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The neuropeptide Y system is known to play an important role in the regulation of bone homeostasis and while
the functions of its major receptors, Y1R and Y2R, in this process have become clearer, the contributions of other
Y-receptors, like the y6 receptor (y6R), are unknown. Y6R expression is restricted to the suprachiasmatic nucleus
(SCN) of the hypothalamus, an area known to regulate circadian rhythms, and the testis. Here we show that lack
of y6R signalling, results in significant reduction in bone mass, but no changes in bone length. Male and female
y6R knockout (KO) mice display reduced cortical and cancellous bone volume in axial and appendicular bones.
Mechanistically, the reduction in cancellous bone is the result of an uncoupling of bone remodelling, leading to
an increase in osteoclast surface and number, and a reduction in osteoblast number, osteoid surface,mineralizing
surface and bone formation rate. y6R KO mice displayed increased numbers of osteoclast precursors and pro-
duced greater numbers of osteoclasts in RANKL-treated cultures. They also produced fewer CFU-ALP osteoblast
precursors in themarrowand showed reducedmineralization inprimary osteoblastic cultures, aswell as reduced
expression for the osteoblast lineagemarker, alkaline phosphatase, in bone isolates. The almost exclusive location
of y6Rs in the hypothalamus suggests a critical role of central neuronal pathways controlling this uncoupling of
bone remodellingwhich is in linewith known actions or other Y-receptors in the brain. In conclusion, y6R signal-
ling is required for maintenance of bone mass, with loss of y6R uncoupling bone remodelling and resulting in a
negative bone balance. This study expands the scope of hypothalamic regulation of bone, highlighting the impor-
tance for neural/endocrine coordination and their marked effect upon skeletal homeostasis.

© 2015 Published by Elsevier Inc.
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1. Introduction

Bone remodelling regulates bone mass through the process of bone
resorption by osteoclasts followed by bone formation by osteoblasts
[1]. In addition to well established endocrine and paracrine actions,
bone mass is also regulated by neural and neuropeptide mediators
which have their origins in the hypothalamus [2–4]. The importance
of central signalling to the maintenance of bone mass has been
highlighted in recent years, with identification of an increasing number
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).
of pathways from the brain to the cells of bone, with the neuropeptide
Y (NPY) family being one of the most prominent [5].

The NPY system consists of three ligands – NPY, peptide YY (PYY)
and pancreatic polypeptide (PP) – which signal through 5 known G
protein-coupled receptors, namely Y1, Y2, Y4, Y5 and y6 receptors
(Y1R, Y2R, Y4R, Y5R, y6R). Aside from their distinct tissue expression
profiles, the Y-receptors exhibit distinct binding affinities to their
ligands (reviewed in [6]), with Y1R, Y2R and Y5R displaying high affin-
ities to NPY and PYY peptides, while Y4R and y6R preferentially binding
PP [7–9].

NPY and PYY have been shown to regulate bonemass in a neural and
endocrine fashion, respectively [5,10,11]. Mice lacking NPY displayed
increased cortical and cancellous bone mass and osteoblast activity,
while hypothalamus-specific overexpression of NPY led to a significant
reduction in bonemass [12–14]. Similar to the central action of NPY, re-
stricted overexpression of NPY in osteoblasts and osteocytes inmice led
to reduced cortical and cancellous bone volume and osteoblast activity
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[15]. Like NPY, PYY appears to have a negative relationship with osteo-
blast activity, with deletion of PYY leading to increased cancellous bone
mass in association with enhanced osteoblast activity in the mouse,
with opposing actions in PYY transgenic mice [16]. Lastly, based on
transgenic data, elevated PP levels do not appear to play a major role
in bone homeostasis [17], however, specific deletion studies of ligand
or receptor have not been carried out, until now.

The actions of the NPY family of ligands on bone regulation are pri-
marily thought to occur via Y1R and Y2R. Y1R are expressed in bone
marrow stromal cells, a source of osteoprogenitor cells, as well as in
osteoblasts and osteocytes [18,19]. Germline and osteoblast-specific
Y1R knockout mice both demonstrate greater bone volume resulting
from a greater rate of bone formation, pointing to a bone-specific role
of Y1R on the modulation of bone metabolism [20,21]. Contrary to
Y1R, Y2R action appears to regulate bone metabolism centrally, consis-
tent with the lack of Y2 receptor expression in bone tissue and the
observed bone phenotype of hypothalamic-specific, adult-onset Y2R
deletion in mice [2]. The Y5R is expressed in bone marrow cells and
has been shown to positively regulate bone marrow cell proliferation
in an in vitro setting [22], but the other aspects of bone homeostasis
have so far not been investigated.

The role of y6R in bone regulation is also yet to be determined.
Among the Y-receptors, y6R is unique. Although it is expressed as a
functional receptor inmice and rabbits [9,23–26], the y6R gene is absent
from the rat [23] and only exists in a truncated version in primates,
including human [9,24,27], missing the seventh transmembrane
domain otherwise typical for G-protein coupled receptors. Interest-
ingly however, unlike most ‘pseudogenes’ that are transcribed in
very low levels [28], the human y6R mRNA is found to be highly
expressed in several human tissues including the heart and skeletal
muscle, as well as in the brain, gastrointestinal tissues and adrenal
glands [9,23,24], indicating a potential function of this shortened
gene product in humans.

We recently demonstrated that the mouse y6R is specifically
expressed in the hypothalamic suprachiasmatic nucleus (SCN), specifi-
cally in neurons that co-express vasoactive intestinal peptide (VIP), a
key regulator of the growth hormone axis (GH) and circadian regulation
[26]. Furthermore, we identified PP as the endogenous high affinity li-
gand for the mouse y6R. Importantly, activation of y6R/VIP neurons in
the SCN by PP increased energy expenditure and reduced feeding. As a
result, inactivation of the y6R gene in themouse led to a pronounced ef-
fect on body weight regulation, with y6R KO mice demonstrating re-
duced somatic growth, an increased propensity to develop age- and
diet-induced obesity, and a dampened daily oscillation in circulating
corticosterone and IGF-1 production [26].

Considering the critical role that the NPY system plays in the coordi-
nated control of energy and bone homeostasis, together with the fact
that the y6R is expressed in the SCN of the hypothalamus, a critical
region for homeostatic regulation; we set out to identify the contribu-
tions that y6R signalling has to bone homeostasis. To achieve this goal,
we utilised our y6R knockout (y6R KO) model and investigated bone
mass, indices of bone turnover in vivo and in vitro, and the putative
regulators of this pathway.
2. Materials and methods

2.1. Mice

All animal experiments and care were approved by the Garvan
Institute/St. Vincent's Hospital Animal Experimentation Ethics Com-
mittee. Male mice were used throughout the study unless otherwise
stated. y6R KO mice were generated by insertion of a selection cas-
sette containing the lacZ and neomycin resistance (neoR) genes
into the y6R coding exon, and were bred on a mixed C57BL/6–129/SvJ
background [26].
2.2. Tissue collection

Micewere sacrificed by cervical dislocation followed by decapitation
and hindlimbs were dissected and fixed in 4% PBS-buffered paraformal-
dehyde overnight at 4 °C for ex vivo phenotyping.

For RNA, following excision of the femur and tibia, and removal of
the proximal and distal ends, marrow was excluded by flushing with
saline, then centrifuging at 14,000 rpm for 15 s. Bones were cleaned
and immediately homogenised in TRIzol reagent (Life Technologies,
Grand Island, NY, USA) as described below.

2.3. Bone densitometry

Bone densitometry was performed as previously described [11].
Whole body bone mineral density (BMD) and bone mineral content
(BMC) were measured with mice ventral side down (head and tail
inclusion), using a dedicated mouse dual energy X-ray absorptiometer
(DXA) (Lunar Piximus II, GE Medical Systems, Madison, WI), as previ-
ously described [10]. Whole femoral BMD and BMC were measured in
excised left femora. Femora were DXA scanned with tibiae attached
and the knee joint in flexion to 90° to ensure consistent placement
and scanning of the sagittal profile.

2.4. Bone histomorphometry

After fixation and dehydration, the distal half of femurs were em-
bedded undecalcified in methyl-methacrylate (Medim-Medizinische
Diagnostik, Giessen, Germany). Sagittal 5 μm sections were stained
and evaluated as previously [29]. Analysis of cancellous bone volume
(BV/TV, %), trabecular thickness (Tb.Th, μm), and number (Tb.N,/mm)
was carried out on modified von Kossa stained sections. To assess
bone formation indices, subcutaneous (s.c.) calcein (20 mg/kg) (Sigma
Chemical Company, St. Louis, USA) was given 7 and 2 days prior to
collection. Mineralizing surface (MS, %) and mineral apposition rate
(MAR, μm/d) were measured from unstained sections, and bone forma-
tion ratewas calculated (BFR=MS/BS ∗MAR, μm2/μm3/d) [29]. Osteoid
surface (OS/BS, %), osteoblast number (Ob.N/BS, %) and osteoblast
number/osteoid surface (Ob.N/OS, %) were measured on sectioned
stained with von Kossa, and counterstained with toluidine blue, only
osteoblast directly opposed to osteoid seams were quantified [2] Bone
resorption indices, osteoclast surface (Oc.S/BS, %) and number (Oc.N/
BS, mm), were estimated in tartrate-resistant acid phosphatase stained
sections [19]. All cancellousmeasurements were conducted in a sample
area bordering the epiphyseal growth plate, beginning 0.25 mm proxi-
mal to the mineralization zone and extending proximally by 4.2 mm,
encompassing all the cancellous bone within the cortices [2]. Cortical
mineral apposition rate was measured at the posterior endosteal mid-
shaft, extending 1000 μm proximal from the mid-femora.

2.5. Micro-computed tomography (microCT)

A Skyscan 1174 scanner and associated analysis software (Skyscan,
Aartselaar, Belgium) were used to examine 3-dimensional bone struc-
ture as previously described [30]. Following fixation, bone was scanned
in a plastic tube filled with 70% ethanol. A 0.5 mm aluminum filter was
applied to the 50 kV X-ray source, exposure time of 3600ms and sharp-
ening at 40%. Distal femora were scanned at a 6.2 μm pixel resolution
acquired over an angular range of 180°, with a rotation step of 0.4°.
Following reconstruction, cortical bone analyses were carried out in
150 slices (0.93 mm) starting 4.5 mm proximal from the distal growth
plate using CT-Analyser software (Skyscan, Aartselaar, Belgium).

2.6. Bone cell cultures

Bone cell cultures were performed following flushing of the bone
marrow from femoral and tibial bones by a 23-gauge needle syringe
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into completeα-MEM (10% FCS, 100 U/ml PenStrep, 1× GlutaMax) and
cultured in T-75 flasks for bone marrow mesenchymal stromal cells
or with 10 ng/ml murine M-CSF for bone marrow monocyte (BMM)
cultures. Non-adherent cells were discarded through media changes.

2.7. Colony forming unit — fibroblast (CFU-F) assay

Fresh bone marrow extracted from y6R KO mouse tibia and femur
were plated at cell densities of 4 × 105 and 8 × 105 in 6-well plates in
complete αMEM with 50 μg/ml ascorbic acid and 10 nM dexametha-
sone. Media was changed every three days for 18 days then washed in
PBS before fixation in cold 90% ethanol for 10 min. The colonies were
stained for Alkaline Phosphatase (ALP) [31]. Colonies were counted in
ImageJ software (National Institutes of Health, Bethesda, MD, USA)
from scanned images processed with threshold and Gaussian blur
(2 pixel radius) in Adobe Photoshop (Adobe, San Francisco, CA, USA).

2.8. Osteoblast differentiation from bone marrow stromal cells (BMSCs)

Bone marrow was extracted from WT and y6R KO hind limb bones
and cultured in αMEM for plastic adherent BMSC. BMSCs were seeded
at 6 × 104 cells/well in 24-well plates and culturedwith 50 μg/ml ascor-
bic acid, 10 nM dexamethasone and 5 mM β-glycerophosphate for
14 days. The cultures were fixed in 4% paraformaldehyde for 10 min
and stained with Alizarin Red staining solution. Mineralization surface
was quantified through ImageJ particle analysis of scanned images.

2.9. Osteoclast differentiation from BMM

BMM cells were seeded at a density of 6 × 103 cells per well in 96-
well plates and cultured in 10 ng/ml M-CSF (Peprotech, Japan) with
the indicated concentrations of murine sRANKL (Peprotech, Japan) for
5 days. A RANKL time coursewas performed at the allocated time points
(0, 2, 3, 4, 5 days) with 50 ng/ml sRANKL. Total RNA was isolated from
cells after 3 days in culture using Direct-zol™ RNA MiniPrep as per the
manufacturer's instructions (Zymo Research Corporation, CA, USA)
and Reverse Transcription was performed using the Superscript III
First-Strand Synthesis System (Life Technologies, Grand Island, NY,
USA). Real-time PCR reactions for GAPDH, cathepsin K, NFATc1 and tar-
trate-resistant acid phosphatase (TRAP) were performed using the
Power SYBR® Green PCR Master Mix (Applied Biosystems) in an ABI
Prism 7900 HT sequence detector (Applied Biosystems). Primers used
were as follows: NFATc1 (sense: 5′-AGCCCATCCTTGCCTGCCT-3′, anti-
sense: 5′-CCGTGTAGCTGCACAATGGGG-3′), TRAP (sense: 5′-GGGGAC
AATTTCTACTTCACTGG-3′, antisense: 5′-GCAAACGGTAGTAAGGGCTG-
3′), CATHEPSIN K (sense: 5′-GGCCAGTGTGGTTCCTGTT-3′, antisense:
5′-CAGTGGTCATATAGCCGCCTC-3′), and GAPDH (sense: 5′-GCATCTCC
CTCACAATTTCCA-3′, antisense: 5′-GTGCAGCGAACTTTATTGATGG-3′).

2.10. Analysis of gene expression in bone tissue

RNA was isolated from cleaned tibiae using TRIzol® reagent as per
the manufacturer's instructions. RNA was reverse transcribed with
hexamer primers using the Invitrogen Superscript II First strand synthe-
sis kit (Life Technologies, Grand Island, NY, USA) according to
manufacturer's instructions. qPCR was performed with the TaqMan
gene expression assay (Life Technologies, Grand Island, NY, USA) ac-
cording to manufacturer's instructions. y6R expression was evaluated
as previously [26]. TaqMan gene expression assays for RANKL, OPG
and ACTB as well as RUNX-2 and ALP were used with TaqMan gene ex-
pression master mix. Primer sequences for osterix, GAPDH are as fol-
lows: OSTERIX (sense: 5′-AGAGGTTCACTCGCTCTGACGA-3′, antisense:
5′-TTGCTCAAGTGGTCGCTTCTG-3′), GAPDH (sense: 5′-GCATCTCCCTCA
CAATTTCCA-3′, antisense: 5′-GTGCAGCGAACTTTA TTGATGG-3′). The
absolute quantificationmethodwas used with a standard curve created
from pooled cDNA samples serial diluted 1:2. The PCR reactions were
done in triplicate in 384-well plates at 10 μl reaction volumeswith sam-
ple cDNA quantity of 400 ng per reaction. Real-time polymerase chain
reaction reactions were performed using the TaqMan Universal PCR
master mix in an ABI Prism 7900 HT sequence detector (Life Technolo-
gies, Grand Island, NY, USA).

2.11. Flow cytometry

The BD Biosciences protocol was used to immunostain mouse bone
marrow cells. In brief, bone marrow cells were extracted from mice
hind limbs. Red blood cells (RBCs) were lysed in ammonium chloride
lysis buffer (0.15 M NH4Cl, 10 mM Tris–HCl, 0.1 mM EDTA) and the
cells were resuspended in ice cold wash buffer (2% FBS in PBS). Bone
marrow cell suspensions (106 cells) were incubated with CD45R-FITC
(RA3-6B2), CD3-FITC (145-2C11), CD11b-PE (clone), CD115-APC
(AFS98), CD117-Pacific Blue (2B8), and RANK-Biotin (R12-31) antibod-
ies for 30 min in the dark. RANK-Biotin stained cells were washed and
stained with streptavidin-PECy7. The cells were washed twice (~106

cells) and transferred to flow cytometer tubes containing cold wash
buffer with DAPI. The BD LSR-SORPII flow cytometer (BD Biosciences,
San Jose, CA, USA) was used for analysis. Dead cells stained positive
for DAPI were excluded.

2.12. Statistical analysis

Data are expressed as means ± standard error (SEM). Differences
between genotypes were assessed by two-tailed Student's t-test using
GraphPad Prism 5 (Version 5.0a, GraphPad Software, Inc., La Jolla, CA,
USA). For all statistical analyses, p values below 0.05 were considered
statistically significant.

3. Results

3.1. Lack of y6R gene expression in bone cells

Since y6R expression had only been described in the brain and testis,
we first sought to establish the possibility of a direct y6R control of bone
homeostasis by examining its expression in bone cells. As described
previously [26], deletion of the y6R in this mouse model is achieved
by insertion of the lacZ gene, thereby allowing detection of its normal
tissue distribution via ß-gal staining. Utilising the introduced lacZ
gene, we investigated the expression pattern of y6R in a variety of
peripheral tissues and throughout the brain. Only a subset of neurons
within the hypothalamic suprachiasmatic nucleus (SCN) showed
staining for β-gal, with no staining in any other area of the brain, bone
sections or the other peripheral tissues examined, except testes [26].
Furthermore, semi-quantitative PCR analysis showed y6R mRNA
expression in the hypothalamus and testis as previously reported,
but not in various bone components, including bone marrow, bone
marrow-derived monocytes (BMM), osteoclasts, bone marrow stromal
cells (BMSCs), and osteoblasts (Fig. 1). These findings suggest that
any effect of y6R signalling on bone regulation must occur indirectly,
most likely via the hypothalamic SCN where y6R are expressed at high
levels [26].

3.2. Lack of y6R signalling leads to reduced bone mass in mice

We next investigated the contribution of y6R signalling to bone reg-
ulation by examining a germline y6R KO model (Fig. 2A). Contrary to
the observed increase in bone density and mass in the Y1R KO and
Y2R KOmice, DXA analysis of 16-week-old male mice showed a signif-
icant reduction in whole body BMD and BMC in the absence of y6R
(Fig. 2B). DXA analysis of isolated femurs also revealed amarked reduc-
tion in BMD and BMC in y6R KO compared to wildtype controls
(Fig. 2C). Compared to their wildtype counterparts, microCT analysis
of the distal femoral metaphysis revealed reduced cancellous bone



Fig. 1. y6R gene expression. (A) Semi-quantitative PCRdetects the expression of y6R in the
mouse testis and hypothalamus. There is no evidence of y6R expression in whole bone
tissue, osteoclast osteoblast cell lineages or their precursors, bone marrow monocytes
(BMM) and bone mesenchymal stem cells (BMSC), respectively. Beta actin (ACTB) was
used as a house keeping control. NTC, no reverse transcriptase control (testis RNA).
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volume in y6R KO mice, in association with lower trabecular number
without any change in trabecular thickness (Fig. 2D). Femur length is
not significantly different between y6R KO and control mice, however,
cross-sectional cortical area, cortical thickness and periosteal perimeter,
but not endosteal perimeter, were reduced in y6R KO femurs compared
to those of controls (Fig. 2E). These changes were evident in both male
and female y6R KO mice (Supplementary Fig. 1), suggesting a gener-
alised effect on bone mass caused by the absence of y6R signalling in
mice. Further, analysis of the axial skeleton shows that deletion of
y6R in mice led to a pronounced reduction in the cancellous bone
volume, trabecular number and thickness in the L3 vertebral body
(Fig. 2F). Also consistent with the femoral changes of y6R KO mice,
we observe a significant reduction in the vertebral cortical volume
and thickness in these mice, without any change to vertebral length
(Fig. 2G). These data identify y6R signalling as a novel central path-
way to bone.
Fig. 2.Reduced bonemass in adult y6R-deficientmice. (A) RepresentativemicroCT images
of 16 week old maleWT and y6R KOmice. (B) DXA analysis of 16 week old maleWT and
y6R KO mice showing reduced whole body BMD and BMC and reduced (C) femoral DXA
BMD and BMC in 16 week old male y6R KO compared to WT. (D) MicroCT analysis
showing reduced bone volume in the distal femoral metaphysis, (E) mid-femoral
cortical bone, (F) L3 vertebral cancellous and (G) L3 vertebral cortical bone of y6R KO
mice. Mean + SEM n = 7–18. *p b 0.05, **p b 0.01, ***p b 0.001.
3.3. Reduced bone mass in y6R KO mice is associated with increased
osteoclast number

In order to investigate the underlying mechanism of the reduced
bone mass in these mice, bone cell activities were analysed by
histomorphometry in the distal femoral metaphysis of 16-week-old
male wildtype and y6R KO mice. As with the, microCT analysis, cancel-
lous bone volume and trabecular number were reduced in y6R KO rela-
tive to control mice (Fig. 3A). Consistentwith reduced bone volume, we
found a greater osteoclast number (Oc.N/BS) and osteoclast surface
(Oc.S/BS) in y6R KO compared to WT (Fig. 3B), suggesting an increase
in bone resorption. Interestingly, the bone formation indices, mineral
apposition rate (MAR), mineralizing surface (MS/BS) and bone forma-
tion rate (BFR), were unchanged between y6R KO and WT, suggesting
uncoupled remodelling favouring bone resorption. Osteoid surface
(OS/BS) was significantly reduced in y6R KO mice, however despite
greater osteoclast number, osteoblast number (Ob.N/BS) and osteoblast
number per osteoid surface (OB.N/OS) were not different between
genotypes (Fig. 3B). These findings identify signalling through y6R as
the first NPY-family pathway to repress bone resorption and increase
bone mass.

To further investigate the role of osteoclasts in the observed pheno-
type, gene expression of RANKL and OPG was examined. Interestingly,
the ratio of RANKL:OPG mRNA was not significantly different between
y6R KO and WT mice (Fig. 3C), suggesting the potential for an
osteoclast-intrinsic change. To determine this, we tested the osteo-
clastogenic potential of bone marrow-derived cells from y6R KO and
WTmice. In vitro osteoclast cultures from y6R KO bone marrowmono-
cytes (BMMs) showed a significant increase in TRAP+ multinucleated
cells 5 days after RANKL treatment (50 ng/ml) compared toWT controls
(Fig. 3D). BMMs from y6R KO mice also formed more TRAP+ multinu-
cleated cells at suboptimal doses of RANKL relative to those of wildtype
animals (Fig. 3E). Consistent with greater TRAP+ multinucleated cell
number in culture, NFATc1 expression was elevated 2-fold at 24 h in
y6R KO BMM cultures. The mRNA expression levels of the osteoclastic
genes cathepsin K, NFATc1 and TRAP were not significantly different
betweenwildtype and y6 deficient BMMs3 days after RANKL treatment
at 20 ng/ml (Supplementary Fig. 2). To test whether greater NFATc1
expression may result from greater immature osteoclastic cells in y6R
KO marrow, flow cytometry analysis of bone marrow from y6R KO
and WT mice identified a significant increase in osteoclast progenitor
(CD11blowCD3−CD45R−CD115+CD117high) cell population in y6R
KO marrow (Fig. 3F). There was also a significant increase in pre-
osteoclast (RANK+CD115+(c-fms)) cells (Fig. 3G). Taken together,
these results indicate that in the absence of y6R, mice have increased
osteoclastogenic potential associated with increased osteoclast progen-
itor and pre-osteoclastic cell populations.

3.4. Reduced bone mass in y6R KO mice is associated with suppression of
bone formation

The observed increase in osteoclast parameters without any change
in osteoblast parameters indicates anuncoupling of bone remodelling in
y6R KOmice. The lack of an osteoblastic response to the increased oste-
oclastic activity suggests a potential inhibition of osteoblastogenesis in
y6R KO mice. In order to further examine bone remodelling in y6R KO
mice, we investigated the bones of 24-week-old mice (Fig. 4A). Consis-
tent with the bone phenotype of 16-week-old y6R KO mice, analysis
showed a marked reduction in the femoral BMD and BMC, as well as
cortical area and cortical thickness of 24-week-old y6R KO compared
to age-matched WT controls (Fig. 4B). MicroCT demonstrated a signifi-
cant reduction in cancellous bone volume associated with reduced
trabecular number and thickness (Fig. 4A, C). Osteoclast surface and
osteoclast numbers were again greater in y6R KO mice relative to WT
controls at 24 weeks of age. In addition, mineralizing surface and bone
formation rate osteoid surface (OS/BS), osteoblast number (Ob.N/BS)



Fig. 3. Elevated bone resorption in y6R deficient mice. (A) Representative sagittal sections and cancellous microstructure of distal femur of 16 week old male WT and y6R KO mice
demonstrating reductions in cancellous bone volume, trabecular number and trabecular thickness evident following histomorphometric analysis. (B) Bone cell activity in the distal
femoral metaphysis, revealed elevated osteoclast number and surface, with no difference in dynamic bone formation indices, but a reduction in osteoid surface, with no change in
osteoblast number. (C) No difference in RANKL:OPG gene expression in bone isolates from WT and y6R KO mice. (D) Greater RANKL stimulated osteoclast production from bone
marrow of y6R KO compared to WT mice. (E) Greater osteoclast production from bone marrow of y6R KO mice using sub-optimal RANKL doses. (F) Greater osteoclast progenitor and
(G) pre-osteoclast numbers in y6R KO marrow compared to WT. Mean + SEM n = 5–13. *p b 0.05, **p b 0.01, ***p b 0.001.
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Fig. 4. Reduced bonemass and formation in aged y6R-deficientmice. (A) RepresentativemicroCT images of 24-week-oldmaleWT and y6R KOmice, demonstrating continued loss of bone
in y6R KO mice. (B) DXA analysis of femoral BMD and BMC and (C) microCT confirmation of reduced bone mass and microstructural changes in the distal femoral metaphysis and mid
femoral cortical bone. (D) Bone cell activity in the distal femoral metaphysis demonstrates both increased resorption and reduced bone formation indices in y6R KO. No alteration in
serum IGF-1 levels in non-fasted (E) or fasted (F) 24 week old y6R KO mice.
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but not osteoblast number per osteoid surface (OB.N/OS) were of y6R
KO mice were significantly reduced confirming the osteoblastic deficit
(Fig. 4D). Together these findings demonstrate a dysregulation of both
osteoclast and osteoblast activities in mice that lack signalling through
the y6R.

Alterations in IGF-1 signalling have been shown to affect bone
remodelling and we have previously shown that serum IGF-1 is signifi-
cantly lower in 16 week old y6R KOmice, in association with a reduced
Ghrh expression in the hypothalamus [26]. In order to determine
whether the bone phenotype of y6R KO mice is being driven by alter-
ations in IGF-1, we also measured serum IGF-1 levels in 24 week old
mice. We observed a similar significant reduction in IGF-1 levels in
fasted 16 week old y6R KO mice compared to control as we have pub-
lished previously ([26] and data not shown). However, as shown in
Fig. 4F, IGF-1 levels were unaltered in 24 week old y6R KO mice com-
pared to controls in both the fasted and non-fasted states. Considering
that the effect of y6R deletion on osteoclastogenesis is more prominent
in the older animals, the lack of significant changes of IGF-1 in these
mice suggests that IGF-1 may not play a major role in this process.

3.5. Deficits in osteoblast differentiation and mineralization in bone
marrow of y6R KO mice

The reduction in mineralizing surface and inability to maintain
coupling in the bones of y6R KO mice suggest a reduction in osteoblast
proliferation. In order to investigate osteoblast differentiation and min-
eralization, a CFU-Ob assay was performed to determine the osteoblast
proliferative potential of bone marrow cells derived from y6R KOmice.
There was a significant reduction in alkaline phosphatase positive
(ALP+) CFU-Ob colonies in y6R KO bone marrow compared to that of
WT mice (Fig. 5A). Mineralization of 14 day bone marrow stromal cell
(BMSC) cultures was also reduced in y6R KO cells (Fig. 5A). Gene
expression in bone isolates displayed a significant decrease in alkaline
phosphatase, a similar trend in osterixwithno change in the latemarker



Fig. 5. Deficits in osteoblast differentiation and mineralization in bone marrow of y6R KO mice. (A) ALP+ CFU-Ob and mineralized nodule area reduced in cells from y6R KO marrow.
(B) Expression of osteoblast markers osterix, ALP and DMP-1 in y6R KO andWT bone isolates.

145E.-C. Khor et al. / Bone 84 (2016) 139–147
DMP-1 (Fig. 5B). These findings of reduced osteoblast differentiation
and activity, and reduced mineralizing surface in vivo, are consistent
with an osteoblast defect in y6R KOmice. This inhibition of bone forma-
tion further reinforces the unique nature of y6R signalling to bone, being
the opposite of the previously described Y1 and Y2 receptor null models
[2,20,21].

4. Discussion

In this studywe demonstrate that signalling through the y6 receptor
inmice is critical formaintaining normal bone homeostasis, with lack of
y6R in mice leading to a significant and generalised reduction in bone
mass. This reduction does not appear to involve developmental chang-
es, as bone length is not significantly altered. Rather, the bone loss is
the result of uncoupled bone remodelling involving increased osteoclas-
togenesis and reduced osteoblastogenesis, evident in both genders and
in adult and aged mice. This is manifested as a remodelling imbalance,
producing significant reductions in cancellous and cortical bone param-
eters in both long bones and vertebrae. Importantly, y6R is undetectable
in whole bone, bone cells or their precursors, but is strongly expressed
in the hypothalamus, and with an expression profile unique to previ-
ously defined Y-receptors. Thus, despite the absence of evidence for a
functional Y6R in humans, it is clearly important tomurine homeostasis,
andmust be considered when evaluatingmurinemodels, whichmodu-
late theNPY system. The lack of detectable expression of y6R and lacZ in
bone tissue or bone cells suggests an indirect response. The two major
expression sites are the SCN of the hypothalamus and testis with y6R
in the testis are less likely to play a critical role since the lack of y6R
affectedmale and femalemice in the sameway, thoughminor contribu-
tions to the male phenotype cannot be completely excluded. Consider-
ing that the only other areawith high levels of y6R expression is the SCN
identifies this population of neurons as the prime candidates that medi-
ate y6R signalling controlled processes. The SCN is the major site of
circadian regulation, and has received substantial interest in recent
years. Consistent with the phenotype in the y6R KO mice, bone is also
a tissue that displays circadian patterns [32]. Disruption of circadian
rhythm by day length modification or surgical pinealectomy has been
shown to alter bone remodelling. The identification of neural output
from the SCN in response to activation of y6R signalling represents a
new aspect of circadian signalling to bone. Moreover, combined with
themetabolic changes previously outlined in this model [26]; signalling
through y6R in the SCN represents a powerful mediator of homeostatic
changes in both energy and bone homeostasis, two processes that are
increasingly appreciated to be linked, particularly by central neuropep-
tide pathways [33].

Previous studies of central NPY signalling to bone have focused upon
the arcuate nucleus, a region pivotal tometabolic homeostasis, and have
contributed to our growing appreciation of neural regulation of bone,
and the links between energy and bone homeostasis. Similarly, the
current study also focuses upon a region with wide ranging regulatory
influence, the SCN; amaster regulator of circadian rhythms, establishing
y6R signalling as a novel mechanism regulating bone homeostasis.
However, there are important differences between the arcuate and
SCN pathways. The pathway from the arcuate nucleus is signalled
by Y2R and specifically suppresses the activity of osteoblasts, through
regulation of efferent neural outflow, but does not alter osteoblast pro-
liferation or bone resorption. The y6R pathway displays a more com-
plex, wide ranging response. Data for y6R KO mice define a pathway
regulating both osteoclastic and osteoblastic proliferation, and doing
so in opposing directions: Identifying y6 signalling as capable of simul-
taneously repressing bone resorption and stimulating bone formation.
Moreover, the y6R pathway also regulates metabolic activity [26].
The leptin-deficient ob/ob mouse is another model, which displays
metabolic responses as well as alteration of both bone resorption and
formation. While leptin deficiency results in a number of endocrine
changes, including greater corticosterone and reduced IGF-1 [36], the
alteration of remodelling in cancellous bone in ob/ob results predomi-
nantly from a combination of reduced sympathetic outflow and central
cocaine- and amphetamine regulated transcript (CART) expression. In
addition, the ob/ob model has reduced cortical bone mass and forma-
tion, driven by elevated NPY expression, consistent with the starvation
signals (and perceived lack of adipose tissue/negative energy balance)
triggered by the lack of leptin signalling in the hypothalamus [37]. Inter-
estingly, the y6R KO model also demonstrates a coordinated response
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betweenbone and energy homeostasis. y6RKOmicehave reduced bone
mass and a negative bone balance which is coincident with a negative
energy balance and reduced body weight and lean mass [26]. Also
similar to ob/ob, y6R KO display a number of endocrine change, also
affecting corticosterone and IGF-1. Serum IGF-1 is lower in young
adult but not aged y6R KO mice, in association with a reduced Ghrh
expression in the hypothalamus. In addition, corticosterone diurnal
rhythmicity is lost in y6R KO mice, with no increase during the light
hours, leading to chronically reduced levels [26]. While these changes
may influence body mass, they do not appear to be crucial to the bone
phenotype, particularly in agedmice. In thismanner, the y6R represents
a novel central pathway to bone that is capable of a non-coupled in-
crease in bone mass, while also increasing body weight and lean mass.

Although functional characterization of the mouse y6R reveals criti-
cal roles of this receptor in the regulation of energymetabolism [26] and
bone, little is knownof its function in humans. Previous studies reported
a frame-shift mutation that was introduced early in primate evolution,
leading to a premature stop codon [23,24,27]. Interestingly, the
human Y6R transcript is found abundantly in several tissues, particular-
ly in the heart and skeletal muscle [9,23,24], giving rise to speculation
that the product of the Y6R gene, either on a transcript or protein
level, may possess some function. Indeed, truncated GPCRs with less
than 7 transmembrane domains have previously been reported to
play important roles by binding to related GPCRs to exert a dominant
negative effect or to generate novel pharmacology [38]. Apart from
acting as binding partners, some truncated GPCRs appear to retain func-
tional activities such as a 6-transmembrane-domain μ-opioid receptor
and a 5-transmembrane-domain somatostatin receptor, both of which
exhibit altered pharmacology compared to their full-length counter-
parts and retain functional activities [39,40]. Alternatively, the functions
mediated through Y6 signalling in mice could have been taken over by
another Y-receptor in humans, like the Y4 receptor to which PP has
also high affinity. Further studies are required to determine the exact
function of the human Y6R transcript and the possible shift towards
Y4 signalling by PP.

The NPY system is complex, involving 3 ligands and multiple recep-
tors, 5 in the mouse, including y6R. A fundamental function of this
system is to regulate energy homeostasis, and coordinate the conserva-
tion of energy throughout the body during periods of negative energy
balance. In recent years, it has become apparent that skeletal activity
is a component of the energy conservation system, and is under power-
ful control by the NPY system. Consistent with this activity, NPY signal-
ling through Y2R in the arcuate nucleus reduces cortical bone mass in
leptin deficient mice, with loss of Y2R completely correcting the effects
of leptin deficiency on cortical bone. However, Y2R had minor effects
upon metabolic responses in ob/ob [36]. y6R provide a novel and pow-
erful addition to this system, with loss of function reducing bone mass,
as well as body weight and lean mass. Thus y6R function in opposition
to Y2R, as they promote lean and bone mass acquisition. As such, it
is a rare factor capable of both anabolic and anti-catabolic actions,
highlighting the potential therapeutic benefit of central signalling to
bone.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bone.2015.12.011.
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