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I. Introduction

Exchanges of anterograde and retrograde signals between synaptic connections serve to adjust input-to-output. In the absence of bi-directional trans-synaptic signaling, the changes of synaptic strength would decay and information lost [START_REF] Harris | Stability of the fittest: organizing learning through retroaxonal signals[END_REF]. As a result, the anterograde signaling in target post-synaptic cells should be consolidated by back-propagating signals in the target pre-synaptic cells. To be efficient, trans-synaptic signals shall present specific features: (i) it shall be produced in a limited amount; (ii) it shall be dependent on synaptic activity; (iii) it shall be poorly diffusible; (iv) it shall be emitted when pre-and post-synaptic activities are correlated; (v) receptors shall emit specific signaling on every sides of the synapse via anterograde and retrograde pathways.

For decades, evidence were collected to demonstrate that neurotrophins operate in a trans-synaptic and bi-directional fashion for regulating synaptic plasticity and strength within active but not resting neuronal networks [START_REF] Autry | Brain-derived neurotrophic factor and neuropsychiatric disorders[END_REF][START_REF] Bennett | Stress and trauma: BDNF control of dendriticspine formation and regression[END_REF][START_REF] Castren | Neuronal plasticity and neurotrophic factors in drug responses[END_REF][START_REF] Choi | Synaptic and circuit development of the primary sensory cortex[END_REF][START_REF] Cohen-Cory | Brain-derived neurotrophic factor and the development of structural neuronal connectivity[END_REF][START_REF] Hao | Underlying Mechanisms of Cooperativity, Input Specificity, and Associativity of Long-Term Potentiation Through a Positive Feedback of Local Protein Synthesis[END_REF][START_REF] Lessmann | Neurotrophin-dependent modulation of glutamatergic synaptic transmission in the mammalian CNS[END_REF][START_REF] Lu | Neurotrophins and hippocampal synaptic transmission and plasticity[END_REF]Panja and Bramham, 2014;[START_REF] Park | Neurotrophin regulation of neural circuit development and function[END_REF][START_REF] Poo | Neurotrophins as synaptic modulators[END_REF][START_REF] Tyler | From acquisition to consolidation: on the role of brain-derived neurotrophic factor signaling in hippocampal-dependent learning[END_REF]. Two examples: (i) anterograde spread of the trans-synaptic neurotrophin rescued the lack of input activity on post-synaptic cells [START_REF] Chen | Glutamatergic axonderived BDNF controls GABAergic synaptic differentiation in the cerebellum[END_REF][START_REF] Du | Long-range retrograde spread of LTP and LTD from optic tectum to retina[END_REF], and (ii) retrograde transport of target-derived neurotrophin via signaling endosomes can extend from axon terminals to dendrites where it instructs molecular composition of postsynaptic densities [START_REF] Sharma | Long-Distance Control of Synapse Assembly by Target-Derived NGF[END_REF]. Of all the neurotrophins, brain derived neurotrophic factor (BDNF) is best characterized. BDNF is available in limited supply at the synapse. Bulk BDNF is extrasynaptic [START_REF] Swanwick | Synaptic and extrasynaptic localization of brain-derived neurotrophic factor and the tyrosine kinase B receptor in cultured hippocampal neurons[END_REF], secreted upon synaptic activity [START_REF] Nagappan | Activity-dependent modulation of the BDNF receptor TrkB: mechanisms and implications[END_REF], and captured by receptors lacking the tyrosine kinase domain on astrocytes upmost and neurons [START_REF] Bergami | Uptake and recycling of pro-BDNF for transmitter-induced secretion by cortical astrocytes[END_REF][START_REF] Biffo | Selective binding and internalisation by truncated receptors restrict the availability of BDNF during development[END_REF][START_REF] Stahlberg | Visualizing BDNF cell-to-cell transfer reveals astrocytes are the primary recipient of neuronal BDNF[END_REF]. Yet, the synapse is its primary site of actions on neurons [START_REF] Song | BDNF at the synapse: why location matters[END_REF]. BDNF packed in dense core vesicles of the presynapse ensures anterograde signaling [START_REF] Dieni | BDNF and its pro-peptide are stored in presynaptic dense core vesicles in brain neurons[END_REF] whereas dendritic BDNF in the post-synapse and in microglia contribute to the anterograde signaling [START_REF] Hedrick | Rho GTPase complementation underlies BDNF-dependent homo-and heterosynaptic plasticity[END_REF][START_REF] Parkhurst | Microglia promote learningdependent synapse formation through brain-derived neurotrophic factor[END_REF].

The paucity of neurotrophins results from an active process with temporal and spatial resolutions that permits synaptogenesis and competition between synapses of different projecting axons [START_REF] Cohen-Cory | Brain-derived neurotrophic factor and the development of structural neuronal connectivity[END_REF][START_REF] Snider | Are neurotrophins synaptotrophins?[END_REF]. This is essential for synaptic scaling of both excitatory and inhibitory neurons to maintain homeostasis [START_REF] Gottmann | BDNF signaling in the formation, maturation and plasticity of glutamatergic and GABAergic synapses[END_REF] but also for synaptic potentiation, including the induction, maintenance and consolidation phases [START_REF] Poo | Neurotrophins as synaptic modulators[END_REF]. Therefore, it is interesting that synaptic priming with BDNF can convert weak synaptic activity into robust potentiation by post-synaptic mechanisms [START_REF] Figurov | Regulation of synaptic responses to high-frequency stimulation and LTP by neurotrophins in the hippocampus[END_REF][START_REF] Kovalchuk | Postsynaptic Induction of BDNF-Mediated Long-Term Potentiation[END_REF][START_REF] Wierenga | Postsynaptic expression of homeostatic plasticity at neocortical synapses[END_REF].

One way to restrict neurotrophin responsiveness to active synapses is to pair neurotrophin signaling with neuronal activity [START_REF] Boulanger | Gating of BDNF-induced synaptic potentiation by cAMP[END_REF][START_REF] Tanaka | Protein synthesis and neurotrophin-dependent structural plasticity of single dendritic spines[END_REF]. Neuronal activity originating from both pre-and post-synaptic sides can stimulate the secretion of neurotrophins, which may result in strengthening and maintenance of active synapses [START_REF] Castren | Neuronal plasticity and neurotrophic factors in drug responses[END_REF][START_REF] Jakawich | Local presynaptic activity gates homeostatic changes in presynaptic function driven by dendritic BDNF synthesis[END_REF]. In contrast, synapses with unsynchronized activity between the pre-and post-synaptic terminals do not receive neurotrophin support and are weakened [START_REF] Jakawich | Local presynaptic activity gates homeostatic changes in presynaptic function driven by dendritic BDNF synthesis[END_REF][START_REF] Poo | Neurotrophins as synaptic modulators[END_REF][START_REF] Snider | Are neurotrophins synaptotrophins?[END_REF]. This chapter will enumerate the attributes that permit BDNF to instruct circuitspecific responses devised to enforce circuit adaptation to changing environment (e.g. behavior, perception-anticipation, drugs, diseases). Neurotrophin responses rely on a trans-synaptic molecular system consisting of multiple ligands and receptors, which specificity, sensitivity and location matter [START_REF] Song | BDNF at the synapse: why location matters[END_REF].

II. One neurotrophin, three ligands at the synapse

Neurotrophins are synthetized as precursors (proneurotrophins) with a N-terminal prodomain and a C-terminal mature domain. Classically, neurotrophins must be cleaved off their prodomains to be operational. That is to promote synaptic and non-synaptic growth and differentiation via rapid signaling routes and long lasting changes in gene transcription (see other reviews [START_REF] Gonzalez | Cellular and molecular mechanisms regulating neuronal growth by brain-derived neurotrophic factor[END_REF][START_REF] Hempstead | Dissecting the diverse actions of pro-and mature neurotrophins[END_REF][START_REF] Woo | Activation of p75NTR by proBDNF facilitates hippocampal long-term depression[END_REF]. This view came with the assumption that the proforms of all neurotrophins are inactive. But proforms are signaling molecules as well [START_REF] Hempstead | Brain-Derived Neurotrophic Factor: Three Ligands, Many Actions[END_REF][START_REF] Mizui | BDNF pro-peptide: a novel synaptic modulator generated as an N-terminal fragment from the BDNF precursor by proteolytic processing[END_REF].

II.1 Pro-BDNF

Like all neurotrophins, BDNF is synthetized as a large precursor called proBDNF. This precursor is approximately a 32kDa peptide that is glycosylated in the N-terminal prodomain region [START_REF] Mowla | Biosynthesis and post-translational processing of the precursor to brain-derived neurotrophic factor[END_REF][START_REF] Mowla | Differential sorting of nerve growth factor and brain-derived neurotrophic factor in hippocampal neurons[END_REF]. Following synthesis in the endoplasmic reticulum (ER), proBDNF is directed to the secretory pathway. ProBDNF can be cleaved to prodomain and mature BDNF in the Golgi apparatus or in secretion vesicles but, during early development, substantial amounts of proBDNF can escape processing. Trafficking occurs in the trans Golgi network (TGN) where proBDNF interact with the type 1 receptor sortilin (Chen et al., 2005b). Sortilin is a member of a group of receptors containing a vacuolar sorting protein 10 (VPS10) domain that acts like chaperones to target their cargo protein to different cellular compartments [START_REF] Nykjaer | Sortilin: a receptor to regulate neuronal viability and function[END_REF]. By interacting with the prodomain, sortilin acts as a chaperone for intracellular trafficking and directs proBDNF into dense-core vesicles destined to the activity dependent secretory pathway [START_REF] Dieni | BDNF and its pro-peptide are stored in presynaptic dense core vesicles in brain neurons[END_REF][START_REF] Mowla | Differential sorting of nerve growth factor and brain-derived neurotrophic factor in hippocampal neurons[END_REF]).

Yet, an interaction with sortilin is also necessary to engage BDNF toward the lysosomal pathway [START_REF] Evans | Neuronal brain-derived neurotrophic factor is synthesized in excess, with levels regulated by sortilin-mediated trafficking and lysosomal degradation[END_REF]. Two mechanistic frameworks explain how proBDNF is sorted toward secretory or degradation routes. First, targeting of sortilin and its proBDNF cargo to the lysosomal pathway relies on the cleavage of sortilin by ADAM 10 [START_REF] Evans | Neuronal brain-derived neurotrophic factor is synthesized in excess, with levels regulated by sortilin-mediated trafficking and lysosomal degradation[END_REF]. Second, targeting of sortilin and its proBDNF cargo to the secretory pathway required physical interaction with the huntingtin interacting protein 1 (HAP1) [START_REF] Yang | Precursor of brainderived neurotrophic factor (proBDNF) forms a complex with Huntingtin-associated protein-1 (HAP1) and sortilin that modulates proBDNF trafficking, degradation, and processing[END_REF].

A separate mechanism involves a common human single nucleotide polymorphism (SNP) on the prodomain of BDNF. The Val66Met polymorphism is the result of a nucleotide change from a guanine to an adenine at position 196 (G196A) substituting a valine (Val) to methionine (Met) at codon 66. The SNP was reported to alter the transport of BDNF mRNA transcripts to dendrites for local synthesis of BDNF [START_REF] Chiaruttini | Dendritic trafficking of BDNF mRNA is mediated by translin and blocked by the G196A (Val66Met) mutation[END_REF]. The Val66Met substitution also disrupts the interaction between the proBDNF and sortilin, resulting in defects of transport, maturation and subcellular sorting (Chen et al., 2005b;[START_REF] Egan | The BDNF val66met polymorphism affects activity-dependent secretion of BDNF and human memory and hippocampal function[END_REF][START_REF] Sasi | Neurobiology of local and intercellular BDNF signaling[END_REF].

II.2 Cleavage of proBDNF

Mature BDNF is a 14KDa peptide with well-characterized trophic and plasticity abilities that have been extensively reviewed elsewhere [START_REF] Binder | Brain-derived neurotrophic factor[END_REF][START_REF] Mcallister | Neurotrophins and synaptic plasticity[END_REF]. Mature BDNF results from proteolytic cleavage of proBDNF.

Following synthesis in the ER, proBDNF can undergo processing directly in the Golgi apparatus by furin or within secretory vesicles of the regulated pathway by other proconvertases [START_REF] Mowla | Differential sorting of nerve growth factor and brain-derived neurotrophic factor in hippocampal neurons[END_REF]. The cleavage of proneurotrophins by furin occurs at the consensus sequence R-X-K/R-R, (RVRR in proBDNF) to produce mature neurotrophins and prodomains. Furin cleaves proBDNF at Arg 128 of the consensus site.

The mutation of this consensus site from RVRR to RVAA [START_REF] Yang | proBDNF negatively regulates neuronal remodeling, synaptic transmission, and synaptic plasticity in hippocampus[END_REF] or MVLR [START_REF] Koshimizu | Multiple functions of precursor BDNF to CNS neurons: negative regulation of neurite growth, spine formation and cell survival[END_REF] has been instrumental to produce a cleavage resistant proBDNF insensitive to furin and plasmin, and has been exploited to produce recombinant uncleavable proBDNF to demonstrate its biological activity in vitro and in vivo [START_REF] Koshimizu | Multiple functions of precursor BDNF to CNS neurons: negative regulation of neurite growth, spine formation and cell survival[END_REF][START_REF] Pang | Cleavage of proBDNF by tPA/plasmin is essential for long-term hippocampal plasticity[END_REF][START_REF] Teng | ProBDNF induces neuronal apoptosis via activation of a receptor complex of p75NTR and sortilin[END_REF][START_REF] Yang | proBDNF negatively regulates neuronal remodeling, synaptic transmission, and synaptic plasticity in hippocampus[END_REF]. Other proconvertases, such as PACE4, PC5, and PC7, have been shown to process proBDNF in mature BDNF and prodomain utilizing the same RVRR site [START_REF] Marcinkiewicz | The pro-protein convertase PC1 is induced in the transected sciatic nerve and is present in cultured Schwann cells: comparison with PC5, furin and PC7, implication in pro-BDNF processing[END_REF][START_REF] Seidah | Cellular processing of the neurotrophin precursors of NT3 and BDNF by the mammalian proprotein convertases[END_REF][START_REF] Wetsel | Disruption of the expression of the proprotein convertase PC7 reduces BDNF production and affects learning and memory in mice[END_REF].

When proBDNF escape intracellular cleavage by furin or other proconvertases, it can be found in the dense-core vesicles destined to the secretory pathway. The existence of secreted proBDNF was the subject of an intense debate that we will discuss later in this chapter, but if secreted, proBDNF can be converted into mature BDNF and prodomain by extracellular proteases. The most prominent of these proteases is plasmin, which is the product of the activation of the inactive plasminogen by tissue-type plasminogen activator (tPA). The specific plasmin cleavage site of proBDNF was identified and found it to be located within the consensus furin-cleavage sequence of BDNF, but occurring after Arg 125 rather than Arg 128 of the RVRR sequence [START_REF] Gray | Activation of pro-BDNF by the pericellular serine protease plasmin[END_REF]. Interestingly, a SNP has been identified at position 125, which induces an arginine substitution for a methionine that would potentially prevent plasmin processing of proBDNF [START_REF] Koshimizu | Multiple functions of precursor BDNF to CNS neurons: negative regulation of neurite growth, spine formation and cell survival[END_REF]. Multiple regulatory steps are implicated in this reaction as conversion of plasminogen to plasmin is antagonized by Plasminogen activator inhibitor (PAI1), and PAI1 depends on vitronectin to remain active [START_REF] Mou | Tissue-type plasminogen activatorplasmin-BDNF modulate glutamate-induced phase-shifts of the mouse suprachiasmatic circadian clock in vitro[END_REF]. Furthermore tPA is an extracellular serine protease which secretion is stimulated by neuronal activity [START_REF] Shin | Rapid, activity-induced increase in tissue plasminogen activator is mediated by metabotropic glutamate receptor-dependent mRNA translation[END_REF]. The fact that both proBDNF/BDNF/prodomain containing vesicles and tPA are secreted in an activity dependent fashion raises questions about regulation of bio-available tPA. For instance, a reduction of tPA secretion may be enough to favor proBDNF signaling and vice and versa. ProBDNF can be processed by selected matrix metalloproteinases (MMPs) such as MMP-3 and MMP-7 (Lee et al., 2001). Moreover, it has been shown that MMP-9 converts proBDNF into mature BDNF after kindled seizures in the hippocampus [START_REF] Mizoguchi | Matrix metalloproteinase-9 contributes to kindled seizure development in pentylenetetrazole-treated mice by converting pro-BDNF to mature BDNF in the hippocampus[END_REF].

All these intra-and extracellular enzymes cleave proBDNF at distinct but interdependent sites, all generating biochemically undistinguishable mature BDNF and prodomain species. No distinct biological functions of the mature BDNF cleaved by one or the other proteases have ever been reported to our knowledge.

II.3 The prodomain

The prodomain is a 15.5kDa protein recently found to be very abundant in the hippocampus and results from the proteolytic cleavage of pro-BDNF at the site that also produce mature BDNF [START_REF] Anastasia | Val66Met polymorphism of BDNF alters prodomain structure to induce neuronal growth cone retraction[END_REF][START_REF] Dieni | BDNF and its pro-peptide are stored in presynaptic dense core vesicles in brain neurons[END_REF]. The BDNF prodomain is detected in dense core vesicles in vivo and found to be secreted as ligand [START_REF] Anastasia | Val66Met polymorphism of BDNF alters prodomain structure to induce neuronal growth cone retraction[END_REF][START_REF] Mizui | BDNF pro-peptide actions facilitate hippocampal LTD and are altered by the common BDNF polymorphism Val66Met[END_REF] independent of mature BDNF and proBDNF. BDNF prodomain facilitates hippocampal long-term depression (LTD) by a mechanism involving the internalization of AMPA receptors from the synapse [START_REF] Mizui | BDNF pro-peptide actions facilitate hippocampal LTD and are altered by the common BDNF polymorphism Val66Met[END_REF].

Interestingly, the Val66met polymorphism of BDNF positioned in the prodomain alters the reported structural conformation [START_REF] Anastasia | Val66Met polymorphism of BDNF alters prodomain structure to induce neuronal growth cone retraction[END_REF][START_REF] Wang | NMR backbone resonance assignments of the prodomain variants of BDNF in the urea denatured state[END_REF], subcellular sorting and transport (Arango-Lievano et al., 2015a;[START_REF] Zanin | Growth factors and hormones propeptides: the unexpected adventures of the BDNF prodomain[END_REF], as well as activities of the prodomain: (i) Met66 carriers impaired the expression of LTD [START_REF] Mizui | BDNF pro-peptide actions facilitate hippocampal LTD and are altered by the common BDNF polymorphism Val66Met[END_REF], (ii) Met66 carriers elicited growth cone collapse [START_REF] Anastasia | Val66Met polymorphism of BDNF alters prodomain structure to induce neuronal growth cone retraction[END_REF] and (iii) Met66 carriers promoted dendritic spine elimination [START_REF] Giza | The BDNF Val66Met Prodomain Disassembles Dendritic Spines Altering Fear Extinction Circuitry and Behavior[END_REF] as opposed to its counterpart the val66 carriers that facilitated LTD with no effects on axonal growth cones or dendritic spine turnover.

III. Which side of the synapse produce neurotrophins?

Neurotrophin ligands are expressed by a multitude of neuronal cells, for the most part excitatory (e.g. glutamatergic) and neuromodulatory (e.g. dopaminergic, serotoninergic, adrenergic…), and non-neuronal cells supporting synaptic functions (e.g. glia, vascular cells…). Most neuronal cell types in brain are able to produce some neurotrophin isoforms with the exception of cortical interneurons and striatal medium spiny neurons among others that rely upon paracrine secretion [START_REF] Kohara | Inhibitory but not excitatory cortical neurons require presynaptic brain-derived neurotrophic factor for dendritic development, as revealed by chimera cell culture[END_REF]. See table 1 for an inventory of single cell types expressing and cells not expressing BDNF mRNA transcripts based on based on the mouse brain atlas of single cell RNA sequencing (http://mousebrain.org/ [START_REF] Zeisel | Molecular architecture of the mouse nervous system[END_REF]).

One issue is that BDNF expression is variable, depending on cues from the internal and external world [START_REF] Jeanneteau | Are BDNF and glucocorticoid activities calibrated?[END_REF]. Multiple promoters drive its transcription in specific cell types and upon various stimuli [START_REF] Aid | Mouse and rat BDNF gene structure and expression revisited[END_REF][START_REF] Cattaneo | The human BDNF gene: peripheral gene expression and protein levels as biomarkers for psychiatric disorders[END_REF]. Transcription of BDNF is also susceptible to epigenetic marks that are specific to individuals, possibly transmitted to progeny associated with transgenerational impact on individuals' health [START_REF] Cattaneo | The human BDNF gene: peripheral gene expression and protein levels as biomarkers for psychiatric disorders[END_REF][START_REF] Kundakovic | DNA methylation of BDNF as a biomarker of early-life adversity[END_REF][START_REF] Roth | Lasting epigenetic influence of early-life adversity on the BDNF gene[END_REF][START_REF] Roth | Epigenetic marking of the BDNF gene by early-life adverse experiences[END_REF]. One consequence is that BDNF expression pattern may be unique to each individual as it reflects gender, history of living conditions and experiences [START_REF] Bath | Stress effects on BDNF expression: effects of age, sex, and form of stress[END_REF].

Expression of the BDNF gene is a reflection of synaptic activity in selective networks of neurons and circuits. That is, BDNF expression is very responsive to neuronal activity from sensory inputs and behavioral conditioning. Therefore, it is specific for neural circuits engaged in excitation and inhibition [START_REF] Hill | Activity-dependent signaling: influence on plasticity in circuits controlling fear-related behavior[END_REF]. For example, stimulation of a single whisker increases Bdnf genomic expression in the cortical barrel corresponding to that whisker [START_REF] Genoud | Altered synapse formation in the adult somatosensory cortex of brain-derived neurotrophic factor heterozygote mice[END_REF]. Other stimuli such as physical exercise, experimental seizure, olfaction, fear conditioning, food restriction, auditory and visual cues affect BDNF expression (reviewed by [START_REF] Hill | Activity-dependent signaling: influence on plasticity in circuits controlling fear-related behavior[END_REF][START_REF] Lu | BDNF and activity-dependent synaptic modulation[END_REF]). Mechanistically, activity-dependent expression of BDNF is mediated by promoter I and IV, which conditions the amount of BDNF available for vesicular release [START_REF] Rattiner | Differential regulation of brainderived neurotrophic factor transcripts during the consolidation of fear learning[END_REF][START_REF] Tao | A calciumresponsive transcription factor, CaRF, that regulates neuronal activity-dependent expression of BDNF[END_REF]. BDNF transcripts containing the exon-I or IV are abundant in soma whereas BDNF transcripts harboring the exon-II or VI are found in distal dendrites [START_REF] Baj | Spatial segregation of BDNF transcripts enables BDNF to differentially shape distinct dendritic compartments[END_REF][START_REF] Chiaruttini | BDNF mRNA splice variants display activity-dependent targeting to distinct hippocampal laminae[END_REF]. The 3'-UTR of bdnf gene carries information regarding polarized localization for dendritic translation, which is lacking in the somatic shorter isoform (An et al., 2008). As a result the many splice isoforms of BDNF, which encode the same protein, possess alternative regulatory elements necessary for the precise control of its expression in space and time [START_REF] Tongiorgi | What is the biological significance of BDNF mRNA targeting in the dendrites? Clues from epilepsy and cortical development[END_REF]). Yet, the vast majority of BDNF mRNA is located in the soma, barely detected in dendrites that advocates for a clear dominance for the anterograde mode of secretion over the retrograde [START_REF] Will | Deep sequencing and high-resolution imaging reveal compartment-specific localization of Bdnf mRNA in hippocampal neurons[END_REF]. The source of neurotrophins is important to determine the local effects since neurotrophins diffuse poorly [START_REF] Wang | Localized synaptic actions of neurotrophin-4[END_REF].

III.1. Presynaptic source of BDNF

Most synaptic BDNF protein is detected in presynaptic dense core vesicles using immuno-electron microscopy with epitope-tagged BDNF expressed with its endogenous promoter in knockin mouse lines [START_REF] Dieni | BDNF and its pro-peptide are stored in presynaptic dense core vesicles in brain neurons[END_REF]. In dense core vesicles, all three ligands can be packed with other peptides like cholecystokinin and met-enkephalin [START_REF] Dieni | BDNF and its pro-peptide are stored in presynaptic dense core vesicles in brain neurons[END_REF]. This is particularly evident in the mossy fibers projecting from the dentate gyrus to CA3 region of the hippocampus. Elsewhere, BDNF levels are scarces and its protein is detectable mostly in the soma of neurons in the amygdala, cortex, hippocampus, and hypothalamus [START_REF] Lambert | Brain-derived neurotrophic factor signaling rewrites the glucocorticoid transcriptome via glucocorticoid receptor phosphorylation[END_REF][START_REF] Lessmann | Mechanisms, locations, and kinetics of synaptic BDNF secretion: an update[END_REF][START_REF] Salio | Costorage of BDNF and neuropeptides within individual dense-core vesicles in central and peripheral neurons[END_REF][START_REF] Sasi | Neurobiology of local and intercellular BDNF signaling[END_REF]. It is interesting that BDNF is poorly detectable in the striatum, evidently not expressed in striatal cells, and yet BDNF signaling is essential to the synaptic function and plasticity of medium spiny neurons [START_REF] Humbert | Huntington's disease: intracellular signaling pathways and neuronal death[END_REF]. Reduced BDNF levels in the striatum produce motor defects in Huntington's disease due to a lack of anterograde transport from the cortex [START_REF] Gauthier | Huntingtin controls neurotrophic support and survival of neurons by enhancing BDNF vesicular transport along microtubules[END_REF][START_REF] Samadi | Relationship between BDNF expression in major striatal afferents, striatum morphology and motor behavior in the R6/2 mouse model of Huntington's disease[END_REF]. Presynaptic storage of BDNF ligands results from anterograde vesicular transport [START_REF] Gauthier | Huntingtin controls neurotrophic support and survival of neurons by enhancing BDNF vesicular transport along microtubules[END_REF] as well as from local production [START_REF] Lessmann | Mechanisms, locations, and kinetics of synaptic BDNF secretion: an update[END_REF] using axonal BDNF mRNA as template given some BDNF isoforms can be transported to the axon terminals [START_REF] Jung | Axonal mRNA localization and local protein synthesis in nervous system assembly, maintenance and repair[END_REF]. Remarkably, the highest stocks of BDNF are located at the presynapses of glutamatergic hippocampal neurons [START_REF] Andreska | High abundance of BDNF within glutamatergic presynapses of cultured hippocampal neurons[END_REF]. This argues strongly for presynaptic BDNF coming from excitatory synapses as a major source. However, the BDNF content is very variable between individual presynaptic varicosities [START_REF] Andreska | High abundance of BDNF within glutamatergic presynapses of cultured hippocampal neurons[END_REF], as it is perhaps recruited to some specific synaptic networks.

Whether presynaptic BDNF is produced in soma and transported or locally at the presynapse could explain how pro-BDNF can escape cleavage [START_REF] Yang | Neuronal release of proBDNF[END_REF]. The source of BDNF stocks could determine the combinations of ligands released in the synaptic cleft.

III.2. Postsynaptic source of BDNF

BDNF is also synthetized in dendrites from which it can be secreted to impact synaptic plasticity [START_REF] Lessmann | Mechanisms, locations, and kinetics of synaptic BDNF secretion: an update[END_REF]. The source of BDNF necessary to promote pre-synaptic terminal maturation and innervation was investigated using knockdownrescue experiments. Complete knockdown of BDNF during embryonic development impaired innervation of trigeminal axons, which was rescued when target post-synaptic tissue was replaced with ectopic grafts expressing BDNF [START_REF] Huang | BDNF promotes target innervation of Xenopus mandibular trigeminal axons in vivo[END_REF].

Therefore, both retro-and post-synaptic BDNF signaling from a post-synaptic source of BDNF are central contributors of pre-synaptic differentiation of both excitatory and inhibitory neurons consistently with the classical hypothesis of target-derived neurotrophic support [START_REF] Oppenheim | The neurotrophic theory and naturally occurring motoneuron death[END_REF]. In dendrites, exogenous BDNF is can be recycled and stored in endosome-like vesicles. Recycling of BDNF in post-synaptic compartment involved synaptotagmin 6, which is distinct from those involved in secretion from dense core vesicles [START_REF] Wong | Activity-dependent BDNF release via endocytic pathways is regulated by synaptotagmin-6 and complexin[END_REF]. Studies in cultured neurons indicate that secretory granules in dendrites and post-synaptic spines are the prime vesicular routes for retrograde secretion of BDNF [START_REF] Lessmann | Mechanisms, locations, and kinetics of synaptic BDNF secretion: an update[END_REF].

A quantitative estimate of BDNF content in the synapse using high resolution microscopy dSTORM revealed that 90% of all BDNF synaptic immunoreactivity located in the presynapse [START_REF] Andreska | High abundance of BDNF within glutamatergic presynapses of cultured hippocampal neurons[END_REF]. Solely 10% overlapped in the post-synapse, again arguing that the retrograde route isn't the principal source for synaptic release of BDNF. One way to explain this 1:9 ratio is by the reuptake of presynaptic BDNF released quanta by the post-synaptic compartment [START_REF] Santi | Hippocampal neurons recycle BDNF for activity-dependent secretion and LTP maintenance[END_REF]. However, it is striking that dendritic trafficking of BDNF mRNA is blocked by the Val66Met mutation [START_REF] Chiaruttini | Dendritic trafficking of BDNF mRNA is mediated by translin and blocked by the G196A (Val66Met) mutation[END_REF]. Therefore, whether produced locally or taken from elsewhere, post-synaptic derived BDNF content is likely important for synaptic physiology related to the Val66Met polymorphism. Electrophysiological studies indicated that postsynaptic BDNF release is required for the enhancement of presynaptic glutamate release and synaptic plasticity [START_REF] Harward | Autocrine BDNF-TrkB signalling within a single dendritic spine[END_REF][START_REF] Jakawich | Local presynaptic activity gates homeostatic changes in presynaptic function driven by dendritic BDNF synthesis[END_REF][START_REF] Magby | Single-cell characterization of retrograde signaling by brain-derived neurotrophic factor[END_REF].

BDNF released optically from one postsynaptic spine can prime the neighboring spines for subsequent structural remodeling [START_REF] Hedrick | Rho GTPase complementation underlies BDNF-dependent homo-and heterosynaptic plasticity[END_REF]. This spreading effect of postsynaptic BDNF is different from that of the presynaptic BDNF, and suggests that BDNF can have different impact depending on its source.

III.3. Non-neuronal source of synaptic BDNF

Other source of BDNF synaptic quantum originates from the astrocytes and microglia [START_REF] Chung | Do glia drive synaptic and cognitive impairment in disease?[END_REF]. Microglia produce and secrete low levels of BDNF [START_REF] Gomes | Activation of microglial cells triggers a release of brain-derived neurotrophic factor (BDNF) inducing their proliferation in an adenosine A2A receptordependent manner: A2A receptor blockade prevents BDNF release and proliferation of microglia[END_REF][START_REF] Trang | P2X4-receptor-mediated synthesis and release of brain-derived neurotrophic factor in microglia is dependent on calcium and p38-mitogen-activated protein kinase activation[END_REF]. This source of BDNF is essential for the maintenance of learning-associated new dendritic spines [START_REF] Parkhurst | Microglia promote learningdependent synapse formation through brain-derived neurotrophic factor[END_REF]. The proportion of glialderived BDNF with respect to the pre-synaptic source is considered small, but its conditional genetic deletion leads to severe deficits in behavioral performance. This argues that non-neuronal source of BDNF regulates synaptic functions.

One post-synaptic source of BDNF release from non-neuronal cells could come from the recycling of synaptic BDNF by astrocytes. For example, peri-synaptic glia recycles BDNF for LTP stabilization [START_REF] Vignoli | Peri-Synaptic Glia Recycles Brain-Derived Neurotrophic Factor for LTP Stabilization and Memory Retention[END_REF]. Engagement of BDNF recycling by astrocytes corresponded with TrkB phosphorylation localized on adjacent neurons, a process required to sustain LTP. Additionally, astrocytes can uptake pro-BDNF via an endocytic compartment competent for pro-BDNF recycling [START_REF] Bergami | Uptake and recycling of pro-BDNF for transmitter-induced secretion by cortical astrocytes[END_REF]. This astrocytic-derived BDNF is important for transmitter-induced secretion and suggests a specialized form of bidirectional communication between neurons and glia.

IV. What are the modes of neurotrophin synaptic release?

Contrary to the neurotrophins NGF (nerve growth factor), NT3 (neurotrophin 3) and NT4 (neurotrophin 4) that are secreted in a constitutive manner, BDNF employs both a regulated and constitutive pathways [START_REF] Mowla | Differential sorting of nerve growth factor and brain-derived neurotrophic factor in hippocampal neurons[END_REF]. Electron microscopy indicated that BDNF is not located in the active zone of the presynapse, raising the possibility that it might be secreted from the sides of the synapse [START_REF] Lessmann | Mechanisms, locations, and kinetics of synaptic BDNF secretion: an update[END_REF]. Secretion of neurotrophins from both pre-and post-synaptic terminals (referred to as bi-directional release) has been reported upon neuronal activation and back-propagating action potentials [START_REF] Kuczewski | Backpropagating action potentials trigger dendritic release of BDNF during spontaneous network activity[END_REF][START_REF] Magby | Single-cell characterization of retrograde signaling by brain-derived neurotrophic factor[END_REF]. Presynaptic release of BDNF and NT3 depends on intracellular Ca 2+ sensor proteins like CASP2 [START_REF] Sadakata | Impaired cerebellar development and function in mice lacking CAPS2, a protein involved in neurotrophin release[END_REF]. Vesicular release of BDNF dense core vesicles depends on SNARE complex at least in callosal presynaptic terminals [START_REF] Shimojo | SNAREs Controlling Vesicular Release of BDNF and Development of Callosal Axons[END_REF].

Post-synaptic release of BDNF and NT3 depends on glutamate neurotransmission via NMDA receptor signaling but is independent of pre-synaptic neurotrophins [START_REF] Kolarow | Postsynaptic secretion of BDNF and NT-3 from hippocampal neurons depends on calcium calmodulin kinase II signaling and proceeds via delayed fusion pore opening[END_REF]. Additional mechanisms controlling the secretion of BDNF have been identified. Synaptotagmin-4 and -6 function as retention factors for BDNF-containing vesicles to ensures appropriate quantal release. Indeed, lack of pre-synaptic Synaptotagmin-4 increases spontaneous exocytosis of BDNF whereas loss of postsynaptic Synaptotagmin-4 increases neurotransmitter amplitude due in part to transsynaptic trigger of neurotransmitter release by BDNF [START_REF] Dean | Synaptotagmin-IV modulates synaptic function and long-term potentiation by regulating BDNF release[END_REF]. Similarly, lack of Synaptotagmin-6 in postsynaptic neurons impaired activity-dependent release of endosomal BDNF from postsynaptic dendrites, which can contribute for activitydependent synaptic modulation [START_REF] Wong | Activity-dependent BDNF release via endocytic pathways is regulated by synaptotagmin-6 and complexin[END_REF].

Trans-synaptic quantal scaling, local translation and reuptake of BDNF are consensus mechanisms for explaining the retrograde actions of BDNF [START_REF] Cohen-Cory | Brain-derived neurotrophic factor and the development of structural neuronal connectivity[END_REF]. The anterograde actions of BDNF in brain can be autocrine and paracrine [START_REF] Harward | Autocrine BDNF-TrkB signalling within a single dendritic spine[END_REF][START_REF] Hedrick | Rho GTPase complementation underlies BDNF-dependent homo-and heterosynaptic plasticity[END_REF]. Remarkably, the Val66met polymorphism of BDNF impairs the regulated secretion by interfering with the binding of sortilin, a trans-Golgi trafficking protein (Chen et al., 2005b;[START_REF] Chen | Genetic variant BDNF (Val66Met) polymorphism alters anxiety-related behavior[END_REF]. This would alter both the autocrine and paracrine effects of BDNF release. Consequently, homozygous carriers of the Met allele have 20% less total BDNF and poorer synaptic functions and hippocampal-dependent memory than Val carriers [START_REF] Dincheva | Impact of the BDNF Val66Met polymorphism on cognition: implications for behavioral genetics[END_REF][START_REF] Egan | The BDNF val66met polymorphism affects activity-dependent secretion of BDNF and human memory and hippocampal function[END_REF][START_REF] Ninan | The BDNF Val66Met polymorphism impairs NMDA receptor-dependent synaptic plasticity in the hippocampus[END_REF].

IV.1. Secretion of pro-BDNF

Whether proBDNF can be secreted as a signaling molecule has been the subject of a very intense debate. Observing proBDNF directly in the extracellular milieu of mice is difficult due to the nanomolar concentrations of BDNF and the lack of antibodies that are specific and sensitive enough to identify proBDNF in such quantities. The first evidence of proBDNF secretion was obtained from a pituitary derived cell line (ATt20) infected with a rabies virus expressing recombinant human BDNF. In these conditions proBDNF as well as mature BDNF were found on the culture media of cells [START_REF] Mowla | Differential sorting of nerve growth factor and brain-derived neurotrophic factor in hippocampal neurons[END_REF].

These conditions were useful to demonstrate that it is possible for cells to secrete proBDNF, but were very far from physiological as they rely on overexpression, and did not answer whether endogenous proBDNF could be secreted by neurons. Other cell lines including HEK293 and endothelial cell lines infected with adenovirus encoding for BDNF were used to demonstrate that proBDNF is released in the culture media and readily cleavable extracellularly when exposed to recombinant plasmin. On the contrary, the quantities of extracellular proBDNF increased after treatment of cells with the protease inhibitor aprotinin (Lee et al., 2001). Interestingly, high frequency neuronal activity was capable of inducing the secretion of proBDNF alongside with the mature BDNF on hippocampal neurons transduced with a lentivirus for the overexpression of BDNF [START_REF] Nagappan | Control of extracellular cleavage of ProBDNF by high frequency neuronal activity[END_REF].

Despite the demonstration of activity-dependent secretion, the yield of extracellular proBDNF remained low compared to the mature BDNF. The results suggested that (i) extracellular proBDNF is unstable, readily cleavable by activitydependent extracellular proteases [START_REF] Nagappan | Control of extracellular cleavage of ProBDNF by high frequency neuronal activity[END_REF] and that (ii) extracellular proBDNF could have escaped intracellular cleavage due to the overexpression experimental approach. This controversy was supported by evidence arguing against the neuronal secretion of endogenous proBDNF [START_REF] Matsumoto | Biosynthesis and processing of endogenous BDNF: CNS neurons store and secrete BDNF, not pro-BDNF[END_REF]. To avoid overexpression, neuronal cultures were obtained from a knock-in mouse featuring a BDNF gene fused to a Myc tag at the N terminus. This allowed the expression of the BDNF gene under the endogenous promoters and detection of proBDNF and BDNF by very sensitive reagents against the Myc tag.

Although endogenous levels of mature BDNF and proBDNF were detectable in neuronal cell lysates, only the mature BDNF was observed in the extracellular space after neuronal activation via NMDA receptors [START_REF] Matsumoto | Biosynthesis and processing of endogenous BDNF: CNS neurons store and secrete BDNF, not pro-BDNF[END_REF]. In this study, inhibitors against plasmin or matrix metalloproteinases to preserve secreted proBDNF were not included in the culture media. Also, mitotic inhibitors were not utilized to avoid glial cell growth, which could have been a source of extracellular proteases. A subsequent study addressed this issue combining a different knock-in mouse to label mature BDNF and proBDNF with a C-terminal HA tag and an antibody raised specifically against proBDNF. Endogenous levels of proBDNF were detected in the conditioned media of hippocampal neuronal cultures in the absence of glial cells, and treated with a plasmin inhibitor [START_REF] Yang | Neuronal release of proBDNF[END_REF]. In cultures, at least part of proBDNF secretion was activity dependent [START_REF] Yang | Neuronal release of proBDNF[END_REF].

Secretion of pro-neurotrophins in vivo suggests there is a mode of escape from intracellular vesicular cleavage by proteases. Pro-BDNF is a proteolytic substrate of the protease tPA (tissue plasminogen activator), which activity-dependent synaptic release [START_REF] Pang | Cleavage of proBDNF by tPA/plasmin is essential for long-term hippocampal plasticity[END_REF] offers two functional outcomes: (1) under high frequency stimulation of nerve terminals, pro-BDNF detected at active synapses should be cleaved into mature BDNF. In contrast, when low frequency stimulation is applied, pro-BDNF released into the synaptic cleft isn't cleaved, thus producing long-term depression and synaptic destabilization [START_REF] Woo | Activation of p75NTR by proBDNF facilitates hippocampal long-term depression[END_REF].

Finally, cortical astrocytes can uptake and recycle proBDNF for subsequent synaptic release in an activity-dependent fashion [START_REF] Bergami | Uptake and recycling of pro-BDNF for transmitter-induced secretion by cortical astrocytes[END_REF]. The release from astrocytes of neuron-derived synaptically uptaken proBDNF can be rapidly re-relased [START_REF] Bergami | Uptake and recycling of pro-BDNF for transmitter-induced secretion by cortical astrocytes[END_REF].

IV.2. Secretion of the mature BDNF

Several proteases have been shown to cleave proBDNF both in the intracellular and in the extracellular milieu. In some culture conditions, the latter seems to be less prominent than the intracellular cleavage. Indeed, inhibition of the main extracellular proteolytic enzymes did not affect the levels of the secreted prodomain, suggesting that most of the processing occurs within the cells [START_REF] Anastasia | Val66Met polymorphism of BDNF alters prodomain structure to induce neuronal growth cone retraction[END_REF]. On the other hand, it has been shown that neuronal activity controls the ratio of extracellular proBDNF/mature BDNF by regulating the secretion of extracellular proteases, like tPA [START_REF] Woo | Activation of p75NTR by proBDNF facilitates hippocampal long-term depression[END_REF].

It is postulated that mature BDNF are secreted only at active synapses [START_REF] Tanaka | Protein synthesis and neurotrophin-dependent structural plasticity of single dendritic spines[END_REF]. Indeed, pre-synaptic stimulation alone by 1-Hz spike train cannot trigger BDNF release, even though it induces a robust elevation of post-synaptic [Ca 2+ ] i (> 10 mM) via NMDA receptors. The secretion of mature BDNF in ex vivo preparations is possible only when pre-and post-synaptic activities are synchronized [START_REF] Tanaka | Protein synthesis and neurotrophin-dependent structural plasticity of single dendritic spines[END_REF]. Given that such synchronous spiking activity results in short-lasting Ca 2+ influx (< 2 mM) in spines, mature BDNF secretion is possible within a select [Ca 2+ ] i range that is afforded by synchronous activity of the pre-and post-synaptic terminals.

The combination of its poor diffusion with its activity-dependent secretion suggests BDNF synaptic release follows a model of coincidence detection of pre-synaptic input activity and a post-synaptic spike. For example, dendritic spine enlargement by photolysis of caged glutamate is more efficient when paired with post-synaptic spike activity because it promotes local protein synthesis and synaptic release of mature BDNF [START_REF] Tanaka | Protein synthesis and neurotrophin-dependent structural plasticity of single dendritic spines[END_REF]. In this experiment, it is assumed that spike-timing plasticity induced BDNF synaptic release. Remarkably, fusion of BDNF with the pH-sensitive GFP, the pHluorin combined with ultrafast microscopy revealed secretion of BDNF postsynaptic stocks within the range of milliseconds to seconds in correlation with local photostimulated uncaging of glutamate [START_REF] Harward | Autocrine BDNF-TrkB signalling within a single dendritic spine[END_REF][START_REF] Hedrick | Rho GTPase complementation underlies BDNF-dependent homo-and heterosynaptic plasticity[END_REF].

IV.3. Secretion of the prodomain

According to the sorting and cleavage events of BDNF described before, the prodomain of BDNF is predicted to be released from neurons. A careful electron microscopy study of the adult hippocampus revealed that the prodomain is indeed present in presynaptic secretory dense-core vesicles along with the mature form of BDNF [START_REF] Dieni | BDNF and its pro-peptide are stored in presynaptic dense core vesicles in brain neurons[END_REF]. This finding suggests that the prodomain is likely to be released in the synaptic cleft, co-secreted with mature BDNF and unprocessed proBDNF. A recent report confirmed that the prodomain in isolation is detected extracellularly [START_REF] Anastasia | Val66Met polymorphism of BDNF alters prodomain structure to induce neuronal growth cone retraction[END_REF]. The experimental approach of this report utilized cultured hippocampal neurons in conditions to reduce glia contamination, collected the conditioned media, and detected the endogenous prodomain secreted utilizing specific monoclonal antibodies. In this study, the prodomain was secreted in an activity-dependent manner after depolarization of the cultured neurons. Incubation of the hippocampal neuron cultures with a plasmin inhibitor and/or MMP inhibitor II (which inhibits MMP1, 3, 7 and 9) to prevent extracellular cleavage of secreted proBDNF did not alter significantly the levels of the secreted prodomain in the media, in basal conditions or after depolarization [START_REF] Anastasia | Val66Met polymorphism of BDNF alters prodomain structure to induce neuronal growth cone retraction[END_REF].

Interestingly, both the Val66 and Met66 prodomains can be secreted after depolarization with potassium chloride; however, the levels of secreted Met66 prodomain are significantly lower as compared with the Val66 prodomain. This finding is in agreement with previous studies, which showed that the Val66Met polymorphism leads to a decrease in the trafficking of BDNF to secretory vesicles and the subsequent impairment of activity-dependent release of mature BDNF (Chen et al., 2005b;[START_REF] Chen | Genetic variant BDNF (Val66Met) polymorphism alters anxiety-related behavior[END_REF][START_REF] Egan | The BDNF val66met polymorphism affects activity-dependent secretion of BDNF and human memory and hippocampal function[END_REF].

V. Receptors for neurotrophin ligands

Neurotrophins utilize the tropomyosin related kinase (Trk) and p75 NTR as their main receptors. Other receptor systems such as sortilin family members (SorCS1, SorCS2, SorCS3) also cooperate to propagate responses. Receptors for NGF were originally defined by the binding characteristics of high and low affinity-binding sites [START_REF] Sutter | Nerve growth factor receptors. Characterization of two distinct classes of binding sites on chick embryo sensory ganglia cells[END_REF]. When the p75 neurotrophin receptor (p75 NTR ) and TrkA receptors were identified by molecular cloning, it was assumed that the p75 NTR receptor encoded the low affinity site and that TrkA (tropomyosin receptor kinase) receptor represented high affinity sites. However, this model was incorrect, since Trk receptors bind with an equilibrium binding constant of 10 -9 to 10 -10 M [START_REF] Dechant | Specific highaffinity receptors for neurotrophin-3 on sympathetic neurons[END_REF][START_REF] Hempstead | High-affinity NGF binding requires coexpression of the trk proto-oncogene and the lowaffinity NGF receptor[END_REF][START_REF] Schropel | Early expression of the nerve growth factor receptor ctrkA in chick sympathetic and sensory ganglia[END_REF], which is lower in affinity than the high affinity site Kd of 10 -11 M detected on sensory and sympathetic neurons. Moreover, sympathetic neurons with little expression of TrkC mRNA still possess high affinity NT3 binding sites with a Kd of 10 -11 M, which were blocked by neutralizing antibodies against p75 NTR [START_REF] Dechant | The neurotrophin receptor p75 binds neurotrophin-3 on sympathetic neurons with high affinity and specificity[END_REF]. Hence p75 NTR display multiple affinities with different neurotrophin ligands.

Surface-plasmon resonance measurements confirmed that NGF bound TrkA with nM affinity, not pM affinity [START_REF] Chao | p75 and Trk: a two-receptor system[END_REF][START_REF] Nykjaer | Sortilin is essential for proNGF-induced neuronal cell death[END_REF]. The use of the high versus low affinity nomenclature is not accurate for neurotrophins since the pro-neurotrophins can bind to p75 NTR with a relatively higher affinity than mature neurotrophins (Lee et al., 2001). Contrary to p75 NTR , which equally bind to all neurotrophins, the Trk receptor is more selective. When combined as co-receptor, Trk-p75 NTR complexes display a higher affinity toward neurotrophins. This change in affinity is due to a relatively fast on-rate and a slow off-rate of NGF binding [START_REF] Mahadeo | High affinity nerve growth factor binding displays a faster rate of association than p140trk binding. Implications for multi-subunit polypeptide receptors[END_REF].

The different affinity constants of pro-and mature neurotrophins for their receptors strongly suggest that mature neurotrophin prefers Trk whereas proneurotrophins prefer p75 NTR (Lee et al., 2001). Therefore, the neurotrophin ligands in its proform, mature form and/or the prodomain should elicit a multitude of responses depending on the combination of cognate receptors expression in target cells. For example, striatal medium spiny neurons are much more sensitive than neocortical neurons to the knockout of BDNF for maintaining synapse number because they express different levels of Trk receptors [START_REF] Baquet | Early striatal dendrite deficits followed by neuron loss with advanced age in the absence of anterograde cortical brainderived neurotrophic factor[END_REF][START_REF] Rauskolb | Global deprivation of brain-derived neurotrophic factor in the CNS reveals an area-specific requirement for dendritic growth[END_REF]. Cortical interneurons, which do not synthesize neurotrophins [START_REF] Gorba | Expression of TrkB and TrkC but not BDNF mRNA in neurochemically identified interneurons in rat visual cortex in vivo and in organotypic cultures[END_REF], rely on paracrine sources to regulate inhibitory synapse density and functional inhibition using the anterograde signaling pathway that requires TrkB [START_REF] Kohara | A local reduction in cortical GABAergic synapses after a loss of endogenous brain-derived neurotrophic factor, as revealed by single-cell gene knock-out method[END_REF][START_REF] Liu | Heterosynaptic scaling of developing GABAergic synapses: dependence on glutamatergic input and developmental stage[END_REF]. See table 2 for TrkB and p75 NTR expression in single cell types based on the mouse brain atlas of single cell RNA sequencing (http://mousebrain.org/ [START_REF] Zeisel | Molecular architecture of the mouse nervous system[END_REF]).

V.1. Receptors for Pro-neurotrophins

ProNGF binds to p75 NTR with an equilibrium binding constant Kd of 1 nM.

Mature NGF has similar equilibrium dissociation constant for both TrkA (Kd 1nM) and p75 NTR (Kd 2 nM). On the other hand, proNGF has a weaker affinity for TrkA but binds to p75 NTR (Kd of 0.2 nM), suggesting proNGF could have an independent signaling mechanisms through p75 NTR (Lee et al., 2001).

Sortilin was found to be essential for proNGF/p75 NTR activation making this sortilin a 3 rd receptor to be identified for proneurotrophins [START_REF] Nykjaer | Sortilin is essential for proNGF-induced neuronal cell death[END_REF]. Sortilin binds specifically to the prodomain region of proNGF with an equilibrium binding constant of Kd= 5 nM. When sortilin and p75 NTR are co-expressed they exhibit a synergetic effect on proNGF internalization rather than a simple additive effect [START_REF] Nykjaer | Sortilin is essential for proNGF-induced neuronal cell death[END_REF]. Complexes of sortilin, p75 NTR and proNGF were detected after crosslinking suggesting the possibility that proNGF could bind to sortilin and p75 NTR at the same time [START_REF] Nykjaer | Sortilin is essential for proNGF-induced neuronal cell death[END_REF]. Such a dual receptor system was later replicated for proBDNF which can bind to p75 NTR utilizing its mature moiety and to sortilin by its prodomain region [START_REF] Teng | Understanding proneurotrophin actions: Recent advances and challenges[END_REF]. The affinities of proBDNF for its receptors were determined using purified recombinant proBDNF and immobilized sortilin. Sortilin binds with high affinity (Kd of 0.4 nM) to the prodomain region of proBDNF whereas p75 NTR affinity for proBDNF showed a Kd of 20 nM. Interestingly, ProBDNF does not bind to the TrkB receptor [START_REF] Teng | ProBDNF induces neuronal apoptosis via activation of a receptor complex of p75NTR and sortilin[END_REF]. The sortilin-p75 NTR co-receptor system appears to be functionally relevant as binding of proBDNF to sortilin was necessary for p75 NTR mediated cell death induced by this ligand. Abundant in the nervous system [START_REF] Petersen | Molecular identification of a novel candidate sorting receptor purified from human brain by receptor-associated protein affinity chromatography[END_REF], sortilin is predominantly present on intracellular membranes [START_REF] Nielsen | The sortilin cytoplasmic tail conveys Golgiendosome transport and binds the VHS domain of the GGA2 sorting protein[END_REF], which limits its capacity to transduce proBDNF signal with p75 NTR . Therefore, it is important to understand how sortilin localization to the plasma membrane is regulated.

The mammalian homologue of p75 NTR , NRH2 (PLAIDD or NRADD) also interact with sortilin. This interaction reduces its lysosomal degradation, thus favoring the proportion of surface to intracellular sortilin and its association with p75 NTR and proBDNF [START_REF] Kim | NRH2 is a trafficking switch to regulate sortilin localization and permit proneurotrophin-induced cell death[END_REF]. It is important to note that while the first coreceptor to be identified for proneurotrophin signaling through p75 NTR was sortilin, other members of the VSP10 family such as SorCS2 can also act as co-receptors [START_REF] Deinhardt | Neuronal growth cone retraction relies on proneurotrophin receptor signaling through Rac[END_REF]). An independent report confirmed these findings demonstrating that SorCS2 binds to the prodomain region of NGF, BDNF and NT3, as well as to p75 NTR [START_REF] Glerup | SorCS2 regulates dopaminergic wiring and is processed into an apoptotic two-chain receptor in peripheral glia[END_REF]. Loss-of-function of p75 NTR increases the number of post-synaptic filopodia when compared to wild-type littermates whereas overexpression of p75 NTR reduced the density of spines in CA1 hippocampal neurons [START_REF] Zagrebelsky | The p75 neurotrophin receptor negatively modulates dendrite complexity and spine density in hippocampal neurons[END_REF].

Importantly, the expression of p75 NTR receptor is abundant during early development but is significantly reduced after birth. It is found in both the pre-and postsynaptic terminals. It is expressed in selective neuronal and many non-neuronal cells (see Table 2).

V.2. Receptors for mature neurotrophins

Mature BDNF binds with an equilibrium binding dissociation constant 10 -11 M to the TrkB receptor [START_REF] Rodriguez-Tebar | Binding characteristics of brain-derived neurotrophic factor to its receptors on neurons from the chick embryo[END_REF]. The binding of BDNF to TrkB is essential for synaptic strength and plasticity [START_REF] Aicardi | Induction of long-term potentiation and depression is reflected by corresponding changes in secretion of endogenous brain-derived neurotrophic factor[END_REF][START_REF] Figurov | Regulation of synaptic responses to high-frequency stimulation and LTP by neurotrophins in the hippocampus[END_REF][START_REF] Gartner | Hippocampal long-term potentiation is supported by presynaptic and postsynaptic tyrosine receptor kinase B-mediated phospholipase Cgamma signaling[END_REF][START_REF] Harward | Autocrine BDNF-TrkB signalling within a single dendritic spine[END_REF][START_REF] Korte | Hippocampal long-term potentiation is impaired in mice lacking brain-derived neurotrophic factor[END_REF][START_REF] Minichiello | Mechanism of TrkB-mediated hippocampal long-term potentiation[END_REF][START_REF] Patterson | Recombinant BDNF rescues deficits in basal synaptic transmission and hippocampal LTP in BDNF knockout mice[END_REF]. Part of this effect of BDNF is due to anterograde signaling [START_REF] Zakharenko | Presynaptic BDNF required for a presynaptic but not postsynaptic component of LTP at hippocampal CA1-CA3 synapses[END_REF]. But pre-and post-synaptic localization of Trk receptors indicate that neurotrophins can convey both retro-and anterograde signaling. Complete deletion of TrkB revealed a stronger synaptic phenotype than ablation of BDNF. TrkB -/mice harbor reduced spines number [START_REF] Luikart | TrkB has a cell-autonomous role in the establishment of hippocampal Schaffer collateral synapses[END_REF]. Despite the reserve pool of neurotransmitter vesicles is intact, the density of neurotransmitter vesicles near the active zone and docked to the active zone is significantly decreased in TrkB -/-and TrkC -/mice. As a result, the quantal release of neurotransmitter (glutamate or GABA) is reduced producing impaired synaptic efficacy [START_REF] Genoud | Altered synapse formation in the adult somatosensory cortex of brain-derived neurotrophic factor heterozygote mice[END_REF][START_REF] Martinez | TrkB and TrkC signaling are required for maturation and synaptogenesis of hippocampal connections[END_REF]. Lossof-function of TrkB produces a more robust impairment of synapses than BDNF knockout because other TrkB ligands like NT4 and transactivation mechanisms exist [START_REF] Chao | Neurotrophins and their receptors: a convergence point for many signalling pathways[END_REF][START_REF] Jeanneteau | Activation of Trk neurotrophin receptors by glucocorticoids provides a neuroprotective effect[END_REF][START_REF] Lee | Activation of Trk neurotrophin receptors in the absence of neurotrophins[END_REF].

The three Trk receptors are encoded by independent genes affording selectivity among neurotrophins with NGF and NT3 binding to TrkA, BDNF and NT4 binding to TrkB and NT3 binding to TrkC [START_REF] Chao | Neurotrophin receptors: a window into neuronal differentiation[END_REF]. Neurotrophin binding promotes homodimerization of Trk receptors, which in turn initiates intracellular phosphorylation cascades. There are several functional splice variants of Trk receptors that lack the intracellular kinase domain [START_REF] Chao | Neurotrophins and their receptors: a convergence point for many signalling pathways[END_REF][START_REF] Poo | Neurotrophins as synaptic modulators[END_REF]. These truncated receptors (TrkB.T1, TrkB.T2, TrkB.T3 and TrkB.T4) are often presented as dominant negative forms of the full-length Trk receptors [START_REF] Sasi | Neurobiology of local and intercellular BDNF signaling[END_REF]. The alternative view is that the truncated receptors are involved in signal transduction. Indeed, the removal of TrkB.T1 rescued the aggressive and obesity phenotypes resulting from BDNF haplo-insufficiency [START_REF] Carim-Todd | Endogenous truncated TrkB.T1 receptor regulates neuronal complexity and TrkB kinase receptor function in vivo[END_REF]. However, specific neurotrophic signaling via the truncated TrkB receptors has been demonstrated [START_REF] Carim-Todd | Endogenous truncated TrkB.T1 receptor regulates neuronal complexity and TrkB kinase receptor function in vivo[END_REF][START_REF] Ohira | TrkB-T1 regulates the RhoA signaling and actin cytoskeleton in glioma cells[END_REF][START_REF] Rose | Truncated TrkB-T1 mediates neurotrophin-evoked calcium signalling in glia cells[END_REF]. For example, TrkB.T1 activation induces rapid intracellular Ca2+ release transients in glial cells [START_REF] Rose | Truncated TrkB-T1 mediates neurotrophin-evoked calcium signalling in glia cells[END_REF].

The expression of BDNF and TrkB.T1 during development coincides well with the period of elimination of excessive axons and synaptogenesis. In the adult, neuronal TrkB.T1 is concentrated in the pre-synaptic site, whereas TrkB full-length is localized in both pre-and postsynaptic regions, suggesting a major role for pre-synaptic TrkB signaling. Overexpression of the truncated TrkB.T1 isoform increases the density of filopodia in organotypic slices [START_REF] Chakravarthy | Postsynaptic TrkB signaling has distinct roles in spine maintenance in adult visual cortex and hippocampus[END_REF][START_REF] Hartmann | Truncated TrkB receptor-induced outgrowth of dendritic filopodia involves the p75 neurotrophin receptor[END_REF].

V.3. Receptors for the prodomain

The BDNF prodomain binds independently to Sortilin and related Sortilin family members (SorCS) with a Kd of 0.4 nM and to p75 NTR with a lower affinity (Kd of 20 nM) [START_REF] Anastasia | Val66Met polymorphism of BDNF alters prodomain structure to induce neuronal growth cone retraction[END_REF]. Thus, preferential receptor for the BDNF prodomain is Sortilin and SorCS. But Sortilin and SorCS are not specific for the BDNF prodomain as it binds to other ligands like NGF prodomain, NT3 prodomain and neurotensin [START_REF] Hempstead | Brain-Derived Neurotrophic Factor: Three Ligands, Many Actions[END_REF]. Deletion of p75 NTR abrogated the effect of the prodomain in several preparations [START_REF] Anastasia | Val66Met polymorphism of BDNF alters prodomain structure to induce neuronal growth cone retraction[END_REF][START_REF] Mizui | BDNF pro-peptide actions facilitate hippocampal LTD and are altered by the common BDNF polymorphism Val66Met[END_REF]. This could be explained by the fact that sortilin and p75 NTR heterodimerize and operate as co-receptors [START_REF] Bronfman | Multi-tasking by the p75 neurotrophin receptor: sortilin things out?[END_REF][START_REF] Jansen | Roles for the proneurotrophin receptor sortilin in neuronal development, aging and brain injury[END_REF][START_REF] Nykjaer | Sortilin: a receptor to regulate neuronal viability and function[END_REF][START_REF] Skeldal | Mapping of the interaction site between sortilin and the p75 neurotrophin receptor reveals a regulatory role for the sortilin intracellular domain in p75 neurotrophin receptor shedding and apoptosis[END_REF]. P75 NTR is expressed on both sides of the synapses, in presynaptic terminals and postsynaptic spines [START_REF] Brito | Neurotrophin receptor p75(NTR) mediates Huntington's disease-associated synaptic and memory dysfunction[END_REF][START_REF] Deinhardt | Neuronal growth cone retraction relies on proneurotrophin receptor signaling through Rac[END_REF][START_REF] Woo | Activation of p75NTR by proBDNF facilitates hippocampal long-term depression[END_REF]. SorCS1 and SorCS3 are located at the synapse [START_REF] Guo | BDNF pro-peptide regulates dendritic spines via caspase-3[END_REF][START_REF] Savas | The Sorting Receptor SorCS1 Regulates Trafficking of Neurexin and AMPA Receptors[END_REF] and all are regulated by neuronal activity [START_REF] Hermey | The three sorCS genes are differentially expressed and regulated by synaptic activity[END_REF]. Questions remain to be answered regarding the roles of sortilin and SorCS either as co-receptor or dominant negative receptors that could regulate synaptic availability of the prodomain for P75 NTR -mediated synaptic responses.

VI. Signaling mechanisms of Trk and p75 NTR

Several mechanisms have been proposed to coordinate neurotrophin receptor-toligand availability (see Table 3). First, incorporation of Trk receptor to the cell surface is promoted within seconds of neurotrophin exposure or neuronal activity [START_REF] Du | Activity-and Ca(2+)-dependent modulation of surface expression of brain-derived neurotrophic factor receptors in hippocampal neurons[END_REF][START_REF] Haapasalo | Regulation of TRKB surface expression by brain-derived neurotrophic factor and truncated TRKB isoforms[END_REF]. Second, only competent cells with permissive intracellular cAMP signaling increase Trk surface expression and chances to meet with the ligand [START_REF] Ji | Cyclic AMP controls BDNF-induced TrkB phosphorylation and dendritic spine formation in mature hippocampal neurons[END_REF]. Third, another important mechanism for extrasynaptic Trk receptors is the translocation into lipid rafts, which may enhance responsiveness [START_REF] Assaife-Lopes | Activation of adenosine A2A receptors induces TrkB translocation and increases BDNF-mediated phospho-TrkB localization in lipid rafts: implications for neuromodulation[END_REF][START_REF] Pereira | The tyrosine kinase Fyn determines the localization of TrkB receptors in lipid rafts[END_REF]. Local post-synaptic synthesis of BDNF and TrkB may regulate the directionality of neurotrophin signaling at the synapse (anterograde versus retrograde).

Recruitment of selective adaptor molecules discriminates signaling between the p75 NTR and Trk receptors [START_REF] Chao | Neurotrophins and their receptors: a convergence point for many signalling pathways[END_REF]. For instance, neurotrophins activate the RhoA-JNK pathway by the p75 NTR pathway that impairs the clustering of MAGUK in he postsynaptic density, elicits growth cone collapse, long-term depression and synapse elimination [START_REF] Deinhardt | Neuronal growth cone retraction relies on proneurotrophin receptor signaling through Rac[END_REF][START_REF] Nagerl | Bidirectional activity-dependent morphological plasticity in hippocampal neurons[END_REF][START_REF] Sharma | Long-Distance Control of Synapse Assembly by Target-Derived NGF[END_REF][START_REF] Woo | Activation of p75NTR by proBDNF facilitates hippocampal long-term depression[END_REF]. However, Trk activates signaling pathways common to most receptor tyrosine kinases resulting from the dimerization and trans-autophosphorylation by the tyrosine kinase domains [START_REF] Deinhardt | Trk receptors[END_REF][START_REF] Kaplan | Neurotrophin signal transduction in the nervous system[END_REF][START_REF] Reichardt | Neurotrophin-regulated signalling pathways[END_REF].

The wave of second messengers involves PLCγ, which raises intracellular Ca 2+ , the Ras-Erk and PI3-kinase/Akt pathways (see table 4 for a simplified web of intracellular signaling routes). In brief, phosphorylation of TrkB-Y515 serves as docking site for the SHC1-SOS-GRB2-RAS complex that permits the activation of Pi3K/Akt-mTOR pathway for the control of protein synthesis and MAPK-CREB pathway for the control of gene transcription (Panja and Bramham, 2014;Panja et al., 2014).

Phosphorylation of TrkB-Y816 serves as docking site for the PLCγ, which modulates intracellular Ca2+ level and subsequent CAMKII or PKC as effectors [START_REF] Minichiello | TrkB signalling pathways in LTP and learning[END_REF]. Phosphorylation of TrkB-S478 serves as docking site for TIAM1, which activates Rac1 to promote spine growth [START_REF] Lai | TrkB phosphorylation by Cdk5 is required for activity-dependent structural plasticity and spatial memory[END_REF].

Of all these pathways, The TrkB-Y816-PLCγ pathway seems the most important for the maintenance of long term synaptic potentiation [START_REF] Minichiello | Mechanism of TrkB-mediated hippocampal long-term potentiation[END_REF]. But the TrkB-Y515-Erk pathway is important for regulating the synaptic responses of the glucocorticoid receptor in conditions of stress (Arango-Lievano and Jeanneteau, 2016;Arango-Lievano et al., 2015b). Very fast signaling pathway through TrkB can also mediate sodium influx that subsequently triggers fast calcium influx through voltage gated channels [START_REF] Lang | Endogenous brainderived neurotrophic factor triggers fast calcium transients at synapses in developing dendrites[END_REF][START_REF] Sasi | Neurobiology of local and intercellular BDNF signaling[END_REF].

It has been proposed that p75 NTR signaling prunes silent synapses that compete with active synapses that use TrkB-mediated facilitation of synaptic plasticity and strength in a BDNF-dependent fashion [START_REF] Singh | Developmental axon pruning mediated by BDNF-p75NTRdependent axon degeneration[END_REF]. Therefore, mature neurotrophins may represent a synaptotrophic support whereas pro-neurotrophins may be seen as punishing signals to balance the synaptic plasticity and the resulting maintenance of competing synaptic terminals [START_REF] Lu | BDNF: a key regulator for protein synthesisdependent LTP and long-term memory?[END_REF][START_REF] Woo | Activation of p75NTR by proBDNF facilitates hippocampal long-term depression[END_REF]. This dual system for controlling the efficacy of the synaptic network opposes proBDNF and/or prodomain signaling via the p75 NTR pathway to the mature BDNF signaling via the TrkB pathway [START_REF] Giza | The BDNF Val66Met Prodomain Disassembles Dendritic Spines Altering Fear Extinction Circuitry and Behavior[END_REF][START_REF] Harward | Autocrine BDNF-TrkB signalling within a single dendritic spine[END_REF][START_REF] Tanaka | Protein synthesis and neurotrophin-dependent structural plasticity of single dendritic spines[END_REF][START_REF] Yang | proBDNF negatively regulates neuronal remodeling, synaptic transmission, and synaptic plasticity in hippocampus[END_REF].

Importantly, the directionality of the signaling (anterograde versus retrograde) is not completely understood but compelling arguments suggests it could be an important determinant to modulate a synaptic engram within a specific neural network (Harward et al., 2016;[START_REF] Hedrick | Rho GTPase complementation underlies BDNF-dependent homo-and heterosynaptic plasticity[END_REF].

VI.1. Pre-synaptic responses

Neurotrophin ligands modulate developmental maturation of synapses by a presynaptic mechanism [START_REF] Collin | Neurotrophins act at presynaptic terminals to activate synapses among cultured hippocampal neurons[END_REF]. Pre-synaptic maturation involves the reduction of the pre-synaptic kainate receptors activity, which inhibits glutamate release [START_REF] Lauri | Functional maturation of CA1 synapses involves activity-dependent loss of tonic kainate receptor-mediated inhibition of glutamate release[END_REF]. Selective inhibition of TrkB receptors using a chemical-genetic approach impedes the downregulation of pre-synaptic kainate receptors activity that controls presynaptic efficacy and therefore, the formation of functional synapses [START_REF] Sallert | Brain-derived neurotrophic factor controls activity-dependent maturation of CA1 synapses by downregulating tonic activation of presynaptic kainate receptors[END_REF].

Consistently, the genetic ablation of BDNF is associated with delayed synaptic maturation and persistent pre-synaptic kainate receptors activity [START_REF] Sallert | Brain-derived neurotrophic factor controls activity-dependent maturation of CA1 synapses by downregulating tonic activation of presynaptic kainate receptors[END_REF].

Application of mature BDNF alters the number of synaptic vesicles, the number of docked vesicles at the active zones without affecting the reserve pool of vesicles. As a result of structural maturation, BDNF can raise the quantal release of neurotransmitters by increasing the release probability and the size of a rapidly recycling vesicle pool [START_REF] Tyler | BDNF enhances quantal neurotransmitter release and increases the number of docked vesicles at the active zones of hippocampal excitatory synapses[END_REF][START_REF] Tyler | BDNF increases release probability and the size of a rapidly recycling vesicle pool within rat hippocampal excitatory synapses[END_REF]. In contrast, fewer vesicles and docked vesicles are observed in the BDNF knockout mice. Therefore, BDNF might help mobilize vesicles for immediate release at existing synapse through a myosin motor mechanism [START_REF] Yano | BDNF-mediated neurotransmission relies upon a myosin VI motor complex[END_REF]. One of the mechanisms by which BDNF mobilizes synaptic vesicles depends on a TrkB-dependent dissociation of the cadherin-βcatenin adhesion complex [START_REF] Bamji | BDNF mobilizes synaptic vesicles and enhances synapse formation by disrupting cadherin-beta-catenin interactions[END_REF]. Pre-synaptic structural parameters are impaired when TrkB is removed from the pre-synaptic side only or from both sides [START_REF] Luikart | TrkB has a cell-autonomous role in the establishment of hippocampal Schaffer collateral synapses[END_REF]. Remarkably, pre-synaptic TrkB deficiency increases the probability to contact with two or more post-synaptic densities due to the atrophy of axon terminals [START_REF] Luikart | TrkB has a cell-autonomous role in the establishment of hippocampal Schaffer collateral synapses[END_REF].

Several studies have addressed the role of neurotrophin signaling in synapse stabilization. One approach is to promote destabilization of existing synapses by acute pharmacological blockade of glutamate neurotransmission [START_REF] Hering | Dendritic spines: structure, dynamics and regulation[END_REF].

Application of mature BDNF in the presence of APV, an inhibitor of NMDA receptors, recues the number of clusters of GFP-synaptobrevin, a marker for pre-synaptic terminals, by stabilization of existing clusters and addition of novel clusters [START_REF] Hu | BDNF stabilizes synapses and maintains the structural complexity of optic axons in vivo[END_REF].

Mechanisms that translate extracellular signals into cytoskeletal rearrangements underlie morphological remodeling. The cytoskeleton is composed of actin and microtubules as well as a vast array of associated regulatory proteins. Neurotrophins may impact dynamics of filopodia, branching and synaptogenesis by local effect on cytoskeletal dynamics via cyclic nucleotides like cGMP and phosphorylation, which are used as molecular switches to regulate many of the structural proteins. For example, BDNFinduced phosphorylation of synapsin-I and Eps8 by Erk1/2 lead to actin remodeling and development of axonal terminals [START_REF] Jovanovic | Neurotrophins stimulate phosphorylation of synapsin I by MAP kinase and regulate synapsin I-actin interactions[END_REF][START_REF] Menna | Eps8 regulates axonal filopodia in hippocampal neurons in response to brain-derived neurotrophic factor (BDNF)[END_REF]. On the contrary, proneurotrophin causes growth cone collapse by using the p75 NTR -SorCS2-rac1 pathway [START_REF] Deinhardt | Neuronal growth cone retraction relies on proneurotrophin receptor signaling through Rac[END_REF]. Additional experiments showed that the BDNF prodomain harboring the Met66 variation is sufficient to produce growth cone collapse by using the p75 NTR -SorCS2-rac1 pathway [START_REF] Anastasia | Val66Met polymorphism of BDNF alters prodomain structure to induce neuronal growth cone retraction[END_REF]. This means that the Met66 variation present in 25% of the general population confers a gain of function.

Structural changes in neurons often give rise to physiological consequences.

Neurotrophins increase the frequency of AMPA miniature excitatory post-synaptic currents (mEPSCs) within minutes with minimal effect on amplitude. These observations are usually attributed to a pre-synaptic change in the probability of neurotransmitter release [START_REF] Tyler | BDNF enhances quantal neurotransmitter release and increases the number of docked vesicles at the active zones of hippocampal excitatory synapses[END_REF]. In accordance, inactivation of pre-synaptic TrkB signaling using the truncated TrkB isoform, TrkB.T1 impaired BDNF-elicited synaptic potentiation, thus confirming a role for synaptic neurotrophin signaling [START_REF] Li | Expression of a dominant negative TrkB receptor, T1, reveals a requirement for presynaptic signaling in BDNF-induced synaptic potentiation in cultured hippocampal neurons[END_REF].

Similar pre-synaptic effects have been observed in inhibitory neurons. For instance, BDNF increases the expression of GAD65, a GABA synthetic enzyme, as well as mIPSCs frequency without affecting amplitude [START_REF] Huang | BDNF regulates the maturation of inhibition and the critical period of plasticity in mouse visual cortex[END_REF][START_REF] Ohba | BDNF locally potentiates GABAergic presynaptic machineries: target-selective circuit inhibition[END_REF].

VI.2. Post-synaptic responses

Neurotrophins increase dendritic arbor complexity and the number of spines in several preparations [START_REF] Alonso | ERK1/2 activation is necessary for BDNF to increase dendritic spine density in hippocampal CA1 pyramidal neurons[END_REF][START_REF] Mcallister | Neurotrophins regulate dendritic growth in developing visual cortex[END_REF][START_REF] Sanchez | BDNF increases synapse density in dendrites of developing tectal neurons in vivo[END_REF]. Knockout of BDNF does not affect spine density significantly in the hippocampus of P10-16 animals [START_REF] Martinez | TrkB and TrkC signaling are required for maturation and synaptogenesis of hippocampal connections[END_REF]. However, no addition of new spines was possible in the barrel cortex of BDNF -/-mice after sensory stimulation in contrast to the experience-dependent synaptogenesis observed in the wild-type littermates [START_REF] Genoud | Altered synapse formation in the adult somatosensory cortex of brain-derived neurotrophic factor heterozygote mice[END_REF]. Consistently, there is an overall reduction in spine density in the hippocampus of conditional TrkB knockout mice [START_REF] Luikart | TrkB has a cell-autonomous role in the establishment of hippocampal Schaffer collateral synapses[END_REF]. Application of the mature BDNF or NT3 to embryonic E16 hippocampal neurons, grown in culture, can trigger the conversion of silent synapses into functional ones [START_REF] Vicario-Abejon | Neurotrophins induce formation of functional excitatory and inhibitory synapses between cultured hippocampal neurons[END_REF]. Also, acute thalamocortical slices from BDNF knockout mice revealed silent synapses that are unmasked after rescuing BDNF levels back to normal [START_REF] Itami | Brain-derived neurotrophic factor-dependent unmasking of "silent" synapses in the developing mouse barrel cortex[END_REF].

Neurotrophins enhance local protein synthesis that is required for long term structural and functional synaptic plasticity [START_REF] Lu | BDNF: a key regulator for protein synthesisdependent LTP and long-term memory?[END_REF][START_REF] Tanaka | Protein synthesis and neurotrophin-dependent structural plasticity of single dendritic spines[END_REF]. The post-synaptic BDNF-TrkB pathway mediates the enlargement of spine heads following synchronized pre-and post-synaptic spiking activities [START_REF] Tanaka | Protein synthesis and neurotrophin-dependent structural plasticity of single dendritic spines[END_REF]. The postsynaptic BDNF-TrkB pathway also regulates the protein content in post-synaptic density notably the NMDA and GABA receptor subunits [START_REF] Elmariah | Postsynaptic TrkB-mediated signaling modulates excitatory and inhibitory neurotransmitter receptor clustering at hippocampal synapses[END_REF][START_REF] Slipczuk | BDNF activates mTOR to regulate GluR1 expression required for memory formation[END_REF][START_REF] Yamada | Brain-derived neurotrophic factor promotes the maturation of GABAergic mechanisms in cultured hippocampal neurons[END_REF]. Because BDNF action is selective to active spines, it is postulated that BDNF may act as a structural tag for the selective trapping of the protein synthesis machinery necessary to stabilize spine head volume overtime.

Neurotrophins alter spine morphogenesis by changing the cytoskeleton using small GTPases to modify the dynamics of actin polymerization/depolymerization [START_REF] Hedrick | Rho GTPase complementation underlies BDNF-dependent homo-and heterosynaptic plasticity[END_REF]. That is, activation of Rac1/Cdc42 and inhibition of RhoA is involved in spine formation, and vice versa in spine retraction [START_REF] Fu | Cyclin-dependent kinase 5 links extracellular cues to actin cytoskeleton during dendritic spine development[END_REF].

Regulation of the small GTPase family of proteins (Rho, Rac, cdc42) by Trk and p75 NTR is proposed as a mechanism to impact the dynamic structure of synapses. Indeed, the Rac1 activator, TIAM1 is directly regulated by BDNF, TrkB, PI3K and NMDAdependent calcium levels [START_REF] Miyamoto | TrkB binds and tyrosine-phosphorylates Tiam1, leading to activation of Rac1 and induction of changes in cellular morphology[END_REF]. Similarly, p75 NTR stimulates Rac1 but dampens RhoA activity resulting in lengthening of filopodia [START_REF] Gallo | Regulation of growth cone actin filaments by guidance cues[END_REF]. In fact, neurotophins affects several GTPases at the same time by different receptors to impact synaptic morphology (Chen et al., 2006a;[START_REF] Esteban | A kinase-deficient TrkC receptor isoform activates Arf6-Rac1 signaling through the scaffold protein tamalin[END_REF][START_REF] Shen | Activity-induced rapid synaptic maturation mediated by presynaptic cdc42 signaling[END_REF]. Another signaling pathway recruited by BDNF and central to the regulation of the cellular cytoskeleton is CDK5. Several substrates of CDK5 including the WAVE proteins are known to regulate actin polymerization and dendritic spine morphology [START_REF] Cheung | Cdk5 is involved in BDNF-stimulated dendritic growth in hippocampal neurons[END_REF][START_REF] Kim | Phosphorylation of WAVE1 regulates actin polymerization and dendritic spine morphology[END_REF]. Post-synaptic morphology is affected by the loss of post-synaptic TrkB but not by the loss of pre-synaptic TrkB [START_REF] Luikart | TrkB has a cell-autonomous role in the establishment of hippocampal Schaffer collateral synapses[END_REF].

Chemical-genetic inactivation of TrkB-F616A mutant (Chen et al., 2005a) substituted for the endogenous TrkB specifically on the post-synaptic cells, is sufficient to decrease the number of dendritic spines in vivo, recapitulating the impact of chronic unpredictable mild stress and chronic corticosterone administration with no further effects when paired (Arango-Lievano et al., 2015b;Arango-Lievano et al., 2016). These observations support a cell autonomous effect of TrkB signaling on the post-synaptic architecture. Moreover, elevation of Ca 2+ within spines within minutes of synchronized pre-and post-synaptic activity elicits BDNF-TrkB signaling that mediates enlargement of spine head volume [START_REF] Tanaka | Protein synthesis and neurotrophin-dependent structural plasticity of single dendritic spines[END_REF]. In contrast, BDNF signaling cannot shape spine head volume in absence of synchronized pre-and post-synaptic activity. Therefore, BDNF signaling orchestrates Ca 2+ sensors, kinases and small GTPases to elicit structural changes of synaptic terminals.

The source of BDNF required for synaptic potentiation differed from that required for pre-synaptic differentiation. In fact, deletion of only the 3'UTR sequence of the bdnf gene, which targets BDNF mRNA to the dendrites, is sufficient to reduce spine head volume in hippocampus, suggesting an autocrine post-synaptic pathway (An et al., 2008). This is consistent with the autocrine TrkB activation on the same spines that is crucial for structural and functional plasticity [START_REF] Harward | Autocrine BDNF-TrkB signalling within a single dendritic spine[END_REF]. Post-synaptic TrkB allows robust synaptic potentiation only when paired to a weak burst stimulation of presynaptic terminal [START_REF] Kovalchuk | Postsynaptic Induction of BDNF-Mediated Long-Term Potentiation[END_REF]. However, others have reported that presynaptic BDNF released from CA3 neurons but not post-synaptic CA1 neurons, so a paracrine pathway was essential for synaptic potentiation at these synapses [START_REF] Zakharenko | Presynaptic BDNF required for a presynaptic but not postsynaptic component of LTP at hippocampal CA1-CA3 synapses[END_REF].

Neurotrophins promote stabilization of post-synaptic terminals in several preparations. Infusion of mature NGF in the septum revealed a robust potentiation of cholinergic synaptic efficacy in the septo-hippocampal neural circuit whereas infusion of NGF blocking antibodies diminished hippocampal LTP and impaired spatial memory [START_REF] Conner | NGF is essential for hippocampal plasticity and learning[END_REF]. The role of BDNF in the maintenance of synapses has also been studied. For instance, blocking BDNF signaling by using anti-BDNF antibodies or overexpressing a dominant negative TrkB construct reduces mushroom spine maintenance and synaptic efficacy, accompanied by an increase in long and thin spines and filopodia [START_REF] Chakravarthy | Postsynaptic TrkB signaling has distinct roles in spine maintenance in adult visual cortex and hippocampus[END_REF][START_REF] Sanchez | BDNF increases synapse density in dendrites of developing tectal neurons in vivo[END_REF]. In agreement, the inactivation of TrkB signaling may prevent the formation of new synapses and promote the destabilization of existing spines through the post-synaptic TrkB-PI3-K pathway [START_REF] Luikart | TrkB has a cell-autonomous role in the establishment of hippocampal Schaffer collateral synapses[END_REF][START_REF] Luikart | Neurotrophin-dependent dendritic filopodial motility: a convergence on PI3K signaling[END_REF].

Contrasting with the effects of mature BDNF, the BDNF pro-peptide decreases the number of dendritic spines via a mitochondrial caspase-3 pathway [START_REF] Guo | BDNF pro-peptide regulates dendritic spines via caspase-3[END_REF].

Prodomain of BDNF but not of NGF facilitates LFS-induced LTD, an effect that also depends on p75 NTR [START_REF] Mizui | BDNF pro-peptide actions facilitate hippocampal LTD and are altered by the common BDNF polymorphism Val66Met[END_REF]. Interestingly, the Met66 prodomain shows the opposite effect and inhibits LFS-induced LTD.. These results are consistent with a previous study describing a deficit on LFS-induced LTD in hippocampal slices of BDNF met/met mice [START_REF] Ninan | The BDNF Val66Met polymorphism impairs NMDA receptor-dependent synaptic plasticity in the hippocampus[END_REF], which suggest that the prodomain could be responsible for this effect. The LFS protocol elicits NMDA dependent LTD that relies, in part, on trafficking of AMPA receptor subunits. Mizui et al demonstrated that the Val66 prodomain facilitates LTD by promoting the surface expression of GluN2B NMDA receptor subunit and the endocytosis of AMPA receptors, while the Met66 prodomain blocks it. These results imply a general effect of the Met66 prodomain on NMDA signaling [START_REF] Mizui | BDNF pro-peptide actions facilitate hippocampal LTD and are altered by the common BDNF polymorphism Val66Met[END_REF]. The deficient NMDA-dependent LTP of the BDNF met/met [START_REF] Ninan | The BDNF Val66Met polymorphism impairs NMDA receptor-dependent synaptic plasticity in the hippocampus[END_REF] mice supports also this hypothesis. Unfortunately the effect on the Met66 prodomain in hippocampal LTP has not yet been reported. This is consistent with the impact of a cleavage resistant proBDNF knockin mouse, which displayed decreased spine number, impaired LTP due to the lack of mature BDNF mediated TrkB signaling, and enhanced LTD mediated by the p75 NTR pathway [START_REF] Yang | proBDNF negatively regulates neuronal remodeling, synaptic transmission, and synaptic plasticity in hippocampus[END_REF]. Also, the application of proBDNF causes synaptic depression [START_REF] Woo | Activation of p75NTR by proBDNF facilitates hippocampal long-term depression[END_REF], which was previously associated with spine shrinkage and elimination [START_REF] Nagerl | Bidirectional activity-dependent morphological plasticity in hippocampal neurons[END_REF]. Removal of p75 NTR by genetic methods reduces the elimination of silent pre-and post-synaptic terminals in several preparations [START_REF] Cao | Genetic modulation of BDNF signaling affects the outcome of axonal competition in vivo[END_REF][START_REF] Lim | p75(NTR) mediates ephrin-A reverse signaling required for axon repulsion and mapping[END_REF][START_REF] Singh | Developmental axon pruning mediated by BDNF-p75NTRdependent axon degeneration[END_REF][START_REF] Zagrebelsky | The p75 neurotrophin receptor negatively modulates dendrite complexity and spine density in hippocampal neurons[END_REF]. Overexpression of p75 NTR decreases the overall number of spines in hippocampal neurons in vivo [START_REF] Zagrebelsky | The p75 neurotrophin receptor negatively modulates dendrite complexity and spine density in hippocampal neurons[END_REF]. It is assumed that the post-synaptic proBDNF-P75 NTR -SorCS pathway is preferred for negative plasticity but other studies indicated that inactivation of the postsynaptic mature BDNF-TrkB pathway could do the same. In Purkinje cells, the loss of TrkB, which does not affect dendritic differentiation and synaptogenesis, impairs the developmental elimination of redundant GABAergic climbing fibers [START_REF] Bosman | Requirement of TrkB for synapse elimination in developing cerebellar Purkinje cells[END_REF]. One hypothesis is that the conversion of pro-BDNF to mature BDNF could determine the nature of the response [START_REF] Woo | Activation of p75NTR by proBDNF facilitates hippocampal long-term depression[END_REF].

VI.3. Rapid and slow responses

Several observations of rapid synaptic neurotrophin signaling have been reported.

Blocking BDNF signaling using a caged photo-activable quenching antibody revealed instructive role as synaptic potentiator within minutes [START_REF] Kossel | A caged Ab reveals an immediate/instructive effect of BDNF during hippocampal synaptic potentiation[END_REF].

Neurotrophic signaling has been shown to affect synaptic transmission within minutes by modulation of ion channel properties. Indeed, voltage-gated sodium channels, potassium channels as well as glutamate and GABA receptors have been proposed to be downstream targets of BDNF-TrkB signaling [START_REF] Blum | Neurotrophin-evoked depolarization requires the sodium channel Na(V)1.9[END_REF][START_REF] Jovanovic | Brainderived neurotrophic factor modulates fast synaptic inhibition by regulating GABA(A) receptor phosphorylation, activity, and cell-surface stability[END_REF][START_REF] Kramar | A novel mechanism for the facilitation of theta-induced long-term potentiation by brain-derived neurotrophic factor[END_REF][START_REF] Levine | Brain-derived neurotrophic factor modulates hippocampal synaptic transmission by increasing Nmethyl-D-aspartic acid receptor activity[END_REF]. How does rapid neurotrophic signaling translate into modifications of synapses? In vitro, high BDNF level produces repulsion whereas low BDNF induces attraction of growth cones [START_REF] Mai | Axon initiation and growth cone turning on bound protein gradients[END_REF]. Responses to bound BDNF gradient depend on the absolute difference rather than the relative difference in the BDNF density across the neuron. In vivo, BDNF signaling via the p75 NTR results in the elimination of silent synapses whereas TrkB signaling provides a mechanism for the preservation of functional synapses [START_REF] Singh | Developmental axon pruning mediated by BDNF-p75NTRdependent axon degeneration[END_REF]. Moreover, fast and slow increases in BDNF concentration can differentially affect TrkB signaling (transient versus sustained) such that spine head enlargement and spine neck elongation are affected [START_REF] Ji | Acute and gradual increases in BDNF concentration elicit distinct signaling and functions in neurons[END_REF].

Rapid modulation of synaptic function by BDNF is attributed to both pre-and post-synaptic mechanisms. To unravel the cell autonomous mechanisms of BDNFmediated enhancement of synaptic plasticity, TrkB signaling in the pre-synaptic sides was impaired by removal of the synaptic vesicle protein Rab3A. Knockout mice, which lack a pre-synaptic response to BDNF (miniature EPSC frequency), still display normal post-synaptic sensitivity to BDNF because Rab3a is required for the initial (<10 min) but not for the later (>10 min) phase of BDNF-enhanced transmission [START_REF] Alder | Early presynaptic and late postsynaptic components contribute independently to brain-derived neurotrophic factor-induced synaptic plasticity[END_REF]. Indeed, BDNF enhancement of postsynaptic glutamate-induced current did not differ in the mutant neurons compared to the wild type [START_REF] Alder | Early presynaptic and late postsynaptic components contribute independently to brain-derived neurotrophic factor-induced synaptic plasticity[END_REF]. One possible postsynaptic mechanism of synaptic potentiation by BDNF signaling is that neurotrophins induce within minutes the phosphorylation of a variety of synaptic substrates such as ion channels.

For example, NMDA and GABA receptors are phosphorylated by BDNF signaling via Erk1/2 and PKC, respectively, to regulate the probability of channel opening [START_REF] Jovanovic | Brainderived neurotrophic factor modulates fast synaptic inhibition by regulating GABA(A) receptor phosphorylation, activity, and cell-surface stability[END_REF][START_REF] Levine | Brain-derived neurotrophic factor increases activity of NR2B-containing N-methyl-D-aspartate receptors in excised patches from hippocampal neurons[END_REF][START_REF] Suen | Brain-derived neurotrophic factor rapidly enhances phosphorylation of the postsynaptic N-methyl-D-aspartate receptor subunit 1[END_REF]. In addition, BDNF induces rapid intracellular calcium transients via the Trk-PI3-K pathway and surface expression of TrpC channels [START_REF] Amaral | TRPC3 channels are necessary for brainderived neurotrophic factor to activate a nonselective cationic current and to induce dendritic spine formation[END_REF][START_REF] Li | Essential role of TRPC channels in the guidance of nerve growth cones by brain-derived neurotrophic factor[END_REF].

Blocking endogenous TrkB signaling decreases the frequency of spontaneous Ca 2+ rises at post-synaptic sites [START_REF] Lang | Endogenous brainderived neurotrophic factor triggers fast calcium transients at synapses in developing dendrites[END_REF]. Rapid elevation of intracellular Ca 2+ via Trk-PLCγ-IP3 pathway was also reported [START_REF] Du | Rapid BDNF-induced retrograde synaptic modification in a developing retinotectal system[END_REF]. Moreover, deletion of the Y785 docking site in TrkB knock-in mice revealed the importance of the PLCγ over the ERK and PI3K pathways for the maintenance of synaptic function and the rapid presynaptic effects of BDNF [START_REF] Gartner | Hippocampal long-term potentiation is supported by presynaptic and postsynaptic tyrosine receptor kinase B-mediated phospholipase Cgamma signaling[END_REF][START_REF] Minichiello | Mechanism of TrkB-mediated hippocampal long-term potentiation[END_REF]. Finally, BDNF signaling has been shown to be dependent on gradient of second messengers like cAMP to allow functional and structural synaptic responses [START_REF] Ji | Cyclic AMP controls BDNF-induced TrkB phosphorylation and dendritic spine formation in mature hippocampal neurons[END_REF][START_REF] Mai | Axon initiation and growth cone turning on bound protein gradients[END_REF].

Robust stimulation evoking long-term potentiation (lasting >180 min) elicits a large increase in BDNF secretion persisting 5-12 min beyond the stimulation period.

Weaker stimulation patterns leading only to the initial phase of synaptic potentiation (about 35 min) are accompanied by a smaller increase in BDNF secretion lasting <1 min [START_REF] Aicardi | Induction of long-term potentiation and depression is reflected by corresponding changes in secretion of endogenous brain-derived neurotrophic factor[END_REF]. Prolonged BDNF signaling triggered by robust synchronized preand post-synaptic activities allows synapse-specific potentiation and structural stabilization changes that are dependent on protein synthesis [START_REF] Aicardi | Induction of long-term potentiation and depression is reflected by corresponding changes in secretion of endogenous brain-derived neurotrophic factor[END_REF][START_REF] Tanaka | Protein synthesis and neurotrophin-dependent structural plasticity of single dendritic spines[END_REF]. To be specific, the newly synthesized plasticity-related proteins must be captured only at the active sites by a transient synaptic tag. TrkB signaling endosomes has been proposed to be a synaptic tag [START_REF] Lu | BDNF: a key regulator for protein synthesisdependent LTP and long-term memory?[END_REF]. Many BDNF-regulated genes are newly synthesized plasticity-related genes [START_REF] Glorioso | Specificity and timing of neocortical transcriptome changes in response to BDNF gene ablation during embryogenesis or adulthood[END_REF]. The functions of several activity-regulated genes have been investigated in the context of synaptic potentiation: (i) Arc mRNA, which expression is sustained in active spines, participates in structural changes of spines associated to the consolidation of synaptic potentiation by the remodeling of actin cytoskeleton [START_REF] Bramham | Local protein synthesis, actin dynamics, and LTP consolidation[END_REF]; (ii) Homer-1 mRNA is captured only in active spines and regulates the stability of synaptic function [START_REF] Okada | Input-specific spine entry of somaderived Vesl-1S protein conforms to synaptic tagging[END_REF][START_REF] Szumlinski | Homer proteins: implications for neuropsychiatric disorders[END_REF]; (iii) bdnf exon IV mRNA modulates the shape and potency of neuronal networks [START_REF] Barco | Gene expression profiling of facilitated L-LTP in VP16-CREB mice reveals that BDNF is critical for the maintenance of LTP and its synaptic capture[END_REF][START_REF] Hong | A biological function for the neuronal activity-dependent component of Bdnf transcription in the development of cortical inhibition[END_REF].

Proteomic approaches have revealed that BDNF induces widespread changes in synaptic protein content and up-regulates components of the translation machinery, which requires hours [START_REF] Liao | BDNF induces widespread changes in synaptic protein content and upregulates components of the translation machinery: an analysis using high-throughput proteomics[END_REF]. Several mechanisms can account for this effect.

On one hand, BDNF relieves the inhibitory control of the microRNA miR-134 on synaptogenesis [START_REF] Schratt | A brain-specific microRNA regulates dendritic spine development[END_REF]. On the other hand, BDNF employs the postsynaptic TrkB-PI3K-mTOR pathway to regulate the local synaptic translation of a select group of mRNAs (GLUR1, Arc, BDNF, TrkB, Homer and CamKII…) [START_REF] Schratt | BDNF regulates the translation of a select group of mRNAs by a mammalian target of rapamycin-phosphatidylinositol 3-kinase-dependent pathway during neuronal development[END_REF][START_REF] Slipczuk | BDNF activates mTOR to regulate GluR1 expression required for memory formation[END_REF][START_REF] Wang | Spatially restricting gene expression by local translation at synapses[END_REF]. Therefore, rapid and slow signaling may serve a dual function. Promoting transcription of plasticity-dependent genes and the capture of their mRNA products where TrkB signaling endosomes persist as putative synaptic tags may strengthen and maintain existing synapses [START_REF] Lu | TrkB as a potential synaptic and behavioral tag[END_REF][START_REF] Sajikumar | Metaplasticity governs compartmentalization of synaptic tagging and capture through brain-derived neurotrophic factor (BDNF) and protein kinase Mzeta (PKMzeta)[END_REF][START_REF] Shivarama Shetty | Tagging' along memories in aging: Synaptic tagging and capture mechanisms in the aged hippocampus[END_REF].

The activity controlled production and release of BDNF at the synapse define spatio-temporal constraints for the location of TrkB and p75 NTR receptors at active synapses. Because some of the neurotrophic factors, like BDNF are secreted in two distinct modes (constitutive and regulated), signaling responses may thus be interpreted accordingly. Indeed, an acute increase in BDNF concentration in cultured hippocampal neurons mimicking the regulated secretion produces distinct signaling outcome when compared to a gradual increase modeling constitutive secretion. Fast and slow increases in extracellular BDNF produce transient and sustained TrkB signaling, respectively. As a result, transient TrkB activation produced neurite elongation and spine head enlargement whereas sustained TrkB activation facilitated neurite branch and spine elongation [START_REF] Ji | Acute and gradual increases in BDNF concentration elicit distinct signaling and functions in neurons[END_REF]. Slow delivery of BDNF facilitates LTP, whereas fast application of BDNF enhances basal synaptic transmission. Interestingly, high-frequency stimulation of neurons converts BDNF-induced TrkB signaling from a transient to a sustained mode [START_REF] Guo | Neuronal activity alters BDNF-TrkB signaling kinetics and downstream functions[END_REF][START_REF] Guo | Differential effects of transient and sustained activation of BDNF-TrkB signaling[END_REF]. Therefore, the mode of secretion and the source of BDNF underlying its availability within the synaptic cleft are critical for cell signaling and function.

VI.4. Balancing act on excitation and inhibition

The ratio of excitation/inhibition is adjustable to the level of neuronal activity by homeostatic mechanisms of metaplasticity that depend on BDNF signaling. It is particularly well documented in the maturation of the visual cortex [START_REF] Maffei | Plasticity in the visual system: role of neurotrophins and electrical activity[END_REF]. (i) BDNF impacts the strength of neuronal networks by regulating the balance of inhibition and excitation [START_REF] Nelson | Excitatory/Inhibitory Balance and Circuit Homeostasis in Autism Spectrum Disorders[END_REF][START_REF] Oh | The Role of BDNF in Age-Dependent Changes of Excitatory and Inhibitory Synaptic Markers in the Human Prefrontal Cortex[END_REF]; (ii) BDNF plays an important role in promoting the maturation and number of inhibitory and excitatory synapses [START_REF] Huang | BDNF regulates the maturation of inhibition and the critical period of plasticity in mouse visual cortex[END_REF]; (iii) activity-dependent enhancement of inhibitory input also requires release of BDNF from the postsynaptic neuron and BDNF uptake by GABAergic synaptic terminals [START_REF] Liu | Heterosynaptic scaling of developing GABAergic synapses: dependence on glutamatergic input and developmental stage[END_REF][START_REF] Peng | Postsynaptic spiking homeostatically induces cell-autonomous regulation of inhibitory inputs via retrograde signaling[END_REF].

Neurotrophins adjust synaptic strength by regulating the quantal release of neurotransmitters on both excitatory and inhibitory neurons [START_REF] Tyler | BDNF enhances quantal neurotransmitter release and increases the number of docked vesicles at the active zones of hippocampal excitatory synapses[END_REF][START_REF] Tyler | BDNF increases release probability and the size of a rapidly recycling vesicle pool within rat hippocampal excitatory synapses[END_REF]. As a result, neurotrophins adjust neuronal ouput activity based on the overall network demands. This is partly due to the strength of parvalbumin (PV) neuron mediated inhibition in response to changes of excitatory inputs regulated by BDNF [START_REF] Bloodgood | The activity-dependent transcription factor NPAS4 regulates domain-specific inhibition[END_REF]. Neurotrophins increase the number of interneurons and the density ratio of inhibitory to excitatory synapses [START_REF] Rutherford | Brain-derived neurotrophic factor mediates the activity-dependent regulation of inhibition in neocortical cultures[END_REF][START_REF] Seil | TrkB receptor ligands promote activitydependent inhibitory synaptogenesis[END_REF]. Both NGF and BDNF increased the number of medial septum GABAergic and cholinergic neurons projecting to the cortex and hippocampus. BDNF also affects distinct class of synapses in opposite fashion accordingly to the level of neuronal activity. For instance, upon chronic activity blockade, BDNF scales down synaptic responses between excitatory neurons whereas BDNF scales up glutamatergic synaptic responses onto interneurons and vice-versa upon blockade of inhibition [START_REF] Rutherford | BDNF has opposite effects on the quantal amplitude of pyramidal neuron and interneuron excitatory synapses[END_REF][START_REF] Seil | TrkB receptor signaling and activity-dependent inhibitory synaptogenesis[END_REF].

Because BDNF regulates the strength of glutamatergic synapses onto interneurons at higher concentrations than between excitatory neurons suggests a negative feedback mechanism for the recruitment of additional inhibition under very high activity regimes.

BDNF contributes to half of the effect of NPAS4 as master regulator of the activity-dependent transcriptional epigenetic program that controls inhibitory synapse formation [START_REF] Lin | Activity-dependent regulation of inhibitory synapse development by Npas4[END_REF]. In the visual cortex, BDNF accelerates the maturation of GABAergic synapses and the establishment of the inhibitory neural network [START_REF] Huang | BDNF regulates the maturation of inhibition and the critical period of plasticity in mouse visual cortex[END_REF]. In contrast, decrease of BDNF signaling by genetic methods reduces the efficacy of GABAergic synapses [START_REF] Abidin | Impaired GABAergic inhibition in the visual cortex of brain-derived neurotrophic factor heterozygous knockout mice[END_REF]. In the hippocampus, experimental seizure upregulates BDNF and a collapse of the balanced excitation and inhibition [START_REF] Koyama | To BDNF or not to BDNF: that is the epileptic hippocampus[END_REF]. Overexpression of BDNF in excitatory hippocampal neurons from BDNF -/-mice increases the number of glutamatergic synapses and concomitantly decreases the density of GABAergic synapses [START_REF] Singh | Altered balance of glutamatergic/GABAergic synaptic input and associated changes in dendrite morphology after BDNF expression in BDNFdeficient hippocampal neurons[END_REF].

Moreover, both BDNF and NT4 decrease the expression of the chloride transporter KCC2, which allows GABA to be depolarizing rather than hyperpolarizing in order to increase the activity and density of the neuronal network [START_REF] Cancedda | Excitatory GABA action is essential for morphological maturation of cortical neurons in vivo[END_REF][START_REF] Rivera | BDNF-induced TrkB activation down-regulates the K+-Cl-cotransporter KCC2 and impairs neuronal Clextrusion[END_REF]. Therefore, BDNF balances the number of functional inhibitory and excitatory synapses to keep overall firing rate of the neuronal network within an operational range [START_REF] Gottmann | BDNF signaling in the formation, maturation and plasticity of glutamatergic and GABAergic synapses[END_REF][START_REF] Ibata | Rapid synaptic scaling induced by changes in postsynaptic firing[END_REF][START_REF] Turrigiano | Homeostatic signaling: the positive side of negative feedback[END_REF].

VII. Specificity of neurotrophin actions at the synapse

Neurotrophins have similar properties but can signal through different receptors subtypes that share similar signaling cascades. What are the specific functions of individual neurotrophins in the process of synaptogenesis? Can one neurotrophin substitute for the lack of others? BDNF and NT4, which are both TrkB ligands accelerate the differentiation and maturation of cortical neurons but with distinction [START_REF] Mcallister | Opposing roles for endogenous BDNF and NT-3 in regulating cortical dendritic growth[END_REF][START_REF] Mcallister | Neurotrophins regulate dendritic growth in developing visual cortex[END_REF]. In addition, BDNF and NT4 increase both inhibitory and excitatory synapses whereas NT3 only impacts excitatory synapse formation [START_REF] Cotrufo | Effects of neurotrophins on synaptic protein expression in the visual cortex of dark-reared rats[END_REF][START_REF] Vicario-Abejon | Neurotrophins induce formation of functional excitatory and inhibitory synapses between cultured hippocampal neurons[END_REF]. TrkC is expressed on both pre-and post-synaptic sides and NT3 increases the number of dendrites and spines on the postsynaptic side. But NT3 has no structural effects on the pre-synaptic side [START_REF] Vicario-Abejon | Neurotrophins induce formation of functional excitatory and inhibitory synapses between cultured hippocampal neurons[END_REF]. Therefore, TrkB ligands seem to promote inhibitory synapse formation and stabilization. The role of NGF and NT3 in the process of synaptogenesis in the central nervous system needs further characterization. Interestingly, neuronal expression of NT3 and NT4 is not regulated by activity contrary to some isoforms of BDNF [START_REF] Poo | Neurotrophins as synaptic modulators[END_REF].

Because both BDNF and NT4 are TrkB ligands, one study examined whether NT4 can substitute for BDNF functions by knocking NT4 into the BDNF gene locus. The substitution of NT4 for BDNF accelerates the formation of functional excitatory synapses in hippocampal neurons [START_REF] Fan | Knocking the NT4 gene into the BDNF locus rescues BDNF deficient mice and reveals distinct NT4 and BDNF activities[END_REF]. Exogenous NT4 is more potent than BDNF in increasing excitatory hippocampal synapses. One possible mechanism is that NT4 activates more robust TrkB signaling than BDNF. Similarly, another study examined whether NT3, which is not a TrkB ligand can substitute for BDNF by knocking NT3 into the BDNF gene locus. The substitution of NT3 for BDNF impaired pre-synaptic differentiation and target innervation of peripheral neurons in the vestibular and gustatory systems like in BDNF -/-mice [START_REF] Agerman | BDNF gene replacement reveals multiple mechanisms for establishing neurotrophin specificity during sensory nervous system development[END_REF]. If NT3 and BDNF share redundant function as survival factor for peripheral neurons, they show striking differences in the process of synaptogenesis.

Visual deprivation dramatically impairs the development of neuronal networks in the visual cortex, which is reversed upon light exposure. Infusion of neurotrophins in the visual cortex mimics light exposure by restoring some level of plasticity in a specific manner. For instance, NGF selectively restores the expression of components of the NMDA system whereas both BDNF and NT4 restore the expression of components of the AMPA system as well as the GABAergic system [START_REF] Cotrufo | Effects of neurotrophins on synaptic protein expression in the visual cortex of dark-reared rats[END_REF]. For instance, the expression of the voltage-gated potassium channels that allow fast repolarization and facilitate high frequency firing of cortical interneurons is distinct after exposure treatment with BDNF or NT4 [START_REF] Grabert | Neuronal activity and TrkB ligands influence Kv3.1b and Kv3.2 expression in developing cortical interneurons[END_REF]. Differential effects of neurotrophins on synaptogenesis in vivo may also reflect the overall firing rate of the neuronal network because synaptogenesis is an activity-dependent process and BDNF recruits interneurons to adjust neuronal activity.

VIII. Conclusion and Perspectives

Neurotrophins affect virtually all steps of synaptic differentiation and function.

There is a general consensus that neurotrophins can scale the overall synaptic activity Substantial evidence described in this chapter, supports the idea that proBDNF function goes beyond being a synthesis precursor for mature BDNF. The concomitant expression of proBDNF and p75 NTR during early post-natal periods and its subsequent decrease in adulthood is a good example of developmental shift between functions of the proBDNF, mature BDNF and its prodomain.

Since neurotrophins contribute to the establishment and refinement of neuronal networks, impaired neurotrophin signaling has been linked to several neurodegenerative and psychiatric disorders. It is intriguing that human carriers of the Met66 polymorphism of BDNF gene are more vulnerable to develop early onset or more severe forms of these diseases. Until now, the effect of the Val66Met polymorphism was mainly explained by a loss of function of mature BDNF [START_REF] Chen | Genetic variant BDNF (Val66Met) polymorphism alters anxiety-related behavior[END_REF]. But recent publications exploring the biological functions of the BDNF prodomain (independently of mature BDNF and proBDNF) describe gains of functions for the Met66 variant, raising the question of which BDNF ligands are contributing more to the phenotypic characteristics of the Met66 human carriers. Future studies implicating the BDNF prodomain in pathological states are warranted. 

  within homeostatic range by a complex combination of mechanisms including maturation of existing synapses and the recruitment of new synapses from inhibitory and excitatory neurons to update neural network activity.Neurotrophins acts both pre-and post-synaptically. Post-synaptic neurotrophin signaling seems dispensable for the differentiation and topographic innervation of axon terminals. A pre-synaptic mechanism elicited by a post-synaptic source of neurotrophins is likely sufficient to regulate the early steps of pre-synaptic differentiation. In contrast, both pre-and post-synaptic neurotrophic signals, which are cell autonomous and temporally distinct, are required for the functional maturation of synapses. A postsynaptic source of BDNF is crucial to strengthen the pre-synaptic sides whereas a presynaptic source of BDNF contributes to the structural maturation of spines and synaptic potentiation.BDNF is a well-suited trophic factor to modulate neuronal networks. Because (i) the signaling through Trk receptors is dependent on neuronal activity; (ii) post-synaptic secretion of BDNF is sensitive to synchronized activation of both pre-and post-synaptic terminals; (iii) neurotrophic signals can be retrogradely and anterogradely transported to modify and strengthen synapses; (iv) the potential BDNF and TrkB to behave as a synaptic tag provide a means to regulate synapse-specific changes driven by neuronal activity; (v) inactive synapses may be eliminated by a pro-BDNF-P75 NTR mechanism.

Table 2 :

 2 BDNF-responding cells (with mRNA for receptors) in brain are putative effectors of the pleiotropic actions. Based on the single cells RNA sequencing atlas of the mouse nervous system

Table 3 :

 3 Putative responses of trans-synaptic BDNF ligands.

	Ligands	Source	Secretion	Receptor	Synaptic effect
	mature BDNF	Autocrine or paracrine	Constitutive	TrkB full length	Formation, maintenance
	mature BDNF	Autocrine or paracrine	Activity-dependent	TrkB full length	Formation, maintenance, plasticity,
					strength
	mature BDNF	Autocrine or paracrine	Constitutive	TrkB truncated isoforms	Formation, maintenance, plasticity,
					strength
	mature BDNF	Autocrine or paracrine	Activity-dependent	TrkB truncated isoforms	Formation, maintenance, plasticity,
					strength
	Pro-BDNF	Autocrine or paracrine	Constitutive	P75 NTR	Elimination, plasticity, strength
	Pro-BDNF	Autocrine or paracrine	Activity-dependent	P75 NTR	Elimination, plasticity, strength
	Pro-peptide	Autocrine or paracrine	Constitutive	Sortilin and SorCS 1-3	Elimination, plasticity, strength
	Pro-peptide	Autocrine or paracrine	Activity-dependent	Sortilin and SorCS 1-3	Elimination, plasticity, strength
	Pro-peptide	Autocrine or paracrine	Constitutive	P75 NTR	Elimination, plasticity, strength
	Pro-peptide	Autocrine or paracrine	Activity-dependent	P75 NTR	Elimination, plasticity, strength

Table 4 :

 4 Receptor signaling pathways on the synapse.

	Receptors	Docking effector	Signaling pathway	Synaptic effect
	TrkB Y701/Y705/Y706	TrkB Tyrosine kinase Trans-phosphorylation of TrkB	Mandatory
	phosphorylation			
	TrkB Y515-phosphorylation	SHC1	MAPK-synapsin1	Synapse maintenance, plasticity
	TrkB Y515-phosphorylation	SHC1	MAPK-CREB-gene transcription	Synaptogenesis
	TrkB Y515-phosphorylation	SHC1	MAPK-BAD-BCL2-mitochondria	Spine remodeling and maintenance
	TrkB Y515-phosphorylation	SHC1	MAPK-glucocorticoid receptor	Spine remodeling and maintenance
	TrkB Y515-phosphorylation	SHC1	AKT-mTOR-protein synthesis	Synaptogenesis
	TrkB S478-phosphorylation	Tiam1	Rho -Actin cytoskeleton	Spine growth
	TrkB Y816-phosphorylation	PLCgamma	Ca2+ -CaMK-CREB-gene transcription	Synaptic plasticity
	TrkB Y816-phosphorylation	PLCgamma	PKC	Synaptic plasticity
	TrkB Truncated T1 isoform	RhoGDI	Rho -actin cytoskeleton	Filopodia remodeling
	TrkB Truncated T1 isoform		IP3 receptors-Ca2+	
	TrkB Truncated T1 isoform	TrkB full length	Dominant negative action on trans-	
			phosphorylation of TrkB	
	P75 NTR Death domain	TRAF4/6	JNK -NFKB	
	P75 NTR Death domain	NRIF	JNK	
	P75 NTR Death domain	RIP2	JNK -NFKB	
	P75 NTR Death domain	NRAGE	JNK -caspases	Spine pruning
	P75 NTR ICD	RhoA	Actin cytoskeleton	Growth cone remodeling
	P75 NTR ICD	Rac1	Actin cytoskeleton	Growth cone remodeling
	P75 NTR ICD	RhoGDI	Rho -actin cytoskeleton	Filopodia, spine, axon remodeling
	P75 NTR Transmembrane	Gamma-secretase	ICD-gene transcription regulation	
	domain			
	P75 NTR ICD	SC1	Regulation of gene transcription	
	P75 NTR SPV, PDZ ligand can	PDZ domain proteins	PDLIM1-actin cytoskeleton	
	be phosphorylated			
	P75 NTR ICD serine,	PKA	Subcellular trafficking to lipid raft	
	phosphorylation			
	P75 NTR ICD cysteine,		Subcellular trafficking to lipid raft	
	palmitoylation			
	Sortilin	P75 NTR	P75 NTR -mediated pathways	
	Sortilin related receptors SorCS	P75 NTR	P75 NTR -mediated pathways	Synaptic depression, spine
	(1-3)			elimination