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Abstract
Rationale: Characterizing the regulation of bone-resorbing osteoclasts is central to the understanding of the
pathogenesis and treatment of bone diseases, such as osteoporosis and periodontitis. 5-hydroxytryptamine
(5-HT) has drawn considerable attention for its role in bone; however, it remains unknown whether the
intracellular signaling of 5-HT receptors (5-HTRs) is linked to any of the regulatory mechanisms in osteoclasts.
Herein, we report 5-HT6R to be a key regulatory receptor for osteoclastogenesis.
Methods: In order to explore the critical role of 5-HT6R in bone-resorbing osteoclasts, in vitro experiments
were performed using mouse whole bone marrow cells isolated from femora and tibiae and In vivo animal
experiments were performed using 5-HT6R-deficient (5-HT6RKO-/-) mice, bone resorption mice model, and
osteoporosis mice model.
Results: Compared to other 5HTRs, activation of 5-HT6R relatively increased TRAP (tartrate-resistant acid
phosphatase) activity during osteoclastogenesis. 5-HT6RKO(-/-) mice and 5-HT6RKO(-/-) osteoclast lineages
presented with an abnormal phenotype and impaired osteoclastogenesis and impaired osteoclastogenesis.
Activation of 5-HT6R increased the number of TRAP-positive multinuclear osteoclasts, actin ring formation,
and expression of early osteoclast markers with osteoclast lineage commitment. Intracellular 5-HT6R signaling
was found to be linked to RhoA GTPase activation and was involved in the maturation of osteoclasts. This
signaling pathway also showed enhanced bone destruction after lipopolysaccharide (LPS) administration in
mice. Furthermore, inhibition of 5-HT6R-mediated RhoA GTPase signaling protected against
ovariectomy(OVX)-induced bone loss in mice.
Conclusion: Taken together, our findings place the 5-HT6R system in a new context of osteoclast lineages in
both an in vitro and in vivo system, and also it may offer a novel molecular target for the treatment of bone
diseases.
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Introduction
The physiological process of bone metabolism
maintains the integrity of the skeleton by removing
and replacing old bone [1]. The number of osteoblasts
and the degree of osteoblast differentiation have been
shown to enhance new bone formation [2].
Osteoclasts, on the other hand, are large
multinucleated cells (MNCs) that have a unique

ability to resorb mineralized bone and play a key role
in physiological skeletal morphogenesis and bone
remodeling [3]. Osteoclasts develop from monocytelineage hematopoietic precursors during a multistep
differentiation process called osteoclastogenesis [3-4].
Osteoclasts form tartrate-resistant acid phosphatase
(TRAP)-positive MNCs, which have a reorganized
http://www.thno.org
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actin cytoskeleton that facilitates attachment to the
bone’s surface for bone resorption [5-6]. Osteoclastogenic signals are primarily regulated by two
essential cytokines, mainly macrophage colonystimulating factor (M-CSF) and receptor activator of
nuclear factor (NF)-κB ligand (RANKL), which
belongs to the tumor necrosis factor (TNF)
superfamily [3, 7]. Dysregulation of osteoclast
function or differentiation results in an osteopetrotic
phenotype with a marked increase in bone density.
Conversely, increased bone resorption is associated
with bone loss in chronic inflammatory diseases such
as osteoporosis, arthritis, and metastatic bone lesions
[8-10].
5-hydroxytryptamine (5-HT) is a well-known
hormone and neurotransmitter that is primarily
produced by enterochromaffin cells in the gut (95% of
total body 5-HT), which have critical functions in
gastroenterology [11-12], as well as in neurons of the
brain stem (5% of total body 5-HT), which is
important in psychiatric and neurological diseases
[13]. The various actions of 5-HT in peripheral organ
systems have been separated from those in the central
nervous system (CNS), since the blood-brain barrier is
impermeable to 5-HT [12, 14]. The diversity of 5-HT
activities results from the existence of multiple 5-HT
receptors (5-HTRs), which are been divided into seven
classes (5-HT1R to 5-HT7R) based on their respective
signaling pathways [15].
Several studies have suggested that 5-HT
signaling pathways are involved in bone metabolism.
5-HT-specific reuptake inhibitors or selective 5-HT
reuptake
inhibitors
(SSRIs),
such
as
the
antidepressants
escitalopram
(Cipralex)
and
fluoxetine (Prozac), increase 5-HT levels by blocking
the 5-HT transporter (SERT) [16-18]. Adverse side
effects of these SSRIs include increased risks of
fragility fractures [19] and massive bone acquisition
deficits, as shown in mice treated with SSRIs and
SERT-knockout mice [20-21]. In stark contrast to these
observations, other groups have either shown
improved effects or no change in bone density
following 5-HT or SSRI treatment [20-22]. Therefore,
there have been conflicting reports regarding the
effects of 5-HT on bone metabolism.
All 5-HT receptors are G protein-coupled
receptors (GPCRs) with the exception of 5-HT3R,
which is a ligand-gated cation channel. [23]. Of all
5-HTRs, 5-HT6R is the G protein-coupled receptor
most recently cloned [24]. Expression of 5-HT6R has
been detected in regions of the brain, including the
striatum, nucleus accumbens, hippocampus, and
cortex [25]. As such, all studies have to date focused
on the brain when evaluating the pharmacological
role of 5-HT6R. 5-HT6R has critical roles in neuronal
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migration, differentiation, and development [26-28], is
a clinical target, and shows clinical success in treating
neurological diseases [29-33]. To data, 5-HT6R in the
peripheral organs has not been studied, apart from
our recent report that 5-HT6R activation suppresses
osteoblast differentiation and in vivo bone
regeneration via the peripheral 5-HT system [34].
In the present study, we explored the critical role
of 5-HT6R in both an in vitro and in vivo system, using
5-HT6R-deficient mice (5-HT6RKO-/-), through lipopolysaccharide (LPS) administration, and by
ovariectomy-induced osteoporosis. Our data indicate
5-HT6R as a key regulatory receptor in osteoclastogenesis, bone resorption, and osteoporosis.

Results
Identification of 5-HT6R in osteoclast lineages
To elucidate bone remodeling by specific
5-HTRs, we first examined the expression of 5-HTRs
during RANKL-induced osteoclast differentiation of
bone marrow-derived macrophages (BMMs). RT-PCR
analysis established that all 5-HTRs were
constitutively expressed during osteoclastogenesis
(Figure 1A). The prominent expression of all 5-HTRs
suggests a systematic requirement of these receptors
for the regulation of osteoclast differentiation and
function. To explore this possibility, we stimulated all
5-HTRs by 5-HT or by using specific agonists for each
5-HTR. As shown in Figure 1B and Figure S1A-B,
agonists for 5-HT1R, 5-HT4R, and 5-HT7R inhibited
osteoclast activity, while agonists for 5-HT2R and
5-HT5R did not affect osteoclast activity. Stimulation
of all 5-HTRs by 5-HT increased osteoclast activity at
concentrations of 10 µM or below. Notably, 5-HT6R
was found to increase osteoclast activity, even when
stimulated at low concentrations (Figure 1B and
Figure S1A-B). Given these findings, we
hypothesized that 5-HT6R may be a critical regulator
in osteoclasts for maintaining bone remodeling.

Abnormal phenotype and osteoclatogenesis in
5-HT6R-deficient (5-HT6RKO(-/-)) mice
Mice phenotypes were next analyzed using
5-HT6R-deficient (5-HT6RKO(-/-)) mice (Figure 1C). As
shown in Figure 1D, the body size of 5-HT6RKO(-/-)
mice was much smaller than that of gender-matched
wild type (5-HT6RWT(+/+)) littermates. To clarify
whether 5-HT6R-mediated signaling regulates
RANKL-induced osteoclastogenesis, we examined
osteoclast differentiation using ST1936, a specific
5-HT6R agonist in BMMs derived from 5-HT6RKO (-/-)
mice (5-HT6RKO(-/-) BMMs). As shown in Figure 1E-F,
the formation of RANKL-induced tartrate-resistant
acid phosphatase (TRAP)-positive multinucleated
http://www.thno.org
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osteoclasts (MNCs) in 5-HT6RKO(-/-) BMMs was
markedly lower than that in BMMs from wild-type
littermates. 5-HT6RKO(-/-) BMMs also profoundly
abrogated
ST1936-stimulated
osteoclast
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differentiation compared to BMMs from wild-type
littermates (Figure 1E-F). Together, these observations
indicate that 5-HT6R has a regulatory role in
osteoclastogenesis during in vivo bone remodeling.

Figure 1. 5-HT6R-deficient (5-HT6RKO(-/-)) mice show an abnormal phenotype and impaired osteoclastogenesis. (A) Expression patterns of 5-HTRs
were analyzed by RT-PCR analysis during osteoclastogenesis from primary cultured BMMs. β-actin was used as a loading control. NF-ATc1 and TRAP were used as
differentiation markers. (B) BMMs were stimulated with RANKL in the presence of the indicated concentrations of specific 5-HTRs’ agonists and 5-HT for 5 days.
TRAP activity assays were performed at an absorbance of 405 nm. *, p < 0.05 compared to RANKL. (C) Genotyping was performed to analyze 5-HT6R gene
knockout in 5-HT6R-deficient (5-HT6RKO(-/-)) mice. (D) Appearance of wild-type (5-HT6RWT(+/+)) and 5-HT6RKO(-/-) littermate mice. (E-F) Impaired osteoclastogenesis
of 5-HT6RKO(-/-) mice in vitro. BMMs isolated from 5-HT6RWT(+/+)) or 5-HT6RKO(-/-) littermate mice were incubated with M-CSF and RANKL for 5 days in the presence
of ST1936. TRAP-positive MNCs were detected with TRAP staining (E) and the number of MNCs with more than ten nuclei were counted (F). Scale bar: 200 µm.
MNCs: multinucleated cells. NS: not significant. *, p < 0.05 compared to RANKL. #, p < 0.05 compared to RANKL + ST1936. Data shown represent mean ± SEM.

http://www.thno.org
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Figure 2. 5-HT6R leads to osteoclast lineage commitment and promotes RANKL-induced osteoclastogenesis. (A-E) BMMs were cultured with
M-CSF or M-CSF plus RANKL. ST1936 (1 µM) was added during the proliferation (BMM, i), differentiation (preOC, ii and iii) or maturation (OC, iv) stages for the
indicated period (arrow) (A). TRAP-positive MNCs were detected with TRAP staining (B) and the number of MNCs with 3–10 nuclei (C), 10–20 nuclei (D), or more
than twenty nuclei (E) were counted. Scale bar: 200 µm. MNCs: multinucleated cells. *, p < 0.05 compared to RANKL. (F-G) Osteoclast marker gene expression
following RANKL-induced osteoclastogenesis in the presence of ST1936 were measured by RT-PCR (F) and quantitative RT-PCR (G). *, p < 0.05 compared to
RANKL. Data shown represent mean ± SEM.

5-HT6R regulates osteoclastogenesis during all
stages of cell proliferation, differentiation, and
maturation
To determine the stage of osteoclast
differentiation at which 5-HT6R acts in further detail,
BMMs were treated with ST1936 for various time

periods (Figure 2A). As shown in Figure 2B-E, ST1936
treatment during osteoclast differentiation and/or
maturation stages (ii, iii, and iv) was necessary and
sufficient to increase osteoclastogenesis, while
exposure at the proliferation stage (i) increased
TRAP-positive MNCs, but not the proportion of larger
osteoclasts (Figure 2C, E). Concurrently, there were
http://www.thno.org
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significant differences in the inducible levels of
necessary and/or sufficient activation factors,
including c-Fos, nuclear factor of activated T cells 1
(NFATc1), and TRAP for osteoclast differentiation
and function (Figure 2F-G). However, the activation
of 5-HT6R alone in BMMs without RANKL was found
to increase c-Fos and NF-ATc1 gene expression (the
initiation factors of osteoclast differentiation), but not
that of TRAP, cathepsin K (CTK), and DC-Stamp
(functional genes of osteoclasts) (Figure S2A).
Furthermore, 5-HT6R alone did not induce
TRAP-positive MNCs (Figure S2B-C). These data
suggest that 5-HT6R was the driving force behind
BMM proliferation into osteoclast lineages and was
responsible for the regulation of RANKL-induced
osteoclast maturation.

Signaling of 5-HT6R linked to RhoA GTPase is
involved in RANKL-induced osteoclatogenesis.
5-HT6R-mediated signaling increased actin ring
formation (Figure S3A-B), which is essential for the
differentiation and bone resorptive functions of
osteoclasts. However, actin dynamics are also
dependent on the regulation of the cytoskeletal
structure by critical GTPase regulators belonging to
the Rho subfamily (RhoA, Rac1, and Cdc42). To gain
further insight into the molecular mechanism by
regulates
RANKL-induced
which
5-HT6R
osteoclastogenesis, we examined whether GTPases of
the Rho subfamily are responsible for the osteoclast
Therefore,
behavior
induced
by
5-HT6R.
TRAP-positive MNCs and actin ring formation were
measured in osteoclasts treated with specific
inhibitors of various GTPases of the Rho subfamily.
Pretreatment with Rhosin (RhoA GTPase inhibitor)
inhibited the 5-HT6R-induced increases in the number
of TRAP-positive MNCs (Figure S4A-D) and actin
ring formation (Figure 3A-B). Treatment with
NSC23766 (Rac1 GTPase inhibitor) and ZCL278
(Cdc42 GTPase inhibitor) did not affect the
stimulatory effects of 5-HT6R in osteoclasts (Figure
S4A-D and Figure 3A-B). Through pull down assays,
we also confirmed that 5-HT6R activation increased
RhoA activity in BMMs and osteoclasts (Figure 3C),
but not that of Rac1 and Cdc42 (Figure 3D-E). Our
data suggest that 5-HT6R increases RANKL-induced
osteoclastogenesis through the intracellular small
RhoA GTPase pathway.

5-HT6R signaling linked to RhoA GTPase
increases bone resorptive function of
osteoclasts in mice
To investigate the in vivo effects of 5-HT6R on the
pathological formation of osteoclasts during
inflammation-mediated bone resorption, we utilized a
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lipopolysaccharide (LPS) challenge mouse model
(Figure 4A). Bone destruction was visualized by μCT
(Figure 4B). As shown in Figure 4B-C, the extent of
bone erosion was notably increased in ST1936-treated
mice compared to that in LPS-challenged mice.
However, Rhosin treatment was found to significantly
attenuate bone loss in ST1936-treated mice.
Histological evaluation further supported the μCT
findings by observation in the region (a and b) of
coronally sectioned calvaria (Figure 4B, D). This
indicates that bone loss in the calvarial sutures are the
main centers for bone formation (Figure 4Da) and
along with increased bone resorption inside the
cavities of the calvariae (Figure 4Db, E), and an
increase in the number of osteoclasts in
ST1936-treated mice (Figure 4F). Meanwhile, Rhosin
treatment was found to reverse the bone resorptive
function of osteoclasts in ST1936-treated mice (Figure
4D-F). These data indicate that the 5-HT6R activates
LPS-induced bone destruction via the intracellular
small RhoA GTPase pathway.

5-HT6R signaling linked to RhoA GTPase
develops a high-bone-loss phenotype in
ovariectomy-induced osteoporosis mice
To test the potential role of 5-HT6R in bone
diseases, we studied the effects of 5-HT6R using an
experimental in vivo ovariectomized (OVX)
osteoporosis mouse model. Two weeks after
ovariectomy,
11-week-old
sham-operated
or
ovariectomized female mice were injected twice a
week with compound carrier alone, ST1936, or ST1936
together with Rhosin over the course of 10 weeks
(Figure 5A). Since gut-derived serum 5-HT levels are
involved in bone metabolism, we first measured the
serum concentration of 5-HT. Figure 5B shows there
was no significant difference in serum 5-HT levels
among OVX mice, while serum TRAP activity in
ST1936-treated mice was significantly increased.
Rhosin treatment abolished these effects (Figure 5C),
suggesting that 5-HT6R does not affect circulating
serum 5-HT levels but rather increases osteoclast
activity. As shown in Figure 5D, μCT revealed that
the femur of ST1936-treated mice displayed a marked
decrease in bone mass, with a concomitant decrease in
bone volume and trabecular bone number compared
to that in OVX mice. Inhibition of RhoA GTPase was
found to reverse OVX-induced bone loss in
ST1936-treated mice (Figure 5E-G). Histological
evaluation of the femur and tibia established that
ST1936-treated mice had increased bone marrow
cavity space when compared with OVX mice, together
with increased osteoclast numbers (Figure 5H-J).
Inhibition of RhoA GTPase activity abolished these
observed increases (Figure 5H-J). Thus, these results
http://www.thno.org
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Figure 3. 5-HT6R increases RANKL-induced osteoclastogenesis via the small RhoA GTPase pathway. (A-B) BMMs were stimulated with RANKL plus
1 μM ST1936 in the absence or presence of 1 μM Rhosin (RhoA GTPase inhibitor), 1 μM NSC23766 (Rac1 GTPase inhibitor), or 1 μM ZCL278 (Cdc42 GTPase
inhibitor). F-actin-positive cells (red, (A)), and actin ring formation were measured in actin ring-positive MNCs (B) by confocal microscopy following staining with
TRITC-phalloidin (red) and DAPI (blue). Scale bar: 200 µm. Rho: Rhosin; NSC: NSC23766; ZCL: ZCL278. *, p < 0.05 compared to RANKL. #, p < 0.05 compared to
RANKL + ST1936. (C-E) BMMs (left) or OC (right) were stimulated with 1 μM ST1936 for the indicated time after being serum-starved for 6 h. RhoA (C), Rac1 (D),
and Cdc42 (E) activities were assessed by pull-down assay to detect the GTP-bound form (active form). Total-RhoA, -Rac1, and -Cdc42 were detected as loading
controls by western blotting. *, p < 0.05 compared to control. Data shown represent mean ± SEM.

indicate that the 5-HT6R-mediated RhoA GTPase
pathway plays a critical role in RANKL-induced
differentiation and function of osteoclasts and bone
diseases.

Discussion
To the best of our knowledge, involvement of the
5-HT system in bone metabolism remains
controversial. Previously, it was shown that serum
5-HT levels reduce bone formation by inhibiting
osteoblast proliferation [35]. In stark contrast, 5-HT
treatment has also been found to increase bone
formation in mice or rats [20-21]. Other groups have
also observed no change in bone density following
5-HT treatment [20]. To study bone remodeling in
osteoclasts by specific 5-HTRs, the expression of
5-HTR subtypes was herein analyzed. All known
main 5-HTR subtypes (5-HT1R–5-HT7R) were found

to be expressed in BMMs, pre-osteoclasts, and mature
osteoclasts, indicating systematic roles of 5-HTRs in
skeletal modeling, remodeling, and bone mass
development. Among the 5-HTR subtypes, activation
of 5-HT6R was found to significantly increase the
osteoclast differentiation phenotype. In comparison to
that of 5-HT6R wild-type (5-HT6RWT(+/+)) mice, the
body size of 5-HT6R-deficient (5-HT6RKO(-/-)) mice
presented with an abnormal phenotype. In addition,
RANKL-induced
osteoclast
differentiation
in
KO(-/-)
BMMs was much slower than that in
5-HT6R
BMMs from 5-HT6RWT(+/+) littermates. Furthermore,
ST1936-stimulated osteoclast differentiation was
abrogated in 5-HT6RKO(-/-) BMMs. These results
provide new evidence that 5-HT6R has a potential role
in the regulation of osteoclast differentiation and
function in in vivo bone remodeling.

http://www.thno.org
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Figure 4. 5-HT6R-mediated RhoA GTPase signaling increases bone resorption in mice. (A) Scheme for the assessment of the LPS bone resorption
mouse model. (B-C) µCT images are shown (B), and bone volume (BV) per tissue volume (TV) of calvarias (right) were analyzed and plotted as individual points (C).
(D-F) Calvarias were coronally sectioned in regions a and b indicated by the arrow (left) and analyzed using H&E staining (right) (D). The differences of bone cavity
(E) and the number of osteoclasts (OCs) (F) were analyzed. Scale bar: 100 µm. Rho: Rhosin. *, p < 0.05 compared to LPS. #, p < 0.05 compared LPS+ST1936. Data
shown represent mean ± SEM.

A major component of the transcription factor
AP-1 is c-Fos, which is induced by RANKL. c-Fos
plays an essential role in the initiation of osteoclast

differentiation and is responsible for the expression of
another key regulator of osteoclastogenesis, namely
NFATc1 [36-37]. Microarray analysis revealed that
http://www.thno.org
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NFATc1 was down-regulated in Fos KO(-/-) osteoclast
precursors lacking c-Fos, which led to impaired
oteoclast differentiation [38]. Consistent with this
notion, 5-HT6R was herein found to markedly
increase RANKL-induced c-Fos and NFATc1
expression, together with the generation of
TRAP-positive MNCs and actin ring formation.
Furthermore, activation of 5-HT6R was shown to
potentiate RANKL-induced osteoclast differentiation
at both the immature and mature osteoclast stages or
even through preactivation of 5-HT6R in BMMs.
However, 5-HT6R alone without RANKL did not
trigger osteoclast differentiation from BMMs nor did
it induce the functional genes of osteoclasts, such as
TRAP, CTK, and Dc-Stamp, even though 5-HT6R
alone induces c-Fos and NF-ATc1 genes in BMMs
without RANKL. These results support our idea that
5-HT6R provides the driving force for osteoclast
lineage commitment and is a regulator for the
potentiation of osteoclast differentiation and function.
Osteoclasts are highly motile cells that depend
on rapid changes in their actin cytoskeleton to
accomplish their ordered cycles of movement and
attachment during bone resorption [5-6]. Rho GTPase
activity is a critical regulator of the actin cytoskeleton
in osteoclasts and is required for bone resorption via
regulation of actin ring formation [39-41]. Consistent
with this notion, 5-HT6R was seen to exhibit markedly
increased actin ring formation and osteoclast
maturation activity for excavating bone pits via small
RhoA GTPase, but not small Cdc42 and Rac1 GTPase.
We further demonstrated that 5-HT6R increased bone
destruction through bone resorptive osteoclast
function in LPS-challenged mice, while inhibition of
RhoA GTPase activity was found to block these
effects. This observation is consistent with the actin
ring structure of resorbing osteoclasts being disrupted
by the C3 exoenzyme, which specifically acts by
ADP-ribosylating (inactivates) the Rho protein
[42-43]. In addition, C3 exoenzyme blocked the effects
of RhoVal-14 (constitutively active)-induced and
negative)-inhibited
bone
RhoAsn-19 (dominant
resorption in osteoclasts [42, 44]. RhoA GTPase
signaling also activates the c-jun promoter and
thereby enhances c-Jun expression [45]. These
findings suggest that 5-HT6R-mediated RhoA GTPase
signaling coordinates intracellular cytoskeletal
changes following the transcriptional activation of
genetic pathways that contribute to osteoclast
differentiation, sealing zone formation, and bone
resorption.
Osteoporosis is one of the most common bone
diseases characterized by decreased bone mass,
increased bone fragility, and increased risk of
fractures [1, 46]. Estrogen deficiency is a major factor
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in the pathogenesis of postmenopausal osteoporosis,
resulting in bone fracture in the elderly, especially
postmenopausal women [47-48]. The functional roles
of 5-HT6R in osteoclastogenesis were herein validated
using an osteoporosis disease model. We generated
ovariectomized (OVX) mice, a widely used animal
model for the development of prevention and
treatment strategies for postmenopausal osteoporosis
[41, 49]. Yadav et al. showed that decrease of
circulating 5-HT by LP533401 caused a major increase
in bone formation parameters, such as osteoblast
numbers, bone formation rate, and osteocalcin serum
levels [35]. In the present study, we observed that
serum 5-HT levels did not change through
5-HT6R-mediated RhoA GTPase signaling. This
suggests that there is direct regulation of osteoclast
bone resorbing function by this system without an
influence on circulating serum 5-HT levels. Consistent
with
an
abnormal
bone
phenotype
in
(5-HT6RKO(-/-))
mice,
the
5-HT6R-deficient
5-HT6R-mediated RhoA GTPase signaling showed
significant effects on bone volume and lower
trabecular bone number in Ovx mice. Histological
assessment further verified that 5-HT6R signaling
caused a significant reduction in trabecular bone
number and a marked increase in osteoclast number
in both femurs and tibias. These data suggest that the
pathological dysregulation of 5-HT6R causes bone
diseases such as osteoporosis, by directly promoting
osteoclast differentiation and function via the RhoA
GTPase pathway.
In conclusion, these are the first reported
findings that demonstrate the critical role of
5-HT6R-mediated RhoA GTPase signaling in
osteoclastogenesis, bone resorption, and osteoporosis,
using in vivo 5-HT6RKO(-/-) mice, animal experimental
models, and an in vitro system. The crucial roles
identified for 5-HT6R, in a new context of osteoclast
lineages, suggest that 5-HT6R may be an ideal target
for the development of therapeutic agents that could
directly regulate bone resorption in bone diseases,
such as osteoporosis.

Methods
Generation of 5-HT6R-deficient (5-HT6RKO(-/-))
mice and associated experiments
The mouse strain (B6;129S5-Htr6tm1Lex/Mmucd)
was obtained from the Mutant Mouse Regional
Resource Center (MMRRC), a NCRR-NIH funded
strain repository, which was donated to the MMRRC
by Lexicon Genetics Incorporated. The strain was
maintained as cryo-archived material for distribution
and was recovered prior to use. Genomic DNA
isolated from the tail of recovered litters was analyzed
http://www.thno.org
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by
PCR
analysis
using
specific
primers.
5-HT6R-deficient (5-HT6RKO(-/-)) mice were generated
by breeding heterozygous to heterozygous, and the
femur bones of male 5-HT6RWT(+/+) and 5-HT6RKO(-/-)
mice were analyzed by micro-computed tomography
(µCT) in 2-week-old mice. BMMs isolated from
5-HT6RWT(+/+) and 5-HT6RKO(-/-) mice were cultured for
in vitro osteoclast differentiation. All mice used in this
study were maintained in accordance with the
National Institute of Toxicological Research of the
Korea Food and Drug Administration guidelines for
the humane care and use of laboratory animals. All
animal experiments were performed in accordance
with the guidelines prescribed by Kyung Hee
University Animal Care Committee and Chungbuk
National University Animal Care Committee
(CBNUA-436-12-02).

Primary cell isolation and osteoclast
differentiation
Mouse whole bone marrow cells were isolated
by flushing the femora and tibiae marrow space in
5-week-old mice. Cells were incubated overnight in

3095
culture dishes containing α-Modified Eagle Medium
(α-MEM) (Gibco Laboratories, Grand Island, NY),
supplemented with 10% fetal bovine serum (FBS;
Gibco Laboratories) and antibiotics (100 mg/mL
penicillin G and 100 IU/mL streptomycin) at 37 °C in
a humidified atmosphere of 5% CO2 and 95% air.
After discarding adherent cells, floating cells were
further incubated with mouse M-CSF (30 ng/mL) in
Petri dishes. BMMs became adherent following 3 days
of culture, after which cells were differentiated into
osteoclasts using mouse RANKL (100 ng/ mL) and
M-CSF for 5 days.

Chemical inhibitors and 5-HT receptor ligands
The following 5-HTR ligands and Rho GTPase
family inhibitors were purchased from Tocris
Bioscience (Bristol, UK): 8-hydroxy-PIPAT oxalate,
alpha-methyl-5-hydroxyltryptamine
maleate,
N-methylquipazine
dimaleate,
cisapride,
5-carboxamidotrypamine maleate, ST1936 oxalate, AS
19,
SB258585,
5-HT
hydrochloride.
rhosin
hydrochloride, NSC 23766, and ZCL 278.

Figure 5. 5-HT6R-mediated RhoA GTPase signaling promotes bone destruction in ovariectomy-induced osteoporosis mice. (A) Scheme for the
assessment of the ovariectomized (OVX) osteoporosis mouse model. (B-C) Serum 5-HT and TRAP were measured by ELISA. (D-G) µCT images are shown in distal
femurs (D). Bone volume (BV) per tissue volume (TV) (E), trabecular number (Tb. N) (F), and trabecular thickness (Tb. Th) (G) were analyzed. (H-J) H&E staining
was performed on the tibial and femurs sections (H). The number of osteoclasts (OCs) was analyzed in the tibial (I) and femurs sections (J). Scale bar: 100 µm. Rho:
Rhosin. *, p < 0.05 compared to Ovx mice. #, p < 0.05 compared to Ovx + ST1936. Data shown represent mean ± SEM.
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TRAP staining and activity analysis
After BMMs were differentiated into osteoclasts
for 5 days, cells were fixed with 4% formaldehyde for
15 min. Cells were then washed and stained for TRAP
using a leukocyte acid phosphatase cytochemistry kit
(Sigma), according to the manufacturer’s instructions.
TRAP-positive
multinucleated
cells
(MNCs)
containing three or more nuclei were counted as
mature osteoclasts using a light microscope.
Typically, cells were predominantly TRAP-positive
and mononuclear 2 days after induction with
RANKL, and TRAP-positive and multinuclear
another 3 days later. We considered mononuclear
TRAP-positive cells to be preosteoclasts and
multinuclear cells to be mature osteoclasts, as
described previously [41]. The TRAP activity assay
was performed as previously described [50].

Actin-ring formation analysis
Osteoclasts were fixed with 4% formaldehyde,
permeabilized with 0.1% Triton X-100, and incubated
with FITC- or TRITC-phalloidin (Invitrogen) for 30
min. Following washing with PBS, cells were
incubated with DAPI (Sigma-Aldrich), washed three
times, and subsequently viewed on a fluorescence
microscope (Carl Zeiss, Oberkochen, Germany).

Reverse transcription-polymerase chain
reaction (RT-PCR) and quantitative real-time
PCR analysis
Total RNA from cells was extracted using
TRIzol™ reagent (Life Technologies, Gaithersburg,
MD) according to the manufacturer’s instructions.
RNA (1 µg) isolated from each sample was
reverse-transcribed using oligo (dT)15 primers with
AccuPower RT PreMix (iNtRON Biotechnology,
Gyeonggi-do, South Korea). Next, the resultant cDNA
was amplified with AccuPower PCR PreMix
(Bioneer Corporation, Daejeon, South Korea). For
mRNA quantification, total RNA was extracted using
the RNAqueous kit and cDNA synthesized from 1
µg of total RNA using the High Capacity
RNA-to-cDNA kit (Applied Biosystems, Foster City,
CA) according to the manufacturer’s protocol.
Quantitative real-time PCR was performed using a
LightCycler 1.5 System (Roche Diagnostics GmbH,
Mannheim, Germany). Thermocycling conditions
consisted of an initial denaturation step of 10 s at 95
°C, followed by 45 cycles of 95 °C for 10 s, 60 °C for 5 s
and 72 °C for 10 s. To calculate relative quantification,
the 2–ΔΔCT formula was used, where –ΔΔCT =
experimental
sample
–
(CT,target–CT,β-actin)
(CT,target–CT,β-actin) control sample. The primer
sequences for 5-HTRs are listed in Table S1.

3096
Western blot analysis
Cells were washed twice with ice-cold PBS, and
lysed in 20 mM Tris-HCl buffer (pH 7.4) containing a
protease inhibitor mixture (0.1 mM PMSF, 5 mg/mL
aprotinin, 5 mg/mL pepstatin A, and 1 mg/mL
chymostatin). Protein concentration was determined
using Bradford reagent (Bio-Rad, Hercules, CA).
Equal amounts of lysate (20 µg) were resolved by
sodium dodecyl-polyacrylamide gel electrophoresis
(SDS-PAGE), and subsequently transferred to a
polyvinylidene
fluoride
(PVDF)
membrane
(Millipore, Bedford, MA). Thereafter, the membrane
was blocked with 1 × TBS containing 0.05% Tween 20
(TBST) and 5% skim milk or 2% BSA for 1 h at room
temperature. After blocking, the membranes were
incubated overnight at 4 °C with the respective
primary antibodies, washed with 1 × TBST, and then
incubated with diluted horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:10,000,
Jackson ImmunoResearch, West Grove, PA) for 1 h at
room temperature. After three washes, the bound
antibodies were detected using an enhanced
chemiluminescence (ECL) kit (Millipore, Bedford,
MA).

Pull-down assay for RhoA/Rac1/Cdc42 GTPase
activity
Activation of RhoA, Rac1, and Cdc42 GTPase
was examined with a pull-down assay using a
commercially
available
RhoA/Rac1/Cdc42
Activation Assay Combo Kit (Cell Biolabs, Inc., San
Diego, CA). In brief, cell lysates were collected and
incubated with Rhotekin RBD Agarose for RhoA or
with PAK1 PBD Agarose for Rac1 and Cdc42 at 4 °C
with gentle rotation. The resulting complexes were
precipitated and eluted by boiling for 5 min at 95 °C in
SDS-PAGE sample buffer, followed by western blot
analysis using anti-RhoA, anti-Rac1, or anti-Cdc42
antibodies.

Bone resorption animal model for in vivo
lipopolysaccharide (LPS) challenge
Development of an inflammation-induced
model of bone loss has been previously described [50].
For this study, when mice were 11 weeks of age,
subcutaneous tissue over the periosteum of the mouse
calvaria was injected with vehicle alone (n = 6), LPS
(12.5 mg/kg) alone (n = 6), or LPS in combination
with ST1936 (10 mg/kg) (n = 7) in the absence or
presence of Rhosin (4 mg/kg) (n = 6) at day 1 and 3.
Mice were sacrificed at 6 days after the first injection
of LPS. The calvarial bones of the mice were analyzed
by µCT. Quantitative analysis of the relative
percentage of bone resorption (BV/TV) was
performed by µCT imaging. Thereafter, tissues were
http://www.thno.org
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demineralized in 15% EDTA for 14 days, embedded in
paraffin, and sectioned at 5 μm. For histology
analysis, sections were stained with hematoxylin and
eosin (H&E).

Statistical significance was evaluated by one-way
analysis of variance (ANOVA) and the differences
were assessed by the Dunnett’s test. A value of P <
0.05 was considered to indicate statistical significance.

In vivo ovariectomy (Ovx)-induced
osteoporosis model

Abbreviations

When mice were 9 weeks of age, ovariectomy
was performed at the Japan SLC, Inc (Shizuoka,
Japan) under anesthesia by intraperitoneal injection of
ketamine (Sankyo, Tokyo, Japan) and xylazine
(Zenoaq, Fukushima, Japan). Two weeks after
ovariectomy (11 weeks of age), mice were divided
into four groups: Sham group (n=6), OVX-control
group (n = 8), OVX+ST1936 (10 mg/kg) group (n = 8),
and OVX + ST1936 + Rhosin (4 mg/kg) group (n = 8).
The mice in each group were thereafter injected twice
a week. Femur µ-CT analysis for bone volume (BV)
per tissue volume (TV), trabecular number (Tb. N),
and trabecular thickness (Tb. Th) and histology
analysis were carried out essentially as previously
described [41].

Micro-computed tomography (µCT)
µCT was performed at the Advanced Institutes
of Convergence Technology (Genoss Co., Ltd.,
Gyeonggi-do Korea). µCT data of calvaria were
acquired on a Skyscan 1173 scanner (Bruker-microCT,
Kontich, Belgium). Scanning was carried out at 75
kV/106 μA for 500 ms. In total, 800 projections were
collected at a resolution of 9.94 μm/pixel.
Reconstruction of sections was carried out using
software associated with the scanner (Nrecon), with
beam hardening correction set to 40%. Realistic
3D-Visualization software (Bruker-microCT, Konitch,
Belgium) was used to reconstruct the µCT images in
three-dimension,
which
were
acquired
as
approximately 2000 cross-sections.

Serum collection and serum ELISA assay
Whole blood collected from mice was processed
within 2 h of collection using the following protocol.
Collected blood was centrifuged at 1000 × g for 15 min
at room temperature, after which the serum
supernatant was aspirated and transferred to a new
tube. This was subsequently aliquoted into Eppendorf
tubes and stored at –80 °C until analyzed. An ELISA
(5-HT ELISA; Abcam, Cambridge, MA) was used to
measure 5-HT ELISA levels in the serum, according to
the manufacturer’s instructions.

Statistical analysis
The data were analyzed using GraphPad Prism
version 5 software (GraphPad Software, Inc., San
Diego, CA). Data are presented as mean ± SEM.

BMMs: bone marrow-derived macrophages;
CNS: central nervous system; CTK: cathepsin K; 5-HT:
5-hydroxytryptamine; 5-HT6RKO-/-: 5-HT6R-deficient;
5-HTRs: 5-HT receptors; SERT: 5-HT transporter;
GPCRs:
G
protein-coupled
receptors;
LPS:
lipopolysaccharide;
M-CSF:
macrophage
colony-stimulating factor; µCT: micro-computed
tomography; MNCs: multinucleated cells; NFATC1:
nuclear factor of activated T cells 1; OVX:
ovariectomized; RANKL: receptor activator of nuclear
factor (NF)-κB ligand; TRAP: tartrate-resistant acid
phosphatase; TNF: tumor necrosis factor.
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