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BACKGROUND AND PURPOSE

The sympathetic nervous system regulates bone remodelling, in part, through R,-adrenoceptor signalling. However, the
physiological role of ay-adrenoceptor signalling in bone in vivo remains unclear. Therefore, to obtain a deeper understanding of
bone remodelling by the sympathetic nervous system, we investigated the role of a;g-adrenoceptor signalling in bone
metabolism.

EXPERIMENTAL APPROACH

Prazosin, a nonspecific aq-adrenoceptor antagonist, was administered for 2 weeks in C57BL6 mice, and efficacy was evaluated by
bone microarchitecture using microcomputed tomography and determination of bone formation by fluorescent labelling of
bone. We also compared the bone phenotype of o;g-adrenoceptor null mice (a74~) with that of wild-type littermates.

KEY RESULTS

We demonstrated that the systemic administration of prazosin decreased bone formation. In addition, a,g-adrenoceptor-
deficient mice had a lower bone mass due to decreased bone formation but did not exhibit any changes in bone-resorbing
activity. Furthermore, stimulation with phenylephrine, a non-specific a;-adrenoceptor agonist, increased the expression of the
transcriptional factor CCAAT/enhancer-binding protein ¢ (Cebpd) in MC3T3-E1 osteoblastic cells. The overexpression of Cebpd
induced cellular proliferation in MC3T3-E1 cells, whereas the silencing of Cebpd suppressed it.

CONCLUSIONS AND IMPLICATIONS

Taken together, these results suggested that o;-adrenoceptor signalling is required for bone formation and regulated cellular
proliferation through a mechanism relevant to the up-regulation of Cebpd in osteoblasts and, thus, provide new evidence for the
physiological importance of a;g-adrenoceptor signalling in bone homeostasis.

Abbreviations

BFR, bone formation rate; BMSC, bone marrow stromal cells; BV/TV, bone volume per total volume; Cebpd, CCAAT/en-
hancer-binding protein §; Ctsk, cathepsin K; MAR, bone mineral apposition rate; MS/BS, mineral surface per bone surface;
Nfatcl, nuclear factor of activated T-cells, cytoplasmic-1; Ob.N/BS, osteoblast number per bone surface; OC, osteocalcin;
Oc.N/BS, osteoclast number per bone surface; Oc.S/BS, osteoclast surface per bone surface; Osx, osterix; RANKL, receptor
activator of nuclear factor-kB ligand; Runx2, runt-related transcription factor 2; Tb.N, trabecular number; Tb.Sp, trabecular
separation; Tb.Th, trabecular thickness; TRAD, tartrate-resistant acid phosphatase; WT, wild type; nCT, p-computed
tomography
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Introduction

Throughout life, bone homeostasis is maintained by remod-
elling and balancing osteoclast-mediated bone resorption
and osteoblast-mediated bone formation. Under normal con-
ditions bone remodelling is regulated by systemic hormones
and paracrine/autocrine factors. Recent studies have demon-
strated that the sympathetic nervous system plays a role in
bone metabolism (Takeda et al., 2002; Elefteriou et al., 2005;
Togari et al., 2005). The actions of noradrenaline (NA) are
known to be mediated through interactions with the
membrane-bound adrenoceptor, which has been categorized
into three families: o4, 0, and 8, with at least nine subtypes
being identified to date: aja-, 015-, 01p-, O2a-, O2p-, O2c-, B1-,
3,- and 33-adrenoceptors (Kobilka, 2011). All adrenoceptor fami-
lies belong to the GPCR superfamily. We previously reported the
expression of mRNA for o,3- and 3,-adrenoceptors in human os-
teoblasts (Togari, 2002). Evidence has accumulated to show that
the sympathetic nervous system regulates bone remodelling
and tooth movement, in part, through f3,-adrenoceptors (Takeda
et al., 2002; Elefteriou et al., 2005; Togari et al., 2005; Kondo et al.,
2013). Previous studies revealed that R,-adrenoceptor signalling
in osteoblasts suppressed bone osteoblastgenesis and increased
osteoclastogenesis, thereby enhancing bone resorption (Takeuchi
et al., 2001; Takeda et al., 2002; Elefteriou et al., 2005; Togari et al.,
2005). a,-Adrenoceptors were previously shown to have an im-
portant role in regulating the functionality of osteoblasts (Suzuki
et al., 1998, 1999; Huang et al., 2009; Hirai et al., 2014a, 2015a).
We also reported direct nerve-osteoblast communication in vitro
and demonstrated that NA increased cell proliferation by sup-
pressing K* channels via Gi/o-coupled a;g-adrenoceptors in hu-
man osteoblasts (Obata et al., 2007; Kodama & Togari, 2013);
however, the physiological role of a;-adrenoceptor signalling in
bone in vivo remains unclear. Thus, to obtain a deeper under-
standing of bone remodelling by the sympathetic nervous sys-
tem, we investigated the role of a;-adrenoceptor signalling in
bone metabolism.

Transcription factor CCAAT/enhancer-binding protein §
(C/EBP§ Cebpd) is a member of the C/EBP family and plays a
role in cellular functions. Six members of the C/EBP family have
been characterized: a, 83, 3, v, € and ¢ (Hanson, 1998; Yamanaka
etal., 1998). Although all C/EBP family members share the same
DNA-binding specificity, they have highly diverse tissue-specific
functions (Ramji & Foka, 2002). C/EBPs act as regulators of gene
expression by either direct DNA binding or interacting with

other transcriptional activators (Gutierrez et al., 2002). Several
studies have implicated Cebpd in the regulation of target genes
of diverse biological functions that include growth arrest, apo-
ptosis, differentiation, stem cell self-renewal and tumour sup-
pression (O’Rourke et al., 1999; Thangaraju et al., 2005; Gery
etal., 2005; Barbaro et al., 2007; Sarkar et al., 2012; Balamurugan
& Sterneck, 2013). In osteoblasts, Cebpd has been shown to ac-
tivate the transcription of insulin-like growth factor 1, which
plays a key role in skeletal growth by stimulating bone cell rep-
lication and differentiation (Umayahara et al., 1999).

The findings of pharmacological studies using prazosin,
an a;-adrenoceptor antagonist, and genetic studies suggested
that oy g-adrenoceptor signalling regulates bone mass and cel-
lular proliferation by regulating the expression of Cebpd in
osteoblasts. The results obtained will, at least in part, eluci-
date the mechanism underlying the regulation of bone mass
by the sympathetic nervous system.

Methods

Ethics statement

All mice were treated in accordance with the Guidelines for
Animal Experiments at the School of Dentistry, Aichi Gakuin
University. Animal studies are reported in compliance with
the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and
Lilley, 2015). A total of 217 mice were used in the experiments
as detailed here. Food and water were available ad libitum.
Animals were housed together in automatically controlled
conditions of temperature (23 + 1°C) and humidity
(50 £ 10%) under a 12 h light : 12 h dark cycle.

Mice

a;p-Adenoceptor-deficient mice (al’é’) were provided by CARD
(Center for Animal Resources and Development, Kumamoto
University). The generation of o14~ was as described previously
(Cavalli et al., 1997). The 014~ mice had been backcrossed onto
the C57BL/6 ] background for more than five generations. We
used a7}~ and their wild-type (WT) littermates. The genotypes
of the offspring were screened using PCR.

Drugs and treatment
C57BL/6 ] mice were originally obtained from Japan SLC,
Inc. (Hamamatsu, Japan). a;-Adrenoceptor-mediated pathways
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were stimulated using phenylephrine, a nonspecific a;-adreno-
ceptor agonist (Sigma-Aldrich, St. Louis, MO, USA). Prazosin, a
non-specific a;-adrenoceptor antagonist (Sigma-Aldrich), was
dissolved in saline at a concentration of 10 mg-mL™". Male,
eight-week-old mice were randomized by wt., assigned to
groups and acclimatized to their cages for 2 weeks prior to the
experiment. Mice were treated with prazosin at 1, 3, 10 and 30-
ng-kg~! or saline i.p. every morning for 2 weeks. Body wt. was
measured weekly, and the prazosin dose adjusted accordingly.
Bone tissue samples were dissected and kept at —80°C for total
RNA until assayed (Hirai et al., 2014b).

Bone densitometry and body composition
analyses

The distal region of the right femur was subjected to a three-
dimensional p-computed tomography (uCT) analysis using an
R-mCT pCTscanner (RIGAKU, Tokyo, Japan). Scanning was ini-
tiated 1.0 mm above the distal femoral growth plate, and a total
of 75 consecutive 20-um-thick sections were analysed,
encompassing a length of 1.5 mm of the secondary spongiosa.
The measured volume of interest in the femur was obtained by
selecting the cancellous bone (separate from the cortical shaft)
using contour areas that were drawn semiautomatically (Tanaka
etal., 2015). TRI/3D-BON (Ratoc, Tokyo, Japan) software was used
to analyse the cancellous parameters: bone volume per total vol-
ume (BV/TV, %), trabecular number (Tb.N, 1 mm™), trabecular
thickness (Tb.Th, pm) and trabecular separation (Tb.Sp, pm).

Bone histomorphometry

In the dynamic histomorphometric analysis, all mice were
injected i.p. with calcein (10 pg g ') at 4 and 2 days before
death. At the end of the experiments, the right femur of each
mouse was dissected and fixed in 70% ethanol. Five-
micrometre-thick sagittal sections were made as undecalcified
sections. To assess the bone formation rate (BFR), metaphyseal
cancellous bone in the femur was used to obtain the bone frac-
tion in a rectangular area of 0.34 mm? (0.5 x 0.67 mm), with
its closest and furthest edges being 0.3 and 0.8 mm distal to
the growth plate respectively (Tanaka et al., 2015). Regarding
decalcified sections, the left tibiae of mice were dissected, fixed
in 4% paraformaldehyde and then decalcified in 20% EDTA for
2 weeks. Sagittal sections (5 pm thick) were made as decalcified
sections and stained with tartrate-resistant acid phosphatase
(TRAP) for the osteoclast analysis. Measurements were made
within an area of 0.8 mm? (1.0 x 0.8 mm), with its closest and
furthest edges being 2.0 and 3.0 mm distal to the growth plate
of the proximal ends of the tibia respectively. Osteoclast number
per bone surface (Oc.N/BS) and osteoclast surface per bone sur-
face (Oc.S/BS) were evaluated by scoring TRAP-positive multinu-
cleated cells attached to the bone surface (Hirai et al., 2015b).

Cell cultures

MC3T3-E1 cells were purchased from the RIKEN Cell Bank.
MC3T3-E1 cells were cultured in o-MEM (Invitrogen,
Carlsbad, CA, USA) containing 10% FBS and 1%
penicillin/streptomycin at 37°C in a 5% CO, atmosphere.
To induce differentiation, the culture medium was replaced
with a-MEM containing 50 pg-mL™ ascorbic acid and 5 mM
R-glycerophosphate. The culture medium was changed every
2-3 days (Hirai et al., 2014a).
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Construction of expression plasmids and
transfection

The entire coding sequence of mouse Cebpd cDNAwas ampli-
fied by KOD-plus Neo DNA polymerase (Toyobo, Japan) and
inserted into the mammalian expression vector pcDNA3.
The primers used were as follows: forward 5’-CGC-
GGATCCCCAACTTGGACGCCAGGTC-3' and reverse 5'-
TGCTCTAGACAGAGTCTCAAAGGCCCACG-3'. Amplified
DNAwas cloned into the pcDNA3 vector at the BamHI and
Xbal restriction enzyme sites (underlined). The correct se-
quences of the subcloned cDNA fragments were confirmed
by complete nucleotide sequencing (Hirai et al., 2014b).
MC3T3-E1 cells were plated at a density of 1.0 x 10° cells-
cm 2. Cells were transfected after 24 h with pcDNA-Cebpd,
or the empty vector using FuGENE HD reagent (Promega,
Madison, WI, USA) according to the manufacturer’s
instructions.

Generation of MC3T3-E1 cell lines with the
stable expression of Cebpd

MC3T3-E1 cells were maintained in a-MEM supplemented
with 10% FBS, 1% penicillin/streptomycin at 37°C in a 5%
CO; atmosphere. Two micrograms of pcDNA3-negative and
full-length Cebpd were stably transfected into MC3T3-E1
cells by FuGENE HD, followed by drug selection with 800-
ug-mL™" of the neomycin analogue G418. Resistant colonies
were selected and expanded. Twenty stable lines (Cebpd
series) were established. All subsequent experiments were
conducted with three of these lines, Cebpd —1, —2 and -3,
which expressed high levels of Cebpd.

siRNA nucleofection

MC3T3-E1 cells were grown in a-MEM supplemented with
10% FBS and 1% penicillin/streptomycin to ~70%
confluency, followed by transient transfection with either
siRNA targeting Cebpd or non-silencing RNA diluted in
Opti-MEM using Lipofectamine RNAIMAX (Invitrogen) ac-
cording to the manufacturer’s protocol. Silencer select siRNAs
were used (Ambion/Applied Biosystems, Foster City, CA,
USA). Cebpd siRNAs and non-silencing RNA were both used
at final concentrations of 10 nM. The medium was then re-
placed with fresh medium. Cells were harvested for total
RNA extraction at the indicated time points.

5-Bromo-2'-deoxyuridine (BrdU) incorporation
assay

Cell proliferation activity was assessed by BrdU incorporation
using the Cell Proliferation ELISA BrdU kit (Roche Applied
Science, Penzberg, Germany) according to the manufac-
turer’s instructions (Kodama & Togari, 2013). MC3T3-E1 cells
were grown in a-MEM supplemented with 10% FBS and 1%
penicillin/streptomycin to ~70% confluency, followed by
transfection with either siRNA targeting Cebpd or non-
silencing RNA diluted in Opti-MEM using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s
protocol. After 6 h, culture media were replaced with fresh
a-MEM containing 10% FBS. BrdU-labelling solution
(100 uM) was added at 20 pL per well, and the cells were incu-
bated for an additional 4 h at 37°C. After this, the labelling
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media were removed, cells were fixed and DNAwas denatured
with FixDenat solution. The cells were incubated with a
peroxidase-conjugated anti-BrdU antibody for 1.5 h at room
temperature. The cells were then washed three times with
PBS, followed by the addition of substrate solution
(tetraethyl-benzidine) at 100 uL per well. After a 15 min incu-
bation, 1 M H,SO4 was added at 25 pL per well to stop the per-
oxidase reaction, and the absorbance of wells was measured
at 450 nm using Multiskan FC (Thermo Fisher Scientific,
Waltham, MA, USA).

RNA extraction and real-time PCR

Total RNA was isolated with an RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the protocol of the manufac-
turer. One microgram of RNA was reverse transcribed into
cDNA using the QuantiTect Reverse Transcription Kit accord-
ing to the protocol of the manufacturer (Qiagen). Gene ex-
pression was analysed with the Step-One-Plus real-time PCR
system with STEPONE software v2.0 (Applied Biosystems).
Reactions were performed in 20 pL volumes using a
QuantiTect SYBR Green PCR Kit (Qiagen). Cycling conditions
were 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 1 min. The relative quantity for
each sample was normalized to the average level of the con-
stitutively expressed housekeeping gene Gapdh. The primers
used are listed in Supporting Information Table S1. As needed,
the amplified fragment by PCR was cloned and subjected to
automated sequencing (Hirai et al., 2009).
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Data analysis

The data and statistical analysis comply with the recommenda-
tions on experimental design and analysis in pharmacology
(Curtis et al., 2015). All data are expressed as mean = SEM. The
two-tailed f-test combined with Bonferroni’s correction
following one-way ANOVA was used for multiple comparisons.
Differences with P values < 0.05 were considered significant.

Results

Decrease in bone mass by the systemic
administration of prazosin to mice

To evaluate the functionality of a;-adrenoceptor signalling in
bone, we investigated the effects of the pharmacological
blockade of a;-adrenoceptor signalling on bone mass by
performing nCT-based bone densitometry in bones after the
systemic administrations of prazosin, an o;-adrenoceptor
antagonist, at 10 and 30 ug-kg ' for 2 weeks. As shown in
Figure 1A, the bone volume per trabecular volume (BV/TV)
of the distal end of the femur of 12-week-old males was signif-
icantly lower in prazosin-treated mice at 30 ug-kg~' than in
saline-treated mice. No significant differences were observed
in the Tb.Th or Tb.N between mice injected i.p. with prazosin
in the range of 1-30 ugkg™' and saline-treated mice
(Figure 1B, C). Moreover, Tb.Sp of the femur was significantly
greater in prazosin-treated mice in the range of 3-30 ug-kg ™"
than in saline-treated mice (Figure 1D). The administration
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Blockade of a4-adrenoceptor signalling impaired cancellous bone mass in mice. (A-D) uCT-based bone densitometry of the distal region of the
femur in 12-week-old male mice administered saline (white bar) or prazosin at 1, 3, 10 and 30 pg~kg’1 body wt. day’1 for 2 weeks. (A) BV/TV.
(B) Tb.N. (C) Tb.Th. (D) Tb.Sp. n=8 or 17 mice per group. Similar results were obtained in three independent experiments. Values are expressed

as means + SEM. P < 0.05 significantly different from control mice.
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of prazosin in the range of 1-1000 ug-kg™" had no effect on
body wt. These results suggest that the dose of prazosin used
in this study did not have adverse effects. To examine the

mechanisms responsible for bone loss due to the prazosin
treatment, we performed a bone histomorphometric analysis
on bone formation parameters by assessing calcein double
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Figure 2

Effects of the systemic administration of prazosin on osteoblastic bone formation and resorption in mice. (A) An analysis of the MS/BS, MAR and
BFR in the cancellous bone compartment of the distal femur metaphysis of mice administered saline and prazosin; n=8 or 9 mice per group. Sim-
ilar results were obtained in three independent experiments. Values are expressed as means + SEM; P < 0.05, significantly different from each
control value. (B) Effects of the systemic administration of prazosin on Runx2, Osx and OC mRNA expression in cancellous bone. Total RNA was
isolated from the distal region of the femur in 12-week-old male mice administered saline or prazosin, followed by the determination of Runx2,
Osx and OC mRNA levels by real-time qRT-PCR using specific primers; n=9 or 10 mice per group. Similar results were obtained in three indepen-
dent experiments. Values are expressed as means + SEM; "P < 0.05, significantly different from each control value. (C) Mice were treated with
prazosin at 30 ng-kg ' per day or saline for 2 weeks, followed by the staining of osteoclasts with TRAP. The amounts of Oc.5/BS and Oc.N/BS were
measured (n = 8 or 9 mice per group). Values are expressed as means + SEM. P < 0.05 significantly different from the control. (D) Effects of the
systemic administration of prazosin on Nfatc1 and Ctsk mRNA expression in bone. Total RNA was isolated from the distal region of the femurin 12-
week-old male mice administered saline or prazosin, followed by the determination of NfatcT and Ctsk mRNA levels by real-time qRT-PCR using
specific primers. n =11 or 19 mice per group. Values are expressed as means + SEM. "P < 0.05 significantly different from the control.
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labelling in the distal femur after the systemic administration
of prazosin for 2 weeks. This analysis provided an in vivo esti-
mate of osteoblastic activity with respect to the accumulation
of bone mass. Bone formation parameters such as mineral
surface per bone surface (MS/BS), the bone mineral apposi-
tion rate (MAR) and BFRs were significantly lower in
prazosin-treated mice than in saline-treated mice (Figure 2A).
We then examined the expression of gene-related bone
formation using a quantitative real-time PCR analysis. We
extracted total RNA from the distal end of the femur and
analysed the mRNA expression of Runt-related transcription
factor 2 (Runx2), osterix (Osx) and osteocalcin (OC). Consistent
with the decrease observed in bone formation, the mRNA
expression of Runx2, Osx and OC in bone was significantly
decreased in prazosin-treated mice (Figure 2B), indicating
that mice administered the a;-adrenoceptor antagonist had
a lower bone mass concomitant with decreased bone
formation.

To confirm the effects of prazosin on bone resorption, we
next performed a bone histomorphometric analysis on bone
resorption parameters such as the bone surface covered by
osteoclasts (Oc.S/BS) and Oc.N/BS with TRAP-positive
osteoclasts. The results obtained showed that Oc.S/BS of
the femur was significantly lower in prazosin-treated mice at
30 ug-kg™' than in control mice. No significant differences
were observed in Oc.N/BS between mice administered
prazosin 30 pg-kg ' i.p. and control mice (Figure 2C). In
addition, the mRNA expression of osteoclast-related
genes such as cathepsin K (Ctsk) and nuclear factor of activated
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T-cells, cytoplasmic-1 (Nfatcl) was significantly decreased in
prazosin-treated mice, suggesting impaired bone resorption
(Figure 2D).

Ablation of a;g-adrenoceptors decreased
femoral cancellous bone mass

The pharmacological blockade of a4-adrenoceptor signalling
significantly decreased bone mass, as reflected by decreased
bone formation, which suggested that o,-adrenoceptor signal-
ling, played an important role in modulating bone physiology.
az-Adrenoceptors have been classified into three subtypes: a4,
a;p and o1p. In order to identify the a;-adrenoceptor subtypes
expressed by osteoblasts and osteoclasts, we performed real-time
PCR using primers specific for each receptor subtype. o;5- and
a;p-adrenoceptors were expressed in MC3T3-E1 and differenti-
ated MC3T3-E1 cells cultured in a-MEM containing 10% FBS,
50 pg-mL~" ascorbic acid and 5 mM &-GP (Supporting Informa-
tion Fig. S1). In addition, we showed the expression of mRNA
for the receptors of o;5- and a;p-adrenoceptors in bone marrow
stromal cells (BMSCs) (Supporting Information Fig. S1). There-
fore, to elucidate the mechanisms responsible for bone loss
due to the prazosin treatment and the functional role of ;-
adrenoceptor signalling in bone metabolism, we next compared
the bone phenotype of a,-adrenoceptor null mice (al’é’) with
that of WT littermates. The results of pCTbased bone
densitometry showed that BV/TVof the distal end of the femurs
of 10-week-old males was significantly lower in i}~ mice than
in WT mice (Figure 3A). Moreover, the Tb.N of the femur was

Ablation of a;g-adrenoceptors led to a decreased bone mass. (A-D) uCT-based bone densitometry of the distal region of the right femur from WT
mice and (xﬂé’ mice. (A) BV/TV. (B) Tb.N. (C) Tb.Th. (D) Tb.Sp. n=9 or 11 mice per group. Values are expressed as means + SEM. P < 0.05 sig-

nificantly different from WT mice.
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also significantly lower in ;5 mice than in WT mice
(Figure 3B). No significant differences were observed in Tb.Th
or Tb.Sp between WTand o1~ mice (Figure 3C, D). To elucidate
further the mechanisms responsible for the o;p-adrenoceptor
deficiency leading to bone loss, we examined the parameters
of bone formation. We observed a significant decrease in osteo-
blast number per bone surface (Ob.N/BS), and a reduced
MS/BS, and MAR in a{,ﬁ’ mice (Figure 4A-C). BFR was also signif-
icantly decreased by approximately 40% in arf” mice
(Figure 4D). Furthermore, the mRNA expression of Runx2, Osx
and OC in bone was significantly lower in a} mice than in
WT littermates (Figure 4E). In contrast, no significant differ-
ences were observed in Oc.S/BS or Oc.N/BS between o/ mice
and WT mice (Figure 4F), indicating that their decreased bone
mass was associated with a reduction in osteoblast number
and activity, not changes in osteoclasts.

az-Adrenoceptor signalling up-regulated Cebpd
gene expression in MC3T3-E1 osteoblastic cells
To investigate the physiological function of a;-adrenoceptor
signalling in osteoblasts and identify the target molecules of
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a;-adrenoceptor signalling, we examined the expression of
genes in response to phenylephrine in MC3T3-E1 cells. Total
RNAwas extracted from MC3T3-E1 osteoblastic cells exposed
to phenylephrine for 1, 2, 4 and 8 h and analysed by real-time
qREPCR. As shown in Figure 5A, the expression of Cebpd
mRNAwas significantly increased by the exposure to phenyl-
ephrine for 1 and 2 h. In addition, pretreatment with the o;-
adrenoceptor antagonist prazosin completely inhibited
phenylephrine -induced Cebpd expression, as determined
using a real-time qRI-PCR analysis in MC3T3-E1 osteoblastic
cells, which suggested that the phenylephrine -induced ex-
pression of Cebpd was mediated by o,-adrenoceptor signalling
in MC3T3-E1 osteoblastic cells (Figure 5B). Furthermore, we
investigated the effects of the pharmacological blockade of
a;-adrenoceptor signalling on the expression of Cebpd in can-
cellous bone. We extracted total RNA from the distal end of
the femur and analysed the expression of Cebpd mRNA after
the systemic administration of prazosin for 2 weeks. As
shown in Figure 5C, the expression of Cebpd mRNA in cancel-
lous bone was significantly lower in prazosin-treated mice
than in saline-treated mice. Furthermore, we compared the
expression of Cebpd mRNA in a7f~ mice and WT littermates.
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Ablation of og-adrenoceptors led to a decrease in bone formation. (A-D) An analysis of the Ob.N/BS, MS/BS, MAR and BFR in the cancellous bone
compartment of the distal femur metaphysis from WT mice and o7~ mice; n=7 or 8 mice per group. (A) Ob.N/BS. (B) MS/BS. (C) MAR. (D) BFR.
Values are expressed as means = SEM. P < 0.05, significantly different from WT mice. (E) Total RNA was isolated from the distal region of the femur
from WT and a7~ mice, followed by the determination of Runx2, Osx and OC mRNA levels by real-time qRT-PCR using specific primers; n=9 or 10
mice per group. Values are expressed as means + SEM. P < 0.05, significantly different from WT mice. (F) Sections of the primary trabecular re-
gions of the femur from WT or a4 g-adrenoceptor-deficient mice followed by the staining of osteoclasts with TRAP. The amount of Oc.S/BS and Oc.

N/BS were measured (n = 8 or 9 mice per group).
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Figure 5

aq-Adrenoceptor signalling mediated Cebpd expression. (A) Cells were treated with 10 uM phenylephrine (PHE) for 1, 2, 4 and 8 h, harvested and
then processed for real-time qRT-PCR. Each value represents the mean + SEM of six separate experiments. P < 0.05, significantly different from
each control value obtained in MC3T3-E1 cells cultured in the absence of PHE. (B) o;-Adrenoceptor signalling mediated Cebpd mRNA expression
after the PHE stimulation in MC3T3-E1 cells. Cells were incubated for 2 h in the presence of PHE with prazosin at a concentration of 10 pM,
followed by the determination of Cebpd levels by real-time gRT-PCR. Each value represents the mean + SEM of six separate experiments.
"P < 0.05, significantly different from each control value. NS; not significant. (C) o;-Adrenoceptor signalling regulated Cebpd in bone. Effects
of the systemic administration of prazosin on Cebpd mRNA expression in cancellous bone. Total RNA was isolated from the distal region of the
femur in 10-week-old male mice administered saline or prazosin, followed by the determination of Cebpd mRNA levels by real-time qRT-PCR using
specific primers; n = 7 or 8 mice per group. Values are expressed as means + SEM. "P < 0.05, significantly different from each control value. (D)
Total RNA was isolated from the distal region of the femur from WT and a74~ mice, followed by the determination of Cebpd mRNA levels by
real-time qRT-PCR using specific primers. n= 7 or 8 mice per group. Values are expressed as means + SEM. "P < 0.05, significantly different from
WT mice.

The expression of Cebpd mRNA in bone was significantly whether Cebpd in osteoblasts contributed to cellular prolifer-
lower in aﬁéf mice than in WT littermates (Figure 5D), ation. Cebpd was silenced in MC3T3-E1 cells, and cell prolif-
suggesting that o;p-adrenoceptor signalling in osteoblasts eration activity was evaluated as DNA synthesis by the BrdU
plays a significant role in regulating Cebpd gene expression. incorporation assay. Cells were cultured for 24 h, transfected
Therefore, we expected Cebpd to be one of the target mole- with Cebpd siRNA (or non-targeting siRNA) and then cultured
cules of a;p-adrenoceptor signalling in osteoblasts. for a further 24 h. As shown in Figure 6A, the incorporation of

BrdU was significantly lower in these cells compared with
those transfected with non-targeting control siRNA. In addi-

Cebpd was involved in cell proliferation in tion, the expression of Ccnel, which encodes cyclin E1, was
MC3T3-E1 cells significantly decreased in Cebpd-silenced cells (Figure 6B).
To investigate the physiological function of o,-adrenoceptor The overexpression of Cebpd significantly increased cellular
signalling in osteoblasts, we determined whether Cebpd proliferation in MC3T3-E1 cells (Figure 6C). These results
contributed to the regulation of cellular function in osteo- indicated that Cebpd regulated cellular proliferation in
blasts. Based on previous findings in which a;-adrenoceptor MC3T3-E1 cells. Furthermore, we observed that PHE-induced
signalling in osteoblasts mediated cellular proliferation cellular proliferation was significantly decreased in MC3T3-
(Suzuki ef al., 1998; Kodama & Togari, 2013), we investigated E1 cells transfected with Cebpd siRNA 24 h after transfection
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Figure 6

Cebpd was involved in cellular proliferation in MC3T3-E1 cells.(A) Effects of silencing Cebpd on DNA synthesis as measured by the incorporation of
BrdU. MC3T3-E1 cells were treated with Cebpd siRNA (siRNA-Cebpd) or non-silencing RNA (siRNA-Negative), followed by the determination of
BrdU incorporation according to the indicated protocols (mean + SEM, n = 6). "P < 0.05, significantly different from each control value. (B)
MC3T3-E1 cells were treated with Cebpd siRNA (siRNA-Cebpd) or non-silencing RNA (siRNA-Negative) according to the indicated protocols.
Real-time gRT-PCR analyses of transcription levels were performed using their specific primers for Ccnel. Relative mRNA expression was normal-
ized to Gapdh (mean + SEM, n=6). P < 0.05, significantly different from each control value. (C) Effects of the overexpression of Cebpd in MC3T3-
E1 cells. MC3T3-E1 cells were stably transfected with expression vectors for Cebpd (pcDNA-Cebpd) or control (pcDNA-Negative) followed by the
determination of BrdU incorporation according to the indicated protocols (mean + SEM, n = 5). "P < 0.05, significantly different from the value
obtained in cells transfected with the control vector. (D) Effects of Cebpd-knockdown by siRNA on phenylephrine (PHE)-regulated cellular prolif-
eration in MC3T3-E1 cells. MC3T3-E1 cells were treated with Cebpd siRNA (siRNA-Cebpd) or non-silencing RNA (siRNA-Negative), followed by fur-
ther cultivation for 24 h in the absence or presence of PHE at a concentration of 0.3 uM, and subsequent determination of BrdU incorporation
(mean + SEM, n = 6). P < 0.05, significantly different from value of siRNA-Negative. P < 0.05, significantly different from the value obtained
in cells treated with siRNA-Negative in the presence of PHE. Each figure is representative data from three independent experiments.

(Figure 6D). Taken together, these results indicate that Cebpd
promotes cellular proliferation in response to ojg-adren-
oceptor signalling in osteoblasts.

Discussion

In the present study, we presented in vitro and in vivo evidence
for the importance of a;g-adrenoceptor signalling in bone ho-
meostasis. Both the pharmacological and genetic ablation of
ajg-adrenoceptor signalling impaired bone mass by decreas-
ing bone formation, suggesting that o;z-adrenoceptor signal-
ling in osteoblasts plays an important role in bone
remodelling under normal conditions. Mice with low activity
in the sympathetic nervous system, such as leptin receptor-
deficient mice and dopamine 3-hydroxylase-deficient mice,
both have a high bone mass due to increased bone formation
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and decreased bone resorption (Takeda et al., 2002; Elefteriou
etal., 2005). Regardless of 3,-adrenoceptor signalling being a
key element in the regulation of bone remodelling, female
mice with chronic sympathetic hyperactivity due to the
double knockout of azs- and ayc-adrenoceptors, which are
presynaptic autoreceptors that negatively regulate noradren-
aline release, displayed a high bone mass with increased bone
formation and decreased bone resorption (Fonseca et al.,
2011). In contrast, the role of a;-ARs signalling in bone re-
modelling had not yet been examined in detail. In the pres-
ent study, we found that the systemic administration of
prazosin decreased bone formation and resorption (Figure 2).
Consistent with a previous study (Suga et al., 2010), the
RANKL-treated RAW264.7 cells contained mRNA encoding
a1a-, but not o;p- or ajp-adrenoceptors (data not shown).
These indicated that o44-adrenoceptor signalling in osteo-
clasts might participate in the reduced bone resorption in-
duced by the blockade of o;-adrenoceptor signalling.



Further analyses are needed to clarify whether o,-
adrenoceptor signalling in osteoclasts directly stimulates os-
teoclastogenesis. In addition, this study showed that the
mRNAs of a;5-, but not a;s-adrenoceptor subtype, was
expressed in BMSCs and differentiated BMSCs (Supporting
Information Fig. S1). Taken together with the expression of
aj-adrenoceptor subtypes, these results prompted us to spec-
ulate that a;-adrenoceptor signalling in osteoblasts controls
osteoclastogenesis through some osteoblast-derived factors
such as RANKL and osteoprotegerin. Osteoclastogenesis is
regulated by RANKL, an osteoclast differentiation factor,
and osteoprotegerin, a decoy receptor for RANKL, both of
which are expressed by osteoblasts (Simonet et al., 1997).
However, the results of the genetic experiments revealed that
ag-adrenoceptor-deficient mice had a lower bone mass due
to decreased bone formation without affecting bone resorp-
tion (Figure 4). These results obtained in mice with global de-
letion of aj;p-adrenoceptors suggest that impaired bone
formation was due, at least in part, to a cellular dysfunction
in osteoblasts lacking o,-adrenoceptor signalling and that
a;p-adrenoceptor signalling functions in osteoblasts. These
mice, however, have confounding systemic effects arising
from other cell types and/or tissues. The identity of the cell
type in which the sympathetic nervous system acts to regu-
late bone mass remains to be elucidated in future studies
using mice with osteoblast-specific a;z-adrenoceptor abla-
tion. To identify the localization of a;-adrenoceptor subtypes
in bone may be explained by the fact that a;-adrenoceptor
signalling in osteoblast plays an important role on bone for-
mation. Because it was not technically feasible, we did not
find any evidence of mRNA or protein of a;-adrenoceptor
subtypes located in bone. Therefore, the definitive role of
a;p- adrenoceptors expressed in osteoblasts in the low bone
mass observed in this study is still to be confirmed. Thus,
these results indicate that the regulation of bone remodelling
by the sympathetic nervous system is extremely complex.
However, this study showed that not only 8,- but also a;3-
adrenoceptor signalling in osteoblasts plays an important
role in mediating bone remodelling through the sympathetic
nervous system.

The physiological action of adrenaline (epinephrine)
was previously demonstrated to be mediated by a;- as well
as - adrenoceptor signalling in osteoblasts. Our previous
studies also showed that cellular proliferation was facilitated
via a;p- adrenoceptors and inhibited via {3- adrenoceptors in
human osteoblastic SaM-1 cells (Kodama & Togari, 2013). In
the present study, phenylephrine stimulated chloroethyl-
clonidine, cellular proliferation on BMSCs (Supporting
Information Fig. S2). In addition, pretreatment with an o, 3-
adrenoceptor-selective antagonist inhibited phenylephrine-
induced Cebpd expression in MC3T3-E1 osteoblastic cells
(data not shown). Furthermore, we observed that
phenylephrine-induced cellular proliferation was signifi-
cantly decreased in MC3T3-E1 cells transfected with
Cebpd siRNA. Based on these results and our previous
findings, we suggested that o,- adrenoceptor signalling me-
diated cellular proliferation through a mechanism relevant
to the up-regulation of Cebpd in osteoblasts, and that the
a;- adrenoceptor signalling by osteoblasts might participate
in the mechanism underlying the regulation of bone forma-
tion by the sympathetic nervous system.

&, g-Adrenoceptor signalling in osteoblasts m

In conclusion, our results suggest that o, 3- adrenoceptor sig-
nalling in osteoblasts is required for bone formation and regu-
lates cellular proliferation through the up-regulation of Cebpd
and, thus, provide new evidence for the physiological impor-
tance of o,p- adrenoceptor signalling in bone homeostasis. In
humans, a series of studies showed that an a-blocker was associ-
ated with an increased risk of hip/femur fracture (Souverein
et al., 2003; Song et al., 2012). A clearer understanding of
the functions of the a,5- adrenoceptor and its interactions with
3,- adrenoceptors in bone remodelling will assist in elucidating
the role of the sympathetic nervous system in bone metabolism,
which will, in turn, facilitate the development of novel thera-
peutic strategies for the treatment of osteoporosis.
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Figure S1 Gene expression of a1-AR subtypes in bone cells.
In order to determine the al-AR subtypes expressed by osteo-
blasts, we performed real-time PCR using primers specific for
each receptor subtype in BMSCs and MC3T3-E1 cells. Relative
mRNA expression was normalized to Gapdh. Figures are rep-
resentative of data from six independent determinations.
alA-AR, a1B-AR, and «l1D-AR transcripts were detected in
C3H10T1/2 cells as a positive control. ND, not detected.
Figure S2 PHE stimulated cellular proliferation in BMSCs. Cells
were treated with PHE at 0.03 to 0.3 uM for 24 h, followed by the
determination of BrdU incorporation (mean + SEM). Each value
represents the means + SEM of six independent determinations.
*, P < 0.05, significantly different from control value.
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