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ABSTRACT Estrogen deficiency caused by ovariectomy
(OVX) results in a marked bone loss due to stimulated bone
resorption by osteoclasts. During our investigations of the
pathogenesis of bone loss in estrogen deficiency, we found that
OVX selectively stimulates B-lymphopoiesis which results in
marked accumulation of B220-positive pre-B cells in mouse
bone marrow. To examine the possible correlation between
stimulated B-lymphopoiesis and bone loss, 8-week-old female
mice were treated with interleukin (IL) 7, which stimulates
B-lymphopoiesis in bone marrow. We also examined bone
mass in IL-7 receptor-knockout mice that exhibit marked
suppression of B-lymphopoiesis in the bone marrow. The
increased B-lymphopoiesis induced by IL-7 administration
resulted in marked bone loss by stimulation of osteoclastic
bone resorption in mice with intact ovarian function. The
changes in both B-lymphopoiesis and bone mass in IL-7-
treated female mice were similar to those in age-matched OVX
mice. In contrast, the trabecular bone volume of the femur was
greatly increased in both female and male IL-7 receptor-
knockout mice when compared with the respective wild-type
and heterozygous littermates. These results show that the
perturbation of B-lymphopoiesis in the bone marrow is closely
linked to the change in bone mass. We propose here that the
increased B-lymphopoiesis due to estrogen deficiency is in-
volved in the mechanism of stimulated bone resorption.

Estrogen deficiency results in a marked bone loss due to
increased bone resorption by osteoclasts. The pathologic bone
loss induced by menopause can be restored by estrogen
replacement, but the mechanism underlying this phenomenon
remains unknown. There is a close relation between bone
remodeling and hemopoiesis in bone marrow. We have re-
ported that an estrogen deficiency caused by ovariectomy
(OVX) selectively stimulates B-lymphopoiesis, resulting in
marked accumulation of pre-B cells in mouse bone marrow (1).
In contrast, B-lymphopoiesis is significantly reduced in bone
marrow of pregnant mice with high plasma levels of estrogen
(2). Like estrogen deficiency, androgen deficiency also results
in bone loss and enhanced B-lymphopoiesis in bone marrow in
male mice (3). These findings suggest that sex steroids some-
how regulate growth and differentiation of B cell precursors.
However, whether the increased B-lymphopoiesis by sex ste-
roid deficiency is related to stimulated bone resorption is not
known.

There is a close relationship between bone remodeling and
hemopoiesis in bone marrow (4, 5). Various cytokines such as
interleukin (IL) 1, IL-4, IL-6, IL-7, IL-11, and IL-13 are

involved in the growth and differentiation of hemopoietic cells.
Most of the cytokines are also involved in bone remodeling
(6–10). Recent studies indicated the possible involvement of
bone-resorbing cytokines such as IL-1, IL-6, and tumor ne-
crosis factor a (TNF-a) in bone loss due to estrogen deficiency.
Pacifici and coworkers (6, 11, 12) reported that estrogen
inhibited IL-1 secretion by monocytes, and that an estrogen
deficiency allowed monocytes to secrete more IL-1 and tumor
necrosis factor a. Manolagas and coworkers (13, 14), on the
other hand, reported that IL-6 was involved in the stimulation
of bone resorption induced by estrogen deficiency. We re-
ported that the enhanced bone resorption in OVX mice was
due to cooperative effects of several local factors including
IL-1, IL-6, and prostaglandins (15). These results suggest that
the bone-resorbing cytokines are involved in the stimulated
bone resorption due to estrogen deficiency.

It is well established that stromal cells play a key role in
hemopoiesis in bone marrow (16–18). Adhesion molecules
such as vascular cell adhesion molecule 1 expressed on bone
marrow stromal cells is involved in the development of B cells,
in particular in an early stage of B cell differentiation (18). In
addition, bone marrow stromal cells support the development
of B lymphocytes by a mechanism involving various growth
factors including IL-7, which is produced by stromal cells. In
both IL-7- and IL-7 receptor-deficient mice generated by the
respective gene inactivation, the number of B lymphocytes is
markedly reduced (19, 20). This suggests that the impairment
of B-lymphopoiesis can be induced by the depletion of IL-7
signals in animals with intact ovarian function.

Estrogen suppresses both B-lymphopoiesis and bone resorp-
tion, and its deficiency stimulates both of them. In the present
study, female mice with intact ovarian function were given IL-7
twice a day for 20 days to examine the possible correlation
between stimulated B-lymphopoiesis and bone loss. We also
examined bone mass in IL-7 receptor-knockout mice that
exhibit marked suppression of B-lymphopoiesis in bone mar-
row. The increased B-lymphopoiesis induced by IL-7 admin-
istration resulted in marked bone loss in mice with intact
ovarian function. In contrast, the trabecular bone volume of
the femur was greatly increased in IL-7 receptor-knockout
mice when compared with the wild-type littermates. We
propose here that the increased B-lymphopoiesis due to es-
trogen deficiency is involved in the mechanism of stimulated
bone resorption.

MATERIALS AND METHODS

Animals. Eight-week-old female mice of the ddy strain were
obtained from Shizuoka Laboratory Animal Center (Shi-
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zuoka, Japan). IL-7 receptor-knockout mice were generated
using an IL-7 receptor disruption vector by replacing exon 2 of
the IL-7 receptor gene with a neomycin-resistant cassette (19).
E14-1 embryonic stem cells targeted with the IL-7 receptor
gene were injected into blastocysts of C57BLy6 mice (19).
Chimeric animals were bred with C57BLy6 mice, and the male
and female mice of the F3 generation were used for the present
study. Mice were maintained under specific pathogen-free
conditions.

Study Protocols. Female mice of the ddy strain were given
subcutaneously 500 ng of recombinant mouse IL-7 dissolved in
PBS containing 0.1% BSA twice a day for 20 days. Control
mice were treated with vehicle solution (PBSy0.1% BSA)
according to the same protocol. In another series of experi-
ments, mice received either sham-operation or OVX and were
fed a laboratory chow containing 1.15% calcium and 0.88%
phosphorous for 4 weeks after operation. Then the uterine
weight was measured, and the right and left tibiae were
removed to prepare bone marrow cells. Urine samples were
collected, and the excretion of pyridinoline measured by an
ELISA kit (Metra Biosystems, Mountain View, CA) was
expressed as pyridinolineycreatinine (nMymM). The remain-
ing right and left femora were used for radiographic analysis.
Finally, the left femur was used for histological analysis, and
the right was used to measure bone mineral density (BMD)
and scan bone architecture by micro-computed tomography
(mCT).

Flow Cytometric Analysis. Bone marrow cells were stained
with f luorescein isothiocyanate (FITC)-conjugated B220
(RA3-6B2; PharMingen) or Gr-1 (RB6-8C5, PharMingen),
and analyzed on a flow cytometer (FACScalibur, Becton
Dickinson). For two-color analysis, cells were stained with
FITC-B220 and phycoerythrin-labeled anti-IgM m-chain anti-
body (Tago). As a negative control, FITC rat IgG was used.

Histological and Radiographic Analyses of Cancellous
Bone. Radiographic analysis of the femora was performed
using a soft x-ray system. BMD of the femur was measured by
dual x-ray absorptiometry (model DCS-600R; Aloka, Tokyo).
The bone mineral content (BMC) of mouse femur was closely
correlated with the ash weight (r 5 0.978). BMD was calcu-
lated by BMC and the measured area. The scanned area was
divided into three parts: proximal metaphysis, diaphysis, and
distal metaphysis. For histomorphometry, the distal metaph-
ysis of the left femur was fixed with 70% ethanol and embed-
ded in glycol methacrylate, and 3-mm-thick sections were
stained for tartrate-resistant acid phosphatase (TRAP) and
examined under a light microscope. The mean number of
osteoclasts in each millimeter of the trabecular bone surface
was determined in the area (1.08 mm2) of the secondary
spongiosa of the distal metaphysis. In the same area, bone
resorption surface, expressed as percent erosion surfaceybone
surface, was also determined according to the method of
Parfitt et al. (21).

Three-Dimensional Analysis by mCT. The femoral cancel-
lous bone of the distal metaphysis was analyzed three-
dimensionally by the mCT system (mCT-20; Scanco Medical,
Zurich), as reported by Ruegsegger et al. (22). The mean tissue
volume of the scanned area was 0.44 mm3 in the trabecular
bone of the femoral distal metaphysis, which did not include
any cortical bone. Using two-dimensional data from 200
scanned slices, three-dimensional analysis was performed to
calculate morphometric indices such as bone volume density
[bone volume (BV)ytissue volume (TV)], trabecular thickness
[Tb.Th 5 2 3 BVybone surface (BS)], trabecular number
[Tb.N 5 (BVyTV)yTb.Th], and trabecular separation
[Tb.Sp 5 (1yTb.N) 2 Tb.Th]. The indices were calculated by
the same algorithm as reported by Parfitt et al. (21).

RESULTS AND DISCUSSION

Comparison of Stimulation of B-Lymphopoiesis Between
IL-7 Treatment and Estrogen Deficiency in Mice. IL-7 is a
growth factor responsible for early B cell differentiation, which
selectively supports the growth of pre-B cells in vitro and in vivo
(17, 23, 24). When female mice were treated with IL-7, the
number of B220-positive B cells was selectively increased on
days 4–20 (Fig. 1a Left). Other hemopoietic cells including
Gr-1-positive granulocytes were not significantly affected by
the treatment with IL-7 (data not shown). The number of
B220-positive cells in the IL-7-treated mice reached 48% of the
total nucleated cells in the bone marrow, which was similar to
that in OVX mice 2 weeks after operation (Fig. 1a Right). In
the vehicle-treated mice, B220-positive cells were separated

FIG. 1. Comparison of the increased B-lymphopoiesis in bone
marrow between the IL-7-treated female mice and OVX mice. (a) The
number of B220-positive bone marrow cells was counted by flow
cytometric analysis on days 4–20 in the vehicle- and IL-7-treated
female mice (Left). The number of B220-positive cells in bone marrow
was also counted in sham-operated and OVX mice 2 weeks after
operation (Right). (b) Results of the flow cytometric analysis of
B220-positive bone marrow cells were compared between the vehicle-
and IL-7-treated female mice on day 14, and between the sham-
operated and OVX mice 2 weeks after operation. Note that the
proportion of B220-positive cells was markedly increased in the
IL-7-treated mice compared with the vehicle-treated controls (% of
positive cells shown in M2: vehicle, 27%; IL-7, 48%), and in the OVX
mice mice compared with the sham-operated controls (sham, 28%;
OVX, 49%). (c) Two-color immunofluorescence analysis was per-
formed with bone marrow cells collected from the vehicle- and the
IL-7-treated female mice on day 14 using FITC-B220 and phyco-
erythrin-anti-IgM m-chain (PE-m).
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into two subpopulations, peak I (B220low) and peak II
(B220high) (Fig. 1b). Peak I was weakly stained with anti-B220
antibody, whereas peak II showed intense staining. B220high

cells were mature B cells, and B220low cells consisted of
immature B cells including pre-B cells in mouse bone marrow
(25). In the IL-7-treated mice, most of the B220-positive cells
appeared in peak I. The proportion of B220-positive cells in the
IL-7-treated mice was similar to that in OVX mice (Fig. 1b).
Fig. 1c shows a two-color analysis of bone marrow cells using
FITC-labeled B220 and phycoerythrin-labeled m-chain of IgM
in vehicle- and IL-7-treated mice. In vehicle-treated normal
mice, most of the B220high cells were m-positive (B220highzm1:
quadrant A), whereas 70% of the B220low cells were negative
for m-chain (B220lowzm2: quadrant C) and the rest (30%) of the
B220low cells were positive for m-chain (B220lowzm1: quadrant
B). The overall percentages of quadrants A, B, and C were
8.1%, 5.2%, and 13.7%, respectively. In the IL-7-treated mice,
however, the population of quadrant A disappeared almost
completely, whereas those of both quadrants B and C were
markedly increased. The overall percentages of quadrants A,
B, and C were 0.7%, 14.3%, and 29.1%, respectively. The ratio
of quadrant ByC was 7:3 and was not changed by the IL-7
treatment. Therefore, it is concluded that the treatment with
IL-7 and estrogen deficiency commonly induce B-lymphopoi-
esis, resulting in accumulation of pre-B cells in mouse bone
marrow. The uterine weight was markedly reduced in OVX
mice, whereas IL-7 treatment had no effect (data not shown),
indicating that the IL-7-induced B-lymphopoiesis is not related
to ovarian function.

IL-7 Treatment Induces Bone Loss in Mice, as Estrogen
Deficiency Does. To examine the relationship between the
perturbation of B-lymphopoiesis and the change in bone mass,
the density of mineralized cancellous bone was analyzed using
femora of IL-7-treated female mice. Radiographic analysis
revealed that the mineralized cancellous bone was significantly
decreased, especially in the distal metaphysis of the femur in
the IL-7-treated mice (Fig. 2a). The BMD was significantly
reduced in the femoral metaphysis by the treatment with IL-7,
compared with that in the vehicle-treated mice (Fig. 2b). The
degree of bone loss induced by IL-7 was quantitatively similar
to that induced by estrogen deficiency (Fig. 2b). The BMD in
the femoral diaphysis was not changed appreciably by either
IL-7 treatment or estrogen deficiency (data not shown). The
urinary excretion of pyridinoline was significantly elevated by
the treatment with IL-7 on day 20 [vehicle, 281 6 36 nMymM
(pyridinolineycreatinine); IL-7, 671 6 150 nMymM]. This
suggests that the bone loss by the treatment with IL-7 is due
to increased bone resorption.

Histological analysis of femoral sections showed a marked
loss of cancellous bone in the IL-7-treated mice, compared
with the vehicle-treated controls (Fig. 3a). The number of
TRAP-positive osteoclasts was markedly increased in the
secondary spongiosa of the distal metaphysis in the IL-7
treated mice (Fig. 3b). In the same area, bone resorption
surface expressed as percent erosion surfaceybone surface was
also increased in IL-7-treated mice (vehicle, 22.9 6 1.3%; IL-7,
38.2 6 1.9%). These results clearly show that the treatment
with IL-7 stimulates osteoclastic bone resorption in vivo. To
confirm the changes in cancellous bone evoked by IL-7 treat-
ment, bone morphometric analysis was performed using mCT
in the trabecular bone of the distal femoral metaphysis. Recent
studies have shown that mCT scanning and its three-
dimensional analysis are extremely useful for imaging and
quantification of the volume of trabecular bone (22). The scan
was focused on the area of trabecular bone and bone marrow
in the metaphysis, and the morphometric indices were calcu-
lated. The distinct plate-like structure of bone could be easily
seen in the vehicle-treated mice, and the connecting rods were
well maintained (Fig. 3c Left). In the IL-7-treated mice,
however, the plate-like structure was partially destroyed and

many of the connecting rods were missing (Fig. 3c Right).
Treatment with IL-7 markedly reduced the bone volume
density (BVyTV) and trabecular thickness (Tb.Th), and en-
hanced the trabecular separation (Tb.Sp) as determined by
mCT analysis (Fig. 3d). The increase in Tb.Sp indicated that the
osteoclastic bone resorption was stimulated, which resulted in
enhanced separation of trabecular rods. The IL-7-induced
bone loss detected by mCT analysis (Fig. 3c) and the bone
morphometry indices (Fig. 3d) were consistent with the his-
tological findings shown in Fig. 3 a and b. In addition to the
radiographic data shown in Fig. 2, mCT analysis revealed that
increased bone resorption in the IL-7-treated mice occurred on
day 20, similarly to the OVX mice (data not shown). We
reported previously that IL-7 did not stimulate bone resorption
in fetal mouse long bones in organ culture (9). Therefore, it is
suggested that the change in bone marrow microenvironment
accompanying the increased B-lymphopoiesis stimulates oste-
oclastic bone resorption, resulting in bone loss in vivo.

Increased Cancellous Bone Volume in IL-7 Receptor-
Knockout Mice. To examine further the effects of perturbation
of B-lymphopoiesis on bone mass, we analyzed bone mineral
density of 22-week-old female IL-7 receptor-knockout mice.

FIG. 2. Increased B-lymphopoiesis by IL-7 treatment induces bone
loss, as estrogen deficiency does. (a) X-ray analysis of femora collected
from the vehicle- and IL-7-treated female mice on day 20, and from
the sham-operated and OVX mice 4 weeks after operation. Note that
marked bone loss occurred in the distal metaphysis of the femoral
cancellous bone in the IL-7-treated mice compared with the vehicle-
treated controls. The degree of bone loss due to IL-7 treatment was
similar to that in the OVX mice. (Lower) High power views of the
respective distal metaphyses (shown in the Upper panels). (b) BMD
was measured in the femoral distal metaphysis of mice shown in a
Lower. Data are expressed as means 6 SEM of nine animals. pp, P ,
0.01.
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The number of B-lymphocytes in bone marrow was markedly
reduced in the IL-7 receptor-knockout mice (Fig. 4a), which
was consistent with the previous reports by us (19) and other
investigators (20). A higher BMD was detected in the distal
metaphysis of the femora collected from the IL-7 receptor-
knockout mice compared with the age-matched wild-type
littermates (Fig. 4b). The BMD in the femoral diaphysis from
the IL-7 receptor-knockout mice was similar to that from the
wild-type controls (Fig. 4b). Three-dimensional analysis of the
mCT scanning results clearly showed a marked increase in the
volume of cancellous bone in the distal metaphysis of the
femora collected from the IL-7 receptor-knockout mice (Fig.
4c). The plate-like structure and connecting rods of trabecular
bone were more prominent in the IL-7 receptor-knockout mice

than in the wild-type littermates. The trabecular bone volume
density (BVyTV) was increased (2-fold), whereas the trabec-
ular separation (Tb.Sp) was reduced in the knockout mice,
compared with those in the wild-type controls (Fig. 4d). The
value of BVyTV of the 22-week-old wild-type mice (Fig. 4d)
was lower than that of 11-week-old vehicle-treated controls in
the experiments shown in Fig. 3d. This may have been due to
differences in the age and strain of mice used. Using mCT
analysis, it has been reported that the BVyTV in the trabecular
bone is markedly reduced by aging (22). The relationship
between the age-related bone changes and the B-lymphopoi-

FIG. 3. Histological analysis and mCT scanning of trabecular bone
collected from the vehicle- and IL-7-treated female mice on day 20. (a)
Histological sections of femoral metaphysis stained for TRAP. Note
that osteoclastic bone resorption was stimulated and loss of trabecular
bone occurred in the IL-7-treated mice. (b) The number of osteoclasts
(Oc. number) present in the trabecular bone surface was counted in
the area (1.08 mm2) of the secondary spongiosa of femoral metaphysis
using TRAP-stained sections from the vehicle- and IL-7-treated mice.
The results are expressed as means 6 SEM of nine animals. p, P , 0.01.
(c) The three-dimensional trabecular bone architecture of femoral
metaphysis collected from the vehicle- and IL-7-treated mice. Note
that the plate-like structure was markedly reduced and the connecting
rods of trabecular bone were lost in the IL-7-treated mice. (d) Bone
morphometry by three-dimensional analysis using mCT shown in c.
Morphometric indices were determined as described in Materials and
Methods. BVyTV, bone volume density (bone volumeytissue volume);
Tb.Sp, trabecular separation; Tb.Th, trabecular thickness. Data are
expressed as means 6 SEM of nine animals. p, P , 0.01.

FIG. 4. Increased bone volume and suppressed B-lymphopoiesis in
IL-7 receptor-knockout female mice. B-lymphopoiesis and bone vol-
ume were compared between 22-week-old IL-7 receptor-knockout
female mice (2y2) and the age-matched wild-type female littermates
(1y1). (a) Flow cytometry of B220-positive cells in bone marrow.
Note that B-lymphopoiesis was markedly suppressed in the IL-7
receptor-knockout female mice. (b) BMD in the distal metaphysis and
diaphysis of femur. (c) Three-dimensional architecture of trabecular
bone of femoral metaphysis. Note that the plate-like structure and the
connecting rods of trabecular bone were markedly increased in the
IL-7 receptor-knockout mice. (d) Bone histomorphometry in the IL-7
receptor-knockout mice. Morphometric indices were determined by
three-dimensional analysis of mCT scanning results. Note that the
cancellous bone volume was markedly increased, whereas the trabec-
ular separation was reduced in the IL-7 receptor-knockout mice,
compared with the age-matched wild-type littermates. Data are
expressed as means of two littermates for IL-7 receptor-knockout mice
and the age-matched wild-type controls, respectively. BVyTV, bone
volume density (bone volumeytissue volume); Tb.Sp, trabecular sep-
aration.
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esis-induced bone changes should be examined in more detail
in future.

To compare B-lymphopoiesis and bone volume between
female and male IL-7 receptor-knockout mice, we analyzed
the proportion of B220-positive cells in bone marrow and the
femoral BMD using 14-week-old IL-7 receptor-knockout mice
and their age-matched heterozygous mice. Both female and
male heterozygous mice possessed a normal range of B-
lymphocytes in bone marrow, the range of which was similar
to that in the wild-type mice shown in Fig. 4a (Fig. 5a). Not only
female but also male IL-7 receptor-knockout mice had a higher
BMD than the heterozygous mice (Fig. 5b). It is therefore
likely that the perturbation of B-lymphopoiesis is closely
related with bone mass in both sexes. Treatment of normal
female mice with a high dose of estrogen induced marked
suppression of B-lymphopoiesis in bone marrow and an in-
crease in bone mass by inhibiting osteoclastic bone resorption
(1, 26). These results suggest that the increased B-
lymphopoiesis due to estrogen deficiency is involved in the
mechanism of stimulated bone resorption.

Possible Mechanisms of the Relationship Between In-
creased B-Lymphopoiesis and Bone Loss. Estrogen deficiency
induces not only bone resorption but also B-lymphopoiesis in
female mice (1, 27). Androgen deficiency also induces both
bone loss and B-lymphopoiesis in male mice (3). The mech-

anism of the increased B-lymphopoiesis due to sex steroid
deficiency is not known at present, but it is likely that the
increased B-lymphopoiesis is involved in osteoclastic bone
resorption, leading to bone loss due to sex steroid deficiency.
To confirm this hypothesis, the effect of OVX on B-
lymphopoiesis and bone mass has to be examined in IL-7
receptor-knockout mice. This experiment is under way in our
laboratory.

Several lines of evidence have indicated that there is a
possible relationship between hemopoiesis and bone remod-
eling (4, 5, 12, 14, 15). Vascular cell adhesion molecule 1, an
adhesion molecule expressed on stromal cells, is essential for
not only B cell differentiation but also osteoclastogenesis in
bone marrow (18, 28). This suggests that there is a close
relationship between B-lymphopoiesis and osteoclastogenesis.
In addition, cell-to-cell interactions between hemopoietic cells
and bone marrow stromal cells could trigger production of
bone-resorbing cytokines by stromal cells. Adhesion of mul-
tiple myeloma cells to stromal cells triggers IL-6 secretion by
stromal cells (29, 30), which may be involved in increased bone
resorption in multiple myeloma. Adhesion of activated T cells
induces marked production of bone-resorbing cytokines such
as IL-1 and IL-6 by osteoblasts (31). Similarly, adhesion of
pre-B lymphocytes to bone marrow stromal cells could induce
the production of bone-resorbing cytokines including IL-6
(32), suggesting that the accumulation of pre-B cells in bone
marrow could trigger the induction of osteoclast formation and
bone resorption of trabecular bone in the metaphysis of long
bones. We have reported that bone marrow supernatants
collected from OVX mice stimulate bone resorption in vitro,
and that the bone-resorbing activity was suppressed by neu-
tralizing antibodies against IL-1, IL-6, and IL-6 receptors (15).
Taken together, the changes of cytokines such as IL-1, IL-6,
tumor necrosis factor a, and IL-7 have to be examined in more
detail to elucidate the mechanism of bone resorption associ-
ated with increased B-lymphopoiesis.

The present study indicates that the enhanced B-
lymphopoiesis by IL-7 administration markedly stimulates
bone resorption. A similar phenomenon is recognized in bone
loss due to estrogen deficiency. Further studies are needed to
confirm that the increased B-lymphopoiesis triggers off bone
loss in estrogen deficiency. Determination of the mechanism
of increased bone resorption induced by accumulated pre-B
cells in bone marrow could lead to understanding not only of
the relationship between hemopoiesis and bone metabolism,
but also of the pathogenesis of bone loss in postmenopausal
osteoporosis. It is important to examine B-lymphopoiesis in
postmenopausal women whether bone marrow microenviron-
ment accompanying increased B-lymphopoiesis is involved in
bone loss due to sex steroid deficiency in humans as well.
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