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(Background: The mechanism underlying the anabolic effect of estrogen on the skeleton is unclear.
Results: We report that estrogen-induced bone formation in mice occurs through oxytocin (OT) produced by osteoblasts in

Conclusion: Feed-forward OT release in bone marrow by a rising estrogen level may facilitate rapid skeletal recovery after

Significance: The study highlights a novel mechanism for estrogen action on bone.
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Estrogen uses two mechanisms to exert its effect on the skel-
eton: it inhibits bone resorption by osteoclasts and, at higher
doses, can stimulate bone formation. Although the antiresorp-
tive action of estrogen arises from the inhibition of the MAPK
JNK, the mechanism of its effect on the osteoblast remains
unclear. Here, we report that the anabolic action of estrogen in
mice occurs, at least in part, through oxytocin (OT) produced by
osteoblasts in bone marrow. We show that the absence of OT
receptors (OTRs) in OTR ™/~ osteoblasts or attenuation of OTR
expression in silenced cells inhibits estrogen-induced osteoblast
differentiation, transcription factor up-regulation, and/or OT
production in vitro. In vivo, OTR ™/~ mice, known to have a bone
formation defect, fail to display increases in trabecular bone vol-
ume, cortical thickness, and bone formation in response to
estrogen. Furthermore, osteoblast-specific Col2.3-Cre™/
OTR™? mice, but not TRAP-Cre™/OTRY? mice, mimic the
OTR ™/~ phenotype and also fail to respond to estrogen. These
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data attribute the phenotype of OTR deficiency to an osteoblas-
tic rather than an osteoclastic defect. Physiologically, feed-for-
ward OT release in bone marrow by a rising estrogen concentra-
tion may facilitate rapid skeletal recovery during the latter
phases of lactation.

Oxytocin (OT)* is a nonapeptide synthesized in the hypo-
thalamus and released into the circulation by the posterior pitu-
itary. Its primary function is to mediate the milk ejection reflex
in nursing mammals (1). It also augments uterine contraction
during parturition (2). Serum OT levels peak during late preg-
nancy and are maintained during lactation. These periods cor-
respond, respectively, to maximal fetal and postnatal bone
growth, which in turn leads to maternal losses from the skele-
ton of ~120 g of calcium (3, 4). Hormonal adaptations, includ-
ing low estrogen and persistently elevated parathyroid hor-
mone-related protein levels, as well as increased sympathetic
tone, all lead to a state of maternal hyper-resorption and inter-
generational calcium transfer (3—5). However, the profound
bone loss of lactation recovers fully within a relatively short
period even as estrogen levels are slowly returning to normal
(5). The mechanism(s) responsible for this dramatic anabolic
skeletal recovery remain poorly understood.

To determine whether OT mediates any or all of these func-
tions during pregnancy and/or lactation, we studied whether
OT directly affects the skeleton. Although intracerebroven-
tricular OT does not affect bone remodeling, peripheral admin-

“The abbreviations used are: OT, oxytocin; OTR, OT receptor; TRAP, tartrate-
resistant acid phosphatase; BMD, bone mineral density; qPCR, quantitative
PCR; BV/TV, bone volume/trabecular volume; MAR, mineral apposition
rate; BFR, bone formation rate; Th.N, trabecular number.
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istration does affect bone remodeling and bone mass (6). How-
ever, instead of recapitulating the elevated resorption and bone
loss that occur during pregnancy and lactation, peripherally
injected OT markedly increases bone mass in both wild-type
and ovariectomized mice (6, 7). In line with its peripheral effect,
we found that osteoblasts possess abundant OT receptors
(OTRs) and that OT triggers osteoblast differentiation to a
mature mineralizing phenotype (6). Consistent with this ana-
bolic action, the genetic deletion of OT or the OTR in mice
decreases osteoblast differentiation and bone formation, result-
ing in osteopenia (6). Furthermore, the increased bone forma-
tion noted normally during pregnancy is attenuated in OT /™
mice, as is fetal skeletal mineralization in OT /" pups (8).
Together, these findings suggest that the anabolic action of OT
may, in fact, facilitate maternal skeletal recovery and fetal
skeletogenesis.

OT is known to be produced in peripheral tissues, such as the
testes, ovaries, heart, lungs, and vascular tissue (9—14). In cer-
tain of these organs, estrogen regulates OT and/or OTR expres-
sion (15, 16). Likewise, we found that OT is produced in abun-
dance by bone marrow osteoblasts in response to estrogen, with
the potential of exerting an anabolic effect on the skeleton (17).
Estrogen at high doses is a skeletal anabolic (18), but its precise
mechanism remains unknown. Here, we show that the osteo-
blastic OTR is required for the full anabolic action of estrogen.
We postulate that an autocrine feed-forward OT/OTR loop
exists in which estrogen releases OT from osteoblasts, which
then acts upon osteoblastic OTRs to further amplify estrogen
action. This could be particularly advantageous for maternal
skeletal replenishment during the postpartum period, when
estrogen levels are returning to normal and OT is high (19).

EXPERIMENTAL PROCEDURES

Mouse Models—OTR '~ mice, originally created on a
C57BL/6] X129Sv background (6), have been backcrossed with
C57BL/6] mice for >15 generations. OTR™" mice were devel-
oped as described previously on a C57BL/6] background (33);
the mice have subsequently been backcrossed further with
C57BL/6] mice for >10 generations. All mice were group-
housed (five mice per cage) upon weaning at ~3 weeks of age.
Col2.3-Cre and TRAP-Cre mice were generous gifts from Drs.
Simon Mendez-Ferrer (Mount Sinai School of Medicine) and
David Roodman (University of Pittsburgh), respectively. The
two Cre transgenic lines were crossed initially with OTR™"
mice, following which the Cre™/OTR™* genotypes were
crossed with OTR™™ mice to yield the respective osteoblast-
and osteoclast-specific Cre*/OTR™® mice. The absence of the
OTR was confirmed by PCR and Western blotting in isolated
cells as described (34).

Skeletal Phenotyping—Protocols approved by the Mount
Sinai School of Medicine Institutional Animal Care and Use
Committee and the University of Bari Animal Welfare Com-
mittee were used for injecting, bleeding, ovariectomizing, and
killing female mice. Areal bond mineral density (BMD) was
measured at various sites representing trabecular and cortical
bone (Lunar PIXImus, GE Healthcare, Wauwatosa, WI).
Micro-computed tomography was performed on trabecular
bone (wCT 40, SCANCO Medical). For histomorphometry,
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groups of female mice received either calcein (15 mg/kg, intra-
peritoneally) 10 and 2 days prior to death or, for specific exper-
iments, calcein and xylenol orange (90 mg/kg, intraperitone-
ally) 6 and 1 days prior to death. Standard protocols were
utilized for sectioning the spine and femur and for dynamic and
static histomorphometry (24, 35). In separate experiments,
female mice were injected intraperitoneally either with a single
dose or biweekly with 50 ug/kg 17B-estradiol or 0.9% (w/v)
NaCl (vehicle) (cumulative weekly dose of 100 ug/kg). In cer-
tain instances, blood (~1 ml) was collected by intracardiac
puncture. Osteocalcin and OT were measured using mouse-
based osteocalcin (DRG Inc.) and OT (Enzo Life Sciences)
ELISA Kits, respectively.

Cell Experiments—Osteoblasts were isolated from OTR™/~
and wild-type female mouse bone marrow-adherent fractions
or from calvarias of 5-day-old pups (gender unknown). Cells
were cultured in phenol red-free a-minimal essential medium
(Invitrogen) with 10% charcoal-stripped FCS in the presence of
50 pg/ml ascorbic acid and 10 mMm B-glycerophosphate (Sigma)
for mRNA and protein extraction and Von Kossa staining.
MC3T3-E1 cells were kindly provided by Dr. Anna Teti (Uni-
versity of L’Aquila). These cells were transfected with OTR
siRNA or vector-only duplexes (50 nm) using Lipofectamine
2000 (Invitrogen). Western blotting and quantitative PCR
(qPCR) were performed as described (6).

It is difficult to determine the sex of mice before 2—3 weeks.
However, we utilized 5-day-old pups to isolate calvarial osteo-
blasts for PCR and Western blotting rather than bone marrow-
derived osteoblasts because of the possible contamination of
these cultures. Older mice cannot be used for calvarial osteo-
blast cultures due to difficulties in obtaining highly pure osteo-
blast fractions. We also show that estrogen induced robust OT
and OTR expression in male osteoblasts (supplemental Fig. 1);
the time course of the effect is concordant with that seen in
female cells (17).

RESULTS

Estrogen is known to exert its anabolic action in rodents by
enhancing osteoblast differentiation, although an effect on apo-
ptosis has also been described (20). To study whether OT medi-
ates estrogen effects on osteoblastogenesis, we questioned
whether OTR™/™ calvarial osteoblasts were less sensitive to
estrogen-induced differentiation. We found that 173-estradiol
increased mineralizing osteoblast colony (osteoblast colony-
forming units) formation in wild-type bone marrow stromal
cell cultures, but not in cultures from OTR ™/~ mice (Fig. 14).
Likewise, 17B-estradiol-induced expression of the differentia-
tion gene osteocalcin in wild-type osteoblasts, albeit modest,
was abolished in OTR™/~ cells (Fig. 1B, panel a). These data
show that the augmentation of osteoblast differentiation by
estrogen requires OTRs.

To understand why estradiol failed to increase the differen-
tiation of OTR ™/~ osteoblasts, we studied the expression of the
critical transcription factors Runx2, ATF4, and Osterix in cul-
tures of calvarial osteoblasts isolated from 5-day-old male and
female pups. Western blotting revealed that 178-estradiol sig-
nificantly increased Runx2 and ATF4 protein expression in
wild-type cells, whereas these increases were blunted in
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FIGURE 1.Estrogen-induced osteoblastogenesis is attenuated in OTR ™'~ cells. A, representative images (panel a) and colony counts (panel b) of ex vivo Von
Kossa-positive mineralizing colonies (osteoblast colony-forming units (CFU-ob)) arising from wild-type (OTR*/*) or OTR™/~ bone marrow stromal cells with
either 17B-estradiol (E2; 10~ 8 m) or vehicle for 21 days. For panel b, zero dose versus 17 3-estradiol (104 m) (¥, p < 0.05) and wild-type versus OTR ™/~ (A, p < 0.05)
(induplicate). B, panel a, qPCR for osteocalcin (OCN) gene expression in OTR*/* and OTR ™/~ osteoblasts for 0, 6, and 12 h. Expression was normalized to GAPDH
and is plotted as -fold increase from the 0-h wild-type sample. Panels b and ¢, gPCR of wild-type (red) and OTR /" (blue) calvarial osteoblasts showing changes
in the expression of ATF4 (panel b) and Osterix (panel c) mRNA levels after treatment with 173-estradiol (108 m) for 0, 6, or 12 h. Expression was normalized to
GAPDH and plotted as -fold increase from the 0-h wild-type sample. Statistics were as follows: Student’s t test with the Bonferroni correction, comparing 6-
and/or 12-h time points each versus 0 h (¥, p < 0.05; **, p < 0.01), as well as wild-type versus OTR "/~ cells at all time points (A, p < 0.05; AA, p < 0.01) (done twice
in triplicate). C, panel a, OTR*/* and OTR ™/~ calvarial osteoblasts were evaluated for changes in their expression of the osteoblast transcription factors ATF4,
Runx2, and Osterix by Western blotting after treatment with 17B-estradiol (10~8 m) for 6, 12, and 24 h. Panel b, the band density was quantitated after

normalizing to the loading control B-actin.

OTR ™/~ cells for up to 12 h (Fig. 1C). qPCR confirmed the
up-regulation of ATF4 mRNA (Fig. 1B, panel b). Likewise, 173-
estradiol modestly but significantly increased Osterix mRNA at
both 6 and 12 h in wild-type osteoblasts, but not in OTR ™/~
cells (Fig. 1B, panel c). We did not observe parallel changes in
Osterix protein with estrogen. However, levels remained lower
in OTR ™/~ cells for up to 12 h after 173-estradiol treatment
(Fig. 10).

To confirm these ex vivo findings from primary bone marrow
and calvarial osteoblast cultures, we used siRNA to knock down
OTR expression in a pre-osteoblastic cell line, MC3T3-E1.
Western blotting and qPCR showed a dramatic reduction in
OTR protein and mRNA, respectively, in OTR-silenced cells
(Fig. 2A). Whereas 17-estradiol significantly increased Runx2,
Osterix, ATF4, and osteocalcin mRNAs in vector-treated cells,
this effect was profoundly attenuated in OTR-silenced cells
(Fig. 2B). The data suggest that the pro-osteoblastic actions of
17B-estradiol require OTR expression and occur mainly
through the up-regulation of Runx2 and ATF4, although other
pathways may also be involved.
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As s evident, all genes are not equally responsive to estrogen.
Furthermore, estrogen responsiveness can vary depending on
osteoblast source, differentiation state, and culture conditions.
However, it is important to note that the results from bone
marrow osteoblast cultures showed overall concordance with
the results from calvarial osteoblast cultures in terms of the lack
of responsiveness of OTR /™ cells to 178-estradiol.

Our previous data showing that 173-estradiol induces OT
and OTR expression in osteoblasts (17) prompted us to further
determine whether the effects of estrogen on osteoblast OT
expression were dependent on OTRs. We found that OT
mRNA expression in response to 173-estradiol was abrogated
in OTR™/~ (female) and OTR-silenced MC3T3-E1 osteoblasts
(Fig. 2C), suggesting that OTRs are required for estrogen-in-
duced OT production. In line with this, OTR /™ mice failed to
show an increase in serum OT levels in response to 173-estra-
diol (Fig. 2D). Knowing that OTRs are required for estrogen-
induced OT expression, we further hypothesized that OT acts
on its receptor to induce its own production. By using qPCR, we
found that OT did induce OT mRNA in MC3T3-E1 osteoblasts
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FIGURE 2. OTR knockdown attenuates estrogen-induced osteoblast dif-
ferentiation. A, Western blotting (panel a) and qPCR (panel b) of MC3T3-E1
pre-osteoblasts (OBs) showing effective siRNA-mediated knockdown of the
OTR. A 12-h time course was performed to demonstrate that OTR mRNA
remained knocked down following 17B-estradiol (108 m) addition. B, gPCR
of MC3T3-E1 pre-osteoblastic cells expressing either the OTR siRNA (OTR siOB)
or empty vector (control OB) showing 17B-estradiol-induced changes in the
expression of Runx2 (panel a), osteocalcin (OCN; panel b), ATF4 (panel c), and
Osterix (panel d) mRNAs at 0, 6, and 12 h. Expression was normalized to
GAPDH. C, effects of 17B-estradiol (10~ m) on OT mRNA expression in OTR
siRNA-silenced (OTR si OB; red) or vector-treated (Control OB; green) MC3T3-E1
cells (panel a) and in OTR™’/~ (red) or wild-type (green) osteoblasts (panel b) at
0, 6, and 12 h.mRNA expression is plotted as a percentage of 0 h and normal-
ized to GAPDH. D, serum OT (by ELISA) in wild-type and OTR™/~ mice after a
12-h treatment with either 17 B-estradiol (E2; 50 ng/kg; black bars) or a control
(gray bars). E, gPCR for OT mRNA showing that treatment of MC3T3-E1 cells
with OT (108 m) increased OT mRNA at 6 h. To evaluate the specificity of
OT-induced OT mRNA up-regulation, the OTR antagonist atosiban (10~° m)
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at 6 h (Fig. 2E). This putative autocrine stimulation was abol-
ished by the OTR antagonist atosiban (Fig. 2E), establishing
that the OT-induced OT expression requires OTR activation.

Data from this and our previous study (17) support a hypoth-
esis whereby estrogen induces the expression of both OT and
the OTR. The induced OT then acts upon the OTR in an auto-
crine loop to amplify the anabolic effects on estrogen. To test
this hypothesis in vivo, we treated 2-month-old female OTR™/~
mice or wild-type littermates with 17B-estradiol (50 ug/kg) or
vehicle biweekly for 30 days (cumulative weekly dose of 100
pg/kg). This is consistent with the cumulative weekly dose of
between 70 and 280 pg/week (10-40 pg/kg/day) used by oth-
ers (21, 22). Histomorphometry showed lower bone volume/
trabecular volume (BV/TV), trabecular thickness, mineral
apposition rate (MAR), and bone formation rate (BFR) in pla-
cebo-treated OTR ™/~ mice compared with placebo-treated
wild-type littermates (Fig. 3), confirming previous results (6).
17B-Estradiol significantly increased trabecular and cortical
bone parameters (BV/TV, trabecular number (Tb.N), MAR,
BFR, trabecular osteoblast number (Tb.N.Ob/B.Pm), cortical
thickness, and cortical osteoblast number (Ct.N.Ob/B.Pm)
(periosteal)) in wild-type mice, but not in OTR™/~ mice (Table
1). Interestingly, Tb.N, MAR, and cortical thickness further
declined in OTR™/~ mice despite 17B-estradiol treatment.
Osteoclast parameters in trabecular and cortical bone were not
significantly different between wild-type and OTR™/~ mice,
consistent with previous results (6), and did not significantly
change in either group upon 173-estradiol treatment (Table 1).
Concordant with a bone formation defect, although 173-estra-
diol elevated serum osteocalcin, a bone formation marker in
OTR™/~ and wild-type mice, the response was significantly
(p < 0.01) attenuated in OTR™/~ mice (Fig. 3D). In sum, the
overall failure of OTR™’~ mice to display a full anabolic
response to 17[B-estradiol suggests that the bone-forming
action of estrogen is, at least in large part, OTR-dependent.

We next tested whether OT signaling also plays a role in
mediating the effect of estrogen on bone mass in hypogonadal
mice. For this, mice were ovariectomized or sham-operated and
given either 173-estradiol or vehicle as described above. Areal
BMD measurements 30 days after ovariectomy revealed signif-
icant decrements in wild-type and OTR ™/~ mice at the lumbar
spine and femur (Fig. 4, A and B). However, compared with
zero-dose controls, both sham-operated and wild-type mice
treated with 17B-estradiol showed increases in BMD, whereas
the respective OTR ™/~ mice did not (Fig. 4, C and D). This
suggests that, as in the eugonadal state, an intact OTR axis
contributes to the action of estrogen in hypogonadism.

We sought to determine definitively whether the effect of
17B-estradiol in increasing bone mass is osteoblast-mediated
or whether there is an osteoclastic component. For this, we
generated osteoblast- or osteoclast-specific OTR-deficient

was applied 20 min prior to OT addition. OT mRNA expression was normalized
to GAPDH and is plotted as -fold increase from the 0-h non-treated sample.
Statistics were as follows: Student’s t test with the Bonferroni correction, com-
paring 6- and/or 12-h time points each versus 0 h (¥, p < 0.05; **, p < 0.01), as
well as wild-type versus OTR siRNA cells at all time points (A, p < 0.05; AN, p <
0.01) (in triplicate). For D, comparisons between zero-dose and 17B-estradiol
injections as described above (**, p < 0.01) (in duplicate).
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FIGURE 3. Ability of estrogen to increase bone mass in wild-type mice requires functional OTRs. Two-month-old OTR™/~ mice or wild-type (OTR*/™)
littermates were treated with 17 B-estradiol (E2; 50 ng/kg) or placebo biweekly (cumulative dose of 100 ug/kg/week). Representative images show the effect
of 17 B-estradiol on trabecular bone volume (4), double-labeled surfaces (B), and cortical thickness (C) in wild-type and OTR™/~ mice. D, serum osteocalcin (by
ELISA) 12 h aftera single 17B-estradiol injection of 50 ug/kg. Statistics were as follows: Student’s t test with the Bonferroni correction, comparing 17-estradiol
treatment versus zero dose (¥, p < 0.05; **, p < 0.01), as well as wild-type versus OTR™/~ mice (AA, p < 0.01).

TABLE 1

Static and dynamic estimates from bone histomorphometry, namely BV/TV, Th.N, trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), MAR,
BFR, trabecular osteoblast numbers (Th.N.Ob/B.Pm), trabecular osteoclast numbers (Tb.N.Oc/B.Pm), cortical thickness (Ct.Th), cortical osteo-
blast numbers (Ct.N.Ob/B.Pm), and cortical osteoclast numbers (Ct.N.Oc/B.Pm) (units as shown)

Results are represented as mean * S.E. (n = 3—10). Statistics were as follows: Student’s ¢ test with the Bonferroni correction, comparing 17B-estradiol (E,) treatment versus

zero dose, as well as wild-type versus OTR ™/~ mice (p values as shown).

OTR /" OTR
0 mg/kgE, 50 mg/kgE, Change P O ng/kgE, 50 mg/kgE, Change 4 WT p vs. knockout p
% %

BV/TV (%) 817 £0.09 893 *0.19 +9.3 <0.001 5.74*0.17 5.62 % 0.09 —-1.9 0.7 <0.001
Tb.N (1/pm) 134 +0.02 1.53*0.08 +13.8 <0.01 137 £0.03 1.24 = 0.04 —9.17 0.012 0.231
Tb.Th (wm) 6.13+0.12 6.08 = 0.34 —0.8 0.875 418 = 0.08 4.58 =0.16 +9.57 0.012 <0.001
Tb.Sp (um) 0.75*0.01  0.69 = 0.04 -0.9 0.71 0.74 =0.02 0.82 = 0.03 +9.99 0.015 0.348
MAR (um/day) 215*0.06 233 *0.05 +7.9 <0.001 147 *£0.07 142 *0.05 —3.81 0.031 <0.001
BFR (wm?/pm?/day) 024 +0.01 0.40 = 0.02 +66.4 <0.001 0.22=*0.01 0.21=*0.01 —4.34 0.179 0.03
Tb.N.Ob/B.Pm (per um)  3.20 £0.06  3.93 £0.11 +22.8 <0.001 325 *0.06 3.30 £0.12 +1.54 0.401 0.388
Tb.N.Oc/B.Pm (per um)  0.35*=0.02  0.34 * 0.04 —2.37 0.140 0.31 £0.02 0.25 = 0.05 —18.9 0.160 0.190
Ct.Th (um) 120 *+ 4.77 143 + 14.3 +29.9 <0.001 119 *13.8 86.3 = 19.3 —27.3 <0.001  0.448
Ct.N.Ob/B.Pm (per wm) 275*0.09 346 =0.23 +57.3 <0.001 2.70£0.10 2.63 £ 0.03 —247 0.186 0.339
Ct.N.Oc/B.Pm (per wm) 224 *+047 2.05=*0.36 —8.36 0.32 223*+0.15 2.03=*0.27 —9.11 0.253 0.492

mice by crossing OTRY" mice with Col2.3-Cre or TRAP-Cre
mice, respectively (see “Experimental Procedures”). The
absence of the OTR in osteoblasts, but not in osteoclasts, in
Col2.3-Cre" /OTR"" mice resulted in a significant reduction in
BMD and BV/TV, with a trend toward reduced Tb.N and
increased trabecular spacing (Fig. 5, A—C). That the phenotype
of the osteoblast-specific Col2.3-Cre ™ /OTR™" mouse recapit-
ulated, in full, the global OTR™’~ phenotype suggests that an
osteoblast defect is the predominant, if not the sole, determi-
nant of the osteopenia of OTR deficiency. Fig. 5D shows that
osteoclast-selective TRAP-Cre™ /OTR™" mice did not display
osteopenia at either trabecular or cortical sites, confirming that
OTR deficiency in the osteoclast does not alter bone mass (6).
These mice were therefore not further phenotyped using
micro-computed tomography or histomorphometry. Reduced
bone formation was confirmed, however, in Col2.3-Cre™/
OTRY™ mice by dynamic histomorphometry. Both MAR and
BER were reduced significantly, as expected, without effects on
mineralizing surface or resorbed surface (Fig. 6, A-C).

We used 16-week-old Col2.3-Cre*/OTR™™ mice to deter-
mine whether osteoblast rather than osteoclast OTRs mediate
the skeletal anabolic effect of 17-estradiol. Serial BMD mea-
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surements revealed that although 17B-estradiol expectedly
increased BMD over 3 weeks of treatment in Col2.3-Cre ™/
OTRM (control) mice, it did not do so in Col2.3-Cre*/OTRY
mice (Fig. 6D). At the 3-week time point, there was a significant
BMD difference between 17B-estradiol-treated Col2.3-Cre™/
OTRY™ and control mice (Fig. 6D). That the anabolic effect of
17B-estradiol on bone mass was abolished in mice selectively
lacking OTRs in osteoblasts suggests that neither the osteoclast
nor the nervous system contributes to the effect, at least in large
part.

DISCUSSION

We hypothesize that estrogen acts to enhance osteoblast dif-
ferentiation and bone formation, at least in part, by stimulating
the production of OT, which then acts on its own receptor to
trigger further OT release. This, we hypothesize, constitutes a
local autocrine circuit that amplifies bone formation triggered
by estrogen.

Our hypothesis is based upon several observations. First, our
own evidence (6) and that from others (7) indicates that OT
enhances osteoblastogenesis, bone formation, and/or bone
mass through a peripheral action on osteoblast OTRs. In this
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FIGURE 4. Ability of estrogen to increase bone mass in ovariectomized mice is dependent on OTRs. Shown are areal BMD (aBMD; PIXImus) measurements
at the spine and femur of sham-operated (control (Ctr)) and ovariectomized (OVX) OTR™/~ and wild-type (OTR*/*) mice that were injected with 178-estradiol
(E2; 50 ug/kg) or placebo biweekly (cumulative dose of 100 ug/kg/week). A and B, effect of ovariectomy versus sham operation in the two genotypes. Cand D,
effect of 17B-estradiol versus placebo within the various groups. Statistics were as follows: means = S.E. of the percent change shown using the respective
controls (n = 5-6/group) and Student’s t test with the Bonferroni correction, comparing ovariectomized versus control mice (A and B) and 17B-estradiol versus
zero dose (Cand D) (¥, p < 0.05; **, p < 0.01).
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FIGURE 5. Osteoblast-specific deletion of OTRs recapitulates global OTR deficiency. The skeletons of 16-week-old osteoblast-specific Col2.3-Cre */OTR™""
mice or control Col2.3-Cre/OTR™" littermates were phenotyped for differences in static and dynamic histomorphometry parameters. Representative images
show von Kossa-stained trabecular bone (A) and micro-computed tomography of trabecular bone (B). C, micro-computed tomography (Micro-CT)-derived
estimates of volumetric BMD, BV/TV, Tb.N, trabecular thickness (TbTh), trabecular spacing (TbS(J), and connectivity density (Conn.D) in the two genotypes (units
as shown). D, areal BMD (aBMD) using PIXImus of the osteoclast-specific TRAP-Cre*/OTR™" mice or control TRAP-Cre ~/OTR™" littermates recorded at the
stated sites. Statistics were as follows: Student’s t test with the Bonferroni correction, comparing Col2.3-Cre™/OTR"" versus Col2.3-Cre™/OTR"" mice (C) (p
values as shown) and TRAP-Cre */OTR™" versus TRAP-Cre ~/OTR"" mice (D). L, left; R, right.
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FIGURE 6. Osteoblast OTR mediates the anabolic action of estrogen on the skeleton. Representative images show double labeling with calcein (green) and
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respect, OT mimics estrogen, which, at higher than antiresorp-
tive doses, stimulates osteoblastogenesis with some effects on
osteoblast apoptosis (20). Second, this study provides in vitro
evidence that OT is downstream of estrogen. Thus, the defi-
ciency of OTRs in OTR /™ osteoblasts or OTR-silenced cells
markedly reduces the effect of 173-estradiol on mineralized
colony formation, as well as the expression of certain osteoblast
differentiation genes and transcription factors. Third, we have
shown that OT is produced by osteoblasts and that 173-estra-
diol stimulates OT expression within 2 h (17). 17B-Estradiol
also stimulates OTR expression, but with a slower time course
(17). Here, we have shown that estrogen action on OT produc-
tion is dependent upon OTR expression; the absence of OTRs
in OTR ™/~ osteoblasts or OTR down-regulation in silenced
cells thus abolishes estrogen-induced OT expression. Finally,
the effects of 17B-estradiol on bone mass and bone formation
are abolished/attenuated in OTR ™/~ mice and, importantly, in
osteoblast-specific Col2.3-Cre*/OTR™® mice. In both models,
no appreciable effects on osteoclast (resorption) parameters
were noted.

Several implications arise from these studies. First, is the
recurring notion that not only do primitive pituitary hormones
(such as thyrotropin, FSH, and ACTH) have receptors in extra-
endocrine targets, such as bone (23-25), but also that certain of
these ligands (including thyrotropin-B, ACTH, and OT) them-
selves can be expressed in a host of tissues (17, 26, 27). We
suggest that estrogen stimulates an autocrine OT circuit in
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which locally produced OT activates its own receptor. This role
appears consistent with the historic function of OT in mineral
homeostasis observed in lower mammals (9, 28).

Second, we have injected 173-estradiol at a dose of 50 ug/kg
biweekly, which corresponds to a cumulative dose of 100
png/kg/week. This is consistent with doses between 10 and 40
png/kg/day (or cumulative weekly doses of 70 -280 ug/kg) used
by others to prevent bone loss due to aging or ovariectomy (21,
22). Ovariectomy is associated with increased resorption and
formation at least in the acute setting, and the effects of estro-
gen in restoring bone mass arise mainly from its anti-osteoclas-
tic action (29) in a hyper-resorptive state. Here, we have shown
that the effects of 17B-estradiol on bone mass in ovariecto-
mized mice are also dependent on an intact OTR axis. However,
to obviate confounding effects of elevated resorption and its
inhibition by estrogen, and short of using chronically estrogen-
deprived rodents (30), we have instead used wild-type mice
with normal bone resorption and bone formation. As has been
noted by others (21) in non-ovariectomized settings, we found
that 17B-estradiol does not affect osteoclast parameters,
whether or not the mice are devoid of OTRs. In contrast, osteo-
blast numbers, bone formation, and cortical and trabecular
bone mass are all enhanced significantly with 173-estradiol in
wild-type mice. This anabolic action is attenuated in OTR ™/~
mice, suggesting that the effects of estrogen on bone mass are,
at least in part, dependent on OTRs.
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Third, our study definitively rules out mediation of OT
effects on the skeleton through the osteoclast or central ner-
vous system. We have shown previously that intracerebroven-
tricular OT does not affect certain acute bone formation
parameters (6), despite the known presence of OT-ergic neu-
rons. We have now shown that the osteopenia of global OTR
deficiency in OTR ™/~ mice is mimicked in its entirety by osteo-
blastic OTR deficiency in Col2.3-Cre /OTR™" mice. Further-
more, Col2.3-Cre” /OTR™" mice fail to display increases in
bone mass in response to 173-estradiol. This confirms not only
that the osteoblastic OTR is critical for skeletal homeostasis, but
that it mediates selectively and solely the anabolic action of
estrogen on the mouse skeleton.

Overall, our findings may have implications both biologically
and clinically. The parallel actions of estrogen and OT on bone
formation and particularly a feed-forward loop for estrogen-
mediated OT release from the osteoblast may be of significance.
For example, OT levels are high late in pregnancy, during par-
turition, and postpartum (19). These time periods also corre-
spond to a period of relentless pressure on the maternal skele-
ton for bioavailable calcium, initially to support prenatal fetal
mineralization and subsequently for postnatal nutrition from
lactation (3, 4). Not surprisingly, significant cortical and trabe-
cular bone loss is a consequence of lactation, as well as sup-
pressed estrogen concentrations (4). However, with the onset of
menses and immediately post-weaning, there is a rapid
restoration of bone mass. This “anabolic” phase is likely to be
multifactorial in origin and has been attributed to return of
pre-pregnancy estrogen levels, a change in parathyroid hor-
mone-related protein expression locally and/or systemically,
and a reduction in osteocyte osteolysis (31). However, skeletal
recovery is relatively quick, suggesting that estrogen restoration
alone cannot be the sole explanation. Similarly, although skel-
etal parathyroid hormone-related protein is up-regulated with
weaning, it is not essential for bone mass recovery (4). On the
other hand, in the postpartum period during lactation, as estro-
gen production gradually returns, OT levels remain elevated,
probably due to chronic suckling. A feed-forward autocrine
network in the marrow niche, whereby rising estrogen levels
enhance local OT production, ultimately leading to greater
bone formation through the OTR, appears to be a plausible
additional mechanism that could explain the bone-forming
phase of skeletal recovery post-lactation.

Finally, the repletion of osteoblast OT signaling may repre-
sent a non-estrogenic means of restoring bone in those forms of
bone loss that are characterized mainly by osteoblast dysfunc-
tion (32). Indeed, human OT is in use for inducing labor, and it
is not inconceivable that bone-specific OT analogs may spare
the reproductive organs. Finally and more broadly, future stud-
ies are needed to evaluate if the feed-forward OT loop, as well as
short loops of other pituitary hormones, operates in tissues
other than the skeleton and traditional endocrine targets.
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