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ABSTRACT

Nerves have been identified in bone. Their func-
tion has recently become the focus of intense
study. Metabolic control of bone is influenced by
the nervous system. Potential transmitters of this
influence include glutamate, calcitonin gene-re-
lated protein (CGRP), substance P, vasoactive in-
testinal peptide (VIP), pituitary adenylate cyclase
activating polypeptide (PACAP), leptin, and cat-
echolamines. Disorders of nerves - central or
peripheral—can have substantial influence on bone
health and repair. Specifically considered are the
potential neural influences at work in such condi-
tions as osteoporosis, fracture healing, Charcot
osteoarthropathy, musculoskeletal pain syn-
dromes, heterotopic ossification, skeletal growth
and development, and obesity-related increased
bone density. In this article, we review the cur-
rent state of experimental and clinical evidence
implicating the role of nervous tissue in regulat-
ing bone biology and discuss the current under-
standing of molecular signaling between nervous
and osseus tissue in the homeostatic maintenance
of the skeleton.

INTRODUCTION

From the time of his or her first fracture reduction
in the emergency room, no orthopaedic surgeon has
ever doubted that bone was innervated. However, the
assumption was always that only the periosteum, and
not the bone tissue itself, was innervated. Conditions
such as Sudeck’s atrophy in association with chronic
regional pain syndrome, heterotopic ossification in the
setting of head injury, and Charcot diabetic
neuroarthropathy extend the general consideration that
nervous and musculoskeletal systems must interact.

The first documentation of an anatomic relationship
between nerves and bone was made via woodcut, by
Charles Estienne in Paris in 1545. His diagram demon-
strated nerves entering and leaving the bones of a skel-
eton. More specific study of bone innervation awaited
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the availability of technology that could microscopically
view bone in sufficient detail. Reginald Cooper pub-
lished his findings from electron microscopy that corti-
cal bone is densely innervated (Figures 1 and 2), in his
landmark 1966 report in the Journal of Bone and Joint
Surgery! and subsequent report in 1968 in Science.? The
next year Calvo and Fortez-Vila differentiated myeli-
nated and non-myelinated fibers associated with the
arterial vessels and venous sinusoids in bone.?
Histofluorescence of noradrenaline identified sympa-
thetic nerve fibers a decade later.® Finally, in 1986,
Hohmann et al. reported on immunohistochemical lo-
calization of vasoactive intestinal peptide (VIP) contain-
ing sympathetic fibers in bone.® This began a steady
flow of studies of various nerve types in bone by a num-
ber of different groups.

The field has recently been reinvigorated by inter-
est in what was initially thought to be an obesity hor-
mone, leptin. As the story of leptin and its effects on
body mass as well as bone mass has slowly unfolded,
the implications of neural control of many aspects of
bone metabolism that were once thought to be exclu-
sively hormonal, have come more sharply into focus.

NEURO-OSSEUS SIGNAL TRANSMISSION

Nerves are found throughout the periosteum and
accompany nutrient vessels in the perivascular spaces
of Haversian canals. They have been demonstrated to
be especially dense near more metabolically active parts
of bones, such as in the epiphysis and metaphysis, es-
pecially surrounding the growing physis.

Most nerve-to-nerve signal transmissions along with
many nerve-to-end organ communications occur via
synapses. While neural synapses represent special cell-
to-cell signaling areas isolated from the surrounding
interstitial space, they nonetheless utlimately depend
on receptor-ligand interactions, just as hormonal endo-
crine, paracrine, and autocrine functions. Neural trans-
mission ligands include such molecules as catechola-
mines, glutamate, and a number of small polypeptides
formed by alternative RNA splicing from larger genes.

To date, no classical synapses have been found to
involve osteoblasts, osteoclasts, or osteocytes. However,
nerve fibers with active expression of various neural
transmission ligands have been demonstrated to be in
close spatial association with bone cells. Further, recep-
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Figure 1. Unmyelinated nerves in bone. Electron microscopy of a
human femoral osteon reveals multiple unmyelinated nerves with
their neurofilaments within. The nerve cells appear invaginated
into the recesses in the Schwann cell plasma membrane. Multiple
nerve fibers appear ensheathed in each Schwann cell. Nerve fi-
bers vary from 0.25 to 0.6 micrometers in diameter. They contain
mitochondria, and neurofilaments, measuring in diameter about
600 Angstroms and 115 Angstroms, respectively.

tors for these neural ligands are expressed by bone
cells, and administration of these neural transmission
molecules has potent effects on bone cells.

We will review the roles of the following neural
ligands in bone metabolism: glutamate, calcitonin-gene
related peptide (CGRP), substance P, vasoactive intesti-
nal peptide (VIP), and catecholamines.

Glutatmate

Glutamatergic synaptic transmission dominates
internervous signaling in the central and peripheral
nervous systems. There are both ionotropic, or ion
channel gating, and metabotropic, or G-protein-coupled,
cell protein expression modulating, receptors for
glutamate. Among ionotropic glutamate receptors is the
NMDA receptor, thought to be responsible for memory
and synaptic plasticity in the central nervous system.

Recently, glutamate has been identified in bone
both in association with other nerve markers in prox-
imity to bone cells and blood vessels, and as a product
released by osteoblasts themselves.5” Osteoblasts, os-
teoclasts, and osteocytes express the NMDA and other
glutamate receptors and induce patch-clamp-demon-
strable currents (the standard measure of ion channel
controlled currents in nerves) in response to glutamate
signaling.®2

Osteoblasts decrease alkaline phosphatase and cal-
cific nodule formation (known in-vitro markers of os-
teoblast activity) when exposed to NMDA receptor an-
tagonists in culture. Bone marrow stromal cells
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Figure 2. Myelinated nerves in bone. Electron microscopy of a
human femoral osteon reveals multiple myelinated nerves adja-
cent with two nearby osteoblasts. Dark mineralized matrix is vis-
ible on one border of the micrograph. The osteoblasts appear to
have some electron dense endoplasmic reticulum, more dense than
adjacent cytoplasm. One of the osteoblasts has an apparent nucleus
with a nucleosome within.

preferentially differentiate into adipocytes rather than
osteoblasts when they are exposed to such antagonists.*?
These findings suggest that glutamate, an NMDA ago-
nist, should play a role in encouraging osteoblastic dif-
ferentiation and activity.

Osteoclasts are halted in bone resorption when ex-
posed to NMDA receptor antagonists.® This may indi-
cate an expansion of glutamate NMDA-agonist effects
to upregulate bone remodeling in general, with in-
creased osteoclastic function as well.

Glutamate function in paracrine signals between bone
cells is suspected to be at work when expression of
transporters of glutamate is downregulated in response
to mechanical loading of osteocytes.** Glutamate antago-
nists injected into rats prior to bone loading decrease
the responsive bone remodeling that would otherwise
result.’s

While the signaling is not yet fully understood,
glutamate is thought to play a major role in nerve-to-
bone signaling, as well as bone-to-bone paracrine sig-
naling to control anabolic and catabolic activities, espe-
cially as they relate to responsive remodeling after
mechanical loading.*

Calcitonin Gene-Related Protein (CGRP)

CGRP is a 37 amino acid neuropeptide generated by
alternative splicing of the calcitonin gene. In the periph-
eral nervous system, it is expressed in finely myelinated
A-delta fibers and unmyelinated C fibers, the major pe-
ripheral sensory nerve fibers. In bone, nerve fibers
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immunostaining for CGRP are found in the perios-
teum?”® bone marrow?, and preferentially in the epi-
physeal trabecular bone.?® There, the fibers have many
varicosities or bulges, which are scarcely covered by
Schwann cells and richly loaded with secretory
vesicles.?! These varicosities, as well as the free nerve
endings, are often closely associated with osteoblasts
and osteoclasts. These findings have led to the suspi-
cion that in addition to sensory transmission toward the
central nervous system, sensory fibers may also trans-
mit signals to the periphery, specifically to the milieu
surrounding bone cells.

Cultured osteoblasts from multiple species demon-
strate a characteristic rise in cyclic AMP concentration
when exposed to CGRP directly.???®> CGRP exposure
increases insulin-like growth factor expression dramati-
cally?* and interleukin-6 expression weakly.?® It de-
creases tumor necrosis factor alpha expression.?® These
findings suggest that CGRP should increase bone for-
mation and decrease resorption. The bone marrow of
mice pretreated with CGRP has increased osteogenic
activity in subsequent culture; direct exposure of mar-
row culture to CGRP also leads to increased bone colony
formation. Interestingly, osteoblasts can express CGRP,
perhaps as part of an autocrine or paracrine pathway.?’
Transgenic mice expressing CGRP driven by the
osteocalcin (unique osteoblast gene) promoter have
increased bone formation and bone volume;?® this
strengthens the supposition that CGRP expressed by
osteoblasts themselves can affect osteoblastic activity
similar to CGRP signaling from nerves. Interestingly,
CGRP staining fibers have been shown to increase dur-
ing fracture healing?® and bone defect repair.®

Similar to calcitonin itself, CGRP inhibits osteoclast
resorption directly in culture® and decreases serum
calcium in vivo.%2%

Substance P

Nerve fibers staining for substance P, a well known
nociceptive signaling molecule typically associated with
sensory nerves, enter the bone marrow in association
with vessels?, but then dissociate and terminate as free
nerve endings. Substance P has been shown to increase
osteoblast differentiation, bone colony formation, and
osteoblast cyclic AMP production. At least one of its
receptors, neurokinin-1 is expressed by osteoclasts.
Neurokinin-1 drives osteoclast resorption activity in vitro
when osteoclasts are exposed to substance P.

Vasoactive Intestinal Peptide (VIP)

VIP is a neuropeptide usually associated with para-
sympathetic nerve fibers; it is also expressed in post-
ganglionic sympathetic nerve fibers. Fibers immunore-

active for VIP were first demonstrated in bone by
Hohmann et al. in 1986.5 They were shortly thereafter
localized to the periosteum and epiphysis, and only oc-
casionally with blood vessels.** VIP is a ligand for three
known receptors, VIP-1R, VIP-2R, and the receptor for
pituitary adenylate cyclase activating polypeptide
(PACAP). All of these are 7-trans-membrane G-coupled
receptors from the VIP/secretin/PTH receptor family.
Although results vary as to the timing of specific VIP
receptor expression along the differentiation chronol-
ogy, both VIP receptors have been shown to be ex-
pressed on osteoblasts and osteoclasts.6%

VIP effects on osteoblastic activity have received only
limited study. Lundberg et al. in 1999 demonstrated in-
creased osteoblast activity in culture with VIP; however,
this was not associated with either osteoblast prolifera-
tion or an increase in osteoid production.®* They con-
cluded that VIP induced further differentiation of al-
ready committed osteoblasts.

Better studied have been the effects of VIP on os-
teoclasts, some of which are mediated through osteo-
blast signaling. VIP downregulates osteoclastogenesis
by decreasing RANK and RANK ligand expression in
osteoclasts and osteoblasts, respectively, and by increas-
ing osteoblast expression of osteoprotegerin, a RANK
antagonist.®° Regarding already present osteoclasts, VIP
initially decreases their bone resorptive activity with a
late reversal of this effect and stimulation of bone re-
sorption. It is thought that this late osteoclast stimula-
tion is mediated by increased expression of IL-6 by ei-
ther osteoblasts or surrounding stromal cells.*

PACAP is a polypeptide related to VIP, formed by
alternative splicing of the calcitonin gene. Its two known
forms are PACAP 27 and PACAP 38. Its effects on os-
teoblasts are thought to be identical to VIP as it acts as
a potent ligand to the same receptors.”>* However,
nerve fibers immunostaining for PACAP also stain for
substance P and CGRP, suggesting sensory, as opposed
to sympathetic origin.*

Catecholamines

Tyrosine hydroxylase (TH) is the rate-limiting en-
zyme in catecholamine synthesis, which takes place
near the nerve terminus of sympathetic nerves.
Immunolocalization of TH is the means by which sym-
pathetic adrenergic nerve fibers have been identified
in bone.?! Most of these fibers are associated with blood
vessels in the bone marrow, but some are found as free
nerve endings in the periosteum and bone adherent liga-
ments.?

Osteoblasts have been demonstrated to express [3-2
adrenergic receptors.® Further, noradrenaline acting at
a-1 receptors increases alkaline phosphatase activity in
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TABLE 1
Summary of neurotransmitters characterized in bone
Neurotransmitter Receptor Putative Putative action
intermediary mechanism
Glutamate NMDA ion-gated channels A bone remodeling
Calcitonin gene-related peptide CGRP-R1, CGRP-R2 A CAMP A bone formation
v bone resorption
Substance P Neurokinin-1 A CAMP A bone formation
A bone resorption
Vasoactive Intestinal Peptide VIP-1R, VIP-2R, PACAP-R v RANK A bone formation?
v RANKL v osteoclast formation
A OPG A osteoclast resorption?
A IL-6
Catecholamines 3-2, a-1 adrenergic receptors A CAMP, A bone formation
A PGE-2 A bone resorption
and proliferation of osteoblasts.®® Others have demon- Neurectomy

strated increased cyclic AMP and prostaglandin E2 pro-
duction in response to noradrenaline.?24748

The interest in adrenergic innervation of bone has
recently been specifically amplified by the same experi-
ments that have truly re-opened the entire field of neuro-
osseus transmission in the twenty-first century. Leptin,
an obesity and body mass control hormone, has also
been shown to induce both osteopenia and cachexia.
Central resistance to, or underproduction of leptin re-
sults in the clinically frequent combination of obesity
and greater than normal bone density. These charac-
teristics, so long thought to be more hormonally related,
are now shown to be regulated by the nervous system,
as the most powerful effects of leptins are actually in
the hypothalamus, and not at peripheral receptors in
bone.” In rather elegant animal experiments, the
Karsenty group in Houston demonstrated that adrener-
gic signaling mediates the bone density reduction re-
sulting from leptin signaling in the hypothalamus.*®
While the peripheral pathophysiology at work is not
entirely understood, the phenotypic osteopenia of in-
creased central leptin signaling was reversed with sys-
temic administration of beta-blockers. Some groups are
now investigating beta-blockers as potential therapeu-
tic options for osteoporosis.

EXPERIMENTAL DENERVATION

Although much of the experimental evidence for var-
ied aspects of the understanding of neuro-osseus inter-
action comes from in vitro studies, these suggest po-
tential pathways for interaction. The combined effects
of multiple nerve-types and their multiplied signals can
only begin to be worked out amidst the complex in vivo
environment. A number of researchers have attempted
to study neuro-osseus control with in vivo models of
musculoskeletal denervation.
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The effects of surgically sectioning the sciatic nerve
have been studied extensively, but nearly
serendipitously. Sciatic neurectomy has been used by
many as a standard model of disuse osteopenia, as loss
of musculature from denervation effectively stops ac-
tive motion in the limb. So recent is the prevalence of
the thought that nerves may interact with bone metabo-
lism directly, that most of the papers do not even rec-
ognize that neurectomy may have direct effects on bone
cells from lost bone innervation, above and beyond den-
ervation of muscle and disuse of the limb.5

When measured by DEXA, bone mineral density fol-
lowing rat sciatic neurectomy decreased progressively
for 4 weeks post-section, then stabilized, but ceased to
recover.’? Interestingly, the contralateral limb with in-
tact innervation also lost bone density—despite lack of
apparent disuse.

An ex vivo culture study of bone marrow from
neurectomized limbs demonstrated reduced osteoblas-
tic activity markers, increased osteoclast-precursor dif-
ferentiation after 2 weeks and increased osteoclast num-
ber and rate of osteoclastogenesis after 4 weeks.>® The
increased marrow osteoclast precursors and
osteoclastogenesis may contribute to the contralateral
loss in density.

Recently, Ito and colleagues have shown that neu-
rectomy-induced osteopenia has a microstructure dis-
tinctly different from ovariectomy-induced osteopenia
in the tibia.** While both show perforation and removal
of trabeculae due to accelerated resorption, post-neu-
rectomy trabeculae are flake-like in morphology as op-
posed to just diffusely absent. In addition, neurectomy
more powerfully affects cortical bone density. Similar
differences were found in comparison of neurectomy
to orchiectomized male rats.*®




Bone and Brain: A Review of Neural, Hormonal, and Musculoskeletal Connections

The effects of neurectomy on osteopenia have been
partly prevented experimentally with application of elec-
trical stimulation®® and bisphosphonate therapy.®” In
contrast, a substance P receptor antagonist was shown
to enhance the bone loss following neurectomy. Sub-
stance P was reduced in both tibiae after unilateral sci-
atic nerve section. This led to the hypothesis that sub-
stance P may function systemically to maintain bone
mass after denervation.

Sciatic neurectomy has been used to study patho-
physiology other than osteopenia. Dietz demonstrated
that complete and partial denervation after limb differ-
entiation but before complete ossification and growth
in tadpoles yield increased retained cartilaginous an-
lagen and decreased bone length, cross-sectional area,
and foot size.®®

Fracture repair has specifically been studied as a
setting for sciatic neurectomy in the rat. Tibia fractures
with intramedullary fixation showed decreased free and
perivascular CGRP containing nerve fibers within a
more voluminous callus compared to non-
neurectomized, but still immobilized, limbs.*® Another
experiment found increased bone mineral content and
increased bending moment and energy absorption af-
ter sciatic neurectomy concomitant to tibia fracture and
intramedullary nailing.®

Deafferentation via dorsal root ganglionectomy of a
limb with superimposed ACL transection resulted in
knee instability and joint breakdown within weeks. This
was interpreted to be a model for Charcot osteoarthr-
opathy.®

Chemical Sympathectomy

Guanethidine is a sympathetic neurotoxin that can
be administered intraperitoneally. In rats, TH and VIP
staining fibers are dramatically decreased and CGRP
and substance P fibers slightly increased in response.
Treatment at birth® has demonstrated increased osteo-
clast resorption; but administration to adult rats has
demonstrated reduced osteoclast numbers, and pres-
ence of pre-osteoclasts in the bone.®

Chemical Sensory Denervation

Capsaicin, a sensory nerve specific neurotoxin has
also been studied in in vivo bone resorption models.
CGRP and substance P containing nerve fibers are re-
duced significantly after treatment. When rats were
treated at birth, resorption induction later in life yielded
less resorption than in neurointact, untreated controls.®2
Adult rats treated also have decreased osteoclast recruit-
ment and decreased attachment via the ruffled border
to the bone surface.®

CLINICAL CORRELATION AND
RELATED RESEARCH

While recent neuroscience discoveries have shed
light on clinical neurological conditions, the role of neu-
ral pathophysiology in musculoskeletal disorders has
been largely ignored. The obvious clinical problems with
neural-bone pathology include bone pain from non-
union/fracture/joint degeneration, Charcot neuroar-
thropathy, Sudeck’s atrophy from complex regional pain
syndrome (reflex sympathetic dystrophy), and hetero-
topic bone formation (ossification) following severe
head injury. Evidence now suggests roles for neural
control in fracture healing, bone development, bone
mass control, and osteoporosis. These and other clini-
cal scenarios of altered bone growth and metabolism
require orthopaedic scientists to re-think underlying
basic orthopaedic pathophysiology in light of recent
insight of a neuro-osseus axis.

Immobilization

Functional immobilization by varied means (bed rest,
cast immobilization, extremity trauma) results in what
is termed disuse osteopenia. Although this phenomenon
has been appreciated for some time, the mechanisms
of remodeling due to load are not entirely understood.
With the new appreciation of glutamate signaling chang-
ing with variation in load history;, it has surfaced as one
of many possible mediators of this bone loss due to
immobilization.

Central Nerve Lesions

A hemiplegic stroke victim may be osteoporotic in
both involved extremities, but interestingly, this os-
teoporosis is totally independent of pre-existing body
muscle composition or weight.®® This implies that ef-
fects from more than muscle inactivity alone are at play.

Spinal Cord Injury

Early after spinal cord injury (SCI), a rapid onset of
bone loss occurs. This is clearly detectable in the first
three months by serum and urinary type | collagen C-
telopeptide assays,® and by six months by standard
bone density measurement techniques.®” With
guadripalegia, bone mineral loss occurs throughout the
entire skeleton, except the skull.%® The time course and
location of these changes suggests that more than
simple disuse osteoporosis is at play. A bone mainte-
nance role for peripheral nerves may be implicated.
Supporting this concept of a neurologically mediated
effect rather than disuse osteporosis, is the data that
shows that electromyostimulation to promote muscle
mass and bone mass has failed.*® More than lack of
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mechanical bone loading is at work in the osteopenia
following SCI.”° We suspect that nerve lesions, central
and peripheral, contribute directly to abnormal bone
metabolism through direct peripheral nerve signaling
in bone.

Heterotopic Bone Formation

Heterotopic ossification (HO) is another sequelum
from a range of “neurologic” injuries, including SCI,
head injury, and brain tumors. HO is estimated to oc-
cur in up to 50% of SCI patients, in whom the hip is
most often involved, followed by the knee.” It affects
20% of traumatic brain-injured patients, with hip, shoul-
der, and elbow being the most common sites. Beyond
its experimental reproduction by bone morphogenic
protein administration in muscle, HO etiology is poorly
understood. Interestingly, limb spasticity, joint trauma,
decubitus ulcers, and complete spinal cord lesions have
all been correlated with increased risk of HO in SCI.727
Is it possible that some inflammatory signal in and be-
tween muscles defaults differentiation of mesenchymal
progenitors toward bone formation when not sup-
pressed by some peripheral nerve signal?

Charcot Osteoarthropathy

In the developed countries, the most common cause
of neuropathy in adults is diabetes mellitus. A special
musculoskeletal complication of diabetic neuropathy in
the extremities is Charcot neuroarthropathy, a slowly
progressive inflammatory joint destruction. Disastrous
complications of infection and frequent amputation
make it a major concern for those involved in the care
of the over 100 million patients with diabetes in the
world.™

The pathophysiology is unclear. Charcot’s personal
etiological theory has come to be known as the French
theory that without any obvious trauma history, some
primary underlying neurological problem exists. A
counter German theory has advocated that recurrent
trauma is the culprit.

Insensate foot trauma coupled to abnormal neuro-
osseus signals from neuropathy may together result in
Charcot, proving the French and German theories each
partially correct. It has been demonstrated that abnor-
mal bone metabolism is at work in at least some pa-
tients with Charcot.”®”” Whether Charcot arthropathy
causes, is caused by, or results from a common etio-
logic factor along with altered bone metabolism has yet
to be determined.
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Growth and Development

Clinical disorders such as idiopathic leg length dis-
crepancy, hemihypertrophy, and clubfoot, all represent
focal abnormalities of bone development and morphol-
ogy, but essentially normal resultant bone quality and
properties. This suggests that an influence with local
effects, but anatomically separate origin has been
brought to bear. The nervous system is an obvious po-
tential source for such an influence given its organiza-
tion to deliver geographically specific signals from a
central origin.

Musculoskeletal Pain

Orthopaedists have always appreciated that bone is
richly supplied with pain sensitive fibers, thus explain-
ing the pain associated with fractures, nonunions, in-
flammatory bone conditions, and neoplastic bone le-
sions. Perhaps, nerve pathophysiology may cause or
worsen these clinical conundrums more than simply
relay pain from them. For example, some of the pain in
osteoarthritis has been attributed to vascular engorge-
ment response to perivascular autonomic nerve dysfunc-
tion. Some neural pain phenoma in extremities have
been associated with abnormal regional bone density.
Regional osteopenia is one of the hallmarks of chronic
regional pain syndrome or reflex sympathetic dystro-
phy. Transient osteoporosis is another painful bone le-
sion, associated with MRI evidence of marrow hyper-
emia. Such poorly understood disease processes, along
with osteolytic syndromes like pubic osteolysis and
acroosteolysis, may present unique opportunities to
understand nerve-bone interaction.

Obesity and Bone Mass

Many theories have been proposed to explain why
obese individuals are frequently protected from os-
teoporosis. Little is actually understood about the com-
plex mechanisms of bone maintenance in obesity. Is it
mechanical loading, among a relatively non-active popu-
lation? Is it peripheral conversion of estrogen due to
increased adipocytic metabolic tissue volumes? A large
body of research regarding obesity and bone mass now
centers around the effects of the adipocyte hormone
leptin. But leptin does not seem to affect bone metabo-
lism as an endocrine hormone. Instead via the hypo-
thalamus and the sympathetic nervous system, leptin
signals centrally and results in systemic peripheral bone
loss. Clinical studies in this area are controversial and
active. In a recent national study of over 5,000 U.S.
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adults, serum leptin concentration did not appear to
directly effect bone mineral density. Curiously, in
younger men who are at lower risk of osteoporosis, this
study showed a consistent inverse association of lower
leptin levels and higher bone mineral density.”® What
are the implications? Do obese patients with
supranormal leptin levels develop a centrally mediated
resistance for both anorexic and antiosteogenic path-
ways? Will orthopaedic surgeons indicating obese pa-
tients (with theoretically better bone growth potential)
for total joint replacement consider them to be better
candidates for bone ingrowth prostheses rather than
cemented prostheses, as has been suggested?” Much
clinical investigation is still pending, but it is clear that
the past maxims that obesity protects against osteoporo-
sis through increased bone loading is too simple, given
the current complex relationship between fat, the brain,
and bone.

FUTURE DIRECTIONS

Nerve signals to bone are not necessarily the mas-
ter controllers, but are now recognized as part of a vastly
complex system for metabolic regulation in bone. The
evolution of these findings are noteworthy, and at each
step it has required scientists to recognize the impor-
tance of unexpected biological findings. First, nerves
had to be recognized in bones. Then, the concept of
neurons as one-way wires had to be challenged. Only
now can we permit the thought that efferent and affer-
ent may not be mutually exclusive descriptions.

To autocrine (self-signaling), paracrine (neighbor-cell
signaling), and endocrine (systemic signaling via blood
supply), perhaps neurocrine or axonocrine should be
terms added to the vocabulary of hormone delivery.
Nerves, even sensory efferents, clearly deliver signal-
ing molecules in a unique way to the immediate milieu
around bone cell surface receptors.

Given this newly conceived notion, the challenge is
before us all. Much remains to be done. Basic scien-
tists will remain diligent in the search for signals and
their effects on cellular metabolic function, but enough
information is now available that clinicians must begin
to get involved in directing this science toward impor-
tant questions of pathophysiology and disease.
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