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Abstract

Although the functions of the peripheral nervous system in whole body homeostasis and sensation 

have been understood for many years, recent investigation has uncovered new roles for innervation 

in the musculoskeletal system. This review centers on advances regarding the function of 

nerves in the development and repair of two connected tissues: tendon and bone. Innervation 

in healthy tendons is generally confined to the tendon sheaths, and tendon-bone attachment units 

are typically aneural. In contrast to tendon, bone is an innervated and vascularized structure. 

Historically, the function of abundant peripheral nerves in bone has been limited to pain and 

some non-painful sensory perception in disease and injury. Indeed, much of our understanding of 

peripheral nerves in tendons, bones, and entheses is limited to the source and type of innervation 

in healthy and injured tissues. However, more recent studies have made important observations 

regarding the appearance, type, and innervation patterns of nerves during embryonic and postnatal 

development and in response to injury, which suggest a more expansive role for peripheral 

nerves in the formation of musculoskeletal tissues. Indeed, tendons and bones develop in a close 

spatiotemporal relationship in the embryonic mesoderm. Models of limb denervation have shed 

light on the importance of sensory innervation in bone and to a lesser extent, tendon development, 

and more recent work has unraveled key nerve signaling pathways. Furthermore, loss of sensory 

innervation also impairs healing of bone fractures and may contribute to chronic tendinopathy. 

However, more study is required to translate our knowledge of peripheral nerves to therapeutic 

strategies to combat bone and tendon diseases.
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1.0 INTRODUCTION

The association of peripheral nerves with skeletal pain has been understood for some 

time, with the early identification of nociceptive fibers expressing Substance P (SP) in 

the human periosteum in the 1980s1. Indeed, initial work to characterize peripheral nerves 

in bone was motivated by a limited understanding of the mechanisms associated with 

pain in osteoarthritis, Paget’s disease, and bone cancers2. While innervation of healthy 

musculoskeletal tissues by peripheral nerves is low to moderate, rapid nerve ingrowth, 

increases in nerve density, and arborization are remarkable hallmarks of tissue formation and 

the response to injury and mechanical loading3; 4. Furthermore, recent evidence suggests a 

more expansive role for peripheral nerves in the spatiotemporal coordination of molecular 

processes involved in tissue formation and homeostasis. This review presents a brief 

historical perspective of peripheral nerves in tendons, bones, and tendon-bone attachments 

as well as the current understanding of the role of nerves and nerve-dependent signaling 

pathways in the development and healing of these distinct musculoskeletal tissues.

2.0 ANATOMY

Tendons are fibrous connective tissues that transfer force from muscles to bones to enable 

ambulation. These tissues are primarily composed of a dense, collagenous matrix that 

consists mainly of collagen type I (65–80%) and elastin (1–2%)5; 6. Bundles of collagen 

type I microfibrils aggregate to form fibrils, which progressively assemble to form collagen 

fibers and fascicles, forming the basis of the hierarchical structure of tendon. A connective 

tissue sheath termed the endotenon surrounds collagen fascicles and is contiguous with the 

outer epitenon that envelopes the tendon unit. Finally, some tendons are coated by either an 

elastic, fibrous sheath termed the paratenon or a synovial sheath to augment collagen fiber 

gliding7; 8.

A complex fibrocartilaginous connective tissue termed the enthesis attaches tendon to bone. 

While some entheses are primarily fibrous and non-cartilaginous9, the majority of tendon-

bone attachment sites employ fibrocartilaginous entheses. Generally, the latter consists 

of four zones of connective tissue - fibrous tissue originating from tendon, uncalcified 

fibrocartilage, calcified fibrocartilage, and subchondral bone10. Entheses enable tendons 

and bones to function as a single unit to facilitate force transfer and joint flexion. While 

anatomically distinct from tendons, they are derived from tendon precursor cells, can be 

identified by tendon biomarkers, and are often involved in tendon injuries.

Finally, bone is a complex, hierarchically organized structural composite, comprising both 

organic (mainly collagen) and inorganic (bone apatite) components. Long bones can be 

divided into three parts: the diaphysis, which is the shaft of the bone and is comprised 

of densely mineralized cortical bone, the metaphysis which includes both cortical and 

trabecular bone, and the extremity of long bones known as the epiphysis which are 

comprised of trabecular bone covered by a layer of cortical bone. Like tendon, bone is 

also covered by a thin connective tissue sheath, known as the periosteum, which houses the 

majority of blood vessels and nerve fibers. However, nerve axons are also found in the bone 

marrow and traverse nutrient canals in mineralized bone matrix11.
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Unlike bone, typical tendon tissue is hypoxic, aneural, and devoid of blood vessels, which 

may explain the tendon’s general low metabolic turnover and poor healing potential. Most 

of the nerves and blood vessels found in healthy tendons are localized to the tendon 

sheaths, namely the endotenon, epitenon, paratenon, and the mesotendons of the synovial 

sheaths8; 12; 13. As expected, the underlying cartilage in the peri-tendinous enthesis is 

aneural and avascular, but this can be attributed to the increased expression of the axonal 

growth inhibitor aggrecan in this region, typical of articular cartilage and other cartilaginous 

tissues14.

Nonetheless, both sensory and autonomic nerves have been observed in tendons, as reviewed 

previously15–17. Sensory nociceptors are responsible for painful sensation in tendons and 

entheses. These nerve fibers are often identified by the expression of SP and calcitonin 

gene-related peptide (CGRP), neuropeptides synthesized in the cell bodies of sensory 

nerves that are released from axons in extracellular vesicles. Both SP and CGRP as well 

as their respective receptors, NK1 and RAMP, have been identified in healthy tendon 

sheaths, are commonly associated with blood vessels in the sheath, and are primarily 

involved with the intrinsic tendon healing response post-injury. Encapsulated sensory nerve 

endings including Pacinian and Ruffini corpuscles have been detected in fatty tissue of the 

endotenon, and more conspicuously in the epitenon close to the enthesis18. Neurotrophic 

tyrosine kinase receptors (Trk) are lowly expressed in intact tendons, but the proportion 

of sensory nerves that express different Trk receptors are unknown19. Sympathetic 

adrenergic nerve fibers, which appear to regulate blood flow in tendons, can be identified 

by the presence and synthesis of the pro-inflammatory neurotransmitters epinephrine, 

norepinephrine, and neuropeptide Y (NPY), and/or expression of tyrosine hydroxylase (TH). 

Adrenergic receptors, a class of G-protein coupled receptors that bind epinephrine and 

norepinephrine, have been identified in tendon cells and on closely associated vasculature. 

Likewise, cholinergic nerves are identified by and modulate release of the anti-inflammatory 

neurotransmitters acetylcholine and vasoactive intestinal polypeptide (VIP) in response to 

inflammatory reflexes in tendons16; 20; 21.

Similarly, mature bone is also innervated by both sensory and autonomic peripheral nerve 

fibers. The sensory afferent peptidergic fibers expressing CGRP and/or SP in bone are either 

small diameter, unmyelinated axons (0.2–1.5 um) or medium diameter, myelinated axons 

(1–5 um)22; 23. Surprisingly, up to 80% of the sensory nerves in bone express TrkA, the 

neurotrophic tyrosine kinase receptor with high affinity for nerve growth factor (NGF)24–26. 

These sensory nerves can relay signals to the central nervous system in response to external 

stimuli, such as mechanical loads or noxious heat. Sympathetic and parasympathetic nerve 

fibers that innervate bone are generally small diameter, unmyelinated axons. These nerves 

coordinate the involuntary responses in bone required to maintain homeostasis and vascular 

tone. While the majority of autonomic fibers expressing acetylcholine in bone originate from 

parasympathetic ganglia, some cholinergic fibers may also be of sympathetic or peptidergic 

origin, such as found in the periosteum of the rat sternum27.
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3.0 DEVELOPMENT

Although the development of tendon and bone are generally discussed separately, these 

dissimilar musculoskeletal tissues develop in close spatiotemporal coordination. In the 

embryonic limb bud, chondroprogenitors first populate and establish a primary cartilaginous 

template for future bone formation28. Bony “eminences” or clusters of scleraxis (Scx)+/

Sox9+ progenitor cells induced by signals from the overlying ectoderm form on surfaces 

of bone anlage and serve as sites of attachment for tendons. Eventually, Scx+ progenitor 

cells segregate from Sox9+ chondrocytes to differentiate into tenocytes and develop into 

functional tendons attached to bones at their eminences28. Differentiation of fibrocartilage 

from tendons occurs postnatally, and appearance of distinct entheseal zones is first observed 

at P21–28 in mice29.

The limb itself has long been utilized to study the patterning and development of 

musculoskeletal tissues in the embryo30; 31, however the importance of nerves and neuronal 

pathways in tendon development specifically is unclear. Nerve ingrowth to the early chick 

limb mesenchyme originates from the plexus and appears around day 5 (stages 24–25) 

in development32; 33, suggesting that peripheral nerves exert some degree of influence 

on tendon development and differentiation at this point. Nerve ingrowth to tendons may 

originate from regions localized to early, undifferentiated myogenic precursors, from 

cutaneous nerves of the peripheral musculature, directly from the plexus, or an alternate 

source. In fact, previous studies suggest that the segmental patterning of the limb skeleton 

may be derived from a single spinal nerve34; 35. Nonetheless, the specific type, contribution 

and origins of nerve ingrowth to limb tendons over the time course of development remains 

poorly understood.

Nonetheless, the extracellular matrix glycoproteins tenascin and versican are widely 

expressed in tendon and provide some insight to peripheral sensory innervation in the 

embryonic limb36; 37. In early chick limb buds, tenascin expression is concomitant with 

peripheral nerves originating from the spinal cord and invading the limb, but at embryonic 

stage 28 and beyond tenascin is primarily associated with the mesenchyme36. Tenascin 

mRNA expression is also found adjacent to early tendon primordia in normal chick limb 

buds. This suggests that tenascin may be associated with transient, regulatory signals 

for nerve ingrowth and patterning in developing chick tendons. In contrast to tenascin, 

strong expression of versican was previously found in mesenchymal condensations and 

chondrocyte precursors of the mouse limb bud, but absent in regions of axonal ingrowth and 

myogenic precursors37. Hence, versican expression in developing tendon primordia appears 

to inhibit axonal migration to these regions. Thus, the expression of these extracellular 

matrix proteins in tendon appears to act to promote or inhibit innervation, similar to 

traditional neurotrophins. However, in denervated wing bud grafts, tendon primordia appears 

to develop normally, with steadily increasing tenascin expression over the course of 

development36. As a result, more study is necessary to delineate the source and neurotrophic 

roles of tenascin and versican in early limb development.

In contrast to the limited effect of denervation on tendon development, there is a strong 

association between innervation and muscle mass during limb development. Denervation 
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or restricted innervation of the limb is directly correlated to loss of muscle mass, with 

lesser impacts on tendon and other soft tissues38–40. In one study, a foil barrier system 

used to restrict nerve growth to embryonic chick limbs resulted in muscular atrophy 

without effects tendon morphology and differentiation34. Similarly, surgical excision of the 

peripheral neural tissue in salamander larvae resulted in aneural limbs with significantly 

lower muscle mass41. Furthermore, early tendon development was unaffected by the loss 

of muscle mass, and tendons were detected even in aneural limbs even with very little 

muscle mass. However, by day 65, the same tendons exhibited lower cellularity and collagen 

expression compared to normally innervated tendons41. In total, the loss of innervation in 

embryonic limbs may impact developing tendon morphology and other regulatory pathways 

in tendon in addition to muscle volume.

Scx, a bHLH transcription factor, is fundamental for the formation of tendon and expressed 

in both early as well as late differentiated tendons42. In the mouse limb bud, Scx is 

first induced as dorsal and ventral patches; however, by E12.5, an organized alignment 

of Scx-expressing progenitor cells can be detected between the muscles and cartilage43. 

Scx-null mutant mouse embryos are viable, but exhibit moderate to severe structural defects 

in the limb and tail tendons with either reduced or complete loss of function44. Scx also 

promotes tenascin expression in response to Fgf4 found at early tendon-muscle attachment 

sites45. Tenascin, as described earlier has been associated with early nerve ingrowth in 

chick limbs36. This suggests that Scx itself may regulate the early neuronal ingrowth and 

patterning of limb tendons, by inducing tenascin expression. Loss of Scx in the limb tendons 

of Scx-null mice may be impairing innervation necessary for differentiation and maturation 

of tendon in late embryonic development. However, future studies are necessary to assess 

this directly.

Adjacent to Scx+ progenitor cells in the embryonic mesenchyme, bone development 

commences with a cluster of osteoprogenitor cells also known as a mesenchymal 

condensation46. Although some bones, such as the flat bones of the skull, develop 

through a process of intramembranous ossification, most bones arise from a cartilaginous 

template formed when progenitor cells in the condensation differentiate to chondrocytes47. 

Actively proliferating chondrocytes in this region subsequently enlarge and differentiate to 

osteoblasts48. Alternatively, they may undergo apoptosis, then be resorbed and replaced 

by peripheral perichondrial cells that eventually become osteoblasts. Simultaneously, 

differentiating osteoblasts secrete a collagen type I-rich matrix that is invaded by blood 

vessels, endothelial cells, osteoclasts, and osteoblast precursors to form the primary 

ossification centers in long bones49; 50. The remaining cells in the perichondrium or outer 

layer of the mesenchymal cluster also become osteoblasts, forming a characteristic “bone 

collar” of nascent cortical bone46. The unorganized developing bone is eventually remodeled 

towards lamellae, which are layers of bone with anisotropically aligned type I collagen 

fibrils interspersed with osteocytes51.

Research to determine the precise timeline for when nerve axons successfully invade 

developing bone has been ongoing for some time. Early studies of peripheral innervation 

successfully identified PGP9.5+ and GAP43+ nerve fibers at E21 in the perichondrium 

of the long bones in rats52; 53 (Fig. 1B). At P3, abundant CGRP+ sensory afferent fibers 
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are visible in the periosteum and bone marrow of the diaphysis and closely associated 

with blood vessels53 (Fig. 1C). Autonomic fibers first appear in long bone postnatally. 

Sympathetic NPY+ nerve fibers are first visible in the bone marrow of the mouse femur 

and tibia at P6 (Fig. 1D). Both NPY+ and TH+ fibers are evident in perichondrium of the 

epiphysis and the cartilage canals at P1054.

To understand the potential role of these peripheral nerves in bone development, researchers 

have utilized partial denervation and complete nerve resection of developing limbs as well 

as systemic administration of neurotoxic agents. In one study, complete neurectomy of the 

feet in one week-old rats resulted in significant reductions in metatarsal bone length thirty 

days after surgery55. In contrast, treatment of rats with capsaicin or guanethidine in the 

immediate postnatal period did not affect tibial bone growth or structure when compared to 

vehicle treated rats56. More recently, capsaicin treatment of neonatal mice resulted in only 

minor reductions in trabecular bone thickness at the femoral metaphysis at 4, 8, and 12 

weeks of age compared to vehicle treated mice, without affecting the mechanical properties 

of bone or bone formation rate at these time points57. In a subsequent study, the same group 

showed that neonatal capsaicin treatment resulted in slightly smaller bones, but did not alter 

parameters of skeletal adaptation to compressive loading58. However, it is important to note 

that capsaicin is a TRPV1 receptor agonist, and treatment results in sensory denervation 

of these specific nerves in a dose-dependent manner59. The loss of SP in response to 

capsaicin treatment during early embryonic development may be overcome by compensatory 

mechanisms of NGF synthesis and transport to sensory ganglia in postnatal development, 

thereby restoring SP expression in peripheral axon endings invading bone60. Furthermore, 

a significant number of sensory nerve fibers innervating bone are myelinated axons that 

may be resilient to damage below a certain dose threshold of capsaicin61. In total, chemical 

denervation models appear limited in their ability to recapitulate the effects of denervation 

on bone development.

Recent evidence suggests that NGF is the major skeletal neurotrophic factor expressed 

during development to drive innervation of long bones. Nerves expressing TrkA, the high 

affinity receptor for NGF, have been observed in embryonic mouse femurs as early as 

E14.5, coincident with the first appearance of primary ossification centers in the diaphysis3 

(Fig. 1A). These nerves appear to be established in bone by NGF expressed by the 

perichondrial cells closely associated with CD31+ vessels adjacent to the sites of incipient 

ossification3, a paradigm consistent with in vitro studies illustrating NGF expression by 

mesenchymal progenitor cells62; 63. In postnatal development, the requirement of NGF 

by nerves for survival appears to diminish64. To determine the functional significance of 

NGF-TrkA neurotrophic signaling in development, TrkA signaling was inhibited using a 

chemical-genetic approach. In this case, bones were observed to have significantly reduced 

nerve density and vascularization as well as significantly decreased bone mass in early 

postnatal life3. These results are consistent with previous work illustrating that sensory 

innervation coordinates vascularization in developing embryonic skin65. In addition, NGF-

TrkA signaling may be required to induce the release of osteoinductive cues, such as Wnt 

ligands, which are necessary for normal bone development66; 67. Furthermore, recently work 

has uncovered that both NGF and TrkA are expressed in differentiating chondrocytes of 
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the early limb bud and late epiphyseal growth plates of long bones68, suggesting a more 

expansive role for NGF-TrkA signaling in developing bone.

4.0 HEALING

Musculoskeletal injuries involving tendons, bones, and tendon-bone attachments are the 

leading cause of morbidity and mortality worldwide, and up to 28 million people each year 

are affected in the United States alone69. In the previous section, we discussed the role of 

innervation in the development of tendon and bone. In fact, there are many parallels that 

can be drawn between development and tissue repair70. Traditionally, fracture healing has 

been considered through this lens, in which much of the signaling and stages recapitulates 

endochondral bone formation71. For example, aggregation of mesenchymal cells to form 

condensations in the embryo are mediated by TGFβ and BMP – the same growth factors 

that activate cell migration and contraction to facilitate fracture repair in adult bone70. In 

contrast to bone, only fetal tendons can regenerate completely72. Adult tendon repair is less 

robust and largely results in the formation of scar, leaving up to 40% of repaired tendons 

non-functional. We refer the reader to recent reviews that have examined bone and tendon 

repair in great detail73; 74. Here, we will examine the specific contribution of nerves and 

neurotrophic signaling to the healing responses of tendon and bone.

Acute tendon and enthesis injuries are sustained in a single traumatic event, such as sports-

related injuries involving the Achilles tendon, patellar tendon, and/or tendons attached 

to the lateral epicondyle in the elbow. In contrast, a chronic injury is characterized by 

degenerative changes in response to the progressive accumulation of microdamage over 

time by overuse or aging. In either case, the tendon and enthesis healing response can 

generally be examined in three sequential phases – the inflammatory phase, the proliferative 

phase, and the remodeling and/or bone formation phase74; 75. Perhaps related to our 

poor understanding regarding the action of peripheral nerves on tendon development, the 

contribution of innervation to the different phases of healing is not well understood.

In an acute tendon injury, damaged blood vessels can result in hemorrhaging and edema 

that leads to the characteristic discoloration or “reddening” of the tendon (Fig. 2A). An 

initial inflammatory response involves the influx of white blood cells (mainly platelets 

and neutrophils) to the injury site from peripheral vessels, presumably in response to 

the release of chemotactic factors by local tenocytes. Within this inflammatory milieu, 

early extension and ingrowth of GAP43+ and PGP9.5+ nerve fibers has been observed 

from the paratenon and proximal musculotendinous junctions to the tendon proper76 (Fig. 

2B). Abundant sensory nerve axons expressing SP and CGRP appear to co-localize with 

blood vessels in the paratenon, but whether they infiltrate the injury site at this stage is 

uncertain77. Next, small blood vessels permeate the injury site, providing a conduit for the 

transport of inflammatory and mesenchymal progenitor cells. Depending on the severity of 

the injury and response, inflammation subsides one to six weeks after injury, leading into the 

proliferative phase of repair.

In the proliferative phase, inflammatory cells and tenocytes at the injury site express the 

neurotrophic factors NGF and BDNF as well as the angiogenic factor VEGF to promote 
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the rapid expansion of nerve and vascular networks towards the tendon proper from the 

paratenon and peri-tendinous tissues78; 79 (Fig. 2C). Abundant CGRP+ nerve infiltration of 

the tendon proper is coupled with a pronounced decrease in nerve fiber density in the tendon 

sheath. In the Achilles tendon, abundant nerve endings expressing GAP and PGP9.5 have 

been identified within isolated pockets or “zones” of connective tissue at this stage80. In 

transected rat Achilles tendons at two weeks-post injury, expression of NGF and BDNF, 

as well as their respective receptors TrkA and TrkB, either decrease or remain unchanged 

compared to uninjured tendons, perhaps marking the end of the proliferative phase and the 

beginning of the remodelling phase19. Indeed, tendon remodelling involves the withdrawal 

of SP+ and CGRP+ nerve fibers from the tendon proper, which may be caused by the 

elevated expression of NPY by sympathetic nerves in the vicinity of the healing site76 

(Fig. 2D). Neo-collagen matrix and tendon fibroblasts are then reorganized and remodeled 

towards the native directionality of tendon tissue81. However, in the end, adult tendon repair 

results in a fibrovascular scar that is mechanically inferior to native tissue and prone to 

re-injury82 (Fig. 2D).

While the enthesis fibrocartilage that connects tendon to bone is typically aneural and 

avascular, recent studies indicate that the sensory neuropeptides SP and CGRP can be 

expressed in healthy cartilaginous tissues, including articular cartilage83; 84. Furthermore, 

expression of SP and CGRP has been observed in the Achilles tendon-enthesis of 

arthritic hindlimbs as well as the articular cartilage of painful joints, lending direct 

support for cartilage as an agent of nociception85. In total, these studies suggest that 

sensory nerve ingrowth to the injured enthesis may be essential to coordinate and 

promote healing. In fact, previous studies have identified small capillaries or “transcortical 

microvessels” in the enthesis fibrocartilage10; 75. These microvessels may originate from the 

adjacent subchondral bone and traverse the enthesis fibrocartilage after injury to facilitate 

inflammatory and progenitor cell transport in response to the expression of SP and CGRP. 

However, the source of sensory neuropeptides in a typically aneural enthesis is not well 

understood. In contrast to the tendon proper and enthesis, the adjoining muscle bellies of 

tendons, musculotendinous junctions, and adipose tissue contained within the proximal fat 

pad are densely innervated and vascularized. In fact, a significant fraction of PGP9.5+ nerve 

fibers within the Kager’s fat pad proximal to the Achilles tendon typically express SP and/or 

CGRP, confirming their origins in sensory ganglia86. Pacinian and Ruffini corpuscles have 

also been identified in the musculotendinous junctions of the palmaris longus and plantaris 

muscles87. Furthermore, damage to adipose tissue in the vicinity of joints is often associated 

with joint pain18. In total, these studies suggest that innervation from peripheral connective 

tissues may be a significant source of pain and SP+/CGRP+ sensory nerve ingrowth in 

inflammatory enthesitis. However, additional study is needed to determine the contributions 

of SP and CGRP to chondrocyte differentiation, fibrocartilage repair, and re-establishment of 

the entheseal zones following injury.

Similar to acute and chronic tendon injury, acute bone fractures can be sustained in a single 

traumatic event, whereas stress fractures result from an accumulation of damage in bone 

over weeks or months88. However, unlike either tendon or enthesis, healthy bone is highly 

innervated and vascularized. As a result, fracture results in the abrupt disruption of the 

vascular and nerve supply followed by a temporal sequence of healing phases. These phases 
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include the inflammatory phase, the fibrovascular phase, the bone formation phase, and the 

late remodelling phase. Here, we focus on the peripheral nerves, which provide feedback to 

the central nervous system (pain), as well as the neuropeptides that coordinate a systematic 

healing response.

In the early inflammatory phase, both macrophages and periosteal mesenchymal cells at 

the fracture site express the neurotrophins NGF and BDNF89–91. In addition to promoting 

cell recruitment and proliferation, NGF stimulates the early ingrowth of CGRP+ sensory 

fibers and TH+ sympathetic fibers to the fracture callus from the periosteum and bone 

marrow90; 92; 93 (Fig. 3B). Furthermore, increased NGF expression in the callus sensitizes 

TrkA expressing nociceptors, resulting in inflammatory bone pain, but does not appear to 

affect expression of TrkA, TRPV1, and Nav1.826. Perhaps surprisingly, innervation of the 

fracture callus has been observed to precede vascularization in displaced tibial fractures in 

rats as well as non-displaced stress fractures in mice90; 94.

As fracture healing proceeds, the hypoxic fracture callus is vascularized to restore the supply 

of oxygen, nutrients, and progenitor cells to the callus, accompanied by robust expression of 

the neuropeptides NGF, BDNF, and NT-368; 89. Certainly, expression of these neurotrophins 

in the fracture callus results in axon sprouting and increased nerve density90 (Fig. 3C). 

Nonetheless, the role of innervation to direct angiogenesis during fracture repair is not 

completely understood. In previous work, topical application of NGF to engineered bone 

defects increased expression of VEGF and its receptor but did not enhance vascular density 

in the callus95, contrary to other findings96–98. However, NGF-TrkA signaling may stimulate 

endothelial cell migration and proliferation through the action of SP99 and/or regulate 

arterial vessel patterning in the cartilage callus through the CXCL12-CXCR4 chemokine 

axis100. Additional studies are necessary to determine the precise factors derived from 

skeletal nerves that influence angiogenesis during bone repair.

Following the fibrovascular phase of endochondral repair, mesenchymal progenitor cells 

undergo differentiation to chondrocytes while simultaneously depositing woven bone matrix 

to form a soft cartilage callus (Fig. 3D). In a recent study, expression of SP and NPY 

in the fracture callus peaked between two and six weeks after injury in rat, suggesting 

that abundant neuropeptide expression coincides with rapid mesenchymal expansion and 

cartilage differentiation101. In fact, investigation of femoral fractures in mice following 

administration of the neurotoxic agent capsaicin or in mice lacking CGRP observed 

impaired chondrogenesis and callus formation, underscoring the importance of sensory 

neuropeptides in the fibrovascular phase of healing92; 102. The specific local and systemic 

cellular sources of SP and CGRP in fracture repair remains to be determined.

In the final phase of repair, remodeling of the fracture callus is associated with a decline 

in neuropeptide expression in the callus and withdrawal of CGRP+ and GAP43+ nerve 

fibers from the callus to the periosteum90; 93; 94 (Fig. 3D). In contrast to tendons and tendon-

bone attachments that heal with a fibrovascular scar, adult bone is capable of returning 

to native function and form without scarring following injury. Nonetheless, overall bone 

regeneration is adversely affected by denervation or loss of critical neuropeptide expression. 

Either loss of tachykinin-1 or chemical sympathectomy in fractured limbs result in altered 
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callus formation with reduced cartilage differentiation and mechanically inferior bone tissue 

post-repair compared to native, uninjured bone103; 104. In fact, a recent study demonstrated 

that blockage of NK1 in fractured femurs was sufficient to reduce the ultimate strength of 

the repaired bone 6 weeks and 3 months post-fracture105. Interestingly, no differences were 

noted in the structural parameters of the fracture calluses in response to NK1 blockage in 

this study, suggesting a novel role for SP and/or NK1 perhaps in secondary bone formation 

and late-stage bone remodeling post-fracture. Consistent with this finding, previous work 

observed that loss of SP is associated with decreased bone turnover103, which may prolong 

the remodelling phase of fracture repair.

5.0 DISCUSSION

In this review, research to uncover the role of nerves and neurotrophic factors in tendon 

and bone development and repair to date has been summarized. However, the specific 

contributions of sensory and autonomic nerves to the different stages of development and 

repair continue to expand and be re-defined as novel methods enable increasingly precise 

observations. Nonetheless, many contradicting reports remain to be examined more closely. 

Early models of limb denervation report stunted bone growth, whereas others report minimal 

if any effects on bone formation and development. More recent work using chemical 

denervation models as well as specific abrogation of neurotrophic signaling suggests that 

skeletal nerves are diverse with non-overlapping functions. In soft tissue development, the 

role and requirement of nerves also remains murky. Direct evidence regarding the role of 

innervation in embryonic tendons is surprisingly scarce. However, in the embryonic limb, 

differentiation of individual limb tendons from early tendon primordia and their maturation 

is dependent on proximal innervated muscles, lending indirect support to a role of peripheral 

nerves in tendon development106. Furthermore, not all studies on skeletal denervation have 

analyzed soft tissues in addition to bone, which would provide an orthogonal measure of the 

extent of denervation in the developing limb. In total, more research regarding the role of 

nerves in musculoskeletal tissue development is required.

One of the major challenges of harnessing this research for developing therapeutic strategies 

is that neuropeptides appear to play multiple roles throughout development and repair. For 

example, expression of SP and CGRP during the inflammatory stage of healing results in 

pain propagation, vasodilation, increased blood flow, and white blood cell infiltration77; 107. 

However, expression of these sensory neuropeptides continues to trend upward in the 

proliferative phase, suggesting a critical anabolic function, specifically regarding the 

proliferation and differentiation of mesenchymal progenitor cells12; 101; 108. Nonetheless, 

exogenous SP injection does not appear to strongly promote tenocyte proliferation, 

suggesting either a complex interplay of molecules involved in cell proliferation or an 

undetermined spatiotemporal response109; 110. Furthermore, SP and CGRP crosstalk has 

been implicated in the heterotopic ossification of soft tissues111; a common complication 

following tendon injuries and in BMP-2-mediated spinal fusion112. Encouragingly, a recent 

study revealed that SP-mediated heterotopic ossification in the healthy tendon could be 

inhibited by an injection of exogenous CGRP111. Similarly, CGRP treatment of osteoblast 

cultures in combination with SP was found to inhibit BMP-2-mediated mineralization 

and osteogenic gene expression in vitro112. Nonetheless, additional work is required to 
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strengthen our understanding of sensory innervation and determine whether the roles of SP 

and CGRP in tendon and bone healing are analogous, complimentary, or antagonistic.

Nonetheless, translational efforts to improve bone and tendon healing through the use of 

neurotrophins and neuropeptides, such as NGF and SP, are currently underway113; 114. 

A number of stress-related signaling pathways, including Wnt, SMAD, MAPK and 

NFκB115–122 have been implicated in tendon and bone healing, and likely play a role 

in neuropeptide expression and axonal ingrowth to the injury site. Furthermore, the 

anabolic functions of neuropeptides are dictated by their spatiotemporal expression in the 

inflammatory milieu of bones and tendons post-injury, complicating the delivery strategy for 

therapeutics that involve these signalling axes90; 123. For example, injection of exogenous 

NGF into fracture calluses during the endochondral ossification phase of fracture repair 

promoted osteogenic marker expression, whereas injections during the inflammatory stage 

of repair reduced expression of osteogenic and angiogenic markers123. Finally, given the 

dense innervation of bones in contrast to tendons and fibrocartilage, it is reasonable to 

assume that damage to peripheral nerves may disproportionally affect bone metabolism 

and physiology in scenarios of polytrauma124–126. We also note that the peripheral axons 

residing in distinct sheath-like structures enveloping tendons may respond differently to 

injury. Nonetheless, more research is necessary to compare and contrast the roles of nerves 

and neurotransmitters in distinct connective tissues in these scenarios.
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Figure 1: Nerves in development.
At E14.5 in the mouse embryo, TrkA+ sensory fibers are first visible in the perichondrium 

of long bones and may be found in close vicinity of early tendon primordia (A). At E21, 

abundant GAP43+ and PGP9.5+ nerves are closely associated with peripheral arteries near 

the POC (B). P3 marks the early ingrowth of CGRP+ sensory nerves from the periosteum 

into the POC (C). At P6, the first NPY+ sympathetic nerves can be visualized in the bone 

marrow (D).
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Figure 2: Nerves in tendon healing.
Acute injury results in hemorrhaging and edema (A). Inflammation is marked by the 

extension of GAP43+ axons from the paratenon to the tendon proper (B). In the proliferative 

phase, nerve fiber density in the tendon increases and CGRP+ nerve axons are closely 

associated with vessels (C). The final phase of remodeling is associated with decreases in 

nerve density in the proper tendon to restore native neuronal networks (D). Tendons heal 

with scar.
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Fig. 3: Nerves in fracture healing.
Fracture results in the disruption and bleeding of local vessels which is marked by a 

hematoma (A). In the inflammatory phase, CGRP+ sensory and TH+ sympathetic nerves 

first innervate the callus from the periosteum (B). In the fibrovascular phase, nerve density 

increases in the callus, and nerves are closely associated with ingrowing vessels (C). Bone 

formation is characterized by a soft cartilage callus at the injury site and marked reductions 

in nerve density (D). Bone is remodeled to its native structure and strength.
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