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Abstract

Disorders of the skeleton are one of the most common causes of chronic pain and long-term physical disability in the world. Chronic
skeletal pain is caused by a remarkably diverse group of conditions including trauma-induced fracture, osteoarthritis, osteoporosis,
low back pain, orthopedic procedures, celiac disease, sickle cell disease and bone cancer. While these disorders are diverse, what
they share in common is that when chronic skeletal pain occurs in these disorders, there are currently few therapies that can fully
control the pain without significant unwanted side effects. In this review we focus on recent advances in our knowledge concerning
the unique population of primary afferent sensory nerve fibers that innervate the skeleton, the nociceptive and neuropathic mecha-
nisms that are involved in driving skeletal pain, and the neurochemical and structural changes that can occur in sensory and sym-
pathetic nerve fibers and the CNS in chronic skeletal pain. We also discuss therapies targeting nerve growth factor or sclerostin for
treating skeletal pain. These therapies have provided unique insight into the factors that drive skeletal pain and the structural
decline that occurs in the aging skeleton. We conclude by discussing how these advances have changed our understanding and
potentially the therapeutic options for treating and/or preventing chronic pain in the injured, diseased and aged skeleton.

Introduction

Painful skeletal conditions are prevalent and their impact is perva-
sive in both the developing and developed world (Lubeck, 2003;
Woolf & Pfleger, 2003; Brooks, 2006; Kidd, 2006). A major reason
skeletal pain occurs in such a diverse group of disorders (Fig. 1) is
that the skeleton is required for structural support, movement, pro-
tection of the internal organs, mineral and growth factor storage and
release, and the birth and maturation of blood cells. Importantly, if
skeletal pain is not adequately controlled it oftentimes has secondary
effects including loss of bone and muscle mass, cardiovascular func-
tion and cognitive health, all of which can significantly diminish the
patient’s functional status and quality of life.
Skeletal pain tends to increase with age as the mass, quality and

strength of the human skeleton peaks at 25–30 years of age in both
males and females (Heaney et al., 2000; Seeman, 2002) and then
declines thereafter (Fig. 2A and B). As the lifespan of individuals in
both the developing and developed world continues to increase (in
many countries it is now >80 years old) and with the rise of lifestyle
factors such as obesity and reduction in daily physical activity, both
of which reduce skeletal health, the burden that skeletal pain will
exact on individuals and society is expected to increase markedly in
the coming decades (Peltonen et al., 2003; Stovitz et al., 2008).
In this review, we discuss the neurobiology of skeletal pain in

terms of the unique repertoire of sensory nerve fibers that innervate
the bone and joint, the sensory innervation in different compart-
ments of the skeleton, the remarkable neurochemical and morpho-
logical plasticity that can occur in sensory nerves and their axons

that innervate the skeleton following injury or disease, and how
many forms of chronic skeletal pain appear to have both a nocicep-
tive and neuropathic component. We conclude by discussing the role
the central nervous system plays in maintaining and amplifying
chronic skeletal pain and how current and emerging therapies have
provided insight and potential therapeutic targets for treating/
preventing chronic skeletal pain.

The types of sensory nerve fibers that innervate the
skeleton

Previous studies have thoroughly and elegantly described the
sensory nerve fiber innervation of the mammalian skin (Peters et al.,
2002; Funfschilling et al., 2004; Zylka et al., 2005; Pare
et al., 2007; Kwan et al., 2009; Albrecht & Rice, 2010; Kalliomaki
et al., 2011). These studies have shown that both human and rodent
skin are innervated by a rich variety of sensory nerve fibers. These
include the thickly myelinated sensory nerve fibers (type II or
A-beta), thinly myelinated sensory nerve fibers (type III or A-delta)
and both major classes of unmyelinated nerve fibers (type IV or
C-fibers): peptide-rich nerve fibers that express tropomyosin receptor
kinase A (TrkA) and calcitonin gene-related peptide (CGRP) as well
as other neuropeptides, and the TrkA� , peptide-poor isolectin B4
nerve fibers which generally do not express CGRP (Karanth et al.,
1991; Schulze et al., 1997; Zylka et al., 2005; Albrecht et al.,
2006; Taylor et al., 2009). Each type of sensory nerve fiber that
innervates the skin appears to have a unique conduction velocity,
neurotransmitter and receptor expression profile, pattern of innerva-
tion, and function (Roosterman et al., 2006; Campero et al., 2009;
Kwan et al., 2009; Smith & Lewin, 2009). Thickly myelinated
A-beta fibers detect and signal non-noxious stimuli such as fine
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touch, light pressure, and brushing of the skin, do not express neu-
ropeptide neurotransmitters, and have conduction velocities >30 m/s.
The thinly myelinated A-delta fibers are primarily involved in the
rapid detection and signaling of nociceptive stimuli such as pin
prick and noxious mechanical stimuli, such as pressure and mechan-
ical distortion, express neuropeptides such as CGRP, and have con-
duction velocities between 2 and 30 m/s. Lastly, the largely
unmyelinated C-fibers (both the peptide-rich and peptide-poor popu-
lations) have a slower conduction velocity (<2 m/s) than the
A-fibers and are involved in detecting and signaling noxious heat,
and mechanical and chemical stimuli.
In marked contrast to the skin, the adult skeleton (i.e. the bone

and joint) is innervated largely by thinly myelinated, TrkA+ sensory
nerve fibers (A-delta) and the peptide-rich CGRP, TrkA+ sensory
nerve fibers (Fig 3), and receive little if any innervation by the lar-
ger more rapidly conducting A-beta fibers or the TrkA�, unmyeli-
nated peptide-poor C-fibers (Zylka et al., 2005; Jimenez-Andrade
et al., 2010). Recent work has shown that this difference in the
population of sensory nerve fibers that innervates the adult skin vs.
skeleton begins during perinatal and postnatal development. Thus,
several transcription factors including Tlx3 and Runx1 establish the
unique phenotype and cohort of sensory nerve fibers that innervate
the skin vs. skeleton (Liu & Ma, 2011; Lopes et al., 2012). Func-
tionally, the lack of innervation of bone and joint by A-beta sen-
sory nerve fibers is probably related to the fact that fine touch, light
pressure and brushing is not required in bone and joint as it is gen-
erally a deep structure so that most sensory nerve fibers that inner-

vate the bone and joint are silent nociceptors, i.e. nerve fibers that
are only activated by injury or damage to the bone or joint. Why
bone does not receive significant innervation by the TrkA�, pep-
tide-poor C-fibers (which do richly innervate the skin) is not com-
pletely clear, although it clearly suggests there is less nociceptor
‘redundancy’ in bone and joint than in skin (Fig. 3A and B).
The above immunohistochemical data concerning the innervation

of the bone and articular cartilage are in close agreement with previ-
ous electron microscopy and electrophysiological studies that have
examined the density and types of nerve fibers that innervate the
bone and joint in animals and humans. For example, studies of the
periosteum of the cat humerus (Ivanusic et al., 2006) and the bone
marrow of the dog tibia (Seike, 1976) demonstrated that these bones
are innervated primarily by unmyelinated and thinly myelinated
nerve fibers, with few, if any, thickly myelinated nerve fibers. Simi-
larly, electrophysiological recordings performed on nerve fibers
entering the nutrient foramen of the humerus of the cat demonstrated
that the conduction of nerve fibers separates into two categories,
those with conduction velocities of <2 m/s (presumably C-fibers)
and those with conduction velocities between 2 and 30 m/s (presum-
ably A-delta fibers), with no nerve fibers having conduction veloci-
ties >30 m/s, which would correspond to A-beta fibers (Mahns
et al., 2006). Additionally, studies using either transgenic animals or
retrograde tracers that were applied to different compartments of the
skeleton also demonstrated the TrkA�, peptide-poor population of
C-fibers, that richly innervate the skin, does not appear to innervate
human (Ozawa et al., 2006) and rat intervertebral discs (Ozawa
et al., 2003; Aoki et al., 2005; Ohtori et al., 2007), rat hip (Nakaj-
ima et al., 2008), rat wrist joint (Kuniyoshi et al., 2007), rat knee,
humerus and bones of the skull (Kruger et al., 1989), or the mouse
femur (Zylka et al., 2005; Jimenez-Andrade et al., 2010).
It should be noted that, while much of the recent work on the

sensory and sympathetic innervation of bone has been done on the
long bones of the body, several studies examining the bones of
the skull and temporomandibular joint have found that, in general,
bones that comprise the skull are generally innervated by the same
subtypes and have an organisation similar to that of the long bones
of the body (Kruger et al., 1989; Silverman & Kruger, 1989; Hill &
Elde, 1991; Hill et al., 1991; Takeuchi & Toda, 2003; Zylka et al.,
2005; Kosaras et al., 2009). For example, in studies performed by
the same authors on the same animals, it was noted the types, pat-
terns and organisation of sensory and sympathetic nerve fibers that
innervate the rat calvaria and mandible were very similar to those
that innervate a long bone such as the rat tibia (Hill & Elde, 1991;
Hill et al., 1991).

The organisation of sensory nerve fibers that innervate
the skeleton

Although bone and joint (the two tissues which comprise the skele-
ton) appear to be innervated by the same sub-populations of noci-
ceptive nerve fibers (A-delta and peptide-rich C-fibers), the density,
pattern and morphology of nerve fibers in the two compartments of
bone and joint are strikingly different (Mach et al., 2002; Kuniyoshi
et al., 2007; Casta~neda-Corral et al., 2011; Aso et al., 2013). The
periosteum, which is the thin fibrous sheath that covers the entire
surface of bone with the exception of the articular surface of the
joint, receives the most dense sensory innervation (i.e. greatest num-
ber of sensory nerve fibers per unit area) of any compartment of the
skeleton. The periosteum is composed of a thin outer ‘fibrous layer’
and an inner bone lining ‘cambium layer’ which contains the
progenitor cells that are intimately involved and required for bone

Fig. 1. List of human disorders that are frequently accompanied by skeletal
pain. A major reason that skeletal pain occurs in such a diverse group of dis-
orders is that the skeleton participates in a variety of functions including
structural support, ambulation, protection of internal organs, storage and
release of minerals and growth factors, and the birth and maturation of blood
cells. As the skeleton is composed of tissues with very distinct microenviron-
ments, (such as articular cartilage, periosteum, mineralised bone, and bone
marrow) injury, aging or disease in any of these compartments can result in
skeletal pain. For an extensive list of diseases that are frequently accompa-
nied by skeletal pain, see http://www.rightdiagnosis.com/symptoms/bone_-
pain/common.htm; in children, http://www.nof.org/articles/5; and for a list of
rare (orphan) bone diseases that may be accompanied by skeletal pain, http://
www.usbji.org/projects/RBDPN_op.cfm?dirID=252.
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remodeling and fracture repair in adult bones (Hutmacher & Sittin-
ger, 2003; Zhang et al., 2005; Bielby et al., 2007). In the perios-
teum, the A-delta and C-sensory nerve fibers are arranged in a
fishnet-like pattern, which appears to be designed to act as a ‘neural
net’ to detect mechanical injury or distortion of the underlying corti-
cal bone (Martin et al., 2007). Thus, the initial sharp pain felt
upon a kick to the shin bone (i.e. the tibia) or a fracture of any
bone, is probably detected by mechanotransducers expressed by the
periosteal A-delta and C-sensory fibers. Mechanotransducers are ion
channels that detect mechanical stimuli such as stretching and pres-
sure, although the exact set of mechanaotranducers that are
expressed in each subset of mammalian sensory nerve fibers has yet
to be fully elucidated (Delmas et al., 2011). Following bone frac-
ture, movement before effective stabilisation of the fractured bone
can be remarkably painful. This pain is most likely attributable to
the normally silent mechanosensitive nerve fibers in the periosteum

that are now sensitised, discharging, and signaling the pain. When
the bone is stabilised with either an external cast or internal rod, sig-
nificant relief of this sharp, stabbing and arresting pain occurs. In
contrast, the dull aching pain following injury, bruising, or stabilisa-
tion of the fractured bone is probably driven by the unmyelinated
C-fibers present in the periosteum, marrow, and mineralised bone
(Martin et al., 2007; Jimenez-Andrade et al., 2009).
The cortical bone and bone marrow are also innervated by the

same population of A-delta and C-sensory nerve fibers that innervate
the periosteum, although the relative density of sensory nerve fibers
per unit area is markedly lower (Fig. 3A and B). The relative densi-
ties of A-delta and C-sensory nerve fibers in the periosteum, marrow
and cortical bone are 100 : 2 : 0.1, respectively (Casta~neda-Corral
et al., 2011). In the cortical bone, both A-delta and C-fibers
typically colocalise with blood vessels that run through the Haveri-
sian and Volkmann canals although it is clear that the majority of
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Fig. 2. Changes in the skeleton and sclerostin levels with normal aging. (A) Human bone mass usually peaks at 25–30 years of age in both men and women
and then generally declines thereafter, (B) resulting in stereotypic changes in posture and height. (C) One factor that appears to participate in driving age-related
bone loss is sclerostin (here measured in human plasma) which inhibits bone formation and increases linearly with age (Figure reprinted with permission from
Ardawi et al., 2011). (D) The major cell type that expresses sclerostin in the adult is the osteocyte in bone and mechanical loading of the bone reduces the
expression and release of sclerostin. Sclerostin appears to exert its inhibitory effect by blocking bone progenitor cells and osteoblast function. (E) Administration
of an antibody that sequesters sclerostin (Scl-Ab) has been shown to accelerate fracture healing in the primate tibia (reprinted with permission from Ominsky
et al., 2011). (F) Administration of Scl-Ab to normal rats also shows a dose-related effect (as analysed by lCT) in stimulating bone formation in the femoral
neck of the normal femur, distal head of the femur and the L5 vertebrae (Figure reprinted with permission from Li et al., 2010).
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blood vessels in Haversian or Volkmann canal in the mineralised
bone are not innervated by sensory nerve fibers, which may be one
reason why bone microfractures may not at least initially be per-
ceived as painful. Likewise, the bone marrow is innervated by
A-delta and C-sensory nerve fibers and, in most cases, these nerve
fibers are associated with blood vessels.
In sharp contrast to periosteum, cortical bone and bone marrow,

the normal articular cartilage of the joint (including the knee and
temporomandibular joint) appears to completely lack any detectable
innervation by sensory nerve fibers or vascularisation by blood ves-
sels (Archer et al., 2012), although the neighboring synovial mem-
brane and the subchondral bone (i.e. bone immediately below the
articular cartilage) in the normal joint is innervated by sensory nerve
fibers and receives a significant vascular supply (Donaldson, 2009;
Kelly et al., 2012) (Fig. 3A). In light of this lack of sensory nerve
fibers in normal articular cartilage, the initial source of pain follow-
ing acute injury of the joint in osteoarthritis (OA) (Campero et al.,
2009) or temporomandibular joint disorder (TMD) must arise from
adjacent structures such as the bone, ligaments, synovium and
muscle. However, as discussed below, nerve fibers may undergo
sprouting and begin innervating the damaged articular cartilage fol-
lowing injury, inflammation or aging, and thus serve as a generator
of chronic knee or TMD pain.

Sympathetic nerve fibers and skeleton pain

While primary afferent sensory nerve fibers are clearly involved in
driving skeletal pain, the skeleton also receives a significant innerva-

tion by both adrenergic and cholinergic sympathetic nerve fibers.
Previous studies have shown that sympathetic nerve fibers in bone
can regulate bone destruction, bone formation, vasodilation, vaso-
constriction, macrophage infiltration and bone progenitor cell func-
tion. As such, they may play a significant role in health and disease
progression in both cartilage (i.e. rheumatoid arthritis) and bone (i.e.
osteoporosis) and thus via modulating disease progression play a
significant role in driving skeletal pain (Asmus et al., 2000; Elenkov
et al., 2000; Bataille et al., 2012; Eimar et al., 2013).
It has also been shown that, following injury to the skeleton, sym-

pathetic nerve fibers can modulate sensory nerve fiber function and
this pathological interaction between sensory and sympathetic nerve
fibers may play a role in OA and complex regional pain syndrome
(Pepper et al., 2013). For example, in many cases of chronic skele-
tal pain, when significant sprouting of TrkA+ sensory nerve fibers
occurs this is also accompanied by nearby sprouting on TrkA+, tyro-
sine hydroxylase expressing sympathetic nerve fibers (Ghilardi
et al., 2011). For example, in a rodent model of knee OA it was
shown that sympathetic nerve sprouting occurred in the inflamed
joint and that pharmacological suppression of sympathetic fiber
function significantly decreased the OA pain-related behaviors (Lon-
go et al., 2013). Previous data has suggested that noradrenaline
released from these newly sprouted sympathetic fibers can bind to
adrenergic receptors expressed by nearby sensory nerve fibers, thus
contributing to pain-related behavior associated with arthritis. Inter-
estingly, noradrenaline injected into normal peripheral tissues
does not produce pain. However, in injured or inflamed tissues it
has varying effects, including aggravation of pain in neuropathy

A B

C

Fig. 3. The types of sensory nerve fibers that innervate the skeleton, a list of stromal cells and algogenic substances that can be released from these cells.
(A) Schematic diagram illustrating the general organisation and pattern of sensory innervation of the skeleton. The types of sensory neurons that innervate the
bone are unmyelinated C fibers and thinly myelinated A-delta fibers. The relative density of A-delta and C sensory fibers (nerve fibers per unit area) is greatest
in the periosteum, followed by the bone marrow and cortical bone, with a ratio of 100 : 2 : 0.1, respectively. (B) Primary afferent neurons innervating the skele-
ton have their cell bodies in the dorsal root ganglia (DRG) and project to the spinal cord. The great majority (>80%) of sensory nerve fibers that innervate the
bone and articular cartilage express TrkA (which is the cognate receptor for NGF), whereas < 30% of the nerve fibers that innervate the skin express TrkA. (C)
Bone contains a remarkably diverse population of stromal, myeloid and other cells which can release a wide variety of factors (some of which are listed in the
arrow) that can activate and sensitise the primary afferent nerve fibers that innervate the bone.
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presumably due to injury-induced expression of novel noradrenergic
receptors by nociceptors, sprouting of sympathetic nerve fibers, and
pronociceptive changes in the ion channel properties on primary
afferent nociceptors (Pertovaara, 2013). Developing a better under-
standing of the normal and pathological interactions of sensory and
sympathetic nerve fibers in the skeleton may help understand how
the nerve fibers may be involved in modulating both skeletal pain
and disease progression.

Clinically relevant models of skeletal pain

Recent research attempting to define the mechanisms that drive skel-
etal pain have significantly benefited from the development of new
preclinical models of skeletal pain (Honore & Mantyh, 2000; Hal-
vorson et al., 2005; Ballas et al., 2012; Pepper et al., 2013; Vincent
et al., 2013). The development and usefulness of these models is
predicated on three insights.
First, as noted above, the skeleton is innervated by a very differ-

ent repertoire of sensory nerve fibers from the skin and thus models
of skin pain and skeletal pain cannot serve as surrogates of each
other.
Second, even when modeling skeletal pain, it is very useful to

attempt to have the model closely mirror a specific type of human
skeletal pain, as the various microenvironments in the skeleton (mar-
row, mineralised bone, articular cartilage and periosteum) involved
in driving the pain can be remarkably heterogeneous (Ballas et al.,
2012; Mantyh, 2013). Thus, while there may be similarities in the

mechanisms that drive skeletal pain in different diseases, the mecha-
nisms that drive sickle cell pain due to a vascular occlusion episode
in the marrow may be quite different from the pain following
mechanical injury to articular cartilage or periosteum.
Third, models of skeletal pain that closely mirror the underlying

skeletal disease process have the advantage of being able to simulta-
neously determine not only whether the therapy is an effective anal-
gesic but whether it also has an impact the disease process itself.
Examples of therapies having an analgesic and disease modifying
effect in skeletal disorders are bisphosphonates and Denosumab in
bone cancer, NSAIDS and COX-2 inhibitors in bone fracture, and
tumor necrosis factor (TNF)-alpha in rheumatoid arthritis (Gaston &
Simpson, 2007; Brown-Glaberman & Stopeck, 2013; Sakthiswary &
Das, 2013).

Nociceptive component of skeletal pain

Until recently, the major factors thought to drive acute and chronic
skeletal pain were that following overuse, injury, inflammation, dis-
ease or aging of the bone or cartilage, the sensory nerve fibers that
innervate the skeleton were activated and/or sensitised by either
direct mechanical injury or the release of algogenic substances from
the bone or joint (Fig. 3C).
A good example of mechanical distortion of sensory nerve fibers

inducing significant skeletal pain is the immediate pain that is per-
ceived following bone fracture. Initial fracture of the bone is thought
to be detected by the mechanotransducers expressed by nociceptors

A B

C

D

Fig. 4. The efficacy of anti-NGF in blocking skeletal pain in pre-clinical and human models. (A) Radiograph of the normal mouse bone with intramedullary
pin, and following a closed femoral fracture that generates fracture pain. (B) Sustained anti-NGF therapy (commenced immediately after fracture) attenuated
fracture-induced skeletal pain-related guarding behaviors by 40–50%. Figure reprinted with permission from Koewler et al. (2007). (C) Radiograph of the
normal and osteoarthritic human knee. (D) The assessment of the patient’s knee pain while walking showed a significant reduction (40–50%) with human anti-
NGF therapy (Tanezumab). A decrease in the change from baseline indicates an improvement (i.e., less pain). Figure reprinted with permission from Lane et al.
(2010).
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that densely innervate the periosteum, with this initial sharp,
stabbing and arresting pain being transmitted by the thinly myelin-
ated A-delta nerve fibers. Upon stabilisation of the fracture, the ini-
tial sharp, stabbing pain usually subsides and is replaced by a lesser
dull, aching pain that is most likely conveyed by the C-fibers in the
periosteum, bone and marrow. This dull aching pain is probably due
to activation and sensitisation of both the A-delta and C-fibers by
algogenic factors released by the fractured bone cells and the invad-
ing inflammatory and immune cells. These algogenic factors include
bradykinin, colony stimulating factors, nerve growth factor (NGF),
prostaglandin E2, serotonin, protease-activated receptor 2, and TNF-
alpha (Fig. 3C) (Inglis et al., 2005; Schweizerhof et al., 2009; Gold
& Gebhart, 2010; Kurejova et al., 2010; Ye et al., 2011; Lam et al.,
2012). If mechanical distortion of the periosteum of the fractured
bone recurs, the now sensitised A-delta and C-fibers avidly dis-
charge, and the sharp, stabbing pain immediately returns.
A similar duality of sharp stabbing pain, and a lesser dull aching

pain, appears to occur following injury to the articular cartilage in
OA or TMD. With either trauma or degeneration of the articular car-
tilage of the joint, A-delta and C-fibers in the synovium and sub-
chondral bone are sensitised by algogenic substances so that
normally non-noxious loading and movement of the joint are per-
ceived as noxious stimuli. As the normal articular cartilage com-
pletely lacks any detectable innervation by sensory nerve fibers, the
exact location(s) of nerve fibers that drive OA pain are as yet
unknown. Thus, while OA of TMD pain may arise from direct
mechanical stimulation of sensitised nerve fibers that are present in
the adjacent bone (Kidd, 2006; Hunter et al., 2008), if this were the
only mechanism driving arthritic joint pain, a clear correlation

should appear between joint deterioration or destruction and joint
pain. However, in both trauma and age-related OA and TMD, there
is a poor correlation between the extent of joint destruction and the
frequency and severity of joint pain (Felson et al., 1987; Hannan
et al., 2000; Bedson & Croft, 2008).
Decades of research have demonstrated that NGF directly acti-

vates and sensitises TrkA+ sensory neurons and that NGF activation
of TrkA could play a key role in the sensitisation of TrkA+ nocicep-
tors to mechanical, chemical and thermal stimuli (Levi-Montalcini,
1987; Lewin & Mendell, 1993; Petruska & Mendell, 2004). It had
been shown that NGF induces a rapid phosphorylation and sensitisa-
tion of transient receptor potential cation channel subfamily V mem-
ber 1 (TRPV1) channel (which detects acid and heat), as well as
nociceptor mechanotransducers (Mendell et al., 1999; Zhang et al.,
2005). Additionally, retrograde transport of the NGF–TrkA complex
to the neuronal cell body of nociceptors induces increased synthesis
of the neurotransmitters substance P and CGRP, and receptors
(bradykinin), channels (P2X3, TRPV1, ASIC-3 and sodium chan-
nels), transcription factors (ATF-3) and structural molecules (neuro-
filaments and the sodium channel-anchoring molecule p11) (Julius
& Basbaum, 2001; Patapoutian & Reichardt, 2001). However,
sequestration of NGF showed little efficacy in a rat skin incision
model of pain, suggesting that targeting of NGF–TrkA may not be
efficacious in relieving chronic pain in skin (Zahn et al., 2004; Ba-
nik et al., 2005).
Although anti-NGF did not appear to have a major effect on

reducing incisional skin pain, a major question was that, given that
most sensory nerve fibers that innervated the skeleton were TrkA+,
could blockage of NFG–TrkA significantly reduce severe skeletal

A

B

C

D

E

F

Fig. 5. Ectopic sprouting of primary afferent sensory nerve fibers occurs in a variety of skeletal pain conditions. (A) Confocal images of sections of (A) the
normal and (B) the inflamed knee joint that have been immunostained for DAPI, which stains nuclei, and growth-associated protein (GAP-43), which stains
sprouting nerve fibers. Twenty-eight days after the initial injection of Complete Freund’s Adjuvant (CFA) into the rat knee-joint, a significant number of GAP-
43+ nerve fibers in the synovial knee joint had sprouted and had a disorganised appearance, as compared with vehicle-injected mice. Reprinted with permission
from Jimenez-Andrade & Mantyh (2012). Confocal images of periosteal whole mounts of (C) normal and (D) sarcoma tumor-bearing bone immunostained for
calcitonin gene-related peptide (CGRP+) and green fluorescent protein (GFP)-labeled sarcoma cells. As tumor cells invade the periosteum of the bone, ectopic
sprouting of CGRP+ sensory fibers occurs and neuroma-like structures form. Reprinted with permission from Mantyh et al. (2010). Confocal images of bone
marrow of (E) normal and (F) prostate tumor-bearing bone marrow, immunostained for DAPI, CGRP and GFP-expressing prostate cancer cells. Note that in the
normal marrow, CGRP+ nerve fibers appear as single nerve fibers with a highly linear morphology. As GFP+ prostate tumor cells proliferate and form tumor
colonies, the CGRP+ sensory nerve fibers undergo marked sprouting which produces a highly branched, disorganised and dense meshwork of sensory nerve
fibers that is never observed in normal marrow. Reprinted with permission from Jimenez-Andrade et al. (2010).
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pain?. To test this hypothesis, blockade of NGF–TrkA was tested in
three separate mouse models of bone cancer pain using sarcoma,
prostate and breast cancer cell implantation, all of which generated a
significant skeletal pain that was accompanied by bone remodeling
similar to that seen in human patients with bone cancer. Administra-
tion of anti-NGF attenuated skeletal pain by 50% in all three mouse
models of bone cancer pain, regardless of whether the injected can-
cer cells expressed NGF (Mantyh et al., 2010; Jimenez-Andrade
et al., 2011). These data demonstrated that NGF appeared to play a
significant role in driving severe bone cancer pain, and that the
relief of bone cancer pain did not depend on the type of tumor or
whether the cancer cells expressed NGF (Halvorson et al., 2005).
These data suggested not only that blockade of NGF–TrkA could
significantly attenuate skeletal pain but that blockade of NGF–TrkA
might also relieve non-malignant skeletal pain as the major source
of NGF was not from the cancer cells themselves but from bone
stromal, immune and/or inflammatory cells that are present in both
non-malignant and malignant skeletal conditions.
The fact that the efficacy of anti-NGF therapy was not limited to

malignant mouse models was also demonstrated in rodent models of
knee arthritis pain in the rat (Albrecht et al., 2006; Ashraf et al.,
2013) and mouse (Ghilardi et al., 2012), bone fracture pain in the
mouse (Jimenez-Andrade et al., 2007; Koewler et al., 2007; Ghi-
lardi et al., 2011) and the rat (Sabsovich et al., 2008). In most of
these studies similar efficacy (an ~50% reduction in pain-related
behaviors) was observed as in the malignant models of skeletal pain
(Fig. 4). Subsequent human clinical trials demonstrated that anti-
NGF therapy could relieve OA pain by 50% and human low back
pain by 40% (Fig. 4) whereas in human visceral pain (interstitial
cystitis) and human neuropathic pain (sciatica), anti-NGF showed
less efficacy (Nickel et al., 2012).

Neuropathic component of skeletal pain

While most preclinical and clinical scientists who study skeletal pain
would agree that there is a significant nociceptive component in
most chronic skeletal pains (OA, TMD, bone cancer, bone fracture
and sickle cell), recent data has suggested there may also be a neu-
ropathic component in many types of skeletal pain. For example, in
the sarcoma, prostate and breast mouse models of bone cancer pain,
as tumor cells invade the normal tissue the tumor appears to first
come into contact then injure and destroy the very distal processes
of sensory fibers. This tumor-induced injury and destruction of the
distal ends of the sensory nerve fibers that innervate the skeleton is
accompanied by an increase in ongoing and movement-evoked pain
behaviors. This data, along with data suggesting sensory nerve fibers
are injured in OA and low back pain, suggests a component of
malignant and non-malignant skeletal pain can be neuropathic in ori-
gin (Ohtori et al., 2012; Schaible, 2012). This, as well as the fact
that several skeletal pains can be attenuated by gabapentin (Rosen-
berg et al., 1997; Wetzel & Connelly, 1997), which is approved for
the treatment of neuropathic pain, suggests that injury to sensory
nerve fibers may play a role in several types of skeletal pain (Dono-
van-Rodriguez et al., 2005; Kurejova et al., 2010).
Another intriguing, but largely unexplored, mechanism by which

skeletal pain may be generated is not by injury, but rather by an
active and pathological sprouting and neuroma formation by sensory
and sympathetic nerve fibers that innervate the skeleton. To explore
this possibility, active nerve sprouting and formation of neuroma-
like structures was examined using mouse models of sarcoma, breast
and prostate bone cancer cells growing in the bone marrow. Using
these models it was noted that there was a remarkable and dramatic

sprouting of sensory and sympathetic nerve fibers, and that these
newly sprouted nerve fibers (which can be observed in the perios-
teum, mineralised bond and marrow) have a unique morphology,
organisation and high density that is never observed in the normal
bone (Fig. 5). What is impressive is how exuberant this sprouting
can be: in the bone cancer prostate model (where the prostate cancer
cells do not express NGF) the number of nerve fibers per unit area
increased to 10–709 what is observed in the normal bone marrow.
This sprouting appears to require NGF, as sustained administration
of anti-NGF or a Pan-Trk inhibitor largely blocked the pathological
sprouting of sensory nerve fibers and the formation of neuroma-like
structures, and significantly inhibited the generation of pain (Mantyh
et al., 2010; Ghilardi et al., 2012).
The above studies suggest ectopic sprouting of nerve fibers may

occur in several types of bone cancer pain, whereas previous stud-
ies have reported that ectopic sprouting of sensory nerve fibers also
is observed in several types of non-malignant skeletal pain. For
example, in human chronic vertebral discogenic pain it has been
shown that there is sprouting of CGRP sensory nerves fibers into
normally aneural and avascular areas of the human intervertebral
disc (Freemont et al., 2002), also sprouting of CGRP nerve fibers
into the callus that forms around the bone fracture in rat, and in the
synovoium of arthritic joints of humans and animals (Buma et al.,
1992; Wu et al., 2002; Suri et al., 2007). Similar to what is
observed in models of bone cancer, it has been suggested that the
sprouting of sensory nerve fibers in non-malignant skeletal pain is
driven by NGF released by endogenous stromal, immune and/or
inflammatory cells (Ehrhard et al., 1993; Skaper et al., 2001; Artico
et al., 2008).
Given the above observations on ectopic sprouting in the injured

or diseased skeleton, a major question is to what extent does this
pathological sprouting drive skeletal pain? Previous studies in ani-
mals and humans have demonstrated that inappropriate sprouting
and/or neuroma formation in non-skeletal conditions is often is
accompanied by a remarkable change in the phenotype and hyper-
sensitivity to normally non-noxious stimuli (Kryger et al., 2001).
Given the exuberant nature of this observed sprouting in the injured
skeleton, and that in adult humans newly sprouted sensory nerve
fibers (such as that which follows nerve transection of injury) fre-
quently exhibit both a spontaneous and movement-evoked ectopic
discharges, it will be important to further define the role that ectopic
nerve sprouting plays in the generation and maintenance of a
chronic skeletal pain.

Central sensitisation and skeletal pain

Studies in both animals and humans have demonstrated that, follow-
ing injury to the skin, muscle and joint, neurons responsible for pain
processing in the spinal cord and brain can also undergo sensitisa-
tion (i.e. ‘central sensitisation’) that amplifies the perception and
severity of pain (Woolf, 1983; Woolf & Salter, 2000). Central sensi-
tisation is thought to occur when the chemical, electrophysiological
and pharmacological systems that transmit and modulate pain are
altered in the spinal cord and higher centers of the brain. These
changes cause an exaggerated perception of painful stimuli so that
normally mild painful stimuli are perceived as highly painful (hyper-
algesia) and normal non-painful stimuli such as normal loading or
use of joint or bone is now perceived as a painful event (allodynia).
Additionally, central sensitisation also contributes to the phenome-
non of referred pain, where areas adjacent to the initial injury
become hypersensitive. A common example of this is in whiplash
injuries to the neck: following injury to one cervical vertebra,
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nearby areas such as the shoulder, arm and back also become hyper-
sensitive (Graven-Nielsen & Arendt-Nielsen, 2010).
Currently, we know remarkably little as to the specific mecha-

nisms that drive central sensitisation in chronic skeletal pain.
Changes that have been described include upregulation of dynor-
phin, CGRP and substance P in the spinal cord, astrocyte hypertro-
phy and microglial activation (Voscopoulos & Lema, 2010). Other
reports have demonstrated that increases in skeletal pain-related
behaviors are accompanied by increased expression of NR2B (an
NMDA receptor subunit), and interleukin-1b (released from glial
cells) and enhanced phosphorylation of NMDA receptor NR-1
subunits (Ren & Dubner, 2008). Understanding the specific cascade
of changes that generate and maintain central sensitisation would
significantly expand our ability to design targeted therapies to treat
the central sensitisation that occurs following many types of skeletal
pain. These neurochemical and electrophysiological changes appear
to occur in the ascending and descending pain pathways of the
spinal cord, brainstem, thalamus and cerebral cortex, and all of these
changes may contribute to the amplified perception of skeletal pain
(Basbaum & Fields, 1978; Gebhart, 2004; Robinson et al., 2004;
Hunt, 2009; Latremoliere & Woolf, 2009; Woolf, 2011; Yoshida
et al., 2013).
While we do not yet know the specific mechanisms that generate

central sensitisation, what we do know is that injury to the skeleton
seems to be much more effective at inducing central sensitisation as
compared to injury to skin or muscle (Woolf & Wall, 1986). For
example as noted by Woolf and Wall ‘…a twisted ankle invokes
relatively little destruction of tissue and elicits an abrupt localised
stabbing pain that dies down quickly but is followed by a prolonged
period of spreading, poorly localised deep pain, and tenderness that
affects reflexes and gait. In contrast, localised skin damage produces
an acute burst of pain that gradually dies down over minutes but is
associated with a spatially restricted response of flair, wheal and sur-
rounding tenderness’ (Woolf & Wall, 1986). These authors also
noted that small skin lesions produce comparatively less widespread
and prolonged disturbances to sensation and reflex patterns than
skeletal injuries. They then postulated that the varied pattern of
post-injury pain hypersensitivities resulting from injury to different
tissues may be the consequence of the activation of distinct primary
afferent neurons with differing central actions, or that the unique
subtypes of sensory neurons that innervate the skeleton might be
uniquely effective at inducing central sensitisation in the spinal cord
and higher centers of the brain.

Anabolic therapies and skeletal pain

Analgesics with increased efficacy and fewer side effects are clearly
needed to improve control of skeletal pain. However, another com-
plimentary approach would be therapies that induce bone or carti-
lage formation and/or promote more rapid healing following injury,
disease or aging of the skeleton. Currently, injury and age-related
loss of bone injury to the skeleton, and the frequently slow healing
of these injures that comes with aging, have enormous consequences
in terms of recovery rates and the functional status of the affected
individual (Wang & Seeman, 2008; Ominsky et al., 2010; Woolf
et al., 2012) . Thus, most fractures in people over age 50 are the
result of age-related bone loss and the resulting fragility of bone,
and these fractures result in high rates of hospitalisation, and fre-
quently a permanent decrease in function status, and mortality
(Woolf & Pfleger, 2003).
Currently, there are two main classes of drugs available to treat

age-related bone loss. Antiresorptives (e.g., bisphosphonates,

denosumab) which work by slowing bone loss by inhibiting the
activity of osteoclasts. However, with long-term use there is a
decrease in the rate of bone formation because the cyclic activity
of osteoclasts and osteoblasts is disrupted. The disturbance slows
bone remodeling (Baron & Hesse, 2012) and leads to a state of
low bone turnover, which over time can cause the accumulation
of microcracks and compromise the strength and integrity of the
bone.
The other relevant class of drugs is osteoanabolic: true bone-

building agents. The first osteoanabolic to be put into clinical use
was intermittent parathyroid hormone (PTH), which exerts its effects
by preferentially stimulating osteoblasts over osteoclasts. However,
bone density seems to plateau after 18–24 months of PTH therapy,
and the treatment may also increase the risk of osteosarcoma (Baron
& Hesse, 2012). Bone morphogenic proteins represent another ana-
bolic option, though these are limited by their high cost (Lane et al.,
2010) and the difficulties of administration (Albrecht et al., 2006;
Lane & Silverman, 2010). Thus, the niche for a safe and effective
osteoanabolic drug to treat age-related bone loss remains largely
unfilled.
Several new therapeutic targets for building bone have profoundly

changed our understanding as to why age-related bone loss occurs.
Two inhibitory proteins, known as sclerostin (Burgers & Williams,
2013) and Dickkopf-1 (DKK1), have been identified and both pro-
teins interact with the Wnt coreceptors LRP5/6 to inhibit the canoni-
cal Wnt/beta-catenin signaling pathway, causing a decrease in bone
formation (Moester et al., 2010; Palaniswamy et al., 2010; Paszty
et al., 2010; Lewiecki, 2011; Costa & Bilezikian, 2012; Ke et al.,
2012; Lim & Clarke, 2012; Ohlsson, 2013). DKK1 appears to have
a greater role in developing animals than in adults (Ke et al., 2012).
In contrast, sclerostin which is a small (24 Da) secreted glycoprotein
that is expressed by osteocytes in bone (Moester et al., 2010; Costa
& Bilezikian, 2012) appears to play a greater role in the adult than
in the the developing skeleton. In adults, the expression and release
of sclerostin by osteocytes is modulated by local mechanical loading
of the bone (Costa & Bilezikian, 2012) (Fig. 2D). Aside from its
normal physiological role, sclerostin has been directly implicated as
a factor in skeletal disease, as studies in humans have shown a rela-
tively linear increase in plasma levels of sclerostin with age (Mod-
der et al., 2011) (Fig. 2C) and older women with high expression
of sclerostin have greater risk of hip fracture (Albrecht et al., 2006).
An antibody that sequesters sclerostin has been developed and
administration of this therapy increased bone growth and accelerated
fracture healing in preclinical trials in osteoporotic rats and monkeys
(Li et al., 2009; Ominsky et al., 2010) (Fig. 2E). In a Phase I
study, a single dose of anti-sclerostin antibody increased bone den-
sity in the hip and spine in healthy men and postmenopausal women
(Padhi et al., 2011)(Fig. 2F). The administration of the drug for
1 year was well tolerated, and in a Phase II trial, for osteoporotic
women, it increased bone density (Reid, 2012; Burgers & Williams,
2013).
In many older patients with bone fractures due to low-impact

falls, appropriate healing of the skeleton never occurs and many
patients develop chronic pain at the site of non-healed injury. Given
the exuberant sensory nerve sprouting that has been shown follow-
ing other skeletal injury and diseases, one possibility is that ectopic
sensory nerve sprouting occurs at the non-healed fracture site and
this then drives chronic skeletal pain. However, if ectopic nerve
sprouting and skeletal pain could be attenuated by blockade of
NGF–TrkA, and fracture healing accelerated by blocking sclerostin,
this could potentially transform how we treat fracture healing in the
aged or diseased skeleton.
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Analgesics and their potential effects on the skeleton

Although it may seem counterintuitive, one question that needs to
be addressed when considering therapies to relieve skeletal pain is
how much relief of skeletal pain is desirable? Obviously, one would
probably want to eliminate all skeletal pain due to bone cancer, leu-
kemia, fibrous dysplasia, Gaucher’s disease and sickle-cell disease,
as these skeletal pains appear to serve little or no protective purpose.
However, in patients with skeletal pain due to OA, TMD, bone frac-
ture or aging, eliminating all skeletal pain could potentially lead to
inappropriate loading and/or overuse of the skeleton that could drive
more rapid deterioration of the diseased, injured or aged skeleton.
For example, this issue as to the extent of relief of skeletal pain
occurred in a phase III clinical trial with anti-NGF therapy in
patients with knee and hip OA. Here it was noted that a small sub-
set of patients being treated simultaneously with anti-NGF and an
NSAID developed rapidly progressing OA although it was unclear
whether this deterioration was due to patients overusing their
arthritic joints or a direct effect of anti-NGF and NSAIDS on the
skeleton itself (Lane & Silverman, 2010).
A second major issue is whether any analgesics used to treat skel-

etal pain may have direct negative effects on skeletal health and/or
healing of the injured skeleton. Here the answer is probably yes, as
the administration of Ibuprofen or COX-2 inhibitors have been
shown to markedly slow down fracture healing in rodent models of
bone fracture (O’Connor et al., 2009; Barry, 2010). While the
mechanism(s) by which these side effects occurs is not completely
clear, prostaglandins do appear to play a significant role in Wnt
signaling (Genetos et al., 2011), a key pathway required for bone
formation in both the normal and fractured bone. Thus, inhibition of
prostaglandin synthesis might be expected to inhibit bone formation.
Which and how much NSAIDS and COX-2 inhibitors actually
reduce normal bone formation and fracture healing in humans
remains to be determined (Su & O’Connor, 2013). However, what
is clear is that it is probably wise to include bone formation and
skeletal healing as endpoints in assessing novel skeletal analgesics
in both preclinical studies and human clinical trials.
Lastly, if reducing skeletal pain by any mechanism has the poten-

tial to induce overuse of the injured, diseased or aged skeleton by
the patient, is there an approach that ameliorates or prevents poten-
tial injury do to overuse? Obviously, more effective monitoring and
feedback to the patient concerning desired activity and movement
could prevent overuse. However, another possibility would be to
simultaneously block NGF to attenuate skeletal pain and block scle-
rostin to promote bone formation and fracture healing. Whether this
combined therapy would simultaneously reduce skeletal pain,
increase bone formation and healing, and improve the patient’s func-
tional status and ability to participate in physical therapy has not yet
been determined.

Future perspectives

Although skeletal pain is one of the most common causes of chronic
pain and long-term physical disability, we currently have relatively
few pharmacological therapies that can fully manage the pain, stim-
ulate skeletal repair following injury, or reverse the bone and carti-
lage loss that occurs with aging. However, in the last decade
significant progress has been made in developing more clinically rel-
evant models of skeletal pain, understanding some of the mecha-
nisms that drive skeletal pain, and identifying key molecules
involved in the regulation of skeletal repair and the decline in the
skeleton that occurs with aging.

In terms of skeletal pain, we now know that both the bone and
joint are innervated by a limited repertoire of sensory nerve fibers
and that many forms of skeletal pain probably have both a noci-
ceptive and a neuropathic component. Researchers have identified
the restricted repertoire of primary afferent sensory nerve fibers
that innervate the skeleton, the majority of which express TrkA
and thus respond to NGF released by bone stromal cells following
injury or in disease. Sensory nerve fibers in an injured or diseased
skeleton also display a remarkable neurochemical and morphologi-
cal plasticity by upregulating neurotransmitters and receptors and
undergoing a level of nerve sprouting that is never observed in
the normal skeleton. In agreement with these observations, human
clinical trials have demonstrated that sequestration of NGF results
in significant attenuation of OA and low back pain.
Progress has also been made in beginning to understand the

molecules that contribute to the deterioration and lack of effective
skeletal repair that frequently occur with aging. For example, scle-
rostin has been identified as a protein that is expressed and
released by osteocytes when the bone is mechanically unloaded,
inhibits bone formation, and whose levels increase dramatically
with age. As the incidence of low-trauma fractures increases and
the rate of rapid and effective bone fracture healing decreases with
age, inhibiting sclerostin may reduce the likelihood of fragility
fractures, stimulate more rapid and effective fracture healing, and
thereby reduce the incidence and duration of skeletal pain that fre-
quently accompanies failed healing of bone fractures. Indeed, data
from preclinical and human studies suggests that inhibition of
endogenous sclerostin can both build bone and promote fracture
healing in both young and aged bone (Lane & Silverman, 2010;
Moester et al., 2010).
Whether therapies targeting the NGF or sclerostin will ultimately

receive approval for broad use in humans will depend on their
safety and side-effect profile. However, what is clear is that NGF
plays a major role in driving skeletal pain and sclerostin plays a
major role in driving the age-related decline in normal bone remod-
eling and fracture healing. Increasing our understanding of the
mechanisms that drive skeletal pain and defining the factors that
control bone remodeling in the young and old have the potential to
fundamentally transform our understanding and ability to prevent
and/or treat skeletal pain due to injury, disease, and aging.
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