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Abstract
The homeostatic nature of bone remodeling has become a notion further supported lately by the
demonstration that neuropeptides and their receptors regulate osteoblast and osteoclast function in
vivo. Following initial studies reporting the presence of nerves and nerve-derived products within
the bone micro-environment and the expression of receptors for these neuropeptides in bone cells,
new experimental and mechanistic evidence based on in vivo murine genetic and pharmacologic
models recently demonstrated that inputs from the central and peripheral nervous system feed into
the already complex regulatory machinery controlling bone remodeling. The function of a number
of “osteo-neuromediators” has been characterized, including norepinephrine and the beta 2-
adrenergic receptor, Neuropeptide Y and the Y1 and Y2 receptors, endocannabinoids and the CB1
and CB2 receptors, as well as dopamine, serotonin and their receptors and transporters, Calcitonin
gene-related peptide, and neuronal NOS. This new body of evidence suggests that neurons in the
central nervous system integrate clues from the internal and external milieux, such as energy
homeostasis, glycemia or reproductive signals, with the regulation of bone remodeling. The next
major tasks in this new area of bone biology will be to understand, at the molecular level, the
mechanisms by which common central neural systems regulate and integrate these major
physiological functions, the relative importance of the central and peripheral actions of neuropeptides
present in both compartments and their relationship, and how bone cells signal back to central centers,
because the definition of a homeostatic function implies the existence of feedback signals. Together,
these findings shed a new light on the complexity of the mechanisms regulating bone remodeling
and uncovered new potential therapeutic strategies for the design of bone anabolic treatments. This
review summarizes the latest advances in this area, focusing on investigations based on in vivo animal
studies.
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The central nervous system restrains bone formation
It is the association between body weight and bone density as well as the association between
loss of gonadal function and osteoporosis that initially pointed to the putative existence of a
common factor regulating body weight, reproduction and bone mass. Based on the knowledge
that the adipocyte-derived hormone leptin regulates major physiological functions, including
body weight and reproduction, via the hypothalamus and its receptor ObRb, it was
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hypothesized by Dr Karsenty’s group that leptin could be one of such factor. Importantly, this
hypothesis implied that bone remodeling could be under the control of central center(s), in
agreement with its homeostatic nature, and led to the original concept that the central nervous
system (CNS) could regulate bone remodeling.

The finding that leptin-deficient mice (the ob/ob mice) have a high bone mass in spite of their
hypogonadism and hypercorticosteronemia was the first evidence supporting this concept, and
suggested that leptin is a potent inhibitor of bone formation in vivo, possibly acting via a central
relay. However, the existence of multiple metabolic abnormalities in this mouse model made
it difficult, if not impossible experimentally, to dissect the exact mechanism whereby bone
mass was increased [1-3]. The similar high bone mass phenotype observed in several
lipodystrophic mouse models, characterized by absent or low serum leptin level and normal
body weight, however further supported the predominant inhibitory effect of leptin on bone
formation [4,5].

One of the most convincing data demonstrating the existence of a central locus for the
regulation of bone formation at that point was the rescue of the high bone mass of the ob/ob
mice by intra-cerebro-ventricular (icv) infusion of leptin. Indeed, providing minute amounts
of leptin in the hypothalamic region of these mice via micro-osmotic pumps and without
detectable leakage in the blood stream for 28 days resulted in a significant decrease in bone
mass and bone formation, to a level similar to their wild type (WT) ob/ob littermates [6]. This
result was further strengthened by the observation that a) destruction of ObRb-positive
hypothalamic neurons in WT mice by gold thio-glucose recapitulated the high bone mass
phenotype of the leptin-deficient mice and b) that these lesioned mice were no longer
responsive to the anti-osteogenic effect of icv leptin, [7]. GTG-lesionned mice were however
still responsive to leptin’s anorexigenic effect, in agreement with the integrity of arcuate
neurons in this model, indicating that leptin-induced bone loss was not due to starvation.
Leptin’s use of a central relay for regulating bone mass was then demonstrated in rats and sheep
by similar means [6,8,9].

Leptin inhibits the expression of the orexigenic peptide Neuropeptide Y (NPY) in arcuate
neurons, however icv infusion of NPY to WT mice inhibited bone formation in a similar manner
to leptin, suggesting that NPY’s induction in ob/ob mice does not contribute to their high bone
mass phenotype [6]. NPY acts through at least 5 Y-receptors (Y1, Y2, Y4, Y5 and Y6). All of
these receptors are expressed in the hypothalamus and several respond to other ligands,
including peptide YY and pancreatic polypeptide (PP), which makes the mechanistic dissection
of NPY-ergic signaling difficult. A high percentage of arcuate NPY-positive neurons however
co-express the Y2 receptor, whose germline deletion leads to increased osteoblast activity and
a high bone mass phenotype, suggesting that central Y2 receptor inhibits bone formation
[10]. Confirming the existence of a tonic inhibition of bone formation exerted by hypothalamic
neurons, conditional hypothalamic Y2 receptor deletion recapitulated the bone phenotype of
germline mutant mice. In contrast to Y2 receptor-deficient mice, Y4 receptor deletion and
overexpression of the Y4 receptor ligand PP in transgenic mice did not affect bone mass [11].

Neuromedin U (NMU) is another neuropeptide expressed in hypothalamic neurons and in the
small intestine, whose expression is regulated by leptin centrally. Its functions include the
regulation of appetite and sympathetic activation [12], as demonstrated by the obesity of NMU-
deficient mice [13] but also the regulation of bone mass. Mice deficient for NMU indeed display
a high bone mass phenotype caused by an increase in bone formation [14], and several
observations concurred to demonstrate that NMU acts via a central relay: 1) the receptors for
NMU, NMU1R and NMU2R, are not detectable in bone, 2) NMU treatment has no direct effect
on osteoblast differentiation in vitro, 3) NMU2R is expressed in hypothalamic neurons and
most importantly 4) the high bone mass of NMU-deficient mice can be rescued by NMU icv
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infusion. The fact that NMU icv infusion could decrease the high bone mass of leptin-deficient
mice indicated that NMU acts downstream of leptin to regulate bone formation. Most
interestingly, NMU-deficient mice were resistant to the anti-osteogenic effect of leptin and
beta-adrenergic receptor agonists. Furthermore, osteoblast number paradoxically increased in
NMU-deficient mice treated by leptin icv, as observed in mice deficient for several circadian
clock genes, suggesting that NMU regulates circadian gene function in osteoblasts (see below).
In support of this hypothesis, expression of Per genes was arrhythmic and down-regulated in
NMU-deficient bones compared to WT bones. These findings, all based on mutant animal
models and in vivo studies, thus identified the Y2-receptor and NMUR2 as two major central
neuronal system, both regulated by leptin, inhibiting bone formation (Figure 1).

The sympathetic nervous system links leptin-responsive hypothalamic
neurons to osteoblasts

How can neurons located in the hypothalamus regulate the activity of osteoblasts residing in
the bone microenvironment? Obviously, two main pathways come to mind: a humoral and/or
a neuronal one. The existence of a humoral pathway was partly ruled out by parabiosis
experiments performed between ob/ob mouse pairs [7]. In this experimental system, the blood
circulation of two ob/ob mice was linked and one mouse of each pair received either PBS or
leptin icv. It was found that only in the mouse receiving leptin icv, not the contra-lateral partner,
lost bone, suggesting that the link between leptin-responsive hypothalamic neurons and
osteoblasts was neuronal rather than humoral. A number of additional observations
strengthened this conclusion: first, ob/ob mice have a high bone mass phenotype that is
accompanied by a low sympathetic tone, which may contribute to it [6]; second, electrical
stimulation of ventromedial hypothalamic (VMH) neurons [15] and leptin injection in the
VMH area results in enhanced sympathetic tone [16]; additionally, bones are innervated, as
evidenced by immunological reactivity to various neuropeptides ([17] for review), and linked
by nerves to the CNS as evidenced by retrograde neuronal labeling [18]. Finally, primary
osteoblasts express a functional beta2-adrenergic receptor (β2AR) but none of the other post-
synaptic adrenergic receptors [7], suggesting that osteoblasts are receptive to sympathetic tone
in vivo.

The availability of various genetic mouse models with autonomic dysfunctions as well as the
use of pharmacological approaches have been instrumental to demonstrate the existence of a
neuronal pathway between hypothalamic neurons and osteoblasts in vivo. Lack of Dopamine
beta-hydroxylase (Dbh), the enzyme generating norepinephrine (NE), induced a late onset
increase in bone mass [7]. In agreement with this result, mice and rats treated with the non-
selective beta-adrenergic blocker propranolol exhibited an increased bone mass, whereas mice
treated with the non-selective beta-agonist isoproterenol or the β2AR selective agonists
clenbuterol or salbutamol exhibited a low bone mass [7,19]. Together, these results
demonstrated that the sympathetic nervous system controls bone formation via βAR in
osteoblasts in vivo. The presence of multiple types of nerves within the bone microenvironment
and periosteum however suggested that additional neuropeptides and receptors might be
involved in the regulation of bone remodeling. Similarly, the expression of neuropeptide
receptors in other cells than osteoblasts within the bone microenvironment suggested that
neuronal signaling may regulate bone remodeling indirectly, via cell lineages such as
osteoclasts, adipocytes or immune cells. The generation of conditional cell-specific know-out
mice for these receptors, including the b2AR, will be critical to address these questions.

The growing family of peripheral osteo-neuromediators
The expression of the β2AR on osteoblasts and the effect of βAR agonists and antagonists on
bone formation in vivo strongly suggested that sympathetic signaling targeted βAR on
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osteoblasts (57). Supporting these results, genetic disruption of the β2AR gene (Adrb2), (but
not Adrβ1), as well as lack of adenylyl cyclase 5, a downstream mediator of β2AR signaling,
both led to a high bone mass phenotype [20,21]. Importantly, this high bone mass was observed
in absence of endocrine and metabolic abnormalities, as opposed to what was observed in the
ob/ob or Dbh-/- mice. These results thus demonstrated that sympathetic signaling inhibits bone
formation via β2AR on osteoblasts, and that the high bone mass of the ob/ob mice is at least
in part caused by their low sympathetic tone. Furthermore, the fact that leptin icv infusion failed
to decrease bone mass in β2AR-deficient mice demonstrated not only that the sympathetic
nervous system (SNS), via β2AR, mediates leptin inhibition of bone formation, but also that
there is no other mediator of this function. The mechanism whereby this anti-osteogenic
function of the SNS occurs does not seem to involve osteoblast apoptosis but rather an
inhibition of osteoblast proliferation and function, since bone formation rate, osteoblast number
and mineralized surfaces were decreased in isoproterenol-treated mice and increased in β2AR-
deficient and propranolol-treated mice [7,20]. Further studies demonstrated that peripheral
circadian genes that make up the molecular clock, including Per and Cry genes, mediate the
effect of the SNS on osteoblast proliferation [22]. Although originally motivated by the
predominant role of central circadian genes on multiple homeostatic functions (potentially
including the regulation of bone remodeling), these studies revealed that osteoblasts express
peripheral subordinate circadian genes that mediate leptin-dependent sympathetic inhibition
of bone formation, by suppressing the expression of G1 cyclins and thereby proliferation. The
studies also revealed that leptin-dependent sympathetic signaling exerts a countervailing
stimulatory effect on osteoblast proliferation through the AP-1 family of transcription factors
[22], possibly providing a mechanism to restrict proliferative activity to specific times of the
day (Figure 1). The involvement of circadian genes in the regulation of bone remodeling is in
agreement with the known daily variation in bone marrow cell proliferation, collagen synthesis
and turnover markers [23,24].

Recent independent studies indicated that endocannabinoids, such as 2-arachidonoylglycerol
(2-AG), regulate of bone homeostasis by modulating adrenergic signaling. Endocannabinoids
signal via the seven–transmembrane domain CB1 and CB2 receptors, are highly expressed in
the CNS, and their production is promoted by Traumatic Brain Injury (TBI) [25-27]. CB1 is
expressed in the CNS and the peripheral nervous system (PNS) and accounts for most of the
CNS actions of cannabinoid drugs and endocannabinoids. Two lines of CB1-deficient mice
have been generated on different mouse genetic backgrounds, with different gene deletion
strategies. Mice on a C57BL6 background displayed a low bone mass phenotype caused by a
decrease in bone formation [28], whereas mice on a CD1 background displayed the opposite
phenotype [29]. Although the reason for these apparent opposite phenotypes is unresolved, the
fact that CB1 signaling inhibits NE release by sympathetic neurons [30,31] suggested that the
low bone mass of CB1-deficient mice on a C57BL6 background may at least in part be due to
increased NE signaling, caused by the absence of CB1 on pre-synaptic nerve terminals. This
hypothesis was verified by the increase in 2-AG and decrease in NE level measured in
peripheral bone formation sites induced by TBI [32]. This effect was blunted by CB1 deficiency
and mimicked by 2-AG administration in WT mice. These studies strongly suggest that
activation of CB1 by 2-AG regulates sympathetic signaling at the pre-synaptic level in bone
nerve endings by reducing NE release and inhibiting the anti-osteogenic function of the SNS
(Figure 1).

On the other hand, CB2 is mainly expressed in peripheral tissues, including osteoblasts,
osteocytes and osteoclasts. Mice lacking CB2 display an accelerated age-related bone loss
caused by a high turnover state. These results are supported by human genetic association
studies linking CNR2 and reduced bone mass in women [33,34]. In vitro pharmacological
experiments have demonstrated a direct activation of CB2 in osteoclasts. The fact that CB2
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agonists, that are not psycho-active, attenuate ovariectomy-induced bone loss in mice suggests
that these compounds might be adapted for the treatment of low bone mass diseases [35].

Data regarding NPY-ergic inhibition of bone formation pointed to a mechanism by which
neural Y2 receptor signaling inhibits bone formation by reducing the pool of bone
mesenchymal progenitors, which may be mediated by the Y1 receptor and NPY. Indeed, the
Y2 receptor was not detected in osteoblast progenitors, but the pool of osteoblast progenitors
was increased in the bone marrow from Y2 receptor-deficient mice compared to WT
littermates, leading to greater bone nodule formation in vitro and likely the cause of the increase
in bone mass in vivo [36]. The presence of NPY within the bone micro-environment and the
various effects of NPY on osteoblastic cells in vitro suggested the existence of Y receptors on
these cells [37,38]. The Y1 receptor, but not Y2, was found highly expressed in bone marrow
stromal cells and most importantly its expression was down-regulated in Y2 receptor-deficient
mice. Together with the increase in bone mineral density observed in Y1 receptor-deficient
mice, the absence of a bone phenotype in mice lacking the Y1 receptor specifically in the
hypothalamus, and the reduction in bone marrow cell number following in vitro treatment by
NPY, these observations led to the conclusion that central Y2 receptor signaling down-
regulates peripheral Y1 receptor expression or signaling in bone marrow stromal cells via a
NPY-ergic sympathetic neuronal pathway (Figure 1).

Do hypothalamic neurons regulate bone resorption?
A closer look at the β2AR-deficient mice revealed a defect of osteoclastogenesis, suggesting
that the other arm of bone remodeling. i.e. bone resorption, is also regulated by the SNS and
possibly hypothalamic centers. Although osteoclasts express β2AR [39], the in vivo effect of
the SNS on osteoclastogenesis was demonstrated to be mostly indirect and mediated by
osteoblasts, via β2AR and stimulation of the expression of the main osteoclast-differentiating
factor, Receptor Activator of NF-κB Ligand (RANKL) [20]. In these studies, a crucial
determinant of osteoblast differentiation, namely the transcription factor ATF4 [40], was
identified as a transcriptional target of β2AR signaling in osteoblasts and as a necessary factor
for the β2AR-mediated increase in Rankl expression [20]. ATF4 is indeed phosphorylated by
PKA following β2AR stimulation by NE or isoproterenol, and directly binds to the Rankl
promoter to activate Rankl gene transcription. Accordingly, in an osteoblast/osteoclast co-
culture assay, isoproterenol treatment of WT osteoblasts stimulated the differentiation of
osteoclast precursors isolated from both WT and Adrβ2-deficient mice. This effect was blocked
when Adrβ2-deficient osteoblasts were used, indicating that the main effect of the SNS on
osteoclastogenesis requires osteoblasts and the β2AR. In vivo, leptin icv infusion did not rescue
the bone resorption defect of the β2AR-deficient mice, indicating that leptin regulates
osteoclastogenesis via the SNS and β2AR [20].

Another observation from the β2AR-deficient mice led to the identification of an additional
central pathway regulating bone resorption. Absence of leptin in ob/ob mice increases
osteoblast proliferation and function and thus bone formation, but also leads to an increase in
osteoclast number, which was assumed to be secondary to the hypogonadism caused by the
absence of this hormone. When β2AR-deficient mice were subjected to gonadectomy, it was
expected that these mice should “phenocopy” the ob/ob mice in terms of bone remodeling
because they lack both sympathetic tone and gonadal function. This procedure that increases
osteoclast number and decreases bone mass in WT mice did not have this effect in β2AR-
deficient mice. This indicated that gonadal failure-induced bone loss is blunted by the absence
of sympathetic responsiveness and that the increase in bone resorption observed in the ob/ob
mice is not only due to their hypogonadism, otherwise β2AR-deficient mice would have a
similar increase in bone resorption parameters. The ob/ob mice can be distinguished from
β2AR-deficient mice by their obesity and by a decrease in hypothalamic Cart expression,
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pointing to CART as a potential CNS candidate that might regulate bone resorption. CART is
a neuropeptide broadly expressed in the CNS, including hypothalamic neurons, as well as in
peripheral tissues such as the pancreas [41]. Supporting a crucial role of CART in the regulation
of bone resorption, animal models characterized by absent, low or high hypothalamic Cart
expression showed significant bone phenotypes: eugonadal Cart-deficient mice displayed a
low bone mass phenotype caused by increased osteoclastogenesis and bone resorption [20],
low Cart expression in ob/ob mice accompanied the increased bone resorption observed in
these mice, whereas increased hypothalamic Cart expression in obese and hyper-leptinemic
mice deficient for melanocortin receptor 4 (Mcr4) correlated with their low bone resorption
and high bone mass [20]. Furthermore, lack of one copy of Cart in Mc4r-deficient mice rescued
their resorption phenotype, indicating that Cart increased hypothalamic level in Mc4r-deficient
mice causes their high bone mass phenotype [42]. Importantly, this CART-mediated regulatory
loop of bone resorption may be conserved in humans as individuals lacking MC4R have
increased CART serum levels and increased bone mineral density (BMD), associated with
decreased bone resorption [20,42,43]. The molecular mode of action of CART on bone
resorption remains to be defined and may involve the SNS or an independent neuroendocrine
pathway, but ultimately involves RANKL since Cart-deficient bone expressed a higher level
of Rankl than WT bones (Figure 1) [20]. In conclusion, osteoclastogenesis and bone resorption
appear to be under the control of neural mediators like bone formation, but in each case
identified so far is dependent on osteoblasts and RANKL expression.

Correlation with human diseases and treatments
Several clinical observations support the existence of a central and neuronal control of bone
formation in humans. As mentioned above, the lower risk of fracture and increased BMD in
obese patients, as well as the bone loss that invariably follows gonadal deficiency, were the
first clues suggesting the existence of a common link between the regulation of reproduction,
body weight and bone remodeling. This original observation implied from its inception that
the regulation of bone remodeling, like the regulation of reproduction and body weight, could
be orchestrated by the central nervous system. The work summarized above demonstrated this
concept in various animal models [6,7,10,14,20]. However, the increased BMD and decreased
fracture risk associated with obesity in patients is counter-intuitive based on these results that
demonstrated that high leptin level reduces bone mass. This paradoxical observation may be
explained by the notion of leptin resistance, which invokes that leptin level above a critical
threshold creates a state of resistance to the hormone. This explanation has been used to explain
why obesity is associated with high leptin serum levels and may hold true to explain the
increased bone density in obese patients, who may be in a state of low leptin responsiveness
centrally.

Activation of sympathetic signaling by stress is associated with low BMD in humans and
animal models [44-47]. Furthermore, reflex sympathetic dystrophy is characterized by a
localized increase in sympathetic tone and bone loss [48]. These clinical observations suggest
that the anti-osteogenic function of sympathetic signaling is conserved from mice to humans,
and the obvious implication of these results is that beta-blockers might be used as bone anabolic
and anti-catabolic drugs. This hypothesis has been verified with propranolol-treated and β2AR-
deficient mice that displayed resistance to ovariectomy-induced bone loss [7,20]. The
availability of millions of women treated with beta-blockers for hypertension allowed a number
of retrospective studies to be performed. Overall, the majority of these studies uncovered a
lower risk of fracture associated with the use of beta-blockers [49-53]; however a few of them
did not detect any effect, and the predominance of β1-selective antagonists used point to a
β1AR mediated effect in contrast to the β2AR-mediated effect in mice [54-57]. Recent
prospective studies supported a reduced fracture risk and increased BMD in beta-blocker users
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[58,59], but human data are still unclear and more efforts are required before beta-blockers can
be considered for the treatment of low bone mass diseases.

More complexity to come
A number of additional nerve-derived peptides are likely to augment the growing list of the
molecules regulating bone remodeling. For instance, unlike eNOS and iNOS, which are both
expressed in and modulate osteoblasts, neuronal NOS (nNOS) is not detected in osteoblasts
but is highly expressed in the CNS [60]. Osteoblasts purified from nNOS-deficient mice do
not show any proliferation and differentiation defects, however nNOS-deficient mice display
a high bone mass phenotype [61]. These results thus identify central nNOS as another potential
negative regulator of bone remodeling.

Similarly, a number of studies suggested that glutamate signaling might be involved in the
regulation of bone homeostasis, based on the expression of the glutamate signaling machinery
in bone cells and on the presence of glutaminergic nerves in bones [62-67]. Conditional KO
mouse models should soon bring further support to the numerous in vitro results accumulated
in this area.

Bioactive amines such as dopamine and serotonin may be involved as well. Indeed, dopamine
transporter (Dat)-deficient mice display a low bone mass phenotype [68,69], however the
mechanism whereby dopamine reuptake affects bone mass is unclear so far. On the other hand,
rats treated with serotonin have increased BMD [70] and lack of the serotonin transporter (5-
HTT) [71] or serotonin receptor (5-HTR) [72] in mice induces a low bone mass phenotype due
to a decrease in bone formation. Pharmacological inhibition of serotonin reuptake by selective
serotonin reuptake inhibitors (SSRIs) had the same effect with the notable exception of
fluoxetine that induced opposite phenotype in two independent studies [71,73]. Available data
point to a cell autonomous effect of serotonin signaling in osteoclasts and osteoblast [72,74,
75].

Calcitonin gene-related peptide (CGRP) secreted by nerve terminals is an additional neural
factor that may modulate osteoblasts biology by a direct mechanism. CGRP is made by cells
of the central and peripheral nervous system and binds a receptor expressed by osteoblasts
[76]. CGRP provokes intracellular signaling events in osteoblasts [77-79] and stimulates their
proliferation [80], the synthesis of growth factors and cytokines, collagen synthesis and bone
formation [81]. CGRP also increases the number of bone colonies formed from bone marrow
stromal cells in vitro and induces bone morphogenetic protein 2 (Bmp2) expression in cells
isolated from human pulpal explants [82-84]. CGRP may also function as an autocrine factor
since it is expressed by osteoblasts as well [85,86]. In agreement with this hypothesis,
transgenic mice overexpressing CGRP in differentiated osteoblasts display an increase in bone
volume due to an increase in the rate of bone formation [87]. In addition, injection of CGRP
to rats partially protects them from gonadectomy-induced bone loss [88], while mice deficient
for Cgrp are mildly osteopenic due to a decrease in bone formation [89]. Regardless of its
origin, these results suggest that CGRP acts as an anabolic factor for bone. Whether the elevated
autonomic tone of Cgrp-deficient mice contributes to their osteopenia is yet unknown [90].
CGRP-containing fibers have also been shown to contact osteoclasts within the bone micro-
environment, suggesting that CGRP may also control osteoclast differentiation or function
[91,92]. Supporting this hypothesis, CGRP inhibits bone resorption in vitro [93-96]. However,
no bone resorption abnormalities have been observed in Cgrp -deficient mice [89].

The density of bone innervation is an anatomical feature that may also contribute to the regional
differences of the mode of action of neuropeptides. This is illustrated by the increased vertebral
trabecular bone mass but reduced cortical thickness and femoral trabecular bone mass of the
ob/ob mice, which may be explained by a differential innervation of axial and appendicular
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bones, and/or by a differential bone marrow composition, as suggested by the high adiposity
of ob/ob femurs versus ob/ob vertebrae [97,98].

Lastly, it is interesting to note that molecules known to be important for neuron biology,
including ephrins, semaphorins and neurotrophins have recently been shown to be involved in
bone cell biology [99-102]. Experimental manipulations of gene gain- and loss-of-function,
specifically in the CNS versus bone cells, will be essential to further demonstrate the in vivo
relevance of these nerve-derived factors on bone remodeling.

Conclusions
The existence of a neural arm regulating bone remodeling has now been demonstrated by a
number of in vivo animal studies. The neuronal circuitry regulating this process, especially in
the CNS, is however still quite obscure and characterizing it lies as a major challenge ahead
of us. The complexity of this regulatory system obviously stems from its homeostatic and
central nature and dissecting out the intricate mechanisms whereby the many homeostatic
functions controlled by the hypothalamus are integrated with bone remodeling will take some
more time and efforts. The use of conditional mouse mutants with cell-specific gene
inactivation and inducible systems, as well as multi-disciplinary investigations, will be required
to elucidate in greater details the mechanisms in play. Importantly, conservation of function
between murine models and human pathophysiology will have to be demonstrated, using either
clinical studies with pharmacological approaches or errors from Nature, i.e. genetic diseases
involving neuromediators and bone abnormalities. From a therapeutic point of view, these
studies uncovered novel targets from which pharmacological approaches will be based on to
treat low bone mass diseases. The complexity of this hypothalamic regulatory arm of bone
remodeling and its central and homeostatic nature will make it quite difficult to intervene
centrally, but the identification of downstream peripheral osteo-neuromediators will likely be
more appropriate for therapeutic interventions. Lastly, like in every physiological system, there
must exist a negative feedback loop between bone cells and CNS centers, which can be direct
or indirect. Osteoblasts and osteocytes are already known to release factors in the circulation
(e.g. Osteocalcin, Fibroblast Growth Factor 23) that affect the function of distant organs such
as the pancreas, adipose tissue and kidney [103,104]. A link, direct or indirect, to the CNS is
still lacking, and the path to characterizing it is exciting, but challenging.
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Figure 1. Neuropeptides in the CNS regulate peripheral bone cell biology via the SNS and likely
other neuroendocrine mechanisms
Simplified illustration of the major neuropeptides, and their connections, demonstrated to
regulate bone remodeling. MSC: mesenchymal stem cell. ?: unknown.
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