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ABSTRACT 

Peripheral innervation represents the neuronal arm that links the central nervous 

system and the skeleton. It is well documented that both sympathetic and sensory 

nerve fibers are spread throughout the bone tissue, particularly in the periosteum and 

bone marrow (BM). Studies have shown that signals derived from both sensory and 

sympathetic projections impact the bone tissue at different levels, contributing to bone 

homeostasis, development, and regeneration upon injury. This regulation is particularly 

crucial at the BM, where it is also a critical regulatory player both under homeostatic 

and pathological settings, controlling mechanisms ranging from stem cell mobilization 

and differentiation to vascular permeability. Moreover, reports have shown that factors 

derived from the bone tissue can also impact the growth and guidance of peripheral 

nerve terminals, ultimately affecting the pattern of innervation in the bone. Indeed, in 

the injured or diseased skeleton where the activity of bone cells is compromised, 

nerves dynamically rearrange to innervate the damaged bone tissue. Moreover, 

exuberant sprouting of sensory nerves is often observed when homeostasis is not 

restored. 

Nevertheless, our understanding of the neuro-skeletal crosstalk is still incomplete. It is 

still unknown how and to what extent neuronal signaling contributes to the complex 

mechanisms underlying bone regeneration, which cellular populations are responsive 

to these signals, how their activity is affected, and how this crosstalk ultimately shapes 

the regenerative process. Moreover, the information available on how the pattern of 

innervation in the bone is maintained is still scarce. Information is still required to 

specify which cellular populations, soluble factors, and signaling pathways are critical 

for the establishment of neuronal circuits in the bone. 

In this study, we tackled these topics and evaluated the bidirectional crosstalk that 

occurs between bone cells and nerve fibers in two distinct biological scenarios. 

We evaluated the role of the NPY-Y1 receptor (Y1R) in the regulation of the BM 

response to a bone injury in the early stages of tissue regeneration. The NPY-Y1R 

signaling pathway has been highlighted as an important mechanism controlling the BM 

microenvironment. However, its role in the ability of BM resident cells to respond to 

injury and to trigger endogenous repair pathways is still unknown.  

To answer these questions, we first showed in wild-type mice that whether the injury 

is inflicted to the skin and muscle or the bone, it initiates a step-by-step and highly 
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coordinated reorganization of the BM microenvironment, by modulating, in a time-

dependent manner, the activity, proliferation, and migration of specific cell types. We 

reveal that the mesenchymal stromal cell (MSC), hematopoietic stem and progenitor 

cell, and endothelial cell populations within the BM exhibit distinct response profiles 

upon injury, and that the BM reaction is almost identical, irrespective of the tissue 

damage. Afterward, we determined the temporal response profile of various BM-

resident stem/progenitor cell populations to a bone injury in control and Y1R-/- mice. 

We concluded that the lack of Y1R signaling impacts the activity of MSC in the BM, but 

the BM response to a bone injury in the inflammatory and early proliferative stages of 

regeneration is mostly independent of this signaling pathway.  

We also studied the mechanisms regulating the map of sensory innervation in the bone 

tissue. It has been described that the nerve growth factor (NGF) expressed by MSC in 

the developing bone, promotes and directs the outgrowth of sensory axons to primary 

and secondary centers of incipient ossification. However, mature osteoblasts (OBs) do 

not express NGF under static conditions, suggesting that OB no longer retain the ability 

to control bone innervation. However, how mature OB control sensory innervation in 

the bone is still unclear. 

To address this question, we evaluated if the signaling profile associated with the OB 

phenotype differentiating program impacts the patterning of sensory innervation in the 

bone. We report that the differentiation of human MSC to OB phenotype leads to 

marked impairment of their ability to promote axonal growth. We provide compelling 

evidence that the mechanisms by which OB-lineage cells provide this non-permissive 

environment for axons include paracrine-induced repulsion and loss of neurotrophic 

factors expression. Importantly, we noted a synchronized relationship between the Shh 

expression profile, OB differentiation stages, and OB-mediated axonal repulsion.  

Overall this thesis provides new and valuable information on the bidirectional crosstalk 

that occurs between the peripheral neuronal system and the skeletal system, 

specifically on the impact of the Y1R in the regulation of the endogenous BM response 

to bone injury and throughout regeneration, and on the role of OB in the modulation of 

bone sensory innervation. 
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RESUMO 

A inervação periférica é o componente do sistema nervoso que conecta o sistema 

nervoso central e o esqueleto. Fibras nervosas simpáticas e sensoriais são 

frequentemente encontradas no tecido ósseo, particularmente no periósteo e na 

medula óssea. Estas já foram descritas como sendo capazes de afetar o tecido ósseo 

a diferentes níveis, contribuindo para o seu desenvolvimento, homeostasia, e 

regeneração após lesão. Na medula óssea, este controlo por parte do sistema nervoso 

é particularmente importante em condições homeostáticas e patológicas, controlando 

mecanismos como mobilização e diferenciação de células estaminais ou 

permeabilidade vascular. Adicionalmente, já foi descrito que sinais libertados pelas 

células do osso podem afetar o crescimento e orientação dos terminais nervosos 

periféricos, resultando em alterações no padrão de inervação no osso. Ainda, já foi 

reportado que no osso danificado ou doente, onde a atividade normal das células do 

osso está comprometida, os terminais nervosos rearranjam-se para inervar o tecido 

lesionado e que, quando a homeostasia não é restabelecida, é observada uma 

exuberante e excessiva ramificação axonal.  

No entanto, o conhecimento actual da comunicação neuro-esquelética está ainda 

incompleto. Ainda não se sabe como e qual a extensão da contribuição da sinalização 

neuronal nos complexos mecanismos envolvidos na regeneração do osso, quais as 

populações celulares que são mais responsivas a estes sinais, de que forma a sua 

atividade é afetada e qual a consequência direta no processo regenerativo. Para além 

disto, existe ainda pouca informação que explique como o padrão de inervação no 

osso é mantido. Surge então uma necessidade de estudos adicionais que 

especifiquem quais as populações celulares, os fatores solúveis e as vias de 

sinalização que são críticos para o estabelecimento dos circuitos neuronais no osso.  

Neste trabalho, abordámos estes tópicos no sentido de avaliar a comunicação 

bidirecional que existe entre as células do osso e as fibras nervosas em dois cenários 

biológicos distintos. 

Começamos por avaliar o papel do recetor Y1 (Y1R) do NPY na regulação da resposta 

da medula óssea a uma lesão do osso e durante as fases iniciais da regeneração de 

tecidos. Ainda que a via de sinalização do Y1R tenha sido descrita como um 

mecanismo importante no controlo do microambiente da medula óssea, a sua função 
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na regulação da capacidade das células residentes na medula de responderem a uma 

lesão e de despoletarem vias de regeneração endógenas ainda é desconhecida.  

Para responder a estas perguntas, demonstrámos, em animais controlo, que, 

independentemente de a lesão ser na pele e no músculo ou no osso, esta inicia uma 

reorganização coordenada do microambiente da medula óssea, modulando a 

actividade, proliferação e migração de populações celulares específicas. Revelámos 

ainda que as MSC, HSPC, e células endoteliais da medula exibem respostas distintas 

após lesão e que a medula responde da mesma forma independentemente do tipo de 

lesão. De seguida, analisámos o perfil das diferentes populações residentes na 

medula óssea após uma lesão no osso em animais controlo e Y1R-/-. Concluímos que 

a ausência da via de sinalização do Y1R afecta actividade das MSC na medula óssea 

em condições basais, mas que a resposta da medula a uma lesão do osso durante a 

fase inflamatória e proliferativa é independente desta via de sinalização.  

Neste trabalho, estudámos também os mecanismos que regulam o mapa de inervação 

sensorial no tecido ósseo. Recentemente foi descrito que NGF expresso por MSC 

durante o desenvolvimento do osso promove e direciona o crescimento de axónios 

sensoriais para centros de ossificação primários e secundários. Curiosamente, os 

osteoblastos (OBs) não expressam NGF em condições estáticas, sugerindo que estes 

perderam a capacidade de controlar a inervação do osso. No entanto, o papel dos OB 

no controlo da inervação sensory no osso ainda não é conhecido. 

Para abordar esta questão, avaliámos se o perfil de sinalização associado ao 

programa de diferenciação osteoblástica afeta o padrão de inervação sensorial no 

osso. Demonstrámos que a diferenciação das MSC em OBs resulta numa drástica 

redução da sua capacidade de promover crescimento axonal. Verificámos também 

que os mecanismos pelos quais as células da linhagem osteoblástica criam este 

ambiente não permissivo para os axónios inclui repulsão parácrina e redução da 

expressão de factores neurotróficos. Adicionalmente, notámos uma relação 

sincronizada entre o perfil de expressão da Shh, os diferentes estadios de 

diferenciação osteoblástica e a repulsão axonal mediada por osteoblastos.  

Globalmente, esta tese oferece informações novas e valiosas na comunicação 

bidirecional que ocorre entre o sistema nervoso periférico e o esquelético, 

especificamente no impacto do Y1R na regulação da resposta endógena da medula 

óssea a uma lesão do osso e durante a regeneração, e no papel dos osteoblastos na 

modulação da inervação sensorial no osso. 



 

xvii 
 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ...................................................................................................................... IX 

LIST OF PUBLICATIONS ...................................................................................................................... XI 

ABSTRACT .......................................................................................................................................... XIII 

RESUMO ...............................................................................................................................................XV 

TABLE OF CONTENTS ......................................................................................................................XVII 

LIST OF ABBREVIATIONS ..................................................................................................................XX 

CHAPTER I ............................................................................................................................................. 1 

1.1 – THE BONE AND BONE MARROW ..................................................................................................... 3 

1.1.1 – Overview ............................................................................................................................. 3 

1.1.2 – Osteoblasts: the bone-forming cells ................................................................................... 6 

1.1.3 – Bone marrow cells .............................................................................................................. 8 

Hematopoietic Stem and Progenitor cells (HSPC) .................................................................................... 8 

Endothelial cells (EC) ................................................................................................................................ 9 

Mesenchymal Stromal Cells (MSC)......................................................................................................... 10 

1.1.4 – Nerve fibers at the bone environment .............................................................................. 11 

1.1.4.1 – Neuronal signaling in the regulation of bone homeostasis ....................................................... 11 

1.1.4.2 – Neuronal signaling in the regulation of BM dynamics ............................................................... 14 

Abstract .............................................................................................................................................. 15 

Introduction ......................................................................................................................................... 16 

Nerve fibers within the BM compartment ............................................................................................ 19 

HSPC and nervous system acquaintance in BM ................................................................................ 20 

MSC and innervation in BM: a bond to endure ................................................................................... 26 

EPCs and innervation in BM – undisclosed partners .......................................................................... 31 

Conclusion .......................................................................................................................................... 34 

1.2 – TISSUE INNERVATION: AXONAL OUTGROWTH AND GUIDANCE .......................................................... 40 

1.2.1 – The growth cone ............................................................................................................... 40 

1.2.2 – Mechanisms of axonal guidance ...................................................................................... 42 

1.2.3 – Axonal guidance molecules .............................................................................................. 43 

Ephrins .................................................................................................................................................... 44 

Semaphorins ........................................................................................................................................... 44 

Netrins ..................................................................................................................................................... 45 

Slits ......................................................................................................................................................... 46 

Hedgehog ................................................................................................................................................ 46 

NGF ......................................................................................................................................................... 47 

1.3 – THESIS OUTLINE AND OBJECTIVES ................................................................................................ 49 

1.4 – REFERENCES ............................................................................................................................. 51 

CHAPTER II .......................................................................................................................................... 69 

2.1 – Y1 RECEPTOR SIGNALING IN THE BM RESIDENT CELLS ................................................................... 71 

2.2 – THE RESPONSE OF THE BM OF WT MICE TO INJURY ...................................................................... 73 



TABLE OF CONTENTS 

xviii 
 

Abstract ................................................................................................................................................... 74 

Introduction ............................................................................................................................................. 75 

Materials and Methods ............................................................................................................................ 76 

Animals ............................................................................................................................................... 76 

Surgical procedure ............................................................................................................................. 77 

Histological and immunohistochemistry analyses............................................................................... 77 

Histological analysis ........................................................................................................................... 77 

Immunohistochemistry analyses......................................................................................................... 78 

Analysis of BM-resident cell populations ............................................................................................ 78 

Analysis of the temporal profiles of each population........................................................................... 79 

Measurement of cytokine production .................................................................................................. 80 

Statistical analyses ............................................................................................................................. 80 

Results .................................................................................................................................................... 81 

The local proliferative and inflammatory response of muscle and bone at the site of lesion .............. 81 

Response profile of resident BM cell populations to different injuries ................................................. 85 

Cluster analysis of the response profiles obtained for the different BM-resident cell populations ...... 92 

Systemic cytokine response to the skin/muscle and bone injuries ..................................................... 95 

Discussion ............................................................................................................................................... 97 

Supplementary Data.............................................................................................................................. 103 

2.3 – THE RESPONSE OF THE BM OF Y1R-/- MICE TO INJURY ................................................................. 108 

Materials and Methods .......................................................................................................................... 108 

Y1R-/- animals.................................................................................................................................... 108 

Femoral bone defect ......................................................................................................................... 108 

Analysis of BM-resident cell populations .......................................................................................... 108 

Statistical analyses ........................................................................................................................... 109 

Results .................................................................................................................................................. 109 

BM cellular composition of Y1R-/- mice .............................................................................................. 109 

Response profile of resident BM cell populations to a femoral bone defect ..................................... 110 

Discussion ............................................................................................................................................. 112 

2.4 – CHAPTER CONCLUSIONS ........................................................................................................... 115 

2.5 – REFERENCES ........................................................................................................................... 116 

CHAPTER III ...................................................................................................................................... 125 

ABSTRACT......................................................................................................................................... 128 

3.1 – INTRODUCTION ......................................................................................................................... 129 

3.2 – MATERIALS AND METHODS ........................................................................................................ 130 

3.2.1 – Human MSC culture and OB differentiation ................................................................... 130 

3.2.2 – Cultures of embryonic DRG ............................................................................................ 130 

3.2.3 – DRG exposure to OB-lineage cell secretome................................................................. 131 

a) Global exposure in organotypic cultures ........................................................................................... 131 

b) Axonal-specific exposure in microfluidic devices............................................................................... 131 

3.2.4 – Co-culture in microfluidic platforms ................................................................................ 132 

3.2.5 – Blockage of Shh activity .................................................................................................. 132 

3.2.6 – Immunocytochemistry, image acquisition and quantification ......................................... 133 



TABLE OF CONTENTS 

xix 
 

3.2.7 – qRT-PCR analysis .......................................................................................................... 134 

3.2.8 – Immunohistochemistry .................................................................................................... 134 

3.2.9 – ELISA analysis ................................................................................................................ 135 

3.2.10 – Statistical analyses ....................................................................................................... 135 

3.3 – RESULTS .................................................................................................................................. 135 

3.3.1 – The secretome of OB-lineage cells impairs the development of sensory axonal networks

 .................................................................................................................................................... 135 

3.3.2 – The secretome of mature OB triggers repulsion of sensory axons ................................ 138 

3.3.3 – The OB secretome does not alter the expression of CGRP by sensory axons ............. 140 

3.3.4 – The OB-sensory neurons co-culture replicates the secretome-induced axonal repulsion

 .................................................................................................................................................... 141 

3.3.5 – The secretome of OB is depleted of neurotrophins and enriched in axonal repulsive 

molecules .................................................................................................................................... 143 

3.3.6 – OB-derived Shh contributes to sensory axonal repulsion .............................................. 146 

3.3.7 – Shh co-localizes with OB-lineage cells in the developing bone ..................................... 148 

3.4 – DISCUSSION ............................................................................................................................. 149 

3.5 – SUPPLEMENTARY DATA ............................................................................................................. 154 

3.6 – REFERENCES ........................................................................................................................... 156 

CHAPTER IV ...................................................................................................................................... 163 

4.1 – MAIN CONCLUSIONS .................................................................................................................. 165 

4.2 – REFERENCES ........................................................................................................................... 168 

ANNEX A ............................................................................................................................................ 171 

ANNEX B ............................................................................................................................................ 190 



 

xx 
 

LIST OF ABBREVIATIONS 

 

6OHDA 6-hydroxydopamine 

ALP alkaline phosphatase 

AML acute myelogenous leukemia 

BDNF brain-derived neurotrophic factor 

BM bone marrow 

BMP bone morphogenetic protein 

CAR CXCL12-abundant fibroblastic reticular 

CD cluster of differentiation 

CGRP calcitonin gene-related peptide 

CM conditioned medium 

CXCL CXC-chemokine ligand 

CXCR CXC-chemokine receptor 

DC dendritic cells 

DCC deleted in colorectal cancer 

DMEM Dulbecco's modified Eagle medium 

DRG dorsal root ganglia 

EC endothelial cells 

EPC endothelial progenitor cell 

FBS fetal bovine serum 

FMO fluorescence minus one 

GC growth cone 

G-CSF granulocyte colony–stimulating factor 

GM-CSF granulocyte-macrophage colony-stimulating factor 

GPI glycosylphosphatidylinositol 

HSPC hematopoietic stem and progenitor cell 

IGF-1 insulin-like growth factor-1 

IL interleukin 

KO knockout 

LEPR leptin receptor 

LSC leukemia stem cell 



LIST OF ABBREVIATIONS 

xxi 
 

M-CSF macrophage colony-stimulating factor 

MPN myeloproliferative neoplasm 

mRNA messenger RNA 

MSC mesenchymal stromal cell 

NE noradrenaline 

NGF nerve growth factor 

NPY neuropeptide Y 

NT-3 neurotrophin-3 

OB osteoblasts 

OC osteoclasts 

OM osteogenic medium 

PDL poly-D-Lysine 

PKCα protein kinase Cα 

PNS peripheral nervous system 

RAGE receptor for advanced end-glycation products 

RANK receptor activator of nuclear factor kappa B 

ROS reactive oxygen species 

RT room temperature 

Runx2 runt-related transcription factor 2 

SCF stem cell factor 

SDF stromal cell-derived factor 

Sema3A semaphorin3A 

Shh sonic hedgehog 

Smo smoothened 

SP substance P 

TH tyrosine-hydroxylase 

TNF tumor necrosis factor 

TrkA tropomyosin receptor kinase A 

VEGF vascular endothelial growth factor 

VIP vasoactive intestinal peptide 

Wnt wingless 

WT wild-type 

Y1R Y1 receptor 

 





 

 
 

 

 

 

 

 

 

 

 

 

 

CHAPTER I 

General Introduction and Motivation 



CHAPTER I 

2 
 

  



CHAPTER I 

3 
 

1.1 – The Bone and Bone Marrow 

1.1.1 – Overview 

The skeleton is a metabolic active organ constituted by bone, cartilage, and tendons. 

Its main functions include supporting and protecting vital organs and housing the bone 

marrow (BM) while storing calcium and phosphate to sustain homeostasis (1). 

Focusing on the bone tissue, it is a highly specialized form of connective tissue 

composed of an organic matrix, inorganic minerals, cells, and water, capable of 

adapting its structure to mechanical or biomechanical stimuli. The organic component 

contains mainly Type I collagen and proteoglycans, but also numerous non-

collagenous proteins and growth factors, including osteocalcin, osteopontin, and 

osteonectin (1, 2). The inorganic component of the bone matrix is composed mainly of 

crystalline calcium phosphate salts, present in the form of hydroxyapatite. 

Macroscopically, it is possible to divide bone into two types: cortical (or compact) and 

trabecular (also referred to as spongy or cancellous). The cortical bone constitutes the 

outer part of skeletal structures. It is dense and compact, has a robust calcified matrix 

with very few spaces and slow turnover, and provides the skeleton rigidity, strength, 

and high resistance to bending and torsion. In contrast, the trabecular bone is less 

dense and more elastic, with high turnover, and organized as a porous network of 

trabecular plates and rods interspersed in the BM compartment (Fig. 1A) (1, 2). 

Bone is also a highly dynamic structure that is continuously undergoing remodeling by 

continuously replacing old bone with new, maintaining this way the shape, quality, and 

size of the skeleton (1, 2). This process is regulated by a variety of biochemical and 

mechanical factors and requires the combined action of osteoblasts (OBs), the bone-

forming cells, and osteoclasts (OCs), the bone-degrading cells. Remodeling begins 

with the migration of mononucleated OC progenitors to the bone surface where they 

fuse to form mature multinucleated OCs capable of resorbing the old bone (1, 2). Upon 

completion, OB progenitors are summoned to the site of resorption, where they evolve 

to a fully differentiated OB phenotype capable of producing new bone, therefore 

completing the remodeling process (Fig. 1B) (2).  
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Figure 1 – A) Macroscopic internal organization of a long bone, depicting the structure 

of compact and cancellous bone. It also shows the periosteum, which is a connective 

sheath covering the outer surface of the bone, and the Haversian system. This is a 

highly recognizable structure that consists of a vascularized inorganic matrix organized 

in concentric rings around the Haversian canals. The transverse vascular branches 

are known as Volkmann canals (adapted from (3)). B) The bone remodeling cycle. OCs 

originating from hematopoietic progenitors differentiate (dotted arrow) to a committed 

mononuclear pre-OC that later fuses to form mature OCs. Attachment of OCs to the 

bone surface creates a resorption pit that degrades old bone. Afterward, monocytes or 

macrophages remove debris and committed OBs migrate to the pit and start producing 

osteoid matrix that later mineralizes into new bone (adapted from (4)). 

 

Equally important, bones also provide a confined environment for the BM. The BM is 

the soft tissue distributed inside the long, short, and flat bones of the skeleton, and 

accounts for 4 % to 5 % of total body weight (5). It is also the most prominent source 

of de novo cellular generations, with estimated daily delivery to the systemic circulation 

the equivalent of half of their total cellular content (5, 6). Importantly, it houses primary 

pluripotent precursor cells. These include the hematopoietic stem and progenitor cells 

(HSPCs), which have the vital role of renewing all the cellular constituents of blood, 

and mesenchymal stromal cells (MSCs), that can enter the adipogenic, chondrogenic 

and osteoblastic phenotype differentiation programs, and described to have relevant 

roles in wound repair and tissue regeneration (7–9). 
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Figure 2 – A) Schematic representation of the HSPC niche in the BM. Most HSPC 

localize adjacent to sinusoids, in close contact with MSC and EC. Nerve fibers, 

Schwann cells associated with nerve fibers, megakaryocytes, macrophages, and bone 

cells are also active components of the BM. B) On the left, an image of the BM 

vasculature in the mouse femur, showing the distribution of α‑catulin+ and Kit+ HSPC 

(in yellow) in relative to sinusoids (purple), arterioles (green), and transition zone 

vessels (blue). On the right, a cross-section of the tibial diaphysis showing that HSPC 

are widely distributed throughout the BM, however slightly enriched in the central 

region and less prevalent towards endosteal surfaces (adapted from (14)). 

 

The BM is highly vascularized, with a central artery penetrating the BM cavity through 

the nutrient canal that branches and arborizes into smaller radial arteries towards 

endosteal regions (Fig. 2). Here, arteries eventually develop into sinusoids of 

fenestrated endothelium. Sinusoids ultimately merge in a central collecting sinus that 

drains into the peripheral circulation. Small arteries originated from the periosteum and 

trabecular bone areas can also cross the bone and reach the BM, merging bone and 

BM circulation. Hematopoietic niches, i.e., localized regions in the BM whose 
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microenvironment directly maintains and regulates HSPC activity and behavior, are 

usually found spread throughout the BM adjacent to sinusoidal endothelial cells (EC) 

and MSC. These cells express high levels of niche maintenance factors that regulate 

HSPC mobilization, proliferation, survival and fate (10). HSPC have also been 

localized in protective niches adjacent to nonpermeable arterioles, under the regulatory 

influence of specialized periarteriolar stromal cells (5, 11, 12), and in endosteal niches, 

in close proximity to OBs, although it is still controversial whether these cells are a 

crucial source of factors required for HSPC niche maintenance (13, 14) (Fig. 2). 

Importantly, bone and BM are also highly innervated. Nerve fibers usually follow the 

vascular pathways in the bone microenvironment and have been described to tightly 

regulate compact bone remodeling and metabolism, and BM dynamics (15–17). These 

topics will be vastly described later in the chapter. 

 

1.1.2 – Osteoblasts: the bone-forming cells 

As stated before, both OCs and OBs are cellular components of the bone tissue, with 

critical roles in bone remodeling. The remaining cellular populations of the bone include 

bone cell progenitor cells, osteocytes, and bone lining cells. These populations can be 

found in the endosteum, in the inner layer of the periosteum, and trabecular surfaces 

of bone. Osteocytes are the only exception, as they are entrapped in the bone 

surrounded by a mineralized matrix (1, 2).  

OBs are the cells responsible for producing type 1 collagen and proteoglycans that 

form the organic component of the bone matrix, and later for mineralizing it through the 

deposit of calcium and phosphate. They have a cuboidal or columnar shape and are 

usually found lining surfaces at sites of active bone formation, such as bone 

development or fracture healing (1). They also secrete a variety of growth factors and 

cytokines, including transforming growth factor-beta (TGF-β), bone morphogenetic 

proteins (BMPs), interleukins (IL) 6 and 11, granulocyte-macrophage colony-

stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF) (1). 

Importantly, OBs also regulate osteoclastogenesis by secreting the ligand for the 

receptor activator of nuclear factor kappa B (RANK), a key mediator of OC proliferation 

and differentiation (1) (Fig. 3). 
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Figure 3 – A) Graphical representation of the osteoblastic-lineage cells, from MSC to 

osteocytes. B) In vivo organization of the osteoblastic-lineage cells in the bone surface 

(in black). C) Peak expression of genes that are markers for the three major stages of 

osteoblastogenesis, namely proliferation, matrix maturation, and mineralization. Within 

the triangle are the transcription factors that regulate the different stages of 

differentiation (adapted from (4)). 

 

Osteoblastogenesis is a tightly regulated mechanism that begins with priming MSC to 

enter the OB phenotype program. This phase coincides with high levels of expression 

of hormone and cytokine receptors, including the parathyroid hormone (PTH), 

prostaglandin, interleukin (IL)-11, insulin-like growth factor-1 (IGF-1) and TGF-β 

receptors by osteoprogenitor cells. Important transcription factors required for the 

differentiation of pre-OBs into mature OBs include Osterix/SP7 and Runt-related 

transcription factor 2 (Runx2) (18). Osterix/SP7 is specifically expressed in all 

developing bones, and genetic ablation of this transcription factor arrests bone matrix 

deposition (19). Runx2 is an upstream factor of Osterix, and its regulatory element is 

present in the promoter regions of several osteoblastic genes, including type I collagen, 

alkaline phosphatase (ALP), bone sialoprotein, and osteocalcin. It is the upregulation 

of Runx2 that directs MSC to an OB phenotype while preventing them from entering 

the adipogenic and chondrogenic program (18). The onset of Runx2 expression also 

interrupts proliferation, triggers the expression of ALP, and the secretion of matrix 
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proteins, including type 1 collagen and other non-collagenous proteins. Indeed, ALP 

activity is one of the earliest markers of the OB phenotype. Upon a period of 

maturation, the matrix starts to mineralize due to the secretion of calcium-rich vesicles 

and the ALP-mediated enzymatic hydrolysis of pyrophosphate, providing inorganic 

phosphate to trigger mineralization (20, 21). This process enables the formation of the 

first imperfect nuclei crystals that later grow by aggregation and by further addition of 

calcium ions (20). Osteoblastogenesis ends when mature OBs become entrapped into 

the secreted matrix, giving rise to osteocytes. Osteocytes no longer express ALP but 

produce bone matrix proteins, such as osteopontin (18) (Fig. 3C). 

 

1.1.3 – Bone marrow cells 

The cellular composition of the BM is continuously changing due to the transient and 

dynamic nature of its hematopoietic and stromal components. HSPC and multipotent 

cells comprise a minor percentage of the cellular content of the BM, while the largest 

portion is related to differentiating and fully mature cells, predominantly of the myeloid 

lineage, including immature and mature granulocytes (5). 

 

Hematopoietic Stem and Progenitor cells (HSPC) 

Hematopoiesis is the process responsible for supplying and replenishing all blood cells 

throughout the lifetime of an organism. At the top of the hematopoietic hierarchy lie 

rare and self-renewing HSPC, that give rise to different oligopotent and highly 

proliferative progenitors that sequentially evolve along the hematopoietic lineage, 

originating cellular populations from the myeloid and lymphoid lineages. These include 

multiple populations of highly specialized cells that have unique functions, ranging from 

erythrocytes, that transport oxygen, to macrophages, T and B cells that participate in 

the immune defense (10, 14). HSPC have mobility and are regularly entering and 

exiting circulation. This feature probably justifies their frequent localization adjacent to 

blood vessels, immediately adjacent to a sinusoid. HSPC niches are widely distributed 

throughout the BM, although slightly enriched in the central region and less prevalent 

towards endosteal surfaces (less than 20%) (Fig. 2B). Despite their apparent absence 

from the endosteum, factors originated from bone surfaces might still regulate the 

hematopoietic niches, as most HSPC are found in the trabecular regions of the BM 
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(14). Interestingly, HSPC have similar gene expression profiles and consistently 

uniform relative proportions of the different lineages regardless of morphology, 

trabecular content and ratio of endosteal to central marrow of different types of bones, 

suggesting that the niche insulates HSPCs from local environmental differences (5, 10, 

22). Also, most primitive hematopoietic cells are quiescent under basal conditions, 

which protects them from genotoxic insults, with hematopoiesis being carried out 

mostly by downstream progenitors. However, HSPC are critical elements required to 

replenish the hematopoietic system in situations where the normal functioning of the 

BM has been compromised, as seen after BM transplantation to recipients with ablated 

marrow, or after injury or infection. By contrast, committed progenitors have limited 

self-renewal ability, exhibit restricted lineage differentiation potential and dissipate 

within a few weeks after transplantation (10, 23). 

 

Endothelial cells (EC) 

EC form an extensive vascular network in the BM. In addition to their well-known 

function as structural constituent of blood vessels, that provide a highway system for 

the transport of gases, nutrients, waste products, and cells to and from tissues, EC 

have also been functionally linked to a broad range of physiological processes, 

including barrier formation, selective transport, wound healing, and inflammation (24).  

Importantly, several studies have shown that signals derived from EC can orchestrate 

complex multicellular network interactions in the BM, mainly associated with 

hematopoietic niche regulation (24). It has been shown that EC support the proper 

regeneration of the hematopoietic system through the secretion of angiogenic factors 

after myeloid-lineage ablation (25) and that an initial regeneration of sinusoid EC is 

required for the engraftment and repopulation of HSPC (26). Also, it has been reported 

that E-selectin is exclusively expressed by EC in the BM, and the genetic depletion or 

pharmacological blockade of this protein renders more quiescent, self-renewing, and 

resistant HSPC to irradiation (27). Also, distinct EC populations can produce opposite 

effects of hematopoietic niches. It has been reported that the difference of vascular 

permeability observed between sinusoids and arterioles impact HSPC egress and 

homing from the BM. Arterial vessels are less permeable and maintain HSPCs in a low 

reactive oxygen species (ROS) environment, keeping HSPC in a quiescent state, 

whereas more leaky sinusoids expose hematopoietic progenitors to blood plasma and 
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promote higher levels of ROS in HSPC, leading to differentiation and mobilization (24, 

28, 29). 

 

Mesenchymal Stromal Cells (MSC) 

MSC are pluripotent, plastic adherent cells that can differentiate into OBs, 

chondroblasts, or adipocytes, depending on the nature of the stimulus within their local 

microenvironment. Also, they do not express classical hematopoietic-lineage markers, 

including CD45, CD34, CD14, CD11b, CD79A, CD19, and the major histocompatibility 

complex class II molecules, and have been described to express CD105, CD73, and 

CD90 (30). Importantly, MSC have been described as immunomodulatory cells, 

impacting both the innate and adaptive immune systems. Also, they have a tropism for 

inflamed and damaged tissues, mobilizing and homing to such tissues when injected 

intravenously. These features combined have attracted much attention, as they confer 

a high therapeutic potential to MSC, with the possibility of being used to treat different 

pathologies and to repair damaged tissues or organs (31). 

MSC are broadly distributed through BM, mainly associated with sinusoids, and have 

been highlighted as essential regulators of HSPC niches. Critical factors that have 

been described to impact HSPC niches include the CXC-chemokine ligand (CXCL) 12 

and stem cell factor (SCF). Perivascular MSC express these hematopoietic 

maintenance factors throughout the BM, and their relative levels are approximately 

100-fold to 1000-fold higher when compared to sinusoidal EC and OBs, respectively 

(14). 

CXCL12-abundant fibroblastic reticular cells (CAR cells) are MSC that form dense 

networks that extend throughout the entire BM cavity (14). These cells can also be 

referred to as leptin receptor (LEPR)+ MSC since, in the typical young and adult BM, 

there is a nearly complete overlap between cells that express high levels of CXCL12 

(CAR cells) and the full-length LEPR (14). LEPR+ MSC can, therefore, be the same 

cells described as CAR cells in different studies. Together, they only represent roughly 

0.3% of the overall marrow populations, but they exhibit long fibroblastic-like processes 

that cover a large area of the BM (14). Both CAR and LEPR+ MSC express CXCL12 

and SCF (32) and are closely associated with HSPC niches in the BM. Indeed, reports 

have shown that the conditional ablation of CXCL12 from LEPR+ MSC resulted in 

increased HSPC mobilization from the BM to peripheral circulation, and the depletion 
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of CAR MSC using CXCL12-diphtheria toxin receptor mice decreased the HSPC levels 

in the BM, demonstrating their involvement in the mobilization of HSPC out of the BM 

(33, 34). Furthermore, SCF deletion from LEPR+ MSC results in complete ablation of 

HSPC from the BM, once again highlighting MSC as essential sources of this essential 

HSPC maintenance factor (35). 

Another MSC population frequently referred to in the literature is the Nestin+ MSC, 

which also express CXCL12 and SCF. Cells expressing high levels of Nestin are often 

localized in perisinusoidal sites and are also LEPR+, whereas cells expressing lower 

Nestin levels are periarteriolar and positive for the neural/glial antigen 2 (NG2) (11). 

Reports have shown that the in vivo depletion of Nestin+ MSC induces a rapid decrease 

HSPC numbers in the BM and significantly impairs the homing of hematopoietic 

progenitors in the BM, indicating that Nestin+ MSC also play a role in the regulation of 

the HSPC niches of the BM (36). 

 

1.1.4 – Nerve fibers at the bone environment 

1.1.4.1 – Neuronal signaling in the regulation of bone homeostasis 

The presence of nerve fibers in the skeleton has been described for centuries (37). 

However, only in the past decades, we were able to increase our comprehension on 

this topic, not only regarding the type, distribution, and function of the neuronal 

projections in the bone but also their cellular and molecular communication with cells 

from the bone microenvironment (17). 

Bone innervation is achieved through the peripheral nervous system (PNS). This 

neuronal arm of the nervous system links and conveys information between the central 

nervous system and the skeleton. The cell bodies of neurons from the PNS are located 

in sensory and autonomic ganglia, and project axons to the bone organized as bundles, 

such as the sciatic or tibial nerve. At the skeleton, these bundles eventually branch into 

myelinated or unmyelinated axons with small or medium diameters (17).  

Peptide-rich sensory axons expressing calcitonin gene-related peptide (CGRP) and 

Substance P (SP) are characteristic in vertebrate bones and require the nerve growth 

factor (NGF) for recruitment and growth in the bone microenvironment (38, 39). Also, 

adrenergic axons expressing tyrosine hydroxylase (TH), cholinergic projections 

containing acetylcholine, and neurites expressing the vasoactive intestinal peptide 
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(VIP) and neuropeptide Y (NPY) have been identified in the bone (17, 40). Both 

sensory and sympathetic fibers densely innervate the periosteum and are organized 

as a neural mesh that can detect mechanical injury or distortion of the cortical bone. 

Some of these projections can also penetrate the bone and enter cortical regions, 

typically co-localizing with the blood vessels that run through the Haversian and 

Volkmann canals (17, 41). 

Importantly, bone cells express receptors for neurotransmitters, and their activation 

leads to profound effects on their activity, with reported consequences in bone 

development, homeostasis, healing, and ability to respond to mechanical loads, 

strongly implying a neuro-osteogenic interaction between these two systems (39, 42–

44). 

During bone development, sensory projections are the first to be detected in the bone 

microenvironment (45), following blood vessels until reaching the primary, and later 

the secondary, ossification centers. At these bone-forming locations, the appearance 

of sensory nerve fibers coincides with the onset of vascularization and ossification (39). 

The same pattern of innervation occurs upon fracture. Growth and branching of CGRP 

and SP neurites emerge from the deep layers of the periosteum and infiltrate newly 

formed woven bone around the fracture, preceding vascularization and ossification 

events (17, 46, 47). NPY projections are initially diminished at the fracture site, but 

exhibit sprouting during the inflammatory and remodeling phases of fracture 

regeneration (48). As regeneration is resolved, most of the innervation withdraws from 

the lesioned site. In contrast, exuberant sprouting of sensory and sympathetic fibers is 

often observed in the bone environment in cases of critical non‑healing fractures (49). 

Interestingly, sympathetic and sensory signaling have been reported to play opposite 

roles regarding bone homeostasis. While some studies have attributed an anti-

osteogenic role to the sympathetic nervous system (50–52), others have proposed a 

pro-osteogenic effect to the sensory nervous system. Several studies support these 

observations: both germline and OB-specific deletion of the sympathetic NPY-Y1 

receptor (Y1R) resulted in significantly higher cancellous and cortical bone volume in 

femoral, tibia, and vertebrae bones in mice (53, 54). Also, noradrenaline (NE) and 

selective β2-adrenergic agonists have been shown to stimulate OC formation and bone 

resorption in vitro, and to promote the expression of RANK ligand by OBs (55). In 

contrast, SP knockout (KO) mice have reduced bone formation rate (56), and 

capsaicin-induced depletion of SP and CGRP sensory neurons of adult rats is 
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accompanied by bone fragility and loss associated with reduced anabolic rates and 

increased OCs numbers (57). In addition, it has been shown that CGRP signaling 

maintains bone mass both by directing the differentiation of MSC towards mature OBs 

and by inhibiting osteoclastogenesis and bone resorption (58). Finally, patients with 

familial dysautonomia, a degenerative disorder characterized by the loss of 

unmyelinated axons, including sensory nerves, often suffer from osteoporosis and 

multiple fractures, further supporting a pro-osteogenic role to the sensory nervous 

system (59).  

Altogether, these data indicate that neuronal signaling in the bone is a critical regulator 

of bone metabolism and that sensory nerves contribute to skeletal maintenance and 

regeneration. 
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1.1.4.2 – Neuronal signaling in the regulation of BM dynamics 
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Abstract 

The BM is the central hematopoietic organ in adult mammals, with great potential to 

be used as a tool to improve the efficacy of the body’s response to a number of 

malignancies and stressful conditions. The nervous system emerges as a critical 

regulatory player of the BM both under homeostatic and pathologic settings, with 

essential roles in cellular anchorage and egress, stem cell differentiation, and EC 

permeability. This review collects the current knowledge on the interplay between 

the nervous system and the BM cell populations, with a focus on how the nervous 

system modulates HSPC, MSC, and endothelial progenitor cell activity in BM. We 

have also highlighted the pathologies that have been associated with disturbances 

in the neuronal signaling in BM and discussed if targeting the nervous system, either 

by modulating the activity of specific neuronal circuits or by pharmacologically 

leveling the activity of sympathetic and sensory signaling-responsive cells in BM, is 

a promising therapeutic approach to tackling pathologies from BM origin.  

Keywords: sympathetic • sensory • mesenchymal stromal cells • hematopoietic stem 

and progenitor cells • endothelial cells 
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Introduction 

The BM is the soft tissue found in the hollow spaces of the interior of bones, 

accounting for ~ 5% of body weight in humans. It is also the central hematopoietic 

organ in adult mammals, giving rise to all of the mature blood and immune cells 

required to address the body’s needs throughout life (14, 23). BM is composed of 

multiple stem cell populations, including the HSPC, MSC, and endothelial progenitor 

cells (EPCs) surrounded by a shell of vascularized and innervated bone (14, 23). 

These stem cell populations are organized in functional units, or niches, within the 

BM, a concept first hypothesized by Schofield for the HSPC population (60). Within 

BM niches, stem cells are functionally associated with other cellular populations, 

including endothelial, immune, and bone cells, and their cooperative action 

ultimately dictates stem cell behavior by controlling proliferation, survival, self -

renewal, and differentiation, either by a physical interaction between the distinct cells 

of the niche or by distal communication mediated by secreted soluble factors (61).  

Over the last few decades, researchers have significantly improved comprehension 

of the BM dynamics and functionality and are now exploring its potential as a tool to 

improve the efficacy of the body’s response to a number of malignancies and 

stressful conditions (62). Under both biologic scenarios, the nervous system arises 

as a critical regulatory player, with accumulating evidence pointing to essential roles 

in modulating processes ranging from cellular anchorage and egress from BM and 

bone remodeling to HSPC-inflammatory fate (15, 16) (Fig. 4). Sympathetic signaling 

has been highly associated with the mobilization of HSPC from BM to circulation, an 

effect dependent on the activity of mesenchymal stem–resident cells (36, 63, 64). In 

addition, receptors for neuronal signaling have been observed in HSPC, and different 

reports have been pinpointing the sensory nervous system as a regulator of MSC 

activity in BM (65–67). Interestingly, MSC can, in turn, secrete neurotrophic factors 

beneficial for the nervous system microenvironment, with the potential to promote 

neuroprotection and improve regeneration (68), suggesting a bidirectional crosstalk 

between the nervous system and BM-resident cells. Importantly, distinct pathologic 

conditions have been linked to disturbances in the normal neuronal signaling in BM. 

These can either be due to excessive adrenergic inputs or axonal sprouting, as seen 

in stress-related pathologies or bone cancer pain, respectively, or due to the 
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destruction of nerve fibers and consequent lack of signaling, as it occurs in patients 

with diabetes (Fig. 5). 

 

Figure 4 – Schematic diagram depicting the different effects that signals derived from 

sympathetic and sensory nerve fibers trigger in the different cellular populations that 

compose BM. Sympathetic signaling, mediated mainly through norepinephrine (NE) 

and NPY, has been reported to regulate HSPC anchorage and mobilization in BM, 

both by inhibiting CXCL12 expression by MSC and OBs, and by increasing the EC 

permeabilization. Also, sensory signaling has been reported to introduce changes in 

MSC activity by modulating their proliferation, migration to bone-forming sites and their 

capacity to differentiate in OBs. 

 

Nonetheless, the communication between the nervous system and BM stem cells 

has been proven difficult to address because an accurate description of the 

structural organization of the BM is still missing (i.e., the spatial distribution and 

molecular interactions of its different cellular constituents and the key players in 
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regulating the activity of the stem cell niche). This is mostly because of the difficulty 

in retaining the histologic integrity of the BM when sectioning the bone, the 

complexity of the immunostaining techniques required to label stem cells, and the 

puzzle of isolating specific cellular mechanisms without disturbing the activity of 

neighboring cells (14). 

 

Figure 5 – Examples showing the changes that occur in the innervation of BM under 

distinct biologic scenarios. A) Aging causes a profound loss of functional neuronal 

signaling in BM, correlated with reduction in nerve density and synaptic contact points 

[top: sensory (green) fibers, sympathetic fibers (yellow), and blood vessels (red)] in BM 

of young and aging mouse femur [adapted from (69) under the terms of the Creative 

Commons Attribution License (https://creativecommons.org/licenses/by/4.0/)]. Bottom: 

projections from BM of femurs from young and old mice stained for vasculature (blue), 

β-III tubulin nerve fibers (red), and synaptic vesicles (green) [adapted from (70)]. B) 

Chronic stress induces an increase in NE levels locally in BM [immunoreactive staining 

for TH in stressed and control mice [adapted from (71)]. Scale bar, 10 mm. C) 

Chemotherapeutic drug treatment, such as cisplatin, causes BM neuropathy, as 

depicted by the reduction in the density of TH-positive fibers (red) in the BM of female 

mice treated with cisplatin compared with vehicle control saline [adapted from (27)]. 

Scale bar, 50 mm. 
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In this review, we discuss the current knowledge on the bidirectional crosstalk 

between the nervous system and BM, focusing not only on the response of the 

different cellular population of the BM to neuronal signaling but also the evidence 

that point to a neuronal modulation triggered by marrow resident cells. We also 

integrate the current knowledge on pathologies that bridge both BM and the nervous 

system and infer if pharmacologic manipulation of the nervous system is a potential 

therapeutic avenue either for BM-related diseases or selective mobilization of stem 

cells to injury sites. 

 

Nerve fibers within the BM compartment 

The first histologic evidence of a neuronal component in BM was provided in 1968 by 

Calvo (72), which showed nerve fibers penetrating the bone through the nutrient 

foramina and with a distribution pattern similar to the nutrient artery. Follow-up studies 

have supported these observations and showed that BM is innervated both by 

unmyelinated or thin myelinated fibers, with nerve terminals branching and signaling 

to BM niche resident cells (73).  

Most of the innervation of the BM is provided by the autonomic nervous system, with 

both sympathetic and parasympathetic fibers, contributing with different classes of 

neurotransmitters and neuropeptides (73). Interestingly, although only a small 

percentage of the autonomic nerve fibers that reach the bone penetrates the marrow 

compartment, BM still comprises the higher density of autonomic innervation when 

compared to the relative volume of the periosteal region and mineralized bone (16, 41, 

73). Among the sympathetic branch of the autonomous nervous system, the 

noradrenergic nerve fibers are the most studied neuronal projections in BM, mainly 

due to the observations that the activation of its G-protein–coupled alpha- (α-) and 

beta- (β-) adrenergic receptors by NE often results in changes in the hematopoietic 

cell behavior (as discussed in the section “Role of nervous system in HSPC 

mobilization to circulation”). In BM of mouse femurs, sympathetic tyrosine-hydroxylase 

(TH)-positive fibers have been described as having a corkscrew-shaped appearance 

because they are tightly wrapped around blood vessels (69). NPY-expressing neurons 

have also been reported in the BM of rat tibias and femurs (40), and fibers expressing 

VIP have been reported to occasionally enter the BM of rat tibias (40). Finally, 
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parasympathetic nerve fibers have also been detected in the intertrabecular regions of 

the BM in rat femurs (74, 75). 

Sensory innervation is also present in the BM microenvironment. Studies have shown 

the presence of SP and, more frequently, CGRP-positive projections penetrating the 

BM (76–78). In mouse femur, CGRP- and NF200-positive sensory fibers have been 

described as evenly distributed within BM as single or bundled threads with linear 

morphology generally associated with vasculature (69, 77). Interestingly, most of the 

sensory fibers present in BM express proteins highly recognized for their role in axonal 

growth and regeneration, neuronal survival, and sprouting, such as tropomyosin 

receptor kinase A (TrkA) (77, 79).  

Changes in the neuronal composition of the BM have been associated with phenotypes 

often observed in aging and other pathologic scenarios. Studies have shown that loss 

of sympathetic nerves in BM trigger the development of aging phenotypes in HSPC, 

resulting in HSPC niche function impairment and consequently leading to the 

development of blood disorders (70). Interestingly, sensory nerve fibers appear not to 

decline with age, displaying more branch points in BM instead (69). Also, 

chemotherapy drugs often cause sensory neuropathy in BM, resulting in impaired 

hematopoietic regeneration (80). Finally, the presence of sensory terminals in BM can 

also support nociceptive sensations, usually described as pain from BM origin, and is 

often reported by patients upon injection of irritants into the medullary cavity or in cases 

of needle aspiration of the marrow content (81, 82). Likewise, injuries in BM have been 

correlated with pain in knee osteoarthritis in an epidemiologic study because BM 

lesions were much more frequent in participants with knee pain than those without it 

(83). 

 

HSPC and nervous system acquaintance in BM 

HSPC express receptors for neuronal signaling 

Different reports have described that hematopoietic cells from different sources 

express receptors for sympathetic and sensory neurotransmitters, depicted in Table 1 

(67). Curiously, to the date, few studies have addressed the role of neurotransmitter-

receptor activation in HSPC. Most studies show that the regulation of HSPC niche 

dynamics through neuronal signaling is mostly due to the activation of receptors in 

nonhematopoietic cells, such as MSC, OBs, macrophages, and EC, whose stimulation, 
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in turn, introduces changes in the activity of the hematopoietic niche in BM. A rare 

exception was described in 2007 by Spiegel et al. (84) in a study where they examined 

sympathetic signaling in HSPC. In this study, they demonstrate in vitro that the 

stimulation with granulocyte colony–stimulating factor (G-CSF) of a culture enriched 

with CD34+ cells derived from either adult human BM or cord blood upregulates the 

surface expression of the dopamine receptors DR3 and DR5 as well as the β2-

adrenergic receptors. Importantly, in vitro treatment with a dopamine agonist of G-

CSF–mobilized CD34+ progenitor cells (i.e., already expressing high levels of 

dopamine receptors) before transplantation resulted in improved engraftment in mouse 

BM when compared to untreated control cells, whereas treatment with a dopamine 

antagonist produced the opposite effect. Also, a direct correlation between adrenergic 

signaling and HSPC behavior was demonstrated on the motility ability of these cells 

because the stimulation with NE in a transwell system increased the migration of 

hematopoietic progenitors, accompanied with increased metalloproteinase activity. 

Taken together, these studies hint for a direct function for neuronal regulation in HSPC 

in vivo, namely in augmenting repopulation and in controlling cellular motility, and might 

represent an important regulatory mechanism underlying stress-induced settings (84). 

Table 1 – Neuronal receptors identified in HSPC 

Receptor Identified Neurotransmitter Hematopoietic Markers Source Reference 

GABAB GABA CD34+ cells Human PB (85) 

A2B ATP 

κ1 and µ1 Opioids 

1F Serotonin 

Orexin 1 and 2 Orexin 

CGRP receptor subunits CGRP CD34+ cells Human CB and PB (86) 

Adrenergic α1-, α2- or β2- NE Lin- CD17high Sca-1+ cells Mouse BM (87) 

DR3 and DR5 Dopamine CD34+ CD38High and Low Human CB and BM (84) 

β2 NE 

VPAC1 VIP CD34+
 CD38+

 cells Human CB (88) 

CD34+ CD33+ cells Human BM 

P2X and P2Y ATP Lin- CD34+
 cells Human CB and BM (89) 

RET GDNF Lin- CD150+ CD48- CD41- Mouse BM (90) 

NK1 SP CD34+ AC133+ Human CB (91) 

A2B, adenosine A2B receptor; AC, epitope AC133; CB, cord blood; DR3, dopamine receptor 3; DR5, 

dopamine receptor 5; GDNF, glial cell line-derived neurotrophic factor; Lin, lineage; P2X, P2X 

purinoreceptor; P2Y, P2Y purinoreceptor; PB, peripheral blood; RET, rearranged during transfection; 

Sca-1, stem cells antigen-1; u1, opioid k1 receptor; VIP, vasoactive intestinal peptide; VPAC1, VIP 

receptor type 1. 
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Role of the nervous system in HSPC mobilization to circulation 

The sympathetic nervous system has been reported to be a crucial yet indirect 

regulator of the mechanisms underlying HSPC anchorage and egress from BM (63). 

Katayama et al. (63) published an interesting study showing that the sympathetic 

nervous system is a critical player in the regulation of the hematopoietic niche, with a 

role in the mobilization of HSPC from BM to circulation. In this study, they show that in 

chemically sympathectomized mice, the number of HSPC mobilized by G-CSF was 

dramatically reduced. The same result was obtained when using mice deficient for 

dopamine β-hydroxylase, the enzyme necessary for the conversion of dopamine into 

NE, suggesting that this catecholamine is required for the mobilization induced by G-

CSF. This hypothesis was further strengthened when pharmacological experiments 

were performed using β-blockers in wild-type (WT) mice and β2 adrenergic agonists in 

NE-deficient mice. In this set of experiments, researchers observed a reduction in the 

circulating levels of HSPC in WT mice when treated with β-blockers, whereas recovery 

of the circulating levels of HSPC was observed in NE-deficient mice in the presence of 

β2 adrenergic agonists (63). 

Also, and in accordance, loss of sympathetic signaling in adult mice, through the 

administration of 6-hydroxydopamine (6OHDA), disrupted both the robust circadian 

fluctuation observed in the levels of circulating HSPC and the correspondent antiphase 

expression of CXCL12 (also known as stromal cell-derived factor (SDF) 1) in the BM 

microenvironment (64). In this study, scientists also showed that HSPC mobilization 

induced by the circadian NE release via sympathetic nerve fibers in BM is mainly due 

to the activation of the β3-adrenergic receptor in stromal cells (64). This conclusion 

derived from a combination of experiments including the use of selective β3-adrenergic 

receptor agonists and KO mice. First, researchers observed that positive modulation 

of β3- but not β2-adrenergic receptor induced a decrease in the expression of CXCL12 

in stromal cells in vitro, whereas the β3-adrenergic receptor antagonist inhibited this 

effect. Additionally, the treatment with nonselective adrenergic receptor agonists 

induced significant mobilization of HSPC in control but not in Adb3-/- mice. Finally, the 

administration of a β3-adrenergic receptor antagonist 1 h before the onset of light 

prevented the morning increase of circulating progenitors, an effect that was also 

attenuated in Adrb3-/- mice while preserved in Adrb2-/- mice (64). In accordance, a 

recent study showed that light-induced NE elevation in BM promotes not only HSPC 
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differentiation and egress but also increases BM vascular permeability via β3-

adrenergic receptor. The pharmacological blockade of the β3-adrenergic receptor after 

the onset of light resulted in reduced levels of both common lymphoid and myeloid 

progenitors in the BM and also decreased the number of circulating HSPCs and 

diminished BM vascular permeability (92). Importantly, in this study, researchers also 

showed that 2 daily peaks of HSPC activity occur in BM, which are accompanied and 

dependent on transient elevations of both NE and tumor necrosis factor (TNF). 

Interestingly, the increase in TNF levels relies on the activation of the β2-adrenergic 

receptor, and in the consequent increase in the expression of the TNF-converting 

enzyme. Researchers showed that the pharmacological blockade of β2-, but not β3-, 

adrenergic receptor resulted in reduced TNF-converting enzyme levels on BM HSPC 

and monocytes and decreased TNF levels following light initiation. In addition, mice 

deficient for the β2- but not β3- adrenergic receptor showed reduced BM TNF levels 

(92). Overall, these reports show that light initiation and termination trigger stress 

reactions that activate the sympathetic nervous system resulting in an increase in the 

levels of NE in BM. Consequently, the activation of β2- and β3-adrenergic receptor in 

specific BM cellular subtypes controls the daily release of HSPC into circulation, 

depicting this mechanism as a possible component of the intrinsic regenerative 

program of BM niche itself (64, 92, 93). 

 

Role of sympathetic signaling on the behavior of HSPC in BM pathologies 

The activation of the β3-adrenergic receptor in BM has been associated with an 

increase in the proliferation of hematopoietic progenitors in cases of stress, giving rise 

to higher levels of disease-promoting inflammatory cytokines, indicating a direct link 

between chronic stress and chronic inflammation (71). In mice exposed to different 

stressful procedures, which included cage tilting, isolation followed by crowding, and 

rapid light-dark changes, the excessive stress-induced release of NE in BM by the 

sympathetic fibers tuned down the global expression of CXCL12 in BM, promoted 

HSPC proliferation, and directed HSPC differentiation toward neutrophil and 

inflammatory monocyte production Also, it has been shown that patients who suffered 

a blunt or penetrating trauma have elevated levels of both epinephrine and NE for more 

than a week (94), accompanied with elevated levels of G-CSF, and increased HSPC 

progenitor levels in circulation (95). In accordance, rats subjected to stress derived 
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from lung trauma and hemorrhagic shock showed a significant decrease in overall BM 

cellularity immediately after trauma, which was sustained for at least 7 d, when 

compared to control rats (96). Interestingly, the use of β-blockers drastically attenuated 

this outcome, indicating that prolonged NE signaling in BM may be a key factor 

potentiating BM dysfunction following severe trauma (96). 

On a different note, it has been described that the aging of HSPC (i.e., the decline in 

their regenerative capacity and multilineage differentiation potential) critically depends 

on the sympathetic nervous system signaling in BM (70). Recently, it has been 

described that aging causes a profound loss of functional sympathetic signaling in BM, 

an event that occurs before the appearance of HSPC with phenotypes of physiologic 

aging (70). In this study, it is also reported that young mice subjected to surgical 

sympathetic denervation showed a premature aging-like HSPC phenotype, including 

the expansion of myeloid biased HSPC with reduced long-term self-renewal capacity, 

dramatic reduction of engraftment capacity and lymphoid cell production, and 

increased engraftment capacity of donor HSPC in competitive repopulation assays. 

Importantly, the role of the sympathetic inputs on HSPC aging seems to rely on β3-

adrenergic receptor signaling because the supplementation of an agonist to old mice 

significantly rejuvenated HSPC and restored their functional properties, whereas the 

depletion of β3-adrenergic signaling in Adrb3-/- mice promoted premature aging (70). 

It is also important to state that the impact of sympathetic signaling in the regulation of 

the HSPC niche in BM is not restricted to adrenergic signaling. NPY treatment has 

been described to restore BM function in mice treated with the chemotherapy drug 

cisplatin, a drug that often induces sympathetic neuropathy characterized by a 

reduction of TH-positive fibers in BM (80, 97). Also, NPY-deficient mice have been 

reported to encompass reduced HSPC numbers both in circulation and in BM and 

impaired BM regeneration upon transplantation of BM cells from control mice (97). 

Interestingly, these results were neither due to a perturbation of HSPC motility and 

migration capacity nor their differentiation ability in BM but were instead related to an 

impairment in HSPC survival, suggesting a role of supportability to NPY signaling in 

BM. To dissect the mechanisms underlying these observations, researchers induced 

HSPC impairments by chemotherapy in mice conditionally depleted for the Y1R in OBs 

or macrophages, the two cellular populations within the bone compartment with higher 

expression of this receptor. Their results showed that NPY treatment recovered the 

damage induced by chemotherapy in control and OB-depleted Y1R animals but not in 
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Y1R-macrophage-deficient mice, suggesting that macrophages may be supporting 

HSPC survival in BM through Y1R signaling (97). Interestingly, although NPY signaling 

through the Y1R in OBs was not associated with HSPC survival, it may play a role in 

regulating HSPC mobilization from the BM. In fact, mice deficient for the Y1R in OBs 

showed impaired HSPC mobilization in response to NPY, an effect that was correlated 

with a reduction in the activity of matrix metalloproteinase-9 and compromised 

expression of adhesion molecules responsible for HSPC homeostasis and mobilization 

from BM, such as CXCL12, Vcam1, and Kitl (98).  

Overall, these results suggest that pharmacological manipulation of the sympathetic 

signaling in BM might be an attractive therapeutic option to target stress, traumatic-

related diseases, or tackle abnormal BM outcomes resulting from chemotherapy 

treatments (71, 96, 97). 

 

Effect of HSPC on the neuronal functionality 

Studies explicitly targeting an effect of HSPC on peripheral nerve terminals in BM are 

still scarce. However, reports have hinted that HSPC may trigger a neuronal response, 

although through indirect mechanisms. As an example, transplantation of HSPC has 

been shown to improve the locomotion deficits of mice with spinal cord injury by 

decreasing astrogliosis and restoring the levels of neurotrophin-3 (NT-3) and MAPK 1, 

emerging as a possible therapeutic procedure to tackle spinal cord–related lesions 

(99). 

Also, clinically, the exacerbated inflammatory microenvironment established by HSPC 

under diabetic settings has been linked to the neuronal damage often observed in 

patients with diabetes who developed peripheral neuropathy (100). Diabetes has been 

shown to induce an injurious inflammatory environment by tampering with the 

hematopoietic process in the BM and promoting an enhanced inflammatory monocytic 

profile (100, 101). The link between HSPC niche activity disturbance and neuronal 

damage is supported by studies showing that the depletion of proinflammatory 

inducible NO synthase or poly [ADP-ribose] polymerase 1 factors specifically from BM 

cells prevents the development of tactile allodynia in diabetic animals, indicating that 

neural dysfunction is a consequence of the inflammatory setting established by a 

myeloid over-differentiation by HSPC (102). Furthermore, transplantation of BM cells 

lacking the receptor for advanced end-glycation products (RAGE) to irradiated diabetic 



CHAPTER I 

26 
 

mice promoted axonal regeneration and improved conduction velocity after acute 

sciatic nerve crush, which was accompanied by an increased number of macrophages 

with M2 phenotype in the peripheral nerve (103). It has been described that the 

activation of RAGE by members of the proinflammatory family sustains inflammation 

and suppresses the repair process (103, 104). Therefore, these results suggest that 

the blockade of RAGE activity in BM suppresses the HSPC-derived acute inflammatory 

status often observed in diabetes. Furthermore, these studies also indicate that the 

development of peripheral neuropathy, a common outcome of diabetes, might have a 

BM origin, possibly as a consequence of an impaired hematopoietic process. 

Ona different pathologic scenario, it has been described that the development of acute 

myelogenous leukemia (AML) is accompanied by sympathetic neuropathy in the BM. 

In AML, a deregulation of leukemia stem cells (LSCs) occurs, leading to LSC 

expansion, ultimately resulting in impairment of the normal hematopoietic process. 

Hanoun et al. (105) have shown that the development of AML induces sympathetic 

neuropathy in BM at LSC infiltrated sites. The resulting decrease in sympathetic tone 

is concomitant with not only increased proliferation and accumulation of OB-committed 

MSC but also with reduced ability in maintaining healthy HSPC in BM. Furthermore, in 

this study, researchers showed that inhibition of β2-, but not β3-, adrenergic receptor 

dramatically augmented the number of LSCs in BM, presented higher proliferative 

capacity, and was associated with increased mortality of leukemic mice. The same 

outcome of increase LSC infiltration in the BM was observed in β2-adrenergic receptor-

deficient mice. Overall, this study highlights the importance of the sympathetic 

signaling in promoting disease progression in a leukemia scenario by regulating BM 

niche resident cell activity to create a self-sustaining microenvironment (105). 

 

MSC and innervation in BM: a bond to endure 

The autonomous nervous systems dictate MSC function in BM 

MSC are essential constituents of the stem cell niche of the BM and are defined by 

their self-renewal capacity and for being able to differentiate into OBs, adipocytes, or 

chondrocytes (106). Due to these properties, MSC have been the focus of many 

studies, either to understand their functional role in the BM or as a potential tool to be 

used in cell-based therapies (107). With this regard, accumulating evidence has been 

pinpointing the nervous system as a critical controller of the function of MSC in BM. 
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Analysis of the BM of NPY-KO mice showed a reduced number of Sca1+ CD51+ MSC 

in the BM, suggesting that NPY signaling may mediate MSC survival (97). Also, in an 

elegant study by Méndez-Ferrer et al. (36), it was unraveled a structurally unique niche 

in BM, involving a partnership between MSC and HSPC that is tightly regulated by the 

autonomous nervous system. They show that the proliferative ability of Nestin+-MSC 

flushed from BM samples is increased in chemically sympathectomized mice and that 

differentiation into OBs is impaired in the presence of either nonselective β- or selective 

β3-adrenergic receptor agonists, suggesting that proliferation and differentiation of 

MSC in BM level is controlled by inputs provided by the sympathetic nervous system. 

Importantly, they also report that the pharmacological treatment with both β- and β3-

adrenergic receptor agonists down-regulates the expression of core hematopoietic 

maintenance and mobilization genes, including CXCL12. These results, combined with 

the observation that the levels of HSPC are reduced in the BM in mice deficient for 

Nestin+-MSC, suggest that neural mechanisms tightly regulate HSPC niche fate 

through MSC activity (36). 

Mobilization to bone-forming sites and subsequent differentiation into OBs, adipocytes, 

and chondrocytes is also a feature of MSC that may be regulated by the nervous 

system. It has been shown in vivo that sympathetic denervation improved the bone 

mineral density in a rat model of distraction osteogenesis, which was correlated with a 

higher tendency of MSC to migrate from perivascular zones to bone-forming sites 

(108). These results were further strengthened in vitro, where researchers have 

demonstrated that NE, via β3-adrenergic receptor, is a negative modulator of both 

MSC migration and osteoblastic differentiation by reducing the expression levels of 

osteogenic markers, such as ALP, Runx2, and osteocalcin (108). Overall, these results 

suggest that the sympathetic nervous system can dictate MSC behavior and control 

their function in BM, namely proliferation, differentiation, and HSPC mobilization. They 

also hint that β3-adrenergic receptor might be a critical switch in the regulation of BM 

activity by the MSC. When activated by NE in response to a stressful event, it instructs 

MSC not to migrate to bone-forming sites and remain in close proximity to HSPC. This 

immediacy creates the optimal conditions for the BM to tackle the stressful event by 

acutely down-regulating the expression of CXCL12, therefore promoting an immediate 

mobilization of HSPC to circulation (109). Additionally, it ensures that MSC are not 

misused in performing not-so-urgent needs, such as migrating to bone-forming sites 

and differentiating to OBs (Figs. 4 and 5). 



CHAPTER I 

28 
 

The sensory nervous system impact in MSC differentiation to OBs 

The sensory nervous system has been described as a positive modulator of the ability 

of MSC to differentiate in OBs, in contrast with the anti-osteogenic role that has been 

described for the sympathetic innervation (51, 56, 57, 65, 110–112). Fukuda et al. (110) 

demonstrated in vivo that mice deficient for semaphorin 3A (Sema3A) specifically 

expressed by neurons have lower bone mass, reduced bone formation rates, and 

abnormalities in osteoblastic differentiation. They also observed that neuron-specific 

sema3A– deficient mice had a reduced number of sensory innervations in the bone, 

whereas the sympathetic nerve fibers remained unchanged. To establish a causality 

effect between loss of sensory innervation and reduction of bone mass, the authors 

pharmacologically ablated sensory innervation chemically with capsaicin both in WT 

and neuron-specific sema3A–deficient mice and verified that only WT mice presented 

a decrease in bone mass, whereas the bone mass loss was not aggravated in mice 

deficient for sema3A, which had already reduced sensory innervation. Overall, this 

study provides evidence that sensory projections are critical regulators of bone mass, 

affecting the mechanisms underlying the differentiation of MSC to OBs (110, 113). 

It is important to highlight that most studies, including the one previously described, 

lack a direct connection between the sensory signaling and osteoblastogenesis, and 

do not integrate both systems in their experimental setup. Most studies rely either 

solely on the effect of the neurotransmitter, neglecting the fact that it might also be 

expressed by non-neuronal cells, or address the effect on the overall bone mass in the 

absence or impairment of sensory neurons, disregarding the fact that other cells 

present in the bone microenvironment might also be targeted by sensory signaling and 

have a role in osteoblastogenesis. Examples include studies describing in vitro that 

mouse BM MSC express receptors for both the sensory neuropeptides CGRP and SP 

throughout osteoblastic differentiation, and treatment with these neuropeptides 

boosted MSC proliferation, up-regulated the expression of osteoblastic genes, and 

increased ALP activity and mineralization (65, 66). Also, SP KO mice showed reduced 

bone formation rate (56), and capsaicin-induced depletion of SP and CGRP sensory 

neurons in adult rats is accompanied by bone loss and increased bone fragility, 

associated with a reduction in the bone formation rate (57). However, a recent study 

published by Silva et al. (114) has functionally connected sensory neurons and MSC. 

In this study, researchers show that rat dorsal root ganglia (DRG) neurons enhance 
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the differentiation of rat BM MSC toward osteoblastic lineage in a coculture approach 

using compartmentalized microfluidic devices. By using this in vitro setting, 

researchers show that the presence of DRG neurons up-regulated the expression of 

OB-related genes such as Runx2, Sp7, Col1a1, and Bglap, through the activation of 

the wingless (Wnt)/β-catenin signaling pathway, when compared to a monoculture 

setting (114). Nevertheless, and even though this study mimics in minimalist ways the 

interaction between the sensory nerves and OBs (115, 116), the sensory signals 

triggering the observed effect on osteoblastogenesis were not disclosed (Tables 2 and 

3). 

 

The clinical relevance of targeting the nervous system in pathologies from BM 

origin 

The importance of the interplay between the adrenergic signaling and MSC, in the 

context of HSPC mobilization, gains additional significance when applied to pathologic 

scenarios. The studies previously described show that MSC are responsive to different 

neuronal signals and behave differently according to the type of neuronal input, which 

can be advantageous when developing therapies to target specific pathologies. 

Pharmacological manipulation of adrenergic receptors, targeting a specific MSC 

function in BM, might have potential applications in tackling hematopoietic cell 

transplantation–based challenges and antitumor immunity (15, 117). As an example, 

in patients with myeloproliferative neoplasms (MPNs), reduced sympathetic 

innervation and MSC numbers in BM are often observed. MPNs often develop as a 

result of uncontrolled cell expansion due to mutations in hematopoietic cells (118). In 

MPN mutant mice, researchers have shown that mutant HSPC trigger Schwann cell 

and sympathetic nerve damage in BM due to an overexpression of the proinflammatory 

mediator IL-1. Also, they observed that neuronal impairment is followed by an increase 

of MSC apoptosis in BM, suggesting a role for sympathetic signaling in MSC survival. 

Finally, in this study, researchers also demonstrate that the reduced numbers of MSC 

and consequent decrease in the expression levels of CXCL12 results in an 

uncontrolled expansion of mutant HSPC, exacerbating MPN progression. Importantly, 

this vicious cycle showed to be reversible through the manipulation of the adrenergic 

circuit. Systemic treatment of MPN mutant mice with a positive modulator of the β3-

adrenergic receptor activity blocked MPN progression, associated with replenishment 
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of Nestin+-MSC numbers and increased CXCL12 expression levels in BM, indirectly 

reducing the number of leukemic cells. Overall, this suggests that BM neuronal 

damage compromises MSC survival and function, therefore critically contributing to 

disease progression (119). Also, targeting the communication between sensory 

innervation and MSC might be an interesting strategy to improve bone regeneration 

and address bone-related diseases such as familial dysautonomia, a degenerative 

disorder characterized by the loss of unmyelinated axons, including sensory nerves, 

and whose patients often suffer from osteoporosis and multiple fractures (59). 

 

BM-derived MSC impact on neuronal activity 

MSC isolated from BM have been reported as secreting neurotrophic factors beneficial 

for the nervous system microenvironment, arising as a promising therapeutic tool with 

regenerative and neuroprotective potential (68, 120). Studies have shown that MSC 

cocultured with DRG neurons allow a long-lasting survival and maturation of neurons 

otherwise committed to die (121). Others have demonstrated that MSC can secrete a 

broad range of regulatory factors, including brain-derived neurotrophic factor (BDNF), 

NGF, vascular endothelial growth factor (VEGF), and IGF-1, that promote 

neurogenesis, neuronal and glial survival, and neuroprotective actions under 

pathophysiological contexts (68, 122, 123). These factors released by MSC have been 

reported to promote neuronal survival and increased number and length of neurites in 

axotomized retinal ganglion cells cocultured with human BM MSC in a transwell system 

in which there is no direct cell-cell contact (124). Also, recently, it was reported that 

MSC secretome could promote axonal outgrowth in cortical and hippocampal neuronal 

cultures, an effect that is lost when BDNF is ablated from the conditioned medium (CM) 

(125). Interestingly, the MSC neuroprotective feature seems to have different efficacy 

whether it is directed to protect central or PNS neurons. DRG cell cultures showed 

increased neuronal viability when in direct cell-cell contact with MSC, or in the 

presence of CM containing soluble factors released by MSC, upon treatment with the 

chemotherapeutic drugs cisplatin and paclitaxel (known to induce peripheral 

neuropathy) and glutamate (which mimics the excitatory effect observed in multiple 

sclerosis). Conversely, the observed protective effect of MSC was not observed in the 

cortical neuron cultures treated with the different drugs. The different outcomes in 

neuronal survival, when exposed to MSC factors, suggests that the mechanisms 



CHAPTER I 

31 
 

provoking damage induced by the drugs, and the protection induced by MSC might be 

different in central and peripheral neurons, recognizing MSC as a valuable tool to 

tackle peripheral neuropathic pathologies (126). In accordance, in vivo treatment of a 

sciatic nerve transection with MSC collected from BM significantly improved sciatic 

functionality, allied with an increase in myelinization indexes in regenerated fibers, and 

increased number of neurons in DRG, which was correlated with higher levels of NGF 

(127). In addition, MSC-secreted exosomes (i.e., vesicles containing neurotrophic 

factors together with a milieu of other proteins, mRNAs, and microRNA), proved to be 

beneficial in regards of neuroprotection and axonal outgrowth in a rat model of optic 

nerve crush (123, 128). Finally, transplantation of BM-derived MSC to the injury site at 

the spinal cord has been reported to promote axonal elongation, to reduce glial scar, 

and improve hindlimb locomotor function in rats (129, 130). 

 

EPCs and innervation in BM – undisclosed partners 

The nervous system regulation of BM permeability and EC survival in BM 

It is widely accepted that the vascular and the nervous system interplay, and their 

communication controls different biologic functions (131). This field of study has been 

accredited with additional importance from the observations that EC in 

microvasculature receive signals from the nervous system and the evidence that 

endothelial and neuronal dysfunction often happen simultaneously in the development 

of pathologies as described in different cardiovascular pathologies (132, 133). 

The spatial proximity between blood vessels and nerve fibers in BM indicates that they 

share or complement each other in maintaining BM homeostasis and functionality 

(134). BM-derived EC have been reported to play a critical role in HSPC niche 

dynamics by monitoring their mobilization to and from the BM and also their viability 

and proliferation (35, 135–137). The link between these functions attributed to EC and 

the nervous system came in follow-up studies. In an exciting study, EC have been 

credited with a gatekeeper function for HSPC trafficking from BM, and NPY and CD26 

have been identified as central regulators of this mechanism (138). HSPC mobilization 

to circulation in response to G-CSF has been associated with increased activity of 

CD26, an enzyme that is also able to truncate NPY (139). First, the researchers show 

in vitro that treatment of mouse BM-EC with the truncated form of NPY restored the 

enhanced migration of HSPC induced by G-CSFs previously blocked by the 
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pharmacological inhibition of CD26. Secondly, mice deficient for NPY and CD26 

showed reduced HSPC mobilization rates in response to G-CSF, and the in vivo 

administration of the truncated form of NPY both to NPY-/- and to CD26-/- mice restored 

the mobilization response to G-CSF to levels similar to the ones observed in WT mice, 

reinforcing once again the role of the nervous system in the HSPC mobilization. 

Importantly, the observed effect on HSPC mobilization from the BM upon NPY 

administration was correlated with increased permeability at EC junctions. In an 

interesting approach, researchers measured the gap distances in EC junction and 

observed that the administration of the truncated form of NPY increased the gap 

distance to values only observed with G-CSFs alone. Furthermore, this increase in 

permeability was correlated with changes in the expression of vascular endothelial–

cadherin and CD31 in EC gap junctions. These results suggest that NPY signaling 

regulates the gatekeeper function of EC in BM by increasing vascular permeability, 

facilitating this way HSPC egress from BM (138). 

NPY-KO mice have been reported to have lower levels of CD31+ EC and reduced 

sympathetic nerve fibers (97). To further understand the cause and effect relationship 

underlying this observation, researchers induced the destruction of sympathetic fibers 

in WT mice with 6OHDA. Sympathetic nerve destruction reduced the number of EC in 

the BM, suggesting that the sympathetic signaling affected the viability of EC, possibly 

due to a disturbance in the EC apoptosis process, which ultimately resulted in an 

impairment of HSPC survival and reduced HSPC numbers in BM (97). The role 

attributed to the nervous system in regulating EC survival in BM was strengthened in 

a study addressing BM dysfunction and neuropathy, outcomes usually observed in 

cancer therapies. Researchers showed that challenging both WT and 6OHDA-treated 

mice with 5-fluorouracil, a chemotherapeutic drug that ablates proliferating cells while 

inducing quiescent HSPC to repopulate the BM in situ, resulted in reduced levels of 

both Nestin-GFP+ cells and CD31+ EC in BM in 6OHDA-treated mice when compared 

to untreated controls (80). The same result was obtained when mice were treated with 

a β2- and β3-adrenergic receptor antagonist. Oppositely, treatment with 4-

methylcatechol, a drug reported to induce endogenous NGF expression and to protect 

sympathetic nerve fibers, restored the basal numbers of Nestin-GFP+ and CD31+ EC 

in mice exhibiting neuropathy induced by the anticancer drug cisplatin. These results 

suggest that the sympathetic nervous system protects Nestin-GFP+ cells and EC from 

neurotoxicity induced by anticancer chemotherapies, promoting an efficient 
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hematopoietic recovery (80). Overall, these reports strengthen the idea that the 

interplay between the nervous system and EC in BM not only is maintained throughout 

adulthood but also represent an additional point of regulation of the HSPC niche 

activity, namely regarding mobilization and cell survival, in BM. 

 

Neural regulation of EPCs 

Mobilization of EPCs from BM is of relevance in pathologic situations that require new 

trends of vascularization, such as ischemia, thermal injury, and wound healing. In 

mouse hind limb ischemic models, researchers have shown that both EPC mobilization 

to circulation and overall levels in BM are increased upon systemic administration of 

NE. Importantly, this observation was ablated in the presence of both α- and β2-

adrenergic receptor blockers. An increase of VEGF in BM was also reported, and an 

in vitro promotion of EPC proliferation and migration in the presence of NE were also 

reported, suggesting that the observed effect was in part due to a specific action of NE 

in BM (140, 141). Furthermore, the effect of NE on EPC mobilization seems to rely on 

the activity of eNOS, a known promoter of EPC mobilization from the BM (142). It has 

been shown in vitro that NE stimulation of EPCs increases not only the phosphorylation 

of eNOS but also eNOS mRNA levels in BM in mouse models of hindlimb ischemia. 

Importantly, blockade of eNOS signaling blunted the NE-induced mobilization of EPCs 

to circulation, further supporting a role of the sympathetic nervous system in EPC 

mobilization (140, 141). Finally, patients with diabetes have been described to have 

fewer circulating EPCs and profound BM neuropathy, a phenotype reproduced in rat 

models of type 2 diabetes. In this rat model, it was shown that an accumulation of 

EPCs was trapped in BM, suggesting that the reduced sympathetic signaling in BM 

impairs standard EPC mobilization mechanisms (143). 

Importantly, even though an accurate description of the mechanisms underlying the 

regulation by the nervous system in the activity of EC in BM is still missing, some 

studies in humans in different pathologic situations have linked these 2 systems. 

Immunohistochemistry and histomorphometry analysis of the BM of patients with 

critical limb ischemia has shown a reduction in both microvascularization and 

sympathetic innervation (144). In patients with chronic obstructive pulmonary disease, 

EPCs from peripheral blood have impaired motility and decreased proliferative 

capacity when compared to control cells, together with decreased expression of both 
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the β2-adrenergic receptor and CXC-chemokine receptor (CXCR) 4, suggesting an 

impairment in both the NE signaling and response to SDF1α in the onset of this 

pathology (145). Also, participants that underwent psychologic stress or β-adrenergic 

receptor agonist administration exhibited an increase in the circulating EPCs (146). 

Overall, these studies identify the sympathetic nervous system as a common factor in 

the regulation of EPC mobilization from BM to circulation under pathologic situations. 

Even though EPCs do not always fulfill the criteria used to define a progenitor cell 

because studies have suggested that their vascular repair ability is mostly due to a 

paracrine action on local EC and not due to a potential to differentiate into new EC 

(147), tackling EPC mobilization in BM might pose a promising therapeutic strategy, to 

be applied in vascular regeneration, in relieving the symptoms of ischemia, prevention 

of hypoxia-related tissue damage, and avoidance of vascular complications such as 

thrombosis, dissection, or capillary leakage. 

 

Conclusion 

This review collects the current knowledge on the interplay between the nervous 

system and BM cell populations, with a focus on how the nervous system modulates 

HSPC, MSC, and EPC activity in BM. We have gathered evidence that highlights 

the nervous system as a critical regulatory player in BM by modulating processes 

ranging from HSPC anchorage and egress, EC permeability, and bone remodeling. 

We have also highlighted the pathologies associated with disturbances in the 

neuronal signaling in BM and suggested that accurately targeting the nervous 

system in BM, either by modulating the activity of specific neuronal circuits or by 

pharmacologically targeting the activity of sympathetic and sensory signaling 

responsive cells at BM, is a promising therapeutic strategy to tackle pathologies from 

BM origin (Tables 2 and 3). 
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Table 2 – Physiologic response of BM to the different neurotransmitters and 

neuropeptides 

Neurotransmitter Physiological importance at the BM Reference 

Norepinephrine G-CSF-induced HSPC mobilization (63) 

Circadian HSPC mobilization (64, 92, 109) 

HSPC proliferation and differentiation (64, 71, 92, 95, 96) 

HSPC aging (70) 

MSC differentiation to OBs (36, 108) 

MSC migration to bone-forming sites (108) 

EC survival (80) 

NPY HSPC survival and mobilization (80, 97) 

MSC and EC survival (97) 

Vascular permeability (138) 

Sema3A Bone mass regulator (110) 

CGRP and SP MSC proliferation 
(65, 66) 

MSC differentiation to OBs 

 

Nevertheless, the communication between the different cellular components of BM is 

highly complex, and a full description of its functional organization under the nervous 

system regulation is still missing. An accurate and complete picture of the neuronal 

fiber composition in the BM and information on how the different BM cellular 

populations affect innervation patterning, axonal outgrowth, and 

neuropeptide/neurotransmitter release, both under homeostatic and pathologic 

conditions, is valuable for researchers because it will allow them to infer if changes in 

the neuronal component of BM is the cause or a consequence of a pathologic situation. 

This information, combined with full comprehension of the temporal response profile of 

the different BM constituents upon a stressful event would also be advantageous for 

clinicians, to assess if targeting innervation in BM might pose as valuable target for a 

therapeutic approach to tackle or prevent a specific pathologic outcome by improving 

or delaying a specific BM response. An accurate and fully descriptive image of all the 

cellular events taking place in BM, together with the technological improvements in 

drug development and delivery, will pave the way to the development of new, effective, 

and targeted clinical treatments. 
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Table 3 – Physiologic response of the different populations of BM to the manipulation of the activity of both β2- and β3-adrenergic 

receptors 

Beta adrenergic receptor Treatment Model Physiological response Result Reference 

β2-ADR Agonist NE-deficient mice G-CSG-induced HSPC mobilization Increased (63) 

Agonist Stromal cell line CXCL12 expression No effect (64) 

 Adβ2-/- mice Light-induced HSPC mobilization 

Circadian fluctuation of CXCL12 

No effect (64) 

Antagonist Stressed mice Stressed-induced BM outcomes No protection (71) 

Agonist Old mice HSPC rejuvenation No effect (70) 

 Adβ2-/- mice BM circadian TNF levels Decreased (92) 

Antagonist WT mice 

Antagonist WT mice LSC infiltration at the BM 

LSC proliferation 

Mortality 

Increased (105) 

 Adβ2-/- mice 

β3-ADR Agonist 

Antagonist 

Stromal cell line CXCL12 expression Decreased 

Increased 

(64) 

Antagonist WT mice Light-induced HSPC mobilization Decreased (64, 92) 

Antagonist WT mice Light-induced vascular permeability Decreased (92) 

 Adβ3-/- mice Light-induced HSPC mobilization 

Circadian fluctuation of CXCL12 

Decreased 

Ablation 

(64) 

Non-selective adrenergic agonist Control but not Adβ3-/- mice HSPC mobilization Increased (64) 

 Stressed Adβ3-/- mice Stressed-induced BM outcomes Increased (71) 

Antagonist Stressed mice CXCL12 expression 

HSPC number in the BM 

Circulating monocytes and neutrophils 

Restored 

Decreased 

Decreased 

(71) 

Agonist Old mice HSPC rejuvenation Improved (70) 

 Adβ3-/- mice BM circadian TNF levels No effect (92) 

Antagonist WT mice 
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Agonist Nes-GFP mice Osteoblastic genes 

HSPC maintenance genes 

HSPC mobilization genes 

Downregulated (36) 

Adrb3 siRNA MSC in vitro Migration 

OB differentiation 

Decreased (108) 

Antagonist Leukemic mice LSC infiltration at the BM No effect (105) 

Adb2, beta-2 adrenergic receptor gene; Adb3, beta-3 adrenergic receptor gene; B2-ADR, beta-2 adrenergic receptor; Nes-GFP, nestin-GFP reporter; siRNA, 

small interfering RNA.
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1.2 – Tissue innervation: axonal outgrowth and 

guidance 

1.2.1 – The growth cone 

Growth cones (GCs) are dynamic and highly motile structures present at the tip of 

growing or regenerating neurites. They were first identified by Ramón y Cajal in 1890, 

who described them as a “club or battering ram, endowed with exquisite chemical 

sensitivity, rapid amoeboid movements and a certain motive allowing it to circumvent 

obstacles in its path, thus coursing between various cells until reaching its destination.” 

(148). Indeed, the GC operates as a sensor and behaves like an explorer. GCs can 

detect signals from their surroundings and translate their message, ultimately resulting 

in axonal turning towards or away from the signal. Due to their high level of autonomy 

to respond to different extracellular cues, and their ability of accurately guide growing 

neurites towards the target cells with which the neuron will synapse, GCs have 

attracted much attention, arising as critical elements in the establishment of the 

intricate and specific neuronal circuits (149). 

In the course of axonal pathfinding, GCs detect the presence of extracellular signals 

or guidance cues. These cues activate localized signaling pathways within the GC that 

culminate in the remodeling of its cytoskeleton. The cytoskeleton of GCs is mainly 

composed of actin microfilaments, that dominate the peripheral region forming the 

lamellipodia and filopodia, and microtubules that occupy primarily the axonal shaft and 

the central domain (Fig. 6A) (149, 150). Actin filaments at the GC are always under 

remodeling through a process called F-actin treadmilling, where the continuous 

addition of actin subunits to the barbed end of an actin polymer, combined with the 

disassembly of the polymer at the pointed end, ensures that the filament stays of 

constant length, but individual subunits move along. In the presence of an axonal-

growth adhesive environment, receptors present in the GC bind to ligands present at 

the surface of the substrate, leading to the formation of a molecular clutch that anchors 

F-actin filaments and prevents its retrograde flow. This mechanism, combined with F-

actin treadmilling, ultimately results in propelling the actin-based protrusion forward. 

The consequent disappearance of actin between the adhesion site and the central 

domain of the GC creates a void to be filled by stable bundles of microtubules that 

consolidate axonal growth and direction (150) (Fig. 6B). Different guidance molecules 
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trigger distinct axonal responses, ranging from attraction to repulsion, collapse or 

branching, and the GC must have different mechanistic tools to respond appropriately. 

It has been suggested that microtubules can actively explore the peripheral domain of 

GC and act as scaffolds for the localized recruitment of key signaling components 

needed for navigation (151). Moreover, GCs have all the tools required to translate 

mRNA molecules and locally synthesize proteins necessary for building or 

disassembling the cytoskeleton (152). Indeed, it has been described that a repulsive 

gradient of the axonal repulsive molecule Slit2 induces the local translation of the actin-

depolymerizing factor cofilin-1 (153), that Semaphorin 3A (Sema3A) induces the local 

translation of Ras homolog family member A (RhoA) that is required for growth cone 

collapse (154), and that axonal turning towards a gradient of netrin-1 relies on a fast 

and asymmetrical translation of β-actin in the GCs (155). In this model researchers 

propose that local translation induced by attractive cues builds up the cytoskeleton at 

the near side of stimuli (152, 156, 157) (Fig. 6C). The same rationale can also be 

applied to axonal repulsion, but it still remains to be determined whether a repulsive 

gradient induces asymmetrical translation in the GC. 
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Figure 6 – A) Schematic representation of the cytoskeletal organization of the growth 

cone. The peripheral domain of the GC contains actin-rich lamellipodia (light red 

shaded) and filopodia (dark red lines). Newly formed lamellipodia on the side 

undergoing a positive turning response is shown in blue. The central domain encloses 

stable, bundled microtubules (in purple) restricted by the actin cytoskeleton. The image 

on the top left shows the F-actin distribution within the GC (adapted from (158)). B) 

Proposed mechanism for GC expansion. F-actin treadmilling and retrograde flow are 

responsible for keeping filopodia always ready for expansion. In the presence of an 

adhesive substrate, a complex consisting of F-actin, growth cone receptors, and the 

extracellular substrate is formed preventing F-actin retrograde flow. Continuous F-actin 

polymerization pushes the membrane forward, which results in filopodia extension 

(adapted from (150)). C) Proposed model for the asymmetric protein synthesis. A 

gradient of attractive guidance cues induces local translation of mRNAs (such as β-

actin) on the side of the GC nearest to the gradient, thus promoting actin polymerization 

and attractive turning. In contrast, a gradient of repulsive guidance cues induces an 

asymmetric local translation of proteins that promote cytoskeletal disassembly and 

filopodial collapse, such as RhoA or Cofilin (adapted from (156)). 

 

1.2.2 – Mechanisms of axonal guidance 

During embryonic and postnatal development of the nervous system, axons have to 

navigate to the correct targets and establish normal connectivity (159, 160). When 

extending to the vicinity of their final destination, axons grow in a highly oriented 

manner, along very stereotyped trajectories, making few projection errors and with 

equally precise selection of the target cell (159, 160). 

Axon guidance involves the coordinate action of four types of cues: short-range (or 

local) cues and long-range (diffusible) cues, with either attractive or repellent features. 

These are not mutually exclusive but act simultaneously to ensure reproducible and 

high-fidelity guidance (Fig. 7). As stated before, for axons to elongate, adhesion to the 

substrate must occur. The roadway that axons take must be permissive for growth and 

therefore made up of adhesive molecules, presented directly on the cell surface, or 

assembled into the extracellular matrix. Additionally, surface-bound non-adherent 

molecules can prevent GC advance off-road, and thus can act as barriers that 

determine roadway boundaries. Finally, diffusible cues provide further axonal steering 
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instructions, functioning as traffic lights, in a way that attractive cues signal the GC to 

go forward, whereas repulsive cues instruct axons to turn around and go in another 

direction (150) (Fig. 7).  

 

Figure 7 – Different types of cues underlying axonal guidance. Axons are able to 

accurately grow and reach their target cells by integrating different types of short- or 

long-distance guidance cues, with either attractive or repulsive properties. Inside the 

boxes are most well-described families of guidance molecules and respective roles in 

axonal guidance (adapted from (150)). 

 

1.2.3 – Axonal guidance molecules 

To be defined as a guidance molecule, it must 1) be produced by cells that guide 

neurons in vivo, 2) be necessary for guidance, 3) the guided cells must have the 

necessary signal-transduction machinery for responding, and 4) the mislocalization of 

the signal must cause cells to turn the wrong way (161). Based on these criteria, four 

major families have been identified as having well-established and widespread roles 
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in axon guidance: ephrins, semaphorins, netrins, and slits. More recently, proteins that 

are usually classified as morphogens (including members of the BMP, Hedgehog, and 

Wnt families), as well as some proteins initially identified as growth factors have also 

reported for having the ability to guide axons (161). 

 

Ephrins 

Ephrins are cell surface signaling molecules whose predominant neuronal response is 

to induce axonal repulsion. Ephrins bind to EphA and EphB receptor tyrosine kinase 

families and require membrane attachment, therefore limiting their activity to cell-to-

cell communication, and functioning exclusively as short-range guidance cues. Ephrins 

are divided into an A-subclass, which are tethered to the plasma membrane by a 

glycosylphosphatidylinositol (GPI) anchor, and a B-subclass, which has a 

transmembrane domain and a cytoplasmic tail lacking endogenous catalytic activity. In 

mice, ephrinB3 functions during development of the spinal cord as a midline repellant 

for axons of the corticospinal tract (162), and in vitro, ephrinB3 is a potent inhibitor of 

neurite outgrowth for postnatal cortical neurons and dependent on the EphA4 receptor 

(163). Both Ephrin ligands and Eph receptors are active members of the bone 

microenvironment. They are expressed both by OBs and OCs, and have been 

described to participate in bone remodeling by suppressing OC bone resorption and 

enhancing OB bone formation (164). 

 

Semaphorins 

Semaphorins can either be secreted or membrane-associated, and act as potent 

repulsive cues for neuronal projections. Indeed, early studies on axonal guidance have 

suggested Sema3A is a potent sensory and sympathetic GC collapsing factor (165, 

166), and an inhibitor of axonal branching in cortical neurons  (167). Semaphorins are 

grouped into eight classes based on their biochemical properties. Semaphorin classes 

1 and 2 are found in invertebrates, classes 3 to 7 are found in vertebrates, and the final 

group is encoded by viruses (168). Plexins are the most prominent semaphorin 

receptors and have been divided into four classes (A-D). In addition to plexins, 

semaphorin signaling may also require the presence of co-receptors that function as 
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ligand-binding modules (such as the neuropilins, or Npns) or modulatory subunits (for 

example, Ig superfamily cell adhesion molecules (IgCAMs) (169). 

Importantly, in the bone microenvironment, Sema3A has also been implicated in the 

regulation of bone metabolism and to control sensory innervation in the bone. Neuron-

specific Sema3A deficient mice have been reported to have a low bone mass 

phenotype, similarly to what observed for germline Sema3A KO mice, whereas OB-

specific Sema3A-deficient mice showed no differences to control mice. Importantly, in 

both cases this phenotype was associated with a decrease in bone sensory innervation 

in the trabecular bone (110, 113). Also, in the bone microenvironment, in vitro reports 

have shown that OBs express Sema3A and its receptors and co-receptors, whereas 

OCs only express the receptors. In vivo, most members of the Sema3A are expressed 

in the periosteum and ossification centers before the onset of neurovascular invasion 

(170). Overall, these studies illustrate an emerging signaling network that controls 

bone homeostasis, includes nerves and bone cells, and is regulated through the local 

secretion of Sema3A. 

 

Netrins 

Netrins are a family of soluble and bifunctional molecules, functioning either as 

attractants or repellants depending on the cellular context in which the cue is 

encountered (159). Netrin-1 role in attracting axonal growth has been particularly well 

described in commissural neurons axonal pathfinding during spinal cord development. 

These axons project from the dorsal spinal cord to floor plate cells located in the ventral 

midline in response to a dorsal-to-ventral gradient of netrin-1 (171).  

In mammals, five different netrins have already been identified, three of them in the 

secreted form (netrin 1, 3, and 4), whereas netrin G1 and G2 are usually found tethered 

to the plasma membrane by carboxy-terminal GPI anchors (172). The composition of 

netrin receptors on the surface of the cell may determine whether netrins act as 

attractive or repulsive cues. Within the different receptors, the members of the Deleted 

in colorectal cancer (DCC) family mediate netrin-induced axon attraction through 

netrin-induced homodimerization (173). However, DCC receptors can also participate 

in axon repulsion, when associated with UNC5 receptor (173). 

In the bone microenvironment, netrin-1 has been shown to impair OB differentiation in 

vitro (174), and to be a critical mediator of OC activity, by promoting differentiation in 
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an autocrine and paracrine manner, whereas the blockade of Netrin-1 or the UNC5 

receptor prevents OC differentiation of both murine and human precursors (175). 

Importantly, OC-derived netrin-1 has been described to induce sensory nerve axonal 

outgrowth in vivo in subchondral bone, highlighting the importance of guidance 

molecules in regulating skeletal innervation (176). 

 

Slits 

Slits are large secreted proteins that have been described as potent repellents of 

several classes of axons, with also a role their role in axonal arborization has also been 

described (177). Three slit genes (Slit-1, Slit-2, and Slit-3) have been identified in 

mammals, and their axonal repulsive and branching feature is mediated by receptors 

of the Roundabout or Robo family, that belong to the immunoglobulin superfamily 

(178).  

Slit-1 role in repelling axonal growth has also been particularly well described in 

commissural neurons axonal pathfinding during spinal cord development. After the 

Netrin-1 mediated attraction to floor plate cells at the midline, axons become sensitive 

to Slit-1 due to the downregulation of Robo3 that interferes with Robo1.  Slit-1 

expressed at the midline prevents axons from re-crossing it and creates a posterior to 

anterior gradient that drives them away towards anterior regions of the spinal cord 

(171).   

In the bone microenvironment, Slit3 has been recently reported in vitro to suppress OC 

differentiation and inhibit bone resorption in an autocrine manner, and to stimulate OB 

migration and proliferation (179). Also, mice OCs specifically lacking either Slit3 or the 

signaling through its receptor Robo1, exhibited osteopenic phenotypes whereas mice 

with either neuron-specific or OB-specific Slit3 deletion had normal bone mass, 

indicating a role for Slit3 in promoting bone formation and inhibiting bone resorption 

(179). 

 

Hedgehog 

Hedgehog proteins are considered non-canonical guidance cues and belong to the 

class of morphogens, and three genes have already been described in vertebrates, 

codifying for Sonic hedgehog (Shh), Indian hedgehog, and Desert hedgehog. To be 
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classified as a morphogen, these proteins must have a concentration-dependent effect 

on its target cells and exert a direct action at a distance. The expression of morphogens 

in a restricted region of tissues provides positional information to morphogen-

responsive cells, that adapt their response according to its position within the gradient, 

and thus on its distance to the morphogen source (180). Shh signaling pathway 

requires the binding of Shh to its receptors Ptch1, and co-receptors Boc, Cdon, or 

Gas1. Ptch1 activation relieves the inhibition of the transmembrane protein 

Smoothened (Smo) that activates intracellular signaling pathways (181). 

Regarding axonal guidance, Shh is secreted by the notochord and by floor-plate cells 

at the ventral midline of the developing spinal cord, and functions as a graded signal 

for the repulsion of commissural axons from the posterior pole (182). It has also been 

proposed that Shh expression at the optic chiasm border guides the progression of 

retinal ganglion axons, preventing them from crossing the diencephalic ventral midline 

(183). Shh may also have an axonal attractive function, as seen in guiding midbrain 

dopaminergic axons that project from the substantia nigra and the ventral tegmental 

area to rostral target tissues, including the striatum, pallidum, and hypothalamus (184).  

In the bone environment, the hedgehog family has been reported to be critical for 

embryonic bone development as well as bone remodeling throughout postnatal life 

(reviewed in (185)). Ptch1-deficient mice and patients have been reported to have 

increased bone mass. In accordance, in vitro studies that showed that Ptch1-deficient 

OB progenitors mature at an accelerated rate (186). Also, activation of the hedgehog 

signaling pathway in mature OBs in adult mice leads to fragile long bones with 

significantly reduced bone density, mainly due to increase RANK ligand expression 

and consequent enhancement bone resorption by OCs (187). 

 

NGF 

NGF is a neurotrophic factor with a critical function in sustaining growth, maintenance, 

survival, and proliferation of different classes of neurons, particularly from the PNS 

(including both sensory and sympathetic neurons) (188). Moreover, NGF has also 

been reported to regulate nerve sprouting, activation, and neuropeptide expression 

and release (189, 190), and to guide axons, as described for the chick DRG neuronal 

GCs (191, 192).  
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In the bone, it has been shown that NGF expression and signaling spatially and 

temporally coincide with sites with high bone turnover. NGF produced by 

osteoprogenitors has been reported to direct sensory axons to sites of incipient 

ossification in the developing mouse femur (39). Moreover, this process is dependent 

on the activation receptor TrkA in sensory axon terminals, which in turn is critical for 

normal primary and secondary ossification (39). Interestingly, a similar mechanism has 

been proposed for bone adaptation to mechanical loading  (193). In this model, 

mechanical signals trigger the expression of NGF in OBs, ultimately activating NGF-

responsive sensory axons, leading to the release of osteogenic cues to support bone 

formation (193). Finally, the NGF-TrkA signaling in the bone has been reported to be 

an important mechanism underlying bone fracture repair (194). Researchers showed 

that NGF is upregulated in periosteal stromal progenitors and macrophages upon 

fracture, which in turn promotes sprouting and arborization of sensory nerves by 

activating TrkA receptor, which preceeded vascularization, and subsequent OB 

anabolic activity within the fracture site (194).  
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1.3 – Thesis outline and objectives 

Peripheral innervation represents the neuronal arm that links the central nervous 

system and the peripheral tissues. It is well documented that both sympathetic and 

sensory nerve fibers are spread throughout the bone tissue, particularly in the 

periosteum and BM, wrapped around blood vessels and in close proximity to bone cells 

(17). Studies have shown that signals derived from both sensory and sympathetic 

projections impact the bone tissue at different levels (16, 17, 51, 195). Neuronal 

transmitters released from the nerve terminals activate receptors expressed in bone-

resident cells, ultimately controlling bone homeostasis, development, and regeneration 

upon injury (42).  

Neuronal signaling at the BM is also a critical regulatory player both under homeostatic 

and pathological settings, controlling mechanisms ranging from stem cell mobilization, 

differentiation, and fate to vascular permeability (196).  

It is known that during the establishment of neuronal circuits, extending axons are 

guided to their target tissues through the coordinated actions of different families of 

attractive and repulsive guidance cues. Indeed, during bone development, NGF 

produced by OB-progenitor cells attracts and guides extending sensory axons to 

primary and secondary ossification centers (39). Moreover, in the injured or diseased 

skeleton where the activity of bone cells is compromised, nerves dynamically 

rearrange to innervate the damaged bone tissue (49). Also, when homeostasis is not 

restored, exuberant sprouting of sensory nerves is often observed. These observations 

suggest that factors derived from the bone tissue trigger axonal responses and impact 

their behavior ultimately affecting the pattern of innervation. 

Nevertheless, our comprehension of the bi-directional communication between the 

nerve terminals and cells from the bone microenvironment is still incomplete, and many 

questions still puzzle researchers: to what extent does neuronal signaling impact bone 

and BM dynamics and regeneration? Is it a master regulator? Does it affect specific 

cellular subtypes? Also, how is nerve patterning achieved in the bone? What molecules 

are involved in axonal outgrowth and pathfinding in the bone tissue, and which cells 

are expressing them? 
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In this work, we attempted to answer some of these questions by combining different 

approaches ranging from cellular and molecular biology to microfluidic technologies, 

and computational algorithms. We evaluated the bidirectional crosstalk that occurs 

between bone cells and nerve fibers in two distinct biological scenarios: 

 

I. The impact of the sympathetic neuronal signaling on the BM response to injury 

and throughout the early stages of bone regeneration (CHAPTER II) 

We evaluate how the sympathetic nervous system via Y1R signaling can regulate the 

BM response to bone injury and throughout the early stages of regeneration. 

 

II. The role of osteoblastic-lineage cells on sensory axonal growth and guidance 

(CHAPTER III) 

We analyzed the paracrine signaling of OB-lineage cells throughout 

osteoblastogenesis and correlated it with sensory axonal behavior. 
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2.1 – Y1 receptor signaling in the BM resident cells 

Among the neurotransmitters of the sympathetic nervous system expressed in the 

BM microenvironment emerges the NPY signaling pathway. NPY is a 36 amino-acid 

peptide widely distributed in the central and PNS, with well-described roles in a broad 

range of physiological processes, including control of feeding behavior, energy 

homeostasis, and vascular and immune function (1–3). NPY-expressing projections 

are present in the BM (4), and NPY signaling can impact BM dynamics through the 

activity of different cellular populations. Studies have shown that the BM cellular 

composition of NPY-/- animals have lower levels of HSPC, MSC and EC (5). Also, NPY 

signaling has been reported to regulate the gatekeeper function of EC in the BM by 

increasing vascular permeability, hence facilitating the egress of HSPC from BM (6). 

Importantly, the exogenous administration of NPY can restore BM function in cancer 

treatment by promoting the survival of HSPC, MSC, and EC (7, 8), arising as a possible 

therapeutic approach to tackle BM pathologies. 

NPY can bind to a family of five receptors, namely Y1, Y2, Y4, Y5, and Y6. These 

receptors are expressed in neuronal and non-neuronal tissues and are mainly coupled 

to the inhibitory heterotrimeric GTP-binding protein (Gi/Go), resulting in the inhibition 

of adenylyl cyclase and consequent cAMP synthesis (2). Studies have shown that NPY 

can modulate the functionality of the BM through the Y1R. Mice deficient for the Y1R in 

OBs showed impaired HSPC mobilization in response to NPY (9), whereas the specific 

deletion of this receptor in macrophages prevented the NPY-induced protection of the 

BM to chemotherapy (5). Also, animals treated with Y1R antagonists exhibited a 

significant reduction in BM volume when compared to vehicle-treated mice (10), 

suggesting that Y1R signaling inhibition might trigger a reorganization of the BM 

microarchitecture. 

In addition to these studies targeting Y1R function in the BM, a broad range of literature 

has shown that the Y1R signaling also plays pivotal roles in regulating the activity of 

BM-resident cellular populations. Indeed, Y1R is robustly expressed by immune cells, 

including T and B cells, macrophages, dendritic cells (DC) and mast cells (11). T 

cells depleted for the Y1R have been reported to be hyperresponsive to activation and 

trigger severe colitis after transfer to lymphopenic mice, suggesting that signaling 

through the Y1R on T cells controls the magnitude of T cell responses (11). Also, 

macrophages deficient for Y1R display increased inflammatory response in vitro and 
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enhanced M1 in comparison to M2 phenotype (12), and the treatment of human 

immature DCs with NPY induced a dose-dependent migration through the engagement 

of Y1R (13). Y1R-/- mice also show profound changes in the immune cell composition, 

namely reduced number of both mature and immature B cells and CD8+ T cells in the 

spleen, and increased numbers of naive CD4+ and CD8+ T cells in the lymph nodes 

(11). In addition, these animals also display increased bone mass (10, 14), an anabolic 

effect associated with impairment of OCs activity and enhanced bone formation by 

OBs (15, 16). 

In a bone fracture scenario, the number of NPY-positive fibers in the callus is increased 

(17), and reports have shown that animals depleted for Y1R signaling have delayed 

fracture healing due to an impairment to achieve bone union in the early phases of 

fracture repair (18). Also, the recruitment of polymorphonuclear cells expressing both 

NPY and Y1R to the lesion site has been described in the early inflammatory stages of 

the regenerative process of a non-critical bone defect (19). Together, these 

observations strongly imply the involvement of NPY signaling through the Y1R in 

regulating the inflammatory and early proliferative stages of tissue healing and 

regeneration. However, the role of Y1R in the ability of BM resident cells to respond to 

injury and to trigger endogenous repair pathways is still unknown. 

 

To answer these questions, we determined:  

1) the temporal response profile of various BM-resident stem/progenitor cell 

populations to different injuries in control mice, and the soluble factors mediating these 

processes (section 2.1); 

2) the contribution of the sympathetic nervous system via Y1R signaling in the 

regulation of the BM response to a bone injury and regeneration (section 2.2); 
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2.2 – The response of the BM of WT mice to injury 
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Abstract 

Selectively recruiting BM-derived stem and progenitor cells to injury sites is a promising 

therapeutic approach. The coordinated action of soluble factors is thought to trigger 

the mobilization of stem cells from the BM and recruit them to lesions to contribute to 

tissue regeneration. Nevertheless, the temporal response profile of the major cellular 

players and soluble factors involved in priming the BM and recruiting BM-derived cells 

to promote regeneration is unknown. We show that injury alters the BM cellular 

composition, introducing population-specific fluctuations during tissue regeneration. 

We demonstrate that injury causes an immediate, transient response of MSC and EC 

followed by a nonoverlapping increase in HSPC. Moreover, BM reaction is identical 

whether the injury is inflicted on skin and muscle or also involves a bone defect, but 

these 2 injury paradigms trigger distinct systemic cytokine responses. Together, our 

results indicate that the BM response to injury in the early stages of regeneration is 

independent of the tissue-of-injury based on the 2 models used, but the injured tissue 

dictates the systemic cytokine response. 

Keywords: bone injury • muscle injury • mesenchymal stromal cells • endothelial cells 
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Introduction 

Tissue repair and regeneration are highly complex and dynamic processes that involve 

the coordinated efforts of many different cellular, humoral, and molecular pathways. 

These processes are triggered immediately upon injury and are characterized by 4 

sequential yet overlapping phases: 1) activation of hemostasis at the moment of injury 

and lasting for several hours, 2) inflammation (lasting 1–3 d), 3) proliferation (lasting 

up to 3 wk), and 4) extracellular matrix remodeling (lasting up to 1 yr)) (20, 21). 

The stages of tissue repair have been well characterized and require proliferation, 

migration, and differentiation of local progenitor cells (22). However, the mobilization 

and recruitment of stem and progenitor cells from distal sources, such as the BM, to 

injury sites has also been proposed to be an essential feature of regeneration. The BM 

acts as a reservoir for multiple stem and progenitor cell populations, including HSPC, 

endothelial progenitor cells, and MSC (22). Although these populations normally reside 

within the BM in specific niches (23), under stressful conditions they can be mobilized 

into the peripheral circulation, as has been reported after injury to a variety of tissues, 

including the liver, skin, heart, lung, and bone (24–30). The mechanisms underlying 

the egress from the BM of the various distinct cell populations upon tissue damage are 

not fully understood, but it is likely that the mobilization process results from the BM’s 

ability to decode and integrate soluble signals released from damaged tissues to 

induce detachment of cells from their native microenvironment(s), ultimately allowing 

their release into circulation (22, 23). These signals, which comprise a vast range of 

growth factors, cytokines, and chemokines (e.g., G-CSF, SDF1, and CXCL1), are 

responsible for orchestrating and coordinating processes underlying biologic 

responses to injury in situ by preserving and promoting proliferation of resident cells 

and at distal sites by modulating BM responses and recruiting cells to the site of injury 

(31). 

The increased interest in therapeutic strategies to mobilize BM-derived stem cells is 

powered by the need to improve the efficacy of current therapies by enhancing stem 

cell involvement after injury (22). To date, most studies have failed to obtain the desired 

therapeutic outcome, mostly due to a low cell survival rate after transplantation, 

reduced homing to sites of injury, and a loss of stemness during the ex vivo culture/ 

expansion process [reviewed by Kim and Cho (32), Kim and Park (33), and Fisher et 

al. (34)]. To overcome these challenges, investigators have been focusing on 
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improving stem cell mobilization to the peripheral circulation to augment the cellular 

yield for stem cell harvest or to increase the homing of endogenous stem cells to injury 

sites. Detailed knowledge on the endogenous mechanisms underlying stem cell 

mobilization from the BM to the peripheral circulation is therefore essential to develop 

new therapies or to improve existing ones so that the full benefit of the regenerative 

potential of BM-derived stem cells can be achieved. 

To understand the mechanisms of cellular egress from the BM, it is necessary to fully 

comprehend how the BM behaves both under basal and stressful settings. The current 

understanding regarding the BM response to injury is insufficient, and more information 

is needed concerning BM’s temporal response to injury, the major cellular players 

involved in its reorganization and response, and the soluble factors mediating these 

processes. It is also not known whether lesions within different tissues, or of differing 

severities, trigger the same reaction with respect to the soluble factors released from 

the injury or the BM’s response to these factors. Thorough mechanistic knowledge of 

the response of the various endogenous BM cell populations to different tissue insults 

is therefore of the utmost importance because it will enhance our ability to choose 

and/or adapt therapies to more effectively boost specific endogenous repair pathways 

that are naturally triggered at specific times after tissue injury. In this study, we 

investigated how the BM responds to 2 different types of injuries by defining the 

parameters involved in the inflammatory and early proliferative stages of tissue 

regeneration and determining the response of various BM-derived stem/progenitor cell 

populations to these injuries. We also delineate a repertoire of circulating serum 

cytokines and discuss the possible roles they play in these processes. 

 

Materials and Methods 

Animals 

All animal procedures were approved by the Instituto de Biologia Molecular e 

Celular/Instituto de Engenharia Biomédica Ethics (Direção-Geral de Alimentação e 

Veterinária) in compliance with the European Community Council Directive of 

September 22, 2010 (2010/63/UE). Experiments were conducted by Federation for 

Laboratory Animal Science Associations (FELASA), Category C graded researchers, 

and all efforts were made to minimize the number of animals used and any pain or 
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discomfort during the performance of the experiments. C57BL/6 male mice (3 mo old) 

were provided by the animal house of the IBMC/INEB Associated Laboratory. Mice 

were kept under controlled conditions (20-22°C, 60% humidity, and 12:12 h light/dark 

cycle). Water and appropriate food were supplied ad libitum. Animals were randomized 

into 3 different experimental groups (n = 6-9): 1) the control group, 2) the skin/muscle 

laceration group, and 3) the bone defect group. 

 

Surgical procedure 

Animals were anesthetized with inhaled isoflurane. In the skin/ muscle laceration 

group, a 1-cm skin incision was made along the upper leg, and the muscle was 

carefully retracted between the gluteus superficialis along the fascia latae biceps 

femoris, exposing the femur. The femoral bone defect animal group underwent the 

same surgical procedure described above with an additional cylindrical noncritical 

defect performed in the femur diaphysis by using a 23G needle. On the day of the 

surgery, mice were deeply anesthetized with 3 mg/kg body weight of butorphanol 

(Butador; Richer PharmaAG, Wels, Austria). The control group consisted of non-

operated animals. Animals were euthanized 1, 3, and 7 d after surgery. At each time 

point, the BM, blood, and injured upper legs were collected for further analysis. 

 

Histological and immunohistochemistry analyses 

Mice were deeply anesthetized with pentobarbital (Eutasil; Ceva, Sante Animale, 

Portugal) and transcardially perfused with 4% paraformaldehyde in 0.2 M phosphate 

buffer (pH 7.4). The injured upper legs were collected and processed for histologic and 

immunohistochemical analysis. Briefly, the entire upper leg or the injured femurs were 

decalcified in 10%formic acid for 1 wk at 4°C on a constant shaker. Decalcified samples 

were processed for paraffin embedding, and serial 3-mm thick sections were cut on a 

microtome (RM2255; Leica Biosystems, Wetzlar, Germany). 

 

Histological analysis 

Serial sections of each sample were deparaffinized and dehydrated in a modified 

alcohol series and stained with hematoxylin and eosin. Images were acquired with an 
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Olympus CX31 light microscope equipped with a DP-25 camera (Imaging Software 

Cell^B; Olympus, Center Valley, PA, USA). 

 

Immunohistochemistry analyses 

Serial sections from 3 animals in each group were deparaffinized and dehydrated in a 

modified alcohol series and placed in antigen retrieval buffer for 20 min at 98°C (citrate 

buffer, pH 6.0). Sections were then blocked and permeabilized for 1 h in blocking 

solution [1% bovine serum albumin, 10% fetal bovine serum (FBS) in PBS with 0.2% 

Triton-X-100] at room temperature (RT) and incubated overnight with rabbit anti-Ki67 

(1:100; Abcam, Cambridge, United Kingdom). Signal detection was achieved by 

staining with a goat anti-rabbit Alexa Fluor 568 antibody (1:1000; Molecular Probes, 

Eugene, OR, USA; Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at RT. 

Sections were washed and mounted on a glass slide with Vectashield Mounting 

Medium with DAPI (Vector Laboratories, Burlingame, CA, USA). Immunostained 

images were acquired on an In Cell Analyzer 2000 (GE Healthcare Life Sciences, Little 

Chalfont, United Kingdom). Quantification of the Ki67-positive cells was performed 

using ImageJ software (National Institutes of Health, Bethesda, MD, USA). 

 

Analysis of BM-resident cell populations 

Immediately after animals were euthanized, the BM was flushed from the femurs of 

each animal with a-MEM (supplemented with 1% penicillin/streptomycin and 10% FBS) 

using a 25 G needle and homogenized to obtain a single-cell suspension. From this 

point forward, the BM cell suspensions were always kept on ice. Red blood cells were 

removed by incubating in a lysis buffer (10 mM Tris, 150 mM NH4Cl, pH 7.4) for 8 min 

at 37°C, and the cell suspension was then resuspended in a blocking solution of PBS 

with 10% FBS and 4% bovine serum albumin for 30 min on ice. The BM cell suspension 

of each animal was then aliquoted into 96-well round-bottomed plates and incubated 

with 4 different antibody mixes: 1) an antibody mix for the MSC and EC, 2) an antibody 

mix for the HSPC, 3) an antibody mix for the cellular populations from the adaptive 

immune system, and 4) an antibody mix for the innate immune cells. Cells were then 

fixed and analyzed by flow cytometry using a FACSCanto II (BD Biosciences, San 

Jose, CA, USA), and data were analyzed using FlowJo software. 
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The composition of each antibody mix was as follows: 1) the antibody mix for the MSC 

and EC was composed of anti-Sca1-APC (eBioscience, San Diego, CA, USA), anti-

CD11b-PE (ImmunoTools, Friesoythe, Germany), anti-CD31-eFluor 450 

(eBioscience), anti-CD34-PE (BioLegend, San Diego, CA, USA), anti-CD45-PE 

(ImmunoTools), anti-CD105-PECy7 (eBioscience), and anti-CD140a-FITC 

(eBioscience); 2) the antibody mix for the HSPC was composed of anti-CD4-PE 

(ImmunoTools), anti-CD8-PE (ImmunoTools), anti-CD11b-PE (ImmunoTools), anti-

CD19-PE (ImmunoTools), anti TER119-PE (eBioscience), anti-Ly6G-PE 

(eBioscience), anti-CD117-FITC (ImmunoTools), and anti-Sca1-APC (eBioscience); 3) 

the antibody mix for the cellular populations from the adaptive immune system was 

composed of anti-CD3-APC eFluor 780 (eBioscience), anti-CD4-eFluor 450 

(eBioscience), anti-CD8-PE (ImmunoTools), anti-CD19-FITC (eBioscience), anti-

CD45-PerCP Cy5.5 (eBioscience), and anti-IgG-APC (eBioscience); and 4) the 

antibody mix for the innate immune cells was composed of anti-CD11b-FITC 

(eBioscience), anti-CD11c-PE (eBioscience), anti-CD45-PerCP Cy5.5 (eBioscience), 

anti-Ly6G APC eFluor 780 (eBioscience), and anti-F4/80 eFluor 450 (eBioscience). 

The different gating strategies used in this study are detailed in Supplemental Figs.1-

4. 

 

Analysis of the temporal profiles of each population 

Analysis of the temporal changes that occurred within each cell type after the injury 

was performed by characterizing the population’s relative size as a function of time 

postinjury. A linear profile was used to describe the time progression of each cell type 

using the equation S = m . t + b, where S is the population size (normalized to control 

level), t is time (d postinjury), m is slope (1/d), and b is an offset (1). Linear regressions 

were calculated on each population to extract the slope (rate of change of the 

population size) and offset (immediate change in population size upon injury) 

parameters. The r coefficient was extracted as an indicator of the quality of the linear 

profile assumption: absolute r values close to 1 indicate that the cell population size 

progresses linearly within the analyzed time points; low absolute values are an 

indication of curvature or inflection in the temporal profiles. To examine possible trends 

in the temporal profiles, cluster analysis was performed in the linear regression 

parameters for each population type. The k-means clustering algorithm was used with 
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the number of clusters set to 3. The analysis and plotting were performed with MATLAB 

(MathWorks, Natick, MA, USA). 

 

Measurement of cytokine production 

Blood was collected from each mouse at the time of death by cardiac puncture. A pool 

from the serum of 6 different animals from each group was prepared, and a multiplex 

antibody array was used to quantify 40 different cytokines in each sample according 

to the manufacturer’s instructions (Mouse Proteome Profiler Mouse Cytokine Array Kit, 

Panel A; R&D Systems, Minneapolis, MN, USA). Each array membrane was exposed 

to X-ray film using a chemiluminescence detection system (GE Healthcare Life 

Sciences). The film was scanned using a calibrated densitometer (Molecular Imager 

GS800; Bio-Rad, Hercules, CA, USA), and pixel density was presented by quantifying 

the mean spot densities with Quantity One 1-D Analysis Software, v.4.6. (Bio-Rad). 

Optical densities were standardized to the mean positive control (reference spots 1-3) 

readings and displayed as a heat map generated using MATLAB software. Serum 

levels of SDF-1, G-CSF, and CXCL1 were measured using ELISA kits following the 

manufacturer’s instructions (RayBiotech, Norcross, GA, USA). 

 

Statistical analyses 

A 2-way ANOVA (time x defect type) was used to compare Ki67 staining quantification 

data between injured groups, and post hoc comparisons were performed using the 

Turkey’s test. Data are expressed as mean ± SEM. For the flow cytometry and ELISA 

analysis, because not all variables passed the homogeneity of variance test and did 

not follow normal distribution, analyses were performed using the nonparametric 

Kruskal-Wallis test to assess statistically significant differences throughout the 

regeneration period for each injury type. Two-way ANOVA (time x defect type) was 

used to assess differences between the 2 types of insults at each time point postinjury. 

Differences were considered significant at P<0.05. All data for the flow cytometry 

analysis are expressed as box and whisker graphs (box represents median and 

quartiles; whiskers represent minimum to maximum values), and ELISA data results 

are presented as means ± SEM. Statistical analyses were performed using GraphPad 

Prism software (GraphPad Software, La Jolla, CA, USA). 
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Results 

The local proliferative and inflammatory response of muscle and bone at the 

site of lesion  

Muscle and bone have a remarkable ability to regenerate, restoring their architectural 

and functional characteristics after a precise sequence of overlapping events 

organized in 3 distinct phases: inflammation, cellular proliferation, and extracellular 

matrix remodeling (20, 21). In this study, we investigated the progression of bone and 

muscle tissue repair during the first 7 d after injury, thereby encompassing the 

inflammatory and proliferative phases, and performed assessments on d 1, 3, and 7.  

Histologic evaluation of muscle and bone healing progression after injury is depicted 

in Fig. 1. In skin/muscle injury, d 1 was characterized by myofibril necrosis, identified 

for being grossly pale and fragmented and lacking cross striations, and infiltrating 

mononuclear cells. Cell infiltration was increased at d 3, and newly formed myotubes 

with central nuclei were evident at d 7. At d 1 after bone defect, described as a 

cylindrical noncritical defect in the animals’ femur diaphysis (35) was characterized by 

the presence of a high number of polymorphonuclear cells in a dense network of fibers, 

and at d 3 the defect was filled by granulation tissue. At d 7 postinjury, newly formed 

muscle fibers and intense deposition of collagen-rich extracellular matrix were present 

at the muscle and bone injury sites, respectively, indicating that both tissues were 

being successfully repaired (20, 21). 
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Figure 1 – Healing progression in skin/muscle injury and bone lesion in mice. A, B) 

Healing progression was evaluated in the skin/muscle injury area (A) and in the femoral 

bone defect (B) at d 1, 3, and 7 postsurgery in histologic sections stained with 
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hematoxilin and eosin. In skin/muscle injury, d 1 was characterized by necrosis of 

myofibrils, identified for being grossly pale and fragmented and lacking cross striations 

(white +), and infiltrating mononuclear cells (white #) were observed. Cell infiltration 

was intensified at d 3. At d 7, newly formed myotubes with central nuclei were evident 

(white arrowhead). In bone defect, d 1 was characterized by the presence of a great 

number of polymorphonuclear cells (black arrowhead) in a dense network of fibers 

(white arrow) in the defect (dashed circle). At d 3, the defect was filled by granulation 

tissue, and at d 7 high amounts of collagen (*) were observed. Scale bars: 100 µm 

(upper); 40 µm (middle); 10 µm (lower). 

 

We observed a distinct cell proliferation temporal profile between the 2 injury insults, 

as indicated by the statistically significant crossover interaction (P<0.05) (Fig. 2). In the 

injured muscle, the percentage of proliferating cells was highest at d 1 and decreased 

over time, whereas in the bone defect area an increase over time was observed, with 

the highest level of proliferative cells present at d 7 postinjury (Fig. 2). The associated 

inflammatory response was also injury dependent. For example, during muscle repair, 

the presence of the highest percentage of proliferating cells on d 1 postinjury (Fig. 2A 

and C) was paralleled by the histologic observation of intense necrosis of myofibers 

and extensive mononuclear cell infiltration (Fig. 1A). Muscle injury is known to trigger 

rapid infiltration of neutrophils, which are followed by macrophages (36). However, we 

observed that polymorphonuclear cells were mostly absent from the damaged area at 

d 1 postinjury. By contrast, few proliferating cells and a high number of 

polymorphonuclear cells were present within the fibrin network of the hematoma that 

filled the bone defect area at d 1 (Fig. 1B). At d 3, in the muscle injury area, despite 

the increased numbers of cellular infiltrates (Fig. 1A), the percentage of proliferative 

cells decreased and remained low until d 7 postinjury (Fig. 2A and C). On the contrary, 

in bone by d 3, an increase was observed in the percentage of actively proliferating 

spindle-like cells (Fig. 1B) and the few polymorphonuclear leukocytes that largely 

composed the granulation tissue cells (Fig. 2B and C). At d 7, an even higher 

percentage of proliferative cells (Fig. 2B and C) was observed, coinciding with the 

intense deposition of collagen-rich extracellular matrix (Fig. 1B). These data suggest 

that, when compared with muscle, the proliferative phase of response is delayed in 
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bone repair and that this delay was accompanied by a slowly evolving inflammatory 

phase. 

 

Figure 2 – The temporal profile of proliferating cells in skin/muscle injury and in the 

femoral bone defect in mice. A, B) Proliferating cells were stained for Ki67 and 

quantified in histologic sections of skin/muscle injury (A) and femur defect area (B) at 

d 1, 3, and 7 postsurgery. Ki67+ proliferating cells are in red; and cell nuclei were 

stained with dapi (blue). Scale bars: 100 mm (left column); 50 mm (right column). C) 

The percentage of proliferation was calculated by dividing the number of cells positively 

staining for Ki67 by the total number of cells. No overall effects of type of lesion and 

assessment timepoint were observed, but there was a crossover interaction (P<0.05) 

(i.e., the nature of lesion influenced the temporal profile of Ki67-positive cells). Results 

are presented as means ± SEM (n = 3). 
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Response profile of resident BM cell populations to different injuries 

The BM niche is comprised of multiple distinct cell populations, including OBs, 

mesenchymal cells, and EC, that are collectively responsible for the maintenance and 

regulation of HSPC. Each of these populations has been implicated in tissue 

regeneration and has been shown to play a critical role at the site of injury (22, 37). 

However, it is unknown how these endogenous cell populations within the BM behave 

and respond when challenged by injury. Therefore, we evaluated how these different 

populations reacted to meet the demands imposed by the complex mechanisms 

underlying tissue regeneration. 

 

The response of resident BM MSC to injury 

Studies have shown that BM-derived MSC are mobilized and migrate to distant injury 

sites, including the skin, lung, liver, and kidney, where they participate in tissue and 

organ repair (38–43). Currently, a good deal of effort is focused on developing methods 

to promote MSC mobilization into the circulation and increase their availability at 

damaged sites to enhance their ability to contribute to the regenerative process and 

thereby mediate therapeutic improvement (22). However, little is known about the 

response profile of the resident BM MSC when challenged by an injury, whether this 

response is dependent upon the tissue of injury, and if or how it progresses and 

changes during regeneration. To address these issues, we determined the percentage 

of Sca1+, CD105+, and CD140a+ MSC in the BM of animals who had sustained injury 

to the skin/muscle or to the bone during the first week of tissue regeneration (Fig. 3A 

and B; details on the gating strategy are provided in Supplemental Fig. 1). In both 

injuries, the percentage of Sca1+, CD105+, and CD140a+ cells increased significantly 

within the BM at d 1 postinjury (P<0.001 in both groups) and decreased thereafter, 

reaching numbers close to steady-state levels by d 7. These data demonstrate that 

resident BM MSC’s response to both the skin/muscle laceration and femoral bone 

defect injuries induces an immediate increase in MSC relative levels, possibly through 

a cytokine-mediated mechanism, which might be followed by migration to the sites of 

injury as tissue repair progresses. In support of this hypothesis, it has been reported 

in vivo that cytokines have the ability to induce endogenous MSC proliferation to 

promote bone repair (44), and that BM-derived MSC proliferate and migrate in 

response to factors produced by injured, but not healthy, lung cells (45). 
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Resident EC response to injury  

BM-derived EC play a critical role in controlling cellular trafficking by regulating both 

the homing to and egress from the BM (46–48). However, how resident BM EC 

respond to the increased demand in cell trafficking that occurs from the BM upon injury 

and may need to be maintained during the process of regeneration is unknown. We 

analyzed the levels of CD45-, CD105+, and CD31+ EC in the injured animals described 

previously (the gating strategy is depicted in Supplementary Fig. 1). Our results show 

that relative levels of BM EC changed over time and that this change exhibited a similar 

profile in both injury types, which is remarkable considering the BM microvasculature 

was not disrupted in the skin/muscle lesion. The response of BM EC to these 2 injury 

paradigms was characterized by a significant decrease in the percentage of EC 

present within the BM at d 1 postinjury (skin/muscle lesion, P<0.05; femoral bone 

defect, P<0.01), followed by a recovery to steady-state numbers by d 7 (Fig. 3C and 

D). The decrease in the percentage of EC in the BM observed by d 1 in both types of 

tissue injuries suggests that tissue-independent insults are responsible for triggering 

immediate BM signaling to reduce EC numbers (49). Furthermore, the subsequent 

return to steady-state levels suggests that the BM EC might play an additional role as 

tissue regeneration progresses, possibly in regulating proliferation and differentiation 

of HSPC (50, 51). However, at d 7, BM EC were found to be present at significantly 

higher levels in mice that had sustained the skin/muscle injury when compared with 

those with the femoral bone defect lesion (P<0.05). Nevertheless, this difference might 

not be of physiologic relevance because at this time point the levels of BM EC present 

in mice receiving either of these injuries were not significantly different from those 

present in the nonoperated controls. 
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Figure 3 – Temporal response profile of the MSC population (A, B), EC (C, D) and 

HSPC (E, F) present within the BM after 2 different types of injuries. A, C, E) MSC 

(gated as CD11b-, CD34-, CD45-, Sca1+, CD105+, and CD140a+), EC (gated as 

CD11b-, CD34-, CD45-, CD105+, and CD31+), and HSPC [gated as Lineage- (CD4-, 

CD8-, CD11b-, CD19-, TER119-, Ly6G-), Sca1+, and CD117+] were analyzed by flow 

cytometry at the indicated time points. Numbers in the plots indicate the frequency of 

cells found within the respective gate. Plots are representative of 7–9 independent 

experiments per time point. B, D, F) Results are presented as box and whisker graphs 

(box represents median and quartiles; whiskers represent minimum to maximum 

values). *P<0.05, **P<0.01, ***P<0.001 when compared with control values; #P<0.05, 

##P<0.01, ###P<0.001 when compared with when compared with d 1 postinjury 
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(Kruskal-Wallis test). Two-way ANOVA was used to compare the 2 types of injury at 

each time-point postinjury. $Statistically significant results. 

 

Response of HSPC to injury 

HSPC have been shown to migrate to injured sites, including the heart, liver, and skin, 

and contribute to healing through the production of soluble factors and/or in situ support 

(22, 26, 30, 52–54). HSPC also give rise to all circulating blood cells, which play an 

essential role in the inflammatory phase of wound healing (38, 55). Because regulation 

of HSPC maintenance, proliferation, and differentiation occurs within the BM(52, 53), 

we analyzed how the relative levels of HSPC (defined as Lineage-, Sca1+, or CD117+; 

the gating strategy is depicted in Supplementary Fig. 2) of the BM were affected by the 

injury. Results showed a significant increase in Lineage-, Sca1+, and CD117+ cells 

starting at d 3 postinjury in both injury groups when compared with control animals 

(P<0.01 for both groups). This increase in HSPC relative levels persisted until d 7 

(skin/muscle injury, P<0.05; femoral bone defect P<0.01) (Fig. 3E), with no significant 

differences found between the 2 types of lesions. HSPC seemed to have a delayed 

proliferative response to injury when compared with MSC and EC. The observed delay 

in the rise in the percentage of HSPC present within the BM after injury suggests that 

an initial reorganization of the BM might need to occur prior to HSPC proliferation, 

possibly involving MSC and EC (56–59). 

 

The response of CD4+ and CD8+ T-cells and B-cells to injury 

Lymphoid cells and their secreted cytokines have been reported to play different roles 

in tissue repair and regeneration. Whereas γδ T-cells have been shown to promote 

bone formation and to facilitate bone healing, CD8+ T-cells seem to have a negative 

impact because CD8+ cell depletion appears to improve bone regeneration after 

fracture (60–62). Activation of CD4+ T-cells has been shown to stimulate myocardial 

healing after infarction, and B-cells have been shown to influence the process of 

prostate regeneration (63–65). However, it is unclear how BM-resident T- and B-

lymphocytes respond to injury. Using the same models of injury, we showed that levels 

of CD4+ and CD8+ T-cells within the BM were not significantly different from those 

found in control animals (Fig. 4A to C; the gating strategy is depicted in Supplementary 

Fig. 3). In contrast, B-cells, defined as CD3-, IgG+, and CD19+, were increased by d 1 
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postinjury, decreased to steady-state levels by d 7, and occurred irrespective of the 

tissue injured (Fig. 4D and E; the gating strategy is depicted in Supplementary Fig. 3). 

 

 

Figure 4 – Temporal response profile of the CD4+ and CD8+ T-cells (A–C) and B-cells 

(D, E) of the BM after 2 different types of injuries. T-cells (gated as CD45+, CD3+) and 

B-cells (gated as CD45+, CD3-, CD19+, and IgG+) were analyzed by flow cytometry at 

the indicated time points. A, D) Numbers in the plots indicate the frequency of cells 

found within the respective gate. Plots are representative of 7–9 independent 

experiments per time point. B, C, E) Results are presented as box and whisker graphs 

(box represents median and quartiles; whiskers represent minimum to maximum 

values). Two-way NOVA was used to compare the 2 types of injury at each time point 
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postinjury, but no statistically significant results were found. #P<0.05, ##P<0.01, and 

###P<0.001 when compared with d 1 postinjury (Kruskal-Wallis test). 

 

Response of CD11b+, dendritic cells, and macrophages to injury 

Myeloid cells are critical players in the inflammatory stage of tissue regeneration. After 

an early and transient recruitment of neutrophils, monocytes infiltrate the injured tissue 

and later differentiate into macrophages to prevent infection and to remove debris. 

Many reports have shown that macrophages with distinct phenotypes differentially 

regulate inflammation and repair in liver, heart, muscle, and spinal cord [reviewed by 

Wynn and Vannella (66)]. Similarly, DC have been shown to accumulate in skeletal 

muscle within the first week after injury and to promote MSC migration in vitro through 

the secretion of paracrine factors (67, 68). Due to the important role described for these 

myeloid-derived cells in the regulation of the inflammatory phase of tissue 

regeneration, we next analyzed the levels of BM-resident CD11b+ cells, DCs, and 

macrophages in the 2 different injury models (gating strategies for each cellular 

population are depicted in Supplementary Fig. 4). 

When the percentage of cells expressing the pan-myeloid marker CD11b (also gated 

on CD11c-) was evaluated, our results showed a decrease of these cells by d 1, 

followed by a substantial increase at d 7, in both the skin/muscle injury and femoral 

bone defect groups, with no significant differences seen between the 2 types of injuries 

(Fig. 5A and B). At d 7, the increase in CD11b+ cells in the skin/muscle injury group 

achieved statistical significance compared with the control group. The decrease in 

CD11b cells observed at d 1 in both groups might be due to immunosuppressive 

activity arising from the simultaneous increase in the levels of MSC (69). The delayed 

increase in the BM CD11b+ cells that occurred between d 1 and 7 postinjury might be 

a direct outcome of the increase in the percentage of HSPCs that took place by d 3 

and 7 and their consequent differentiation toward the myeloid lineage (70). 
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Figure 5 – Temporal response profile of the myeloid cells (A, B), DCs (C, D), and 

macrophages (E, F) present within the BM after 2 different types of injuries. 

Granulocytes (gated as CD45+, CD11c- and CD11b+), DCs (gated as CD45+ and 

CD11c+), and macrophages (gated as CD45+, CD11b+, Ly6G-, and F4/80+) were 

analyzed by flow cytometry at the indicated time points. A, C, E) Numbers in the plots 

indicate the frequency of cells found within the respective gate. Plots are 

representative of 7–9 independent experiments per time point. B, D, F) Results are 

presented as box and whiskers graphs (box represents median and quartiles while 

whiskers represent minimum to maximum values). Two-way ANOVA was used to 

compare the 2 types of injury at each time-point postinjury, but no statistically 
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significant results were found. *P<0.05 when compared with control values; #P<0.05, 

##P<0.01, ###P<0.001, and ####P<0.0001 when compared with d 1 postinjury (Kruskal-

Wallis test). 

 

Our results show that the BM-resident DC population, here defined as CD45+ and 

CD11c+ cells, decreases and reaches statistical significance by d 7 (P<0.05 in both 

groups) when compared with control. The 2 injury types showed similar response 

profiles over time, and no differences were observed between the 2 types of injuries 

(Fig. 5C and D). The decrease in the relative abundance of BM-resident DCs by d 7 

might be due to an MSC-induced inhibition of DC differentiation from monocytes, most 

likely via a cell-cycle arrest mechanism (71). 

BM macrophages (defined as CD11b+,CD11c-,Ly6G-, and F4-80+ cells) responded in 

a similar fashion to both types of injuries, exhibiting a trend to increase by d 1 

postsurgery, followed by a decrease thereafter, dropping below control levels by d 7, 

and reaching significant statistical difference in the animals with skin/muscle 

lacerations when compared with controls (Fig. 5E and F). 

 

Cluster analysis of the response profiles obtained for the different BM-resident 

cell populations 

To assess possible correlations, interdependencies, or shared control mechanisms, a 

cluster analysis was performed on the data obtained for the different BM cell 

populations in the 2 injury models. This allowed the identification and grouping of cell 

populations with common temporal profiles. 

The level variation and temporal profile in response to injury were described in terms 

of a small set of parameters. Given the availability of 3 time points (d 1, 3, and 7) for 

each cell population, the chosen descriptors were offset, slope, and r value (see 

Materials and Methods). Together they characterize the response profile of each BM 

cell population to the 2 types of lesions. Three clusters were used to describe the data 

as a balanced choice leading to small intracluster variability and large intercluster 

variability. The 3 clusters are quite distinct regarding the associated temporal profiles 

(Fig. 6). However, within each group, the variability on the descriptors offset and slope 

is rather constrained, pointing to correlated or somehow interrelated temporal 

evolutions. 
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The first cluster is comprised uniquely of MSC from both the skin/muscle laceration 

and bone defect animal groups. These populations presented a temporal profile 

distinct from all the other cell populations, characterized by a very large offset, a 

negative slope, and an r value close to -1. These are the populations of BM cells whose 

levels are significantly elevated at d 1 after injury (>4-fold), followed by a consistent 

decrease at d 3 and 7 (without an inflection point). 

The second cluster is comprised of the HSPCs, EC, and CD11b+ cell populations from 

both lesion types. This cluster is distinct in the sense that it is characterized by an offset 

below 1, positive slope, and an r value close to 1. These are the cell populations that 

exhibit a reduction within the BM on d 1 after injury, followed by a consistent increase 

on the following days, without inflections. Nevertheless, the negative offset is 

comparatively different between EC and HSPC because the offset verified for EC is 

reduced to <20% of control, whereas the offset obtained for HSPC is close to 1. 

Combined with the positive slope, this indicates that by d 7 EC levels are close to 

control values,whereas HSPC are elevated. Also, even though the temporal response 

profile of CD11b+ cells allowed them to be included in this cluster, their level variation 

throughout the designated regeneration period was not pronounced, with both slope 

and offset proximal to 1. 

The third and last cluster is comprised of the T- and B-cell populations, DCs, and 

macrophages. It is characterized by a small offset, low slope, and a wide range of r 

values. These are the populations of cells exhibiting a less pronounced increase in 

their BM levels on d 1 after injury followed by a slow decrease. Overall, these cell 

populations have a moderate response to injury (i.e., they are less subject to change) 

but sometimes show inflection points (local maximum or minimum in expression). 
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Figure 6 – Cluster analysis on the parameters describing the temporal response 

profiles of the different BM cell populations to the skin/ muscle injury and the femoral 
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bone defect. A linear regression was applied to all temporal profiles producing, for each 

cell type, a set of 3 descriptive parameters: slope (representing the rate of change of 

the population size), offset (representing the immediate change in population size upon 

injury), and r (as an indicator of the quality of the linear profile assumption, where 

values close to 1 indicate that the cell population size progresses linearly within the 

analyzed time points and low absolute values are an indication of curvature or inflection 

in the temporal profiles). A) All cell types can be organized into 3 clusters according to 

their specific temporal profiles. B, C) The characteristics defining each cluster are best 

appreciated by projecting the 3D features space into 2D representations. 

 

Systemic cytokine response to the skin/muscle and bone injuries  

Circulating soluble factors, such as cytokines, chemokines, and trophic factors, have 

been associated with tissue repair and regeneration in various injury models (44, 45, 

72, 73). In mice with lung fibrosis, the protective and reparative effects of transplanted 

BM-derived MSC were associated with an increase in the circulating levels of G-CSF 

and GM-CSF and a decrease the numbers of inflammatory cytokines IL-1β, IFN-γ, IL-

2, and IL-4 (45). Also, systemic treatment of mice with a tibial bone fracture with IGF-

1 and a CXCR4 antagonist increased bone growth and correlated with improved 

progenitor cell egress from the BM to peripheral circulation (44). 

We analyzed the relative levels of 40 different soluble factors, including pro- and anti-

inflammatory cytokines, chemokines, and growth factors in the serum of control and 

injured animals at d 1, 3, and 7 postinjury. The protein array detected the following 

soluble proteins (Fig. 7A): CXCL13, C5A, G-CSF, sICAM-1, IL-16, SDF-1, CXCL1, M-

CSF, monocyte chemotactic protein 1 (MCP-1), and tissue inhibitors of 

metalloproteinases metallopeptidase inhibitor 1 (TIMP-1). Results showed that G-CSF, 

MCP-1, CXCL1, and TIMP-1 expression levels were increased in both skin/muscle 

laceration and femoral bone defect when compared with control animals. SDF-1, C5A, 

sICAM-1, IL-16, and M-CSF levels remained unchanged at the different time points 

postinjury and were comparable to those of control animals. Finally, IL-1ra, 

macrophage-inflammatory protein 2 (MIP-2), TNF-α, triggering receptor expressed on 

myeloid cells 1 (TREM1), and IL-1α were detected at lower expression levels and were 

only present in the serum of the animals with bone injury. 
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Figure 7 – Response profile of the serum cytokine levels after 2 different types of 

injuries. A) Results from a cytokine array obtained by analyzing pooled sera from 6 

different animals in each group. B–D) Results obtained for G-CSF (B), CXCL1 (C), and 

SDF-1 (D) were confirmed by ELISA (individual analysis of the serum of 6 different 

animals from each experimental group). *P<0.05, **P<0.01 when compared with 

control values; #P<0.05, ##P<0.01 when compared with d 1; $P<0.05 when the 2 types 

of injury were compared (Kruskal-Wallis test). 

 

Known examples of cytokines that functionally connect BM-derived cell populations to 

tissue damage include G-CSF, SDF-1, and CXCL1 (74–77). Therefore, we 

investigated levels of these factors in the serum of injured and control animals by 

ELISA. In agreement with the proteomics array data, results showed that G-CSF was 

nearly absent in the serum of control animals and that both the skin/muscle and the 

femoral bone defect injuries induced a highly significant (70-fold) increase in G-CSF 

by d1 postinjury (P<0.01 in both groups), which then decreased to reach levels similar 
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to those of controls by d 7. Our results suggest that a systemic increase in G-CSF 

occurs independently of the injury type,most likely to direct circulating and resident 

progenitor cells to lesioned sites. G-CSF has been shown to be up-regulated in human 

brain ischemia (78) and is a clinically relevant agent, the administration of which has 

been shown to be effective in the healing of various tissue injury models, mostly by 

mobilizing HSPC and endothelial progenitor cells from the BM to peripheral circulation 

(22). 

The relative levels of SDF-1 did not change in response to either type of injury and 

remained comparable to that of control animal levels throughout the period of analysis. 

The lack of SDF-1 in the serum of injured animals suggests that SDF-1 might be acting 

locally in the BM (75). CXCL1 also showed a response to both types of insults, with a 

significant increase by d 1 (P<0.05 in both groups) followed by a decrease to control 

levels by d 7. However, CXCL1’s response profile displayed a tissue injury-dependent 

characteristic. In the animals with skin/muscle injury, CXCL1 serum levels returned to 

noninjured levels by d 3, whereas in the animals with bone defect the levels remained 

elevated and significantly different from the value obtained in the animals with 

skin/muscle lesions (P<0.05), only reaching control levels by d 7. The increased levels 

of CXCL1 in the serum of the animals with femoral bone defect might be due to a 

specific response by the bone tissue, demanding a higher supply of neutrophils to 

trigger tissue repair. In agreement with this supposition, CXCL1 and its receptor 

CXCR2 have been described as neutrophil chemoattractants, and an undisturbed 

neutrophil recruitment and function in the inflammatory phase after fracture has been 

shown to be essential to trigger the mechanisms leading to bone regeneration (74, 79). 

 

Discussion 

Selectively recruiting BM-derived stem and progenitor cells to sites of damage/injury is 

a promising therapeutic approach. It has been proposed that the coordinated action of 

soluble factors triggers the mobilization of stem cells from the BM and their subsequent 

recruitment to lesioned sites, where they can contribute to tissue regeneration (22). 

Here we show that an injury inflicted to the skin and muscle or to the bone itself disturbs 

BM homeostasis, inducing changes in the levels of its different constituent cellular 

populations. To our knowledge, this is the first time that the temporal response profile 

of the endogenous BM cellular populations to adjacent, yet spatially separated, injuries 
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is described. Our results reveal that the MSC, HSPC, and EC populations within the 

BM exhibit distinct response profiles upon injury and that the BM reaction is almost 

identical, irrespective of whether the tissue damage is inflicted on the skin and muscle 

or consists of a noncritical bone defect. We also show that, despite eliciting similar 

cellular perturbations within the BM-resident cell populations, these differing injuries 

trigger distinct systemic cytokine responses and display key differences at the injury 

site with respect to cellular proliferation and inflammatory response. Taken together, 

our results indicate that the BM’s response to injury during the initial stages of 

regeneration is tissue-injury independent but differs with respect to the repertoire of 

cytokines that are released systemically and the tissue-specific inflammatory and 

proliferative profiles (Fig. 8). 

Sorting-cell populations with common temporal profiles allocated a cluster exclusively 

for the MSC, emphasizing the central role of this cell population in circumstances that 

demand a reorganization of the BM microenvironment. Both injuries induced a 

substantial increase in the frequency of BM MSC at 24 h postsurgery when acute 

inflammation is concentrated at the lesion site. This marked response of the MSC to 

both injuries suggests that damaging the bone and the BM itself is not required to 

trigger a response of the BM to increase the availability of MSC and that the observed 

increase in MSC was not due to their potential to differentiate into OBs and form new 

bone. However, MSC from the BM might be responsible for repairing the noncritical 

bone defect because damaging the bone may recruit BM-derived MSC to the lesioned 

site and promote their differentiation into OBs without a need to increase the overall 

levels of MSC in the BM (80). In fact, in mouse models of fracture, expression analysis 

of cytokines, growth factors, and receptors of functional relevance to bone remodeling 

indicate that osteogenic differentiation of BM-derived MSC starts within d 1 

postfracture, whereas proliferation and differentiation of pre-OBs and OBs in regions 

of intramembranous ossification starts on d 3 (81). In agreement with this assumption, 

histologic analysis at the bone injury site shows an increase over time in the number 

of proliferative cells, which contrasts with observations in the muscle, where a higher 

number of proliferating cells was seen by d 1, only to decrease thereafter. 
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Figure 8 – Schematic representation illustrating the alterations induced by injury in the 

BM and circulating cytokines throughout the early stages of tissue regeneration. A 

peripheral injury causes an immediate, transient response of the MSC and EC, which 

is followed by a nonoverlapping increase in HSPC. The BM reaction is identical 

whether the injury is inflicted on the skin and muscle or also involves a bone defect, 

but these 2 injury paradigms trigger distinct systemic cytokine responses in the 

regenerative process. This suggests that the BM response to injury in the early stages 

of regeneration is independent of the tissue-of-injury, but the injured tissue dictates the 

systemic cytokine response. 

 

Our results showed that the profile for the circulating levels of G-CSF upon injury 

overlaps with that of the MSC at the onset of regeneration. G-CSF has long been 

recognized as a key factor for the mobilization of HSPC from the BM, even though the 

biology underlying this process is not completely understood. Studies have shown that 

G-CSF-induced HSPC mobilization is not exclusively due to the activation of the G-

CSF receptor on HSPC, and, for mobilization to occur, the bonds that retain HSPC in 

the BM must first be broken. MSC might be a critical mediator of G-CSF-induced stem 

cell mobilization, strengthening the model suggested by Ponte et al. (82), who show in 

vitro that MSC express the G-CSF receptor and that its activation induces 
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overexpression of metalloproteinases, namely pro–MMP-2, and enhances the 

migration of primitive HSPC. We did not observe a reduction of the levels of HSPC in 

the BM when both MSC and G-CSF levels were elevated. However, we did observe 

an increase in the HSPC levels in the BM by d 3 when both MSC and G-CSF levels 

were returning to noninjury levels, reinforcing the idea that MSC might be a key factor 

in the mechanisms underlying G-CSF-induced mobilization of HSPC. 

The concept of MSC as the leading coordinators of the BM response to injury is further 

strengthened when we assume that these cells perform specific tasks at different 

stages of regeneration. Although immediately after injury MSC may be responsible for 

promoting the egress of HSPC from the BM, later they may be required to establish 

the best microenvironment settings for the proliferation of HSPC within the BM. The 

key role MSC play within the HSPC niche is supported by studies showing that MSC 

and HSPC colocalize within the BM microenvironment and that MSC are able to 

mediate HSPC self-renewal, proliferation, maintenance, and retention by expressing 

SDF-1 (51, 56, 83, 84). Interaction of niche derived SDF-1 with its receptor CXCR4 on 

HSPC is thought to play an important role in stem cell maintenance within the BM and 

in cell mobilization and release after injury. Our results showed that the circulating 

levels of SDF-1 remained constant upon injury and throughout the 7-d regeneration 

period, in marked contrast to what was observed for G-CSF. Considering the above 

data and the increase we observed in the frequency of MSC within the BM, we 

hypothesize that SDF-1 may be acting locally in the BM, such that changes in its levels 

are not systemically detectable but are sufficient to promote the anchorage of HSPC 

within the BM, and subsequently modulate their proliferation, maturation, and 

differentiation. 

Prior studies have shown that the systemic SDF-1 response to an injury may be tissue-

injury dependent because plasma SDF-1 levels in patients who suffered myocardial 

infarction were not altered for at least 60 d (30), whereas they were elevated 

immediately after and for 1 wk after stroke (85), and only increased at d 5 after a burn 

injury (26). The same tissue-injury dependency was observed for CXCL1. Even though 

an increase was observed by d 1 postinjury after either skin/muscle laceration or 

femoral bone defect, only in the latter were the levels significantly elevated by d 3. This 

delayed restoration of CXCL1 levels to noninjury values might be due to a specific 

cytokine response triggered by the bone tissue, possibly requiring a greater supply of 
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neutrophils to promote bone repair, a conclusion that is supported by our histologic 

data showing polymorphonuclear cells at the bone defect site at this time point. 

Together with the MSC, the HSPC and EC were the BM cell populations that showed 

the most pronounced response to injury. In both lesions, the levels of HSPC in the BM 

only increased when the inflammatory stage of regeneration had already evolved to a 

nonacute state and had begun to resolve (d 3). This behavior of the BM suggests that 

an injury, independent of the specific tissue, triggers an immediate cascade of events, 

possibly mediated by soluble factors such as G-CSF, to increase HSPC levels in the 

BM to ensure an adequate supply of hematopoietic cells is readily available to meet 

regenerative requirements. The increase in the levels of HSPC in the BM was not 

transient; HSPC levels remained elevated from d 3 to d 7 of regeneration. These 

results might unravel a survival mechanism of the BM because they hint that the BM 

might be in a “standby status,” still decoding signals triggered by the injury and keeping 

HSPC levels elevated while awaiting an indication of whether it is safe to allow HSPC 

to return to noninjury levels as regeneration has resolved or to facilitate their 

differentiation into functionally relevant hematopoietic lineage cells and subsequent 

egress from the BM if the regenerative process demands it. In agreement with this 

hypothesis of a standby state of the BM regarding HSPC, the levels of cell populations 

that derive from HSPC (including T- and B-cells, CD11b+ cells, macrophages, and 

DCs) showed moderate responses to both types of injury in the BM throughout the 7-

d regeneration period. This suggests that the lesions neither disturbed considerably 

the homeostasis of populations from both lymphoid and myeloid lineages at the BM 

nor triggered their differentiation from HSPC. 

The physical architecture of the BM was not disturbed in the skin/muscle injury despite 

the observed decrease in the levels of mature EC. This indicates that mature EC might 

also be key players in the reorganization of the BM upon injury, possibly involved in 

controlling the microvasculature network, the cellular traffic within the BM, and/or 

regulation of HSPC niche (86). The response profiles of EC and HSPC were clustered 

together, further supporting that these 2 cellular populations are intimately related, with 

possible roles on HSPC self-renewal and repopulation (50, 87, 88). Nevertheless, to 

date, most studies have focused on the role of endothelial progenitor cells, largely 

neglecting the role of mature EC in the BM niche under either basal or stress settings. 

We used CD105 and CD31 as markers to identify EC, both of which have been widely 

used to assess EC circulating in the peripheral blood and to evaluate angiogenesis. 
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However, the presence of these markers may not be a completely accurate means of 

assessing the EC population because prior work has shown that circulating human EC 

expressing both CD105 and CD31 lack expression of von Willebrand factor and CD146 

(also markers for EC) but express the monocyte-specific markers CD14 and CD68 

(89). Therefore, our results on the response of BM-resident EC to injury must be 

evaluated bearing in mind the caveat that the cell population on which we focused 

might also have contained some monocytes. 

Taken together, our results indicate that injury appears to initiate a step-by-step and 

highly coordinated reorganization of the BM microenvironment, by modulating, in a 

time-dependent manner, the activity, proliferation, and migration of specific cell types. 

Furthermore, the BM reacted to injury as early as d 1, which may be of clinical 

relevance for the development of injury specific therapeutic approaches. Much of the 

recent research efforts have focused on the peripheral supply of different BM 

progenitor cells to lesion sites and have addressed the improvement via regeneration 

over time. Even though these approaches have yielded many new and valuable 

insights, few studies to date have focused on the BM and how it meets the demands 

of reacting to an injury (90, 91). This study provides a detailed view of the 

rearrangement of the BM cell populations upon 2 different types of injuries. 

Nevertheless, this study only hypothesizes on the possible roles the analyzed BM 

cellular populations might be playing, based on their temporal profile throughout 

regeneration, healing progression at the lesion site, and the systemic cytokine levels 

throughout regeneration. It would be interesting to establish a cause-and-effect 

relationship between these features by tracking the fate of the BM cells and their 

possible egress from the BM to peripheral circulation and evaluating their final homing 

sites. It is critical to fully understand the endogenous response of the BM to an injury 

and how the distinct cellular populations communicate and interact to meet the 

demands of the complex mechanisms underlying tissue regeneration. An accurate 

spatial and temporal understanding of the mechanisms that are triggered by injury and 

that result in the recruitment and homing of BM stem cells to injured sites, as well as 

the amplification of these endogenous signals, may provide new avenues to alternative 

clinical approaches and to the development of injury-specific therapies. 
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Supplementary Data 

 

Supplementary Figure 1 – A) Gating strategy for the endothelial and MSC 

populations. Numbers in the plots indicate the frequency of cells found within the 

respective gate. B) Fluorescence Minus One (FMO) plots for CD105, Sca1, CD140a 

and CD31. 
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Supplementary Figure 2 – A) Gating strategy for the HSPC. Numbers in the plots 

indicate the frequency of cells found within the respective gate. B) FMO plot for Sca1. 
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Supplementary Figure 3 – A) Gating strategy for the CD4+, CD8+, CD4-CD8- T cell 

populations, as well as for B cells. Numbers in the plots indicate the frequency of cells 

found within the respective gate. B) FMO plot for CD45 and CD19. 
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Supplementary Figure 4 – A) Gating strategy for the CD11b+, DC and macrophages. 

Numbers in the plots indicate the frequency of cells found within the respective gate. 

B) FMO plot for CD45, F4/80 and CD11c. 
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2.3 – The response of the BM of Y1R
-/- mice to injury 

Materials and Methods 

Y1R-/- animals 

The Y1R-/- mice colony was kindly provided by Dr. Herbert Herzog from the Garvan 

Institute of Medical Research in Australia. WT littermates were used as controls. All 

animal procedures were approved by the Instituto de Biologia Molecular e 

Celular/Instituto de Engenharia Biomédica Ethics (Direção-Geral de Alimentação e 

Veterinária) in compliance with the European Community Council Directive of 

September 22, 2010 (2010/63/UE). Experiments were conducted by Federation for 

Laboratory Animal Science Associations (FELASA), Category C graded researchers, 

and all efforts were made to minimize the number of animals used and any pain or 

discomfort during the performance of the experiments The generation of Y1R−/− mice 

has been described in detail previously (92, 93). Y1R−/− mice were backcrossed to a 

C57BL/6 background for at least five generations. Genotyping was performed using a 

PCR-based method to detect WT and KO alleles (92). Mice were kept under controlled 

conditions (20-22°C, 60% humidity, and 12:12 h light/dark cycle). Water and 

appropriate food were supplied ad libitum. 

 

Femoral bone defect 

Animals were anesthetized with inhaled isoflurane. A 1-cm skin incision was made 

along the upper leg, and the muscle was carefully retracted between the gluteus 

superficialis along the fascia latae biceps femoris, exposing the femur. Subsequently, 

a cylindrical noncritical defect performed in the femur diaphysis by using a 23G needle. 

On the day of the surgery, mice were deeply anesthetized with 3 mg/kg body weight 

of butorphanol (Butador; Richer PharmaAG, Wels, Austria). Animals were euthanized 

1, 3, and 7 d after surgery. At each time point, the BM, blood, and injured upper legs 

were collected for further analysis. 

 

Analysis of BM-resident cell populations 

All the procedures, including sample preparation and the composition of the antibody 

mixes, were performed as described in “Materials and Methods” of section 2.2. The 
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different gating strategies used in this study are detailed in Supplemental Figs.1-4 in 

section 2.2. 

 

Statistical analyses 

For the flow cytometry analysis, because not all variables passed the homogeneity of 

variance test and did not follow a normal distribution, analyses between non-operated 

Y1R-/- and WT were performed using the nonparametric Mann-Whitney test to assess 

statistically significant differences. Two-way ANOVA (time x defect type) was used to 

assess differences between Y1R-/- and WT mice at each time point postinjury. 

Differences were considered significant at P<0.05. Statistical analyses were performed 

using GraphPad Prism software (GraphPad Software, La Jolla, CA, USA). 

 

Results 

BM cellular composition of Y1R-/- mice 

Previous studies have demonstrated that Y1R null mice have altered levels of both B 

and T cells in the spleen and lymph nodes (11). Moreover, these animals retain a high 

bone mass phenotype (10, 92), and unpublished results from our group show that they 

also have a trend towards decreased marrow volume. Hence, we have first assessed 

how the lack of Y1R signaling in germline KO mice affected the numbers of the different 

BM-resident cellular populations under homeostatic conditions (Fig. 9). We retrieved 

the BM from Y1R-/- and WT mice and compared the percentage of the different BM-

resident cellular populations. Our results showed that the relative levels of MSC are 

increased in Y1R-/- mice when compared to WT littermates (Fig. 9B). This observation 

is partly in line with reports that showed that purified BM osteoprogenitors isolated from 

Y1R−/− mice develop more and larger colony‑forming units in vitro, suggesting higher 

numbers of MSC (94). We also observed that the relative levels of CD4+ T cells were 

significantly higher in the BM of Y1R-/- animals when compared to WT animals (Fig. 

9F). To our knowledge, this is the first time that it is reported that Y1R-/- mice have 

elevated levels of CD4+ T cells in the BM, although previous studies have reported that 

these animals have increased levels in the peripheral lymph nodes (11). No significant 

differences were found in the relative levels of EC, HSPC, CD8+ T cells, B cells, 

macrophages, and DCs (Fig. 9). 
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Figure 9 – Comparison of the relative levels of different cellular populations in the BM 

of uninjured WT and Y1R-/- mice. The cellular populations that were 110nalysed were: 

HSPC (A), MSC (B), EC (C), B-cells (D), CD8+ and CD4+ T-cells (E and F), myeloid 

cells (G), macrophages (H), and DCs (I). The gating strategy for each cellular 

population is depicted in supplementary figures 1 to 4. Results are presented as scatter 

dot plot (red line represents the mean value). The Mann-Whitney test was used to 

compare the WT with Y1R-/- mice. **P<0.01 and ***P<0.001. 

 

Response profile of resident BM cell populations to a femoral bone defect 

We analyzed the response profile of the BM-resident cells throughout the early stages 

of bone regeneration in Y1R-/- animals and compared it with the response observed in 
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WT animals. Our results showed that each of the analyzed cellular populations of the 

BM of Y1R-/- animals exhibited a response profile throughout regeneration that was 

identical to the profile observed in WT animals. Importantly, for most BM cellular 

populations, the magnitude of the response at each time point post-injury was 

comparable to the one we observed for WT animals (Fig. 10). The only exception were 

the MSC, whose temporal response profile was characterized by a more moderate 

increase by d 1 post-injury in Y1R-/- when compared to WT animals. MSC temporal 

response profile by d 3 and 7 was identical to WT littermates. Overall, our results 

suggest that the BM response to a bone injury in the inflammatory and early 

proliferative stages of regeneration is independent of Y1R signaling pathway. 

 

Figure 10 – Temporal response profile of the different populations of the BM of WT 

and Y1R-/- animals to a femoral bone defect. The cellular populations 111nalysed were: 

HSPC, MSC, EC, B-cells, CD8+ and CD4+ T-cells, myeloid cells, macrophages, and 
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DCs. The gating strategy for each cellular population is depicted in supplementary 

figures 1 to 4. Symbols represent mean with SEM. Two-way NOVA was used to 

compare the response of WT and Y1R-/- animals at each time point postinjury 

(**P<0.01). 

 

Discussion 

In this chapter, we have addressed the role of the NPY receptor Y1 in the regulation of 

the BM response to an injury and early stages of tissue regeneration. We have shown 

that the absence of the Y1R signaling pathway alters the levels of MSC in the BM under 

homeostatic conditions but does not seem to impact the overall BM reorganization of 

cellular populations throughout the inflammatory and early proliferative stages of bone 

regeneration. 

Many studies have highlighted the importance of the sympathetic nervous system in 

the control of the BM microenvironment, by regulating processes such as cellular 

mobilization, differentiation, proliferation, and survival (Chapter 1). Although the 

adrenergic system plays a key role in this regulation, the NPY-Y1R pathway has also 

been implied as a neuronal regulator of the BM activity. Park and colleagues have 

shown that lack of NPY inputs introduce significant changes in the composition of the 

BM, characterized by a significant reduction of HSPC, MSC and EC numbers (5). Here, 

we observed that the absence of Y1R signaling also altered the cellular composition of 

the BM under homeostatic conditions. Our results show that Y1R-/- animals have higher 

relative levels of MSC in the BM when compared to WT littermates, whereas no 

significant differences were observed in the relative levels of HSPC and EC. These 

results suggest that Y1R signaling has a role in controlling MSC numbers at the BM, 

possibly by modulating their viability, proliferation or migration, without disturbing the 

activity of EC and HSPC. In accordance, it has been described that the proliferative 

and osteogenic differentiation ability of BM stromal cells isolated from the bone tissue 

of Y1R-/- animals is enhanced when compared to WT mice (94). Also, MSC have been 

shown to express the Y1R but not the Y2, Y3, Y4, Y5, and Y6 receptors, highlighting the 

importance of the Y1R in the regulation of MSC activity in the BM (94). Nevertheless, 

it is important to highlight that, in our study, only the Y1R signaling pathway is absent. 

The differences observed in the relative levels of the different BM cellular subsets in 

NPY-/- and Y1R-/- animals can, therefore, be explained by the fact that NPY might be 
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exerting its effects through other Y receptors. Indeed, both the Y2 and Y5 have been 

shown to control vascular permeability and HSPC egress from the BM (6).  

Another hypothesis relies on the fact that Y1R signaling might be more relevant in 

cases of BM dysfunction. As an example, in cisplatin-induced BM neuropathy, animals 

depleted of Y1R signaling specifically in macrophages failed to prevent BM dysfunction 

and recovery of HSPC levels upon treatment with NPY, resulting in altered levels of 

HSPC in the BM (5). Interestingly, we observed that the lack of Y1R signaling did not 

change the BM response to a bone injury. The temporal response profile of each of 

the analyzed cellular populations throughout bone regeneration was identical in Y1R-/- 

and WT animals. The early inflammatory phase of bone regeneration lays the 

foundation for bone healing, as inflammatory cells attracted to the lesion site secrete 

cytokines involved in the recruitment of further immune and mesenchymal cells, 

ultimately stimulating angiogenesis and enhancing extracellular matrix synthesis (95). 

At this stage of regeneration, an intense pattern of NPY-expressing projections has 

been described in the fracture callus and woven bone of rat tibias (17). Importantly, 

increased expression of both NPY and Y1R by polymorphonuclear cells has been 

observed in the bone defect area during the inflammatory phase of regeneration (19). 

Although we do not have histological evidence for the levels of infiltration of 

polymorphonuclear cells at bone defect site in Y1R-/- mice, the response profile of cells 

expressing the pan-myeloid marker CD11b, and the myeloid-lineage macrophages 

and DCs at the BM, was identical between Y1R-/- and WT animals.  

Finally, our results also reveal that the BM can adapt the magnitude of its response 

according to the pre-injury levels of its different cellular subtypes (Fig. 11). We showed 

that the BM of unlesioned Y1R-/- animals had higher levels of MSC and CD4+ T cells 

than WT littermates. Interestingly, when animals were challenged by a bone lesion, the 

magnitude of the BM response regarding MSC was also different. Our results indicate 

that the BM of Y1R-/- animals adapted its response according to the higher levels of 

MSC by inducing a less pronounced increase in the MSC numbers. Interestingly, this 

behavior was not observed for the CD4+ T cells. Although uninjured Y1R-/- animals had 

higher levels of CD4+ T cells than WT, no adaptation of the BM response to injury was 

observed. This observation can be justified not only by the fact that the relative levels 

of CD4+ T cells did not change significantly in response to injury but also with the fact 

that MSC might be leading coordinators of the BM response, impacting regeneration 
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at different stages, from promoting the egress of HSPC to establishing the best settings 

form HSPC proliferation within the BM, as discussed in section 2.2. 

 

 

Figure 11 – Schematic representation illustrating the alterations induced by injury in 

the BM of WT and Y1R-/- animals throughout the early stages of tissue regeneration. 

Results reveal that the BM can adapt its response according to the relative levels of its 

different cellular subtypes to meet the demands imposed by bone regeneration. 

 

Overall, our results suggest that lack of Y1R signaling impacts the activity of MSC in 

the BM, but does not affect the mechanisms underlying the inflammatory and early 

proliferative stages of bone regeneration. 

Further studies are still required to fully understand the molecular mechanisms 

underlying the BM response to an injury, and the specific role of the sympathetic 

nervous system in this process. The deletion of the Y1R in specific BM-resident cells 

combined with pharmacological blockade of other NPY receptors would provide 

detailed information on the contribution of NPY-Y1R signaling in the BM response to 

injury. Also, an accurate picture of the systemic cytokine expression and assessment 

of cellular infiltration in the lesion site in Y1R-/- animals would allow us to have a broader 

representation of the impact that Y1R has in the organisms’ response to injury.  
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2.4 – Chapter conclusions 

Selectively recruiting BM-derived stem and progenitor cells to sites of damage/injury is 

a promising therapeutic approach. However, the current understanding regarding the 

BM response to injury is insufficient. More information is needed regarding the 

endogenous response of the BM to an injury, in specific how the distinct BM-resident 

cellular populations communicate and interact to meet the demands of the complex 

mechanisms underlying tissue regeneration. With this regard, the sympathetic nervous 

system, and in particular the NPY-Y1R signaling, has been highlighted as an important 

mechanism controlling the BM microenvironment, with reported roles in processes 

such as cellular mobilization, proliferation, and survival. 

Here, we show that injury initiates a step-by-step and highly coordinated reorganization 

of the BM microenvironment, by modulating, in a time-dependent manner, the activity, 

proliferation, and migration of specific cell types. We reveal that the MSC, HSPC, and 

EC populations within the BM exhibit distinct response profiles upon injury and that the 

BM reaction is almost identical, irrespective of the tissue-of-injury. We also 

demonstrate that lack of Y1R signaling impacts the activity of MSC in the BM, but the 

BM response to a bone injury in the inflammatory and early proliferative stages of 

regeneration is independent of this signaling pathway. 

Overall, this study provides valuable insights into the response of the BM to injury, how 

the BM internal cellular composition changes in the initial steps of tissue regeneration, 

and the global contribution of the Y1R in regulating these mechanisms. 
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Abstract 

Tissue innervation is a complex process controlled by the expression profile of 

signaling molecules secreted by tissue-resident cells that dictate the growth and 

guidance of axons. Sensory innervation is part of the neuronal network of the bone 

tissue with a defined spatiotemporal occurrence during bone development. Yet, the 

current understanding of the mechanisms regulating the map of sensory innervation in 

the bone tissue is still limited. Here, we demonstrated that differentiation of human 

MSC to OBs leads to a marked impairment of their ability to promote axonal growth, 

evidenced under sensory neurons and osteoblastic-lineage cells crosstalk. The 

mechanisms by which OB lineage cells provide this non-permissive environment for 

axons include paracrine-induced repulsion and loss of neurotrophic factors expression. 

We identified a drastic reduction of NGF and BDNF production and stimulation of 

Sema3A, Wnt4, and Shh expression culminating at late stage of OB differentiation. We 

noted a correlation between Shh expression profile, OB differentiation stages, and OB-

mediated axonal repulsion. Blockade of Shh activity and signaling reversed the 

repulsive action of OBs on sensory axons. Finally, to strengthen our model, we 

localized the expression of Shh by OBs in bone tissue. Overall, our findings provide 

evidence that the signaling profile associated with OB phenotype differentiating 

program can regulate the patterning of sensory innervation, and highlight OB-derived 

Shh as an essential player in this cue-induced regulation. 

Keywords: DRG • osteoblastic-lineage cells • axons • bone • sonic hedgehog • 

neurotrophic factors 
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3.1 – Introduction 

Peripheral innervation is a critical component of tissues’ structure and function. 

Neuronal signaling has been implicated as a regulatory mechanism of tissue 

homeostasis and regeneration (1–6). During the development of the PNS, neurons 

project axons to reach their target tissues and form functional circuits. The amount, 

type and patterning of innervation is achieved throught the tissue-specific expression 

in space and time of attractive or repulsive axonal guidance molecules (7, 8). Axonal 

terminals have the molecular mechanisms to accurately react to these guidance cues, 

ultimately ensuring the establishment of intricate patterns of neuronal networks (7, 8). 

An increasing body of evidence has indicated the neuro-skeletal liaison as an important 

regulatory mechanism for bone development, turnover, and regeneration (9). In 

pathological scenarios such as fracture, bone cancer or osteoporosis, where a de-

regulation of the bone homeostasis and/or regeneration processes occurs, changes in 

the pattern of bone innervation are also often observed, suggesting a disturbance in 

the neuronal signalling to the bone (10–14). In fact, the healthy bone is highly 

innervated by primary afferent sensory and sympathetic fibers, branching densely in 

the periosteum and, to a lesser extent, mineralized bone and BM (9, 15). Importantly, 

anatomical mapping of innervation during skeletal development shows that sensory 

nerve fibers are the first to be detected in the bone microenvironment, particularly in 

areas with high osteogenic activity (16–18), which has attracted particular interest 

concerning bone formation (19–23). Indeed, the osteoprogenitor MSC have been 

reported to support neuronal survival and promote axonal outgrowth and regeneration 

through the expression of neurotrophic factors (5, 24–26). In the development of 

mouse femur, NGF expressed by MSC has been described as a skeletal neurotrophin, 

promoting and directing the outgrowth of sensory axons to primary and secondary 

centers of incipient ossification (27). However, the role of MSC-derived mature OBs in 

controling sensory inervation in the bone is still unclear. OB have been described to 

promote axonal growth through the expression of NGF when submitted to mechanical 

loading, but not under static conditions (28), which might be an indication that OB no 

longer have the ability to control bone innervation. Therefore, it remains unknown 

whether the signaling profile associated with the OB phenotype differentiating program 

impacts the patterning of sensory innervation in bone. 
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In this study, we analyzed the paracrine signaling of OB-lineage cells throughout 

osteoblastogenesis and correlated it with sensory axonal behavior. We show that 

differentiation of human MSC to OB phenotype leads to marked impairment of their 

ability to promote axonal growth and creates a non-permissive environment for the 

sensory nerve fibers through the expression of axonal repulsive cues. Overall, we 

provide valuable data on the contribution of OB-lineage cells in the regulation and 

maintenance of innervation in the bone. 

 

3.2 – Materials and Methods 

3.2.1 – Human MSC culture and OB differentiation 

MSC (Lonza) were expanded in Dulbecco’s modified Eagle medium (DMEM) with low 

glucose (Gibco), supplemented with 10 % v/v FBS qualified for MSC expansion 

(Gibco), and 1 % v/v penicillin/streptomycin (P/S) (Gibco). Cells were used between 

passages 6 and 10. For OB differentiation, MSC were plated in 24-well plates at a 

density of 25000 cells/well. Cultures were left undisturbed for 3 days at 37 °C in a 5 % 

CO2 humidified incubator to allow MSC to reach confluency. Osteogenesis was 

induced by replacing the expansion medium with osteogenic medium (OM), composed 

of DMEM with low glucose (Gibco), supplemented with 10 % v/v FBS, 1 % v/v P/S, 100 

nM Dexamethasone (Sigma-Aldrich), 10 µM β-glycerophosphate (Sigma) and 50 µM 

2-phospho-L-ascorbic acid (Sigma-Aldrich). The OM was replaced every 2-3 days for 

21 days. To collect the CM, OB-lineage cells were incubated in 300 µL of OM and left 

undisturbed for 3 days at 37 °C in a 5 % CO2 humidified incubator. Afterward the 

medium was filtrated and stored at -80ºC until further use. 

 

3.2.2 – Cultures of embryonic DRG 

Primary cultures of mice DRG were prepared from E16.5 C57BL/6 embryos, as 

previously described (29). All animal procedures were approved by the i3S ethics 

committee and by the Portuguese Agency for Animal Welfare (Direção-Geral de 

Alimentação e Veterinária), in compliance with the European Community Council 

Directive of September 22, 2010 (2010/63/UE). Briefly, pregnant females were 

sacrificed by cervical dislocation, and the embryos immediately decapitated. 
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Embryonic ganglia were reached through the dorsal side of the embryo after spinal 

cord removal under the stereoscopic magnifier. DRG were retrieved from the lumbar 

regions L1-L6. The meninges were cleaned from the isolated DRG, and the roots were 

cut. DRG were randomly distributed for all experimental conditions, and cultured with 

neurobasal medium supplemented with 2 % v/v B-27 Serum-Free Supplement® 

(Invitrogen), 60 μM 5-fluoro-2'-deoxyuridine (Sigma-Aldrich), 25 mM glucose (Sigma-

Aldrich), 1 mM pyruvate (Sigma-Aldrich), 50 ng/ml 7S NGF (Calbiochem), 2 mM 

glutamine (BioWitacker) and 1 % P/S. 

 

3.2.3 – DRG exposure to OB-lineage cell secretome 

a) Global exposure in organotypic cultures 

DRG were seeded into the lower wells of a 15-well μ-Slide Angiogenesis plate (IBIDI) 

embedded in a fibrin hydrogel, as previously described (29). DRG cultures were left 

undisturbed for 24 h at 37 °C in a 5 % CO2 humidified incubator. At this time, the 

medium was completely replaced with the CM from the different experimental 

conditions, including non-conditioned OM. Cultures were then left undisturbed for an 

additional 48 h at 37 °C in a 5 % CO2 humidified incubator. 

 

b) Axonal-specific exposure in microfluidic devices 

For the experiments using microfluidic devices, DRG were plated in glass slides coated 

with 0.1 mg/mL poly-D-Lysine (PDL) (Sigma-Aldrich) overnight at 37 ºC and laminin 5 

µg/mL (Sigma-Aldrich) as previously described (30). Commercially available 

microfluidic devices (Merck Millipore and Xona Microfluidics) were adapted for explant 

DRG culture and assembled as previously described (31). Cultures were left 

undisturbed for 24 h. At this time, the medium from the axonal side was substituted by 

the CM of the different experimental conditions, including non-conditioned OM, and the 

culture was left undisturbed for an additional 72 h. A volume difference between the 

ganglia and axonal compartment (≈150 µl) was maintained throughout this period to 

prevent the diffusion of the CM from the axonal to the somal side (Fig. 2A). The higher 

volume on the somal side causes a slow net flow of liquid from the somal to the axonal 

compartment, thus ensuring that the CM was restricted to the axonal compartment 

(32). 
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3.2.4 – Co-culture in microfluidic platforms 

MSC were plated in microfluidic devices assembled in glass slides coated with 0.1 

mg/mL PDL overnight at 37 ºC and laminin 5 µg/mL as previously described (30). MSC 

were plated at a density of 3000 cells/device and allowed to expand for 3 days. 

Afterward, osteogenesis was induced, and cells were allowed to differentiate for 7, 14 

and 21 days. DRG were plated as described above, and the co-culture was left 

undisturbed for 4 days at 37 °C in a 5 % CO2 humidified incubator. A volume difference 

between the OB-lineage cells compartment and DRG compartment (≈150 µl) was 

maintained throughout this period to allow the diffusion of the OB CM towards the DRG 

side. 

 

3.2.5 – Blockage of Shh activity 

Functional activity of Shh secreted by OB was blocked by adding the 5E1 antibody 

(DSHB (deposited to the DSHB by Jessell, T.M. / Brenner-Morton, S.t)) or the non-

specific control antibody G3G4 (DSHB (deposited to the DSHB by Kaufman, S.J.)) to 

the CM at a final concentration of 6 µg/mL. Before stimuli, 5E1 and G3G4 were purified 

using Protein G HP Spintrap (GE Healthcare) according to the manufacturer’s protocol. 

For the experiments aiming to assess the contribution of the Shh receptor Smo in the 

axonal repulsion-mediated by OB, the Smo receptor antagonist SANT-1 (Merck 

Millipore) was added to the CM at a final concentration of 250 ng/mL. In both cases, 

the culture was left undisturbed for 72 h at 37 ºC in a 5 % CO2 humidified incubator. 

To assess the phosphorylation status of PKCα in GCs, the DRG culture was initially 

left undisturbed for 4 days, for axons to accumulate in the axonal compartment. At this 

time point, a starving period was performed only in the axonal compartment with plain 

Neurobasal medium for 5 h. Throughout the starving period, a volume difference 

between the axonal compartment and the somal compartment (≈150 μl) was 

maintained to prevent the diffusion of the complete medium from the somal to the 

axonal side. The CM of mature OB was concentrated 10 times by centrifugation at 

12000 rpm, at 4 ºC, and for 75 min, using 3 kDa MW cut-off filter units (Sartorius Stedim 

biotech). Axons were stimulated for 10 min with the concentrated CM diluted 1:10 in 

plain Neurobasal medium, with and without the 5E1 and G3G4 antibodies at a final 

concentration of 6 µg/mL, and immediately fixed afterward. 
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3.2.6 – Immunocytochemistry, image acquisition and 

quantification 

DRG cultures were fixed with 2 % PFA / 2 % sucrose for 10 min, followed by an 

additional 30 min with 4 % of PFA / 4 % sucrose in phosphate-buffered saline (PBS) 

at room temperature (RT). Ganglia were simultaneously permeabilized and blocked for 

30 min at RT in a solution consisting of 0.25 % (v/v) Triton X-100 (Sigma-Aldrich), 5 % 

v/v goat serum (GS) (Invitrogen) and 5 % v/v FBS in PBS.  

For the 3D organotypic cultures and the experiments to assess axonal outgrowth in 

microfluidic devices, DRG were incubated with a primary antibody directed against the 

neuronal-specific marker βIII-tubulin (Promega) diluted 1:2000 in blocking solution (5 

% v/v GS and 5 % v/v FBS in PBS), overnight at 4 °C. Afterward, cells were washed 

and incubated for 1 h at RT with the secondary antibody (Alexa Fluor 488, Invitrogen) 

and DAPI (Sigma-Aldrich), diluted 1:1000 and 1:10000, respectively, in blocking 

solution. Images were captured with IN Cell Analyzer 2000 equipped with IN Cell 

Investigator software (GE Healthcare) at the i3S BioSciences Screening Unit. Radial 

outgrowth, defined as the area between the ganglion edge and the outgrowth front, 

was determined. The outgrowth area was computed according to Bessa et al. (33). To 

quantify axonal outgrowth in microfluidic platforms, neurite outgrowth was measured 

with AxoFluidic, an algorithm designed to quantify neurite projection within these 

platforms (30). The exponential fit was given by the spatial dependence decay function 

𝑓(𝑥) = 𝐴 × exp (−𝑥 𝜆⁄ ), where the constant A represents the degree of axons that can 

effectively cross the microgrooves and enter the axonal compartment, and λ the scale 

of spatial decay, as a measure to represent the length of the neurites (30). 

For the analysis of CGRP at the GCs, DRG were incubated with primary antibodies 

directed against the βIII-tubulin and CGRP (Sigma-Aldrich) diluted 1:2000 and 1:6000, 

respectively, in blocking solution, overnight at 4 °C. For the analysis of PKCα 

phosphorylation at the GCs, DRG were incubated with primary antibodies directed 

against the GAP-43 (Abcam), and p-PKCα (Santa Cruz Biotechnology) diluted 1:1000 

and 1:250, respectively, in blocking solution, overnight at 4 °C. In both cases, 

afterward, cells were washed and incubated for 1 h at RT with the secondary antibodies 

(Alexa Fluor 488 and 568, Invitrogen) diluted 1:1000, in blocking solution. Images were 

captured with a widefield inverted microscope DMI6000 FFW (Leica Microsystems) 

equipped with LAS X software (Leica Microsystems) at the i3S Advanced Light 
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Microscopy Unit. GCs were randomly chosen, based on βIII-tubulin and GAP-43 

fluorescence, without observation of CGRP and p-PKCα intensity, respectively. Total 

CGRP and p-PKCα fluorescence was measured with Image J software, and the 

background intensity of each image was subtracted. For each selected GC, we 

determined the total of CGRP and p-PKCα fluorescence per area. The values obtained 

per GC were normalized against the control mean of that single experiment. 

 

3.2.7 – qRT-PCR analysis 

Total RNA was extracted using the Direct-zol™ RNA miniPrep according to the 

manufacturer’s protocol (Zymo Research). RNA final concentration and purity 

(OD260/280) was determined using a NanoDrop 2000 instrument (NanoDrop 

Technologies). RNA was reverse transcribed into cDNA using the NZY First-Strand 

cDNA Synthesis Kit (NZYTech), according to the manufacturer’s protocol. For the 

analysis of repulsive cues, a personalized PrimePCR array (Bio-Rad Laboratories) was 

performed. qRT-PCR experiments were run using an iCycler iQ5 PCR thermal cycler 

(Bio-Rad Laboratories) and analyzed with the iCycler IQTM software (Bio-Rad). Target 

gene expression was quantified using the cycle threshold (Ct) values and relative 

mRNA expression levels were calculated as follows: 2^(Ct reference gene - Ct target 

gene). Human β-2-microglobulin (β2M) was used as a reference gene. Both target and 

reference genes were amplified with efficiencies between 100 ± 5 %. 

 

3.2.8 – Immunohistochemistry 

Femurs from E16.5 C57BL/6 embryos were harvested and fixed in 4% PFA at 4°C for 

24 hr. After 3 washes in PBS, samples were processed for paraffin embedding. 3 μm-

thick longitudinal cross-sections were obtained using a microtome (RM2255, Leica 

Biosystems) and stained for toluidine blue. For immunohistochemistry, tissue sections 

were deparaffinized and rehydrated before heat-induced antigen retrieval (98 °C, 10 

mM citrate buffer, pH 6.0). Sections were simultaneously permeabilized and blocked 

for 1 h at RT in a solution consisting of 0.20 % (v/v) Triton X-100, 10 % v/v FBS and 1 

% v/v BSA in PBS, and incubated with the primary antibody 5E1 (1:100), G3G4 (1:100) 

and anti-Sp7/Osterix (Abcam, 1:1000) diluted in blocking solution overnight at 4 °C. 

Afterward sections were washed and incubated for 1 h at RT with the secondary 
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antibodies (Alexa Fluor 488 and 568, Invitrogen) diluted 1:1000, in blocking solution. 

Images were captured on an Axiovert 200 inverted microscope equipped with 

AxioVision 4.8 software (Zeiss) at the i3S Bioimaging Unit. 

 

3.2.9 – ELISA analysis 

The amount of NGF, BDNF, NT-3 and neurotrophin-4/5 (NT-4/5) in the CM of OB-

lineage cells was quantified using a multi-neurotrophin rapid screening ELISA kit 

(Biosensis). For the repulsive cues, ELISA kits were used to detect and quantify the 

amount of Draxin (Raybiotech), Shh (Raybiotech), Sema3A (ElabScience) and Wnt4 

(Raybiotech). All procedures were performed according to the manufacturers’ protocol. 

  

3.2.10 – Statistical analyses 

All experiments were repeated at least three times. In all experiments, variables were 

subjected to the homogeneity of variance test to assess if they followed a normal 

distribution. Depending on whether they followed a normal distribution or not, a 

parametric Two-way ANOVA or a non-parametric Kruskal-Wallis analysis was 

performed, respectively, to assess statistically significant differences. Differences 

between groups were considered statistically significant when *P<0.05, **P<0.01, 

***P<0.001. Data analysis was performed using GraphPad Prism (v8.02) for Windows. 

 

3.3 – Results 

3.3.1 – The secretome of OB-lineage cells impairs the 

development of sensory axonal networks 

To explore if the MSC commitment to OB alters its neurotrophic ability, we exposed 

DRG to the secretome of OB at different times of differentiation. OB were differentiated 

from MSC as previously described (34), and the CM was collected at day 0 (MSC CM), 

day 7 (D7 OB CM), day 14 (D14 OB CM) and day 21 (D21 OB CM). Under 

osteoinductive conditions, MSC showed transient expression of the early OB marker 

ALP and acquired the full OB phenotype after 21 days in culture, characterized by high 
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osteocalcin gene expression levels and intense calcium deposition (Supplementary 

Fig. 1). 

The neurotrophic potential of the distinct conditioned media was tested on organotypic 

explants of DRG cultures, and the axonal outgrowth calculated using a MATLAB-based 

algorithm (33) (Fig. 1A). Our results showed that DRG treated with the CM of 

differentiating OB have significantly smaller axonal networks when compared to 

undifferentiated MSC. DRG treated with D7 OB and D21 OB CM exhibited a 17 % and 

34 % reduction on the axonal mesh area, respectively, when compared to MSC CM, 

suggesting a gradual loss of the axonal-growth potential with the maturation stage of 

OB (Fig. 1B and C). A significant decrease was also observed when comparing D21 

OB CM with the non-conditioned OM (Fig. 1B and C). This is an important internal 

control, as the standard medium of a DRG culture is strikingly different from the culture 

medium used to differentiate OB. Hence, the observed effect was due to the 

conditioning of differentiated OB and not due to the culture medium itself. 

In addition to the cell bodies of primary sensory neurons, DRG also encloses satellite 

cells and Schwann cells, that can provide support to axonal outgrowth (35, 36). To 

discard a possible effect of the OB CM on the ability of non-neuronal cells to migrate 

from the ganglion core to periphery to support axonal outgrowth, we analyzed the area 

of the DRG core after treatment with the different secretomes (Fig 1B, dashed yellow 

circles). No statistically significant differences in the area of the ganglion core were 

observed between DRG exposed to MSC, D7 OB, and D21 OB CM, indicating that 

cellular migration of non-neuronal cells from the DRG core was equivalent across the 

different secretomes of OB-lineage cells. These observations indicate that the 

reduction in the size of the axonal network with the CM of differentiating OB was not 

due to deficient supportability from DRG non-neuronal cells, and also that the different 

secretomes might trigger a localized effect on axons (Fig. 1D). 

Altogether, these results suggest that the secretome of differentiating OB impair the 

development of the axonal network of sensory neurons, an effect more evident for the 

CM of OB at late stages of differentiation. 
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Figure 1 – DRG exposed to the secretome of OB-lineage cells have reduced axonal 

networks. A) Scheme of the experimental set-up and timeline employed in these 

experiments. B) Representative images of the axonal network of DRG after 48 h 

exposure to osteogenic medium (OM), and CM of undifferentiated (MSC CM), 

immature (D7 OB CM), and mature OB (D21 OB CM) (blue – DAPI; green – βIII-

tubulin; dashed circles – DRG core; scale bar – 200 µm). C, D) Quantification of the 

area of axonal outgrowth © and the core of the ganglion (D) in the different conditions. 

Results are presented as floating bar graphs (line represents the mean value, and the 

number above each bar represents the number of ganglia that were analyzed; *P<0.05, 

***P<0.001, ****P<0.0001, ns – non-significant).  
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3.3.2 – The secretome of mature OB triggers repulsion of 

sensory axons 

To evaluate if the paracrine of differentiating OB produces a localized effect in the 

axonal terminals of sensory neurons, we cultured DRG in microfluidic platforms that 

closely mimics an in vivo scenario, by allowing spatial and fluidic separation of the 

DRG core from distal axons (30, 32) (Fig. 2A). The reduced height of the microgrooves, 

combined with a higher volume on the somal compartment of the microfluidic devices, 

creates a slow yet sustained unidirectional flow of liquid from the somal to the axonal 

compartment. This ensures the retention of soluble components present in the OB CM 

in the axonal compartment, therefore producing a localized effect on axons (32). 

By employing this experimental design, we observed well-defined differences in the 

automatic curve fitting for spatial decay within the axonal compartment for the CM of 

OB differentiated for 21 days (OB CM), when compared to MSC CM, OM, and the 

standard neuronal growth medium containing NGF (Fig. 2C). Analysis of axonal 

outgrowth showed that axons stimulated with the secretome of OB were significantly 

shorter (lower λ values), and linger with values similar to the non-conditioned OM, in 

comparison to MSC CM (Fig. 2D). These results suggest that the MSC ability to 

promote axonal growth is lost with the progression of OB differentiation. Also, 

significantly fewer axons effectively crossed the microgrooves (lower A values) for the 

secretome of mature OB when compared to both MSC CM and OM. Moreover, no 

significant differences were found between MSC CM and OM conditions (Fig. 2E). 

These results suggest that soluble factors secreted by mature OB (and absent in the 

MSC CM) are not permissive for the axonal pathfinding and are possibly triggering a 

repulsive mechanism in the axons. 

Taken together, our observations strongly indicate that as osteoblastogenesis 

progresses, MSC lose their ability to promote axonal growth, while triggering the 

establishment of a non-permissive and repulsive environment for axonal growth. 
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Figure 2 – The secretome of mature OB applied locally to sensory axons, alters their 

behavior, and impairs their growth. A) Scheme of the experimental set-up and timeline 

employed in these experiments. B) Representative images used for the quantification 

of the axonal growth upon 72 h exposure to standard neuronal growth medium 

containing NGF (positive control), osteogenic medium (OM), undifferentiated (MSC 
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CM), and mature Obs CM (OB CM) (axons stained against βIII-tubulin; scale bar – 500 

µm). C) The combined plot of the data obtained using Axofluidic from all of the 

quantified microfluidic devices in the different conditions (left), and corresponding 

graphical representation of the exponential model (right), described by the spatial 

dependence decay function in the form 𝑓(𝑥) = 𝐴 × exp (−𝑥 𝜆⁄ ), that best fits the data. 

A value represents the amount of axons that cross the microgrooves and reach the 

axonal side, whereas in the longitudinal axis is represented the distance from the 

microgrooves (in µm). D, E) Graphical representation of all A values (C) and λ values 

(D) in the different conditions. Results are presented as floating bar graphs (line 

represents the mean value, and the number above each bar represents the number of 

microfluidic devices that were analysed; **P<0.01; ***P<0.001, ns – non-significant). 

 

3.3.3 – The OB secretome does not alter the expression of 

CGRP by sensory axons 

The sensory-skeletal communication is achieved through the expression and release 

of the neurotransmitters CGRP and SP by axonal terminals. Since our results strongly 

suggest that the secretome of mature OB produces a localized and repulsive effect on 

sensory axons, we evaluated if it also impairs CGRP expression. We employed the 

experimental design depicted in Fig. 2A, and measured the total fluorescence levels 

of CGRP at the GCs, the highly motile and dynamic structures present at the distal end 

of axons (Fig. 3). Our analysis demonstrated no significant differences in the levels of 

CGRP in axonal terminals exposed to the secretome of mature OB (OB CM) and 

undifferentiated MSC (MSC CM) (Fig. 3A-B). These results suggest that the 

mechanisms underlying sensory neuropeptide expression are not affected by the 

secretome of differentiating OB. 
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Figure 3 – The secretome of OB-lineage cells does not impact the expression of CGRP 

at the GCs of sensory neurons. A) Representative images of the sensory GCs exposed 

to osteogenic medium (OM), undifferentiated (MSC CM), and mature Obs CM (OB 

CM) for 72h (green – βIII-tubulin; red – CGRP; scale bar – 5 µm). B) Graphical 

representation of the integrated intensity of CGRP in different conditions. Results are 

presented as violin plot (middle dashed line represents the median value; upper and 

lower dashed lines represent the quartiles; ns – non-significant). 

 

3.3.4 – The OB-sensory neurons co-culture replicates the 

secretome-induced axonal repulsion  

To evaluate if the crosstalk between OB-lineage cells and sensory axons recapitulates 

the observed effect of OB on the axonal growth and repulsion, we performed a co-

culture of DRG with OB at different stages of differentiation, in compartmentalized 

microfluidic devices (Fig. 4). After 4 days in co-culture, we observed axons growing 

interspersed into the compartment containing undifferentiated MSC (Fig. 4A – top left, 

B). Axons were also observed in the compartment containing OB differentiated for 7 

days, however to a lesser extent when compared to MSC (Fig. 4A – top right). 
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Importantly, axons were unable to grow towards both OB differentiated for 14 and 21 

days (Fig. 4A – bottom left and right). We observed that axons entered the 

microgrooves of the microfluidic device but were incapable of crossing them, remaining 

close to the DRG compartment of the microfluidic (Fig. 4C). Taken together, these 

results are in line with our previous observations and strengthen our hypothesis that 

the commitment of MSC to OB creates a non-permissive and repulsive environment 

for the development of an axonal network. 
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Figure 4 – Mature OB prevent the growth of sensory axons in a co-culture set-up in 

compartmentalized microfluidic devices. A) Co-culture of DRG with OB-lineage cells at 

different time points of differentiation, i.e. undifferentiated MSC (top left), with 7 (top 

right), 14 (bottom left) and 21 (bottom right) days of differentiation (green – F-Actin; red 

- βIII-tubulin; blue – DAPI; scale bar – 500 µm). Of notice, the progressive reduction in 

the number of axons in the OB-lineage cell compartment throughout OB differentiation. 

For better visualization of the axons present in the axonal compartment, a region was 

selected (dashed blue line) showing only the axons (red - βIII-tubulin; scale bar – 200 

µm). B) Sensory axons growing and contacting undifferentiated MSC (white arrow, 

scale bar – 25 µm). C) Axons (white arrow) entering the microgrooves of the 

microfluidic device without reaching the OB compartment in the co-culture setting of 

DRG and OB with 21 days of differentiation (dashed lines represent the microgrooves. 

Scale bar – 25 µm). 

 

3.3.5 – The secretome of OB is depleted of neurotrophins 

and enriched in axonal repulsive molecules  

To understand the molecular mechanisms underlying the axonal behavior mediated by 

OB-lineage cells, both in terms of elongation and repulsion, we analyzed the 

expression levels of neurotrophic factors and of proteins with a consolidated capability 

in promoting axonal repulsion at different stages of OB differentiation. 

Moreover, MSC have been described to promote axonal growth of DRG and to express 

a wide range of neurotrophic factors, including NGF, BDNF, and NT3 (37–41). In 

accordance, we observed the higher levels of both NGF and BDNF in the 

undifferentiated MSC, analyzed both by gene expression and the protein content in the 

CM (Fig. 5A and B). Interestingly, the expression levels of both neurotrophic factors 

showed a significant decrease throughout OB differentiation (Fig. 5A and B). This 

reduction was evident as soon as day 7 of OB differentiation, with the lowest levels of 

both NGF and BDNF observed for mature OB (after 21 days of differentiation). No 

significant changes were observed both in the gene expression and protein levels of 

NT-3 throughout OB differentiation.  

We also quantified the expression of genes that encode secreted proteins that have 

been previously described to repel axons.  The genes included were:  Shh, Wnt4, 
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Wnt9A, Semaphorin 3A (Sema3A), Semaphorin 3E, Semaphorin 3F, Slit 1, Slit 2, and 

Slit 3. The expression profile of the analyzed repulsive cues changed throughout OB 

differentiation (Fig. 5C), indicating that Shh, Wnt4, and Sema3A are upregulated, and 

Slit 2, Slit 3, Semaphorin 3E, Semaphorin 3F, and Wnt9A are downregulated or 

showing no significant changes. Slit 1 was not detected at any time point (data not 

shown). Based on these results, we selected Shh, Wnt4, and Sema3A as possible 

players mediating axonal repulsion induced by the secretome of mature OB (Fig. 5D). 

In accordance, protein quantification showed that all selected repulsive cues were 

increased in the CM of differentiating OB. However, only Shh showed a gradual 

increase with the advance of OB differentiation, with higher expression levels by day 

21 of differentiation, whereas both the Wnt4 and Sema3A profiles were characterized 

by a significant increase in the onset of OB differentiation, remaining stable afterward 

until day 21.  

Overall these results confirm that MSC cease to produce neurotrophic factors 

throughout OB differentiation, namely NGF and BDNF, while up-regulating the 

expression of axonal repulsive cues. The combined changes in the secretome of 

mature OB provides a hostile microenvironment for axonal growth, hindering the 

development of axonal network. 
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Figure 5 – OB differentiation downregulates the expression of neurotrophic factors and 

upregulates the expression of axonal repulsive cues. A) Gene expression analysis of 

NGF, BDNF and NT-3. Values normalized to the values of undifferentiated MSC 

(horizontal dashed line). B) ELISA analysis of NGF, BDNF and NT-3 in the CM of OB 
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at different stages of differentiation. C) Fold-change variation in the gene expression 

of the selected axonal repulsive cues throughout OB differentiation. Values normalized 

to the values of undifferentiated MSC. Red lines depict the proteins that downregulated 

or showed no significant changes. Green lines depict the proteins that upregulated.  D) 

ELISA analysis of Shh, Sema3A, and Wnt4 in the CM of OB at different stages of 

differentiation. *P<0.05; **P<0.01; ***P<0.001). 

 

3.3.6 – OB-derived Shh contributes to sensory axonal 

repulsion  

Shh is a well-established protein with the ability to promote axonal repulsion of 

projections from the central nervous system (42, 43). Considering that our results show 

that axonal repulsion induced by OB-lineage cells increases with osteoblastic 

maturation (Fig. 1 and 4) and that Shh has a critical role in bone formation, healing, 

and aging (44–46), we have proceeded our study to assess the contribution of Shh in 

the OB-induced repulsion of sensory axons. 

We supplemented the CM of mature OB (OB CM) with the monoclonal anti-Shh 

antibody 5E1 (Fig. 6A), known for its ability to block Shh binding to the receptor 

Patched1, thereby inhibiting Shh signaling (44). We observed that a significantly higher 

number of axons entered the axonal compartment of the microfluidic (higher A values) 

when Shh activity was blocked, as compared to both OB CM alone or the isotype 

control (Fig. 6B). No changes in the overall length of the axons were observed (Fig. 

6C). With this approach, we were able to confirm that Shh is involved in the axonal 

repulsion induced by the OB CM. 

Shh-induced axonal repulsion at the optic chiasm of contralateral retinal ganglion cells 

has been described to be dependent on the transmembrane Smo protein, a critical 

activator of the Shh signaling pathway, and the downstream phosphorylation of Protein 

Kinase Cα (PKCα) (45, 46). To strengthen our hypothesis on the involvement of Shh 

signaling in the OB-induced axonal repulsion of sensory axons, we next asked whether 

the Smo protein is critical for this process and if phosphorylation of PKCα also occurs 

at the GCs. The supplementation of the OB CM with the Smo antagonist SANT-1 also 

resulted in an increased amount of sensory axons at the axonal compartment (Fig. 6A 

to C), indicating a role for Smo in the sensory repulsion induced by the OB secretome. 
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Shh has been shown to induce commissural axon GC turning within 10 min (47), and 

phosphorylation of PKCα after 2 min of stimuli (46). To maximize our experimental 

readout, we allowed sensory axons to accumulate in the axonal compartment, and 

specifically stimulated them for 10 min with OB CM alone, or supplemented with either 

the Shh-activity blocker 5E1 or its respective isotype control (anti-BrdU). We observed 

significantly higher PKCα phosphorylation levels in the OB CM and isotype control 

setting when compared to the condition where Shh activity was blocked (Fig. 6D-E). 

Together, our results demonstrate that Shh expressed by OB contributes to sensory 

axon repulsion, in a mechanism that is Smo-dependent and requires the 

phosphorylation of PKCα at the GC. 

 

Figure 6 – OB-derived Shh contributes to sensory axonal repulsion. A) Scheme of the 

experimental set-up and timeline employed in these experiments. B, C) Graphical 
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representation of A values (A) and λ values (B) for OB CM alone or supplemented with 

the Shh activity blocker antibody 5E1, the isotype control antibody anti-BrdU (G3G4), 

the Smo antagonist SANT-1 and the positive control Shh diluted in OM. Results are 

presented as floating bar graphs (line represents the mean value, and the number 

above each bar represents the number of microfluidic devices that were analyzed; 

**P<0.01; ns – non-significant). D) Representative images of the sensory GCs exposed 

for 10 min to mature OBs (OB CM) alone, and supplemented with the 5E1 and G3G4 

antibodies (green – GAP-43; red – phosphorylated PKCα; scale bar – 5 µm). E) 

Graphical representation of the integrated intensity of phosphorylated PKCα in 

different conditions. Results are presented as violin plot (middle dashed line represents 

the median value; upper and lower dashed lines represent the quartiles; ns - non-

significant; ****P<0.0001, *P<0.05, ns – non-significant).  

 

3.3.7 – Shh co-localizes with OB-lineage cells in the 

developing bone 

Cumulative evidences demonstrated that sensory innervation is detected during 

embryonic bone development, in close association with osteogenic events (27). 

Additionally, Shh has been described to play a role in OB differentiation (48–51), but 

its expression in bone microenvironment by OB-lineage cells remains to be elucidated. 

Therefore, to evaluate in vivo if Shh is expressed in developing bone, we performed 

immunohistochemical analysis in the E16.5 mice femurs. 

Longitudinal bone cross-sections of E16.5 femurs revealed that Shh was highly 

expressed adjacent to sites of incipient mineralization in the primary ossification center, 

co-localizing with trabecular bone surfaces (Fig. 7A-C). Of note, no Shh expression 

was observed in the hyaline cartilage at the growth plate (Fig. 7D). Furthermore, a 

immunohistochemistry co-staining was performed against Osterix/Sp7 (Osx) and Shh 

to identify OB-lineage cells expressing Shh. Indeed, the immunohistochemistry 

analysis demonstrated a high degree of co-localization between Osx-positive OB-

lineage cells and Shh in trabecular bone surfaces at the ossification center of 

developing femurs (Fig. 7E-G). Overall, these results show that Shh is actively 

expressed in vivo in the bone microenvironment from the early stages of bone 
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development and sensory innervation , and co-localizes with OB-lineage cells at sites 

of new bone formation. 

 

 

Figure 7 – Shh co-localizes with OB-lineage cells in primary ossification centers. A) 

Histochemical slice of an embryonic mice femur, stained with toluidine blue (scale bar 

– 50 µm). B and C) Amplification of the region highlighted in A immunostained for anti-

Shh (B) and negative control anti-BrdU (C); scale bar – 50 µm. D) Region of hyaline 

cartilage showing no expression of Shh (scale bar – 50 µm). E-G) Amplification of a 

trabecular region from A), depicting co-localization of Shh labelling with osterix-positive 

OB-lineage cells (white arrows); scale bar – 20 µm. 

 

3.4 – Discussion 

In this study, we demonstrated that the differentiation of human MSC to OB phenotype 

leads to marked impairment of their ability to promote axonal growth. This was 

evidenced under sensory neurons and OB lineage crosstalk. The mechanisms by 

which OB-lineage cells provide this non-permissive environment for axons include 

paracrine-induced repulsion and loss of neurotrophic factors expression. Among the 
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signaling molecules secreted by OB-lineage cells, we identified a drastic reduction of 

NGF and BDNF production and stimulation of Sema3A, Wnt4 and Shh expression that 

culminates at late stage of OB differentiation. We noted a synchronized relationship 

between Shh expression profile, OB differentiation stages, and OB-mediated axonal 

repulsion. By blocking Shh activity and signaling via immunodepletion and 

pharmacological antagonism, respectively, we were able to reverse the repulsive 

action of OB on sensory axons. To consolidate our results, we localized the expression 

of Shh by OB in bone tissue (Fig. 8). 

We and others have reported significant alterations in the density and distribution of 

nerve fibers in musculoskeletal pathophysiology (10–12, 52). Bone disorders such as 

Paget’s disease, osteoporosis, fibrous dysplasia, and osteogenesis imperfecta are 

frequently associated with pain, suggesting a disturbance in the sensory signaling (10). 

Also, mice models of non-healed fractures show exuberant sensory sprouting at lesion 

sites (11), and in bone cancer, an abnormal outgrowth of sensory projections is 

observed in the marrow, mineralized bone, and periosteum (12, 14, 53). These 

pathological outcomes are associated with a de-regulation of the normal activity of cells 

from the bone microenvironment and consequent aberrant expression of pro-

inflammatory cytokines and factors that promote axonal growth (26, 52).  

The maintenance of the pattern of innervation in the bone throughout adulthood and 

the role of mature and functional OB in this process are mechanisms still poorly 

understood. In homeostatic conditions, the distribution and density of sensory axons 

in the bone tissue are defined by the combinatory action of both attractive and repulsive 

molecules, ultimately shaping the network of sensory innervation. Our study shows 

that, under homeostatic settings, OB create a non-permissive and repulsive 

environment for sensory axonal growth, without compromising the expression of the 

sensory neuropeptide CGRP at the GC. In accordance, anatomical mapping of nerve 

fibers in the adult bone revealed no physical contact between sensory nerve fibers and 

OB (54). 

Our analysis of neurotrophic factors demonstrated that MSC commitment to OB 

triggers an almost immediate interruption of the expression of NGF and BDNF, and a 

progressive loss of neurotrophin levels in the secretome throughout OB differentiation. 

Both NGF and BDNF are important mediators of axonal elongation, and active 

members in the bone microenvironment (41, 55). In the developing mouse femur, 

sensory axons are directed to bone-forming sites in a precise spatiotemporal manner, 
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in a symbiotic cross-communication with osteoprogenitor cells (27). NGF produced by 

osteoprogenitor cells directs sensory axons to sites of incipient ossification, and the 

consequent activation of sensory nerve terminals results in the release of osteogenic 

cues (27). Interestingly, the loss-of-function we observed for osteoprogenitors 

regarding the expression of neurotrophic factors does not seem to be irreversible. NGF 

expression has been demonstrated in OB from mice ulnas within 3 h after mechanical 

loading, decreasing afterward and absent in non-loaded limbs, suggesting that OB can 

re-activate the expression of NGF in response to mechanical loads to promote further 

sensory innervation and consequently stimulate bone formation (28). This information 

strengthens our findings that mature OB do not express NGF and do not promote 

axonal outgrowth under homeostatic conditions. They also highlight the intrinsic ability 

of OB to regulate bone innervation and patterning, by switching on and off the 

expression of sensory nerve attractants to bone-forming sites. 

In our study, we cultured sensory neurons in microfluidic platforms that resembles the 

anatomical in vivo scenery. This experimental set-up allowed us to witness that fewer 

axons sprouted towards the OB conditioned microenvironment, suggesting that 

paracrine signals from OB-origin trigger a repulsion mechanism in sensory axons. 

Indeed, our analysis of known axonal repulsive cues confirmed this hypothesis and 

showed that their expression profile changed throughout OB differentiation. Sema3A 

and Wnt4 were up-regulated at the onset of MSC commitment to OB phenotype, 

whereas Shh expression increased throughout osteoblastogenesis and was 

concomitant with our observations of axonal repulsion under the paracrine effect of 

OB-lineage cells. Discrepancies observed between gene and protein levels have been 

reported previously, and might be due to post-transcriptional mechanisms or lack of 

availability of the translation machinery (56). Shh is an important player that controls 

growth and patterning of different embryonic structures including the spinal cord and 

skeleton (57, 58). Importantly, it has been described to have a critical role in bone 

dynamics, in particular in promoting osteogenic differentiation (48–51). OB are 

responsive to Shh signaling at bone fracture sites undergoing intense remodelling, 

which has been shown to regulate proliferation and differentiation (49). Also, it has 

been described that Shh is specifically expressed in CGRP+ sensory fibers innervating 

both the epithelial and mesenchymal compartments of the mouse incisor, and that its 

activity promotes MSC proliferation and enamel and dentin formation (59). Here, we 

propose that Shh secreted by OB is a major repulsive player of sensory axons, by 
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inducing axonal repulsion in a Smo- and PKCα- dependent signaling mechanism. 

Indeed, blockage of both Shh activity and Smo receptor signaling in vitro resulted in 

the ablation of axonal repulsion induced by OB. We also demonstrate in vivo that Shh 

is highly expressed adjacent to sites of incipient mineralization in the primary 

ossification center, co-localizing with Osx-positive OB-lineage cells at trabecular bone 

surfaces. These observations are in line with previous reports that showed that 

systemic overexpression of Shh in mice increases OB number and trabecular number 

in the BM cavity of the femoral diaphysis (60). In addition, sensory projections have 

been observed extending into the limb and terminating near the perichondrial region 

of the femur as early as embryonic day 14.5 (16, 27). Importantly, we detected Shh at 

embryonic day 16.5, indicating that Shh expression coincides with the presence of 

sensory nerve fibers in the bone microenvironment, and suggesting that Shh might 

regulate skeletal innervation in vivo from the early stages of bone development. 

Nevertheless, in the context of this study, and since Sema3A and Wnt4 were also 

elevated in the secretome of OB-lineage cells, we cannot exclude the possibility of 

combined action these proteins in the axonal repulsion induced by OB. Shh has been 

shown to indirectly affect axonal guidance of commissural neurons by establishing a 

gradient of the Wnt antagonist Sfrp1 (Secreted frizzled-related protein 1), and 

consequently regulate Wnt function (61). Also, Shh activates the repulsive response 

of commissural axons to semaphorins, allowing for the correct exit of commissural 

axons from the floorplate (43).  

Both OB and OCs are required for sustaining bone homeostasis, by maintaining a 

balance between resorption and formation. In addition, a broad range of literature has 

attributed to the sensory signaling a role in promoting bone formation (20–23). 

Importantly, a direct link between OCs activity and sensory axonal outgrowth has been 

recently described (26). Zhu and colleagues reported in osteoarthritic mice that 

aberrant OCs activity over-induce sensory axonal outgrowth on the subchondral bone 

through the secretion of the axonal attractant Netrin-1 (26). Our results in vitro and 

under homeostatic conditions show that once OB mature to their full phenotype, they 

divert sensory projections from sites of incipient bone formation. We hypothesize that, 

under homeostatic conditions, OCs might also control sensory innervation by attracting 

nerve fibers to sites with higher OCs activity and consequent bone degradation, 

therefore indirectly promoting bone formation. Overall, we suggest a new model in 

which the combined activity of OCs and OB not only sustain bone homeostasis but 
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also control sensory patterning in the bone, resulting in a simultaneous, and possibly 

correlated, balance of bone mass and innervation. 

In conclusion, our results unravel new mechanisms underlying the communication 

between OB and sensory terminals and strengthen the importance of OB in the control 

of bone innervation. Moreover, we also shed light on new key players in the neuro-

bone communication, how their expression changes throughout OB differentiation, and 

how they can impact innervation. With this new information, studies aiming to 

manipulate OB activity, and consequently change its secretome, can be employed to 

gain further insights on the bone-PNS communication. An accurate picture of this 

crosstalk is of the utmost importance, and will ultimately allow researchers and 

clinicians to unravel new candidates as potential targets, not only for bone pain 

therapies, but also to control the neuropathological outcomes resulting from the 

disturbances in bone cell activity. 

 

 

Figure 8 – Overall model summarizing the remarkable ability mature OB have to repel 

and impair the growth of sensory axons. 
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3.5 – Supplementary Data 

 

Supplementary Figure 1 – A) Representative images of the ALP cytochemical 

staining was performed in MSC at 7 and 14 days of culture. B) Representative images 

of Alizarin Red staining performed in MSC at 21 days of culture. C) Gene expression 

analysis of ALP and osteocalcin throughout 21 days of OB differentiation. (*P<0.05). 
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Supplementary Figure 2 – Graphical representation of A values for OM alone or 

supplemented with the Shh activity blocker antibody 5E1 and the Smo antagonist 

SANT-1. Results are presented as floating bar graphs (line represents the mean value, 

and the number above each bar represents the number of microfluidic devices that 

were analyzed; 
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4.1 – Main conclusions 

Over the last years, the neuro-skeletal crosstalk has been highlighted as a critical 

regulator of bone tissue homeostasis (1–4). Reports have shown that both sympathetic 

and sensory nerve fibers are active and functional elements of the bone 

microenvironment. They are found widespread in the periosteum and BM (5), where 

they can control mechanisms such as bone-cell differentiation, matrix deposition, stem 

cell mobilization, and vascular permeability (5–9). Importantly, signals derived from 

bone-resident cells can also produce an effect on peripheral nerve fibers. This topic is 

far less studied but equally important, as it allows us to understand how the pattern of 

innervation in the bone is established during development and growth, and why it is 

altered in the diseased skeleton (2, 10). For the reasons stated above, the neuro-

skeletal crosstalk is a promising field of study and arises as a clinically relevant subject. 

Bone-related pathologies directly affect the mobility, autonomy and quality of life of 

patients. Furthermore, in most cases, treatments involve a high cost for the society and 

significant consequences for the patient, including long periods of hospitalization and 

re-education, prolonged sick leave and, for the elderly, difficulty in returning to an active 

life. A complete and accurate picture of the mechanisms, cellular players, soluble 

factors, and signaling pathways involved in the neuro-skeletal crosstalk can lead to the 

discovery of new targets and the development of new therapeutic strategies to tackle 

bone-related pathologies. 

In this study, we aimed to clarify if the BM immediate response to an injury and 

throughout the regenerative process is dependent on neuronal inputs, and which are 

the BM cellular populations responsive to these signals, how their activity is affected, 

and in what way it shapes the regenerative process. 

We describe for the first time that an injury inflicted to the skin and muscle or to the 

bone itself initiates a step-by-step and highly coordinated reorganization of the BM 

microenvironment by modulating, in a time-dependent manner, the activity, 

proliferation, and migration of specific cell types. We also reveal that the MSC, HSPC, 

and EC populations within the BM exhibit distinct response profiles upon injury, and 

that the BM reaction is almost identical, irrespective of whether the tissue damage is 

inflicted on the skin and muscle or consists of a noncritical bone defect. With this 

information, we provide researchers and clinicians new insights on the endogenous 

response of the BM, allowing them to adapt or improve currently available therapies or 



CHAPTER IV 

166 
 

to develop new injury-specific therapies to more effectively boost specific endogenous 

repair pathways that are naturally triggered at specific times after tissue injury.  

Importantly, we also conclude that the Y1R signaling pathway is not a primary regulator 

of the BM response under regenerative settings. We show that the Y1R signaling 

impacts the activity of MSC in the BM under homeostatic conditions, but the overall 

BM response during bone regeneration is independent of this signalling pathway. 

Nevertheless, this does not exclude the possible envolvement of other neuronal 

components, known to regulate bone homeostasis, such as the adrenergic and 

sensory nerve fibers, or other NPY receptors. 

This thesis also approaches the processes underlying the mapping of sensory 

innervation in the bone. Only recently, this topic has attracted the attention of the 

scientific community. Indeed, the focus of most studies addressing the neuro-skeletal 

crosstalk was mainly on the biological impact that the neuronal inputs produce on bone 

cells, and few have asked why the pattern of bone innervation is altered in pathological 

scenarios such as fracture, bone cancer or osteoporosis (1–3, 11, 12). In this study, 

we addressed this question by focusing on the role of OB, one of the main bone cell 

populations on the control of sensory innervation.  

Our results unravel important new mechanisms underlying the communication 

between OB and sensory terminals, and strengthen the importance of OB in the control 

of bone innervation. We conclude that the differentiation of MSC to OB leads to marked 

impairment of their ability to promote axonal growth through mechanisms that include 

paracrine-induced repulsion and loss of neurotrophic factors expression. Moreover, we 

also shed light on new key players involved in neuro-bone communication and how 

they can impact innervation. With this regard, we propose that Shh is a crucial 

guidance cue expressed by mature OB, that combined with a drastic reduction of the 

levels of NGF and BDNF, creates a non-permissive environment for axonal growth. 

The disclosure of new players controlling the mechanisms underlying bone sensory 

innervation is particularly relevant, as they arise as potential targets not only to tackle 

bone pain but also to control the neuropathological outcomes resulting from the 

disturbances in bone cell activity. Moreover, with this new information, studies aiming 

to manipulate OB activity, and consequently change its secretome, can be employed 

to gain further insights on the bone-peripheral nervous system communication.  

Finally, with our observations, a new and exciting model for the establishment and 

control of innervation in the bone starts to emerge. We propose a new model in which 
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the axonal-repulsion feature of OB counterbalances the axonal-growth promoting 

feature of OC (13), and that the combined action of OB and OC not only sustain bone 

homeostasis but also control the sensory patterning of the bone, resulting in a 

simultaneous, and possibly correlated, balance of bone mass and innervation.  

Overall this study provides new and valuable information on the crosstalk that occurs 

between the peripheral neuronal system and the skeletal system. Importantly, we 

confirm that this communication is bidirectional, i.e., neuronal inputs can produce 

effects in bone-resident cells, and vice-versa. We describe for the first time the 

endogenous BM response to an injury and how its internal cellular composition 

reorganizes throughout the inflammatory and early proliferative stages of bone 

regeneration, and evaluate the global contribution of the Y1R in regulating these 

mechanisms. We also report for the first time that OB can control the pattern of sensory 

innervation in the bone, by impairing axonal growth while triggering repulsion. Both 

outcomes provide relevant information for follow-up studies and offer researchers and 

clinicians new candidates as potential targets to tackle bone-related pathologies. 
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