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ABSTRACT

BACKGROUND: Bone remodeling is a complex multifactorial process regulated by endocrine, paracrine, and mechanical fac-
tors. Nearly two decades ago, research showed that the nervous system is also involved in regulating bone remodeling. How-
ever, very few Russian publications focused on bone innervation mechanisms.

AIM: This study aimed to review publications that address the role of sensory innervation in the regulation of bone metabolism
and the pathophysiology of bone pain.

MATERIALS AND METHODS: Data were searched in English and Russian in PubMed, Google Scholar, Cochrane Library,
Crossref, and eLibrary. Information was analyzed and synthesized for this review. Most studies were published within
the last 20 years.

RESULTS: All structural parts of the bone are innervated by sensory nerve fibers that are receptive to nociceptive information.
The type of bone pain depends on both the location and nature of the disease process. Pain signals from the bones to the cen-
tral nervous system are transmitted by the A-delta and C-fibers, each with its conduction velocity, neurotransmitters, receptor
characteristics, and functions. In addition, sensory nerves regulate bone homeostasis by expressing the calcitonin gene-related
peptide and substance P as their major neurotransmitters. Sensory nerves play a key role in the development of primary
and secondary ossification centers during endochondral and intramembranous ossification. Some studies have shown that
nerve fibers are present in the articular cartilage at some point in time.

CONCLUSIONS: Sensory fibers are important in nervous regulation of bone and cartilage metabolism. Impaired sensory inner-
vation leads to impaired bone remodeling and slows endochondral ossification and, consequently, bone growth and develop-
ment. This should be considered, particularly in patients with early-onset bone innervation disorders. To prescribe the correct
treatment, the pathophysiology of bone pain must be elucidated.
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AHHOTALMA

06ocHoeaHue. PerynupoBaHue peMofen1poBaHus KOCTHOM TKaHU — CNOXHbIA MHOTO(aKTOPHBIA NPOLLECC, KOTOPbINA KOHTPO-
JMPYeTCA SHAOKPUHHBIMM, NApPaKpPUHHBIMU MexaHnyeckuMm daktopamu. [poBeAeHHbIe NOYTH 4Ba AECATUNETUA Ha3af uccne-
[0BaHWsA MOKa3anu, 4to B JOMOJIHEHME K 3TUM MeXxaHu3MaM MeTabo/i3M KOCTHOW TKaHW KOHTPONMpYETCS HEPBHOW CuCTe-
Moi. OfiHaKo nybnuKaumm, NocBsLLeHHble 0C0BEHHOCTAM MHHEPBALIMM KOCTHOW TKaHW, B OTEYECTBEHHOM HAyYHOW NuTepaType
NPaKTUYECKM OTCYTCTBYIOT.

Lless — npoaHanuaupoBaTb NybnuKaLmu, NOCBSLLEHHbIE BKNAAY CEHCOPHOW MHHEPBALMK B KOHTPOSb MeTabonu3Ma KOCTHOM
TKaHW, @ TaKXKe HeKOTOpbIM NaTohM3MONOrMieckMM MexaH3MaM, NiexalluM B ocHoBe 60K B KOCTAX.

Mamepuaner u Memodel. TloMcK AaHHLIX OCYLLECTBNISAAM B Dasax HayyHoii iutepatypbl PubMed, Google Scholar, Cochrane
Library, Crossref, eLibrary Ha aHmuiickoM 1 pyccKoM si3biKax. B npouecce HanucaHus CTaTbW MUCMOJb30BaNv MeTo, aHanu3a
M cuHTe3a uHdopMaumu. bonbluas yacTb paboT, BKIKYEHHBIX B JaHHbIN 0630p, onybnukoBaHa 3a nocnegHue 20 ner.
Pe3ynemamsl. CeHcopHble HePBHbIE BOJIOKHA, BOCIPUAMYMBLIE K HOLMLLENTUBHON MHGOPMALIW, MHHEPBUPYIOT BCE CTPYKTYP-
Hble oTAenbl KocTy. Tun 601K B KOCTAX ONPESENAETCS He TONBKO JIOKaNM3aLMeld, HO M XapaKTepoM NaTofiorMYecKoro npoLecca.
BoneBble curHanbl OT KOCTeW B LEHTPaNbHYI0 HEPBHYKO cucTeMy nepedaloT A-genbta- u C-BONMOKHA, Kaxble U3 KOTOPbIX
MMeeT CBOK CKOPOCTb MPOBELEHMS, HEMPOTPAHCMUTTEPbI, XapaKTEPUCTMKW peLienTopoB M GyHKumu. Kpome 3Toro, ceHcop-
Hble HEpBbI PErYNUPYIOT FOMEOCTa3 KOCTel, 3KCMPeccupys KanbLMTOHUH-TeH-POLCTBEHHBIA NENTUL W BeLLecTBO P B kauecTBe
CBOMX OCHOBHbIX HeWpOTpaHCMUTTEpPOB. CeHCOpHbIE HEpBbI BbIMOMHSAKOT BaXHY GYHKUMIO Npy GOPMUPOBAHUN NEPBUYHBIX
1 BTOPUYHBIX LEHTPOB 0CCU(UKALMM NPK 3HAOXOHAPAbHON 0CCUBUKALMK, a TaKkKe MHTpaMeMbpaHo3HoM occudmKaumn. Pag
UCCNefoBaHUIA [OKa3bIBAET CYLLECTBOBAHWE HEPBHbIX BOIOKOH B CYCTABHOM XpSILLE B ONPELENeHHbIA NEpPUOL, BPEMEHU.
3axmoqenue. CeHCOpHble BOIOKHA — BaXXHOE 3BEHO HEPBHOW perynsaumm MeTabonmM3Ma KOCTHOM M XpALLEBOW TKaHel. Ha-
pYLLUEHUE CEHCOPHOW MHHEpPBAaLWM MPUBOAMT K YXYALUEHWIO PEMOLENUPOBAHUA KOCTEW, a TaKKe 3aMefJIeHW0 NpoLieccoB
3HAOXOHApPaNbHOW occMbuMKaumu |, clefoBaTebHO, pocTa U pa3BUTUS KoCTel. 3T0 HeobXxoauMo YuHTLIBaTb, 0COBEHHO Y Tex
MaLMEHTOB, Y KOTOPbIX HapyLUeHWe UHHepBaLMM KOCTeN NPOM30LLIIO B paHHeM Bo3pacTe. [loHMMaHue nato@u3anenormieckux
MeXaHWU3MOB, NIEXalLMX B OCHOBE HONW, BaXKHO [J1 HA3HAYeHUA NaTOreHeTUYECKU 060CHOBAHHOTO JieyeHus 60nM B KOCTAX.

KnioueBble cnosa: MHHEepBaLUuaA KocTewm; CEHCOpHaA MHHepBaLua KoCTew; 3HAO0XOoHAPaNnbHasA OCCVId)VIKaLI,VIFI; I'laT0d)VI3VIOJ'IOFVI-
YecKue MexaHu3Mbl 60nn B KOCTSX.
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SCIENTIFIC REVIEWS

BACKGROUND

Despite the extensive body of literature on the role
of peripheral nerves in the development and regulation
of other organs and tissues [1, 2], few publications have
focused on the function of peripheral nerves in bones.
Early studies have shown that sciatic nerve neurectomy
in rats slows the longitudinal growth of hind limb
bones and impairs fracture healing [3, 4]. Furthermore,
in newborn mice treated with capsaicin to chemically
destroy sensory nerves, besides reduced pain sensitivity,
bone structure was altered, with reduced trabecular
bone compared with the control group [5]. These
results obtained in rodents align with the observations
in patients with nerve dysfunction, where delayed bone
consolidation occurs after fractures [6, 7]. In addition,
patients with sequelae of perinatal brachial plexus
injuries were found to have shortening and delayed
ossification of the segments in the affected limb compared
with the unaffected limb [8, 9].

Bone remodeling regulation is a complex, multifacto-
rial process controlled by endocrine, paracrine, and me-
chanical factors [10, 11]. Nearly two decades ago, animal
studies have revealed that in addition to these mecha-
nisms, bone metabolism is controlled by the nervous sys-
tem [12].

Evidence of central nervous system regulation of bone
metabolism emerged with the discovery that leptin—a hor-
mone exclusively produced by adipose tissue [13]—affects
bones [12, 14]. Leptin is secreted by adipocytes, suppresses
appetite, and promotes energy expenditure primarily through
its action on the arcuate nucleus of the hypothalamus [15].
Adipocytes and osteoblasts differentiate from mesen-
chymal stem cells, so a crosstalk between these two cell
types is likely. Leptin functions as an osteogenic hormone
by directly acting on leptin receptors on osteoblasts [16, 17],
reducing osteoclast differentiation and proliferation either di-
rectly or indirectly by influencing the ratio of osteoprotegerin
to RANK ligand [18].

Other central regulators of bone metabolism were
also identified, including neuropeptide Y, serotonin,
endocannabinoids, cocaine- and amphetamine-regulated
transcript, adiponectin, melatonin, and neuromedin U,
which control the differentiation, proliferation, and function
of osteoblasts and osteoclasts [11, 19, 20].

Long before the identification of this “central control”
of bone tissue, the nervous system was hypothesized
to control bone development and integrity. In 1868,
the French neurologist Charcot described the joint pathology
with progressive degeneration of bones and soft tissues
in patients with syphilitic spinal cord damage. This
condition involved atrophy, sclerosis of the posterior
spinal columns, and degeneration of the nerve fibers
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in the posterior roots. Charcot hypothesized that the nerves
in the bones have a trophic function, suggesting that
nerve destruction disrupts the delivery of growth factors
to the bones and joints, leading to joint destruction. This laid
the foundation for the neurotrophic theory of bone growth
and development [21]. However, this theory was opposed
by neurotrauma theorists led by Volkmann and Virchow, who
argued that nerve damage leads to the loss of peripheral
sensation, which, in turn, predisposes to repeated trauma
that outpaces healing. This theory was supported by sensory
denervation experiments in animals. Eloesser (1917)
and Corbin and Hinsey (1939) concluded that loss
of sensation alone was insufficient to cause neuropathic
osteoarthropathy because denervated animals exhibited
gait disturbances, leading to inadequate loading and, likely,
bone and joint lesions in these animals [22]. In the 1980s,
publications emerged supporting the neurovascular theory,
which proposed that disrupted sympathetic innervation
contributes to altered vascular tone, resulting in excessive
blood flow to affected joints. This, in turn, causes bone
resorption and increases bone susceptibility to minor trauma
[23, 24].

The development of immunohistochemical methods led
Bjurholm et al. to identify sensory nerve fibers in rat bones
by detecting their secreted neuropeptides, predominantly
found near growth zones and the periosteum—regions
of high osteogenic activity [25]. Subsequent studies on nerve
fibers in bone tissue have demonstrated that neuropeptides
secreted by nerve fibers are significant in bone remodeling,
potentially indicating their involvement in skeletal
development and formation.

Currently, bones are believed to be innervated
by the sensory, sympathetic, and parasympathetic ner-
vous systems [19], and the conceptual understanding
of the interaction between the skeletal and nervous sys-
tems integrates the neurotrophic, neurotraumatic, and neu-
rovascular theories [11, 19, 26]. Indeed, trophic signaling,
protective pain, and blood flow regulation are essential
components of the nervous regulation of the skeletal sys-
tem.

This study aimed to analyze publications address-
ing the contribution of sensory innervation to the forma-
tion and maintenance of bone metabolism, as well as
the pathophysiological mechanisms underlying bone pain.

MATERIALS AND METHODS

The data search was performed in PubMed, Google
Scholar, Cochrane Library, Crossref, and eLibrary. The article
employed methods of analysis and synthesis of information.
Most of the analyzed studies were published over the past
20 years. The following keywords were used: unHepsa-
yus kocmHoli mkaHu / bone innervation, and ceHcopHas
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UHHepsauyus KocmHoli mkaxu / sensory bone innervation
in Russian and English.

RESULTS AND DISCUSSION

The sensory system, a part of the nervous system,
is comprised of sensory receptors that perceive stimuli
from the external or internal environment, neural pathways
that transmit information from the receptors to the brain,
and brain regions that process and analyze this informa-
tion [19].

Sensory nerves express calcitonin gene-related pep-
tide (CGRP) and substance P (SP) as their primary neu-
rotransmitters, regulating bone homeostasis [27].
The efferent activity of sensory nerves is most evident dur-
ing neurogenic inflammation following tissue injury, where
the release of neuropeptides such as CGRP and SP pro-
motes vasodilation and plasma extravasation, respectively.
Neurogenic inflammation in bones is supported by studies
using a rat model of spondylitis, where chemical denerva-
tion of sensory nerves suppressed vasodilation and inflam-
matory cell spectrum in the bone marrow [28]. CGRP exists
in two main isoforms (a and ), influencing osteogenesis
through the activation of CGRPa and CGRP receptors. This
activation stimulates osteogenesis via cAMP or protein ki-
nase C pathways and mitosis in mesenchymal stem cells.
CGRP promotes bone formation by osteoblasts through Wnt
signaling stimulation and apoptosis inhibition [29]. Further-
more, CGRP inhibits osteoclast differentiation and func-
tion [30, 31]. aCGRP-deficient mice exhibited reduced bone
formation [31]. This correlates with findings by Yang et al.
who demonstrated in an experimental rat study that sen-
sory rhizotomy led to a decrease in CGRP levels, reduced
osteoblast activity, activated osteoclasts, and consequently
diminished bone formation compared with the control group
after 8 weeks [32].

Sensory nerves also influence chondrogenesis. Although
articular cartilage is traditionally considered non-innervated,
chondrocytes express SP, aCGRP, and their receptors [33].
Several foreign scientific studies have shown that nerve
fibers exist in the articular cartilage at specific developmental
stages. Hedberg et al. demonstrated transient nerve fibers
in cartilage canals during the onset of secondary ossification
in the rat knee [34]. Similarly, Schwab and Funk observed
nerve fibers in the periosteum and thin branches penetrating
the outer layers of the articular cartilage in adult rats [35].
Indirect evidence of nerve fibers has also been found
in the surface zone of the cartilage in the sacroiliac joint
of adults and cartilage canals in fetal and neonatal joints
[36, 37]. Schwab et al. revealed that periosteal nerve fibers
near the articular cartilage not only enter the hyaline cartilage
but also form close associations with adjacent chondrocytes
at distances of <1 pm [38].
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Wang et al. utilized immunofluorescence analy-
sis and electron microscopy to examine the cartilage
of the femoral bone in 1-day-old, 5-day-old, and 10-day-
old rats, revealing myelinated nerve fibers in the ex-
tracellular matrix of the articular cartilage. Compared
with the findings on the myelin sheath of nerve fi-
bers in 1-day-old rats, a looser structure of the sheath
was observed in 5-day-old rats, and by 10 days, signs
of pronounced degeneration were noted. Wang et al.
demonstrated that nerve fibers form synaptic contacts
with chondrocytes in the articular cartilage at an early
stage and then gradually degenerate with chondrocyte
development. The production of SP and neuropeptide Y
(@ neuropeptide of sympathetic nerve fibers) significant-
ly increased in the articular cartilage during this period.
These findings indicate that nerve fibers and their released
neuropeptides may play an important role in articular car-
tilage development [39]. This likely confirms the conclu-
sion of Hedberg et al. [34] that nerve fibers can only be
detected during the developmental period of the cartilage.
Opolka et al. demonstrated in an in vitro study that exog-
enous SP dose-dependently increased the proliferation rate
of chondrocytes in the rib articular surface of neonatal
mice, concluding that SP modulates the metabolic activity
of the chondrocytes [33].

Most researchers agree that bone innervation begins
concurrently with endochondral ossification [25, 40].
De Castro was the first to identify nerve fibers in endochondral
ossification loci in 1925 [19]. This aligns with the findings
of Calvo and Haas, who also observed nerve fibers during
endochondral ossification in experimental rat studies
conducted in 1967 [41]. The mechanisms underlying sensory
nerve—chondrocyte interactions became investigable only
30 years later with advancements in molecular biology
techniques.

In bone tissue, nearly all thin myelinated and unmy-
elinated sensory nerves express the neurotrophic receptor
tropomyosin receptor kinase A (TrkA). TrkA is a high-affinity
receptor for nerve growth factor (NGF) [42]. NGF belongs
to the neurotrophin family, which is essential for the normal
growth, proliferation, and regeneration of neurons. It has
pronaciceptive functions, facilitating the sensitization of pe-
ripheral and central sensory neurons and potentially stimu-
lating neuronal sprouting at injury sites [43]. Using a mouse
model, Reichardt demonstrated that NGF produced by chon-
drocyte progenitor cell functions as a skeletal neurotrophin
by activating TrkA [44].

In an experimental mouse study, Tomlinson et al.
showed that in the developing femoral bone, sensory
nerves expressing TrkA reach the perichondrial surface
by embryonic day 14.5 in response to NGF produced
by chondrocyte progenitor cells. By embryonic days 16.5
and 18.5, NGF was no longer limited to the perichondrial
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region and was also detected on newly forming bone
surfaces. Postnatally, the nerve density in the bone con-
tinues to increase, coinciding with the bone modeling
and remodeling necessary for long bone formation [25].
Sensory nerve axons expressing CGRP and SP are pres-
ent in the femoral epiphysis of rats within the first 24 h
after birth [40]. Similar to the invasion of sensory nerves
into the primary ossification center, TrkA-expressing sen-
sory nerve fibers enter the secondary ossification center
through cartilage canals in response to NGF production
by chondrocytes in the epiphysis. Sensory nerves produc-
ing TrkA also contribute to the vascular invasion of both
primary and secondary ossification centers [26]. This
aligns with earlier publications by Mukouyama et al.,
who, in an in vitro experiment, demonstrated that sensory
nerves provide a “template” guiding blood vessel branch-
ing patterns in the skin via localized secretion of vascular
endothelial growth factor [45].

The inactivation of TrkA signaling during embryogenesis
in mice disrupted bone innervation, delayed vascular invasion
of primary and secondary ossification centers, reduced
the number of Osx-positive chondrocyte progenitor cells,
and led to shorter and less voluminous femoral bones
at hirth [26].

Sensory nerves also participate in intramembranous
ossification and flat bone remodeling, although this
process remains less studied. However, in vivo blockade
of TrkA signaling in mice slowed the sensory innervation
of developing cranial bones, resulting in premature cranial
suture closure [46].

In humans, TRKI1 mutations cause congenital
sensory neuropathy with anhidrosis, a rare hereditary
disorder characterized by peripheral innervation defects
and impaired sweating, which is associated with short
stature, early tooth loss, and delayed fracture healing [47].
According to Tomlinson et al., sensory nerves expressing
TrkA are crucial in bone development and growth
throughout life [26].

Initial studies on sensory nerve function in bones were
motivated by the need to understand the mechanisms of bone
pain and its management.

Currently, acute, recurrent, and chronic bone
and joint pain is primarily managed using nonsteroidal anti-
inflammatory drugs and opioids [48]. However, the selection
of these analgesics is based on the assumption that
the pathophysiological mechanisms of bone pain are similar
to those in other body tissues [49].

Two types of sensory nerve fibers are involved
in transmitting nociceptive information in bones: A-delta
and C-fibers, each with distinct conduction speeds,
neurotransmitters, receptors, innervation patterns,
and functions [50, 51]. A-alpha and A-beta fibers do not
significantly contribute to pain conduction in bones [49].
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In an experimental rat model of bone pain caused
by fractures, nociceptive information was primarily conducted
via the A-delta and C-fibers [52]. A-delta fibers are myelinated
and express TrkA, NGF receptor, and 200-kDa neurofilament,
an intermediate cytoskeletal filament [53]. C-fibers are
unmyelinated and produce TrkA, SP, and CGRP [54]. Both
C-fibers and A-delta fibers innervate the bone marrow canal,
cortical bone, and periosteum [55].

The A-delta and C-fibers are predominantly (>90%)
located in the cambium layer, organized as a network
[52, 56]. This enables them to detect mechanical disturbances
such as compression, tension, or pressure, which may occur
during a bone fracture. The cortical bone is innervated
by A-delta and C-fibers, which travel through the Volkmann
and Haversian canals along with blood vessels [50].
Historically, sensory nerve innervation was considered most
prominent in the periosteum, followed by the bone marrow
and cortical bone in a ratio of 100:2:0.1 [54]. This supports
the classical concept that periosteal involvement is necessary
for bone pain development [51].

Sayilekshmy et al. reported that sensory innervation
of the human bone was the most abundant in cortical pores,
followed by the periosteum and bone marrow [57]; however,
the prevalence of A-delta and C-fibers was not determined.
Furthermore, the study was conducted on bones from
patients with hyperparathyroidism; thus, the results cannot
be generalized to the healthy population. However, Mach et al.
indicated that the bone marrow and mineralized bone contain
more sensory fibers than the periosteum [50]. This finding
may explain why patients with bone marrow malignancies,
which clearly do not extend to the periosteum, often complain
of bone pain [58].

A-delta and C-fibers are normally activated only
in response to mechanical deformation, local acidosis,
or increased intraosseous pressure. These stimuli are
transmitted from the bone to the dorsal horn of the spinal
cord and specific brain areas, resulting in pain [59].

Owing to the high conduction speed of the A-delta fibers,
they are thought to transmit sharp, acute pain experienced
immediately after a fracture. This pain is short-lived, as
it is confined to a small area of damage. The mechanosen-
sitive A-delta and C-fibers continue to be stimulated after
a fracture until the bone is realigned. Fracture reduction
and fixation reduces mechanical deformation (e.g., perios-
teal stretching) and thereby alleviates A-delta fiber irritation
and associated pain. After the immobilization of the frac-
ture, the patient may experience a duller or burning pain,
which lasts longer and is caused by unmyelinated C-fibers,
as their conduction speed is lower than that of A-delta fi-
bers [49]. Moreover, a few hours after the initial fracture,
the dull pain transmitted by the C-fibers is likely main-
tained by inflammatory mediators released by osteoblasts,
osteoclasts, and immune cells. These mediators include

DOI: https://doi.org/10.17816/ PTORS642092

515



516

HAYYHBIE OB30PEI

bradykinins, prostaglandin E2, serotonin, tumor necrosis
factor-a, colony-stimulating factors, and NGF [60], which
increase the sensitivity of nociceptors to stimuli [49, 61].
NGF directly affects nociceptors by activating inflammatory
response cells and enhancing the synthesis of pain and in-
flammation mediators [61].

Osteoclasts, which are rich in lysosomes containing
acidic hydrolases involved in the breakdown of osteoid
macromolecules, exhibit high H*-ATPase and carbonic
anhydrase activity and release isoforms of acid phosphatase
into the environment. During bone resorption, osteoclasts
secrete H" ions via plasma H*-ATPase, lowering the pH
and activating acid-sensitive ion channels on the A-delta
and C-fibers [62]. Experimental studies in rodent models
have shown that A-delta and C-fibers in bone express
the acid-sensitive ion channels 1 and 3 (ASIC1 and ASIC3).
These ion channels are activated when the local pH drops
(approximately to 4) [63].

In bone malignancies or skeletal diseases associated
with significant osteoclast activity, local acidosis occurs,
contributing to bone pain. Bisphosphonates, widely used
for the treatment of bone malignancies, osteogenesis
imperfecta, and osteoporosis, suppress osteoclast activity,
reduce bone resorption, increase pH, and thereby alleviate
bone pain [62]. Similar to fracture stabilization, the activation
of the A-delta and C-fibers can be reduced by normalizing
the pH.

NGF may be released by immune cells following bone
injury or by tumor cells, subsequently binding to nociceptors
expressing TrkA. This interaction leads to the phosphorylation
of ion channels and receptors [42]. Specifically, NGF
binding induces the phosphorylation of transient receptor
potential vanilloid 1 and ASIC3 ion channels, making
A-delta and C-fibers more sensitive to pH changes [58].
The interaction of TrkA with NGF, which promotes the opening
of various ligand-gated transmembrane channels, can
cause delayed pain lasting hours or even days. The NGF-
TrkA complex undergoes internalization and retrograde
axonal transport to the neuron’s nucleus, where it activates
cytokines, neurotransmitters, receptors, and channel
components. Three main intracellular signaling pathways are
triggered by the NGF-TrkA interaction: phospholipase C-y,
mitogen-activated protein kinase/Erk, and phosphoinositide
3-kinase [61].

NGF activity blockade has been extensively studied
in various animal models of skeletal pain. Anti-NGF an-
tibodies significantly reduce bone pain in mice with os-
teosarcoma and tumor-induced nerve fiber proliferation
in preclinical models of metastatic prostate cancer [64, 65].
Furthermore, anti-NGF antibodies alleviate “pain behavior”
associated with bone fractures in mice [54]. Rapp et al.
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indicated that analgesia using anti-NGF antibodies could
be achieved without affecting fracture consolidation out-
comes [66]. However, Li et al. reported that suppressing
TrkA activation impairs stress fracture healing in mice [67].
Experimental studies in rats have shown that the local
application of NGF accelerates rib fracture healing [68],
and in rabbits, NGF reduced the time required for distrac-
tion callus formation [69]. However, anti-NGF antibodies
did not alleviate the pain associated with skin injuries [54],
confirming that the skin and bone are innervated by differ-
ent sensory fibers [70].

CONCLUSION

Sensory fibers are crucial in the neural regulation
of bone and cartilage metabolism. Bone and cartilage
cells contain receptors for sensory neurotransmitters,
enabling them to respond to stimuli from sensory nerve
fibers. The disruption of sensory innervation impairs bone
remodeling processes and endochondral ossification,
thereby hindering bone growth and development. This
should be considered in patients in whom bone innervation
disturbances occur at an early age.

Sensory nerve fibers that perceive nociceptive infor-
mation innervate all structural components of the hone
(i.e., bone marrow canal, cortical bone, and periosteum).
The type of bone pain (acute, diffuse, or aching) is deter-
mined not only by the damage location but also by the nature
of the pathological process. Understanding the pathophysi-
ological mechanisms underlying bone pain is crucial for pre-
scribing pathogenetically sound treatments for bone-related
pain.

The mechanisms of interaction between the bone-
cartilage and nervous systems are not yet fully understood.
Further research is required to enhance our understanding
of bone and cartilage metabolism and the pathogenesis
of various bone and joint diseases.
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