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Despite the high prevalence of non-malignant skeletal diseases
that are associated with chronic pain as well as the impact of
skeletal pain on society, the mechanisms driving non-malignant
skeletal pain are not fully understood. In the past decade,
improved biochemical, immunohistochemical and imaging
techniques have helped to characterize the sensory and
sympathetic innervation of different bone compartments in
healthy tissue. New methods are being developed to determine
how patterns of innervation change with aging or under
pathological conditions. Importantly, several preclinical models
of acute and chronic bone injury have been established that are
providing a clearer understanding of the mechanisms
underlying skeletal pain and are guiding development of
mechanism-based therapies to more effectively treat skeletal
pain.
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Burden of skeletal pain

Skeletal pain is caused by a diverse group of non-
malignant disorders and conditions including trauma-
related fractures, osteoporotic fractures, osteoarthritis,
vertebral degeneration, sickle cell anemia, among others
[1°,2]. These conditions not only result in chronic pain
and physical disability, but also result in reduced mobil-
ity, cardiovascular dysfunction and impaired cognitive
health. All of which diminish the functional status and
quality of life of the patient [3]. The incidence in the
world of some of these skeletal diseases is currently high
and it is projected to dramatically increase in the next
decade [4]. In 2010, it was estimated that osteoporosis

affected more than 200 million people and 8.9 million
osteoporotic-related fractures occur each year worldwide
[5]. Low back pain affected over 100 million individuals
in the world in 2014, and it is estimated that in 2018 about
251 million people suffered from knee osteoarthritis [5].
It should be noted that most of the skeletal diseases occur
primarily in the elderly [4]. Given that life expectancy is
increasing worldwide, the burden of skeletal pain on
individuals and society is projected to increase [3].

In the present review, we summarize what is known
regarding the mechanisms driving non-malignant skeletal
pain due to bone damage by trauma, osteoporosis and
osteoarthritis (OA) from preclinical models and human
studies. We are not including discussion of joint pain due
to inflammation or autoimmune arthritis as it is beyond
the scope of this review, however these models have been
discussed in excellent reviews by others [6,7].

Sensory innervation of normal bone

Sensory neurons are classified based on size, neurochemical
phenotype, functional properties, and pattern of innerva-
tion. Thickly myelinated AR fibers predominantly detect
non-noxious tactile or mechanical sensation. Thinly mye-
linated A8 fibers detect predominantly noxious mechanical
stimuli. Unmyelinated C fibers detect multiple types of
noxious stimuli (thermal, mechanical, chemical) and are
further subdivided into peptidergic and non-peptidergic
subsets containing calcitonin gene related peptide (CGRP)
or binding isolectin B4 (IB,), respectively. Cutaneous tis-
sues contain virtually all sensory neuron subtypes. Skeletal
tissue including mineralized bone, bone marrow, and peri-
osteum are innervated by a more restrictive population of
only thinly myelinated A fibers and unmyelinated pepti-
dergic C fibers a majority of which express transient recep-
tor potential cation channel subfamily V member 1
(TRPV1) in mice [1°]. Previous studies have shown that
mouse bone is minimally innervated by small unmyelin-
ated non-peptidergic IB4* fibers (See [1°] for references);
however, it is possible that the distribution of subsets of
sensory neurons in skeletal tissue is species-dependent as
injection of retrograde tracers into the intramedullary space
of the tibia in rats labels a small percentage of IB4" non-
peptidergic afferents (See [6] for references). The majority
(>80%) of sensory neurons that innervate the bone contain
tropomyosin receptor kinase A (TrkA), the endogenous
receptor for nerve growth factor (NGF) (See [1°] for
references).

In recent years, single cell RNA sequencing has been used
for transcriptional profiling of sensory neuron subsets in

www.sciencedirect.com

Current Opinion in Physiology 2019, 11:103-108


mailto:jandrade@docentes.uat.edu.mx
http://www.sciencedirect.com/science/journal/24688673/11
http://dx.doi.org/10.1016/j.cophys.2019.11.004
https://doi.org/10.1016/j.cophys.2019.10.003
http://www.sciencedirect.com/science/journal/24688673

104 Physiology of pain

mice [8] and have revealed much greater heterogeneity
within broad neurochemically defined subsets. Physiologi-
cal and behavioral studies using transgenic mice (Cre driver
and reporter) that label molecularly defined populations of
sensory neurons often combined with retrograde tracing are
beginning to describe distinct roles for neuronal subsets in
unique aspects of nociceptive processing within cutaneous
[9,10] and visceral tissue [11]. However, the contribution of
subsets of nociceptors to skeletal pain has not been studied.
Future studies utilizing transgenic mice in combination
with optogenetic and chemogenetic approaches may better
define the distribution and contribution of molecularly
defined subsets of neurons in skeletal related pain behavior
(ongoing versus movement evoked pain) and disease pro-
cesses (See Table 1).

Possible mechanisms driving skeletal pain in

different diseases/trauma

Direct activation of mechanosensitive nociceptors due

to trauma or bone injury

Early studies suggested that a direct activation of nerve
fibers innervating periosteum or bone marrow may result

Table 1

in skeletal pain [12,13]. In awake humans, a direct
mechanical stimulation of the periosteum elicited an
immediate sharp arresting pain at a lower threshold than
stimulation of the ligaments, fibrous capsule of the joints,
tendons, fascia and muscle [13]. In canine whole-nerve
recordings in a branch of the tibial nerve, neural activity
was increased after application of noxious mechanical or
chemical stimuli to the bone marrow [12]. Elegant studies
performed by Nencini and Ivanusic, using a novel iz vivo
bone-nerve preparation in rats, demonstrated that Ad
nociceptors that innervate the tibial bone marrow respond
to high threshold noxious mechanical stimulation
(increasing intra-osseous pressures) in an intensity depen-
dent manner [14].

Acidosis

During different skeletal diseases such as osteoporosis,
osteoarthritis and lower back pain there is a pathological
bone resorption, which is mediated by osteoclasts.
Osteoclasts reabsorb bone by maintaining an acidic
extracellular microenvironment (pH 4.0-5.0) at the oste-
oclast-mineralized bone interface [15]. These protons

Proposed classification and characterization of sensory neuron subsets that innervate bone/joints

Size/Myelination Fiber class (CV) Neurochemical marker

General role in i L ization in

Potential role in bone/joint pain

Peptide-rich
(CGRP+, TRKA*,CHRNA3* PIEZ02")

“Silent” mechano-nociceptors

Normally unresponsive to movement of
bone/joint

~50 % of knee joint in mice
Distribution in bone unknown

Sensitized to mechanical
stimuli/movement by inflammatory
mediators (i.e. NGF)

O  smal Cfibers (05-m/s) | Peptide-rich

(CGRP, SP*, TRKA*, TRPV1*)

Polymodal nociceptors
(Chemical thermal, mechanical)

Sensitized and activated by low
pH/acidosis

~Dense innervation of joints
and bone in mice/rats

Contribute to dull aching ongoing bone
pain

Peptide-poor
(IB4+, P2X3+, TRKA*, MrgpD*)

Mechanical nociceptors

Sparse innervation of joints and
bone in mice Role in nonmalignant skeletal pain

unknown

~20 % in rat tibia

@ Medium

Ad fiber (5 - 30 m/s) Peptide-rich
(NF200+, CGRP*, TRKA*)

(Subsets: 5-HT3AR*/NPYR2)

High threshold mechanoreceptors
(AHTMR)

Dense innervation of joints and * Detect noxious mechanical stimuli due

bone in mice/rats to increased intraosseous pressure or
distortion of periosteum/bone

Distribution of subsets

(5-HT3AR*/NPYR2*) unknown * Sensitized to mechanical
stimuli/movement by inflammatory
mediators

Contribute to sharp intense movement
evoked bone pain

Myelination

Neurofilament-rich

@ Large

AP fiber (30 - 70 m/s)
(Subsets: TRKC*/PV+/PIEZ02*)

Low threshold mechanoreceptors
(NF200+) (LTMR)
Proprioceptors

Sparse innervation of joints and
bone in mice

Some specialized encapsulated
endings i.e. Pacinian corpuscles
in periosteum of human/rats

Role in nonmalignant skeletal pain
unknown

Distribution of subsets
(TKRC*/PV*) unknown

Abbreviations: CV: Conduction velocity, CGRP: Calcitonin gene related peptide, CHRNAS3: Cholinergic receptor alpha-3 subunit, MrgpD: Mas-
related G-protein coupled receptor member D, NGF: Nerve growth factor, NPYR2: Neuropeptide Y2 receptor, PV: Parvalbumin, 5-HT3AR: Serotonin
receptor subtype 3A, TRKA: Tropomyosin receptor kinase A, TRKC: Tropomyosin receptor kinase C, TRPV1: Transient receptor potential cation

channel subfamily V member 1.
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then activate different channels such as the TRPV1
and/or the acid-sensing ion channel-3 (ASIC-3), which
are expressed in the primary afferent neurons (nocicep-
tors) innervating bone (See [1°] for references). In sup-
port of this, pre-clinical studies have shown that mice
with ovariectomy-induced bone loss (a preclinical model
of post-menopause osteoporosis) have increased thermal
and mechanical hyperalgesia, which is blocked by treat-
ment of TRPV1 and ASIC antagonists [16,17]. Further-
more, treatment with drugs that inhibit bone reabsorp-
tion, such as bisphosphonates, result in alleviation of
pain and recovery of functional ability in patients with
osteoporosis even in the absence of fractures [18,19]. All
these results taken together suggest that acidosis due to
increased and pathological bone resorption may partially
contribute to the development of skeletal pain. It should
be noted that enhanced bone resorption and pain may be
dissociated as not all patients with osteoporosis or oste-
oarthritis experience pain [20,21]. Additionally, in mice
with chronic osteoporosis due to ovariectomy, treatment
with bisphosphonates only has minor analgesic effects
despite significantly reversing bone loss [22].

Sensitization of mechanosensitive and ‘silent’
nociceptors by various growth factors and cytokines in
the bone

NGF was originally discovered as a neurotrophic factor
essential for the survival of sensory and sympathetic
neurons during development [23]. In the adult, NGF
has a major role in nociceptor sensitization following
injury by acting mainly through its high affinity cognate
receptor, TTkA regulating synthesis and expression of ion
channels, receptors, and signaling molecules involved in
the development of chronic pain (See [24] for references).
A previous study has shown that NGF is upregulated in
the sciatic nerve and skin four weeks after tibia fracture
in rats [25]. Likewise, both levels of NGF and TrkA are
increased in the synovial fluid and serum of patients with
osteoarthritis who underwent total knee arthroplasty [26].
Furthermore, recent studies provide direct evidence that
NGF activates and sensitizes nerve fibers innervating the
rat tibial bone marrow [27,28]. Direct application of NGF
into the medullary cavity increases the spontaneous
action potential discharge, reduces thresholds of activa-
tion, and increases discharge frequency of bone nocicep-
tors in response to mechanical stimulation (intra-osseous
pressure) [14]. Consistent with physiology studies,
peripherally restricted antagonism of NGF-trkA receptor
signaling is effective for controlling bone pain in animal
models of fracture and osteoarthritis as well as in people
with osteoarthritis and low back pain [29-31]. Collec-
tively, these studies suggest a pivotal role of NGF
on peripheral sensitization of nociceptors in different
skeletal diseases. Recent studies by Nencini ¢z /. have
shown that other growth factors including glial cell line-
derived growth factor, neurturin and artemin activate and
sensitize bone afferent neurons and may have an

important role in the pathogenesis of inflammatory bone
pain [32].

Several cytokines may have a role in driving skeletal pain
including TNFa, IL-1a, IL-6 (See [24] for references).
They can directly activate receptors expressed on nerve
fibers innervating skeletal tissues or indirectly by induc-
ing release of pain mediators such as prostaglandins,
which in turn can activate or sensitize nociceptors [33].
In rats with tibia fracture followed by cast immobilization,
there is upregulation of these cytokines in the sciatic
nerve and skin four weeks after injury [34] and in synovial
fluid of humans with osteoarthritis [26]. Furthermore, the
levels of these cytokines are positively correlated with the
magnitude of pain in people with osteoarthritis. Preclini-
cal and clinical studies show that blocking TNF alpha,
IL.-1beta and IL.-6 or their receptors results in a reduction
of skeletal pain [27]. Classic electrophysiological studies
by Schaible and Grubb assessed the mechanical respon-
siveness of afferents that innervate the cat knee joint
before and after acute inflammation. Afferents with con-
duction velocities in the A8 range exhibited reduced
thresholds becoming activated by movement in the nor-
mal working range or in response to innocuous pressure
after injection of inflammatory agents into the joint.
Additionally, a significant percentage of unmyelinated
C fibers insensitive to mechanical stimulation in the
normal joint developed responsiveness to mechanical
stimulation and ongoing activity following acute inflam-
mation. It has been proposed that these ‘silent’ nocicep-
tors are key contributors to bone and joint pain under
pathological conditions [35]. A recent study in mice
identified a population of peptidergic C-fibre mechano-
insensitive ‘silent’ afferents that preferentially innervate
deep somatic tissue and express the cholinergic receptor
alpha-3 subunit (CHRNAJ3). This population of fibers
comprises 50% of peptidergic C fibers that innervate the
knee joint, are TrkA* and become responsive to mechan-
ical stimulation following exposure to NGF [36]. Future
studies examining the distribution and functional role of,
this subset of neurons in bone and skeletal pain models
are warranted.

Plasticity of sensory and sympathetic nerve fibers
innervating bone with age and in non-malignant skeletal
diseases

Chronic skeletal pain caused by conditions such as oste-
oarthritis, fractures, and low back disorders becomes more
prevalent with age [3,4]. Recent studies in rats and mice
have shown that unlike bone mass and strength which
decrease with age, the density of CGRP* and NF200"
sensory nerve fibers in different bone compartments
(periosteum, mineralized bone, and bone marrow), is
not significantly different between young, middle-aged
and old rats or mice [37,38]. Based on these observations
and data demonstrating that the density of innervation of
the bone is positively correlated with the severity of pain
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following injury in animal models [39], it has been sug-
gested that maintenance of the density of sensory nerve
fibers that transduce noxious stimuli in bone tissue with
aging may partially explain why the incidence and dura-
tion of skeletal pain increases with age [37].

Another potential mechanism of skeletal pain generation is
pathological sprouting of sensory and sympathetic nerve
fibers surrounding sites of injury or around regions of
disease-induced bone remodeling. It has been reported
that mice with non-healed femoral fractures [40] and rats
with tibial injury (drilling through the tibia) [41], have a
marked sprouting of sensory and sympathetic nerve fibers,
and this nerve remodeling correlates with the magnitude of
pain-like behaviors. Human studies have also reported that
human chronic discogenic back pain, may in part be due to
growth of T'rkA™ nerve fibers into normally aneural and
avascular areas of the human intervertebral disc [42]. Like-
wise, sympathetic and sensory nerve fibers have been
reported to be present within vascular channels in the
tibiofemoral articular cartilage (a tissue that under healthy
conditions is avascular and aneural) of humans with mild
and severe osteoarthritis [43]. These reports suggest that
following injury or disease of the skeleton, nerve fibers do
not seem to act as static structures, instead they undergo a
dramatic remodeling which may partially contribute to the
development of chronic skeletal pain.

Spinal and supraspinal sensitization associated with
nonmalignant bone pain models

While the majority the studies on skeletal pain have
focused on peripheral sites, recent studies suggest an
important role of spinal and supraspinal circuits in con-
tributing to skeletal pain. Previous electrophysiological
studies demonstrate that application of intraosseous pres-
sure into the femoral bone marrow results in a barrage of
firing of spinal cord neurons and causes referred pain and
hyperalgesia in the corresponding skin areas [44] indica-
tive of central sensitization. Likewise, increased intraoss-
eous pressure in the tibial bone marrow increases the
expression of c-Fos in the ipsilateral superficial dorsal
horn [45]. Studies in mice with femur fracture demon-
strate increased spinal c-Fos in superficial and deep dorsal
horn for several days [29]. Treatment with anti-NGF
before fracture reduced the persistent increase in c-Fos
suggesting that spinal release of neurotransmitters from
TtkA containing afferents contributes to central sensiti-
zation following traumatic injury to the bone. Addition-
ally, biochemical studies have shown increased levels of
several pro algesic factors IL-1B, TNFa, 1L-8, I1.-10,
NGF in the spinal cord following a tibia fracture
[34,46,47]. Thus, several factors may contribute to central
sensitization following non-malignant bone pain.

The involvement of supraspinal circuits in non-malignant
skeletal pain have minimally been examined in animal
models. In the rat mono-iodoacetate (MIA) model of

osteoarthritis, loss of descending inhibition [48] and
increased facilitation from the RVM [49] have been
reported to contribute to amplifying skeletal pain at later
stages of MIA. Consistent with these findings, patients
with severe knee OA pain had significantly less diffuse
noxious inhibitory controls than healthy controls and
functional imaging studies performed in patients with
osteoarthritis showed increases in activation in facilitatory
brain regions including the PAG [50] and RVM [51],
facilitatory brain regions during cutaneous stimulation
of referred pain areas. These studies suggest that cen-
trally acting medications that augment descending inhi-
bition including norepinephrine and serotonin reuptake
inhibitors maybe effective for treating some patients with
chronic osteoarthritis [52].

New therapies and conclusions

In the last decade, a significantamount has been learned from
anatomical, physiological and behavioral studies in preclini-
cal models of acute and chronic nonmalignant skeletal pain.
All these advances are providing a better understanding of
the mechanisms underlying skeletal disease as well as guid-
ing the rational development of mechanism-based therapies
to more effectively treat skeletal pain. Several novel thera-
peutic interventions to treat skeletal pain are in clinical trials
including anti-NGF antibodies (Tanezumab), anti-IL.-6
receptor antagonists (T'ocilizumab), and anti-TNF antibo-
dies (Adalimimab). Neurolytic strategies for silencing sen-
sory neurons that innervate arthritic joints are also being
explored clinically utilizing high dose capsaicin, cryoneur-
olysis, or radiofrequency ablation and have demonstrated
pain relief in patients with osteoarthritis; however, the long
term impact of these approaches are still being investigated
[52]. Future research using clinically relevant animal models
and improved methods to better define phenotype, physiol-
ogy and plasticity of discrete populations of sensory neuron
that innervate bone following trauma, degeneration or
inflammation of skeletal tissue will help to identify new
potential targets for treating skeletal pain.

Funding

This research was partially supported by the Mexican
National Council for Science and Technology
(CONACyT) (grant numbers: CB-2014/240829 and
PDCPN-2015-01-0191) and Department of Defense Idea
Development Award (W81XH-17-1-0542) to CMP

Conflict of interest statement
Nothing declared.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest

1. Mantyh PW: Mechanism that drive bone pain across the
. lifespan. Br J Clin Pharmacol 2019, 85(6):1103-1113.

Current Opinion in Physiology 2019, 11:103-108

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0005
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0005

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Mechanisms underlying non-malignant skeletal pain Peters et al. 107

Woolf AD, Pfleger B: Burden of major musculoskeletal
conditions. Bull World Health Organ 2003, 81(9):646-656.

Beaudart C et al.: Quality of life assessment in musculo-
skeletal health. Aging Clin Exp Res 2018, 30(5):413-418.

Hauser W et al.: Untying chronic pain: prevalence and societal
burden of chronic pain stages in the general population - a
cross-sectional survey. BMC Public Health 2014, 14:352.

Pisani P et al.: Major osteoporotic fragility fractures: Risk factor
updates and societal impact. World J Orthop 2016, 7(3):171-
181.

Havelin J, King T: Mechanisms underlying bone and joint pain.
Curr Osteoporos Rep 2018, 16(6):763-771.

Krock E, Jurczak A, Svensson Cl: Pain pathogenesis in
rheumatoid arthritis-what have we learned from animal
models? Pain 2018, 159(Suppl. 1):S98-S109.

Usoskin D et al.: Unbiased classification of sensory neuron
types by large-scale single-cell RNA sequencing. Nat Neurosci
2015, 18(1):145-153.

Cavanaugh DJ et al.: Distinct subsets of unmyelinated primary
sensory fibers mediate behavioral responses to noxious
thermal and mechanical stimuli. Proc Nat/ Acad Sci U S A 2009,
106(22):9075-9080.

Arcourt A et al.: Touch receptor-derived sensory information
alleviates acute pain signaling and fine-tunes nociceptive
reflex coordination. Neuron 2017, 93(1):179-193.

Hockley JRF et al.: Single-cell RNAseq reveals seven classes of
colonic sensory neuron. Gut 2019, 68(4):633-644.

Seike W: Electrophysiological and histological studies on the
sensibility of the bone marrow nerve terminal. Yonago Acta
Med 1976, 20:192-211.

Inman V, Saunders JB: Referred pain from skeletal structures.
J Nerv Ment Dis 1944, 99:660-667.

Nencini S, lvanusic J: Mechanically sensitive Adelta
nociceptors that innervate bone marrow respond to
changes in intra-osseous pressure. J Physiol 2017, 595
(13):4399-4415.

Teitelbaum SL, Ross FP: Genetic regulation of osteoclast
development and function. Nat Rev Genet 2003, 4(8):638-649.

Naito Y et al.: Alendronate inhibits hyperalgesia and
suppresses neuropeptide markers of pain in a mouse model of
osteoporosis. J Orthop Sci 2017, 22(4):771-777.

Kanaya K et al.: TRPV1, ASICs and P2X2/3 expressed in bone
cells simultaneously regulate bone metabolic markers in
ovariectomized mice. J Musculoskelet Neuronal Interact 2016, 16
(2):145-151.

Prinsloo PJ, Hosking DJ: Alendronate sodium in the
management of osteoporosis. Ther Clin Risk Manag 2006, 2
(3):235-249.

Paolucci T, Saraceni VM, Piccinini G: Management of chronic
pain in osteoporosis: challenges and solutions. J Pain Res
2016, 9:177-186.

Neogi T: Clinical significance of bone changes in
osteoarthritis. Ther Adv Musculoskelet Dis 2012, 4(4):259-267.

Catalano A et al.: Pain in osteoporosis: from pathophysiology to
therapeutic approach. Drugs Aging 2017, 34(10):755-765.

Suzuki M et al.: Chronic osteoporotic pain in mice: cutaneous
and deep musculoskeletal pain are partially independent of
bone resorption and differentially sensitive to
pharmacological interventions. J Osteoporos 2017,
2017:7582716.

Bathina S, Das UN: Brain-derived neurotrophic factor and its
clinical implications. Arch Med Sci 2015, 11(6):1164-1178.

Ivanusic JJ: Molecular mechanisms that contribute to bone
marrow pain. Front Neurol 2017, 8:458.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Sabsovich | et al.: Effect of anti-NGF antibodies in a rat tibia
fracture model of complex regional pain syndrome type I. Pain
2008, 138(1):47-60.

Montagnoli C et al.: beta-NGF and beta-NGF receptor
upregulation in blood and synovial fluid in osteoarthritis. Bio/
Chem 2017, 398(9):1045-1054.

Eitner A, Hofmann GO, Schaible HG: Mechanisms of
osteoarthritic pain. Studies in humans and experimental
models. Front Mol Neurosci 2017, 10:349.

Nencini S et al.: Mechanisms of nerve growth factor signaling in
bone nociceptors and in an animal model of inflammatory
bone pain. Mol Pain 2017, 13 1744806917697011.

Jimenez-Andrade JM et al.: Nerve growth factor sequestering
therapy attenuates non-malignant skeletal pain following
fracture. Pain 2007, 133(1-3):183-196.

Nwosu LN et al.: Blocking the tropomyosin receptor kinase A
(TrkA) receptor inhibits pain behaviour in two rat models of
osteoarthritis. Ann Rheum Dis 2016, 75(6):1246-1254.

Jayabalan P, Schnitzer TJ: Tanezumab in the treatment of
chronic musculoskeletal conditions. Expert Opin Biol Ther
2017, 17(2):245-254.

Nencini S et al.: GDNF, neurturin, and artemin activate and
sensitize bone afferent neurons and contribute to
inflammatory bone pain. J Neurosci 2018, 38(21):4899-4911.

Baba H et al.: Direct activation of rat spinal dorsal horn neurons
by prostaglandin E2. J Neurosci 2001, 21(5):1750-1756.

Wei T et al.: Acute versus chronic phase mechanisms in a rat
model of CRPS. J Neuroinflammation 2016, 13:14.

Schaible HG, Grubb BD: Afferent and spinal mechanisms of
joint pain. Pain 1993, 55(1):5-54.

Prato V et al.: Functional and molecular characterization of
mechanoinsensitive "silent" nociceptors. Cell Rep 2017, 21
(11):3102-3115.

Jimenez-Andrade JM et al.: The effect of aging on the density of
the sensory nerve fiber innervation of bone and acute skeletal
pain. Neurobiol Aging 2012, 33(5):921-932.

Chartier SR et al.: The changing sensory and sympathetic
innervation of the young, adult and aging mouse femur.
Neuroscience 2018, 387:178-190.

Jimenez-Andrade JM et al.: Capsaicin-sensitive sensory
nerve fibers contribute to the generation and maintenance
of skeletal fracture pain. Neuroscience 2009, 162(4):1244-
1254.

Chartier SR et al.: Exuberant sprouting of sensory and
sympathetic nerve fibers in nonhealed bone fractures and the
generation and maintenance of chronic skeletal pain. Pain
2014, 155(11):2323-2336.

Yasui M et al.: Nerve growth factor and associated nerve
sprouting contribute to local mechanical hyperalgesia in a rat
model of bone injury. Eur J Pain 2012, 16(7):953-965.

Freemont AJ et al.: Nerve growth factor expression and
innervation of the painful intervertebral disc. J Pathol/ 2002, 197
(3):286-292.

Suri S et al.: Neurovascular invasion at the osteochondral
junction and in osteophytes in osteoarthritis. Ann Rheum Dis
2007, 66(11):1423-1428.

Ishida T et al.: Spinal nociceptive transmission by mechanical
stimulation of bone marrow. Mo/ Pain 2016, 12.

lvanusic JJ: The pattern of Fos expression in the spinal dorsal
horn following acute noxious mechanical stimulation of bone.
Eur J Pain 2008, 12(7):895-899.

Sabsovich | et al.: TNF signaling contributes to the
development of nociceptive sensitization in a tibia fracture
model of complex regional pain syndrome type I. Pain 2008,
137(3):507-519.

www.sciencedirect.com

Current Opinion in Physiology 2019, 11:103-108


http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0230

108 Physiology of pain

47.

48.

49.

Das V et al.: Biochemical and pharmacological
characterization of a mice model of complex regional
pain syndrome. Reg Anesth Pain Med 2017, 42(4):507-
516.

Lockwood SM, Bannister K, Dickenson AH: An investigation into
the noradrenergic and serotonergic contributions of diffuse
noxious inhibitory controls in a monoiodoacetate model of
arthritis. J Neurophysiol 2019, 121(1):96-104.

Havelin J et al.: Central sensitization and neuropathic features
of ongoing pain in a rat model of advanced osteoarthritis.
J Pain 2016, 17(3):374-382.

50.

51.

52.

Gwilym SE et al.: Psychophysical and functional imaging
evidence supporting the presence of central sensitization in a
cohort of osteoarthritis patients. Arthritis Rheum 2009, 61
(9):1226-1234.

Soni A et al.: Central sensitization in knee osteoarthritis:
relating presurgical brainstem neuroimaging and
PainDETECT-based patient stratification to arthroplasty
outcome. Arthritis Rheumatol 2019, 71(4):550-560.

Miller RE, Block JA, Malfait AM: What is new in pain modification
in osteoarthritis? Rheumatology (Oxford) 2018, 57(suppl._4):
iv99-iv107.

Current Opinion in Physiology 2019, 11:103-108

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30143-9/sbref0260

	Mechanisms underlying non-malignant skeletal pain
	Burden of skeletal pain
	Sensory innervation of normal bone
	Possible mechanisms driving skeletal pain in different diseases/trauma
	Direct activation of mechanosensitive nociceptors due to trauma or bone injury
	Acidosis
	Sensitization of mechanosensitive and silent nociceptors by various growth factors and cytokines in the bone
	Plasticity of sensory and sympathetic nerve fibers innervating bone with age and in non-malignant skeletal diseases
	Spinal and supraspinal sensitization associated with nonmalignant bone pain models

	New therapies and conclusions
	Funding
	Conflict of interest statement
	References and recommended reading


