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The cytokine receptor activator of NF�B ligand (RANKL)
produced by osteocytes is essential for osteoclast formation in
cancellous bone under physiological conditions, and RANKL
production by B lymphocytes is required for the bone loss
caused by estrogen deficiency. Here, we examined whether
RANKL produced by osteocytes is also required for the bone loss
caused by estrogen deficiency. Mice lacking RANKL in osteo-
cytes were protected from the increase in osteoclast number and
the bone loss caused by ovariectomy. Moreover, these mice did
not exhibit the increase in bone marrow B lymphocytes caused
by ovariectomy that occurred in control littermates. Deletion of
estrogen receptor � from B cells did not alter B cell number or
bone mass and did not alter the response to ovariectomy. In
addition, lineage-tracing studies demonstrated that B cells do
not act as osteoclast progenitors in estrogen-replete or estro-
gen-deficient mice. Taken together, these results demonstrate
that RANKL expressed by osteocytes is required for the bone
loss as well as the increase in B cell number caused by estrogen
deficiency. Moreover, they suggest that estrogen control of B
cell number is indirect via osteocytes and that the increase in
bone marrow B cells may be a necessary component of the cas-
cade of events that lead to cancellous bone loss during estrogen
deficiency. However, the role of B cells is not to act as osteoclast
progenitors but may be to act as osteoclast support cells.

Osteoclasts are bone resorbing cells derived from myeloid
progenitors in the bone marrow (1). The cytokine receptor acti-
vator of NF�B ligand (RANKL),2 encoded by the Tnfsf11 gene,
is essential for osteoclast formation but plays important roles in

other processes such as mammary gland and lymphocyte devel-
opment (2, 3). Consistent with this, RANKL is produced by a
variety of different cell types and in response to many different
stimuli (4). Osteocytes are cells that live in mineralized bone
and are derived from osteoblasts, which produce bone matrix
(5). Gene deletion studies in mice have demonstrated that
osteocytes are an essential source of the RANKL involved in
osteoclast formation under physiological conditions as well as
in response to biomechanical unloading and dietary calcium
deficiency (6 – 8).

Estrogen deficiency in mice increases osteoclast number on
cancellous and cortical bone and causes bone loss in both
compartments (9). Estrogen deficiency also causes a striking
increase in B lymphocyte number in the bone marrow (10,
11). Moreover, deletion of the Tnfsf11 gene from B cells pre-
vents both the increase in B cell number and the increase in
cancellous osteoclast number caused by ovariectomy (12).
These findings suggest that estrogen may suppress oste-
oclast number in part by suppressing B cell number in the
bone marrow.

How B cells might contribute to osteoclast formation during
estrogen deficiency is unclear. On the one hand, RANKL pro-
duced by B cells may directly interact with its receptor RANK
on osteoclast progenitors and thereby stimulate osteoclast for-
mation. On the other hand, several independent studies have
demonstrated that purified populations of B cells can be
induced to differentiate into osteoclasts when exposed to
recombinant RANKL in vitro (13–17). Thus, B cells may act as
a source of osteoclast progenitors, at least under some condi-
tions. However, there has been no evidence that this phenom-
enon occurs in vivo either in estrogen-replete or estrogen-defi-
cient conditions.

The goal of the current study was to determine whether
RANKL produced by osteocytes contributes to the elevated
osteoclast formation and bone loss caused by estrogen defi-
ciency. We found that this is the case but that deletion of the
Tnfsf11 gene from osteocytes also prevented the increase in B
cell production caused by estrogen deficiency, suggesting that
estrogen controls B cell number indirectly. Consistent with
this, we found that deletion of estrogen receptor � (ER�),
encoded by the Esr1 gene, from B cells had no effect on B cell
number. Lastly, we used in vivo lineage-tracing studies to inves-
tigate the possibility that cells committed to the B cell lineage
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can act as osteoclast progenitors and found that this was not the
case.

Results

Osteocyte RANKL Is Required for Ovariectomy-induced Bone
Loss—To determine whether RANKL production by osteocytes
is required for the bone loss caused by estrogen deficiency,

adult female mice lacking the Tnfsf11 gene in osteocytes (here-
after referred to as Tnfsf11�Ot) and their control littermates
(hereafter referred to as Tnfsf11f/f) underwent either a sham
operation or ovariectomy. Six weeks after the operations, ovari-
ectomized mice had lower uterine weight than sham-operated
mice, confirming estrogen deficiency (Fig. 1A). Quantification
of the Tnfsf11 locus in genomic DNA from tissues harvested

FIGURE 1. Deletion of Tnfsf11 from osteocytes prevents ovariectomy-induced bone loss. 6-Month-old female Tnfsf11f/f and Tnfsf11�Ot mice were either
sham-operated (white bars) or ovariectomized (OVX) (dark gray bars) and killed 6 weeks later. A, uterine weight (n � 10 –12 animals per group). B, real time PCR
quantification of Tnfsf11 genomic DNA in femoral cortical bone, CD19� bone marrow cells, CD19� bone marrow cells, spleen, kidney, liver, and muscle (n �
3–12). C, �CT images of vertebral cancellous bone and femoral cortical bone. Bar � 500 �m. D, bone volume over tissue volume (BV/TV) of cancellous bone
measured in lumbar vertebra by �CT (n � 10 –12). E, cortical thickness of the femoral midshaft measured by �CT (n � 10 –12). F and G, osteoclast surface per
bone perimeter (Oc.S/B.Pm) and osteoclast number per bone perimeter (Oc.N/B.Pm) measured by histomorphometric analysis of lumbar vertebra (n � 6 –10).
H and I, real time RT-PCR of Tnfsf11 and Tnfrsf11b mRNA in tibial cortical bone (n � 10 –12). J, Tnfsf11 mRNA expression in CD19� bone marrow cells (n � 3–5).
*, p � 0.05.
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from the sham-operated mice confirmed deletion of the gene in
osteocyte-enriched bones but also revealed a small but signifi-
cant deletion in muscle tissue (Fig. 1B). However, RANKL
mRNA levels were �100-fold lower in muscle compared with
bone tissue and were not altered by ovariectomy, arguing
against any functional contribution of muscle-derived RANKL
to bone resorption (supplemental Fig. 1).

Ovariectomy led to reduced vertebral cancellous bone vol-
ume and femoral cortical thickness in Tnfsf11f/f mice but not
Tnfsf11�Ot mice (Fig. 1, C–E). However, as noted in previous
studies, both of these parameters were elevated in sham-oper-
ated Tnfsf11�Ot mice compared with sham-operated Tnfsf11f/f

littermates. Histological analysis of vertebral cancellous bone
revealed that ovariectomy increased osteoclast number and
surface in Tnfsf11f/f mice, but this did not occur in Tnfsf11�Ot

mice, which had fewer osteoclasts than Tnfsf11f/f mice, when
compared with the sham-operated groups (Fig. 1, F–G). As
expected from Tnfsf11 gene deletion, RANKL mRNA levels
were lower in cortical bone from Tnfsf11�Ot mice but were not
changed by ovariectomy in either these mice or control litter-
mates (Fig. 1H). Osteoprotegerin mRNA levels were also lower
in Tnfsf11�Ot mice but were unchanged by ovariectomy (Fig.
1I). In addition and consistent with our earlier report, ovariec-
tomy did not change RANKL mRNA in B lymphocytes in
Tnfsf11f/f or Tnfsf11�Ot mice (Fig. 1J). These results demon-
strate that RANKL produced by osteocytes is essential for the
increase in osteoclast number and the bone loss caused by
estrogen deficiency but that this occurs without significant
changes in RANKL or osteoprotegerin production.

Osteocyte RANKL Is Required for the Increase in B Cells after
Ovariectomy—We have shown previously that deletion of
RANKL from B lymphocytes prevents the increase in bone
marrow B cells and cancellous osteoclasts after ovariectomy
(12). This observation suggested a possible link between the
two phenomena. To determine if this relationship was present
in mice lacking RANKL in osteocytes, we used flow cytometry
to measure bone marrow B lymphocytes in the sham-operated
and ovariectomized Tnfsf11�Ot and Tnfsf11f/f mice. Although
the expected increase in B cells occurred in Tnfsf11f/f mice, it
did not occur in Tnfsf11�Ot mice (Fig. 2A). T lymphocyte and
erythrocyte progenitor percentages were not altered by ovari-
ectomy in either genotype, but the percentage of monocytes
was slightly reduced only in Tnfsf11f/f mice (Fig. 2, B–D). The
effect on monocytes has been observed previously and is likely a
consequence of the increase in the percentage of B cells (11).
Supporting this idea, the total number of B cells isolated by
magnetic bead separation was elevated in ovariectomized
Tnfsf11f/f but not Tnfsf11�Ot mice (Fig. 2E). These results also
demonstrated a trend toward reduced B lymphocyte number
under estrogen-replete conditions, but the differences were not
significant possibly due to the small effect size and limited num-
ber of samples. Therefore, we measured the percentage of bone
marrow B cells in a larger number of intact (no operation)
Tnfsf11f/f and Tnfsf11�Ot mice and found that the percentage
of these cells was indeed lower in Tnfsf11�Ot mice (Fig. 2F).

Osteocyte RANKL may promote B cell number in the bone
marrow by binding to RANK on B cells to promote their pro-
liferation or survival. However, deletion of RANK from B cells

does not alter B cell number indicating that RANK signaling in
another cell type mediates the effects of RANKL on B cells (19).
Our observation that Tnfsf11 mRNA in osteocyte-enriched
bone was not altered by ovariectomy also argues against such a
scenario. Alternatively, osteocyte RANKL could indirectly
control B cell number by controlling the number of osteob-
last-lineage cells. Osteoblasts increase after ovariectomy in
response to increased bone resorption, a phenomenon known
as coupling (20). Moreover, osteoblasts provide factors such as
IL-7 and CXCL-12 that support B cell development (21–24).
Consistent with the idea that the failure to increase B cells was
due to reduced support by osteoblast-lineage cells, IL-7 mRNA
in bone was increased by ovariectomy in Tnfsf11f/f but not
Tnfsf11�Ot mice (Fig. 2G). A similar trend was observed for
CXCL-12 mRNA (Fig. 2H).

Estrogen Indirectly Suppresses B Cell Number—The require-
ment of osteocyte RANKL for the increase in B cells by estrogen
deficiency suggests that estrogen controls B cell number indi-
rectly. However, it is possible that a direct effect is also required.
To address this question, we deleted ER�, encoded by the Esr1
gene, from B lymphocytes using CD19-Cre mice, which delete
target genes early in the B cell lineage (25). Deletion of the
conditional Esr1 allele occurred specifically in bone marrow
CD19� cells (Fig. 3A). Moreover, estrogen receptor � mRNA,
encoded by Esr2, was undetectable in this cell population and
not up-regulated by Esr1 deletion (Fig. 3B).

We then compared the effect of Esr1 deletion on the skeleton
and bone marrow B cells in sham-operated and ovariectomized
adult mice. Reduced uterine weight confirmed estrogen defi-
ciency in the ovariectomized groups of both Esr1f/f and Esr1�B

mice (Fig. 3C). Deletion of Esr1 from B cells did not alter bone
mass or the loss of bone caused by ovariectomy (Fig. 3, D–F).
Importantly, the percentage of CD19� B cells in the bone mar-
row was not affected by Esr1 deletion, nor was the increase in B
cells caused by ovariectomy (Fig. 3G). Moreover, quantification
of several stages of B lymphocyte development also showed no
difference between genotypes (Fig. 3, H–K). Taken together,
these results argue against a direct effect of estrogen on B cell
number in the bone marrow in either estrogen-replete or estro-
gen-deficient mice.

B Cells Do Not Act as Osteoclast Progenitors—Our findings
that Tnfsf11 deletion from either B cells or osteocytes pre-
vents the increase in both B cells and osteoclasts caused by
ovariectomy supports the idea that the increase in these two
cell types may be functionally linked. Many previous studies
have shown that isolated B cells can act as osteoclast progen-
itors when cultured in vitro with M-CSF and RANKL. How-
ever, the ability of B cells to act as osteoclast progenitors in
vivo has not been demonstrated. Therefore, we used lineage-
tracing studies to determine whether cells committed to the
B lymphocyte lineage could be redirected to the myeloid-
osteoclast lineage either in the estrogen-replete or estrogen-
deficient state.

First we confirmed that preparations of CD19� B cells iso-
lated from mouse bone marrow by magnetic beads could be
induced to form osteoclasts in vitro after exposure to M-CSF
and RANKL (Fig. 4A). We found that CD19� cells isolated to
96% purity formed osteoclasts under these conditions but that
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this required a higher concentration of cells and longer incuba-
tion time than CD19� cell preparations (Fig. 4, A–C). The
requirement for different conditions could be due to the need
for B cells to undergo a lineage switch. Alternatively, the oste-

oclasts in these cultures may form from contaminating mye-
loid-lineage cells, and the higher cell number and culture
period may be required for these cells to expand to sufficient
numbers for osteoclast formation.

FIGURE 2. Deletion of Tnfsf11 from osteocytes prevents the increase in bone marrow B cells after ovariectomy. A–D, percentage of B cells, T cells,
monocytes, and erythrocyte progenitors in bone marrow analyzed by flow cytometry (n � 5– 6). OVX, ovariectomized. E, bone marrow cells isolated using
anti-CD19 magnetic beads were counted using a cellometer Auto 2000 (Nexcelom Bioscience) (n � 3). F, percentage of B cells, T cells, monocytes, and
erythrocytes in bone marrow of Tnfsf11f/f and Tnfsf11�Ot mice by flow cytometry (n � 8). G and H, real time RT-PCR of IL-7 and CXCL12 mRNA in lumbar vertebra
(n � 9 –11). *, p � 0.05.
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To determine if the osteoclasts in these cultures differenti-
ated from cells of the B lymphocyte lineage, we crossed CD19-
Cre mice, which cause recombination in all B cells, with tdTo-
mato Cre-reporter mice. In the offspring of this cross, bone
marrow B cells were efficiently and specifically labeled with the
tdTomato fluorescent protein (supplemental Fig. 2). We per-
formed ovariectomy or sham operations on these mice and iso-
lated CD19-positive cells from bone marrow by magnetic beads
(supplemental Fig. 2). Freshly isolated B cells from either sham-

operated or ovariectomized mice displayed robust tdTomato
fluorescence (Fig. 5A). However, the osteoclasts formed from
these same preparations did not display tdTomato fluorescence
(Fig. 5B), suggesting that the osteoclasts formed from contam-
inating myeloid-lineage cells. It is also possible that B cells and
contaminating myeloid cells both contributed to osteoclast for-
mation but that the fluorescence from the B cells was diluted to
the point of being undetectable. To identify the lower limit of
detection from such a contribution, we marked bone marrow

FIGURE 3. Deletion of Esr1 from B cells does not alter bone mass or B cell number. 6-Month-old female Esr1f/f and Esr1�B mice were either sham-operated
or ovariectomized (OVX) and killed 6 weeks later. A, real time PCR quantification of Esr1 genomic DNA in CD19� cells, CD19� cells, muscle, kidney, and liver (n �
3– 8). B, real time RT-PCR of Esr1 and Esr2 mRNA in ovary and CD19� cells in Esr1f/f and Esr1�B mice (n � 6 –11). N.D., not detected. C, uterine weight (n � 9 –13
animals per group). D, �CT images of vertebral cancellous bone and femoral cortical bone. Bar � 500 �m. E, bone volume over tissue volume (BV/TV) of
cancellous bone measured in lumbar vertebra by �CT (n � 9 –13). F, cortical thickness of the femoral midshaft measured by �CT (n � 9 –13). G–K, percentage
of B cell populations in bone marrow measured by flow cytometry: total B cells (B220�/CD19�), pro-B cells (B220lo/CD43�/CD19�/IgM�), pre-B cells
(B220 lo/CD43�/CD19�/IgM�), immature B cells (B220 lo/CD43�/CD19�/IgM�), mature B cells (B220 hi/CD43�/CD19�/IgM�) (n � 5– 8). *, p � 0.05.
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macrophages (BMMs) using LysM-Cre;tdTomato mice and
mixed these with increasing amounts of unmarked BMMs and
found that we could still detect tdTomato-positive osteoclasts
even when only 2% of the cells in the culture were from
LysMCre;tdTomato mice (Fig. 5C). Thus, the majority of oste-
oclasts formed in cultures from purified B cells are not derived
from B cells but are likely derived from contaminating myeloid
cells. More importantly, all osteoclasts on the cancellous bone
surface of LysM-Cre;tdTomato mice were tdTomato-positive
but none was positive in either sham-operated or ovariecto-
mized CD19-Cre;tdTomato mice (Fig. 6 and supplemental Fig. 3).
Based on these results we conclude that B cells do not differen-
tiate into osteoclasts under normal physiological conditions or
during estrogen deficiency.

Discussion

We have shown previously that RANKL produced by osteo-
cytes is required for the increase in bone resorption caused by
either hind limb unloading or dietary calcium deficiency (6, 8).
Herein we show that osteocyte RANKL is also required for the
increase in resorption caused by estrogen deficiency. One

important difference between these earlier studies and the
present work is that both unloading and calcium deficiency
increase levels of Tnfsf11 mRNA in osteocyte-enriched bone,
but this did not occur with estrogen deficiency, nor were
changes in Tnfrsf11b mRNA observed. Thus RANKL expres-
sion by osteocytes is permissive for the increase in osteoclast
number and did not appear to be a direct target of estrogen.
Consistent with this finding, deletion of ER� from osteocytes
has no effect on osteoclast number (26, 27). We and others have
shown that the amount of soluble RANKL protein in bone mar-
row supernatants does increase with either estrogen or andro-
gen deficiency (12, 28, 29). However, whether this increase in
soluble RANKL contributes to the increase in bone resorption
caused by these conditions is unknown.

The Dmp1-Cre transgene used in this study also causes
recombination in osteoblasts (6, 30). We have shown previously
that deletion of Tnfsf11 using a Sost-Cre transgene that does not
delete in osteoblasts or lining cells leads to the same reduction
in osteoclasts as deletion using the Dmp1-Cre transgene (30).
Based on this, we concluded that osteocytes, not osteoblasts or
lining cells, are the major source of RANKL involved in oste-

FIGURE 4. Osteoclastogenic potential of B cell preparations. A, diagram showing method to culture osteoclasts from isolated bone marrow cells. 5 � 105

CD19� cells and 1.5 � 104 CD19� cells were plated per well of 48-well plates and cultured for 5 or 8 days. B, flow cytometric analysis of cells isolated by
magnetic beads. C, TRAP staining of osteoclasts from CD19� and CD19� cells after incubation with M-CSF and RANKL. Left, low magnification; scale bar, 200
�m. Right, high magnification; scale bar, 50 �m.
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oclast formation. This finding together with our observation
that Tnfsf11 mRNA levels were unaffected by ovariectomy sup-
ports the conclusion that RANKL produced by osteocytes is
responsible for supporting osteoclast formation in estrogen-
replete and estrogen-deficient mice. It has been reported
recently that the Dmp1-Cre transgene targets a subset of stro-
mal cells designated Cxcl12-abundant reticular (CAR) cells
(31). CAR cells are also targeted by an Osx1-Cre transgene (24),
and we have shown that deletion of Tnfsf11 using this same
transgene beginning at 4 months of age does not alter osteoclast
number (6), indicating that CAR cells do not supply RANKL for
osteoclast formation.

We also found that osteocyte RANKL contributes to the
number of B lymphocytes in the bone marrow of estrogen-

replete mice and is required for the increase caused by estrogen
deficiency. The latter finding was unexpected given that
RANKL produced by B lymphocytes themselves is also required
for this phenomenon (12). The mechanisms by which osteocyte
RANKL controls B cell number are unclear but appear to be
indirect as deletion of the receptor for RANKL from B cells does
not alter B cell number (19). One possibility is that the low level
of bone remodeling in Tnfsf11�Ot mice may have reduced B cell
number by reducing the amount of support factors supplied by
osteoblast-lineage cells.

Consistent with this idea, multiple lines of evidence suggest
that there is a linkage between the number of osteoblasts on
cancellous bone and the number of B lymphocytes in the bone
marrow. For example, ablation of osteoblasts reduces B cell

FIGURE 5. CD19-Cre does not label osteoclasts in vitro. A, images of tdTomato fluorescence in CD19� cells immediately after isolation from mice of the genotypes
indicated at the left. tdTomato fluorescence is in red, 20�magnification. B, fluorescent and brightfield images of osteoclasts in cultures of CD19�cells from mice of the
indicated genotypes after 8 days of culture. tdTomato fluorescence is in red, DAPI nuclear staining is in blue, and TRAP staining in the brightfield image is in red. Scale
bar, 20 �m. C, fluorescence and brightfield images of osteoclast cultures containing different ratios of BMM from LysM-Cre;tdTomato and tdTomato mice. The ratio of
LysM-Cre;tdTomato to tdTomato cells decreased from left to right. The top panels are fluorescent images with tdTomato fluorescence in red and DAPI fluorescence in
blue. The bottom panels are brightfield images showing TRAP staining in red. Scale bar, 50 �m.
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number before reductions in other hematopoietic lineages (32).
In addition, suppression of PTH receptor signaling specifically
in osteoblasts reduces B cell number (22). Perhaps most rele-
vant to the current work, suppression of bone remodeling by
administration of bisphosphonates is sufficient to reduce the
number of osteoblasts on the bone surface and the number of B
cells in the bone marrow of mice (23, 33).

Many of these previous studies include evidence that osteo-
blast-lineage cells support B cell development by expressing
IL-7 and CXCL-12 (22, 23, 32). We found that IL-7 and
CXCL-12 mRNAs were elevated by ovariectomy in control
mice but not in Tnfsf11�Ot mice. Consistent with this, others

have shown that IL-7 protein in bone marrow fluid is elevated at
7 or 14 days after ovariectomy (34, 35). These results together
with evidence that osteoblast-lineage cells are an essential
source of the IL-7 and CXCL-12 involved in B cell production
(21, 24) support the idea that the failure to increase B cells in
Tnfsf11�Ot mice is a consequence of a failure to increase osteo-
blast number. It is also possible that cells of the osteoblast lin-
eage are direct targets of estrogen, as in vitro studies have
shown that estrogen suppresses B cell growth factors in bone
marrow stromal cell cultures, which contain osteoblast progen-
itors (36, 37). It is also possible that the failure of these cytokines
to increase in Tnfsf11�Ot mice is due to direct regulation of IL-7

FIGURE 6. CD19-Cre does not label osteoclasts in vivo. Shown are fluorescence and bright field microscopy images of histological frozen sections of lumbar
vertebra from LysM-Cre;tdTomato mice, tdTomato mice, and CD19-Cre;tdTomato mice. Images on the left are fluorescence showing tdTomato-positive cells
in bone and bone marrow. Images on the right are brightfield images of the same sections after staining for TRAP activity. Scale bar, 20 �m.
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and CXCL-12 genes by RANK signaling. However, we did not
observe any change in the levels of either IL-7 or CXCL-12
mRNA in bone marrow osteoblasts treated with 100 ng/ml
RANKL for 24 h (data not shown), arguing against this scenario.

An increase in B cell number is one of the most consistently
observed changes in the bone marrow of estrogen-deficient
mice (10, 11, 39). Because this increase is coincident with bone
loss and because of the juxtaposition of the bone marrow with
bone matrix, Suda and co-workers (40) proposed a causal link
between the increase in B cell number and the elevated bone
resorption caused by estrogen deficiency. Consistent with their
idea, administration of IL-7 to estrogen-replete mice was suffi-
cient to increase not only B cell number but also osteoclast
number and bone resorption (40). Mature B cells, however, do
not appear to be required as similar amounts of bone were lost
after ovariectomy in mice with and without mature B cells (41).

B cells may also contribute to the bone loss that occurs in
estrogen-deficient humans. Comparison of bone marrow cells
from pre-menopausal, post-menopausal, and estrogen-treated
post-menopausal women revealed higher levels of RANKL on
the surface of B cells in post-menopausal women not receiving
estradiol (42). Although an increase in total B cells was not
noted in this study, a second study reported a decrease in the
number of bone marrow cells expressing RANKL in post-men-
opausal women after 3 weeks of estradiol treatment (43).
Although the identity of the RANKL-expressing cells in this
latter study was not determined, the cells were in the flow-
cytometric fraction that contains lymphocytes. Consistent with
the idea that B cells may increase in estrogen-deficient women,
administration of estradiol or raloxifene to post-menopausal
women reduces circulating levels of IL-7 (44, 45).

If the increase in B cell number contributes to the increase in
osteoclast number, our current study demonstrates that they
do this by some mechanism other than by acting as osteoclast
progenitors. Although multiple studies utilizing purified B cells
have demonstrated that these preparations can produce oste-
oclasts in vitro, our lineage-tracing studies demonstrate that B

cells cannot act as osteoclast progenitors in vivo. Based on this
and on our in vitro lineage-tracing studies we conclude that the
osteoclasts formed after culture of isolated B cells must be
derived from contaminating myeloid cells. A similar conclusion
was reached by Aguila and co-workers (46), who demonstrated
that more highly purified B cell preparations failed to generate
osteoclasts in vitro.

The current results together with earlier findings regarding
RANKL produced by B cells and ER� produced by osteoclasts
suggest the following model to explain the cancellous bone loss
caused by estrogen deficiency (Fig. 7). First, loss of estrogen
action directly on osteoclasts allows their number to increase,
which in turn elevates osteoblast number. RANKL produced by
osteocytes is permissive for this increase. The increase in
remodeling increases the number of B lymphocytes in the bone
marrow due to elevated production of factors such as IL-7 and
CXCL-12 by osteoblast-lineage cells. The increase in these fac-
tors may be due to an increased number of osteoblasts as well as
to loss of estrogen inhibition of their expression in stromal cells.
The increase in B cell number then introduces additional
RANKL into the system, which promotes even more osteoclast
formation, resulting in a feed-forward loop and bone loss. The
ability of B cell RANKL to promote bone resorption is high-
lighted by the recent finding that activation of mTOR in B cells
is sufficient to increase RANKL production in these cells and
stimulate osteoclast formation and bone loss (47). Overall, our
results support the contention that bone loss due to estrogen
deficiency in mice results from dysregulation of a complex set
of interactions between the skeletal and hematopoietic systems.

Experimental Procedures

Animals—To disrupt Tnfsf11 in mature osteoblasts and
osteocytes, Tnfsf11f/f mice (6) were crossed with mice harbor-
ing a Dmp1-Cre transgene (48). Mice used in the ovariectomy
experiments were littermates generated by crossing Tnfsf11f/f

with Dmp1-Cre;Tnfsf11f/f mice. To disrupt Esr1 in B lympho-
cytes, Esr1f/f mice (49) were crossed with CD19-Cre mice (25).

FIGURE 7. Bone and immune cell interactions during estrogen deficiency. Estrogens suppress bone resorption by acting directly on osteoclasts. However,
the increase in osteoclast number during estrogen deficiency requires RANKL from both osteocytes and B cells. The increase in B cells that occurs with estrogen
deficiency may contribute to osteoclast formation and may be a consequence of the increase in osteoblast number. It is also possible that the expression of
cytokines that support B cell formation by osteoblast-lineage cells is suppressed by estrogen.
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Mice used in the ovariectomy experiments were littermates
generated by crossing Esr1f/f mice with CD19-Cre;Esr1f/f mice.
Lineage-tracing studies were performed in tdTomato Cre-re-
porter mice (line Ai9) (50) after crossing with either CD19-Cre
or LysM-Cre (51) mice. All lines used in this study were back-
crossed into the C57BL/6J genetic background for �10 gener-
ations before the crosses described here. Offspring were geno-
typed by PCR using the following primer sequences: Cre-for,
5	-GCGGTCTGGCAGTAAAAACTATC-3	; Cre-rev, 5	-
GTGAAACAGCATTGCTGTCACTT-3	 (product size 102
bp); RANKLflox-for, 5	-CTGGGAGCGCAGGTTAAATA-3	;
RANKLflox-rev, 5	-GCCAATAATTAAAATACTGCAGG-
AAA-3	 (product size 108 bp (wild type) and 251 bp (floxed
allele)); ER�f/f-for, 5	-TCGTTTTGAATTAATTATGAAT-
GTCTG-3	, ER�f/f-rev, 5	-TTCATGTGTTGTGCAAAT-
AGC-3	 (product size 647 bp (wild type) and 933 bp (floxed
allele)); oIMR9020, 5	-AAGGGAGCTGCAGTGGAGTA-3	;
oIMR9021, 5	-CCGAAAATCTGTGGGAAGTC-3	; oIMR9103,
5	-GGCATTAAAGCAGCGTATCC-3	; oIMR9105, 5	-CTG-
TTCCTGTACGGCATGG-3	 (product size 297 bp (wild type)
and 196 bp (tdTomato)). Sham and ovariectomy operations
were performed at 6 –7 months of age for gene deletion studies
and at 3 months of age for lineage-tracing studies. Mice were
assigned to ovariectomy or sham groups based on bone mineral
density of the lumbar spine. Specifically, mice were rank-or-
dered by bone mineral density and then assigned the number 1
or 2, successively. Animals with the same number were
assigned to the same operation group to give identical group
means. Mice were euthanized 6 weeks after the operations. All
studies involving mice were approved by the Institutional Ani-
mal Care and Use Committees of the University of Arkansas for
Medical Sciences and the Central Arkansas Veterans Health-
care System.

Microcomputed Tomography (�CT)—Cortical and trabecu-
lar architecture was measured by �CT of the fourth lumbar
vertebra and femur. Soft tissue was removed from L4 vertebra
or femurs, which were then fixed in Millonig’s 10% formalin for
24 h and transferred gradually from 70% to 100% ethanol. Bones
were loaded into a 12.3-mm-diameter scanning tube and
imaged using a �CT (model �CT40, Scanco Biomedical, Brut-
tisellen, Switzerland). Scans were integrated into three-dimen-
sional voxel images (1024 � 1024 pixels) and a Gaussian filter
(sigma � 0.8, support � 1) was used to reduce signal noise. A
threshold of 200 was applied to all scans at medium resolution
(E � 55 peak kilovoltage, I � 145 �A, integration time � 200
ms). The entire vertebral body was scanned with a transverse
orientation. The cortical bone and the primary spongiosa were
manually excluded from the analyses. All trabecular measure-
ments were made by drawing contours every 10 –20 slices and
using voxel counting for bone volume per tissue volume and
sphere-filling distance transformation indices without pre-
sumptions about the bone shape as a rod or plate for trabecular
microarchitecture. Cortical thickness was measured at the fem-
oral mid-diaphysis. Calibration and quality control were per-
formed weekly using five density standards, and spatial resolu-
tion was verified monthly using a tungsten wire rod. Beam
hardening correction was based on the calibration records.

Flow Cytometry—Bone marrow cells were collected by
removing both ends of the femur and flushing out the cells with
PBS containing 3% FBS. Bone marrow cells were washed and
blocked with anti-mouse CD16/CD32 (mouse BD Fc-block; BD
Biosciences) for 5 min. The cells were then stained for 30 min
using the following antibodies: anti-CD19-APC-Cy7 (2 �g/ml)
and anti-CD45R/B220-PE-Cy7 (2.5 �g/ml) to identify B cells,
anti-CD3-FITC (5 �g/ml) to identify T cells, anti-CD11b-APC
(0.5 �g/ml) to identify monocytes-macrophages, and anti-
TER-119-PerCP/Cy5.5 (0.5 �g/ml) to identify erythroid cells.
Stages of B cell development were identified using the following
antibodies: anti-B220-FITC (2.5 �g/ml), anti-CD43-PE (2
�g/ml), anti-CD19-APC Cy7 (2 �g/ml), and anti-IgM-BV650
(2 �g/ml). All antibodies were purchased from BD Biosciences.
After washing to remove unbound antibodies, samples were
analyzed by a BD FACS Aria flow cytometer (BD Biosciences).
The data were analyzed using FlowJo Software (FlowJo, LLC,
Ashland, OR). Appropriate gates for the cell populations were
drawn with guidance of Fluorescence Minus One (FMO) con-
trols (BD Biosciences).

RNA Purification and Gene Expression—Tibal cortical bone
was prepared by removing the distal and proximal ends and
removing bone marrow cells by centrifugation at 13,000 � g for
2 min. Cortical bone was then stored at �80 °C before RNA
extraction. Total RNA was purified from bone or isolated cells
using TRIzol Reagent (ThermoFisher Scientific) according to
the manufacturer’s instructions. RNA was quantified using a
Nanodrop instrument (ThermoFisher Scientific), and RNA
integrity was verified by resolution on 0.8% agarose gels. 500 ng
of RNA was then used to synthesize cDNA using the High-
Capacity cDNA Reverse Transcription kit (ThermoFisher Sci-
entific) according to the manufacturer’s directions. Transcript
abundance in the cDNA was measured by quantitative PCR
using TaqMan Universal PCR Master Mix (ThermoFisher
Scientific) (52). The following Taqman assays were used:
Tnfsf11 (Mm0041908_m1); Tnfrsf11b (Mm00435452_m1);
IL-7 (Mm01295803_m1); CXCL12 (Mm00445553_m1); the
house-keeping gene Mrps2 (forward, 5	-CCCAGGATGG-
CGACGAT-3	; reverse, 5	-CCGAATGCTGTAATGGCGTAT-
3	; probe 5	-FAM-TCCAGAGCAGGATCC-NFQ-3	). Gene
expression was calculated using the �Ct method relative to
Mrps2 levels (53).

Genomic DNA Isolation—The distal and proximal ends of the
left femur were removed, and bone marrow cells were flushed
out completely with PBS. The surfaces of the bone shafts were
scraped with a scalpel to remove the periosteum and then cut
into a few small pieces. Bone pieces were decalcified in 14%
EDTA for 1 week. Soft tissues were dissected from animals,
frozen immediately in liquid nitrogen, and stored at �80 °C.
Decalcified bone and soft tissues were digested with proteinase
K (0.5 mg/ml in 10 mM Tris, pH 8.0, 100 mM NaCl, 20 mM

EDTA, and 1% SDS) at 55 °C overnight. Genomic DNA was
then isolated by phenol/chloroform extraction and ethanol
precipitation. Two custom Taqman assays were designed for
quantifying Tnfsf11 gene deletion efficiency: one specific for
sequences between the loxP sites (forward, 5	-GCCAGTGGA-
CTTACTCAAACCTT-3	; reverse, 5	-GGTAGGGTTCAAC-
TGAAGGGTTTA-3	; probe, 5	-FAM-CCTCCTCCTCATG-
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GTTTAGTNFQ-3	) and the other specific for sequences
downstream from the 3	 loxP site (forward, 5	-GGTGCCGTG-
CATTATCCTAGAC-3	; reverse, 5	-AAGTAATGTGACCC-
TTGGAGAACTG-3	; probe, 5	-FAM-CTAGCACACGTG-
CCTGCTNFQ-3	).

Histology—Sections for histomorphometry were obtained
from lumbar vertebrae (L1-L3) by fixing them for 24 h in Mil-
lonig’s 10% formalin followed by decalcification in 14% EDTA,
pH 7.1, for 1 week, dehydration, paraffin-embedding, and cut-
ting 5-�m longitudinal sections. After removal of paraffin and
rehydration, the sections were stained for tartrate-resistant
acid phosphatase (TRAP) activity and counterstained with
methyl green. The number and the surface of TRAP-positive
cells on the cancellous perimeter (osteoclast number and sur-
face) were measured using an Olympus BX53 microscope and
Olympus DP73 camera (Olympus Corp.) interfaced with a dig-
itizer tablet with OsteomeasureTM software version 4.1.0.2
(OsteoMetrics Inc). Histomorphometry measurements were
made in a blinded fashion. The terminology used in this study
has been recommended by the Histomorphometry Nomencla-
ture Committee of the American Society for Bone and Mineral
Research (54). Sections for lineage-tracing studies were
obtained from lumbar vertebrae by fixing overnight in 4% para-
formaldehyde at 4 °C followed by decalcification in 14% EDTA
for 1 week and immersion in 30% sucrose for a minimum of 1
day. Bones were then embedded in Cryo-Gel (Electron Micros-
copy Sciences, Hatfield, PA) for frozen sectioning. 4-�m sec-
tions were obtained using a Leica cryostat with tape transfer
system (Leica Microsystems LM3050S, Buffalo Grove, IL). The
sections were imaged on the Olympus BX53 microscope using
a DAPI/FITC/Texas Red triple filter cube. The same sections
were subsequently stained for TRAP activity and counter-
stained with methyl green, after which brightfield images were
obtained.

Isolation of B Cells Using Magnetic Beads—B cells were iso-
lated with a magnetic cell isolation system (MACS; Miltenyi
Biotec, Bergisch Gladbach, Germany). After the column was
flushed with ice-cold PBS, 1% BSA, cells labeled with anti-CD19
antibody-conjugated magnetic beads were applied to the col-
umn. Unbound cells were washed out with 3 column volumes of
PBS, 1% BSA. The column was further washed with 3 volumes
of PBS, 1% BSA. After the steel wool column was removed from
the external magnetic field, bound cells were eluted and ana-
lyzed by flow cytometry.

Osteoclast Culture—BMMs were prepared as described pre-
viously (18). Briefly, bone marrow cells were isolated from tibia
and femur by flushing with PBS. Bone marrow cells were plated
in �-10 medium (�-minimum Eagle’s medium, 10% heat-inac-
tivated FBS, 1% penicillin-streptomycin-L-glutamine solution),
and 1⁄10 volume of CMG 14 –12 (conditioned medium superna-
tant containing recombinant M-CSF at 1 mg/ml) (38) in Petri
dishes. Cells were cultured for 4 –5 days with fresh media, and
CMG 14 –12 supernatant was replaced every other day. To gen-
erate osteoclasts, BMMs were harvested and re-plated in
medium containing 1⁄100 volume of CMG 14 –12 supernatant
and 100 ng/ml concentrations of recombinant RANKL and cul-
tured until large multinucleated cells formed (4 – 6 days). For
osteoclastogenesis using CD19� cell preparations, CD19� and

CD19� cells were isolated using magnetic beads then cultured
in the presence of 1⁄100 volume CMG 14 –12 supernatant and
100 ng/ml RANKL. Osteoclast formation was detected after 5
or 8 days.

Statistics—Data were analyzed using SigmaStat (SPSS Sci-
ence, Chicago, IL). Two-way analysis of variance was used to
detect statistically significant treatment effects after determin-
ing that the data were normally distributed and exhibited
equivalent variances. In some cases log or ranks transforma-
tions were used to obtain normally distributed data and equal
variance. This was followed by all pairwise comparisons using
Tukey’s procedure. For experiments involving comparison of
only two groups, Student’s t test or two-sample test with mul-
tiple comparisons was used. p values less than 0.05 were con-
sidered as significant. All quantitative results are presented as
box and whisker plots in which the boundary of the box closest
to zero indicates the 25th percentile, the line within the box
marks the median, and the boundary of the box farthest from
zero indicates the 75th percentile. Whiskers (error bars) above
and below the box indicate the 90th and 10th percentiles, and
values outside the 90th and 10th percentiles are shown as indi-
vidual points.
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