Marie Pierre 
  
C Angelim 
  
Dr Pascal Legendre 
email: pascal.legendre@inserm.fr.
  
Monara Kaélle Sérvulo 
  
Cruz Angelim 
  
Monara Kaélle 
  
Sérvulo Cruz 
  
MAIA Luciana Maria Silva De Seixas 
  
Christine Mouffle 
  
Florent Guinoux 
  
Angela Amancio-Dos-Santos 
  
Hervé Le Corronc 
  
Jean Marie Mangin 
  
  
  
  
  
Primitive macrophages regulate the development of dorsal root ganglia sensory neurons in mouse embryos

Keywords: 72 Macrophages/microglia and neuronal survival………………………………………75 Microglia and neurogenesis…………………………………………………………..76 Microglia and synapse pruning………………………………………………………78 OBJECTIVES……………………………………………………………..79 RESULTS………………………………………………………………….81 Introduction……………………………………………………………………………….84 macrophage, microglia, neurogenesis, cell death, development, dorsal root ganglion

Primitive macrophages regulate the development of dorsal root ganglia sensory neurons in mouse embryos

By Monara Kaélle S

Les études précédentes du laboratoire ont montré que chez l'embryon les microglies immatures qui sont cellules immunitaires du système nerveux central pouvaient interagir avec les terminaisons des projections spinales des cellules sensorielles en croissance avant qu'elles envahissent le parenchyme.

Cette observation suggérait que ces cellules devaient avoir un rôle dans le développement embryonnaire des neurones sensoriels.

Pour tester cette hypothèse nous avons utilisé deux modèles d'ablation du système immunitaire embryonnaire chez la souris : la souris PU.1 KO et une approche immunopharmacologique. PU.1 est un facteur de transcription exprimé par les cellules du système hématopoïétique qui est essentiel pour son développement à partir du sac vitellin. La deuxième approche consiste en une injection chez la mère gestante d'un anticorps monoclonal dirigé contre le « colony-stimulating factor 1 receptor » (CSFR1). L'inhibition de CSFR1 conduit également à une déplétion des macrophages primitifs dérivés du sac vitellin.

Nous avons d'abord découvert que les macrophages primitifs peuvent physiquement interagir avec les extensions neuritiques périphériques des trois classes de cellules sensorielles et cela dès E11.5. Que ce soit en présence ou en l'absence des macrophages primitifs, les ganglions de la racine dorsale grandissent de façon identique entre E11.5 et E13.5. Ce n'est plus le cas à partir de E14.5 dans la mesure où ils deviennent plus petits chez les embryons dépourvus de macrophage. Ce défaut de croissance est lié à une plus faible quantité de neurone exprimant TrkA (TrkA + ) à E12.5, E14.5 et E15.5. Cependant, cette réduction de neurones TrkA + n'est pas la conséquence d'une augmentation de leur mort, car cette dernière n'est pas altérée par l'ablation des macrophages primitifs.

Par ailleurs l'absence de macrophage primitif aboutit à une réduction du nombre de neurones TrkC + et TrkB + à E11.5. Néanmoins, leur nombre devient plus important à E12.5 et diminue ensuite pour atteindre les mêmes valeurs que dans les contrôles. Par contre, leur mort développementale augmente transitoirement entre E11.5 et E12.5 pour augmenter de nouveau à partir de E14.5 et à E15.5 pour les neurones TrkB + . Les neurones TrkC + reprennent l'augmentation de la mort juste à E15.5 . Cette élévation de la mort n'est pas la conséquence d'une accumulation de la densité de corps apoptotiques, ces derniers pouvant toujours être phagocytés par les précurseurs gliales chez les embryons dépourvus de macrophages primitifs.

Nous avons ensuite recherché à savoir si l'ablation des macrophages pouvait altérer la prolifération des progéniteurs dans les ganglions de la racine dorsale en développement. Cela pourrait expliquer les altérations de la quantité de neurones sensoriels. Nous n'avons pas trouvé de différence dans la quantité de cellules en prolifération (KI67 + ) à E11.5, bien que le nombre de neurones nouvellement formé (Islet-1 + ) soit inférieur par rapport au embryons contrôles. Cela pourrait s'expliquer si les progéniteurs restent plus longtemps dans le cycle. Par contre si le nombre de neurones est identique à E12.5 chez les embryons dépourvus de macrophages par rapport aux embryons contrôles, le taux de prolifération des précurseurs est diminué. Il est possible que l'absence de différence du le nombre de cellules Islet-1 + observé à E12.5 reflète une augmentation de la production de neurones TrkC + et TrkB + entre E11.5 et E12.5 par rapport aux neurones TrkA + alors que la baisse de prolifération observée à E12.5 puisse rendre compte du déficit en neurones TrkA + .

En conclusion nos travaux montrent que les macrophages primitifs et/ou les premières cellules microgliales sont capables de réguler le développement des neurones sensoriels chez l'embryon de souris. Ce travail est la première démonstration d'une régulation du développement du système nerveux périphérique par les macrophages primitifs. v
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INTRODUCTION 1 Formation and specification of the neural crest-derived cells

The dorsal root ganglia (DRG) is formed by a mass of cells derived from the neural crest. It has revealed that neural crest-derived cells (NCCs) are highly migratory, multipotent combined with a limited capacity for self-renewal, as stem-cell like [START_REF] Baggiolini | Premigratory and migratory neural crest cells are multipotent in vivo[END_REF][START_REF] Bronner | Confetti clarifies controversy: neural crest stem cells are multipotent[END_REF][START_REF] Bronner | Formation and migration of neural crest cells in the vertebrate embryo[END_REF][START_REF] Dupin | Neural crest progenitors and stem cells: from early development to adulthood[END_REF][START_REF] Kasemeier-Kulesa | Imaging neural crest cell dynamics during formation of dorsal root ganglia and sympathetic ganglia[END_REF][START_REF] Trentin | Self-renewal capacity is a widespread property of various types of neural crest precursor cells[END_REF].

In major vertebrates organisms, NCCs arise at all axial levels of the embryo from the dorsal neural tube (dNT), and emigrate in a temporal gradient antero-posterior axis to form distinct sets of derivatives [START_REF] Vega-Lopez | Trunk neural crest cells: formation, migration and beyond[END_REF]. They delaminate from the most dorsal three cell layers of the neural tube in a chain-like formation, undergo epithelial to mesenchymal transition (EMT), and migrate along defined pathways throughout the embryo to generate a vast array of derivatives. Neural crest originates from four distinct segments of the anterior-posterior axis: cranial, cardiac, vagal and trunk.

NCCs from cranial axis originate craniofacial skeletal and connective tissues, nerve ganglia, smooth muscle and pigment cells. The cardiac NCCs form the heart, while the vagal neural crest contributes to the enteric ganglia of the gut. Finally, melanocytes, neurons and glia of peripheral nervous system (PNS) are trunk-specific neural crest derivatives (Fig 1 ;[START_REF] Bronner | Formation and migration of neural crest cells in the vertebrate embryo[END_REF][START_REF] Vega-Lopez | Trunk neural crest cells: formation, migration and beyond[END_REF]. 

Induction of "authentic" neural crest cells

The induction of "authentic" neural crest is a multistep process, starting at the early gastrula stages and continuing until detachment of neural plate from neural tube. During gastrulation, there is a reorganization of the blastula into three germ layers, ectoderm, mesoderm and endoderm. The endoderm develops digestive and respiratory systems, the mesoderm forms sclerotome (cartilage and bones) and dermatome (subcutaneous layer of the skin), connective tissue and muscles for instance.

The ectoderm differentiates to originate the nervous system and the epidermis.

The embryonic ectoderm originates the neuroectoderm, which will thicken into neural plate (NP).

During neurulation (Fig 2), the borders of neural plate bend in a rostral-to-caudal sequence to form the neural folds that converge and fused to create the neural tube. As a result of the closure, the borders of the neural plate delaminate and create a separate epithelium overlying the neural tube [START_REF] Rogers | Neural crest specification: tissues, signals, and transcription factors[END_REF]. Then, the cells of this domain establish the potential for becoming neural crest under specific signals. They are, then, referred as "authentic" neural crest cells (ANCC). A large number of studies have come up about the signals that are involved in the specification of NEURAL PLATE [START_REF] Grocott | The peripheral sensory nervous system in the vertebrate head: A gene regulatory perspective[END_REF][START_REF] Groves | Setting appropriate boundaries: Fate, patterning and competence at the neural plate border[END_REF][START_REF] Weston | Pentimento: Neural Crest and the origin of mesectoderm[END_REF]. In different species, at least four distinct pathways from surround tissues have been implicated in NEURAL PLATEinduction. These include bone morphogenetic protein (BMP) and wingless/int (Wnt) derived from non-neural ectoderm and paraxial mesoderm, fibroblast growth factor (FGF) from the paraxial mesoderm, retinoic acid (RA) and Notch/Delta signaling pathway in the ectoderm (Fig 3).

BMP is a secreted protein by epidermal ectoderm that signals through Smad proteins to modulate gene transcription, and is required for dorsal-ventral patterning of the early embryo. They interact with co-Smad to activate transcription of neural plate border (NPB) and neural crest specifier genes, such as Snail1 [START_REF] Rogers | Neural crest specification: tissues, signals, and transcription factors[END_REF]. In mice, moderate levels of BMP are required to create competent ectoderm after gastrulation and its signaling afterwards is attenuated by FGF.

FGF, as Wnt, is another protein secreted by neural plate and underlying mesoderm [START_REF] Garnett | BMP, Wnt and FGF signals are integrated through evolutionarily conserved enhancers to achieve robust expression of Pax3 and Zic genes at the zebrafish neural plate border[END_REF][START_REF] Martínez-Morales | FGF and retinoic acid activity gradients control the timing of neural crest cell emigration in the trunk[END_REF][START_REF] Monsoro-Burq | Neural crest induction by paraxial mesoderm in Xenopus embryos requires FGF signals[END_REF]. It signals through tyrosine kinase receptors to activate one of three downstream pathways, Ras/ERK, Akt or the protein kinase C.

Indirectly, FGF regulates neural crest development by inhibiting the expression and signaling of BMP [START_REF] Pera | Integration of IGF, FGF, and anti-BMP signals via Smad1 phosphorylation in neural induction[END_REF][START_REF] Wilson | An early requirement for FGF signalling in the acquisition of neural cell fate in the chick embryo[END_REF] and activating Wnt expression for neural crest induction [START_REF] Hong | Fgf8a induces neural crest indirectly through the activation of Wnt8 in the paraxial mesoderm[END_REF]. Another study propose a crosstalk between FGF and Notch to commit NCC fate in humans [START_REF] Jaroonwitchawan | Inhibition of FGF signaling accelerates neural crest cell differentiation of human pluripotent stem cells[END_REF]. After BMP gives the first step to induce the presumptive NEURAL PLATEby ectoderm, Wnt is the instructive signal to induce properly ANCC. Wnts are secreted ligands that by binding extracellular receptors are able to activate downstream pathways, which allow the activation of genes, such as Pax3/7 and Zic families, essential for switching on neural crest genes [START_REF] Elkouby | Mesodermal Wnt signaling organizes the neural plate via Meis3[END_REF][START_REF] Garnett | BMP, Wnt and FGF signals are integrated through evolutionarily conserved enhancers to achieve robust expression of Pax3 and Zic genes at the zebrafish neural plate border[END_REF][START_REF] Sato | Neural crest determination by co-activation of Pax3 and Zic1 genes in Xenopus ectoderm[END_REF]. It is clear that Wnt signaling is crucial in neural crest induction, however it is not much known which are the pathways of various Wnts and what are the differences among them.

Retinoic acid together with Wnts and FGF are essential for neural crest induction, especially for the posterior limit of the neural crest and the posterior limit of the anterior neural fold, while the other signals play more prominent roles at the anterior part of neural crest cells [START_REF] Villanueva | Posteriorization by FGF, Wnt, and Retinoic Acid Is Required for Neural Crest Induction[END_REF].

Notch are proteins located in extra-, inter and intracellular membrane, functioning as receptors for Delta or Jagged/Serrate ligands. Once binding, cells with activated Notch are maintained in a proliferative state [START_REF] Mead | Notch pathway regulation of neural crest cell development in vivo[END_REF]. Although less evidence were obtained for mice, Notch signaling has been demonstrated to be important for trunk neural crest development, especially in cell differentiation (Cornell andEisen, 2002, 2005).

In chicken, it was suggested that another signaling transduced by hepatocyte growth factor/scatter factor (HGF/SF) might have the ability to induce neural crest plate. HGF/SF is expressed during gastrulation and neurulation by surrounding tissue, including neural tube and Hensen's node. Probably, its effect is mediated secondarily by rendering neural cells of neural plate border competent to respond to other neural inducing factors [START_REF] Bronner-Fraser | Hepatocyte growth factor/scatter factor (HGF/SF) in early development: evidence for a role in neural induction[END_REF].

These proteins have been known to activate transcriptional factors, which in turn render neural plate borders capable of giving rise to neural crest. In addition, they might act synergistically to specify neural crest program.

In the morphogenesis, it is possible to distinguish neural from non-neural epithelium by E-cadherin immunoreactivity, even when they are superimposed on each other during neural fold. Cadherins mediate a specific cell adhesion that can provide cell recognition [START_REF] Mckeown | Expression and function of cell adhesion molecules during neural crest migration[END_REF]. Initially, Ecadherin is expressed in both neural plate and non-neural epithelium, however it is progressively down-regulated only in neural plate and replaced by N-cadherin. Thus, when the paired dorsal ridges are combining, the different expression of cadherins allows the fusion and segregation of the neural tube from the overlying epithelium [START_REF] Takeichi | Self-organization of animal tissues: cadherin-mediated processes[END_REF]. Afterwards, cells potentially are neural crest lose N-cadherin function and establish adhesions mediated by type 2 cadherins. In addition, some type 2 cadherins expression allows differentiate the pattern of neural crest-derived cells from neural plate [START_REF] Dady | Timing and kinetics of E-to N-cadherin switch during neurulation in the avian embryo[END_REF]. Briefly, the profile of cadherins expressed by ANCC is different of that found in the epithelium and even from that of neural plate. Then, this progressive pattern of cadherin expression leads NCCs to have weaker intercellular adhesion and consequently, migrate after EMT.

This was demonstrated for trunk cells in mouse and chicken [START_REF] Taneyhill | Should I stay or should I go? Cadherin function and regulation in the neural crest[END_REF].

Signaling in induction of neural crest-derived cells

"Authentic" Neural Crest population expresses a characteristic suite of transcription factors, termed neural crest specifier genes (Table 1), which are necessary to generate migratory neural crest cells and repress neural plate markers [START_REF] Bronner | Formation and migration of neural crest cells in the vertebrate embryo[END_REF].

Firstly, a set of transcription factors in cooperation with Paired box-3 and 7 (Pax3/7), establish neural plate competent to be specified in ANCC [START_REF] Monsoro-Burq | PAX transcription factors in neural crest development[END_REF]. Afterwards, a second set of transcriptional factors induces and implements the genetic program defining neural crest cells. These include Sox9 (SoxE family member), AP2,Twist,cMyc,Id,Foxd3,Ets1,and cMyb (Fig 4).

Some of those proteins instruct EMT process and preventing early differentiation of crest cells. NCCs express some of this genes during the migration and later, in differentiating derivatives [START_REF] Carney | A direct role for Sox10 in specification of neural crest-derived sensory neurons[END_REF]Sauka-Spengler andBronner-Fraser, 2008a, 2008b). In short, specific transcription factors work solely or in synergism, to initiate neural crest program.

Furthermore, growth factors along path influence the specification of neural crest epithelium [START_REF] Kalcheim | The Role of Neurotrophins in Development of Neural-Crest Cells that Become Sensory Ganglia[END_REF][START_REF] Sieber-Blum | Growth factor action in neural crest cell diversification[END_REF]. In addition, some growth factors are mitogens and have effects on both survival and differentiation of NCCs. FGF, a factor involved in neural crest induction, is also known for its ability to promote the survival and neuronal differentiation in primary neural crest culture [START_REF] Brill | BHK-21-derived cell lines that produce basic fibroblast growth factor, but not parental BHK-21 cells, initiate neuronal differentiation of neural crest progenitors[END_REF][START_REF] Garnett | BMP, Wnt and FGF signals are integrated through evolutionarily conserved enhancers to achieve robust expression of Pax3 and Zic genes at the zebrafish neural plate border[END_REF]. Neutrophin-3 (NT-3) is also involved in the regulation of neural crest cells survival. Experiments in vitro showed that neurotrophins brainderived neurotrophic factor (BDNF), FGF or NT-3 can rescue NCCs from cell death, when they were separated from the neural tube [START_REF] Henion | trkC-Mediated NT-3 Signaling Is Required for the Early Development of a Subpopulation of Neurogenic Neural Crest Cells[END_REF][START_REF] Kalcheim | Neurotrophin 3 is a mitogen for cultured neural crest cells[END_REF][START_REF] Kalcheim | The Role of Neurotrophins in Development of Neural-Crest Cells that Become Sensory Ganglia[END_REF]. Likewise, evidence indicates that the signal β neuregulin-1 (member of the epidermal growth factor superfamily) through interactions with extracellular matrix participates in neural crest survival (Woodhoo et al., 2004). Particularly for melanogenic cells, they can respond to Kit ligand which beyond provides trophic support, leads to directional migration [START_REF] Thomas | The making of a melanocyte: the specification of melanoblasts from the neural crest[END_REF].

Migration of neural crest-derived cells

After EMT of neural crest epithelium, neural crest-derived mesenchymal cells enter the migrating staging area, an extracellular matrix-containing interstitial space in trunk axial level delimited by neural and epidermal somite epithelia.

During or soon after migration, NCCs acquire features necessary to differentiate in a specific cell of a future organ. The differentiation and migration processes are narrowly regulated in a spatiotemporally sequence that respond to combination of environmental cues with intrinsic competence.

Specific genes expression is strict regulated during EMT, short before crest-derived cells dissociate from neural plate (Table 1). Among them, Snail family is well known to induce down-regulation of cadherins and allow NCC delaminates from dNT [START_REF] Aybar | Snail precedes slug in the genetic cascade required for the specification and migration of the Xenopus neural crest[END_REF][START_REF] Gouti | Anterior Hox Genes Interact with Components of the Neural Crest Specification Network to Induce Neural Crest Fates[END_REF]. In order to invade the extracellular matrix-filled interstitial spaces, NCCs are provided of plasminogen activator and matrix metalloproteases [START_REF] Duong | MMP-2 plays an essential role in producing epithelialmesenchymal transformations in the avian embryo[END_REF][START_REF] Weston | Pentimento: Neural Crest and the origin of mesectoderm[END_REF].

Basically, the migration in the trunk occurs in three distinct phases that include: (I) acquisition of a specific pattern of migration by contact with ectoderm and the surround microenvironment; (II) contact-mediated guidance to the target site and, (III) contact inhibition of movement after colonization of the target location [START_REF] Kulesa | Cranial neural crest migration: new rules for an old road[END_REF]Vega-Lopez et al., 2017, p.). During all migrating staging area, NCCs form streams of cells that are interconnected by extensive bilateral filopodia and adopt a chain-like formation to make DRG and sympathetic ganglia (SG). This conformation is essential for the interaction of the cells during the exploration of sclerotome. The filopodial contacts function also to pull back the cells that were attempted to break the chain. A small proportion of cells still may use that neighboring contact to reverse their trajectory from SG path and join the DRG segment instead. However, at some point, NCCs are not able to reorient their route due to a physical boundary between DRG and SG (Kasemeier- [START_REF] Kasemeier-Kulesa | Imaging neural crest cell dynamics during formation of dorsal root ganglia and sympathetic ganglia[END_REF]. The composition of this barrier is not well known; perhaps it is made of the same inhibitory proteoglycans that surround the notochord [START_REF] Perissinotto | Avian neural crest cell migration is diversely regulated by the two major hyaluronan-binding proteoglycans PG-M/versican and aggrecan[END_REF]. Fate-restricted precursors that fail to disperse in a timely way on an appropriate migration pathway appear to undergo apoptosis [START_REF] Weston | Pentimento: Neural Crest and the origin of mesectoderm[END_REF].

In the trunk, the migration of NCCs is patterned along the somites (Fig 5), described at early (stage 14 in chick and E9 in mouse), mid (stage 15/16 in chick and E9.5 in mouse) and late stages (stage 20 in chick and E10/10.5 in mouse; [START_REF] Erickson | Descriptive and experimental analysis of the dispersion of neural crest cells along the dorsolateral path and their entry into ectoderm in the chick embryo[END_REF][START_REF] Gammill | Division of labor during trunk neural crest development[END_REF][START_REF] Serbedzija | Pathways of trunk neural crest cell migration in the mouse embryo as revealed by vital dye labelling[END_REF].

At early stage, neurogenic and gliagenic precursors begin to migrate between the somites and thereafter, they are repelled from the intersomitic space by the expression of repulsive factors.

Thenceforth, once attracted into the rostral somite by CXCR4/CXCL12 signaling, NCCs avoid the caudal half of the somite through factors expression locally [START_REF] Belmadani | The chemokine stromal cell-derived factor-1 regulates the migration of sensory neuron progenitors[END_REF].

Synergy between semaphorins and neuropilin receptors plays important role in controlling distinct aspects of trunk NCC guidance. The signaling of semaphoring Sema3A through the neuropilin receptor Nrp1 repels NCC from the interstitial space between somites and Nrp2/Sema3F signaling prevents NCCs to invade the caudal part of the somite [START_REF] Gammill | Division of labor during trunk neural crest development[END_REF][START_REF] Roffers-Agarwal | Neuropilin receptors guide distinct phases of sensory and motor neuronal segmentation[END_REF]. Those directions were confirmed in mutant mice when loss Sema3A and Sema3F signaling via Nrp1 and Nrp2 receptors induces ectopic invasion of NCCs into intersomitic furrows and posterior scleretome halves, resulting in disrupted DRG segmentation (Schwarz et al., 2009a).

Some other factors reinforce this pattern migration. In chicken, for instance, it was demonstrated that glycoconjugates acts as repulsive factors to the migration of NCCs into DLP. Peanut Agglutinin lectin (PNA)-binding and chondroitin-6-sulfate immunoreactivity are expressed in the dorso-lateral pathway (DLP) at the same time that NCC invade ventrolateral pathway to form DRG and SG. The expression of both glycoconjugates declines dramatically as NCCs enter into DLP [START_REF] Oakley | Glycoconjugates mark a transient barrier to neural crest migration in the chicken embryo[END_REF]. Hence, it is assumed that repulsive molecules existent into extracellular matrix prevent the access of NCCs into DLP during the inhibitory period.

Then, the ventromedial route through somatic mesoderm instructs NCCs to stop midway along and lateral to NT, coalesce and give rise to DRG. In the other hand, those that migrate ventrally past the formation site of DRG accumulate dorsolateral to the dorsal aorta and give rise to SG neurons. Three molecular pathways contribute to the segregation of these lineages: semaphorin-mediated repulsion, neuregulin-mediated attraction and Neurogenin (Ngn)-induced gene expression. The Nrp-mediated semaphorin guidance has been demonstrated as essential for organizing NCCs into segmented DRG (Schwarz et al., 2009a). Although is unknown whether Ngns are significant to arrest NCCs migration in the dorsal sclerome, it is clear they are essential for setting up DRG population [START_REF] Ma | Neurogenin1 and neurogenin2 control two distinct waves of neurogenesis in developing dorsal root ganglia[END_REF], as they are expressed in precursors of sensory neurons and glia [START_REF] Perez | Early specification of sensory neuron fate revealed by expression and function of neurogenins in the chick embryo[END_REF][START_REF] Sommer | neurogenins, a novel family of atonal-related bHLH transcription factors, are putative mammalian neuronal determination genes that reveal progenitor cell heterogeneity in the developing CNS and PNS[END_REF].

To form SG, drawing factors as neuregulin1, and CXCR4/CXCL12, ERBB2 and ERBB3 (receptors transmit neuregulin signaling), GFRα3/GDNF attract NCCs to ventral part of somite area and surrounding repulsive factors pull them to dorsal aorta [START_REF] Gammill | Division of labor during trunk neural crest development[END_REF][START_REF] Kasemeier-Kulesa | Imaging neural crest cell dynamics during formation of dorsal root ganglia and sympathetic ganglia[END_REF].

Finally, NCCs take the final migratory route along the DLP between ectoderm and paraxial mesoderm to generate melanocytes [START_REF] Erickson | Descriptive and experimental analysis of the dispersion of neural crest cells along the dorsolateral path and their entry into ectoderm in the chick embryo[END_REF]. Dermomyotome is the source of guidance cues to direct NCCs to DLP. In chicken, it expresses repulsive slit ligands, and early migrating crest cells the correspondent receptor, Robos. Thus, only late migrating cells that downregulate Robos are allowed to follow dermomyotome path [START_REF] Jia | Slit/Robo signaling is necessary to confine early neural crest cells to the ventral migratory pathway in the trunk[END_REF]. The same effect was observed for Eph/ephrin signaling resulted from the interaction between NCCs and dermomyotome [START_REF] Santiago | Ephrin-B ligands play a dual role in the control of neural crest cell migration[END_REF]. As mentioned, Nrp1/Sema3A expression, as well as peanut agglutinin binding cell-surface glycoproteins are also essential to open the DLP [START_REF] Oakley | Glycoconjugates mark a transient barrier to neural crest migration in the chicken embryo[END_REF][START_REF] Roffers-Agarwal | Neuropilin receptors guide distinct phases of sensory and motor neuronal segmentation[END_REF]Schwarz et al., 2009b). In addition, in murine, melanoblasts express Kit receptor and then, the presence of its ligand in dermomyotome attract those migratory cells [START_REF] Wilson | Neural crest cell lineage segregation in the mouse neural tube[END_REF].

Specification of neural crest-derived cells

It is well established that NCCs are multipotents [START_REF] Baggiolini | Premigratory and migratory neural crest cells are multipotent in vivo[END_REF], not only at the population level but also at the single cell level and that such multipotency is maintained in neural crestderivative mesenchimal cells during their emigration from dNT. Sox10 and Sox2 has been pointed as the mainly transcription factors for the maintenance of stem cell properties in the trunk neural crest [START_REF] Bylund | Vertebrate neurogenesis is counteracted by Sox1-3 activity[END_REF][START_REF] Kim | SOX10 maintains multipotency and inhibits neuronal differentiation of neural crest stem cells[END_REF]. Furthermore, there is some evidence for the existence of pluripotent stem cells even after migration, into DRG, property maintained by BMP2 and FGF2 [START_REF] Ogawa | Mouse embryonic dorsal root ganglia contain pluripotent stem cells that show features similar to embryonic stem cells and induced pluripotent stem cells[END_REF]. However, some other studies have reported that a small proportion of early migrating neural crest cells are fate-restricted to a specific cell depending on the time of emigration and the site of origin in the dNT [START_REF] Baggiolini | Premigratory and migratory neural crest cells are multipotent in vivo[END_REF][START_REF] Hari | Temporal control of neural crest lineage generation by Wnt/β-catenin signaling[END_REF]Krispin et al., 2010;[START_REF] Nitzan | A dynamic code of dorsal neural tube genes regulates the segregation between neurogenic and melanogenic neural crest cells[END_REF][START_REF] Raible | Restriction of neural crest cell fate in the trunk of the embryonic zebrafish[END_REF].

After delamination, a set of NCCs has already got through at least one cell cycle and divided to originate progeny with different potential, they become bipotent cells. It has exposed that bipotent cells are either glial-melanogenic or neural/glial precursors. The second cell cycle ends up with glia and melanocyte from glial-melanogenic bipotent cells and neurons as well glia from neural/glial progeny (Frank and Sanes, 1991;[START_REF] Henion | trkC-Mediated NT-3 Signaling Is Required for the Early Development of a Subpopulation of Neurogenic Neural Crest Cells[END_REF][START_REF] Henion | Timing and pattern of cell fate restrictions in the neural crest lineage[END_REF][START_REF] Thomas | The making of a melanocyte: the specification of melanoblasts from the neural crest[END_REF]. This heterogeneous behavior can be switched to a virtually homogeneous response when NCCs are exposed to instructive cues in a temporally controlled manner [START_REF] Hari | Temporal control of neural crest lineage generation by Wnt/β-catenin signaling[END_REF][START_REF] Shah | Glial growth factor restricts mammalian neural crest stem cells to a glial fate[END_REF].

To switch from a bipotent glial-melanogenic cell to melanoblasts, several transcriptional factors are involved. These include the Microphthalmia-associated transcriptional factor (Mitf), Pax3 and Sox10.

For all glial cells, the lineage-specific transcription factors include Sox10 and Pax3 (Britsch et al., 2001;[START_REF] Prasad | SOX10 directly modulates ERBB3 transcription via an intronic neural crest enhancer[END_REF], while Mitf is considered crucial for the specification and survival of melanoblasts [START_REF] Thomas | The making of a melanocyte: the specification of melanoblasts from the neural crest[END_REF].

In addition, [START_REF] Luo | Molecular identification of distinct neurogenic and melanogenic neural crest sublineages[END_REF] observed that as sooner crest-derivative cells emerge from neural tube, their expression of C-Kit receptors is significant to specify melanocytes cells. Attention has been given to this tyrosine kinase receptor, although it is not essential for initial specification of melanoblasts, it has been associated for proper differentiation and survival for these cells [START_REF] Hou | Signaling and transcriptional regulation in the neural crest-derived melanocyte lineage: interactions between KIT and MITF[END_REF]. Besides C-Kit, [START_REF] Luo | Molecular identification of distinct neurogenic and melanogenic neural crest sublineages[END_REF] also demonstrated that tropomyosin-related kinase TrkC receptor is expressed by neural crest migrating cells, which are engaged in neural/glial differentiation.

There are two hypotheses to explain how NCCs give rise to neurons or glial cells. Firstly, the same crest cell might become neuron or glia, depending on the time they leave the neural tube. It is already

shown that crest cells that give rise to neurons migrate before the ones that generate glial cells [START_REF] Lawson | Development of mouse dorsal root ganglia: an autoradiographic and quantitative study[END_REF]. This can be confirmed since NCC withdrawal from the mitotic cycle generates predominantly neurons, and later, glial cells (Frank and Sanes, 1991;[START_REF] Gonsalvez | Proliferation and cell cycle dynamics in the developing stellate ganglion[END_REF].

The second possibility could be sensory neurons might arise from both NCC committed to neurons or to glia. This competency has been demonstrated through fate mapping for boundary cap cells, progenitors located in the dorsal root (Hjerling-Leffler et al., 2005;Maro et al., 2004). Cap cells commitment will be exposed in the next chapter.

In early DRG development, the forkhead transcription factor Foxs1 expression appears to be one of the most specific molecular markers for the identification of sensory and neuronal fated NCCs (Marmigère and Ernfors, 2007;[START_REF] Montelius | Emergence of the sensory nervous system as defined by Foxs1 expression[END_REF]. Likewise, early precursors upregulate brainspecific homeobox/POU domain protein 3A (Brn3a, [START_REF] Fedtsova | Brn-3.0 expression identifies early post-mitotic CNS neurons and sensory neural precursors[END_REF][START_REF] Zou | Brn3a/Pou4f1 regulates dorsal root ganglion sensory neuron specification and axonal projection into the spinal cord[END_REF] and rapidly acquire Islet1 [START_REF] Dykes | Brn3a and Islet1 act epistatically to regulate the gene expression program of sensory differentiation[END_REF]Sun et al., 2008) and βIII-tubulin (TUJ1; [START_REF] Montelius | Emergence of the sensory nervous system as defined by Foxs1 expression[END_REF] expression, which are considered as early neuronal markers within the DRG.

Although not completely clear yet, FoxD3 transcriptional factor may favor the maintenance of neurogenic and gliogenic precursors. On the other hand, FoxD3 down-regulation determines the appearance of melanogenic precursors within NCCs [START_REF] Thomas | The making of a melanocyte: the specification of melanoblasts from the neural crest[END_REF][START_REF] Weston | Pentimento: Neural Crest and the origin of mesectoderm[END_REF][START_REF] Yanfeng | Wnt-frizzled signaling in the induction and differentiation of the neural crest[END_REF], which suggest this factor is more likely to inhibit NCCs to become melanogenic precursors and then, promoting specification in sensory neurons.

Postmigratory NCCs at the location of the prospective DRG and sympathetic chain cease Sox10 expression, a prerequisite for neuronal differentiation, whereas glial precursors continue expressing it [START_REF] Aquino | In vitro and in vivo differentiation of boundary cap neural crest stem cells into mature Schwann cells[END_REF]. The differentiation of gliogenic progenitors can not be interpreted as the final division since there is evidence that these cells are able to divide after birth [START_REF] Arora | Evidence of postnatal neurogenesis in dorsal root ganglion: role of nitric oxide and neuronal restrictive silencer transcription factor[END_REF][START_REF] Kraus-Ruppert | Kinetic studies on glial, Schwann and capsular cells labelled with [3H] thymidine in cerebrospinal tissue of young mice[END_REF][START_REF] Laranjeira | Glial cells in the mouse enteric nervous system can undergo neurogenesis in response to injury[END_REF]. Sox10 + cells differentiate in two main, partially overlapping, neurogenic waves respectively controlled by the proneural activity of the bHLH transcription factors Neurogenin-2 and Neurogenin-1, (Ngn2, Ngn1) [START_REF] Delfino-Machín | Sox10 contributes to the balance of fate choice in dorsal root ganglion progenitors[END_REF].

Accordingly, in early development of DRG, the first Ngn2-dependent wave NCCs generates the ventrolateral (VL) neurons. After the large VL cells, Ngn1-dependent population differentiates into smaller size neurons [START_REF] Ma | Neurogenin1 and neurogenin2 control two distinct waves of neurogenesis in developing dorsal root ganglia[END_REF], located in the dorsomedial region (DM) of the DRG [START_REF] Lawson | Development of mouse dorsal root ganglia: an autoradiographic and quantitative study[END_REF]Marmigère and Ernfors, 2007;[START_REF] Ohayon | Zeb Family Members and Boundary Cap Cells Underlie Developmental Plasticity of Sensory Nociceptive Neurons[END_REF].

The SG lineage is occurred under BMPs secretion that will trigger upregulation of early SG markers such as PHOX2B [START_REF] Huang | Generating trunk neural crest from human pluripotent stem cells[END_REF][START_REF] Schneider | Bone morphogenetic proteins are required in vivo for the generation of sympathetic neurons[END_REF]. In any case, it is likely NCCs depend on factors released from the environment to choose their fate [START_REF] Ruhrberg | In the beginning[END_REF]. 

Development stage

Step of the NCC-GRN Main Refs.

Gastrulation Main secreted inducers

Wnt, BMP [START_REF] Yanfeng | Wnt-frizzled signaling in the induction and differentiation of the neural crest[END_REF]02

Notch/Delta, [START_REF] Cornell | Notch in the pathway: the roles of Notch signaling in neural crest development[END_REF][START_REF] Louvi | Notch signalling in vertebrate neural development[END_REF][START_REF] Wakamatsu | Fate determination of neural crest cells by NOTCH-mediated lateral inhibition and asymmetrical cell division during gangliogenesis[END_REF]02 

Organogenesis

Ets1 02 [START_REF] Théveneau | Ets-1 confers cranial features on neural crest delamination[END_REF] Foxd3 [START_REF] Cheung | The transcriptional control of trunk neural crest induction, survival, and delamination[END_REF]02 AP2 3)(de Crozé, Maczkowiak, & Monsoro-Burq, 2011; R. [START_REF] Luo | Molecular identification of distinct neurogenic and melanogenic neural crest sublineages[END_REF] LSox5 [START_REF] Perez-Alcala | LSox5 regulates RhoB expression in the neural tube and promotes generation of the neural crest[END_REF])02 Snail1/Snail2 [START_REF] Aybar | Snail precedes slug in the genetic cascade required for the specification and migration of the Xenopus neural crest[END_REF][START_REF] Cheung | The transcriptional control of trunk neural crest induction, survival, and delamination[END_REF][START_REF] Meulemans | Gene-regulatory interactions in neural crest evolution and development[END_REF] NeuroD1 [START_REF] Ma | Identification of neurogenin, a vertebrate neuronal determination gene[END_REF][START_REF] Sommer | neurogenins, a novel family of atonal-related bHLH transcription factors, are putative mammalian neuronal determination genes that reveal progenitor cell heterogeneity in the developing CNS and PNS[END_REF]02

Neuregulin-1 [START_REF] Shah | Glial growth factor restricts mammalian neural crest stem cells to a glial fate[END_REF]02 Sox10 [START_REF] Carney | A direct role for Sox10 in specification of neural crest-derived sensory neurons[END_REF]02

Neurog1/2 [START_REF] Ma | Neurogenin1 and neurogenin2 control two distinct waves of neurogenesis in developing dorsal root ganglia[END_REF]Zirlinger, Lo, McMahon, McMahon, & Anderson, 2002)02

2 Establishment of dorsal root ganglia

Commitment of neural crest-derived cells into dorsal root ganglion

As discussed before, a set of NCCs is committed from early stages through migration along restricted pathways. NCCs seem to be committed to populate the DRG based on their genes activation, dorsal spinal cord (SC) location, period of delamination [START_REF] George | Patterned assembly and neurogenesis in the chick dorsal root ganglion[END_REF]Krispin et al., 2010) and Snail2) different genes on NCCs, subsequently affecting the differentiation of presumptive SG cells (Sox9 + and Spon1 + cells). In addition, neuropilins and neurogenins expression is essential to define the population of DRG. More specific, between the two neuropilins receptors, Nrp1 and Nrp2, Nrp2 seems to be particular of trunk NCCs that will generate the DRG neurons [START_REF] Lumb | Neuropilins define distinct populations of neural crest cells[END_REF].

Among the proneural bHLH transcription factor, Ngn2 is transiently expressed by early migrating crest cells in mice that are strongly biased towards a sensory fate than autonomic derivatives [START_REF] Perez | Early specification of sensory neuron fate revealed by expression and function of neurogenins in the chick embryo[END_REF]. Despite that, Ngn2-expressing NCCs are not committed to a neuronal fate, they can generate both neurons and glia (Zirlinger et al., 2002). In this aspect, right after the condensation of the sensory ganglia, NCCs express Ngn1, which are more likely to differentiate in sensory neurons [START_REF] Delfino-Machín | Sox10 contributes to the balance of fate choice in dorsal root ganglion progenitors[END_REF][START_REF] Ma | Neurogenin1 and neurogenin2 control two distinct waves of neurogenesis in developing dorsal root ganglia[END_REF][START_REF] Mcgraw | Zebrafish dorsal root ganglia neural precursor cells adopt a glial fate in the absence of neurogenin1[END_REF].

On the other hand, glial fate specification is stimulated by neuregulin signaling [START_REF] Shah | Glial growth factor restricts mammalian neural crest stem cells to a glial fate[END_REF] and requires the transcription factor Sox10 [START_REF] Paratore | Survival and glial fate acquisition of neural crest cells are regulated by an interplay between the transcription factor Sox10 and extrinsic combinatorial signaling[END_REF] that induces the expression of neuregulin receptor ErbB3 [START_REF] Prasad | SOX10 directly modulates ERBB3 transcription via an intronic neural crest enhancer[END_REF]. To maintain high Sox10 levels during specification into peripheral glia, Pax3 expression is required in NCCs, which is ensured by the expression of histone deacetylases (HDACs), specially HDAC1 and HDAC2 [START_REF] Jacob | HDAC1 and HDAC2 Control the Specification of Neural Crest Cells into Peripheral Glia[END_REF]. In short, a cascade of transcription factor activation is also necessary for NCCs specification in satellite and Schwann cells in the DRG.

The majority of migrating and post-migrating neural crest in DRG expresses the low affinity nerve growth factor receptor p75 [START_REF] Hapner | Neural differentiation promoted by truncated trkC receptors in collaboration with p75(NTR)[END_REF]. In mice, NCCs co-express p75 and Sox10 during early DRG development. As development progresses, from embryonic day (E) 10, glial cells keep Sox10 staining while neurons only express p75 receptor [START_REF] Sonnenberg-Riethmacher | Development and degeneration of dorsal root ganglia in the absence of the HMGdomain transcription factor Sox10[END_REF].

Besides p75, migrating NCCs express the tyrosine kinase receptor TrkC, co-expressed with markers of both mitotically active neuroblasts and postmitotic neurons [START_REF] Henion | trkC-Mediated NT-3 Signaling Is Required for the Early Development of a Subpopulation of Neurogenic Neural Crest Cells[END_REF][START_REF] Rifkin | Dynamic Expression of Neurotrophin Receptors during Sensory Neuron Genesis and Differentiation[END_REF].

The expression of p75 and TrkC by migrating NCCs suggests this population is committed preferentially to sensory neurons.

As NCCs exhibit neurotrophins receptors, it is likely that crest-derived cells are sensitive to a group of neurotrophins released in the migrating pathways. For instance, the neurotrophins BDNF, NT-3 and FGF induce neuronal differentiation in a set of NCCs [START_REF] Kalcheim | The Role of Neurotrophins in Development of Neural-Crest Cells that Become Sensory Ganglia[END_REF]. As NCCs, early post-migratory neuroblasts may require BDNF and NT-3 especially for maturation [START_REF] Wright | Neurotrophic factors promote the maturation of developing sensory neurons before they become dependent on these factors for survival[END_REF].

However, the dependence of specific neurotrophins varies according to the maturation state, been essential either for survival and/or cell differentiation [START_REF] Vogel | The duration of neurotrophic factor independence in early sensory neurons is matched to the time course of target field innervation[END_REF].

In summary, intrinsic factors and environmental-released cues are both essential to commit NCCs to either sensory or autonomic lineage, and afterwards in neuronal or glial cells.

Formation of dorsal root ganglion

In mice, NCCs dedicated to the DRGs leave the neural tube between E9 and E10 [START_REF] Montelius | Emergence of the sensory nervous system as defined by Foxs1 expression[END_REF][START_REF] Serbedzija | Pathways of trunk neural crest cell migration in the mouse embryo as revealed by vital dye labelling[END_REF]. Then, the DRG becomes a mass of Sox10 + cells located between the spinal cord and the somites, in a medial position closer to the spinal cord. They are also positive to Ki67, which means that all progenitors in DRG are proliferating. Ki67 is a protein expressed in cycling cells [START_REF] Brown | Ki67 protein: the immaculate deception?[END_REF]Gonsalvez et al., 2015). Until E11.5 inclusive, the cell cycle length (CCL) and S-phase length of neural progenitors change little, with a short CCL and a relatively long S-phase (Gonsalvez et al., 2015). At this age in mice, mitotically active cells are located along the perimeter of the DRG as well as throughout its core [START_REF] George | Patterned assembly and neurogenesis in the chick dorsal root ganglion[END_REF].

The first post-migrating NCCs acquire the expression of the forkhead transcription factor Foxs1 and then, establish a sensory and neuronal fate. The first sensory neurons are positioned in the VL part of DRG, while from E10.5 on, NCC specify in DM neurons. At this time, the ganglion is well enclosed by a cadherin-6 positive basement membrane [START_REF] Lawson | Development of mouse dorsal root ganglia: an autoradiographic and quantitative study[END_REF][START_REF] Sonnenberg-Riethmacher | Development and degeneration of dorsal root ganglia in the absence of the HMGdomain transcription factor Sox10[END_REF]. Ventrolateral neurons are larger in cell size and stain lightly for Nissl substance while those located in the DM region are smaller, closely packed and have a dense cytoplasm [START_REF] Hamburger | Proliferation, differentiation and degeneration in the spinal ganglia of the chick embryo under normal and experimental conditions[END_REF]Marmigère and Ernfors, 2007). These two populations seem to be separated from each other by a fairly sharp boundary [START_REF] Hamburger | Proliferation, differentiation and degeneration in the spinal ganglia of the chick embryo under normal and experimental conditions[END_REF].

At E12.5, the pattern of mitotic activity changes and it is rarely abundant in VL domain of DRG, but present in medial perimeter instead [START_REF] George | Patterned assembly and neurogenesis in the chick dorsal root ganglion[END_REF]. There is a significant increase in both CCL and S-phase length, which maintains the S-phase-CCL ratio and corresponds with the appearance of the last neurons and the first glia [START_REF] Lawson | Development of mouse dorsal root ganglia: an autoradiographic and quantitative study[END_REF]. Naturally, DRG neurons when arise, differentiate and undergo cell death as early as E11.5, although more significant at E12.5. As VL are born first, their surplus die 1-2 days before DM neurons. This natural process called developmental cell death (DCD) happens to shape the population of DRG neurons consequently to the excess of newborn neurons [START_REF] Hamburger | Neuronal death in the spinal ganglia of the chick embryo and its reduction by nerve growth factor[END_REF][START_REF] Rifkin | Dynamic Expression of Neurotrophin Receptors during Sensory Neuron Genesis and Differentiation[END_REF].

At E13.5, the most dramatic change in proliferative behaviour occurs, when CCL increases but Sphase does not change and corresponds with the first withdrawal of Sox10 cells from cell cycle. This change occurs while only glial cells are being produced, which suggests that glia is generated from Sox10 + cells with long CCLs. However, as glia and progenitors cells share the same markers, such as Sox10 and brain-fatty acid binding protein (B-FABP), the exact time at which glial cells appear is difficult to identify. Glial cells appear from E11.5, but they may divide until E13.5, when they lose Ki67 expression [START_REF] Gonsalvez | Proliferation and cell cycle dynamics in the developing stellate ganglion[END_REF](Gonsalvez et al., , 2015;;[START_REF] Lawson | Development of mouse dorsal root ganglia: an autoradiographic and quantitative study[END_REF]. Because of the existing evidence for a rostrocaudal gradient in development of both sensory ganglia and spinal cord, neuronal and glial birthdays occur earlier in the cervical than in the lumbar ganglia by an estimated 12-20h of difference [START_REF] Nornes | Neurogenesis in spinal cord of mouse: an autoradiographic analysis[END_REF]. Later on (E14.5 in mice), DRG sensory neurons are functional and contact both peripheral and central targets.

Dorsal root ganglion neurogenesis

DRG sensory neurons are characterized in according to three perceptual modalities, proprioceptive, mechanoreceptive and (thermo-) nociceptive. Large diameter neurons include proprioceptors that sense limb movement and position, and mechanoreceptors that conveying mechanical sensations.

Nociceptives have small diameter and respond to thermo and noxious stimuli. Each modality of sensory neuron expresses a pattern defined by specific molecular characteristics and unique sets of ion channels, necessary to conduct the information properly. Into DRG, the nociceptives are in the DM position while proprioceptive and mechanoreceptives are located in VL.

The proliferation of sensory neurons in the lumbar part of mice occurs between E10 and E14, with a peak at E12.5 (Gonsalvez et al., 2015;[START_REF] Lawson | Development of mouse dorsal root ganglia: an autoradiographic and quantitative study[END_REF]. The neurogenesis occurs first in two waves with some overlapping [START_REF] Ma | Neurogenin1 and neurogenin2 control two distinct waves of neurogenesis in developing dorsal root ganglia[END_REF]. At latter developmental stage, a third wave occurs and originates from boundary cap cells (Hjerling-Leffler et al., 2005;Maro et al., 2004). The process shares similarities in chicken and mice (Frank and Sanes, 1991).

The first wave, Ngn2-dependent, occurs between E9.5 and E11.5 in mice (Fig 6). Ngn2-dependent NCCs exclusively migrate ipsilaterally from lateral dNT to colonize the DRG core and subsequently, Ngn2 is largely downregulated. During this phase, one third of dorsal SC NCCs show limited capacity to divide and give rise to 3.1 neurons each one, which represents about 4% of the adult DRG neurons.

Those neurons form the DRG core where the large proprioceptives and mechanoreceptives are settled.

They are surrounded by new progenitors and early differentiating neurons [START_REF] George | Patterned assembly and neurogenesis in the chick dorsal root ganglion[END_REF][START_REF] Montelius | Emergence of the sensory nervous system as defined by Foxs1 expression[END_REF]. However, the studies are not conclusive about the possibility that large diameter neurons only are specified throughout the first wave of neurogenesis.

The second wave, being Ngn1-dependent, occurs between E10.5 and E13.5. The remaining two-thirds of NCCs delaminates close to SC dorsal midline to migrate either ipsilaterally and contralaterally to the DRG perimeter and dorsal pole. They start to express Ngn1 in DRG, postpone differentiation and each cell generates an average of 35.9 small and large neurons. The progeny of contralaterally-derived NCCs gives rise to a population that colonize the entire medial and a part of DM perimeter and are specific for nociceptive cell formation, while ipsilaterally migrating progenitors produce mechanoreceptive and proprioceptive neurons (Frank and Sanes, 1991;[START_REF] George | Nociceptive sensory neurons derive from contralaterally migrating, fate-restricted neural crest cells[END_REF][START_REF] George | Patterned assembly and neurogenesis in the chick dorsal root ganglion[END_REF][START_REF] Ma | Neurogenin1 and neurogenin2 control two distinct waves of neurogenesis in developing dorsal root ganglia[END_REF]. [START_REF] Montelius | Emergence of the sensory nervous system as defined by Foxs1 expression[END_REF] demonstrated that the first and second waves of DRG neurogenesis occur under Foxs1 expression. The first wave of Foxs1 + cells appears by E10 in VL region, and at E11.5, all of VL and DM neurons (second wave) has the expression of Foxs1 marker. These results suggest Foxs1 transcription factor could be a specific marker for sensory neuron population in DRG. On the other hand, the proliferation of Sox10 slightly reduces from E10, which suggests the reduction in the proliferation is due to the exit of the first cells from the cell cycle.

The last wave of neurogenesis takes place from E11.5 in mice. It is characterized by boundary cap cells (BCCs) migration. BCCs is a cellular structure located at the dorsal root entry zone and exit points of motor neurons, at the boundary between the PNS and the central nervous system, CNS (Maro et al., 2004) and consists of multipotent neural crest stem cells (Hjerling-Leffler et al., 2005).

They contribute to about 5% of nociceptive neurons in DM region as well to Schwann and satellite cells of the mouse DRG [START_REF] Aquino | In vitro and in vivo differentiation of boundary cap neural crest stem cells into mature Schwann cells[END_REF]Maro et al., 2004).

Finally satellite cells, which ensheathe neuronal somata, and Schwann cells, which ensheathe axons are generated throughout the neurogenesis waves, from E11.5 to E16.5, and are morphologically and immunochemically distinct [START_REF] Bhattacharyya | P0 is an early marker of the Schwann cell lineage in chickens[END_REF][START_REF] Dulac | A surface protein expressed by avian myelinating and nonmyelinating Schwann cells but not by satellite or enteric glial cells[END_REF][START_REF] Lawson | Development of mouse dorsal root ganglia: an autoradiographic and quantitative study[END_REF].

The Schwann cells, but not satellite glia, express the Schwann cell myelin protein in avian embryos [START_REF] Dulac | A surface protein expressed by avian myelinating and nonmyelinating Schwann cells but not by satellite or enteric glial cells[END_REF][START_REF] Le Douarin | Glial cell lineages in the neural crest[END_REF] and in mouse, they express the transcription factor Krox20 [START_REF] Topilko | Krox-20 controls myelination in the peripheral nervous system[END_REF]. Mice with mutation of neuregulin1 or its signaling via ErbB receptors exhibit reduced numbers of Schwann cells, whereas satellite cells are not affected [START_REF] Britsch | The ErbB2 and ErbB3 receptors and their ligand, neuregulin-1, are essential for development of the sympathetic nervous system[END_REF][START_REF] Morris | Rescue of the cardiac defect in ErbB2 mutant mice reveals essential roles of ErbB2 in peripheral nervous system development[END_REF]. On the other hand, the Ets domain transcription factor Erm is expressed by satellite glia early in development but not by Schwann cells [START_REF] Hagedorn | The Ets domain transcription factor Erm distinguishes rat satellite glia from Schwann cells and is regulated in satellite cells by neuregulin signaling[END_REF].

Moreover, satellite cells are able to undergo a transition to Krox20 + Schwann cells [START_REF] Cameron-Curry | Negative regulation of Schwann cell myelin protein gene expression by the dorsal root ganglionic microenvironment[END_REF][START_REF] Hagedorn | The Ets domain transcription factor Erm distinguishes rat satellite glia from Schwann cells and is regulated in satellite cells by neuregulin signaling[END_REF][START_REF] Murphy | The regulation of Krox-20 expression reveals important steps in the control of peripheral glial cell development[END_REF]. Similarly, bipotent neural crest can give rise to both SMP + and SMP -glial cells, what suggest that both glial types arise from a common precursor [START_REF] Dupin | Schwann-cell differentiation in clonal cultures of the neural crest, as evidenced by the anti-Schwann cell myelin protein monoclonal antibody[END_REF]. The precursors would define their fate between a Schwann cell or satellite cell phenotype, based on environmental cues, e.g. contact with axons versus cell bodies (Frank and Sanes, 1991) or with neurotrophins, such as BDNF, NGF and NT-3 (Pruginin-Bluger et al., 1997).

Dorsal root ganglion sensory neurons specification

All sensory neuronal lineage undergoes a progressive diversification into many types of neurons including, for instance, myelinated, lightly or unmyelinated, innervating deep or superficial targets, low-threshold activation, rapidly or slowly stimulus-adapting, in addition to different transcriptional activities. Although neurogenins can initiate pan-neuronal programmes, they cannot further specify neuronal subtypes in the sensory lineage (Fig 7). The earliest markers for sensory neurons are the tropomyosin-related kinase A/B/C-containing, namely TrkA, TrkB and TrkC transmembrane receptors [START_REF] Huang | Trk Receptors: Roles in Neuronal Signal Transduction[END_REF]. As well, other tyrosine kinase receptors can be detected as early as neurogenesis occurs in DRG in different sets of neurons, the case for Ret receptor [START_REF] Bourane | Low-Threshold Mechanoreceptor Subtypes Selectively Express MafA and Are Specified by Ret Signaling[END_REF][START_REF] Ernfors | Cells Expressing mRNA for Neurotrophins and their Receptors During Embryonic Rat Development[END_REF].

Early in the development, sensory neurons are briefly described according to the expression of those receptors, in which (a) TrkA receptor is expressed by small-sized nociceptives (50% of DRG neurons), (b) TrkB by intermediate or mid-sized mechanoreceptives (38-40%) and (c) TrkC by large proprioceptive neurons (10-12%). In addition, some of them are co-expressed with subsequent segregation throughout development. At early developmental stage few TrkA + neurons transitory express TrkB or TrkC gene [START_REF] Zou | Brn3a/Pou4f1 regulates dorsal root ganglion sensory neuron specification and axonal projection into the spinal cord[END_REF] while a group of TrkB + neurons can also be transitory TrkC + . The population of TrkA/TrkC hybrid cells have larger diameter comparing to TrkA + neurons [START_REF] Mcmahon | Expression and coexpression of Trk receptors in subpopulations of adult primary sensory neurons projecting to identified peripheral targets[END_REF][START_REF] Wright | Neurotrophin receptor mRNA expression defines distinct populations of neurons in rat dorsal root ganglia[END_REF]. It is known that those general receptors induce the expression of several transcriptional factors, which have been inferred to switch between activator and repressor functions, necessary for the establishment of sensory neurons diversification [START_REF] Durst | Role of RUNX family members in transcriptional repression and gene silencing[END_REF][START_REF] Lallemend | Molecular interactions underlying the specification of sensory neurons[END_REF]. Different main lineages (outlined by color) of sensory neuron in mouse, all of them derived from neural-crest derived cells. Factors with question marks remain to be clarified and plus and minus signs refer to expression in some but not all neurons in the indicated subtype of neurons. Source: [START_REF] Lallemend | Molecular interactions underlying the specification of sensory neurons[END_REF] These tyrosine kinase receptors transduce the signaling of specific neurotrophins: (a) nerve growth factor (NGF) recognize TrkA receptor; (b) brain-derived neurotrophic factor (BDNF) and neurotrophin-4/5 (NT-4/5) are the ligands for TrkB receptor, (c) neurotrophin-3 (NT-3) binds TrkC and glial cell-derived neurotrophic factor (GDNF) family bind to Ret receptors [START_REF] Bourane | Low-Threshold Mechanoreceptor Subtypes Selectively Express MafA and Are Specified by Ret Signaling[END_REF]Huang and Reichardt, 2001;[START_REF] Luo | Molecular Identification of Rapidly Adapting Mechanoreceptors and their Developmental Dependence on Ret Signaling[END_REF]Marmigère and Ernfors, 2007). In addition, the lowaffinity receptor p75 is expressed by almost all Trk sensory neurons [START_REF] Wright | Neurotrophin receptor mRNA expression defines distinct populations of neurons in rat dorsal root ganglia[END_REF], and it is believed to modulate the neurotrophin signaling, by concentrating neurotrophins in the vicinity of receptor tyrosine kinases or by enhancing neurotrophin transport [START_REF] Lee | p75-deficient embryonic dorsal root sensory and neonatal sympathetic neurons display a decreased sensitivity to NGF[END_REF][START_REF] Verdi | p75LNGFR regulates Trk signal transduction and NGF-induced neuronal differentiation in MAH cells[END_REF].

The forwarded signaling resulted from the activation of these receptors by neurotrophins binding is crucial for cell proliferation and survival; axonal and dendritic growth and remodelling; assembly and remodelling of the cytoskeleton; membrane trafficking and fusion; synapse formation, function, plasticity and expression of several ion channels and others molecules that define the properties of sensory neuron lineage (Bibel and Barde, 2000;Miller and Kaplan, 2001;[START_REF] Patapoutian | Trk receptors: mediators of neurotrophin action[END_REF][START_REF] Ramer | Neurotrophin-3-mediated regeneration and recovery of proprioception following dorsal rhizotomy[END_REF][START_REF] Rifkin | Dynamic Expression of Neurotrophin Receptors during Sensory Neuron Genesis and Differentiation[END_REF]. Trk receptor structure, ligand interactions and activation by neurotrophins will be presented in more details in the next session.

Foxs1 and Brn3a transcription factors are expressed in all sensory neurons [START_REF] Montelius | Emergence of the sensory nervous system as defined by Foxs1 expression[END_REF][START_REF] Trieu | Direct autoregulation and gene dosage compensation by POU-domain transcription factor Brn3a[END_REF], actively participating in the development of DRG sensory neuron subtypes. For instance, Brn3a has been shown to be essential for DRG neuron specification. In Brn3a mutant mice, TrkB + and TrkC + neurons are generated in excess as well as TrkA + /TrkB + and TrkA + /TrkC + double positive cells [START_REF] Zou | Brn3a/Pou4f1 regulates dorsal root ganglion sensory neuron specification and axonal projection into the spinal cord[END_REF].

Nociceptive neurons

Nociceptive neurons have a high threshold and respond to stimuli that could damage tissue. Most are unmyelinated (C-fibers), but some (Aδ-fibers) are thinly myelinated [START_REF] Marmigère | The Runx1/AML1 transcription factor selectively regulates development and survival of TrkA nociceptive sensory neurons[END_REF][START_REF] Molliver | Presence or absence of TrkA protein distinguishes subsets of small sensory neurons with unique cytochemical characteristics and dorsal horn projections[END_REF]Molliver and Snider, 1997). They exhibit the tyrosine kinase receptor TrkA, which has been shown to be regulated by Brn3a and mKlf7, but as their expression is not subclass restricted, their role in specification is unclear. It is likely both genes are required for maintenance, but not initiation of TrkA expression [START_REF] Lei | The zinc finger transcription factor Klf7 is required for TrkA gene expression and development of nociceptive sensory neurons[END_REF][START_REF] Lei | Brn3a and Klf7 cooperate to control TrkA expression in sensory neurons[END_REF].

TrkA + neurons are involved in nociception (pain perception); thermoception and pruriception (itch perception). Each type exhibits stereotypical termination patterns within the spinal cord as well as peripherally, in end-specialized organ structures or as free nerve endings [START_REF] Lallemend | Molecular interactions underlying the specification of sensory neurons[END_REF]Woolf and Ma, 2007).

Following development, nociceptors undergo two distinct differentiation pathways that lead to the formation of two major classes, peptidergic and nonpeptidergic nociceptors. The receptors and ion channels they express together with peripheral and central targets they innervate can distinguish these populations [START_REF] _Sensory Chen | Runx1 determines nociceptive sensory neuron phenotype and is required for thermal and neuropathic pain[END_REF][START_REF] Snider | Tackling pain at the source: new ideas about nociceptors[END_REF].

From perinatal period, around 50% of nociceptors switch from TrkA to Ret receptor expression, the transmembrane signaling component of the receptor for GDNF. Strong likely, Runx1, one member of RUNX family transcription factors, participates in this process of discrimination. Runx1 is expressed by all nociceptive neurons shortly after the onset of differentiation [START_REF] _Sensory Chen | Runx1 determines nociceptive sensory neuron phenotype and is required for thermal and neuropathic pain[END_REF][START_REF] Kobayashi | Runx1 promotes neuronal differentiation in dorsal root ganglion[END_REF][START_REF] Kobayashi | Runx1 promotes neuronal differentiation in dorsal root ganglion[END_REF][START_REF] Yoshikawa | Runx1 selectively regulates cell fate specification and axonal projections of dorsal root ganglion neurons[END_REF]. Later on development, Runx1 expression is maintained in prospective nonpeptidergic nociceptives, while TrkA + neurons downregulate its expression, resulting in two distinct populations (Fig 8a). One comprises TrkA + peptidergic neurons that are believed to mediate itch sensation. They express neuropeptides such as calcitonin gene-related peptide, CGRP, and substance P (SP), express the putative protein STAC1 [START_REF] Legha | stac1 and stac2 genes define discrete and distinct subsets of dorsal root ganglia neurons[END_REF] and are negative for Runx1 and isolectin B4 (IB4) (Molliver and Snider, 1997). The other population, STAC2 + /Runx1 + /TrkA -non-peptidergic neurons, express Ret, which may supress TrkA expression, and are able to bind to IB4 (Molliver and Snider, 1997). It is believed Ret + neurons mediate neuropathic pain [START_REF] Liu | Generation of somatic sensory neuron diversity and implications on sensory coding[END_REF][START_REF] Luo | A hierarchical NGF signaling cascade controls Ret-dependent and Ret-independent events during development of nonpeptidergic DRG neurons[END_REF][START_REF] Ma | Neurogenin1 and neurogenin2 control two distinct waves of neurogenesis in developing dorsal root ganglia[END_REF]. Moreover, Runx1 seems to be necessary for the diversification of nociceptors by acting either as transcriptional factor and as a repressor/activator in different stages of development. Directly, Runx1 could bind a site in TrkA promoter and be crucial only for early TrkA + specification and survival [START_REF] _Sensory Chen | Runx1 determines nociceptive sensory neuron phenotype and is required for thermal and neuropathic pain[END_REF][START_REF] Marmigère | The Runx1/AML1 transcription factor selectively regulates development and survival of TrkA nociceptive sensory neurons[END_REF].

Functionally, nociceptives can be distinguished based on expression of transient receptor potential (TRP) channel family (Fig 8b). Among early TrkA subpopulation, one is defined by the vanilloid receptor TRPV1 that mediate heat pain [START_REF] Caterina | The capsaicin receptor: a heat-activated ion channel in the pain pathway[END_REF][START_REF] Rosenbaum | TRPV1 Receptors and Signal Transduction[END_REF]. Furthermore, multiple TRP channels, such as TRPV2, TRPV3 and TRPV4 can also mediate thermal sensitivity through a particular C-terminal domain that confers this sensitivity [START_REF] Brauchi | A hot-sensing cold receptor: C-terminal domain determines thermosensation in transient receptor potential channels[END_REF][START_REF] Dhaka | Trp ion channels and temperature sensation[END_REF]. At later embryonic stage, Runx1 activates two TRP family, TRP melastatin 8 (TRPM8) in both TrkA + peptidergic and non-peptidergic neurons that mediates innocuous sensation to cold and menthol and TRPA1 in peptidergic nociceptives that may detect the cold that produces a "burning" pain [START_REF] Bandell | Noxious cold ion channel TRPA1 is activated by pungent compounds and bradykinin[END_REF][START_REF] _Sensory Chen | Runx1 determines nociceptive sensory neuron phenotype and is required for thermal and neuropathic pain[END_REF]. TRPM8 + neurons are differentiated in between E15.5-E18.5 in either Aδ or C-fibers [START_REF] Takashima | The development of peripheral cold neural circuits based on TRPM8 expression[END_REF]. TRP channels can also be sensitive to gourmet perception of pungent chemicals from chilli, garlic, peppermint, mustard, horseradish, oregano, savory, clove, and thyme [START_REF] Macpherson | The pungency of garlic: activation of TRPA1 and TRPV1 in response to allicin[END_REF][START_REF] Xu | Oregano, thyme and clove-derived flavors and skin sensitizers activate specific TRP channels[END_REF], as well as irritants, such as acrolein and some spider toxins [START_REF] Bautista | TRPA1 mediates the inflammatory actions of environmental irritants and proalgesic agents[END_REF][START_REF] Siemens | Spider toxins activate the capsaicin receptor to produce inflammatory pain[END_REF].

Mrgpr (or Mrg) class of G-protein coupled receptors (Mrgprd, Mrgpra3, Mrgprc11 and Mrgprb4) are expressed by polymodal nociceptors that respond to noxious mechanical stimuli and heat [START_REF] Zylka | Topographically distinct epidermal nociceptive circuits revealed by axonal tracers targeted to Mrgprd[END_REF]. Mrgpra3 + neurons are pruriceptors and Mrgprb4 + neurons innervate exclusively hairy skin and might be involved in sensing pleasant touch [START_REF] Liu | Molecular genetic visualization of a rare subset of unmyelinated sensory neurons that may detect gentle touch[END_REF]. Runx1 can also acts as activator or repressor of those receptors throughout development. Then, Mrgprd is expressed only by persistent Runx1 + neurons, whereas Mrgprc11, Mrgpra3 and Mrgprb4 can only be sustained in neurons with transient Runx1 expression [START_REF] Liu | Mechanisms of compartmentalized expression of Mrg class G-protein-coupled sensory receptors[END_REF][START_REF] Liu | Generation of somatic sensory neuron diversity and implications on sensory coding[END_REF]. Woolf and Ma, (2007) It is possible to find three types of mechanosensitive currents in nociceptors, the rapidly (RA-type), intermediately (IA-type) and slowly adapting (SA-type, [START_REF] Hu | Mechanosensitive currents in the neurites of cultured mouse sensory neurones[END_REF]. For acquiring mechanosensitivity, target-derived NGF is crucial for nociceptors [START_REF] Lechner | Developmental waves of mechanosensitivity acquisition in sensory neuron subtypes during embryonic development[END_REF] and BDNF
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appears to be necessary for mechanosensitivity of SA-type [START_REF] Carroll | A role for BDNF in mechanosensation[END_REF][START_REF] Mcilwrath | The sensory mechanotransduction ion channel ASIC2 (acid sensitive ion channel 2) is regulated by neurotrophin availability[END_REF].

Mechanoreceptive neurons

Mechanoreceptors signal the information about objects in the external environment through touch, pain and body movement. They are located throughout the body, including skin, tendons, muscles, joint capsules and viscera. They encode different range of information, from a light brush to noxious stimuli, and can be categorised (Fig 9) according to the modality, location, intensity and timing [START_REF] Abraira | The Sensory Neurons of Touch[END_REF][START_REF] Delmas | Molecular mechanisms of mechanotransduction in mammalian sensory neurons[END_REF][START_REF] Roudaut | Touch sense: functional organization and molecular determinants of mechanosensitive receptors[END_REF].

The best-known mechanoreceptors in mammals are located in the skin, which can be divided in two general categories, Aβ endings low-threshold mechanoreceptors (LTMRs) that recognise innocuous mechanical stimulation and high-threshold mechanoreceptors (HTMRs) that respond to harmful mechanical stimuli. Among the LTMRs, Pacinian corpuscle detects slight displacement of the skin across an object; Meissner's corpuscle detects abrupt shape and small ridges on smooth surface and finally, Merkel receptor provides an image of contours of objects [START_REF] Delmas | Molecular mechanisms of mechanotransduction in mammalian sensory neurons[END_REF][START_REF] Hao | Transduction and encoding sensory information by skin mechanoreceptors[END_REF].

Also mechanoreceptors are classified according to adaptation to mechanical stimuli, which implies changes in frequency firing activity of receptors. LTMRs classified as rapidly express earlier Ret (eRet) and participate in touch sensation, innervating Meissner and Pacinian corpuscles and forming hair follicle lanceolate endings [START_REF] Bourane | Low-Threshold Mechanoreceptor Subtypes Selectively Express MafA and Are Specified by Ret Signaling[END_REF][START_REF] Hao | Transduction and encoding sensory information by skin mechanoreceptors[END_REF][START_REF] Luo | Molecular Identification of Rapidly Adapting Mechanoreceptors and their Developmental Dependence on Ret Signaling[END_REF]. Slowly adapting group includes the Merkel cell-neurite complex, Ruffini corpuscle, and C-fiber LTMRs [START_REF] Delmas | Molecular mechanisms of mechanotransduction in mammalian sensory neurons[END_REF]. Another population of Ret + neurons pointed in the literature to be C-LTMRs coexpress the vesicular glutamate transporter type 3 (Vglut3 + ) and tyrosine-hydroxylase [START_REF] Li | The functional organization of cutaneous low-threshold mechanosensory neurons[END_REF][START_REF] Liu | The expression of vesicular glutamate transporter 3 and vesicular monoamine transporter 2 induced by brain-derived neurotrophic factor in dorsal root ganglion neurons in vitro[END_REF].

Some slowly (Merkel cells) and rapidly adapting cutaneous mechanoreceptors (Meissner corpuscles and hair-associated nerve endings) are the ones that express tyrosine kinase receptor TrkB (Molliver et al., 1995;Molliver and Snider, 1997;[START_REF] Perez-Pinera | Characterization of sensory deficits in TrkB knockout mice[END_REF][START_REF] Snider | Functions of the neurotrophins during nervous system development: what the knockouts are teaching us[END_REF].

At early stages, there are two distinct and transient populations of TrkB + neurons, one that co-express TrkC and another co-expressing the GDNF family ligand receptor Ret. TrkB/TrkC co-expression markedly drops from E11.5 to E12.5 and about E14.5, few TrkB + neurons co-express either TrkC or Ret (Fariñas et al., 1998;Kramer et al., 2006).

It is evidenced that all eRet + neurons co-express the protein MafA, which in turn is regulated by c-Maf [START_REF] Hu | c-Maf Is Required for the Development of Dorsal Horn Laminae III/IV Neurons and Mechanoreceptive DRG Axon Projections[END_REF]. They also exhibit the co-receptor GFRα2 and partially overlap with GFRα1 from early embryonic stages. Among MafA + /Ret + neurons, 80% are positive to TrkB. Moreover, at later stages, eRet + neurons exhibit either TrkC or Shox2. In the last group, it seems Shox2 supresses TrkC and activates TrkB expression to be Ret + /TrkB + /MafA + /Shox2 + neurons [START_REF] Abdo | Dependence on the transcription factor Shox2 for specification of sensory neurons conveying discriminative touch[END_REF][START_REF] Bourane | Low-Threshold Mechanoreceptor Subtypes Selectively Express MafA and Are Specified by Ret Signaling[END_REF]. Therefore, at birth, low-threshold mechanoreceptive can be subdivided in three distinct subclasses:

MafA + /Ret + /GFRα2 + , MafA + /Ret + /GFRα2 + /TrkB + and MafA + /Ret + /GFRα2 + /TrkC + mechanosensory neurons. MafA + /Ret + /GFRα2 + subtypes are LTMs innervating Merkel cells and hair follicles in hairy skin and Meissner corpuscles in glabrous skin [START_REF] Bourane | Low-Threshold Mechanoreceptor Subtypes Selectively Express MafA and Are Specified by Ret Signaling[END_REF]Kramer et al., 2006).

Proprioceptive neurons

Proprioception is transduced by proprioceptive sensory neurons, which can encode both unconscious (e.g., knee jerk reflex) and conscious, as the sense of limb position and movement, tension or force, effort and the sense of balance. They are classified in Ia, Ib and II proprioceptives and innervate two distinct mechanoreceptors in skeletal muscles: muscle spindles and Golgi tendon organs [START_REF] Bewick | Mechanotransduction in the muscle spindle[END_REF][START_REF] Proske | The Proprioceptive Senses: Their Roles in Signaling Body Shape, Body Position and Movement, and Muscle Force[END_REF]. Type Ia/II proprioceptive sensory neurons innervate intrafusal muscle fibers to form the muscle spindle, that is sensitive to the speed and extent of muscle contraction [START_REF] Chen | Development of the monosynaptic stretch reflex circuit[END_REF]. Then the sensorial information is passed by those neurons to motor neurons located into ventral part of SC to adjust the movements. Golgi tendon afferents, type Ib, innervate the tendon organ at the myo-tendinous junction and respond to changes in muscle tone [START_REF] Bewick | Mechanotransduction in the muscle spindle[END_REF][START_REF] Proske | The Proprioceptive Senses: Their Roles in Signaling Body Shape, Body Position and Movement, and Muscle Force[END_REF].

Another member of RUNX family, Runx3, is expressed early in DRG (10.5 in mice) and it is confined to TrkC + neurons at E12.5 [START_REF] Levanon | Spatial and temporal expression pattern of Runx3 (Aml2) and Runx1 (Aml1) indicates non-redundant functions during mouse embryogenesis[END_REF]. Knockout mice for Runx3 show a reduction of proprioceptive neurons and attenuation of calcium-binding protein Parvalbumin (PV), another marker for TrkC + population [START_REF] Inoue | Runx3 is essential for the target-specific axon pathfinding of trkc-expressing dorsal root ganglion neurons[END_REF][START_REF] Levanon | The Runx3 transcription factor regulates development and survival of TrkC dorsal root ganglia neurons[END_REF]. Furthermore, the deletion of both Runx1 and Runx3 transcriptional factors results in loss of the three DRG populations, TrkA + , TrkB + and TrkC + neurons, what suggests that TrkB population arises from Runx3 + /TrkC + neurons [START_REF] Marmigère | The Runx1/AML1 transcription factor selectively regulates development and survival of TrkA nociceptive sensory neurons[END_REF]. Only 5% of Runx3 is co-expressed with Ret or TrkB and when it is overexpressed, TrkB is downregulated [START_REF] Levanon | The Runx3 transcription factor regulates development and survival of TrkC dorsal root ganglia neurons[END_REF]. In addition to TrkB, Runx3 also represses Shox2 [START_REF] Abdo | Dependence on the transcription factor Shox2 for specification of sensory neurons conveying discriminative touch[END_REF], thereby been a repressor of TrkB and Shox2 expression to consolidate a solitary TrkC phenotype. There is no requirement of Runx3 interaction with the corepressor transducing-like enhancer of SPLIT for survival of PV neurons, indicating RUNX activity in early development is mainly activator and then repressor for establishment of PV/TrkC population (Kramer et al., 2006). It could be inferred that Runx3 is necessary to consolidate proprioceptive neurons and for the appearance of mechanoreceptives cells. The mechanotransduction channel underlying stretch activation in these neurons is not well elucidated, however Piezo2 seems to be the principal one in mice [START_REF] Woo | Piezo2 is the principal mechanotransduction channel for proprioception[END_REF].

Sensory neurons projections 4.1 Sensory neurons projections to central nervous system

Sensory neurons are pseudo-unipolar, with one axonal branch that extends to the targets in the periphery and another branch towards dorsolateral region (DLR), by where they enter the spinal cord to contact either inter or motor neurons. During the projection, growth cones contact surrounding cues to finally modality-dependent invade specific regions of the spinal cord.

Into DLR, they extend branches rostral and caudally within the dorsal funiculus in five discrete parallel layers, delaminated by laminae (Mirnics and Koerber, 1995;[START_REF] Ozaki | Initial trajectories of sensory axons toward laminar targets in the developing mouse spinal cord[END_REF][START_REF] Rexed | The cytoarchitectonic organization of the spinal cord in the cat[END_REF]. Since from DLR, sensory branches follow a pattern, in which TrkC + and TrkB + bundles are located more medially compared to TrkA + ones, with a small overlap region between TrkA + and TrkB/C + axons [START_REF] Zou | Brn3a/Pou4f1 regulates dorsal root ganglion sensory neuron specification and axonal projection into the spinal cord[END_REF].

The grey matter of spinal cord shows a pattern of distribution of cells and fibers into layers. Based in the cytoarchitecture, Rexed proposed a classification into 10 laminae (Fig 10). TrkA + peptidergic neurons project mainly to lamina I and the outer layer of lamina II (IIo), whereas TrkA -nonpeptidergic neurons project predominantly to inner lamina II (IIi) [START_REF] _Sensory Chen | Runx1 determines nociceptive sensory neuron phenotype and is required for thermal and neuropathic pain[END_REF]. Afferents for sensing innocuous mechanoreceptor signals such as texture, shape, vibration, and pressure project predominantly to internal laminae III, IV and V [START_REF] Li | The functional organization of cutaneous low-threshold mechanosensory neurons[END_REF].

The central branches of types Ib and II proprioceptors project to the intermediate zone (VII lamina)

and form synaptic connections with interneurons, whereas group Ia and a set of II afferents connect directly with motor neurons in the ventral part (VIII and IX laminae) of the spinal cord [START_REF] Lallemend | Molecular interactions underlying the specification of sensory neurons[END_REF][START_REF] Mears | Formation of specific monosynaptic connections between muscle spindle afferents and motoneurons in the mouse[END_REF]. However, PV + fibers are distributed in the dorsal funiculus as well as in the ventral part following the pyramidal tract [START_REF] Antal | Calcium-binding proteins, parvalbumin-and calbindin-D 28k-immunoreactive neurons in the rat spinal cord and dorsal root ganglia: a light and electron microscopic study[END_REF]. From E14 in mouse, DRG neurons project their axons into grey matter when Sema3A is progressively downregulated in the dorsal of spinal cord [START_REF] Bron | Functional knockdown of neuropilin-1 in the developing chick nervous system by siRNA hairpins phenocopies genetic ablation in the mouse[END_REF][START_REF] Pasterkamp | Ectopic adenoviral vector-directed expression of Sema3A in organotypic spinal cord explants inhibits growth of primary sensory afferents[END_REF]. At later stages, when Sema3A is expressed only in the ventral horn, NT-3-dependent axons downregulated the expression of Nrp1, losing their responsiveness to Sema3A resulting in the invasion of ventral spinal cord. The opposite has observed for NGF-dependent neurons [START_REF] Pond | Temporal regulation of neuropilin-1 expression and sensitivity to semaphorin 3A in NGF-and NT3-responsive chick sensory neurons[END_REF], thereby prompting to the correct innervation pattern.

Beyond Sema3A/Nrp1, there are more guidance cues that participate in the attractive and repulsive short-range force for the establishment of sensory neuronal axons. For instance, cell adhesion molecules axonin 1 and transient axonal glycoprotein can attract small neurons while coagulation factor 11 guide proprioceptive axons [START_REF] Perrin | Distinct subpopulations of sensory afferents require F11 or axonin-1 for growth to their target layers within the spinal cord of the chick[END_REF]. As well, Brn3a seems to drive the invasion of TrkA + axons in dorsal funiculus and TrkC + proprioceptive afferents projecting to the ventral horn [START_REF] Zou | Brn3a/Pou4f1 regulates dorsal root ganglion sensory neuron specification and axonal projection into the spinal cord[END_REF].

Still among intrinsic factors, Runx family seems to be a key determinant to the correct positioning of thermal-nociceptives in SC. Runx factors appear to render sensory neurons competent to respond to axon guidance cues in the spinal cord but also to regulate their axonal growth [START_REF] Marmigère | The Runx1/AML1 transcription factor selectively regulates development and survival of TrkA nociceptive sensory neurons[END_REF].

Loss of function of Runx1 shift TrkA -non-peptidergic neurons from IIi to more superficial laminae where TrkA + peptidergic axons are located. It is likely Runx3 is also crucial for normally positioning of peptidergic axons in the lateral half of the dorsal funiculus and consequently, in the correct laminae [START_REF] _Sensory Chen | Runx1 determines nociceptive sensory neuron phenotype and is required for thermal and neuropathic pain[END_REF].

Loss and gain of Runx3 function has shown this factor is crucial for the overall organisation of propioceptives, including their central projections [START_REF] Inoue | Runx3 is essential for the target-specific axon pathfinding of trkc-expressing dorsal root ganglion neurons[END_REF][START_REF] Levanon | The Runx3 transcription factor regulates development and survival of TrkC dorsal root ganglia neurons[END_REF].

Furthermore, Runx3 modulates the increase in axonal length and increase in branching of the proprioceptives into the spinal cord [START_REF] _Sensory Chen | Runx1 determines nociceptive sensory neuron phenotype and is required for thermal and neuropathic pain[END_REF]. So, enhancing activity of Runx1 and Runx3

correlates with increases in axon length and dispositioning in the specific laminae.

Another factor, c-Maf, being expressed in lamina III/IV, is necessary for the proper central and peripheral projections of MafA + /Ret + /GFRα2 + LTM afferents in laminae III/IV [START_REF] Hu | c-Maf Is Required for the Development of Dorsal Horn Laminae III/IV Neurons and Mechanoreceptive DRG Axon Projections[END_REF].

Neurotrophic factors are long-range molecules that play important roles in the establishment of neuronal modality-specific projections as they stimulate axon elongation. NGF, NT-3, BDNF and FGF beyond to neurotrophic activity, instructs the sensory neurons afferents to project to the SC for contacting inter or motor neurons in the monosynaptic circuit. E-twenty-six (ETS) transcription factor ER81 might be one factor controlled by NT-3 via TrkC and Etv4 and Etv5 by BDNF/TrkB signaling in this process [START_REF] Dong | LIM kinase 1 (LIMK1) interacts with tropomyosinrelated kinase B (TrkB) and Mediates brain-derived neurotrophic factor (BDNF)-induced axonal elongation[END_REF][START_REF] Liu | NT-3 promotes proprioceptive axon regeneration when combined with activation of the mTor intrinsic growth pathway but not with reduction of myelin extrinsic inhibitors[END_REF][START_REF] Mason | Initiation to end point: the multiple roles of fibroblast growth factors in neural development[END_REF][START_REF] Patel | Peripheral NT3 signaling is required for ETS protein expression and central patterning of proprioceptive sensory afferents[END_REF].

Sensory neurons projections to periphery

During development of DRG, proper connexion between peripheral and central nervous system is essential for survival. It is likely that peripheral innervation is a prerequisite for DRG central projection to invade the SC neuroepithelium. Although, there is some correlation between neurite growth at the periphery and neuroepithelium by sensory neuron extension, the invasion of neuroepithelium is delayed compared to the peripheral one. Interestingly fibers innervating more distal organs occupy more medial locations in the SC dorsal horn [START_REF] Fitzgerald | A physiological study of the prenatal development of cutaneous sensory inputs to dorsal horn cells in the rat[END_REF]Mirnics andKoerber, 1995a, 1995b).

In the lumbosacral region, fibers exit at E10-11 from DRG, when the first spinal nerves are visualized.

Since the formation of spinal nerves, it is possible that both the destination and the localization of ending primary fibers are decided (Mirnics and Koerber, 1995a). Afterwards, the different fascicles (motor and sensory) split to merge into peripheral nerves. Besides mixed fascicles, only sensory fascicles (cutaneous) can also be identified. At E13, peripheral nerve trunks exit the lumbar plexus region to reach their targets. By E14, they form clusters in the epidermis of the proximal hindlimb, whereas the most distal toes are innervated by E16-E16.5. Rate of neurite growth is likely to be an intrinsically regulated characteristic of early neurons. DRG sensory neurons with more distant targets grow faster and the dependence of their survival to trophic factor is delayed when compared to other DRG sensory neurons [START_REF] Davies | Developmental programmes of growth and survival in early sensory neurons[END_REF].

Sensory neurons can innervate several structures either in the viscera, skin or in the muscles. In the skin, ending fibers are categorized in capsulated or non-encapsulated receptors. The non-encapsulated ones include free nerve endings, which respond to noxious and thermal stimuli. They are found around hairs that respond to very light touch and contacting Merkle's cells. The encapsulated ones innervate Meisner's corpuscles, Pacinian corpuscles and Ruffini endings. They respond to touch stimuli, except

Pacinian corpuscles that can detect vibration [START_REF] Abraira | The Sensory Neurons of Touch[END_REF]"Chapter 3: Peripheral Nervous System," n.d.). Muscle receptors include muscle stretch (muscle spindle) and muscle tension (Golgi tendon organs). Muscle spindles are located in the muscle bellies and Golgi tendon organs are located at the myotendinous junction, activated by the stretch and contraction, respectively ("Chapter 3: Peripheral Nervous System," n.d.). TrkA + neurons primarily project to viscera, whereas IB4 + /Ret + /TrkA -neurons project to epidermis in the adult rat [START_REF] Li | The functional organization of cutaneous low-threshold mechanosensory neurons[END_REF]. Ret + fibers innervate several types of mechanoreceptors, including Meissner corpuscles, Merkel cells and Pacinian corpuscles in the skin and crural interosseous membrane. These peripheral projections are strictly Retdependent [START_REF] Luo | A hierarchical NGF signaling cascade controls Ret-dependent and Ret-independent events during development of nonpeptidergic DRG neurons[END_REF].

The LTMRs (TrkB + ) extends to the periphery to be associated with a cutaneous mechanosensory end organ (Fig 11). LTMRs can be found associated among the subtypes Aβ-, Aδ-and C-, RA or SA LTMRs. For instance, the combination of Aβ RA-LTMR and Aβ SA1-LTMRs is found in guard hair follicles; Awl/auchene hairs are innervated by Aβ RA-Aδ-and C-LTMRs; while both C-and Aδ-LTMRs innervate Zigzag hair follicles [START_REF] Li | The functional organization of cutaneous low-threshold mechanosensory neurons[END_REF]. Mechanoreceptive tyrosine hydroxylase (TH)

positive neurons innervate visceral and non-visceral tissue [START_REF] Brumovsky | Dorsal root ganglion neurons innervating pelvic organs in the mouse express tyrosine hydroxylase[END_REF][START_REF] Li | The functional organization of cutaneous low-threshold mechanosensory neurons[END_REF].

Although TrkA + and TrkB + neurons project their fibers to visceral, muscle and cutaneous nerves, most of TrkC + neurons innervate low threshold receptors in skin (subset of Merkel endings and the transverse lanceolate endings) and form muscle spindle and Golgi tendons endings in skeletal muscles [START_REF] Mcmahon | Expression and coexpression of Trk receptors in subpopulations of adult primary sensory neurons projecting to identified peripheral targets[END_REF].

However, the different peripheral targets are not simultaneously innervated. For example, the differentiation of DRG neuron muscle innervations begins earlier than cutaneous mechanosensory nerve endings [START_REF] Hasegawa | Visualizing mechanosensory endings of TrkC-expressing neurons in HS3ST-2-hPLAP mice[END_REF]. Although sensory neurons project to the periphery early in the development (E11.5-E12.5), some specialized endings differentiate only from P0 [START_REF] Albuerne | Development of Meissner-like and Pacinian sensory corpuscles in the mouse demonstrated with specific markers for corpuscular constituents[END_REF][START_REF] Hasegawa | Analyzing somatosensory axon projections with the sensory neuron-specific Advillin gene[END_REF][START_REF] Hasegawa | Visualizing mechanosensory endings of TrkC-expressing neurons in HS3ST-2-hPLAP mice[END_REF]. Accordingly, it is hypothesized that different peripheral targets regulate sensory neuron maturation. It is not well elucidated how peripheral sensory fibers travel to reach their targets but it is believed that spinal nerves may rely on guidance cues. For instance, cutaneous afferent fibers follow trophic factors produced by the skin [START_REF] Tosney | Different subsets of axonal guidance cues are essential for sensory neurite outgrowth to cutaneous and muscle targets in the dorsal ramus of the embryonic chick[END_REF]. Accordingly, trophic factor receptors are necessary for normal arrangement of sensory innervation of the peripheral nervous system during the development [START_REF] Maklad | The EGFR Is Required for Proper Innervation to the Skin[END_REF]. Microtubule associated protein-2 (MAP-2) has been suggested to be essential in neurite initiation and outgrowth, as well as maintaining neuronal cytoarchitecture [START_REF] Dehmelt | The role of microtubule-associated protein 2c in the reorganization of microtubules and lamellipodia during neurite initiation[END_REF]. Neurofilament-200 stabilizes the axons during their migration, preserving neuronal phenotype. Interestingly, GAP-43 correlates with enhancement of neurites outgrowth in preinjured DRG neurons [START_REF] Tsai | Injury-induced Janus kinase/protein kinase C-dependent phosphorylation of growth-associated protein 43 and signal transducer and activator of transcription 3 for neurite growth in dorsal root ganglion[END_REF]. In addition, targets, such as skeletal muscles, are fundamental for neurites extension. [START_REF] Zhang | The Effects of Target Skeletal Muscle Cells on Dorsal Root Ganglion Neuronal Outgrowth and Migration In Vitro[END_REF] show that the contact between sensory neuronal axons and target, most likely by neuromuscular junctions-like structures, is necessary to be established for modulating the dynamic of neurite outgrowth as well as synapses connections, in intact or injured nerve.

Signal transduction of Trk and p7receptors

The neurotrophins-NGF, BDNF, NT-3 and NT-4/5 are well known to activate the tyrosine kinase receptors TrkA, TrkB, TrkC and the pan-neurotrophin receptor p75. The correspondent signaling from this interaction regulates cell survival, axonal growth and cell proliferation (Fig 12). Briefly, the activation of Trk receptor is initiated with the phosphorylation of the intracellular domain, tyrosine.

Thereafter, tyrosine phosphorylation activates several small downstream proteins, resulting in the expression of intermediates that will trigger Trk receptor-mediated signaling. In addition, p75 can modulate the response of Trk signaling, by either influencing its conformation or by activating a distinct signaling that can be synergistic or antagonistic to those activated by Trk receptors. there are two extracellular C2-type immunoglobulin-like domains, Ig1 and Ig2, which are followed by a single transmembrane part and a cytoplasmic domain that contains a tyrosine kinase plus several tyrosine-containing motifs [START_REF] Schneider | A novel modular mosaic of cell adhesion motifs in the extracellular domains of the neurogenic trk and trkB tyrosine kinase receptors[END_REF]. The tyrosine kinase domains are similar in 80% for the three types of Trk receptors, whereas the extracellular domains are 30% divergent among them (Bibel and Barde, 2000).

The major interface for ligand binding is Ig2, although the other regions somehow modulate ligand engagement [START_REF] Arevalo | A novel mutation within the extracellular domain of TrkA causes constitutive receptor activation[END_REF][START_REF] Zaccaro | p75 Co-receptors regulate ligand-dependent and ligand-independent Trk receptor activation, in part by altering Trk docking subdomains[END_REF]. In addition, the regions of Ig1 and Ig2 can also inhibit the Trk spontaneous dimerization in the absence of ligand [START_REF] Arevalo | TrkA immunoglobulin-like ligand binding domains inhibit spontaneous activation of the receptor[END_REF]. Upon binding to Trk receptor, neurotrophin has its conformation altered, which is important for neurotrophin binding more than one type of Trk receptor. The last, in turn, modulate neurotrophin binding either by directly interacting with neurotrophins or by changing the structure of Ig2 domain of these receptors.

A short insert of amino acids in the juxtamembrane region of each Trk has been shown to regulate the specifity of Trk receptor responsiveness. This was first observed with two distinct TrkA isoforms, in which a small variance in the extracellular domain enhances the ability of NT-3 to activate this receptor. However, for NGF binding, both TrkA types show the same response. It is also possible that this alternative exon of TrkA inhibits the interaction between this receptor and p75 and thereby proportionally enhances the response to NT-3 depending on TrkA expression. The TrkA isoform with the alternative splice is found in neural tissue, including sensory neurons while the splice-absent isoform TrkA is expressed mainly in non-neuronal tissues [START_REF] Barker | Tissue-specific alternative splicing generates two isoforms of the trkA receptor[END_REF]. TrkA has two different patches for NGF ligand, one seems to be the same for all family members and the other is specific for NGF/TrkA binding. P75 associates and can be coprecipitated with all three Trk receptors. Source : Bibel, 2000 A distinct isoform also has been reported for TrkB receptor [START_REF] Boeshore | TrkB isoforms with distinct neurotrophin specificities are expressed in predominantly nonoverlapping populations of avian dorsal root ganglion neurons[END_REF]. The second isoform of chick TrkB is a naturally occurring splice variant lacking 11 aminoacids in the extracellular domain [START_REF] Garner | Expression of TrkB receptor isoforms in the developing avian visual system[END_REF], resulted from the alternative splicing of exon 9 [START_REF] Strohmaier | A splice variant of the neurotrophin receptor trkB with increased specificity for brain-derived neurotrophic factor[END_REF].

Full length of TrkB is maximally responsive to BDNF, whereas NT-3 and NT-4/5 evoke less responsiveness. On the other hand, splicing deletion isoform TrkB is greatest responsive to BDNF, less to NT-4/5 and almost none responsiveness for NT-3. However, it is speculated that BDNF less efficiently binds TrkB receptor with the extracellular deletion because the deletion may change the receptor conformation and consequently, the rate of dimerization and kinase activation. Alternatively, this dimer may reduce the number of intracellular phosphorylation [START_REF] Shelton | Human trks: molecular cloning, tissue distribution, and expression of extracellular domain immunoadhesins[END_REF]. Into DRG, both populations of TrkB receptors exist, in which, the majority of DRG TrkB + neurons express the full length isophorm, while a minority expresses exclusively the splice deletion isoform [START_REF] Boeshore | TrkB isoforms with distinct neurotrophin specificities are expressed in predominantly nonoverlapping populations of avian dorsal root ganglion neurons[END_REF].

A variant of TrkC with an extracellular domain lacking nine aminoacids was also identified. In addition, possible inserts can appear in the portion of tyrosine kinase of TrkC receptor, which do not respond to NT-3 as the same manner than in TrkC receptor with no inserts [START_REF] Tsoulfas | The rat trkC locus encodes multiple neurogenic receptors that exhibit differential response to neurotrophin-3 in PC12 cells[END_REF][START_REF] Valenzuela | Alternative forms of rat TrkC with different functional capabilities[END_REF].

Besides the deletion isoforms, it is evidenced that TrkB and TrkC also exist in another form, with tyrosine kinase domain replaced by a truncated intracellular domain. Although not fully explored, this truncated form can trigger intracellular signaling directly [START_REF] Baxter | Signal transduction mediated by the truncated trkB receptor isoforms, trkB.T1 and trkB.T2[END_REF][START_REF] Hapner | Neural differentiation promoted by truncated trkC receptors in collaboration with p75(NTR)[END_REF], and may inhibit the neurotrophin signaling in rodents, being less important in human, as they do not have all truncated forms found in rodents [START_REF] Shelton | Human trks: molecular cloning, tissue distribution, and expression of extracellular domain immunoadhesins[END_REF].

In conclusion, Trk receptors exhibit ligand-activation specificities, depending first on the type of receptors expressed in neurons (TrkA, TrkB or TrkC), differential splicing, truncated or not and the co-expression with p75 receptor. Consequently, the differences in neurotrophins responsiveness between DRG neurons may be responsible for generating appropriated connections depending on the ligands expressed by target tissues.

Molecular structure and functions of p75 receptor

The pan-neurotrophin receptor p75 is a member of the Tumor Necrosis Factor (TNF) cytokine family (Bibel and Barde, 2000). It contains four negatively charged cysteine-rich extracellular repeats, the ligand-binding domain, and a unique cytoplasmic domain, with no similarities compared to Trk structure (Fig 12). The signal transduced by p75 involves the prosurvival pathway by activation of sphingomyelinase activities, NFκB and Akt [START_REF] Roux | The p75 neurotrophin receptor activates Akt (protein kinase B) through a phosphatidylinositol 3-kinase-dependent pathway[END_REF][START_REF] Wooten | The atypical protein kinase C-interacting protein p62 is a scaffold for NF-kappaB activation by nerve growth factor[END_REF]. On the other hand, ligand-binding p75 also stimulates the proapoptotic pathway, which include c-Jun N-terminal Kinase, JNK cascade [START_REF] Carter | Selective activation of NF-kappa B by nerve growth factor through the neurotrophin receptor p75[END_REF][START_REF] Dobrowsky | Activation of the sphingomyelin cycle through the low-affinity neurotrophin receptor[END_REF][START_REF] Whitfield | Dominant-negative c-Jun promotes neuronal survival by reducing BIM expression and inhibiting mitochondrial cytochrome c release[END_REF]. The p75 receptor also affects growth cone motility through activating the small G proteins Rac and Rho [START_REF] Harrington | Activation of Rac GTPase by p75 is necessary for c-jun N-terminal kinase-mediated apoptosis[END_REF].

When co-expressed with Trk, p75 plays an important role increasing the specificity of TrkA and TrkB receptors to the ligands NGF and BDNF [START_REF] Bibel | Biochemical and functional interactions between the neurotrophin receptors trk and p75NTR[END_REF][START_REF] Clary | An alternatively spliced form of the nerve growth factor receptor TrkA confers an enhanced response to neurotrophin 3[END_REF][START_REF] Mischel | The extracellular domain of p75NTR is necessary to inhibit neurotrophin-3 signaling through TrkA[END_REF]. It is likely that p75 either increase sensitivity to surrounded neurotrophins at the cell surface, increasing the probability of binding [START_REF] Yano | Neurotrophin receptor structure and interactions[END_REF] or either change the conformation of Trk receptors facilitating ligand binding and the subsequent signaling [START_REF] Mahadeo | High affinity nerve growth factor binding displays a faster rate of association than p140trk binding. Implications for multisubunit polypeptide receptors[END_REF]. In addition, it has been evidenced that p75 is also capable to improve TrkA autophosphorylation [START_REF] Barker | Disruption of NGF binding to the low affinity neurotrophin receptor p75LNTR reduces NGF binding to TrkA on PC12 cells[END_REF].

When expressed alone, p75 activation by neurotrophins functions as pro-apoptotic factor [START_REF] Yoon | Competitive signaling between TrkA and p75 nerve growth factor receptors determines cell survival[END_REF]. The both ubiquitously expressed zinc finger protein NRIF (neurotrophin receptor-interacting factor) and NADE (p75 NTR-associated cell death executor) have been described to be essential component downstream of NGF and p75 to transduce cell death [START_REF] Casademunt | The zinc finger protein NRIF interacts with the neurotrophin receptor p75(NTR) and participates in programmed cell death[END_REF][START_REF] Mukai | NADE, a p75NTR-associated cell death executor, is involved in signal transduction mediated by the common neurotrophin receptor p75NTR[END_REF]. Another protein, SC-1 (Schwann cell factor-1) arrests the cell cycle after p75 stimulation by NGF [START_REF] Chittka | Identification of a zinc finger protein whose subcellular distribution is regulated by serum and nerve growth factor[END_REF]. To the contrary, when p75 is co-expressed with Trk receptors, the proapoptotic signaling is suppressed and it promotes cell differentiation and survival after neurotrophin binding [START_REF] Dobrowsky | Neurotrophins induce sphingomyelin hydrolysis. Modulation by co-expression of p75NTR with Trk receptors[END_REF].

Activation of tyrosine kinase receptors followed by neurotrophin binding

The best indicator of neurotrophin binding and receptor activation is the tyrosine residues phosphorylation (Bibel and Barde, 2000;[START_REF] Friedman | Neurotrophin signaling via Trks and p75[END_REF]. Phosphorylation of tyrosines present in the cytoplasmic domains of each receptor leads to a change in the conformation of the receptor resulting in trans-phosphorylation, which allows the access of substrates to the kinase [START_REF] Inagaki | TrkA tyrosine residues involved in NGF-induced neurite outgrowth of PC12 cells[END_REF][START_REF] Stephens | Trk receptors use redundant signal transduction pathways involving SHC and PLC-gamma 1 to mediate NGF responses[END_REF]. Trk-ligand signaling activates three main signaling cascades. First, phosphorylated tyrosine residues located at the juxtamembrane and in the C-terminus bind Shc, which leads to the activation of the Ras/Raf/MEK/MAPK pathway through Grb-2-SOS complex, Fig 14 [START_REF] Kaplan | Neurotrophin signal transduction in the nervous system[END_REF]. Second, PI3K is indirectly activated by Trk receptors through IRS-1, IRS-2 and Gab-1 activation. PI3K then activates PKB/AKT kinase promoting neuronal survival [START_REF] Crowder | Phosphatidylinositol 3-kinase and Akt protein kinase are necessary and sufficient for the survival of nerve growth factor-dependent sympathetic neurons[END_REF]. Finally, in neurons, the association between Trk and PCL-γ induces neurotrophin release [START_REF] Canossa | Neurotrophin release by neurotrophins: implications for activity-dependent neuronal plasticity[END_REF], which represents a potential positive feedback mechanism, contributing to synaptic plasticity. This pathway regulates the intracellular levels of Ca + and protein kinase C activity via cleavage of the substrate PIP2 to DAG and IP3 (Bibel and Barde, 2000). Trk receptors can also be activated by G protein-coupled receptors adenosineA 2a and PAC-1 [START_REF] Lee | The uniqueness of being a neurotrophin receptor[END_REF][START_REF] Lee | Distinctive features of Trk neurotrophin receptor transactivation by G protein-coupled receptors[END_REF]. This type of receptor activation has different kinetics (slower) and requirements when compared to their activation by neurotrophins. EGF receptor can be activated also by lateral propagation initiated by the activation of another local receptor or by cell adhesion [START_REF] Sawano | Lateral propagation of EGF signaling after local stimulation is dependent on receptor density[END_REF].

Among Trk receptors, usually the downstream activation involves similar protein phosphorylation, but can also triggers specific and distinct pathways. The differences of responses evoked by each of them may be due to the recruitment of receptor substrates [START_REF] Yano | Neurotrophin receptor structure and interactions[END_REF] and the duration of signaling. For instance, NGF can induces different MAP kinase activity depending on which receptor is activated (TrkA or the other EGF receptor tyrosine kinase) [START_REF] Qui | PC12 cell neuronal differentiation is associated with prolonged p21ras activity and consequent prolonged ERK activity[END_REF]. Another possible mechanism engaged in distinct responses can be the site of ligand binding that has been more explored for NGF/TrkA binding. There are two classes of NGF binding sites, differing in the binding affinity.

TrkA by itself, express low affinity to NGF due to slow interaction on-rate [START_REF] Mahadeo | High affinity nerve growth factor binding displays a faster rate of association than p140trk binding. Implications for multisubunit polypeptide receptors[END_REF], however p75 receptor is able to increase this affinity. Therefore, both p75 and TrkA contribute for high affinity to NGF binding site in TrkA neurons [START_REF] Chao | The p75 neurotrophin receptor[END_REF]. The same p75 action was observed for TrkB/BDNF interaction, which display low affinity value in the presence of high NT-3 [START_REF] Dechant | Expression and binding characteristics of the BDNF receptor chick trkB[END_REF].

However, there is some evidence that the phosphorylation of tyrosine is not always required for the activation of Trk receptors. For instance, c-Abl, a cytoplasmic tyrosine kinase involved in differentiation, interacts with the juxtamembrane domain of TrkA, even if in this region the tyrosines are not phosphorylated. In short, many cytoplasmic adaptor proteins have been identified to regulate

Trk-mediated neurotrophin signaling [START_REF] Yano | Neurotrophin receptor structure and interactions[END_REF]. After neurotrophin binding, Trk receptor is transphosphorylated. That results in the recruitment of many docking proteins, such as Shc, which activates Ras through Grb-2 and SOS, FRS-2, rAPS, SH2-B, and CHK, which activates MAPK, and PLCγ1. MAPK activity is also regulated through Raf, Rap1, SHP-2 and PKCd. The activation of the Ras/Raf/MEK/MAPK complex mediates neuritogenesis [START_REF] Stephens | Trk receptors use redundant signal transduction pathways involving SHC and PLC-gamma 1 to mediate NGF responses[END_REF]. Other docking molecules seem to form complexes with Grb2/SOS, such as rAPS and SH2-B, may be involved in neuronal differentiation [START_REF] Qian | N terminus of Sos1 Ras exchange factor: critical roles for the Dbl and pleckstrin homology domains[END_REF]. Trk activates PI-3K through Ras and Gab-1/IRS1/2. Once activated, PI-3K trigger PDK1/2 with subsequent Akt activation. Downstream signaling by PI3K activation is important for neuronal survival as results in the phosphorylation and inactivation of the proapoptotic protein BAD of the Bcl-2 as well as phosphorylation of Forkhead transcription factor that controls gene expression involved in cell death [START_REF] Brunet | Akt promotes cell survival by phosphorylating and inhibiting a Forkhead transcription factor[END_REF]. Source : [START_REF] Kaplan | Neurotrophin signal transduction in the nervous system[END_REF] Finally Trk receptor activation can also regulate the activity of some voltage-gated ion channels, such as Na + channels [START_REF] Kafitz | Neurotrophin-evoked rapid excitation through TrkB receptors[END_REF], Ca 2+ channels [START_REF] Canossa | Regulated secretion of neurotrophins by metabotropic glutamate group I (mGluRI) and Trk receptor activation is mediated via phospholipase C signalling pathways[END_REF] or some TRP receptors [START_REF] Li | Activation of a TRPC3-dependent cation current through the neurotrophin BDNF[END_REF] as well as receptor for neurotransmitters via their phosphorylation and the activation of tyrosine kinases. Trk receptor activation is also known to modulate exocytosis and endocytosis of synaptic vesicles, in addition of controlling gene expression [START_REF] Huang | Trk Receptors: Roles in Neuronal Signal Transduction[END_REF].

Retrograde transport of Trk-neurotrophin complex

During development, neurotrophic factors are mainly found in the targets of sensory neurons contacting their growth cones in order to promote sprouting and target innervation. Beyond these short-distance functions, the neurotrophins have also long-distance actions through retrogradely transport to neuronal cell body located in the DRG, especially to support cell survival and gene expression (Fig 15). After binding neurotrophins, the ligand-receptor complex can be internalized by either pinocytosis or endocytosis, the signaling triggered is specific for each type of internalization [START_REF] Shao | Pincher, a pinocytic chaperone for nerve growth factor/TrkA signaling endosomes[END_REF]. The endosomes, which contain also signaling intermediates [START_REF] Howe | NGF signaling from clathrincoated vesicles: evidence that signaling endosomes serve as a platform for the Ras-MAPK pathway[END_REF] are transported from axon terminals back to the cell body and nucleus of neurons [START_REF] Bhattacharyya | Trk receptors function as rapid retrograde signal carriers in the adult nervous system[END_REF][START_REF] Distefano | The neurotrophins BDNF, NT-3, and NGF display distinct patterns of retrograde axonal transport in peripheral and central neurons[END_REF][START_REF] Leitner | Analysis of the retrograde transport of glial cell line-derived neurotrophic factor (GDNF), neurturin, and persephin suggests that in vivo signaling for the GDNF family is GFRalpha coreceptor-specific[END_REF].

The mechanism involved in this retrograde transport remains unclear, but it is well admitted that Trk transportation and activation is required for neurotrophin signaling to the cell body. Interestingly, an initial group of activated Trk appears in the cell body rapidly, probably due to lateral signal propagation as used by EGF receptor ErbB1. In that case, activation of ErbB1 receptors by EGF results in a rapid ligand-independent lateral signaling wave that activate all receptors at the plasma membrane [START_REF] Kaplan | Neurotrophin signal transduction in the nervous system[END_REF][START_REF] Verveer | Quantitative imaging of lateral ErbB1 receptor signal propagation in the plasma membrane[END_REF]. However, the majority of activated Trk reach the cell body with a time course consistent of vesicular transport [START_REF] Riccio | An NGF-TrkA-mediated retrograde signal to transcription factor CREB in sympathetic neurons[END_REF][START_REF] Watson | Rapid nuclear responses to target-derived neurotrophins require retrograde transport of ligand-receptor complex[END_REF]. It is not well explored whether locally and retrogradely Trk signaling differ, it has been proposed that vesicle-transported Trk have functions in the cell body that are not observed in the axon.

They may act as transcriptional factor regulating gene expression if directed to the nuclear compartment [START_REF] Lin | Nuclear localization of EGF receptor and its potential new role as a transcription factor[END_REF]Miller and Kaplan, 2001). It is not known whether p75 receptor participates in this process, but possibly it increases retrograde transport of neurotrophins [START_REF] Harrison | Levels of nerve growth factor and neurotrophin-3 are affected differentially by the presence of p75 in sympathetic neurons in vivo[END_REF]. Accordingly, both Trk-ligand locations (axon or cytoplasm) result in distinct signaling inside the cell. That indicates neurotrophins modulate several activities into the cell depending on where the receptor-ligand is placed and how they are transported [START_REF] Huang | Trk Receptors: Roles in Neuronal Signal Transduction[END_REF].

However, this conclusion has to be further explored since another study showed that NGF-promoting cell survival is possible with little or no retrograde transport of NGF to the soma [START_REF] Macinnis | Retrograde support of neuronal survival without retrograde transport of nerve growth factor[END_REF]. 

FIGURE

Developmental cell death

The regulation of vertebrate neuronal numbers by target-derived signals is well established in the literature (de la Rosa and de Pablo, 2000; [START_REF] Dekkers | Cell biology in neuroscience: Death of developing neurons: new insights and implications for connectivity[END_REF][START_REF] Hamburger | Neuronal death in the spinal ganglia of the chick embryo and its reduction by nerve growth factor[END_REF][START_REF] Oppenheim | Cell death during development of the nervous system[END_REF][START_REF] Oppenheim | Journey of a neuroembryologist to the end of the millennium and beyond[END_REF][START_REF] Reed-Geaghan | Peripheral somatosensation: a touch of genetics[END_REF][START_REF] Yamaguchi | Programmed cell death in neurodevelopment[END_REF]. [START_REF] Hamburger | Proliferation, differentiation and degeneration in the spinal ganglia of the chick embryo under normal and experimental conditions[END_REF] were the pioneers to demonstrate that sensory neurons undergo natural death during development, in chicken (Table 2). In the same work, they suggested that target-release factors could rescue those neurons from death. Thereafter, this phenomenon has been referred as Developmental (DCD), Programmed (PCD) or Naturally occurring Cell Death. PCD is not a proper term as the neurons can be rescued in the presence of growth factors or by reduction of competitors amount [START_REF] Pilar | Competition for survival among developing ciliary ganglion cells[END_REF]. Although this event is regulated by the expression of a set of genes, the genetic activation or suppression is under control of trophic agents. Consequently, the neurotrophin signal the neuron receives will trigger gene expression implicated in cell death. Therefore, in this manuscript, we have chosen to refer the natural cell death of DRG neurons as DCD to differentiate it from other than does not occur in the embryonic course.

The DCD has been characterized by [START_REF] Oppenheim | Cell death during development of the nervous system[END_REF] as a natural death of a massive neuronal population by apoptosis, which happens in relatively late stage of embryogenesis. Apoptosis involves a progressive contraction of cell volume and chromatic condensation with the initial preservation of plasma membranes [START_REF] Kerr | Apoptosis: a basic biological phenomenon with wide-ranging implications in tissue kinetics[END_REF]. It happens through the activity of cysteine proteases called caspases that cleave intracellular substrates [START_REF] Degterev | Expansion and evolution of cell death programmes[END_REF] and are activated by a range of factors, such as DNA damage, survival factor deprivation, abnormal ion flux or reactive oxygen overproduction [START_REF] Green | Cell biology. Metabolic control of cell death[END_REF]. Among caspases, caspase-3 and caspase-9 activation are primarily involved, although not essential, in apoptosis of postmitotic neurons during DCD [START_REF] Kuan | Mechanisms of programmed cell death in the developing brain[END_REF][START_REF] Oppenheim | Journey of a neuroembryologist to the end of the millennium and beyond[END_REF][START_REF] Zaidi | Bcl-X(L)-caspase-9 interactions in the developing nervous system: evidence for multiple death pathways[END_REF]. Thenceforth, the apoptotic bodies are phagocytosed by glia precursors into DRG (Wu et al., 2009).

It appears that DCD occurs among all major taxonomic groups, involving distinct neurons located in both central and peripheral nervous system. Likewise, DCD also occurs for glial cells, i.e. Schwann cells in peripheral nerves [START_REF] Oppenheim | Programmed Cell Death and Neurotrophic Factors[END_REF]. Nowadays, there is enough evidence that synaptic targets derived growth factors are the major elements for regulating neuronal numbers in time and extent. In addition, mesenchymal growth factors, afferent inputs and glial-derived factors also are involved in the DCD regulation [START_REF] Oppenheim | Cell death during development of the nervous system[END_REF].

DCD has a great importance to lapidate neuronal numbers in a normal range of biological variation, in order to avoid behavioral abnormalities (Fig 16). Generally, the massive cell loss in early development serves to eliminate defective cells and aberrant projections or to shape anatomical structures of nervous system [START_REF] Buss | Adaptive roles of programmed cell death during nervous system development[END_REF][START_REF] Yamaguchi | Programmed cell death in neurodevelopment[END_REF].

Furthermore, neurons may die because they had just a temporary function, such as providing guidance cues for early axonal projections [START_REF] Mcconnell | Subplate neurons pioneer the first axon pathway from the cerebral cortex[END_REF]; serving as transient targets for afferents [START_REF] Luskin | Neurogenesis of the cat's primary visual cortex[END_REF]; or by mediating another functional requirements [START_REF] Oppenheim | Electrical stimulation of hindlimb increases neuronal cell death in chick embryo[END_REF].

Although the magnitude of cell death varies among populations and species, at least 50% of neurons in a specific population die during development. Thus, surely the large numbers of dying cells have a substantial impact for the development of nervous system. 

Developmental cell death into dorsal root ganglion

DRG sensory neurons suit the neurotrophic hypothesis [START_REF] Barde | Neurotrophins: a family of proteins supporting the survival of neurons[END_REF][START_REF] Oppenheim | The neurotrophic theory and naturally occurring motoneuron death[END_REF]. According to this hypothesis sensory neurons that are initially generated in excess, differentiate and project their axons to peripheral targets. As they reach the periphery, they compete for limited amount of neurotrophic factors produced by their targets that can be muscles, viscera or skin [START_REF] Calderó | Peripheral target regulation of the development and survival of spinal sensory and motor neurons in the chick embryo[END_REF][START_REF] Oakley | Neurotrophin-3 promotes the differentiation of muscle spindle afferents in the absence of peripheral targets[END_REF]. The successful neurons that bind their high-affinity neurotrophin activate a downstream intracellular cascade involved in cell differentiation and survival. They can also internalize receptor/neurotrophin complex and retrogradely transport it to their cell bodies to modulate the expression of anti-apoptotic genes (Pazyra- [START_REF] Pazyra-Murphy | A retrograde neuronal survival response: target-derived neurotrophins regulate MEF2D and bcl-w[END_REF]. However, in case they do not couple a neurotrophin, TrkA and TrkC receptors can instruct the cell to die [START_REF] Nikoletopoulou | Neurotrophin receptors TrkA and TrkC cause neuronal death whereas TrkB does not[END_REF].

The evidences show DRG neurons are only temporarily dependent of neurotrophins [START_REF] Tong | Intracellular calcium levels influence apoptosis in mature sensory neurons after trophic factor deprivation[END_REF][START_REF] Tong | Radiation-induced apoptosis in dorsal root ganglion neurons[END_REF][START_REF] Vogelbaum | Developmental regulation of apoptosis in dorsal root ganglion neurons[END_REF], but how they lose this dependence is not clear. Immature neurons die after neurotrophins withdrawal, especially NGF, through the inactivation of PI3K and activation of c-JUN transcription factors [START_REF] Yao | Requirement for phosphatidylinositol-3 kinase in the prevention of apoptosis by nerve growth factor[END_REF].

Spatiotemporal differences are described concerning sensory neurons cell death. First, neuronal death is much more remarkable in cervical and thoracic spinal, following the axis level of embryonic development. DCD occurs a little earlier in thoracic, at E11 [START_REF] Sonnenberg-Riethmacher | Development and degeneration of dorsal root ganglia in the absence of the HMGdomain transcription factor Sox10[END_REF], compared to lumbar region (E11.5). Apoptosis lasts from E11 until E14 (Sun et al., 2008). In chicken, it lasts from 4½ days (d), reaching a peak at 5 to 6 d and ends at 8 d of incubation [START_REF] Hamburger | Neuronal death in the spinal ganglia of the chick embryo and its reduction by nerve growth factor[END_REF]. At the same time of death, neurons are generated and differentiated, characterizing this moment as a turnover (Gonsalvez et al., 2015).

Moreover, neurons differentiate earlier undergo apoptosis first, i.e. large VL neurons (TrkC + and TrkB + ) die before small DM neurons (TrkA + ). That is confirmed by neurotrophin-dependence experiments, in which NT-3 and TrkC are required earlier (E11.5) than NGF and TrkA (E13.5) for neuronal survival (Tessarollo et al., 1994;[START_REF] White | Synchronous onset of NGF and TrkA survival dependence in developing dorsal root ganglia[END_REF]. In addition, a massive death occurs for VL neurons compared to DM neurons [START_REF] Hamburger | Neuronal death in the spinal ganglia of the chick embryo and its reduction by nerve growth factor[END_REF][START_REF] Hamburger | Proliferation, differentiation and degeneration in the spinal ganglia of the chick embryo under normal and experimental conditions[END_REF].

The DCD is powerfully regulated by BAX Bcl-2 genes family, such as pro-apoptotic Bax [START_REF] Patel | Peripheral NT3 signaling is required for ETS protein expression and central patterning of proprioceptive sensory afferents[END_REF][START_REF] Suzuki | Characterization of sensory neurons in the dorsal root ganglia of Bax-deficient mice[END_REF] and anti-apoptotic Bcl-X. For instance, Bax deletion recoveries all DRG neurons in mice [START_REF] Sun | Response of motoneurons to neonatal sciatic nerve axotomy in Bax-knockout mice[END_REF][START_REF] White | Widespread elimination of naturally occurring neuronal death in Bax-deficient mice[END_REF]; although neuronal development is perturbed in other areas. After Bax deletion, neurons have inappropriate innervation and functional hypersensitivity in addition to their smaller-sized soma and unmyelinated axons [START_REF] Buss | Adaptive roles of programmed cell death during nervous system development[END_REF][START_REF] Kinugasa | The effects of sciatic nerve axotomy on spinal motoneurons in neonatal Bax-deficient mice[END_REF][START_REF] Sun | Response of motoneurons to neonatal sciatic nerve axotomy in Bax-knockout mice[END_REF]. During development, DRG neurons have a high ratio of Bax/Bcl-x, contributing with a high degree of dependence of neurotrophins for survival. When mature, it is observed a strong increase of Bcl-x expression, which correlates with loss of sensitivity of these neurons to trophic factor deprivation [START_REF] Vogelbaum | Developmental regulation of apoptosis in dorsal root ganglion neurons[END_REF]. In addition the transduction of Sonic hedgehog (Shh) gene can regulate DRG cell number. It induces cell death in the dorsal region of the DRG while promote proliferation of ventrally located neural progenitors in chickens [START_REF] Guan | Shh influences cell number and the distribution of neuronal subtypes in dorsal root ganglia[END_REF]. 1960 Cohen discovered that the salivary gland of male mice was an extremely rich source of the same growth-promoting activity found in the sarcoma 180. When an antiserum to the mouse factor was injected into newborn mice, all sympathetic neurons were lost.

1969 Bocchini and P. Angeletti described a method for the purification of biologically active NGF from male mouse submaxillary glands. This activity is the b subunit of NGF, also known as 2.5S NGF.

It has been estimated that to purify NGF from relevant target organs would have required a purification factor of 100 million, whereas a purification factor of only 100-200 was sufficient to purify NGF from the mouse salivary gland. Salivary glands from female mice or other mammals do not contain this extremely high concentration of NGF.

1971

P. Angeletti and Bradshaw identified the amino acid sequence of 2.5S NGF purified from the mouse submaxillary gland.

1982

Barde and colleagues isolated a novel neurotrophic factor from the mammalian brain (brainderived neurotrophic factor) (BDNF). Unlike the original purification of NGF from a fortuitous rich source-the salivary gland-this factor was isolated from many brains by an amazing purification factor of several millionfold. BDNF was identified and isolated using an in vitro survival assay with sensory neurons.

1983

Korsching and Thoenen developed a sensitive two-site immunoassay, allowing for the first time the detection of NGF in target organs. With this method it was possible to demonstrate a strong correlation between the density of sympathetic innervation and target levels of NGF, a finding consistent with the neurotrophic theory.

1986

Chao and his colleagues identified the first neurotrophin receptor, at the time believed to be a receptor specific for NGF. The Nobel Prize in medicine was awarded to Levi-Montalcini and Cohen for the discovery of NGF and EGF.

1989

The sequencing and molecular cloning of BDNF by Barde and colleagues revealed a high degree of sequence homology between the new factor and NGF. This finding enabled the rapid molecular cloning and sequencing of other related neurotrophins containing the conserved regions without prior protein purification. These and related studies on the characterization of neurotrophins were carried out by several prominent researchers trained in Eric Shooter's lab or in Hans Thoenen's lab during the 1980s.

1990/1991

Several groups discovered additional members of the "neurotrophin" family by molecular cloning, including NT-3 (in several species), NT-4 (in Xenopus), and NT-5 (in mammals).

Research by Kaplan, Parada, and colleagues identified the trk receptor (an "orphan" receptor) as a member of a family of tyrosine kinase receptors that are specific for neurotrophins, rapidly leading to the identification of the three members trkA (for NGF), trkB (for BDNF and NT-4), and trkC (for NT-3).

1993

Poo and his colleagues discovered that the neurotrophins BDNF and NT-3 have rapid and substantial effects on the strength of synapses, showing for the first time that neurotrophins have important effects in regulating synaptic plasticity.

1996

Work by Barde and his colleagues revealed that neurotrophins can induce cell death (apoptosis) by binding to the "common" neurotrophin receptor, p75NTR.

2001

Hempstead and her colleagues discovered that proneurotrophins, the larger precursor forms believed to have no significant biological function, have important physiological effects.

*For references cited in this table, see [START_REF] Barde | Trophic factors and neuronal survival[END_REF][START_REF] Cowan | Caspases 3 and 9 send a pro-apoptotic signal from synapse to cell body in olfactory receptor neurons[END_REF]Huang and Reichardt, 2001).

Source: [START_REF] Oppenheim | Programmed Cell Death and Neurotrophic Factors[END_REF] 7 Roles of neurotrophins and their high-affinity receptors in dorsal root ganglion sensory neuron development

Neurotrophins are soluble peptides growth factors that when bind surface receptors, play essential roles through diverse intracellular messengers. NGF is the first target-derived factor best characterized and well recognized as a survival promoter for neurons, including a subset of DRG sensory neurons [START_REF] Skaper | Nerve growth factor: a neuroimmune crosstalk mediator for all seasons[END_REF]. It is a member of a large family of structurally and functionally similar mammalian neurotrophic factors, which also includes BDNF [START_REF] Barde | Purification of a new neurotrophic factor from mammalian brain[END_REF], NT-3 [START_REF] Ernfors | Molecular cloning and neurotrophic activities of a protein with structural similarities to nerve growth factor: developmental and topographical expression in the brain[END_REF][START_REF] Jones | Molecular cloning of a human gene that is a member of the nerve growth factor family[END_REF]) and NT-4 [START_REF] Ip | Mammalian neurotrophin-4: structure, chromosomal localization, tissue distribution, and receptor specificity[END_REF], which is also known as NT-4/5 in mammals. NT-4

and NT-5 differ in their tissue distribution and in their ability to protect sympathetic neurons in Xenopus [START_REF] Berkemeier | Neurotrophin-5: a novel neurotrophic factor that activates trk and trkB[END_REF]. Then, because of uncertainties about whether human NT-5 is a homologous of NT-4 found in Xenopus, the nomenclature NT-4/5 has been adopted for mammalian form of NT-4. More recently, two different neurotrophins from platyfish and carp have been cited as neurotrophin-6 [START_REF] Götz | Neurotrophin-6 is a new member of the nerve growth factor family[END_REF] and neurotrophin-7 [START_REF] Lai | Cloning and expression of a novel neurotrophin, NT-7, from carp[END_REF] Yet there is the GDNF family of ligands that through activation of the common receptor tyrosine kinase Ret can also support neuron survival [START_REF] Baudet | Positive and negative interactions of GDNF, NTN and ART in developing sensory neuron subpopulations, and their collaboration with neurotrophins[END_REF]. Its preferential binding to one of four co-receptors controls the specificity for the ligand, GFRα1 to 4. Beyond retrograde (from peripheral targets) and anterograde (from motor neurons) action, neurotrophins can also support DRG population by auto/paracrine action as well, Fig 18 [START_REF] Acheson | A BDNF autocrine loop in adult sensory neurons prevents cell death[END_REF][START_REF] Davies | Regulation of neuronal survival and death by extracellular signals during development[END_REF].

Neutrophins functions have been explored mainly by using cell culture experiments, chick embryos in ovo and null mutant mice for either the genes of neurotrophins or their respective receptors. Because the mutant mice die shortly after birth, the roles of neurotrophins have been more investigated during development in the peripheral nervous system. The evidences indicate that the major effect of neurotrophins is promoting maintenance and survival for peripheral neuron, including DRG (see Table 3), trigeminal and the nodose ganglion [START_REF] Snider | Functions of the neurotrophins during nervous system development: what the knockouts are teaching us[END_REF]. Furthermore, evidences show they are essential for proper axonal growth, differentiation and maturation of nervous system [START_REF] Ernfors | Local and target-derived actions of neurotrophins during peripheral nervous system development[END_REF]Ernsberger, 2009;[START_REF] Snider | Functions of the neurotrophins during nervous system development: what the knockouts are teaching us[END_REF][START_REF] Snider | Dorsal root ganglion neurons require functional neurotrophin receptors for survival during development[END_REF]. Discrepancies in the literature exist concerning neurotrophin-dependent neuron differentiation. Thus, some studies have reported that target-derived growth factors are not crucial for sensory and motor neuron differentiation during the period of DCD [START_REF] Calderó | Peripheral target regulation of the development and survival of spinal sensory and motor neurons in the chick embryo[END_REF][START_REF] Oakley | Neurotrophin-3 promotes the differentiation of muscle spindle afferents in the absence of peripheral targets[END_REF].

As mentioned before, NGF is the first neurotrophic factor recognized to prevent DRG nociceptors undergo DCD. However, the requirement of NGF for DRG neuron survival lasts only the early postnatal period (summary in Fig 19). Afterwards, TrkC/NT-3 signaling was discovered to be necessary earlier then NGF/TrkA for cell survival (Ernsberger, 2009). Finally, about 20% of sensory neurons are lost when BDNF signaling lacks (Liebl et al., 1997).

Depend on the neuron subtype, the presence of only one Trk receptor subtype is not enough to prevent cell death and the signaling of a combination of different Trk receptors should be necessary in some regions. For instance, double-mutants indicate that a subset of neurons, may be in visceral afferents, requires TrkA and TrkB signaling for survival [START_REF] Mcmahon | Expression and coexpression of Trk receptors in subpopulations of adult primary sensory neurons projecting to identified peripheral targets[END_REF][START_REF] Minichiello | Differential effects of combined trk receptor mutations on dorsal root ganglion and inner ear sensory neurons[END_REF] and the co-expression of TrkB and TrkC in another set of neurons appears to be important for development of proprioceptive population and their projections (Silos- Santiago et al., 1997). By knowing DRG express neurotrophins receptors, this raises the question how neurotrophins-receptor signaling delineate sensory development. Below, it will be described the major regulation of neurotrophins in the development of Trk + neurons into DRG.

NGF Functions in dorsal root ganglion sensory neurons

NGF regulates nociceptive differentiation

The roles of NGF have been investigated in the differentiation and maturation of TrkA + neurons.

Indeed, NGF induces segregation of nociceptors into peptidergic and non-peptidergic neurons.

Experiments in mutant mice lacking either NGF or TrkA show a reduction of peptidergic neurons, characterized by the expression of SP and CGRP, at early and late DRG development. Moreover, the axonal processes are completely absent in the skin [START_REF] Crowley | Mice lacking nerve growth factor display perinatal loss of sensory and sympathetic neurons yet develop basal forebrain cholinergic neurons[END_REF][START_REF] Minichiello | Differential effects of combined trk receptor mutations on dorsal root ganglion and inner ear sensory neurons[END_REF][START_REF] Shadiack | Nerve growth factor antiserum induces axotomylike changes in neuropeptide expression in intact sympathetic and sensory neurons[END_REF]. Probably, NGF directly leads neuropeptide expression in ganglion population [START_REF] Patel | Development of sensory neurons in the absence of NGF/TrkA signaling in vivo[END_REF]. In this context, the requirement of NGF for neuronal differentiation is not linked to cell survival, as TrkA/Bax double-mutants do not rescue peptide expression [START_REF] Patel | Development of sensory neurons in the absence of NGF/TrkA signaling in vivo[END_REF].

In addition to peptidergic neurons, NGF is required for small Ret + neurons differentiation that loose TrkA expression postnatally [START_REF] Luo | A hierarchical NGF signaling cascade controls Ret-dependent and Ret-independent events during development of nonpeptidergic DRG neurons[END_REF]. In the same study, it was also verified that NGF increases the expression of GFRα1 and GFRα2, but not GFRα3, showing a control in specifying which GDNF neurotrophins bind to Ret receptor.

NGF also regulates the threshold of a set of nociceptive afferents positive to Aδ and C fibers at early postnatal. Both mechanical and heat sensitivity in Aδ and C fibers are increased by NGF administration [START_REF] Lewin | Nerve growth factor-induced hyperalgesia in the neonatal and adult rat[END_REF][START_REF] Lewin | Regulation of cutaneous C-fiber heat nociceptors by nerve growth factor in the developing rat[END_REF]. However, during adulthood, mechanical threshold of Aδ positive neurons are not affected by NGF injection, whereas heat sensitivity of Aδ and C fibres and TRPV1 + neurons remains under its regulation throughout life [START_REF] Bennett | Endogenous nerve growth factor regulates the sensitivity of nociceptors in the adult rat[END_REF][START_REF] Galoyan | Mechanisms of sensitization of the response of single dorsal root ganglion cells from adult rat to noxious heat[END_REF]. Likewise, both heat-and capsaine-sensitive TRPV1 [START_REF] Winston | Nerve growth factor regulates VR-1 mRNA levels in cultures of adult dorsal root ganglion neurons[END_REF] and cold-and menthol-sensitive TRPM8 [START_REF] Babes | Two populations of cold-sensitive neurons in rat dorsal root ganglia and their modulation by nerve growth factor[END_REF]) channels are compromised in the absence of NGF signaling of newborn mice and persists in adult life [START_REF] Luo | A hierarchical NGF signaling cascade controls Ret-dependent and Ret-independent events during development of nonpeptidergic DRG neurons[END_REF].

In short, NGF is required in postnatal stage to discriminate TrkA + neurons in peptidergic and nonpeptidergic neurons. In addition, it regulates the threshold of afferents, probably by modulating nociceptive channels.

NGF promotes TrkA + neuron survival

NGF synthesis in the peripheral targets starts with innervation of the first sensory neurons [START_REF] Korsching | The neurotrophic factor concept: a reexamination[END_REF]. From E14-E17, when cutaneous afferents reach rat hind limbs, nociceptors switch from NT-3 to NGF growth factor dependence [START_REF] Thippeswamy | Either nitric oxide or nerve growth factor is required for dorsal root ganglion neurons to survive during embryonic and neonatal development[END_REF][START_REF] White | Synchronous onset of NGF and TrkA survival dependence in developing dorsal root ganglia[END_REF].

During development, 80% of sensory neurons in either NGF or TrkA mutant mice are lost, amount consistent with the number of TrkA + neurons in this period [START_REF] Crowley | Mice lacking nerve growth factor display perinatal loss of sensory and sympathetic neurons yet develop basal forebrain cholinergic neurons[END_REF][START_REF] Minichiello | Differential effects of combined trk receptor mutations on dorsal root ganglion and inner ear sensory neurons[END_REF]. Likewise, there is an increase in apoptosis in TrkA and NGF double mutant mice, at E13.5, resulting in 79% loss of neurons and a reduced DRG [START_REF] White | Synchronous onset of NGF and TrkA survival dependence in developing dorsal root ganglia[END_REF]. Indeed, throughout embryogenesis, the absence of NGF/TrkA signaling pathway impairs the survival of peptidergic and non-peptidergic nociceptors [START_REF] Ruit | Selective dependence of mammalian dorsal root ganglion neurons on nerve growth factor during embryonic development[END_REF][START_REF] Snider | Functions of the neurotrophins during nervous system development: what the knockouts are teaching us[END_REF][START_REF] Snider | Dorsal root ganglion neurons require functional neurotrophin receptors for survival during development[END_REF][START_REF] Thippeswamy | Either nitric oxide or nerve growth factor is required for dorsal root ganglion neurons to survive during embryonic and neonatal development[END_REF]. NGF requirement lasts significant until neonatal, decreasing onwards [START_REF] Lewin | On the role of nerve growth factor in the development of myelinated nociceptors[END_REF], when probably it is most involved in cell maturation. At postnatal stage, nonpeptidergic neurons switch from NGF to GDNF dependency [START_REF] Bennett | Endogenous nerve growth factor regulates the sensitivity of nociceptors in the adult rat[END_REF]Molliver et al., 1997).

TrkA mutant mice, in which 95% of unmyelinated and 50% of myelinated neurons are lost, exhibit elimination of central spinal projections in the laminae I and II (Silos- [START_REF] Silos-Santiago | Non-TrkA-expressing small DRG neurons are lost in TrkA deficient mice[END_REF]. The mutation of Bax gene together with neurotrophin inactivation prevents the loss of these neurons by cell death. Then, in NGF/Bax double-mutants, the projections are rescued, showing that the disrupted projections resulted from cell death [START_REF] Patel | Development of sensory neurons in the absence of NGF/TrkA signaling in vivo[END_REF]. Interesting, NGF also stimulates peripheral target innervation, but through mechanisms other than involving cell survival [START_REF] Patel | Development of sensory neurons in the absence of NGF/TrkA signaling in vivo[END_REF].

Consistent with that loss, NGF and TrkA null mutant mice display reduced pain sensitivity [START_REF] Crowley | Mice lacking nerve growth factor display perinatal loss of sensory and sympathetic neurons yet develop basal forebrain cholinergic neurons[END_REF][START_REF] Smeyne | Severe sensory and sympathetic neuropathies in mice carrying a disrupted Trk/NGF receptor gene[END_REF], particularly thermal and chemical stimuli [START_REF] Bennett | Endogenous nerve growth factor regulates the sensitivity of nociceptors in the adult rat[END_REF], while local administration and under inflammatory response, NGF produces hyperalgesia [START_REF] Koltzenburg | Neutralization of endogenous NGF prevents the sensitization of nociceptors supplying inflamed skin[END_REF][START_REF] Lewin | Nerve growth factor-induced hyperalgesia in the neonatal and adult rat[END_REF].

As also shown for TrkC, TrkA is also a dependent receptor that instructs developing neurons to die in the absence of phosphorylation, which can explain why TrkA + neurons are trophic-factor dependent for survival. Accordingly, TrkA + neurons can be rescued by kinase activation evoked by the binding of specific neurotrophin [START_REF] Nikoletopoulou | Neurotrophin receptors TrkA and TrkC cause neuronal death whereas TrkB does not[END_REF].

BDNF functions in root ganglion sensory neurons

Studies are contradictory concerning the period and neuron subtype with BDNF dependency for survival. During embryonic development, BDNF mutant mice exhibit DRG neuronal loss by 11% at E12.5, increasing to 31% by E13.5 (Liebl et al., 2000). However, another study indicates a deficit of sensory neuron in BDNF mutants after birth only [START_REF] Valdés-Sánchez | BDNF is essentially required for the early postnatal survival of nociceptors[END_REF]. In newborn mice lacking BDNF, the total numbers of all subtypes TrkA + , TrkB + and TrkC + neurons are reduced (Liebl et al., 1997). Liebl et al., (2000) showed the TrkA population lost in BDNF mutants is nonpeptidergic nociceptors, whereas [START_REF] Valdés-Sánchez | BDNF is essentially required for the early postnatal survival of nociceptors[END_REF] found BDNF responsiveness from both populations of nociceptors. However, relative TrkA and TrkC neuronal numbers are unaltered (Liebl et al., 1997) and the quantity of parvalbumin positive neurons (marker for proprioceptive neurons) remains constant (Liebl et al., 2000). In adults, deficits in cell numbers reaches 27%-36% [START_REF] Agerman | BDNF gene replacement reveals multiple mechanisms for establishing neurotrophin specificity during sensory nervous system development[END_REF]Ernfors et al., 1994a;Liebl et al., 2000;[START_REF] Minichiello | Differential effects of combined trk receptor mutations on dorsal root ganglion and inner ear sensory neurons[END_REF]. In agreement with Liebl and collaborators (1997;2000), in either chicken or mouse, BDNF deletion alone or in combination with NGF or NT-4/5 deletion decreases DRG population [START_REF] Conover | Neuronal deficits, not involving motor neurons, in mice lacking BDNF and/or NT4[END_REF][START_REF] Lindsay | Placode and neural crest-derived sensory neurons are responsive at early developmental stages to brain-derived neurotrophic factor[END_REF][START_REF] Lindsay | Role of neurotrophins and trk receptors in the development and maintenance of sensory neurons: an overview[END_REF], but in less extent to that observed in the absence of NGF and NT-3 for TrkA + and TrkC + neurons [START_REF] Hofer | Brain-derived neurotrophic factor prevents neuronal death in vivo[END_REF].

On the other hand, overexpression of BDNF in epithelial targets tissues of sensory neurons does not affect DRG sensory neuron numbers, albeit it increases innervation to the skin in adult mice [START_REF] Lemaster | Overexpression of brain-derived neurotrophic factor enhances sensory innervation and selectively increases neuron number[END_REF]. Therefore, the evidences for BDNF promoting survival are conflicting.

Possibly, this neurotrophin is implicated in slowly adapting mechanoreceptors and nociceptors survival depending on time window analysis.

Adult nociceptors also express BDNF [START_REF] Apfel | Nerve growth factor regulates the expression of brain-derived neurotrophic factor mRNA in the peripheral nervous system[END_REF][START_REF] Barakat-Walter | Brain-derived neurotrophic factor-like immunoreactivity is localized mainly in small sensory neurons of rat dorsal root ganglia[END_REF][START_REF] Michael | Nerve growth factor treatment increases brain-derived neurotrophic factor selectively in TrkA-expressing dorsal root ganglion cells and in their central terminations within the spinal cord[END_REF][START_REF] Wetmore | Neuronal and nonneuronal expression of neurotrophins and their receptors in sensory and sympathetic ganglia suggest new intercellular trophic interactions[END_REF] and, in case of inflammatory pain, it is released in spinal dorsal horn to modulate nociceptive processing. Thus, it has been investigated whether BDNF also can protect nociceptors in adult mice. 

NT-4/5 functions in dorsal root ganglion sensory neurons

Although both BDNF and NT-4/5 bind TrkB receptor, they activate distinct intracellular pathways and can support different subclasses of sensory neurons [START_REF] Carroll | A role for BDNF in mechanosensation[END_REF][START_REF] Davies | Neurotrophin-4/5 is a mammalian-specific survival factor for distinct populations of sensory neurons[END_REF][START_REF] Erickson | Mice lacking brain-derived neurotrophic factor exhibit visceral sensory neuron losses distinct from mice lacking NT4 and display a severe developmental deficit in control of breathing[END_REF]. Experiments performed in NT-4/5 deficient mice indicate that this neurotrophin affect sensory neuronal maintenance, but not in the same extent as BDNF [START_REF] Conover | Neuronal deficits, not involving motor neurons, in mice lacking BDNF and/or NT4[END_REF]Liebl et al., 2000;[START_REF] Liu | Sensory but not motor neuron deficits in mice lacking NT4 and BDNF[END_REF][START_REF] Memberg | Proliferation, differentiation, and survival of rat sensory neuron precursors in vitro require specific trophic factors[END_REF]. NT-4/5 is required mainly by D hair receptors in adult mice as well hair follicles in the skin that are encircled by myelinated fibers [START_REF] Stucky | Neurotrophin 4 is required for the survival of a subclass of hair follicle receptors[END_REF].

Despite its minor effect on sensory neuron survival, NT-4/5 does affect cell differentiation in early embryogenesis as in postnatal life. In NT-4/5 mutants, a switch from TrkB to TrkC neurons was observed, which suggests that this neurotrophin is more related to the induction of TrkB expression [START_REF] Stucky | Neurotrophin-4: a survival factor for adult sensory neurons[END_REF]. Supporting this idea, Liebl et al., (2000) showed that NT-4/5 triggers precursor differentiation towards BDNF-dependent sensory neurons during gangliogenesis.

NT-3 functions in dorsal root ganglion sensory neurons

NT-3 promotes TrkC + neuron differentiation

Beyond the well-known NT-3 role in preventing sensory neurons from cell death during DCD, this neurotrophin has been shown to play important roles in neuronal differentiation as well. However, these effects appear to be species dependent. For instance, at earlier stages, administration of NT-3 can stops precursor cell proliferation in chicken [START_REF] Ockel | In vivo effects of neurotrophin-3 during sensory neurogenesis[END_REF], whereas in cell culture collected from rats at E12.5, it stimulates neuroblast proliferation [START_REF] Memberg | Proliferation, differentiation, and survival of rat sensory neuron precursors in vitro require specific trophic factors[END_REF][START_REF] Wright | Neurotrophic factors promote the maturation of developing sensory neurons before they become dependent on these factors for survival[END_REF]. In addition, at early and later stages, NT-3 enhances DRG neuron differentiation and maturation in chicken [START_REF] Gaese | Sensory ganglia require neurotrophin-3 early in development[END_REF][START_REF] Ockel | In vivo effects of neurotrophin-3 during sensory neurogenesis[END_REF][START_REF] Wright | Neurotrophic factors promote the maturation of developing sensory neurons before they become dependent on these factors for survival[END_REF]. Although TrkA numbers are not changed during development, in NT-3 newborn mutants, the number but not the proportion of TrkA + cells is reduced (Liebl et al., 1997). In this context, NT-3 deprivation affects more peptidergic than non-peptidergic neurons (Airaksinen and Meyer, 1996). In conclusion, NT-3 plays a role accelerating the early cell cycle exit [START_REF] Elshamy | Growth arrest failure, G1 restriction point override, and S phase death of sensory precursor cells in the absence of neurotrophin-3[END_REF]Fariñas et al., 1996) and the neuronal differentiation during early gangliogenesis, as well as promoting cell survival at later development stage.

NT-3 promotes sensory neuron survival

At the onset of gangliogenesis by E11 when the majority of DRG neurons are born [START_REF] Lawson | Development of mouse dorsal root ganglia: an autoradiographic and quantitative study[END_REF], neurons are more vulnerable to die. In this period, NT-3 deletion leads to the death of both proliferating cells and newly differentiated neurons [START_REF] Elshamy | Growth arrest failure, G1 restriction point override, and S phase death of sensory precursor cells in the absence of neurotrophin-3[END_REF][START_REF] Elshamy | A Local Action of Neurotrophin-3 Prevents the Death of Proliferating Sensory Neuron Precursor Cells[END_REF]Tessarollo et al., 1994;[START_REF] White | Synchronous onset of NGF and TrkA survival dependence in developing dorsal root ganglia[END_REF].

When NT-3 is absent, there is a 60%-80% loss of DRG neurons in newborn (Coppola et al., 2001;Fariñas et al., 1996;Liebl et al., 1997Liebl et al., , 2000) ) and 55% in postnatal mice (Ernfors et al., 1994c). TrkC newborn mutant mice show a reduction of 17%-19% neurons [START_REF] Klein | Disruption of the neurotrophin-3 receptor gene trkC eliminates la muscle afferents and results in abnormal movements[END_REF][START_REF] Silos-Santiago | Severe sensory deficits but normal CNS development in newborn mice lacking TrkB and TrkC tyrosine protein kinase receptors[END_REF]. Moreover, animals lacking all TrkC isoforms exhibit 27%-34% neuronal loss (Coppola et al., 2001;[START_REF] Tessarollo | Targeted deletion of all isoforms of the trkC gene suggests the use of alternate receptors by its ligand neurotrophin-3 in neuronal development and implicates trkC in normal cardiogenesis[END_REF]. As early as E13.5, neuron loss reaches 30% (Coppola et al., 2001;Liebl et al., 1997). As indicated above, neuron losses are not similar in TrkC and NT-3 mutant animals, as

TrkC mutants exhibit less severe neuronal death (17%), namely all proprioceptive neurons, at the same time course (Coppola et al., 2001;[START_REF] Klein | Disruption of the neurotrophin-3 receptor gene trkC eliminates la muscle afferents and results in abnormal movements[END_REF]. Supporting this idea, apoptotic cells are more numerous in NT-3 mutant animals (ElShamy and [START_REF] Elshamy | A Local Action of Neurotrophin-3 Prevents the Death of Proliferating Sensory Neuron Precursor Cells[END_REF]Fariñas et al., 1996) than in TrkC mutants, which suggests that NT-3 is also important for the other subsets of sensory neurons, i.e.,

TrkA + and TrkB + neurons [START_REF] Barbacid | The Trk family of neurotrophin receptors[END_REF][START_REF] Davies | Developmental changes in NT3 signalling via TrkA and TrkB in embryonic neurons[END_REF]Fariñas et al., 1998), albeit it affects differently the axial level and mouse line (ElShamy and [START_REF] Elshamy | A Local Action of Neurotrophin-3 Prevents the Death of Proliferating Sensory Neuron Precursor Cells[END_REF]Fariñas et al., 1996;[START_REF] Frade | Induction of cell death by endogenous nerve growth factor through its p75 receptor[END_REF]Liebl et al., 1997Liebl et al., , 2000)). As already mentioned, lacking of NT-3 induces arresting of cell cycle, what can also cause death by a non-specific premature differentiation of precursors cells.

At this period, neuronal protection may arise from NT-3 production from the mesenchyma immediately adjacent to the ganglia, as revealed by RNAm detection (Fariñas et al., 1996). Later on, NT-3 expression is found along growing nerves and, after muscle innervation, in the intrafusal muscle fibers of the muscle spindles [START_REF] Copray | Selective expression of neurotrophin-3 messenger RNA in muscle spindles of the rat[END_REF][START_REF] Elshamy | A Local Action of Neurotrophin-3 Prevents the Death of Proliferating Sensory Neuron Precursor Cells[END_REF]Fariñas et al., 1996). Likewise motor neurons in ventral spinal cord express NT-3 at early development stage, which was proposed to be related to DRG neurons survival and proper peripheral innervation (Fariñas et al., 1996;[START_REF] Usui | Role of motoneuron-derived neurotrophin 3 in survival and axonal projection of sensory neurons during neural circuit formation[END_REF]. Accordingly, motor neurons-derived NT-3 could be part of a pre-target neurotrophin source to prevent apoptosis in DRG before the axon of sensory neurons reaches their peripheral targets and establish connections with proprioceptive receptors. Nonetheless, the presence of NT-3 in both spinal cord and DRG seems insufficient for maintenance of proprioceptive neurons [START_REF] Stephens | The role of neurotrophins in the maintenance of the spinal cord motor neurons and the dorsal root ganglia proprioceptive sensory neurons[END_REF].

At E12.5/E13.5, TrkC population has completely disappeared in NT-3 mutants (Fariñas et al., 1996).

Afterwards, NT-3 dependence switches to NGF and BDNF (Fariñas et al., 1998;[START_REF] White | Synchronous onset of NGF and TrkA survival dependence in developing dorsal root ganglia[END_REF] until early postnatal when NT-3 takes place again to protect slowly adapting sensory neurons innervating Merkel end-organs (Airaksinen and Meyer, 1996). Heterozygous mutant mice exhibit loss of Merkel end-organ afferents (Airaksinen and Meyer, 1996;[START_REF] Fundin | Differential dependency of cutaneous mechanoreceptors on neurotrophins, trk receptors, and P75 LNGFR[END_REF], showing that during postnatal life, NT-3 is essential for maintenance of slowly adapting mechanoreceptive Merkel afferents already established.

In the embryonic DRG, NT-3 blocks TrkC-induced apoptosis through a signaling pathway that involves a cellular adaptor protein, Dok5 [START_REF] Pan | Dok5 is involved in the signaling pathway of neurotrophin-3 against TrkC-induced apoptosis[END_REF]. When the ligand is absent, TrkC receptor has a pro-apoptotic fragment that could be able to initiate a signal of cell death by itself [START_REF] Nikoletopoulou | Neurotrophin receptors TrkA and TrkC cause neuronal death whereas TrkB does not[END_REF][START_REF] Tauszig-Delamasure | The TrkC receptor induces apoptosis when the dependence receptor notion meets the neurotrophin paradigm[END_REF]. The p75 receptor is pro-apoptotic in the absence of neurotrophins and contains a proximal E-box that could bind N-myc [START_REF] Skeldal | Proteolytic processing of the p75 neurotrophin receptor: A prerequisite for signalling?: Neuronal life, growth and death signalling are crucially regulated by intra-membrane proteolysis and trafficking of p75(NTR)[END_REF]. Interestingly, in early gangliogenesis, the absence of NT-3 is accompanied by an increase of dying cells that express nuclear N-myc, i.e. undifferentiated cells [START_REF] Elshamy | Growth arrest failure, G1 restriction point override, and S phase death of sensory precursor cells in the absence of neurotrophin-3[END_REF][START_REF] Wakamatsu | Transition of localization of the N-Myc protein from nucleus to cytoplasm in differentiating neurons[END_REF][START_REF] Wakamatsu | Regulation of the neural crest cell fate by N-myc: promotion of ventral migration and neuronal differentiation[END_REF], which suggests that NT-3 is engaged in switch N-myc expression from nucleus to cytoplasm as neurons differentiate. Accordingly, it is likely that the increase of cell death in NT-3 mutants also involves N-myc/p75 complex signaling [START_REF] Ernfors | Local and target-derived actions of neurotrophins during peripheral nervous system development[END_REF].

NT-3 functions in TrkC axonal projections

NT-3 is also required for proper peripheral and central projections. Proprioceptives Ia afferents are absent after depletion of NT-3 in muscle during DCD in chicken or in NT-3 knockout mice, (Ernfors et al., 1994c;[START_REF] Oakley | Neurotrophin-3 promotes the differentiation of muscle spindle afferents in the absence of peripheral targets[END_REF]. In addition, a lack of proprioceptive ventral projections into spinal cord in postnatal mutants mice was also reported by some researchers (Ernfors et al., 1994c;Liebl et al., 1997;Tessarollo et al., 1994). In TrkC mutants, not only Ia afferents are lacking, but also group II afferents [START_REF] Klein | Disruption of the neurotrophin-3 receptor gene trkC eliminates la muscle afferents and results in abnormal movements[END_REF]Liebl et al., 1997). [START_REF] Patel | Peripheral NT3 signaling is required for ETS protein expression and central patterning of proprioceptive sensory afferents[END_REF] observed that the proprioceptive projections of Bax/NT-3 double-mutant mice were disturbed, as they stop prematurely in the intermediate zone of spinal cord, which indicates that the absence of proprioceptive afferents is due to another cause than cell death. In the same animals, in which cell death is prevented, spindles in the soleus nerve and parvalbumin fibers in hindlimb nerves are missed. Contrary to central projections [START_REF] Li | Neurotrophin-3 ameliorates sensory-motor deficits in Er81-deficient mice[END_REF], the perturbation in peripheral proprioceptive projections may result from reduction of Er81 transcription factor in Bax/NT-3 double-mutant animals [START_REF] Patel | Peripheral NT3 signaling is required for ETS protein expression and central patterning of proprioceptive sensory afferents[END_REF],

GDNF Functions in dorsal root ganglion sensory neurons

GDNF family consists of four ligands: GDNF [START_REF] Lin | GDNF: a glial cell linederived neurotrophic factor for midbrain dopaminergic neurons[END_REF]; Neurturin, NTN [START_REF] Kotzbauer | Neurturin, a relative of glial-cell-line-derived neurotrophic factor[END_REF]; neublastin/Artemin, ART [START_REF] Baloh | Artemin, a novel member of the GDNF ligand family, supports peripheral and central neurons and signals through the GFRalpha3-RET receptor complex[END_REF] and Persephin, PSP [START_REF] Milbrandt | Persephin, a novel neurotrophic factor related to GDNF and neurturin[END_REF].

They bind preferentially to GFRα1, GFRα2, GFRα3 and GFRα4, respectively. GFRα4 was identified only in chick [START_REF] Enokido | GFR alpha-4 and the tyrosine kinase Ret form a functional receptor complex for persephin[END_REF].

In newborn mice lacking GDNF or NTN, the number of DRG neurons is reduced by 27% [START_REF] Heuckeroth | Gene targeting reveals a critical role for neurturin in the development and maintenance of enteric, sensory, and parasympathetic neurons[END_REF][START_REF] Moore | Renal and neuronal abnormalities in mice lacking GDNF[END_REF], while the number of DRG neurons was increased with GDNF overexpression [START_REF] Albers | Glial cell-linederived neurotrophic factor expression in skin alters the mechanical sensitivity of cutaneous nociceptors[END_REF]. However, the capacity of NTN to promote this effect is less important during the development, [START_REF] Kotzbauer | Neurturin, a relative of glial-cell-line-derived neurotrophic factor[END_REF][START_REF] Matheson | Glial cell line-derived neurotrophic factor (GDNF) is a neurotrophic factor for sensory neurons: comparison with the effects of the neurotrophins[END_REF]. More than 50% of DRG neurons can be supported by GDNF-elicited survival (Molliver et al., 1997) in Ret + /IB4 + subpopulation [START_REF] Bennett | Endogenous nerve growth factor regulates the sensitivity of nociceptors in the adult rat[END_REF][START_REF] Matheson | Glial cell line-derived neurotrophic factor (GDNF) is a neurotrophic factor for sensory neurons: comparison with the effects of the neurotrophins[END_REF]. However, the characterization of Ret/GDNF functions remains elusive. Ret signaling is not required for non-peptidergic neurons survival at postnatal developmental stages, although it is important for their proper differentiation [START_REF] Luo | A hierarchical NGF signaling cascade controls Ret-dependent and Ret-independent events during development of nonpeptidergic DRG neurons[END_REF]. ART appears also to be implicated in the survival of a subset of neurons in culture [START_REF] Baloh | Artemin, a novel member of the GDNF ligand family, supports peripheral and central neurons and signals through the GFRalpha3-RET receptor complex[END_REF][START_REF] Widenfalk | GFRalpha-3, a protein related to GFRalpha-1, is expressed in developing peripheral neurons and ensheathing cells[END_REF]. GDNF, NTN and ART are mostly involved in neuronal survival at early postnatal period but are less efficient in culture of embryonic neurons [START_REF] Baudet | Positive and negative interactions of GDNF, NTN and ART in developing sensory neuron subpopulations, and their collaboration with neurotrophins[END_REF][START_REF] Matheson | Glial cell line-derived neurotrophic factor (GDNF) is a neurotrophic factor for sensory neurons: comparison with the effects of the neurotrophins[END_REF], which may indicate that NGF + dependent neurons switch to GDNF dependence after birth. TrkA-/-ê ê ê ê ê ê ê [START_REF] Cronk | Diverse dependencies of developing Merkel innervation on the trkA and both fulllength and truncated isoforms of trkC[END_REF][START_REF] Fundin | Differential dependency of cutaneous mechanoreceptors on neurotrophins, trk receptors, and P75 LNGFR[END_REF][START_REF] Patel | Development of sensory neurons in the absence of NGF/TrkA signaling in vivo[END_REF][START_REF] Silos-Santiago | Non-TrkA-expressing small DRG neurons are lost in TrkA deficient mice[END_REF] NGF-/-ê ê ê ê ê ê [START_REF] Crowley | Mice lacking nerve growth factor display perinatal loss of sensory and sympathetic neurons yet develop basal forebrain cholinergic neurons[END_REF][START_REF] Fundin | Differential dependency of cutaneous mechanoreceptors on neurotrophins, trk receptors, and P75 LNGFR[END_REF][START_REF] Patel | Development of sensory neurons in the absence of NGF/TrkA signaling in vivo[END_REF] NGF OE é é é é é é [START_REF] Albers | Overexpression of nerve growth factor in epidermis of transgenic mice causes hypertrophy of the peripheral nervous system[END_REF][START_REF] Mendelson | Overexpression of nerve growth factor in epidermis of transgenic mice preserves excess sensory neurons but does not alter the somatotopic organization of cutaneous nerve projections[END_REF] TrkB-/-ê ê ê ê/é ê ê [START_REF] Minichiello | Differential effects of combined trk receptor mutations on dorsal root ganglion and inner ear sensory neurons[END_REF][START_REF] Perez-Pinera | Characterization of sensory deficits in TrkB knockout mice[END_REF] BDNF-/-ê ê ê ê/é ê/ - [START_REF] Carroll | A role for BDNF in mechanosensation[END_REF]Ernfors et al., 1994b;[START_REF] Fundin | Differential dependency of cutaneous mechanoreceptors on neurotrophins, trk receptors, and P75 LNGFR[END_REF][START_REF] Jones | Targeted disruption of the BDNF gene perturbs brain and sensory neuron development but not motor neuron development[END_REF]Liebl et al., 1997Liebl et al., , 2000;;[START_REF] Valdés-Sánchez | BDNF is essentially required for the early postnatal survival of nociceptors[END_REF] BDNF OE -é é é é é [START_REF] Lemaster | Overexpression of brain-derived neurotrophic factor enhances sensory innervation and selectively increases neuron number[END_REF] NT4-/-ê é ê - (Liebl et al., 2000;[START_REF] Liu | Sensory but not motor neuron deficits in mice lacking NT4 and BDNF[END_REF][START_REF] Stucky | Neurotrophin 4 is required for the survival of a subclass of hair follicle receptors[END_REF][START_REF] Stucky | Neurotrophin-4: a survival factor for adult sensory neurons[END_REF] TrkC-/-ê ê é ê ê [START_REF] Cronk | Diverse dependencies of developing Merkel innervation on the trkA and both fulllength and truncated isoforms of trkC[END_REF][START_REF] Minichiello | Differential effects of combined trk receptor mutations on dorsal root ganglion and inner ear sensory neurons[END_REF][START_REF] Sieber-Blum | The role of NT-3 signaling in Merkel cell development[END_REF][START_REF] Szeder | Neurotrophin-3 signaling in mammalian Merkel cell development[END_REF] NT-3-/-ê ê é ê/é ê ê ê (Airaksinen and Meyer, 1996;[START_REF] Cronk | Diverse dependencies of developing Merkel innervation on the trkA and both fulllength and truncated isoforms of trkC[END_REF]Ernfors et al., 1994c;[START_REF] Fariñas | Severe sensory and sympathetic deficits in mice lacking neurotrophin-3[END_REF][START_REF] Fundin | Differential dependency of cutaneous mechanoreceptors on neurotrophins, trk receptors, and P75 LNGFR[END_REF][START_REF] Szeder | Neurotrophin-3 signaling in mammalian Merkel cell development[END_REF] NT-3+/-é ê ê ê (Airaksinen et al., 1996) NT-3 OE é é é é é é é [START_REF] Albers | Cutaneous overexpression of NT-3 increases sensory and sympathetic neuron number and enhances touch dome and hair follicle innervation[END_REF][START_REF] Krimm | NT3 expressed in skin causes enhancement of SA1 sensory neurons that leads to postnatal enhancement of Merkel cells[END_REF] p75-/-ê ê --; ê ê ê/é ê [START_REF] Fundin | Differential dependency of cutaneous mechanoreceptors on neurotrophins, trk receptors, and P75 LNGFR[END_REF][START_REF] Kinkelin | Postnatal loss of Merkel cells, but not of slowly adapting mechanoreceptors in mice lacking the neurotrophin receptor p75[END_REF][START_REF] Stucky | The low-affinity neurotrophin receptor p75 regulates the function but not the selective survival of specific subpopulations of sensory neurons[END_REF] Ret-/--ê ê/ --/ ê ê [START_REF] Bourane | Low-Threshold Mechanoreceptor Subtypes Selectively Express MafA and Are Specified by Ret Signaling[END_REF][START_REF] Golden | RET signaling is required for survival and normal function of nonpeptidergic nociceptors[END_REF][START_REF] Luo | Molecular Identification of Rapidly Adapting Mechanoreceptors and their Developmental Dependence on Ret Signaling[END_REF] GDNF+/-ê ê; --ê [START_REF] Fundin | A rapid and dynamic regulation of GDNF-family ligands and receptors correlate with the developmental dependency of cutaneous sensory innervation[END_REF]) Macrophages can be characterized based on their location, surface marker expression, gene expression profile and epigenetic enhancer repertoire as well as by their ontogeny [START_REF] Molawi | Transcriptional control of macrophage identity, self-renewal, and function[END_REF].

Overall in mice, macrophages are cells with a common phagocytic activity and express, among other factors, CD11b and CD68 integrins, colony-stimulating factor 1 receptor (CSF1R) and EGF-like module-containing mucin-like hormone receptor-like 1 (F4/80 in mice, (Kettenmann et al., 2011)).

Moreover, the roles of these cells encompass vascular endothelial growth factor (VEGF), Wnts and proteases releasing [START_REF] Wynn | Macrophage biology in development, homeostasis and disease[END_REF]. In situ detection of macrophage lineage in embryos is render feasible by the expression of specific markers as they express Mac-1, F4/80 at E9 and c-fms or CSF1

and CX 3 CR1 at E9.5 in the mouse embryo [START_REF] Lichanska | Differentiation of the mononuclear phagocyte system during mouse embryogenesis: the role of transcription factor PU.1[END_REF][START_REF] Morris | Macrophages in haemopoietic and other tissues of the developing mouse detected by the monoclonal antibody F4/80[END_REF][START_REF] Naito | Development, differentiation, and maturation of fetal mouse yolk sac macrophages in cultures[END_REF]. After entering tissue (Fig 22) primitive macrophages start to express specific factors as Sall1 and Sall3 for microglia [START_REF] Lavin | Tissue-resident macrophage enhancer landscapes are shaped by the local microenvironment[END_REF], Nr1h3 for Kupffer cells, [START_REF] Hoekstra | Specific gene expression of ATP-binding cassette transporters and nuclear hormone receptors in rat liver parenchymal, endothelial, and Kupffer cells[END_REF], Pparg for alveolar macrophagesin lungs, and Runx3 and Ahr for Langerhans cells [START_REF] Fainaru | Runx3 regulates mouse TGF-beta-mediated dendritic cell function and its absence results in airway inflammation[END_REF][START_REF] Jux | Langerhans cell maturation and contact hypersensitivity are impaired in aryl hydrocarbon receptor-null mice[END_REF]. Accordingly, differentiation of macrophages is tissue-specific and requires niche-provided cues to adopt a differentiation program [START_REF] Gautier | Gene-expression profiles and transcriptional regulatory pathways that underlie the identity and diversity of mouse tissue macrophages[END_REF][START_REF] Mass | Specification of tissue-resident macrophages during organogenesis[END_REF].

Origin of macrophages

Although it was long time assumed until beginning of 20 th century that all tissue macrophages originate from circulating blood monocytes [START_REF] Van Furth | The origin and kinetics of mononuclear phagocytes[END_REF][START_REF] Volkman | Differential effects of chronic monocyte depletion on macrophage populations[END_REF], recent works gave strong evidences for the establishment of macrophage lineage at early developmental stages before the occurrence of monocytes and persist into adulthood independently of blood monocytes input, at least under steady-state conditions [START_REF] Epelman | Origin and Functions of Tissue Macrophages[END_REF][START_REF] Ginhoux | Fate Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macrophages[END_REF][START_REF] Guilliams | Alveolar macrophages develop from fetal monocytes that differentiate into long-lived cells in the first week of life via GM-CSF[END_REF][START_REF] Hashimoto | Tissue-resident macrophages self-maintain locally throughout adult life with minimal contribution from circulating monocytes[END_REF][START_REF] Hoeffel | Adult Langerhans cells derive predominantly from embryonic fetal liver monocytes with a minor contribution of yolk sac-derived macrophages[END_REF][START_REF] Jakubzick | Minimal differentiation of classical monocytes as they survey steady-state tissues and transport antigen to lymph nodes[END_REF][START_REF] Schulz | A lineage of myeloid cells independent of Myb and hematopoietic stem cells[END_REF][START_REF] Yona | Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis[END_REF]. During embryogenesis, dual sources give rise to macrophages [START_REF] Orkin | Hematopoiesis: an evolving paradigm for stem cell biology[END_REF][START_REF] Tavian | Embryonic development of the human hematopoietic system[END_REF]. ( 1) In mice, immediately after gastrulation, YS-derived progenitors initiate hematopoiesis at E7, leading to the production of erythrocytes and macrophages [START_REF] Bertrand | Characterization of purified intraembryonic hematopoietic stem cells as a tool to define their site of origin[END_REF][START_REF] Moore | Ontogeny of the haemopoietic system: yolk sac origin of in vivo and in vitro colony forming cells in the developing mouse embryo[END_REF][START_REF] Palis | Development of erythroid and myeloid progenitors in the yolk sac and embryo proper of the mouse[END_REF]. At E9, the first macrophages (primitive macrophages) appear in the YS blood islands without undergo monocytic intermediate stage, as seen in adult macrophages [START_REF] Takahashi | Differentiation, maturation, and proliferation of macrophages in the mouse yolk sac: a light-microscopic, enzyme-cytochemical, immunohistochemical, and ultrastructural study[END_REF]. Once the circulatory system is well established, macrophages spread through the blood into various tissues, from E8.5-E10 [START_REF] Mcgrath | Circulation is established in a stepwise pattern in the mammalian embryo[END_REF]. In the tissue, the primitive macrophages differentiate into so-called "fetal macrophage populations", without fetal liver contribution yet [START_REF] Naito | Development, differentiation, and maturation of macrophages in the fetal mouse liver[END_REF]. Both primitive and fetal macrophages have high proliferative potential [START_REF] Lichanska | Origins and functions of phagocytes in the embryo[END_REF][START_REF] Naito | Development, differentiation, and phenotypic heterogeneity of murine tissue macrophages[END_REF][START_REF] Sorokin | Macrophage development: II. Early ontogeny of macrophage populations in brain, liver, and lungs of rat embryos as revealed by a lectin marker[END_REF][START_REF] Takahashi | Differentiation, maturation, and proliferation of macrophages in the mouse yolk sac: a light-microscopic, enzyme-cytochemical, immunohistochemical, and ultrastructural study[END_REF].

FIGURE
(2) Later E8.5 on, within the embryo, a new hematopoietic progenitors group is raised from intraembryonic mesoderm, first in the para-aortic splanchnopleura region and then in the aorta, gonads, and mesonephros (AGM) region [START_REF] Godin | Paraaortic splanchnopleura from early mouse embryos contains B1a cell progenitors[END_REF][START_REF] Medvinsky | An early pre-liver intraembryonic source of CFU-S in the developing mouse[END_REF]. The AGM-derived hematopoietic stem cells will establish the definitive hematopoiesis. Although not a consensus, YS may contain definitive HSCs or cells that may give rise to them [START_REF] Orkin | Hematopoiesis: an evolving paradigm for stem cell biology[END_REF]. Both YS-and AGM-derived hematopoietic progenitors colonize the fetal liver [START_REF] Kumaravelu | Quantitative developmental anatomy of definitive haematopoietic stem cells/long-term repopulating units (HSC/RUs): role of the aorta-gonad-mesonephros (AGM) region and the yolk sac in colonisation of the mouse embryonic liver[END_REF], which is the major hematopoietic organ from E11.5 onwards, generating all hematopoietic lineages [START_REF] Naito | Development, differentiation, and maturation of macrophages in the fetal mouse liver[END_REF]. In addition, the placenta has been pointed as another site for hematopoiesis that participates during the AGM to fetal liver period [START_REF] Gekas | The placenta is a niche for hematopoietic stem cells[END_REF][START_REF] Ottersbach | The murine placenta contains hematopoietic stem cells within the vascular labyrinth region[END_REF].

Primitive and definitive hematopoiesis can be distinguished on the expression of the transcription factor Myb, the last relies on it, whereas the primitive phase is Myb-independent [START_REF] Schulz | A lineage of myeloid cells independent of Myb and hematopoietic stem cells[END_REF].

Similarly, in humans, the hematopoiesis starts in YS around day 19 of the estimated gestational age (EGA). Then, hematopoiesis moves transitorily to the fetal liver around 4-5 weeks EGA, being definitively established in the bone marrow approximately at 10.5 weeks EGA [START_REF] Tavian | Embryonic development of the human hematopoietic system[END_REF].

Yolk sac primitive macrophages

As previous mentioned, the first embryonic macrophages are derived from YS progenitors. This early phase constitutes of three waves of macrophages occurrence in the YS [START_REF] Bertrand | Characterization of purified intraembryonic hematopoietic stem cells as a tool to define their site of origin[END_REF]. The first population is maternally derived and bypass the monocyte stage during their maturation (Fig 23).

They are transiently detected from E7.5-E8.5 to E9 with CD45 + Mac-1 + F4/80 + profile and without CX 3 CR1 (CX 3 C-chemokine receptor 1) expression. This set of macrophages is located close to the junction between YS and the intra-embryonic compartment during late head fold stage. It is likely these cells have clearing function before the embryonic macrophages are not yet produced [START_REF] Nomura | Suppression of developmental anomalies by maternal macrophages in mice[END_REF]. A second group of macrophages is generated at E8.5 to E9 from YS monopotent precursors right before EMP. CD45 -c-Kit + precursors give rise to Mac-1 + CD45 + F4/80 + /CX 3 CR1 + macrophages [START_REF] Bertrand | Characterization of purified intraembryonic hematopoietic stem cells as a tool to define their site of origin[END_REF][START_REF] Palis | Development of erythroid and myeloid progenitors in the yolk sac and embryo proper of the mouse[END_REF]. Bertrand et al., (2005a) suggested that these two groups, maternally and CX 3 CR1 + macrophages, are included in primitive macrophages defined by [START_REF] Naito | Development, differentiation, and maturation of fetal mouse yolk sac macrophages in cultures[END_REF]. The last third wave in the YS leading to the establishment of macrophage population comes from the same fraction of CD45 low c-Kit + cells [START_REF] Bertrand | Characterization of purified intraembryonic hematopoietic stem cells as a tool to define their site of origin[END_REF][START_REF] Palis | Yolk-sac hematopoiesis: the first blood cells of mouse and man[END_REF], in which the macrophage precursors (pMacs) and erythrocytes derive from EMPs as early as E8.5 [START_REF] Bertrand | Characterization of purified intraembryonic hematopoietic stem cells as a tool to define their site of origin[END_REF][START_REF] Mcgrath | Distinct Sources of Hematopoietic Progenitors Emerge before HSCs and Provide Functional Blood Cells in the Mammalian Embryo[END_REF]. Fate-mapping experiments demonstrate that YS-derived EMPs colonize the liver primordium from E10.5 [START_REF] Gomez Perdiguero | Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid progenitors[END_REF]. Finally, the signature of YS-derived macrophages is characterized by the expression of CSF1R (or MCSFR) from E8.5; F4/80 hi , Kit + , CD45 lo , CD11b lo and AA4.1 + , an antigen expressed on early haematopoietic progenitors [START_REF] Bertrand | Characterization of purified intraembryonic hematopoietic stem cells as a tool to define their site of origin[END_REF][START_REF] Epelman | Origin and Functions of Tissue Macrophages[END_REF][START_REF] Gomez Perdiguero | Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid progenitors[END_REF][START_REF] Hashimoto | Tissue-resident macrophages self-maintain locally throughout adult life with minimal contribution from circulating monocytes[END_REF][START_REF] Schulz | A lineage of myeloid cells independent of Myb and hematopoietic stem cells[END_REF][START_REF] Yona | Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis[END_REF]. They give birth to adult microglia, splenic red pulp macrophages, alveolar macrophages and F4/80 hi peritoneal cavity macrophages [START_REF] Gomez Perdiguero | Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid progenitors[END_REF][START_REF] Yona | Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis[END_REF].

Macrophages development from definitive hematopoiesis

From E10.5 onwards, the definitive hematopoiesis takes place via EMP that seed into the fetal liver to provides macrophages, monocytes, granulocytes and red blood cells ( Fig 24 ;[START_REF] Gomez Perdiguero | Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid progenitors[END_REF][START_REF] Mcgrath | Distinct Sources of Hematopoietic Progenitors Emerge before HSCs and Provide Functional Blood Cells in the Mammalian Embryo[END_REF]. Gomez [START_REF] Gomez Perdiguero | Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid progenitors[END_REF] experiments strongly suggest that up to E15.5, in mouse, fetal liver EMP and all fetal tissue macrophages are of YS origin. The transition from YS to HSC-derived hematopoiesis occurs at E14.5 for monocytes and the HSCs marginally replace YS-derived microglia in the brain, Kupffer cells in the liver and Langerhans cells in the epidermis, while CD45 + F4/80 + macrophages (alveolar and in the brain) may be replaced with age. As soon as EMP-derived pMacs invade the tissue, their core macrophage program is initiated, been characterized by rapidly diversified expression of tissue-specific transcriptional regulators. This process is essential for macrophage specification and maintenance [START_REF] Mass | Specification of tissue-resident macrophages during organogenesis[END_REF]. Accordingly, EMPs lose Kit, increase CD45 and keep F4/80 expression to give rise to fetal and postnatal tissueresident macrophages [START_REF] Gomez Perdiguero | Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid progenitors[END_REF]. Liver-derived CD45 + Kit -Lin -F4/80 + cells [START_REF] Bertrand | Characterization of purified intraembryonic hematopoietic stem cells as a tool to define their site of origin[END_REF] signature is similar to the macrophages that resembled previous EMPs, but with phagocytic features conferred by F4/80. As they acquire F4/80 expression, pMacs also share cytokine receptors for IL-4, IL-13, interferon gamma (IFN-γ), TNF and phagocytic and activating receptors Mrc1, Trem2, Dectin-1, Fc-gamma receptors (Fcgr1, Fcgr2/3, Fcgr4), Iba1 and Grn [START_REF] Mass | Specification of tissue-resident macrophages during organogenesis[END_REF].

Coincident with the postnatal formation of bone, fetal liver hematopoiesis declines, been replaced by bone marrow hematopoiesis [START_REF] Orkin | Hematopoiesis: an evolving paradigm for stem cell biology[END_REF]. Blood monocytes have the capacity to invade the tissue and differentiate into macrophages. The pathway to generate monocytes and consequently, macrophages, involves several steps strictly regulated by transcription factors. The most known transcription factors involved in this way is PU.1 (see below), CCAAT/enhancer-binding protein-α (C/EBP-α; [START_REF] Zhang | Enhancement of Hematopoietic Stem Cell Repopulating Capacity and Self-Renewal in the Absence of the Transcription Factor C/EBPα[END_REF], interferon regulatory factor 8 [START_REF] Scheller | Altered development and cytokine responses of myeloid progenitors in the absence of transcription factor, interferon consensus sequence binding protein[END_REF], Egr proteins and Nab2 [START_REF] Laslo | Multilineage Transcriptional Priming and Determination of Alternate Hematopoietic Cell Fates[END_REF], Kruppel-like factor 4 (Klf4; [START_REF] Feinberg | The Kruppel-like factor KLF4 is a critical regulator of monocyte differentiation[END_REF], MafB and c-Maf [START_REF] Hegde | c-Maf induces monocytic differentiation and apoptosis in bipotent myeloid progenitors[END_REF][START_REF] Kelly | MafB is an inducer of monocytic differentiation[END_REF]. These transcription factors can also modulate cell proliferation and differentiation. For instance, C/EBP-α and MafB inhibit the proliferative potential of myeloid progenitors [START_REF] Johansen | c-Myc Is a Critical Target for C/EBPα in Granulopoiesis[END_REF][START_REF] Porse | Loss of C/EBPα cell cycle control increases myeloid progenitor proliferation and transforms the neutrophil granulocyte lineage[END_REF] and induce macrophage differentiation [START_REF] Kelly | MafB is an inducer of monocytic differentiation[END_REF][START_REF] Tillmanns | SUMO Modification Regulates MafB-Driven Macrophage Differentiation by Enabling Myb-Dependent Transcriptional Repression[END_REF].

Likewise, MafB and c-Maf, via antagonistic regulation, lead to cell cycle arrest resulting in macrophage differentiation [START_REF] Aziz | Development of macrophages with altered actin organization in the absence of MafB[END_REF]. Some of the regulatory transcription factors act in an isolated manner while others play in an orchestrated fashion. For instance, Runx1, PU.1, and C/EBP-α synergistically drive c-fms gene activity to encode the receptor MCSFR [START_REF] Himes | The Runx1 transcription factor controls CSF-1-dependent and -independent growth and survival of macrophages[END_REF][START_REF] Zhang | The macrophage transcription factor PU.1 directs tissue-specific expression of the macrophage colony-stimulating factor receptor[END_REF]. In addition, they can also have antagonistic functions. In the last case, PU.1 and Gata-1 control the lineage choice between myeloid and erythroid differentiation at the HSC and common myeloid progenitors (CMPs) [START_REF] Nerlov | GATA-1 interacts with the myeloid PU.1 transcription factor and represses PU.1-dependent transcription[END_REF][START_REF] Zhang | PU.1 inhibits GATA-1 function and erythroid differentiation by blocking GATA-1 DNA binding[END_REF]. Yet, high PU.1 levels inhibit the activation of MafB and direct dendritic cells (DC) development, while moderate PU.1 levels are permissive for MafB induces macrophages differentiation [START_REF] Bakri | Balance of MafB and PU.1 specifies alternative macrophage or dendritic cell fate[END_REF][START_REF] Carotta | The Transcription Factor PU.1 Controls Dendritic Cell Development and Flt3 Cytokine Receptor Expression in a Dose-Dependent Manner[END_REF].

In bone marrow (Fig 25), HSC give rise to CMP cells, granulocyte/macrophage progenitor (GMP), and the DC/macrophage progenitors (DMP) [START_REF] Fogg | A Clonogenic Bone Marrow Progenitor Specific for Macrophages and Dendritic Cells[END_REF]. Finally, monocyte/macrophage progenitors (MDPs) that has lost dendritic cell potential differentiate into monocytes that in turn, give rise to macrophages.

Adoptive transplant and parabiotic studies have suggested that definitive HSC-derived macrophages also exist autonomously from circulating blood monocytes, except for gut CX 3 CR1 hi macrophages, cardiac CCR2 + and dermal macrophages populations [START_REF] Epelman | Origin and Functions of Tissue Macrophages[END_REF][START_REF] Hashimoto | Tissue-resident macrophages self-maintain locally throughout adult life with minimal contribution from circulating monocytes[END_REF][START_REF] Yona | Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis[END_REF].

Long-term maintenance of macrophages requires self-renewal via proliferation. Peritoneal macrophages, Langerhans and microglia cells can also derive from blood monocytes but only under pathological conditions [START_REF] Ajami | Local self-renewal can sustain CNS microglia maintenance and function throughout adult life[END_REF][START_REF] Lawson | Turnover of resident microglia in the normal adult mouse brain[END_REF][START_REF] Merad | Langerhans cells renew in the skin throughout life under steady-state conditions[END_REF][START_REF] Mildner | Microglia in the adult brain arise from Ly-6ChiCCR2+ monocytes only under defined host conditions[END_REF]. In the inflammatory context, microglial cells numbers are enhanced, a state referred as microgliosis [START_REF] Glass | Mechanisms underlying inflammation in neurodegeneration[END_REF]. However, the extent to which replacement occurs is yet elusive due to lack of reliable markers for prenatal versus monocyte-derived cells. So far, it is not clear whether resident and newly recruited macrophages have similar functions during an insult.

Major factors expressed by macrophages

PU.1 transcription factor

The transcription factor PU.1 (Spi-1 gene) belongs to ETS family, expressed exclusively in hematopoietic cells (McKercher et al., 1996). It is crucial for the development of both embryonic YSderived tissue macrophages [START_REF] Dahl | Regulation of macrophage and neutrophil cell fates by the PU.1:C/EBPalpha ratio and granulocyte colony-stimulating factor[END_REF][START_REF] Lawrence | Transcriptional regulation of macrophage polarization: enabling diversity with identity[END_REF][START_REF] Schulz | A lineage of myeloid cells independent of Myb and hematopoietic stem cells[END_REF][START_REF] Scott | PU.1 functions in a cell-autonomous manner to control the differentiation of multipotential lymphoid-myeloid progenitors[END_REF] and monocyte development in the adult [START_REF] Dakic | PU.1 regulates the commitment of adult hematopoietic progenitors and restricts granulopoiesis[END_REF][START_REF] Iwasaki | Myeloid lineage commitment from the hematopoietic stem cell[END_REF].

The level of PU.1 expression is critical for cell fate decision (Fig 25). When higher, it drives myeloid differentiation, whereas at moderated level, it leads to macrophage fate rather than DC development [START_REF] Bakri | Balance of MafB and PU.1 specifies alternative macrophage or dendritic cell fate[END_REF]. Finally, low concentration of PU.1 protein induces B-cell differentiation, mature erythroid cells, megakaryocytes, and T cells [START_REF] Back | Visualizing PU.1 activity during hematopoiesis[END_REF][START_REF] Dekoter | Regulation of B lymphocyte and macrophage development by graded expression of PU.1[END_REF][START_REF] Nutt | Dynamic regulation of PU.1 expression in multipotent hematopoietic progenitors[END_REF]. PU.1 plays a role in that macrophage identity through a broad genetic expression control rather than being just a regulator of few genes as previously proposed [START_REF] Ghisletti | Identification and characterization of enhancers controlling the inflammatory gene expression program in macrophages[END_REF][START_REF] Heinz | Simple combinations of lineage-determining transcription factors prime cis-regulatory elements required for macrophage and B cell identities[END_REF]. From the entire genomic landscape, PU.1 might activate selectively specific regulatory regions to form the macrophage repertoire of enhancers as a global genomic organizer [START_REF] Lawrence | Transcriptional regulation of macrophage polarization: enabling diversity with identity[END_REF]. It regulates the expression of a wide range of factors compassing secreted molecules such as TNFα [START_REF] Fukai | Involvement of PU.1 in the transcriptional regulation of TNF-alpha[END_REF]; IL-18 [START_REF] Koyama | Regulation of human IL-18 gene expression: interaction of PU.1 with GC-box binding protein is involved in human IL-18 expression in myeloid cells[END_REF] and CXCL9 [START_REF] Ellis | The cell-specific induction of CXC chemokine ligand 9 mediated by IFN-gamma in microglia of the central nervous system is determined by the myeloid transcription factor PU.1[END_REF]; cell surface receptors CXCR1 [START_REF] Wilkinson | PU.1 regulates the CXCR1 promoter[END_REF], CX 3 CR1 [START_REF] Smith | The transcription factor PU.1 is critical for viability and function of human brain microglia[END_REF], CD11b [START_REF] Pahl | The proto-oncogene PU.1 regulates expression of the myeloid-specific CD11b promoter[END_REF] and CD45 [START_REF] Anderson | PU.1 is a lineage-specific regulator of tyrosine phosphatase CD45[END_REF] and intracellular protein DAP12 [START_REF] Henkel | Identification of three genes up-regulated in PU.1 rescued monocytic precursor cells[END_REF].

The PU.1 factor is necessary for the early generation of CMPs from HSCs in the first myeloid progenitors [START_REF] Arinobu | Reciprocal activation of GATA-1 and PU.1 marks initial specification of hematopoietic stem cells into myeloerythroid and myelolymphoid lineages[END_REF][START_REF] Dakic | PU.1 regulates the commitment of adult hematopoietic progenitors and restricts granulopoiesis[END_REF][START_REF] Iwasaki | Myeloid lineage commitment from the hematopoietic stem cell[END_REF]. HSC has its expression inducted by high levels of CSF1 [START_REF] Mossadegh-Keller | M-CSF instructs myeloid lineage fate in single haematopoietic stem cells[END_REF][START_REF] Sarrazin | MafB restricts M-CSF-dependent myeloid commitment divisions of hematopoietic stem cells[END_REF]. This growth factor is also required for PU.1 inducing macrophages differentiation, proliferation and survival (Anderson et al., 1998;[START_REF] Lloberas | The key role of PU.1/SPI-1 in B cells, myeloid cells and macrophages[END_REF]. Probably, PU.1 is dependent of CSF1 factor, because the activation of its receptor, and subsequent CSF1/CSFR1 signaling, is PU.1 dependent [START_REF] Zhang | The macrophage transcription factor PU.1 directs tissue-specific expression of the macrophage colony-stimulating factor receptor[END_REF]. The transcription factor Runx1, expressed in primitive myeloid YS progenitors [START_REF] Ginhoux | Fate Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macrophages[END_REF], regulates PU.1 expression, but it is not involved in its maintenance in both primitive and possibly in definitive macrophage lineages neither [START_REF] Lichtinger | RUNX1 reshapes the epigenetic landscape at the onset of haematopoiesis[END_REF]. Further, Runx1 is no longer required in the regulation of PU.1 expression after the onset of definitive hematopoiesis in the embryo [START_REF] Wang | Disruption of the Cbfa2 gene causes necrosis and hemorrhaging in the central nervous system and blocks definitive hematopoiesis[END_REF]. Following activation, PU.1 expression can be auto-regulated through a positive feedback loop [START_REF] Leddin | Two distinct auto-regulatory loops operate at the PU.1 locus in B cells and myeloid cells[END_REF][START_REF] Okuno | Potential autoregulation of transcription factor PU.1 by an upstream regulatory element[END_REF].

High levels of PU.1 protein are also present in both "resting" and activated microglia [START_REF] Walton | PU.1 expression in microglia[END_REF]. While its reduced levels are associated with a decrease in microglial activity, what could be a consequence of overall microglial and/or phagocytosis reduction [START_REF] Smith | The transcription factor PU.1 is critical for viability and function of human brain microglia[END_REF].

Finally PU.1 knockout mice exhibit high perinatal mortality and show a marked lack of myeloid cells, T and B cells (Anderson et al., 1998;McKercher et al., 1996;[START_REF] Scott | Requirement of transcription factor PU.1 in the development of multiple hematopoietic lineages[END_REF]. In addition, in these mice, erythroid progenitors display a reduced self-renewal capacity and prematurely differentiation (Back et al., 2004). Partial PU.1 +/-deficiency is enough to impair immune activity. For instance, PU.1 deficiencies attenuate inflammation process under an insult. This phenotype is reverted by the transference of IL-4, which induces wildtype macrophages activation in those mice [START_REF] Qian | The transcription factor PU.1 promotes alternative macrophage polarization and asthmatic airway inflammation[END_REF].

Then, PU.1 seems important to regulate macrophage polarization state during inflammation.

Inappropriate expression of PU.1 is also related to some diseases, as T-cell lymphomas and erythroleukaemias [START_REF] Moreau-Gachelin | Spi-1/PU.1 transgenic mice develop multistep erythroleukemias[END_REF][START_REF] Rosenbauer | Lymphoid cell growth and transformation are suppressed by a key regulatory element of the gene encoding PU.1[END_REF].

CSF1 growth factor

Another key regulator of macrophages lineage is the class III transmembrane tyrosine kinase receptor, CSF1R. This receptor regulates macrophages differentiation, proliferation and survival [START_REF] Hamilton | Colony-stimulating factors in inflammation and autoimmunity[END_REF]. CSF1R ablation causes macrophages depletion in many tissues, including the brain. Its cognate ligand, CSF1 (also known as M-CSF; [START_REF] Yoshida | The murine mutation osteopetrosis is in the coding region of the macrophage colony stimulating factor gene[END_REF], is strongly dependent of receptor activation [START_REF] Dai | Targeted disruption of the mouse colony-stimulating factor 1 receptor gene results in osteopetrosis, mononuclear phagocyte deficiency, increased primitive progenitor cell frequencies, and reproductive defects[END_REF] and its removal produces the same phenotype than CSF1R null mice, indicating this ligand has only one receptor [START_REF] Chitu | Colony-stimulating factor-1 in immunity and inflammation[END_REF]. Conversely, in CSF1R mutants, the phenotype is more severe than that of the CSF1 null mice [START_REF] Erblich | Absence of colony stimulation factor-1 receptor results in loss of microglia, disrupted brain development and olfactory deficits[END_REF], what suggests the presence of another ligand. That could be explained by the ability of CSF1R to bind the alternate ligand interleukin-34, produced by keratinocytes, neurons and microglia [START_REF] Wang | IL-34 is a tissue-restricted ligand of CSF1R required for the development of Langerhans cells and microglia[END_REF].

Moreover, CSF1R mutant mice exhibit marked deficits in gut, kidney and peritoneal macrophages and peripheral monocytes, mild impacts on liver and varied effects on splenic macrophages [START_REF] Ryan | Rescue of the colony-stimulating factor 1 (CSF-1)-nullizygous mouse (Csf1(op)/Csf1(op)) phenotype with a CSF-1 transgene and identification of sites of local CSF-1 synthesis[END_REF]. [START_REF] Ginhoux | Fate Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macrophages[END_REF] also reported that CSF1R null mutants exhibit greatly reduced microglia and YS-derived macrophages throughout life, whereas circulating monocytes were still present. This observation suggests that the development of YS macrophages, but not monocytes, is strongly dependent of this receptor.

CSF1 signaling can support self-renewal and induces PU.1 expression, as mentioned before [START_REF] Mossadegh-Keller | M-CSF instructs myeloid lineage fate in single haematopoietic stem cells[END_REF]. As a result, such signal can be bolstered by either autoregulatory expression of PU.1 [START_REF] Leddin | Two distinct auto-regulatory loops operate at the PU.1 locus in B cells and myeloid cells[END_REF] and by the activation of CSF1R gene. Furthermore, CSF1 induces a high proliferation rate of myeloid progenitors through the expression of AP-1, Ets-1 and Ets-2 [START_REF] Klappacher | An induced Ets repressor complex regulates growth arrest during terminal macrophage differentiation[END_REF], which in turn transactivate the proliferative genes c-Myc and c-Myb [START_REF] Roussel | Dual control of myc expression through a single DNA binding site targeted by ets family proteins and E2F-1[END_REF][START_REF] Sullivan | Identification of the major positive regulators of c-myb expression in hematopoietic cells of different lineages[END_REF]. Both pathways induce cell proliferation and cell cycle entry for myeloid progenitors [START_REF] Graf | Myb: a transcriptional activator linking proliferation and differentiation in hematopoietic cells[END_REF].

CSF1R or CSF1 deficient mice display perinatal mortality and stunted growth [START_REF] Dai | Targeted disruption of the mouse colony-stimulating factor 1 receptor gene results in osteopetrosis, mononuclear phagocyte deficiency, increased primitive progenitor cell frequencies, and reproductive defects[END_REF].

Amongst the abnormalities, CSF1R or CSF1 deficiency leads to osteopetrosis, which is caused by the loss of bone reabsorbing osteoclasts, macrophages-derived cells. Consequently, bone cavities, where hematopoiesis is seeded, are not formed [START_REF] Pollard | Trophic macrophages in development and disease[END_REF]. In this study, CSF1 null mice survived to adulthood because of either extra-medullary hematopoiesis in the spleen and liver [START_REF] Pollard | Trophic macrophages in development and disease[END_REF] and compensatory expression of VEGF that induce osteoclastogenesis [START_REF] Niida | Vascular endothelial growth factor can substitute for macrophage colony-stimulating factor in the support of osteoclastic bone resorption[END_REF]. Other growth factors than CSF1 possibly regulate macrophage development, such as GM-CSF, IL3, NGF [START_REF] Pollard | Trophic macrophages in development and disease[END_REF], VEGF [START_REF] Niida | Vascular endothelial growth factor can substitute for macrophage colony-stimulating factor in the support of osteoclastic bone resorption[END_REF], BDNF, IGF1, transforming growth factor beta (TGFβ) (Bessis et al., 2007;[START_REF] Polazzi | Microglia and neuroprotection: from in vitro studies to therapeutic applications[END_REF].

Characterization and origin of microglial cells in the central nervous system

Pio Del Rio Hortega discovered and named microglial cells as the minor population of the CNS with a mesodermal origin with migratory and phagocytic activity (Ginhoux et al., 2013). However, more than half a century, the embryonic source of this cell type has been debated. For instance, the study of McKercher et al., (1996) showed that microglial cells derive from hematopoietic progenitors, as they are absent in PU.1 knockout mice. As previous discussed, PU.1 transcription factor is a protein selectively expressed by cells of the hematopoietic lineage.

In order to know whether mesoderm-derived microglial cells are generated during the primitive or definitive hematopoiesis, [START_REF] Ginhoux | Fate Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macrophages[END_REF] set up in vivo lineage tracing studies by which they demonstrated that in physiological conditions, adult ramified microglial cells are generated from EMP-derived primitive macrophages. Although there is some evidence that circulating hematopoietic cells contribute to the amount of microglia [START_REF] Lawson | Turnover of resident microglia in the normal adult mouse brain[END_REF][START_REF] Priller | Targeting gene-modified hematopoietic cells to the central nervous system: use of green fluorescent protein uncovers microglial engraftment[END_REF][START_REF] Simard | Bone marrow-derived microglia play a critical role in restricting senile plaque formation in Alzheimer's disease[END_REF], Ginhoux et al. described that the first wave of microglia cells derives from primitive myeloid progenitors that arise before E8 in the YS. These progenitors colonize the brain before birth at the same time that blood circulation is developed, between E8.5 and E9.5; differentiate in microglia cells and are maintained in the same proportions until adulthood based on that highly proliferative feature, independently of circulating monocytes. Then, from E9.5, they are detected in the brain as CD45 + myeloid cells that also express CD11b, F4/80, CSF1R and CX 3 CR1 [START_REF] Ginhoux | Fate Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macrophages[END_REF].

That YS-derived amoeboid microglial cells remain in the CNS is still under debate. Although it has been proposed that primitive macrophages undergo differentiation to give rise to amoeboid microglial cells and, subsequently, to ramified microglia [START_REF] Fujita | Effects of GM-CSF and ordinary supplements on the ramification of microglia in culture: a morphometrical study[END_REF][START_REF] Heppner | Vitamin E induces ramification and downregulation of adhesion molecules in cultured microglial cells[END_REF][START_REF] Hoek | Down-regulation of the macrophage lineage through interaction with OX2 (CD200)[END_REF][START_REF] Ilschner | The transition of microglia to a ramified phenotype is associated with the formation of stable acetylated and detyrosinated microtubules[END_REF][START_REF] Ling | Amoeboid microglial cells in the corpus callosum of neonatal rats[END_REF][START_REF] Rezaie | Motility and ramification of human fetal microglia in culture: an investigation using time-lapse video microscopy and image analysis[END_REF][START_REF] Sánchez-López | Radial migration of developing microglial cells in quail retina: a confocal microscopy study[END_REF], another possibility could be that primitive macrophages differentiate directly in ramified microglia, whereas there is another population which generate undifferentiated microglia cells, supporting the idea that microglial cells are a heterogeneous population with different origins [START_REF] Olah | Microglia phenotype diversity[END_REF][START_REF] Provis | Microglia in human retina: a heterogeneous population with distinct ontogenies[END_REF].

It is well accepted that microglial cells phenotype is highly variable and ranges between two extreme distinct phenotypes in the adult. One called resting state, generally observed in healthy environment, is characterized by ramified differentiated cells that do not express pro-inflammatory factor and dynamically inspect their local environment using their processes [START_REF] Davalos | ATP mediates rapid microglial response to local brain injury in vivo[END_REF][START_REF] Liang | Regulation of dynamic behavior of retinal microglia by CX3CR1 signaling[END_REF][START_REF] Nimmerjahn | Resting microglial cells are highly dynamic surveillants of brain parenchyma in vivo[END_REF][START_REF] Wake | Resting microglia directly monitor the functional state of synapses in vivo and determine the fate of ischemic terminals[END_REF]. In pathological conditions microglia become activated. When activated, they adopt an amoeboid morphology, become highly phagocytic and can play detrimental or beneficial functions depending on the alteration state of the local environment. [START_REF] Marín-Teva | Naturally occurring cell death and migration of microglial precursors in the quail retina during normal development[END_REF][START_REF] Navascués | Origin of microglia in the quail retina: central-to-peripheral and vitreal-to-scleral migration of microglial precursors during development[END_REF]. However although amoeboid microglia are also observed early in development and are mixed with pre-existing primitive macrophages from which they are indistinguishable [START_REF] Santos | Embryonic and postnatal development of microglial cells in the mouse retina[END_REF], their morphology cannot be related to an activation state as in the adult. There is still an intermediate form poorly ramified between active or developing immature and differentiated microglia [START_REF] Dalmau | Expression of purine metabolismrelated enzymes by microglial cells in the developing rat brain[END_REF][START_REF] Rezaie | Motility and ramification of human fetal microglia in culture: an investigation using time-lapse video microscopy and image analysis[END_REF].

In the SC, (Rigato et al., 2011) identified two phases of macrophages invasion in mouse. In the first one, primitive macrophages reach the SC through the developing perineural vascular plexus (PNVP).

From E11.5 to E14.5, developing capillaries originating from the PNVP began to invade the neural tube, establishing vascular connections. The second stage is considered when primitive macrophages entry into SC. Microglial precursors may also use the central canal to populate the SC as early as E10.5 or invade the SC from the periphery. Interestingly from E12.5 they interact with radial cell fibers in the ventral funiculus and accumulate in the motor columns at the onset of the motor neuron developmental cell death, where they phagocyte apoptotic bodies (Rigato et al., 2011). Like in chick embryos [START_REF] Calderó | Development of microglia in the chick embryo spinal cord: implications in the regulation of motoneuronal survival and death[END_REF], microglia-like cells transiently accumulate in the dorsolateral region of the SC of the mouse embryo at E12.5, where DRG neurons (DRGn) projections accumulate. This finding proposes a route of colonization into the dorsal half of SC gray matter or a control of DRG fiber positioning in dorsal SC laminae. Because DRGn DCD also starts at E12.5, it is proposed that dying neurons during development could promote or enhance SC parenchyma invasion by primitive macrophage, which remains to be confirmed.

Either in the ventricular zone and surround the SC, microglial precursors are actively proliferating; nevertheless which factors induct the proliferation remains to be fully determined. However, in transgenic mouse embryo lacking the purinergic ionotropic receptor P2X7, microglia proliferation within the motor column was impaired suggesting that ATP release from dying neuron could promotes microglia proliferation during their invasion process [START_REF] Rigato | Microglia proliferation is controlled by P2X7 receptors in a Pannexin-1-independent manner during early embryonic spinal cord invasion[END_REF].

In the brain, microglial cells begin to invade the cortex at E11.5 where they first accumulate at the pial surface and within the lateral ventricles. The invasion of the cortical parenchyma occurs in three phases. During the first phase (E10.5 to E14.5 in mouse embryo), microglia population gradually increases and then, a massive increase is observed from E14.5-E15.5. This phase of intense colonization is followed by a slow phase from E15.5 until E17.5. At early stages, many peripheral microglia are actively proliferating before entering the parenchyma. Remarkably, activated microglia accumulate in the choroid plexus primordium, where they are in the proximity of dying cells.

Activation state of macrophages

M1 versus M2 polarization

Macrophages are constantly shifting their functional state in response to changes in tissue physiology.

They can adopt activation phenotypes from the so-called M1 activation state (classical), proposed to be detrimental for local environment, to the M2 activation state (alternative), considered to be beneficial [START_REF] Mosser | Exploring the full spectrum of macrophage activation[END_REF][START_REF] Sica | Macrophage plasticity and polarization: in vivo veritas[END_REF]. M1 phenotype is driven in macrophages by T helper 1-derived IFN-γ and toll-like receptor (TLR) ligands, specially TLR ligand lipopolysaccharide (LPS), which is relevant to settle bacterial and viral infection [START_REF] Saijo | Microglial cell origin and phenotypes in health and disease[END_REF]. Once macrophages bind IFN-γ, Janus kinase (JAK-STAT1/2) pathway is activated, which results in switch macrophages to M1 state [START_REF] Darnell | Jak-STAT pathways and transcriptional activation in response to IFNs and other extracellular signaling proteins[END_REF]. One of the transcription factors that govern the inflammatory polarization is IRF5 that stimulates the production of pro-inflammatory IL-12, IL-23 and represses IL-10 (Krausgruber et al., 2011). Particular makers such as Nos2, Ciita, IL-12b and major histocompatibility complex class II (MHC-II) expression characterize M1 microglia phenotype. MHC-II is required for T cells activation and for the production of pro-inflammatory cytokines, including TNF-α, IL -1, and IL-6 (O'Keefe et al., 2002).

Resident macrophages have a wide variety of receptors, according to distinct microenvironments, able to recognise either pathogen or danger-associated molecular patterns, such as TLR, NOD-like receptors, RIG-I family, lectins and scavenger receptors [START_REF] Akira | Toll-like receptors: critical proteins linking innate and acquired immunity[END_REF][START_REF] Inohara | NODs: intracellular proteins involved in inflammation and apoptosis[END_REF][START_REF] Taylor | Macrophage receptors and immune recognition[END_REF]. Following danger recognition, macrophages recruit the influx of inflammatory leukocytes, neutrophils and monocytes for producing macrophages of rapid response to the inflammatory lesion. The initiation of the inflammatory response by the resident macrophages depends on the nature of the insult [START_REF] Ajuebor | Role of resident peritoneal macrophages and mast cells in chemokine production and neutrophil migration in acute inflammation: evidence for an inhibitory loop involving endogenous IL-10[END_REF] as well as its magnitude [START_REF] Rosas | The induction of inflammation by dectin-1 in vivo is dependent on myeloid cell programming and the progression of phagocytosis[END_REF]. In this phase, microglia and macrophages adopt a toxic M1 state [START_REF] David | Repertoire of microglial and macrophage responses after spinal cord injury[END_REF][START_REF] Loane | Role of microglia in neurotrauma[END_REF]. In the absence or when recruitment of macrophages is impaired, IL-4 can drive proliferation of tissue-resident macrophages [START_REF] Jenkins | Local macrophage proliferation, rather than recruitment from the blood, is a signature of TH2 inflammation[END_REF]. Tissue-resident macrophages categorized as M2 (Fig 26) have most roles in maintenance of homeostasis during development and during the resolution of inflammation [START_REF] Mantovani | Macrophage polarization comes of age[END_REF][START_REF] Mantovani | Macrophage plasticity and polarization in tissue repair and remodelling[END_REF], but also in parasite infection [START_REF] Martinez | Alternative activation of macrophages: an immunologic functional perspective[END_REF]. The M2 state driven by T helper 2-derived IL-4 and/or IL-13, incorporates the effects of many mediators, such as arginase, Ym1, mannose receptor, Fizz1, M-CSF, TGF-β, glucocorticoids and IL-4 receptor [START_REF] Gordon | Alternative activation of macrophages: mechanism and functions[END_REF].

Upon binding IL-4 or IL-13, macrophages activate JAK-STAT6 pathway during parasite infection [START_REF] Goenka | Transcriptional regulation by STAT6[END_REF][START_REF] Herbert | Alternative macrophage activation is essential for survival during schistosomiasis and downmodulates T helper 1 responses and immunopathology[END_REF][START_REF] Takeda | Essential role of Stat6 in IL-4 signalling[END_REF]. Still upon IL-4 stimulation, the nuclear receptor peroxisome proliferator-activated receptor-γ (PPAR-γ) is required to repress gene expression mediate by NF-κB and AP-1 [START_REF] Odegaard | Macrophage-specific PPARgamma controls alternative activation and improves insulin resistance[END_REF][START_REF] Ricote | The peroxisome proliferatoractivated receptor-gamma is a negative regulator of macrophage activation[END_REF].

Other genes, as Nur77 [START_REF] Hanna | NR4A1 (Nur77) deletion polarizes macrophages toward an inflammatory phenotype and increases atherosclerosis[END_REF], c-Myc [START_REF] Pello | Role of c-MYC in alternative activation of human macrophages and tumor-associated macrophage biology[END_REF], Klf4 [START_REF] Liao | Krüppel-like factor 4 regulates macrophage polarization[END_REF], CREB, IRF4 [START_REF] Satoh | The Jmjd3-Irf4 axis regulates M2 macrophage polarization and host responses against helminth infection[END_REF] and C/EBP-β [START_REF] Marigo | Tumorinduced tolerance and immune suppression depend on the C/EBPbeta transcription factor[END_REF][START_REF] Ruffell | A CREB-C/EBPbeta cascade induces M2 macrophage-specific gene expression and promotes muscle injury repair[END_REF] regulate M2 polarization of macrophages in face of distinct stimulation (parasite infection or wound healing, for example). During the recovery of an insult, the resident macrophages and activated microglia display protective M2 state [START_REF] David | Repertoire of microglial and macrophage responses after spinal cord injury[END_REF][START_REF] Loane | Role of microglia in neurotrauma[END_REF] and enhance the proliferation in response to CSF1 to repopulate the damaged tissue in order to maintain homeostasis and tissue integrity [START_REF] Hashimoto | Tissue-resident macrophages self-maintain locally throughout adult life with minimal contribution from circulating monocytes[END_REF]. In the resolution of inflammation, macrophages, particularly monocyte derived, regulate and clear apoptotic cells [START_REF] Henson | Apoptotic cell removal in development and tissue homeostasis[END_REF][START_REF] Lucas | Differential roles of macrophages in diverse phases of skin repair[END_REF]. As well, all macrophages contribute to repair the tissue by formation of vascularized granulation tissue, epithelialization and minimizing scar formation [START_REF] Duffield | Host responses in tissue repair and fibrosis[END_REF][START_REF] Heredia | Type 2 innate signals stimulate fibro/adipogenic progenitors to facilitate muscle regeneration[END_REF].

Concerning activated microglia in the CNS, the factors released by them are repair-oriented, although sometimes with a neurotoxic price.

The fate of monocytes-derived macrophages after homeostatic recovery is not surely known. However, depending on the local injured, some studies have been proposed they exit via lymphatic or recirculate [START_REF] Bellingan | Adhesion molecule-dependent mechanisms regulate the rate of macrophage clearance during the resolution of peritoneal inflammation[END_REF][START_REF] Cao | A specific role of integrin Mac-1 in accelerated macrophage efflux to the lymphatics[END_REF]; go through Fas-mediated cell death [START_REF] Janssen | Fas determines differential fates of resident and recruited macrophages during resolution of acute lung injury[END_REF] or could undergo in situ phenotypic conversion to become tissue-resident macrophages [START_REF] Yona | Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis[END_REF]. Likewise, whether deactivated microglia return to the steady-state as resting microglia, or retain some profile of the prior activation has to be elucidated. However, alternative activation can be deleterious in some diseases, i.e., cancer [START_REF] Sica | Macrophage polarization in tumour progression[END_REF][START_REF] Sica | Macrophage plasticity and polarization: in vivo veritas[END_REF]. There is supportive evidence that alternative activation of microglia is involved in the progression of primary and metastatic tumours [START_REF] Qian | Macrophage diversity enhances tumor progression and metastasis[END_REF]. The tumour induces maladaptive response on macrophages, which creates a mutagenic and inflammatory environment, stimulate angiogenesis and enhance tumour cell migration and invasion. In turn, macrophages display more likely alternatively activated phenotype [START_REF] Saijo | Microglial cell origin and phenotypes in health and disease[END_REF].

Phagocytosis of apoptotic cells

The process of clearance of corpses, though not well defined, might comprise two steps: recognition and subsequent engulfment of the apoptotic bodies. For the recognition, it has been demonstrated that dying cell exhibit on cell surface "eat-me" and "find-me" signals necessary to attract phagocytes to engulf, and eventually, instruct their death (Fig 26). The best characterized "eat-me" signal is phosphatidylserine (PS) which is translocated from inner to extracellular membrane in deathcommitted neurons [START_REF] Fadok | Exposure of phosphatidylserine on the surface of apoptotic lymphocytes triggers specific recognition and removal by macrophages[END_REF][START_REF] Li | Phosphatidylserine receptor is required for clearance of apoptotic cells[END_REF][START_REF] Neher | Inhibition of Microglial Phagocytosis Is Sufficient To Prevent Inflammatory Neuronal Death[END_REF]. Possibly, PS is recognized by microglia CD11b integrins (Wakselman et al., 2008), the receptor tyrosine kinase MER [START_REF] Scott | Phagocytosis and clearance of apoptotic cells is mediated by MER[END_REF], the β2-glycoprotein-1 (β2-GPI) receptor and the PS receptor (PSR; [START_REF] Lauber | Clearance of apoptotic cells: getting rid of the corpses[END_REF][START_REF] Witting | Phagocytic clearance of apoptotic neurons by Microglia/Brain macrophages in vitro: involvement of lectin-, integrin-, and phosphatidylserine-mediated recognition[END_REF]. PS recognition also involves the corresponding bridging molecules milk-fat-globule-EGF-factor 8 (MFG-E8; [START_REF] Borisenko | Milk fat globule epidermal growth factor 8 (MFG-E8) binds to oxidized phosphatidylserine: implications for macrophage clearance of apoptotic cells[END_REF][START_REF] Hanayama | Identification of a factor that links apoptotic cells to phagocytes[END_REF], Growth-arrest-specific 6 (Gas6), β2-GPI [START_REF] Balasubramanian | Immune clearance of phosphatidylserineexpressing cells by phagocytes. The role of beta2-glycoprotein I in macrophage recognition[END_REF] or protein S [START_REF] Anderson | Serum-derived protein S binds to phosphatidylserine and stimulates the phagocytosis of apoptotic cells[END_REF][START_REF] Ishimoto | Promotion of the uptake of PS liposomes and apoptotic cells by a product of growth arrest-specific gene, gas6[END_REF]. CD11b detection also involves a molecule present in the extracellular fluid, the C3bi [START_REF] Mevorach | Complement-dependent clearance of apoptotic cells by human macrophages[END_REF][START_REF] Savill | Corpse clearance defines the meaning of cell death[END_REF]. Another potential "eat-me" signal is the ligand of triggering receptor expressed on myeloid cells 2 (TREM2), which upon binding the intracellular DNAX-adaptor protein (DAP12) promotes the phagocytosis of dying neurons [START_REF] Hsieh | A role for TREM2 ligands in the phagocytosis of apoptotic neuronal cells by microglia[END_REF][START_REF] Neumann | Debris clearance by microglia: an essential link between degeneration and regeneration[END_REF][START_REF] Takahashi | Clearance of apoptotic neurons without inflammation by microglial triggering receptor expressed on myeloid cells-2[END_REF]. Further investigation is needed to find out whether there is more "eat-me" signals than PS and TREM2 ligand. Other proteins, such as the lung surfactant proteins A and D or the mannose binding lectin and the collectin-like complement protein C1q, facilitate the attachment of the apoptotic cell to the phagocyte by bridging the apoptotic prey and the scavenger's complex [START_REF] Vandivier | Role of surfactant proteins A, D, and C1q in the clearance of apoptotic cells in vivo and in vitro: calreticulin and CD91 as a common collectin receptor complex[END_REF]. However, it seems not all these markers have to be expressed by the apoptotic cell to be efficiently engulfed, a variety of "eat-me" signals incite the first contact between apoptotic cell to the phagocyte, whereas PS/PSR signaling trigger the phagocytosis by internalization [START_REF] Somersan | Tethering and tickling: a new role for the phosphatidylserine receptor[END_REF].

Apart from "eat-me" signals, phagocytes also respond to "don't-eat-me" cues, which is lacking during phagocytosis process [START_REF] Lauber | Clearance of apoptotic cells: getting rid of the corpses[END_REF]. For instance, the expression of CD31 on both cell surfaces repulses the viable cell from the phagocyte (Brown et al., 2002). When the engulfment is impaired due to the presence of repulsion signals, the dying cell has the possibility to recover from the death program [START_REF] Hoeppner | Engulfment genes cooperate with ced-3 to promote cell death in Caenorhabditis elegans[END_REF][START_REF] Reddien | Phagocytosis promotes programmed cell death in C. elegans[END_REF].

On the other hand, in order to respond to "eat-me" signals, microglial cells, and other phagocytes, should first recognize "find-me" cues, as they are not always in immediate proximity. Secretion of soluble signals by apoptotic cell chemotactically attract phagocytes to the site of action [START_REF] Lauber | Apoptotic cells induce migration of phagocytes via caspase-3-mediated release of a lipid attraction signal[END_REF][START_REF] Ravichandran | Find-me and eat-me signals in apoptotic cell clearance: progress and conundrums[END_REF]. Researchers have suggested that phospholipid lysophosphatidylcholine (LPC), the fractalkine CX 3 C-Chemokine Ligand 1 (CX 3 CL1), and the nucleotides ATP and UTP are potent "find-me" signals released by apoptotic cells to attract professional phagocytes [START_REF] Ravichandran | Find-me and eat-me signals in apoptotic cell clearance: progress and conundrums[END_REF]. The calcium-independent phospholipase A2 when processed by caspase-3, generates LPC [START_REF] Lauber | Clearance of apoptotic cells: getting rid of the corpses[END_REF]. When secreted by apoptotic neurons, LPC has a chemotactic effect on monocytes and primitive macrophages [START_REF] Lauber | Apoptotic cells induce migration of phagocytes via caspase-3-mediated release of a lipid attraction signal[END_REF][START_REF] Lauber | Clearance of apoptotic cells: getting rid of the corpses[END_REF]. However, it is not clear how mononuclear phagocytes sense extracellular LPC. (b) At this site of action, the phagocyte recognizes "eat-me" signals on its prey. Thus, the absence of "don't eat-me" signals leads to the internalization of the apoptotic cell corpse. (c) Once the apoptotic body is ingested, the phagocyte release antiinflammatory cytokines, like IL-10 abd TGF-β, thus creating an anti-inflammatory surrounding. Source: [START_REF] Lauber | Clearance of apoptotic cells: getting rid of the corpses[END_REF] Microglia are the only cells in the CNS to express the fractalkine receptor CX 3 CR1 (Jung et al., 2000), which suggests death-committed neurons release CX 3 CL1 before disintegrate to attract microglialpromoted death by phagocytic activity [START_REF] Truman | CX3CL1/fractalkine is released from apoptotic lymphocytes to stimulate macrophage chemotaxis[END_REF]. Finally, the release of ATP and UTP by thymocytes during the early stages of apoptosis triggers phagocytosis clearance by monocytes in a caspase-dependent manner [START_REF] Elliott | Nucleotides released by apoptotic cells act as a find-me signal to promote phagocytic clearance[END_REF]. Microglia can also be attracted ("find-me") by damaged-neurons-released ATP/ADP through P2Y12 receptor [START_REF] Ohsawa | Dynamic motility of microglia: purinergic modulation of microglial movement in the normal and pathological brain[END_REF] and activate the clearance of dying cells ("eat-me") by UTP/UDP over P2Y6 purinergic receptors [START_REF] Koizumi | UDP acting at P2Y6 receptors is a mediator of microglial phagocytosis[END_REF].

In the CNS, microglia are the first cells engaged in phagocytosis. However, their phagocytic activity might be limited compared to blood-borne macrophages [START_REF] Mosley | Receptor-mediated phagocytosis of myelin by macrophages and microglia: effect of opsonization and receptor blocking agents[END_REF][START_REF] Popovich | Depletion of hematogenous macrophages promotes partial hindlimb recovery and neuroanatomical repair after experimental spinal cord injury[END_REF]. Environmental mediators, e.g. growth molecules, can interfere in phagocytic response [START_REF] Brück | TNF-alpha suppresses CR3-mediated myelin removal by macrophages[END_REF]. It is noteworthy that in neurodegenerative diseases and aging, microglia have limited capacity for the clearance of affected tissue [START_REF] Takahashi | TREM2-transduced myeloid precursors mediate nervous tissue debris clearance and facilitate recovery in an animal model of multiple sclerosis[END_REF][START_REF] Zhao | Differences in the early inflammatory responses to toxin-induced demyelination are associated with the age-related decline in CNS remyelination[END_REF]. Therefore, microglia and macrophage-mediated clearance of tissue debris can be regulated by environmental factors in order to contribute for a pro-regenerative function in the damaged tissue.

Other Functions

Alongside to maintain tissue homeostasis and inflammation control, macrophages contribute to the embryonic development in other ways. There is some evidence that primitive macrophages interact with the developing vasculature prompting vascular development in the brain, [START_REF] Arnold | Correction: The importance of microglia in the development of the vasculature in the central nervous system[END_REF][START_REF] Fantin | Tissue macrophages act as cellular chaperones for vascular anastomosis downstream of VEGF-mediated endothelial tip cell induction[END_REF][START_REF] Nucera | The interplay between macrophages and angiogenesis in development, tissue injury and regeneration[END_REF], blood regression in the retina [START_REF] Lobov | Neuroprotection and progenitor cell renewal in the injured adult murine retina requires healing monocyte-derived macrophages[END_REF] or neonatal angiogenesis [START_REF] Aurora | Macrophages are required for neonatal heart regeneration[END_REF]. Macrophages can also instruct apoptosis of vascular endothelial cells in the absence of perycites-derived signal critical for their survival, via synthesizing a death signal (Wnt7b) for those cells [START_REF] Rao | Obligatory participation of macrophages in an angiopoietin 2-mediated cell death switch[END_REF]. Thus, it seems they regulate embryonic vascular complexity depending on the context. Through phagocytes, macrophages remodel tissues, which is essential in both development and adulthood. That includes engulfment of erythrocyte nuclei during erythroblasts maturation [START_REF] Kawane | Requirement of DNase II for definitive erythropoiesis in the mouse fetal liver[END_REF]. Professional macrophages can also phagocyte CD47 -cells that exit the hematopoiesis processes [START_REF] Jaiswal | CD47 is upregulated on circulating hematopoietic stem cells and leukemia cells to avoid phagocytosis[END_REF] and neutrophils and erythrocytes in the spleen and liver in hematopoietic steady state [START_REF] Gordy | Regulation of steady-state neutrophil homeostasis by macrophages[END_REF]. As well, macrophages have the ability to phagocyte senescent cells during embryonic development [START_REF] Muñoz-Espín | Programmed cell senescence during mammalian embryonic development[END_REF]. Moreover, macrophages knockout mice exhibit defective long-bone formation, tooth eruption and osteopetrosis due to the absence of macrophage-derived osteoclasts [START_REF] Dai | Targeted disruption of the mouse colony-stimulating factor 1 receptor gene results in osteopetrosis, mononuclear phagocyte deficiency, increased primitive progenitor cell frequencies, and reproductive defects[END_REF]Tondravi et al., 1997;[START_REF] Wiktor-Jedrzejczak | Total absence of colony-stimulating factor 1 in the macrophagedeficient osteopetrotic (op/op) mouse[END_REF]. Also, macrophages, in particular microglia cells in the brain, can regulate neuronal development patterning by modulating neuronal survival and developmental cell death, as discussed in the next section.

Functions of macrophages on neuronal development

Cross-talk between neurons and microglia

Findings have demonstrated that microglia and other macrophages are implicated in the regulation of both neuronal apoptosis and synaptic properties [START_REF] Rizzi | Glia activation and cytokine increase in rat hippocampus by kainic acid-induced status epilepticus during postnatal development[END_REF]. On the other sense, neurons, injured or not, are able to regulate microglia activation as well [START_REF] Moran | The facial nerve axotomy model[END_REF]. In physiological conditions, microglia activation is possible via neuronal neurotransmitters (Fig 27). For instance, GABA [START_REF] Kuhn | Microglia express GABA(B) receptors to modulate interleukin release[END_REF], glycine [START_REF] Schilling | A novel physiological mechanism of glycine-induced immunomodulation: Na+-coupled amino acid transporter currents in cultured brain macrophages[END_REF], noradrenalin [START_REF] Chang | Catecholamines inhibit microglial nitric oxide production[END_REF], dopamine [START_REF] Färber | Dopamine and noradrenaline control distinct functions in rodent microglial cells[END_REF] and acetylcholine [START_REF] Borovikova | Vagus nerve stimulation attenuates the systemic inflammatory response to endotoxin[END_REF][START_REF] Wang | Nicotinic acetylcholine receptor alpha7 subunit is an essential regulator of inflammation[END_REF], all of them are involved in attenuating microglial secretion of inflammatory cytokines in vitro. The activity of microglia can be modulated by neuronal-released factors. For instance, neurons express the fractalkine CX 3 CL1 that triggers a signal through the receptor CX 3 CR1, which is exclusively expressed by microglia in the CNS [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF][START_REF] Verge | Fractalkine (CX3CL1) and fractalkine receptor (CX3CR1) distribution in spinal cord and dorsal root ganglia under basal and neuropathic pain conditions[END_REF][START_REF] Wolf | Microglia, seen from the CX3CR1 angle[END_REF].

CX 3 CL1 then, can keep down microglial activation and could adjust neuronal losses in an injury model [START_REF] Cardona | Control of microglial neurotoxicity by the fractalkine receptor[END_REF][START_REF] Zujovic | Fractalkine modulates TNFalpha secretion and neurotoxicity induced by microglial activation[END_REF][START_REF] Zujovic | In vivo neutralization of endogenous brain fractalkine increases hippocampal TNFalpha and 8-isoprostane production induced by intracerebroventricular injection of LPS[END_REF]. Moreover, neuronal signaling through CD47, CD200 and CD22 cell-surface proteins inhibit microglial activation by binding CD172, CD200R and CD45 receptors, respectively [START_REF] Ransohoff | The myeloid cells of the central nervous system parenchyma[END_REF]. DAP12-TREM2 signaling evoked by microglia/neuron interaction, also regulates immune responses [START_REF] Paloneva | Mutations in Two Genes Encoding Different Subunits of a Receptor Signaling Complex Result in an Identical Disease Phenotype[END_REF].

Primitive macrophages/ameboid microglia and neuronal death during central nervous system development

Since early neural development, primitive macrophages/amoeboid microglial cells phagocyte cell death debris [START_REF] Cuadros | Demonstration of a phagocytic cell system belonging to the hemopoietic lineage and originating from the yolk sac in the early avian embryo[END_REF][START_REF] Korsching | The neurotrophic factor concept: a reexamination[END_REF][START_REF] Herbomel | Ontogeny and behaviour of early macrophages in the zebrafish embryo[END_REF], 2001;[START_REF] Lichanska | Origins and functions of phagocytes in the embryo[END_REF]. In parallel, their presence in the CNS regions at the same time that developmental cell death occurs, allows to believe that these cells dynamically participate in neuronal death [START_REF] Ashwell | Microglia and cell death in the developing mouse cerebellum[END_REF][START_REF] Ashwell | The distribution of microglia and cell death in the fetal rat forebrain[END_REF][START_REF] Ferrer | Naturally occurring cell death in the cerebral cortex of the rat and removal of dead cells by transitory phagocytes[END_REF]London et al., 2011;[START_REF] Marín-Teva | Naturally occurring cell death and migration of microglial precursors in the quail retina during normal development[END_REF]Nayak et al., 2014;[START_REF] Peri | Live imaging of neuronal degradation by microglia reveals a role for v0-ATPase a1 in phagosomal fusion in vivo[END_REF][START_REF] Perry | Immunohistochemical localization of macrophages and microglia in the adult and developing mouse brain[END_REF][START_REF] Perry | Macrophages and the nervous system[END_REF][START_REF] Wake | Microglia: actively surveying and shaping neuronal circuit structure and function[END_REF].

It is well documented that during DCD in the retina and in the brain, neuronal apoptotic bodies are engulfed by primitive macrophages/amoeboid microglia [START_REF] Marín-Teva | Naturally occurring cell death and migration of microglial precursors in the quail retina during normal development[END_REF][START_REF] Peri | Live imaging of neuronal degradation by microglia reveals a role for v0-ATPase a1 in phagosomal fusion in vivo[END_REF][START_REF] Rakic | Programmed cell death in the developing human telencephalon[END_REF][START_REF] Upender | Activation of microglia during developmentally regulated cell death in the cerebral cortex[END_REF]. Likewise, in postnatal life, in either physiological condition or in response to CNS injury, M2-like microglia phagocyte dying neurons [START_REF] Ferrer | Naturally occurring cell death in the cerebral cortex of the rat and removal of dead cells by transitory phagocytes[END_REF][START_REF] Marín-Teva | Naturally occurring cell death and migration of microglial precursors in the quail retina during normal development[END_REF][START_REF] Neumann | Debris clearance by microglia: an essential link between degeneration and regeneration[END_REF][START_REF] Peri | Live imaging of neuronal degradation by microglia reveals a role for v0-ATPase a1 in phagosomal fusion in vivo[END_REF][START_REF] Perry | Atypical inflammation in the central nervous system in prion disease[END_REF].

In addition to phagocytosis, it has been reported that microglial cells promote neuronal death during normal development in the CNS (Fig 28). Frade and Barde, (1998) showed primitive macrophages (as earlier termed by [START_REF] Marín-Teva | Naturally occurring cell death and migration of microglial precursors in the quail retina during normal development[END_REF] express NGF during early development of retinal neuroepithelium in chicken. Then, NGF binds p75 receptor expressed in undifferentiated neurons, subsequently activating their death. The same study did not mention any reduction of sensory cell death in DRG in either NGF or p75 mutant mice, but to the contrary, an increase of DRG neuronal death in the absence of NGF, which possibly binds TrkA and prevent p75 proapoptotic cascade. Sedel et al., (2004) demonstrated that primitive macrophages present in the adjacent mesenchyme to the spinal cord render motor neurons competent to die shortly before their DCD onset. In that case, TNF-α released by primitive macrophages is the possible candidate to driven this processes. However, it was not demonstrated that these mesenchymal primitive macrophages are microglia precursors. Surround primitive macrophages colonize the spinal cord between E10.5 and E15.5, and at the time that motor neurons DCD begins (E13), amoeboid microglia populate the motor column of SC (Rigato et al., 2011). Thus, it is likely that those primitive macrophages in the mesenchyme could be cells about to colonize the spinal cord. In cerebellar organotypic cultures of early postnatal mouse, Marín-Teva et al., (2004) showed amoeboid microglia engulf Purkinje cells and drive them to death by producing superoxide ions. As in the nematode, probably Purkinje cells are subjected to weak proapoptotic signals that trigger caspase expression. Hence, macrophages contact caspase positive cells to engulf them, which ensure irreversibility and fulfil death program [START_REF] Hoeppner | Engulfment genes cooperate with ced-3 to promote cell death in Caenorhabditis elegans[END_REF]. In the hippocampus of newborn mice, microglia turn out the β2-integrin CD11b and DAP12 that cooperate for the production of superoxide ions to subsequently, trigger neuronal death (Wakselman et al., 2008).

Activated microglia roles on neuronal death in postnatal central nervous system

Microglial processes are continuously watching the nervous parenchyma to detect any change in the homeostasis, e.g. in the pH, purines, cytokines, chemokines, amino acids, and inorganic compounds [START_REF] Prinz | Heterogeneity of CNS myeloid cells and their roles in neurodegeneration[END_REF]. Upon recognition of specific signals during an insult (Fig 29), microglial branches are ready to move to the target affected. Subsequently, they switch from "resting state" to activated state, which is characterized by the acquisition of migratory, proliferative and phagocytic abilities, as well as release of cytokines and other factors [START_REF] Hanisch | Microglia: active sensor and versatile effector cells in the normal and pathologic brain[END_REF][START_REF] Raivich | Neuroglial activation repertoire in the injured brain: graded response, molecular mechanisms and cues to physiological function[END_REF]. In this context, microglial cells can display different levels of activation [START_REF] Perry | Microglia in neurodegenerative disease[END_REF][START_REF] Raivich | Neuroglial activation repertoire in the injured brain: graded response, molecular mechanisms and cues to physiological function[END_REF] depending on diverse elements, such as age, microglial density, extrinsic factors, the severity and type of injury or cell context [START_REF] Lai | Differential regulation of trophic and proinflammatory microglial effectors is dependent on severity of neuronal injury[END_REF][START_REF] Olah | Microglia phenotype diversity[END_REF][START_REF] Sawada | Effects of aging on neuroprotective and neurotoxic properties of microglia in neurodegenerative diseases[END_REF]. These injury signals can be detected by a range array of receptors that microglia possess and they are classified in two groups: pathogen associated molecular patterns (PAMPs) and damage associated molecular patterns (DAMPs). The first group comprises exogenous material, such as bacterial or viral contaminants [START_REF] Kumar | Pathogen recognition by the innate immune system[END_REF]. DAMPs assemble molecules released by damaged cells or resulted from activated local immune cells by damaged tissue [START_REF] Kono | How dying cells alert the immune system to danger[END_REF][START_REF] Piccinini | DAMPening inflammation by modulating TLR signalling[END_REF][START_REF] Saijo | Microglial cell origin and phenotypes in health and disease[END_REF]. The main microglial receptors able to recognize PAMPs and DAMPs are the purinergic receptors and TLRs [START_REF] Lehnardt | Innate immunity and neuroinflammation in the CNS: the role of microglia in Toll-like receptor-mediated neuronal injury[END_REF][START_REF] Piccinini | DAMPening inflammation by modulating TLR signalling[END_REF]. In this context, apoptotic neurons have the potential to activate microglia, regardless how neurons were damaged [START_REF] Block | Microglia and inflammation-mediated neurodegeneration: multiple triggers with a common mechanism[END_REF]. In response, microglial cells proliferate, referred as microgliosis in diseases, and develop a neurotoxicity activity (Block and Hong, 2007). However, activated microglia can either induce neuron degeneration (neurotoxic) or reduce neuronal death (neuroprotective) [START_REF] Hanisch | Microglia: active sensor and versatile effector cells in the normal and pathologic brain[END_REF][START_REF] Mallat | Brain macrophages: neurotoxic or neurotrophic effector cells?[END_REF]Marín-Teva et al., 2011).

Several findings support neurotoxic phenotype of activated microglia. In a depleted microglia environment, neuronal death is strongly diminished or abolished in both in vivo [START_REF] Mount | Involvement of interferon-gamma in microglial-mediated loss of dopaminergic neurons[END_REF] and in vitro experiments [START_REF] Gao | HMGB1 acts on microglia Mac1 to mediate chronic neuroinflammation that drives progressive neurodegeneration[END_REF]. Confirming, microglia-conditioning medium is sufficient to induce neuronal degeneration [START_REF] Flavin | Microglial tissue plasminogen activator (tPA) triggers neuronal apoptosis in vitro[END_REF][START_REF] Hur | Ischemia-activated microglia induces neuronal injury via activation of gp91phox NADPH oxidase[END_REF]. However, it appears that this phenotype was only observed when microglia enter an overactivated state ( (Block et al., 2007). They can be considered as neurotoxic because in an overactivated state microglia upregulate molecules known to induce neuronal death as reactive oxygen species (Block and Hong, 2007), nitric oxide [START_REF] Brown | Nitric oxide and neuronal death[END_REF] and inflammatory cytokines, such as TNF-α and IL1β, and chemokines as CCL2 [START_REF] Conductier | The role of monocyte chemoattractant protein MCP1/CCL2 in neuroinflammatory diseases[END_REF][START_REF] D'mello | Cerebral microglia recruit monocytes into the brain in response to tumor necrosis factoralpha signaling during peripheral organ inflammation[END_REF][START_REF] Hanisch | Microglia as a source and target of cytokines[END_REF]. However, it is important to note that some cytokines as TNF-α can trigger either neuronal survival or neurodegeneration through the activation of different pathways [START_REF] Liu | Dissection of TNF receptor 1 effector functions: JNK activation is not linked to apoptosis while NF-kappaB activation prevents cell death[END_REF]. A decrease in neuronal survival is observed after microglial activation following the bacterial endotoxin LPS injection, [START_REF] Valero | Long-term effects of an acute and systemic administration of LPS on adult neurogenesis and spatial memory[END_REF] and neurogenesis is rescued by inhibiting microglia-induced inflammation after minocycline injection, an antibiotic able to inhibit the activation of microglia in CNS disorders [START_REF] Ekdahl | Inflammation is detrimental for neurogenesis in adult brain[END_REF].

There are evidences that, in steady state, microglia shape neuronal population in the cerebellum and hippocampus as they elicit supernumerary neuronal death by DAP12 signaling and reactive oxygen species release (Block et al., 2007;Marín-Teva et al., 2004;Wakselman et al., 2008). The inducedneuronal death occurs alongside to phagocytosis of apoptotic bodies and minimal inflammation; as microglia are capable to phagocytose apoptotic neurons without undergo activation. For instance, they engulf apoptotic neuroblasts through terminal branches without activation in the hippocampus [START_REF] Sierra | Microglia shape adult hippocampal neurogenesis through apoptosis-coupled phagocytosis[END_REF]. According to the last results, dead cell clearance can be performed by either pro-or antiinflammatory microglia [START_REF] Wirenfeldt | Microglia -insights into immune system structure, function, and reactivity in the central nervous system[END_REF].

Although functionally different [START_REF] Hurley | Cytokine transcripts expressed by microglia in vitro are not expressed by ameboid microglia of the developing rat central nervous system[END_REF], it is likely that amoeboid microglia perform phagocytosis of apoptotic neurons during CNS development in a similar way to activated microglia in adulthood. Moreover, injury-induced activation of amoeboid microglia and adult microglia is similar regarding immunophenotypical changes and the release of pro-inflammatory factors [START_REF] Fukui | Post-ischemic hypothermia reduced IL-18 expression and suppressed microglial activation in the immature brain[END_REF][START_REF] Hao | Response of amoeboid microglia/brain macrophages in fetal rat brain exposed to a teratogen[END_REF][START_REF] Hristova | Activation and deactivation of periventricular white matter phagocytes during postnatal mouse development[END_REF][START_REF] Sivakumar | Retinal ganglion cell death is induced by microglia derived pro-inflammatory cytokines in the hypoxic neonatal retina[END_REF][START_REF] Takahashi | Conditional deletion of neuronal cyclin-dependent kinase 5 in developing forebrain results in microglial activation and neurodegeneration[END_REF].

Nonetheless, primitive microglia can be transiently activated during the development in a different manner of adult microglia [START_REF] Hristova | Activation and deactivation of periventricular white matter phagocytes during postnatal mouse development[END_REF]Rigato et al., 2011). Then, further research is required to elucidate the differences between the activities of amoeboid microglia and microglia in the adult CNS. As well as, the macrophages roles in DCD process in the peripheral nervous system have been not identified. 

Macrophages/microglia and neuronal survival

In the same way, not all activated microglia are harmful for neurons, they can also produce antiinflammatory factors, like IL-4, IL-10 and growth factors, described to protect neurons from degeneration in diverse situations [START_REF] Lyons | CD200 ligand receptor interaction modulates microglial activation in vivo and in vitro: a role for IL-4[END_REF][START_REF] Xiong | Increased brain injury and worsened neurological outcome in interleukin-4 knockout mice after transient focal cerebral ischemia[END_REF]. It has been reported that in neuropathies, monocyte-derived macrophages infiltrate the retina. In mice, after glutamate eye intoxication, inhibition of macrophage infiltration reduces retinal ganglion cells (RGCs) survival as well as proliferating retinal progenitor cells (RPCs) in the ciliary body. On the other hand, exogenous administration of monocytes leads to increased RGC survival and RPC renewal. The beneficial effect of macrophages on RGCs survival depends, at least in part, on their expression of anti-inflammatory cytokine IL-10 and of MHC-II molecules (London et al., 2011). Thus, these results support that not only resident, but also infiltrating macrophages play a key role in neuroprotection and progenitor cell renewal under adverse situation, in the adult retina.

In mouse model of cerebral ischemia, TGFβ expression by microglia enhances neuronal survival, possibly as a result of TGFβ limiting inflammation [START_REF] Flanders | TRANSFORMING GROWTH FACTOR-βS IN NEURODEGENERATIVE DISEASE[END_REF].Therefore, it is conceivable that activated microglia have beneficial roles [START_REF] Ilschner | The transition of microglia to a ramified phenotype is associated with the formation of stable acetylated and detyrosinated microtubules[END_REF][START_REF] Lalancette-Hébert | Selective ablation of proliferating microglial cells exacerbates ischemic injury in the brain[END_REF][START_REF] Simard | Neuroprotective effects of resident microglia following acute brain injury[END_REF], or they switch to a positive responder form in some CNS injuries [START_REF] Colton | Heterogeneity of microglial activation in the innate immune response in the brain[END_REF][START_REF] Loane | Role of microglia in neurotrauma[END_REF]. Taken together, these results suggest the initial response of microglia is to solve the injury eliminating affected cells and accidently some healthy ones too; while a late response deals with repairing the tissue (Marín-Teva et al., 2011).

Microglia and neurogenesis

Findings have brought out the support of microglia cells on neurogenesis [START_REF] Battista | Neurogenic niche modulation by activated microglia: transforming growth factor beta increases neurogenesis in the adult dentate gyrus[END_REF]Ueno et al., 2013). It is likely activated microglia do not have pro-or anti-neurogenic functions per se, but the balance of factors released by the environment evokes one or another effect depending on their state of activation and phenotype.

Adrenalectomized animals display an increased apoptosis and cell proliferation along the dentate gyrus. In this environment, microglia cells up-regulate the anti-inflammatory cytokine TGF-β, pointed as pro-neurogenic potential in the adult brain. Administration of TGF receptor II antibody reduced neurogenesis in this area, suggesting TGF-β is necessary to trigger neuronal differentiation in vivo [START_REF] Battista | Neurogenic niche modulation by activated microglia: transforming growth factor beta increases neurogenesis in the adult dentate gyrus[END_REF]. Those microglia develop the stage 3 of activation characterized by small and thick processes and a rounded morphology with vacuolated cytoplasm [START_REF] Battista | Neurogenic niche modulation by activated microglia: transforming growth factor beta increases neurogenesis in the adult dentate gyrus[END_REF]. They do not express the macrophagic marker ED-1 or pro-inflammatory cytokines such as TNF-α [START_REF] Cunningham | Transforming growth factor β1, the dominant cytokine in murine prion disease: influence on inflammatory cytokine synthesis and alteration of vascular extracellular matrix[END_REF][START_REF] Cunningham | Microglia regulate the number of neural precursor cells in the developing cerebral cortex[END_REF][START_REF] Depino | Microglial activation with atypical proinflammatory cytokine expression in a rat model of Parkinson's disease[END_REF]. It is supposed that stage 4 activated microglia, which is ED-1 + and express IL-6 could inhibit neurogenesis. Other studies are in line with these findings as microglia are capable to increase adult hippocampal neurogenesis in a neurodegenerative niche [START_REF] De Lucia | Microglia regulate hippocampal neurogenesis during chronic neurodegeneration[END_REF]. Again, it is demonstrated that microglia-derived TGFβ regulates this process. There is also an indication that T cells activate microglia into the dentate gyrus of adult hippocampus to benefit neurogenesis under exposure to environmental enrichment [START_REF] Ziv | Immune cells contribute to the maintenance of neurogenesis and spatial learning abilities in adulthood[END_REF].

Those microglia display an increase of MHC-II and many of them also express IGF-1, a growth factor associated with neurogenesis and neuroprotection (Ueno et al., 2013). Another study using cell culture demonstrated that microglia could determine the fate of neural progenitors cells (NPCs) through different mechanisms. IL-4-activated microglia induce a bias towards oligodendrogenesis, whereas IFN-γ-activated microglia are biased towards neurogenesis [START_REF] Butovsky | Microglia activated by IL-4 or IFN-gamma differentially induce neurogenesis and oligodendrogenesis from adult stem/progenitor cells[END_REF]. Liu et al., (2013) mimic microglia activation by LPS administration to investigate the effect of these cells on NPS proliferation and differentiation. After LPS-microglia activation, they inactivated them using minocycline. It was observed that minocycline reverted apoptotic rate of NPS enhanced by activated microglia. Perhaps this antibiotic manipulates the nitric oxide released by microglia, which is already known to induce apoptosis [START_REF] Cheng | p38 MAP kinase mediates nitric oxide-induced apoptosis of neural progenitor cells[END_REF]. Moreover, minocycline-inactivated microglia increased neuronal differentiation in a dose-dependent manner. In addition, [START_REF] Jakubs | Inflammation Regulates Functional Integration of Neurons Born in Adult Brain[END_REF] showed activation of microglial cells by LPS inhibit NPS proliferation (the same finding of Liu and collaborators), and affects the functional integration of adult-born hippocampal neurons cell.

Likewise, neurogenesis is declined upon microglial activation in certain chronic stress conditions. The chronic stress produces changings in microglia numbers and functioning via the IL-1 receptor, such as proliferation and activation followed by apoptosis, dystrophy and decline in the hippocampus. All of these events were prevented by both minocycline and M-CSF administration, suggesting microglia decline observed in chronic stressed mice might contribute to reduction of neurogenesis [START_REF] Kreisel | Dynamic microglial alterations underlie stress-induced depressive-like behavior and suppressed neurogenesis[END_REF]. Other reports with somewhat conflicting results, evidenced an association between CX 3 CR1 and neurogenesis [START_REF] Bachstetter | Fractalkine and CX 3 CR1 regulate hippocampal neurogenesis in adult and aged rats[END_REF][START_REF] Maggi | CX(3)CR1 deficiency alters hippocampal-dependent plasticity phenomena blunting the effects of enriched environment[END_REF][START_REF] Rogers | CX3CR1 Deficiency Leads to Impairment of Hippocampal Cognitive Function and Synaptic Plasticity[END_REF]. In the brain, microglia presence in subcortical area is required for appropriate cortical layer V formation in a CX 3 CR1 dependent manner. That is possible due to release of IGF-1 growth factor, which might prevent neuronal death (Ueno et al., 2013).

Interestingly, microglial cells are able to direct the migration of precursor cells. [START_REF] Aarum | Migration and differentiation of neural precursor cells can be directed by microglia[END_REF] observed in cortical cultures that more embryonic precursor cells migrated out from the aggregates in microglial-conditioned media than in control media. That suggests that microglia-released factors can promote the migration of precursor cells either by increasing their motility or by attracting them.

Moreover, in the microglia soluble factors-containing media, the proportion of newborn neurons differentiated from both embryonic and adult precursor cells was increased. Microglial shape was different, displaying long, frequently branched processes. As the authors did not observe any apoptosis or necrosis in the experiments and the proportion of astrocytes was not strong between media with or without microglia, they favour the hypothesis that microglial cells have an instructive role towards neuronal differentiation. It is speculated that microglia present in the subventricular zone of olfactory bulb display a mild state of activation which supports the proliferation and differentiation of NPS to newborn neurons [START_REF] Goings | Differential activation of microglia in neurogenic versus non-neurogenic regions of the forebrain[END_REF][START_REF] Walton | Microglia instruct subventricular zone neurogenesis[END_REF].

These results confirm that the level and the factors that trigger microglia activation [START_REF] Butovsky | Microglia activated by IL-4 or IFN-gamma differentially induce neurogenesis and oligodendrogenesis from adult stem/progenitor cells[END_REF] as well as the inflammatory cytokines produced in the environment might direct microglia phenotype on neurogenesis.

Microglia and synapse pruning

During the development, microglia display important functions in neuronal patterning. They modulate synapse processes by DAP12-, CX 3 CR1-, and complement-dependent mechanisms in embryos [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF][START_REF] Roumier | Impaired synaptic function in the microglial KARAP/DAP12-deficient mouse[END_REF]. Based in some studies, in addition to their normal phagocytosis role, microglia play an important role in pruning synapses of the developing lateral geniculate nucleus, where neurons of the visual circuit are located [START_REF] Schafer | Microglia Sculpt Postnatal Neural Circuits in an Activity and Complement-Dependent Manner[END_REF]. This process can be mediated either by complement protein C1q, C3, or complement receptor C3R; [START_REF] Schafer | Microglia Sculpt Postnatal Neural Circuits in an Activity and Complement-Dependent Manner[END_REF] or by CX 3 CR1 receptor [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF]. Likewise, during the postnatal period, they still regulate neuronal circuitry. Based on results published recently, microglia send prolonged processes to contact neurons at both pre and postsynaptic sites [START_REF] Miyamoto | Microglia and synapse interactions: fine tuning neural circuits and candidate molecules[END_REF], where they are able to prune existent synapses [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF]. CX 3 CR1 mutant mice exhibit a transient reduction of microglia and accumulation of apoptotic neurons and synapses. As consequence of impaired pruning function, mice exhibit abnormalities related to social interaction and repetitive behaviours [START_REF] Zhan | Deficient neuron-microglia signaling results in impaired functional brain connectivity and social behavior[END_REF].

Multiple factors, such as sensory experiences [START_REF] Tremblay | Microglial interactions with synapses are modulated by visual experience[END_REF] and injury [START_REF] Wake | Resting microglia directly monitor the functional state of synapses in vivo and determine the fate of ischemic terminals[END_REF] that manipulate microglia state have subsequent impact on regulating synapses and subsequently, nervous system connectivity. On the contrary, in a steady state, microglia release neurotrophic factors, which promote neuronal synapse. Once microglia or these factors are absent, the synaptic formation is decreased [START_REF] Parkhurst | Microglia promote learning-dependent synapse formation through brain-derived neurotrophic factor[END_REF].

Objectives

Studies have reported essential functions for microglial cells on developing and mature central nervous system. It has been demonstrated that microglial cells actively interact with neurons and can regulate their development and activity in different ways in order to maintain the homeostasis in the nervous tissue. However, it has not been explored whether other macrophage cells than microglia exhibit the same behavior in the peripheral nervous system. Immature microglial cells, during embryonic development, interact with sensory neurons at the same time that important events such as neurogenesis and developmental cell death occur within dorsal root ganglia. Assuming that, we aimed to address the following questions in this thesis:

1-Do primitive macrophages also interact with the distinct subsets of dorsal root ganglion sensory neurons? Where and when do they preferentially contact them? 2-Could primitive macrophages/immature microglial cells regulate neurogenesis within dorsal root ganglion? 3-Do primitive macrophages/immature microglial cells participate in the establishment of sensory neuron phenotype? 4-Are primitive macrophages/immature microglial cells able to adjust developmental cell death of peripheral sensory neurons?

RESULTS

Microglial cells are reported to invade mammalian spinal cord during early developmental stages, when they interact with growing neurites of dorsal root ganglia sensory neurons (E11.5-E12.5).

Microglia are also known to regulate several developmental processes in the central nervous system, such as neurogenesis and synaptogenesis. Here, we show that primitive macrophages/immature microglial cells can regulate the development of sensory neurons in the embryo of mice. We identified primitive macrophages contacting peripheral axons of sensory neurons since E11.5. Using immunohistofluorescence and confocal images analysis, we demonstrated that macrophages deprivation in PU.1 knockout mice and under immunopharmacological approach, resulted in an initial reduction of TrkB + and TrkC + sensory neuronal numbers (E11.5) followed by a transitory increase in their numbers (E12.5). Further, they declined to control levels, except TrkB + neurons that rose again at E15.5. Alongside, TrkC + neuronal death increased at E12.5 and E15.5, whereas TrkB + neuronal death was enhanced at E12.5, E14.5 and E15.5. In the absence of primitive macrophages, fewer TrkA + sensory neurons were produced from E12.5 to E15.5, although their cell death was unaffected.

Moreover, cell proliferation was decreased at E12.5 within dorsal root ganglion of PU.1 -/-mice.

Moreover, the total of neuronal numbers significantly reduced (E11.5), but was fully recovered at E12.5.

Our results is the first demonstration that primitive macrophages/immature microglia can regulate the embryonic development of the peripheral nervous system. They provide the essential basis for further studies on the mechanisms underlying early functional interactions between primitive macrophages and developing peripheral neurons.

INTRODUCTION

Microglial cells, the resident macrophages of the central nervous system (CNS), and fetal macrophages have the same extra embryonic origin and arise from erythro-myeloid progenitors (EMP) in the yolk sac [START_REF] Hoeffel | Ontogeny of Tissue-Resident Macrophages[END_REF]. In mice, EMPs are generated in the yolk sac blood islands around 7.5 days of embryonic age (E7.5) and produce primitive erythrocytes and macrophages. Then, primitive macrophages migrate to various tissues from E8.5 to E10 to give rise to proliferative fetal macrophages independently of monocytes [START_REF] Hoeffel | Ontogeny of Tissue-Resident Macrophages[END_REF]. They appear in the mouse CNS as soon as E10.5 to give rise to microglia (Ginhoux, Lim, Hoeffel, Low, & Huber, 2013;Nayak, Roth, & McGavern, 2014). Microglial cells have essential roles in the developing brain, such as mediating neuronal patterning through regulation of neuronal programmed cell death (Bessis, Béchade, Bernard, & Roumier, 2007;Frade & Barde, 1998;José L. Marín-Teva, Cuadros, Martín-Oliva, & Navascués, 2011;Nayak et al., 2014). They participate in hippocampus and cerebellum development by inducing neuronal death through CD11b/DAP12 signaling and consequent production of reactive oxygen species (José Luis Marín-Teva et al., 2004;Wakselman et al., 2008). Conversely, microglia-released growth factor IGF1 is essential for cortical layer V formation by promoting neuronal survival (Ueno et al., 2013). Besides that, embryonic microglia are also referred to regulate axonal projections and organization, for instance they coordinate the outgrowth of dopaminergic axons in the forebrain as well as the laminar localization of neocortical interneuron subsets [START_REF] Squarzoni | Microglia modulate wiring of the embryonic forebrain[END_REF].

However it is unknown whether primitive macrophages localized outside the CNS can regulate the development of peripheral neurons as do microglia in the CNS. So far it has been shown that peripheral primitive macrophages may regulate heart development [START_REF] Leid | Primitive Embryonic Macrophages are Required for Coronary Development and Maturation[END_REF]) and participate to osteoblast differentiation [START_REF] Vi | Macrophages promote osteoblastic differentiation in-vivo: implications in fracture repair and bone homeostasis[END_REF]. Dorsal root ganglia sensory neurons (DRGn) originate from multipotent trunk neural crest cells (NCCs). Three waves of neurogenesis engaged into DRGn formation has been described. During the first and the second waves of migration (E9 to E11.5 in mice), NCCs generate large mecanorreceptive and proprioceptive neurons, while small neurons, that is nociceptors, are mainly born during the second wave, between E10.5 and E11.5 (Marmigère & Ernfors, 2007). Finally, the third wave is characterized by the migration and differentiation of boundary cap cells (CAPs) that are located into dorso lateral entry zone of embryonic spinal cord. From E11.5, they migrate to DRG giving birth to both small nociceptive neurons (<5% of adult DRG population) and satellite cells (Marmigère & Ernfors, 2007). The phenotype of distinct sensory neurons is defined by the early expression of neurotrophic factor (NF) receptors. TrkA tyrosine kinase receptor is expressed by small thermonociceptive neurons. TrkB receptor is found in intermediate and large mechanoreceptors involved in low-threshold mechanical sensitivity, whereas TrkC receptor is expressed by large proprioreceptive neurons which encode body position and movement (D. J. [START_REF] Anderson | Lineages and transcription factors in the specification of vertebrate primary sensory neurons[END_REF]Marmigère & Ernfors, 2007;Woolf & Ma, 2007). indicating a developmental window for the specification of these subclasses (Ernsberger, 2009). In addition, it has been demonstrated that some of DRGn transiently (E10.5-E12.5) co-express both TrkB and TrkC receptors (Ernsberger, 2009).

During neurogenesis, DRGn undergo developmental cell death, DCD (Fariñas, Yoshida, Backus, & Reichardt, 1996). This phenomenon starts at E11.5 shortly before their final peripheral and central innervations, [START_REF] Sonnenberg-Riethmacher | Development and degeneration of dorsal root ganglia in the absence of the HMGdomain transcription factor Sox10[END_REF]. The survival of TrkA, TrkB and TrkC DRGn depends on several neurotrophic factors including NGF, NT-4, NT-3 and BDNF, which are released from their targets during embryonic development (see review Huang & Reichardt, 2001). Recently, we have shown that microglial precursors interact with neurites of sensory neurons in the dorso lateral region (DLR) of the spinal cord (SC), at the onset of DRG formation (Rigato, Buckinx, Le-Corronc, Rigo, & Legendre, 2011). Although they accumulate close to projections of dying sensory neurons they rarely express phagocytic activation markers as galectin-3 (Rigato et al., 2011). Then, we wondered whether microglial precursors as well as primitive macrophages have other functions than simply clearing apoptotic bodies when contacting sensory neuron neurites.

MATERIALS AND METHODS

Animals and tissue preparation

All experimental procedures were in accordance with the European Community guiding principles on the care and use of animals (86/609/CEE; Official Journal of the European Communities no. L358; December 18, 1986), French Decree no. 97/748 of October 19, 1987 (Journal Officiel de la République Française;October 20, 1987) and the recommendations of the Centre National de la Recherche Scientifique.

To analyze the role of microglia precursors and primitive macrophages at the onset of DRG sensory neurons development, we used either transgenic CX3CR1eGFP mice, in which macrophages are GFP + (Jung et al., 2000) and PU.1 knockout ( -/-) mice that lack all macrophages, including microglia. PU.1 is an ETS family transcription factor that is expressed exclusively by cells of the hematopoietic lineage; when absent, mice do not exhibit any macrophages, eosinophils or B cells, neurotrophils and T cells development is also impaired (K. L. Anderson et al., 1998;McKercher et al., 1996;[START_REF] Mckercher | The transcription factor PU.1 does not regulate lineage commitment but has lineage-specific effects[END_REF]Tondravi et al., 1997).

Heterozygous CX3CR1eGFP embryos were obtained by crossing homozygous CX3CR1eGFP +/+ mice (Jung et al., 2000) with C57/Bl6 wild-type mice. For breeding, homozygous CX3CR1eGFP +/+ males were housed separately, and mated with two wild-type females, aged between 8 and 16 weeks.

Because PU.1 -/-mice die within 48 hours following birth (Back, Dierich, Bronn, Kastner, & Chan, 2004), knockout embryos were obtained from crossing two heterozygous mice. For breeding, PU.1 +/- males were housed separately, and mated with two PU.1 +/-females, aged between 8 and 16 weeks.

Vaginal plugs were checked the morning after mating, when present, that day was considered as 0.5day embryonic age (E0.5). At the intended embryonic age, pregnant mice were anesthetized using CO 2 and the embryos were dissected out in cold PBS. They were post fixed for 2h (E10.5-E12.5) or 3h (E13.5-E15.5) in 4% PFA (0.12M PB) at 4°C. Embryos had their head removed out before fixation for PCR analysis. Then, they were cryoprotected by a 24 hours immersion in a 0.12M PB solution with 15% and 30% (w/v) subsequently, before to be embedded in OCT and frozen at -55°C in isopentane bath. Frozen embryos were stored at -80°C until sectioning. Twenty µm-thick transverse sections were cut using a Leica CM3050 cryostat, mounted on slides (Superfrost Plus Gold) and then stored at -20°C until performing immunohistofluorescence. DRG development was analyzed at the lumbar level (L1-L6) since the morpho-functional development of the spinal cord and microglia cell colonization processes in this region are well documented [START_REF] Branchereau | Development of lumbar rhythmic networks: from embryonic to neonate locomotor-like patterns in the mouse[END_REF][START_REF] Czarnecki | Acetylcholine controls GABA-, glutamate-, and glycine-dependent giant depolarizing potentials that govern spontaneous motoneuron activity at the onset of synaptogenesis in the mouse embryonic spinal cord[END_REF]Rigato et al., 2011;[START_REF] Scain | Glycine release from radial cells modulates the spontaneous activity and its propagation during early spinal cord development[END_REF].

Another technique was used in order to suppress macrophages population in the embryo by administration in utero the anti-CSF1R monoclonal antibody AFS98. Pregnant C57/Bl6 females were administered i.p. with either anti-CSF1R mAb (aCSF1R) or vehicle, at E7.5 and E8.5 (3 mg per day in sterile PBS). The antibody aCSF1R was obtained as previously described [START_REF] Squarzoni | Microglia modulate wiring of the embryonic forebrain[END_REF]. Embryos were obtained as described above.

Immunostaining

Sections previously mounted on slides were first washed in 0.1M PBS (three times of 5 minutes each one), followed by PBS-NH 4 Cl for 20 minutes at room-temperature (RT) to remove the excess of PFA-tissue bonds. They were washed again in 0,1M PBS and then, blocked in 0,1 M PBS containing 0.2% Triton X-100 and 0.25% fish gelatin (PBS-GT). Afterwards, the sections were incubated overnight at 4°C with primary antibodies diluted in PBS-GT. Sections were washed in PBS-GT and incubated for 2 h at RT with secondary fluorescent antibodies (Alexa-Fluor 488, 594 or 647) in the presence of Hoechst 33342 (1:1000; Thermofisher Scientific) to reveal cellular nuclei. Finally, sections were washed 0.1M PBS and rinsed with distilled water. Slices were mounted using Mowiol 4-88 (475904,Calbiochem). Control for the secondary antibodies staining was performed by the same protocol with the exclusion of primary antibodies. All primary and respectively secondary antibodies used and their dilutions are listed in the Table 1.

DRG sensory neurons were identified using TrkA, TrkB and TrkC antibodies, which specifically recognizes these receptors [START_REF] Tchetchelnitski | Developmental coexpression and functional redundancy of tyrosine phosphatases with neurotrophin receptors in developing sensory neurons[END_REF]. To determine cell proliferation state, monoclonal Ki67 antibody (BD pharmigen) was used [START_REF] Charrier | Characterization of neural stem cells in the dorsal vagal complex of adult rat by in vivo proliferation labeling and in vitro neurosphere assay[END_REF][START_REF] Kubbutat | Epitope analysis of antibodies recognising the cell proliferation associated nuclear antigen previously defined by the antibody Ki-67 (Ki-67 protein)[END_REF][START_REF] Verche | The somatostatin 2A receptor is enriched in migrating neurons during rat and human brain development and stimulates migration and axonal outgrowth[END_REF]. This antigen is expressed throughout cell cycle, but is undetectable in G0 phase [START_REF] Zambon | Use of the Ki67 Promoter to Label Cell Cycle Entry in Living Cells[END_REF]. Macrophages were visualized by Iba1 immunostaining [START_REF] Hirayama | Early immunohistochemical detection of axonal damage and glial activation in extremely immature brains with periventricular leukomalacia[END_REF][START_REF] Ito | Microglia-specific localisation of a novel calcium binding protein, Iba1[END_REF][START_REF] Ito | Enhanced expression of Iba1, ionized calcium-binding adapter molecule 1, after transient focal cerebral ischemia in rat brain[END_REF][START_REF] Okere | Heterogenous immunohistochemical expression of microgliaspecific ionized calcium binding adaptor protein (Iba1) in the mouse olfactory bulb[END_REF]. Activated caspase-3 Asp175 antibody (cell signaling) was used to detect apoptotic cells [START_REF] Cheong | Induction of apoptosis by apicidin, a histone deacetylase inhibitor, via the activation of mitochondria-dependent caspase cascades in human Bcr-Abl-positive leukemia cells[END_REF][START_REF] Garnier | Ischemic preconditioning by caspase cleavage of poly(ADP-ribose) polymerase-1[END_REF]Rigato et al., 2011). Brain-specific fatty acid binding protein (B-FABP) allows to distinguish glia precursors and glial cells from neural crest cells and neurons during early stages of development of the PNS (Britsch et al., 2001). Early differentiated neurons express the pan-sensory homeodomain transcription factor Islet-1 (Sun et al., 2008).

For analyzing B-FABP staining together with cell death, the cell death detection was also performed using TUNEL staining. Samples were processed with a TUNEL kit (Roche Diagnostics, Manheim, Germany) according to the manufacturer's instructions. Briefly, frozen slices of 40µm were exposed to 0.1 M citrate buffer at pH 6.0 for 1 minute in microwave for antigen retrieval. After washing in water followed by 0,1M PBS, they were immersed in 2-amino-2-(hydroxymethyl)-1,3propanediol, hydrochloride (Tris-HCl, 0.1 M) pH 7.5 containing 3% bovine serum albumin (BSA) and 20% normal bovine serum for 30 minutes at room temperature. Next, sections were rinsed again in 0,1M PBS before adding 50 µL of TUNEL reaction mixture to each slide for 1 h at 37°C in a humidified atmosphere in the dark. Finally, the slides were washed three times in 0,1M PBS for 5 minutes each before incubation overnight with B-FABP antibody diluted in PBS-GT. Then, Alexa 647 conjugated secondary antibody was added for finally, analyzing under a fluorescence microscope TUNEL apoptotic bodies and B-FABP staining.

Image analysis

DRG images were acquired on a Zeiss Axiovert 200 inverted microscope equipped with an AxioCamera (Carl Zeiss SAS). For quantitative analysis of labeled cells on transverse sections, serial optical images were obtained with a Z-step of 1 µm and observed using a 40X oil-immersion objective with a numerical aperture (NA) of 1.3, and the images were processed using AxioVision software.

Analysis of macrophage-axonal interactions in the whole embryonic tissue was performed using confocal microscope by 20X oil-immersion objective with a NA of 0.7. Typically, the images (1024x1024; 8-bit gray scale) were stored using and Leica software LAS-AF and all the images were analyzed using the ImageJ 1.51o software (N.I.H., USA; http//rsb.info.nih.gov/ij/).

Quantification and Data Analysis

Quantifications were performed on 5 µm (every other one optical section with a z-step of 1 µm) of 20 µm thick transverse sections (n = 5-10 slices per embryo: 3 to 6 embryos per experiment). DRG area was measured using imageJ on slices after delineating the perimeter estimated using Hoechst staining.

Immunoreactive cells (+) to various antibodies were counted using imageJ plugin cell counter. The threshold used to determine whether a cell was co-immunolabeled was set at twice the intensity of background noise measured around positive cells.

Except in figure 4A and 4B that show all data point of DRG area, data are displayed as boxplot (with Turkey whiskers) showing 25th and 75th percentiles, median and mean (cross) values and outliners.

All values were expressed as mean ± SEM in the text. Statistical significance was assessed by nonparametric Mann-Whitney tests, Kruskal-Wallis test and Dunn's post test or by two-way ANOVA for multiple comparisons followed by Tukey posthoc test. Differences were considered significant when p < 0.05. Statistics were performed using Prism 7.0c (GraphPad sofware) and Kaleidagraph 4.5.3 (Synergy Software). Graphics were made using Prism 7 software.

RESULTS

The period between E11.5 and E15.5 is defined as critical for DRG sensory neurons development and for SC neuronal network becoming functional in mouse embryos. Primitive macrophages reach the vicinity of the nervous system since E10.5-E11.5 in mouse embryos (Sedel, Béchade, Vyas, & Triller, 2004) while immature microglial cells accumulate from E11.5 in the dorsal lateral funiculus (Rigato et al., 2011) that corresponds to the area where spinal cord projections of sensory neurons develop [START_REF] Kucera | Dependence of developing group Ia afferents on neurotrophin-3[END_REF]. Because microglial cells and/or primitive macrophage interact with neural cells and are known to regulate several developmental processes during CNS development, we analyzed to what extent primitive immune cells regulate the development of DRG sensory neurons between E11.5 and E15.5 using two models of macrophage deprivation in mice.

Primitive macrophages and immature microglia interact with growing neurites of TrkA, TrkB and

TrkC positive sensory neurons at the onset of DRG development in the mouse embryo.

Neurons expressing TrkC (figure 1A), TrkB (figure 1B) and TrkA (figure 1C) have extended neurites toward their peripheral targets since E11.5. As previously described by (Rigato et al., 2011), immature microglia were rarely observed in the SC parenchyma although primitive macrophages have already invaded the embryonic tissue (Figures 1A-1C). At this age, we identified primitive macrophages interacting with distal peripheral extensions of TrkC,TrkB and TrkC DRGn (Figures 1A1,1B1 and 1C1). These cells were immunoreactive to Iba1 antibody (Figures 1A1,1B1 and 1C1) and display a morphology characterized by irregular cellular body and short processes (SUPPLEMENTARY figures 1A, 1B and 1D). The surface of primitive macrophages contacting TrkC DRGn fibers (132.9 ± 17.7 µm 2 ; n = 21 cells), TrkB DRGn fibers (132 ± 19.6 µm 2 ; n = 13 cells) or TrkA DRGn fibers (145.3 ± 19.7 µm 2 ; n = 15 cells) at E11.5 was not significantly different (P > 0.1) compared to the area of primitive macrophages that did not contact fiber tracks (113.5 ± 6.4 µm 2 ; n = 84 cells). At E12.5, some of microglial cells-ir to Iba1 antibody invade SC parenchyma whereas others accumulate in the dorso-lateral region (DLR) of the spinal cord funiculi (Rigato et al., 2011).

Remarkably microglial accumulating in the DLR similarly interact with TrkC (figure 2A1), TrkB (figure 2A2) and TrkA (Figure 2A3) DRGn neurite extensions. Alongside, at this period, peripheral primitive macrophages still interact with growing peripheral fibers of TrkC (Figure 2B1), TrkB (Figure 2B2) and TrkA (Figure 2B2) DRGn. They accumulate at the bifurcation point of peripheral DRG sensory neuron neurite projections (Figures 2B1, 2B2 and 2B3) exhibiting a similar morphology observed at E11.5 (SUPPLEMENTARY figures 1D, 1E and 1F). However, primitive macrophages area contacting TrkC DRGn fibers (198. 3 ± 13.5 µm 2 ; n 35 cells), TrkB DRGn fibers (168.8 ± 11.8 µm 2 ; n 40 cells) or TrkA DRGn fibers (187 ± 12 µm 2 ; n 40 cells) were significantly larger (P < 0.001, P < 0.05 and P < 0.01, respectively) than the surface of primitive macrophages surrounding fiber tracks without contacting them (141.7 ± 6.6 µm 2 ; n 106 cells).

Ablation of primitive macrophages altered DRG development.

There are several ways to search whether a manipulation of the local environment impacts cell production, which include measurement of the organ, cell density and the absolute number of cells in a specific area. Each of these technics has intrinsic limitations due to the way tissue samples were collected and the true relationship between the size of the organ studied and the number of cells. A way to bypass this issue is measuring cell density, valid only if the size of the ganglion is not directly related to cell number it contains. That is not the case of early DRG that growths proportional to cell proliferation and neurogenesis. To minimize these problems, slice angle was controlled and DRGn area in consecutive slices were compared. We also compared DRG area variability per age in three independent sets of experiments to control the reproducibility of the measurements. Then, we analyzed the correlation between DRG area and cell number to determine if the DRG surface is proportionally related to sensory neurons population.

As previously described (K. L. Anderson et al., 1998;McKercher et al., 1996[START_REF] Mckercher | The transcription factor PU.1 does not regulate lineage commitment but has lineage-specific effects[END_REF]Tondravi et al., 1997), PU.1 -/-embryo are completely devoid of microglia and macrophages (figure 3A1 and3B).

Injections of AFS98 antibody in pregnant mice was effective to nearly full depletion of primitive macrophages in E12.5 embryos (figures 3C and 3D), but with partially recovery of peripheral macrophages population at E14.5 (figures 3E and 3F). At this age, primitive macrophages can be observed within ventral nerves (figure 3F) as in control (figure 3E) while microglial precursors did not yet recolonize the spinal cord parenchyma.

We first determine if the lack of primitive macrophage can alter DRG development by comparing DRG area in slices of PU.1 -/-embryos and of PU.1 +/-littermates from E11.5 to E15.5. We compared DRG area distribution at each embryonic age in PU.1 -/-embryos and of PU.1 +/-littermates in three independent sets of experiments in which DRGn were labeled using TrkC, TrkB or TrkA antibodies (figures 4A, 4B and 4C). DRG area was calculated using imageJ software on slices with Hoechst staining cell nuclei (figure 4C). As expected DRG area was highly variable at all ages tested both in PU.1 +/-and PU.1 -/-embryos (figures 4A, 4B and 4C), but not significantly different (Kruskal-Wallis test and Dunn's post test ; P > 0.1), which indicate that our measurements although variable were reliable. Further, data from the three distinct Trk immunostaining were pulled to determine if any changes in DRG size occurred in developing PU.1 -/-embryos. DRG area increased significantly (P < 0.001) ≈ 1.8 times from E11.5 to E14.5 in both groups. Figure 4D shows DRG area, in which PU.1 +/- =14519 ± 328.6 µm 2 ; n =126 DRGs (E11.5) and 27205 ± 630.7µm 2 ; n =177 (E14.5) and PU.1 -/-= 13409 ± 350.7 µm 2 ; n = 127 (E11.5) and 23932 ± 819.3 µm 2 ; n = 118 (E14.5). Further, DRG area significantly decreased (P < 0.001) to values of 21910 µm 2 in E15.5 PU.1 +/-embryos (21912 ± 870.4 µm 2 ; n = 127) and 18728 µm 2 in PU.1 -/-(18728 ± 572.6 µm 2 ; n = 127).

Between PU.1 +/-and PU.1 -/-embryos (figure 4D), DRG area became significantly smaller at E14.5 (P < 0.01) and E15.5 (P < 0.05). As for PU.1 embryos, we did not find any difference in DRG area between E12.5 AFS98 and control embryos (P > 0.1; figures 6A1, 6B1 and 6C1), however at E14.5, DRG area was significantly (P < 0.001) smaller in AFS98 embryos. The correlation between PU.1 and AFS98 results confirm that modifications found for DRG area is due to primitive macrophage ablation.

Ablation of primitive macrophages alters TrkC, TrkB and TrkA sensory neuron numbers.

As DRG area is consequent to cell production, we checked whether the quantity of sensory neurons subsets are therefore changed. Between E11.5 and E13.5, although DRG area was increasing, the numbers of TrkC and TrkB DRGn dramatically decreased (P < 0.001, Figure 5A,B). The values of TrkC DRGn in PU.1 +/-embryo decreased from 178.7 ± 9 (n = 43) to 26.8 ± 1.7 (n = 32) whereas TrkB DRGn reduced from 77 ± 7 (n = 41) to 21. 1 ± 7.3 (n = 30). In PU.1 -/-embryos, TrkC DRGn decline from 153.7 ± 10 (n = 41) to 30.3 ± 1.6 (n = 30) and TrkB DRGn, from 57.4 ± 4.4 (n = 43) to 21.5 ± 1.5 (n = 39). Later on, these neurons remained constant from E13.5 to E15.5 in both PU.1 +/-and in PU.1 -/-embryos (Figures 5A2 and5B2).

However, comparing PU.1 groups, the numbers of TrkC (P < 0.01) and TrkB DRGn (P < 0.001) in PU.1 -/-embryos were significantly lower at E11.5. Surprisingly, their numbers at E12.5 was significantly higher (TrkC DRGn : P < 0.001; TrkB DRGn : P < 0.05) in PU.1 -/-when compared to E12.5 PU.1 +/-littermates (Figures 5A2 and5B2). At E12.5, in PU.1 -/-embryos, TrkC DRGn = 76.7 ± 1.5 (n = 30) and 48.5 ± 3.7 (n = 30) for PU.1 +/-group; while the numbers of TrkB DRGn = 52.9 ± 2.4

(n = 36) in E12.5 PU.1 -/-embryos and 42.9 ± 2 (n = 38) in PU.1 +/-littermates. Such a significant difference in the numbers of TrkC (P <0.001) and TrkB DRGn (P <0.001) was also observed between E12.5 AFS98 and control embryos (Figures 6A1 andB1), confirming once more the effects of primitive macrophages ablation. Numbers of TrkC and TrkB DRGn measured at E14.5 were not significantly different (P > 0.1) between AFS98 and control embryos, as observed between PU.1 -/-and PU.1 +/-embryos.

Variability in the number of TrkC DRGn, and TrkB DRGn/DRG at a given age was highly correlated with the area of DRGn in slices, except at E12.5 (SUPPLEMENTARY figures 2 and 3). But although the number of TrkC and TrkB DRGn/DRG was lower in PU.1 -/-embryos when compared to PU.1 +/- littermates at E11.5 (SUPPLEMENTARY figures 2 and 3) there was no difference in the mean DRG area. To the contrary, although the mean DRG area was decrease in PU.1 -/-embryos when compared to PU.1 +/-littermates, the number of TrkC DRGn, or TrkB DRGn/DRG were not significantly different at E14.5 and E15.5 and their density were closely similar (SUPPLEMENTARY figures 2 and 3). These results indicate that the differences in averaged DRG area observed between PU.1 -/-embryos and PU.1 +/-littermates at E14.5 and E15.5 were unrelated to a defect in TrkC DRGn, and TrkB DRGn production.

TrkA DRGn numbers significantly increased (P <0.001) from E12.5 to E14.5 in PU.1 +/- embryos (Figures 5C1 and5C2), from 141.5 ± 7.9 (n = 42) to 296.8 ± 12.4 (n = 50), respectively. At later ages TrkA DRGn quantity significantly decreased (P < 0.05) and reached 242 ± 15.5 (n = 30) at E15.5 (Figure 5C2). A similar TrkA DRGn developmental pattern was observed in PU.1 -/-embryos.

However changes in TrkA DRGn number/DRG with age appeared to be delayed. TrkA DRGn numbers at E11.5 (111.6 ± 7; n = 42) and E12.5 (96.9 ± 4.4; n = 30) were not significantly different (P > 0.1, Figure 5C2). Later on TrkA DRGn numbers significantly increased (P <0.001, figure 5C2) to reach a value of 245.7 ± 14.7 (n = 40) at E14.5.. As observed in PU.1 +/-embryos, they further decreased to reach a value of 194.2 ± 11.4 (n = 30) at E15.5. More importantly, the development of TrkA DRGn population was altered in PU.1 -/-embryos during this critical period. Compared to PU.1 +/- littermates (Figure 5C2), TrkA DRGn numbers in PU.1 -/-embryos were significantly lower at E12.5 (P < 0.001), E14.5 (P < 0.01) and E15.5 (P < 0.05). Similar results were obtained in AFS98 embryos (P < 0.001, Figure 6C2) at E12.5 and E14.5. Interestingly, the density of TrkA DRGn in PU.1 +/-embryo at E14.5 (0.01143 ± 0.0003 cell/m 2 ; n = 50) and E15.5 (0.01224 ± 0.0004 cell/m 2 ; n = 39) and in PU.1 -/- embryos at E14.5 (0.01107 ± 0.0013 cell/m 2 ; n = 40) and E15.5 (0.01206 ± 0.0005 cell/m 2 ; n = 32) were not significantly different (P > 0.1; SUPPLEMENTARY figure 4), suggesting that the DRG sizes measured in E14.5 and E15.5 embryos (figure 4D) are likely to depend at least in part on the size of TrkA DRGn population.

Ablation of primitive macrophages alters developmental cell death of TrkC and TrkB positive

sensory neurons. (1.4 ± 0.4 %; n = 42). The percentage of dying TrkB remained stable between E14.5 and E15.5 in both groups (figure 7B2). Similarly, the proportions of dying TrkC (figure 8A) and TrkB DRGn (figure 8B) were significantly increased (P < 0.05) in AFS98 treated embryos when compared to controls at E12.5.

As also observed in PU.1 -/-embryos, we did not find any difference (P<0.1) in the proportion of dying TrkC DRGn in AFS98 embryos versus controls at E14.5, contrary to TrkB DRGn (figure 8).

Altogether these results confirm that macrophages deprivation affects cell death of TrkC and TrkB positive neurons.

On the other hand, the DCD of TrkA DRGn was not disturbed (figure 8C) in PU.1 knockout neither under AFS98 antibody administration.

Glial satellite cell precursors are the phagocytic cells accounting for apoptotic corpse removal in developing DRG (Wu et al., 2009). In control condition primitive immune cells were rarely observed in DRG at least from E11.5 to E15.5 (Rigato et al., 2011). To determine if it was still the case in PU.1 - /-embryos we performed double staining using TUNEL staining and brain-fatty acid binding protein (B-FABP) antibody to stain glial satellite cell precursors (Britsch et al., 2001;Woodhoo, Dean, Droggiti, Mirsky, & Jessen, 2004). As shown in figures 9A, TUNEL positive nuclei were engulfed by B-FABP positive cells in both PU.1 +/-and PU.1 -/-embryos, at least at E12.5. Accordingly, the increase in the proportion of activated caspase-3 + TrkC and TrkB DRGn-ir observed in mouse embryo depleted in primitive immune cells is unlikely to result only from the accumulation of apoptotic bodies.

The specification of TrkC, TrkB and TrkA positive sensory neurons shown in figure 5 takes in account both living and dying cells. To determine if the differences observed for their numbers when primitive macrophages are absent, we reanalyzed the population of sensory neurons not immunoreactive to activated caspase-3 antibody. Except for TrkB DRGn, in which the number of healthy cells was no longer different (P <0.1) at E12.5 (figures 9C), the changes identified in the number of healthy sensory neurons subclasses between PU.1 -/-and PU.1 +/-embryos were similar to those observed when both healthy and dying sensory neurons were counted together (figures 5A2, B2, C2 and figures 9B, C, D). This was expected for TrkA DRGn since the ablation of primitive immune cells did not affect their

DISCUSSION

Results from the present study show for the first time that immature microglia and/or primitive macrophages regulate the development of sensory neurons at the onset of DRG formation in mouse embryos, in temporal dependent manner. Primitive macrophages ablation resulted in a deficit of TrkA DRGn production from E12.5 to E15.5 being unrelated to their DCD, whereas the production and DCD of neurons expressing TrkC and TrkB were transitory affected. Macrophages-deprived embryos also exhibited perturbed neuronal production (E11.5) and precursor proliferation at the onset of the development of TrkA DRGn population (E12.5).

Primitive macrophages interact with developing sensory neurons at early developmental stages.

We previously showed that microglial cells interact with growing fibers of DRGn in the DLR of the developing SC (Rigato, Buckinx, Le-Corronc, Rigo, & Legendre, 2011) from E11.5-12.5, region by where DRG neuronal projections enter in the SC parenchyma [START_REF] Kucera | Dependence of developing group Ia afferents on neurotrophin-3[END_REF]. These microglial precursors may play other functions than phagocyte cells as they do not express Mac-2, a marker related to phagocytosis phenotype [START_REF] Reichert | Galectin-3/MAC-2 in experimental allergic encephalomyelitis[END_REF][START_REF] Venkatesan | Chronic upregulation of activated microglia immunoreactive for galectin-3/Mac-2 and nerve growth factor following diffuse axonal injury[END_REF]. Interestingly DLR is close to the area where boundary cap cell were located (Marmigère & Ernfors, 2007). Starting in late E10, boundary cap cells proliferate and contribute mainly to the TrkA DRGn and to glia (Hjerling-Leffler et al., 2005;Maro et al., 2004). In addition, we found that primitive macrophages can also interact with growing peripheral projections of all subsets of DRG neurons since E11.5, suggesting that peripheral primitive macrophages could also play a role in the regulation of early sensory neuron development. So far, it has been reported that macrophages can have neurotrophic functions only in pathological conditions. For instance, they were proposed to transiently support outgrowth of DRG neurites after nerve injuries in vitro [START_REF] Luk | Macrophages contribute to the maintenance of stable regenerating neurites following peripheral nerve injury[END_REF], depending on their activation level [START_REF] Chalisova | The effect of activated macrophage products on neurite growth in an organotypic culture of chick embryo sensory ganglia[END_REF].

Primitive macrophages ablation affects the development of TrkC, TrkB and TrkA expressing sensory neuron in different ways.

We observed a progressive increase in the number of TrkA DRGn from E11.5 that peaked at E14.5 in control mice. Because we did not find any difference in the number of TrkA DRGn between the groups at E11.5, the first wave of TrkA production that ends at E11.5 is unlikely to be affected by immune cell deprivation. The deficit of TrkA DRGn identified later on could be resulted from a reduced proliferation rate of neuronal progenitors originated from boundary cap cells (Marmigère & Ernfors, 2007), since the number of KI67 + cells was lower in PU.1 -/-embryo at E12.5. However, because we did not find any evidence for a decrease in the production of Islet-1 + cells in PU.1 -/-at E12.5, this could suggest that the reduced number of TrkA DRGn observed at E12.5 may not result simply from a defect in the proliferation rate of progenitor cells. Because Islet-1 is also expressed in differentiated neurons (Cui & Goldstein, 2000;Sun et al., 2008), that may mislead our interpretation of neuronal production since reduced TrkA neurons can be compensated by higher numbers of TrkC and TrkB DRGn in PU.1 -/-at E12.5.

Alternatively, an alteration in TrkA DRGn specification could also account for lower TrkA DRGn production. TrkA receptor overlaps with TrkC in DRG of mouse embryo at E11.5 (Sun et al., 2008).

In addition, TrkA and TrkB are extensively co-expressed before E12.5, when they segregate into distinct population, at least in the trigeminal ganglion [START_REF] Dykes | Brn3a regulates neuronal subtype specification in the trigeminal ganglion by promoting Runx expression during sensory differentiation[END_REF].

Interestingly, the alteration of the development of TrkC and TrkB population were roughly similarly affected by macrophages deprivation. In this context, their numbers were lower at E11.5 and decreased less markedly from E11.5 to E12.5. In addition, TrkC and TrkB DRGn follow the same developmental pattern at early stages with a larger number of TrkC DRGn than TrkB at E11.5 and an abrupt decrease at E12.5, as previously observed in wildtype mouse embryos (Fariñas, Wilkinson, Backus, Reichardt, & Patapoutian, 1998;Kramer et al., 2006). This was expected since it is known that the majority of DRGn expressing TrkB also express TrkC receptor at E11.5, and the incidence of hybrid TrkB + /TrkC + DRGn dropped from ≈75% at E11.5 to less than 10% at E12.5 (Kramer et al., 2006).

Although precursor proliferation was unaffected at E11.5 in PU.1 -/-embryos, reduced TrkB and TrkC DRGn is consistent with newborn neurons amount (Islet-1 + ). Such discrepancy may be explained if earlier and fewer progenitors last longer in the cell cycle and consequently, generate fewer neurons in PU.1 -/-embryos. In addition, the lower reduction of TrkB and TrkC DRGn pool observed in PU.1 -/- embryos between E11.5 and E12.5 may is a result from a defect in subtype differentiation. This could be confirmed by performing multiple immunohistofluorescence, however, the specific antibodies against the distinct subclasses of Trk receptors are not available for NPS staining.

Finally, it is worthy to note that cell proliferation in the DRG at E12.5 are mainly glial cell progenitors, then we do not rule out the hypothesis that gliogenesis is also affected at this age.

Does primitive macrophages ablation directly affect the developmental cell death of sensory neurons?

Sensory neurons within DRG undergo DCD when their projections are about to enter in the spinal cord and reach their peripheral targets (Fariñas et al., 1996;[START_REF] Kucera | Dependence of developing group Ia afferents on neurotrophin-3[END_REF]. The transitory increase in DCD of TrkC and TrkB DRGn in mouse embryo lacking primitive macrophage at E12.5 could indicate that immature microglia interacting with DRG SC projections have a transitory beneficial role only at E12.5. Similarly, primitive macrophages that interact with peripheral DRG axons could also promote DRG survival, which could explain the increase of DCD for TrkC and TrkB positive neurons, at E14.5 and E15.5. However, it must be noted that TrkB neurons are more likely to die also in AFS98 treated embryos at E14.5, although at this age primitive macrophages have recolonized the embryonic tissue and re-establish the contact with peripheral nerves. This makes unlikely that only peripheral primitive macrophages regulate the DCD of DRGn.

It is tempting to speculate that the effect of macrophage deprivation on DCD within DRG is associated with neurotrophins deprivation. Indeed microglia and macrophages can produce several growth factors such as transforming growth factor-β (TGF-β), platelet-derived growth factor (PDGF), epidermal growth factor (EGF), insulin-like growth factors (IGF1), and basic fibroblast growth factor (bFGF), [START_REF] Shimojo | Production of basic fibroblast growth factor in cultured rat brain microglia[END_REF], nerve growth factor, NGF [START_REF] Mallat | Lipopolysaccharide-stimulated rat brain macrophages release NGF in vitro[END_REF], brain-derived neurotrophic factor (BDNF) and neurotrophin-3 and 4 (NT-3 and NT-4/5; [START_REF] Elkabes | Brain microglia/macrophages express neurotrophins that selectively regulate microglial proliferation and function[END_REF]for review Kettenmann, Hanisch, Noda, & Verkhratsky, 2011). It has been proposed that early survival of developing sensory neurons depends partly on local sources of neurotrophic factors (NFs), at the same time that neuritis growth (Ernsberger, 2009;Huang & Reichardt, 2001). However, a lack of local macrophages that produces NGF is unlikely to explain the lower numbers of TrkA DRGn in these mice. Indeed, deficit in TrkA DRGn observed in NGF mutant mice appears secondary to increased cell death (for review Ernsberger, 2009), which was not observed in our experiments. In NT-3 mutant animals, TrkC DRGn have disappeared entirely at E12.5/E13.5 (Coppola et al., 2001;Fariñas et al., 1998;Tessarollo, Vogel, Palko, Reid, & Parada, 1994), and BDNF mutant mice display TrkB and TrkA DRGn lost from E12.5 without evidence for a marked increase in their DCD (Liebl, Tessarollo, Palko, & Parada, 1997). Both findings of NT-3 and BDNF knockout mice do not correspond with our results. Finally, impairment of NT-4 gene expression does not lead to an increase in DCD or to significant change in DRGn count in the mouse embryos (Liebl, Klesse, Tessarollo, Wohlman, & Parada, 2000). Therefore, it is unikely that primitive macrophages allow TrkB and TrkC DRGn survival only by releasing BDNF, NT-3 or NT-4 during this developmental period.

Alternatively, this transitory increase in TrkC and TrkB DRGn DCD at E12.5 could be a compensatory process allowing the elimination of TrkC and TrkB DRGn produced in excess. Thus, enhancement of TrkC and TrkB DRGn DCD will be rather an indirect effect of primitive macrophages deprivation, in early (E12.5) and later stages (E14.5-E15.5). Moreover, we cannot exclude that in the absence of peripheral macrophages TrkC and TrkB DRGn will not properly succeed to reach their final targets being well known to be the main source of neurotrophins that promote cell survival at further DRG development. Thenceforth, more experiments should be necessary to investigate the underlying mechanisms involved in the regulation of DRG sensory neuron population development by primitive macrophages, being out of the scope of this paper. There is a neuronal turnover in the DRG through E11.5 to E15.5, when alongside to neurogenesis, the excess of newborn neurons undergoes DCD by apoptosis. Interestingly, at the beginning of DRG development (E11.5-E12.5), primitive macrophages that just populated the embryonic tissue, contact the axons of sensory neurons projected to the periphery. Likewise, microglial precursors do interact with sensory neurites into the DLR of the SC, by where the axons enter to be positioned in their specific SC laminae.

Evidences have been emerged for microglia, the central nervous-resident macrophages, to have essential roles on neuronal formation, differentiation, maturation and survival, as well as axonal projections. However, thus far, none has verified the prospective functions of macrophages in the peripheral nervous system. Therefore, in this manuscript, we aimed to clarify which sort of interaction exists between neuronal processes and primitive macrophages when neurogenesis and DCD is occurring in developing DRG of mice embryos. In this regard, the effects of macrophages absence, We first identified the localization of primitive macrophages as soon as they invade the embryonic tissue. At E10.5, when the circulatory system has been established [START_REF] Mcgrath | Circulation is established in a stepwise pattern in the mammalian embryo[END_REF], primitive macrophages are visualized in lumbar sections of mouse embryos around the SC (Rigato et al., 2011). At this stage, few hematopoietic stem cells are detected in the fetal liver and in AGM [START_REF] Orkin | Hematopoiesis: an evolving paradigm for stem cell biology[END_REF], what confirms those primitive macrophages are derived from YS progenitors.

At E11.5, YS-derived EMP have already colonized the fetal liver, giving rise to a large number of macrophages [START_REF] Mcgrath | Distinct Sources of Hematopoietic Progenitors Emerge before HSCs and Provide Functional Blood Cells in the Mammalian Embryo[END_REF]. Thus, more numerous, some of the primitive macrophages are found within SC parenchyma and others are positioned at the level of spinal nerves. There, into newly formed mixed fascicles (motor and sensory neurons), they make contact with axons of sensory neurons guided toward peripheral innervation. They equally contact TrkA + , TrkB + and TrkC + fibers.

Those macrophages display a rounded shape, are poorly ramified and endowed of phagosomes, a morphology typically of macrophages undifferentiated (Rigato et al., 2011;[START_REF] Santos | Embryonic and postnatal development of microglial cells in the mouse retina[END_REF]. Later on, at E12.5, more fetal macrophages contact the sensory fibers at the point of spinal nerve bifurcation, in peripheral and ventral branches, and display a larger shape with more vacuoles relative to E11.5 (Supplementary figure 1). By that time, the destination and localization of ending primary fibers were decided (Mirnics and Koerber, 1995) and then, mixed fascicles are splintered into motor and sensorial peripheral nerves. In addition, immature microglia are concentrating into DLR of SC, and establish contact with neurites of DRG neurons. By now, sensory neurites are about to invade the SC parenchyma to make connections with either interneurons, in the dorsal SC, and motoneurons in the ventral SC. Interestingly, in the meantime macrophages interact with sensory branches; neurogenesis and DCD take place within DRG. Hence, both phenomena were explored throughout this thesis bringing out new roles of macrophages on peripheral nervous system, as discussed hereafter. 

Absence of primitive macrophages/immature microglia disturbs the numbers of DRG sensory neurons

As expected, DRG area of control mice (PU.1 +/-) considerably increases with age from E11.5 through E14.5, time window that reflects cell proliferation in this region [START_REF] Gonsalvez | Proliferation and cell cycle dynamics in the developing stellate ganglion[END_REF].

Possibly due to cell death that occurs alongside (Sun et al., 2008), the size of DRG is reduced between TrkA Iba1 E12.5

E14.5 and 15.5, in both knockout and control mice. Moreover, macrophages-deprived animals have smaller DRG surface at E14.5 (PU.1 -/-and AFS98) and E15.5 (PU.1 -/-) compared to PU.1 +/-and vehicle mice. That suggests macrophages and/or immature microglia modulate somehow the pool of DRG cells. To investigate that, we quantified the numbers of sensory neurons identified by Trk immunostaining. Cell density is a correlation between cell number according to a defined area. As DRG area changes with embryonic age, exhibiting an expansion directly related to the number of cells, we analyzed neuronal numbers rather than their density. This was exemplified by the reduction in DRG area between PU.1 +/-and PU.1 -/-embryos at E15.5 related to a reduction in the number of TrkA sensory neurons although TrkA sensory neuron densities were almost identical.

We noticed that both TrkC + and TrkB + neurons, the first to be generated into DRG, develop alike in controls as their numbers partly reduce at early developmental stages (from E11.5 to E13.5) and keep constant until E15.5. In the absence of macrophages, this reduction is delayed of one day and begins between E12.5 and E13.5. In addition, though TrkB + and TrkC + cells are still more numerous at E11.5 in comparison to later ages in macrophages-deprived mice, they are fewer at E11.5 and more abundant at E12.5 compared to the control group. Afterwards, a mechanism takes place into DRG to recovery their numbers to normal levels. However, differently of TrkC + neurons, at E15.5, TrkB + neurons turn to decline in DRG of PU.1 -/-mice.

On the other hand, TrkA + population, the last neurons to be differentiated, increases from E11.5 to E14.5, and then slightly reduces at E15.5 in heterozygous mice. From E11.5 onwards, CAPderived cells enter the DRG, and most of them yield nociceptive neurons and satellite cells [START_REF] Ohayon | Zeb Family Members and Boundary Cap Cells Underlie Developmental Plasticity of Sensory Nociceptive Neurons[END_REF]. Thus, both NCC and CAP cells count to boost the time course of TrkA production. PU.1 -/- mice display an increase of TrkA + cells with a time delay of one day, i.e. between E12.5 and E13.5.

Moreover, TrkA differentiation is less important when primitive macrophages are missing. Together, these results show TrkC + and TrkB + cells reduce between E11.5-E13.5, whereas TrkA + neuronal amount increases with age, but further less in PU.1 -/-mice. We are interested in knowing whether this reduction comes from CAP cells proliferation or differentiation. Then, we propose to analyze Krox20 expression, a transcription factor expressed specifically by CAP cells (Maro et al., 2004), in order to identify if their amount is affected in the absence of macrophages. Yet, it could be interesting to verify if their differentiation in nociceptives is also disturbed. In this case, once within DRG, after neuronal differentiation, Krox20 protein cannot be identified anymore. Hence, in situ hybridization could be applied for staining Krox20 + cells that also co-express TrkA receptor in DRG of PU.1 embryos.

The receptors TrkB and TrkC can be co-expressed at early developmental stages (Fariñas et al., 1998;Kramer et al., 2006). Also, few TrkC + neurons co-express TrkA receptor at the onset of DRG formation with subsequent separation [START_REF] Mcmahon | Expression and coexpression of Trk receptors in subpopulations of adult primary sensory neurons projecting to identified peripheral targets[END_REF][START_REF] Wright | Neurotrophin receptor mRNA expression defines distinct populations of neurons in rat dorsal root ganglia[END_REF]. Transcription factors, such as Shox2 [START_REF] Abdo | Dependence on the transcription factor Shox2 for specification of sensory neurons conveying discriminative touch[END_REF] and Runx3 (Kramer et al., 2006) (Frade and Barde, 1998), hippocampus (Wakselman et al., 2008), cerebellum (Marín-Teva et al., 2004) and SC (Sedel et al., 2004). Based on results published up to now, the underlying mechanisms involve releasing of neurotrophins, such as NGF; cytokines, as TNF-α; and superoxide ions activity right after phagocytosis of apoptotic cell.

Neurotrophins are considered crucial during the DCD of sensory neurons for promoting neuronal survival. In this manuscript, we demonstrated that once macrophages are absent, a subset of neurons cannot survive, either because the anti-death signal is not present or because in the absence of the ligands, the receptors themselves trigger the cascade that results in cell death, as the case for TrkC and

TrkA receptors [START_REF] Nikoletopoulou | Neurotrophin receptors TrkA and TrkC cause neuronal death whereas TrkB does not[END_REF][START_REF] Tauszig-Delamasure | The TrkC receptor induces apoptosis when the dependence receptor notion meets the neurotrophin paradigm[END_REF].

Studies revealed that as soon as E10.5, TrkC + and TrkB + sensory neurons are generated and undergo cell death in a higher extent compared to TrkA + cells (Tessarollo et al., 1994;[START_REF] White | Synchronous onset of NGF and TrkA survival dependence in developing dorsal root ganglia[END_REF]. Normally, in control group, the DCD of TrkC + neurons starts at E11.5, exhibits a peak at E12.5

and decreases to lowest level at E15.5. At E12.5, their peripheral branches have already arrived at some of the final destinations, such as muscles [START_REF] Albuerne | Development of Meissner-like and Pacinian sensory corpuscles in the mouse demonstrated with specific markers for corpuscular constituents[END_REF][START_REF] Hasegawa | Analyzing somatosensory axon projections with the sensory neuron-specific Advillin gene[END_REF][START_REF] Hasegawa | Visualizing mechanosensory endings of TrkC-expressing neurons in HS3ST-2-hPLAP mice[END_REF] and then, render their survival dependent on target-neurotrophins releasing (Ernsberger, 2009;Fariñas et al., 1996), which could explain why TrkC death is higher at that time.

Intriguingly, TrkC + neurons of PU.1 -/-and AFS98 animals are more likely to undergo cell death at E12.5 than control ones. That could be an attempt to rectify the excess of TrkC + cells generated in macrophages lacking embryos. Contrary to heterozygous mice showing a slight reduction at E15.5, TrkC + DCD increased again in knockout mice. As for TrkC + sensory neurons, the DCD of TrkB + cells in controls is enhanced between E11.5 and E12.5, declined from E12.5 and remained constant until E15.5. Ablation of primitive macrophages/immature microglia had similar effects on the DCD of TrkC + cells and TrkB + cells but for TrkB + cells, the DCD rose again at E14.5 and E15.5 (only at E15.5

for TrkC + cells) and was accompanied by a reduction in healthy TrkB + cells at E15.5. Again, such an increase in the DCD of TrkB + cells at E12.5 could reflect a compensation process to clear the excess of TrkB + cells in mouse lacking primitive immune cells.

From E12.5 onwards, TrkC + and TrkB + sensory neurons have partially reached their final targets, uptaking neurotrophins to survive. In this context, macrophages could be considered as an additional source of neurotrophins for these neurons along the spinal nerve pathway or in the own targets, for instance, in the skin or muscles. Classical studies performed by Fariñas et al., (1998Fariñas et al., ( , 1996) ) and [START_REF] Elshamy | A Local Action of Neurotrophin-3 Prevents the Death of Proliferating Sensory Neuron Precursor Cells[END_REF] indicated NT-3 is required to prevent TrkC + , as well as TrkB + and TrkA + neurons from DCD during DRG formation [START_REF] Oakley | Muscle sensory neurons require neurotrophin-3 from peripheral tissues during the period of normal cell death[END_REF]. More recently, BDNF has been identified as another factor that protect DRG neuronal population, specially TrkB and TrkA expressing neurons (Ernfors et al., 1994a;Liebl et al., 2000). DRG nociceptors are also lost in a NGF ablation model [START_REF] Carroll | Dorsal root ganglion neurons expressing trk are selectively sensitive to NGF deprivation in utero[END_REF], although its effect in cell survival occurs at much later stages than NT-3 [START_REF] Buchman | Different neurotrophins are expressed and act in a developmental sequence to promote the survival of embryonic sensory neurons[END_REF][START_REF] Wright | Neurotrophic factors promote the maturation of developing sensory neurons before they become dependent on these factors for survival[END_REF]. To the contrary, NT-4 mutant mouse lost

TrkB + cells only at P0 (Liebl et al., 2000). All together, these findings suggest neurotrophins are indeed essential for neuronal survival throughout development. However, it is unlikely that eventual primitive macrophage-releasing neurotrophins may account for all the findings we have observed on DRG sensory neurons, since they did not fully recapitulate the defects of sensory neuron development resulted from corresponding neurotrophins knockout mouse. However, this do not rule out the hypothesis that primitive macrophages could transitory regulate DRG sensory neuron development through neurotrophin releasing at a defined developmental stage. To confirm this assumption, it should be relevant to investigate whether macrophages surrounding the ganglion express and release those neurotrophins at early stages, what would be essential for at least TrkC + and TrkB + neuron survival at E12.5. Performing in situ hybridization combined with immunohistofluorescence may clear this hypothesis. Indeed, our preliminary results using immunohistofluorescence show primitive macrophages express NT-4/5, BDNF (Supplementary figures 2 and 3) and IGF1 (data not sown) at E11.5 and E12.5; but do not express NT-3 (data not sown), GDNF nor NGF (Supplementary figures 4 and 5) from E11.5 onwards. It is tempting to speculate that these neurotrophins can intermediate macrophage-neuron communication in order to regulate the maturation of DRG. Another possibility would be performing FACS for primitive macrophages in distinct embryonic areas and then, analysis of gene expression. Although relevant to detect new candidates, such experiments would be rather challenging according to the small numbers of macrophages in early embryonic stage.

Finally, we cannot reject the hypothesis that primitive macrophages contacting peripheral nerves may have essential functions on the patterning of developing central and peripheral projections of mechanoreceptors and proprioceptors. Although macrophages repopulate embryonic tissue and reestablish the contact with peripheral nerves in AFS98 injected mice at E14.5, path finding decision is likely to occur before. To understand whether the growth and path finding decision of sensory neurons depend on macrophages, in toto immunostaining of DRG neuronal projections is required (light sheet imaging and embryo clearing techniques). One possibility to explain the increase in TrkB + and TrkC + sensory neuron DCD at latter developmental stages (E14.5-E15.5) could be that some sensory neurons failed to reach their proper targets in the absence of primitive macrophages and cannot have access to the source of neurotrophic factors that allow them surviving.

Contrarily to other sensory neurons, the DCD of TrkA + neurons steadily growths from E11.5 to E15.5, when TrkA + axons reach their final targets and become NGF dependent [START_REF] White | Synchronous onset of NGF and TrkA survival dependence in developing dorsal root ganglia[END_REF].

However, comparing TrkA DCD in PU.1 -/-and AFS98 administered groups with their respective controls, no difference is found, indicating that the reduced numbers observed for TrkA + neurons are mainly secondary to a defect on cell proliferation or differentiation. We do not find any macrophages within DRG of control animals (CX 3 CR1-GFP or Iba1 + cells), then, we exclude the idea that accumulation of apoptotic bodies is due to the absence of professional phagocytes in this region.

Otherwise, we confirmed previous results from Wu et al., (2009), who demonstrated glial precursors, rather than macrophages, are the responsible cells for clearing apoptotic debris within DRG. The quantity of healthy sensory neurons is a reflex of the total (healthy and caspase-3 positive ones).

Despite macrophages have been pointed as modulators of neuronal niche by either promoting or protecting neurons from death (for review, Marín-Teva et al., 2011), we do not consider that the DCD of DRG neurons is due to a direct effect of macrophages on cell death; except for TrkB + cells at E12.5 that is normalized after removing Caspase-3/TrkB positive cells. Our hypothesis is rather directed to a role of macrophages on cell proliferation and/or differentiation.

Deprivation of primitive macrophages/immature microglia alters the proliferation of precursor cells within DRG at E12.5

As the DCD was not enough to explain all our findings in the quantity of DRG sensory neurons in PU.1 -/-and AFS98 mice, we wondered whether the absence of primitive macrophages disturbs the proliferation and differentiation of neuronal precursors. It is a challenging issue to investigate the proliferation of only neuronal precursors since the markers for glial and neuronal precursors are also expressed in differentiated cells at the onset of DRG development. Thus, to distinguish neuronal from neural crest and glial precursors, we have used B-FABP (brain-specific fatty acid binding protein) antibody, which specifically detects glial precursors, satellite glia and Schwann cells in the PNS (Britsch et al., 2001). Apart from these cells, it lasts in DRG neuronal precursors and newborn neurons, which since differentiated, permanently withdraw the cell cycle [START_REF] Wakamatsu | Fate determination of neural crest cells by NOTCH-mediated lateral inhibition and asymmetrical cell division during gangliogenesis[END_REF]. There is no antibody that recognizes and distinguishes glial cells from their precursors at this stage, as GFAP marker identifies mature glia only from E15.5 onwards [START_REF] Shi | Nestin expression defines both glial and neuronal progenitors in postnatal sympathetic ganglia[END_REF]Woodhoo et al., 2004). However, according to Gonsalvez et al., (2015), the glial cells exiting the cell cycle and keeping B-FABP staining only appear from E13.5. Therefore, all B-FABP + cells are glial precursors in proliferation before E13.5.

The overall number of cells in proliferation, i.e. Ki67 + cells, remains constant amongst control embryos at E11.5 and E12.5, like was previously described by Gonsalvez and collaborators (2015). In PU.1 -/-, on the other hand, Ki67 + cells amount decreases between E11.5 and E12.5. Consequently, at E12.5, there are fewer proliferating cells into DRG of embryos deprived of macrophages. Besides, our results demonstrate that the proportion of neuronal and glial precursors in proliferation (B-FABP - Ki67 + and B-FABP + Ki67 + , respectively) maintains constant between E11.5 and E12.5 in control and knockout mice. Thus, proliferation of the two populations seems to be affected into DRG of PU.1 -/- mice. Then, we wondered whether reduced proliferation at E12.5 is consequent to changes in the pool of progenitors. However, we did not observe any difference of Sox10 + cells amount between PU.1 +/- and PU.1 -/-(Supplementary figure 6). Further, we investigated whether DRG Islet-1 + cells, namely newborn sensory neurons (Cui and Goldstein, 2000;Sun et al., 2008), was altered consequent to the reduction of cell proliferation evidenced at E12.5 in macrophages knockout mice. We observed a significant reduction in Islet-1 + neuronal amount at E11.5 in PU.1 -/-followed by normal levels at E12.5. This could be explained by few progenitor cells that last longer in the cell cycle compared to control group, resulting in less Islet + cells production.

Comparing control and knockout embryos, lacking primitive macrophages did not induce apoptosis of proliferating cells (Ki67 + cells colocalized with TUNEL staining, Supplementary figure 7). Since most TrkA + neurons are generated at E12.5, our results favor the hypothesis that TrkA + numbers decline consequent to reduced proliferation in PU.1 -/-mice. However, it would be worthy to analyze the proliferating rate of progenitor cells from E12.5 to understand why the number of nociceptive neurons remained lower in PU.1 -/-embryos after E13.5. Another possibility to explain our findings on sensory neuron under primitive macrophage deprivation, would be macrophages play fundamental function on neuronal specification. To test this hypothesis, we suggest performing fate mapping technique using BrdU administration with subsequent co-staining of the distinct Trk antibodies. This will allow pointing out if any errors occur in the specification of sensory neuron phenotypes in the absence of macrophages during DRG development. To better understand our results at E12.5, it could be also important to analysis P75 and Sox10 staining to determine whether the production of progenitors committed to neuronal lineage is delayed or maintain Sox10 expression when primitive macrophages are absent [START_REF] Sonnenberg-Riethmacher | Development and degeneration of dorsal root ganglia in the absence of the HMGdomain transcription factor Sox10[END_REF].

Conclusion

For the first time, the results of my thesis demonstrate that primitive macrophages can regulate neuronal organization in the PNS. Either primitive macrophage contacting peripheral neurites and/or immature microglial in the DLR of the SC contribute to the proper development of DRG sensory neurons. They may control neurogenesis and direct or indirectly, neuronal DCD. We suppose that the role of primitive immune cells is likely to be multifactorial and may implicate neurotrophins and cytokines well known to be released by macrophages and/or microglia, in addition to their phagocytic property during DCD. In the neurogenesis context, there is growing evidence that microglia play important roles on neuronal development, including proliferation, differentiation, survival as well as integration of newborn neurons into the pre-existing neuronal network [START_REF] Butovsky | Microglia activated by IL-4 or IFN-gamma differentially induce neurogenesis and oligodendrogenesis from adult stem/progenitor cells[END_REF][START_REF] Reshef | Microglia and their CX3CR1 signaling are involved in hippocampal-but not olfactory bulb-related memory and neurogenesis[END_REF]Sedel et al., 2004;[START_REF] Vukovic | Microglia modulate hippocampal neural precursor activity in response to exercise and aging[END_REF][START_REF] Ziv | Immune cells contribute to the maintenance of neurogenesis and spatial learning abilities in adulthood[END_REF]. However, it remains unclear whether peripheral macrophage can also regulate neuronal development.

Microglia-released factors, as TGF-β [START_REF] Battista | Neurogenic niche modulation by activated microglia: transforming growth factor beta increases neurogenesis in the adult dentate gyrus[END_REF] and IGF1 (Ueno et al., 2013) display a pro-neurogenic potential along the dentate gyros. Macrophages can do so due to a crosstalk existing between them and stem cell, e.g. through signaling from MIF and its receptors CD74/CD44, CXCR and CXCR4 [START_REF] Ohta | Macrophage migration inhibitory factor (MIF) promotes cell survival and proliferation of neural stem/progenitor cells[END_REF]. Likewise, neurons and microglia interact for instance through CX3CL1/CX3CR1 signaling [START_REF] Vukovic | Microglia modulate hippocampal neural precursor activity in response to exercise and aging[END_REF] or by activating the PPARγ signaling pathway [START_REF] Yuan | M2 microglia promotes neurogenesis and oligodendrogenesis from neural stem/progenitor cells via the PPARγ signaling pathway[END_REF]. Hence, a vast broad of genes expression by macrophages and microglia during embryonic period may be involved in the PNS development. RNA sequence technique may be useful, although challenging, to identify the most likely factors involved in the regulation by microphages on the developmental processes of sensory neuron subtypes.

In conclusion, we evidenced here that primitive macrophages/microglia can regulate NPS development as do microglia in the CNS. Thus, our results would help the scientific community to better understand immune-nervous system cross-talking, which is fruitful to propose new therapies for the treatment of neurodegenerative diseases.

  de la racine dorsale chez les embryons de souris par Monara Kaélle S. C. ANGELIM Les neurones des ganglions de la racine dorsale sont divisés en propriocepteurs qui transmettent les informations sur la position du corps, les mécanocepteurs qui transmettent les informations du touché, de pression et des vibrations et, les thermonocicepteurs qui transmettent les informations thermiques et douloureuses. Les récepteurs tyrosine kinase TrkC, TrkB and TrkA sont exprimés par les propriocepteurs, mécanocepteurs et thermonocicepteurs et répondent au NT-3, au BDNF et NT-4 et au NGF respectivement. Aux stades précoces du développement et tout au long de la différentiation du système sensoriel, les neurones en excès subissent une mort développementale par apoptose.

Finally
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FIGURE 1 |

 1 FIGURE 1 | Schematic diagram illustrating different levels of the body axis and the types of derivatives arising from neural crest at those levels. Source: Bronner, 2012.

FIGURE 2 |

 2 FIGURE 2 | Schematic picture of neurulation in mouse from E7.5-E10.5. The level of each section in the panel (b) indicates the location along a rostrocaudal embryonic axis, of the corresponding image in the line on (a). (1) The neural plate is a thickened epithelium formed from ectoderm and overlying the notochord; (2) Neural folds form as parallel ridges along the embryo and a neural groove forms in the center; (3) Neural folds meet at the midline to form the neural tube, and neural crest cells separate from the neural folds and begin to migrate away. (c) Migration routes and formation of DRG in mouse. From E9, neural crest-derived cells first migrate to ventrolateral pathway to generate DRG and sympathetic ganglia and later, they are directed to dorsolateral pathway to give rise to melanocytes. Around E12, sensory neurons fibers enter into spinal cord and establish contact in specific laminas in the neuroectoderm. Sensory neurons are well characterized in proprioceptors, nociceptors and mechanoreceptors (more details in the next chapter). DRG, drosal root ganglia.

FIGURE 4 |

 4 FIGURE 4 | Overview of genetic pathways involved in the induction of NPB up to EMT, prior to NCCs delamination. Neural crest specification occurs under intrinsic competence expressed by ANC specifiers. The arrows indicate the flow of the pathway, not direct transcriptional regulation. Source: Morales, 2005.

FIGURE 5 |

 5 FIGURE 5 | Summary of the structures cues and migration staging areas of trunk NCCs. (1) Trunk neural crest cells (tNCCs) delaminate and migrate along various streams. (2) Ventromedial pathway: Cells that express the receptors: Cxcl12, Enrb2/3, C3ar, GFRα and EdnrB are attracted, respectively, by the ligands Cxcr4, Neuregulin, C3a, GDNF and endothelin3. Finally, Slit factor repulse Robo expressing cells to enter in the gut. (3) Artemin attracts NCCs ventrally along intersomitic vessels. (4a) Ventromedial pathway across the somites: Eph2B and Sem3F signals repel EphA and Neuropilin1 expressing cells, respectively. (4b) From the dermomyotome, Slit and Sem3a repulse Robo and Neuropilin1 expressing cells, respectively, important to prevent cell migration from the sclerotome to the dermomyotome. (5) Dorsolateral pathway: Cells expressing EphB2 and EdnrB2 receptors are attracted by EphB1 and Endothelin proteins, respectively, to migrate between the dermomyotome and the ectoderm. a, dorsal aorta; a-scl, anterior sclerotome; dm, dermomyotome; ect, ectoderm; g, gut; nc, notochord; nt, neural tube; p-scl, posterior sclerotome; v, vein. Source: Vega-Lopez, 2017.

  and the expressing environmental factors. Concerning to the genome, McKinney et al., (2013) demonstrated sensory neural precursors upregulate (Epha3, Fgfr3, Pax3 and TrkC) and downregulate (Bmpr1a, Bmpr1b, Epha2, Pax3, Snail1

FIGURE 7 |

 7 FIGURE 7 | Diversification of DRG neurons during development.Different main lineages (outlined by color) of sensory neuron in mouse, all of them derived from neural-crest derived cells. Factors with question marks remain to be clarified and plus and minus signs refer to expression in some but not all neurons in the indicated subtype of neurons. Source:[START_REF] Lallemend | Molecular interactions underlying the specification of sensory neurons[END_REF] 

FIGURE 8 |

 8 FIGURE 8 | Segregation of TrkA + neurons through development. (a) Dynamic expression of Runx1 and neurotrophin receptors during segregation of peptidergic versus non-peptidergic neurons through embryonic and postnatal stages. (b) Expression of nociceptors specific factors. Purple arrow indicates Runx1 expression is maintained by TrkA signaling. Dashed arrow indicates Runx1 possibly has a direct in controlling expression of those molecules. Source: adapted from Liu and Ma, (2011);Woolf and Ma, (2007) 

FIGURE 9 |

 9 FIGURE 9 | Characterization of mechanosensory neurons in mammals. Mechanoreceptives subtypes are divided according to threshold sensitivity and encoding capability over specific kinds of mechanical stimuli. (a) Guard hair (G-hair) and down hair (D-hair) follicles contain nerve endings that form a circumferential array of unmyelinated nerve terminals derived from myelinated axons. These receptors are rapidly adapting (RA), low threshold (LT) afferents and detect light touch. (b) Meissner corpuscles occupy dermal ridges in the glabrous skin. They are RA and LT mechanoreceptors (LTMs) and transmit information about skin motion. (c) Pacinian corpuscles have the typical structure of an encapsulated receptor. They are RA LTMs that allow perception of distant events through transmitted vibrations. (d) Merkel cell-neurite complexes lie at the base of the epidermis and are formed of clusters of 50-70 cells connected to terminals of a myelinated Aβ axon. They function as slowly adapting (SA) LTMs and are responsible for form and texture perceptions. (e) Ruffini corpuscles lie in the dermis, with the distinct outer capsule surrounding a fluid-filled capsule space. They are SA cutaneous mechanoreceptors and contribute to the perception of object motion. (f,g) Free nerve endings and unmyelinated receptors terminate in the subepidermal corium. C-fibre LTMs (f) respond to innocuous tactile stimulation and signal pleasant stimulation in affiliative social body contact in humans. The perception of painful touch is initiated by high-threshold (HT) C-fibre and Aδ nerve endings (g), which can be mechanosensitive or polymodal in nature. Source: Delmas, 2011

FIGURE 10 |

 10 FIGURE 10| Central localization of DRG sensory fibers. Nociceptives neuronal afferents terminate in the mostly dorsal laminae, I and outer layer of lamina II (oII). Low-threshold mechanoreceptors project also to dorsal horn, in inter lamina IIi to V. Finally, the afferents that innervate muscle spindles project to ventral spinal cord to connect motor neurons directly, whereas the afferents that innervate golgi tendon organs connect interneurons at the intermediate zone of spinal cord. Source:[START_REF] Lallemend | Molecular interactions underlying the specification of sensory neurons[END_REF] 

FIGURE 11 |

 11 FIGURE 11 | Illustration of peripheral innervation of DRG sensory neurons in the skin. Cutaneous sensory nerves either terminate as free nerve endings or associated with mechanosensory end organs. Free nerve endings that terminate superficially in the epidermis are non-peptidergic (Ret + /IB4 + ) C-fibers, whereas peptidergic (TrkA + /CGRP + ) fibers are closer to the dermis-epidermis border. Mechanosensory nerves are associated with hair follicles, Merkel cells, Pacinian and Meissner corpuscles. Deflection or vibration of the hair follicle activate lanceolate endings from Ret/MafA, TrkB or TH neuron types and circular nerve endings from TrkB fibers and TrkA/CGRP fibers. Pressure activates nerve endings that are associated with Merkel cells and may derive from the TrkB population of mechanoreceptors . Merkel cells, and presumably the mechanosensory afferents that innervate them, are involved in texture discrimination tasks. Pacinian and Meissner corpuscles respond to vibration and skin motion, respectively, and activate nerve endings from Ret/MafA subpopulations. Source : Lallemend and Ernfors, 2012

FIGURE 12 |

 12 FIGURE 12 | Illustration of the major functions of Trk receptors. After binding neurotrophins, Trk receptors and the crosstalk with p75, G protein-coupled receptor, vanilloid receptor (VR1), and c-Ret induce different functions in the cell. Source:[START_REF] Huang | Trk Receptors: Roles in Neuronal Signal Transduction[END_REF] 

FIGURE 13 |

 13 FIGURE 13 | Representation of p75 and Trk receptors. The receptor p75 is a transmembrane glycoprotein of ∼75 kD composed by four cysteine repeats (CR1-CR4) in the extracellular domain. Its signaling occurs through cytoplasmic interactors. The Trk receptors are a transmembrane glycoprotein of ∼140 kD comprised of multiple repeats of leucine-rich motifs (LRR1-3), two cysteine clusters (C1, C2), two immunoglobulin-like domains (Ig1, Ig2) and a single transmembrane domain.TrkA has two different patches for NGF ligand, one seems to be the same for all family members and the other is specific for NGF/TrkA binding. P75 associates and can be coprecipitated with all three Trk receptors. Source :Bibel, 2000 

FIGURE 14 |

 14 FIGURE 14 | Illustration of main Trk signaling pathways involved in survival and neurite growth in neurons cells.After neurotrophin binding, Trk receptor is transphosphorylated. That results in the recruitment of many docking proteins, such as Shc, which activates Ras through Grb-2 and SOS, FRS-2, rAPS, SH2-B, and CHK, which activates MAPK, and PLCγ1. MAPK activity is also regulated through Raf, Rap1, SHP-2 and PKCd. The activation of the Ras/Raf/MEK/MAPK complex mediates neuritogenesis[START_REF] Stephens | Trk receptors use redundant signal transduction pathways involving SHC and PLC-gamma 1 to mediate NGF responses[END_REF]. Other docking molecules seem to form complexes with Grb2/SOS, such as rAPS and SH2-B, may be involved in neuronal differentiation[START_REF] Qian | N terminus of Sos1 Ras exchange factor: critical roles for the Dbl and pleckstrin homology domains[END_REF]. Trk activates PI-3K through Ras and Gab-1/IRS1/2. Once activated, PI-3K trigger PDK1/2 with subsequent Akt activation. Downstream signaling by PI3K activation is important for neuronal survival as results in the phosphorylation and inactivation of the proapoptotic protein BAD of the Bcl-2 as well as phosphorylation of Forkhead transcription factor that controls gene expression involved in cell death[START_REF] Brunet | Akt promotes cell survival by phosphorylating and inhibiting a Forkhead transcription factor[END_REF]. Source :[START_REF] Kaplan | Neurotrophin signal transduction in the nervous system[END_REF] 

FIGURE 16 |

 16 FIGURE 16 | Schematic representation of neuronal DCD. X indicates cell death. Source: Yamaguchi, 2015

  , but they do not have homologous in mammals.Neurotrophic factors are produced as pro-proteins with around 200 amino acids long, which contain a signal sequence for secretion. All of them, after proteolytic cleavage, release a mature C-terminal active peptide of 120 amino acids, in which 50% is identical. Then, they are secreted as dimers associated by non-covalent bonds[START_REF] Ernfors | Local and target-derived actions of neurotrophins during peripheral nervous system development[END_REF] to interact with at least one of the Trk receptor tyrosine kinases and/or p75 receptor[START_REF] Bothwell | Recent advances in understanding neurotrophin signaling[END_REF]. As mentioned in previous session, NGF binds to TrkA receptor, TrkB binds either BDNF or NT-4/5 and TrkC binds NT-3 (Fig 17). NT-3 can also interact, with a less affinity, with TrkB and TrkC receptors. When neurotrophins are less available, p75 potentiates TrkA activation (also TrkB somehow) and weaken the others Trk/ligands binding.

FIGURE 18 |

 18 FIGURE 18 | Representation of transport and secretion of neurotrophins. (a) Neurotrophins and Trk receptors are synthetized in the cell body and transported in secretory granules and post-Golgi vesicles to the postsynaptic dendrites or presynaptic nerve terminals, a process regulated by synaptic activity. The neurotrophins bind and activate Trk receptors in the pre-or postsynaptic membrane. (b) The complex resulted can be internalized by endocytosis and can be antero-and retrogradely transported to distant parts of the neurons. This form of transport provides a mechanism for longrange interneuronal molecular signaling in the neural network. Source : Poo, 2001

  Although non activated TrkA and TrkC can cause cell death (Nikoletopoulou et al., 2010), TrkB does not. The localization of TrkB is not the same of TrkA/C into the membrane. Whereas TrkA and TrkC colocalize with p75 in lipid rafts, TrkB receptor associates with p75 out of lipid rafts (Fig 20), whichcould probably explain the differences in death-trigger function between these receptors[START_REF] Dekkers | Cell biology in neuroscience: Death of developing neurons: new insights and implications for connectivity[END_REF]. It is concluded that factors other than TrkB expression, such as p75 receptor, may predispose these neurons to die.

FIGURE 20 |

 20 FIGURE 20 | Localization of Trk and p75 receptors in cell membrane. TrkA, TrkB and TrkC receptors are all associated with p75. A critical step for TrkA and TrkC induce apoptosis is the release of the intracellular death domain of p75 by the protease γ-secretase, which is localized in lipid rafts. TrkA and TrkC receptors are associated with p75 in lipid rafts, while TrkB is not.Source:[START_REF] Dekkers | Cell biology in neuroscience: Death of developing neurons: new insights and implications for connectivity[END_REF] 

FIGURE 19 |

 19 FIGURE 19 | Neurotrophin requirements by DRG sensory neurons for survival during development Prenatal Neonatal Postnatal E11 -E13 E14 -E17

FIGURE 21 |

 21 FIGURE 21 | Distribution of tissue-resident macrophages. (a) Representation of macrophage origin during embryogenesis and postnatal stages. Technics using Csf1r CreER and Runx1 CreER allow identification of yolk-sac-derived macrophages, whereas Flt3 Cre identifies monocyte-derived lineage. So far, no specific tools have been found to investigate

FIGURE 24 |

 24 FIGURE 24 | Developmental regulation of hematopoiesis in mouse. (a) Hematopoiesis first occurs in the yolk sac blood islands, and later in the aorta-gonad-mesonephros (AGM) and fetal liver. (b) Each location participates in different blood lineages. ECs: endothelial cells; RBCs: red blood cells; HSC: hematopoietic stem cells; LT-HSC: long term HSC; ST-HSC: short term HSC; CMP: common myeloid progenitor; CLP: common lymphoid progenitor; MEP: megakaryocyte/erythroid progenitor; GMP: granulocyte/macrophage progenitor. (c) Developmental time window for shifting sites of hematopoiesis.Source:[START_REF] Orkin | Hematopoiesis: an evolving paradigm for stem cell biology[END_REF].

FIGURE 25 |

 25 FIGURE 25 | Regulation of definitive hematopoiesis to generate macrophages. (a) Macrophages differentiation gets through defined myeloid progenitors stages from hematopoietic stem cells (HSC) and involving common myeloid progenitor (CMP), granulocyte/macrophage progenitor (GMP) and macrophage/dendritic cell progenitor (MDP). (b) The transcription factor PU.1 is successively competing with other lineage-specific transcription factors over the course of macrophage differentiation. (c) The cell identity is defined by the expression levels of particular transcription factors, in which C/EBPa, PU.1, and Maf are the principals in myeloid and macrophage differentiation. Source: Molawi, 2013.

FIGURE 26 |

 26 FIGURE 26 | The three steps of apoptotic cell removal. (a) Dying cell attract phagocytes by releasing "find-me" signals.(b) At this site of action, the phagocyte recognizes "eat-me" signals on its prey. Thus, the absence of "don't eat-me" signals leads to the internalization of the apoptotic cell corpse. (c) Once the apoptotic body is ingested, the phagocyte release antiinflammatory cytokines, like IL-10 abd TGF-β, thus creating an anti-inflammatory surrounding. Source:[START_REF] Lauber | Clearance of apoptotic cells: getting rid of the corpses[END_REF] 

FIGURE 27 |

 27 FIGURE 27 | Molecular actors of neuron to microglia communication. The information between microglia and neurons is achieved through contact or by secreted mediators. Source: Bassis, 2007.

FIGURE 28 |

 28 FIGURE 28 | Microglial cells and neuronal death during CNS development in different regions. (a) Primitive macrophages/amoeboid microglia phagocyte undifferentiated cells as proliferating neuroepithelial cells (NCs) and postmitotic neuroblasts (NBs) during DCD throughout CNS. (b) Retinal primitive macrophages release NGF that in turn induces cell death by binding the p75 receptor. (c) Primitive macrophages/amoeboid microglia clear apoptotic bodies after differentiated neurons (DN) undergo cell death due to the lack of neurotrophic factors. (d) Primitive macrophages in adjacent somites release TNFα, able to commit differentiating motor neurons (MNs) to die, in the spinal cord. Two days after TNFα signaling, MNs die and their debris are phagocytosed by primitive macrophages/amoeboid microglia in the ventral spinal cord. (e) Dying neurons in the hippocampus and cerebellum show "find-me" and "eat-me" signals that attract microglial cells to phagocyte them. Upon engulfment, microglia promote neuronal death by effectors such as superoxide ions. Source: Marin-Teva, 2011.

FIGURE 29 |

 29 FIGURE 29 | Microglia roles in neuronal death in the postnatal CNS. In a steady state, ramified microglial cells are able to phagocyte neuronal debris without an overt morphological activation. Upper part of the figure shows newborn neurons that undergo apoptosis in the subgranular zone of hippocampus are phagocyted by unchallenged microglia. Through activation (low part of figure) by "danger" signals (DAMPs, see text); the balance between "on" and "off" signals is altered allowing the activation of microglia. Depending on the level and type of activation, microglia can adopt either a neuroprotective (left) or neurodentrimental phenotype (right). Source: Marin-Teva, 2011

  The proportion of DRGn expressing TrkC and TrkB (TrkC DRGn and TrkB DRGn) is transitory while the population of DRGn expressing TrkA (TrkA DRGn) increases in mouse embryo from E11.5. TrkC and TrkB DRGn population increases between E9.5-E10 and E11.5 and then decline from E12.5
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 1 FIGURE 1: Primitive macrophages contact sensory neuron peripheral neurite extensions in
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 23 FIGURE 2: Immature microglia and primitive macrophages contact neurite extensions of

FIGURE 4 :

 4 FIGURE 4: Comparison of the development of dorsal root ganglia area in slices from E11.5 to E15.5 in PU.1 +/-mouse embryos and PU.1 -/-mouse embryo.

FIGURE 5 :

 5 FIGURE 5: Numbers of dorsal root ganglion sensory neurons subtypes was altered in PU.1 -/-

FIGURE 6 :

 6 FIGURE 6: Area of dorsal root ganglion and sensory neuron numbers were altered in embryos

FIGURE 7 :

 7 FIGURE 7: Developmental cell death of TrkC and TrkB sensory neurons was affected in PU.1 -/-

FIGURE 8 :

 8 FIGURE 8: Depletion of macrophages using AFS98 alters the developmental cell death of TrkC

FIGURE 9 :

 9 FIGURE 9: Glial precursors clear apoptotic debris within dorsal root ganglion during

FIGURE 10 :

 10 FIGURE 10: The proportion of glial precursors engaged in the cell cycle is maintained at E11.5 and E12.5 in PU.1 -/-embryos while the rate of proliferation is reduced at E12.5.
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 11 FIGURE 11: Macrophages ablation transiently reduces newborn sensory neuron population at
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 167 FIGURE 1: Primitive macrophages contact sensory neuron peripheral neurite extensions in

  using PU.1 knockout mice and transiently antibody-mediated macrophage ablation, were verified by immunohistofluorescence and posterior confocal images analysis. The main results of this thesis are represented in the Fig 34. Primitive macrophages interact with dorsal root ganglion axonal projections into spinal nerve and immature microglia do so in the dorsolateral region of the SC

FIGURE 34 |

 34 FIGURE 34 | Summary of dissertation results. ê reduction; é increased; -, no effect; N, numbers, E, embryonic day; gray cells, results from AFS98 group.

  are known to turn off one or another Trk subtype to vary and establish DRG populations into single TrkC, TrkB and Ret expressing cells. Thus, it is pretty interesting to known when those Trk receptors are co-expressed during DRG development of PU.1 -/-embryos to detect any defect in their specification. We cannot rule out the possibility that the establishment of a single Trk-expressing phenotype could result in the reduction of a sensory neuron subset and, consequently, favoring another neuronal subclass.Recognized transcription factors may be implicated in this process and their expression should be investigated in an environment that macrophages are missing.Accordingly to PU.1 -/-results, macrophage-neuronal interactions seem to be relevant for early specification of DRG sensory neurons, including adjustments of TrkA + numbers. The reduction of TrkA + neurons (the most numerous in the DRG) could explain the smaller expansion of DRG surface in those mice. Consistent with our results, it is likely that peripheral macrophages/immature microglial cells somehow favor TrkA expression. Probably they are implicated in turning off neuronal expression of TrkC and/or TrkB receptors to benefit TrkA phenotype in a set of co-expressing neurons. Then, although macrophages interfere in the sensory neuron specification only at the beginning of DRG development, this could lead to long-lasting changes in DRG during its development. These modifications of neuronal numbers in the absence of primitive macrophages and/or immature microglia could be also explained by the alteration of sensory neuron developmental cell death or precursor proliferation within DRG. Absence of primitive macrophages/immature microglia induces TrkB + and TrkC + neuronal development cell death It is generally accepted that immature microglial cells are capable of regulating neuronal death during development, what was evidenced in the retina
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  Wnt or to inhibit BMP expression indirectly regulating NC development. Notch/Delta interaction activates the Notch intracellular domain which binds to CSL transcription factors to activate expression of the NPB gene Hairy2 (in frog) or BMP, indirectly inducing neural crest (in chick). Wnt binds to the frizzled and LRP5/6 receptors which allows the accumulation of β-catenin in the cell. β-catenin binds to the Wnt effector TCF/LEF to activate NPB gene Pax3/7 that induce neural crest genes. Gray arrows indicate the consistent requirement for these signaling pathways throughout neural crest development. Source: Rogers et al, 2012.

FIGURE 3

| Signaling pathways involved in authentic neural crest cell induction. From left to right: BMP activates Smad proteins that interact with co-Smad to activate transcription of neural plate border (NPB; Msx1,2) and neural crest specifier (Snail2) genes. Retinoic acid (RA) functions as a transcriptional regulator to posteriorize neural tissues, and inhibits BMP signaling and expression of FGF and Wnt. FGF signals through one of its three downstream pathways (Akt, PLCγ, Ras/Erk) to activate expression of

TABLE 1 | Genetic Expression Involved in Neural Crest-derived Cells Specification

 1 

  02

	Migration	
	Notch	(Noisa et al., 2014)02
	Slit/Robos	(Jia et al., 2005)02
	Differentiation	
	P75	(Z.-L. Hu et al., 2011; Rifkin, Todd, Anderson, & Lefcort, 2000)02
	Wnt1, BMP	(H.-Y. Lee et al., 2004)02
	Foxs1	(Montelius et al., 2007)02

Notch

[START_REF] Morrison | Transient Notch activation initiates an irreversible switch from neurogenesis to gliogenesis by neural crest stem cells[END_REF][START_REF] Taylor | Physiological Notch signaling promotes gliogenesis in the developing peripheral and central nervous systems[END_REF]

)02

FIGURE 6 | Schematic representation of three waves of neurogenesis in DRG sensory lineage of chick embryos. (a) Early

  

				and late
	migrating NNCs originate mainly large and
	small diameter neurons, respectively. Boundary
	cap cells (BCC) are responsible for the latest
	small neurons generated and also contribute to
	glial cells in the DRG during development. (b)
	The first wave of neurogenesis is characterized
	by multipotent NCCs generating large neurons
	in a Ngn2-dependent way. Then early migrating
	NCCs	specify	in	proprioceptors	and
	mechanoreceptors. (c) High proliferating NCCs
	migrating later to DRG are Ngn1-dependent and
	give rise mainly to DRG small neurons, but also
	to large sensory neurons. (d) BCCs are
	identified in the boundary of dorsal root entry
	zone of the spinal cord. (e) BCCs proliferate
	and enter into DRG to originate mainly small
	nociceptors and glial cells. Source: Marmigère
	and Ernfors, 2007.			

TABLE 2 | Major Events in the Discovery and Characterization of Neurotrophins* 1934

 2 Hamburger carried out transplantation experiments with a tumor, sarcoma 180, and discovered that sympathetic and sensory ganglia remote from the tumor and not connected with it by nerve fibers were also enlarged greatly. This suggested involvement of a diffusible factor.

	1954	Levi-Montalcini, Meyer, and Hamburger developed an in vitro assay that used explanted
		sympathetic ganglia. Ganglia cocultured with fragments of tumor cells lacking any physical
		contacts between the two exhibited massive outgrowth of nerve fibers (Fig. 19.2). The extent and
		density of outgrowth provided a rapid quantitative bioassay for subsequent attempts to isolate and
		purify the tumor factor.

Hamburger discovered that removal of the limb bud in the chick embryo resulted in reduced numbers of sensory and motor neurons in the spinal cord and suggested that targets in the limb are the source of signals that control neuronal development and that travel retrogradely in axons to their respective centers.

1942

Levi-Montalcini and Levi showed that early limb bud removal reduced the number of sensory and motor neurons and proposed that the hypothetical target-derived signals act to maintain the survival of differentiating neurons.

1953

Levi-Montalcini and

FIGURE 17 | Illustration of neurotrophins interactions with their receptors. TrkA

  

	receptor binds NGF,
	TrkB is activated by either BDNF and
	NT4 and NT-3 binds TrkC, although it
	can also activate the other two Trk
	receptors. All neurotrophins bind to and
	activate p75 neurotrophin. Recent
	studies point to a9b1 integrin as a third
	receptor for NGF.
	Source : Skaper, 2017

TABLE 3 |

 3 Effects

of neurotrophins and respective receptors on somatosensory neurons. Innervation includes presence of axons, axon branching, and presence of Merkel cells

  

. OE, overexpressor; êdecreased; éincreased; -no change compared with wild-type. Source: Reed-Geaghan, 2011

Proprioception

Low-

threshold touch Low-threshold touch Noci-, thermo- and pruriception Noci-, thermo- pruriception and pleasant touch Model All Neurons

  

	Aα	Aβ-RA	Aβ-SA	Aδ	C	Innerva tion	References

TABLETable 1 : Primary antibodies

 1 

	Primary antibody	Company	Reference	Host/Isotype	Dilution	Secondary antibody/ dilution
	TrkA	R&D System	AF1056	Goat polyclonal	1:100	
	TrkB	R&D System	AF1494	Goat polyclonal	1:200	Donkey anti-goat (1:500)
	TrkC	R&D System	AF1404	Goat polyclonal	1:200	
	Caspase-3	Cell Signaling	9661	Rabbit polyclonal	1:1000	Donkey anti-Rabbit (1:500)
	Iba1	WAKO	019-19741 Rabbit polyclonal	1:1000	Goat anti-Rabbit
	BFABP			Rabbit polyclonal	1:1000	(1:1000)
	Ki67	BD Pharmingen		Mouse IgG1	1:100	
	TUJ1	BioLegend	801201	Mouse IgG2a	1:1000	Goat anti-mouse IgG1/2a/2b (1:500)
	Islet-1	DSHB	39.4D5	Mouse IgG2b	1:100	

The authors thank Dr Thomas Müller (Max-Delbrück-This work was supported by AFM grants n°18564 and 20445 (M Angelim), FRM grant DEQ20160334891, INSERM CNRS and Ciências sem Fronteiras n° 6086-13-6, CAPES, Brazil (M Angelim).

Sensory neurons DCD occurs at early developmental stages in the mouse embryo (Rigato et al., 2011) and is known to regulate the size of the population of DRGn subtypes (Ernsberger, 2009;Fariñas et al., 1996). A change in DRGn DCD might explain alterations in the development of TrkC, TrkB or TrkA DRGn populations observed in embryos lacking primitive macrophages (figures 5 and 6). Because microglia are known to regulate the DCD in several areas of the CNS, including embryonic SC (Bessis et al., 2007), we determined to what extent deletion of primitive macrophages affects the DCD of TrkC, TrkB and TrkA DRGn. To address this question, we performed double staining using antibodies directed against activated caspase-3 and TrkC, TrkB or TrkA (figures 7A1, B1 and C1).

Developmental cell death of TrkC, TrkB and TrkA DRGn was analyzed in PU.1 -/-and PU.1 +/-embryos from E11.5 to E15.5. As shown in figure 7, the proportion of DRGn immunoreactive (DRGn-ir) to activated caspase-3 increased in PU.1 +/-embryos and PU.1 -/-embryos, from E11.5 to E12.5. In PU.1 +/- embryos, the proportion of dying TrkC and TrkB DRGn significantly increased from 0.1 ± 0.06 % (n = 41) and from 0.4 ± 0.1 % (n = 43), respectively at E11.5 to 8.99 ± 0.9 % (n = 30) and to 7.3 ± 1.3 % (n = 30), respectively at E12.5. In PU.1 -/-embryos, the proportion of TrkC (13.35 ± 0.8 % ;n = 40) and TrkB (12.7 ± 1.2 % ; n = 36) DRGn-ir to caspase-3 was significantly increased at E12.5 (P < 0.01 and P < 0.001, respectively), comparing to PU.1 +/-group (figures 7A2 and B2). At E11.5 it was 0.46 ± 0.1 % (n = 41) for TrkC DRGn and 0.5 ± 0.2 % (n = 43) for TrkB DRGn in PU.1 -/-embryos.

Remarkably, the percentage of dying TrkC and TrkB DRGn decreased in PU.1 -/-embryos to reach values obtained in PU.1 +/-embryo. (p > 0.1) between E12.5 and E13.5 (Figures 7A2 and 7B2). Contrary to PU.1 +/-embryos, DCD of TrkC and TrkB DRGn in PU.1 -/-embryo increased again at E15.5 for TrkC and from E14.5 for TrkB DRGn (Figures 7A2 andB2). The percentage of TrkC DRGn-ir to caspase-3 at E15.5 was significantly (P> 0.01) ≈ 4 times higher in PU.1 -/-embryos (4.6 ± 0.9 %; n = 39) than in PU.1 +/-littermates (1.2 ± 0.3 %; n = 41). For TrkB DRGn, the percentage of dying cells at E14.5 was ≈ 1.8 times higher (P> 0.05) (8.3 ± 1.1 %; n = 38) and ≈ 1.9 times higher (P> 0.01) at E15.5 (8.5 ± 0.9 %; n = 51) in PU.1 -/-embryos when compared to PU.1 +/-littermates (E14.5: 4.7 ± 0.06 %; n = 57; E15.5: 4.4 ± 0.7 %; n = 40). It must be noted (figure 7A2) that the percentage of dying TrkC DRGn in PU.1 +/-embryos decreased ≈ 4 times from E14.5 (4.6 ± 0.6 %; n = 64) to E15.5 DCD.

Alterations pointed here for the DCD cannot explain the higher number of healthy TrkC DRGn at E12.5 and the deficit in TrkA DRGn observed in PU.1 -/-embryo between E12.5 and E15.5. DCD cannot neither account for the decrease in the number of TrkC and TrkB DRGn observed in both PU.1 -/-and PU.1 +/-embryos between E11.5 and E12.5, since very rare DRGn were dying at E11.5 (figures 7A and B).

Cell proliferation and primitive macrophage cell ablation.

Neuronal reduction observed for TrkC and TrkB cells in the absence of primitive macrophages at E11.5 and TrkA at E12.5 could result from an alteration in the proliferation rate of progenitor cells.

Progenitor cells and glial precursors into DRG share expression of several markers, including B-FABP and Sox10 [START_REF] Kurtz | The expression pattern of a novel gene encoding brain-fatty acid binding protein correlates with neuronal and glial cell development[END_REF]Woodhoo et al., 2004). Expression of B-FABP is preferentially found by both glial progenitors and early differentiated glial cells [START_REF] Kurtz | The expression pattern of a novel gene encoding brain-fatty acid binding protein correlates with neuronal and glial cell development[END_REF]Woodhoo et al., 2004;Zirlinger, Lo, McMahon, McMahon, & Anderson, 2002). Then, B-FABP negative cells are likely to be either neuronal progenitor cells or undifferentiated multipotent stem cells. Next, we analyzed cell proliferation in DRGs by performing double immunostaining for B-FABP and Ki67 at E11.5 and E12.5 in PU.1 embryos (figures 10A, B, C, D).

The total number of Ki67 positive nuclei at E11.5, was not significantly different between PU.1 -/- (166.5 ± 6.9 n = 61) and PU.1 +/-groups (170.9 ± 5.8 n = 63), remaining constant in PU.1 +/-(p > 0.1) from E11.5 to E12.5 (E12.5: 160.6 ± 6.9 n = 56; Figure 10F). However, this was not the case for PU.1 - /-embryos, which exhibited a decrease (p<0.01) in Ki67 positive nuclei between E11.5 and E12.5.

Because of that, Ki67ir cells was fewer in PU.1 -/-DRG (E12.5: 134.8 ± 4.5 n = 60 ; p < 0.001) than the values obtained in PU.1 +/-littermates at E12.5. These results indicate that the proliferation rate of precursor cells did not change in PU.1 +/-from 11.5 to E12.5, as previously shown in wildtype embryos (Gonsalvez et al., 2015). The proportion of Ki67-positive nuclei that colocalized with B-FABP staining was strongly correlated in both PU.1 +/-(≈ 86% at E11.5 and E12.5) and PU.1 -/-(≈ 82% at

CONCLUSIONS

By evidencing that the early development of sensory neuron can be altered by primitive macrophages and/or immature microglia deprivation, our study reveals for the first time that these immune cells modulate the development of the peripheral nervous system in several ways as do microglial cells in the CNS. Our work gives also important information for further studies aiming at deciphering the different mechanisms involved in these developmental processes. It is unclear whether peripheral primitive macrophages and immature microglia are both engaged in these processes. However, as also suspected for microglia in the CNS, it is conceivable that they may have multiple functions depending on their location at a given developmental stage.
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GENERAL DISCUSSION AND PERSPECTIVES

Supplementary Images

Supplementary Figure 1: Primitive macrophages display a more ramified morphology when interacting with peripheral axons of sensory neurons at E12.5.

In green, sensory neuronal fibers expressing TrkA receptor; in red, Iba1 + macrophages. Right and left, neurites extensions into spinal nerve of E11.5 and E12.5 embryos, respectively. Note that there are more macrophages contacting fibers of sensory neurons at E12.5 and they display a morphology more ramified. Scale bar: 50µm. In red, TUNEL staining and in green, Ki67 + cell nuclei into dorsal root ganglion at E12.5. Note that there is no colocalization between both piknotic nuclei and Ki67 + nuclei within the ganglion, indicating proliferating cells do not undergo death at this age. Scale bar: 100µm.
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