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Abstract

Novel molecular pathways obligatory for bone health are being rapidly identified. One pathway
recently revealed involves gut-derived 5-hydroxytryptamine (5-HT) mediation of the complete
skeletal effects of low-density lipoprotein receptor-related protein 5 (LRP5). Mounting evidence
supports 5-HT as an important regulatory compound in bone with previous evidence demonstrating
that bone cells possess functional pathways for responding to 5-HT. In addition, there is growing
evidence that potentiation of 5-HT signaling via inhibition of the 5-HT transporter (5-HTT) has
significant skeletal effects. The later is clinically significant as the 5-HTT is a popular target of
pharmaceutical agents, such as selective serotonin reuptake inhibitors (SSRIs), used for the
management of major depressive disorder and other affective conditions. The observation that 5-HT
mediates the complete skeletal effects of LRP5 represents a significant paradigm shift from the
traditional view that LRP5 located on the cell surface membrane of osteoblasts exerts direct skeletal
effects via Wnt/beta-catenin signaling. This paper discusses the mounting evidence for skeletal
effects of 5-HT and the ability of gut-derived 5-HT to satisfactorily explain the skeletal effects of
LRPS5.
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Introduction

Novel molecular pathways obligatory for bone health are being rapidly identified, due in part
to the use of advanced research techniques such as the investigation of genetically manipulated
animal models and the cataloguing of genetic mutations in clinical populations. One pathway
that has gained recent attention involves 5-hydroxytryptamine (5-HT), a monoamine
compound classically referred to as ‘serotonin’ due to early observations identifying it as a
serum agent (sero-) affecting vascular tone (-tonin) [1]. While evidence suggesting a skeletal
effect of 5-HT has been available for numerous years [2,3], recent data has spurred interest
into this compound. In particular, 5-HT derived from the gut has been observed to indirectly
mediate the entire skeletal effects of low-density lipoprotein receptor-related protein 5 (LRP5)
[4]. This represents a significant paradigm shift from the prevailing view that LRP5 (and the
homologous LRP6) located on the cell surface membrane of osteoblasts exerts direct skeletal
effects via Wnt/B-catenin signaling.

Central and peripheral effects of 5-HT

5-HT is a fascinating molecule as it exhibits separate central and peripheral functional
identities. This duality results from the differential regulation of central and peripheral 5-HT
synthesis. 5-HT is synthesized in two steps from the essential amino acid tryptophan, with the
rate-limiting step being catalyzed by tryptophan hydroxylase (TPH). Given the critical role of
TPH, expression for this enzyme has become a marker for 5-HT synthesis. There was
classically one gene encoding for TPH (Tph1); however, a second isoform (Tph2) was recently
identified [5]. The existence of a second Tph isoform has confirmed a duality in 5-HT signaling
as Tph1 and Tph2 are preferentially expressed in the periphery and centrally, respectively. As
5-HT does not freely cross the blood-brain barrier due to its positive charge at physiological
pH, centrally and peripherally synthesized 5-HT can function in relative isolation. This has
enabled the investigation and therapeutic targeting of the independent central and peripheral
effects of 5-HT.

5-HT functions centrally as a neurotransmitter within the central nervous system (CNS) (Fig.
1A). It is synthesized utilizing TPH2 and released by neurons of the raphe nuclei to influence
a range of behavioral, physiological and cognitive functions. These effects are mediated by
seven families of membrane-bound 5-HT receptors (5-HT; to 5-HT7) and are tightly regulated
by a plasma membrane 5-HT transporter (5-HTT [also known as SERT]). The 5-HTT regulates
the duration of 5-HT activity by actively transporting 5-HT using transmembrane ion gradients
of Na*, CI~ and K*, and an internal negative membrane potential. Central 5-HT signaling is a
frequent therapeutic target as it is hypothesized to play a key role in major depressive disorder
and other affective conditions [6]. Pharmaceutical agents that antagonize the 5-HTT, such as
selective serotonin reuptake inhibitors (SSRIs), are clinically popular as they potentiate 5-HT
activity (Fig. 1B) and have been shown to effectively relieve depressive symptoms [7].

5-HT has major functions outside of the CNS, as suggested by the fact that 95% of 5-HT is
located in the periphery. Peripheral 5-HT is predominantly produced utilizing TPH1 by
enterochromaffin (EC) cells in the gastrointestinal (GI) tract where it functions as a paracrine
factor. EC cells secrete 5-HT in response to mucosal stimulation after which it diffuses to act
on enterocytes and enteric nerve endings to stimulate peristalsis and mucus secretion [8]. As
in the CNS, the duration of 5-HT signaling within the Gl tract is influenced by its removal
from the extracellular space by the 5-HTT which is located on epithelial cells of the intestinal
mucosa [9]. Interference with this uptake enables persistent binding of 5-HT to its receptors
and has been associated with GI tract symptoms, including temporary nausea and diarrhea in
individuals taking SSRIs [10]. Similarly, altered 5-HT levels within the GI tract have been
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associated with irritable bowel syndrome (I1BS), with impaired 5-HT release and its reduced
uptake being linked to diarrhea-and constipation-predominant IBS, respectively [11].

A proportion of 5-HT synthesized within the Gl tract reaches the cardiovascular (CV) system
where most (>95%) is rapidly taken up by platelets using the 5-HTT. Platelets possess the 5-
HTT but cannot synthesize 5-HT as they do not express Tph. Platelets store 5-HT in dense
granules and release it upon activation to stimulate platelet aggregation and blood clotting
following tissue injury, as well as an array of other physiological effects including blood vessel
constriction or dilation (depending on the 5-HT receptors activated), and smooth muscle cell
hypertrophy and hyperplasia [12]. These hemostatic effects of 5-HT have been implicated in
the etiology of pathological CV conditions including valvular heart disease and pulmonary
hypertension. In addition, platelet-derived 5-HT has non-hemostatic functions including acting
as a hepatocyte proliferative agent important for liver regeneration [13]. The remaining <5%
of circulating 5-HT stays free in the plasma. The function of this extracellular 5-HT remains
unknown, but it may conceivably act as a hormone influencing target cells at distant sites.

Emerging role of 5-HT signaling in the skeleton

Growing evidence suggests 5-HT has peripheral effects beyond the Gl tract and CV system,
including effects within the skeleton [14]. 5-HT receptors have been identified in all the major
bone cell types (osteoblasts, osteocytes and osteoclasts), and stimulation of these receptors
influences bone cell activities [2,15-19]. Similarly, each major bone cell type possesses a 5-
HTT which is highly specific for 5-HT uptake into these cells [2,15-18]. These findings
indicate that bone cells possess functional pathways for both responding to and regulating the
uptake of 5-HT.

A number of in vitro studies have confirmed the functionality of 5-HT signaling in bone cells,
but offer contrasting evidence as to its effects [20]. Some suggest a direct stimulatory effect
on bone formation pathways with 5-HT increasing prostaglandin E, release from osteocyte-
like (MLO-Y4) cells and enhancing proliferation of MC3T3-EL1 cells and primary human
osteoblasts [17,19,21]. The latter effects were mediated by 5-HT binding to 5-HTa, 2B,

and ,¢ receptors [17,19], with 5-HT binding to 5-HT,p receptors also contributing to matrix
mineralization by differentiated osteoblasts from the mesoblastic (C1) cell line [22]. In contrast,
other investigations suggest an inhibitory effect of 5-HT on bone formation with 5-HT reducing
proliferation of primary murine osteoblasts [4] and inhibiting nitric oxide release from mouse-
derived osteoblasts [19].

Similar contrasting evidence has been provided in terms of the effect of 5-HT signaling on
bone resorption pathways. Cells (RAW264.7 and human peripheral blood mononuclear cells
stimulated with RANKL) treated with 5-HT (0.01-50 uM) or a SSRI (fluoxetine; 0.001-10
uM) increased their differentiation into osteoclast-like cells and increased their bone-resorption
activity [17]. These observations suggest 5-HT may potentiate bone resorption. However,
osteoclast differentiation and activity were decreased at the highest concentration of the SSRI
(fluoxetine; 10 uM) [17]. Similarly, an alternative study found a SSRI (fluoxetine; 1-3 pM)
to inhibit osteoclast formation from RAW264. 7 and bone marrow derived cells [23]. These
later observations suggest that 5-HT may have anti-resorptive effects.

In vitro studies have confirmed the functionality of 5-HT signaling in bone cells, but their
contrasting findings have yet to provide a clear picture as to its potential in vivo skeletal effects.
The preponderance of evidence from in vivo preclinical studies indicates that increased 5-HT
signaling has negative effects on bone [3,24-27], though there are a number of studies
suggesting the opposite [28-32]. These latter studies are disputable and outweighed by the
larger and growing body of evidence suggesting detrimental skeletal effects of 5-HT [20]. In
vivo studies into the skeletal effect of 5-HT signaling were initiated by the observation that
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mice with a null mutation in the 5-htt gene possessed a consistent skeletal phenotype of reduced
mass, altered architecture and inferior mechanical properties (Fig. 2A) [3]. This potential
detrimental effect of enhanced 5-HT signaling has been supported by numerous preclinical
studies investigating the skeletal effects of SSRIs [3,24-27]. These studies found young and
adult rodents treated for four weeks with daily doses of a SSRI (fluoxetine; 5-20 mg/kg) to
also exhibit reduced bone mass, altered skeletal architecture and reduced bone mechanical
properties. These changes resulted from a reduction in bone formation in growing animals
treated with the SSRI or possessing a null mutation in the 5-htt gene, and reduced bone
formation and increased resorption in adult animals treated with the SSRI (Fig. 2B,C) [3,26].

There are a number of putative explanations beyond direct effects at the bone cell level for the
observed skeletal phenotype associated with 5-HTT inhibition in animal models. Primarily,
the impact of central inhibition of the 5-HTT on the skeleton has not been explored in detail.
Pharmacological agents that antagonize the 5-HTT are currently non-selective such that studies
investigating the skeletal effects of these agents inhibited the transporter both centrally and
peripherally. Similarly, the study investigating the skeletal effects of gene-mediated inhibition
of the 5-HTT utilized an animal model possessing a global (central and peripheral) null
mutation in the 5-htt gene rather than a tissue-specific null mutant. This non-specific
pharmacological- and gene-mediated inhibition of the 5-HTT enables upstream central and
peripheral effects of 5-HT to potentially contribute to the observed skeletal changes.

An established central effect of gene- and pharmacological-mediated inhibition of the 5-HTT
in mice is heightened anxiety-like behavior, which manifests in a hypoactive locomotor
behavioral phenotype [33,34]. Reduced cage activity may contribute to the bone changes
observed with 5-HTT inhibition. However, this does not fully explain the reduced bone
formation and mineral content in the cranial bones of 5-htt mutant mice, a site unlikely
influenced by genotype differences in physical activity levels (Fig. 2C) [3]. Similarly, physical
inactivity does not explain why mice treated with a SSRI (fluoxetine; 10-20 mg/kg) exhibit a
skeletal phenotype, as animals treated with a tricyclic antidepressant [TCA] (desipramine; 20
mg/kg) show equivalent physical inactivity but do not show a consistent skeletal phenotype
[24,25]. Further, a SSRI (fluoxetine; 20 mg/kg) reduced bone formation in tail-suspended mice
which effectively removes the physical inactivity phenotype induced by these agents and
normalizes skeletal loading between treated and control animals [25]. Collectively, these data
suggest that centrally-mediated altered loading does not appear responsible for the negative
skeletal effects of 5-HTT inhibition.

Another potential central mechanism for the observed skeletal phenotype with 5-HTT
inhibition is its effect on circulating levels of skeletally relevant hormones and biochemical
mediators. 5-HT pathways directly modulate numerous hormonal and biochemical pathways,
including those in the hypothalamic-pituitary-adrenal axis [6]. Modulation of these pathways
may indirectly contribute to the skeletal phenotype observed with 5-HTT inhibition, with a
previous clinical pilot study linking altered growth hormone to the skeletal response to SSRIs
[35]. However, 5-htt null mutant mice did not display significant differences in serum-
measured, skeletally-relevant hormones or biochemical markers, including insulin-like growth
factor 1 [3]. This is consistent with previous reports demonstrating no genotype effects of gene-
mediated inhibition of the 5-HTT on plasma corticosterone or adrenocorticotropic hormone
levels unless the animals were stressed [36].

Inhibition of the 5-HTT within the GI tract may be a peripheral upstream mechanism for the
skeletal phenotype observed with gene- and pharmacological-mediated 5-HTT inhibition.

Mice with a null mutation in the 5-htt gene have altered colorectal motility consistent with the
function of the 5-HTT in regulating peristalsis [37]; however, this does not appear sufficient
to significantly alter their nutritional status. The bowel continues to function in 5-htt null mice
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[37], and these mice gain equivalent weight and have comparable survival to wild-type
littermates [38]. Similarly, SSRI-treated mice exhibit a skeletal phenotype independent of any
drug effects on food intake or body weight [3,25,26]. Thus, upstream peripheral effects within
the Gl tract do not appear to contribute to the skeletal phenotype observed with 5-HTT
inhibition.

Clinical studies confirm the preclinical evidence demonstrating a negative effect of altered 5-
HT signaling on bone health. In particular, clinical use of SSRIs has been shown to be
associated with increased postmenopausal bone loss [39] and fracture risk [40]. These studies
are described in detail in an accompanying paper [41].

Gut-derived 5-HT mediates the skeletal effects of LRP5

For 5-HT pathways within the skeleton to be biologically relevant bone cells need access to 5-
HT. Bone cells may produce 5-HT themselves as osteoblasts, osteocytes and osteoclasts all

express Tphl [4,16,17]. However, autocrine/paracrine 5-HT signaling has yet to be confirmed
in bone with bone cells not secreting measurable levels of 5-HT [4]. Instead, recent evidence
provided by Yadav et al. [4] suggests that 5-HT derived from the Gl tract and transported by
the CV system is the major source for skeletal 5-HT. This is an important observation as it

suggests 5-HT functions as an endocrine signaling molecule and may be a potential target for
novel therapeutics. The finding was made all-the-more striking by the concomitant observation
that gut-derived 5-HT acted as a downstream mediator for the entire skeletal effects of LRPS5.

Interest into the skeletal effects of LRP5 was initially prompted by the discoveries that loss-
and gain-of-function mutations in its gene cause osteoporosis pseudoglioma (OPPG) syndrome
and a high bone mass (HBM) phenotype, respectively [42-44]. These effects are commonly
believed to result from LRP5 modulation of Wnt/B-catenin signaling in osteoblasts [45]. LRP5
(and the homologous LRP6) acts as a co-receptor together with frizzled for Wnt proteins.
Binding of Whnt to its LRP5 and frizzled co-receptors inactivates glycogen synthase
kinase-3p (GSK-3p) allowing for cytoplasmic accumulation of p-catenin which subsequently
translocates into the nucleus to influence gene transcription (Fig. 3). These observations have
directed recent research and drug discovery efforts towards the Wnt/p-catenin signaling
pathway, which has resulted in the discovery of additional mediators in the pathway and the
development of potentially anabolic compounds such as neutralizing antibodies for sclerostin
and Dickkopf-1 (Dkk-1) [46,47]. Although there is little doubt that the Wnt/B-catenin signaling
pathway plays an important role in the skeleton, the observation that the entire skeletal effects
of LRP5 are indirect and mediated by gut-derived 5-HT opposes the existing paradigm of its
role in directly activating osteoblastic Wnt/B-catenin signaling.

The initial motivation leading to the identification of the LRP5-5-HT—osteoblast pathway was
to better understand the skeletal role of LRP5. Bones from mice with a loss-of-function
mutation in Lrp5 (Lrp5~") exhibited a specific molecular signature of decreased expression
of genes associated with cell proliferation, but not osteoblast differentiation, bone matrix
deposition, or osteoclast differentiation [4]. As Lrp5~/~ bones reportedly had a paucity of
osteoblasts while ex vivo osteoblasts from Lrp5~/~ animals proliferated normally, it was
hypothesized that an extracellular signal not originating from osteoblasts contributed to the
reduced cell proliferation in Lrp5~~ bones (i.e. that LRP5 was influencing the skeleton
indirectly). Subsequent analyses found Tphl to be the most differentially expressed gene in
Lrp5~/~ bones, and that Lrp5~~ mice also had overexpression of Tph1 in the duodenum as well
as elevated circulating levels of 5-HT [4]. Establishing a link between the elevated 5-HT and
bone, 5-HT inhibited ex vivo proliferation of osteoblasts from both Lrp5~~ and wild-type mice,
and Lrp5~/~ mice fed a low-tryptophan diet or treated with an inhibitor of 5-HT synthesis
exhibited reduced circulating 5-HT levels and normalization of their skeletal phenotype [4].
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These combined findings provided preliminary evidence that elevated circulating 5-HT
contributed to the decreased bone formation and mass observed in Lrp5~~ mice.

To establish a more compelling link between LRP5, 5-HT and bone, transgenic mice with
either gut- or osteoblast-specific loss- or gain-of-function of Lrp5 were generated. This was
achieved by crossing mice harboring either a floxed loss- or gain-of-function allele of Lrp5
with either Villin (gut-specific) or collagen type 1 (osteoblast-specific) promoter-driven Cre
transgenic mice. Gut-specific deletion of Lrp5 recapitulated the high circulating 5-HT and
skeletal phenotype of Lrp5~~ mice, whereas osteoblast-specific deletion did not [4].
Conversely, overexpression of Lrp5 in the gut via the insertion of cDNA encoding the HBM
mutation of Lrp5 (G171V) decreased circulating 5-HT levels and generated a high bone mass
phenotype, whereas osteoblast-specific overexpression of Lrp5 did not [4]. These findings
support Lrp5 regulating bone formation indirectly via effects in the gut as opposed to via direct
effects on osteoblasts. Confirming 5-HT as the intermediary between gut LRP5 and the
skeleton, gut-specific deletion of Tph1 lowered circulating 5-HT and produced a high bone
mass phenotype, whereas osteoblast-specific deletion of Tphl did not [4].

For elevated circulating 5-HT to function as a hormone that directly inhibits bone formation it
must act on 5-HT receptors located on the cell surface membrane of osteoblasts. Three 5-HT
receptors were found to be expressed in osteoblasts—5-HT1g, 2a, and g [4]. Mice with either
global deletion of Htr2a or osteoblast-specific deletion of Htr2b did not display skeletal
phenotypes; however, the same was not true for mice with global or osteoblast-specific deletion
of at least one allele of the Htrlb gene [4]. These latter animals displayed a similar HBM
phenotype to mice with the HBM mutation of Lrp5 (G171V) in the gut, suggesting that the 5-
HT4p receptor mediates 5-HT effects in osteoblasts. This was confirmed in vitro with primary
osteoblasts from Htr2a and Htr2b null mutant mice responding similarly to 5-HT as osteoblasts
from wild-type animals, whereas osteoblasts from Htr1b null mutant mice were unresponsive
to 5-HT conditioned media [4]. Additional studies subsequently showed the transcriptional
mediator of 5-HT signaling in osteoblasts to be cCAMP response element binding (CREB)
protein, a transcription factor that can function as both a positive and negative regulator of gene
transcription. 5-HT binding to the 5-HT4g receptor was suggested to inhibit Creb expression
which in turn inhibited CycD1 expression and osteoblast proliferation [4].

Does gut-derived 5-HT completely explain the skeletal effects of LRP5?

The preceding body of work eloquently demonstrated the presence of a novel skeletal
regulatory pathway whereby LRP5 effects were mediated indirectly by gut-derived 5-HT (Fig.
4). As with all paradigm changing findings, this observation poses as many questions as it does
answers which will no doubt become the subject of substantial scientific scrutiny over the
coming years. In particular, the complete absence of a direct skeletal effect of LRP5 is likely
to be an area of intense debate and subsequent investigation, particularly considering that this
finding appears at odds with existing evidence.

Two independent groups have observed direct skeletal effects of gain-of-function mutations
in Lrp5 [48,49]. Babij et al. [48] overexpressed the human Lrp5 (G171V) gain-of-function
mutation in mouse osteoblasts using the 3.6-kb rat type-I collagen promoter. Transgenic mouse
lines overexpressing this mutation in osteoblasts were found to have a HBM phenotype
consistent with that observed in humans. These investigators also report that osteoblastic
overexpression of the wild-type receptor also conferred an increase in bone mass, though not
to the same degree as that induced by osteoblastic G171V overexpression. These observations
suggest LRP5 can have direct skeletal effects, though there are plausible explanations for this
disparate finding to Yadav et al. [4]. In particular, the genetic engineering strategies utilized
in the two sets of studies differed greatly. Babij et al. [48] created a transgenic that exhibited
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significantly elevated expression levels of the G171V cDNA. Conversely, Yadav et al. [4]
knocked in cDNA for the G171V mutation into the Lrp5 coding locus, so the endogenous
promoter specified proper physiologic levels and proper spatiotemporal distribution of the
receptor. The Yadav et al. [4] model was engineered with the benefit of having a floxed stop
sequence 5' of the cDNA, so that expression of the G171V allele could be activated in specific
tissues via Cre-mediated recombination. In light of these differences in mouse models, it is
possible that Lrp5 and its gain-of-function mutation only have direct skeletal effects when
present in overabundance, and not when expressed at physiological levels. Alternatively, the
discrepancy in the observations of Babij et al. [48] and Yadav et al. [4] may result from the
use of promoters targeting osteoblasts at different stages in their lineage. The 3.6-kb rat type-
I collagen promoter used by Babij et al. [48] is active in early mesenchymal progenitors,
including preosteoblasts and osteoblasts, while the 2.3-kb rat type-I collagen promoter used
by Yadav et al. [4] to activate the G171V allele is more restricted, showing expression in mature
osteoblasts and osteocytes. It is possible that Lrp5 signaling within the skeleton is essential at
early stages of the osteoblast lineage and that Yadav et al. [4] drove the Lrp5 gain-of-function
in osteoblasts only after it had exerted its early direct skeletal effects.

Another approach was taken by Warman and colleagues [49]. They used a similar strategy as
Yadav et al. [4] to knock-in the mouse Lrp5 G171V mutation (and also another HBM-causing
mutation, A214V), though some notable exceptions exist. Rather than knocking in the
G171V cDNA, Warman and colleagues [49] knocked in exons 3 and 4 (exon 3 houses the
G171V and A214V mutation), leaving those intronic regions and the remainder of the gene
intact (and untagged), with the exception of a floxed Neo cassette 5’ of exon 3. In stark contrast
to the findings of Yadav et al. [4], Warman and colleagues [49] demonstrated that mice carrying
single copies of the osteoblast-specific (using the Col2.3-Cre transgene) Lrp5 gain-of-function
mutations exhibited significantly increased femoral bone mass, compared to knock-in mice
not harboring the Col2.3-Cre transgene. Since Lrp5 expression was regulated by the
endogenous promoter sequence, the gain in bone mass observed by Warman’s group [49] was
unlikely to be the result of increased expression, but rather a direct result of expressing
physiologic levels of G171V or A214V mutations in osteoblasts. It is possible that Yadav et al.
[4] overlooked a skeletal phenotype in their mice carrying the HBM mutation of Lrp5
(G171V) as only one skeletal site (lumbar vertebrae) and one type of bone (trabecular bone)
was apparently assessed in their studies. Alternatively, the knock-in generated by Warman’s
group [49] was reported to have higher femoral trabecular bone mass, but no data on vertebral
bone mass have been reported.

The data of Yadav et al. [4] are also difficult to reconcile with the observed integral role of
LRP5 in skeletal mechanotransduction. Sawakami et al. [50] found the skeletal anabolic
response to mechanical loading to be completely blocked in Lrp5~~ mice. For this observation
to be mediated indirectly by gut-derived 5-HT it would require the loaded site to somehow
alter LRP5 signaling in the gut to modify circulating 5-HT levels. The altered level of
circulating 5-HT would then need to be transported back precisely to the loaded skeletal site
to inhibit the site-specific bone formation response that occurs with loading. This does not
seem feasible. Though, it is possible that Lrp5~~ mice have deficient mechanosensitivity
simply because of their elevated circulating 5-HT levels, with LRP5 not actually being involved
in mechanotransduction. This would require 5-HT to influence bone cell mechanosensitivity,
a hypothesis not supported by the observation that mice possessing a null mutation in the 5-
htt gene have no change in their ability to respond to mechanical stimuli [3]. Further, primary
osteoblasts isolated from Lrp5~/~ mice exhibit altered responses to fluid shear stress
(mechanical loading) indicating a direct skeletal role of LRP5 in mechanotransduction [50]. It
is possible that mechanical loading and other stimuli produce a local environment that promotes
direct rather than indirect skeletal effects of LRP5. This may explain why Sawakami et al.
[50] showed Lrp5~~ mice to have deficient osteoblast differentiation but not proliferation in
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response to mechanical loading, whereas the indirect skeletal effects of LRP5 in Yadav etal.’s
[4] animals resulted exclusively from changes in osteoblast proliferation.

The preceding evidence suggests LRP5 does have direct skeletal effects, in addition to the
indirect effects clearly demonstrated by Yadav et al. [4]. This is supported by clinical genome-
wide studies which consistently identify LRP5 as contributing to the heritable component of
bone mass whereas no 5-HT related genes have yet to be found [51-53]. Much further research
will be required before the direct and indirect effects of LRP5 are completely understood. In
addition, it is not yet possible to state that LRP5 is not a genuine co-receptor for Wnts in bone,
as suggested by Yadav et al. [4]. It has been shown that bone cells unresponsive to Wnt acquire
canonical Wnt responsiveness when transfected with LRP5 [43,54]. Similarly, these cells lose
their ability to respond to Wnt if transfected with an LRP5 mutant lacking the cytoplasmic C-
terminal tail, known to be required for intracellular transduction via Axin recruitment to the
plasma membrane. These studies demonstrate that LRP5 is a genuine Wnt receptor [55].

Is there more to know about skeletal 5-HT signaling?

In addition to clarifying the direct and indirect skeletal effects of LRP5, and whether LRP5 is
a genuine co-receptor for Wnits, the skeletal role of 5-HT requires much elaboration. 5-HT
clearly influences the skeleton; however, many questions remain. It remains unknown as to
how LRP5 affects Tph1l expression in EC cells of the gut, with there possibly being a yet to be
identified ligand for gut LRP5 mediating a currently unknown molecular pathway leading to
altered Tph1 expression. It also remains to be shown how 5-HT synthesized in the gut reaches
bone cells to activate 5-HT receptors. Yadav et al. [4] demonstrated 5-HT transport to be via
the CV system, as evident by elevated serum 5-HT levels. However, assessment of serum 5-
HT levels provides only a picture of whole-blood (intra- and extra-cellular) 5-HT levels. As
indicated earlier, most circulating 5-HT (>95%) is stored intracellularly in platelets in dense
granules. This sequestered 5-HT is unlikely to be the source for the skeletal effects of 5-HT as
it is typically released only following platelet activation which occurs during clotting. Instead,
the more likely source of skeletal 5-HT is the small amount (<5% of circulating 5-HT) in the
plasma. This 5-HT is extracellular enabling it to function as a hormone that binds with
osteoblastic 5-HT receptors. The influence of LRP5 on circulating platelet-free plasma levels
of 5-HT is currently unknown, and the consequences of LRP5-mediated elevation of circulating
5-HT on other peripheral 5-HT sensitive systems (including the Gl tract and CV system) also
requires consideration. Similarly, the initial motivating observation that Tph1 is the most
differentially expressed gene in Lrp5~/~ mice requires further exploration as this does not fit
with gut-derived 5-HT being the sole source of skeletal 5-HT, albeit the data obtained from
genetically manipulated animal models are convincing.

The skeletal effects of 5-HT were found to involve the osteoblastic 5-HTqg receptor, with
activation of this receptor leading to reduced bone formation via a decrease in osteoblast
proliferation [4]. This may be one mechanism by which 5-HT influences the skeleton, yet the
possibility for other mechanisms and effects of 5-HT exist. Others have shown the presence
and functionality of 5-HT signaling in osteoclastic- and osteocytic-like cells [15-17], and the
presence of 5-HT receptors other than 5-HTg in osteoblasts [2,15-19,22,29]. In particular,
Colletetal. [29] found global deletion of Htr2b in mice to cause a skeletal phenotype of reduced
bone mass and formation, with ex vivo cell cultures from these animals showing decreased
osteoblast proliferation, differentiation and osteogenic capacity. Yadav et al. [4] did not
observe a skeletal phenotype following osteoblast-specific deletion of Htr2b in their mice;
however, this contrasting finding may have resulted from the driving of Htr2b effects only in
mature osteoblasts and osteocytes, and not at earlier time points in the osteoblastic lineage.
The reduced proliferation of osteoblasts from animals lacking functional 5-HT,g receptors
observed by Collet et al. [29] suggests 5-HT activation of these receptors may have beneficial
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bone effects. Thus, it is possible that 5-HT has both anabolic and catabolic skeletal effects,
with the prevailing effect being determined by the extracellular concentration of 5-HT and the
respective 5-HT receptor/s activated. Yadav et al. [4] did not find a change in proliferation of
primary osteoblasts from Htr2b null mutant mice when treated with 5-HT; however, they
investigated the effect of a single 5-HT concentration (50 uM), a concentration up to 50,000
times greater than estimated in vivo platelet-free plasma 5-HT concentrations (1 nM) [56].
Investigation of a more physiological 5-HT concentration may have yielded a different result
as bone cell responses to 5-HT have been observed to be concentration dependent [2,17,19].

The negative skeletal effects of elevated circulating 5-HT also do not explain the negative
skeletal effects of SSRIs. Administration of a single-dose of an SSRI (fluoxetine) transiently
increases plasma 5-HT levels [56]; however, chronic administration of the same SSRI over 1-
2 weeks results in substantial reductions in both whole-blood and plasma 5-HT levels [56,
57]. Applying the findings of Yadav et al. [4], the reduction in circulating 5-HT with chronic
SSRI administration suggests these agents would lead to increased osteoblast proliferation and
bone formation, and a HBM phenotype. Preclinical and clinical studies indicate the opposite
and, thus, other explanations for the negative skeletal effects of SSRIs need to be explored.
One possible scenario is that SSRIs impact the skeleton by directly inhibiting the 5-HTT located
on bone cell membranes. This may increase local 5-HT levels, in spite of decreased circulating
5-HT, by reducing its removal from the bone cell microenvironment. Another possible scenario
is that inhibition of the 5-HTT induces skeletal effects via a yet to be identified central or
upstream peripheral effect. These hypotheses obviously require further exploration.

The skeletal influence of altered 5-HT levels in clinical populations also needs to be
investigated. Yadav et al. [4] provided preliminary data to suggest that patients with OPPG
and a HBM phenotype have elevated and decreased circulating 5-HT levels, respectively [4].
These data are consistent with their preclinical data; however, require confirmation due to the
investigation of very small sample sizes (OPPG, n=3; HBM, n=2) and the fact that both patients
and controls had circulating 5-HT levels within the normal expected clinical range. In addition,
there is a need to explore skeletal status in clinical conditions wherein circulating 5-HT levels
are altered. One such condition is carcinoid syndrome which results from Gl tract tumors
(‘carcinoids”) producing extremely high circulating levels of 5-HT [58].

Mounting evidence supports 5-HT as an important regulatory compound in bone, with the most
conclusive data being recently provided by the eloquent work of Yadav et al. [4]. They clearly
demonstrated the existence of a novel regulatory pathway whereby gut-derived 5-HT mediated
the complete skeletal effects of LRP5. The overwhelming evidence leaves little doubt as to
whether LRP5 has indirect skeletal effects; however, many questions remain in relation to the
LRP5-5-HT-osteoblast pathway (Fig. 5). In particular, important questions remain regarding
whether LRPS5 also has direct skeletal effects and whether these effects are mediated by the
Whnt/B-catenin pathway. Irrespective of the outcome of future studies investigating the direct
skeletal effects of LRP5, targeting of components of the Wnt/p-catenin pathway appears
promising for bone anabolism. Whether targeting of 5-HT signaling can also be developed as
an intervention for bone, without compromise to other 5-HT sensitive systems, will be
determined with further work. One starting point may be the investigation of orally-active,
peripheral-specific inhibitors of Tph1 [59,60]. These agents selectively inhibit 5-HT synthesis
in the periphery as they are unable to cross the blood-brain barrier and, based on the work of
Yadav et al. [4], should be potently anabolic within the skeleton. Similarly, further work is
required to establish the full skeletal effects of agents currently being used to modulate 5-HT
signaling for the management of conditions in other systems. This includes the clinically
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popular SSRIs which inhibit the 5-HTT for the management of major depressive disorder and
other affective conditions.
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Figure 1.

A) 5-hydroxytryptamine (5-HT) signaling within the central nervous system. 5-HT is
synthesized by presynaptic neurons and stored in vesicles. Vesicles bind with the cell
membrane following a stimulus to release 5-HT into the synaptic cleft via exocytosis. Released
5-HT activates post-synaptic receptors to stimulate the post-synaptic neuron. Membrane-
bound 5-HT transporters (5-HTT) uptake released 5-HT to control the duration of 5-HT effects
and recycle or degrade 5-HT. B) The effects of 5-HTT inhibition using a selective serotonin
reuptake inhibitor (SSRI) on 5-HT signaling. Inhibition of the 5-HTT prevents uptake of 5-HT
from resulting in its accumulation within the synaptic cleft and the prolonging receptor
activation.
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Figure 2.

Gene-mediated inhibition of the 5-hydroxytryptamine transporter (5-HTT) reduces: A)
trabecular bone volume fraction (bone volume [BV]/total volume [TV]) within the distal femur
of young (four-week-old) and adult (19-week-old) mice; B) femoral midshaft periosteal (Ps.S)
and endosteal (Ec.S) surface bone formation (bone formation rate normalized for bone surface
[BFR/BS]) in young (four-week-old) mice, and; C) cranial ectocranial (Et.S) and endocranial
(Ed.S) surface BFR/BS in young (four-week-old) mice. 5-HTT*/* = wild-type control mice;
5-HTT~/~ = mice with null mutation in the 5-htt gene; M = male; F = female. Scale bars = 1
mm, 100 pm and 200 pm in A), B) and C) respectively. Error bars show mean + SD. *Indicates
P < 0.05 for genotype main effect, as determined by 2-way factorial ANOVA (genotype X sex).
There were no significant genotype x sex interactions (all P > 0.05). Reproduced with
permission of The Endocrine Society (©2005) from Warden et al. [3].
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Figure 3.

Elements of Wnt/B-catenin signaling. A) Lack of Wnt signaling (i.e. via soluble Frizzled related
protein [sFrp] antagonism of Wnt, Dickkopf [Dkk] antagonism of low-density lipoprotein
receptor-related protein 5/6 [Lrp5/6], or other means) permits stabilization of the Axin-
adenomatosis polyposis coli (Apc) complex, which facilitates phosphorylation of B-catenin by
glycogen synthase kinase 3 (Gsk3) and casein kinase 1 (Ck1). Phosphorylated p-catenin is
subsequently ubiquitin-tagged (Ub) by B-Trcp for proteosome degradation, and consequently
does not accumulate in the cytoplasm in sufficient quantities to allow translocation to the
nucleus. The Tcf/Lef 1 transcription factor requires B-catenin binding to initiate gene
transcription. B) Activated Wnt signaling occurs through Wnt binding and complexing of
Lrp5/6 with Frizzled. Formation of the trimeric receptor-ligand complex induces degradation
of the Axin complex through phosphorylated Dishevelled (Dsh) signaling. Loss of the p-
catenin phosphorylation machinery allows p-catenin to remain stable (unphosphorylated) and
accumulate in the cytoplasm, to the point where translocation to the nucleus occurs and gene
transcription is initiated.
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Figure 4.

Schematic of the low-density lipoprotein receptor-related protein 5 (LRP5)-5-
hydroxytryptamine (5-HT)-osteoblast pathway observed by Yadav et al. [4]. LRP5 was
inhibitory of tryptophan hydroxylase 1 (Tphl) expression and resultant 5-HT synthesis in
enterochromaffin cells in the gut, but had no direct effect on osteoblasts. A reduction in gut
LRP5 increased Tphl expression and 5-HT synthesis resulting in an increase in circulating 5-
HT levels. Binding of 5-HT to osteoblastic 5-HT1g receptors resulted in a reduction in cAMP
response element binding (CREB) protein expression contributing to a reduction in osteoblast
proliferation and bone formation.
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Figure 5.

Unanswered questions regarding the low-density lipoprotein receptor-related protein 5 (LRP5)
—5-hydroxytryptamine (5-HT)—osteoblast pathway.

1) What is the ligand for LRP5 within enterochromaffin cells?

2) What is the molecular pathway between LRP5 and tryptophan hydroxylase 1 (Tph1) within
enterochromaffin cells?

3) Does LRP5-mediated 5-HT synthesis by enterochromaffin cells have any local effects on
the gastrointestinal (GI) tract?

4) How are LRP5-mediated changes in circulating 5-HT levels transported to bone cells (i.e.
is it sequestered in platelets or free within the plasma)?

5) What effect does LRP5-mediated changes in circulating 5-HT levels have on other peripheral
5-HT sensitive systems, including heart valves and the pulmonary circulation?

6) Does activation of the 5-HT4g receptor completely explain the skeletal effects of 5-HT or
are other 5-HT receptors involved depending on the prevailing conditions?

7) Does 5-HT solely influence osteoblast proliferation or does it also influence differentiation
depending on the prevailing conditions?

8) Are there direct skeletal effects of LRP5 under alternative conditions (i.e. at different stages
within the osteoblastic lineage or during mechanical loading)?

9) What is the role of the osteoblastic 5-HT transporter (5-HTT) in regulating the skeletal
effects of gut-derived 5-HT?

10) Does the LRP5-mediated change in circulating 5-HT levels influence the functional 5-HT
pathways observed in osteoclasts?
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