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Environmental and intrinsic modulations of venous differentiation

Endothelial cells in veins differ in morphology, function and gene expression from those in arteries and lymphatics. Understanding how venous and arterial identities are induced during development is required to understand how arteriovenous malformations occur, and to improve the outcome of vein grafts in surgery by promoting arterialization of veins. To identify factors that promote venous endothelial cell fate in vivo, we isolated veins from quail embryos at different developmental stages that were grafted into the coelom of chick embryos. Endothelial cells migrated out from the grafted vein and their colonization of host veins and/or arteries was quantified. We show that venous fate is promoted by sympathetic vessel innervation at embryonic day 11. Removal of sympathetic innervation decreased vein colonization, while norepinephrine enhanced venous colonization. BMP treatment or inhibition of ERK enhanced venous fate, revealing environmental neurotransmitter and BMP signaling and intrinsic ERK inhibition as actors in venous fate acquisition.

We also identify the BMP antagonist Noggin as a potent mediator of venous arterialization.

Introduction

Endothelial cells (ECs) form the inner lining of all blood vessels in the vertebrate body. They constitute an essential and dynamic interface between the blood and the tissues. ECs develop phenotypic heterogeneity that is required for proper vascular function [START_REF] Aird | Endothelial cell heterogeneity[END_REF], as manifested already early in embryonic development when arteries, veins and capillaries differentiate to form the circulatory system. Lack of embryonic arterio-venous specification constitutes a lethal bottleneck in human pregnancies, while defective arterio-venous specification leads to debilitating arteriovenous malformations (AVMs) in human patients, underscoring the importance of understanding mechanisms of arterio-venous specification. Single cell RNA sequencing data are providing molecular insight into EC heterogeneity and arteriovenous differentiation, and available gene expression profiles clearly distinguish arteries, capillaries and veins from each other [START_REF] Kalluri | Single-Cell Analysis of the Normal Mouse Aorta Reveals Functionally Distinct Endothelial Cell Populations[END_REF][START_REF] Kalucka | Single-Cell Transcriptome Atlas of Murine Endothelial Cells[END_REF][START_REF] Vanlandewijck | A molecular atlas of cell types and zonation in the brain vasculature[END_REF][START_REF] Zarkada | Specialized endothelial tip cells guide neuroretina vascularization and blood-retina-barrier formation[END_REF]. However, it remains unknown how this information can be leveraged to promote EC specification towards a venous or an arterial fate.

The vascular system maintains tissue homeostasis while accommodating for tissue growth and repair, changing nutritional demands, and hemodynamic fluctuations. To adapt to such changes, ECs within fully perfused vessels rearrange and migrate, while maintaining vessel integrity, as shown by live imaging and lineage tracing experiments [START_REF] Xu | Arteries are formed by vein-derived endothelial tip cells[END_REF][START_REF] Franco | Dynamic endothelial cell rearrangements drive developmental vessel regression[END_REF][START_REF] Park | Defective Flow-Migration Coupling Causes Arteriovenous Malformations in Hereditary Hemorrhagic Telangiectasia[END_REF][START_REF] Lee | Role of Venous Endothelial Cells in Developmental and Pathologic Angiogenesis[END_REF][START_REF] Rosa | WASp controls oriented migration of endothelial cells to achieve functional vascular patterning[END_REF][START_REF] Yu | Single-cell analysis of endothelial morphogenesis in vivo[END_REF]. Blood flow drives arterio-venous specification together with biochemical and epigenetic changes, by promoting EC polarization and migration against the direction of blood flow, such that high flow vessels become stabilized whereas poorly perfused and redundant segments regress. The ability of ECs to sense and polarize against the direction of flow, and the resulting migratory behavior is termed flow-migration coupling.

Flow-migration coupling implies that ECs switch between venous, capillary and arterial gene expression profiles as they migrate against the direction of blood flow. Indeed, defective flow-migration coupling leads to AVMs in mice and zebrafish carrying deletions of the Acvrl1 gene [START_REF] Park | Defective Flow-Migration Coupling Causes Arteriovenous Malformations in Hereditary Hemorrhagic Telangiectasia[END_REF][START_REF] Rochon | Alk1 controls arterial endothelial cell migration in lumenized vessels[END_REF], indicating that flow-migration and arterio-venous specification are linked through ACVRL1 signaling. ACVRL1 mutations in human patients cause hereditary hemorrhagic telangiectasia (HHT), a debilitating disease characterized by AVMs that are fragile and prone to bleeding, suggesting implication of this mechanism in HHT patients. A conversion from venous to arterial ECs was induced experimentally by flow manipulations in chick embryos [START_REF] Noble | Flow regulates arterial-venous differentiation in the chick embryo yolk sac[END_REF]. Interestingly, flow-migration coupling and vein to artery conversion occurs during normal coronary vessel development in mice [START_REF] Su | Single-cell analyses of early progenitor cells that build coronary arteries[END_REF][START_REF] Luo | Arterialization requires the timely suppression of cell growth[END_REF], suggesting that this process could be promoted to improve coronary vessel function after myocardial infarction. However, venous bypass grafts subjected to arterial flow in animal models show loss of vein identity, but fail to induce artery gene expression, and coronary artery bypass grafts using saphenous veins are more likely to fail than those using radial arteries [START_REF] De Vries | Vein graft failure: from pathophysiology to clinical outcomes[END_REF][START_REF] Hashimoto | Membrane-mediated regulation of vascular identity[END_REF][START_REF] Isaji | Improving the Outcome of Vein Grafts: Should Vascular Surgeons Turn Veins into Arteries?[END_REF]. Taken together, a better understanding of the signals that determine artery and vein identity may allow manipulation of these fates in the adult circulatory system and lead to improved clinical outcomes.

The factors governing arterial specification have been extensively studied by many investigators [START_REF] Luo | Arterialization requires the timely suppression of cell growth[END_REF][START_REF] Chen | Developmental Perspectives on Arterial Fate Specification[END_REF][START_REF] Fernández-Chacón | Role of Notch in endothelial biology[END_REF][START_REF] Marziano | Vascular endothelial cell specification in health and disease[END_REF][START_REF] Simons | Molecular controls of arterial morphogenesis[END_REF][START_REF] Raftrey | Dach1 Extends Artery Networks and Protects Against Cardiac Injury[END_REF], revealing a pathway whereby secreted factors such as Vascular Endothelial Growth Factor (VEGF) promote arterial specification by activating the extracellular signal-regulated kinases (ERK) pathway, in concert with shear-stress induced Notch activation of Myc [START_REF] Luo | Arterialization requires the timely suppression of cell growth[END_REF]. However, factors inducing venous specification remain largely elusive. The COUPTFII transcription factor is considered a major determinant of venous fate, since mice lacking its expression lose expression of venous genes and acquire expression of arterial genes [START_REF] You | Suppression of Notch signalling by the COUP-TFII transcription factor regulates vein identity[END_REF]. Furthermore, BMP signaling emerged as a potent inducer of venous angiogenesis [START_REF] Kashiwada | -catenin-dependent transcription is central to Bmp-mediated formation of venous vessels[END_REF][START_REF] Lee | Alk2/ACVR1 and Alk3/BMPR1A Provide Essential Function for Bone Morphogenetic Protein-Induced Retinal Angiogenesis[END_REF][START_REF] Neal | Venous identity requires BMP signalling through ALK3[END_REF][START_REF] Tischfield | Cerebral Vein Malformations Result from Loss of Twist1 Expression and BMP Signaling from Skull Progenitor Cells and Dura[END_REF][START_REF] Wiley | Distinct signalling pathways regulate sprouting angiogenesis from the dorsal aorta and the axial vein[END_REF].

Here we used quail-chick chimera grafts to identify factors driving venous differentiation. Veins from quail embryos at different developmental stages were grafted into the coelom of chick embryos at embryonic day 2 (E2), near the developing cardinal vein and dorsal aorta. ECs migrated out from the graft and colonized host veins or arteries, which was quantified by staining with an antibody that selectively labels quail ECs. We found that the sympathetic neurotransmitter norepinephrine (NE) and BMP pathways, as well as inhibition of ERK signaling affect venous differentiation.

Results

Venous differentiation in avian chimeras

We micro-dissected external jugular veins (JVs) from embryonic (E5-E15) and postnatal day (P) 15 quails and grafted them into the coelomic cavity of 2 day-old chick embryos (Fig. 1A). The grafted vessel fragments attached to the coelomic angle (Fig. 1B) and graft-derived ECs colonized chick vessels. ECs originating from the grafted vessel could be identified using the Quail hemopoietic 1 antibody (QH1) specific for quail ECs and additional markers such as Sambucus nigra lectin recognizing all avian ECs [START_REF] Hagedorn | Accessing key steps of human tumor progression in vivo by using an avian embryo model[END_REF], and connexin 40 (CX40) recognizing only arterial ECs (Fig. S1). We quantified QH1+ ECs colonizing host arteries and veins 48h after grafting on serial sections and 3D reconstitutions (Fig. 1C,D, [START_REF] Andrey | Free-D: an integrated environment for threedimensional reconstruction from serial sections[END_REF]). The total number of ECs emigrating from any given graft was set at 100%, and percentages of ECs found in host arteries and veins were calculated for each graft (see methods).

Interestingly, the majority (>80%) of QH1+ ECs emigrating from E15 or posthatching vein grafts was found in host veins, while only a small percentage of cells (<20%) colonized host arteries (Fig. 1C,E). QH1+ ECs were mainly found in the cardinal, umbical and omphalomesenteric veins (Fig. 1C). By contrast, when veins were isolated from embryos younger than E11 and implanted into E2 chick hosts, around 50% of the grafted cells also colonized host arteries (Fig. 1D,E). Triple staining with QH1, the Sambucus nigra lectin and an anti-CX40 antibody showed that quail ECs integrating host arteries maintained CX40 expression while those integrating veins lost CX40 expression (Fig. S1).

Because the overall number of ECs originating from grafted E15 or E8 veins was similar (Fig. 1F), it appeared that from E11 onwards, venous cells received signals driving them towards venous fate and prohibiting colonization of host arteries.

We reasoned that this assay could allow testing of factors that promote venous or arterial fate.

Sympathetic innervation regulates venous differentiation

E11 corresponds to the onset of innervation of the JV vessel wall by sympathetic nerves [START_REF] Rouwet | Hypoxia induces aortic hypertrophic growth, left ventricular dysfunction, and sympathetic hyperinnervation of peripheral arteries in the chick embryo[END_REF][START_REF] Ruijtenbeek | Chronic hypoxia stimulates periarterial sympathetic nerve development in chicken embryo[END_REF], suggesting potential implications of catecholamines in venous differentiation. We performed glyoxylic acid staining to detect catecholamine release by perivascular nerve terminals [START_REF] Noble | Contractile and relaxing reactivity in carotid and femoral arteries of chicken embryos[END_REF] and observed no staining of E8 veins, while E11 and E15 veins were clearly labeled with glyoxylic acid (Fig. 2A-C). Hence, venous innervation temporally correlated with acquisition of vein-specific colonization.

To test if innervation modulated venous identity, we performed a series of loss of function approaches. As opposed to E15 JVs, grafting of non-innervated E15 chorioallantoic membrane (CAM) veins into the coelom of an E2 chick embryo led to colonization of host arteries as well as veins (Fig. 2D,E). When E15 venous ECs were isolated from the vessel wall and cultured overnight, they failed to exhibit veinonly colonization and >40% colonized arteries (Fig. 2E). Likewise, when the innervated adventitia from E15 veins was surgically removed prior to grafting, venous colonization was reduced and arterial colonization was enhanced (Fig. 2E).

Next we tested effects of removing innervation by chemical treatment and by surgical ablation. Chemical denervation was achieved using 6HDOPA [START_REF] Lot | The consequences of loss followed by recovery of noradrenergic nerve function on muscarinic receptors in the chick expansor secundariorum muscle[END_REF], and a 3h30min treatment of isolated vein fragments efficiently depleted glyoxylic acid staining of sympathetic nerves on the JV wall (Fig. 2F,G). The absence of nerves induced a >30% reduction in venous colonization and enhanced colonization of arteries by the grafted denervated E15 and post-hatching JV ECs (Fig. 2J).

Surgically, we ablated neural crest derivatives including peripheral nerves by removing the neural tube and notochord from E2 quail embryos after the 5 th somite level [START_REF] Teillet | Consequences of neural tube and notochord excision on the development of the peripheral nervous system in the chick embryo[END_REF], (Fig. 2H). Vascular innervation was successfully removed, as attested by decreased glyoxylic acid staining of isolated E15 JVs (Fig. 2I), and we observed colonization of arteries by >35% of ECs from grafted denervated veins (Fig. 2J).

Sympathetic neurotransmitter regulation of venous fate

Since denervation decreased venous fate of EC JVs, we asked if sympathetic neurotransmitters could enhance venous colonization of grafted E8 JVs. We tested NE, which is produced by sympathetic nerve terminals and signals through 1 and 2 adrenoreceptors (ADR). NE significantly enhanced venous colonization of E8 jugular vein grafts (Fig. 3A). To identify ADRs involved in this process, we used QPCR analyses of JV fragments to determine changes in ADR transcripts between E8 and E15 veins. Among six ADR transcripts, ADR2A did not change at E15 and ADR1A and ADR2C expression decreased (not shown), while ADR1B, ADR1D, and ADR2B increased at E15 compared to E8 (Fig. 3B). We considered these receptors as potential mediators of venularization, and tested their implication using well characterized and specific pharmacological receptor agonists (see Table 1). We reasoned that treatment of E8 JVs with relevant agonists should mimic effects of NE on venularization (Fig. 3A). ADR2 agonists (BHT933 10 -6 M) indeed enhanced vein colonization, while ADR1 agonists (phenylephrin, PE, 150nM) did not (Fig. 3C,D).

The changes in vein colonization induced by BHT933 were observed at concentrations between 10 -8 and 10 -6 M and did not affect the number of ECs emigrating from grafted veins (Fig. S2), indicating that treatment affected cell fate rather than cell proliferation. Furthermore, 10 -6 M BHT933 treatment of isolated E15 JV ECs enhanced venous colonization, while PE had no effect (Fig. 3D), indicating that ADR2 activation in ECs was sufficient to induce venous fate.

ADR2 activates Gi and inhibits downstream adenylate cyclase (AC) and

Protein kinase A (PKA), suggesting that inhibition of AC and PKA should mimic venous colonization. Indeed, treatment of E8 jugular vein fragments with the pharmacological AC inhibitor SQ22536 or the PKA inhibitor KT5720 both enhanced venous colonization (Fig. 3D).

These data are consistent with a model whereby sympathetic nerve release of NE stimulates venous fate via ADR2 activation, and show that inhibition of AC and PKA downstream of adrenoreceptor signaling promotes venous fate (Fig. 3C).

ERK signaling antagonism and Bone Morphogenetic Proteins (BMPs) promote venous fate

ERK activation promotes arterialization of embryonic vessels [37], suggesting that ERK inhibition might be necessary to promote venous colonization. QPCR analysis of quail Mapk1 (ERK2), the only ERK isoform in the avian genome, showed that Mapk1 transcription was lower in E15 JVs than in E15 aortae (Fig. 4A).

Furthermore, examination of p-ERK levels in JVs showed decreased ERK activation at E15 when compared to E8 (Fig. 4B). Pharmacological ERK inhibition with U0126 had no effect on E15 JVs (Fig. 4C). As ERK phosphorylation is regulated by five known phosphatases (MKP3/DUSP6, MKP4, PP2A, PAC1 and HePTP), we sought to address whether enhancing ERK activation via phosphatase inhibition could modulate venous differentiation. Sodium Orthovanadate (SOV, pan phosphatase inhibitor), (E/Z)-BCI (MKP3/DUSP6 inhibitor), Fostriecin (PP2A inhibitor), Salubrinal (PAC1 inhibitor) and ML119 (HePTP inhibitor), all induced arterial colonization of grafted QH1+ ECs from E15 veins (Fig. 4D). Combined treatment with phosphatase inhibitors + U0126 reduced arterialization (Fig. 4D), suggesting that ERK contributed to arterialization of JVs. These data suggest that ERK inhibition enhanced vein colonization and acquisition of venous fate.

BMPs have recently been shown to induce venous differentiation in zebrafish and mouse embryos [START_REF] Kashiwada | -catenin-dependent transcription is central to Bmp-mediated formation of venous vessels[END_REF][START_REF] Neal | Venous identity requires BMP signalling through ALK3[END_REF][START_REF] Wiley | Distinct signalling pathways regulate sprouting angiogenesis from the dorsal aorta and the axial vein[END_REF], prompting us to test effects of BMP stimulation of E8 JVs. Analysis of BMP receptor expression showed an increase of Alk2 in E15 JVs when compared to E8, a trend to increase for Alk1, a trend to decrease for Alk6, while Alk3 was dramatically downregulated (Fig. 5A-D). We next tested BMP2, 4, 6, 7, 9 and 10 (R&D Systems) on E8 JVs at different concentrations. High concentrations (10-100ng/ml) of BMPs did not dramatically change the distribution of QH1+ ECs in host vessels (Fig. S3). Low concentrations (0.1ng/ml) of BMP2, BMP4, BMP9 and BMP10 significantly enhanced venous colonization of E8 JV QH1+ ECs, with BMP10 exhibiting the most significant increase in venous colonization (Fig. 5E).

Furthermore, low concentrations of BMP4, BMP9 and BMP10 were able to enhance venous colonization by E15 aorta ECs (Fig. 5F).

Conversely, exposing E15 JVs to BMP signaling inhibitors, Dorsomorphin (DM, 10 -6 M), Dorsomorphin-Homolog-1 (DMH-1, 10 -7 M) or Noggin (100ng/ml), reduced venous colonization and enhanced arterial fate (Fig. 5G). Noggin treatment had the most dramatic effect and led to almost 100% colonization of host arteries (Fig. 5G). The arterialization of QH1+ ECs was mediated at least in part through ERK activation since a combined treatment Noggin plus the ERK inhibitor U0126 reduced the colonization of host arteries (Fig. 5G).

BMP pathway was shown to inhibit endothelial ERK transcription through histone deacetylase-1 (HDAC-1) recruitment [38], suggesting that HDACs could be involved in BMP repression of ERK. When E15 JVs were treated with the HDAC inhibitor, Trichostastin A 10 -8 M, ±60% of QH1+ ECs reached host arteries (Fig. 5H), implicating HDAC activation in venous differentiation.

Discussion

We here study venous endothelial fate decisions using a functional assay that monitors colonization of chick host arteries and veins by grafted quail ECs. We show that prior to E11, grafted JV ECs can colonize both host arteries and veins, whereas after E11, the majority of JV ECs colonized host veins but not arteries. This change in behavior occurs without changes in the number of emigrated ECs, and is therefore interpreted to reflect bias towards a venous fate. Any fate decisions that are made in this model occur in a non-perfused environment within the coelom, independently of shear stress. Using this assay, we here reveal environmental neurotransmitter and BMP signals and endothelial-intrinsic ERK signaling as modulators of arterio-venous specification (Fig. 6).

The capacity of ECs to switch between arterial and venous gene expression

was previously demonstrated experimentally in avian chimeras [38,[START_REF] Othman-Hassan | Arterial identity of endothelial cells is controlled by local cues[END_REF]. Grafted quail ECs that integrated chick arteries acquired arterial marker expression, while those that integrated veins acquired venous marker expression, irrespective of their arterial or venous origin [38,[START_REF] Othman-Hassan | Arterial identity of endothelial cells is controlled by local cues[END_REF]. We confirm here that grafted ECs colonizing host arteries maintain CX40 expression, while cells colonizing veins lose CX40 expression, demonstrating that marker expression and presumably fate decisions proceed according to the integration into a host vessel. In mice, genetic lineage tracing experiments showed that ECs move against the flow direction from veins to arteries, accompanied by a change in gene expression pattern [START_REF] Su | Single-cell analyses of early progenitor cells that build coronary arteries[END_REF][START_REF] Luo | Arterialization requires the timely suppression of cell growth[END_REF], underscoring that EC plasticity with respect to arterio-venous specification is a fundamental mechanism during vascular differentiation. As major signaling mechanisms implicated in vascular development are conserved between birds, mice and humans [START_REF] Marcelle | Molecular cloning of a family of protein kinase genes expressed in the avian embryo[END_REF][START_REF] Eichmann | Two molecules related to the VEGF receptor are expressed in early endothelial cells during avian embryonic development[END_REF][START_REF] Eichmann | Avian VEGF-C: cloning, embryonic expression pattern and stimulation of the differentiation of VEGFR2-expressing endothelial cell precursors[END_REF][START_REF] Moyon | Selective expression of angiopoietin 1 and 2 in mesenchymal cells surrounding veins and arteries of the avian embryo[END_REF][START_REF] Bouvrée | Netrin-1 inhibits sprouting angiogenesis in developing avian embryos[END_REF], mechanisms governing vein specification identified in this work may be relevant to mice and humans as well.

As E11 corresponds to the onset of sympathetic vessel innervation in quail embryos [37], we reasoned that catecholamines could contribute to enhance vein differentiation. Removal of sympathetic innervation indeed decreased vein colonization and enhanced artery colonization by grafted E15 JV ECs, while NE stimulation of ADR2B enhanced vein colonization and decreased artery colonization, supporting functional involvement of sympathetic neurotransmitter signaling in vein differentiation. As ECs are not innervated directly, they may experience signals derived from NE-activated smooth muscle cells that modulate their behavior. Alternatively, ECs could respond directly to circulating catecholamines, as suggested by our data that direct exposure of isolated JV ECs to ADR2 agonists enhanced venous colonization. Interestingly, non-innervated human umbilical vein ECs express the arterial marker ephrinB2 [START_REF] Diehl | Altered expression patterns of EphrinB2 and EphB2 in human umbilical vessels and congenital venous malformations[END_REF], therefore lack of innervation correlates with a mixed arterio-venous identity in this human vessel as well.

We had previously shown that sympathetic nerve-derived NE stimulated arterial fate via adrenergic 1 and 2 receptor activation of ERK signaling [37]. Since NE enhances both arterial and venous fate, this raises the question how the same environmental signal can trigger two opposing outcomes on EC fate. We identify two mechanistic explanations. First, sympathetic nerves target both ADR1 and ADR2 on arteries, but only ADR2 manipulation affected venous ECs, hence receptor activation may be a critical upstream element in the EC fate decision response.

Secondly, we find that ERK activation is markedly decreased in veins when compared to arteries. These data point to the central role of the ERK activation status in arterio-venous differentiation, and support a model whereby ERK must be activated for arterial differentiation to occur, while it must be antagonized in veins to allow venous differentiation. In support of this model, knockout studies using conditional ERK1 and 2 gene inactivation showed the critical role of ERK in mediating arteriogenesis in the ischemic hindlimb, with ERK1 and 2 playing isoformspecific roles in ECs and macrophages [START_REF] Ricard | Isoform-Specific Roles of ERK1 and ERK2 in Arteriogenesis[END_REF]. ERK overactivation was observed in sporadic brain AVMs in human patients carrying somatic activating KRAS mutations [START_REF] Fish | Somatic Gain of KRAS Function in the Endothelium Is Sufficient to Cause Vascular Malformations That Require MEK but Not PI3K Signaling[END_REF][START_REF] Nikolaev | Somatic activating KRAS mutations in arteriovenous malformations of the brain[END_REF], supporting functional involvement of ERK overactivation in AVMs, and suggesting that ERK inhibitors could be used therapeutically to prevent AVM formation in patients with such mutations. However, ERK plays additional roles in vascular development and homeostasis [START_REF] Ricard | The quiescent endothelium: signalling pathways regulating organ-specific endothelial normalcy[END_REF]. For example, high ERK activation is induced by VEGF in sprouting endothelial tip cells in the mouse retina or in zebrafish intersomitic vessels, and VEGF or ERK inhibition prevents tip cell sprouting. Despite being exposed to high mitogenic VEGF-ERK signaling, tip cells rarely proliferate, which presented a condundrum. A recent study showed that high ERK activation upregulates the cell cycle inhibitor p21 in tip cells to induce cell cycle arrest [START_REF] Pontes-Quero | High mitogenic stimulation arrests angiogenesis[END_REF].

Hence, precise regulation of ERK activation levels is critical for its function, and ERK must be regulated in a vascular bed-specific manner to promote tip cell formation or arteriogenesis. In our model, ERK transcripts were lower in E15 veins when compared to E15 arteries, and ERK phosphorylation decreased in E15 veins when compared to E8 veins, indicating that vein-only colonization was accompanied by a decreased ERK activation. Treatment with inhibitors of ERK-targeting phosphatases promoted colonization of arteries by vein-derived cells, and this effect was reduced by an ERK inhibitor.

In search of additional factors able to enhance vein differentiation, we tested various BMP family members. BMPs were previously shown to selectively affect development of veins but not arteries in zebrafish and mice. Overexpression of BMP2b during zebrafish development promoted sprouting of venous capillaries, while overexpression of the BMP inhibitor Noggin3 prevented spouting of the caudal vein plexus, without affecting arteries [START_REF] Wiley | Distinct signalling pathways regulate sprouting angiogenesis from the dorsal aorta and the axial vein[END_REF]. In the brain, BMP2/4 production by osteoblasts regulated venous development in the dura mater, and inhibition of BMP expression caused cranial vein malformations [START_REF] Tischfield | Cerebral Vein Malformations Result from Loss of Twist1 Expression and BMP Signaling from Skull Progenitor Cells and Dura[END_REF]. The vein-specific action of BMPs may be due to suppression of BMP signaling in arteries via Notch-induced expression of the BMP antagonist Smad6 [START_REF] Ricard | Isoform-Specific Roles of ERK1 and ERK2 in Arteriogenesis[END_REF], and to signaling through vein-specific BMP receptors ALK2 and ALK3, which activate Smad1/5 proteins to induce EphB4 expression [9, 27,].

BMPs also mobilized -catenin to stimulate venous differentiation and survival in zebrafish [START_REF] Kashiwada | -catenin-dependent transcription is central to Bmp-mediated formation of venous vessels[END_REF]. Of note, vein or capillary-venous deletion of HHT causing Endoglin, ALK1 or SMAD4 was sufficient to cause AVMs in mice [START_REF] Park | Defective Flow-Migration Coupling Causes Arteriovenous Malformations in Hereditary Hemorrhagic Telangiectasia[END_REF][START_REF] Mouillesseaux | Notch regulates BMP responsiveness and lateral branching in vessel networks via SMAD6[END_REF][START_REF] Snodgrass | Hereditary Haemorrhagic Telangiectasia, an Inherited Vascular Disorder in Need of Improved Evidence-Based Pharmaceutical Interventions[END_REF], demonstrating that defective BMP signaling in veins is at the origin of AVM lesions in HHT, even though Endoglin, ALK1 and SMAD4 are not restricted to veins but also expressed in arteries.

Several BMP family members promoted vein colonization in our model, including BMP2, 4, 9 and 10. Interestingly, the effect was dose-dependent and only observed at low BMP concentrations. BMPs affect lymphatic differentiation from mouse embryonic stem cells in a dose-dependent manner [START_REF] Subileau | Bone Morphogenetic Protein 9 Regulates Early Lymphatic-Specified Endothelial Cell Expansion during Mouse Embryonic Stem Cell Differentiation[END_REF]. In embryonic development, BMP gradients are essential for proper morphogenesis and high-or low-level BMPs induced different effects [START_REF] Bier | Embryo development. BMP gradients: A paradigm for morphogen-mediated developmental patterning[END_REF]. QPCR analyses showed a significant upregulation of the BMP receptor ALK2 and a trend for upregulation of Alk1 in E15 JVs compared to E8, suggesting that BMPs might induce venous fate via these BMP receptors. A recent study showed an important expression of Alk1 and Alk2 mRNAs in HUVEC as well as a low transcriptional activity for Alk3 [START_REF] Choi | Transcriptomic analysis identifies novel targets for individual bone morphogenetic protein type 1 receptors in endothelial cells[END_REF]. Nevertheless, Alk3 was shown to promote venous identity in the mouse embryo [START_REF] Neal | Venous identity requires BMP signalling through ALK3[END_REF]. During hematopoiesis, recruitments of Smad1/5 Alk effectors, and HDAC1 inhibited ERK transcription [38].

As HDAC inhibition with Trichostatin A promoted arterialization of quail ECs, this pathway could be involved in ERK downregulation and venous colonization.

Interestingly, we found that the BMP signaling inhibitor Noggin potently promoted arterialization of grafted veins and may be a good candidate to improve conversion of vein ECs to arterial ECs during coronary artery bypass grafts using saphenous veins.

Materials and Methods

Animals

Chick (Gallus gallus, JA57) and quail (Coturnix coturnix japonica) eggs were incubated at 38°C until they developed the appropriate stages (E=embryonic day; P=post hatching day). Aortae, jugular veins (JVs) and veins of CAM were dissected together with their wall and cut into rings (50-100m) before grafting or culture. To remove the adventitia from quail embryos, vessels were dipped in Phosphate Buffered Saline (PBS, Gibco) without Ca 2+ Mg 2+ , pinned at one end onto a black support and dissected using a fine pair of forceps and a sharpened micro-scalpel.

Following the dissection the tissues were placed in PBS+Ca 2+ Mg 2+ .

Coelomic grafts

Indian ink was diluted 1:1 in PBS+Ca 2+ Mg 2+ and injected beneath E2 chick host blastodiscs (18-24 somites). Coelomic grafts were performed as described previously [37]. The freshly prepared-or overnight cultured-explants were introduced into the coelom at the level of somite 15-20 (Fig. 1A,B), on the left side. The hosts were sacrificed two days later, fixed in Bouin's fluid or Paraformaldehyde 4% and processed for serial (7.5m) paraffin transverse sections. More than 1300 grafts (>200 000 sections) were analyzed in this study.

Immunohistochemistry

Graft analyses used QH1 monoclonal antibody [56, own production] and QCPN monoclonal antibody (Carlson and Carlson, Developmental Studies Hybridoma Bank, Dept. of Pharmacology and Molecular Sciences, The Johns Hopkins University School of Medicine, 725 North Wolf Street, Baltimore, MD21205) that recognized all quail cells. Immunohistochemistry was done as previously described and followed by a glychemalun nuclear staining [37].

Triple fluorescent QH1/Sambucus nigra/Connexin 40 stainings were performed on few grafts. QH1 was revealed using an alexa 647-coupled anti mouse IgM antibody. Biotinylated Sambucus nigra lectin (Vector, 1/200 in PBLEC buffer) that recognizes avian ECs (chick and quail), was revealed using Cy3 streptavidin. Connexin 40 was detected using the polyclonal anti-GJA5 antibody (Clinisciences, 1/50) and revealed using an alexa 488-coupled anti rabbit antibody.

Quantification of endothelial migration into host arteries and veins

The number of QH1 + ECs reaching host arteries and veins was counted manually on every fourth section (X25 objective, final magnification X110). A positive cell was scored when it showed a nucleus, visible by glychemalun, and membrane QH1 staining. The arterial or venous identity was obvious when the cells integrated great vessels (aorta, cardinal vein, omphalomesenteric artery and vein, subclavian and brachial arteries, umbilical vein, segmental arteries and veins). In the limb bud, we considered that all ECs present at the periphery belonged to the venous plexus while arterial cells were centrally located and connected to the brachial artery. In the perineural vascular plexus QH1 + ECs were only quantified if we could trace their connection with a known artery or a vein. If we could not classify the arterial or venous identity of a donor cell, it was not counted. The total number of cells per graft was set at 100%, and the percentage of grafted cells present in host veins or arteries was calculated.

Statistical analyses were carried out using unpaired two tailed t tests. P values were *P<0.05, **P<0.01, ***P<0.001 or ****P<0.0001.

Organotypic cultures

Vessel rings were placed onto the surface of a semi solid medium (50% semi-solid medium-for 100ml: agar 2g, NaCl 1,6g, KCl 74mg, CaCl 2 34mg, MgCl 2 42mg, Na 2 HPO 4 30mg, KH 2 PO 4 6mg, MgSO 4 14mg, C 6 H 12 O 6 , 200mg-, 40% DMEM, 5% fetal calf serum (FCS), Invitrogen-, 5% antibiotics -Gibco-) with or without drugs (Table 1) for one night at 37°C, 5% CO 2 . For associations, vessels and tissues were placed together on the semi-solid medium.

EC isolation

E15 JVs (16-25 per experiment) were longitudinally sectioned and treated with collagenase (Sigma) for 30 minutes at 37°C. ECs were then flushed out with a micropipette, placed in DMEM supplemented with 20% FCS, centrifuged and resuspended in 100l of the same medium ± drugs. Two aliquots of 10 l were cultured for 48 hours in a Petri dish to verify the presence of QH1+ ECs. Aliquots of 20 l were placed overnight in hanging drop cultures for aggregate formation and grafting (37°C, 5%CO 2 ).

Glyoxylic acid treatment

Freshly dissected quail JVs were longitudinally sectioned and incubated during 30 min. at room temperature in PBS with 2% of glyoxylic acid (Sigma) and 10% of sucrose (w/v), pH 7.5. The vessels were placed on a glass slide, the smooth muscle layer up, and dried 30 min. at room temperature. Vessels were then stretched during 4 min. at 100°C on a heated plate. Slides were mounted in Entellan (Merck) and imaged with a fluorescent microscope (Excitation wavelength 350nm, Emission wavelength 461nm).

Denervation

Quail embryonic JVs were placed in a solution of 6-hydroxy-dopamine (6HDOPA, 300M, Sigma) during 3h30 at 37°C to remove nerve fibers without affecting cell survival. After the treatment the vessels were rinsed in PBS+Ca 2+ Mg 2+ before grafting.

For surgical denervation, the neural tube and notochord were removed from E2 quail embryos as described [START_REF] Noble | Contractile and relaxing reactivity in carotid and femoral arteries of chicken embryos[END_REF]. The resulting embryos completely missed the peripheral nervous system. JVs were isolated from operated quail embryos at E15 (n=5) and grafted into E2 chick host coeloms.

Western-blotting

Aortae and JVs from E8 and E15 quail embryos were dissected and immediately frozen in liquid nitrogen. Next, samples were lysed in NP40 lysis buffer (Lifetechnologies) containing protease inhibitor set I (Millipore), 5mM orthovanadate and 2mM sodium pyrophosphate, then briefly sonicated, incubated for 15 minutes at 4°C and centrifuged 15 minutes at 4°C at 13.000 rpm. Supernatants were immediately frozen. Proteins (2.5 µg/sample) were separated using SDS-PAGE (NOVEX Nupage 4-12% LifeTechnologies) and transferred to a nitrocellulose membrane (Amersham Protran Premium 0.45 NC, GE Healthcare Lifesciences). All gels and transfers were run in double, allowing one membrane to be incubated with anti-Phospho-p44/42 MAPK (p-ERK, Cell Signaling, 4370), and the other with anti-p44/42 MAPK (total ERK, Cell Signaling, 9102). Membranes were blocked in TBST containing 5% non fat dry milk for 1hr at room temperature then incubated overnight at 4°C with primary antibody diluted in blocking buffer (1:1,000). Membranes were washed in TBST then incubated with HRP-conjugated secondary antibody (1:1,000 in blocking buffer, Pierce, 31460). Bands were revealed using Supersignal west Femto substrate (ThermoFisher). Membranes were imaged and bands quantified using the GE Healthcare ImageQuant LAS-4000 imaging system. After ERK detection, membranes were extensively washed in TTBS then incubated with anti-alpha-Tubulin (1:1.000; Abcam ab18251) and revealed as described above.

Quantitative real-time PCR analysis

E8 and E15 quail aortae and JVs were dissected and total RNA was extracted and purified using NucleoSpin RNA XS kit (Macherey-Nagel). RNA concentrations were measured on a Nanodrop and retrotranscribed by SuperScriptIII (Lifetechnologies).

We performed real-time Q-PCR reactions in duplicate on a T100 real-time thermal cycler (BIORAD). Primer sequences are shown in Table 2. 
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Quantification of BMP effects (high doses) on host venous colonization by QH1+ ECs from E8 JVs, each dot corresponds to one JV sample.*P<0.05, Mann-Whitney or

LegendsFigure 1 :

 1 Figure 1: Method to test venous fate in avian chimeras A) Dissection of an E15 quail jugular vein (JV, arrowhead) adjacent to the vagus nerve (arrow), the esophagus (E) and the trachea (Tr). A segment of JV (magnified box, A) is isolated and grafted in the coelomic cavity (C) of an E2 chick embryo (arrow, A-B). B) Transverse section of a chick host 3h after grafting shows QCPN+ quail tissue implanted in the coelom (arrow) on the left side (LS). Ao: aorta; NT: neural tube; S: somite; RS: right side. C and D) Representative 3D reconstructions [31] of QH1+ EC distribution in chick hosts 48h after the graft: as grafted cells never cross the midline, only the left half is illustrated. The neural tube (NT) and wing bud (W) are colored blue, the viscera in yellow, the graft (*) in black, the arterial plexus in red and the venous plexus in dark blue. C) the majority of QH1+ ECs originating from an E15 JV graft colonized host veins (green dots) but not arteries (white dots). D) QH1+ ECs emigrating from an E8 JV colonized host veins (green dots) and arteries (white dots). Insets show transverse sections that served to generate the 3D reconstructions in C and D respectively. The inset in C illustrates the colonization of the umbilical vein plexus (*) by QH1+ ECs (arrows). The inset in D shows QH1+ ECs around the graft (G), both in the aorta (Ao) and its dorsal and ventral branches (arrowheads) and in branches of the umbilical vein (arrow). C: caudal; R: rostral; CV: cardinal vein; UV: umbilical vein; W: wing bud. E) Histogram of venous colonization from JV grafts at different developmental stages. The columns show the percentage of QH1+ ECs that colonize host veins, each dot corresponds to one JV sample. *P<0.05, **P<0.01, ***P<0.001, by comparison with E8 column, Mann-Whitney or Unpaired 2-tailed nonparametric t tests. Top, Schematic illustration of the results: when isolated from E11 or older embryos, grafted JV ECs mainly colonize host veins (blue), but when isolated before E11, grafted JV ECs colonize host veins and arteries (blue and red). F) Quantification of the total number of emigrating QH1+ ECs in E15 and E8 grafts, each dot corresponds to one JV sample. Unpaired 2-tailed nonparametric t test. Error bars: SEM. n: number of grafts. The blue numbers correspond to the total number of cells counted in each condition.

Figure 2 :

 2 Figure 2: Denervation inhibits vein colonization A-D) Glyoxylic acid staining of sympathetic nerves in the JV vessel wall. No staining was detected at E8 (A); the first fibers were visible at E11 (B, arrowhead) and formed a network at E15 (C). D) CAM veins lack innervation. E) Quantification of host venous colonization by QH1+ ECs from CAM veins, isolated E15 JV ECs and E15 JV without adventitia, each dot corresponds to one JV sample. ***P<0.001, ****P<0.0001 by comparison with E15 column, Unpaired 2-tailed nonparametric t tests. F, G) 6HDOPA treatment abolished innervation of E15 (F) and P5 (G) JVs. H) Surgical denervation of a 15 somite-stage quail embryo by resection (*) of the neural tube and notochord between the fifth somite (arrow) and the caudal region (black arrowhead). Rostrally, the neural tube is intact (white arrowhead). I) Post-surgery glyoxylic acid staining shows the absence of nerve fibers at the surface of an E15 JV. J) Quantification of host venous colonization by QH1+ ECs from denervated JVs, each dot corresponds to one JV sample. *P<0.05, ***P<0.001, by comparison with E15 or post-hatching vessels, Unpaired 2-tailed nonparametric t tests. Error bars: SEM, n: number of grafts. The blue numbers correspond to the total number of cells counted in each condition.
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 3 Figure 3: Sympathetic pathways regulating venous fate A) Quantification of host venous colonization by QH1+ ECs from E8 JVs treated or not with NE overnight on semisolid medium prior to grafting into E2 chick hosts, each dot corresponds to one JV sample. ****P<0.0001, by comparison with untreated E8 JVs, Unpaired 2-tailed nonparametric t test. B) QPCR analyses of ADR expression in E8 versus E15 JVs. Expression levels at E8 are set as 1, each dot corresponds to one JV sample. *P<0.05, ***P<0.001, Mann-Whitney tests. C) Schematic of NE signaling via ADR2B, including pharmacological agents used against downstream effectors that affect venous colonization. D) Quantification of host venous colonization by QH1+ ECs from E8 JVs treated or not with the indicated molecules, each dot corresponds to one JV sample. E) Quantification of host venous colonization by QH1+ cells from isolated ECs from E15 JVs. **P<0.01, ***P<0.001, ****P<0.0001, by comparison with control columns, Unpaired 2-tailed nonparametric t

Figure 4 :

 4 Figure 4: ERK inhibition enhances vein colonization A) QPCR analysis of ERK expression on E15 aortae and JVs samples, each dot corresponds to one vessel graft. Expression levels in JVs are set as 1. **P<0.01 by comparison with E15 JV, Mann-Whitney test. B) Top: Western blot of p-ERK, total ERK and tubulin in E8 and E15 JVs. Avian ERK migrates at 44 kD. Each lane represents one JV sample. Bottom: Western blot quantification, each dot corresponds to one JV sample. **P<0.01, Mann-Whitney tests. C) Quantification of effect of ERK inhibitor treatment on host venous colonization by QH1+ ECs from E15 JVs, each dot corresponds to one JV sample. Unpaired 2-tailed nonparametric t tests. D) Effects of treatment with phosphatase inhibitors (SOV, E/Z-BCI, Fostriecin, Salubrinal, ML119) effects with or without ERK inhibition on host venous colonization by QH1+ ECs from E15 JVs, each dot corresponds to one JV sample. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 Unpaired 2-tailed nonparametric t tests. Error bars: SEM, n: number of grafts. The blue numbers correspond to the total number of cells counted in each condition.

Figure 5 :

 5 Figure 5: BMP signaling promotes venous fate A-D) QPCR analyses of ALK2, ALK1, ALK3 and ALK6 expression in E8 and E15 JVs. Each dot corresponds to one sample. Expression levels in E8 JVs are set as 1. **P<0.01, ***P<0.001, Mann-Whitney tests. E) Quantification of BMP effects on host venous colonization by QH1+ ECs from E8 JVs, each dot corresponds to one JV sample. *P<0.05, **P<0.01, ****P<0.0001, Mann-Whitney or Unpaired 2-tailed nonparametric t tests. F) Quantification of BMP effects on host arterial colonization by QH1+ ECs from E15 aortae, each dot corresponds to one aorta sample. *P<0.05, **P<0.01, ***P<0.001, Unpaired 2-tailed nonparametric t tests. G) Quantification of BMP inhibitor effects on host venous colonization by QH1+ ECs from E15 JVs, each dot corresponds to one JV sample. **P<0.01, ***P<0.001, ****P<0.0001, Unpaired 2tailed nonparametric t tests. H) Quantification of HDAC 1 inhibitor effect on host venous colonization by QH1+ ECs from E15 JVs, each dot corresponds to one JV

Figure 6 :

 6 Figure 6: Summary model Venous colonization in quail chick embryo chimeras is enhanced by NE activation of ADR2B, ERK inhibition and BMP stimulation, while arterial differentiation is enhanced by ERK activation and BMP inhibition using Noggin.

Figure S1

 S1 Figure S1Transverse sections at the truncal level of an E4 chick host, 2 days after the graft of a quail E8 JV. Triple staining using the QH1 antibody (blue), an anti-CX 40 antibody that recognizes arteries (green) and the Sambucus nigra lectin that stains all avian vessels (red). The CX40+/Sambucus+ aortae (Ao) appear orange while cardinal vein (CV) and umbilical vein (UV) are only Sambucus+. A) The arrow indicates a quail EC (blue-green) that reaches the aortic endothelium. The arrowhead shows a QH1+ EC counted as an arterial EC because a ventral aortic branch is present close to this cell on a consecutive section. B) The arrow points to a grafted quail QH1+/Sambucus+ EC (purple) participating to the UV endothelium. Arrowheads indicate QH1+ EC close to chick veins and counted as venous EC because a venous branch is present close to this cell on a consecutive section. Blue QH1+ cells that were not counted are present near the graft (G). M: mesonephros.

Figure S2 Number

 S2 Figure S2 Number of emigrating QH1+ ECs from untreated E8 JVs and E8 JV treated by Phenylephrin (PE) and BHT933, each dot corresponds to one JV sample. Mann-Whitney or Unpaired 2-tailed nonparametric t tests. Error bars: SEM, n: number of grafts.
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Unpaired 2-tailed nonparametric t tests. Error bars: SEM, n: number of grafts. The blue numbers correspond to the total number of cells counted in each condition.