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Abstract

Wehave found that an estrogen deficiency causes a marked
increase in bone marrow cells. To examine the effect of
estrogen on hemopoiesis, we characterized the increased
population of bone marrow cells after ovariectomy (OVX).
In OVXmice, the percentage of myeloid cells and granulo-
cytes was decreased, whereas that of B220-positive B lym-

phocytes was selectively increased 2-4 wk after surgery.

The total number of myeloid cells and granulocytes did not
change appreciably, but that of B220-positive cells was

greatly increased by OVX. When OVXmice were treated
with estrogen, the increased B lymphopoiesis returned to
normal. B220-positive cells were classified into two subpopu-
lations, B220I0W and B220i9'h. The majority of the B220'W
cells were negative for the IgM ,u chain, whereas most of
the B220"'4" cells were ,i-positive. OVXselectively increased
the precursors of B lymphocytes identified by B2201w. ,u-
negative phenotype, suggesting that an estrogen deficiency
stimulates accumulation of B lymphocyte precursors. When
bone marrow-derived stromal cells (ST2) were pretreated
with estrogen then co-cultured with bone marrow cells in
the presence of estrogen, the stromal cell-dependent B lym-
phopoiesis was greatly inhibited. The present study suggests
that estrogen plays an important role in the regulation of B
lymphocyte development in mouse bone marrow. (J. Clin.
Invest. 1994. 94:1090-1097.) Key words: ovariectomy * he-
mopoiesis * B lymphocytes - estrogen * stromal cells

Introduction

An estrogen deficiency, caused by either menopause or removal
of the ovaries, results in a marked bone loss by increased osteo-
clastic bone resorption. The pathologic bone loss in this condi-
tion can be restored by estrogen replacement therapy, but the
mechanism underlying it is not known. Recent studies have
established a close relationship between bone remodeling and
hemopoiesis in bone marrow (1, 2). This suggests that the role
of estrogen in hemopoiesis is somehow related to the modula-
tion of bone remodeling by this steroid.

It is known that bone marrow stromal cells support the
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process of growth and differentiation of various hemopoietic
cells of the myeloid and lymphoid lineages (3-5). Soluble fac-
tors produced by stromal cells, such as 1L-6, IL-7, IL-il, and
macrophage colony-stimulating factor (M-CSF),' support the
proliferation and differentiation of hematopoietic cells. In addi-
tion, various cell adhesion molecules for cell-cell and cell-
matrix interactions are thought to be involved in the process of
hemopoiesis supported by bone marrow stromal cells (6-9).
The microenvironment for hemopoiesis in bone marrow also
plays an important role in bone remodeling. It is believed that
osteoclast progenitors are of hemopoietic origin, and they are
recruited from bone marrow. Osteoclast progenitors then prolif-
erate and differentiate into multinucleated osteoclasts in the
bone marrow microenvironment supported by stromal cells
(10). Wehave shown that both soluble factors (for example M-
CSF) and adhesion molecules produced by stromal cells are
indispensable for osteoclast differentiation (2, 10-12).

Recent studies on the role of estrogen in osteoclastic bone
resorption have focused upon the involvement of at least two
cytokines, IL-1 and IL-6. Pacifici et al. (13) have reported that
estrogen inhibits IL-1 secretion by peripheral blood monocytes
and that an estrogen deficiency allows monocytes to secrete
more IL- 1. IL- I is a potent inducer of osteoclastic bone resorp-
tion and macrophages have estrogen receptors. On the other
hand, Girasole et al. (14) have shown that IL-6 is overproduced
by bone marrow stromal cells during an estrogen deficiency.
Several lines of evidence have shown that IL-6 is involved in
osteoclast differentiation and activation (15-17). These findings
suggest that estrogen regulates microenvironment for hemopoi-
esis in bone marrow by modulating the production of several
cytokines, which in turn affect bone remodeling. However, little
is known about the role of estrogen in hemopoiesis.

It has been reported that estrogen controls the growth and
differentiation of T lymphocytes in thymus (18). An estrogen
deficiency, caused by ovariectomy, results in an increase in the
size of the thymus. Conversely, administration of estrogen to
normal animals causes atrophy of the thymus. Medina et al.
(19) have reported that the number of B lymphocyte precursors
is specifically reduced in the bone marrow of normal pregnant
mice and that estrogen selectively reduces B lymphocyte precur-
sors when given to normal female mice. This suggests that sex
steroids are involved in B as well as T lymphopoiesis.

While investigating the role of estrogen in hemopoiesis and
bone remodeling, we found that an estrogen deficiency induced
by ovariectomy caused a marked increase in bone marrow cells.
The stimulation of hemopoiesis after ovariectomy was due to
the specific accumulation of precursors of B lymphocytes in
the bone marrow. In addition, treatment with estrogen greatly
suppressed B lymphopoiesis both in vitro and in vivo. The

1. Abbreviations used in this paper: M-CSF, macrophage colony-stimu-
lating factor; OVX, ovariectomy.
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present study provides evidence that B lymphopoiesis is regu-
lated by estrogen in bone marrow.

Methods

Animals. 8-wk-old female ddY mice were obtained from Shizuoka Labo-
ratories Animal Center (Shizuoka, Japan). Mice were sham-operated or
ovariectomized (OVX). SomeOVXmice were treated with estrogen by
implanting a slow-releasing pellet of 17,/-estradiol (10 Mg; Innovative
Research of America, Toledo, OH), immediately after surgery. Mice
were fed a normal diet (1.15% calcium, 0.88% phosphorous; Oriental
Yeast Co. Ltd., Tokyo, Japan) and sacrificed 2, 4, or 8 wk after surgery.
Thereafter, uteri were removed and weighed. The right and left tibiae
were removed and separated from soft tissues to prepare bone marrow
cells. Spleen and peripheral blood mononuclear cells were obtained
from 8-wk-old female ddY mice.

Cell preparation. Bone marrow cells were prepared from the right
and left tibiae by flushing out the bone marrow with Ca2+- and Mg2+-
free PBS [PBS(-)] using a syringe with a 27-gauge needle. The cells
were centrifuged and resuspended in 2 ml of ammonium chloride-Tris
buffer to lyse red blood cells. The cell suspension was washed with
PBS(-) three times, and resuspended in 1 ml of PBS(-) containing 1%
BSA. Red blood cells in the spleen cells were also lysed as described
above, and a suspension of spleen cells was prepared. Peripheral blood
mononuclear cells were separated using Ficoll-Conray solution for
mouse lymphocytes (M-SMF; Japan Immuno Research Labo. Co., Ltd.,
Gunma, Japan).

Antibodies. The following antibodies were used as lineage markers
for bone marrow cells. FITC-conjugated B220/CD45R (RA3-6B2) and
FITC-conjugated Gr-1 (RB6-8C5) purchased from PharMingen (San
Diego, CA) were markers for B lymphocytes and granulocytes, respec-
tively (20, 21). Mac-I (Ml/70) purchased from Boehringer Mannheim
Biochemica (Indianapolis, IN) was a marker for myeloid cells (22).
F4/80 purchased from Serotec (Oxford, England) was a marker for
macrophages. FITC-conjugated Thyl.2 (TS) was purchased from Seika-
gaku Corp. (Tokyo, Japan). Over 84% of the thymocytes prepared from
a ddY mouse were positive for the anti-Thyl.2 antibody (data not
shown). TER-119, a gift from Dr. T. Kina, Kyoto University, was an
erythroid lineage marker (23). Phycoerythrin (PE)-labeled anti-A chain
IgM was purchased from PharMingen and used for two-color flow cy-
tometry with anti-B220.

Immunofluorescence analysis. Bone marrow cells (1 x 106) were
incubated for 30 min on ice with FITC-conjugated B220, Gr-1 or
Thyl.2, washed twice, and resuspended in PBS(-) containing 1%BSA.
For Mac-1, F4/80 and TER-1 19, cells were incubated for 30 min on ice
with each antibody, washed twice, and incubated for 30 min on ice with
respective FITC-labeled second antibodies. The negative controls were
stained with only second antibodies. Stained cells were analyzed on a
flow cytometer (Cyto ACE-150; Japan Spectroscopic Co. Ltd., Tokyo,
Japan). Spleen and peripheral blood mononuclear cells were incubated
with FITC-conjugated B220 and analyzed with a flow cytometer as
described for the analysis of bone marrow cells.

Co-culture of bone marrow cells and stromal cells (S77). Bone
marrow cells and the stromal cell line ST2 were co-cultured by the
method of Nishikawa et al. (24). The medium for the co-culture system
was phenol red-free RPMI1640 (GIBCO BRL, Gaithersburg, MD) sup-
plemented with 5% calf serum, 5 x 1i-0 M2-mercaptoethanol, 100
pg/ml of streptomycin, and 100 U/ml of penicillin (Meiji Seika Co.
Ltd., Tokyo, Japan). Nucleated bone marrow cells (9 x 105 per 75 cm2
flask) prepared from normal mice were cultured in 20 ml of growth
medium on the ST2 cell layer, which had been precultured for 7 d.
Under these conditions, B cells were selectively grown on the ST2 layer
as reported by Nishikawa et al. (24). The medium was changed every
3-4 d. After culture for 14 d, bone marrow cells grown on the ST2
layer were collected by gentle pipetting and counted. They were then
incubated with B220 or Mac-I antibody, and analyzed with a flow
cytometer under the same conditions as described above.

Measurement of serum 17/3-estradiol. Sera collected from five mice
in each group were pooled, and 1 ml of the pooled serum was extracted
with diethylether. The extracted lipids were applied to HPLC (CAP-
CELL PAKNH2; Shiseido Corp. Tokyo, Japan) equilibrated with 20%
ethanol in n-hexane to separate 17/3-estradiol from estrone and estriol.
The fractions containing 17,/-estradiol on HPLC were collected and
pooled, and the level of 17fi-estradiol was determined by RIA. The
recovery of 17,8-estradiol in the whole process of this assay was 70%,
and the detection limit was 2.5 pg/ml.

Statistical analysis. Data are expressed as mean±SEM. The statisti-
cal significance of the differences between the sham and the OVXgroup
was determined by Student's t test.

Results

Effects of OVXon hemopoiesis in mouse bone marrow. Fig. 1
shows the time course of change in uterine weight and the
number of nucleated cells in bone marrow after OVX. At 2 wk
after OVX, the uterine weight strikingly decreased (Fig. 1 A).
This indicated that the mice were in estrogen deficiency. Con-
comitantly, OVXcaused a significant increase in nucleated cells
in bone marrow in tibiae. The OVX-induced stimulation of
hemopoiesis in bone marrow was retained for at least 4 wk,
and returned to normal at 8 wk. The serum level of 17/3-estradiol
was decreased at 2 wk after OVX (sham: 17.8 pg/ml; OVX:
7.8 pg/ml), and the decreased level was retained until 8 wk
after operation. The population of the stimulated hemopoietic
cells in OVXmice was characterized by means of immunofluo-
rescence and determined by flow cytometry. Table I compares
the percentages of positive cells for the respective lineage mark-
ers between the sham-operated and OVXmice 2 wk after opera-
tion. The percentages of Mac-i- and Gr-l-positive cells were
decreased, whereas that of B220-positive cells was selectively
increased. Other lineage cells in bone marrow expressing F4/
80, TERI 19 or Thy-1.2 were not changed appreciably by OVX.
The percentages of respective lineage markers of bone marrow
cells in sham-operated mice were all the same as those in age-
matched control mice (data not shown).

Fig. 2 shows the time course of changes in the population
of Mac-I-, Gr-l-, and B220-positive cells after operation. The
percentages of Mac-1- and Gr-1-positive cells decreased 2-4
wk after OVX (Figs. 2, C and E). In contrast, B220-positive
cells significantly increased 2-4 wk after OVX, and gradually
returned to the control level at 8 wk (Fig. 2 A). Because OVX
increased the number of nucleated bone marrow cells, the abso-
lute number of each population expressing respective lineage
markers was calculated. As shown in Table I and Figs. 2, D
and F, the absolute number of Mac-i- and Gr-1-positive cells
was not changed after OVX. In contrast, the number of B220-
positive cells per tibia increased twofold compared with that in
sham-operated mice (Table I, Fig. 2 B). All the changes in
marrow hemopoiesis induced by OVX returned to normal at
8 wk after operation. These results indicate that an estrogen
deficiency selectively stimulates B lymphopoiesis in mouse
bone marrow.

B lymphocyte precursors are selectively accumulated in
bone marrow in OVXmice. It is not known whether the eleva-
tion of B lymphopoiesis in OVXmice can be reversed by estro-
gen replacement. It is also unknown which subpopulation of B
lymphocytes is preferentially affected by OVX. To address the
first issue, OVXmice were given a slow-release pellet of 17,/-
estradiol (10 jig/head) by implantation immediately after sur-
gery. Fig. 3 shows the pattern of expression of B220-, Mac-I-,

Estrogen Deficiency and B Lymphopoiesis 1091



01._

m

x

0

0

0

m)
E
0
c

0

10-

8-

4-

2-

0 2 4 6 8 10
Weeks after operation

I I I I
0 2 4 6 E

Weeks after operation

Figure 1. Time course of changes
in the uterine weight and number
of bone marrow cells after ovari-
ectomy (OVX). (A) Uterine
weight: uterine weight in sham-
operated (o) or OVX(.) mice was

measured 0, 2, 4, and 8 wk after
operation. (B) Number of bone
marrow cells: the number of bone
marrow cells collected from the
right and left tibiae of sham-oper-
ated (o) and OVX(.) mice was

0o calculated. Data are expressed as
the means-SEM of 8-19 ani-
mals.

and Gr-l-positive cells in sham-operated mice, OVXmice, or
OVXmice that received estrogen. OVXdecreased the percent-
ages of Mac-l- and Gr-l-positive cells 2 wk after surgery. The
proportion of Mac-l- and Gr-l-positive cells did not decrease
in OVXmice supplemented with estrogen. In contrast, B220-
positive B lymphocytes increased after OVX. In sham-operated
mice, B220-positive cells were separated into two subpopula-
tions, peak I (B220'ow) and peak II (B220"'0") (Fig. 3). Peak I
was weakly stained with anti-B220 antibody, whereas peak II
was intensely stained. This is consistent with the previous obser-
vation reported by Hardy et al. (25). In OVXmice, most of the
B220-positive cells appeared as peak I. WhenOVXmice were
treated with estrogen, the pattern of B220-positive cells was
normal, and the number of B220-positive cells also returned to
normal.

To examine the stage of differentiation of B220-positive
cells in bone marrow, the pattern of B220-positive cells in bone
marrow was compared with those in spleen and peripheral blood

Table I. Effects of Ovariectomy on the Expression of Lineage
Markers in Murine Bone Marrow

Total number of positive
Percentage of positive cells cells (X 106/tibia)

Sham OVX Sham OvX

B220 32.4±1.1 45.6±1.7* 2.4±0.2 4.2±0.3*
Mac-I 64.6±1.9 55.0±1.8* 4.7±0.4 4.9±0.2
Gr-I 65.1±1.9 49.3±2.1* 4.7±0.4 4.5±0.3
F4/80 7.2±1.4 8.3±1.3 0.5±0.0 0.8±0.1
TERI19 11.9±0.9 9.5±1.1 0.9±0.1 1.0±0.1
Thy-1.2 7.7±0.7 7.0±0.8 0.6±0.1 0.7±0.1

Bone marrow cells were collected from sham and ovariectomized
(OVX) mice 2 wk after operation, and the total number of nucleated
cells was counted. The expression of lineage markers was analyzed by
flow cytometry after staining the bone marrow cells with each mono-
clonal antibody. The percentage of positive cells was calculated. The
number of positive cells per tibia was calculated from the total number
of bone marrow cells and the percentage of positive cells. Significantly
different from sham mice: * P < 0.001; * P < 0.01. Data are ex-
pressed as the means±SEMof 8-19 animals.

in normal mice. Although B220-positive cells consisted of peak
I and peak II in bone marrow, they appeared only in peak II in
the spleen and peripheral blood (data not shown). This suggests
that peak II of B220-positive cells mostly consists of mature B
lymphocytes which are localized preferentially in peripheral
tissues. Fig. 4 shows a two-color analysis of bone marrow cells
with B220 and the it chain of IgM in sham-operated and OVX
mice 2 wk after surgery. In sham-operated mice, most of the
B220"'0 cells were it-positive (B220lsgh-M+), and the majority
of the B2201w cells were negative for the A chain (B220'1w --).
The population of B220loW ,u-negative cells was selectively in-
creased by OVX(Fig. 4 B). These results indicate that estrogen
deficiency selectively increases accumulation of B lymphocyte
precursors in murine bone marrow.

Estrogen suppresses B lymphopoiesis in vivo and in vitro.
To evaluate the effects of estrogen on the growth and differenti-
ation of B lymphocytes, normal female mice were given a pellet
of 17,B-estradiol (10 sg) and B lymphopoiesis in the bone mar-

row was compared with that in untreated mice on day 7. Estro-
gen caused an increase in uterine weight on day 7 (control,
170±15 mg [n = 4]; estrogen, 198±21 mg [n = 4]). Also, the
estrogen strikingly decreased both peaks of B220-positive cells
in the bone marrow (Fig. 5). In contrast, Mac-l- and Gr-l-
positive cells were not affected by estrogen (data not shown).
This indicates that estrogen selectively modulates B lymphopoi-
esis in the bone marrow.

Finally, we examined the effects of estrogen on the growth
and differentiation of B cells in vitro. Bone marrow cells and
bone marrow-derived stromal cells (ST2) were co-cultured ac-

cording to the method of Nishikawa et al. (24). In this co-

culture system, precursors of B lymphocytes were selectively
grown and differentiated into mature B cells on the ST2 cell
layers by day 14. When ST2 cells were first incubated with
10-1°-i0-8 M 17f3-estradiol, then co-cultured with bone mar-

row cells in the presence of the same dose of the steroid, the
generation of B220-positive B lymphocytes was strikingly sup-
pressed (Fig. 6). In the control culture without estrogen, B220-
positive cells were more abundant than Mac-i-positive cells.
Estrogen selectively suppressed the population of B220-positive
B lymphocytes, but not that of Mac-l-positive myeloid cells.

Discussion
This study revealed for the first time that estrogen deficiency
stimulates B lymphopoiesis in bone marrow. OVXcaused a
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Figure 2. Time course of changes in the percentage
and the number of B220-, Mac-I-, or Gr-l-positive
cells in bone marrow collected from sham-operated
(0) and OVX(v) mice. Bone marrow cells were

stained with B220 (A and B), Mac-I (C and D) or

Gr-I (E and F), and analyzed by a flow cytometer.
The percentage of B220- (A), Mac-l- (C), and Gr-
1- (E) positive cells was measured, and the number
of B220- (B), Mac-l- (D), and Gr-l- (F) positive
cells per tibia was calculated from the percentage of
positive cells and the number of nucleated marrow

per Significantly
mice: **, P < 0.001; *, P < 0.01. Data are expressed
as the means±SEMof 8-19 animals.

marked increase in bone marrow cells, and the stimulation of
hemopoiesis was due to the specific accumulation of B lympho-
cyte precursors which expressed B2201W it-negative phenotype.
Administration of estrogen restored it. Furthermore, the in vitro
growth and differentiation of B lymphocytes were inhibited by
adding estrogen. Very recently, Medina et al. (19) reported that
B lymphopoiesis in murine bone marrow was suppressed during
pregnancy. They also showed that estrogen selectively sup-
pressed B lymphocyte precursors when given to normal female
mice. Therefore, the present study using OVXmice confirms
the previous findings reported by Medina et al. (19) in pregnant
mice. These observations suggest that estrogen is an important
regulatory factor for hemopoiesis, especially of B cell lineage.

In OVXmice, the decreased level of serum estrogen was

still retained at 8 wk after operation, but all of the changes in
marrow hemopoiesis returned to normal at this time point. It is
unlikely that the restoration of hemopoiesis is due to the sys-

temic compensation of estrogen synthesized by extragonadal
tissues such as adrenals. Previous studies have indicated that
aromatase, which catalyzes the aromatization of androgen for
estrogen synthesis, is present in bone marrow cells and osteo-
blastic cells (26, 27). This suggests the possibility that estrogen
locally produced in bone marrow is capable of acting as a local
regulator for hemopoiesis. Further studies are needed to prove

this hypothesis.
It is well established that stromal cells play a key role in

hemopoiesis in bone marrow (3-5). Previous studies have
shown that bone marrow stromal cells support the development
of B lymphocytes from hemopoietic precursor cells, and that
the support of B cell differentiation is mediated at least in part
by specific soluble factors (4, 28, 29). Namenet al. (30) reported
the molecular cloning of cDNAencoding such a factor, which
is now known as 1L-7. IL-7 is an essential factor for the ability
of stromal cells to support B lymphopoiesis. Previous studies
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have also suggested that the stromal cell-dependent B cell devel-
opment requires a set of several factors expressed on stromal
cells. For example, certain adhesion molecules such as c-kit,
CD44 and very late antigen-4 (VLA-4) are thought to be essen-

tial for B cell differentiation, in particular in the early stage of
B cell development (9, 31, 32).

This study demonstrated that estrogen deficiency stimulates
B lymphopoiesis and accumulates B lymphocyte precursors

which express B220'1w p-negative in bone marrow. To examine
the effects of estrogen on B lymphopoiesis in vitro, we co-

cultured ST2 and bone marrow cells. Previous studies have
demonstrated that ST2 cells produce not only the adhesion mol-
ecules necessary for B cell development at an early stage but
also 11L-7 necessary at a later stage (4, 33, 34). Therefore, hemo-
poietic precursor cells can grow and differentiate into B cells
on an ST2 cell layer. In this co-culture system, estrogen highly
suppressed the generation of B lymphocytes (Fig. 6). When
estrogen was added to the co-culture, B cell precursors could
not grow on the ST2 cell layer on days 5-7, and B cell colonies
were not formed on ST2 cells on days 10-14. It has been
reported that bone marrow stromal cells possess specific recep-

tors for estrogen and that estrogen modulates the production of
cytokines by stromal cells (14). These results suggest that estro-
gen modulates some factors expressed on stromal cells, and
suppresses the ability of stromal cells to support B lymphopoie-
sis. It is also possible that the suppression of B lymphopoiesis
is due to the direct effect of estrogen on B lymphocyte precur-

sors. At present, it is difficult to conclude which possibility is
correct.

Several lines of evidence have suggested that there is an

Figure 3. Differential patterns of B220-, Mac-I-,
or Gr-l-positive cells in bone marrow collected
from sham-operated (left), OVX(middle), and
OVXmice treated with estrogen (right). Bone
marrow cells were collected 2 wk after surgery,

and stained with the respective antibodies. For es-

trogen treatment, OVXmice were given a pellet
of 17,/-estradiol (10 jg) immediately after sur-

gery. B220-positive cells from sham-operated
mice were classified into two subpopulations, peak
I (B220"'w) and peak II (B22high). The percentage
of B220-positive cells; sham: 27.8%, OVX:
45.5%, OVX+ E2: 30.8%. The number of B220-
positive cells; sham: 2.0 x 106/tibia, OVX: 4.3
x 106/tibia, OVX+ E2: 2.4 x 106/tibia. The per-

centage of Mac-l-positive cells; sham: 69.6%,
OVX: 56.2%, OVX+ E2: 65.2%. The number of
Mac-i-positive cells; sham: 5.2 x 106/tibia, OVX;
5.3 x I06/tibia, OVX+ E2: 5.2 x 106/tibia. The
percentage of Gr-l-positive cells; sham: 66.5%,
OVX: 56.4%, OVX+ E2: 68.5%. The number of
Gr-i-positive cells; sham: 4.9 x 106/tibia, OVX:
5.3 x I06/tibia, OVX+ E2: 5.4 x 106/tibia.

interaction between sex hormones and the immune system.
Womenare more inclined to suffer from various autoimmune
diseases than men. For example, lupus erythematosus is more

prevalent in females than in males, and estrogen administration
accelerates the disease process (35, 36). Rheumatoid arthritis is
also more prevalent in womenthan in men (37). Another exam-

ple is the longer period required for the tissue rejection response

in females (38). Castration shortens skin graft rejection time,
suggesting that a deficiency of sex steroids activates the cell-
mediated immune response (39). Estrogen administration in-
duces atrophy of the thymus, resulting in immunosuppression.
This indicates that estrogen suppresses the growth and differen-
tiation of T lymphocytes in the thymus (18, 40). The increase
in circulating sex steroids during pregnancy also induces a tran-
sient involution of the thymus and suppresseses immunorespon-
ses, which may be involved in preventing the maternal-fetal
rejection response (41, 42). On the other hand, OVXresults in
hyperplasia of peripheral lymph nodes, spleen, and thymus (42).
These observations indicate that estrogen suppresses the growth
and function of T lymphocytes. Previous studies have shown
that estrogen receptors are detectable in the reticular stromal
cells of the thymus but not in thymocytes (40, 43). This suggests
that estrogen suppresses T lymphopoiesis by modulating func-
tions of stromal cells in thymus.

Recent studies in bone cell biology have suggested the asso-

ciation of bone metabolism with the hemopoietic system. An
estrogen deficiency induced by OVXincreases bone turnover,
resulting in bone loss by stimulated osteoclastic bone resorption.
Osteoclast progenitors are thought to be derived from hemopoi-
etic precursor cells in bone marrow (1, 44). Several cytokines
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involved in hemopoiesis and immune response are involved in
the regulation of bone metabolism. For example, M-CSF is
essential for osteoclastic bone resorption. Mice homozygous for
the recessive mutation of osteopetrosis (op) on chromosome 3,
op/op mice, have an abnormal hemopoietic microenvironment.
They also lack mature macrophages and osteoclasts (45). Yo-
shida et al. (46) have reported that the abnormal hemopoiesis
and the failure of bone resorption in op/op mice are due to a
defect in M-CSFproduction caused by a single base pair inser-

Normal Estrogen treatment
256

Log fluorescence intensity

Figure 4. Two-color immunofluorescence analy-
sis of B220 and IL chain of IgM in bone marrow
cells collected from sham-operated and OVX
mice. (A) Respective typical patterns from 5 sham
and 5 OVXanimals are shown. (B) The percent-
age of subpopulations of B220-positive cells;
B220-positive s-Apositive (n) and B220-posi-
tive p-negative (-), was calculated from the anal-
ysis shown in A. Data are expressed as the means-
±SEMof five animals. The number in each quad-
rant represents the percentage of the cells having
each phenotype.

tion in the coding region of the M-CSFgene. Concurrent studies
using recombinant M-CSF have confirmed the importance of
M-CSF in osteoclastic bone resorption (2, 12, 47). IL-6 is also
thought to be involved in both hemopoiesis and bone resorption
(15-17). Recently we showed that IL-6 stimulated osteoclast
development in the presence of soluble IL-6 receptors and that
factors such as IL-Il, oncostatin M, and leukemia inhibitory
factor, all of which exert their functions through gpl30 (the
signal-transducing chain of IL-6 receptor), also induced osteo-

Figure S. The effects of estrogen on B lymphopoie-
sis in bone marrow of normal mice. Female mice
were given a slow-releasing pellet (10 ug) of 17#-
estradiol. I wk later, bone marrow cells from normal
mice and those treated with estrogen, were stained
with B220 antibody and analyzed by flow cytometry.
The results were highly reproducible in three sepa-

rate analyses. A representative data is shown. Per-
centages of B220-positive cells: normal mice;
22.5+3.4% (n = 3), those treated with estrogen;
12.7±2.2% (n = 3).
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Figure 6. Effect of 1 7f-estradiol on the growth and differentiation of
B lymphocytes in vitro. ST2 cells were preincubated with or without
l0Io°-l0- M17/3-estradiol for 7 d, then co-cultured with bone marrow
cells under the same conditions. 2 wk later, bone marrow cells grown
on the ST2 layer were collected and analyzed by flow cytometry using
B220 and Mac-i antibodies. (A) The forward and side scatter pattern
in the control culture (left) and in that incubated with 10-8 M 17/3-
estradiol (right). The area enclosed by a trapezium represents the lym-
phocytes. (B) Pattern of B220-positive cells in the area shown in A. The
percentages of B220-positive cells were 73% in the control culture and
30% in that incubated with l0-8 M 17/3-estradiol. (C) The number of
B220- (X) and Mac- 1- (U) positive cells was calculated from the percent-
age of positive cells and the number of bone marrow cells collected
from each culture flask. The results were highly reproducible in four
separate experiments. A representative data is shown.

clast formation (17). Most of these cytokines are produced by
stromal cells in bone marrow. Girasole et al. (14) have reported
that estrogen suppresses LL-6 production by bone marrow stro-
mal cells in vitro. Jilka et al. (48) have reported that the increase
in osteoclast development after OVXwas inhibited by not only
estrogen, but also by an antibody against IL-6 in vivo. These

observations suggest that estrogen regulates both hemopoiesis
and bone metabolism by suppressing cytokine synthesis by bone
marrow stromal cells. B lymphopoiesis is also regulated by
cytokines produced by stromal cells such as IL-7. Furthermore,
both B lymphopoiesis and osteoclast development are supported
by certain adhesion molecules expressed in marrow stromal
cells. Further studies are needed to understand the role of estro-
gen in hemopoiesis and bone metabolism.

In conclusion, an estrogen deficiency induced by ovariec-
tomy causes a marked increase in bone marrow cells. The stimu-
lation of hemopoiesis is due to the specific accumulation of B
lymphocyte precursors in bone marrow. The microenvironment
supported by marrow stromal cells is thought to be important
for B lymphopoiesis. The mechanism of the action of estrogen
in B lymphopoiesis is of considerable interest and currently
being explored in our laboratory.
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