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Bone alters its metabolic and anabolic activities in response to the variety of systemic and
local factors such as hormones and growth factors. Classical observations describing
abundance of the nerve fibers in bone also predict a paradigm that the nervous system
influences bone metabolism and anabolism. Since 1916 several investigators tried to
analyze the effect of peripheral nervous system in bone growth and most of them
advocated for the positive effect of innervation in the bones of growing organisms.
Moreover, neuronal tissue controls bone formation and remodeling. The purpose of this
mini-review is to present the most recent data concerning the influence of innervation on
bone growth, the current understanding of the skeletal innervation and their proposed
physiological effects on bone metabolism as well as the implication of denervation in
human skeletal biology in the developing organism since the peripheral neural trauma
as well as peripheral neuropathies are common and they have impact on the growing
skeleton.
Keywords: bone growth, calcitonin gene-related peptide, vasoactive intestinal peptide, substance p, denervation,
muscles

INTRODUCTION
Bone growth consists a multifactorial procedure. It has a very complicated regulation, which
is made by numerous and complex interactions not only genetic, such as hormones, but also
environmental factors like mechanical load. Starting from the genetic factors, growth factor,
insulin-like growth factor 1 (IGF-1), triiodothyronine, thyroxine, androgens, Indian hedgehog,
fibroblast growth factors, bone morphogenetic proteins (BMPs), vascular endothelial growth
factors (VEGF) are some of them which affect positively the bone growth [1]. On the other hand,
glucocorticoids, estrogens and parathyroid hormone-related peptide (PtHrp) have negative effect
on the development of the bones [2].
Concerning the environmental factors, the mechanical forces influence bone formation as well
as adaptation [3]. The proposed graph of Frost in 1997 [4] is generally accepted and it depicts the
idea that compression up to a certain level, can promote bone growth, whereas after a certain level
the bone development is inhibited.
One of the most important coefficients for the mechanical regulation of bone growth is
the innervation, due to the fact that it imparts movement to the muscles, which provide the
compression or tension to the bones. The purpose of this mini-review is to collect, analyze and
present all the current concepts as far as it concerns the effect of the peripheral nervous system on
bone growth in order to identify developmental diseases and fracture risk after peripheral nerve
injury.
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ANATOMY AND PHYSIOLOGY OF BONE
INNERVATION

of them, that seem to be the most important and have been
investigated extensively.

Anatomy

Calcitonin-Gene Related Peptide (CGRP)

The innervation of the bone follows the Hilton rule. This means
that the nervous supply of the muscles and skin is continuous
with the long bones and joints. The main arteries, which are
responsible for the feeding of the bone in different areas, run
along with the large nerve bundles. The medullary space is
innervated by the biggest nerve entering into the diaphysis of
the bone through the nutrient foramen. Other nerves manage to
get into the bone via the articular surfaces either on the proximal
or the distal side of the bone [5]. More explicitly, the nerves are
distributed in bone in a way which has been extensively studied
and described, emphasizing on the nerves with neuropeptidecontaining fibers [6–8]. Most of the peripheral nerves in bones
are located with the blood vessels. In several studies sensory as
well as autonomic fibers were found in different areas of the
bone including the vessels located in the periosteum, Volkmann’s
canals, bone marrow, osteochondral junction of the growth plate
and the attachment of the synovial membrane [7–10]. On the
other hand, in other studies, it has been shown that an intensive
network of sensory and sympathetic nerve fibers within the
skeleton are mainly located within the trabecular and less in
cortical bone, bone marrow, and epiphyseal growth plate [8, 9,
11, 12]. Neuropeptides are present not only in normal conditions,
but they have also been implicated in regional disease processes
such as bone growth, repair and remodeling [12–16].
There is a category of secreted and membrane proteins
called semaphorins, which mediate axonal guidance, regulate the
innervation of bone, specifically by Sema3A expression in bone
cells [17]. This is a kind of mechanism according to which the
growing bones are able to control their own innervation [5].

It consists of 37 amino acids. It is produced by tissue specific
alternative processing of the primary RNA transcripts of the
calcitonin gene. In experimental models in rat femurs [12], it
was found that during the metabolism of the bone there are
numerous CGRP-positive nerve fibers in the metaphysis during
10 days after birth when the animals started to stand on their
feet. Moreover, CGRP-positive nerve fibers were more plenteous
around the epiphysis compared to the metaphysis, and they were
located along the epiphyseal trabeculae, facing the growth plate.
In another experimental study Schwab et al. [19] demonstrated
that CGRP-immunoreactive nerve fibers were present in the
outer layer of articular cartilage and they were contacted to
chondrocytes in the knee joints of both infant and mature rats.
In general, it seems that a direct action of CGRP regulates the
cellular activities of osteoblast. More explicitly, the main role of
CGRP is the enhancement of cyclic adenosine monophosphate
(cAMP) production by the primary human osteoblasts. On the
other hand, it has been shown that CGRP seems to inhibit
osteoclastic resorption in vitro, such as calcitonin, although the
inhibitory activity of CGRP is approximately 1,000-fold less
potent at equivalent doses [20]. Moreover, the close contacts of
nerve fibers containing CGRP with osteoclasts seem to regulate
several osteoclastic activities.

Vasoactive Intestinal Peptide (VIP)
This is an almost always present peptide consisting of 28
amino acids. It is a cleavage product of pre-pro-VIP, which
is originally derived from the intestine of swine. It has been
proved to be an efficacious regulator that activates adenylate
cyclase in multiple organ systems [15]. The bone is influenced
by VIP through receptors paired with two types of proteins
belonging to the G family:7,27,62 Gs protein and Gplc protein
[21, 22]. The VIP receptors connected to Gs protein enable bone
resorption through a cAMP-dependent mechanism. Osteoblastic
osteosarcoma cells have proved to respond to tiny concentrations
of VIP with increases in cAMP, and whole mouse skullcaps are
resorbed affected by the VIP [23].

Physiology
The bone can be described as a living tissue which has the ability
of continuous remodeling. It generally consists of a small number
of nerve fibers. Despite this fact, these fibers may act as regulators
which are able to deliver time- and site-specific stimuli according
to demand [15]. The role of the nerves, which are distributed
to bones, have a double role: the first one is the regulation of
bony mechanical forces and their second role is to act as a source
trophic factors which are crucial not only for the functionality
of the bone but also for its structure [16]. The molecules which
are related to nerves seem to have influence on the metabolism
of normal bone. In general, it is concluded that after a fracture
with an altered nerve supply, the sensory nerve supply does
not recognize the abnormal movement of the fracture and, with
unstable fixation, nerves may mediate signals that lead to altered
bone healing.

Substance P (SP)
It is another neuropeptide which is found in the nerve
fibers. Despite the fact that the fibers containing SP are
fewer compared to those containing CGRP, they innervate
the medullary tissues of the bone as well as the periosteum
[24]. The role of SP is the stimulation of cAMP production
by osteoblastic cells [25]. Nevertheless, there is evidence that
SP also contributes in the stimulation of the osteoclasts’
activities such as the expression of neurokinin-1 receptor
through which SP causes signal transduction [26]. SP is
also responsible for the stimulation of the formation of
the resorption pit by cultured osteoclasts at about 170%,
which can be revered by addition of an SP antagonist,
spantide [27].

NEUROPEPTIDES INVOLVED IN BONE
METABOLISM
There are numerous neuropeptides which have been found to
take part in bone metabolism [18]. Nevertheless, there are three
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RESULTS OF DENERVATION IN GROWING
LIMBS

In general, CGRP, VIP and SP take part in the regulation
of both osteogenesis and osteoclastogenesis and affect bone
metabolism. The receptors of the neuronal messengers are
expressed in bone cells and their effects depend on catecholamine
concentration [28] (Figure 1A).

After analyzing the effect of peripheral nervous system in
bones concerning the molecular level, the macroscopic results of
denervation of the bones need to be presented. In 1989 Dysart et
al. [42] excised the brachial plexus of Wistar rats and compared
the denervated humerus with the ones which were normally
innervated. The authors concluded that the denervated humerus
were smaller both in length and width compared to the normal
ones.
Later, in 1997, Edoff et al. [43] experimented in 7-dayold rat pups and examined their hindfeet, after excision of
the sciatic and femoral nerve. The length of the metatarsal
bones as well as the total foot length were measured after
the denervation and they were compared to the normal ones.
Moreover, immunochistochemistry was applied in both groups
(denervated and control group). The radiographic examination
revealed that the metatarsal bones were significantly shorter in
denervated hindfeet. Additionally, in denervated animals, CGRP
or SP nerve fibers were not observed in the perichondrium or
periosteum of the metatarsal bones on the operated side.
Clinical studies have also demonstrated the effect of peripheral
nerve system on bone growth [44, 45]. In 2012 Reading et al.
[44] retrospectively reviewed children with neonatal brachial
plexus palsy who had underwent joint rebalancing with magnetic
resonance imaging (MRI). According to the authors the skewness
ratio of the affected humeral head was significantly different
from the contralateral limb and was associated with the glenoid
version angle and posterior subluxation of the humeral head.
The remodeling of the affected humeral head showed significant
improvement of the skewness ratio. In 2015 Eismann et al.
[46] concluded that patients with brachial plexus palsy present
glenogumeral abduction deformities with contractures, which
can come up to 65◦ . One year later, in another study of the same
department concerning the osseous outcomes of denervation,
the glenohumeral dysplasia was analyzed after neonatal brachial
plexus palsy [47]. The authors concluded that the retroversion of
the glenoid is a result from growth restriction of the posterior part
of the glenoid due to the abnormal innervation.

THE ROLE OF NEUROTROPHINES IN
BONE METABOLISM
Nerve growth factor (NGF) is necessary not only for the
development but also for the upkeep of peripheral sensory
and post-gangliotic sympathetic nerves [29]. It is present at
a specific stage during the differentiation of chondrocytes in
the formation of the callus [30]. It has been shown that it
evokes rebutter in specific no-classical neural tissues such as the
embryonic cartilage rudiments [31]. Another role of NGF is the
ability to activate the stimuli for the induction of osteoblastic
cells and during the bone differentiation phase may reflect
the gradual interplay between bone cells and bone-associated
neurons [32].
In general, the production of neurotrophins is placed in the
peripheral nervous system by non-neural target cells. It has been
proposed that osteoblast-derived neurotrophins may support the
maintenance as well as the differentiation of neural cells, but also
the multiplication of osteoblasts themselves in bone tissue in vivo,
and eventually resulting in bone conformation [33].

THE ROLE OF MUSCLES
Except from the acute effect of the peripheral nerves on bone
growth, the peripheral nervous system may also act on bone
metabolism in an indirect way through the muscle system.
Firstly, muscle system is responsible for the movements of
the body and the limbs. Due to muscles activity, mechanical
forces are generated influencing bone metabolism. The
observation that compression inhibits bone growth was
established since the ancient Roman times [34]. If compression
forces always inhibited bone growth, then the growth plates
would be unstable and this could lead to major deformities,
especially in the growing skeleton [35]. In 1997 Frost [4]
proposed with a single graph, that mild compression and
tension promote bone growth, whereas these two forces,
over a certain limit, have negative effect on bone growth
(Figure 1B).
Muscle system is tightly connected with bone growth.
Nevertheless, the molecular mechanisms which combine
these two different tissues are not well understood. Several
experimental and clinical studies have also demonstrated
the formation of bone within a traumatized muscle, a
phenomenon called myositis ossification [36, 37]. Moreover,
osteoblast and osteoclast differentiation, are regulated by
leptin which is produced in muscle system, and has a
positive effect on bone formation [38–40]. According to
this fact, it is assumed that increased muscle mass lead to
increased serum leptin levels which in turn promotes bone
metabolism [41].
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DISCUSSION AND FUTURE RESEARCH
Bone growth has been extensively studied. In recent years there
is an increasing number of studies trying to analyze the effect
of peripheral nervous system in bone metabolism. It seems that
peripheral nerves affect the alterations in the structure of the
bone, both in an acute and in an indirect way, through the muscle
system. A better understanding of the complex neuronal control
in the metabolism of the bone is of high importance in situation
of traumatized peripheral nerves, such as brachial plexus palsy,
in the identification of metabolic and developmental bone disease
and in the risk of fracture. A characteristic degenerative disease of
bone cartilage is osteoarthritis. Salo et al. [48] supported in their
study that an age-related loss of joint innervation may be one of
the multiple causes of the degenerative osteoarthritis.
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FIGURE 1 | (A) The role of CGRP, VIP and SP in bone metabolism. A line with an arrow at the end shows stimulation, whereas a line without the arrow indicates
inhibition. (B) The Frost’s graph depicting that compression and tension till a certain level induce bone growth. The horizontal axis depicts load in the growth plate from
maximum tension to the left, through 0 to compression in the right. The vertical axis depicts the growth rate.

is altered toward bone resorption by inhibiting osteoblast
differentiation [28].
Despite the numerous studies showing the role of the
peripheral nervous system not only in the physiology but
also in the pathophysiology of the bone affecting both the
action of osteoblasts and osteoclasts, there is still the need for
further research, especially at molecular level. This will allow a

In this complex association between peripheral nerves
and bone homeostasis, CGRP and VIP tend to induce
osteoblast activity and inhibit osteoclastogenesis, having
anabolic effect on bone remodeling. On the other hand,
SP seems to have catabolic effect, which depends on its
concentration. It has been also proposed that by blocking
certain signals from peripheral nerves to bone, the balance

Frontiers in Physics | www.frontiersin.org

4

September 2017 | Volume 5 | Article 44

Gkiatas et al.

How the Nerves Act on Bone Metabolism

better understanding of these mechanisms and additionally will
provide new directions in understanding skeletal development
and skeletal disorders. Moreover, it will create new pathways in
the study of osteoporosis, arthropathies, bone tumors and even
fracture healing.

majority of the studies it is clear that neural tissue is involved
in the bone cell functions. The role of muscle system is also of
high importance, not only through the mechanical regulation,
but also in molecular level. Both experimental and clinical
studies conclude that denervated limbs are affected negatively
concerning not only the growth but also the orientation of the
bone. Nevertheless, more research is needed in order to clarify
the exact role of innervation not only as far as it concerns its size
and growth, but also its biomechanical properties.

CONCLUSION
The peripheral nervous system is critically involved in bone
metabolism. Its role in bone growth is multifactorial, starting
from the neuropeptides which regulate the osteoblast and the
neurotrophines which in general stimulate the induction of the
osteoblastic cells. One of the most striking evidence of a role
of the nervous system in the control of bone remodeling is
the demonstration that the fat-derived hormone leptin controls
bone formation through a hypothalamic relay [49]. From the
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