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Abstract
Bones encompass a diverse network of sensory, sympathetic and even parasympathetic 

nerve fibers. While there is still insufficient understanding of the exact roles of these fibers in 
the skeleton, there is increasing evidence that they serve both afferent and efferent functions. 
Apart from pain transmission, some of their functions are regulation of bone remodeling, 
skeletal growth and fracture healing. That indicates that further research on bone innervation 
may shed more light on the main topics of bone biology, such as bone fragility in aged and 
osteoporotic individuals, alterations in fracture healing in various conditions, bone cancer 
pain, etc. This review article will present main morphological and functional characteristics 
of bone innervation.
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Kosti sadrže raznovrsnu mrežu senzornih, simpatičkih, pa čak i parasimpatičkih ner-
vnih vlakana. Iako tačne uloge ovih vlakana nisu još uvek sasvim jasne, sve je više dokaza da 
ova vlakna imaju i aferentne i eferentne uloge. Osim prenošenja bolnih nadražaja, neke od 
uloga ovih vlakana su i regulacija koštanog remodelovanja, koštanog rasta i zarastanja prelo-
ma. Ovo pokazuje da dalja istraživanja inervacije kostiju mogu doprineti rasvetljavanju glav-
nih istraživačkih pitanja u oblasti koštane biologije, kao što su fragilnost kosti kod starijih 
osoba i u osteoporozi, promene u zarastanju preloma u različitim stanjima, kancerski bol i dr. 
Ovaj pregledni članak prikazuje osnovne morfološke i funkcionalne karakteristike koštane 
inervacije. 

Ključne reči: 
kost,
nervna vlakna,
koštano remodelovanje,
transmisija bola
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Introduction:  
Bone innervation as a neglected topic

Nervous system is an important regulatory system 
in the body, controlling a number of body functions and 
ensuring responses to internal and external stimuli. Bones 
are capable of reacting both to external stimuli (mechani-
cal loading) and internal demands (hormonal and meta-
bolic), providing the body with mechanical stability du-
ring motion and stance, as well as acting as a depot for 
calcium and phosphorus. 

Standard anatomy textbooks (1,2) describe inner-
vation of bones only marginally (e.g. Hilton’s law), while 
standard physiology textbooks (3,4) provide no informati-
on on bone innervation. Considering that mechanical and 
hormonal factors are regarded as the main regulators of 
bone homeostasis (5,6), the topic of innervation of bones 
usually does not seem as an essential one. Hence, there is a 
general lack of understanding of the roles of nerve fibers 
in the skeleton. Nevertheless, as severe bone pain becomes 
more prevalent due to increasing frequency of malignant 
tumors and bone metastases (7), specific therapeutic 
approaches targeting bone pain transmission are nee-
ded (8). Therefore, the topic of bone innervation now 
attracts an increasing attention in research studies, and 
researchers realize that nerve fibers may be of extreme im-
portance for many processes in the skeleton, not just for 
pain transmission.

This review paper will present the main morpholo-
gical and functional characteristics of bone innervation, 
with the emphasis on how such a relatively neglected topic 
can give missing answers to some of the key questions of 
bone biology. 

Bone-related nerve fibers are sensory and 
sympathetic fibers

So far, the studies in bones identified fibers of vario-
us diameters and different myelination status, but with the 
exception of thick myelinated fibers (9). After early 

opinions that all fibers are solely autonomic, it was shown 
that bones have both sensory and sympathetic fi-
bers (10,11). Based on the diameter, impulse conduction 
velocity and presence or absence of a myelin sheath, these 
fibers correspond to A-delta and C type of fibers (12). The 
fibers found in bone tissue can be further classified into 
subpopulations based on the markers that they express 
and that allow their visualization by the methods of im-
munohistochemistry or immunofluorescence (10,11,13) 
(Table 1). 

Previous studies confirmed that sympathetic fibers 
express tyrosine hydroxylase (TH), which is a rate limiting 
enzyme in the process of synthesis of noradrenaline, as the 
main sympathetic neurotransmitter (10,14). Beside TH, 
sympathetic fibers often express neuropeptide Y (NPY) 
and some of them contain vasoactive intestinal peptide 
(VIP) (10,14). All these fibers are postganglionic and they 
reach the bones via the peripheral nerves that also supply 
sensory fibers to the bone (9) or via perivascular meshes. 

On the other hand, the subpopulations of sensory 
fibers express calcitonin gene related peptide (CGRP), 
substance P (SP), isolectin B4 (IB4) and neurofilament H 
(NFH or NF200, RT-97) (10,13) (Table 1). They are perip-
heral processes of pseudounipolar neurons, with the neu-
ral cell bodies located in the sensory ganglia (15,16). 

More recent study showed that TrkA receptor 
(TrkA = Tropomyosin receptor kinase A; neurotrophic 
tyrosine kinase receptor type 1) is expressed by the majo-
rity of myelinated/unmyelinated sensory and sympathetic 
nerve fibers that innervate the periosteum, bone marrow 
and mineralized bone, in contrast to few sensory fibers 
supplying the skin, which allows specific skeletal analgesia 
with NGF/TrkA inhibitors (17,18). 

Bone related nerve fibers reach all bone  
compartments

Considering strong pain that occurs after a fracture 
or traumatic injury of the periosteal surface, it is usually 
considered that periosteum is the most innervated tissue 

Functional type of fibers Morphology Marker/s Localization in bones

Sensory fibers

Mostly myelinated 
(A-delta)

Neurofilament H, 200 kDa (RT-97)
(NF200)

Periosteum, bone marrow and 
mineralized bone

Mostly unmyelinated
(mostly C fibers)

Peptidergic C fibers:
Calcitonin gene-related peptide 
(CGRP);
Substance P (SP)

Periosteum, bone marrow and 
mineralized bone

Unmyelinated
(C fibers)

Non-peptidergic C fibers:
Isolectin B4 (IB4); Purinergic P2X3 
receptor

Only at muscle attachment sites

Postganglionic 
sympathetic fibers

Unmyelinated
(C fibers)

Tyrosine hydroxilase (TH);
Neuropeptide Y (NPY);
Vasoactive intestinal peptide (VIP)

Periosteum, bone marrow and 
mineralized bone 

Table 1. Morphological, functional and immunohistochemical characteristics of subpopulations of nerve fibers 
inervating bone.
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in bone. However, previous studies in mouse femur showed 
a rich network of sensory and sympathetic fibers in the 
bone marrow, mineralized bone and periosteum (13,17). 
While indeed high numbers of fibers per area were found 
in the periosteum, the highest number of fibers was found 
in the bone marrow compartment, considering its greater 
volume (13). Mineralized bone (cortical bone) compar-
tment also showed nerve fibers spreading through many of 
the Haversian and Volkmann’s canals (10,13). There was 
also inter-site variation in the density of neural fibers wit-
hin a long bone, so that the region of the diaphysis showed 
the lowest number of fibers, whereas the metaphyseal regi-
ons had the richest nerve supply (13). Most of the fibers are 
associated with blood vessels in bone; nevertheless, those 
unassociated with blood vessels and free nerve endings 
were also found (13,19). While mouse long bones showed 
peculiar distribution of fibers among the main anatomical 
parts of the bone, calvaria and mandible did not demon-
strate outstanding regional differences (13). 

Most information about localization of nerve fibers 
in bone comes from the studies in animals, while human 
data are rather scarce. In humans, it was shown in lumbar 
and first sacral vertebra that dense network of fibers mostly 
concentrates in the central zone of the vertebra, and that 
both the endplate and the body of the vertebra are densely 
innervated, as visualized using immunohistochemistry 
staining against a ubiquitous neural marker PGP 9.5 (20). 
Additional staining for CGRP, in the lumbar vertebral 
body, showed that most of the fibers within the vertebral 
body were CGRP-positive, indicating their role in nocicep-
tion and explaining bone pain even in the cases where pe-
riosteum is not damaged (21). 

Bone related nerve fibers have both afferent 
and efferent roles in the skeleton

Although the exact functions of these fibers are still 
unclear, it is striking that there are experimental data that 
they serve both afferent and efferent roles (13). They cer-
tainly have important functions in transmission of bone 
pain, but also play a role in bone remodeling, osteogenic 
differentiation during skeletal growth, as well as in bone 
repair and fracture healing (22).

Markers expressed by most of the sensory neurons 
are consistent with a role in nociception (16). The fact that 
they are localized not only in the periosteum, but also in 
the bone marrow and mineralized bone compartments, 
may explain the origin of skeletal pain even in the lesions 
that do not affect the periosteum. In addition to nocicepti-
on, periosteal fibers respond to mechanical, chemical, and 
thermal stimuli to the periosteum (for a review see (16)). 
In particular, considering that CGRP+ and NF200+ sen-
sory fibers form a dense mesh in the periosteum of the 
mouse femur, it was suggested that they are strategically 
organized to detect mechanical distortion of the perio-
steum and underlying mineralized bone (23). The fibers 
innervating the bone marrow are also able to detect vario-
us sensory modalities, given that it was shown that whole 

nerve is stimulated by increasing intra-osseous pressure, 
chemical stimulation or temperature changes of the bone 
marrow (16). In particular, they can recognize changes in 
local pH, where local acidification due to osteoclastic and 
bone-colonizing cancer cells’ release of protons is detected 
via acid-sensing nociceptors expressed on sensory neurons 
(transient receptor potential channel-vanilloid subfamily 
member 1 - TRPV1, and the acid-sensing ion channel 3 - 
ASIC3), thus contributing to bone cancer pain (24).

Nevertheless, a number of other important functi-
ons of these fibers were acknowledged in the experimen-
tal studies. It is evident that sensory and sympathetic ne-
urotransmitters and neuropeptides have trophic effects 
that are critical for joint and bone homeostasis (25). For 
instance, using capsaicin in an experimental study to se-
lectively destroy unmyelinated sensory neurons in rats, 
led to depletion of substance P and CGRP in bone and 
caused significant loss of trabecular bone, suggesting that 
capsaicin-sensitive sensory nerves contribute to trabecu-
lar bone integrity (26,27). Obviously, CGRP and SP that 
are released from the peripheral terminals of sensory ne-
urons are important local mediators ensuring maintenan-
ce of normal bone balance. This is probably mediated via 
specific receptors on bone cells, where CGRP stimulates 
osteoblasts while inhibiting osteoclast differentiation and/
or function (22,26,28,29). Unlike CGRP that shows bone 
anabolic behavior, substance P can increase bone forma-
tion when present in high concentrations; otherwise, it 
increases bone resorption (30,31). The TrkA-expressing 
sensory nerves innervating long bones stimulate load-in-
duced bone formation through the Wnt/β-catenin pathway 
(32), and it was shown in experimental studies in mice that 
NGF-TrkA signaling in skeletal sensory nerves mediates 
bone formation in response to mechanical loading (33). 

Sympathetic fibers are mostly related to the blood 
vessels (23) and likely control blood flow in bone throu-
gh vasoconstriction. Like CGRP-positive sensory fibers, 
VIP-positive sympathetic fibers play a role in suppressing 
bone resorption through RANKL/OPG pathway, similar 
to mechanical loading, as shown in cell culture experi-
ments (34,35). Nevertheless, the role of sympathetic system 
in bone remodeling is still contradictory (25), considering 
that destruction of sympathetic neurons by guanethidi-
ne was found to reduce the differentiation and activity of 
osteoclasts (36). Furthermore, there is evidence that sym-
pathetic system increases bone resorption when subjected 
to microgravity conditions, i.e., that beta blockers may be 
used to prevent bone loss (37). However, more studies are 
needed until beta blockers could be targeted as an osteopo-
rosis prevention drug (22).

A recent study in mouse femur showed that aging 
leads to a reduced number of nerve fibers in bone, parti-
cularly decline in sympathetic fibers (19). Further research 
is needed to understand whether aging and various disease 
processes in humans affect the density of bone related ner-
ve fibers, and whether neural alterations may be related to 
the observed increase in bone fragility in various diseases, 
as well as altered fracture healing and bone pain.
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Both sensory and sympathetic fibers establish 
synapse-like contact with bone cells which 
display receptors for the substances released 
from the neural fibers

The observed effects of neurotransmitters and ne-
uropeptides on bone metabolism suggest the relation-
ship between the nerve fibers and bone cells (Figure 1). 
Considering that intercellular communication is difficult 
to analyze in hard tissue in situ, there is not much direct 
evidence of the type of the connection between the fibers 
and bone cells. It was shown on rat’s long bone by electron 
microscopy that nerve fibers running along blood vessels 
are located in vicinity of hematopoietic cells and bone cells 
(11). Some of these nerve fibers clearly showed “local dila-
tations in contact with medullary cells and bone cells that 
were immunolabeled for synaptophysin, a nerve terminal 
marker” (11). A more detailed assessment was possible in 
cell co-culture of sensory neurons and osteoblasts, showing 
that they established a close synapse-like contact (38-40). 
Moreover, cell culture experiments showed that osteoblasts 
and sensory neurons communicate bidirectionally: perip-
heral neurite terminals release glutamate and substance P 
by exocytosis (efferent signal to osteoblasts) and osteobla-
sts release adenosine triphosphate - ATP (afferent signal to 
neurites) (39,40). It is interesting that mechanical stimu-
lation of osteoblasts in cell culture was able to activate the 

neurite of the co-cultured sensory neurons, which was ba-
sed on the release of ATP from osteoblasts and its binding 
on the purinergic receptors on the neurite (40). In that way, 
sensory neurons can further transmit the information of 
mechanical loading, which may be a part of the regulatory 
loop between the central nervous system and bone that 
controls bone homeostasis.

There is also a direct communication between sym-
pathetic neurons and bone cells (osteoblasts and osteoc-
lasts), where osteoblastic and osteoclastic activation by 
sympathetic neurons in vitro is mediated, at least partly, by 
noradrenaline acting through α1-adrenergic receptors on 
bone cells (41,42). The already mentioned contradicting 
effects of sympathetic neurons on bone may partly origi-
nate from differential effects of noradrenaline on different 
types of adrenergic receptors (Figure 2). For example, 
osteoblasts are activated by stimulation of α1-adrenergic 
receptors, and inhibited by acting on β2-adrenergic recep-
tors (43-45). Osteoclastogenesis is suppressed via α2-adre-
nergic receptors, and stimulated via α1- and β2-adrenergic 
receptors (42,46-48). In the situation when different adre-
nergic receptor types are expressed by the same cell, the 
concentration of noradrenaline is likely a decisive factor 
determining the preferred receptors and corresponding 
effects (22). 

       It was suggested that various neuropeptides or 
neurotransmitters released from the skeletal nerve fibers 
have paracrine effects on the neighboring bone cells (49), 

Figure 1. Schematic example of bidirectional communication between sensory neurons and bone cells. Note that 
peripheral terminals of sensory nerve fibers (blue) release neuropeptides (yellow vesicles: e.g. CGRP, SP, etc.) that bind to the 
receptors on bone cells and affect their activity. On the other hand, osteoblasts release adenosine triphosphate (red vesicles) 
and osteoclasts release protons (small dots) that activate the corresponding receptors on the peripheral nerve terminals. The 
sensory nerve carries the electric impulse to the spinal cord. (DRG-dorsal root ganglion).
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Figure 2. Effects of the sympathetic neurons on the main processes in bone. Sympathetic neurons release noradrenaline 
that binds to adrenergic receptors on bone cells. Depending on the type of adrenergic receptor, the sympathetic effects 
vary considerably. While activating β2 receptors leads to a shift to bone resorption (increased number and activity of 
osteoclasts, and decreased osteoblastic number and activity), activation of α1 and α2 receptors favors bone formation 
(reduced osteoclasts number, increased number and activity of osteoblasts). (Oc-osteoclasts, Ob-osteoblasts).

considering that treatment of osteoblasts with SP, CGRP, 
VIP, NPY or TH in vitro increased osteoblasts viability, in-
duced alkaline phosphatase activity and osteocalcin produ-
ction (49). In addition, glutamate signaling was shown to 
promote differentiation and activation of osteoblast cell li-
neage (50). Indeed, osteoblasts and osteoclasts have recep-
tors for these soluble factors (Table 2), but more research is 
needed to understand the relevance of each neuropeptide 

and receptor type for bone remodeling activities.
All studies considered the effects of neuropeptides 

and neurotransmitters on osteoblasts (bone forming cells) 
and osteoclasts (bone resorbing cells), and we do not know 
whether osteocytes that are the most numerous bone cell 
type also express receptors for these neuropeptides and 
neurotransmitters. Considering the strategic distribution 
of osteocytes through the mineralized bone matrix, their 

Receptor Abbreviation Ligand Locations 
Neurokinin 1 receptor NK1R Substance P Osteoblasts, osteoclasts and preosteoclasts, bone 

marrow stromal cells
CL receptor/RAMP CLR CGRP Osteoblasts, osteoclasts, bone marrow stromal cells

β2 adrenergic receptor β2-AR Noradrenaline Osteoblasts, osteoclasts 

α1 adrenergic receptor α1-AR Noradrenaline Osteoblasts, osteoclasts

α2 adrenergic receptor α2-AR Noradrenaline Osteoblasts, osteoclasts and preosteoclasts

VIP receptors VIP-1, VIP-2 VIP Osteoblasts, osteoclasts
Glutamate receptors 
(various classes)

GluR Glutamate Osteoblasts, osteoclasts

ACh receptors
(various classes)

ACh receptors Acetylcholine Osteoblasts, osteoclasts

Table 2. Neuropeptide and neurotransmitter receptors on bone cells
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neuron-like shape and interconnectivity of osteocytic den-
drites, they are nowadays considered as the main sensors 
of mechanical loading, as well as orchestrators of bone re-
modeling/repair (6). The abundant data from our group 
showed that aging and osteoporosis are associated with a 
decline in number, viability and connectivity of osteocytes, 
resulting in altered mechanosensing ability of bone and de-
layed and/or deficient bone remodeling (6,51-56). It would 
be of particular interest to investigate whether osteocytes 
communicate with nerve fibers and/or whether they res-
pond to main neuropeptides.   

	 Presence of acetylcholine (ACh) receptors on oste-
oblasts (57) raises the question whether bone also conta-
ins parasympathetic fibers. It has recently been shown 
that mouse’s femoral metaphysis had some nerve fibers 
expressing VAChT (vesicular ACh transporter) (58) which 
is believed to be a marker of parasympathetic cholinergic 
fibers (58,59). Moreover, retrograde propagation of immu-
noreactive pseudo rabies virus from the femoral metap-
hysis to the sacral parasympathetic center of the spinal cord 
confirmed the parasympathetic origin of these fibers (58). 
It was shown that cholinergic signaling in bone specifica-
lly stimulates osteoclasts’ apoptosis, but also can increase 
osteoblasts’ number (58), resulting overall in positive bone 
balance. However, more research is needed to demonstrate 
whether different bones have parasympathetic fibers and 
whether that also occurs in humans.

Conclusion

	 Having in mind all the previous considerations, we 
can conclude that bone houses a diverse network of sen-
sory, sympathetic and even parasympathetic neural fibers 
that may have specific functions related to the bone meta-
bolism. Specific subpopulations of fibers can be visualized 
under the microscope after immunostaining for specific 
markers, such as CGRP, substance P, tyrosine hydroxylase, 
etc. Further research will identify whether aging and vario-
us disease processes in humans affect the density of these 
fibers in the bone tissue and whether that relates to increa-
sed bone fragility, altered fracture healing and bone pain. 

Acknowledgment

	 The authors acknowledge the support from the 
Ministry of Education and Science of the Republic of 
Serbia (grant number III 45005).

References

1.	 Moore KL, Dalley AF, Agur AMR. Clinically oriented 
anatomy. Philadelphia Wolters Kluwer Health; 2014.

2.	 Standring S, Gray H. Gray’s anatomy : the anatomical 
basis of clinical practice. Philadelphia: Elsevier; 2016.

3.	 Ganong WF. Review of medical physiology. New 
York: McGraw Hill Companies; 2005.

4.	 Hall JE. Guyton & Hall physiology review. 

Philadelphia: Elsevier Saunders; 2016.
5.	 Mundy GR, Guise TA. Hormonal Control of Calcium 

Homeostasis. Clin Chem. 1999;45:1347-1352.
6.	 Milovanovic P, Zimmermann EA, Hahn M, Djonic 

D, Püschel K, Djuric M, et al. Osteocytic Canalicular 
Networks: Morphological Implications for Altered 
Mechanosensitivity. ACS Nano. 2013;7:7542-7551.

7.	 O’Donnell PW, Clohisy DR. Biology of Bone Cancer 
Pain. In: Randall RL, ed. Metastatic Bone Disease: An 
Integrated Approach to Patient Care. New York, NY: 
Springer New York; 2016:37-44.

8.	 Zhu XC, Zhang JL, Ge CT, Yu YY, Wang P, Yuan TF, 
et al. Advances in cancer pain from bone metastasis. 
Drug Des Devel Ther. 2015;9:4239-4245.

9.	 Ivanusic JJ, Mahns DA, Sahai V, Rowe MJ. Absence 
of large-diameter sensory fibres in a nerve to the cat 
humerus. J Anat. 2006;208:251-255.

10.	 Hill EL, Elde R. Distribution of CGRP-, VIP-, DβH-, 
SP-, and NPY-immunoreactive nerves in the perio-
steum of the rat. Cell Tissue Res. 1991;264:469-480.

11.	 Serre CM, Farlay D, Delmas PD, Chenu C. Evidence 
for a dense and intimate innervation of the bone 
tissue, including glutamate-containing fibers. Bone. 
1999;25:623-629.

12.	 Jimenez-Andrade JM, Bloom AP, Mantyh WG, 
Koewler NJ, Freeman KT, Delong D, et al. Capsaicin-
sensitive sensory nerve fibers contribute to the ge-
neration and maintenance of skeletal fracture pain. 
Neuroscience. 2009;162:1244-1254.

13.	 Mach DB, Rogers SD, Sabino MC, Luger NM, Schwei 
MJ, Pomonis JD, et al. Origins of skeletal pain: sen-
sory and sympathetic innervation of the mouse fe-
mur. Neuroscience. 2002;113:155-166.

14.	 Hohmann EL, Elde RP, Rysavy JA, Einzig S, Gebhard 
RL. Innervation of periosteum and bone by sympat-
hetic vasoactive intestinal peptide-containing nerve 
fibers. Science. 1986;232:868-871.

15.	 Mantyh PW. The neurobiology of skeletal pain. Eur J 
Neurosci. 2014;39:508-519.

16.	 Nencini S, Ivanusic JJ. The Physiology of Bone Pain. 
How Much Do We Really Know? Front Physiol. 
2016;7:157.

17.	 Castaneda-Corral G, Jimenez-Andrade JM, Bloom 
AP, Taylor RN, Mantyh WG, Kaczmarska MJ, et 
al. The majority of myelinated and unmyelinated 
sensory nerve fibers that innervate bone express 
the tropomyosin receptor kinase A. Neuroscience. 
2011;178:196-207.

18.	 Jimenez-Andrade JM, Mantyh WG, Bloom AP, Xu 
H, Ferng AS, Dussor G, et al. A phenotypically restri-
cted set of primary afferent nerve fibers innervate the 
bone versus skin: therapeutic opportunity for treating 
skeletal pain. Bone. 2010;46:306-313.

19.	 Chartier SR, Mitchell SAT, Majuta LA, Mantyh 
PW. The Changing Sensory and Sympathetic 
Innervation of the Young, Adult and Aging Mouse 
Femur. Neuroscience. 2018;in press, doi: 10.1016/j.



Medicinski podmladak / Medical Youth    

Milovanović P. et al. Innervation of bones: Why it should not be neglected? MedPodml 2018, 69(3): 25-32

31

neuroscience.2018.01.047.
20.	 Degmetich S, Bailey JF, Liebenberg E, Lotz JC. Neural 

innervation patterns in the sacral vertebral body. Eur 
Spine J. 2016;25:1932-1938.

21.	 Bailey JF, Liebenberg E, Degmetich S, Lotz JC. 
Innervation patterns of PGP 9.5-positive nerve fi-
bers within the human lumbar vertebra. J Anat. 
2011;218:263-270.

22.	 Grässel S. The role of peripheral nerve fibers and the-
ir neurotransmitters in cartilage and bone physiology 
and pathophysiology. Arthritis Res Ther. 2014;16:485.

23.	 Martin CD, Jimenez-Andrade JM, Ghilardi JR, 
Mantyh PW. Organization of a unique net-like me-
shwork of CGRP+ sensory fibers in the mouse pe-
riosteum: Implications for the generation and ma-
intenance of bone fracture pain. Neurosci Lett. 
2007;427:148-152.

24.	 Yoneda T, Hiasa M, Nagata Y, Okui T, White F. 
Contribution of acidic extracellular microenviron-
ment of cancer-colonized bone to bone pain. Biochim 
Biophys Acta. 2015;1848:2677-2684.

25.	 Grässel S, Muschter D. Peripheral Nerve Fibers and 
Their Neurotransmitters in Osteoarthritis Pathology. 
Int J Mol Sci. 2017;18:931.

26.	 Offley SC, Guo TZ, Wei T, Clark JD, Vogel H, Lindsey 
DP, et al. Capsaicin-sensitive sensory neurons contri-
bute to the maintenance of trabecular bone integrity. 
J Bone Miner Res. 2005;20:257-267.

27.	 Zhang Z-K, Guo X, Lao J, Qin Y-X. Effect of capsa-
icin-sensitive sensory neurons on bone architecture 
and mechanical properties in the rat hindlimb sus-
pension model. J Orthop Translat. 2017;10:12-17.

28.	 Schinke T, Liese S, Priemel M, Haberland M, 
Schilling AF, Catala-Lehnen P, et al. Decreased bone 
formation and osteopenia in mice lacking alpha-ca-
lcitonin gene-related peptide. J Bone Miner Res. 
2004;19:2049-2056.

29.	 Cornish J, Callon KE, Bava U, Kamona SA, Cooper 
GJ, Reid IR. Effects of calcitonin, amylin, and calcito-
nin gene-related peptide on osteoclast development. 
Bone. 2001;29:162-168.

30.	 Kingery WS, Offley SC, Guo TZ, Davies MF, Clark 
JD, Jacobs CR. A substance P receptor (NK1) antago-
nist enhances the widespread osteoporotic effects of 
sciatic nerve section. Bone. 2003;33:927-936.

31.	 Zheng XF, Zhao ED, He JY, Zhang YH, Jiang SD, Jiang 
LS. Inhibition of substance P signaling aggravates the 
bone loss in ovariectomy-induced osteoporosis. Prog 
Biophys Mol Biol. 2016;122:112-121.

32.	 Levi B. “TrkA”cking why “no pain, no gain” is the rule 
for bone formation. Sci Transl Med. 2017;9.

33.	 Tomlinson RE, Li Z, Minichiello L, Riddle RC, 
Venkatesan A, Clemens TL. NGF-TrkA signaling in 
sensory nerves is required for skeletal adaptation to 
mechanical loads in mice. Proc Natl Acad Sci USA. 
2017;114:E3632-E3641.

34.	 Yoo Y-M, Kwag JH, Kim KH, Kim CH. Effects of 
Neuropeptides and Mechanical Loading on Bone Cell 

Resorption in Vitro. Int J Mol Sci. 2014;15:5874-5883.
35.	 Mukohyama H, Ransjo M, Taniguchi H, Ohyama T, 

Lerner UH. The inhibitory effects of vasoactive inte-
stinal peptide and pituitary adenylate cyclase-activa-
ting polypeptide on osteoclast formation are associa-
ted with upregulation of osteoprotegerin and down-
regulation of RANKL and RANK. Biochem Biophys 
Res Commun. 2000;271:158-163.

36.	 Cherruau M, Facchinetti P, Baroukh B, Saffar JL. 
Chemical sympathectomy impairs bone resorption in 
rats: a role for the sympathetic system on bone meta-
bolism. Bone. 1999;25:545-551.

37.	 Mano T, Nishimura N, Iwase S. Sympathetic neu-
ral influence on bone metabolism in microgravity 
(Review). Acta Physiol Hung. 2010;97:354-361.

38.	 Neto E, Alves CJ, Sousa DM, Alencastre IS, Lourenco 
AH, Leitao L, et al. Sensory neurons and osteoblasts: 
close partners in a microfluidic platform. Integr Biol 
(Camb). 2014;6:586-595.

39.	 Kodama D, Hirai T, Kondo H, Hamamura K, Togari 
A. Bidirectional communication between sensory ne-
urons and osteoblasts in an in vitro coculture system. 
FEBS Lett. 2017;591:527-539.

40.	 Asada K, Obata K, Horiguchi K, Takaki M. Age-related 
changes in afferent responses in sensory neurons to 
mechanical stimulation of osteoblasts in coculture 
system. Am J Phys Cell Physiol. 2012;302:C757-C765.

41.	 Obata K, Furuno T, Nakanishi M, Togari A. Direct 
neurite-osteoblastic cell communication, as demon-
strated by use of an in vitro co-culture system. FEBS 
Lett. 2007;581:5917-5922.

42.	 Suga S, Goto S, Togari A. Demonstration of dire-
ct neurite-osteoclastic cell communication in vi-
tro via the adrenergic receptor. J Pharmacol Sci. 
2010;112:184-191.

43.	 Kodama D, Togari A. Signaling pathway and physio-
logical role of the alpha-1 adrenergic receptor in hu-
man osteoblasts. J Oral Biosci. 2014;56:73-76.

44.	 McDonald SJ, Dooley PC, McDonald AC, Djouma 
E, Schuijers JA, Ward AR, et al. alpha(1) adrenergic 
receptor agonist, phenylephrine, actively contracts 
early rat rib fracture callus ex vivo. J Orthop Res. 
2011;29:740-745.

45.	 Ma Y, Nyman JS, Tao H, Moss HH, Yang X, Elefteriou 
F. beta2-Adrenergic receptor signaling in osteoblasts 
contributes to the catabolic effect of glucocorticoids 
on bone. Endocrinol. 2011;152:1412-1422.

46.	 Hamajima K, Hamamura K, Chen A, Yokota H, 
Mori H, Yo S, et al. Suppression of osteoclastoge-
nesis via α2-adrenergic receptors. Biomed Rep. 
2018;8:407-416.

47.	 Jiao K, Niu L-N, Li Q-h, Ren G-t, Zhao C-m, Liu Y-d, 
et al. β2-adrenergic signal transduction plays a detri-
mental role in subchondral bone loss of temporoman-
dibular joint in osteoarthritis. Sci Rep. 2015;5:12593.

48.	 Elefteriou F, Campbell P, Ma Y. Control of bone remo-
deling by the peripheral sympathetic nervous system. 
Calcif Tissue Int. 2014;94:140-151.



Medicinski podmladak / Medical Youth

Milovanović P. et al. Innervation of bones: Why it should not be neglected? MedPodml 2018, 69(3):25-32 

 32

49.	 Ma W, Zhang X, Shi S, Zhang Y. Neuropeptides stimu-
late human osteoblast activity and promote gap jun-
ctional intercellular communication. Neuropeptides. 
2013;47:179-186.

50.	 Xie W, Dolder S, Siegrist M, Wetterwald A, Hofstetter 
W. Glutamate Receptor Agonists and Glutamate 
Transporter Antagonists Regulate Differentiation 
of Osteoblast Lineage Cells. Calcif Tissue Int. 
2016;99:142-154.

51.	 Rolvien T, Schmidt FN, Milovanovic P, Jähn K, Riedel 
C, Butscheidt S, et al. Early bone tissue aging in hu-
man auditory ossicles is accompanied by excessive 
hypermineralization, osteocyte death and micrope-
trosis. Sci Rep. 2018;8:1920.

52.	 Rolvien T, Vom Scheidt A, Stockhausen K, 
Milovanovic P, Djonic D, Hubert J, et al. Inter-site 
variability of the osteocyte lacunar network in the 
cortical bone underpins fracture susceptibility of the 
superolateral femoral neck. Bone. 2018;112:187-193.

53.	 Milovanovic P, Zimmermann EA, vom Scheidt A, 
Hoffmann B, Sarau G, Yorgan T, et al. The Formation 
of Calcified Nanospherites during Micropetrosis 
Represents a Unique Mineralization Mechanism in 
Aged Human Bone. Small. 2017;13:1602215.

54.	 Milovanovic P, Zimmermann EA, Riedel C, Scheidt 
Av, Herzog L, Krause M, et al. Multi-level characteri-
zation of human femoral cortices and their underlying 

osteocyte network reveal trends in quality of young, 
aged, osteoporotic and antiresorptive-treated bone. 
Biomaterials. 2015;45:46-55.

55.	 Milovanovic P, Rakocevic Z, Djonic D, Zivkovic V, 
Hahn M, Nikolic S, et al. Nano-structural, composi-
tional and micro-architectural signs of cortical bone 
fragility at the superolateral femoral neck in elderly 
hip fracture patients vs. healthy aged controls. Exp 
Gerontol. 2014;55:19-28.

56.	 Busse B, Djonic D, Milovanovic P, Hahn M, Püschel 
K, Ritchie RO, et al. Decrease in the osteocyte lacunar 
density accompanied by hypermineralized lacunar 
occlusion reveals failure and delay of remodeling in 
aged human bone. Aging Cell. 2010;9:1065-1075.

57.	 En-Nosse M, Hartmann S, Trinkaus K, Alt V, Stigler B, 
Heiss C, et al. Expression of non-neuronal cholinergic 
system in osteoblast-like cells and its involvement in 
osteogenesis. Cell Tissue Res. 2009;338:203-215.

58.	 Bajayo A, Bar A, Denes A, Bachar M, Kram V, Attar-
Namdar M, et al. Skeletal parasympathetic innervati-
on communicates central IL-1 signals regulating bone 
mass accrual. Proceedings of the National Academy 
of Sciences. 2012;109:15455-15460.

59.	 Schafer MK, Weihe E, Varoqui H, Eiden LE, Erickson 
JD. Distribution of the vesicular acetylcholine tran-
sporter (VAChT) in the central and peripheral ner-
vous systems of the rat. J Mol Neurosci. 1994;5:1-26.


