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Peripheral serotonin, synthesized by tryptophan hydroxylase-1
(TPH,), has been shown to play a key role in several physiological
functions. Recently, controversy has emerged about whether pe-
ripheral serotonin has any effect on bone density and remodeling.
We therefore decided to investigate in detail bone remodeling in
growing and mature TPH4 knockout mice (TPH1_/_). Bone resorption
in TPH,~/~ mice, as assessed by biochemical markers and bone his-
tomorphometry, was markedly decreased at both ages. Using bone
marrow transplantation, we present evidence that the decrease in
bone resorption in TPH,~/~ mice is cell-autonomous. Cultures from
TPH,~'~ in the presence of macrophage colony-stimulating factor
and receptor activator for NF-KB ligand (RANKL) displayed fewer
osteoclasts, and the decreased differentiation could be rescued by
adding serotonin. Our data also provide evidence that in the pres-
ence of RANKL, osteoclast precursors express TPH, and synthesize
serotonin. Furthermore, pharmacological inhibition of serotonin re-
ceptor 1B with SB224289, and of receptor 2A with ketanserin, also
reduced the number of osteoclasts. Our findings reveal that seroto-
nin has an important local action in bone, as it can amplify the effect
of RANKL on osteoclastogenesis.
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Bone remodeling is a highly integrated process that continu-
ously renews mineralized tissue throughout the skeleton to
assure harmonious growth, maintenance, and repair throughout
the lifespan of the individual. It couples the resorption of min-
eralized bone by osteoclasts and bone formation by osteoblasts.
Osteoblasts originate from mesenchymal stem cells (1), and
osteoclasts are multinucleated cells derived from a hematopoi-
etic precursor of the monocyte macrophage lineage (2). Dysre-
gulation of osteoclast function or differentiation results in an
osteopetrotic phenotype, with a marked increase in bone density.
In contrast, increased bone resorption is associated with bone
loss in diseases such as osteoporosis, arthritis, and metastatic
bone lesions. Molecular communication between osteoblasts and
osteoclasts is required to regulate the commitment, proliferation,
and differentiation of bone cell precursors. The main osteo-
clastogenic signals are the receptor activator for NF-KB ligand
(RANKL) and macrophage colony-stimulating factor (M-CSF),
both of which are cytokines secreted by osteoblasts (3).
Serotonin, or 5-hydroxytryptamine (5-HT), mediates a wide
range of central functions, such as mood, behavior, sleep, blood
pressure, and thermoregulation (4). Peripherally, serotonin is
involved mainly in the regulation of vascular and heart functions
(5, 6) and in gastrointestinal mobility (7). The diverse actions of 5-
HT result from the presence of multiple 5-HT receptors (5-
HTRs). These various different receptors have been divided into
seven classes (5-HT;R to 5-HT7R) (8). Tryptophan hydroxylase
(TPH) is the rate-limiting enzyme in 5-HT biosynthesis. There are
two isoforms of this enzyme: TPH, is mainly expressed in brain,
and TPH, is expressed elsewhere in the body (9, 10). 5-HT is
produced by TPH; in the enterochromaffin cells of the gastroin-
testinal tract and accumulates in platelet-dense granules, which
constitute the body’s main 5-HT reservoir (11). The action of
serotonin is mainly paracrine and involves a complex action
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through its transporter and different receptors (4). In the pe-
riphery, although the main site of serotonin synthesis is the en-
terochromaffin cells of the gut, TPH; expression and local
serotonin synthesis have been shown to have a functional role in
the cardiovascular system (12), mammary gland (13), and pan-
creas (14).

The action of serotonin in bone has recently been the subject of
controversy. Using specific invalidation of TPH; in different
murine tissues, Yadav et al. reported that serotonin produced in
the gut decreased bone formation via the 5-HT,g receptor that
they observed in osteoblasts (15). This group also published data
showing that the pharmacological inhibition of TPH; was able to
prevent bone loss in ovariectomized rodents (16). In contrast, Cui
et al. observed no change in bone density measured by dual-en-
ergy X-ray absorptiometry in TPH; ™~ mice 4 and 6 mo of age
(17). However, in these studies, the main point of interest was
whether changes in serotonin could be responsible for the bone
phenotype of LRP5™"~ mice (18). In brief, data from the Karsenty
group suggest that the bone formation defect in LRP5™~ mice is
not cell-autonomous but is induced by an increase in the serotonin
level in serum (15), whereas Cui et al., using osteoblast- and os-
teocyte-specific knockout and knockins of the LRP5 mutation
that induces a high and low bone mass phenotype in humans,
claimed that LRP5 has a direct effect in the osteoblast without any
change in whole-blood serotonin (17).

In these two conflicting studies, only a putative endocrine
action of serotonin on bone was explored. However, various data
about the action of serotonin on bone had previously been
reported in vivo and in vitro. Osteoblasts were found to express
the 5-HT transporter (SERT) and various serotonin receptors
(19, 20), and we have shown that invalidation of the 5-HT,p
receptor induced decreased bone formation in aging mice (21).
The lack of SERT also induces a decrease in bone accrual during
growth in mice (22).

To reevaluate these controversial findings, we decided to study
bone remodeling in TPH; ™~ mice while they were growing and
at maturity. Our findings show that serotonin deficiency is re-
sponsible for a decrease in osteoclastic differentiation both
during growth and at maturity. During growth, this decrease is
responsible for an increase in bone density that resolves in adult
animals due to the subsequent decrease in bone formation. We
identified 5-HT as a regulator of osteoclast differentiation and
function both in vivo and ex vivo. Furthermore, we show that
osteoclast precursors are able to synthesize serotonin, and that
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Table 1. Bone density and trabecular microarchitecture in 6- and 16-wk-old TPH,~/~ and WT mice
6-wk-old 16-wk-old

WT TPH, ™~ WT TPH, ™~
Bone mineral density (mg/cm?)
BMD whole-body 0.037 + 0.003 0.042 + 0.002%* 0.055 + 0.002""" 0.055 + 0.003"""
BMD femur 0.046 + 0.006 0.054 + 0.004* 0.077 + 0.005""" 0.073 + 0.005"""
BMD vertebrae 0.040 + 0.005 0.046 + 0.002* 0.059 + 0.001"" 0.060 + 0.003"""
Bone structure
Bone volumeftissue volume (%) 12.76 + 1.29 21.1 + 2.63*** 13.4 + 0.6 127 + 1.2
Trabecular separation (um) 182.15 + 15.94 117.89 + 12.69*** 221.7 + 15.9 193.5 + 25.8**
Trabecular thickness (pm) 26.21 + 2.19 31.08 + 2.52* 343 + 2.8 28.3 + 3.3***
Trabecular number (Tb.N,1/mm)** 5.25 + 0.4 7.36 + 0.1%** 412 +0.2 5.56 + 0.1**

Values are shown as mean + SD (n = 8 per genotype). *P < 0.01 versus WT, **P < 0.001 versus WT, ***P < 0.0001 versus WT, "'P < 0.001 versus 16-wk-old
mice in the same genotype, ''P < 0.0001 versus 16-wk-old mice in the same genotype.

the decrease in osteoclastic resorption is cell-autonomous in
TPH, ™~ mice.

Results

Bone Density and Formation Decrease from Growth to Maturity in
TPH, ™"~ Mice. To determine bone phenotype, the bone mineral
density (BMD) of male TPH, '~ and WT mice was assessed at6
and 16 wk. At 6 wk, while they were still growing, TPH; ™ mice
displayed higher BMD than WT mice in total body (+22%), at
the femur (+17%), and at the vertebrae (+15%). In both gen-
otypes, BMD increased 51gn1ﬁcantly from 6 to 16 wk. However,
the increase was lower in TPH; ™~ mice than in WT mice, and
BMD was not significantly different in mature WT and TPHl’/ -
mice at 16 wk (Table 1). To analyze the bone phenotype further,
we carried out bone histomorphometry in 6- and 16-wk-old WT
and TPH;~~ mice. A higher trabecular bone volume to total
bone volume ratio (BV/TV) (+67%) was observed in TPH, ™~
mice than in WT mice at 6 wk. The BV/TV measured in mature
TPH, ™~ mice at 16 wk was no longer significantly different from
WT values, and was dramatically lower than that of BV/TV at 6
wk of age (Table 1). To find out whether bone formation was
affected by TPH; invalidation, we measured osteoblast surface
per bone surface and the dynamic parameter of bone formation
[bone formation rate (BFR); per bone surface (BS)] (Fig. 1 A
and B) and quantified serum osteocalcin, a biochemical marker
of bone formatlon (Fig. 1C). All of these parameters decreased
in WT and TPH, '~ mice between 6 and 16 wk of age. At 16 wk,
the bone formatlon parameters had decreased to a greater extent
in TPH; ™~ mice than in WT mice. This observation may in part
explain the considerable decrease in trabecular bone volume and

trabecular thickness (Table 1) that occurred in TPHl_/‘ mice
between 6 and 16 wk of age. To find out whether TPHI mice
had an intrinsic osteoblast defect we cultured primary osteo-
blasts from WT and TPH;™~ mice and did not observe any
change in their proliferation or mineralization (Fig. 1 D and E).
Furthermore, no serotonin could be detected in the osteoblast
lysate. We therefore hypothesized that the high bone mass
phenotype observed in young TPH; ™~ mice could be attributed
to a bone resorption defect, as suggested by the lower trabecular
separation observed in 6- and 16-wk-old TPH, ™~ mice than in
their WT littermates (Table 1).

Both Growing and Mature TPH,”~ Mice Display Reduced Bone
Resorption Due to an Osteoclastic Differentiation Defect. In light
of these results, we first used bone histomorphometry to measure
the osteoclast number as tartrate-resistant acid phosphatase
(TRAP)-positive cells in 6- and 16-wk-old mice. As shown in Fig.
24, the osteoclastrc surfaces at the femoral metaphysis were lower
in TPHI mice than in WT at 6 wk (—44.4%), and this pheno-
type persisted at 16 wk (—34.8%). Furthermore, the osteoclast
number was also reduced at both ages (Fig. 2B). We next mea-
sured urinary p-pyridinoline (DPD), a marker of osteoclast ac-
tivity, in 6- and 16-wk-old WT and TPH,; '~ mice (Fig. 2C). DPD/
creatlnme ratios were dramatically reduced at both times in
TPH, ™~ mice (TPHl_ ~vs. WT, —60% at 6 wk; —55% at 16 wk).
Finally, to conﬁrm in vivo that the decreased bone resorption
observed in TPH, ™~ mice was associated with a lack of 5-HT, the
mutant animals were treated for 2 wk with 5-hydr0xytryptophan
(5-HTP) to override the TPH, invalidation. Consistent with the
previous in vivo results, we found that the DPD ratio was in-
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Fig. 1. Bone formation in WT and TPH, ™"~ mice during growth and maturity. Static and dynamic histomorphometric parameters were measured in 6- and 16-
wk-old animals. (A) Bone formation rate/bone surface (BFR/BS) and (B) osteoblast surface / bone surface (OB/BS) were unchanged in both genotypes (WT, black
bars; TPH,~~, white bars) at 6 wk and were reduced at 16 wk. (C) Biochemical markers of bone formation. Serum osteocalcin levels were determined when the
mice were 6 and 16 wk old. No significant difference was observed when the mice were 6 wk old, whereas a significant decrease in the osteocalcin level was
observed when they were 16 wk old. (D) Proliferation was assessed after a 3-d culture period by BrdU incorporation in WT and TPH, ™~ calvarial osteoblasts, and
no difference was observed. (E) The capacity of WT and TPH, ™~ primary osteoblasts to produce mineralized nodules was determined by alizarin staining after
18 d in culture, and no difference was observed. Data are shown as mean + SEM; n = 8 mice per genotype. *P < 0.01 versus WT, **P < 0.001 versus WT, ***P <
0.0001 versus WT.
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Fig. 2. Lack of serotonin induces in vivo and in vitro decrease in bone re-
sorption. Histomorphometric analysis was performed at 6 and 16 wk. TRAP
staining of a section of the trabecular region of the distal femur was per-
formed to identify osteoclasts. Bone resorption parameters were de-
termined. (A) The number of osteoclasts per bone surface (OCs/BS) showed
a marked decrease, and TPH;~~ mice had a lower osteoclast count than WT
mice. (B) Osteoclast number/bone area (OCs number/BAr). (C) Biochemical
markers of bone resorption. Urinary deoxypyridinoline cross-links normal-
ized by the amount of creatinine present (DPD/creat) were measured in 6-
and 16-wk-old WT and TPH; ™~ mice. DPD levels were lower in 6- and 16-wk-
old male TPH;™~ mice. WT, black bars; TPH;™~, white bars. Results are
reported as mean + SEM; n = 8 mice per genotype. (D) TPH; ™~ mice were
treated twice a day with vehicle (white bars) or with 50 mg/kg body weight
of 5-HTP (gray bars). DPD levels were significantly increased by 5-HTP ad-
ministration to 4-wk-old mice after 1 or 2 wk of treatment; vehicle, n = 6; 5-
HTP treatment, n = 9. (E) Osteoclastogenesis was assessed in WT and TPH, ™~

Chabbi-Achengli et al.

creased in mice treated with 5-HTP from the first week of treat-
ment, and that the DPD ratio measured after 2 wk of treatment
was in the same range as that measured in the 6-wk-old WT mice
(Fig. 2D).

To investigate the cell defects that lead to low bone resorption,
we assessed osteoclastic differentiation from spleen cells and
bone marrow macrophages in medium supplemented with M-
CSF, RANKL, and dialyzed serum without 5-HT (Fig. 2E). We
showed that in TPH, ~cultures, there were markedly fewer
multinucleated TRAP-positive cells (—55%), assimilated to
osteoclasts (OCLs), than in WT cultures. The osteoclast activity
was determined by a pit assay on dentin slices. The pit area was
lower in TPH, '~ than in WT cultures (Fig. 2F). Furthermore,
the pit area per osteoclast number was the same in both geno-
types (Fig. 2F). These findings suggest that 5-HT is involved in
osteoclast differentiation, and that it does not affect osteoclast
activity. In line with these functional findings, the expression of
osteoclast markers (TRAP, Cathepsin K, and NFATcl) was
significantly lower at the end of the culture in TPH, ™~ than in
WT, whereas RANK expression remained unchanged. These
ﬁndlngs indicate that the number of precursors was the same in
TPH, '~ and WT cultures (Fig. S14). Finally, to confirm that 5-
HT plays a role during osteoclast differentiation, we treated
TPH, '~ cell cultures with physiological concentrations of 5-HT
(2.5, 5, 10, 20, and 50 nM). At concentrations from 5 nM 5-HT,
and without any dose effect, the number of OCLs increased to
reach WT levels (Fig. 2G). Taken together, these findings sug-
gest that an osteoclast defect was responsible for the decreased
bone resorption in TPH, '~ mice.

Synthesis, Storage, and Reuptake of 5- HT in WT Osteoclast Precursors.
From the above data, and as TPH,; ™~ spleen and marrow mac-
rophage cultures in the presence of RANKL have been shown to
have reduced osteoclast differentiation capacity, we hypothesized
that 5-HT was produced by the osteoclast precursors themselves.
Indeed, we detected TPH; mRNA in WT cells, and its expression
was blunted as the cells differentiated in the presence of RANKL
(Fig. 34). RANKL significantly stimulated the expression of
TPH; mRNA after exposure for 1 d (Fig. 34). We next in-
vestigated 5S-HT production in spleen cell cultures after different
culture times. We showed that 5-HT was produced in the cell
lysate, was increased by RANKL, and then diminished toward the
end of the culture period (Fig. 3B). We went on to demonstrate
that the 5-HT synthesized in WT osteoclast precursors is sub-
sequently stored in intracellular granules by vesicular monoamine
transporters (VMATSs). We first showed that the expression of
VMAT; and VMAT, mRNA at the end of the culture did not differ
significantly in the two genotypes (Fig. S1B). We treated the WT
culture with reserpine, an inhibitor of both VMATs, and as in
TPH, ™~ cultures this induced a decrease in osteoclast differen-
tiation, suggesting that intracellular storage of 5-HT plays a posi-
tive role in osteoclast differentiation (Fig. 3C).

We next evaluated the possible reuptake of 5-HT by SERT,
the plasma membrane serotonin transporter. Osteoclasts from

spleen cells and bone marrow cells cultured with dialyzed serum without
serotonin in the presence of M-CSF (25 ng/mL) for 4 d and of M-CSF and
RANKL (30 ng/mL) for a further 5 d. Counts of OCLs in WT (black bars) and
TPH, ™"~ (white bars) culture; osteoclast numbers were lower in TPH; ™"~ cul-
tures than in WT cultures at the end of the differentiation of spleen cells and
bone marrow cells. Representative pictures of WT and TPH,™'~ spleen cell
cultures (20x magnification). (F) OCL activity was assessed by pit assays on
dentin slices. The resorbed area was stained with toluidine blue (10x mag-
nification). The resorbed area was strongly decreased in TPH; ™~ cultures,
whereas the ratio pit area:0OC number was unchanged. (G) WT spleen cells
were cultured without any serotonin treatment, and TPH;™~ cells were
treated with serotonin (2.5, 5, 10, 20, and 50 nM) throughout the culture in
the presence of RANKL. From 5 nM 5-HT the number of OCLs increased to
equal WT levels, without any dose effect. *P < 0.01 versus WT, **P < 0.001
versus WT, ***P < 0.0001 versus WT.
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Fig. 3.

versus WT, **P < 0.001 versus WT, ***P < 0.0001 versus WT.

WT mice expressed SERT (Fig. S1B). To find out whether the
inhibition of the cellular 5-HT influx played any role in the lower
osteoclastogenesis, we treated the cells with paroxetine, a spe-
cific inhibitor of SERT. We observed that paroxetine markedly
reduced osteoclast differentiation in WT osteoclast cultures,
whereas it had no effect on osteoclast differentiation in TPH; '~
cultures (Fig. 3D). These findings demonstrate that 5-HT was
produced and stored in osteoclast precursor cells, and that 5-HT
plays a significant role in osteoclast differentiation.

Serotonin Modulates Osteoclastic Differentiation via a Paracrine
Pathway. As 5-HT is produced locally, we thought it was worth
investigating the expression of the different 5-HT receptors able
to mediate a paracrine effect in osteoclast precursors. We eval-
uated the expression of the different 5-HT receptors by quanti-
tative PCR at the end of WT cultures in the presence or absence
of RANKL (Fig. S1C). 5-HTsR and 5-HT4R mRNAs were not
detected in WT spleen cell cultures. 5-HT;gR was increased by
the presence of RANKL after 5 d of culture. The level of 5-
HT,AR was the same in the presence or absence of RANKL. And,
finally, 5-HT,gR was significantly decreased in the presence of
RANKL. To assess the functional role of these receptors in
osteoclastogenesis, we next evaluated the effect of selective 5-HT
receptor antagonists on these cultures. When WT spleen cells
were treated with ritanserin, an inverse agonist of the 5-HT, re-
ceptor, we observed a significant decrease in osteoclast formation
(Fig. 3E). In contrast, RS127445, a specific 5-HT,gR antagonist,
did not produce any significant effect (Fig. 3E), whereas at 25 nM,
ketanserin, a specific 5-HT,R antagonist, induced effects similar
to those of ritanserin (Fig. 3E). Thus, 5-HT,R is the member of
the 5-HT, family involved in osteoclast differentiation. In parallel,
we treated WT cultures with SB224289, a 5-HT,p receptor an-
tagonist, and found that at 10 nM, this compound also had a sig-
nificant effect on the number of osteoclasts (Fig. 3E). These

2570 | www.pnas.org/cgi/doi/10.1073/pnas.1117792109

Synthesis, storage, and reuptake of serotonin in WT osteoclast precursors. (A) After 4 d of treatment with M-CSF (25 ng/mL), total RNAs were isolated
at different times [day (D)1, 2, 3, and 5] in the presence (gray bar) and absence (black bar) of RANKL (30 ng/mL), and RT-PCR was performed. TPH; mRNA was
expressed from day 1 to day 3. The presence of RANKL increased TPH; mRNA expression, but only at day 1. (B) Serotonin levels were measured by HPLC in WT
cell lysates. Serotonin was detected from day 1 to day 5 in the presence or absence of RANKL. An increase in serotonin level in the presence of RANKL was
observed during the culture. (C) WT cells were treated with several different doses of reserpine, an inhibitor of vesicular monoamine transporter (50,100, and
200 nM), which induced a dose-dependent decrease in OCL number in WT cultures. (D) WT and TPH, ™"~ cultures were treated with paroxetine (10 nM), an
inhibitor of SERT. Paroxetine also induced a significant decrease in OCL number in WT culture but not in TPH, "~
added to the WT culture in the presence of M-CSF and RANKL. Ritanserin (100 nM), an inverse agonist of the 5-HT, family, induced a decrease in osteoclast
number, whereas R$127445 (20 nM), a specific antagonist of 5-HTgR, did not induce any change. Several different doses of ketanserin (25 nM), an antagonist
of 5-HT,aR, were added to the WT culture. A significant dose-related decrease in osteoclast number was observed. SB224289 (10 nM) 5-HTgR antagonist
treatments of WT cells decreased the OCL number, but without any dose effect. Data are reported as mean + SEM of four independent experiments. *P < 0.01

culture. (E) Various different substances were

findings show that the 5-HT,g and 5-HT,A receptors were both
implicated in osteoclast differentiation.

In Vivo Decrease in Bone Resorption in TPH, ~/~ Mice Is Due to an Intrinsic
Osteoclast Defect. Our in vitro data support the existence of an
intrinsic osteoclast defect in TPH1 ~ mice. The low bone re-
sorption observed in vivo in these mice could be directly related to
a low level of serotonin in the bone microenvironment. To in-
vestigate this hypothesis in vivo, we carried out a serles of bone
marrow transplantations. Newborn WT and TPH, ™~ mice were
treated with busulfan and then transplanted with lineage-negative
cells isolated from WT or TPH, ™~ donors. As expected 4 wk
after transplantation, the DPD:creatinine ratio of TPH; ™~ mice
transplanted with TPH; ™~ cells was lower than that of WT mice
transplanted with WT cells. We then observed that the DPD:
creatinine ratio in WT mice transplanted with TPH; ™~ cells was
lower than that of WT mice transplanted with WT cells and fi-
nally, that the transplantation of WT cells into TPH,™~ mice
rescued the DPD:creatinine ratio to the same level as that of WT
mice transplanted with WT cells (Fig. 44). These DPD results
were sustained 6 wk after transplantation. Furthermore, the his-
tomorphometric study showed that both osteoclast surface area
and osteoclast numbers decreased when mice were transplanted
with TPH, ™~ cells, and increased when transplantation was per-
formed with WT cells (Fig. 4 B and C). Taken together, these data
support the existence of an osteoclast intrinsic defect that is re-
sponsible for the low bone resorption of TPH; ™~ mice in vivo.

Discussion

The findings presented in this paper establish a function for local
serotonin in bone remodeling. We were not able to show cell-
autonomous change in osteoblast function in the absence of se-
rotonin, but we did find both in vivo and in vitro evidence that
serotonin acts on the differentiation of monocytes/macrophages
into osteoclasts via an autocrine/paracrine loop. We also show

Chabbi-Achengli et al.
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Fig. 4. Invivo decrease in bone resorption in TPH; ™~ mice is due to an intrinsic osteoclast defect. Newborn WT and TPH; ™~ mice were treated with busulfan

(10 mg/kg) and transplanted with WT and TPH;~"~ bone marrow cells. (A) At age 4 and 6 wk, urine samples were taken, and DPD was measured. We found
that TPH, ™~ mice transplanted with TPH, ™"~ cells had a lower DPD:creatinine ratio than WT mice transplanted with WT cells. Moreover, when WT mice were
transplanted with TPH; ™"~ cells, the DPD ratio decreased, and the transplantation of WT cells into TPH, ™"~ mice led to a rescue of the DPD ratio. (B) Histo-
morphometric analysis was performed at 6 wk on the transplanted mice. TRAP staining of a section of the trabecular region of the distal femur was per-
formed to identify osteoclast multinucleated and red cells (20x magnification): (a) WT mice transplanted with WT cells, (b) WT mice transplanted with TPH, ™~
cells, (c) TPH; ™"~ mice transplanted with WT cells, and (d) TPH; ™"~ mice transplanted with TPH, ™~ cells. (C) Bone resorption parameters were also determined:
osteoclast number per bone surface (OCs/BS) and the osteoclast number. These parameters showed a similar pattern to the DPD ratio: When WT cells were
transplanted into TPH; ™~ mice, we observed an increase in the bone resorption parameter, and when TPH; ™~ cells were transplanted into WT mice, we found
that rescue of bone resorption occurred. Data are shown as mean + SEM; n = 5-8 mice per genotype. *P < 0.05 versus WT, **P < 0.005 versus WT, ***P <

0.0005 versus WT.

here that serotonin is synthesized by osteoclast precursors, and
that bone resorption decreases in the absence of serotonin syn-
thesis by osteoclast precursors. We were also able to demonstrate
by in vivo and in vitro rescues that serotonin is indeed responsible
for the low bone resorption in mutant mice and, using marrow
transplantatron that this low bone resorption is cell-autonomous
in TPH,™™ mice. We therefore conclude that serotonin has
complex physiological actions in bone, as in other tissues (4).

Our findings complete and can reconcile those of previous
studies of serotonin in bone. In contrast to a present study,
Yadav and colleagues (15) analyzed a mouse line with a specific
inactivation of TPH; affecting either the gut or the osteoblasts,
and could not, therefore, detect any specific function of 5-HT
produced b/y osteoclasts. Cui and colleagues (17) have shown
that TPH; ™~ mice had no change in BMD at 4 and 6 mo, but did
not investigate bone remodeling. Here, in accordance with the
Cui et al. data, we show an unchanged BMD at 16 wk. However,
when deep phenotyprng was performed we observed that this
unchanged BMD at 16 wk in TPH, ™~ mice was associated with
a decrease in both bone resorption and formation at that time
(Fig. 1). Interestingly, although low bone resorption was ob-
served in both growing and mature mice, hlgh trabecular bone
volume was only observed in growing TPH; ™™ mice.

Although gut is the main organ responsible for peripheral 5-HT
synthesis, several other peripheral tissues have recently been
demonstrated to be 5-HT producers with important physiological
roles, even though the amounts of serotonin measured in these
tissues were far lower than those in the gut (12-14, 23). Serotonin
was synthesized by osteoclast precursors, as we could detect TPH;
mRNA expression and serotonin at different times during the
cultures with RANKL. The level of serotonin present in the os-
teoclast precursors was in the same range as that necessary to
rescue osteoclast differentiation in TPH; '~ cultures. The syn-
thesis of serotonin was increased by RANKL during the first day,
and then decreased as the cells differentiated. In these experi-
ments, we used primary spleen cell cultures, composed mainly of
monocytes/macrophages, cultured with M-CSF and RANKL.
These cells were engaged in osteoclast differentiation, and we
show here that local serotonin synthesis was increased by RANKL
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in osteoclast precursors. Interestmgly, it has recently been shown
that the bone marrow of TPH; ™ mice contains fewer nucleated
cells (24). Although only erythropoiesis was studied, it is not
impossible that in TPH, '~ mice the myeloid lineage could also
have been altered, and that the reduced osteoclast differentiation
we observed from spleen and bone marrow monocytes/macro-
phages was already present in earlier precursors.

It had previously been shown that serotonin can act on the cells
of the immune system (7, 25). Battaglino and colleagues dem-
onstrated the presence of serotonin receptors 1B, 2B, and 4 in the
RAW264.7 cell line, induced by M-CSF and RANKL in the os-
teoclast lineage (26). This is why we focused on the 1, 2, and 4
families of 5-HT receptors. Using RT-PCR, we demonstrated that
the 5-HT;p, 5-HT,4, and 5-HT,p receptors are expressed in os-
teoclast precursors of the monocyte/macrophage lineage, whereas
5-HT; and 5-HT4 receptors were not detected. We also dem-
onstrated increased 5-HT;gR expression after induction with
RANKL, which suggests that this receptor is associated with the
differentiation of the osteoclast precursors. In contrast, the ex-
pression of 5-HT,R did not change in the presence of RANKL,
which suggests that it acts before the osteoclast lineage begins.
Finally, as the monocytes differentiated into osteoclasts, the ex-
pression of 5-HT,gR decreased. We tested the functional role of
these receptors by specific pharmacological inhibitors, and were
able to show that two of them (5-HT;gR and 5-HT,sR) could
mediate the action of serotonin on osteoclast differentiation.
These serotonin receptors are known to be implicated in the
regulation of intracellular calcium concentration via several
pathways (27, 28). Furthermore, during osteoclast differentiation,
intracellular calcium signaling activates NFATcl1, the master
regulator of osteoclastogenesis (29, 30). We can, therefore, hy-
pothesize that these two serotonin receptors could be implicated
in osteoclast differentiation.

To maintain healthy bone tissue, osteoclastic bone resorption
and osteoblast-mediated bone formation have to be tightly cou-
pled. As low osteoclastic bone resorption was observed in mice
lacking peripheral serotonin, we expected to find reduced bone
formation. However, surprrsrngly, bone formation was main-
tained in 6-wk-old TPH; ™~ mice, resulting in an increase in

PNAS | February 14,2012 | vol. 109 | no.7 | 2571

MEDICAL SCIENCES



trabecular bone volume at this age. However, in mature 16-wk-old
mice, we observed that low bone resorption was accompanied by
the expected low bone formation that may have resulted from
cellular coupling, as no intrinsic osteoblast defect could be dem-
onstrated in TPH, ™~ mice. Osteoclasts are now recognized as
having a direct key role in bone remodeling. More recently, it has
been revealed that osteoclasts can directly release soluble factors,
and it is suspected that they may be involved in the coupling be-
tween resorption and formation (31, 32). We can therefore
speculate that serotonin secreted by osteoclast precursors could
not only play a role in osteoclast differentiation but also act on
neighboring osteoblasts via a paracrine mechanism. Furthermore,
circulating serotonin could also act on osteoblasts. However, the
role of the physiological concentration of serotonin in osteoblast
proliferation remains to be elucidated, as so far only pharmaco-
logical concentrations have been investigated (15).

In summary, our results show that physiological levels of sero-
tonin enhance osteoclastic resorption. We also demonstrate that
RANKL enhances the expression of TPH; and the synthesis of
serotonin by the osteoclasts themselves. When RANKL is pro-
duced by osteoblasts, serotonin synthesized by osteoclast pre-
cursors could act synergistically with RANKL signaling and further
increase osteoclast differentiation (Fig. S2). In conclusion, we
propose that serotonin can increase osteoclast differentiation via
the autocrine/paracrine pathway. These findings are of importance
with regard to the role of serotonin in bone remodeling.

Materials and Methods

Skeletal Phenotyping. The generation of mice lacking TPH; on an Sv129
background has been reported previously (10). All of the experiments were
approved by the Ethics Committee of Paris Diderot University, and complied
fully with French government animal welfare policy. Histomorphometry was
carried out as described previously (21) in accordance to American Society
for Bone and Mineral Research nomenclature (33, 34).

5-HTP Treatment. 5-Hydroxytryptophan (5-HTP) (Sigma-Aldrich) was admin-
istered s.c. to TPH;™~ mice twice a day for 2 wk from 4 to 6 wk of age.
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Control mice received saline solution, the vehicle, during the same period. p-
pyridinolines were measured in the urine at baseline, and then after 1 and 2
wk of treatment with either 5-HTP or vehicle.

Measurement of 5-HT Levels by HPLC. The cells were washed and suspended in
200 pL of NaCl 0.9% and sonicated in 10 volumes (v/w) of 0.1 N perchloric
acid/0.05% disodium EDTA/0.05% sodium metabisulfite. 5-HT was extracted,
and 10-pL samples were injected onto a Beckman Ultrasphere 5-um IP col-
umn (Beckman). Eluted 5-HT was quantified electrochemically (at 0.65 V),
and the results are reported in nanograms of serotonin per milligrams of
proteins. Detectable concentration was 17.6 ng/L.

Bone Marrow Transplantation. Bone marrow was harvested from WT and
TPH,~'~ donor mice (4- to 6-wk-old mice). Hematopoietic stem cells and
progenitor cells (lineage-negative cells) from single-cell suspensions of bone
marrow were obtained using a Mouse Hematopoietic Progenitor Enrich-
ment Kit (STEMCELL Technologies). For bone marrow transplantation into
newborn mice, 1- to 2-d-old WT and TPH;™"~ pups were given single i.p.
injections of busulfan (10 mg/kg) (Busilvex; Pierre Fabre). The newborn mice
then underwent transplantation 24 h after the busulfan injection by a tem-
poral vein injection of 1 x 10° lineage-negative cells negatively selected from
WT and TPH; ™~ donor mice.

Statistics. Results are expressed as mean + SEM. Statistical analyses were
carried out by the StatView analysis program (SAS Institute, Cary, NC), using
a two-way ANOVA to compare differences between genotypes. P values less
than 0.01 were considered to be significant. *P < 0.01 versus WT, **P < 0.001
versus WT, ***P < 0.0001 versus WT.

For additional details, see S/ Materials and Methods.
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