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Loss of estrogen caused by ovariectomy (OVX)
stimulates bone resorption and bone marrow B-lym-
phopoiesis, resulting in a marked bone loss and an ac-
cumulation of B cells in mouse bone marrow. In OVX
mice, the expression of receptor activator of nuclear
factor �B ligand (RANKL) mRNA was elevated in tra-
becular bone and bone marrow compared with sham
mice. To examine the roles of B-lymphocytes in bone
resorption, B cells were purified from bone marrow,
fixed, and co-cultured with mouse osteoblasts. Most
of the fixed B cells adhered to cell surface of osteo-
blasts. The expression of RANKL mRNA in osteoblasts
was markedly elevated by the contact with the fixed B
cells, and the induction rate of RANKL was correlated
with the number of B cells added. Treatment with in-
hibitors of ERK 1/2 and p38 MAP kinases suppressed
the B cell-induced RANKL expression in osteoblasts,
suggesting the involvement of these kinases in the sig-
nals via the cell-to-cell contact. These findings empha-
size the roles of B-lymphocytes in RANKL-induced
osteoclastogenesis and in pathogenesis of bone loss due
to estrogen deficiency.
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INTRODUCTION

Osteoporosis is the most common bone disease.
It is recognized that postmenopausal women lose
bone due to a decrease in ovarian estrogen. Ova-
riectomized (OVX) animals have been used to un-
derstand the mechanism of bone loss due to estro-
gen deficiency. We have reported that loss of estro-
gen stimulates B-lymphopoiesis in OVX mice, re-
sulting in an accumulation of B cells in mouse bone
marrow.1) It was assumed that the increased B-lym-
phopoiesis caused by estrogen deficiency was in-
volved in stimulated bone resorption. This is because
the increased B-lymphopoiesis induced by the ad-
ministration of interleukin-7 (IL-7), resulted in
marked bone loss caused by stimulated osteoclastic
bone resorption in mice with intact ovarian func-
tion.2) On the other hand, previous studies suggested
that bone-resorbing cytokines such as IL-1, IL-6 and
tumor necrosis factor α may be involved in bone loss
in OVX mice.3–5) Therefore, the mechanism of bone
loss in OVX mice is still controversial.

Recently, the mechanisms of bone resorption
have been actively examined and the discovery of
the receptor activator of NF-κB ligand (RANKL)
has allowed elucidation of the mechanism by which
osteoclasts differentiate in bone.6–9) Osteoblasts ex-
press RANKL as a membrane-associated factor in
response to bone-resorbing factors such as 1α,
25(OH)2D3 and prostaglandin E2 (PGE2). Osteoclast
precursors possess receptor activator of NF-κB
(RANK), a receptor for RANKL, and RANK-
RANKL recognition induces the differentiation into
mature osteoclasts.8,9) Therefore, the regulation of
RANKL expression in osteoblasts is thought to be a
key to the treatment of various metabolic bone dis-
eases including osteoporosis. Since the increased
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expression of RANKL has been shown in OVX rats
using in situ hybridization,10) it is suggested that es-
trogen deficiency stimulates the RANK-RANKL
system in bone tissues. However, it is not known
how estrogen regulates the RANK-RANKL system.

In order to examine the possible relationship
between the increased B-lymphopoiesis and
RANKL-dependent bone resorption in estrogen de-
ficiency, we focused on cell-to-cell interaction be-
tween bone marrow B cells and osteoblasts. In this
study, we show that adhesion of B-lymphocytes to
osteoblasts could induce RANKL expression in os-
teoblasts, suggesting a possible role of bone mar-
row B-lymphocytes in increased bone resorption due
to estrogen deficiency.

MATERIALS AND METHODS

Animals and Reagents —–—  DdY mice, day 2, 6-
weeks and 8-weeks of age, were obtained from Ja-
pan SLC (Shizuoka, Japan). 8-week-old mice were
either sham-operated or OVX. All procedures were
performed in accordance with institutional guide-
line for animal research at the Tokyo University of
Pharmacy and Life Science. PD98059 (an inhibitor
of ERK1/2) and SB203580 (an inhibitor of p38) were
purchased from CN Biosciences Inc (San Diego, CA,
U.S.A.).
Radiographic Analysis of the Femur —–—  The
bone mineral density (BMD) of the femurs collected
from sham-operated or OVX mice were measured
by dual X-ray absorptiometry (model DCS-600R;
Aloka, Tokyo, Japan), as reported previously.2) The
bone mineral content (BMC) of the mouse femur
was closely correlated with the ash weight.2) The
BMD was calculated by dividing the BMC of the
measured area by the area.
Flow Cytometric Analysis —–—  Bone marrow
cells (2 × 106) were obtained from sham-operated or
OVX mice 2 week after surgery, and incubated with
fluorescein isothiocyanate (FITC)-conjugated B220
(RA3-6B2; Pharmingen), as described previously.1)

These cells were washed with PBS (–) containing
1% bovine serum albumin (BSA) and analyzed on a
flow cytometer (FACS calibur, Becton Dickinson,
San Jose, CA, U.S.A.).
Isolation of Bone Marrow B-Lymphocytes —–—
Bone marrow cells were prepared from the tibiae
and femora of 6-week-old mice, centrifuged and re-
suspended in 2 ml of ammonium chloride-tris buffer
to lyse red blood cells. The cell suspension was

washed with PBS (–) and resuspended in EDTA/PBS
containing 0.5% BSA. B-lymphocytes were isolated
from bone marrow with a magnetic cell-sorting
(MACS) system using magnetic micro-beads coated
with anti-mouse CD45R/B220 (Pharmingen). The
isolated B cells were more than 98% positive to B220
in flow cytometric analysis.
Co-Culture of Mouse Osteoblasts and B-Lympho-
cytes —–—  Primary osteoblasts were isolated from
2-day-old mouse calvariae after five routine sequen-
tial digestions with 0.1% collagenase (Wako, Tokyo,
Japan) and 0.2% dispase (Godo Shusei, Tokyo, Ja-
pan), as described previously.11) Osteoblasts were
cultured in αMEM supplemented with 10% FCS at
37°C under 5% CO2 in air. Isolated B-lymphocytes
were fixed with 4% paraformaldehyde, washed three
times with PBS (–) and added to the cell layer of
mouse osteoblasts, and cultured until 24 hr.
RT-PCR Analysis —–—  Total RNA was extracted
from co-cultured cells, osteoblasts and fixed-B cells,
using ISOGEN (Wako). cDNA was synthesized from
5 µg of the total RNA by reverse transcriptase (Su-
perscript II Preamplification System, Life Technolo-
gies, Grand Island, NY, U.S.A.) and amplified us-
ing PCR. The primers used in PCR for the mouse
RANKL gene were 5′-GAC TCG ACT CTG GAG
AGT-3′ (sense primer) and 5′-GAG AAC TTG GGA
TTT TGA TGC-3′ (anti-sense primer). The reaction
conditions for PCR were 32 cycles, denaturation at
94°C for 45 sec, annealing at 58°C for 45 sec, and
extension at 72°C for 2 min. The primers used in
PCR for the mouse glyceraldehydes-3-phosphate
dehydrogenase (GAPDH) gene were 5′-TGA AGG
TCG GTG TGA ACG GAT TTG GC-3′ (sense
primer) and 5′-CAT GTA GGC CAT GAG GTC
CAC CAC-3′ (anti-sense primer). The reaction con-
ditions for PCR were 30 cycles, denaturation at 94°C
for 45 sec, annealing at 60°C for 45 sec, and exten-
sion at 72°C for 2 min. The PCR product was run
on a 1.5% agarose gel and stained with ethidium
bromide. The signals were densitometrically quan-
tified using an NIH-image analyzer.
Statistical Analysis —–—  The data are expressed
as means ± SEM. The significance of differences
was analyzed using Student’s t-test.
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RESULTS AND DISCUSSION

Bone Loss, Increased B-Lymphopoiesis and Ex-
pression of RANKL in OVX Mice

Figure 1 shows the influence of OVX on bone
mass, the number of B cells in bone marrow and the
expression of RANKL in bone and bone marrow.
As reported previously,1,12) OVX mice exhibited a
significant decrease in femoral BMD, and an in-
creased number of bone marrow B cells 2–4 weeks
after surgery (Figs. 1A and 1B). Two weeks after
surgery, total RNA was extracted from trabecular
bone and bone marrow, and RT-PCR was performed
to examine the expression of RANKL. Expression
of RANKL mRNA could be detected in trabecular
bone and bone marrow in sham-operated mice, and
the level was elevated in OVX mice 2 weeks after
surgery (Fig. 1C). Ikeda et al.10) have reported that
the mRNA expression of RANKL was detected in
femoral primary spongiosa in OVX rats but not in
sham-operated rats suggesting that the elevated ex-
pression of RANKL in trabecular bone may con-
tribute to the bone loss due to estrogen deficiency.
However, the mechanism of elevation of RANKL
expression in OVX animals is not known.

Expression of RANKL in Osteoblasts by the Con-
tact with Fixed B-Lymphocytes

To examine the possible relationship between B
cells and osteoclastic bone resorption, osteoblasts
were co-cultured with B cells purified from mouse
bone marrow using B220-conjugated magnetic
microbeads. Since B cell weakly express RANKL

on their surface,13) the purified B cells were fixed
with paraformaldehyde and added into the cultures
of osteoblasts to examine the expression of RANKL
in osteoblasts after the cell contact. As shown in
Fig. 2, fixed-B cells adhered to the surface of osteo-
blasts time-dependent manner, and most fixed-B
cells attached to osteoblast surfaces 24 hr after the
addition. Various number of fixed-B cells were added
to the cultures of osteoblasts, and total RNA was
extracted after 24 hr. Adding fixed-B cells markedly
induced the mRNA expression of RANKL in osteo-
blasts, and the expression levels were correlated with
the number of B cells added. Since expression of
RANKL mRNA was hard to detect in fixed B cells,
the RANKL mRNA detected in the co-culture was
resulted from osteoblasts. To examine the influence
of cell-to-cell contact between B cells and osteoblasts
in RANKL expression, fixed-B cells were separated
from osteoblasts using a cell culture insert. The ex-
pression of RANKL mRNA could not be elevated
in osteoblasts in the separate co-cultures (data not
shown), indicating that cell-to-cell contact with B
cells is essential for induction of RANKL mRNA in
osteoblasts.

To examine the mechanism of RANKL expres-
sion in osteoblasts induced by cell-to-cell contact
with fixed-B cells, PD98059 (an inhibitor of ERK
1/2) and SB203580 (an inhibitor of p38 MAP ki-
nase) were added to the co-culture of osteoblasts with
fixed-B cells. Both PD98059 and SB203580 partially
suppressed the expression of RANKL mRNA in os-
teoblasts 24 hr after the contact with fixed-B cells
(Fig. 3). These results suggest the involvement of

Fig. 1. Femoral BMD, the Number of Bone Marrow B Cells, and the Expression of RANKL mRNA in Trabecular Bone and Bone
Marrow in Sham-Operated and OVX Mice

Eight-week-old mice were sham-operated or OVX. (A) Femur was collected 4 weeks after operation, and BMD at distal femur was measured.
(B) The number of B cells in bone marrow was calculated by flow cytometric analysis using FITC-B220, 2 weeks after operation. (C) The expression of
RANKL mRNA was analyzed by RT-PCR using total RNA extracted from trabecular bone and bone marrow 2 week after operation. Note that expression
level of RANKL mRNA was elevated in OVX mouse compared with sham mouse. Significantly different from sham, *p < 0.05, **p < 0.01. Data are
expressed as means ± SEM of 5–7 mice.
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Fig. 2. The Expression of RANKL mRNA in Osteoblasts by Cell-to-Cell Contact with B-Lymphocytes
(A) B cells, 98% positive to B220, were collected from mouse bone marrow as described in Materials and Methods, and fixed with 4% paraformaldehyde.

The fixed-B cells (2 × 107) were added to the layer of mouse osteoblasts (1 × 106) and co-cultured for 24 hr. (B) Adherent fixed-B cells was calculated
from the number of fixed-B cells present in medium. Data are expressed as means ± SEM of 3 wells. (C) Representative phase contrast image of
osteoblasts and fixed-B cells co-cultured for 24 hr. (D) Various number of fixed-B cells (0.5, 1, 2, and 3 × 107) were added to the layer of osteoblasts (1
× 106) in 60 mm dish and co-cultured for 24 hr. The expression of RANKL mRNA in osteoblasts, co-cultures of osteoblasts and fixed-B cells, and fixed-
B cells was analyzed by RT-PCR, and relative intensity was calculated.

Fig. 3. Effects of PD98059 and SB203580 on the Expression
of RANKL mRNA in Osteoblasts after the Contact with
Fixed-B Cells

Osteoblasts were pretreated with 10 µM PD98059 and 10 µM
SB203580, and then fixed-B cells (2 × 106) were added to the layer of
osteoblasts (1 × 105) in 24 well plate, and cultured for 24 hr to extract
total RNA. The expression of RANKL mRNA was analyzed by RT-
PCR, and relative intensity was calculated.

Fig. 4. Model of the Mechanism of RANKL Expression in
Osteoblasts by Cell-to-Cell Contact with B-Lymphocytes

Contact of B cells with osteoblasts induces the expression of RANKL
mRNA in osteoblasts by the activation of ERK1/2 and p38 MAP kinases.

ERK and p38 MAP kinases in the signals via cell-
to-cell contact between B cells and osteoblasts.

Possible Roles of B-Lymphocytes in RANKL-De-
pendent Bone Resorption

In this study, cell-to-cell interaction between B-
lymphocytes and osteoblasts induced the expression
of RANKL in osteoblasts by mechanisms involving

MAP kinases (Fig. 4). Osteoblasts express integrins
such as α1, α2, α3, α5, αv, β1, β3 and β5, and β1-
integrin signal is involved in the activation of MAP
kinase in osteoblasts.14) Further studies are needed
to define a possible adhesion molecule(s) involved
in the cell-to-cell contact between B cells and os-
teoblasts.

Recently, several studies have demonstrated that
myeloma cells, bone marrow plasma cells derived
from patients with multiple myeloma, enhance
RANKL expression by bone marrow stromal cells
through direct cell-to-cell contact.15–17) Increased
expression of RANKL by bone marrow stromal cells
was associated with enhanced osteoclastogenesis.17)

When B cells were removed from bone marrow cells,
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osteoclast formation was suppressed in co-cultures
of the bone marrow cells and osteoblasts (Matsumoto
C. et al. unpublished data). Since B cells are elevated
in bone marrow not only in OVX mice, but also in
patients of postmenopausal osteoporosis,18) the
mechanism of increased osteoclastogenesis due to
estrogen deficiency may be similar to that in mul-
tiple myeloma.

In conclusion, the data obtained through our
present study indicate that cell-to-cell interaction
between B-lymphocytes and osteoblasts could in-
duce RANKL expression in osteoblasts, suggesting
that increased B-lymphopoiesis is closely associated
with bone resorption due to estrogen deficiency.
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