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Abstract

Objectives: Nociceptors are expressed at peripheral terminals of neurons. Recent studies have shown that TRPV 1, a nocic-
eptor, is expressed in bone tissue and reqgulates bone metabolism. We have demonstrated that a TRPV 1 antagonist improved
pain-like behavior in ovariectomized (OVX) mice. The aim of this study was to determine whether nociceptors, including
TRPV 1, acid-sensing ion channel (ASIC) and P2X2/3 are expressed in bone cells, and to examine the effects of nociceptor
antagonists on bone metabolism. Methods: The expression of nociceptors in femoral bone tissue and cultured bone marrow
cells in OVX and sham-operated mice were examined. The effects of nociceptor antagonists on the up-regulated expression
of bone metabolic markers, Runx2, Osterix, osteocalcin and RANKL, were also examined. Results: TRPV 1, ASIC 2 and 3, and
P2X2 and 3, were expressed in bone tissue and bone marrow cells, and the expression levels of ASIC1 and 2, and P2X2 were
significantly increased in OVX mice in comparison with those in sham mice. Treatment with nociceptor antagonists signifi-
cantly inhibited the expression of bone metabolic markers in OVX mice. Conclusion: An array of nociceptors, TRPV 1, ASICs
and P2X2/3, could simultaneously regulate not only increases in skeletal pain but also bone turnover in OVX mice.
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Introduction

Nociceptors, including transient receptor potential vanil-
loid type 1 (TRPV1)'2, acid-sensing ion channels (ASICs)?
and P2X* are expressed at the peripheral terminals of neu-
rons, and transmit pain signals when activated in response
to noxious chemical, mechanical or thermal stimuli“. The cell
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bodies of the primary afferent sensory nerves are located
in the dorsal root ganglia and trigeminal ganglia'®. Our re-
cent studies have shown that treatment with the antago-
nists to TRPV1, acid-sensing ion channels (ASICs) (another
acid-sensing nociceptor), P2X2/3 receptor (an ATP-ligand
nociceptor), and an inhibitor of vacuolar H*-ATPase known
as an proton pump, improved pain-like behavior in an ova-
riectomized (OVX) mouse model®’. On the other hand, pre-
vious studies have shown that TRPV1 is also expressed in
ostoclasts and osteoblast-like cells, and that it regulates
bone metabolism®®, Based on these results, we speculated
that TRPV1 could requlate both the induction of the pain and
bone turnover in osteoporosis. Those studies, therefore, en-
couraged us to examine whether other nociceptors, such as
ASICs and P2X, are also expressed in bone marrow stromal
cells, and whether the expression of these nociceptors are si-
multaneously regulated in the same manner as TRPV1 under
pathological osteoporotic conditions.

ASICs and P2X, which belong to a novel class of ligand-gat-
ed cation channels, are activated by extracellular acidifica-
tion and extracellular adenosine triphosphate (ATP), respec-
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tively®'°, P2X receptors, of which 7 subunits (P2X1-P2X7)
have been cloned, are implicated in nociceptive signaling un-
der both normal and pathologic pain states'°. Regarding the
expression of P2X receptors in bone, previous studies have
generally shown that the P2X7 receptor, in particular, is pre-
dominantly expressed and functions in osteoclasts and os-
teoblasts, having significant roles in bone homeostasis or in
association with the pathogenesis of osteoporosis''*'3. How-
ever, there have been few studies on the expression and func-
tion of P2X2 or P2X3 receptors in bone. The P2X3 recep-
tor, an ATP-sensitive ligand gated-ion channel, is selectively
localized on the peripheral terminals and central processes
of sensory afferent neurons where it participates in nocicep-
tive signaling, and is natively expressed both as a functional
homomeric and as a heteromultimeric combination with the
P2X2 receptor'4's,

The aim of the present study was, therefore, to determine
whether an array of nociceptors including the TRPV1, ASIC
and P2X2/3 receptors, which are thought to be involved in
the induction of skeletal pain, are expressed in bone cells, and
to examine the changes in the expression of those receptor
under high bone turnover conditions in OVX mice. In addition,
we also examined the effect of nociceptor antagonists on the
expression of bone metabolic markers.

Materials and methods

Animal model and bone marrow stromal cell culture

Seven-week-old female C57BI6J mice weighing 20-25 ¢
were obtained from Japan SLC (Hamamatsu, Japan). Fifty-
two mice were randomly divided into two groups, 14 in the
sham operation (sham) group and 38 in the OVX group. They
were anesthetized at 8 weeks of age by an intraperitoneal in-
jection of pentobarbital (0.5 mg/kg) and the OVX and sham
operations were performed as previously reported®’. The OVX
mice demonstrated osteoporotic changes with increased bone
resorption (supplementary Figure 1).

Bone marrow stromal cells were obtained from excised bi-
lateral femurs at 6 weeks after OVX (n=3) or the sham (n=3)
operation by flushing the shafts. The cells were plated in Dul-
becco’s modified Eagle’s medium (GIBCO, Grand Island, NY,
USA) containing 10% fetal bovine serum, 4 mM L-glutamine,
and penicillin (100 U/ml) / streptomycin (100 ng/ml). After 8
hours, non-adherent cells were washed out twice with fresh
medium. The adherent bone marrow stromal cells on the cul-
ture plate from each mouse were individually incubated in
fresh medium at 37°C and 5% CO2, and were isolated at 48
hours after plating for RNA isolation.

Reagents

The TRPV1 antagonist N-(3-methoxyphenyl)-4-chlorocin-
namide (SB366791; BIOMOL International; Plymouth Meet-
ing, PA, USA) , a selective blocker to the ASIC3 channel
APETx2 (PEPTIDE Institute, Inc., Osaka, Japan), and the se-
lective non-nucleotide antagonist of P2X3 and P2X2/3 re-
ceptors A317491 (Sigma-Aldrich Japan, Yokohama, Japan)
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Table 1. Primer sequences.

Forward primer Reverse primer
TRPV1 AAGGCTTGCCCCCCTATAA CACCAGCATGAA CAGTGACTGC
P2X2 AACAGCATCCACTATCCCAAG GGTGGTGCCGTTTATCTTGT
P2X3 AGGTGTCCCATCTCCTTTTTG AGAGTTGAGTTGAGGGAGGAGA
ASIC1 AGATGGCTGATGAAAAGCA AAGTGGCACGAGAGAAGCAT
ASIC2 TGACATTGGTGGTCAAATGG ATCATGGCTCCCTTCCTCTT
ASIC3 AGGGAGAAGTCCCAAAGCAT GACACTCCATTCCCAGGAGA
Runx2 GCTTGATGACTCTAAACCTA AAAAAGGGCCCAGTTCTGAA
Osterix AGGCACAAAGAAGCCATAC AATGAGTGAGGGAAGGGT
Osteocalcin CTCACTCTGCTGGCCCTG CCGTAGATGCGTTTGTAGGC
RANKL ATCAGAAGACAGCACTCACT ATCTAGGACATCCATGCTAATGTTC
GAPDH TGAAGGTCGGTGTGAACGAATT |GCTTTCTCCATGGTGGTGAAGA

were purchased as shown. SB366791 was administered in-
traperitoneally to OVX mice at a dose of 1.0 mg/kg'¢. APETx2
was administered intramuscularly at a dose of 20 uM into the
left gastrocnemius muscle'”. A-317491 was administered
subcutaneously at a dose of 10 mg/kg'®. Mice were given a
single injection at 6 weeks after OVX or the sham operation,
and the femur and serum were isolated at 6 hours after ad-
ministration.

Evaluation of bone metabolic markers expression

For RNA isolation and reverse transcription-polymerase
chain reaction, the excised bilateral femurs from OVX (n=15)
and sham (n=6) mice were individually homogenized in 1ml
TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) 10 times at
3000 rpm/30s using a bead crusher (TITEC, Tokyo, Japan).
The homogenates were centrifuged at 15000 x g for 15 min
at 4°C and the supernatants were then extracted. Total RNA
was individually isolated from the whole femur or cultured
bone marrow stromal cells each mouse, and then reverse
transcribed into cDNA by polymerase chain reaction (PCR)
using an RNA PCR kit (Quiagen, Takara BIO Inc. Japan) ac-
cording to the manufacturer’s protocol. Primers are shown
in Table 1. Reactions were carried out by PCR as follows; 40
cycles at 95°C for 40s, 55°C for 40s and 72°C for 40s for
TRPV1and GAPDH; 45 cycles at 94°C for 15s, 47°C for 30s
and 72°C for 30s for ASIC1, 2 and 3; 40 cycles at 94°C for
30s, 62°C for 30s and 72°C for 30s for P2X2; 40 cycles at
94°C for 30s, 60°C for 30s and 72°C for 30s for P2X3; 35
cycles at 95°C for 30 s, 64°C for 30 s and 72°C for 30 s for
RANKL; and 35 cycles at 95°C for 30s, 64°C for 30s and
72°C for 30s for Runx2, Osterix and osteocalcin. Reaction
products were analyzed by electrophoresis, and a computer-
assisted image analyzer (Luminous Imager, AISIN, Japan)
was used to measure the values of the target gene bands,
which were normalized to the level of GAPDH gene expres-
sion in the same sample as semi-quantitative measurement.
Values in graphs are the means + SD obtained from 3 inde-
pendent experiments.

For the measurement of femur and serum tartrate-re-
sistant acid-phosphatase 5b (TRAP5b) levels, femur and
serum samples were collected from mice at 6 weeks after
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Figure 1. Analysis of the mRNA expression of TRPV1, and ASIC1, 2 and 3 in the femur bone tissue. An array of nociceptors (TRPV1, ASIC2
and 3, and P2X2 and 3) were expressed in bone tissue of OVX mice (A). The expression levels of ASIC1 (*p<0.01) and P2X2 (**p<0.05)
were significantly increased in OVX mice (n=6) compared with those in sham mice (n=6). The expressions levels of TRPV1, ASIC2 and 3,
and P2X3 were increased in OVX mice although there were no significant differences between the two groups (B). Expression levels were
shown as the ratio of the gene of interest to the control gene (GAPDH). The RT-PCR picture (A) demonstrated a representative data and
the error bars (B) meant variation of the samples from different mice in independent femurs.
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Figure 2. Analysis of the mRNA expression of TRPV1, and ASIC1, 2 and 3 in bone marrow stromal cells. An array of nociceptors (TRPV1,
ASIC2 and 3, and P2X2 and 3) were expressed in bone marrow stromal cells of OVX mice (A). The expression levels of ASIC1 and 2 were
significantly increased in OVX mice (n=3) (*p<0.01), compared with those in sham mice (n=3). The expression levels of TRPV1, ASIC3 and
P2X2 and 3 were increased in OVX mice although there were no significant differences between the two groups (B). Expression levels are
shown as the ratio of the gene of interest to the control gene (GAPDH). The RT-PCR picture (A) demonstrated a representative data and
the error bars (B) meant variation of the samples from different mice in independent culture of bone marrow stromal cells.
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OVX (n=20) or the sham (n=5) operation. Femur and serum
concentrations of TRAP5b, a bone resorption marker, were
determined using a mouse TRAP5b enzyme -linked immune
sorbent assay kit (Immunodiagnostic Systems, London, UK)
in accordance with the manufacturer’s recommendations.

All data are presented as mean =+ standard deviation. To
determine difference between groups, RT-PCR analysis and
TRAP 5b measurement were repeated at least three times
and the statistical significance was determined using a Stu-
dent’s t test and ANOVA. Differences with p values of < 0.05
were considered to be statistically significant.

Results

Expression of nociceptors in bone tissue and bone marrow
stromal cells

An array of nociceptors (TRPV1, ASIC 2 and 3, and P2X2
and 3) were expressed in bone tissue. In addition, the expres-
sion levels of ASIC1 and P2X2 were significantly increased
in OVX mice (n=6) in comparison with those in sham mice
(n=6) (Figures 1A and B). The expression of other nociceptor
including TRPV1, ASIC2 and 3, and P2X3 were also increased
in OVX mice, although the differences between two groups
were not significant (Figures 1A and B). We also showed that
TRPV1, ASIC 2 and 3, and P2X2 and 3 were expressed in
bone marrow stromal cells. This, with regard to expression in
OVX mice (n=3), the levels of ASIC1 and 2 were significantly
increased compared with those in sham mice (n=3) (Figures
2A and B), while the expression of TRPV1, ASIC3 and P2X2
and 3 tended to be increased in comparison with those in
sham mice (Figures 2A and B).

Changes in bone metabolic marker expression by treatment
with nociceptor antagonists

We examined in vivo effects of treatment with nociceptor
antagonists on the expression of bone metabolic markers in
OVX mice. The expression levels of Runx2 (Figures 3A and
B), Osterix (Figures 3A and C), osteocalcin (Figures 3A and D)
and RANKL (Figures 3A and E) in the bone tissue of OVX mice
(n=3) were significantly inhibited by treatment with TRPV1
(n=3), ASIC3 (n=3) or P2X2/3 (n=3) antagonists, except that
the P2X2/3 antagonist had no inhibitory effect on RANKL
expression in OVX mice (Figure 3).

Changes in TRAP5b level by treatment with nociceptor
antagonists

TRAP5D level in the femur tissue was significantly high-
er in the OVX group (n=5, 61.9+18.9 U/L) than in the sham
group (n=5, 30.6+8.9 U/L) at 6 weeks after surgery. This in-
crease was inhibited by treatment with the TRPV1 antagonist
(45.0+£20.1 U/L, p=0.06) (n=5) or ASIC3 blocker (42.0+19.6
U/L, p=0.08) (n=5), although the differences were not statis-
tically significant (Figure 4). The P2X antagonist (61.1£28.4
U/L) (n=5) has no inhibitory effect on the increase in TRAP5b
level in the OVX group (61.9+18.9 U/L). Overall, we could not
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detect any significant changes in serum TRAP5b level by
treatment with the antagonists (data not shown).

Discussion

Recently, we indicated that antagonists to TRPV1, ASIC3
and P2X2/3 improved the pain-like behavior in OVX mice
due to the inhibition of activated nociceptors at the periph-
eral terminals of neurons in bone tissue’. In this study, we
demonstrated that an array of nociceptors, including TRPV1,
ASIC1, 2 and 3, and P2X2 and 3, were simultaneously ex-
pressed in bone tissue and bone marrow stromal cells. In ad-
dition, the expression levels of ASIC1 and 2 as well as P2X2
were increased in OVX mice compared with those in sham
mice. These results indicated that treatment with the respec-
tive antagonists could improve pain-like behavior due to the
inhibition of nociceptors not only on the terminal of neurons
but also in the activated osteoclasts which formed the acidic
environment in the bone. We, therefore, speculate that noci-
ceptors such as TRPV1, ASICs, and P2X2 and 3 have poten-
tial roles in the requlation of pain signal transmissions and
bone metabolism. To the best our knowledge, there are few
reports demonstrating the simultaneous expression of an
array of nociceptors in bone tissue or bone marrow stromal
cells, as well as the increased expression of several nocicep-
tors such as ASIC1 and 2, and P2X2 in OVX mice.

TRPV1 is a member of a family of polymodal and nonse-
lective cation channels that are predominantly expressed by
sensory nerve fibers of the somatic and autonomic afferent
neurons'. Recent research has demonstrated that TRPV1 di-
rectly requlates osteoblast and osteoclast differentiation and
function both in vitro and in vivo, and TRPV1 blockade protects
against OVX-induced bone loss in mice®. These results support
our data with regard to the likely roles of TRPV1, and encour-
aged us to pursue further experiments to elucidate whether
antagonists to nociceptors such as ASIC and P2X receptor
might have some effect on the requlation of bone metabolism.

ASICs form a novel class of ligand-gated cation channels
with 6 subunits (1a, 1b, 2a, 2b, 3 and 4) identified to date.
These subunits are activated by a fall in extracellular PH
and are cation-selective'®. A previous study has shown that
ASICs are expressed in bone cells?°; however, it is uncertain
whether the expression is affected under a pathogenic state
leading to bone turnover and whether the bone cell recep-
tors have any effect on the regulation of bone metabolism.
In this study, we demonstrated that the expression levels of
ASIC1 and 2 in bone tissue and bone marrow stromal cells
are increased in OVX mice in comparison with those in sham
mice. Furthermore, antagonists to ASIC 3 markedly inhibited
the Runx2, Osterix, osteocalcin and RANKL expression in
OVX mice. A recent study has also demonstrated that pro-
ton concentration is a major contributor to the modification
of osteoclast and osteoblast differentiation?'. Taken together
these findings indicate that ASICs expressed in bone cells in
response to extracellular acidification might have arole in the
regulation of bone metabolism.
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Figure 3. Changes in the expression of Runx2, Osterix, osteocalcin and RANKL in OVX mice by treatment with TRPV1, ASIC3, and
P2X2/3 antagonists. The Runx2 (A, B) and Osterix (A, C) expression was completely inhibited by treatment with TRPV1 (+anti-TRPV1,
n=3), ASIC3 (+anti-ASIC3, n=3) or P2X2/3 (+anti-P2X2/3, n=3) antagonists. The osteocalcin expression was significantly inhibited by
treatment with TRPV1 (+anti-TRPV1), ASIC3 (+anti-ASIC3) or P2X2/3 (+anti-P2X2/3) antagonists (A, D). The up-requlation of RANKL
expression was completely inhibited by treatment with TRPV1 (+anti-TRPV1) and ASIC3 (+anti-ASIC3) antagonists, although no inhibi-
tory effect was observed for the P2X2/3 antagonist (A, E). Expression levels are shown as the ratio of the gene of interest to the control
gene (GAPDH). *P<0.01, **P<0.05. The RT-PCR picture (A) demonstrated a representative data and the error bars (B, C, D, E) meant
variation of the samples from different mice in independent femurs.

In the bone microenvironment, ATP is locally released and on analyzing the roles of P2X7 receptor in bone homeosta-

requlates bone remodeling as extracellular signaling mol- sis or musculoskeletal diseases such as osteoporosis'''>. In
ecules via P2 receptors?2. Although evidence has shown that this study, we demonstrated that the P2X2/3 receptor is ex-
all seven P2X ion channel receptor subtypes (P2X1-7) are ex- pressed in bone tissues and bone marrow stromal cells, and

pressed in bone and cartilage cells, most studies have focused that this expression was regulated in accordance with changes
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in bone turnover, with P2X2/3 expression increased in OVX
mice in comparison with that in sham mice. To the best of
our knowledge, there are few studies that show an increase
in P2X2/3 receptor expression in bone tissue and bone mar-
row stromal cells in OVX mice. Additionally, P2X2/3 antago-
nists inhibited the Runx2, Osterix and osteocalcin expression
in OVX mice, whereas it had no effect on RANKL expression.
Based on these results, P2X2/3 is speculated to have a role
in the regulation of bone metabolism. With regard to the ef-
fects of nociceptor antagonists on a high bone turnover state,
the antagonists to TRPV1 and ASIC3 inhibited the elevation
of TRAP5b level in the bone tissue of OVX mice, although this
change was not statistically significant. These results also
supported the notion that the nociceptors might requlate
bone turnover.

Thus, we believe that an array of nociceptors, such as
TRPV1, ASICs and P2X2/3, might regulate the physiologi-
cal and pathogenic processes associated with bone metabo-
lism. Recently, we have demonstrated that the antagonist
to TRPV1 improved pain-like behavior induced under a high
bone turnover state with relation to osteoclast activation in
OVX mice®. In addition, we and other previous studies have
also shown that complex regional pain syndrome (CRPS)
reveals severe skeletal pain accompanied with regional os-
teoporotic changes, the pathophysiological conditions of
which were related to high bone turnover?3*25, According to
these studies, we are encouraged to examine whether the
antagonists to TRPV1, ASICs and P2X2/3 could be candi-
dates therapeutic agents in the treatment of patients with
refractory severe pain and regional osteoporotic changes,
such as observed in CRPS.

The present study has several limitations. First, except for
ASIC3 and P2X2/3, we did not evaluate the effects of antag-
onists to other subtypes of ASIC and P2X. Second, we could
not demonstrate the expression of the nociceptors at a pro-
tein level in bone tissue. Third, we did not evaluate the effects
of antagonists to the nociceptors on bone mineral density or
bone morphometric changes in OVX mice. Additional studies,
therefore, are needed to further elucidate whether the noci-
ceptors play significant roles in the physiological and patho-
genic processes associated with bone metabolism.

In conclusion, we demonstrated that an array of nocic-
eptors, including TRPV1, ASIC and P2X2/3 receptors, were
simultaneously expressed in bone tissue and bone marrow
stromal cells, and that the expressions levels of these recep-
tor changed under a high bone turnover state in OVX mice. In
addition, the antagonists to these nociceptors inhibited the
expression of bone metabolic markers such as Runx2, Os-
terix, osteocalcin and RANKL.
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