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Age-Dependent Decline in Bone Nodule Formation
Stimulating Activity in Rat Serum is Mainly Due to the
Change in the Corticosterone Level

Masaki Fujieda, Noriaki Takao, Michiaki Kiriu, Shigeki Mizuochi, Hiroyuki Kaneki, and Hayao Ide*
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Abstract The replacement of fetal bovine serum with rat serum in a culture medium brought about a marked
increase in the formation of mineralized bone nodules (BN) in primary cultures of rat calvarial cells. These effects of rat
serum were most prominent when added during the early phase of the culture, indicating that the serum factor mainly
acts on the cells during the growing phase. A signi®cant increase in BN formation was observable at ®nal rat serum
concentration as low as 1%, and the effect was dependent on serum concentration, at least up to 10%. The addition of
rat serum also increased alkaline phosphatase (ALP) activity, collagen synthesis, and DNA synthesis in calvarial cells.
BN formation stimulating activity was extractable with ethyl acetate. The ethyl acetate extract was puri®ed by TSK-GEL
OH-120 column chromatography by monitoring the stimulation of ALP activity in ROS 17/2.8 cells. The chromato-
graphic behavior of the ALP activity was found to be identical to that of corticosterone, the major glucocorticoid in
rodents and the preincubation of the puri®ed fraction with anticorticosterone antibody abolished the ALP stimulating
activity. These results suggest that BN formation stimulating activity in rat serum is mainly attributable to corticosterone.
The concentration of serum corticosterone decreased with age in parallel with BN formation stimulating activity, which
suggests that the physiological level of corticosterone may have a regulatory role in the maintenance of osteoblast
function. J. Cell. Biochem. 81:547±556, 2001. ß 2001 Wiley-Liss, Inc.
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Growth factors present in the bone matrix,
such as insulin-like growth factors I and II
(IGF-I and IGF-II) [Williams et al., 1989; Jones
and Clemmons, 1995; Middleton et al., 1995],
platelet-derived growth factor [Hauschka et al.,
1986, Gowen, 1994], and transforming growth
factor-b [Centrella et al., 1987, Bonewald and
Mundy, 1990] have been suggested to play key
roles in coupling between resorption and for-
mation as autocrine or paracrine regulators.
These factors, synthesized and secreted by
osteoblasts, are incorporated into the bone
matrix during bone formation, and are thought
to be released during bone resorption to stimu-
late osteoblastic cell proliferation and bone

matrix synthesis in the local area by autocrine
and paracrine mechanisms [Canalis and Lian,
1988; Goldring and Goldring, 1989; Turner
et al., 1994]. In contrast, systemic factors pre-
sent in serum, such as estrogen [Gray et al.,
1987; Robinson et al., 2000; Cheng et al., 1999],
parathyroid hormone [Hassager et al., 1992]
and 1,25-dihydroxyvitamin D3 [Civitelli et al.,
1990; Noda et al., 1990; Matsumoto et al., 1991;
Farach-Carson and Ridall, 1998] have also
been suggested to play key roles in bone meta-
bolism on direct or indirect mechanisms. These
observations suggest that osteoblast functions
are under the control of systemic factors as well
as local factors.

Cell populations enzymatically isolated from
the membranous bone of fetal or newborn rats
and mice, containing osteoblasts and their pre-
cursor cells, serve as a useful in vitro model for
studying the effects of hormones and growth
factors on these osteoblastic cells independent
of bone resorption by osteoclasts [Bellows et al.,
1986; Yokose et al., 1996]. The osteoblastic cells
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form mineralized bone nodules (BN) with a
histological, immunohistochemical, and ultra-
structural appearance similar to that of woven
bone in the presence of ascorbic acid and b-
glycerophosphate. Kato et al. [1995], modifying
the fetal cell culture technique, recently deve-
loped a culture model for BN formation by
adult calvarial cells and showed that ®broblast
growth factor-2 only marginally enhanced BN
formation, although this growth factor has a
prominent stimulatory effect on fetal calvarial
cells, suggesting the possibility that the res-
ponsiveness to regulatory factors differs be-
tween adult and fetal cells.

We found in the present study that rat serum
contained a factor, which greatly stimulates the
proliferation and differentiation of adult rat
calvarial cells. Puri®cation of the BN formation
stimulating activity revealed that most of it is
attributable to corticosterone, the major gluco-
corticoid in rodents. The age-related changes in
the concentration of corticosterone in the serum
were also studied.

MATERIALS AND METHODS

Materials

Female Wistar rats (5±90 weeks old) were
purchased from Clea Japan, Inc. (Tokyo,
Japan). They were allowed free access to Clea
CE7 laboratory pellets and water prior to exp-
eriments. Rat sera were prepared from blood
collected at 2 p.m. Corticosterone was pur-
chased from Sigma Chemical Co. (St. Louis,
MO). Fetal bovine serum (FBS), phenol red-
free F-12 medium, and a-minimum essential
medium (a-MEM), and trypsin were products of
Gibco BRL (Rockville, MD). Kanamycin, ascor-
bic acid, collagenase, and b-glycerophosphate
were obtained from Wako Pure Chemical Indu-
stries (Tokyo, Japan). ROS 17/2.8 cells were
obtained from RIKEN Cell Bank (Tsukuba,
Japan).

Cell Culture

Cells enriched for osteoblast phenotype were
enzymatically isolated from the calvaria of 25-
week-old female Wistar rats according to the
method of Bellows et al. [1986], modi®ed by
Kato et al. [1995]. Brie¯y, after ®ve sequential
digestions of calvaria with a mixture of colla-
genase and trypsin, the released cells from the
last three digestion intervals were grown in the
F-12 medium containing 10% FBS. After reach-

ing con¯uence, the cells were collected by
trypsin treatment, seeded in 4-well dishes at
2� 103 cells/cm2 in the same medium and cul-
tured for 4 days (designated as the prolifera-
tion period, P1±P4). At the end of day P4, the
medium was changed to a-MEM supplemented
with 10% FBS, 2 mM b-glycerophosphate, and
ascorbic acid (0.1 mg/ml), and the cells were
maintained for a further 18 days (designated as
the mineralization period, M1±M18).

ROS 17/2.8 cells were maintained in the F-12
medium containing 10% FBS at 37�C in a humi-
di®ed atmosphere of 5% CO2/95% air and sub-
cultured every 5 days.

Determination of Markers for Cell
Proliferation and Differentiation

For the determination of ALP activity, colla-
gen synthesis, BN formation, and DNA syn-
thesis, cells were cultured in the F-12 medium
containing 10% rat serum on days P2±P4. An
ALP assay was performed at the beginning
of day M2 according to the method of Lowry
et al. [1954], using p-nitrophenylphosphate as
a substrate. For the assay of collagen synthesis,
cells were incubated in serum-free a-MEM
medium containing [2,3-3H]proline (1.25 mCi/
ml, Dupont, Wilmington, DE) for 5 h at the
beginning of day M2. The incorporation of
radioactivity into collagenase-digestible protein
was measured as described by Peterkofsky and
Diegelmann [1971]. Quanti®cation of BN was
performed by visualization with von Kossa
stain [Bhargava et al., 1988], and the total
nodule area and the number of nodules were
assessed on day M18, using a colony counter
(BMS-400; Toyo Sokki, Tokyo, Japan). For
the determination of DNA synthesis, the cells
were incubated for 3 h in serum-free a-MEM
medium containing [3H]thymidine (1.25 mCi/
ml, Dupont) at the beginning of day M1, and
incorporation of radioactivity into DNA was
measured.

Puri®cation of BN Formation Stimulating
Activity

Since it takes more than 3 weeks to deter-
mine the BN formation stimulating activity
using rat calvarial cells, the activity in column
chromatography fractions was monitored by
the ability to increase ALP activity in ROS 17/
2.8 cells for convenience. It takes only 3 days
to determine the ALP activity in ROS 17/2.8
cells and the fractions with the BN formation
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stimulating activity also increase the ALP
activity in ROS 17/2.8 cells so far as we tested.
The cells were cultured in 96-well plates at
2� 103 cells/cm2 in 200 ml of the F-12 medium/
10% FBS for 24 h. The medium was then
replaced with 200 ml of the F-12 medium/10%
FBS containing an aliquot of a fraction. After
incubation for further 48 h, the medium was
removed and 25 mM 2-amino-2-methyl-1-pro-
panol, pH 10.5, containing 2 mM MgCl2 and 2
mM p-nitrophenylphosphate was added. After
1 h reaction, the p-nitrophenol formed from
p-nitrophenylphosphate was determined by
absorbance at 410 nm.

One milliliter of serum from 10-week-old rats
was mixed with 5 ml of ethyl acetate in a test
tube and the two phases were separated after
vigorous shaking. The BN formation stimulat-
ing activity was quantitatively recovered in the
ethyl acetate phase. The ethyl acetate extract
was dried, dissolved in 50 ml of hexane:ethanol
(4:1) and applied to a TSK-GEL OH-120 col-
umn (4.6� 250 mm; TOSOH, Tokyo, Japan).
The elution was carried out with 10 ml of
hexane:ethanol (4:1) at the rate of 1 ml/min and
1 ml fractions were collected. Each fraction was
dried and dissolved in 10 ml ethanol. Aliquots
(1 ml) from each fraction were mixed with 1 ml
of the F-12 medium/10% FBS and used for the
determination of the ability to stimulate ALP
activity in ROS 17/2.8 cells. The fractions con-
taining the activity were pooled and re-chro-
matographed on the same TSK-GEL OH-120
column.

Radioimmunoassay of Serum
Corticosterone Concentration

The serum corticosterone was measured by
radioimmunoassay using the method of Maldo-
nado et al. [1989] with minor modi®cations. [3H]
Corticosterone (speci®c activity 100 Ci/mmol;
New England Nuclear, Boston, MA), was used
with rabbit antiserum to corticosterone (Bio-
genesis, Poole, UK). Triplicate samples of the
serum to be assayed for total corticosterone
were extracted with 5 volumes of ethyl acetate
at room temperature. Precipitated proteins
were removed by centrifugation and samples
of the supernatant extract were pipetted into
small tubes and evaporated to dryness. After
dissolving in absolute ethanol, a part of these
was used as a sample. Samples and standards
were incubated with antiserum for 30 min at
room temperature. Tritiated ligand was added,

and incubated at 37�C for 1 h, then cooled on
ice at 4�C for 15 min. Unbound ligand was
removed with cold dextran-coated charcoal
suspension, and residual radioactivity was
measured in the supernatant using Beckman
scintillation counter. The method had sensitiv-
ity in the range 15±2000 pg corticosterone.

Statistical Methods

Data were analyzed by Student's t-test or
by one-way analysis of variance (ANOVA),
followed by Dunnett's multiple comparison
test. P < 0:01 was considered signi®cant. All
data are presented as the mean�SD of four
cultures.

RESULTS

We ®rst examined the effect of 10-week-old
rat serum on the area and number of BN forma-
tion by calvarial cells from 25-week-old rats.
When rat serum was added to the culture
medium during days 2±4 of the proliferation
period (P2±P4), the area and number of BN
were increased 4.3- and 2.0-fold, respectively
(Fig. 1A, B). Phase-contrast photomicrographs
of BN visualized with the von Kossa stain in
the culture of osteoblasts from 25-week-old
rat are shown in Figure 1C. An almost iden-
tical pro®le was obtained when a medium
containing FBS (10%) and rat serum (10%)
was added. These results suggest that the rat
serum contains a factor(s) which stimulates BN
formation.

Figure 2 shows the effect of varying the time
and duration of serum addition on the area and
number of BN by rat calvarial cells. The sera
used in this experiment were from 10-week-old
(young) and 90-week-old (aged) rats. When
young rat serum was present in the culture
medium for 24 h on one of the days in the
proliferation period or early stage of the mine-
ralization period, a gradual increase in the
stimulatory effect of BN formation was observed
during the proliferation period with maximal
stimulation on day 4 (P4) and the effect
gradually decreased from day 1 to day 4 in
the mineralization period (M1±M4) (Fig. 2A,
C). More marked stimulation was observed
when young rat serum was present for 72 h
during either the last 3 days during the pro-
liferation period (P2±P4) or the ®rst 3 days
during the mineralization period (M1±M3)
(Fig. 2B, D). In contrast, aged rat serum
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showed little effect on BN formation when
present for 24 h on one of the days during the
proliferation period (P1±P4) or early stage of
the mineralization period (M1±M4) (Fig. 2A,
C). However, aged rat serum signi®cantly
stimulated BN formation when it was present
for 72 h during either the last 3 days during the
proliferation period (P2±P4) or the ®rst 3 days
during the mineralization period (M1±M3)
(Fig. 2B, D). Since it takes 6±7 days after
seeding for the cells to become con¯uent, the
results stated above suggest that rat serum is

required to be present continuously when cells
are rapidly growing.

Standard media for the control culture of
osteoblasts contain 10% FBS. When varying
portions of FBS were replaced with young or
aged rat serum during P2±P4, a dose-depen-
dent increase in the area and number of BN
formation was observed (Fig. 3A, B). Rat serum
from either young or aged donors also enhan-
ced the ALP activity, incorporation rate of
[3H]thymidine and of [3H]proline in a dose-
dependent manner (Fig. 3C±E). The effects of

Fig. 1. Effect of 10-week-old rat serum on the formation of BN
in the culture of osteoblasts from 25-week-old rats. 10% FBS (&)
or 10% 10-week-old rat serum (&) was included in the medium
for 72 h during the last 3 days during the proliferation period
(P2±P4). Medium for both groups contains 10% FBS during the
rest of the culture period. The area (A) and number (B) of BN

were measured on day M18. (C) Phase-contrast photomicro-
graphs of BN visualized with von Kossa stain in the culture of
osteoblasts from 25-week-old rats. Other conditions were as
described in Materials and Methods. Each value represents the
mean� SD of four cultures. The experiments were repeated
twice and the results were essentially the same as those depicted.
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aged rat serum were less potent than those of
young rat serum on all of these parameters.

We next tried to purify the BN formation
stimulating activity, which was monitored by
measuring ALP activity in ROS 17/2.8 cells.

After extraction with ethyl acetate, the activity
was quantitatively recovered in the organic
phase (data not shown). Since the extracted
activity was resistant to heat (100�C, 5 min)
and trypsin, and ®ltrated through an Amicon
YC-05 membrane (molecular weight cut-off
< 500), the BN formation stimulating factor
was suggested to be a steroid. When the ethyl
acetate-extracted activity was chromato-
graphed on a TSK-GEL OH-120 column, the
activity was eluted as a single peak with hex-
ane:ethanol (4:1) solution. The fraction con-
taining the activity was re-chromatographed
on a TSK-GEL OH-120 column (Fig. 4A, B),
and the retention time of the activity coincided
with that of corticosterone (Fig. 4C). The ALP
stimulating activity of this fraction was com-
pletely blocked by the treatment with neutra-
lizing antibody against corticosterone (Fig. 5).

We next examined the age-dependent chan-
ges in the serum corticosterone level and in the
effects of the serum on the markers for dif-
ferentiation and proliferation of osteoblasts. As
shown in Figure 6D, the serum corticosterone
concentration sharply declined from 10 to 20
weeks, and then gradually decreased up to 90
weeks. The BN formation stimulating activity
(Fig. 6A, B) and the rate of [3H]thymidine in-
corporation into the cells (Fig. 6C) also declined
with age in parallel with serum corticosterone
concentration (Fig. 6D).

In the next experiment, the ability to stimu-
late BN formation was compared between rat
serum and corticosterone. From the data shown
in Figure 6D, the concentration of corticoster-
one in 10-week-old rat serum was estimated to
be approximately 10ÿ6 M. When 10-week-old
rat serum was added to the culture of calvarial
cells from 25-week-old rats on day P4 at a ®nal
concentration of 10%, the area and number of
BN increased by 130 and 73%, respectively.
Corticosterone at a ®nal concentration of 10ÿ7

M also increased the area and number of BN
both by 112%. These results suggested that
corticosterone is as potent as rat serum in the
stimulation of BN formation by calvarial cells,
as was shown in the ability to stimulate the
ALP activity in ROS 17/2.8 cells.

Figure 7 shows a comparison of the degree
of stimulation of ALP in ROS 17/2.8 cells
among 25-week-old rat serum, the puri®ed
fraction from 25-week-old rat serum and corti-
costerone. Prior to this experiment, the volume
of the puri®ed fraction was adjusted to that of

Fig. 2. Effect of varying the time and duration of the addition of
rat serum on the formation of BN in the culture of osteoblasts
from 25-week-old rats. A and C: Young (10-week-old, &) and
aged (90-week-old, &) rat sera were included in the medium for
24 h on one of the days during the proliferation period (P1±P4)
or during the mineralization period (M1±M6). In a control
experiment, FBS was included in the culture medium through-
out the culture period. B and D: Young (&) and aged (&) rat sera
were included in the medium for 72 h during the last 3 days
during the proliferation period (P2±P4) or the ®rst 3 days during
the mineralization period (M1±M3). Rat serum concentration
was 10% in all experiments. The area (A and B) and number (C
and D) of BN were measured on day M18. Other conditions
were as described in Materials and Methods. Each value
represents the mean� SD of four cultures. The experiments
were repeated twice and the results were essentially the same as
those depicted.
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25-week-old rat serum from which the puri®ed
fraction originates. Signi®cant stimulation of
the ALP activity was observed when rat serum
was added to the culture at ®nal concentration
of 10 and 1%, but not at 0.1%. Similar dose
dependency was observed with 10, 1 and 0.1%
puri®ed fractions. Corticosterone at a ®nal
concentration of 10ÿ7 M also stimulated the
ALP activity to the same level as those obtained
by 10% rat serum or 10% puri®ed fraction, indi-
cating that recovery after puri®cation of the
serum factor is nearly complete.

From the overall results, it was suggested
that the factor responsible for the BN forma-
tion stimulating activity in adult rat serum is
mainly corticosterone.

DISCUSSION

In the present study, we found that a single
pulse exposure of adult calvarial cells to adult
rat serum markedly increased BN formation in
a dose-dependent manner. The stimulation was
observed regardless of the presence of FBS in

Fig. 3. Dose-dependency of the effect of young and aged rat
sera on BN formation, ALP activity, collagen synthesis, and
DNA synthesis in the culture of osteoblasts from 25-week-old
rats. The cells were treated with various doses of young (*) or
aged (*) rat serum for 72 h during the last 3 days during the
proliferation period (P2±P4). The area (A) and number (B) of BN
were measured on day M18. ALP activity (C) and [3H]proline

incorporation into collagenase-digestible protein (E) were mea-
sured at the beginning of day M2. [3H]Thymidine incorporation
into the cells (D) was measured at the beginning of day M1.
Other conditions were as described in Materials and Methods.
Each value represents the mean� SD of four cultures. The
experiments were repeated twice and the results were essen-
tially the same as those depicted.
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the medium, indicating that a factor(s) respon-
sible for the stimulation seemed to be either not
or poorly included in FBS. Most of the BN
formation stimulating activity in rat serum
seems to be attributable to corticosterone,
because the chromatographic behavior of the

activity monitored by the ALP activity in ROS
17/2.8 cells was identical to that of standard
corticosterone and the stimulation of the ALP
activity by the puri®ed fraction was completely
blocked by the treatment with anticortico-
sterone antibody.

Bellows et al. [1987, 1990] and Turksen and
Aubin [1991] have shown that dexamethasone,
a synthetic glucocorticoid, stimulates BN for-
mation in fetal rat calvarial cells. Upon the
addition of dexamethasone, BN formation is
enhanced in both the number and size, sug-
gesting that the glucocorticoid stimulates a
population of cells, which does not become BN
forming cells in its absence, in addition to a
population of cells, which undergoes osteogenic
differentiation under the standard culture con-
dition. Turksen and Aubin [1991] suggested
that glucocorticoid-dependent osteoprogenitor
cells are less matured than glucocorticoid-inde-
pendent osteoprogenitor cells, and do not ex-
press ALP on their surface. In the present

Fig. 4. Re-chromatography on a TSK-GEL OH-120 column of
BN formation stimulating activity. Ethyl acetate extract of 1 ml
of 10-week-old rat serum was separated on a TSK-GEL OH-120.
The fraction containing the activity was re-chromatographed on
a TSK-GEL OH-120 column. The eluate was monitored by
absorbance at 240 nm (B) and elution pro®le was compared
with that of standard corticosterone (C). BN formation stimulat-
ing activity was monitored by the ability to stimulate the ALP
activity in ROS 17/2.8 cells (A). Results (mean of triplica-
tes� SD) were expressed as the percentage of ALP activity in the
control culture. Other conditions were as described in Materials
and Methods. The experiments were repeated twice and the
results were essentially the same as those depicted.

Fig. 5. Effect of antibody against corticosterone on ALP activity
induced by the puri®ed fraction obtained from the second TSK-
GEL OH-120 column. Puri®ed fraction (1 ml) from second TSK-
GEL OH-120 column was dried and dissolved in 10 ml of
ethanol and F-12 medium was added to give ®nal volume of 1 ml
(designated as PF). ROS 17/2.8 cells were treated with PF (®nal
concentration of 10%) or corticosterone (CS, 10ÿ7 M) in the
presence (&) or absence (&) of an antibody against corticoster-
one. Results (mean of triplicates� SD) were expressed as the
percentage of the ALP activity in the control culture (CT). Other
conditions were as described in Materials and Methods. The
experiments were repeated twice and the results were
essentially the same as those depicted.
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study, rat serum increased the incorporation
rate of [3H]thymidine, ALP activity and both
number and size of BN in the culture of adult
rat calvarial cells. These results suggest that,
similar to the effects of dexamethasone, the
serum factor stimulates glucocorticoid-depen-
dent cells to become BN forming cells.

Glucocorticoids are widely used for anti-
in¯ammatory therapy, but excess circulating
glucocorticoids due to such prolonged thera-
peutic use of the steroid or Cushing's syndrome
cause imbalance of bone remodeling, leading
to osteoporosis [Canalis, 1996]. The processes
underlying these unfavorable effects of gluco-

corticoids are poorly understood. Glucocorti-
coids affect intestinal calcium absorption and
urinary excretion of calcium, leading to sec-
ondary hyperparathyroidism [Ritz et al., 1984;
Canalis, 1996]. However, the most interesting
point to investigate seems to be the mechanism
of the direct action of glucocorticoids on osteo-
blasts and their progenitor cells. Glucocor-
ticoids have been known to decrease the
synthesis of type I collagen and osteocalcin
[Lukert and Raisz, 1990; Delany et al., 1995].
In contrast, in vitro studies showed that gluco-
corticoid stimulates BN formation by isolated
calvarial cells as described above. Bellows

Fig. 6. Donor age-dependent change in the effect of serum on
BN formation and DNA synthesis by calvarial cells from 25-
week-old rats and in serum corticosterone concentration. The
culture medium contains 10% serum from rats of the indicated
ages for 72 h during the last 3 days during the proliferation
period (P2±P4) and 10% FBS during the rest of the culture
period. The area (A) and number (B) of BN were determined on
day M18 and the incorporation of [3H]thymidine into the cells

(C) was measured at the beginning of day M1. Serum corti-
costerone concentration (D) was determined by radioimmu-
noassay (mean� SD of three determinations). Other conditions
were as described in Materials and Methods. Each value in (A),
(B), and (C) represents the mean� SD of four cultures. The
experiments were repeated at least twice and the results were
essentially the same as those depicted.
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et al. [1987] reported that the peak effect of
dexamethasone and hydrocortisone in increas-
ing the number and area of BN was observed at
10±50 nM in the culture of fetal calvarial
cells. Since higher doses showed little or no
effect, they concluded that corticosteroids regu-
late the differentiation of osteoblasts and the
homeostasis of bone within the physiological
concentration range.

The most interesting ®nding in the present
study was that the serum corticosterone con-
centration showed an age-dependent decline,
which was paralleled with the reduction of BN
formation stimulating activity in the serum
(Fig. 6). These results are compatible with the
idea that corticosterone is the major factor
responsible for the BN formation stimulating
activity in rat serum. The correlation between
the age-dependent decline of the serum corti-
costerone level and that of BN formation stimu-
lating activity suggests that the glucocorticoid
may have an important role in the regulation
of bone metabolism within the range of the
circulating level. In earlier studies on age-
dependent change in plasma corticosterone con-

centration in rats, controversial results were
obtained; increased, unchanged, or decreased
[DeKosky et al., 1984, Meaney et al., 1988, Goya
et al., 1989]. However, more extensive studies
revealed that the plasma corticosterone level is
consistently lower in old rats [Ait-Chaoui et al.,
1995]. The discrepancy has been attributed to
difference in sex, the time point of blood
collection in the 24 h circadian concentration
pattern, a limited number of age groups were
examined and analytical methods utilized, but
the most important factor seems to be the
timing of blood collection. In the present study,
serum samples were collected from female rats
of eight different age groups at 2 p.m. when
near-maximal concentration of corticosterone
has been reported to occur to minimize varia-
tion by circadian rhythm.

To the best of our knowledge, this is the ®rst
study to show the serum activity to stimulate
BN formation and its age-related change. The
precise mechanism of BN stimulation by corti-
costerone is now under investigation in our
laboratory.
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