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Abstract

We examined the osteoclastogenic potential of murine bone marrow cells that were fractionated according to their expression of the
surface antigen CD45R. Osteoclast-like cells (OCL) with many authentic osteoclast characteristics readily formed in purified CD45R�

murine bone marrow cell cultures after treatment with receptor activator of nuclear factor �B ligand (RANKL) and M-CSF. Ovariectomy
(Ovx) caused a 1.5- to 2-fold increase in OCL number in unfractionated and CD45R� murine bone marrow cell cultures without affecting
OCL formation in CD45R� marrow cells. Limiting dilution assays confirmed that Ovx caused an increase in osteoclast precursor cell
number in CD45R� but not CD45R� cells. Mice deficient in the type 1 IL-1 receptor (IL-1R1 KO) do not lose bone mass after Ovx. We
found that unfractionated, CD45R�, and CD45R� bone marrow cells from IL-1R1 KO mice showed no increase in OCL formation in vitro
after Ovx. In both the wild-type (WT) and the IL-1R1 KO mice Ovx was associated with a 2-fold increase in pre-B-lymphocytes. About
1.3–3.5% of murine marrow cells expressed surface RANK (the receptor for RANKL) while about 11.9–15% of murine bone marrow cells
expressed c-Fms (the receptor for M-CSF). There was little effect of Ovx on cells expressing either RANK or c-Fms. These results
demonstrate that CD45R expression identifies a subset of murine bone marrow cells whose ability to form OCL in vivo is regulated by
estrogen in WT but not IL-1R1 KO cells. The effects of estrogen on bone mass may be related to these responses.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

The osteoclast is a terminally differentiated multinuclear
cell with the unique ability to resorb bone [1]. It is of
hematopoietic origin [2] but its exact relationship to other
hematopoietic lineages is uncertain. Osteoclasts morpholog-
ically resemble macrophages [3], but unlike macrophages
express membrane receptors for calcitonin, form a ruffled
border, and resorb bone [4].

The mononuclear precursor cell that differentiates into
the osteoclast circulates in the monocyte population [5]. A
number of cytokines enhance osteoclast precursor cell de-
velopment or differentiation. GM-CSF appears to induce
the differentiation of multipotential progenitor cells toward
the osteoclast phenotype [6]. Mice lacking M-CSF fail to
form osteoclasts early in their development [7], demonstrat-
ing that this cytokine is involved in normal osteoclast dif-
ferentiation. Mature osteoclasts also express c-Fms, the re-
ceptor for M-CSF, on their cell membrane [8] and respond
to M-CSF by decreasing their apoptosis rate [9].

Recently, a new cytokine system was shown to be es-
sential for osteoclast formation [10,11]. Receptor activator
of nuclear factor �B ligand (RANKL), first identified as a
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product of activated T-lymphocytes [12,13], regulates oste-
oclast formation [11]. It is produced by stromal and osteo-
blastic cells in response to stimulators of resorption [14] and
interacts with its receptor, RANK, on the cell membrane of
osteoclast precursors to activate their differentiation into
mature osteoclasts [12,15]. RANKL can also bind to osteo-
protegerin (OPG), a soluble “decoy” receptor [16], which
inhibits RANKL/RANK interactions. OPG is produced
widely and a number of stimulators of resorption regulate its
production [14,17].

Estrogen is another important regulator of osteoclast
formation both in vivo and in vitro [18,19]. It is also a
negative regulator of B-lymphopoiesis in mice [20,21]. The
number of osteoclasts in bone as well as B-lymphocyte
precursor cells in marrow increases in mice after ovariec-
tomy (Ovx) [18,22]. Conversely, estrogen treatment of Ovx
mice decreases osteoclast formation rates and B-lympho-
poiesis [18,23]. In addition, pregnancy in mice is associated
with a marked inhibition of B-lymphopoiesis through an
estrogen-mediated mechanism [20,21].

Previous studies in murine models have demonstrated
that cells expressing the antigen CD45R (B220) (a Ly5 gene
product that is present on essentially all murine B-lympho-
cyte lineage cells [24]) contain a population of precursors
that can differentiate into osteoclast-like (OCL) cells in
vitro [25,26]. In addition, ovariectomy was found to in-
crease the number of OCL that formed when CD45R-ex-
pressing cells were cultured with ST2 cells and treated with
1,25-(OH)2 vitamin D3 [26]. This result implied that ovari-
ectomy increased the number of CD45R� osteoclast pre-
cursor cells in bone marrow.

In the current studies we examined whether ovariectomy
altered the ability of RANKL and M-CSF to stimulate OCL
formation in cultures of murine bone marrow cells that
expressed or did not express CD45R. Cells were derived
from either wild-type (WT) or type 1 IL-1 receptor deficient
(IL-1R1 KO) mice because previous experiments have dem-
onstrated that IL-1R1 KO mice fail to lose bone mass after
ovariectomy [27] and we postulated that the lack of a
response to ovariectomy in this model involved changes in
osteoclast precursor cells.

Methods

Isolation of cells from bone marrow

Mice were either strain C57BL/6 (WT) or type IL-1R1
KO mice in a mixed C57BL/6 � 129Sv background. Con-
trol mice for the IL-1R1 KO mice were derived from WT
siblings and were of similar background. At 8–12 weeks of
age, mice were sacrificed and their long bones (tibia, femur,
and humerus) dissected free of connective tissue. The ends
of the bones were removed, and �MEM was flushed
through the marrow cavity by a 25-gauge needle attached to
a syringe. The medium and accompanying cells were col-

lected in a sterile tube and the bone spicules were allowed
to settle. The medium and suspended cells were transferred
to a new tube and centrifuged for 5 min at 4°C to isolate
bone marrow cells. These were washed in fresh medium and
resuspended in 5 ml of Tris ammonium chloride (TAC, 13
mM Tris, pH 7.2, 13.5 mM ammonium chloride) at 4°C for
5 min to lyse red cells. The animal care committee of the
University of Connecticut Health Center approved all ani-
mal protocols.

Antibodies

A rat monoclonal FITC-conjugated antibody to CD45R,
as well as its isotype negative control (rat IgG2�) and mono-
clonal antibodies to HSA, CD24, and IgM, was obtained
commercially (BD PharMingen, San Diego, CA). A rat
monoclonal anti-murine-RANK antibody was a gift from
Dr. William Dougall of Immunex Corp. Seattle, WA. It was
used in flow cytometry studies after conjugation with allo-
phycocyanin (Prozyme, San Leandro, CA). Its isotype con-
trol (rat IgG2a) was obtained commercially (BD PharMin-
gen). The AFS98 rat hybridoma, which produced a
monoclonal antibody to murine c-Fms, was obtained from
Dr. Shin-Ichi Nishikawa, Kyoto University Medical School,
Kyoto, Japan, and grown in culture [28]. Anti-c-Fms anti-
body was purified from the conditioned medium by affinity
chromatography and used in flow cytometry after addition
of a PE-conjugated anti rat monoclonal antibody (BD
PharMingen) as previously described [22,25]. Its isotype
control (rat IgG2a) was obtained commercially (BD Phar-
Mingen). To block nonspecific binding of immunoglobulins
to the Fc�III and Fc�II receptors (CD16/CD32), and to
reduce the background staining, the cells were incubated
with Fc Block (BD PharMingen) or incubated with excess
of rat IgG for at least 15 min prior to staining with specific
antibodies. This step was omitted when secondary anti-rat
antibodies were used for detection.

Immunophenotyping of cells for sorting and analysis

Labeling of cells for cytofluorometric analysis or cell
sorting was performed by standard staining procedures in
1X HBSS (Gibco, Invitrogen Corp., Carlsbad, CA) contain-
ing 0.01 M Hepes (pH 7.4) and supplemented with 2% FCS.
All staining was done on ice, to prevent quenching of
signals. Appropriate dilutions of directly conjugated anti-
bodies were sequentially added to the cell preparation of
interest. We analyzed B-lymphocyte lineage cells based on
surface expression of CD45R antigen. Mature B-cells were
identified as also expressing surface IgM. Immature B-cells
were designated by their expression of heat stable antigen
(HSA, CD24) as either pro-B-cells (HSAlow) or pre-B-cells
(HSAhigh). Dead cells were excluded by their ability to
incorporate propidium iodide. Analyses were done on a
FACSCalibur flow cytometer (BD Biosciences, Mountain
View, CA) with argon and helium–neon lasers with at least
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5 � 104 events examined for each sample and sorts were
performed on a FACS Vantage SE cell sorter (BD Bio-
sciences) equipped with three lasers and seven-parameter
sorting capability.

Cell cultures

Mouse bone marrow cells were cultured in �MEM sup-
plemented with 10% heat inactivated FCS for 6–7 days.
Cultures were fed every 3 days with fresh medium. Cells
were cultured with recombinant mouse (rm)M-CSF (30
ng/ml) (R&D Systems, Minneapolis, MN) and rmRANKL
(30 ng/ml) (Immunex Corp.), added at day 0 and with each
medium change. In all experiments, unstimulated cultures
contained fewer than 10 OCL per well.

OCL quantitation

Cells were cultured in 96-well culture plates (0.8–1.0 �
105 cells per well in 200 �l medium). In some experiments
cells were cultured with RANKL and M-CSF for 6 days and
the number of OCL that formed in the wells was quanti-
tated. In other experiments cells were first incubated with
M-CSF (30 ng/ml) for 7 days to expand the osteoclast
precursor cell population and then treated for another 7 days
with RANKL and M-CSF (both at 30 ng/ml) to induce OCL
formation in the cultures. At the conclusion of an experi-
ment, cells were fixed with 2.5% glutaraldehyde in PBS for
30 min at room temperature and then stained for tartrate-
resistant acid phosphatase (TRAP). Enzyme histochemistry
for TRAP was performed using a commercial kit (Sigma–
Aldrich Corp., St. Louis, MO). TRAP-positive multinucle-
ated giant cells with more than four nuclei per cell were
considered OCL and were counted using an inverted micro-
scope at 100� magnification. In all experiments at least 4
wells per treatment group were evaluated.

To assess the differentiation potential of osteoclast pre-
cursors within the unfractionated, CD45R�, and CD45�

bone marrow cell populations, we used a limiting dilution
assay. Cells were plated at four decreasing dilutions in 20
wells per dilution of a 384-well plate (Nalge Nunc, Naper-
ville, IL). The cells were cultured in �MEM supplemented
with 10% heat-inactivated FCS for 8 days, stimulated with
M-CSF and RANKL (at 30 ng/ml for both), and medium
was changed every 3 days. They were then stained for
TRAP. The number of wells without OCL was determined
for each dilution of cells, and their 37.5% detection failure
was calculated, which represents the limiting number for
detection, i.e., an approximation of the number of OCL
precursors within a cell population [29,30].

The frequency of osteoclast precursors in the bone mar-
row cell populations was calculated according to the for-
mula 1/frequency � N/{ln[T/(T-P)]} where N is the number
of cells seeded in a well, T is the number of wells per group
(20 for all experiments), and P is the number of osteoclast-
positive wells [26,29,30].

In some experiments radiolabeled [125I]-salmon calcito-
nin (sCT; Amersham, Piscataway, NJ) was incubated with
or without excess cold sCT (10�7 M, 100-fold excess).
Cells were washed and developed by autoradiography to
demonstrate the presence of calcitonin receptors on cells.
Briefly, cells were plated on slide flasks (Lab Tek, Nalge
Nunc, 2 � 106 cells/cm2) and incubated at the end of culture
with radiolabeled [125I]-sCT (0.04 �Ci, 100,000 cpm/ml) in
the absence or presence of cold sCT (10�7 M; Bachem,
Torrence, CA) at room temperature for 2 h. They were then
washed twice with PBS to remove nonspecific radioactivity,
fixed with 2.5% glutaraldehyde in PBS, and TRAP-stained.
Slides were dipped in LM-1 photographic emulsion (1:1
dilution with 1.7% glycerol; Amersham, Arlington Heights,
IL) for autoradiography and then developed.

Bone resorption and pit formation

Bone resorption was assayed by measuring the ability of
cultured bone marrow cells to form resorption pits on the
surface of devitalized bovine cortical bone slices (4.4 � 4.4
� 0.2 mm) as previously described [31]. Briefly, isolated
bone marrow cells were cultured in wells containing devi-
talized bovine bone slices with RANKL and M-CSF (both
at 30 ng/ml) at 37°C in �MEM and 10% HIFCS. After the
culture, cells were fixed with 2.5% glutaraldehyde in PBS
for 30 min and stained for TRAP, followed by staining with
1% toluidine blue in 1% borax to observe resorption pits.

Statistics

All statistical analyses except for differences in oste-
oclast precursor frequency were performed by one-way
ANOVA and the Bonferroni post hoc test when ANOVA
showed significant differences (P � 0.05). Differences in
osteoclast precursor frequency between cells from sham and
ovariectomized mice were analyzed by t test. All experi-
ments were repeated at least twice.

Results

In initial experiments, CD45R� cells from C57BL/6
mouse bone marrow were isolated by FACS to high purity
(typically �94–98%) and cultured with M-CSF and
RANKL (30 ng/ml for both) for 6–7 days at a plating
density of 105 cells per well of a 96-well plate. At the
conclusion of experiments, cells were stained for TRAP.
Mono and multinucleated TRAP� cells formed in these
cultures (typically 100–200 TRAP� multinucleated cells
per well of a 96-well plate) (data not shown). However, to
increase the number of OCL in the cultures so that they
could be further characterized, CD45R� cells were first
cultured with M-CSF (30 ng/ml) alone for 7 days to increase
the total cell number. Cultures were then treated with both
RANKL and M-CSF (both at 30 ng/ml) for an additional 7
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days to generate OCL. An increased number of OCL formed
using this protocol. To confirm the osteoclastic nature of the
OCL that formed in 2-week cultures, cells were incubated at
the conclusion of experiments with [125I]sCT and with or
without a 100-fold excess of unlabeled sCT. The ability of
cells to specifically bind calcitonin is a characteristic of
mature osteoclasts and demonstrates the presence of mem-
brane calcitonin receptors. We found that greater than 98%
of the multinucleated TRAP� OCL in the 2-week cultures
expressed high levels of calcitonin receptors as demon-
strated by specific [125I]sCT binding (Fig. 1). Similarly, we
also found that greater than 98% of the OCL in 7-day
cultures of CD45R� bone marrow cells stimulated with
M-CSF and RANKL expressed high levels of calcitonin
receptors (data not shown).

We also characterized the ability of the OCL that formed

Fig. 1. Expression of calcitonin receptors on OCL formed in CD45R� bone marrow cultures. CD45R� bone marrow cells were isolated by FACS and cultured
for 1 week (105 cells per well of a 8-well slide chamber) with M-CSF (30 ng/ml) and then an additional week with M-CSF � RANKL (both at 30 ng/ml).
At the conclusion of the experiment, cells were incubated with and without radiolabeled calcitonin (CT) (A and B) or with 100-fold excess cold CT (C and
D). Cells were stained for TRAP and then developed for autoradiography. Images A and C are brightfield. Images B and D are darkfield. Silver grains,
indicating radiolabeled CT binding, appear as black dots in brightfield images and white dots in darkfield images. Note the white reticular pattern in B
overlying OCL, which is not present in D demonstrating specific CT binding to OCL.

Fig. 2. OCL from CD45R� bone marrow cell cultures resorb bone.
CD45R� bone marrow cells were isolated by FACS and cultured for 1
week (105 cells per well of a 96-well plate) with M-CSF (30 ng/ml) and
then an additional week with M-CSF � RANKL (both at 30 ng/ml) on
bovine cortical bone slices. Bone slices were then stained for TRAP and
photographed (A). Note the multiple, large TRAP� OCL in A as identified
by arrows. Bone slices were then sonicated to remove adherent cells,
stained with toluidine blue, and photographed by indirect light to demon-
strate resorption lacunae (B). Note the characteristic multiple overlapping
resorption tracts produced by the OCL in B.
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from CD45R� cells in 2-week cultures to resorb bone.
CD45R� bone marrow cells were isolated by FACS to high
purity and incubated with M-CSF for 7 days and then with
RANKL and M-CSF for an additional 7 days in wells
containing devitalized bovine cortical bone slices. TRAP�

OCL in these cultures produced numerous characteristic
resorption lacunae on the bone slices (Fig. 2).

We examined the effects of Ovx-induced estrogen with-
drawal on the number of OCL that formed in 7-day cultures
of CD45R� bone marrow cells. Murine marrow cells were
examined 3–4 weeks after either sham operation (Sham) or
Ovx. We have previously demonstrated that changes in
trabecular bone mass occurred at this time [32]. It is well
established that the number of B-lymphocyte precursor cells
in murine bone marrow increases after Ovx [22]. In agree-
ment, we found that Ovx had only a small effect on the total
leukocyte number in the marrow of mice but did increase
the total B-lymphocyte number in marrow by approximately
1.5-fold (Fig. 3). This result occurred predominantly be-
cause Ovx caused an approximately 2-fold increase in the
number of CD45R� HSAlow IgM� pre-B-lymphocytes in
the marrow.

We also examined whether Ovx altered the number of
OCL which formed in 7-day cultures of CD45R� bone
marrow cells that were treated with RANKL and M-CSF. In
these experiments marrow cells were incubated either un-
fractionated or separated into CD45R� and CD45R� cells.
OCL formation in marrow from Ovx mice was increased
approximately 1.5 to 2-fold in both unfractionated and
CD45R� marrow cells compared to similar cultures from
Sham mice (Fig. 4). Significantly, there was no effect of

Ovx on the number of OCL that formed in cultures of
CD45R� bone marrow cells. These results implied that the
effect of Ovx to increase the number of osteoclast precursor
cells in bone marrow cultures occurred predominantly in the
CD45R� cells. To further examine this issue, we measured
osteoclast precursor frequency in murine bone marrow us-
ing a limiting dilution assay. This assay has been used
previously to determine the relative number of hematopoi-
etic progenitor cells in a population [26,29,30]. In this assay
the number of wells which are free of OCL (of 20 plated) is
determined for each serial dilution of cells. Populations of
murine marrow cells containing fewer osteoclast precursors
produce more OCL-free wells for any given plating density
at the limits of cell dilution. Using this assay, we confirmed

Fig. 4. Ovariectomy increases the number of OCL that form in cultured
unfractionated and CD45R� bone marrow cells. Eight-week-old female
C57BL/6 mice were either sham-operated (sham) or ovariectomized (Ovx)
and then sacrificed at 11 weeks of age. Bone marrow cells were removed,
cultured either unfractionated (A) or fractionated into either CD45R� (B)
or CD45R� (C) cells by FACS, and treated with M-CSF � RANKL (both
at 30 ng/ml) for 6 days. OCL were identified as TRAP� multinucleated
cells. *Significant difference between sham and Ovx groups, P � 0.01.

Fig. 3. Ovariectomy increases total B-lymphocytes and pre-B-lymphocytes
in bone marrow. Eight-week-old female C57BL/6 mice were either sham-
operated (Sham) or ovariectomized (Ovx) and then sacrificed at 12 weeks
of age. Bone marrow cells were removed and analyzed for total and
B-lymphocyte subgroups by flow cytometry as outlined under Methods.
*Significant difference between Sham and Ovx groups as indicated.
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an appoximate 1.5-fold greater number of osteoclast pre-
cursor cells in the CD45R� population of marrow cells from
Ovx C57BL/6 mice compared to CD45R� cultures from
Sham mice (compare the dilution of cells in which 37.5% of
the wells contain OCL, Fig. 5). To confirm this finding we
calculated the frequency of osteoclast precursors in
CD45R� cells and found Ovx to increase this value by 60
� 6% (P � 0.01) compared to the results in Sham cells. We
also found that there was little change in osteoclast precur-
sor frequency in CD45R� population from these same mice
after Ovx. The CD45R� populations contained a roughly 50
to 100-fold higher concentration of osteoclast precursor
cells than did the CD45R� populations (Fig. 5) since a
much higher number of CD45R� cells had to be added to
wells to produce results similar to that seen with CD45R�

cells.
IL-1R1 KO mice do not lose bone mass after Ovx [27].

Therefore, we examined the ability of Ovx to alter B-
lymphocyte subsets and OCL formation rates in unfraction-
ated, CD45R�, and CD45R� bone marrow cell cultures
from WT and IL-1R1 KO mice. In these experiments WT
and IL-1R1 KO mice were both in a C57BL/6 � 129Sv
background that was originally derived from heterogeneous
(IL-1R1 �/�) siblings. As we saw with WT mice in a pure
C57BL/6 background, Ovx induced a 1.5-fold increase in
total B-lymphocytes and a 2-fold increase in pre-B-lympho-
cytes in the marrow of both WT and IL-1R1 KO mice in a
C57BL/6 � 129Sv background (data not shown). However,
in contrast to the 1.5 to 2-fold increase in OCL formation we
found in unfractionated and CD45R� bone marrow cells
from WT mice in either background (Figs. 4 and 6), there
was no effect of Ovx on the number of OCL that formed in
unfractionated, CD45R�, or CD45R� cells from IL-1R1
KO mice (Fig. 6).

Using flow cytometry, we examined the number of cells
in bone marrow from WT or IL-1R1 KO mice that ex-
pressed CD45R, RANK, or c-Fms (Fig. 7). We found that in

Sham and Ovx mice only 1.3�0.6–3.5�0.5% of bonemar-
row cells expressed RANK. About 1/3 to 1/2 of Sham or
Ovx bone marrow RANK� cells were also CD45R�. Be-
cause of the small number of RANK� cells in murine bone
marrow, it was difficult to make conclusions about the
effects of Ovx on this population.

c-Fms was expressed by 14.3 � 0.7 and 12.7 � 0.8% of
murine bone marrow cells from Sham WT and Sham IL-
1R1 KO mice, respectively, and 33.2 � 2.1% of these cells
were also CD45R�. The percentage of all cells expressing
c-Fms did not change markedly with Ovx (11.6 � 0.6 and
12.1 � 0.4%, respectively, for WT and IL-1R1 KO). In WT
or IL-1R1 KO Ovx mice 42 � 2% of c-Fms� marrow cells
were also CD45R�. Hence, there was little effect of Ovx on
c-Fms� cells in either WT or IL-1R1 KO mice.

Discussion

Our results demonstrate that a highly enriched popula-
tion of CD45R� cells is capable of differentiating into OCL
with many characteristics of authentic osteoclasts. These

Fig. 6. Ovariectomy does not increase the number of OCL that form in
cultured unfractionated, CD45R�, or CD45R� bone marrow cells from
IL-1R1 KO mice. Eight-week-old female C57BL/6 � 129Sv wild-type
(WT) or IL-1R1 KO (KO) mice were either sham-operated (Sham) or
ovariectomized (Ovx) and then sacrificed at 11 weeks of age. Bone marrow
cells were removed, cultured either unfractionated (A) or fractionated into
either CD45R� (B) or CD45R� (C) cells by FACS, and treated with
M-CSF � RANKL (both at 30 ng/ml) for 6 days. OCL were identified as
TRAP� multinucleated cells. *Significant difference between Sham and
Ovx groups, P � 0.01.

Fig. 5. Ovariectomy increases the number of OCL precursor cells in cultured
CD45R� but not in CD45R� bone marrow cells as determined by limiting
dilution assay. Eight-week-old female C57BL/6 mice were either sham-oper-
ated (Sham) or ovariectomized (Ovx) and then sacrificed at 11 weeks of age.
Bone marrow cells were removed, fractionated into either CD45R� or
CD45R� cells by FACS, and cultured with M-CSF � RANKL (both at 30
ng/ml) for 6 days. OCL were identified as TRAP� multinucleated cells. Cells
were plated at four decreasing dilutions in 20 wells per dilution of a 384-well
plate. OCL were identified as TRAP� multinucleated cells.
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include multinucleation, calcitonin receptor expression,
TRAP production, and the ability to resorb bone. In addi-
tion, we found that, like pre-B-lymphocytes and CFU-GM,
the number of OCL that form in the cultures of CD45R�

bone marrow cells is increased in bone marrow cell cultures
from Ovx animals. In support of our findings another group
recently described a CD45R� osteoclast precursor cell in
murine bone marrow [25]. In addition, it was shown that
Ovx increased OCL formation in mixed cultures of
CD45R� bone marrow cells and ST2 mesenchymal stromal
cells that were treated with vitamin D [26].

However, we also found that highly enriched CD45R�

murine bone marrow cell cultures do not demonstrate an
increase in OCL number after Ovx. Furthermore, we found
that OCL formation in vitro was not increased
by estrogen withdrawal in unfractionated, CD45R�, or
CD45R� bone marrow cells from IL-1R1 KO mice, which
do not lose bone mass after estrogen withdrawal. Hence, our
data demonstrate that the increase in OCL formation, which
occurs in unfractionated murine bone marrow cell cultures
after Ovx, is only reproduced in the CD45R� subpopulation
when bone marrow is fractionated into CD45R� and
CD45R� cells. In addition, our finding that Ovx did not
increase OCL formation in cultured marrow cells from
IL-1R1 KO mice suggests that increases in OCL formation
in either unfractionated or CD45R� bone marrow cells

predict whether bone loss will occur in mouse models of
estrogen withdrawal.

The existence of a common lymphoid/myeloid precursor
cell in marrow has been demonstrated previously [33,34].
This cell has the capacity to differentiate into either B-
lymphocytes or monocytes and the decision to enter either
lineage appears to be under the control of cytokines [34].
Expression of CD45R is present on early B-lymphocyte
lineage cells, which do not yet express CD19 but do express
membrane c-kit and Flt3/Flk-2 [16] or CD24 [35]. Hence,
the expression of CD45R on cells from murine marrow
identifies multiple B-lymphocyte developmental stages in-
cluding some very immature cells, which may have the
capacity to differentiate into other lineages.

Recently, it was demonstrated that B-lineage commit-
ment depends on the orderly expression of three transcrip-
tion factors: the basic helix–loop–helix proteins E2A and
early B-cell factor (EBF) and the transcription factor Pax5
[36]. In mice deletion of any of these genes causes the
complete absence of B-lymphopoiesis [23,37]. E2A and
EBF are essential for early B-cell differentiation and their
loss blocks lymphopoiesis before immunoglobulin rear-
rangement has occurred. In contrast, in Pax5 �/� mice
early B-lymphocyte development is arrested at the pre-B-
lymphocyte stage [38]. Interestingly, expression of Pax5 by
retroviral transduction in Pax5 �/� pre-B cells downregu-

Fig. 7. Expression of CD45R, RANK, and c-Fms in bone marrow cells from sham and Ovx wild-type and IL-1R1 KO mice. Eight-week-old female C57BL/6
� 129Sv wild-type (WT) or IL-1R1 KO (KO) mice were either sham-operated (Sham) or ovariectomized (Ovx) and then sacrificed at 11 weeks of age. Bone
marrow cells were immediately collected, stained for the indicated antigens, and analyzed by flow cytometry, after gating out dead cells stained with
propidium iodide. Numbers in each corner indicate the relative percentage of cells for the fraction represented by that quadrant.
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lated expression of myeloid genes like c-Fms [38]. Hence,
expression of Pax5 appears to be a critical step in the
decision of multilineage precursor cells to commit to the
B-lymphocyte lineage. In support of this hypothesis, it was
shown that pre-B-lymphocytes from Pax5 �/� mice have
the capacity to develop into a variety of myeloid lineages
including osteoclasts [1]. These results support the hypoth-
esis that some CD45R� precursor cells in WT mice have the
capacity to differentiate into multiple lineages including
osteoclasts.

Regulation of osteoclast precursor cell abundance with
Ovx as manifested by an increase in CFU-GM [18] and
pre-B-lymphocytes [22] is well established. Our findings
that the number of OCL that formed in cultures from
CD45R� cells increased proportionally to that of pre-B-
lymphocytes in marrow implies that these events are related.
Significantly, it was previously demonstrated that Ovx in-
creased B-lymphopoiesis in rat bone marrow [39]. To-
gether, these results suggest that estrogen withdrawal in-
creases the abundance of a common lymphoid/osteoclast
precursor cell in marrow without altering the abundance of
precursors of other lineages. In support of this hypothesis,
we failed to see an effect of Ovx on OCL formation in
cultures of CD45R� cells, which likely contain cells com-
mitted to the myeloid and granulocyte lineages.

It is unlikely that the cells within the CD45R� popula-
tion, which differentiate into OCL, solely represent contam-
inating CD45R� cells since we failed to demonstrate in-
creases in OCL formation with Ovx in CD45R� cells from
IL-1R1 KO mice. The IL-IR1 KO mouse does not lose bone
mass after Ovx [27]. However, this mouse does increase
CD45R� pre-B-lymphocytes in its marrow similar to the
increase that occurs in cells from WT mice. If contaminat-
ing CD45R� cells within the CD45R� populations were the
sole cause of the OCL that formed in these cultures, this
contamination should have been equivalent in cells from
WT and ILR1 KO mice. As a consequence, OCL formation
should have increased equally after Ovx in cultured
CD45R� cells from both WT and IL-1R1 KO mice. The
fact that it did not argues that there are fundamental differ-
ences in the osteoclastogenic potential after Ovx of
CD45R� cells from WT and IL-1R1 KO mice and contam-
ination of these populations with CD45R� cells does not
appear to account for these differences.

Our results showing 50- to 100-fold fewer osteoclast
precursor cells in the CD45R� populations than in the
CD45R� population is in disagreement with previous data
[26] which found an equal number of osteoclast precursors
in both the CD45R� and the CD45R� population. The
reason for this discrepancy is unknown but may reflect
differences in the methodology used to identify osteoclast
precursor cells. The finding that a greater number of OCL
formed in unfractionated and CD45R� populations of WT
marrow cells after Ovx than in cells from WT Sham mice

argues that changes in the CD45R� population influence the
ability of the CD45R� population to differentiate into os-
teoclasts by some unknown pathway. This could occur
through an amplification process whereby a small popula-
tion of CD45R� cells that are estrogen responsive influ-
ences the osteoclastogenic potential of the much larger
CD45R� osteoclast precursor population. The recent find-
ing that CD45R� cells express RANKL [25] may be a
mechanism for this effect.

The exact pathway by which estrogen regulates the num-
ber of lymphoid or osteoclast progenitor cells in bone mar-
row is unknown. Both B-lymphocytes and osteoclasts de-
velop through an interaction of hematopoietic precursors
and stromal cells [1,32]. The effects of estrogen on B-
lymphopoiesis have been implicated to occur through re-
sponses of stromal cells [40] and direct effects on B-lineage
precursor cells [41]. Similarly, regulation of osteoclast for-
mation by estrogen may be mediated by either stromal cells
[42] or direct actions of estrogen on osteoclast precursor
cells [19]. In addition, M-CSF expression can also be in-
fluenced by estrogen [43] and this response may be involved
in regulating the number of osteoclast precursors in bone
marrow.

It is likely that IL-1 responsiveness is necessary for
estrogen to increase the osteoclastogenic potential of
CD45R� murine bone marrow cells since there was no
effect of Ovx on OCL formation in cultured bone marrow
cells from IL-1R1 KO mice. This result occurred even
though Ovx increased CD45R� cells in bone marrow.
Hence, it appears that the role of IL-1 in estrogen-mediated
effects on CD45R� cells is to increase their ability to form
osteoclasts by possibly enhancing their commitment toward
the osteoclast lineage.

Since increases in osteoclast precursor cell abundance in
marrow have been linked to the development of estrogen-
withdrawal-induced osteoporosis [43], it is likely that alter-
ations of the osteoclastic potential of CD45R� cell popula-
tions in bone marrow are involved in the increased
osteoclastic activity that occurs under this condition.
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