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Abstract Our understanding of the control of skeletal
metabolism has undergone a dynamic shift in the last two
decades, primarily driven by our understanding of energy
metabolism. Evidence demonstrating that leptin not only
influences bone cells directly, but that it also plays a pivotal
role in controlling bone mass centrally, opened up an
investigative process that has changed the way in which
skeletal metabolism is now perceived. Other central regu-
lators of bone metabolism have since been identified
including neuropeptide Y (NPY), serotonin, endocannabi-
noids, cocaine- and amphetamine-regulated transcript
(CART), adiponectin, melatonin and neuromedin U, con-
trolling osteoblast and osteoclast differentiation, prolifera-
tion and function. The sympathetic nervous system was
originally identified as the predominant efferent pathway
mediating central signalling to control skeleton metabo-
lism, in part regulated through circadian genes. More
recent evidence points to a role of the parasympathetic
nervous system in the control of skeletal metabolism either
through muscarinic influence of sympathetic nerves in the
brain or directly via nicotinic receptors on osteoclasts, thus
providing evidence for broader autonomic skeletal regula-
tion. Sensory innervation of bone has also received focus
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again widening our understanding of the complex neuronal
regulation of bone mass. Whilst scientific advance in this
field of bone metabolism has been rapid, progress is still
required to understand how these model systems work in
relation to the multiple confounders influencing skeletal
metabolism, and the relative balance in these neuronal
systems required for skeletal growth and development in
childhood and maintaining skeletal integrity in adulthood.

Keywords Bone - Fat - Leptin - Sympathetic nervous
system - Brain

Introduction

In the past 20 years, a fascinating story has evolved
relating what used to be considered two apparently
unrelated organs—brain and bone. We now understand that
pathways that connect brain and bone are fundamental in
mediating bone metabolism and energy regulation. Even
more fascinating to this story is the role of hormones and
cytokines that were previously known to be involved in
the regulation of energy metabolism and satiety are also
in part responsible for the central control of bone mass.
Central regulation of bone mass targets two fundamental
cell types, osteoblasts and osteoclasts, and possibly the
osteocyte. The relative actions of each cell type deter-
mines bone modelling changes and therefore longitudinal
growth, as well as bone remodelling and bone repair.
Over time, we have come to learn that a balance exists
between centrally mediated neuronal pathways and neu-
rotransmitters exerting a centrally mediated equilibrium
between osteoblasts and osteoclasts, bone formation and
bone resorption.
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Linking the Brain and Bone Through Fat

The tenet that the brain could mediate bone turnover
started with the discovery that leptin, a hormone exclu-
sively produced by adipose tissue [1], had an impact on
bone. Leptin is an adipocyte-produced hormone that inhi-
bits appetite and favours energy expenditure primarily
through its action on the arcuate nucleus of the hypotha-
lamus [2, 3]. Given that adipocytes and osteoblasts dif-
ferentiate from the same mesenchymal stem cell, paracrine
crosstalk between these two cells was to be expected. Thus,
following the discovery of leptin and its receptor, initial
studies focused on its peripheral action on bone cells.
Collectively, studies suggested that leptin functioned as an
osteogenic hormone by directly acting on leptin receptors
on the osteoblast [4, 5] and by diminishing osteoclast dif-
ferentiation and proliferation either directly or indirectly by
influencing the ratio of osteoprotegerin (OPG) and RANK
ligand [6, 7]. However, this perspective, although classi-
cally one that bone researchers applied often, overlooked
the physiologic importance of leptin in signalling other
aspects of body composition and function, particularly
appetite, energy expenditure and reproduction.

Original experiments from the Karsenty group in 2000
demonstrated that the leptin-deficient mouse (Ob/Ob) had a
high bone mass phenotype that was primarily restricted to
the trabecular compartment [8]. This was despite the
absence of substantial gonadal steroid production and
infertility [1, 9]. These observations implied that absolute
leptin deficiency was skeletally protective despite hor-
monal changes that would normally result in profound
osteopenia. Intracerebroventricular (ICV) infusion of leptin
into the third ventricle corrected the high bone mass phe-
notype providing evidence for central leptinergic control of
bone. The ventromedial hypothalamic (VMH) neurons that
highly express the leptin receptor (ObRb) were identified
through chemical lesioning studies as the central mediators
of leptin’s central skeletal control and destruction of VMH
neurones recapitulated the high bone mass phenotype.
Paradoxically, however, targeted destruction of ObRb on
the VMH neurons did not lead to the same high bone mass
phenotype, implying that the VMH nucleus is required for
central leptinergic control of bone mass, but direct acti-
vation was not required [10].

Brain and Bone-The Role of Serotonin

Serotonin (5-hydroxytryptamine-5-HT) is a monoamine
neurotransmitter derived from tryptophan, primarily pro-
duced by enterochromaffin cells in the gastrointestinal tract
by tryptophan hydroxylase 1 (Tphl) and in the central
nervous system (CNS) by tryptophan hydorxylase 2 (Tph2)

[11]. Centrally, serotonin is a neurotransmitter well known
to support cognitive function and emotional well-being and
happiness [12, 13]. As serotonin does not cross the blood—
brain barrier, central serotonergic actions are not influenced
by serum serotonin levels. Following the recent discovery
that gut-derived serotonin regulated bone formation
through LRP5-dependent pathways [14], attention was
turned to the role of brain-derived serotonin in skeletal
metabolism. Peripherally, synthesis of gut-derived sero-
tonin by enterochromaffin cells is controlled by the nega-
tive regulation that Lrp5 exerts on the expression of
tryptophan hydroxylase (Tphl), the rate-limiting enzyme in
the serotonin biosynthetic pathway. Interestingly, inacti-
vation of Tphl is gut and not osteoblast Lrp5 derived.
When gut serotonin is released in blood, its free circulating
form negatively regulates the bone formation arm of bone
remodelling via the osteoblast Htrlb receptor and CREB
by inhibiting proliferation [15]. Clinically, this finding is
supported by the increase in serum serotonin levels in
Lrp5-deficient patients with osteoporosis pseudoglioma
(OPPG) syndrome [16] and indirectly by the acceleration
of postmenopausal bone loss and reduction in bone mass
accrual following the use of selective serotonin uptake
inhibitors (SSRIs) [17-19]. However, in contrast, Cui et al.
[20] demonstrated that osteocyte specific mutations in
LRP5 in mice result in high and low bone mass phenotypes
similar to those seen in humans challenging the existence
of bone mass regulation by gut-derived LRP5. Moreover,
the same group demonstrated normal serotonin levels in
three independently generated global Lrp5 knockout mouse
strains and suggested that a difference in the measurement
of serum serotonin between groups accounted for the dif-
ference in findings [21, 22].

Lack of brain serotonin in 7ph2 ™~ mice results in a low
bone mass phenotype resulting from a reduction in bone
formation and increase in bone resorption, indicating that
brain-derived serotonin exerts a paradoxical effect on bone
compared to its peripheral action, in a similar manner to
leptin. Furthermore, Tph2-expressing neurons express
ObRDb, and leptin reduces Tph2 expression and the action
potential of brain serotonergic neurons [23]. The discovery
that ObRb ablation on serotonergic neurons (Ob/
Obsgrr_/—) resulted in a high bone mass phenotype similar
to that seen in the Ob/Ob mouse, suggested a link between
brainstem neurons and the VMH in the central control of
bone mass. A connection between the VMH and the
brainstem was thus established using axon guidance stud-
ies. Finally, the manifestation of a high bone mass phe-
notype following the deletion of the serotonin receptor
gene Htr2c¢ in the VMH provided the receptor-mediated
link between brainstem neurons and the VMH [23]. Sero-
tonin initiates the phosphorylation of the transcription
factor CREB (cAMP response element binding protein)

@ Springer



478 P. Dimitri, C. Rosen: The Central Nervous System and Bone Metabolism: An Evolving Story

using a calmodulin kinase (CaMK)-dependent signalling
cascade involving CaMKKf and CaMKIV to decrease the
sympathetic tone and increase bone mass accrual [24].
Coincidentally, leptin’s regulation of appetite is also
mediated by similar neuronal pathways extending from the
brainstem to the arcuate nucleus (ARC) of the hypothala-
mus via Htrla and 2b serotonin receptors [25]. Therefore,
centrally leptin appears to exert an indirect osteogenic
action through the suppression of serotonergic signalling to
the VMH, but efferent pathways are required for this signal
to be relayed to bone cells.

The Brain and Sympathetic Innervation of Bone

Several lines of evidence pointed towards an efferent
sympathetic pathway from the brain controlling skeletal
metabolism. Mice treated with isoproterenol, a beta-
adrenergic receptor agonist, lose bone mass and conversely
treatment with the beta-adrenergic receptor antagonist
propranolol protects against ovariectomy-induced bone
loss [10]. Surgical removal of the superior cervical gan-
glion increases bone resorption in rats [26] and mice
deficient in dopamine beta-hydroxylase, an enzyme
required for the synthesis of noradrenaline also develop
high bone mass [10]. Additionally, patients with reflex
sympathetic dystrophy, a disease characterised by high
sympathetic tone, are prone to low bone mass, that at least
in some cases can be mitigated by beta-blockers [27].
Sympathetic over activity has also been proposed as a
contributing mechanism for microgravity-induced bone
loss during space flight [28]. Recent evidence points to a
role of the inner ear vestibular system in the regulation of
sympathetic outflow, and thus bone remodelling. Vestibu-
lar lesioning in mice results in bone loss predominantly in
the lower limbs [29]. An alteration in vestibular function
related to space travel and the microgravity environment is
therefore thought to contribute to an increase in sympa-
thetic outflow leading to low bone mass independent of
change in locomotor activity or change in vestibular
function [30].

The link between leptin signalling and bone via a
sympathetic efferent was established by Elefteriou et al.
[31] through failure to rectify the high bone mass pheno-
type in beta-2 adrenergic receptor-deficient mice following
ICV infusion of leptin. The expression of B2 adrenergic
receptors (Adrf2) in osteoblasts provided another clue to
the link in the pathway between hypothalamus and osteo-
blast before signal transduction, and mice with selective
knockout of Adrf2 on osteoblasts have a high bone mass
from increased bone formation and reduced bone resorp-
tion. Studies subsequent to this (see later) revealed that
sympathetic signalling in osteoblasts is responsible for
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regulatory control of osteoblast function through inhibition
of osteoblast proliferation via circadian clock genes and
that the sympathetic nervous system also favours bone
resorption by increasing the expression of RANKL [32].
The balance of bone formation and resorption from chronic
stress-induced sympathetic activity may shift to favour
bone resorption. This is seen with chronic stimulation of B-
AR with low-dose agonist treatment in mice, which indu-
ces bone loss mainly via enhanced bone resorption [32],
suggesting the control of each cell type by the SNS is
temporal. Second generation anti-psychotics, such as
risperidone, also up-regulate sympathetic tone and uncou-
ple remodelling; these effects can also be blocked with
propranolol [33].

Neuropeptide Y (NPY)

The hypothalamus has at least five Y receptors (Y1-5) that
respond to Neuropeptide Y [34]. There is a high density of
NPY neurons emanating from the arcuate nucleus of the
hypothalamus and regulation of appetite is in part con-
trolled by the suppression of NPY expression by leptin
[35, 36]. NPY-deficient mice have significantly increased
bone mass evident throughout the skeleton, including
cortical and cancellous bone as well as axial and appen-
dicular sites. This is associated with enhanced osteoblast
activity and elevated expression of bone osteogenic tran-
scription factors, Runx2 and Osterix [37, 38]. Y2 receptor
(Y27/ 7) deficient mice show an increase in trabecular bone
mass, and cortical bone mass is elevated due to increased
endosteal and periosteal bone formation secondary to a
marked increased osteoblast activity. Conversely, intrac-
erebroventricular infusion of NPY results in a reduction in
bone formation [39]. Additionally, knockout of the
hypothalamic Y4 receptor together with the Y2 receptor
results in a greater increase in trabecular bone formation
[40].

As NPY and leptin are associated in the process of
energy regulation, and bone formation by hypothalamic
neurons as observed in leptin-deficient ob/ob and Y2
receptor null mice, a common pathway relating NPY to
leptin was sought by studying the interaction of concomi-
tant leptin and Y2 receptor deficiency in controlling bone
in Y27~ ob/ob double mutant mice. The reduction in
osteoblast activity by leptin following NPY overexpression
occurred despite the constitutively high NPY, suggesting
that the centrally mediated anti-osteogenic effects of leptin
are independent of NPY. Conversely, the consistent stim-
ulation of osteoblast activity in the Y2 knockout mouse
model, despite suppression of osteoblast activity by
increasing leptin levels, indicated that the pathway by
which the Y2 receptor regulates bone formation is
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functionally distinct from the leptin hypothalamic pathway
[37]. Baldock has also proposed that NPY may act locally
in a paracrine fashion via osteoblastic Y1 receptor sig-
nalling to repress bone formation, and that NPY regulation
of bone mass is linked with its role in energy metabolism
such that in periods of starvation during which NPY levels
are elevated, bone formation is down-regulated. Con-
versely, when energy intake increases, the suppression of
NPY allows bone accretion to progress [41].

CNS, Clock Genes and Remodelling

Nearly, all homeostatic functions work in a coordinated
manner and are under circadian control. Bone remodelling
is no different and is a dynamic process regulated by cycles
of bone resorption, quiescence and subsequent bone for-
mation. Given the diurnal variation in a number of bone
turnover markers [42], it follows that bone remodelling
may also fall under circadian control. There are both cen-
tral and peripheral circadian rhythms, the former tied
directly to light exposure as well nutrient status, the latter
primarily mediated by energy availability. Central circa-
dian clocks are located in the hypothalamic suprachias-
matic nucleus and subordinate clocks in peripheral tissues
[43]. Circadian genes, such as, Clock, Bmall, Period (Perl,
2, and 3), Cryptochrome (Cryl and 2), and Rev-Erbo are
central to circadian rhythms [44, 45]. Perl, Per2, Cryl,
Bmall, and Clock all demonstrate robust, rhythmic diurnal
expression in bone and in particular osteoblasts [45]. Mice
deficient in Perl and Per2 genes (Perl™;Per2™7) or
Cryl and Cry 2 genes (Cryl ™"~ ;Cry2~"") exhibit a high
bone mass phenotype again with an increase primarily in
trabecular bone as a result of increased osteoblast number
and bone formation as seen in the Ob/Ob mouse [46].
Paradoxically though, Perl/2-deficient mice have an
increase in serum leptin and an elevation in sympathetic
tone, a finding previously associated with lower bone mass
[10]. Moreover, ICV infusion of leptin in Per-deficient
mice does not result in a reduction in bone mass and bone
formation parameters as seen in wild-type mice [46]. Thus,
clock genes in osteoblasts were found to mediate rather
than regulate leptin central control of bone via sympathetic
pathways. Clock genes such as Perl and Per2 are upreg-
ulated by sympathetic signalling in osteoblasts and in turn
down-regulate bone formation by down-regulating c-myc
and in turn cyclin DI, important regulators of osteoblast
proliferation. Paradoxically, in the absence of clock gene
regulation, AP-1 (c-fos) is upregulated which promotes
osteoblast proliferation and bone formation through
upregulation of c-myc and cyclin-DI. More recently, a
temporal relationship has been identified between the
expression of Perl and osteoblast mineralisation

supporting the circadian control of bone formation [47],
and the clock gene Bmall (brain and muscle Arnt-like
protein 1) influences bone resorption by osteoclastic
BMALI interactions with the SRC family and binding to
the Nfatcl promoter [48]. Clock genes also appear to exert
control over stem cell fate as knockdown of Clock and
Per2 results in the inhibition of adipocyte differentiation,
whilst osteoblastic differentiation is unmodified [49]. Thus,
a complex pathway is established whereby the efferent
limb of centrally mediated leptin signalling is not only
dependent on sympathetic nerves, but clock genes central
to circadian regulation.

CART and Bone

Primarily, central regulation of bone mass appears be dri-
ven by control of osteoblast proliferation and bone for-
mation. However, the ying and yang in nature should
dictate that if there is central mediation of bone formation,
then central pathways should exist that influence bone
resorption. In fact, the HBM phenotype seen in the Ob/Ob
mouse results from high bone turnover with a concomitant
rise in both bone formation and bone resorption markers
[31]. Indeed, the sympathetic nervous system plays a role
in the control of bone resorption as well as bone formation.
This occurs indirectly via an osteoblast Adrf2 mediated
increase in RANKL but not osteoprotegerin (OPG)
resulting an increase in osteoclast differentiation and bone
resorption. This is regulated by ATF4 phosphorylation, an
osteoblast-specific CREB/ATF family member essential
for osteoblast function [31].

Cocaine- and amphetamine-regulated transcript (Carf)
has been identified as a candidate for the central control of
bone resorption. CART is a neuropeptide that is expressed
throughout the CNS [50] and other organs such as the
adrenal glands and pancreas [51, 52]. The involvement of
CART in leptinergic control of bone mass again derives
from an understanding of the central control of appetite
regulation and, in particular, the melanocortin-4 receptor
(MC4R). Leptin promotes the expression of CART and
mice deficient in Mc4r manifest a high bone mass pheno-
type with a concomitant rise in hypothalamic Cart
expression that correlates with low bone resorption and
high bone mass [31]. Conversely, Cart expression is reg-
ulated by leptin and is virtually absent in hypothalamic
neurons of ob/ob mice [53]. Deletion of one allele of Cart
rescues the high bone mass phenotype of the Mcdr ™~
mouse by increasing bone resorption without any pertur-
bation in the hormonal abnormalities seen in MC4R defi-
ciency [54]. However, the mechanism by which Cart exerts
its control of bone resorption is unclear. In Mc4r-deficient
mice, Cart hypothalamic expression as well as CART

@ Springer



480 P. Dimitri, C. Rosen: The Central Nervous System and Bone Metabolism: An Evolving Story

serum levels are increased [54], and in Cart-deficient mice
(Cart*/ ), an increase in serum CART rescues the low
bone mass phenotype, suggesting that its mode of action is
peripheral and perhaps direct rather than central [55]. Thus,
two counteracting pathways mediated by leptin appear to
exist to control bone resorption. Leptin acts via the SNS
and osteoblast Adrf32 receptors to increase the expression
of Rankl and thus promote osteoclast proliferation, whilst
conversely, leptin increases the expression of CART which
in turn reduces bone resorption by yet to be determined
pathways [31]. Therefore, in effect leptin exerts a more
balanced homeostatic control of bone resorption via inde-
pendent central pathways.

The Ying and Yang of the Central Control of Bone
Metabolism

The sympathetic (SNS) and parasympathetic nervous
systems (PNS) form the two regulatory pathways of the
autonomic nervous system. In general, the parasympa-
thetic system is primarily responsible for control of the
‘rest-and-digest’ or ‘feed and breed’ activities that occur
when the body is at rest, especially after eating, including
sexual arousal, salivation, urination and digestion. Its
action is described as being complementary to that of the
sympathetic nervous system, which is responsible for
activating activities associated with the ‘fight-or-flight’
response. In skeletal biology, this makes perfect sense.
Bone formation is not required during the ‘fight-or-flight’
response, and energy expenditure is required in other
organ systems thus, the sympathetic nervous system
fundamentally controls the down-regulation of bone for-
mation. As with other homeostatic functions, sympathetic
activity is usually opposed by parasympathetic pathways
acting directly or indirectly. Given that SNS activity
results in the suppression bone formation, PNS activity
should increase bone formation or reduced bone resorp-
tion. Concordantly, mice subjected to subdiaphragmatic
sectioning of the vagus nerve, a cranial nerve that carries
cholinergic fibres of the PNS, have low vertebral bone
mass [56].

The key neurotransmitter of the PNS is acetylcholine.
Acetylcholine is biosynthesised by choline acetyl trans-
ferase and is stored in small synaptic vesicles and once
secreted, targets nicotinic or muscarinic receptors. Original
evidence that parasympathetic control of bone may exist
came from studies down-regulating muscarinic receptors
[57]. Of the five known muscarinic receptors (M;R-MsR),
M;R is the only muscarinic receptor subtype that has
shown to be key to bone remodelling, and M;R fulfils this
function through its neuronal expression and by decreasing
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sympathetic activity rather than by acting on osteoblasts or
osteoclasts. M3R7/ " mice are shorter and have a low bone
mass phenotype affecting both the axial (vertebrae) and
appendicular skeleton resulting from reduction in trabecu-
lar bone mass [57]. Although the reduction in bone mass in
M;R ™~ mice is due to a reduction in osteoblast number
and bone formation rate, M3 receptors are not highly
expressed in the osteoblast in the same manner as Adrf32
and osteoblastic specific deletion of M3R (M3R*"~7) does
not result in an osteogenic phenotype. Instead, parasym-
pathetic pathways in the locus ceruleus located in the brain
stem act indirectly via M3R to inhibit sympathetic nerve
pathways. The finding that the low bone mass phenotype in
M;R mice is rescued by the removal of one allele of Adrf32
supports the relationship between these autonomic path-
ways. Further studies have demonstrated that central IL-1
(interleukin-1) signalling may be integral to parasympa-
thetic regulation of bone [58] and that parasympathetic
pathways may directly influence bone cells. Rather than an
osteoblast-specific effect that has been identified with
sympathetic nerve pathways, the PNS targets nicotinic
receptors on osteoclasts through release of acetylcholine
resulting in an increase in osteoclast apoptosis and
favouring high bone mass. Nicotinic receptors are com-
prised of different subunits a, f, y, g, and ¢ that assemble to
form ionic channels [59]. Of these, the nicotinic subtype-
o2 receptor appears to be the key receptor involved in PNS
osteoclast apoptosis [58]. Thus, the ying and yang of
central control of bone mass appears to be closer to har-
mony. The balance is addressed by the central IL-1-
parasympathetic—bone axis that antagonizes the skeletal
sympathetic tone favours bone mass accrual either though
osteoblast regulation by indirect action on central mus-
carinic receptors (M3R) or by direct control via nicotinic
receptors.

However, our understanding of this pathway is by no
means complete. The central neuronal pathways con-
necting IL1 and the PNS have yet to be established. The
balance of autonomic regulation is also under the influ-
ence of circadian rhythmicity and interestingly, the
autonomic nervous system follows a circadian pattern
that matches the bone remodelling cycle. Alongside the
circadian sympathetic control of bone metabolism, recent
evidence indicates that osteoclast activity is also regu-
lated by clock genes although a link with the PNS has
not been established [48]. Sympathetic activity is domi-
nant during day hours when bone resorption activity
reaches its peak, whilst the parasympathetic activity
dominates night hours when bone formation is more
active. Overall, this implies that the remodelling cycle
may be rhythmically controlled by the autonomic nervous
system [42, 47].
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Sensory Innervation of Bone

The strong similarity in the bone phenotype, resulting
from sensory denervation and sympathetic hyperfunction,
suggests that either sensory nerves functionally interact
with the sympathetic nervous system in bone metabolism,
or independently promote changes in bone cell activity in
an opposing manner to the SNS. The effects of sensory
denervation on bone metabolism have previously been
examined in animals treated with capsaicin, which
destroys unmyelinated and small-diameter myelinated
sensory neurons. Previous animal studies examining the
effect of sensory nerve denervation have demonstrated a
reduction in bone mineral density largely due to an
alteration in the trabecular microarchitecture in both the
axial and appendicular skeleton related to an increase in
osteoclast number, activity and surface area [60, 61].
In vitro evidence points towards a role of CGRP (Calci-
tonin Gene-Related Peptide) as an efferent neurotrans-
mitter in the sensory innervation of bone. CGRP inhibits
osteoclast differentiation and activity by inhibiting the
response of osteoclast nuclear factor —xB (NFxB) to
RANKL as well as down-regulating TRAP and cathepsin
K but without influencing the osteoblast production of
OPG and RANKL [62-64]. Recent evidence suggests that
bone marrow stromal cells and osteoblasts also have
CGRP receptors and CGRP promotes osteoblast prolifer-
ation and mineralisation [64]. Given the opposing actions
of sympathetic and sensory nerves on skeletal metabo-
lism, an interaction between these pathways has been
postulated and evidence supports this. In hypertensive
rats, treatment with beta-blockers rectifies the bone loss
but also activates sensory neurones with a concomitant
release of CGRP [65]; chemical sympathectomy is asso-
ciated with an increase in the number of CGRP sensory
nerve fibres [66]. Thus, in a similar manner to parasym-
pathetic mediation of bone metabolism, sensory pathways
provide another homeostatic balance to the reduction in
bone formation and increased bone resorption directed by
sympathetic pathways.

Other Central Mediators of Remodelling

The number of hormones and peptides centrally mediating
the actions of bone cells continues to grow. Neuromedin U
(NMU) is a 25-amino-acid neuropeptide located in the
brain thought to play diverse roles in regulation of blood
pressure, appetite, and gonadal function [67, 68]. NMU
deficiency in mice results in a high bone mass phenotype
caused by an increase in bone formation [69]. However,
NMU receptors are not detectable in osteoblasts, and
in vitro NMU appears to have no effect on osteoblast

differentiation. However, ICV infusion of NMU in NMU-
deficient mice and leptin-deficient mouse (Ob/Ob) rescues
the HBM phenotype. NMU appears to act downstream of
leptin though interaction with NMU2 receptors located in
the paraventricular nucleus of the hypothalamus. The
finding that the clock gene Per is down-regulated and that
ICV infusion of leptin paradoxically increases bone mass
in NMU-deficient mice suggests that NMU may be
involved in the sympathetic regulation of clock genes.

Recent evidence suggests that melatonin (N-acetyl-5-
methoxy tryptamine) is involved in the control of bone mass,
albeit via peripheral action on bone cells. Melatonin is
involved in the synchronisation of multiple circadian
rhythms including sleep [70], blood pressure regulation [71]
and temperature regulation [72]. Two membrane-bound
melatonin receptors (MT1 and MT2) exist, and both are
expressed on osteoblasts and osteoclasts [73]. As bone
remodelling follows a circadian rhythm, the role of mela-
tonin in bone turnover has been questioned. In vitro, mela-
tonin down-regulates PPARY, thus suppressing adipogenesis
and promoting osteoblast lineage commitment [74, 75] and
promotes osteoblast differentiation and mineralisation [76].
Osteoclast differentiation and bone resorption are reduced by
melatonin indirectly through a reduction in RANKL and a
marked rise in OPG. Despite in vitro evidence supporting
osteogenic properties of melatonin, in vivo studies are con-
flicting. In normal physiological conditions, the daily oscil-
lations of the osteogenic markers alkaline phosphatase and
PICP are negatively correlated with melatonin in rats [77].
Melatonin supplementation in animals may have a positive
[78-81] or negative impact on bone mass [82], or a positive
effect when combined with oestrogen [83], but in humans,
supplementation with melatonin in postmenopausal osteo-
penic women has shown positive effects on hip and vertebral
BMD gains [84].

The endocannabinoid system also plays a role in the
central control of bone mass. The endocannabinoid system
mediates its actions via two cannabinoid receptors, CB1
and CB2 with CBI1 receptors being predominantly located
within the central nervous system, and CB2 receptors
located peripherally [85-87]. In vitro studies suggest that
CB1 receptor signalling on the presynaptic terminals in
bone inhibits noradrenaline release by sympathetic nerves
thus in turn, preventing the sympathetic inhibition of bone
formation [88]. However, others have shown that in vivo,
inactivating CB1 receptors, results in an increase in peak
bone mineral density and protects against ovariectomy-in-
duced bone loss, and in vitro promotes osteoclast apoptosis
[89]. However, over time, CB1™/~ mice develop age-re-
lated osteoporosis with reduced bone formation and accu-
mulation of adipocytes in the bone marrow space as
marrow stromal cells show an enhanced capacity for adi-
pocyte differentiation [90]. Thus, CB1 regulation of bone
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mass appears to be maturity-dependent. Interestingly, the
influence of CBI1 activity on bone may be influenced by
genetic background and in turn by gender [91]. In mouse
studies, CB1 knockout in two different strains (C57 and
CDI) resulted in opposing phenotypes with CD1B'~/~
mice demonstrating a high bone mass (HBM) phenotype
and C57°®'~~ mice showing a low bone mass phenotype
occurring in the absence of functional CB1 receptors and
an increase in osteoclast number and reduction in osteo-
blast activity. Moreover, compartment specific differences
were demonstrated in male and female CD1<B!~/~ mice,
with the HBM phenotype relating to an increase in tra-
becular density in male mice compared with cortical
expansion in female mice [91]. The degree of maturity was
suggested as a possible factor for the difference in skeletal
phenotype between strains, but the gender difference in
CB1 activity remains unexplained. In humans, traumatic
brain injury (TBI) enhances peripheral osteogenesis and
acutely stimulates bone formation at peripheral sites.
Results from animal studies suggest that TBI induces an
increase in diacylglycerol lipases, enzymes essential for the
endocannabinoid 2-arachidonoylglyverol (2-AG), leading
to an elevation in presynaptic 2-AG, which in turn activates
prejunctional sympathetic CB1 receptors, inhibiting the
release of norepipherine [92]. Peripherally, the CB2
receptor regulates osteoclast formation and contributes to
ovariectomy-induced bone loss [93] and selective CB2
agonists stimulate osteoclastic bone resorption [93, 94].
Results from other studies, however, are contradictory to
this demonstrating that CB2 receptor-deficient mice have
accelerated age-related trabecular bone loss characterised
by increased osteoclast and osteoblast number and activity
but a reduced number of osteoblast precursors and that
CB2 agonists in vitro promote direct and indirect RANKL-
mediated inhibition of osteoclasts [95]. More recent evi-
dence demonstrates that CB2 selective agonists exert a
mitogenic effect on osteoblasts via activation of a Gi pro-
tein-cyclin D1 and ERK1/2 axis [96, 97]. A comprehensive
review of the endocannabinoid regulation of bone mass is
published elsewhere [98].

Adiponectin, like leptin, is an adipocyte-derived hormone
well known for its role in energy metabolism and its insulin
sensitising properties [99]. Paradoxically though, obesity
results in a reduction in adiponectin production. Only two
studies to date have examined the central effects of adipo-
nectin on bone [100, 101]. Kajimura, Karsenty and colleagues
initially demonstrated that adiponectin knockout (adiponectin
~/~) mice have a high bone mass resulting from increased
bone formation. However, over time, they develop severe low
bone mass [101]. This was explained by the fact that early on
adiponectin acts directly on osteoblasts to prevent their pro-
liferation and increase osteoblast apoptosis; over time, this is
obscured by adiponectin signalling centrally in neurons of the
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locus ceruleus through FoxOl dependant pathway (and
independent of the known adiponectin receptors-AdipoR1
and R2). This in turn decreases sympathetic tone, thereby
increasing bone mass and decreasing energy expenditure thus
partially opposing leptin’s influence on the sympathetic ner-
vous system. In a subsequent study, ICV infusion of adipo-
nectin in both wild-type and adiponectin knockout mice
increased trabecular bone volume, density, and number and
decreased trabecular spacing derived from an increase in
osteoblast proliferation and mineralisation and a RANKL-
mediated reduction in osteoclastogenesis. Given that the
arcuate nucleus of the hypothalamus expresses AdipoR1 and
R2 receptors, it was postulated that the hypothalamus may
also be involved in adiponectin signalling. Adiponectin ICV
infusion resulted in a down-regulation of hypothalamic CB1
receptors with a concurrent increase in the expression of Tph2,
Htr2C and Cart [100]. Concordantly, down-regulation of
hypothalamic APPL1 (adaptor protein, phosphotyrosine
interacting with PH domain and leucine zipper 1) in vivo was
associated with a concurrent reduction in 7ph2 and a decrease
in trabecular microacrhitectural parameters supporting the
findings that centrally, adiponectin influences sympathetic
tone and bone metabolism, and it does this partly by inducing
the hypothalamic APPL1-TPH2 signalling pathway. More-
over, the increased expression of Tph2 and Htr2C and
increase in trabecular bone mass with a reduction sympathetic
tone agrees with previous evidence showing that serotonin
decreases sympathetic tone and increases bone mass [20], and
this is regulated by the opposing actions of leptin and adipo-
nectin in the locus cerluleus and possibly the hypothalamus.

Future Directions

Central neuronal pathways controlling skeletal metabolism
are clearly numerous and complex. As with many physio-
logical systems in nature, a neuronal pathway controlling
bone formation or resorption will be balanced by a pathway
mediating an opposing action. The greatest challenge in the
field currently is to develop a model system that addresses
those complexities more fully and is able to control for the
multiple confounding factors that influence skeletal meta-
bolism. And to address that challenge, it will require not
just more sophisticated technology, but also a more com-
plete understanding of the physiologic aspects of bone
remodelling. We have taken some tentative first steps
linking bone turnover to metabolic homeostasis, particu-
larly in relation to bone specific proteins that modulate
insulin sensitivity and production. But we have yet to fully
appreciate how bone cells use fuel to power formation and
resorption, nor do we understand where that energy comes
from, and how signals from the bone multicellular unit are
transmitted back to the brain to control substrate utilisation.
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Fig. 1 Central neuronal pathways controlling osteoblast and osteo-
clast proliferation and action. 1 Leptin down-regulates serotonergic
neurons via its receptor (ObRb) by reducing 7ph2 expression.
Serotonin activates sympathetic neurons in the ventromedial hypotha-
lamus, 2 the sympathetic nervous system (SNS) regulates osteoblast
function through activation of B2 adrenergic receptors (Adrf2) to
control osteoblast clock genes, and activates AT4 phosphorylation to
promote RANK-L production and osteoclast proliferation, 3 leptin
promotes the expression of CART (cocaine- and amphetamine-
regulated transcript) in the arcuate nucleus of the hypothalamus and
reduces bone resorption via undetermined pathways, 4 endocannabi-
noids act via CB1 receptors at the presynaptic terminals of the
sympathetic neurons to inhibit the release of noradrenaline, 5
neuromedin U (NMU) acts via NMU receptors (NMU2R) in the
hypothalamic paraventricular nucleus to regulate clock genes by a

The best news is that the brain has become front and centre
in the regulation of bone modelling (Fig. 1).
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