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Abstract The skeleton is no longer seen as a static, iso-
lated, and mostly structural organ. Over the last two dec-
ades, a more complete picture of the multiple functions of
the skeleton has emerged, and its interactions with a
growing number of apparently unrelated organs have
become evident. The skeleton not only reacts to mechani-
cal loading and inflammatory, hormonal, and mineral
challenges, but also acts of its own accord by secreting
factors controlling the function of other tissues, including
the kidney and possibly the pancreas and gonads. It is thus
becoming widely recognized that it is by nature an endo-
crine organ, in addition to a structural organ and site of
mineral storage and hematopoiesis. Consequently and by
definition, bone homeostasis must be tightly regulated and
integrated with the biology of other organs to maintain
whole body homeostasis, and data uncovering the
involvement of the central nervous system (CNS) in the
control of bone remodeling support this concept. The
sympathetic nervous system (SNS) represents one of the
main links between the CNS and the skeleton, based on a
number of anatomic, pharmacologic, and genetic studies
focused on B-adrenergic receptor (BAR) signaling in bone
cells. The goal of this report was to review the data
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supporting the role of the SNS and BAR signaling in the
regulation of skeletal homeostasis.
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Skeleton Innervation
Discovery

Though the functional consequences of bone innervation,
such as bone pain from fractures, gout, or arthritis, were
documented in ancient Egypt [1], it was not until 1846 that
Gros [2] demonstrated a large nerve entering the cortical
bone via the nutrient foramen in equine, bovine, and human
femorae. Since then, many studies demonstrated the pres-
ence of osseous nerve fibers, but there has been a dearth of
knowledge regarding regional innervation, as well as spe-
cific types of fibers and functional relevance of these fibers
to skeletal biology, mostly due to technical challenges
involved in visualizing delicate nerve fibers within a cal-
cified tissue and loss of antigenicity with decalcification
procedures [3, 4]. Initially, a variety of silver and gold
stains (using modifications of Cajal’s stain) were applied to
visualize osseous innervation at a general structural level
and to differentiate myelinated and unmyelinated fibers [5].
More recent immunofluorescence techniques revealed
specific types of nerve fibers via the identification of spe-
cific sensory or sympathetic neuropeptides (NPs), such as
neurofilament 200, nerve growth factor receptor (Trk-A),
protein gene product 9.5 (PGP9.5), vasoactive intestinal
peptide, substance P (SP), neuropeptide Y (NPY), within
the different compartments of the bone [6, 7].
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Bone is innervated according to Hilton’s rule, meaning
the nervous supply of the overlying muscle and skin is
continuous with the long bones and joints. Large nerve
bundles accompany the major arteries that feed the bone at
multiple locations on a long bone. The largest nerve enters
the diaphysis via the nutrient foramen and innervates the
medullary space. Others enter the bone at the articular
extremities on both sides of the epiphyses.

Nerves that enter the bone marrow space are thought to
be primarily sympathetic vasomotor, as evidenced by the
presence of spiraling nervi vasorum around bone marrow
blood vessels and numerous nervous plexi in the tunica
media of bone arteries [8]. These nerves are positive for
tyrosine hydroxylase, dopamine B-hydroxylase (DBH), and
NPY. Sensory nerves are also present in vertebral bodies
[9] as well as long bones [10]. Sensory fibers are detected
in the bone marrow, though their function within the
marrow space is unclear [9].

Periosteal and cortical bones are richly innervated,
though it is unclear whether nerve fibers in the periosteum
penetrate fully to the marrow. Periosteal innervation pri-
marily consists of an extremely dense network of sensory
fibers (positive for calcitonin gene-related peptide [CGRP]
and SP) that are sensitive to both mechanical stimulation
[11] and pain [10], though sympathetic fibers are also
present in this bone compartment [12]. Many of these
nerves penetrate into the cortical bone alongside the liga-
mentous Sharpey’s fibers, suggesting further sensory per-
ception within the cortical bone, though this has not been
demonstrated.

The overall pattern of nerve distribution within the bone
microenvironment of a single bone element suggests that only
a limited number of bone cells are in direct contact with nerve
terminals [13, 14]. Therefore, signal transduction by neuro-
transmitters and NPs in bone cells could be nonsynaptic (such
as norepinephrine [NE] spillover from vascular nerves) and/or
could involve communication via intercellular junctions. The
fact that osteoblasts and -cytes both express 2-adrenergic
receptor (B2AR), one of the main receptors for NE released by
sympathetic neurons and communicate through GAP junc-
tions, supports this hypothesis.

Ontogenesis of Bone Innervation

The innervation of long bones plays a direct role in bone
development, as evidenced from increased diaphyseal length
in peroneal denervation experiments with juvenile rabbits
more than 50 years ago [15]. During embryological devel-
opment, the earliest GAP43-expressing nerve fibers appear
atel7 inrats, followed closely by nerves expressing PGP9.5
(e19). PGP9.5- and GAP-positive nerves are first seen in
rodent embryos in the perichondrium and -osteum of the
limb buds, followed by infiltration of the diaphyseal marrow

alongside blood vessels. Postnatally, expression of NPY,
DBH, and vesicular acetylcholine transporter (VAChT) can
be seen in periosteal and diaphyseal nerves with later
expression (p7-pl4) found in the secondary ossification
centers and epiphyseal marrow space [16-19]. Afferent
sensory innervation of bone during development has also
been detailed. SP-expressing sensory nerves have been
described in numerous mammalian species, including
rodents, horses, and humans [18, 19]. Additionally, neurons
have been observed in developing limb buds of birds and
reptiles, indicating an important evolutionarily conserved
function for nerves in the skeleton [20].

Semaphorins, which mediate axonal guidance, regulate
the innervation of bone, specifically by Sema3A expression
in bone cells [21]. This may represent a mechanism by
which developing bones control their own innervation.
Other important bone proteins such as BMP also dictate the
extent of peripheral innervation of organs [22], though its
role in the innervation of bone specifically has not been
shown.

In addition to nerve growth seen in developing limbs,
rapid sprouting of new CGRP sensory nerves correlates
with the formation of new bone in deer antlers [23]. Bone
formation in these animals is decreased after denervation
[24, 25], suggesting a functional role for sensory innerva-
tion of bone growth in this model, though it is complicated
by the dense blood vasculature necessary for antler for-
mation. Rapid expansion of a dense network of CGRP-
positive nerves is also observed during fracture repair in
the periosteum of adult rodents [26-28], though the func-
tional consequences are unclear and the nerves are not
associated with blood vessels [29]. Developmental studies
of bone innervation thus remain relatively incomplete, and
the analysis of transgenic mice characterized by fluorescent
nerve-specific markers and genetic mutant mice charac-
terized by defect of bone innervation should in the near
future contribute to a better characterization of skeletal
innervation.

The Route from CNS to Bones

Anatomical links between the skeleton and specific centers
in the central nervous system (CNS) show a wide range of
connections. Retrograde tracing experiments using pseu-
dorabies virus revealed spinal connections to the femur at
the level of the dorsal root ganglia between L2 and L5 [30].
Other studies have further demonstrated that these neural
connections to the bone extend far beyond the spine and
into dozens of specific regions of the CNS, including brain
stem, paraventricular nucleus of hypothalamus, prelimbic
cortex, and motor cortex [13], implying a much deeper
relationship between bone and the CNS than is currently
recognized. It remains unclear whether skeletal elements
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formed by intramembranous versus endochondral bone
formation display similar innervation or not, and whether
differences of innervation between axial and appendicular
bones exist.

BAR Signaling in Osteoblasts
Expression

Upon action potential, sympathetic nerves release NE and
thereby activate postsynaptic BARs. There are three BAR:
B1-, B2-, and B3ARs. Effects of adrenal extracts (containing
the catecholamines NE and epinephrine) on bone growth
were first noted in the 1950s [31], followed by observations
of increased cyclic AMP (cAMP) upon epinephrine or
isoproterenol treatment of bone marrow cells in the 1970s
[32-35]. However, it took another decade for researchers to
propose the functional relevance of BAR stimulation spe-
cifically in osteoblastic cells, when comparing PTH and
calcitonin-induced increases in cAMP during in vitro studies
using UMR 106 rat osteosarcoma cells [36]. BAR (specifi-
cally B2AR) expression was later confirmed in various cell
lines (ROS 17/2.8, Sa0S-2, HOS, MG-63) and mouse cal-
varial primary osteoblasts and shown to mediate profound
effects on bone turnover [14, 37-41]. B2AR expression was
also detected in osteoclast cultures, although data interpre-
tation was complicated by the presence of osteoblasts and
other B2AR-expressing cells in these cultures [42, 43]. In
another study of B2AR signaling in osteoclasts, a ROS-
mediated effect was seen in vitro [43]. However, biological
evidence demonstrating the causal relationship between
functional B2AR signaling in osteoclasts and bone resorption
in vivo, independent of osteoblastic f2AR, is lacking since
similar ROS data was seen in osteoblastic cells [44]. B2AR
expression has also been found in chondrocytes [34, 45-48]
and nerves have been documented in human cartilaginous
epiphyses [27], providing the possibility of adrenergic
effects on the growth plate. Additionally, a growth inhibitory
effect of clenbuterol has been seen in rats [49], though these
data contrast with the normal size of B2AR-deficient mice.

Unlike B2AR, expression of either B1- or B3ARs is less
readily detected in primary osteoblasts or osteoblast cell
lines [14, 37-39]. Two studies did detect f1AR expression
in human and rat osteosarcoma cell lines [39, 50], and one
study detected B3AR transcripts in osteosarcoma cell lines
and rat long bone primary osteoblasts [51].

Signaling

B2ARs are seven-transmembrane G protein-coupled
receptors (GPCRs) that primarily signal through Gs, a G
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protein which also couples to many other GPCRs that are
important to bone homeostasis, such as PTHR, calcitonin
receptor, PGE2, and SHT2, and many others. The B2AR
can also signal through Gi (Gs—Gi switch) and the beta/
gamma (P/y) subunit. The alpha (o) subunit of Gs allos-
terically modulates and activates adenylyl cyclase, leading
to a Mg-dependent conversion of ATP to the second
messenger cCAMP. The accumulated intracellular cAMP
binds regulatory units of protein kinase A (PKA) holoen-
zyme, which causes release of the catalytic PKA subunits.
The freed catalytic portions can then phosphorylate serine
and threonine residues of downstream proteins, such as
those that compose calcium channels in the cell membrane,
enzymes in the cytoplasm, and nuclear factors such as
CREB or ATFA4. Intracellular signal termination is medi-
ated via the intrinsic GTPase activity of Gso, which leads
to the hydrolysis of GTP to GDP and the reassociation of
Gso-GDP and Gy subunits.

There are a number of signaling components known to
be involved downstream of the B2AR that might contribute
to B2AR signaling in osteoblasts, although experimental
evidence for a direct link to B2AR signaling are not always
available (Fig. 1). For instance, tight control of Gsa
activity is required for normal skeletal homeostasis, as
shown by the dramatic anabolic response of a mutant
mouse model characterized by constitutive Gsa activity in
osteoblasts [52]. Transduction by Gs-dependent GPCRs
like the B2AR can be modulated by cAMP-specific phos-
phodiesterases (PDEs), which regulate the localization,
duration, and amplitude of downstream signaling by
decreasing cAMP concentrations via cleavage of cAMP to
5'-AMP. While PDE4 has been reported to increase Rankl
expression in osteoblasts [53], others have shown that
inhibition of PDE4 has the same effect [54]. In vivo, a
PDE4 inhibitor, Rolipram, increased bone mass in mice,
through osteoblast differentiation and bone formation,
without affecting resorption parameters [55], but another
study showed that it increased osteoclast formation [56].
The exact mechanisms and receptors controlled by PDEs in
bone cells are thus still relatively uncharacterized, and it is
at this point difficult to know whether it controls B2AR
signaling in osteoblasts. P2AR signaling can also be
attenuated via targeted receptor phosphorylation by G
protein-coupled receptor kinases (GRK). Originally dubbed
beta adrenergic receptor kinases (BARK), GRK proteins
contribute to desensitization, internalization and recycling
of desensitized receptors, independent of cAMP [57]. In the
short term, GRKs decrease receptor signaling by rapidly
phosphorylating specific residues of the GPCR to facilitate
recruitment and binding of B-arrestins to the phosphory-
lated receptor, which decreases both agonist affinity and G
protein binding by steric mechanisms [58]. In the long
term, desensitization is facilitated by internalization of the



F. Elefteriou et al.: Control of Bone Remodeling

143

GPCR, where it is either dephosphorylated or degraded.
GRK2 and B-arrestin-1 are expressed in primary cultures of
rat osteoblasts, UMR 106-H5 and ROS 17/2.8 osteoblastic
cells [59, 60] and may play a role in regulating growth-
factor responsiveness in osteoblasts [59]. Inhibiting GRK
activity in mature osteoblasts by overexpression of a GRK
inhibitor decreased bone remodeling and was anabolic
[61]. On the other hand, overexpression of GRK?2 increased
bone remodeling and led to bone loss in young mice [62].
Although these findings support a significant role of GRK
in mature osteoblasts and in attenuating GPCR desensiti-
zation, they do not support a model by which GRK activity
controls B2AR signaling in osteoblasts, at least in the set-
ting of the control of bone remodeling.

In conclusion, critical components of the cytoplasmic
machinery used by GPCRs have been identified and shown
to be functionally relevant in osteoblast; however, signal-
ing and pathway interaction studies remain scarce and
difficult to follow up in vivo due to the important temporal
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gap between these rapid cellular events and the processes
they control in vivo.

Effects

Daily BAR stimulation, by means of the nonselective 1-/
B2ARs agonist isoproterenol or the B2AR-selective ago-
nists clenbuterol or salbutamol, in mice and rats triggers an
osteoclastogenic response, as measured by bone loss and
increased osteoclast formation [14, 63, 64]. This osteo-
clastogenic effect is thought to be mostly caused by an
increase in RANKL and IL6 expression, which are both
target genes of P2AR signaling in osteoblasts [41, 65].
B2AR expression in osteoblasts remains high upon in vitro
differentiation. Osteocytes have recently been shown to be
one of the major biologically relevant cells that provide
RANKL to control bone remodeling in vivo [66, 67].
Although it remains unclear which types of osteoblasts
(progenitor cells, active osteoblasts or fully differentiated

Fig. 1 The B2AR is the central mediator of SNS signaling in
osteoblasts. (a) Activation of the SNS releases catecholamines in the
bone which activate osteoblastic f2AR. (b) Signaling is primarily
mediated by the stimulatory G-alpha subunit (Gs), which activates
adenylyl cyclase, resulting in increased intracellular cAMP, which
then activates protein kinase A. (¢) The active PKA catalytic subunits
can then phosphorylate cytosolic proteins to increase intracellular
calcium or translocate to the nucleus (d), where they activate CREB
and ATF4. (e) These transcription factors modulate the expression of
various genes within the osteoblast that affect its own function as well
as the behavior of other cells, e.g., osteoclasts, within the bone.

E
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IL-6 C-myc
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AP-1 Clock

Multiple proteins such as arrestins, phosphodiesterases, and GPCR
kinases have been shown to modulate f2AR transduction at different
steps within the osteoblast. Additionally, other neurotransmitter
receptors that signal through Gq likely also interact with f2AR,
signaling transduction within the nucleus. Gi-coupled receptors may
be involved in controlling the magnitude of B2AR effects along with
other Gs-coupled receptors. (f) B2AR signaling in bone is also
controlled centrally by signaling through brain-expressed adrenergic,
cannabinoid, and muscarinic receptors, whose activation decreases
SNS outflow
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osteoblasts/-cytes) are most responsive to NE or pharma-
cological BAR agonists, one can speculate that osteocytic
RANKL production may be under the control of sympa-
thetic nerves. It is also worth noting that immune cells,
including T cells, express the B2AR and RANKL, and
hence the immune compartment in bone may also represent
a significant target of sympathetic nerves.

BAR stimulation also affects bone formation by inhib-
iting osteoblast proliferation, thus uncoupling osteoblasts
and -clasts in vivo, leading to bone loss. Although the main
molecular Clock gene machinery regulating body rhythms
is located in the CNS, B2AR stimulation was found to
signal via CREB to activate the circadian genes Perl and
Per2 in osteoblasts [68]. Osteoblastic Clock genes then
inhibit c-myc transcription, leading to down-regulation of
its target cyclin DI. B2AR stimulation in osteoblasts also
activates AP-1 gene expression, which belongs to a family
of genes known to regulate proliferation, in part through
activation of c-myc and cyclin DI, thereby counteracting
the Clock pathway.

Cumulative genetic evidence strongly supports the bio-
logical relevance of B2AR signaling in the regulation of
bone remodeling. First, lack of Dopamine hydroxylase
(DBH), an enzyme required for the synthesis of catechol-
amines, causes a high bone mass phenotype in 6-month-old
mice [14]. Second, P2AR-deficient mice also display a
high bone mass phenotype detectable by 3—4 months of
age [41, 69]. In contrast to other mouse models charac-
terized by low sympathetic tone and high cancellous bone
mass, such as the ob/ob mice, P2AR-deficient mice do not
present with obesity or gonadal dysfunction, thus rein-
forcing the hypothesis that B2AR signaling in osteoblasts
contributes to the regulation of bone homeostasis. The
observation that osteoblast-specific inactivation of the
B2AR (using the floxed allele of Adrfi2 and the 2.3 kb
a1Coll Cre-deleter mice) induces a high bone mass phe-
notype confirmed the osteoblast-specific role of the f2AR
in the regulation of bone remodeling and supported the
notion that sympathetic signals, mainly via the B2AR
expressed in osteoblasts, restrain bone formation and
favors bone resorption [70].

Although the P2AR appears to be the main BAR
involved in the regulation of bone remodeling in osteo-
blasts, global genetic inactivation of the B1AR also had
significant consequences on bone, as measured by a
decreased bone mass in B1AR-deficient and B1-/B2ARs-
deficient mice [71, 72]. The bone phenotype of B1-/B2ARs-
deficient mice was accompanied by reduced body weight
and low serum IGF1 level (Table 1) [72]. In addition,
B1AR stimulation by dobutamine partly protected rats from
the deleterious effect of unloading on bone formation and
strength [73]. On the other hand, global B1-/f2-/B3ARs
genetic inactivation led to a high bone mass phenotype,
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accompanied by increased body weight and, accordingly,
increased leptin levels (Table 1) [74]. Considering the low
levels of B1- and B3ARs transcripts in the osteoblast
lineage, the changes in body weight, the abnormal hor-
monal status of double or triple KO mice (Table 1) and the
bone phenotype of mice lacking brown adipose tissue
(where the B3AR is highly expressed) [75], these results
suggest that adrenergic signaling affects skeleton homeo-
stasis through direct effects on bone and indirect effects via
other nerve-targeted tissues.

The aforementioned findings suggested that pharmaco-
logical BAR antagonism may have a beneficial effect on
bone. This hypothesis has been investigated in rodents,
mainly through the use of propranolol, a nonselective 1-/
B2ARs antagonist. These studies overall showed that pro-
pranolol, like f2AR genetic ablation, has a bone anabolic
effect, with a more pronounced effect under conditions
such as ovariectomy [14, 69, 76], mechanical unloading
[77] or hypertension [78—80]. Each of these conditions
exhibit increased osteoclast number and bone resorption,
supporting the hypothesis that propranolol may be more
efficient in reducing a state of increased bone resorption
than in attenuating the basal rate of bone resorption. In
addition, low dose propranolol was demonstrated to have a
better bone mass preservative effect in rats than high dose,
and this was associated with increased IGF1 serum levels
[69, 76, 78]. Whether this is true in mice remains unknown.
On the basis of the low bone mass of the f1AR- and B1-/
B2ARs-deficient mice, one possible explanation for this
differential dose effect may be that low dose propranolol
might primarily block the P2AR in osteoblasts, whereas
high dose propranolol may antagonize other BARs
expressed in bone cells or other tissues. Alternatively, the
benefits of low dose over high dose propranolol could be
due to off-target autonomic effects of B-blockers [81] and/
or AR or signaling supersensitization, as is the case
reported with some patients on [-blockers [82-84], or
sensitization of other signaling pathways significant to
osteoblasts [85-87].

If sympathetic outflow and BAR signaling are intrinsic
components of the bone remodeling process, one can
speculate that conditions affecting these systems may have
impact on the skeleton. A first illustration of this idea is the
effect of dexamethasone on the expression level of f2AR.
Glucocorticoids indeed were shown to stimulate B2AR
expression in differentiated osteoblasts and were proposed
to enhance the responsiveness of these cells to sympathetic
stimulation, hence leading to bone loss [88]. Such effects
may be relevant to low bone mass conditions associated
with increased endogenous or high-dose exogenous glu-
cocorticoids. Another interesting corroboration linking
sympathetic outflow, BAR signaling and bone remodeling
is the association between osteoporosis and severe



F. Elefteriou et al.: Control of Bone Remodeling 145
E;‘Xll:_cllefi?gstpi?::type of Bl Characteristics  Adrb2 '~ AdrbI™'=  AdrbIb27'~  AdrbIb2b3™'"  Adrb2yl;  Adra2A,C'
Cancellous bone 1 [41, 71,721 | [71,72] | [72] 11741 1 [70] 1 146]
Cortical bone 1171, 72] N [71,72] | [72] 1 [74] N [70] 1 [46]
Body weight N [41, 72] N [72] 1172 1 [74] nd 1 [46]
Corticosterone N [41] nd nd nd nd nd
Insulin N [41] nd nd nd nd nd
Leptin N [41] nd N [72] 1 [74] nd N [46]
PTH N [41] nd nd nd nd nd
IGF1 N [72] 1 [72] 1 [72] nd nd N [46]
Estradiol nd nd nd nd nd N [46]

N normal, nd not determined

depression [89-94], which might be in part explained by
the increase in sympathetic outflow caused by depression
[95-97], as supported by data in a mouse model of
depression [98]. Lastly, recent evidence suggested that the
effect of sympathetic nerves on the skeleton might not be
limited to the regulation of bone remodeling. Sympathetic
activation induced by chronic stress/depression indeed was
shown to create, in mice, a bone microenvironment
favorable for the establishment of metastatic breast cancer
cells, acting in part by up-regulating the expression and
release of RANKL, a cytokine promoting osteoclasto-
genesis but also breast cancer cell migration [99]. Although
not directly tested, this effect may be directly related to
clinical evidence showing an association between depres-
sion and shorter survival in women with breast cancer
[100-103]. In addition, mouse data suggest that BAR
stimulation in osteoblasts decreases insulin levels in mice,
thus linking the activity of nerves in bones and osteoblasts
to the regulation of glucose homeostasis [104].

a-AR Signaling and Bone Remodeling: Central
or Peripheral Action?

There are two aAR subtypes: o;- (a G4 coupled receptor)
and o,ARs (a G; coupled receptor). o;ARs are primarily
located in smooth muscles and contribute to smooth muscle
constriction. 0, ARS (04, 0B, 0oc) are expressed mainly in
the pancreas and in presynaptic adrenergic neurons, and
play a key role in regulating neurotransmitter release in the
CNS and peripheral sympathetic nervous system (SNS).
Activation of the o,ARs in the brain stem leads to a
reduction in sympathetic tone and a resultant decrease in
heart rate and blood pressure, whereas deletion of the o0, AR
leads to increased sympathetic outflow [105]. Stimulation
of this receptor by endogenous NE is under the dependence
of another regulatory mechanism involving NE reuptake by
the NE transporter (NET), a monoamine transporter and a
member of the Na'/Cl-dependent family of neurotrans-
mitter transporters. The amount of endogenous NE released

by sympathetic neurons is indeed controlled presynapti-
cally by NET and the reuptake of NE into presynaptic
neurons, which clears 80-90 % of NE released into syn-
aptic clefts in the CNS and peripheral SNS. Whether these
two important presynaptic central regulators of sympa-
thetic outflow play a direct role in the control of bone
remodeling is unknown and the focus of ongoing studies.
There is, however, evidence for a possible bone cell-
autonomous role of aARs. a5 and to a lesser extent oip
and apcAR transcripts can be detected at low levels in
bone, in osteoblasts, -cytes, -clasts and in MC3T3 cells
[46]. a1 A, 0B, and o;p MRNA can be detected in myeloid
progenitors, calvaria osteoblasts, and MC3T3 cells as well
[106—-108]. However, evidence for a functional relevance
of these receptors expressed in bone cells in the regulation
of bone remodeling is still relatively limited, as in vivo
studies published so far used a global AR inactivation
strategy. Genetic global deletion of a5-/0cARs caused a
high bone mass phenotype in female mice, accompanied
mainly by reduced bone resorption [46]. In vitro osteoclast
differentiation experiments suggested that o, AR activation
in osteoclasts promotes their differentiation [46], and in
another study, doxazosin (an a-blocker) was observed to
increase osteogenic differentiation of human mesenchymal
stem cells in vitro [109]. The fact that o, AR-deficient
mice are characterized by high sympathetic tone and a high
bone mass, rather than the expected low bone mass, sug-
gests that the mechanisms whereby endogenous sympa-
thetic tone regulate skeletal homeostasis are far more
complicated than previously thought, and shed light on the
importance of other possible mechanisms whereby cate-
cholamines affect osteoblast and osteoclast biology. The
analysis of oyAAR cell-specific conditional mutant mice
will be necessary to understand the role of this receptor in
bone homeostasis and to clarify its site of action.

The role of the cannabinoid receptors CB1 in the context
of sympathetic outflow seems also clearly important in the
control of bone homeostasis. CB1 is expressed in sympa-
thetic terminals, and mouse studies suggest that 2-arachi-
donoylglycerol (2-AG) activation of prejunctional CB1
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suppresses NE release from sympathetic terminals in bone,
thus alleviating the inhibition of bone formation. Opposite
phenotypes between mouse models characterized by CB1
deficiency, however, still obscure our understanding of the
role of the endocannabinoid system and CB1 in bone
remodeling [29, 110, 111].

In conclusion, although the role of postsynaptic B2AR
signaling in bone remodeling has become well established,
at least in preclinical models, most recent studies highlight
the importance of AR signaling and possible differences
between B2AR stimulation by exogenous pharmacological
drugs and endogenous catecholamines in the regulation of
bone homeostasis.

Let’s Not Forget the Parasympathetic Nervous System

The autonomic nervous system is divided functionally and
anatomically into two antagonistic arms, the SNS and
parasympathetic nervous systems (PSNS). Therefore, a role
of the PSNS in skeletal biology has been suspected for
some time. Acetylcholine is the main neurotransmitter used
by the PSNS. It is synthesized in presynaptic neurons by
acetylation of choline and packaged in presynaptic vesicles
through the action of the VAChT. It binds to the nicotinic
ACh receptors (nAChR), which function primarily as ion
channels in certain neurons and on postsynaptic cells of the
neuromuscular junction. It also binds to seven-transmem-
brane domain muscarinic receptors (mAChR). The M-,
M3;-, and M;sRs selectively couple to G proteins of the Gy
family, while the M,- and MyRs preferentially activate
Gi/G,-type of G proteins. In postsynaptic cells, ACh
esterase (AChE) degrades ACh, thus limiting its action.
Evidence supporting a role of the PSNS in skeletal
homeostasis includes the correlation of cigarette smoking, and
the related increase in nicotine levels (a cholinergic agonist),
to higher fracture risk [112], as well as the detection of nico-
tinic and muscarinic receptors in osteoblasts [113—115]. More
recently, genetic studies have shown that the PSNS, acting
through the M; muscarinic receptor, favors bone mass accrual
by increasing bone formation and decreasing bone resorption
[116]. This conclusion was drawn on the evidence that
MR deficiency (and not M;-, M-, M4Rs deficiency) causes a
low bone mass phenotype in mice. In addition, this study
showed that mice lacking M3R in Nestin-positive cells (gen-
erated using the Nestin-Cre transgenic mice) have a low bone
mass phenotype (whereas osteoblast-specific [o./ (I)Collagen-
Cre] M3R-deficient mice do not), and that ablating genetically
one copy of the P2AR in MsR™™; P2AR™™ mice rescued
their bone phenotype. These studies thus suggested that the
PSNS favors bone mass accrual by a central mode of action
and by inhibiting sympathetic outflow. Parasympa-
thetic innervation in bone was confirmed by detection of
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VAChT-positive nerve fibers in bone marrow close to tra-
beculae [115]. This study also used pseudorabies virus-based
tracing studies to document a physical link between the
appendicular skeleton (femur) and central autonomic nuclei. It
also addressed, via the analysis of ocznAChR_/_ mice, the role
of nicotinic receptors in skeletal homeostasis, and showed that
onAChR mainly regulates bone resorption, a,nAChR ™/~
mice displaying an osteoclast-driven low bone mass pheno-
type, and nAChR activation enhancing osteoclast apoptosis
and inhibiting mineralized matrix resorption [115].

Why Does All This Matter?

There are obvious clinical implications to the thus far
acquired sum of preclinical data in this new field of neu-
roskeletal biology. One is the potential effect of B-blockers
on fracture risk or bone mineral density. Studies vary to a
great extent in terms of patient number, drug exposure
time, doses, AR selectivity, age of patients, menopausal
status and methodologies, but overall B-blocker use has
been mainly associated with reduced fracture risk and
increased bone mineral density [117-121], although not all
studies support this conclusion [122, 123]. These incon-
sistencies between clinical studies, beyond methodological
and patient number issues, might be related to the opposite
effects of B1 and B2AR inactivation on bone mass revealed
in genetic mouse mutants, the distinct results of high versus
low dose propranolol treatment shown in rats, and the
preferential and more effective activity of propranolol in
conditions associated with high bone turn over. Yet all
these possible explanations remain speculative.

Another implication of these studies is a possible effect of
autonomic disorders on bone. Patients with autonomic
dysfunction (pure autonomic failure, DBH deficiency), who
have a low sympathetic tone, are rare but sustain an
impressive number of falls (ranging from 50 to 500 per year)
in spite of being considerably more bedridden than the
average age-matched population [124-127]. Repetitive falls
and disuse osteoporosis in these patients, which derive from
their orthostatic hypotension, should logically lead to
increased fracture risk [128, 129]. However, this is not
supported by any observations in the literature. This sug-
gests that low sympathetic tone caused by autonomic dys-
functions in humans increases bone density, as observed in
murine models. The opposite could be true for patients with
postural tachycardia syndrome, who are characterized by
increased sympathetic tone [130-132].

Conversely, B2AR stimulation has been associated with
bone loss. Exposure to B2AR agonists in patients with
asthma/COPD increased hip/femur fracture risk, but this
effect was attenuated after exclusion of oral glucocorticoid
users and adjustment for the underlying disease [133]. The
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fact that glucocorticoids increase B2AR expression in
osteoblasts could be related to the effect of these adjust-
ments [88]. In addition, pheochromocytoma and the related
increase in catecholamine levels was shown to be associ-
ated with increased bone resorption, and adrenalectomy to
normalize bone resorption blood parameters [134], further
supporting the functional contribution of AR signaling in
the regulation of skeletal homeostasis in humans.

The aforementioned preclinical data and retrospective
clinical data suggest that increased sympathetic activity and
reduced parasympathetic activity may contribute to osteo-
porosis, and thus that neurological risk factors may be
important to the etiology of osteoporosis. A number of
studies support this hypothesis, although all of them remain
associative. A correlation between rapid resting heart rate
and increased risk of osteoporotic fractures has been repor-
ted, for example [135]. In addition, increased sympathetic
activity and reduced parasympathetic activity was measured
in postmenopausal women with osteoporosis compared to
postmenopausal women without osteoporosis, using heart
rate variability parameters and sympathetic skin responses
[136]. In another study, which compared sympathetic
activity between pre- and postmenopausal women and using
microneurography at the peroneal nerve, increased sympa-
thetic activity was recorded in the post- compared to pre-
menopausal group. In the two groups combined and after age
adjustment, sympathetic activity was inversely correlated
with trabecular bone volume fraction, thickness and com-
pressive bone strength, as assessed by high resolution
peripheral quantitative computed tomography and microfi-
nite element (LFE) analysis [137].

In conclusion, the discovery that the SNS is an intrinsic
component of the regulatory machinery controlling skeletal
homeostasis unmasked the integration and multifunction-
ality of the skeleton within the whole body, and empha-
sized its endocrine nature. The relevance of these findings
to clinical human pathophysiology is still a matter of
debate, however, and regardless of their future validity and
usefulness in the clinic, these studies are very interesting
examples of integrative biology.
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