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Abstract. An increasing number of studies suggest that
nerve-derived signals play an important role in the regu-
lation of bone remodeling. Neuropeptides and receptors/
transporters of adrenergic, glutaminergic, serotoninergic,
dopaminergic and sensory nature have been described
in osteoblasts in vitro. Downstream signaling pathways
and targets genes have been identified, but the in vivo
relevance of these findings remained controversial until
more recent gene gain and loss of function studies con-

firmed the role of CGRP and f32-adrenergic receptor sig-
naling in osteoblasts. Tissue and time-conditional mutant
mice originally generated for studies unrelated to bone
are now available tools to determine the role of neuronal
signaling in bone and to dissociate the central and pe-
ripheral role of these signals. Lastly, understanding how
the central nervous system integrates homeostatic signals
with the regulation of bone homeostasis will be the next
exciting subject of research in the field.
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Introduction

The skeleton is composed of more than 200 bones spread
out throughout the body. Bone elements are formed from
mesenchymal condensations during embryonic devel-
opment and progressively get their shape and complex
assemblage through patterning. During the process of
endochondral ossification in long bones, a cartilaginous
template mostly made of chondrocytes is formed and is
then progressively replaced by a bony tissue, a process
involving vascular invasion and the action of osteoclasts
and osteoblasts [1-3]. Osteoclasts are multinucleated
cells of monocyte origin whose function is to degrade
calcified bone tissue through a proteolytic process [4, 5].
Osteoblasts are cells of mesodermal origin whose main
function is to secrete a collagen-rich extracellular matrix
that will eventually become mineralized, exclusively in
bone [6]. Beyond development, bone is still a physiologi-
cally active and reactive tissue responding to hormonal,
paracrine/autocrine and mechanical signals necessary to

release minerals in the blood stream and to adapt to physi-
ological and mechanical demands such as pregnancy and
exercise. This responsiveness of bones is accomplished
by the action of both osteoclasts and osteoblasts through
the process of bone remodeling, a mechanism that al-
lows the conservation of an appropriate architecture and
constant bone mass during adulthood. Defects in bone
remodeling, generally induced by the imbalance between
osteoblast and osteoclast activity, lead to debilitating
conditions such as osteoporosis, a low bone mass disease
characterized by increased fracture rates, or osteopetro-
sis, a congenital high bone mass disease characterized by
defective osteoclast function and fractures [7-10].

Bone remodeling is a slow process regulated by sev-
eral hormonal, paracrine/autocrine, mechanical and
transcriptional signals whose targets can be osteoclasts
and osteoblasts at various stage of their lifespan [11, 12].
The existence of a bone remodeling regulatory arm with
neuronal characteristics was first suggested from clini-
cal observations reporting patients with head trauma and
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post-injury increase in osteogenic activity [13], from
patients with reflex sympathetic dystrophy who display
localized sympathetic hyperactivity and osteopenia, and
from the association between patients stroke, spinal cord
injury or neurological disorders and osteopenia (low
bone mass), bone fragility and poor fracture healing
[14-19]. Decades later these first reports, a number of
in vitro studies and recent investigations using in vivo
experimental models and mouse genetics confirmed the
notion that bone homeostasis is under the influence of
central and peripheral neuronal control. This review fo-
cuses on the influence of the peripheral nervous system
on bone cells.

Neuropeptides and neuropeptide receptors in bone

A number of histological studies revealed the existence
of neuropeptides in bones, including enzymes and neu-
ropeptides of sensory, sympathetic and glutaminergic
types. Substance P (SP), a-calcitonin gene-related pep-
tide (CGRP), vasointestinal peptide P (VIP), pituitary
adenylate cyclase activating peptide (PACAP), neuropep-
tide Y (NPY), serotonin, glutamate, tyrosine hydroxy-
lase (TH) and norepinephrine are among the neuronal
products that have been detected in bone [23-32]. Other
studies have characterized the expression of the receptors
for these neuropeptides to specific bone cell lineages, in-
cluding osteoblasts, osteocytes and osteoclasts (table 1).
Detailed examination revealed a regional distribution of
these neuropeptides within bone elements. For instance,
NPY and TH-containing fibers are mostly distributed
close to blood vessels, while VIP, SP and CGRP-contain-
ing fibers form abundant varicosities in the vicinity of
epiphyseal trabecular bones and in the periosteum, where
osteogenesis is active [23, 24, 33]. NPY, VIP and TH are
localized in the periosteum as non-vascular fibers. Neu-
rons containing SP and CGRP usually enter bones in as-
sociation with blood vessels but dissociate from the ves-
sels and terminate as free endings in the marrow, whereas
cortical innervation by these neurons is sparse [27, 28,
33-36]. Differences of bone innervation among various
elements of the skeleton have not been assessed so far
but may correlate with preferential response to loading
or hormonal signals at specific anatomical sites. Interest-
ingly, the chemical nature of bone innervation appears to
change along developmental stages, suggesting the exist-
ence of a bidirectional signaling system between nerves
and bone cells and a possible influence of bone cells
on nerve behavior, survival and signaling. For instance,
rat thoracic sympathetic axons mostly display catecho-
laminergic properties (TH and NE-positive) when they
reach the periosteal region of the sternum, but switch
their properties to cholinergic/peptidergic traits (acetyl-
choline transporter and VIP-positive) after contact with
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the sternum tissue during the first two post-natal weeks.
These data suggest that the targeted bony tissue plays a
role in determining neurotransmitter type in innervating
neurons [37]. Using osteoblast/neuron co-culture assays
to search for the bone-derived mediator(s) triggering
these effects, Asmus et al. demonstrated that immature
osteoblasts release soluble factor(s) of the neuropoietic
cytokine family to induce choline acetyltransferase activ-
ity in sympathetic neurons [38].

Beside these anatomical studies, a number of experimental
investigations have also addressed the potential role of sen-
sory, bioamine, glutaminergic and adrenergic neuropep-
tides and downstream intracellular mediators in bone cell
biology by in vitro and more recently in vivo analyses.

Sensory neuropeptides

CGRP is a sensory neuropeptide whose function in bone
metabolism is now well demonstrated. CGRP is gener-
ated by alternative splicing from the Calca gene in cells
of the central and peripheral nervous system [39]. Oste-
oblastic cells are equipped with receptors to CGRP and
respond to CGRP by an increase in intracellular cyclic
AMP (cAMP) and calcium and an acute efflux of potas-
sium accompanied by hyperpolarisation, which leads to
changes in cell morphology and function [40 42]. CGRP
stimulates osteoblast proliferation [43], the synthesis
of growth factors and cytokines (including insulin-like
growth factor 1 (IGF-1, which is known to stimulate
osteoblast proliferation), collagen synthesis and bone
formation [44]. CGRP also increases the number of bone
colonies formed from bone marrow stromal cells in vitro
and induces Bmp2 expression in cells isolated from hu-
man pulpal explants [45—47]. These actions of CGRP on
osteoblasts could be relevant to the extensive remodeling
of bone that occurs following fracture, since fracture re-
pair is associated with a rapid proliferation of CGRP im-
munoreactive nerves [48, 49]. CGRP secreted by nerve
terminals may therefore modulate osteoblasts by a direct
mechanism under basal or osteo-inductive conditions.
Interestingly, CGRP may also function as an autocrine
factor since it is expressed by osteoblasts as well [33, 50].
In agreement with this hypothesis, transgenic mice over-
expressing CGRP in differentiated osteoblasts display a
bone phenotype characterized by an increased bone vol-
ume due to an increase in the rate of bone formation, an
index of osteoblast activity [51]. In addition, injection of
CGRP to rat partially protects them from gonadectomy-
induced bone loss [52], while mice deficient for CGRP
are mildly osteopenic due to a decrease in bone forma-
tion [53]. Regardless of its origin, these results suggest
that CGRP acts as an anabolic factor for bone.

CGRP-containing fibers have been shown to contact os-
teoclasts within the bone microenvironment, suggesting
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Table 1. Neuropeptides and neuropeptide receptors in bone.
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Neuropeptide Osteoblats Osteocytes Osteoclasts
CGRP OHS-4, MG-63, Saos-2, HOS-
TESS, primary osteoblasts [32,
42, 50]
CGRP receptor primary osteoblasts MC3T3-E1 primary osteoclasts [55, 58]

Substance P receptor

VIP receptor

PACAP receptor
Serotonin receptors
Serotonin transporter
(5-HTT)

Glutamate

Glutamate receptors

UMRI106 Saos2 [32, 41, 43, 44]
[40, 119]

primary osteoblasts [40]

MC3T3-E1 UMR106 Saos2 [32,
40, 121]

primary osteoblasts [121]

primary osteoblasts, ROS 17/2.8,
UMR 106-HS5, and Pyla [68, 69]

primary osteoblasts, ROS 17/2.8,
UMR 106-H5 and Pyla [69]

bone and primary osteoblasts
MG63, TESS, Sa0S-2 [74]

bone and primary osteoblasts

bone osteocytes [68]

bone osteocytes [77]

primary osteoclasts [120]

primary osteoclasts [60, 61]

primary osteoclasts [60, 61]
primary osteoclasts
primary osteoclasts
RAW264.7 [73]

no

Bone, primary osteoclasts,

MG63, SaOS-2 [77, 78, 81, 83, 85]

Glutamate transporter ~ bone osteoblasts, SaOS-2[79]

NPY receptor UMR106 [32]
Not detected in bone [123]

B1: SaOS-2, OHS-4, and TE-85
[32: primary osteoblasts, UMR106,
MG63, ROS 17/2.8, Saos2 [40,
31, 32]

ol: MC3T3-El [124, 125]

[-adrenergic receptors

Raw264.7 [77, 81, 89, 92-94, 122]

bone osteocytes, MLO-Y4 [79]

that CGRP may also control osteoclast differentiation or
function [34, 54]. Supporting this hypothesis, CGRP in-
hibits bone resorption in vitro [55 58]. However, no bone
resorption abnormalities have been observed in CGRP-
deficient mice [53].

Two other sensory neuropeptides, VIP and SP, may have
a role in bone biology and osteoclast biology more spe-
cifically. VIP belongs to a family of structurally related
peptides including secretin, glucagons, gastric inhibitory
peptide, growth hormone releasing factor and PACAP. It is
a neuromodulator and a neurorotrophic factor involved in
neuronal growth, differentiation, survival and transmitter
synthesis. VIP may play an important role in the local con-
trol of osteoclast formation, because destruction of nerves
expressing VIP by guanethidine treatment induces a con-
comitant 50% increase in osteoclast-covered surface in the
mandible and calvariae [27]. In agreement with this result,
VIP binds osteoclasts and inhibits osteoclastogenesis in-
duced by 1,25(0OH),-vitamin D3 [59-61]. VIP may also
control bone resorption by indirectly stimulating PGE2

expression in osteoblasts [62, 63]. Substance P is another
neuropeptide richly expressed in small sensory neurons
that innervate bones. Lesioning studies using capsaicin led
to the conclusion that capsaicin-sensitive sensory neurons
contribute to the maintenance of trabecular bone integrity.
Capsaicin-treated rats displayed bone loss, increased bone
resorption and decreased bone formation associated with
destruction of SP and CGRP-positive unmyelinated sen-
sory neurons [64]. These results are in agreement with
the human familial dysautomia disease characterized by
the loss of unmyelinated sensory neuron, reduced bone
mineral density and frequent fractures [17, 65].

A more classical role of sensory nerves in bones has
been investigated by testing pain perception in a mouse
model deficient for TRPV1 (transient receptor potential
vanilloid subtype 1). Bones receive a rich innervation by
sensory fibers that express TRPV 1, a receptor that can be
activated by acidosis. Interestingly, acidosis is known to
occur in osteolytic and osteoblastic cancer bone lesions.
Administration of a TRPV1 antagonist or disruption of
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the TRPV1 gene resulted in a significant attenuation of
nocifensive behaviors [66], demonstrating that sensory
innervation of bone is also involved in pain perception.

Bioactive amines

The central serotoninergic system is well known to
modulate mood, emotion, sleep and appetite, while the
dopaminergic system is involved in processing reward
information and learning. In this family of neuropeptides,
dopamine but more likely serotonin (5-HT) appears to
play a role in bone biology.

The dopamine transporter (DAT) is an important determi-
nant of dopamine signaling activity since it is responsible
for the rapid uptake of released dopamine into presynaptic
terminals, and therefore for efficient clearance of extracel-
lular dopamine and termination of dopamine signaling.
Dat-deficient mice have been generated and displayed a
low bone mass phenotype, which suggested that dopamine
signaling is involved in the regulation of bone mass [67].
However, there is no evidence so far that DAT is expressed
in osteoblasts or in the bone micro-environment; there-
fore, it is unknown whether this bone phenotype originates
from a peripheral or possibly a central defect.

In contrast, another member of the family of neurotrans-
mitter transporters for bioactive amines, the serotonin
transporter (5-HTT), is expressed in bones along with
most of the 5-HT receptors [68]. 5-HTT uptakes 5-HT
from the extracellular space and therefore downregulates
serotoninergic activity. Binding and uptake studies have
confirmed the functionality of these receptors and trans-
porters in osteoblasts [69]. In vitro mechanistic studies
allowed the identification of protein kinase C (PKC) as
a kinase involved in 5-HTT phosphorylation and the
downregulation of 5-HTT activity in osteoblastic cells.
They also demonstrated an influence of 5-HT signaling
on AP1 transcription factor binding activity regulated
by PTH, suggesting that 5-HT signaling is a functional
component involved in osteoblast differentiation [69].
As observed in patients treated with selective serotonin-
reuptake inhibitors (SSRIs) for depression [70], block-
ing 5-HTT activity by SSRIs in mice led to a significant
decrease in bone mass due to a decrease in bone forma-
tion [71]. In agreement with these pharmacological in-
terventions, null mutation of the gene coding for 5-HTT
induced a low bone mass phenotype due to decreased
bone formation [71]. Among the different 5-HT recep-
tors expressed in bones, the 5-HT receptor 2B subtype
is of particular interest since it appears to be involved in
mechanical sensing. This receptor subtype is expressed
in osteoblasts, but stronger expression was detected in
osteocytes, the bone-embedded cells considered to act
as sensor cells that translate mechanical stimuli resulting
from gravitational and muscular forces on the skeleton
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into biochemical signals [72]. Reinforcing a role of this
receptor in the mechano-sensing function of osteocytes,
a 5-HT2 receptor serotonin analog decreased nitric oxide
release by mechanically stimulated osteoblasts [68]. Be-
cause nitric oxide is a signaling molecule released upon
mechanical stimulation of osteoblasts and osteocytes,
these data suggest that osteocytes are under the control of
neurogenic signals for their response to mechanical stim-
uli. However, the origin of 5-HT within the bone micro-
environment, i.e. nerve release or serum diffusion, will
need to be addressed. Finally, 5-HT signaling could be
involved in osteoblast proliferation during bone fracture
repair. This notion is based on two observations: (i) sero-
tonin is released by coagulated platelets that are present
within the bone environment following fractures, and (ii)
treatment of osteoblast precursors with a 5-HT2B ago-
nist or antagonist increased and decreased proliferation,
respectively [68]. Therefore, the existence of functional
serotoninergic signaling in osteoblasts, the in vivo bone
phenotype of mice characterized by increased serotoner-
gic signaling and the results of in vivo pharmacological
studies all strongly support a role of serotonin in the
regulation of bone formation and bone repair.
Serotoninergic signaling could also participate in the
regulation osteoclastogenesis. Battaglino et al. detected
functional 5-HTT in RANKL-treated immature osteo-
clasts by gene micro-arrays and an increase in 5-HTT ex-
pression in differentiated osteoclasts [73]. Moreover, the
5-HTT inhibitor fluoxetine (Prozac) inhibited osteoclast
differentiation, while inhibition of 5-HT intracellular
transport or the addition of SHT stimulated osteoclast
differentiation [73]. Several receptor types for 5-HT (5-
HTI1B, 5-HT2B and 5-HT4) are expressed by osteoclasts
as well and could be involved in 5-HT signaling. Support-
ing this contention, specific antagonists of receptor 1B
and 4 inhibited the formation of differentiated osteoclasts
in vitro, suggesting that these receptors are required for
the early steps of osteoclast differentiation. Interestingly,
nuclear factor kappa B (NF-kB) activation in osteoclasts
treated with RANKL and fluoxetine was inhibited by
80% compared with cells treated by RANKL alone [73],
suggesting that elevations in cytoplasmic levels of 5-HT
may be required to enhance NF-kB activation through
mechanisms to be characterized. The absence of a bone
resorption phenotype in mice deficient for 5-HTT, how-
ever, suggests that the net effect of the serotonergic sys-
tem on bone mass is likely to be complex in vivo [71].

Glutaminergic signaling

L-Glutamate is a major excitatory amino acid neuro-
transmitter in the central nervous system, but it appears
in the light of recent studies to play a role in skin, pan-
creas and bone as well. Bone cells, including osteob-
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lasts, osteoclasts and osteocytes, are equipped with the
molecular machinery necessary for glutamate release,
extracellular recovery and glutamate response. Osteob-
lasts are in close association with glutamatergic nerve
endings, contain glutamate-filled vesicles [74], express
the glutamate transporter GLAST-1 and the glutamate
receptors iGluR (NMDA, AMPA and kainite ionotropic-
type glutamate receptor) as well as mGluR (metabotropic-
type glutamate receptor 1, 4 and 8) [75-80]. A number
of signaling molecules known to associate or colocalize
with iGluRs have been detected in osteoblasts as well,
including Yotio, PSD95, GRIP and SHANK [81, 82], but
their role in glutamate signaling and bone biology is still
speculative. The functional role of glutamate signaling in
bone biology has been assessed mainly by in vitro cell-
based analyses. Stimulation of osteoblast post-synaptic
glutamatergic proteins by L-glutamate or N-methyl-D-
aspartate (NMDA) triggers membrane depolarization,
influx of calcium and a rapid increase in membrane cur-
rent [83]. Blockade of iGIuR in osteoblasts inhibits their
differentiation; however, the downstream target gene(s)
activated in response to glutamate signaling have not yet
been identified [84—87]. Results from in vivo studies and
from mutant animal models supporting a role for this
signaling system in vivo are still scarce, which is partly
due to the fact that available glutamate receptor antago-
nists quite severely affect neurological functions pre-
cluding or interfering with bone analyses. It is also due
to the diversity of receptors and transporters mediating
glutamate signaling and redundancy issues. Still, a few
glutaminergic signaling-deficient mouse models have
been analyzed for their potential bone phenotype. Mice
that underexpress NMDAR] are smaller than littermates
expressing normal levels of NMDARI, which may reflect
a disruption in skeletal development [88]. In contrast,
NMDA subunit NR/-deficient mice did not show any
obvious bone phenotype [89], and no significant bone
phenotype has been detected in Glast-deficient mice
[90]. More detailed studies assessing more accurately
bone formation, bone resorption, bone mechanical prop-
erties and bone architecture parameters may reveal bone
defects not detected in these studies. Interestingly, how-
ever, Glast expression is downregulated by mechanical
loading, which suggests that this glutamate transporter
may be involved in coupling mechanical signals to skel-
etal modeling [79, 91].

Like osteoblasts, osteoclasts express functional iGluR
and mGluR as well as Glu transporters with character-
istics similar to neuronal cells [92, 93, 89]. Inhibition of
NMDAR by specific antagonists or antibodies in vitro
inhibited osteoclast differentiation and bone resorption
[77, 89, 93, 94]. It is not clear whether the mechanism
involves inhibition of osteoclast activity or differentia-
tion. Activation of NMDAR in RAW264.7 osteoclastic
cells by specific agonists induced nuclear translocation
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of NF-kB, a pivotal factor for osteoclast differentiation
[93], which suggests that NF-kB is involved in glutamate
regulation of osteoclast formation.

In conclusion, glutaminergic signaling in bone is a very
exciting concept supported by a number of cell-based
studies, but so far the in vivo relevance of this system
is still not well demonstrated and its function not well
understood.

Beta-adrenergic signaling

Among all post-synaptic beta-adrenergic receptors
(B1AR, B2AR and B3AR), $2AR is the main, if not the
only adrenergic receptor expressed in osteoblasts [29, 31,
32, 95]. Adrenergic receptors belong to a large family of
membrane proteins that transduce signals through het-
erodimeric guanine-nucleotide-binding proteins (G-pro-
teins). Activated BARs couple to Gsa. proteins to activate
adenylyl cyclase, which increases cAMP intracellular
levels. Increased cAMP levels then activate protein ki-
nase A (PKA), which can phosphorylate various protein
targets, including transcription factors, kinases and cell
surface receptors, including f2AR. This signaling sys-
tem is fully functional in osteoblasts, as demonstrated by
the increase in intracellular cAMP following osteoblast
stimulation with norepinephrine or with AR pharma-
cological agonists such as isoproterenol. This action of
catecholamines on osteoblasts is specifically mediated by
2AR. Indeed, p2AR-specific agonists stimulate cAMP
formation in osteoblasts as opposed to o and B1-specific
agonists, and this effect is blocked by the -blocker pro-
pranolol and AdrP32 deficiency [31, 40, 96, 97, 95].

2AR is mostly known for its role in the regulation of car-
diovascular, uterine and airway smooth muscle functions.
However, recent studies demonstrated the essential role of
this receptor in bone biology. These studies were initiated
following the discovery that leptin, a pleiotrophic adi-
pocyte-derived hormone, is an inhibitor of bone forma-
tion acting via a hypothalamic relay [98]. These studies
were the first to uncover the role of hypothalamic centers
in the control of bone mass and supported the notion that
osteoblasts could be under the control of neuronal signals
originating from the central nervous system. In the search
of the mechanisms whereby hypothalamic neurons con-
trol osteoblast function and bone mass, the sympathetic
nervous system (SNS) was identified as the downstream
mediator of leptin antiosteogenic function, linking central
hypothalamic neuron signaling to bone cells [31]. The
involvement of the SNS in the regulation of bone mass
has been demonstrated both pharmacologically and ge-
netically by an increase in osteoblast number and activity
and a subsequent increase in bone mass in mice character-
ized by low sympathetic tone, such as mice treated with
the P-blocker propranolol, mice deficient for dopamine
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[B-hydroxylase (Dbh), the step-limiting enzyme responsi-
ble of catecholamine synthesis, and leptin-deficient ob/ob
mice. Conversely, mice treated with the beta-agonist
isoproterenol, used in these studies as a surrogate of SNS
hyperactivity, displayed a marked decrease in osteoblast
number, activity and bone mass [31, 98]. More recently,
the analysis of mice deficient for Adrf32 confirmed the
involvement and sole causal origin of $2AR signaling in
the high bone mass phenotype of Adr32—/—, ob/ob, Dbh—/
— and propranolol-treated mice. Adrf2—/— mice displayed
a high bone mass phenotype similar to the one observed
in ob/ob mice, without any of their endocrine abnormali-
ties, while Adrf}/—/— mice had a normal bone mass (table
2) [96]. Altogether, these results indicate that (i) P2AR
activation decreases bone formation by osteoblasts, (ii)
2AR is the main mediator of sympathetic signaling in
osteoblasts, and (iii) the endocrine abnormalities plagu-
ing ob/ob and Dbh-/- mice are not responsible for their
increased bone formation and bone mass.

The downstream target genes of f2AR signaling in oste-
oblasts are not well characterized. One of them could be
c-fos, which binds to AP1-responsive bone genes such
as Alkaline phosphatase, Osteocalcin and alpha 1 type [
collagen as a dimer with c-jun [29, 99]. Genes involved
in osteoblast proliferation or apoptosis may be a target of
P2AR signaling because osteoblast number and surface
are increased in propranolol-treated mice, in Adr2—/—
mice and in Dbh—/— mice and are decreased in wild-type
mice receiving isoproterenol or intracerebroventricular
infusion of leptin (which activates sympathetic signal-
ing). However, the signaling mechanisms and the precise
genes involved remain to be characterized.

Beta-adrenergic signaling in osteoblasts increases
bone resorption

Rankl is so far the only well-characterized gene whose
expression has been shown to be regulated by P2AR sig-
naling in osteoblasts. RANKL is a critical factor induc-
ing osteoclast differentiation. It is secreted by osteoblasts
and its action on osteoclasts is antagonized by a soluble
receptor called osteoprotegerin (OPG) [100, 101]. Mice
deficient for Rankl are severely osteopetrotic due to the
lack of osteoclasts and the absence of bone resorption
[102]. While pharmacologic treatment of wild-type mice
with propranolol did not significantly affect bone resorp-
tion at the dose and regimen shown to increase bone for-
mation [31], complete genetic f2AR signaling blockade
in Adr32—/~ mice led to a decrease in bone resorption,
suggesting that the SNS does regulate osteoclast differ-
entiation or function [96]. Using osteoblast/osteoclast
co-culture experiments and combinations of wild-type
and AdrP2—/- cells, we could demonstrate that adren-
ergic signaling stimulates osteoclast differentiation indi-
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Table 2 Correlation sympathetic tone/bone mass in various mouse models.

Mouse model Defect Bone phenotype

WT+isoproterenol  pharmacological low bone mass
adrenergic stimulation

Ob/ob low SNS activity high bone mass

WT+propranolol pharmacological high bone mass
adrenergic blockade

Dbh—/- absence of catecho- high bone mass
lamines

AdrP2—/- genetic adrenergic high bone mass
blockade

Adrp1-/~ genetic adrenergic normal bone mass

blockade

rectly by increasing Rankl expression in osteoblasts, via
2AR [96]. Both parathyroid hormone (PTH) [103] and
[-adrenergic agonists can therefore upregulate Rankl ex-
pression in osteoblasts and subsequently bone resorption
by osteoclasts. However, although both signals use G-
coupled-protein receptors, increase cAMP intracellular
levels and activate PKA, they employ different signaling
distal pathways: PTH activates cAMP response element-
binding protein (CREB), while {3,-adrenergic stimulation
leads to the phosphorylation of ATF4, a CREB family
member previously shown to control osteoblast terminal
differentiation and collagen synthesis [104]. ATF4 phos-
phorylation by PKA in response to isoproterenol induces
ATF4 binding to a CRE-like site within the Rankl pro-
moter, which activates the transcriptional mechanisms
leading to Rankl expression (fig. 1). The fact that iso-
proterenol could not induce Rankl expression in Atf4-
/- osteoblasts is a strong evidence that P2AR signaling
requires ATF4 to induce Rankl expression [96]. Finally,
Adrf2 and Atf4 are expressed in immature osteoblasts,
while PTH receptor expression peaks in more differenti-
ated osteoblasts. The distinct signaling pathways leading
to the stimulation of Rankl expression and the expression
of P2AR and PTHR at different stages of osteoblast dif-
ferentiation therefore suggest that adrenergic and PTH
signaling regulate Rankl expression and bone resorption
by acting on different populations of osteoblasts (fig. 2).
In independent studies, in vitro treatment of osteoblasts
with epinephrine increased interlenkin (IL)-6 and IL11
expression, two cytokines stimulating osteoclast differ-
entiation during inflammatory conditions in vivo. This
effect of epinephrine appeared to involve PKA and P38
MAPK [105]. As opposed to P1AR, B2AR exhibits a
higher selectivity for norepinephrine than epinephrine.
Moreover, in vivo adrenalectomy, aiming at decreasing
epinephrine serum levels, did not significantly affect
bone mass. And, lastly, Adrf3/—/~ mice did not have a
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Figure 1. Adrenergic signaling in osteoblasts decreases bone mass.
Following binding to 32AR, norepinephrine increases Rankl expres-
sion and bone resorption via a signaling pathway involving Gsa,
adenylyl cyclase, the phosphorylation of ATF4 by activated PKA
and the binding of ATF4 to a CRE-like site in the Rankl promoter.
The signaling pathway leading to reduced bone formation has not
yet been characterized.

SNS PTH
B2AR L PTHR
/ \
ATF4 CREB
Immature Differentiated
osteoblast osteoblast

RANKL

Figure 2. Adrenergic and PTH signaling may stimulate Rankl
expression in different osteoblast populations. Adrenergic signal-
ing requires 32AR and ATF4, which are both mainly expressed in
immature osteoblasts. PTH signaling requires PTHR1 and CREB,
which are expressed in differentiated osteoblasts.

high bone mass phenotype [96, 31]. Altogether these ob-
servations suggest that norepinephrine, mainly released
from nerve endings, rather than epinephrine from the
blood circulation, regulates bone resorption and bone
formation via f2AR in vivo under normal conditions.

cAMP-specific phosphodiesterases (PDEs) may be ad-
ditional intracellular mediators of f2AR signaling in os-
teoblasts based on their role in hydrolyzing intracellular
cAMP generated by adenylate cyclase. Supporting this
hypothesis, phosphodiesterase inhibitors such as IBMX
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applied to osteoblast/osteoclast co-cultures increased
osteoclast formation by inducing Rankl expression by
osteoblasts, a process inhibited by a PKA inhibitor [106,
107]. Among all PDEs, PDE4 was demonstrated to be
responsible for the induction of Rankl expression in os-
teoblasts. However, PDE inhibitors injected daily in vivo
had an anabolic effect [108], induced ERK1/2 and P38
MAPK and increased osteoblast differentiation, but did
not significantly affect resorption parameters [109].
Regardless of the nature of the intracellular signaling
pathways activated in osteoblasts by f2AR stimulation,
these studies indicate that increased sympathetic signal-
ing in vivo influence both arms of bone remodeling, i.e. it
decreases bone formation and increases bone resorption,
by acting on one cell type, the osteoblast. From a clini-
cal point of view, these findings suggest that $-blockers
could be used as bone anabolic and anti-catabolic agents
for the treatment or prevention of bone remodeling dis-
eases. Supporting this hypothesis, retrospective clinical
studies of patients treated with B-blockers revealed a
lower incidence of fractures and higher bone mineral
density, while other studies did not detect any influence
[110 113]. Additional prospective and well-controlled
studies will be necessary to confirm these results.

Signal transmission from nerve to bone cells and
signal propagation

Even though immunocytochemistry and electronic mi-
croscopy images suggest the existence of close contacts
between osteoblasts and nerve endings, the overall pattern
of nerve distribution within the bone microenvironment
suggests that only a limited number of osteoblasts are in
direct contact with nerve terminals [80, 31]. This raises
the hypothesis that signal transduction by neuropeptides
could be non-synaptic and/or that neurotransmitter pri-
mary signals are transduced to groups of osteoblasts via
intercellular junctions. The possibility of non-synaptic se-
cretion of neuropeptides that diffuse through the volume
of extracellular space and not only act within a synaptic
cleft before encountering their receptors is supported by
the observation that CGRP-containing fibers innervating
epiphyseal trabeculae are scarcely covered by Schwann
cell sheaths, as opposed to fibers innervating non-skeletal
elements that use fast synaptic transmission [34]. Propa-
gation of neuronal signals via intercellular junctions is
likely since osteoblasts and osteocytes are well known
to communicate and exchange molecules and signals
through GAP junctions. Interestingly, increased levels
of cAMP in osteoblastic cells in vitro (as observed fol-
lowing B2AR stimulation) led to the phosphorylation of
connexin 43, an oligomeric protein composing intercel-
lular channels and linking adjacent osteoblasts and osteo-
cytes, and increased its targeting to the membrane, which
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favors intercellular diffusion [114]. The physiological
role of gap junctions in osteoblasts is supported by the
delayed ossification and osteoblast dysfunction of Cx43-
null mice [115]. Resistance of Cx43—/— mice to neuronal
signaling would support the hypothesis that nerves signal
to osteoblast units via gap junctions, but so far no data
supporting this hypothesis are available. The pattern of
nerve distribution in bones also raises questions about
how nerves transmit signals to osteoclasts. Based on
the fact that osteoclasts are quite mobile and isolated
cells attached to bone trabeculae (as opposed to units of
functional osteoblasts), it is likely that nerves would use
a diffusion mechanism to transmit signals to osteoclasts
rather than direct synaptic contacts.

Conclusion

A growing amount of evidence has accumulated over the
last 20 years that demonstrates the involvement of neu-
ronal signaling in the process of bone remodeling. The
increasing availability of mutant animal models and re-
ceptor-selective pharmacological drugs now allows us to
dissect the role of specific neuronal systems in this proc-
ess both in vitro and within the complex physiological
environment of living mammals, which should further
provide solid experimental proofs of the role of these
neuronal components in bone. The broad expression of
neuropeptides in the central and peripheral nervous sys-
tems as well as in diverse peripheral tissues such as bone
raised doubts about the peripheral or central origin of
these signals in the control of bone remodeling. The use
of inducible cell-type conditional and time conditional
mutant mice should allow a better characterization of
these signaling systems by blocking neuronal signals in
specific cells and at specific time points during develop-
ment.

This area of bone research which overlaps with neuro-
science and obesity research is exciting for several rea-
sons. From a fundamental point of view, understanding
the complex homeostatic systems involved in the regula-
tion of bone mass is still in the early stages, and much
more remains to be discovered to explain how a com-
plex array of signals of autocrine/paracrine, hormonal,
mechanical and neuronal nature leads to a healthy and
reactive skeleton. The concept that bone remodeling is
controlled by the central nervous system and in particu-
lar the hypothalamus also raises a number of questions.
Several hormones such as leptin and amylin are involved
in the regulation of energy homeostasis, reproduction,
immune defense and bone mass [116—118]. How the hy-
pothalamus integrates energy availability, environmental
changes and signals from the internal hormonal milieu
to the regulation of bone remodeling is far from being
understood. Next challenge of this area of research will

Neuronal regulation of bone remodeling

also be the characterization of feedback loops originating
either from bones or from other organs, which modulate
brain center(s) involved in the control of bone mass.
From a therapeutic point of view, identification of the
central and peripheral components of these neuronal
signaling systems will allow the characterization of ad-
ditional targets of potential interest for the generation of
bone anabolic and/or anti-catabolic drugs. Because of
the complexity of hypothalamic regulations, however, it
is likely that phamacological manipulation of peripheral
targets will be more successful for the treatment of low
bone mass diseases such as osteoporosis.
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