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Abstract

 

Loss of sex steroids causes an increase in both the resorption
and formation of bone, with the former exceeding the latter.
Based on evidence that the increased bone resorption after
estrogen loss is due to an increase in osteoclastogenesis, we
hypothesized that estrogen loss also stimulates osteoblasto-
genesis. We report that the number of mesenchymal osteo-
blast progenitors in the murine bone marrow was increased
two- to threefold between 2 and 8 wk after ovariectomy and
returned to control levels by 16 wk. Circulating osteocalcin,
as well as osteoclastogenesis and the rate of bone loss, fol-
lowed a very similar temporal pattern. Inhibition of bone re-
sorption by administration of the bisphosphonate alendro-
nate led to a decrease of the absolute number of osteoblast
progenitors; however, it did not influence the stimulating ef-
fect of ovariectomy on osteoblastogenesis or osteoclastogen-
esis. These observations indicate that the increased bone
formation that follows loss of estrogen can be explained, at
least in part, by an increase in osteoblastogenesis. Moreover,
they strongly suggest that unlike normal bone remodeling,
whereby osteoblast development is stimulated by factors re-
leased from the bone matrix during osteoclastic resorption,
estrogen deficiency unleashes signals that can stimulate the
differentiation of osteoblast progenitors in a fashion that is
autonomous from the need created by bone resorption, and
therefore, inappropriate. (
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Introduction

 

Both osteoblasts and osteoclasts are derived from progenitors
originating in the bone marrow: osteoblasts from the mesen-
chymal lineage and osteoclasts from the hematopoietic lineage
(1, 2). The differentiation of these progenitors to either cell
type is controlled by a network of growth factors and cytokines

produced in the bone microenvironment, adhesion molecules
that mediate cell–cell and cell–matrix interactions, as well as
systemic hormones.

The multipotent stem cell that gives rise to osteoblasts, the
colony-forming unit fibroblast (CFU-F),
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 can also give rise to
fibroblastic stromal cells, chondrocytes, adipocytes, and mus-
cle cells. The existence of this common ancestor is supported
by the evidence that fibroblastic colonies formed in cultures of
adherent bone marrow cells can differentiate, under the ap-
propriate stimuli, into each cell type (1). The CFU-F–derived
committed osteoblast progenitors, designated as CFU-osteo-
blast (CFU-OB), can be identified by their ability to form a
mineralized bone nodule in the presence of 

 

b

 

-glycerophos-
phate (3, 4). Cells derived from the CFU-F colonies also pro-
vide essential support for osteoclast development (5). Al-
though the precise stage of differentiation of the cells that
support osteoclast development remains unknown, the osteo-
clast support cells exhibit similarities to both bone marrow
stromal cells and osteoblasts; and for lack of a better term, are
referred to as stromal/osteoblastic cells.

Loss of estrogens in rodents and humans stimulates bone
resorption as well as bone formation. The former of course ex-
ceeds the latter, thus causing loss of bone (6–10). Earlier stud-
ies have revealed that loss of estrogen in mice stimulates osteo-
clast formation. This phenomenon is apparently mediated by
increased production and/or action of IL-6, and is probably re-
sponsible for the increased bone resorption that ensues after
loss of estrogen, as blockade of IL-6 prevents the upregulation
of osteoclastogenesis, and IL-6–deficient mice fail to exhibit
increased osteoclastogenesis or bone loss (8, 11). IL-6–medi-
ated upregulation of osteoclast development and bone loss oc-
cur also as a result of orchidectomy in mice (12). Consistent
with this evidence, estrogen and androgen suppress the expres-
sion of the genes encoding IL-6 (12–18) as well as the two sub-
units of the IL-6 receptor, gp80 and gp130 (19); and removal of
the suppressive effect of estrogen upregulates the expression
of these genes in the murine bone marrow (19).

The increase in bone formation after menopause or acute
sex steroid deficiency due to gonadectomy in animals and hu-
mans has been well documented by histomorphometric stud-
ies, and can be monitored by the elevated level of circulating
osteoblast-derived proteins such as osteocalcin and bone-spe-
cific alkaline phosphatase (6–9, 20). Based on the evidence
that the increase in bone resorption is due to an increase in os-
teoclastogenesis in the marrow, we have investigated here the

 

Address correspondence to Robert L. Jilka, Division of Endocrinol-
ogy and Metabolism, University of Arkansas for Medical Sciences,
Slot 587, 4301 W. Markham, Little Rock, AR 72205.

 

Received for publication 25 June 1997 and accepted in revised
form 26 February 1998.

 

1. 

 

Abbreviations used in this paper: 

 

BV, bone volume; CFU-F, col-
ony-forming unit fibroblast; CFU-GM, colony-forming unit granulo-
cytes/macrophages; CFU-OB, colony-forming unit osteoblast; LDH,
lactate dehydrogenase; TRAPase, tartrate-resistant acid phospha-
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possibility that ovariectomy causes an increase in osteoblasto-
genesis as well. We present evidence that ovariectomy in mice
causes an increase in the number of CFU-F and CFU-OB in
the bone marrow, and that these changes are temporally as-
sociated with increased osteoblast activity as measured by
changes in serum osteocalcin. Furthermore, the changes in os-
teoblastogenesis occur at approximately the same time that os-
teoclastogenesis is increased and bone loss occurs. Finally, us-
ing alendronate as a means of preventing osteoclastic bone
resorption (9, 21), we show that the upregulation of osteoblas-
togenesis and osteoclastogenesis after loss of estrogen is inde-
pendent of bone resorption.

 

Methods

 

Mice.

 

Swiss Webster female mice (Taconic Farms Inc., Germantown,
NY, or Harlan Sprague Dawley, Inc., Indianapolis, IN) weighing 26–
30 g and 

 

z 

 

10–12-wk-old, were sham-operated, or ovariectomized. In
some experiments, mice received daily injections (subcutaneously) of
0.25 mg/kg of alendronate (4-amino-1-hydroxybutylidene-1,1-bisphos-
phonate, obtained from C.W.G.M. Löwik, University Hospital,
Leiden, The Netherlands) dissolved in saline, beginning 1 d before
surgery. Animals were killed by heart puncture at various times after
the operation, as indicated in the figure legends. Serum was obtained
from the tail vein or during heart puncture, and was frozen at 
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20
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C
for later determination of osteocalcin by radioimmunoassay (Bio-
medical Technologies, Inc., Stoughton, MA). In some experiments,
urine was collected between 5 p.m. and 8 a.m. using a metabolic cage,
and frozen for later determination of creatinine (Sigma Chemical Co.,
St. Louis, MO) and deoxy-pyridinoline cross-links (Pyrilinks-D; Metra
Biosystems, Mountain View, CA). In all experiments, the success of
ovariectomy was confirmed by establishing a decrease in uterine wet
weight. The femurs were removed for the harvest of bone marrow
cells or for analysis of cancellous bone. Marrow cells were obtained
by cutting the ends of the femur and flushing the marrow with 5 ml of
phenol red–free 
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MEM (GIBCO BRL, Gaithersburg, MD) contain-
ing 10% FBS (Hyclone, Logan, UT), using a syringe fitted with a 25
gauge needle. After the cells were rinsed and resuspended using a 23
gauge needle to obtain a single cell suspension, the nucleated cell
count was determined using a Coulter Counter (Coulter Corp., Mi-
ami, FL).

 

Assay of osteoblast progenitors.

 

Freshly isolated marrow cells
were seeded at 1.5 
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 10

 

6

 

 or 2.5 

 

3

 

 10

 

6

 

 cells per 10-cm

 

2

 

 well for the de-
termination of CFU-F and CFU-OB, respectively, and maintained in
phenol red–free 

 

a

 

MEM containing 15% preselected FBS, 50 

 

m

 

M
ascorbic acid, and 10 mM 

 

b

 

-glycerophosphate; one-half of the me-
dium was replaced every 5 d. For the determination of CFU-F, cells
were cultured for 10 d, and then stained for alkaline phosphatase and
counterstained with hematoxylin. Colonies of cells containing a mini-
mum of 20 cells were designated as CFU-F. For the determination of
CFU-OB, the cultures were maintained for 25–28 d, fixed in 50% eth-
anol and 18% formaldehyde, and then stained for boney deposits us-
ing 2% alizarin red or Von Kossa staining. Where indicated, 1 mM
ascorbate-2-phosphate was used to stimulate osteoblast differentia-
tion and mineralization, instead of the combination of ascorbic acid
and 

 

b

 

-glycerophosphate. Preliminary studies indicated that there was
a linear correlation between the number of marrow cells seeded and
the number of CFU-F or CFU-OB colonies formed.

 

Assay of individual CFU-F colonies.

 

The number of cells and al-
kaline phosphatase activity in individual CFU-F colonies was quanti-
fied as previously described (22). Briefly, between 6,000 and 20,000
marrow cells per well were seeded in a 96-well plate (

 

n

 

 

 

5

 

 168 wells
per assay), and cultured as described above for the determination of
CFU-F. After fixation, lactate dehydrogenase activity (LDH) was de-
termined by the rate of reduction of 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner

salt (MTS). LDH activity was used as an index of the number of cells
present in the well, and was expressed as MTS units, which were de-
fined as the change in OD
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 (

 

3

 

10

 

3

 

) per minute. Alkaline phos-
phatase activity was then determined using kit No. 104 (Sigma Chem-
ical Co.). 1 

 

m

 

U of activity was defined as that amount of enzyme
capable of hydrolyzing 1 pmol of 

 

p

 

-nitrophenylphosphate per
minute at room temperature. Data on cell number (LDH activity)
and alkaline phosphatase content were analyzed only in the case of
wells that contained a single colony, determined by microscopic ex-
amination.

 

Assay of osteoclast progenitors.

 

For the determination of CFU-
granulocytes/macrophages (CFU-GM), triplicate cultures of marrow
cells were established by plating 10
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 cells in 35-mm tissue culture
dishes containing 1.5 ml of semisolid methycellulose medium with
pokeweed mitogen–stimulated spleen cell conditioned medium (No.
M3430; Stem Cell Technologies, Inc., Vancouver, British Columbia,
Canada). After 7 d, CFU-GM colonies (

 

.

 

 50 cells) were enumerated.
The number of CFU-GM formed per femur was calculated using the
marrow cell yield. The number of CFU-GM in S-phase (“cycling”
CFU-GM) was determined after killing cells in S-phase by incubation
for 30 minutes at 37
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C in medium containing 50 

 

m

 

C/ml [methyl-

 

3

 

H]thymidine (75 Ci/mmol) before establishing the culture. The num-
ber of cycling CFU-GM per femur was determined by subtracting the
number of CFU-GM colonies per femur formed after preincubation
with [methyl-

 

3

 

H]thymidine from the number of colonies formed per
femur without preincubation.

Osteoclastogenesis in ex vivo cultures of bone marrow cells was
carried out as previously described (11, 13). Briefly, marrow cells
were cultured at 1.5 

 

3

 

 10

 

6

 

 per 2-cm

 

2

 

 well on 13-mm round Ther-
manox disks and maintained for 8 d in the presence of 10% FBS in
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MEM supplemented with 10
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M 1,25(OH)
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D

 

3

 

 (provided by Dr. Mi-
lan Uskokovic, Hoffman-LaRoche, Nutley, NJ). At the end of the ex-
periment, cells were processed for autoradiographic detection of
bound 

 

125

 

I-labeled calcitonin and stained for tartrate-resistant acid
phosphatase (TRAPase). All cells expressing both TRAPase and au-
toradiographic grains due to bound 

 

125

 

I-calcitonin were enumerated,
including mononucleated and multinucleated cells. In view of the fact
that many osteoclasts in murine bone possess only one nucleus (22), it
is impossible to distinguish between preosteoclasts and mononuclear
osteoclasts in ex vivo cultures of murine bone marrow cells. There-
fore, TRAPase-positive and CT receptor cells were designated as os-
teoclastic cells.

 

Analysis of trabecular bone.

 

Femurs were fixed in neutral buff-
ered formalin, and cut at the midshaft and on either side of the patel-
lar groove, using a precision cutting diamond saw. Bones were dehy-
drated using ethanol and embedded in glycol methacrylate. Then a
100-

 

m

 

m ground section was prepared in the mid-sagittal plane
through the distal metaphysis. Calcified areas were detected by Von
Kossa staining. The area of the central portion of the metaphysis, “to-
tal volume” (TV), and the area of this region occupied by calcified
cancellous bone in the secondary spongiosa, “bone volume” (BV),
was determined using a Bioquant System IV image analysis system
(Nashville, TN). These data were used to calculate the percentage of
cancellous bone in the distal femur (BV/TV).

 

Statistics.

 

Data were analyzed using SigmaStat (Jandel Scientific,
San Rafael, CA) or NCSS (Kaysville, UT) statistical software pack-
ages. Student’s 

 

t

 

 test or ANOVA was performed after establishing
homogeneity of variances and normal distribution of the data. Dun-
net’s test or Student-Neuman-Keuls test was used to estimate the
level of significance of differences between means. Significant differ-
ences in colony size distribution were determined using the Kolmog-
orov-Smirnov test. In experiments to compare the effect of ovariec-
tomy on bone cell progenitors at different times after the operation,
the effect of ovariectomy was calculated as ratio of progenitors from
ovariectomized mice to that from sham-operated mice. This was done
to eliminate variation due to the change in age of the mice during the
experiment. In addition, the three time course experiments were con-
ducted over a 3-yr period; therefore, different lots of serum and cyto-



 

1944

 

Jilka et al.

 

kines had to be used. The standard error of the ratio of means was
calculated using established methods (23).

 

Results

 

The results of experiments examining the effect of estrogen
deficiency on progenitors able to form CFU-F and CFU-OB

colonies in ex vivo bone marrow cell cultures are shown in
Fig. 1. As compared to cultures from sham-operated control
animals, cultures of bone marrow cells obtained 3 wk after
ovariectomy exhibited two- to threefold higher numbers of
CFU-F determined after 10 d of culture, or CFU-OB deter-
mined after 28 d of culture. In a previous study, we observed a
similar increase in osteoblast progenitors in orchidectomized
mice (24). When expressed per 10

 

6

 

 cells seeded, the absolute
number of CFU-OB colonies was approximately one half of
the number of CFU-F colonies. More important, the ratio of
CFU-OB colonies to CFU-F colonies was similar in cultures
from sham-operated and ovariectomized mice (0.37 and 0.52,
respectively, not significantly different by 

 

z

 

 test). This suggests
that the difference in absolute numbers of colonies was due to
a different number of progenitors at the beginning of the cul-
ture.

To examine whether the changes induced by ovariectomy
in colony numbers in ex vivo cultures were the result of an in
vivo effect on the commitment of mesenchymal stem cells to-
ward the osteoblast lineage, we proceeded to determine the
level of alkaline phosphatase activity, an early marker of os-
teoblast differentiation (1), within individual colonies. Analy-
sis of features exhibited by a single CFU-F colony was accom-
plished using an assay we have recently developed that allows
the estimation of the number of cells within a colony simulta-
neously with determination of alkaline phosphatase activity
(22). As seen in Fig. 2, CFU-F colonies exhibit considerable
variation in size and the intensity of staining for alkaline phos-
phatase. Based on extensive studies of other cell lineages that
undergo proliferation and differentiation during development
from multipotent progenitors, many aspects of which have
been confirmed in the case of osteoblastogenesis (1, 25), we
reasoned that small colonies develop from more committed
progenitors, which have less proliferative potential, and that

Figure 1. Effect of ovariectomy on osteoblast progenitors. Mice were 
sham-operated or ovariectomized. 4 wk after the operation, animals 
were killed, femoral marrow cells were isolated, and cells from each 
treatment group were pooled (n 5 4 per group). Quadruplicate paral-
lel cultures were established for the determination of CFU-F or CFU-
OB, as described in Methods. Bars represent the mean (6SD) num-
ber of colonies formed per 106 marrow cells seeded in the cultures. 
Data were analyzed by Student’s t test. *P , 0.05 versus sham-oper-
ated animals. There was no difference in the ratio of the number of 
CFU-F to CFU-OB colonies in cultures from sham-operated and 
ovariectomized mice as determined by z test.

Figure 2. Variation in size and 
alkaline phosphatase content of 
CFU-F colonies: relationship to 
osteoblastogenesis. The upper 
portion of the figure depicts a 
model of osteoblast differentia-
tion from mesenchymal stem 
cells of the bone marrow (1, 25). 
Photomicrographs in the lower 
part of the figure show represen-
tative CFU-F colonies of varying 
size and degree of staining for al-
kaline phosphatase (purple 
stain). Magnification 5 40. The 
upper triangle represents varia-
tion in the ability of osteoblast 
progenitors to proliferate in ex 
vivo cultures, with early progeni-
tors demonstrating high prolifer-
ative capacity, and committed 
preosteoblastic cells exhibiting 
low proliferative capacity. The 
triangle on the right side of the 
figure represents variation in
the expression of alkaline phos-
phatase (AP) with committed 

preosteoblastic cells expressing high levels of the enzyme. In this model, large colonies with high levels of alkaline phosphatase are formed from 
pluripotent and committed stem cells that divide and subsequently differentiate into osteoblasts during culture, whereas small colonies with high 
levels of alkaline phosphatase arise from committed preosteoblastic cells.
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large colonies arise from less differentiated progenitors with
high proliferation capacity (Fig. 2). Thus, smaller CFU-F colo-
nies with the most intense staining for alkaline phosphatase
must contain more differentiated osteoblastic cells as com-
pared to small colonies with less intense alkaline phosphatase
staining.

Cultures from ovariectomized mice had the same micro-
scopic cell features when compared to cultures from sham-oper-
ated controls. Moreover, the distribution of different colony
sizes (i.e., small, medium, and large) was indistinguishable be-

tween the two groups, suggesting that ovariectomy did not
cause a change in the proliferative potential of the progenitors
(Fig. 3 

 

A

 

). This finding was unlike our previous observation of
smaller CFU-F colonies in ex vivo cultures from marrow of
mice with defective osteoblast development and osteopenia,
compared to CFU-F colonies from control mice (22).

Alkaline phosphatase activity was increased by two- to
threefold in small colonies from ovariectomized mice, as com-
pared to small colonies from sham-operated animals (Fig. 3

 

B

 

). On the other hand, alkaline phosphatase activity in inter-
mediate size and large colonies was unaffected by the estrogen
status of the donor animal. These findings are consistent with
the idea that acute estrogen deficiency causes a shift in the
commitment of mesenchymal progenitors toward the osteo-
blast phenotype.

Evidence from both animal and human studies indicates
that the effect of estrogen loss on bone metabolism changes
with time (26–28). Therefore, we investigated the time course
of the changes in CFU-F numbers after ovariectomy over a pe-
riod of 210 d, by determining CFU-F numbers in ex vivo bone
marrow cultures obtained from ovariectomized animals at pro-
gressively longer time intervals after the operation (Fig. 4 

 

A

 

).
CFU-F numbers were unchanged at 3 and 7 d, but were signif-
icantly elevated at 14 d after ovariectomy. They remained sig-
nificantly higher than the sham-operated controls as long as
56 d, but at later time points (115 and 210 d after ovariectomy),
CFU-F numbers from ovariectomized animals were indistin-
guishable from those of sham-operated mice. Similar results
were obtained in a second time course experiment, in which
both CFU-F and CFU-OB numbers were examined over a pe-
riod of 57 d after sham operation or ovariectomy (Fig. 4 

 

B

 

).
However, unlike the experiment shown in Fig. 4 

 

A

 

, an in-
creased number of CFU-F at 2 wk after ovariectomy was not
observed in this second experiment. The effect of ovariectomy
on CFU-F and CFU-OB numbers was the same regardless of
whether ascorbate-2-phosphate or the combination of ascorbic
acid and 

 

b

 

-glycerophosphate was used to stimulate osteoblast
differentiation and mineralization (data not shown).

Taking advantage of the finding that CFU-F and CFU-OB
numbers change with time after ovariectomy, we next sought
to determine whether these changes have an impact on osteo-
blast biology in vivo by searching for parallel temporal changes
in osteoblast activity in the whole animal. To this end, we de-
termined the circulating level of osteocalcin, a protein pro-
duced by osteoblasts and used extensively as a marker of os-
teoblastic activity, at various time points after ovariectomy,
roughly covering the same period of time that we had deter-
mined CFU-F numbers. Similar to our observations on bone
marrow progenitors, we found that ovariectomy caused an ap-
proximately twofold increase in the level of osteocalcin in the
serum as early as 14 d after the operation. Osteocalcin levels
were elevated as late as 56 d after ovariectomy (Fig. 5). How-
ever, by 180 d, the levels of osteocalcin in ovariectomized mice
were indistinguishable from sham-operated controls.

In view of the fact that ovariectomy leads to an increase in
rate of bone remodeling and that, as in the case of the bone-
forming effects of estrogen deficiency, the rate of resorption
may be changing with time after loss of ovarian function, we
determined changes in osteoclast progenitors in the bone mar-
row and their temporal relationship with the rate of bone loss.
Early hematopoietic osteoclast progenitors, assessed as CFU-
GM, increased by approximately twofold as early as 7 d after

Figure 3. Effect of ovariectomy on colony size and alkaline phos-
phatase activity in individual CFU-F colonies. Mice were sham-oper-
ated or ovariectomized. 3 wk after the operation, animals were killed, 
femoral marrow cells were isolated, and cells from each treatment 
group were pooled. Ex vivo cell cultures were then established for the 
determination of (A) colony size and (B) alkaline phosphatase con-
tent of individual CFU-F colonies, as described in Methods. In A, 
bars represent the percentage of small (# 0.2 MTS units), intermedi-
ate (. 0.2 and # 0.8 MTS units) or large (. 0.8 MTS units) colonies. 
There was no effect of estrogen status on CFU-F colony size as deter-
mined by the Kolmogorov-Smirnov test (n 5 42 colonies from sham-
operated mice, and 34 colonies from ovariectomized mice). In B, bars 
represent the mean (6SEM) alkaline phosphatase activity in CFU-F 
colonies (n 5 5–15 per group). *P , 0.05 versus sham operation as 
determined by ANOVA after log transformation to achieve equiva-
lent variances.
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the operation, and returned to levels similar to that of sham-
operated animals by 28–35 d (Fig. 6). The number of CFU-GM
in S-phase (cycling CFU-GM), a sensitive indicator of expo-
sure to IL-6 (12), was also increased after ovariectomy and fol-
lowed the same temporal pattern as CFU-GM. Ovariectomy
also induced a three- to fourfold increase in osteoclastogenesis
in ex vivo marrow cultures, as we and others had shown previ-
ously (11, 29). This change followed the same time course as
the increase in CFU-GM; however, unlike CFU-GM, osteo-
clastic cell formation in ex vivo cultures remained elevated at
28 and 56 d after the operation, before declining to the level
exhibited by sham-operated animals at 115 and 210 d. Over the
same period of time, cancellous bone volume was significantly
reduced in ovariectomized mice, compared to that of sham-
operated controls (Fig. 7). A significant decrease in trabecular
bone volume was detected as early as 7 d after the operation
and reached a plateau by 4 wk after ovariectomy. Sham-oper-
ated mice also exhibited a decline in femoral cancellous bone
during this experiment, albeit much smaller than that seen in
ovariectomized mice. This later phenomenon has been ob-
served previously in the rat, but its cause remains unclear (27).

Finally, we investigated whether increased osteoblastogen-
esis was dependent on factors released from the bone matrix
during the increased resorption caused by increased osteoclas-
togenesis. To do this, sham-operated or ovariectomized mice
were treated with either vehicle or the potent antiresorptive
agent alendronate (0.25 mg/kg per day) beginning 1 d before
the operation, and the number of osteoblast and osteoclast
progenitors in the marrow was determined 4 wk later. Adminis-
tration of alendronate suppressed the level of urinary deoxy-
pyridinoline, a measure of bone resorption (20), in sham-
operated animals; moreover, alendronate prevented the
ovariectomy-induced increases in urinary deoxy-pyridinoline
and serum osteocalcin (Fig. 8). Strikingly however, the stimu-
latory effect of ovariectomy on osteoblastogenesis or osteo-

Figure 4. Time course of change in osteoblast progenitors in the bone 
marrow after ovariectomy. (A) Mice were either sham-operated or 
ovariectomized (n 5 4–6 per group), and killed 3, 7, 14, 21, 28, 35, 42, 
56, 118, or 205 d later. Replicate experiments were carried out at
3 and 28 d. Marrow cell cultures were established for the determina-
tion of CFU-F as described in Methods. (B) Mice were either sham-
operated or ovariectomized (n 5 6 per group), and killed 3, 7, 14, 28, or 
56 d later. Marrow cells were established for the determination of 
CFU-F and CFU-OB as described in Methods. The data shown are 
the ratio of the mean number of CFU-F or CFU-OB per femur found 
in ovariectomized mice and that found in sham-operated mice, at 
each time point. The mean number of osteoblast progenitors per fe-
mur in sham-operated animals among the experiments shown ranged 
between 400 and 2,500 for CFU-F, and 100 and 800 for CFU-OB. Er-
ror bars represent the calculated SEM of the ratio, derived from the 
SEM values of the means used to calculate the ratio (23). A statisti-
cally significant effect of ovariectomy on the number of CFU-F per 
femur, determined using Student’s t test, is indicated by the closed cir-
cles (P , 0.05); and lack of a statistically significant effect is indicated 
by open circles.

Figure 5. Time course of change in serum osteocalcin in mice after 
ovariectomy. Mice were sham-operated or ovariectomized, and killed 
7, 14, 28, 56, or 180 d later. Serum was collected for determination of 
osteocalcin by RIA as described in the Methods section. Each data 
point represents the mean (6SEM) ng/ml of osteocalcin (n 5 12–18 
animals per group). *P , 0.05 versus sham-operated animals.
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clastogenesis, as evidenced by changes in CFU-OB and osteo-
clast progenitor numbers, was not affected by administration
of alendronate. Nonetheless, the absolute number of CFU-OB
was decreased by alendronate in both sham-operated and
ovariectomized animals.

 

Discussion

 

The maintenance of a balance between bone resorption and
formation during normal bone remodeling requires that the
proper number of mature osteoblasts and osteoclasts is pro-
duced to meet the needs of the remodeling process. The results
of the present studies demonstrate that estrogen loss increases
the number of mesenchymal progenitors that are capable of
committing to the osteoblast lineage in the murine bone mar-
row, and that these changes are temporally linked with in-
creased osteoblast activity. These findings are consistent with
evidence suggesting that estrogen deficiency affects osteoblast
differentiation in the rat (30, 31). Moreover, they elucidate the
cellular changes underlying the increased bone formation asso-
ciated with loss of estrogen. Taken together with earlier obser-
vations that increased osteoclastogenesis leads to increased
bone resorption in estrogen deficiency (11), and that de-
creased osteoblastogenesis is associated with decreased bone
formation and bone mass in a murine model of osteopenia
(22), our results provide compelling evidence that the orderly
births of osteoclasts and osteoblasts from their respective pro-
genitors in the bone marrow are essential determinants of the
rate of bone remodeling (32). Whether the increased number
of CFU-F observed in the bone marrow of estrogen-deficient
mice leads to an increase in other cell types derived from this
progenitor (e.g., adipocytes or stromal cells) remains un-
known.

The increased osteoblastogenesis and osteoclastogenesis
that followed ovariectomy subsided with time in these studies,

Figure 6. Time course of change in osteoclast progenitors in the 
bone marrow after ovariectomy. Marrow cells obtained from the 
same animals (n 5 4–6 per group) used for the experiments shown in 
Fig. 4 A were placed into ex vivo culture for the determination of 
CFU-GM, cycling CFU-GM, and osteoclastic cell formation, as de-
scribed in Methods. Replicate experiments were carried out at 3 and 
28 d, and at some time points the osteoclastic cell formation assay was 
omitted. The data shown are the ratio of the mean number of progen-
itors per femur found in ovariectomized mice and that found in
sham-operated mice. The mean number of progenitors per femur in 
sham-operated animals among the experiments shown ranged be-
tween 10,000 and 60,000 for CFU-GM, 2,000 and 13,000 for cycling 
CFU-GM, and 2,500 and 7,600 for osteoclastic cells. Error bars repre-
sent the calculated SEM of the ratio, derived from the SEM values of 
the means used to calculate the ratio (23). A statistically significant 
effect of ovariectomy on the number of osteoclast progenitors per fe-
mur, determined using Student’s t test, is indicated by the closed 
circles (P , 0.05). Lack of a statistically significant effect is indicated 
by the open circles.

Figure 7. Time course of bone-loss mice after ovariectomy. Femurs 
from the mice of the experiment shown in Fig. 5 were analyzed to
determine the amount of cancellous bone present in the secondary 
spongiosa of the distal metaphysis as described in Methods. Each 
data point represents the mean (6SEM) percentage area occupied by 
cancellous bone (BV/TV; n 5 12–18 animals per group). *P , 0.05 
versus sham-operated animals.
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as did osteocalcin levels in the serum and the rate of bone loss.
These findings are in agreement with previous studies in rats,
indicating that the increased bone remodeling and bone loss
caused by ovariectomy subsides with time (26, 27). Moreover,
they are in agreement with studies in humans indicating that
the rapid bone loss associated with increased bone remodeling
subsides with time after loss of sex steroids, and is followed by
a later stage of slower bone loss (33), and with evidence that
the increased bone remodeling at the menopause is attenuated
within 10 yr (28). Nevertheless, other studies have indicated
that bone loss after menopause may continue unabated
throughout life (34).

During normal bone remodeling, the provision of the ap-
propriate number of mature osteoblasts is thought to be con-
trolled by factors, such as TGF-

 

b

 

, that are released from the
bone matrix during its resorption by osteoclasts (35, 36). Our
finding that administration of alendronate reduced the num-
ber of CFU-OB in the bone marrow of sex steroid–sufficient
mice is entirely consistent with this idea. Nonetheless, the ob-
servation that increased osteoblastogenesis in ovariectomized
mice was still present when bone resorption (and thereby re-
lease of factors from the bone matrix) was blocked by alendro-
nate, indicates that this cellular change could not have been
brought about by this mechanism. Instead, our results strongly

indicate that estrogen loss unleashes signals that can stimulate
early osteoblast progenitors. However, the ovariectomy-induced
increase in osteoblast progenitors in mice receiving alendro-
nate did not lead to increased bone formation, as evidenced by
the lack of change in circulating osteocalcin. This is most prob-
ably due to the fact that bone formation occurs only at sites of
previous resorption in remodeling bone; and because the latter
was blocked by alendronate, bone formation could not occur
(37). We recognize that we have not excluded the possibility
that alendronate might have exerted additional effects on cells
of the bone marrow. However, this possibility is very unlikely,
as an identical dose of alendronate had no effect on the num-
ber of osteoclast precursors in the murine bone marrow in an
earlier study (38).

The source and nature of the signals leading to increased
osteoblastogenesis unleashed by ovariectomy is only a matter
of conjecture at this stage. IL-6–type cytokines have been
shown to stimulate the early stages of osteoblast differentia-
tion (39–41); overexpression of leukemia inhibitory factor or
oncostatin M in mice causes increased bone formation (42, 43);
and IL-6–type cytokines exert antiapoptotic effects on osteo-
blastic cells (44, 45). Thus, it is reasonable to propose, that be-
sides osteoclastogenesis, the increased IL-6 production and in-
creased IL-6–type cytokine responsiveness caused by estrogen

Figure 8. Effect of alendronate on ovariectomy-
induced increase in bone cell activity and bone cell 
progenitors. Mice were injected daily with vehicle 
or alendronate (0.25 mg/kg body weight) begin-
ning 1 d before sham-operation or ovariectomy. 
Urinary deoxy-pyridinoline was determined at
2 wk after the operation when ovariectomy-
induced bone loss is rapid (Fig. 7). Animals were 
killed at 4 wk after the operation and serum osteo-
calcin, osteoclastogenesis, and osteoblastogenesis 
(CFU-OB) were determined, as described in 
Methods, using ascorbate-2-phosphate to stimu-
late osteoblast differentiation and formation of 
mineralized bone nodules. Data shown are the 
mean (6SEM) values obtained from 7–10 animals 
per group. Data were analyzed by ANOVA. *P , 
0.05 versus sham-operated vehicle-treated mice, 
‡P , 0.05 versus sham-operated alendronate-
treated mice.
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deficiency (46) is also responsible for stimulating osteoblasto-
genesis (39).

Because osteoclastogenesis is critically dependent on stro-
mal/osteoblastic cells (5), the increased osteoblastogenesis and
osteoclastogenesis in the bone marrow of ovariectomized mice
may be interdependent. Studies of mice with defective osteo-
blast development (SAMP6) have revealed that osteoclasto-
genesis was also decreased, thus providing evidence for the im-
portance of this dependency in vivo (22). More important,
orchidectomy failed to stimulate osteoblastogenesis in these
mice; and the expected increase in osteoclastogenesis and the
bone loss that occur in mice with normal osteoblastogenesis
were blunted in SAMP6 (24). Hence, paradoxical as it may
seem, it is possible that the ovariectomy-induced stimulation
of mesenchymal cell differentiation towards the osteoblastic
lineage plays a role in the increased osteoclastogenesis. Obvi-
ously, the increased osteoblast development described here
must not be sufficient to meet the demand imposed by the in-
creased osteoclastogenesis and bone resorption that occurs af-
ter estrogen loss. Therefore, cellular changes that favor resorp-
tion over formation must occur.

In conclusion, the results of this study provide strong sup-
port for the contention that the rates of osteoclastogenesis and
osteoblastogenesis in the bone marrow are critical determi-
nants of the rates of bone resorption and bone formation, and
thereby responsible for the increased rate of bone remodeling
in estrogen deficiency. In addition, these studies reveal for the
first time that a normally operating mechanism, which assures
the coordinated production of osteoblasts in response to the
needs generated by osteoclastic bone resorption, is overridden
in acute estrogen deficiency by the unleashing of factors that
stimulate osteoblastogenesis in a fashion autonomous from the
need created by bone resorption. Therefore, the upregulation
of osteoblastogenesis after acute estrogen loss is inappropriate
for the normal remodeling process.
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