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ABSTRACT

To assess the chronological participation of sclerostin and FGF23 in bone metabolism, this study
tracked the immunolocalization of sclerostin and FGF23 in the metaphyses of murine long bones
from embryonic day 18 (E18) through 1 day after birth, 1 week, 2 weeks, 4 weeks, 8 weeks, and
20 weeks of age. We have selected two regions in the metaphyseal trabeculae for assessing scle-
rostin and FGF23 localization: close to the chondro-osseous junction, i.e., bone modeling site even
in the adult animals, and the trabecular region distant from the growth plate, where bone remodel-
ing takes place. As a consequence, sclerostin-immunopositive osteocytes could not be observed in
both close and distant trabecular regions early at the embryonic and young adult stages. However,
osteocytes gradually started to express sclerostin in the distant region earlier than in the close re-
gion of the trabeculae. Immunoreactivity for FGF23 was observed mainly in osteoblasts in the
early stages, but detectable in osteocytes in the later stages of growth in trabecular and cortical
bones. Fgf23 was weakly expressed in the embryonic and neonatal stages, while the receptors,
Fgfric and aKlotho were strongly expressed in femora. At the adult stages, Fgf23 expression be-
came more intense while Fgfirlc and aKlotho were weakly expressed. These findings suggest that
sclerostin is secreted by osteocytes in mature bone undergoing remodeling while FGF23 is synthe-
sized by osteoblasts and osteocytes depending on the developmental/growth stage. In addition, it
appears that FGF23 acts in an autocrine and paracrine fashion in fetal and neonatal bones.

By establishing a communication network between
osteocytes and osteoblasts, osteocytes are situated at
the center of bone turnover and help determine how
bones adjust to mechanical stress through bone re-
modeling. Osteocytes exist inside osteocytic lacunae
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and connect to neighboring osteocytes and osteoblasts
on the bone surfaces via fine cytoplasmic processes
that run through osteocytic canaliculi. Osteocytes in-
terconnect their cytoplasmic processes via gap junc-
tions (2, 6, 7, 33), thereby building functional
syncytia referred to as osteocytic lacunar-canalicular
system (OLCS) (5, 15, 16, 31).

In the last few decades, many studies have report-
ed on important osteocyte-derived factors, such as
sclerostin (which regulates osteoblastic activities)
and fibroblast growth factor 23 (FGF23, which af-
fects the proximal renal tubules to reduce serum
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concentrations of inorganic phosphate). Sclerostin is
a glycoprotein encoded by the Sost gene (42) that
binds to the LRP5/6 receptor—thereby antagonizing
Wnt signaling and increasing B-catenin degradation
(20, 40). Hence, sclerostin is known as a negative
regulator of osteoblastic activity and bone remodel-
ing (28, 35, 39), since it passes through the osteocyt-
ic canaliculi and inhibits the activation of bone-lining
osteoblasts. FGF23, on the other hand, binds to the
FGFRI1c/aklotho receptor complex in adult stages at
the proximal renal tubules; it helps controlling se-
rum phosphate concentrations, which are required
for normal skeletal development as well as for pres-
ervation of bone integrity (29). Although Fgf23
mRNA was found in several tissues (1, 21, 34), it
was most abundantly expressed in bone (41). As a
circulating growth factor, FGF23 inhibits phosphate
reabsorption and 10,25(OH),D, production in the
kidney (22), thus acting on serum homeostasis of
phosphate and calcium. In brief, sclerostin and
FGF23 are secreted by osteocytes and appear to be
involved in bone metabolism in adult stages, i.e.,
are involved in normal bone remodeling and serum
mineral balance.

Meanwhile, each part of a long bone has its own
function: metaphyseal primary trabeculae are sites
of bone modeling based on mineralized cartilage
cores formed during endochondral ossification (3).
Secondary trabeculae show bone remodeling medi-
ated by cellular coupling between osteoclasts and
osteoblasts (4, 9, 10, 12). Cortical bone is a mature,
well-mineralized hard tissue that composes the outer
wall of the long bone. OLCS distribution differs de-
pending on such regional difference of bone (13, 31,
37). Immature, primary trabeculae contained ran-
domly-oriented OLCS, revealing an intense tissue
nonspecific alkaline phosphatase (TNAP)-reactivity,
a hallmark of osteoblastic activities (3, 26), on their
surface. In contrast, secondary trabeculae construct-
ed relatively-regular OLCS, and mature cortical bone
demonstrated geometrically well-arrangement of
OLCS, featuring TNAP-positive flattened, bone-lining
osteoblasts (11, 23, 37). Normal bone remodeling is
well known to make bone structure better strength-
ened and arranged so as to be resist against the me-
chanical stress, and by means of bone remodeling,
the distribution of OLCS becomes progressively
more regular as the individual grows. Therefore, the
biological activities of osteocytes seem to take place
in bone metabolism by means of specific mole-
cules—sclerostin and FGF23 (11, 23, 37).

However, histological features of metaphyseal tra-
beculae and cortical bone chronologically change
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during individual growth, and therefore, the sites of
bone modeling and remodeling will be different in
accordance with the developmental stages (8). Ko-
bayashi et al. have demonstrated that bone modeling
mainly took place in tibiae, femora and vertebrates
in the embryonic and infant stages of individual
growth, whereas bone remodeling gradually came to
be predominant in these bones after young adult
stages (17). Thus, two important points were raised
on the investigation of sclerostin and FGF23: One is
that the embryonic and neonatal stages show mainly
bone modeling in long bone, while bone remodeling
would be predominant after young adult stage, and
the other is the synthesis of sclerostin and FGF23
featuring the site-specific diversity of their immuno-
localization.

Taken together, one may wonder whether there is
a chronological change in the distribution of scleros-
tin-, or FGF23-immunoreactive osteocytes. To as-
sess this concern, we have selected two regions of
the metaphyseal trabeculae for sclerostin observation:
the region close to the chondro-osseous junction (a
bone modeling site even in young adults) and the
region distant from the trabecular borders (bone re-
modeling is gradually predominant). In addition, we
selected the region near the metaphyseal trabeculae
as well as the cortical bone for FGF23 observation.
The goal of this study, therefore, is to present the
chronological changes in immunolocalization of
sclerostin and FGF23 in the different regions of mu-
rine long bones during development and growth.

MATERIALS AND METHODS

Animals and tissue preparation. All animal experi-
ments in this study were conducted under the
Hokkaido University Guidelines for Animal Experi-
mentation (Approved No. 15-0041). C57BL/6J mice
at embryonic day 18 (E18), 1 day after birth, 1
week, 2 weeks, 4 weeks, 8 weeks, and 20 weeks of
age (CLEA Japan Tokyo, Japan) were used in this
study (n = 6 for each). E18 fetuses were obtained by
Caesarean section, and then, immediately extracted
and immersed in 4% paraformaldehyde in a 0.1 M
phosphate buffer (pH 7.4). One day-old, 1 week-old
and 2 weeks-old mice were anesthetized with diethyl
ether and then, had their femora and tibiae extracted
prior to being immersed in the same fixatives. Four
weeks-old, 8 weeks-old, and 20 weeks-old mice
were anesthetized with an intraperitoneal injection
of 8% chloral hydrate (400 mg/100 g body weight).
After the procedure, mice were performed with a
trans-cardiac perfusion with 4% paraformaldehyde
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in a 0.1 M phosphate buffer (pH 7.4) through left
ventricles. These specimen were decalcified with
10% EDTA-2Na solution for 6 weeks at 4°C. After
demineralization, the specimens were dehydrated
through an ascending ethanol series prior to paraffin
embedding.

Immunohistochemistry for sclerostin, FGF23 and
TNAP. Dewaxed paraffin sections were treated with
0.1% hydrogen peroxide for 15 min. After pre-incu-
bation with 1% bovine serum albumin (BSA; Sero-
logicals Proteins Inc. Kankakee, IL) in PBS (1%
BSA-PBS) for 30 min at room temperature (RT), the
treated paraffin sections were incubated with rabbit
polyclonal antisera against TNAP (26) at a dilution
of 1:500 with 1% BSA-PBS at RT. These sections
were reacted with horseradish peroxidase (HRP)-con-
jugated goat anti-rabbit IgG (DakoCytomation,
Glostrup, Denmark), proceeded rinsing with PBS.
For detection of FGF23 and sclerostin, the dewaxed
paraffin sections were treated with rat anti-FGF23
(R&D systems, Inc., Minneapolis, MN) diluted at
1: 100 for 2 h at RT, or with goat anti-mouse scleros-
tin antibody (R&D systems) at a dilution of 1: 100
for 2 h at RT, respectively. Sections treated with pri-
mary antibodies were subsequently incubated in
HRP-conjugated anti-rat IgG (Chemicon International
Inc., Temecula, CA) or in HRP-conjugated anti-goat
IgGs (Rockland Immunochemicals Inc., Gilberts-
ville, PA) at a dilution of 1: 100 at RT. All immune
complexes were visualized using 3,3’-diaminobenzi-
dine tetrahydrochloride (DAB; Dojindo Laboratories,
Kumamoto, Japan). All sections were counterstained
with methyl green, and observed under light micro-
scope (Eclipse E800; Nikon Instruments Inc. Tokyo,
Japan).

The measurement of the indices of sclerostin-reactive
osteocytes, FGF23-positive osteocytes and osteoblasts
and TNAP-immunoreactive area. The percentage of
sclerostin-positive osteocytes per total osteocyte
number was examined in the close and distant re-
gions from the chondro-osseous junction of tibiae at
E18-, 1 day-, 1 week-, 2 weeks-, 4 weeks-, 8
weeks-, and 20 weeks-old mice (n =6 for each).
The region of interesting (ROI) close to the chon-
dro-osseous junction was defined as the putative
area encompassed by the chondro-osseous junction,
endosteal surfaces of the cortical bone and the line
placed at the first quarter of the length of the me-
taphyseal trabeculae starting from the chondro-osse-
ous junction. In contrast, the ROI in the distant
region of the metaphyseal trabeculae was defined as
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the area comprised by the last quarter of the me-
taphyseal trabeculae and the endosteal surfaces of
the cortical bone. The numbers of sclerostin-immu-
noreactive osteocytes were divided by the total os-
teocyte number in the ROI.

Regarding the index of FGF23-immunopositive
osteocytes, we have evaluated the percentage of
FGF23-positive osteocytes per total osteocyte num-
ber in the ROI near the chondro-osseous junction
and the cortical bone in all stages of mice growth
and development stages included in this study (n =6
for each). The ROI of the close region is described
above, and that of cortical region was estimated by
the area encompassed by assumed two extensive
lines of the chondro-osseous junction and the one
fourth of the trabecular length, and endosteal and
periosteal surfaces. The numbers of FGF23-immu-
noreactive osteocytes were divided by the total num-
bers of osteocytes in the ROI. We measured the
osteoblastic areas positive for FGF23 in the cortical
area, by using ImagePro Plus 6.2 software (Media
Cybernetics, Silver Spring, MD) and represented as
percentage of tissue volume (TV) as recently report-
ed (43).

TNAP-positive areas within the ROI of the close
and distant region described above were also mea-
sured with using ImagePro Plus 6.2 software (Media
Cybernetics), and the resulting indices were statisti-
cally analyzed and described in terms of percentage
of TV.

Statistical analysis. All statistical analyses were as-
sessed by one-way ANOVA followed by Tukey-
Kramer multiple comparisons test, and all values are
presented as mean + standard deviation (SD). Values
of P <0.05 were considered significant (14, 36).

RT-PCR analysis for the expression of Fgf 23, Fgfric,
aKlotho and Gapdh in femora and kidney. To evalu-
ate the gene expression of Fgf 23, Fefric, aKlotho
and Gapdh, total RNA was extracted from femora
and kidneys as previously reported (11). The speci-
mens were homogenized in 10 mL TRIzol reagent
(Life Technologies Co. Carlsbad, CA) per 1 g tissue
to extract total RNAs. The mixture was centrifuged
at 15,000 rpm for 5 min at 4°C, allowing for remov-
al of small debris. The supernatant was transferred
to a new tube, which was vortexed for 15 s after ad-
dition of 2 mL of chloroform. The lysate was then
transferred to a new tube and incubated for 5 min at
RT. After phase separation, the aqueous phase con-
taining the RNA was transferred to a fresh new tube
and RNA was precipitated by adding 5 mL isopro-
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Fig. 1

Histology on the chronological change of metaphyseal trabeculae and cortical bone. Panels A-G display tibial tra-

beculae close to the chondro-osseous junction at E18 (A), 1 day (B), 1 week (C), 2 weeks (D), 4 weeks (E), 8 weeks (F),
and 20 weeks (G)-old mice, while panels H-N and O-U are obtained from the distant regions of metaphyseal trabeculae
and cortical bone, respectively, of the age-matched mice as panels A—-G. Notice that, as mice grow, both trabeculae close
to and distant from the chondro-osseous junction show compact profile with featuring flattened osteocytes. Although the
cortical bone at E18 and 1 day after birth demonstrated gathering of fine trabeculae, thereafter, the cortical bone forms

thick walls with compact histological profile. Bars, 50 pm

pyl alcohol per 10 mL TRIzol reagent. After 10 min
incubation at RT, the mixture was centrifuged for
60 min at 15,000 rpm at 4°C. The resultant RNA
pellet was washed with 1 mL 75% ethanol and brief-
ly air-dried. RNA was dissolved in 30 uL. DEPC-
treated water. First strand cDNA was synthesized
from 2 pg of total RNA by SuperScript VILO cDNA
Synthesis Kit (Life Technologies).

The primer sequences used for PCR were: mouse
Gapdh Fw—-TGTCTTCACCACCATGGAGAAGG,
Rev—GTGGATGCAGGGATGATGTTCTG; mouse
Fgf23 Fw—TGTCAGATTTCAAACTCAG, Rev—
GGATAGGCTCTAGCAGTG; mouse Fgfric Fw—
CTTGACGTCGTGGAACGATCT, Rev—AGAACG
GTCAACCATGCAGAG; mouse aKlotho Fw—GGG
TCACTGGGTCAATCT, Rev—-GCAAAGTAGCCA
CAAAGG.

The PCR was performed using a thermal cycler,
as follows: denaturation at 94°C for 30 s, annealing
at 60°C (for Gapdh), 55°C (for Fgf23, Fgfric and
aKlotho) for 30 s, extension at 72°C for 30's, and a

final incubation at 72°C for 10 min. RT-PCR prod-
ucts were subjected to 2% agarose gel electrophore-
sis, stained with ethidium bromide, and detected
using E-Gel Imager (Life Technologies). The inten-
sity of PCR products was photographed by digital
camera, and analyzed by image J 1.48 (U.S. Nation-
al Institutes of Health, Bethesda, Maryland) (32).

RESULTS

Chronological histology of metaphyseal trabeculae
close and distant from the chondro-osseous junction
and cortical bone

The trabeculae close to the chondro-osseous junc-
tion revealed a woven bone-like appearance with in-
ner cartilage cores from E18 through 2 weeks of age
(Figs. 1A-D). The region near the chondro-osseous
junction was thicker at 4 and 8 weeks (Figs. 1E, F),
and the thick bone matrix of the trabeculae included
flattened osteocytes at 20 weeks (Fig. 1G). The
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Fig.2 Chronological distribution of sclerostin and TNAP in the metaphyseal trabeculae close to the chondro-osseous junc-
tion. Panels A—-G display sclerostin-immunolocalization (brown) in trabeculae close to the chondro-osseous junction of tibiae
at E18 (A), 1 day (B), 1 week (C), 2 weeks (D), 4 weeks (E), 8 weeks (F), and 20 weeks (G)-old mice, while panels H-N
demonstrate the distribution of TNAP-reactive cells (brown color) in the matched region of A—G. See several osteocytes re-
vealing sclerostin-immunoreactivity after 4 weeks (arrows in E-G). Panel O shows the statistical analysis on the index of
sclerostin-reactive osteocytes in the trabeculae close to the chondro-osseous junction, while panel P exhibits the percent-
age of TNAP-positive area/TV. OB: osteoblast Bars, A—G: 50 um, H-N: 20 ym

specimens at E18 and 1 day after birth revealed im-
mature woven bone in the trabecular region distant
from the chondro-osseous junction (Figs. 1H, I).
However, starting from the first week of age, the dis-
tant region gradually thinned the layer of surround-
ing osteoblastic cells (Figs. 1J-L). The relatively
flattened osteocytes were localized parallel to the
trabecular surface after 8 weeks (Figs. IM, N). The
cortical bone at E18 and 1 day after birth was not a
continuum of outer wall of bone, but demonstrated
gathering of fine trabeculae (Figs. 10, P). The corti-
cal bone tended to form the cortical walls at 1
week-old (Fig. 1Q), and thereafter, exhibited thick

walls with compact histological profile (Figs. IR-U).

Sclerostin- and TNAP-immunolocalization in the me-
taphyseal trabeculae close and distant from the chon-
dro-osseous junction

Since TNAP activity is a hallmark of osteoblastic
cells, we compared the distribution of sclerostin and
TNAP in the trabecular regions close and distant
from the chondro-osseous junction. No sclerosin-pos-
itive osteocytes were observed in the trabeculae in
the close proximity of the chondro-osseous junction
from E18 to 2 weeks of age (Figs. 2A-D). At 4
weeks of age, the region near the chondro-osseous
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Fig. 3 Chronological distribution of sclerostin and TNAP in the metaphyseal trabeculae distant from the chondro-osseous
junction. Panels A—G demonstrate the localization of sclerostin-immunoreactive osteocytes (brown color) in tibial trabeculae
distant from the chondro-osseous junction at E18 (A), 1 day (B), 1 week (C), 2 weeks (D), 4 weeks (E), 8 weeks (F), and
20 weeks (G)-old mice, while panels H-N exhibit the distribution of TNAP-reactive cells (brown) in the matched region of
panels A-G. Panel O is a graph of index of sclerostin-reactive osteocytes, while panel P shows the statistical analysis on
the percentage of TNAP-positive area/TV. Bars, A-G: 50 pm, H-N: 20 um

junction began to show sclerostin-immunoreactive
osteocytes, with increasing numbers thereafter
(Figs. 2E-G). Unlike sclerostin-immunolocalization,
TNAP-reactive osteoblastic cell layers were very
thick early at from E18 to 4 weeks-old of mice
(Figs. 2H-L), began to decrease their thickness at
around 8 weeks-old of age (Fig. 2M), and finally
showed relatively-flattened profile at 20 weeks-old
of age (Fig. 2N). Consistently, the percentage
(mean = SD) of sclerostin-immunopositive osteo-
cytes in the close region was 3.65 + 1.1 at 4 weeks-
old, 24.66 +2.90 at 8 weeks-old, 48.74 +2.45 at 20

weeks-old of age (not detected from E18 to 2 weeks-
old of age) (Fig. 20). The statistical analyses exhib-
ited the significant decrease of the index of TNAP
positive area/tissue volume (TV) at 20 weeks-old
when compared to that of the other stages (Fig. 2P).

In the distant trabecular region in the close prox-
imity of the terminal end, the sclerostin-immunopos-
itive osteocytes were not observable at E18 (Fig. 3A),
but could be observable from 1 day after birth, and
chronologically tended to increase their number
(Figs. 3B—QG). The statistical analysis on the index
(mean + SD) of sclerostin-positive osteocytes demon-
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strated 5.66 = 3.76 at 1 day, 5.80 +2.66 at 1 week-,
9.18 +3.58 at 2 weeks-, 15.12+5.64 at 4 weeks-,
36.77 £4.25 at 8 weeks-, and 56.50 £2.51 at 20
weeks-old of age (not detected at E18) (Fig. 30). As
mice grow, TNAP-immunoreactive areas appear to
be chronologically reduced (Figs. 3H-N), and con-
sistently, the index of TNAP-positive area/TV was
gradually attenuated in a linear gradient manner
(Fig. 3P).

Chronological change of FGF23-immunolocalization
in the trabeculae close to the chondro-osseous junc-
tion and cortical bone

From E18 to 1 day-old of age, FGF23-immunoreac-
tivity was observed mainly in osteoblasts and preos-
teoblastic cells, rather than osteocytes in the close
region to the chondro-osseous junction (Figs. 4A, B).
Both osteoblasts and osteocytes were positive for
FGF23-immunoreactivity at around 1 or 2 weeks-
old (Figs. 4C). Thereafter, osteocytes rather than
osteoblasts predominantly showed the FGF23-immu-
nopositivity, though osteoblasts still showed the
weak immunoreactivity (Figs. 4D—G). Coincidently,
many osteoblasts and preosteoblastic cells in the cor-
tical bone were immunoreactive for FGF23 at from
E18 to 1 week-old (Figs. 4H-J), but after around
2 weeks, osteocytes predominantly revealed an in-
tense FGF23-reactivity until 20 weeks-old of age
(Figs. 4K—N). The immunolocalization of FGF23 in
the distant trabecular region tended to appear as
similar as those of the cortical bone (data not shown).
The statistical analysis displayed that the indices
(mean + SD) of FGF23-positive osteoblasts as 21.92
+0.43 at E18, 20.50 +£0.62 at 1 day-, 15.04 +£0.39
at 1 week-, 8.04 +£0.27 at 2 weeks-, 4.94 +0.23 at 4
weeks-, 1.32+0.26 at 8 weeks-, and 1.02 +£0.25 at
20 weeks-old of age, while those of FGF23-reactive
osteocytes were 5.25+0.17 at 1 week, 33.95+£0.31
at 2 weeks, 34.48 + 0.34 at 4 weeks, 40.62 +0.26 at
8 weeks, and 46.07 = 0.33 at 20 weeks of age in the
cortical bone (not detected from E18 to 1 day-old of
age) (Fig. 40).

Chronological gene expression of Fgf23, Fgfric,
oKlotho in femora and kidney

RT-PCR analyses using femoral specimens demon-
strated the gene expression of Fgf23 slightly in the
E18 and 1 day after birth, and from 1 week-old, and
thereafter, gradually became intense (Fig. SA). Inter-
estingly, genes encoding Fgfric and aKlotho, the
molecules of which form the receptor complex for
FGF23, were intensely expressed at from E18 to 1
or 2 weeks-old of age, and then chronologically re-

263

duced the intensity at 8 or 20 weeks of age (Fig. 5B).
Unlike femora, the expression level of Fgfiric and
aKlotho in the kidney was constant during the ex-
perimental periods (Fig. 5C). The ratio of each gene
expression standardized to Gapdh was shown in
Fig. 5D, featuring the chronological decrease of Fg-
fric and aKlotho genes, but the gradual increment
of Fgf23 in femora.

DISCUSSION

In this study, we have examined the chronological
localization of sclerostin and FGF23 in long bone,
and obtained following findings.

1) Sclerostin is synthesized in osteocytes of the
distant trabecular region earlier than the close
region to the chondro-osseous junction.

2) FGF23 is produced mainly in osteoblasts in the
early stage, but comes to be seen predominant-
ly in osteocytes in the later stages of metaphy-
seal trabeculae and cortical bones.

3) Despite a weak expression of Fgf23 mRNA,
Fgfric and aKlotho are strongly expressed in
the bone at the embryonic and neonatal stages.
At the adult stage, Figf23 expression becomes
intense, while Fgfirlc/aKlotho mRNAs are re-
duced.

Sclerostin and FGF23 have been known as osteo-
cyte-derived factors (22, 28, 35, 39, 41, 42). How-
ever, this study revealed the different distribution of
sclerostin/FGF23 between the close and distant re-
gions of metaphyseal trabeculae. It seems of interest
that FGF23-producing cells were changed from os-
teoblasts in the early stage into osteocytes in the lat-
er stage of mice development. Another importance
is the reciprocal expression of Fgf23 and Fgfiric/
aKlotho between the fetal/neonatal stages and adult
stages, as shown in Figs. 4 and 5. These findings in-
dicates the assumed autocrine/paracrine action of os-
teoblast-derived FGF23 in fetal/neonatal bones,
although many literatures have suggested that FGF23/
aklotho signaling serves for the systemic regulation
of serum phosphate in adult kidney (18, 19, 24, 25,
38). Thus, our study apparently shows new insights
on the chronological localization of sclerostin and
FGF23 in bone in accordance with the developmen-
tal stages, and therefore, providing a clue for better
understanding on which cells would synthesize these
molecules during the developmental stages.

As shown in Figs. 2 and 3, one may could see a
tendency that as sclerostin-positive osteocytes in-
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Fig. 4 Chronological change of FGF23-immunolocalization in the primary trabeculae and cortical bone. Panels A-G show
the immunolocalization of FGF23-positive cells (brown color) in trabeculae in the close proximity of the chondro-osseous
junction at E18 (A), 1 day (B), 1 week (C), 2 weeks (D), 4 weeks (E), 8 weeks (F), and 20 weeks (G)-old mice. Panels H—
N reveal the distribution of FGF23-reactive cells (brown) in the cortical bones with the matched ages of A—G. Note that os-
teoblastic cells surrounding the trabeculae are main FGF23-immunoreactive cells (brown color) until 1 or 2 weeks after birth
(A-D, H-J), but thereafter, osteocytes show intense immunoreactivities of FGF23 (arrows, E-G, K-N) in both metaphyseal
trabeculae and cortical bones. Panel O reveals the statistical analysis on the indices of FGF23-positive osteoblasts and os-
teocytes. Note that fetal and neonatal stages show the predominant FGF23-immunopositivity of osteoblasts, while the adult
stages reveal that osteocytes are main cells for the FGF23-positivity. Straight lines and dotted lines indicate the comparison
on the indices of FGF23-positive osteoblasts and the ratio of FGF23-positive osteocytes/total osteocytes. Bars, 50 ym

creased, so TNAP-reactive areas/TV reduced in both  change of the sclerostin-positive osteocytes between
the close and distant trabecular region. However, the close and distant regions. The trabeculae close
there was a slight difference in the chronological to the chondro-osseous junction displayed a broad
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Fig.5 RT-PCR analysis for gene expression of Fgf23,
Fgfric, aKlotho and Gapdh in femur and kidney. Panels A
shows RT-PCR products of chronological expression of
Gapdh and Fgf23, and panel B are the gene expression of
Fgfric and aKlotho in femur. In contrast, panel C is gene
expression of Fgfric and aKlotho obtained from kidney. Pan-
el D is the ratio of each gene expression standardized with
the intensity of Gapdh. Note the chronological decrease of
Fgfric and aKlotho genes, while the gradual increase of
Fgf23 in reverse.

and intense TNAP-immunoreactivity until 8 weeks-
old, while sclerostin-immunoreactivity was hardly
seen until 4 weeks-old, and then, came to be appar-
ent after 8 weeks-old of age (see Figs. 20 and P).
Unlike the close region, the distant region of trabec-
ulae chronologically revealed a gradual increase of
sclerostin-positive osteocytes (see Fig. 30). It is well
known that trabeculae close to the chondro-osseous
junction, i.e., primary trabeculae are the site of bone
modeling in which osteoblasts are intensely activat-
ed even without osteoclasts. In contrast, the distant
region of trabeculae is a site of bone remodeling
coupled by osteoclastic activity. We have previously
reported that the primary trabeculae showed an ir-
regular distribution of osteocytes and their canalicu-
li, while the secondary trabeculae revealed a regular
arrangement of osteocytes (13), and also demon-
strated an intense sclerostin-immunoreactivity in os-
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teocytes of the secondary trabeculae in adult mice
(11). In addition, Kobayashi et al. documented that
bone modeling mainly took place in the metaphyse-
al trabeculae at the embryonic and infant stages,
however, bone remodeling gradually came to be pre-
dominant as an individual grew (17). Taken all to-
gether, we postulate that a different change of the
index of sclerostin-positive osteocytes between the
close and distant regions is dependent of the growth
of mice and the site specificity—bone modeling site
or bone remodeling site—.

Consistent with sclerostin, we have previously re-
ported that FGF23 was synthesized in mature sec-
ondary and cortical bones, rather than immature
primary trabeculae (37). However, in this study,
FGF23 was observed in different cell-types—osteo-
blasts and osteocytes—during mice growth. Fgf23
was seen in osteoblasts in the embryonic and neona-
tal stages, while the receptor, Fgfric/oKlotho, was
strongly expressed in femora. This implies that
FGF23 could function in an autocrine/paracrine
manner in the fetal/neonatal stage of long bone. It
was reported that before weaning, the vitamin D re-
ceptor is not expressed in intestine yet (27), and fe-
tal kidney does not serve for mineral balance in
serum due to the regulatory function of the fetal
mineral metabolism in the placenta. Therefore, in
the embryonic and neonatal stages, FGF23 synthe-
sized in osteoblasts might be involved not in kid-
ney-mediated serum concentration of phosphate and
calcium, but in normal bone development. Mean-
while, one may wonder that the gene expression of
Fgf23 was not so high at the embryonic and neona-
tal stages, however, FGF23-immunoreactivity could
be broadly and intensely found in both osteoblasts
and osteocytes. The discrepancy between gene ex-
pression and immunoreactivity of FGF23 may be
due to the possibility that FGF23 in embryonic and
neonatal osteoblasts/osteocytes would not be secret-
ed but accumulated inside the cells, or other reasons.
We have previously examined bone mineralization
in kl/kl mice in which the promoter region of
aKlotho gene was disrupted and the transcription ac-
tivities were extremely reduced. As a consequence,
despite the high concentration of phosphate and cal-
cium ions, defective bone mineralization was ob-
served, indicating the possible mechanism of FGF23
signaling in autocrine/paracrine manner without me-
diating serum concentration of phosphate and calci-
um ions (30). If so, since Fgf23 and Fgfrlc/aKlotho
are shown to be expressed in the fetal and neonatal
stages, it is of interest to examine what happens in
fetal/neonatal bones of kl/kl mice, aKlotho'  mice
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and Fgf23” mice in future study.

In conclusion, our study provided histological ev-

idences that sclerostin tends to be secreted in osteo-
cytes of remodeled mature bone, while FGF23
would be differently synthesized in osteoblasts and
osteocytes according to the developmental stages.
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