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Osteoarthritis (OA) is a highly prevalent degenerative joint disorder characterized by joint
pain and physical disability. Aberrant subchondral bone induces pathological changes and
is a major source of pain in OA. In the subchondral bone, which is highly innervated, nerves
have dual roles in pain sensation and bone homeostasis regulation. The interaction between
peripheral nerves and target cells in the subchondral bone, and the interplay between the
sensory and sympathetic nervous systems, allow peripheral nerves to regulate subchondral
bone homeostasis. Alterations in peripheral innervation and local transmitters are closely
related to changes in nociception and subchondral bone homeostasis, and affect the pro-
gression of OA. Recent literature has substantially expanded our understanding of the physi-
ological and pathological distribution and function of specific subtypes of neurones in bone.
This review summarizes the types and distribution of nerves detected in the tibial subchon-
dral bone, their cellular and molecular interactions with bone cells that regulate subchondral
bone homeostasis, and their role in OA pain. A comprehensive understanding and further
investigation of the functions of peripheral innervation in the subchondral bone will help to
develop novel therapeutic approaches to effectively prevent OA, and alleviate OA pain.
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Article focus Strengths and limitations

We review the effect of peripheral sensory
and sympathetic nerves on bone homeo-
stasis and the pathological changes found
in osteoarthritic (OA) subchondral bone.
We describe the mechanisms of regula-
tion of subchondral bone by peripheral
nerves in OA and pain generation.

Key messages

Peripheral sensory and sympathetic
nerves regulate subchondral bone
homeostasis in both direct and indirect
mechanisms.

Uncoupled subchondral bone remod-
elling leads to altered distribution and

The type and distribution of nerves and
the cellular and molecular interaction
between bone cells and peripheral nerves
in normal and OA subchondral bone are
summarized.

The role of interactions between sensory
nerve and sympathetic nerves in the
regulation of subchondral bone homeo-
stasis and OA pain is reviewed; this may
facilitate development of therapeutic
strategies to treat OA pain.

Research on modulation of peripheral
nerves on subchondral bone homeo-
stasis and pain generation is limited, and
further work is required.

Introduction

Osteoarthritis (OA) is a degenerative joint
disease that is highly prevalent worldwide,
and is expected to affect more than 25% of

activity of peripheral nerves.

Altered sensory nerve function in
subchondral bone has a key role in OA
pain.
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adults and to occurin over 67 million Americans by 2030."
OA presents an enormous clinical challenge and financial
burden, and is a leading cause of joint pain and phys-
ical disability due to its effects on weightbearing joints,
such as the knee and hip.%* OA pain and joint dysfunc-
tion are commonly the main reasons that patients seek
medical intervention. Pain itself is also a major risk factor
for the development of future functional limitations and
disability in OA patients.® However, there is still a lack
of effective disease-modifying treatments for OA that
achieve sustained pain relief and improve joint function
before joint arthroplasty in end-stage OA. Therefore, it is
necessary to comprehensively explore and understand
the pathogenesis and pain mechanisms of OA, which will
subsequently allow the development of effective treat-
ments for OA.

The mechanisms of OA pain are multifactorial.
Currently, synovial inflammation and cartilage degen-
eration are being intensively investigated for their roles
in OA pain.”? Nevertheless, OA pain can manifest at a
very early stage in the absence of synovial inflammation
and cartilage degeneration. Importantly, OA patients
achieved rapid and obvious pain relief after the removal
of the subchondral bone and overlying articular cartilage
through total knee arthroplasty (TKA)."" Articular carti-
lage, which typically lacks innervation,' is incapable of
generating pain, indicating that the subchondral bone
is a major source of OA pain. Additionally, subchondral
bone marrow oedema-like lesions are highly correlated
with OA pain.”' Reduction of the size of bone marrow
oedema-like lesions by inhibition of osteoclast activity
concomitantly alleviated pain.' In OA, the occurrence of
osteochondral junctions and osteophytes is commonly
coupled with innervation and angiogenesis,'® and they
can be sources of pain in OA. OA pain is notably modu-
lated by the purely peripherally acting nerve growth
factor (NGF),"” supporting the concept that continuous
nociceptive input from joint nerves contributes substan-
tially to OA pain. Specifically, aberrant sensory innerva-
tion and increased inflammatory stimulators, such as
prostaglandin E2 (PGE2), induced by aberrant subchon-
dral bone remodelling are responsible for OA pain.’®"
The sensory nerve in the subchondral bone plays a crit-
ical role in OA pain.®

Aberrant subchondral bone remodelling and
abnormal subchondral bone architecture are critical
factors in pathological changes in OA,*%-2* although the
aetiology of the initiation and progression of OA remains
controversial. Aberrant subchondral bone microarchitec-
ture disrupts the mechanical support of the overlying
articular cartilage, and abnormal stress on the articular
cartilage induces its degeneration.?* Bone remodelling,
which includes osteoclast-induced bone resorption
coupled with osteoblast-induced bone formation, is
essential to maintain the normal microarchitecture of the
subchondral bone.?* Bone remodelling is spatiotempo-
rally orchestrated by local growth factors and cytokines,
and the normal subchondral bone is maintained in a

naive microarchitecture with blood vessels and nerves
intertwined under normal conditions.?*?¢ Disruption of
bone remodelling and bone homeostasis inevitably leads
to aberrant subchondral bone formation, which induces
altered wiring and activity of both nerves and blood
vessels in the subchondral bone, subsequently inducing
OA pain and the onset and progression of OA.>?%28
Peripheral nerves have critical roles in the physiology
and pathology of bone homeostasis.?>?%3° Both sensory
and sympathetic nerve fibres extensively innervate joint
tissue, such as the subchondral bone, synovium, and
meniscus.?”?"32 Bone remodelling is also controlled by
the nervous system.'®3*38 Denervation of either periph-
eral sensory or sympathetic nerves yields massive
changes in the bone phenotype.'™343-4 Sites with higher
bone remodelling activity are more densely innervated
by nerves and vasculature than quiescent sites,?3®
suggesting a potential role of nerves in regulating
subchondral bone remodelling in which bone remod-
elling activity is increased in the OA subchondral bone.
Therefore, it is necessary to comprehensively explore
and understand the pathogenesis and pain of OA from
the perspective of peripheral nerves, which may subse-
quently allow the development of effective treatments
for OA. In the present review, we focus on the profiles
and distribution of sensory and sympathetic nerves in the
subchondral bone, the effect of the nerve on OA pain,
and the physiology and pathophysiology of subchon-
dral bone homeostasis during OA. Additionally, we also
discuss in detail the interaction between bone cells and
nerve fibres and the relevant effects of neurotransmitters,
cytokines, and factors during OA development.
Nerve distribution and profiles. The knee joint is well
innervated by both sensory and sympathetic nerve fi-
bres that have local effects and relay signals between
the targeted joint tissue and the central nervous system
(CNS).18:2731,3242-46 Sensory neurones from the dorsal root
ganglion (DRG) and sympathetic neurones from the
sympathetic ganglion disseminate axons to target the
subchondral bone and surrounding tissue (Figure 1). The
second relay neuron in the spine extends into specific re-
gions of the CNS, such as the brain stem, paraventricu-
lar nucleus of the hypothalamus, prelimbic cortex, and
motor cortex.”” The CNS processes the signals collected
by sensory nerve endings and subsequently initiates
responses to local changes in the environment through
dependent or independent sympathetic nerve activity.*®
In general, nerves enter the epiphysis mainly through
the nutrient foramen. The nerve bundles commonly run
alongside the arteries that carry nutrition to bone until
the formation of free nerve endings or specific struc-
tures. Sensory and sympathetic nerve fibres are located
near trabecular bone rather than in cortical bone or bone
marrow under physiological conditions,*-'in which bone
remodelling is relatively active. In OA, the densities of both
sensory nerve fibres and sympathetic nerves substantially
increase in the subchondral bone, especially at sites of
increased bone remodelling activity, which is abnormal
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Peripheral innervation and the route of neuron from central nervous system (CNS) to the knee joint. a) The coronal section of the knee joint; b) the cross-
section of the knee-related lumbar spinal cord. The knee joint is well innervated by both sensory and sympathetic nerve fibres with fine nerve branches,
including subchondral bone, synovium, and meniscus. Sensory and sympathetic nerves mediate the signals between the joint and CNS after relay in the
spinal cord. The sensory nerve has a pseudo-unipolar morphology. The axon derived from dorsal root ganglion (DRG) split into the central branch (forms
a synaptic junction with second-order sensory neurones in the dorsal horn to relay the information to CNS) and peripheral branch (extends the target cells
or tissues of the joint). After relay in the lateral horn of spinal cord, preganglionic neurone communicates with postganglionic neurone through chemical
synapses within the sympathetic ganglion; postganglionic neurone innervated into peripheral target tissues in the joint, commonly accompanied by
vasculature (red). Additionally, the sensory nerve can interact with sympathetic nerve at the level of spinal cord.

and uncoupled.'®?2:384 During the OA process, nerve
fibres commonly present an abnormal phenotype, such
as aberrant sprouting or a higher expression of neuro-
peptides.'?”2 Osteophytes usually develop at the edges
of osteoarthritic joints, especially at the transition site of
the articular cartilage and the subchondral bone, into
which both nerve fibres and vessels grow. Similarly, the
occurrence of osteochondral junctions due to aberrant
bone remodelling permits the ingrowth of both nerves
and vessels after tidemark penetration. The nerves in the
osteophyte and osteochondral junction are continuous
with those in the subchondral bone. Abnormal innerva-
tion in the whole joint may be responsible for symptom
progression and joint pathology in OA. The nerve distri-
bution, neurochemical profile, myelination status, diam-
eter, and electrophysiological properties of the fine nerve
branches of the sensory and sympathetic nerve fibres in
the subchondral bone are discussed below.

Sensory nerves in the joint. Sensory nerves are a type
of neuron that can sense or convert local pain, pres-
sure, and other perceived stimuli into neuronal electri-
cal impulses and conduct sensory information towards
the CNS.525% Furthermore, sensory neurones have been
shown to generate afferent signals peripherally towards
their targets.>>>* Sensory neurones have pseudounipolar
morphology. The axon, which is derived from the soma,
splits into the central branch and peripheral branch. The

peripheral branch extends towards the target cells or
tissues in the joint. The central branch forms a synaptic
junction with second-order sensory neurones to relay
information (Figure 1). The peripheral sensory nerves
in the knee joint largely originate from neurones in the
dorsal DRG alongside the spinal cord at levels 1 to 5 in
rodents, mainly from the Lumber 3-5 level DRG.?%%453
Primary sensory nerves are divided into different
subgroups and are categorized by axon diameter and
conduction velocity, neuropeptide content, myelin-
ation status, and distribution.>¢%” To date, AB, Ad, and C
sensory fibres have been identified in joints and bone.?
Most if not all sensory nerve fibres in joints are either
thinly myelinated (Ad) or peptide-rich (C fibres) nerve
fibres.2#44+3861 AR sensory nerve fibres are largely medium
myelinated fibres with relatively rapid conduction veloc-
ities, and they are mainly related to the detection of
stretch, touch, and pressure in joint capsules, despite
their absence within the subchondral bone.? Both Ad
nerve and C nerve fibres were detected in the subchon-
dral bone.***? Ad sensory nerve fibres are commonly
nonpeptide-rich with occasional free nerve endings, and
thinly myelinated fibres primarily transmit signals related
to acute pain and mechanical and heat stimuli to the
DRG.% Compared with Ad sensory nerve fibres, C nerve
fibres are smaller and unmyelinated. They are responsible
for the slower onset of deeper pain due to their higher
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stimulus threshold,®? and produce second pain, such as
chronic OA pain, that is usually slow, long-lasting, and
spread out. C sensory nerve fibres are considered to
be responsible for the release of the neuropeptide and
substance P in response to various stimuli.®®

Although sensory nerves showed more extensive
distribution near the side of the growth plate in the epiph-
ysis, they also showed good innervation of the subchon-
dral bone (Figures 2a, 2c, and 2e).** Only tropomyosin
receptor kinase A (TrkA)-, calcitonin gene-related peptide
(CGRP)-, and substance P-positive fibres were identified
in the subchondral bone; they were either thinly myelin-
ated Ad fibres or unmyelinated C fibres.'819:27.37,44,50,65-67
CGRP* nerves are the predominant sensory fibres and
have varicose-rich ending fibres in the subchondral bone,
and they are densely and widely distributed in epiphy-
seal trabecular bone.***? A retrograde tracing technique
showed that approximately 50% of Fast Blue-labelled
nerves projecting to the epiphysis in young rats contained
CGRP.>* Notably, CGRP* and neurofilament 200* sensory
nerves share a similar pattern of distribution, but neuro-
filament 200 axons seem to be linear and longer.*
Compared with CGRP* nerves, substance P+ nerve fibres
are less abundantly innervated in the joint, but they
partially coexpress CGRP and form a fine network of vari-
coses.*4¢ Although some studies have failed to detect
isolectin-B4 positive peptide-poor C fibres,**° several
groups have identified a small number of isolectin-B4*
DRG neural cell bodies innervating the tibia in rats and
isolectin-B4* nerve fibres in the subchondral bone in
mice.?”®® Transient receptor potential cation channel,
subfamily V, member 1 (TRPV1)-positive nerve fibres are
predominantly unmyelinated sensory fibres and some
small-diameter myelinated sensory fibres, and their sensi-
tization contributes to pain hypersensitivity.®”' Voltage-
gated sodium channel 1.8, which is mainly responsible
for detecting noxious stimuli, is preferentially expressed
in but not restricted to small-diameter unmyelinated
sensory fibres in the subchondral bone.’”? Moreover,
C sensory fibres with low-threshold mechanoreceptors
also express voltage-gated sodium channel 1.8 for touch
sensation.”? In OA, the sensory nerves in the subchon-
dral bone present dramatic alterations in distribution,
density, and activity.?”?® For example, osteoclast activity
and number increase, leading to abnormal sensory
innervation and subsequent OA pain.?”% Specifically,
aberrant subchondral remodelling induced by osteo-
clasts promotes an increased number of CGPR* sensory
nerves,?® and the expression of voltage-gated sodium 1.8
in the sensory nerve increases and synergistically induces
OA pain with stimulation of PGE2 synthesis.?”
Sympathetic nerves in the joint. The autonomic nervous
system, which consists of the sympathetic nervous system
and parasympathetic nervous system, coordinates func-
tions throughout the whole body to ensure homeostasis
through adaptive responses to various stresses. Both the
sympathetic nervous system and parasympathetic nerv-
ous system project their small, unmyelinated axons with

a relatively slow velocity of conduction to target tissues.
Preganglionic neurones communicate with postgangli-
onic neurones through chemical synapses within an au-
tonomic ganglion (Figure 1). Generally, upon stimulation
by acetylcholine derived from preganglionic neurones,
postganglionic neurones principally release factors, such
as norepinephrine (NE), to peripheral tissue to mediate
autonomic outflow.

Currently, the distribution of sympathetic nerves in
the subchondral bone in mammals is not well pictured.
Sympathetic nerves in the bone marrow are primarily
thought to be vasomotor nerves due to their perivascular
arrangement (Figures 2a, 2c, and 2e), but they dissociate
from the vasculature to form free nerve endings in the
bone marrow.%”7® Sympathetic nerve fibres are abun-
dant in the skeleton and are commonly identified by
their immunoreactivity to tyrosine hydroxylase, the rate-
limiting enzyme in catecholamine biosynthesis.>**”* Addi-
tionally, dopamine B-hydroxylase, monoamine oxidase,
and catechol-O-methyltransferase also often colocalize
with sympathetic nerves because of their participation
in the synthesis of NE in sympathetic neurones.’” The
majority of neuropeptide Y (NPY) is also largely colo-
calized and coreleased with NE in sympathetic nerves;
NPY* nerve fibres are confined to the vasculature and
occasionally have close contact with bone lining cells.*
Postganglionic sympathetic neurones have been demon-
strated to have a cholinergic neurochemical profile in
bone and joints.”>”® Nerve fibres containing vasoactive
intestinal polypeptides (VIPs) have also been identified
in bone marrow.>*7 Abolition of VIP staining in bone
after sympathectomy suggests that VIP* nerve fibres are
largely derived from the sympathetic nervous system.””
The literature about alterations of sympathetic nerves
is sparse. NPY* sympathetic nerve fibres were detected
at the base of the subchondral bone and tibial osteo-
phytes,'® suggesting that NPY is involved in controlling
bone metabolism in the subchondral bone and is related
to the formation of osteophytes. The sympathetic nerves
primarily present their perivascular arrangement, the
volume of blood vessels increases, and sympathetic nerve
distribution appears to change with abnormal subchon-
dral bone remodelling in OA.> A similar alteration of
sympathetic nerves in the subchondral bone is expected.
The role of the nervous system in OA pain. Patho
physiological OA pain is a severe manifestation of OA;
it is induced mainly by the aberrant function of the
pathologically altered nervous system. Neurochemical
and structural changes in sensory nerve fibres and al-
terations in the CNS are the major sources of chronic
OA pain. The sensitization and dysregulation of the
CNS are not our key points in this review, so we will not
discuss them in detail. Chronic OA pain, including hy-
persensitivity, hyperalgesia (exaggerated pain response
to noxious stimuli), and allodynia (innocuous stimuli
are perceived as painful), is induced by abnormal no-
ciceptive input and peripheral sensitization in the OA
subchondral bone.
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Fig. 2

The physiological and pathological distribution of peripheral innervation in the subchondral bone. a) and b) Schematic distribution and patterning of
peripheral nerves in a) normal subchondral bone and b) osteoarthritis (OA) subchondral bone. Sensory and sympathetic nerves with vasculature present a
fine branching in the subchondral bone. Both mainly locate near subchondral bone surfaces and near the bone cells, such as osteoblasts, osteoprogenitors,
and osteoclasts. In OA, coupled with increased bone turnover and abnormal recruitment of osteoprogenitors, both sensory and sympathetic nerves showed
aberrant and abnormal distribution, such as increased intensity and abnormal sprouting. c) and d) Peripheral innervation within osteochondral junction in
c) normal and d) OA condition. Sensory nerves, sympathetic nerves, and vasculature remain in the subchondral bone without invasion into cartilage under
normal conditions. In OA, the sensory and sympathetic nerves, coupled with vasculature enter calcified cartilage (CC) and even hyaline cartilage from
aberrant subchondral bone through the osteochondral channels that may be induced by overactive osteoclast activity. e) and f) Peripheral innervation in e)
normal subchondral bone and f) osteophytes. Sensory and sympathetic nerves with vasculature present a fine branching in the normal subchondral bone.
In OA, the sensory and sympathetic nerves, accompanied by vasculature, enter into osteophytes from aberrant subchondral bone, coupled with overactive
osteoclast activity.
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The sensory innervation in the OA subchondral bone
is fundamental to peripheral sensation and nociception.
Removal of the subchondral bone and articular cartilage
allows OA patients to have obvious pain relief in TKA,™®™
which indicates the important role of the subchondral
bone in OA pain. Soluble blockade of NGF effectively
suppresses OA pain in both the early and late stages,”®
whereas inhibition of inflammatory factors or cellular
infiltration into the joint only suppresses OA pain in
the early stages, suggesting that OA pain, especially in
later stages, is primarily derived from noninflammatory
aspects.” During OA progression, channels across the
osteochondral junction are formed that permit vessel
and nerve fibres to cross the tidemark into articular carti-
lage or osteophytes. This is a result of aberrant subchon-
dral bone microarchitecture due to abnormal bone
remodelling, and the nerves are derived from nerves in
the subchondral bone (Figure 2).'¢808" Therefore, OA
pain can also originate from the osteochondral junction
and osteophytes in the OA joint (Figures 2d and 2f). In
contrast to the production of antiangiogenic factors by
chondrocytes in healthy cartilage, both the subchondral
bone and the hypertrophic chondrocytes in the OA joint
produce NGF and proangiogenic factors, such as vascular
endothelial growth factor (VEGF), to promote angiogen-
esis and subsequent innervation.t%#2 Indeed, nerves and
vasculatures share similar wiring mechanisms that facili-
tate their interplay.® Perivascular nerve growth in osteo-
phytes, osteochondral junctions, and articular cartilage
may be abnormal; due to their exposure, these nerve
fibres are easily stimulated by chemical and mechanical
stress. Therefore, neovascularization and accompanying
sensory innervation in the osteochondral junction and
osteophyte contribute to OA pain.

A potential mechanism of OA pain is the pathological
sprouting and structure of sensory nerve fibres in the
subchondral bone (Figures 2b, 2d, and 2f). The altered
concentration or distribution of axonal guidance mole-
cules in the subchondral bone leads to aberrant sensory
innervation and OA pain. A recent study revealed that
elevated netrin-1 promotes the growth of CGRP* sensory
nerves in aberrant subchondral bone, and specific
knockout of netrin-1 from osteoclasts dramatically atten-
uates pain hypersensitivity by reducing sensory innerva-
tion,?” suggesting that abnormal sensory nerve sprouting
in the subchondral bone induces OA pain. Whether
alterations in other guidance cues, such as SLITs, sema-
phorins, and ephrins, are involved in OA pain remains
unclear. Moreover, increased resorption of bone matrix
by elevated osteoclast activity leads to greatly increased
local calcium levels, which further contribute to aberrant
nerve growth by binding to the calcium-sensing receptor
of sensory nerves®andinducing abnormal signal conduc-
tion from sensory nerve terminals to the CNS. Addition-
ally, the density of sensory nerve fibres was reported to
be increased approximately ten- to 70-fold in the bone
marrow of a bone prostate cancer model, and blockade
of pathological sprouting of sensory nerve fibres and

neuroma formation by NGF reduced the generation of
pain.”® Inappropriate sprouting or neuroma formation in
skeletal tissue,’?”78 including the endplate or subchon-
dral bone, contributes to hypersensitivity to innocuous
stimuli and movement-evoked pain. Exuberant nerve
sprouting has been suggested to be a major cause of
pathological OA pain.

The sensitization and neuropathic degeneration of
peripheral sensory nerves are also critical to OA pain.
The expression of voltage-gated sodium 1.8 on sensory
nerves in both the subchondral bone and the endplate
was reported to markedly increase with increased PGE2
after lumbar spine instability,'?® which is correlated with
hypersensitivity and abnormal pain behaviour. The pain
of bone cancer metastases, such as prostate sarcoma and
breast sarcoma, shows that the tumour appears to closely
contact and subsequently injure sensory nerve fibre
endings,® which leads to neuropathic pain. Certain types
of bone pain are attenuated by gabapentin,® which is an
approved treatment for neuropathic pain, suggesting
that injured sensory neurones lead to bone pain.®2®
The destruction of sensory nerve fibres at the injured
site is correlated with increased movement-evoked pain
behaviour,? and a similar pattern of pain implicates nerve
fibre damage in the OA joint caused by microcracks in the
subchondral bone or overactive osteoclast activity. The
above evidence suggests that neuropathic pain is one of
the origins of OA pain.

Several factors, including PGE2 and NGF, are involved
in the regulation of OA pain by interacting with sensory
nerves (Figure 3a).

PGE2 contributes to altered neuronal excitability.
PGE2 has been indicated to contribute to persistent
neuropathic pain and promote the expression of pain-
related molecules, including CGRP and substance P, in
sensory neurones.?’ Increased PGE2 facilitates the traf-
ficking of voltage-gated sodium 1.8 to the surfaces of
neurones and mediates pain transduction in sensory
neurones, which further induces hypersensitivity to OA
pain.”® Moreover, protein kinase A induced by PGE2/
prostaglandin EP4 receptor (EP4) signalling activates
multiple molecules, including voltage-gated calcium or
sodium channels,TRPV1, and purinergic P2X3 receptors,
in nociceptors, leading to hyperalgesia. Therefore, inhib-
iting PGE2 signalling (e.g. by applying non-steroidal anti-
inflammatory drugs) supports pain relief by inhibiting
both nerve stimulation and inflammation.

Aberrant expression of NGF is also highly correlated
with OA pain. NGF produced by osteochondral blood
vessels promotes ingrowth of nociceptive nerves into
osteochondral junctions in OA.% In arthritis disease, NGF
induces stimulation of PGE2 synthesis, which indirectly
leads to hyperalgesia.®® Overexpression of NGF in periph-
eral tissue with damage, such as deteriorated subchon-
dral bone, leads to upregulated expression of pain-related
molecules,” such as CGRP, substance P, and TRPV1, and
nociceptive ion channels, such as voltage-gated sodium
1.8. Additionally, NGF indirectly leads to hyperalgesia
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The schematic of regulation of peripheral nerves in subchondral bone homeostasis and pain sensation. a) The local factors and molecules from resident
cells, including osteoblast, osteoclast, and osteoprogenitors or other cells, activate sensory nerves, and then they mediate both metabolic and pain signals to
central nervous system; local factors, such as netrin-1 and SLIT3, also affect both sensory nerve and sympathetic nerve by guiding their ingrowth. b) Sensory
nerves collect and transport signals of peripheral tissue to brain after second-relay in the spinal cord. The pain signals are projected to brain cortex while
sensory nerve mediates metabolic signals and turns down the tone of sympathetic signals at hypothalamus and spinal levels. c) Sympathetic tone regulates
bone remodelling both directly and indirectly. Reduced sympathetic tone that is dependent or independent of sensory activity may promote proliferation of
osteoprogenitors via increase of blood flow and subsequently increased generation of type H vessel. Reduced sympathetic tone also promotes mesenchymal
stem cells (MSCs) to differentiate into adipocyte and directly promote the proliferation and differentiation of osteoblast lineage cells. Sympathetic molecules
including neuropeptide Y and vasoactive intestinal polypeptide promote osteoclastogenesis, and inhibit the activity and differentiation of osteoblast lineage
cells. The sensory molecules, such as calcitonin gene-related peptide and substance p, have a dual role in the inhibition of osteoclast activity and promotion

of osteoblast lineage cells.

through its effects on other cells. NGF/TrkA signalling
triggers the release of pain mediators in mast cells and
promotes angiogenesis and nerve growth.®°2 NGF also
enhances the process of nociceptive signal transmission
from sensory nerves to the CNS through direct activation
of TrkA or indirect mechanisms,®® as verified by reduced

OA pain after specific inhibition of NGF.¢ A randomized
controlled trial (RCT) demonstrated that blockade of NGF
yielded a significant reduction in walking knee pain and
improved function for up to eight weeks.**

The metabolic effects of nerves in the joint. The nervous
system plays an important role in the control of bone
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homeostasis by directly or indirectly affecting a variety of
different skeletal cells or their interaction (Figure 3). Both
chemical and surgical denervation result in bone loss in
both loaded and unloaded bones.?*#° Briefly, peripheral
nervous systems regulate bone metabolism through two
pathways: 1) trophic factors derived from nerves directly
affect both the functionality and structure of bone; and 2)
nerves coordinate bone homeostasis through the collec-
tion of local signals ascending to the CNS and by ampli-
fying signals descending from the CNS.*

Central control of bone homeostasis, composed of
central neuronal pathways and neurotransmitters, mainly
targets osteoblasts and osteoclasts, and possibly osteo-
cytes, to regulate the equilibrium between bone forma-
tion and resorption.?? In addition, the energy metabolism
regulated by the CNS partially affects bone mass, which
is a part of the central control of bone homeostasis.
Central regulators of bone metabolism, such as leptin,
have been identified which centrally control bone mass
by regulating the differentiation, proliferation, and func-
tion of osteoclasts and osteoblasts.®

Peripheral nerve fibres are closely involved in bone
remodelling in direct and indirect ways (Figures 3a to 3c).
Generally, areas of bone that receive higher mechanical
stress commonly exhibit higher bone turnover and meta-
bolic rates. Sites of bone remodelling are also commonly
accompanied by abundant vascular and peripheral nerve
innervation, including sympathetic and sensory fibres.3®

Sensory nerve fibres were observed at innervated sites
of incipient primary ossification, coincident with NGF
expression in cells adjacent to centres of incipient ossifi-
cation (Figure 3a). Innervation of TrkA* nerve fibres into
the fracture site precedes angiogenesis, and chemical
denervation attenuates bone formation.?” These results
indicate that nerves sustain bone homeostasis by locating
adjacent bone surfaces in developmental and repair
conditions. In response to low bone density, mechanical
stress, or fracture healing, sensory nerves promote bone
formation, and the blockade of EP4 activation or NGF/
TrkA signalling in sensory nerves dramatically attenu-
ates bone formation.’®373 Sensory denervation has also
been demonstrated to result in reduced bone mineral
density (BMD), especially for trabecular bone, which is
related to the increased/decreased activity and number
of osteoclasts/osteoblasts.””?® The increased density of
sensory nerves in the subchondral bone favours osteo-
blast differentiation and suppresses osteoclastogenesis to
shift bone homeostasis towards bone formation in OA.
Furthermore, the aberrant sprouting of sensory nerves
also disturbs bone remodelling due to its abnormal distri-
bution and activity.

The effect of neuropeptides derived from sensory nerves
on bone cells. CGRP, an important osteoanabolic pep-
tide, can increase proliferation, promote osteogenic dif-
ferentiation and the expression of osteoblastic genes,
and reduce apoptosis of osteoprogenitor cells in vit-
ro.?>1% |n general, CGRP has a direct effect on osteo-
blasts by regulating their cellular activity; CGRP enhances

osteogenesis by increasing the production of cyclic aden-
osine monophosphate and the subsequent activation of
protein kinase A (PKA)/cyclic adenosine monophosphate
(cAMP)-responsive element binding protein (CREB) and
Wnt/B-catenin in osteoblasts.'1%* Additionally, implant-
derived magnesium has been shown to improve bone
healing via locally increased production of CGRP in rats.'%*
Transgenic mice lacking CGRP exhibited decreased bone
formation and reduced trabecular bone mass, but cor-
tical bone was unaffected.'® Decreased bone formation
and osteopenia were observed in mice lacking alpha-
calcitonin gene-related peptide. It has been proven that
nerves containing CGRP have an inhibitory effect on os-
teoclastic bone resorption.' Characterization of immu-
noreactive CGRP produced by a CGRP receptor-positive
cloned osteosarcoma cell line showed that CGRP directly
inhibits osteoclast maturation and activity, and indirectly
modulates osteoclastogenesis by regulating the expres-
sion of receptor activator of nuclear factor kappa-B ligand
(RANKL) and osteoprotegerin (OPG).?81%

Substance P is largely coexpressed and coreleased

with CGRP in sensory nerves, suggesting its overlapping
role with CGRP in several physiological and pathophysi-
ological processes.'” The effect of substance P on osteo-
blast osteoprogenitor cells remains controversial; both
inhibition and enhancement of mineralized bone forma-
tion have been reported.'81% |n contrast to its undefined
effect on osteoblasts, substance P promotes osteoclasto-
genesis and stimulates subsequent resorption through
direct or indirect upregulation of RANKL."*"? Local
osteolysis leads to increased osteoclast activity and
decreases bone volume, which is substantially reduced
in substance P-deficient mice." The literature about the
pathological effect of substance P in OA is sparse. In the
OAfemoral head, the density of substance P* nerve fibres
in trabecular bone was increased in line with pain inten-
sity and deterioration of bone structure," indicating
the negative role of substance P in the preservation of
the bone structure of the OA joint. Substance P may
affect subchondral bone remodelling through its effect
on osteoblasts and osteoclasts. The exact mechanism
needs to be further elucidated. Inhibition of substance
P may attenuate deterioration of the subchondral bone
via inhibition of overactive osteoclasts and related aber-
rant bone remodelling.
Sympathetic nerves in the regulation of bone homeosta-
sis. The sympathetic nervous system is the predominant
efferent pathway from the CNS controlling skeletal me-
tabolism (Figures 3b, 3c, and 4).3*3** Chemically or surgi-
cally induced activation of sympathetic activity leads to
bone loss, and blockade of sympathetic tone promotes
bone formation.?**' Reflex sympathetic dystrophy, char-
acterized by high sympathetic tone, also leads to low
bone mass in humans.” Chronic stress-induced sympa-
thetic activity shifts bone homeostasis to bone resorp-
tion, as verified by enhanced bone resorption in mice
after chronic stimulation with a low-dose agonist of beta
adrenergic receptors (BARs).*?
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The homeostasis of subchondral bone under the control of the nervous system. The homeostasis of subchondral bone is regulated by peripheral sensory and
sympathetic signals. The higher sympathetic tone has a tendency of bone resorption, commonly coupled with increased production of neuropeptide such
as norepinephrine (NE), neuropeptide Y (NPY), and vasoactiveintestinal polypeptide (VIP). In contrast, activation of sensory nerves leads to bone formation
with production of neuropeptide, such as calcitonin gene-related peptide (CGRP) and substance P (SP). In normal conditions, the intensity between sensory
signals and sympathetic signals are maintained in balance (the normal condition, black dash line). In osteoarthritis (OA), the balance is disrupted, and
predominance of signals shifts from higher sympathetic nerve to sensory nerve during OA progression, coupled with deterioration of subchondral bone and
OA pain. At the end stage, the abnormal balance emerges (the condition that sensory signals exceed the sympathetic signals, grey dash line), consistent with

increased bone volume of subchondral bone.

In both trabecular bone and cortical bone, the
majority of the sympathetic nerves were morphologically
observed to be closely associated with vascular struc-
tures, mainly including large arteries, small arteries, or
capillaries, which are essential to skeletal growth, devel-
opment, and repair.227116-118 We assume that sympathetic
nerves partially affect bone metabolism by controlling
vessel activity. The colocalization of unmyelinated tyro-
sine hydroxylase* sympathetic nerve fibres and arterioles
permits sympathetic nerve activity to control blood flow
in the limb.""¢" Blood flow controls Type H vessels that
couple angiogenesis and osteogenesis by regulating
Notch signalling.'?® Accordingly, sympathetic nerves,
specifically those with higher sympathetic tone, affect
bone homeostasis by decreasing blood flow and subse-
quently decreasing the formation of type H vessels in OA.
In a temporomandibular joint OA model, OA rats showed
robust sprouting of tyrosine hydroxylase (TH) positive
nerve fibres and increased NE levels in the subchondral
bone compared to control rats.’”" Elevated sympathetic
nervous activity leads to bone loss, especially in trabec-
ular bone, by increasing bone resorption and inhibiting
bone formation, and blockade of BARs greatly attenuates
bone loss.'?2'?® In addition, neuropeptides from sympa-
thetic nerves are directly involved in bone homeostasis.

NE, a canonical neurotransmitter of peripheral sympa-
thetic nerves, elicits sympathetic nerve function through
adrenergic receptors (ARs). ARs include three subtypes,
the B (cAMP stimulation), al (phospholipase C stimu-
lation), and a2 (cAMP inhibition) subtypes, based on
their downstream messengers. Activation of BAR contrib-
utes to increased osteoclast formation and bone loss,
as evidenced by nonselective BTAR and B2AR agonist-
stimulated osteoclastogenesis in rats and mice.** BAR
stimulation also affects bone formation by inhibiting
osteoblast proliferation, blockade of BAR stimulates
osteoblast proliferation, and activation of BAR inhibits
osteoblast proliferation. Furthermore, osteoblast B2AR-
deficient mice have higher bone mass,**'2#12> confirming
that sympathetic signals regulate bone remodelling via
B2AR on osteoblasts.

NPY is involved in the control of osteoblast activity
and subsequent bone formation.’? Leptin signals
via NPY* neurons to coordinate energy partitioning
between the bone mass and fat,’? and deletion of NPY
leads to increased bone formation. Application of NPY
to the hypothalamus effectively recapitulates bone loss,
suggesting an essential role of NPY in bone metabo-
lism and the central regulation of the hypothalamus in
bone remodelling.'® Hypothalamus-specific deletion of
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Y2R promotes osteoblast activity, thus increasing both
trabecular and cortical bone formation.'? The decreased
expression of NPY in primary calvarial cultures after shear
stress leads to increased markers of osteoblast differenti-
ation, highlighting the negative regulatory effect of NPY
on the differentiation of osteoblast lineage cells.”*® Upon
activation of Y1 in osteoblast lineage cells, NPY locally
inhibits the differentiation of mesenchymal progenitors
and mineral production by mature osteoblasts.’%3" NPY*
sympathetic nerve fibres were detected at the base of the
subchondral bone and tibial osteophytes,’ suggesting
that NPY is involved in controlling the bone metabolism
of the subchondral bone and is related to the formation
of osteophytes.

VIP plays roles in regulating bone cells via its recep-
tors on osteoblasts and osteoclasts in humans and mice.*®
Regarding osteoblasts, VIP was found to promote osteo-
blast activity by inducing alkaline phosphatase (ALP) gene
expression via a CAMP response.’2 VIP also inhibits trans-
forming growth factor (TGF) B1 production in murine
macrophages,' and inhibition of excessive TGF-B1 in
the subchondral bone is beneficial for OA progression.?
VIP shows a tendency to inhibit bone resorption.’* The
protective effects of VIP against collagen-induced arthritis
are indicated by delayed onset of OA and dramatically
reduced subchondral bone and cartilage degeneration.'
Interaction between sympathetic and sensory innerva-
tion. The similar bone phenotypes observed in sympa-
thetic hyperfunction and sensory denervation indicate
the possibility of functional interaction between the
sensory nerve and sympathetic nervous system in the
control of bone metabolism or independent function
of bone metabolism in an opposing manner.?? The evi-
dence supports the former hypothesis (Figure 3). The ac-
tivation of sensory nervesin bone has also been reported
to inhibit sympathetic nervous system tone through the
hypothalamus to control homeostasis.'® Additionally,
attenuated bone loss and activation of sensory nerves
with increased expression of CGRP were observed after
the application of B-blockers in hypertensive rats or af-
ter chemical sympathectomy.¢3” A portion of sensory
nerves extending from the DRG is located on the surface
of the bone to sense biomechanical signals or other mi-
croenvironmental changes.*® Recent studies have sug-
gested that osteoblasts serve as sensors of mechanical
or chemical stimuli and transmit these signals to the
CNS via sensory nerves.'®338138 Other bone surface cells
may also have roles as sensors. The authors postulated
that low bone volume or low BMD is sensed by osteo-
blasts, possibly due to altered mechanical stress, thus
upregulating the expression of PGE2. The PGE2-EP4
sensory nerve axis regulates mesenchymal stromal cell
lineage commitment in the bone marrow of adult mice
through regulation of sympathetic tones.’® Therefore,
disrupted remodelling of the subchondral bone leads
to aberrant sensory and sympathetic innervation in OA,
which conversely has a negative effect on subchondral
bone homeostasis.

PGE2 induces the dilation of vessels and inhibits the

release of NE from sympathetic neurones.™® Exogenous
PGE2 has the ability to stimulate both bone formation
and resorption via the production of cAMP in bone,™
but the direct effects of endogenous PGE2 on osteoblasts
and osteoclasts in vivo are still being defined. Knockout
of cyclooxygenase-2 in mice results in increased serum
markers of bone resorption, decreased femoral BMD,
and decreased thickness of cortical bone and trabecular
bone.™ Therefore, partial inhibition of PGE2 reduces
OA pain while maintaining the normal effect of PGE2 on
subchondral bone remodelling.
Factors derived from bone cells in the regulation of periph-
eral nerve growth and wiring. Cell-derived factors play a
critical role in the growth and wiring of peripheral nerves
by diffusing to target receptors on nerves. Several vital
molecules, including NGF, netrin-1, and semaphorin 3A,
modulate bone remodelling indirectly by regulating the
nervous system in an autocrine manner.

NGF is a well-known neurotrophic molecule. The
phosphorylation of TrkA by NGF at axon tips initiates
diverse signals for metabolic regulation. NGF/TrkA signal-
ling supports the survival and development of neurones;
the NGF/TrkA complex undergoes retrograde transport
from axon terminals to the cell body.*>'** NGF expression
in osteoblasts markedly increased in response to mechan-
ical loading, and the activation of TrkA* sensory nerves
induced increased bone formation, load-induced bone
formation, and Wnt/B-catenin activity in osteocytes,*®
indicating that osteoblasts are required for skeletal adap-
tation to mechanical loads. TrkA* sensory nerves are
projected from the DRG to the surfaces of newly forming
bone, where NGF is highly expressed.?® Mutant TrkA mice
present attenuated bone formation after mechanical
loading,®*® and blockade of NGF/TrkA signalling attenu-
ates nerve sprouting,™* indicating that sensory nerves
are vital for the effects of NGF on bone formation.

Netrin-1 is an axon guidance molecule that can
function as an attractant or repellent, respectively,
through its receptor. Highly expressed in osteoblasts
and osteoclasts,?”'** it has been shown to prevent bone
destruction in ageing animals and bone erosion in auto-
immune arthritis via inhibition of osteoclast matura-
tion." Osteoclast-derived netrin-1 has also been shown
to induce sensory nerve innervation of the subchondral
bone in a surgery-induced OA mice model.?” Overex-
pression of netrin-1 promotes functional recovery from
peripheral nerve injury in bone marrow stromal cells,
indicating its potential application as a treatment for
nerve injury."¢ Netrin-1 plays a positive role in promoting
peripheral nerve regeneration.™’

Semaphorin 3A, a well-known diffusible axonal repel-
lent, is ubiquitously expressed in a variety of tissues and
abundantly expressed in bone. Semaphorin 3A defi-
ciency contributes to bone and cartilage abnormalities
due to abnormal innervation.™®'*° Furthermore, neuron-
specific deletion of semaphorin 3A led to decreased bone
formation and low bone mass, while osteoblast-specific
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semaphorin 3A-deficient mice did not display any bone
abnormalities, despite a substantial decrease in sema-
phorin 3A in bone.™ Semaphorin 3A signalling spatio-
temporally precedes or coincides with the invasion of
blood vessels and nerve fibres in bone.™°

Perspectives on clinical translation. Articular cartilage
degeneration is considered to be the primary concern
and lead cause of OA. However, it is not sufficient to at-
tenuate disease progression solely through protection of
the articular cartilage.® Despite the current lack of abun-
dant clinical evidence, treatment targeting the signalling
mechanisms responsible for the regeneration, survival,
and signal transduction of peripheral nerve in the joint
may be an alternative for halting OA progression.

Denervation or inhibition of sensory innervation
not only contributes to pain control, but also reduces
joint degeneration. Clinical trials have illustrated that
an anti-NGF antibody, fulranumab and tanezumab,
showed a substantial improvement in physical pain and
joint function scores.”'~** This indicates that regulation
of the peripheral nervous system might help to combat
OA. Whether antibodies that can neutralize other nerve
factors or nerve-guiding factors, such as netrin-1, sema-
phorin 3A, and SLIT3, have a beneficial effect on OA in
humans, as well as the doses at which they would be
effective, remains unclear. Furthermore, topical appli-
cation of capsaicin that can reduce sensory innervation
effectively has been shown to reduce OA pain of the knee,
hand, shoulder, or hip.">> However, the protective effect
of capsaicin on OA progression is limited. The physical
density of sensory nerve is responsible for subchondral
bone homeostasis. Therefore, lower doses of capsaicin
may have a better efficacy of OA improvement.

Attenuation of sympathetic tone has been demon-
strated to increase bone volume.’®" Proper local acti-
vation of sympathetic tone may help slow down the
sclerosis of subchondral bone. Electrical stimulation
or acupuncture specifically on degenerated joint has a
potentially beneficial effect on OA. The detailed intensity
or method and the effect need further exploration.

Interrupting signal transduction of nerve is a good
choice of pain control. Inhibition of the chemokine (C-C
motif) ligand 2 (CCL2)-CC chemokine receptor 2 (CCR2)
and PGE2/EP4 signalling axes ameliorates OA pain,'%'>’
and drugs or molecules, such as celecoxib, targeting the
signalling pathway may be a therapy for OA. Low dose of
celecoxib reduces vertebral endplate porosity and spinal
pain via skeleton interoception activity."® Therefore, low
dose of celecoxib may have a better effect on OA than a
normal dose, although there is a lack of clinical evidence
supporting this.

In conclusion, both sensory and sympathetic nerve
fibres play important roles in subchondral bone remodel-
ling and OA pain through their neurotransmitters, neuro-
peptides, and their interactions in OA. Evidence of the
impact of peripheral nerves on OA progression and pain
is emerging but remains inadequate. Various resident
cells in the subchondral bone have receptors for sensory

and sympathetic neurotransmitters and neuropeptides,
such as CGRP and NE, which allow osteoblasts, osteo-
clasts, or endothelial cells to respond to neuronal stimuli.
Bone cells also affect nerve fibres through factors or
molecules, such as PGE2, netrin-1, and NGF, to modulate
nerve wiring and hypersensitivity. Uncoupled subchon-
dral bone remodelling induces OA and leads to disor-
dered nerve distribution and activity in OA. Conversely,
abnormal nerve innervation in the subchondral bone
may lead to aberrant subchondral bone remodelling via
local or central regulation of osteoblasts and osteoclasts
and potentially blood vessels, thus forming a vicious
circle. Prevention of abnormal nerve wiring and activity
may be beneficial to subchondral bone structure and OA
pain. Drugs targeting aberrant peripheral innervation or
local factors, perhaps in only specific subpopulations,
contribute to pain control and prevent joint degener-
ation in OA. Despite the current lack of validation and
application in the clinic, studies focusing on the periph-
eral nerves in OA can potentially provide alternatives for
OA therapy by alleviating OA pain and attenuating OA
progression.
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