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Prior studies show that oxytocin (Oxt) and vasopressin (Avp) have
opposing actions on the skeleton exerted through high-affinity G
protein-coupled receptors. We explored whether Avp and Oxtr can
share their receptors in the regulation of bone formation by
osteoblasts. We show that the Avp receptor 1a (Avpria) and the
Oxt receptor (Oxtr) have opposing effects on bone mass: Oxtr™~
mice have osteopenia, and Avpria™~ mice display a high bone
mass phenotype. More notably, this high bone mass phenotype
is reversed by the deletion of Oxtr in Oxtr”’":Avpria™~ double-
mutant mice. However, although Oxtr is not indispensable for Avp
action in inhibiting osteoblastogenesis and gene expression, Avp-
stimulated gene expression is inhibited when the Oxtr is deleted in
Avpria™= cells. In contrast, Oxt does not interact with Avprs
in vivo in a model of lactation-induced bone loss in which Oxt
levels are high. Immunofluorescence microscopy of isolated nucle-
oplasts and Western blotting and MALDI-TOF of nuclear extracts
show that Avp triggers Avpria localization to the nucleus. Finally,
a specific Avpr2 inhibitor, tolvaptan, does not affect bone formation
or bone mass, suggesting that Avpr2, which primarily functions in
the kidney, does not have a significant role in bone remodeling.

osteoporosis | osteoblast | skeleton

Over the past decade, we have described direct actions of
anterior and posterior pituitary hormones on the skeleton
(1-8). We have shown that these actions are exerted via G
protein-coupled receptors resident on both osteoblasts and os-
teoclasts. We also find that the skeleton is highly sensitive to the
action of posterior pituitary hormones; for example, mice hap-
loinsufficient in oxytocin (Oxt) have osteopenic bones, but lac-
tation is normal; lactation is impaired only in Oxt™~ mice (2).
Likewise, Tshr haploinsufficient mice are completely euthyroid
with normal thyroid follicles but display significant osteopenia
(4). The exquisite sensitivity of the skeleton to pituitary hor-
mones comes as no surprise, considering that the pituitary gland
and the skeleton are both evolutionarily more primitive than
target endocrine organs (7).

Apart from the known actions of growth hormone on the
skeleton, Tsh, Fsh, Acth, Oxt, and vasopressin (Avp) have all
been shown to regulate the formation and/or function of both
osteoblasts and osteoclasts and thus to control bone remodeling
in vivo (2-4, 6-8). The two neurohypophyseal hormones Oxt and
Avp have opposing functions (2, 3). Oxt stimulates and Avp in-
hibits osteoblast formation. Consequently, the genetic deletion
of the Oxt receptor (Oxtr) and Avp receptor la (Avprla) yields
opposing phenotypes, notably osteopenia in Oxtr™~ mice and
high bone mass in Avprla™~ mice (2, 3). These findings may
explain the rapid recovery of bone loss at weaning when plasma
Oxt levels are high (9) and also the profound loss of bone noted
in chronic hyponatremic states, such as the syndrome of in-
appropriate antidiuretic hormone secretion (SIADH), in which
serum Avp levels are elevated (3).
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We find high levels of Oxtr expression on both osteoclasts and
osteoblasts (2, 10), in addition to their abundant expression in
breast and uterine tissue, where they regulate lactation and
parturition, respectively (11). Avprlas, in contrast, are distrib-
uted more ubiquitously, whereas Avpr2s are localized mainly in
the kidney, where they regulate free water excretion (12). Os-
teoblasts express both Avprla and Avrpr2 (3). The only other
known isoform, Avprlp, is expressed predominantly in the pan-
creas and pituitary; it regulates ACTH secretion from pituitary
corticotrophs (13). Sequence alignment shows that the binding
sites of the Oxtr and Avprs are highly conserved, with specific
amino acids within the predicted binding pocket providing ligand
selectivity (14-16). The respective ligands Oxt and Avp also are
homologous nonapeptides, differing in only two amino acids, and
are known to interact with the other’s receptor with different
affinities (17).

To our knowledge, osteoblasts and osteoclasts are the only
cells in which Oxtr, Avprla, and Avpr2 are coexpressed. We also
have shown that osteoblastic Oxtrs undergo internalization and
nuclear translocation upon binding to Oxt and that this action is
independent of cytosolic Erk phosphorylation (18). Avprla ac-
tivation by Avp also activates Erk phosphorylation within
minutes (3). The homology between the ligands and their
respective receptors and converging downstream signals suggest
that Avp and Oxtr may share receptors with opposing or con-
vergent signals. Here, we have explored these interactions in the
regulation of osteoblastic bone formation by using mice lacking
one or both receptors, chemical inhibitors, and physiological
models of high bone turnover.

Significance

We show that oxytocin and vasopressin, which are released
from the posterior pituitary gland to regulate lactation and
water balance, respectively, are potent regulators of skeletal
integrity. Using genetically modified mice and chemical inhib-
itors, we provide evidence that the two hormones interact
with each other’s receptors to control precisely the formation
of new bone.
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Results (Fig. 1B). Taken together, these data suggest that the Oxtr is not
Oxtrs and the three Avpr isoforms, namely Avprla, Avprlp, and  indispensable for the antiosteoblastic action of Avp.
Avprz, constitute a Subfamily of G protein_coupled receptors, We SOllght to determine dlrectly the extent of contribution of

and their respective ligands, Avp and Oxt, are cyclic non- the Avpr and Oxtr to the Avp response. Quantitative PCR
apeptides that closely resemble each other. Therefore we first (qPPCR) showed that Avp triggered an early suppression of the
assessed whether the ligands could cross-react with the Oxtr and ~ expression of the osteoblast differentiation genes osteocalcin
Avpr receptors in the context of their opposing actions on the  (bone y-carboxyglutamic acid—-containing protein, Bglap), bone
osteoblast. Consistent with its function, Avp strongly inhibited  sialoprotein (integrin-binding sialoprotein, Ibsp), Runx2, and Sp7
osteoblast formation in primary bone marrow stromal cell cul-  in bone marrow stromal cell cultures from wild-type mice (Flg
tures from Oxtr*/* mice at both 1 and 2 wk (Fig. 14). This in-  1C). This response was almost completely abrogated in Avprla™

hibitory action was retained in osteoblast cultures derived from  cultures (Fig. 1C), establishing that Avprla is necessary for the
Oxtr”'~ mice (Fig. 14). Consistent with this result, at both time  inhibitory action of Avp. The reversal was less marked in cultures
points Avp strongly attenuated the expression of most osteo- from double-mutant mice in which both Avpria and Oxtr were
blastic genes, namely, alkaline phosphatase (A4lp), runt-related  deleted (Fig. 1C). This finding suggested that Avp does, to some
transcription factor 2 (Runx2), and activating transcription fac-  extent, interact with the Oxtr to exert a pro-osteoblastic action in
tor 4 (Atf4), but not osterix (Sp7 transcription factor 7, Sp7)  Avprla™~ cells. These interactions were confirmed at the protein
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Fig. 1. Avp interacts with both osteoblast Avpria and Oxtr in bone mass regulation. (A) Representative wells showing the effect of Avp (1078 M) on alkaline
phosphatase-positive colonies 1 or 2 wk after the induction of differentiation in bone marrow stromal cell cultures isolated from Oxtr™~ or Oxtr*’* mice.
(B) mRNA expression (by qPCR) of osteoblast genes, namely Alp, Runx2, Atf4, and osterix (Sp7), in differentiating bone marrow stromal cell cultures from Oxtr~'~
mice following a 6-h exposure to Avp. *P < 0.05, **P < 0.01, triplicate. (C and D) Effect of Avp on mRNA expression (qPCR) of the osteoblast genes osteocalcin
(Bglap), bone sialoprotein (Ibsp), Runx2, and Sp7 (comparison with wild type at each time point, *P < 0.05, **P < 0.01, triplicate) (C) or Runx2 protein ex-
pression (Western blot) (D) in differentiating (10 d) bone marrow stromal cell cultures isolated from Avpria™-, Oxtr~'~:Avpria ~'-, or wild-type mice.
(E) Histomorphometry of spinal trabecular bone from Avpria™-, Oxtr”":Avpria =, or wild-type mice, expressed as fractional bone volume (BV/TV), together
with representative images. *P < 0.05, **P < 0.01 compared with respective wild-type littermates, as shown. Results are shown as mean + SEM. Statistics by

unpaired Student'’s t-test, comparison with 0-dose control. n = 5 mice per group.
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Fig. 2. Avp triggers nuclear localization of the Avpria. (A) Primary bone
marrow stromal cells from Avpria*"* or Avpria™'~ mice were stimulated with
Avp (1078 M, 30 min) and stained with anti-Avpria antibody (red). Green
indicates phalloidin staining. (Top) Midsectional confocal microscopy shows
that at 30 min there is complete nuclear localization of the Avpria in
Avpria*™ cells, but this localization is absent in Avpria™ cells. (Lower) The
outer nuclear membrane was removed from isolated nuclei to produce
nucleoplasts (19). Nuclei were stained with anti-Avpria antibody (red) and
counterstained with anti-Kpnb1 antibody (green). Avprias were visualized
intranuclearly (red) at 30 min after Avp stimulation. Avpria™ cells expect-
edly showed no staining with the Avpria antibody. (B) Primary osteoblasts
were treated with Avp (1078 M) for 15 or 30 min. Western blots show Avpria
in the cytosolic and nuclear fractions. Markers included p-actin (cytosol)
and lamin B1 (nuclear). Control (Ctl): whole-cell lysates. (C) Proteins in
the immunoprecipitate from MC3T3.E1 preosteoblasts (with anti-Avpria
antibody) were identified using MS-Fit software (prospector.ucsf.edu/
prospector/cgi-bin/msform.cgi?form=msfitstandard), and all other proteins were
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level: Avp inhibited Runx2 expression at both 24 and 48 h in
wild-type cells but did not do so in Avprla™~ cells (Fig. 1D).
The extent of inhibition was less pronounced but not abrogated
in Avprla™=:0xtr™'~ cells (Fig. 1D).

With knowledge from our previous studies that Avpria™~
mice display a high bone mass phenotype, notably with increases
in osteoblast surface (Ob.S/BS) and fractional bone volume
(BV/TV), we examined whether deleting Oxtr modifies this
phenotype. Histomorphometry revealed an approximately
threefold increase in BV/TV in Avprla™~ mice compared with
wild-type littermates (Fig. 1E). However, BV/TV was not in-
creased to the same extent (~25%) in the double-mutant
Avprla™":Oxtr™"~ mice, compared with the respective wild-type
littermates (Fig. 1E). Overall, the data show rescue of the
Avprla™~ phenotype by Oxtr deletion, suggesting that Avprlas
and Oxtrs have opposing effects in regulating bone mass.

Previously we have shown that exposure of osteoblasts to Oxt
causes the transcytosolic movement and nuclear localization of
the Oxtr (18). During this process, the Oxtr interacts with
B-arrestin, Rab5, importin-p, and transportin-1 (18). Here, using
immunostaining, Western immunoblotting, and MALDI-TOF,
we show that Avp triggers the nuclear localization of Avprla in
osteoblasts. Notably, immunofluorescence microscopy demon-
strated that, under basal unstimulated conditions, Avprlas ap-
pear mainly at the plasma membrane and in the cytoplasm,
whereas a clear nuclear localization was noted ~30 min after the
addition of Avp (10~® M) (Fig. 24). To exclude potential arti-
facts arising from the extreme flatness of cultured cells or pos-
sible localization of Avprlas to membrane structures close to the
nuclear compartment, we isolated intact nucleoplasts from pri-
mary murine osteoblasts. This method removes the outer nuclear
membrane, providing pure fractions of nucleoplasts surrounded
by the inner but not the outer nuclear membrane (19). Nucleo-
plasts were isolated after stimulation of intact osteoblasts with
Avp (30 min) and were stained for Avp and importin-f (Kpnb1),
a known inner nuclear membrane and nucleoplasm marker.
Confocal microscopy revealed that, although there was minimal
nuclear localization of Avprlas in unstimulated nucleoplasts,
intense immunofluorescence was noted within the inner nuclear
membrane upon Avp stimulation (Fig. 24, Center). This locali-
zation was absent upon the stimulation of Avprla™~ cells,
establishing specificity (Fig. 24, Right).

Western immunoblotting was used further to study the pres-
ence of Avprlas in the cytosol and nuclear compartments of
osteoblasts exposed to Avp for 15 or 30 min. At both time points,
Avprlas were localized to the nuclear fraction with corre-
spondingly reduced cytosolic protein at 30 min (Fig. 2B). Of
note, unlike Oxtrs, Avprlas were localized to the nucleus even in
untreated cells, as evident both on confocal microscopy and
Western immunoblotting (Fig. 2. A and B). LaminBl1, a nuclear
membrane marker, and actin were unchanged upon Avp stimu-
lation (Fig. 2B).

In separate experiments, nuclear proteins from MC3T3.E1
preosteoblasts were immunoprecipitated with anti-Avprla anti-
body and subject to MALDI-TOF analysis. Separation by SDS/
PAGE was followed by in-gel digestion using trypsin and Rapi-
Gest SF (Waters) (18). This approach allowed almost all

recognized as nuclear proteins. Analysis of the spectra (FindPept database)
revealed three peptides corresponding to Avprla intracellular loops in
the in-gel band (45 kDa) at mass-to-charge ratios (m/z) of 1202.55 [(K)/
GLLVTPCVSSVK/(S), residues 274-285], 1258.54 [(K)/FAKDDSDSMSR/(R), resi-
dues 378-388], and 2184.92 [(R)/RQTSYSNNRSPTNSTGTWK/(D), residues 389-
407]. (D) Western immunoblot showing the effect of Avp (1078 M) on the
phosphorylation of Erk (pErk) in whole-cell lysates from bone marrow stro-
mal cell cultures obtained from Avpria™= or Oxtr'~:Avpria '~ or wild-type
mice. Total Erk (tErk) is shown.
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Fig. 3. Avpr2 inhibition does not affect bone formation or bone mass. (A) Effect of a specific Avpr2 inhibitor, tolvaptan (20 mg-kg~"-d™"), administered i.p.
for 4 wk to sham-operated (Sham) or ovariectomized (OVX) mice, on BMD (PIXImus, Lunar-GE), expressed as total bone, spine (L4-L6), left femur (L-Femur),
and left tibia (L-Tibia) BMD. (B) Fractional bone volume (BV/TV) assessed from von Kossa-stained sections of spinal trabecular bone (representative images are
shown). (C, Lower) Bone formation parameters, namely mineralizing surface (MS), mineral apposition rate (MAR), and bone formation rate (BFR) following
dual calcein (green) and xylenol orange (red) labeling. (Upper) Representative images are shown. Statistics: unpaired Student's t test, corrected for multiple
comparisons by Bonferroni; vehicle versus tolvaptan in Sham and OVXgroups yielded P > 0.1; n = 5 mice per group.

proteins in the immunoprecipitate to be identified (using MS-
Fit software); all other proteins were recognized as nuclear
proteins. Analysis of spectra (FindPept database) in the excised
band revealed the presence of three peptides corresponding
to the Avprla intracellular loops (Fig. 2C), confirming that,
after Avp activation, Avprlas move from the plasma membrane
to the nucleus.

Because both Avp and Oxt signal through Erk, we asked
whether Avp could signal through Erk phosphorylation in the
absence of the Avpla and, importantly, whether there was a
residual pErk signal when both the Avprla and Oxtr were de-
leted. Indeed, Avp triggered Erk phosphorylation in wild-type,
Avprla™=, and Avprla™=:Oxtr™'~ cells (Fig. 2D). This finding
suggested that a third receptor, Avpr2, was mediating the residual

Sun et al.

increase in pErk triggered by Avp in cells lacking both Avprla
and Oxtr.

We tested whether a specific Avpr2 inhibitor, tolvaptan, used
in patients with chronic hyponatremia, affected bone formation
and bone mass in wild-type and ovariectomized mice (20). Tol-
vaptan (20 mg-kg™'-d™") was administered i.p. for 4 wk to mature
3-mo-old mice that were either sham-operated or ovariecto-
mized. A week before they were killed, the mice were injected
with calcein followed by xylenol orange for dynamic histo-
morphometry. Bone mineral density, measured by a PIXImus
bone densitometer, declined at all sites upon ovariectomy (Fig.
3A). This decrement was neither reversed nor enhanced in tol-
vaptan-treated mice (Fig. 34). Importantly, tolvaptan given
to sham-operated mice did not reduce bone mass (Fig. 34).
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Fig. 4. Selective Oxtr deletion in osteoblasts attenuates lactation-induced bone loss, excluding an action of Oxt on the Avpria. Sequential areal BMD (aBMD)
measurements (PIXImus, Lunar-GE), quantitated as changes (A) from prepregnancy BMD (0) in total bone, spine (L4-L6 and >L6), left and right femur (L- and
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weeks 1 and 3 (SL1 and SL3) in Col2.3Cre*/Oxtr™ (n = 4) or Col2.3Cre~/Oxtr™ mice (n = 6 mice). Statistics: unpaired Student’s t test; *P < 0.05, **P < 0.01.

Likewise, measurements of BV/TV in vertebral trabecular bone
showed an expected reduction upon ovariectomy, with no re-
versal or accentuation with tolvaptan (Fig. 3B). Dynamic histo-
morphometry showed a decline in mineralizing surface and bone
formation rate after ovariectomy which was unaffected by tol-
vaptan (Fig. 3C). The results show that specific inhibition of the
Avpr2 does not affect bone mass in vivo.

We next studied whether Avprla or Avpr2 could be used by Oxt
in a physiologic context when serum Oxt levels are high, such as
during pregnancy or lactation. We therefore used lactating mice in
which Oxtrs were specifically deleted in osteoblasts (10). Our
hypothesis was that Col2.3Cre™:Oxt™" mice would suffer greater
lactation-induced bone loss because of the action of high Oxt
levels on intact Avprlas. Bone mineral density (BMD) measure-
ments revealed the expected loss of bone in both cortical and
trabecular compartments in Col2.3Cre:Oxt"™" mice, most pro-
found at lactation weeks 2 and/or 3 (Fig. 4). However, this loss was
markedly attenuated, rather than enhanced, in Col2.3Cre™:Oxt?™"
mice lacking Oxtrs solely in osteoblasts (Fig. 4). This finding sug-
gested that, in lactating mice, the actions of high circulating Oxt are
not mediated through the Avprla or Avpr2. Otherwise, one would
have seen even greater bone loss in Col2.3Cre™:Oxt™" mice.

Discussion

Because Avp and Oxt are closely related nonapeptides that can
act upon each other’s receptors (14-17), we examined in depth
the interaction of the two peptides at the receptor level in the
physiologic context of bone mass regulation. Avpria™~ mice
display a remarkable high bone mass phenotype, but double
mutants lacking both receptors have only mildly increased bone
mass, indicative of phenotypic rescue. Consistent with this phe-
notype, cells from Oxtr~'":Avprla™~ mice display a significant
(albeit partial) reversal of Avp-induced reductions in osteoblast
gene expression. Clinically, therefore, any skeletal effects of el-
evated AVP levels in patients with chronic hyponatremia, and
particularly in patients with STADH, will be exerted through both
the AVPR1a and OXTR. However, the severe osteoporosis in
patients with SIADH would indicate a dominant action of AVP,
which is elevated up to 30-fold (21) through the AVPR1a.
AVP could indeed be a primary determinant for the osteo-
porosis that is known to accompany chronic hyponatremic states
(22-28), although high aldosterone levels, for example in
SIADH, may contribute also (21). The latter is possible because
hyperaldosteronism also has been shown to cause bone loss in
rodents (29, 30). Osteoporosis also is widely recognized as being
associated with heart failure, particularly in elderly patients (31);

168 | www.pnas.org/cgi/doi/10.1073/pnas.1523762113

the proposed pathophysiological mechanisms include secondary
hyperparathyroidism, testosterone deficiency, and excessive
inflammatory cytokine production (31-33). Nonetheless, in-
appropriate AVP secretion is also a hallmark of low-output
cardiac failure and in these instances may contribute to bone
loss. Our data also show that there is reciprocal regulation of
Avp and Oxt secretion in mice—Oxt injections cause decrements
in Avp, and vice versa (Fig. S1). Although to our knowledge the
two hormones have never been measured in tandem in clinical
situations, it is possible that low OXT levels may enhance the
bone catabolic action of elevated AVP levels. Two translational
paradigms thus arise from our studies: The first is the notion that
AVP is a likely driver for bone loss in patients with chronic
hyponatremia; the second is the imperative for measuring
plasma OXT and AVP in cases where an association of osteo-
porosis, hyponatremia, and high AVP is suspected.

In contrast to Avprla, Avpr2 is localized primarily to the
kidney, where it regulates water absorption. A selective, com-
petitive AVPR2 inhibitor, tolvaptan, is currently in use to
counteract the chronic hyponatremia of congestive cardiac fail-
ure, cirrhosis, and SIADH (20, 29). As noted above, although
such conditions are associated with bone loss, now attributable in
part to high AVP levels (21, 29), we show that, in wild-type and
ovariectomized mice, tolvaptan neither offers osteoprotection
nor adversely affects bone mass, in essence attesting to its se-
lectivity for the kidney AVPR2.

Finally, to examine potential antianabolic actions of Oxt via
the Avprla, we used a murine lactation model of bone loss in
which the Oxtr was deleted specifically in osteoblasts (10, 34).
Mice lose bone maximally at weeks 2 and 3 of lactation, after
which there is prompt skeletal recovery at weaning. Several
mechanisms, such as hypoestrogenemia and elevated Pthrp lev-
els, have convincingly explained the intergenerational transfer of
calcium from the maternal to fetal skeleton (35). However, the
mechanism involved in skeletal recovery both in rodents and
humans has remained unclear. Having found that bone forma-
tion is reduced in pregnant mice lacking the Oxtr, we speculated
that high circulating Oxt levels might mediate the anabolic
skeletal recovery (9). We thus hypothesized that the absence of
the Oxtr selectively in osteoblasts will inhibit this physiologic
anabolic response at weaning and in turn will worsen osteopenia,
particularly because Oxt may act via the Avprla. However, os-
teoblast-selective Oxtr deletion in Col2.3Cre*:Oxt™" mice pre-
vented, rather than accentuated, lactation-induced bone loss.
This reversal also excludes a putative action of high Oxt on an
osteoclastic Avprla, which, according to our prior data (3),
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should stimulate resorption. Instead, reduced circulating Avp
levels in the face of high Oxt levels could explain reduced acti-
vation of the Avprla. Alternatively, high circulating Oxt levels
could activate the osteoclast Oxtr to prevent the resorption of
bone by mature osteoclasts (2).

Materials and Methods

All procedures were carried out with the approval by the IACUCs at Mount
Sinai School of Medicine and the University of Bari. The generation of Oxtr ™",
Avpria~"~, and Col2.3Cre:Oxtr™ mice has been reported (2, 3, 10). Avpria™~
mice were crossed with Oxtr*’~ mice to generate double mutants. Ovariec-
tomy was performed as described previously (10). Lactating mice were fed
on normal chow ad libitum. Tolvaptan was provided by Otsuka America
Pharmaceuticals. For histomorphometry, the mice were injected with xylenol
orange (90 mg/kg, i.p.) and calcein (15 mg/kg, i.p.) 7 and 2 d before they
were killed. Femurs were dissected, processed, and analyzed for bone for-
mation parameters, as before (3). Bone marrow stromal cells were cultured
in the presence of ascorbate-2-phosphate (1 mM) (Sigma) for mRNA and

protein analysis. Alkaline phosphatase-positive cfu colonies were counted in
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10-d cultures, and osteoblast gene expression was measured by qPCR (6). For
the preparation of nucleoplasts, osteoblast-enriched cultures were obtained
by sequential collagenase digestion of newborn calvaria. Intact nuclei were
isolated as described by Adebanjo et al. (19). The outer nuclear membrane
and nucleoplasts (nuclei without outer membranes) were separated. To
detect Avprila expression, immunofluorescence was performed using a
rabbit polyclonal anti-Avpria antibody and anti-rabbit Cy-3—conjugated
secondary antibodies (Chemicon International Inc.) associated with 60 pg/mL
fluorescein-labeled phalloidin (Sigma Aldrich). Mass spectrometric analysis
of nuclear extracts is detailed in S/ Materials and Methods (18). Western
blotting was performed using rabbit polyclonal anti-Avpr1a, mouse mono-
clonal pErk, rabbit polyclonal total Erk (tErk) (Santa Cruz), and IRDye-labeled
secondary antibodies (680/800CW) (LI-COR Biosciences). A LI-COR Odyssey
infrared imaging system was used.
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