends on osteoclast attachment to

he mineralized matrix, and osteoclast cytoskeletal re-
rganization and polarization that lead to actin ring
ormation (8–13). This ring structure corresponds to
he sealing zone formation, a specialized adhesion
tructure responsible for the tight attachment of
steoclasts to bone. Actin ring formation is one indica-
or of osteoclast functional activity (14, 28, 29). Inhib-
tors of bone resorption may specifically act on these
ifferent stages of osteoclast activation and/or induce
steoclast apoptosis (14–20, 30). To determine the
echanism of action of MK 801 on osteoclasts, we have

ested its effect on each step of osteoclast activation
nd on cell survival. MK 801 had no effect on the
umber of attached osteoclasts to bone slices, indicat-

ng that it does not affect the initial phase of osteoclast
dhesion to bone. Survival of the total cell population
resent in the culture was not affected by MK 801,
hich did not either induce osteoclast apoptosis, while
lendronate and high extracellular calcium concentra-
ions promoted osteoclast apoptosis in our culture
odel as already shown (31, 32). These data demon-

trate that high concentrations of MK 801 have no
oxic effect on osteoclasts. In contrast, MK 801 rapidly
ecreased the percentage of osteoclasts with actin
ings, cultured on both glass coverslips and bone slices.
ctin ring formation is dependent on matrix sub-
trates, matrix proteins and integrins (33). In our cul-
ure conditions, actin ring formation in osteoclasts was
dentical on both substrates and increased similarly
ith time of culture. Our results suggest that MK 801
locks actin ring formation in osteoclasts but may also
isrupt actin rings, as observed for osteoclasts cultured
0 min on glass coverslips with MK 801. Various in-
ibitory agents of osteoclast function have already
een shown to disrupt actin ring (14). The decrease of
he percentage of osteoclasts with actin rings, observed
n the presence of MK 801, is indicative of a role of
MDAR in actin organization and sealing zone forma-

ion required for bone resorption.
Native NMDAR consist of one or more NR1 subunits,
R2 subunits, and possibly the more recently identi-
ed NR3 subunit, which all contain an extracellular
omain, 4 transmembrane domains and an intracellu-
ar domain (3, 34, 35). In neuronal cells, several studies
ave demonstrated biochemical and functional inter-
ctions between NMDAR subunits and cytoskeleton
roteins (36–38), and similar associations may exist in
steoclasts. Direct interactions between NR1 and NR2
ubunits and cytoskeletal proteins such as actin or
-actinin have been documented, as well as indirect
nes through specific intracellular proteins such as the
amily of PDZ-containing proteins (39–42). Recently,
everal studies have described the interactions of PDZ-
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FIG. 4. Effect of MK 801 on osteoclast apoptosis. Osteoclasts were cultured on glass coverslips for 24 h in control conditions (A, D) or in
he presence of 1024 M MK 801 (B, E), 1024 M alendronate (C, F) or 1022 M calcium. Osteoclast apoptosis was visualized after Hoechst staining
A, B, C) or by TUNEL assay (D, E, F) (original magnification 3400). (G) The number of apoptotic osteoclasts assessed by Hoechst staining
as scored on each coverslip; results are means 6 SD of the percentage of apoptotic osteoclasts, scored in two independent experiments
erformed in quadruplicate. *P , 0.05 vs untreated control.
206
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ontaining proteins (PSD-95/SAP90, chapsyn/PSD-93,
AP102 and CIPP) with NMDAR in the nervous sys-
em (42–44). They allow the clustering and anchoring
f these receptors in the postsynaptic membrane nec-
ssary for synaptic transmission (36, 37). PSD-95 is
ighly expressed by osteoclasts (our unpublished re-
ults), and it is also possible that NMDAR in these cells

FIG. 5. MK 801 inhibits actin ring formation in osteoclasts. (A,
steoclasts were cultured without (A) or with 1024 M MK 801 (B) for 1
irected against F-actin and observed using confocal microscopy. (C,
ultured on glass coverslips (C) or ivory slices (D), in absence or prese
ctin rings was scored. Results are means 6 SD of two independent ex
epresent single observation only). *P , 0.05 vs untreated control.
207
re directly associated with cytoskeletal proteins and
SD-95.
NMDAR activation has been shown to induce modi-

cations of cytoskeleton organization that are involved
n many neuronal cell functions (45). Our results sug-
est that as for neuronal cells, the NMDA channel
ctivity in osteoclasts may be important for the cy-

After an attachment period of 90 min on glass coverslips, isolated
in. Actin rings were detected in osteoclasts using a specific antibody
A 24 h kinetic of actin ring formation was performed in osteoclasts
of 1024 M or 5 3 1025 M MK 801. The percentage of osteoclasts with
iments, each performed in duplicate (data for 1 h and 4 h time points
B)
0 m
D)
nce
per
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unction of bone resorption. NMDAR activation is reg-
lated by protein-tyrosine phosphorylation, and sev-
ral studies have shown that NMDAR expressed by
euronal cells are regulated by the protein-tyrosine
inase Src (46, 47). Another similarity with the ner-
ous system is that this kinase is also present at high
evels in osteoclasts and plays a critical role in the
ytoskeleton organization of these cells (48, 49). In
rc2/2 mice, osteoclasts do not form actin rings and
re inactive (48). It would be interesting to investigate
hether Src also regulates the activity of NMDAR in
steoclasts, leading to the formation of actin organiza-
ion in these cells.

Present data demonstrate that in the presence of an
ntagonist of NMDAR, osteoclasts do not form actin
ings and do not resorb bone, suggesting that activa-
ion of these receptors may be required for the forma-
ion of the sealing zone necessary for bone resorption.
he blockade of this function by specific antagonists of
ifferent sites of NMDAR, as we showed in this report,
ould represent a new possibility to develop therapeu-
ics for pathologies associated with an increased bone
esorption.
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ational de la Santé et de la Recherche Médicale and by a grant from
es Fonds de Recherche Hoechst Marion Roussel.

EFERENCES

1. Mayer, M. L., and Westbrook, G. L. (1987) Prog. Neurobiol. 28,
197–276.

2. Ozawa, S., Kamiya, H., and Tsuzuki, K. (1998) Prog. Neurobiol.
54, 581–618.

3. Hollmann, M. (1996) in The Ionotropic Glutamate Receptors
(Monaghan, D. T., and Wenthold, R. J., Eds.), pp. 39–79,
Humana Press Inc., Totowa, NJ.

4. Chenu, C., Serre, C. M., Raynal, C., Burt-Pichat, B., and Delmas,
P. D. (1998) Bone 22, 295–299.

5. Patton, A. J., Genever, P. G., Birch, M. A., Suva, L. J., and
Skerry, T. M. (1998) Bone 22, 645–649.

6. Mason, D. J., Suva, L. J., Genever, P. G., Steuckle, S., Hillam,
R. A., and Skerry, T. M. (1997) Bone 20, 199–205.

7. Espinosa, L., Itzstein, C., Cheynel, H., Delmas, P. D., and Chenu,
C. (1999) J. Physiol. 518, 47–53.

8. Roodman, G. D. (1996) Endocr. Rev. 17, 308–332.
9. Kanehisa, J., Yamanaka, T., Doi, S., Turksen, K., Heersche,

J. N. M., Aubin, J. E., and Takeuchi, H. (1990) Bone 11, 287–293.
0. Teti, A., Marchisio, P. C., and Zambonin Zallone, A. (1991)

Am. J. Physiol. 261, C1–C7.
1. Lakkakorpi, P. T., and Väänänen, H. K. (1991) J. Bone Miner.

Res. 6, 817–826.
208
3. Väänänen, H. K., and Horton, M. (1995) J. Cell Sci. 108, 2729–
2732.

4. Suda, T., Nakamura, I., Jimi, E., and Takahashi, N. (1997)
J. Bone Miner. Res. 12, 869–879.

5. Hughes, D. E., Wright, K. R., Uy, H. L., Sasaki, A., Yoneda, T.,
Roodman, G. D., Mundy, G. R., and Boyce, B. F. (1995) J. Bone
Miner. Res. 10, 1478–1487.

6. Kameda, T., Miyazawa, K., Mori, Y., Yuasa, T., Shiokawa, M.,
Nakamaru, Y., Mano, H., Hakeda, Y., Kameda, A., and Ku-
megawa, M. (1996) Biochem. Biophys. Res. Commun. 220, 515–
519.

7. Hughes, D. E., Dai, A., Tiffee, J. C., Li, H. H., Mundy, G. R., and
Boyce, B. F. (1996) Nature Med. 2, 1132–1136.

8. Kameda, T., Mano, H., Yuasa, T., Mori, Y., Miyazawa, K., Shio-
kawa, M., Nakamaru, Y, Hiroi, E., Hiura, K., Kameda, A., Yang,
N. N., Hakeda, Y., and Kumegawa, M. (1997) J. Exp. Med. 186,
489–495.

9. Dempster, D. W., Moonga, B. S., Stein, L. S., Horbert, W. R., and
Antakly, T. (1997) J. Endocrinol. 154, 397–406.

0. Hiroi-Furuya, E., Kameda, T., Hiura, K., Mano, H., Miyazawa,
K., Nakamaru, Y., Watanabe-Mano, M., Okuda, N., Shimada, J.,
Yamamoto, Y., Hakeda, Y., and Kumegawa, M. (1999) Calcif.
Tissue Int. 64, 219–223.

1. Weichert, H., Blechshmidt, I., Schröder, S., and Ambrosius, H.
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