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Blood flow limits endothelial cell extrusion in the zebrafish dorsal aorta

Blood flow modulates endothelial cell (EC) response during angiogenesis. Shear stress is known to modulate gene expression related to Endothelial-Mesenchymal-Transition and Endothelial-to-Hematopoietic-Transition. Yet, the impact of blood flow on the cellular processes associated with EC extrusion is less well understood. To address this question, we dynamically record EC movements and use 3D quantitative methods to segregate the contributions of various cellular processes to the cellular trajectories in the zebrafish dorsal aorta. We found that ECs spread towards the cell extrusion area following the tissue deformation direction dictated by flow-derived mechanical forces. Unexpectedly, cell extrusion increases when blood flow is impaired. Similarly, the mechanosensor polycystic kidney disease 2 (pkd2) limits cell extrusion, suggesting that ECs actively sense mechanical forces in the process. These findings identify pkd2 and flow as critical regulators of EC extrusion and suggest that mechanical forces coordinate this process by maintaining ECs within the endothelium.

INTRODUCTION

Development of the cardiovascular system depends on complex interactions between a genetic program, fluid forces and cellular rearrangements [START_REF] Ellertsdottir | Vascular morphogenesis in the zebrafish embryo[END_REF][START_REF] Freund | Fluid flows and forces in development: functions, features and biophysical principles[END_REF][START_REF] Jones | The initiation of blood flow and flow induced events in early vascular development[END_REF][START_REF] Wacker | Endothelial development taking shape[END_REF]. Embryonic blood flow has been shown to regulate endothelial cell (EC) gene expression [START_REF] Buschmann | Pulsatile shear and Gja5 modulate arterial identity and remodeling events during flow-driven arteriogenesis[END_REF], angiogenesis [START_REF] Ellertsdottir | Vascular morphogenesis in the zebrafish embryo[END_REF][START_REF] Goetz | Endothelial cilia mediate low flow sensing during zebrafish vascular development[END_REF][START_REF] Jones | The initiation of blood flow and flow induced events in early vascular development[END_REF], lumen formation [START_REF] Gebala | Blood flow drives lumen formation by inverse membrane blebbing during angiogenesis in vivo[END_REF][START_REF] Hultin | AmotL2 links VE-cadherin to contractile actin fibres necessary for aortic lumen expansion[END_REF][START_REF] Phng | Formin-mediated actin polymerization at endothelial junctions is required for vessel lumen formation and stabilization[END_REF], sprouting location [START_REF] Ghaffari | Flow dynamics control the location of sprouting and direct elongation during developmental angiogenesis[END_REF], vessel calibre and maintenance [START_REF] Potente | Basic and therapeutic aspects of angiogenesis[END_REF][START_REF] Sugden | Endoglin controls blood vessel diameter through endothelial cell shape changes in response to haemodynamic cues[END_REF] as well as hematopoietic stem cell (HSC) development [START_REF] Adamo | Biomechanical forces promote embryonic haematopoiesis[END_REF][START_REF] Kissa | Blood stem cells emerge from aortic endothelium by a novel type of cell transition[END_REF][START_REF] Lam | Live imaging of Runx1 expression in the dorsal aorta tracks the emergence of blood progenitors from endothelial cells[END_REF][START_REF] Lancino | Anisotropic organization of circumferential actomyosin characterizes hematopoietic stem cells emergence in the zebrafish[END_REF][START_REF] North | Hematopoietic stem cell development is dependent on blood flow[END_REF]. Blood flow forces can be divided into shear stress and circumferential tension [START_REF] Boselli | Blood flow mechanics in cardiovascular development[END_REF][START_REF] Freund | Fluid flows and forces in development: functions, features and biophysical principles[END_REF]. ECs exposed to shear stress re-organize the actin cytoskeleton, become elongated in the flow direction and migrate against the flow [START_REF] Franco | Dynamic endothelial cell rearrangements drive developmental vessel regression[END_REF][START_REF] Franco | Non-canonical Wnt signalling modulates the endothelial shear stress flow sensor in vascular remodelling[END_REF][START_REF] Noria | Assembly and reorientation of stress fibers drives morphological changes to endothelial cells exposed to shear stress[END_REF]. ECs also orient their division axis with the shear stress direction [START_REF] Zeng | Orientation of endothelial cell division is regulated by VEGF signaling during blood vessel formation[END_REF].

Similar cellular responses have been shown to play essential roles in epithelial morphogenesis and homeostasis in Drosophila and other organisms [START_REF] Guillot | Mechanics of epithelial tissue homeostasis and morphogenesis[END_REF][START_REF] Hannezo | Mechanochemical Feedback Loops in Development and Disease[END_REF][START_REF] Heisenberg | Forces in tissue morphogenesis and patterning[END_REF]. It is therefore expected that flow-derived forces participate in blood vessel morphogenesis by influencing EC rearrangements, shape changes, cell division orientation and location, as well as cell extrusion/delamination.

The zebrafish embryo is an ideal model to study cardiovascular morphogenesis since functional blood vessels become visible at 22 hours post fertilization (h.p.f.) as circulation begins [START_REF] Isogai | The vascular anatomy of the developing zebrafish: an atlas of embryonic and early larval development[END_REF][START_REF] Stainier | Cardiovascular development in the zebrafish. I. Myocardial fate map and heart tube formation[END_REF]. The dorsal aorta (DA) is the main embryonic artery running along the trunk and is the first blood vessel to be perfused. The flow velocity inside increases progressively at embryonic stages [START_REF] Anton | Pulse propagation by a capacitive mechanism drives embryonic blood flow[END_REF][START_REF] Goetz | Endothelial cilia mediate low flow sensing during zebrafish vascular development[END_REF][START_REF] Stainier | Cardiovascular development in the zebrafish. I. Myocardial fate map and heart tube formation[END_REF] while the DA calibre (diameter) increases reaching a maximum at approximately 48 h.p.f., after which it starts decreasing [START_REF] Kissa | Blood stem cells emerge from aortic endothelium by a novel type of cell transition[END_REF]. The calibre reduction is driven by EC shape changes in response to shear stress, causing ECs to elongate in the flow direction [START_REF] Sugden | Endoglin controls blood vessel diameter through endothelial cell shape changes in response to haemodynamic cues[END_REF].

The ventral DA region is the hemogenic endothelium where HSCs differentiate and is deformable in response to pulsatile blood flow [START_REF] Anton | Pulse propagation by a capacitive mechanism drives embryonic blood flow[END_REF]. Accordingly, absence of blood flow has been shown to strongly affect HSC differentiation and extrusion [START_REF] Adamo | Biomechanical forces promote embryonic haematopoiesis[END_REF][START_REF] Kissa | Blood stem cells emerge from aortic endothelium by a novel type of cell transition[END_REF][START_REF] Lam | Live imaging of Runx1 expression in the dorsal aorta tracks the emergence of blood progenitors from endothelial cells[END_REF][START_REF] Lancino | Anisotropic organization of circumferential actomyosin characterizes hematopoietic stem cells emergence in the zebrafish[END_REF][START_REF] North | Hematopoietic stem cell development is dependent on blood flow[END_REF]. These observations demonstrate a crucial role for blood flow in DA morphogenesis, particularly when blood flow is vigorous and the DA calibre is decreasing. Nonetheless, EC mechanics and response to early embryonic blood flow leading to EC extrusion remains poorly understood.

In this study, we show that blood flow forces participate in the process of EC extrusion. We found that EC extrusion is associated with global DA tissue remodeling and followed by the appearance of cells budding out of the ventral side. The DA calibre expansion is blood flow-dependent and varies following 2 parameters: EC area changes and EC extrusion limitation. Additionally, the stretch sensitive channel polycystic kidney disease 2 (pkd2) and blood flow limit the extrusion process. These data suggest that cell extrusion is coordinated by the mechanical environment and mechanotransduction via pkd2.

RESULTS

To gain insight into endothelial organization and the cellular response leading up to endothelial cell (EC) extrusion, we acquired z-stacks of the dorsal aorta (DA) at key developmental stages (Figure 1A). To understand the morphogenetic processes occurring during DA maturation, we quantified the following parameters: number and angular positions of EC nuclei, number and distribution of extruding ECs as well as EC area changes and movements within the DA. EC nuclei budding off from the ventral DA were counted as extruding cells, based on well-defined morphological criteria allowing clear identification of cells undergoing endothelial-to-hematopoietic transition (EHT) [START_REF] Kissa | Blood stem cells emerge from aortic endothelium by a novel type of cell transition[END_REF]Lancino et al., 2018) (Figures 1B and S1A). As expected [START_REF] Kissa | Blood stem cells emerge from aortic endothelium by a novel type of cell transition[END_REF][START_REF] Lancino | Anisotropic organization of circumferential actomyosin characterizes hematopoietic stem cells emergence in the zebrafish[END_REF], we found that ECs extrude from the ventral DA (Figure 1C bottom; Data S1) between 28 and 48 hours post fertilization (h.p.f.; Figure 1D) and that the extrusion peak occurs during the growth of the vessel calibre, until 48 h.p.f. (Figures 1D andS1B). More surprisingly, we found that ECs tend to accumulate in the ventral DA during the same period Figure 1C top). Notably, at all stages analysed EC nuclei cluster at the 2 dorsallateral borders and at the ventral region displaying a distinct 3-peak angular distribution (Figure 1C top and Video S1; Data S1). To evaluate the angular distribution of nuclei around the DA, we performed a Fourier analysis of their density as a function of their angular position. The Fourier series allows to capture the complex density profile with a small number of cosine functions, allowing for simple and rigorous statistics (Figure S1C). To better understand these observations, we estimated the EC surface area (cell area) as the tissue surface area between two intersomitic vessels (segment) over the average EC number. We found that the total number of nuclei composing the DA endothelium does not dramatically change while the EC area expands with time (Figure 1D). Thus, it seems the ventral enrichment sustains at the cost of dorsal/lateral nuclei while the vessel calibre growth is due to an increase of the individual EC area and not by an increase of EC number (Figure 1D). In summary, the accumulation of EC nuclei at the ventral DA is concomitant with a surge of EC extrusion when the DA calibre increases (Figure 1E).

To address how the ventral enrichment is maintained we tracked individual EC nuclei by time-lapse analysis between 28 and 48 h.p.f. (Figures 2A,S2A and Video S2). We found that the cell division number was low and there was no dorsal-ventral (DV) bias (Figure S2B).

Looking at cell movements, we found that 70% of the dynamic EC nuclei, defined as those displaced more than 2 nucleus diameters (Figure S2C left), moved towards the ventral DA region (Figure 2A), despite the average track distance being similar in the dorsal and ventral direction (Figure S2C right). We conclude that there is a global movement of ECs towards the ventral DA that can contribute to maintaining a high density of nuclei in the ventral region despite of EC extrusion and that cell division has a minor role in this process.

As EHT morphodynamics and EC extrusion are flow dependent [START_REF] Lancino | Anisotropic organization of circumferential actomyosin characterizes hematopoietic stem cells emergence in the zebrafish[END_REF], we perturbed the heartbeat to assay the flow dependence of the cell extrusion process. First, we assessed the impact of blood flow absence by examining the DA of silent heart (sih) mutants. Strikingly, we observed an abnormal increase of the EC extrusion events at 28 h.p.f.

(Figures S3A andB) and a steady cross-section area (calibre) between 28 and 48 h.p.f. while the control siblings displayed an increase of the artery calibre (Figures S3B andC). In addition, the angular distribution of EC nuclei was perturbed at 48 h.p.f. but not earlier.

More precisely, the EC nuclei were more evenly distributed between the dorsal and lateral regions of the DA and only accumulated ventrally (Figure S3D top; Data S1). Nonetheless, sih mutants displayed a significant decrease of the relative ventral enrichment at 48 h.p.f.

(Figures S3D top andE) following the increase of EC extrusion at 28 h.p.f. (Figure S3B).

Remarkably, the EC area was reduced but not the total number of EC nuclei (Figure S3B).

Altogether, these results suggest that the cell shape changes and extrusion modulating the DA calibre are controlled by blood flow.

To understand the observed changes, we assessed the global tissue remodeling by tracking individual EC nuclei between 28 and 48 h.p.f. in the sih mutant background (Figure S2A and Video S2). Strikingly, the percentage of dynamic EC nuclei moving in the dorsal or ventral direction and the average distance covered were similar (Figures 2A and S2C,respectively) showing no preferential movement of EC nuclei towards the ventral DA in the absence of flow. Altogether, these results suggest that the polarised EC movement, the cell area change and number of extrusion events are dependent upon early blood flow (before 48 h.p.f.).

Because complete abrogation of blood flow is an extreme phenotype, we studied embryos with reduced flow. To achieve this, we titrated the amount of tnnt2a morpholino [START_REF] Sehnert | Cardiac troponin T is essential in sarcomere assembly and cardiac contractility[END_REF] so that embryos have a 50% reduction of flow (Figure S3F). We found that the DA calibre increase between 28 and 48 h.p.f. was severely compromised (reduced flow; Figures 2B andS3G). Quantifications reveal that the abnormal calibre is due to an increased EC 2E).

In blood vessels, ECs remain unpolarised when flow is low and cell movements counterbalance each other keeping a dynamic stability [START_REF] Franco | Non-canonical Wnt signalling modulates the endothelial shear stress flow sensor in vascular remodelling[END_REF]. However, ECs tend to polarise against the flow direction, change shape and migrate in response to flow [START_REF] Franco | Dynamic endothelial cell rearrangements drive developmental vessel regression[END_REF][START_REF] Franco | Non-canonical Wnt signalling modulates the endothelial shear stress flow sensor in vascular remodelling[END_REF][START_REF] Kwon | In vivo modulation of endothelial polarization by Apelin receptor signalling[END_REF][START_REF] Sugden | Endoglin controls blood vessel diameter through endothelial cell shape changes in response to haemodynamic cues[END_REF]. We thus investigated the potential origin of asymmetries observed in EC trajectories across the DV axis of the DA. Because it is known that ECs sense and respond to different external cues, we hypothesized that a mechanical asymmetry across the DV axis could elicit distinct responses along that axis. To verify this hypothesis, we took advantage of the endogenous mechanical perturbation applied to the artery walls due to the cyclic pressure increase inside the DA at each heartbeat [START_REF] Anton | Pulse propagation by a capacitive mechanism drives embryonic blood flow[END_REF]. We estimated the tissue deformation by measuring the displacement range observed for each EC nucleus during a heartbeat and found that the DA deformation in its ventral portion is greater than in the dorsal and lateral portions (Figure 3A and Video S3). A reasonable assumption is that the asymmetry observed is not due to intrinsic properties of the endothelium, but rather reflects differences in the mechanical environment surrounding the DA. Modifying the external environment is experimentally challenging and we thus turned to mathematical modelling to test this hypothesis. We calculated the deformations in a simple mechanical model, in which we assume that the tissue has the properties of an incompressible isotropic elastic medium. We take into account the DA (a fluid filled cylinder with a variable internal pressure), the caudal vein (CV; a fluid filled cylinder with a constant internal pressure) and the notochord (a rigid cylinder), all embedded in the elastic medium (Figure 3B). The geometric arrangement is based on the structure of the 28 h.p.f. embryo. We use a boundary element method to determine the tissue deformation upon pressure change in the DA. The computed deformation of the DA wall is highly non-uniform (Figures 3B left and S1D). On the ventral side, the deformation is augmented by the proximity of the compliant vein, while on the dorsal side, it is reduced by the proximity of the stiff notochord [START_REF] Adams | The mechanics of notochord elongation, straightening and stiffening in the embryo of Xenopus laevis[END_REF][START_REF] Davidson | Multi-scale mechanics from molecules to morphogenesis[END_REF]. The stress in the tissue is also strongly non-uniform. It is maximal close to the ventral region, but not at the centre of the ventral side (Figure 3B right). Together, the experimental results demonstrate that the majority of DV cell movements follow the ventral direction, which coincides with the region of highest tissue stress as predicted by the model (Figure 3C).

In zebrafish, the EC mechanosensing appears to operate via the cation channel polycystic kidney disease 2 (pkd2) in the ECs of the DA [START_REF] Goetz | Endothelial cilia mediate low flow sensing during zebrafish vascular development[END_REF] or in endocardial cells during valve morphogenesis [START_REF] Heckel | Oscillatory Flow Modulates Mechanosensitive klf2a Expression through trpv4 and trpp2 during Heart Valve Development[END_REF]. In addition, remodelling of the endothelial network is perturbed in the absence of pkd2 [START_REF] Goetz | Endothelial cilia mediate low flow sensing during zebrafish vascular development[END_REF], leading us to analyse pkd2 mutants. Live imaging revealed that pkd2 mutants display a small decrease of the DA calibre at 48 h.p.f. in comparison to control embryos, which was accompanied by a small but significant decrease in the total number of ECs (Figures 4A andS4A). Interestingly, the relative ventral enrichment was reduced in pkd2 mutant embryos at 48 h.p.f., while the EC distribution was only marginally affected (Figures 4B top and S4B; Data S1). Remarkably, there was an increase of the ventral EC extrusion in pkd2 mutants (Figures 4A, C and S4C).

However, the EC area was not altered in pkd2 mutants (Figure 4A) contrasting with what was observed when flow is disturbed. Time-lapse analysis revealed that the global movement of ECs towards the ventral DA region is unaffected in pkd2 mutants (Figure S2C and Video S2).

Altogether, these results suggest that EC cell extrusion is modulated through the mechanosensitive channel Pkd2.

Recent evidence suggests that primary cilia are important for endothelial flow sensing [START_REF] Goetz | Endothelial cilia mediate low flow sensing during zebrafish vascular development[END_REF] and EHT [START_REF] Liu | Primary cilia regulate hematopoietic stem and progenitor cell specification through Notch signaling in zebrafish[END_REF]. Considering that Pkd2 mechanosensitivity can be cilia-dependent [START_REF] Ferreira | The cilium as a force sensor-myth versus reality[END_REF] we tested the role of cilia by analysing dzip1 (DAZ interacting zinc finger protein 1) mutants, which lack cilia [START_REF] Sekimizu | The zebrafish iguana locus encodes Dzip1, a novel zinc-finger protein required for proper regulation of Hedgehog signaling[END_REF][START_REF] Tay | The iguana/DZIP1 protein is a novel component of the ciliogenic pathway essential for axonemal biogenesis[END_REF][START_REF] Wolff | iguana encodes a novel zinc-finger protein with coiledcoil domains essential for Hedgehog signal transduction in the zebrafish embryo[END_REF]. Surprisingly, we did not detect major changes except for a reduction of the DA calibre at 48 h.p.f. and a general decrease of the EC area (Figures S4D andE). Despite that, the total number of EC nuclei in the DA, their ventral enrichment and the number of extrusion events remained similar to that of control embryos (Figures S4D-H; Data S1). We conclude that Pkd2 regulates the number of ventral extrusion events and does so independently of its cilia-based mechanosensing mechanism, but is not involved in EC area regulation (Figure 4D).

DISCUSSION

Endothelial cell (EC) extrusion is essential for cell diversity generation during development and is activated in pathological conditions such as atherosclerosis, cerebral cavernous malformation and hereditary hemorrhagic telangiectasia [START_REF] Schwartz | A unifying concept in vascular health and disease[END_REF]. So far, the dynamic events associated with cell extrusion in the maturing dorsal aorta (DA) endothelium during blood flow initiation have remained unclear. Our quantitative tissue-scale analysis revealed a highly stereotypical cellular organization of the DA with a ventral enrichment of ECs and directed cell movements towards the extrusion site. In this dynamic cellular environment, the DA calibre expansion is regulated by the EC area changes and extrusions in response to flow. Our results point to a scenario where an increase in the number of ECs ventrally generates crowding that is sensed by ECs through Pkd2 to control cell extrusion events. In this model, tissue homeostasis is maintained in a similar way to what has been observed for epithelial tissues in response to the mechanosensitive channel piezo [START_REF] Eisenhoffer | Crowding induces live cell extrusion to maintain homeostatic cell numbers in epithelia[END_REF][START_REF] Gudipaty | Mechanical stretch triggers rapid epithelial cell division through Piezo1[END_REF][START_REF] Hannezo | Mechanochemical Feedback Loops in Development and Disease[END_REF][START_REF] Marinari | Live-cell delamination counterbalances epithelial growth to limit tissue overcrowding[END_REF][START_REF] Saw | Topological defects in epithelia govern cell death and extrusion[END_REF].

In the absence of flow, it is known that the sub-cellular localization of filamentous-actin and the junctional organisation are compromised in ECs, but that cell extrusion occurs despite morphological and identity defects [START_REF] Lancino | Anisotropic organization of circumferential actomyosin characterizes hematopoietic stem cells emergence in the zebrafish[END_REF]. By analysing tissue-scale EC movement, we found that DA cells display polarised movements, as expected [START_REF] Poullet | Mechanical instabilities of aorta drive blood stem cell production: a live study[END_REF]. What controls this oriented EC motion? A simple explanation would be that ECs follow signalling factors organising the DA and the diversity of cell identities in the pool of ECs. Work on the caudal vein has shown that the vein is highly organized and segregates lymphatic cell progenitors much before forming the lymphatic system [START_REF] Nicenboim | Lymphatic vessels arise from specialized angioblasts within a venous niche[END_REF]. This is consistent with reports showing that artery cell distribution is pre-patterned [START_REF] Geudens | Arterio-Venous Remodeling in the Zebrafish Trunk is Controlled by Genetic Programming and Flow-Mediated Fine-Tuning[END_REF] and ECs express different markers in the ventral and dorsal regions of the DA [START_REF] Wilkinson | Hedgehog and Bmp polarize hematopoietic stem cell emergence in the zebrafish dorsal aorta[END_REF] that are regulated by estrogen [START_REF] Carroll | Estrogen defines the dorsal-ventral limit of VEGF regulation to specify the location of the hemogenic endothelial niche[END_REF]. Our work provides evidence for additional cues coming from the mechanical environment surrounding the DA. Simulations suggest that mechanical stimuli experienced by ECs in the ventral and dorsal DA are different. Work in cell culture have shown that axial stretch can orient ECs and dictate the cell division plane orientation [START_REF] Noria | Assembly and reorientation of stress fibers drives morphological changes to endothelial cells exposed to shear stress[END_REF][START_REF] Zeng | Orientation of endothelial cell division is regulated by VEGF signaling during blood vessel formation[END_REF]. Cyclic stretch, specifically, has been proposed to re-orient ECs perpendicularly to the axis of strain via integrin signalling and cytoskeleton remodelling by activation of the transient receptor potential (TRP) channel Trpv4 [START_REF] Thodeti | TRPV4 channels mediate cyclic strain-induced endothelial cell reorientation through integrin-to-integrin signaling[END_REF]. Accordingly, in other cell types uniaxial stretch is known to be an important stimulus for tissue growth and cell mobility, particularly sustained stimulus promote the slow disassembly of focal adhesions perpendicularly to the stretch [START_REF] Chen | Orientation-specific responses to sustained uniaxial stretching in focal adhesion growth and turnover[END_REF]. An attractive hypothesis is that such mechanical cues trigger different cellular responses or consolidate identities within the DA to promote blood vessel patterning.

This work extends the function of hemodynamics in the process by showing that cell extrusion is coordinated by the mechanical environment and mechanotransduction, most likely via pkd2. Recent studies demonstrate that blocking primary cilia formation or function impairs hematopoietic stem and progenitor cell (HSPC) development [START_REF] Liu | Primary cilia regulate hematopoietic stem and progenitor cell specification through Notch signaling in zebrafish[END_REF]. It is known that Pkd2 often functions with primary cilia [START_REF] Ferreira | The cilium as a force sensor-myth versus reality[END_REF]. We show that the EC area regulation appears to work via cilia-mediated flow sensing while the EC extrusion regulation may rely on cilia-independent mechanosensitivity mediated by the TRP channel pkd2. This view is consistent with recent findings demonstrating divergent functions for Pkd proteins, in which kidney cell size regulation in response to cilia-mediated flow sensing requires pkd1 but not pkd2 [START_REF] Boehlke | Primary cilia regulate mTORC1 activity and cell size through Lkb1[END_REF][START_REF] Viau | Divergent function of polycystin 1 and polycystin 2 in cell size regulation[END_REF]. Overall, our work indicates that the cellular machinery that controls EC shape and size is in part modulated by mechanical forces in vivo.

Cell extrusion and EC area changes destabilize tissue homeostasis and require the cell density to be monitored. Here, we show that blood flow promotes active cellular responses that directly impact the DA calibre and the cell density. It is known that blood flow activates adenosine signalling a potent inducer of endothelial-to-hematopoietic transition markers in the ventral DA [START_REF] Jing | Adenosine signaling promotes hematopoietic stem and progenitor cell emergence[END_REF][START_REF] Kim | Flow-induced protein kinase A-CREB pathway acts via BMP signaling to promote HSC emergence[END_REF]. In addition, the Yes-activated protein (YAP) is a potent cyclic stretch-induced regulator of HSPC formation and is active in the hemogenic endothelium [START_REF] Lundin | YAP Regulates Hematopoietic Stem Cell Formation in Response to the Biomechanical Forces of Blood Flow[END_REF]. Mechanical stimuli are thus essential to promote HSC differentiation from ECs via changes in gene expression, which requires hours of stimulation to be effective [START_REF] Adamo | Biomechanical forces promote embryonic haematopoiesis[END_REF][START_REF] Lundin | YAP Regulates Hematopoietic Stem Cell Formation in Response to the Biomechanical Forces of Blood Flow[END_REF]. Nevertheless, tissue material properties can dictate abrupt cell behaviour changes required for morphogenesis [START_REF] Petridou | Tissue rheology in embryonic organization[END_REF]. In this context, our work suggests a counterintuitive role for blood flow: by delaying extrusion and retaining ECs in the hemogenic endothelium, flow might favour a durable EC exposure to oscillatory deformation, YAP and adenosine signalling necessary to specify and maintain HSC identity.

Figures

Figure 1: Distribution of endothelial cell nuclei and extrusions around the dorsal aorta's perimeter during blood flow initiation. A) A portion of the embryo (yellow dashed rectangle) containing both the dorsal aorta (DA) and the caudal vein (CV) was imaged at several stages after blood circulation started (24, 28, 48 and 72 hours post fertilization, h.p.f.). Image acquisition and analysis was done as described in [START_REF] Campinho | Three-dimensional microscopy and image analysis methodology for mapping and quantification of nuclear positions in tissues with approximate cylindrical geometry[END_REF]; B) EC extrusion at the ventral DA region of a 48 h.p.f. wild type (WT) embryo. The asterisk "*" indicates the DA lumen, the arrowhead indicates the sub-aortic space between the artery and vein and "D" and "V" -dorsal and ventral, respectively; C) Histograms and fitted curves (solid line) display the distribution of endothelial cell (EC) nuclei (top row) and of EC extrusions (bottom row) around the perimeter of the DA in WT embryos at all stages analysed. The fitted functions were obtained from unbinned data as a Fourier cosine series up to the third order (for EC densities) or a Gaussian (for EC extrusions); D) DA's average cross-section area, number of extruded ECs per segment, total EC number per segment and average area of an EC (from left to right) in WT embryos at 24, 28, 48 and 72 h.p.f.; E) Illustration of the cellular events occurring during the DA calibre expansion phase (24 to 48 h.p.f.). Over time ECs increase their area and accumulate at the ventral DA region where ECs are extruded from the endothelium. In (A) and (B) the endothelial F-actin (magenta) and nuclei (cyan) were labelled using the double-transgenic line Tg(fli1:lifeAct-GFP) w4 ;(kdrl:nls-mcherry) y137 respectively.

Error bars: standard deviation; Scale bar: 20 µm in (A) and 10 µm in (B). A) The distance of each endothelial cell (EC) nucleus to the vessel centreline was measured over time during a whole heartbeat and the maximum, minimum and average distances determined and used to estimate the deformation. The plot displays the average deformation range (Δradius) of the dorsal aorta (DA) endothelial wall calculated as the difference between the maximum and minimum deformation for each nucleus and averaged over all nuclei inside each region (dorsal, lateral and ventral). The measurements were repeated at relevant developmental stages during blood flow initiation: 28 (white), 48 (grey) and 72 (black) hours post fertilization; B) Wall deformation calculated in a model that describes the tissue as an ideal elastic medium with 3 embedded cylinders: the fluid filled DA and CV (caudal vein) and the undeformable notochord (Nc). The deformations are calculated after the pressure in the DA is increased by Δp, while it is kept constant in the CV. The dashed and solid lines show the surfaces before and after deformation, respectively. The magnitude of deformation is not to scale. See Supplementary figure 1E for the calculated displacements. Right panel: calculated shear stress (blue: zero, red: maximal) in the medium around the DA; C) Summary scheme illustrates how the movement direction (ventral) of EC nuclei (yellow arrows) coincides with direction of predicted stress increase in the tissue (blue: low stress, red: high stress). A) Bar plots show the dorsal aorta's (DA) average cross-section area, the endothelial cell (EC) extrusion number per segment, the EC number per segment and the average EC area (from left to right) in pkd2 -/-mutants (blue) and respective controls (red) at 28 and 48 hours post fertilization (h.p.f.); B) Histograms and fitted curves (solid line) display the number of ECs (top row) and the number of EC extrusions (bottom row) along the radial position of the DA's perimeter in pkd2 -/-(blue) and respective controls (red) at 28 and 48 h.p.f.; C) Examples of EC extrusion in the ventral region of the DA in pkd2 -/-and respective control embryos at 28 h.p.f.; Endothelial F-actin (magenta) and nuclei (cyan) were labelled Tg(fli1:lifeAct-GFP) w4 ;(kdrl:nls-mcherry) y137 , respectively. Scale bar: 10 µm; D) In pkd2 mutants (pkd2 -/-) the dorsal-ventral EC movements and the cell area expansion are not affected but the ventral enrichment is partially reduced and the EC extrusion is elevated indicating that ECs actively read and respond to blood flow in order to regulate extrusion number.

Error bars: standard deviation 

STAR METHODS

KEY RESOURCES

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Julien Vermot (julien@igbmc.fr). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS Zebrafish

Fish maintenance and embryo collection were carried out as previously described [START_REF] Westerfield | The zebrafish book. A guide for the laboratory use of zebrafish (Danio rerio). 4th edn[END_REF]. Embryos were raised in E3 medium when kept inside their chorions or in 0.3x Danieau's buffer after dechorionation and always incubated at 28.5°C. To inhibit pigment formation the embryos were incubated in a 0.2 mM solution of 1-phenyl-2-thiourea (PTU) in Danieau's buffer from 6 hours post fertilization (h.p.f.) onwards. Embryo staging was done according to chronological and morphological criteria [START_REF] Kimmel | Stages of embryonic development of the zebrafish[END_REF]. The Tg(fli1:lifeAct-GFP) w4 [START_REF] Hen | Venous-derived angioblasts generate organ-specific vessels during zebrafish embryonic development[END_REF], Tg(kdrl:nls-mcherry) y137 [START_REF] Fujita | Assembly and patterning of the vascular network of the vertebrate hindbrain[END_REF], Tg(gata1:dsRed) sd2 [START_REF] Traver | Transplantation and in vivo imaging of multilineage engraftment in zebrafish bloodless mutants[END_REF], cup TC321 /pkd2 [START_REF] Schottenfeld | Zebrafish curly up encodes a Pkd2 ortholog that restricts left-side-specific expression of southpaw[END_REF], iguana ts294e /dzip1 [START_REF] Brand | Mutations affecting development of the midline and general body shape during zebrafish embryogenesis[END_REF] and silent heart [START_REF] Sehnert | Cardiac troponin T is essential in sarcomere assembly and cardiac contractility[END_REF] zebrafish lines were used in this study. All experiments were performed using zebrafish larvae between 24 and 72 h.p.f., which is in compliance with the European directive 2010/63/EU and IGBMC guidelines validated by the regional committee of ethics (Cometh, Illkirch, France).

METHOD DETAILS

Morpholino knockdown

Morpholinos specific for tnnt2a (MO1-tnnt2a: 5'-CATGTTTGCTCTGATCTGACACGCA-3') [START_REF] Sehnert | Cardiac troponin T is essential in sarcomere assembly and cardiac contractility[END_REF] were injected (0.14 ng) into the yolk at the 1-cell stage. Further experiments were conducted using embryos that clearly displayed a slower heartbeat and thus reduced blood flow.

Sample preparation for live imaging

Embryos were embedded in 0.7 % low meting point (LMP) agarose (Invitrogen) in Danieu's buffer either inside tailor made agarose patterns [START_REF] Campinho | Three-dimensional microscopy and image analysis methodology for mapping and quantification of nuclear positions in tissues with approximate cylindrical geometry[END_REF] or inside a glass bottom petri dish (MateTek) if the imaging was done using an upright or an inverted microscope, respectively. Once the LMP agarose embedding the embryos was set a 0.2 mM solution of PTU in Danieau's buffer containing 0.1 mg.ml -1 of tricaine (Sigma) was added to anesthetize the embryos during imaging.

Live imaging of the dorsal aorta endothelium

For visualization of the dorsal aorta (DA) and the caudal vein (CV), either for single z-stack acquisition at key developmental stages or for time-lapse movie acquisition, doubletransgenic embryos in wild type (WT) or mutant/morphant background were imaged using an upright Leica TCS SP8 confocal microscope equipped with a Leica 25x 0.95 NA water immersion objective as previously described [START_REF] Campinho | Three-dimensional microscopy and image analysis methodology for mapping and quantification of nuclear positions in tissues with approximate cylindrical geometry[END_REF]. Time-lapses typically lasted for 20 hours between 28 and 48 h.p.f., during which consecutive z-stacks were recorded every 20 minutes and each z-plane was separated by a 0.85 µm step.

To estimate the DA wall deformation, 2-colour fast confocal imaging of the DA and CV in double-transgenic WT embryos was done using a Leica DMi8 inverted microscope combined with a CSU-X1 (Yokogawa) spinning disk head, equipped with a water immersion objective (Leica 40X, N.A. 1.1) and two cameras (TuCam Flash4.0, Hamamatsu) for simultaneous acquisition. Excitation of GFP and mCherry was done using continuous 488 nm and 561 nm wavelength laser lines, respectively. Time-lapses were acquired in XYTZ series at 50 FPS spanning several cardiac cycles and each z-plane was separated by a 0.5 µm step. The temperature during imaging was kept constant at 28.5 ± 1°C using a temperature chamber (Life Imaging services).

Live imaging of the blood flow

To assess blood flow Tg(gata1:dsRed) sd2 embryos were imaged by fast confocal microscopy using the setup described for the DA wall deformation experiments but using instead a multiple immersion objective (Leica 20X, N.A. 0.75). Time-lapses on a single z-plane were acquired at acquisitions speeds ranging between 200 and 50 FPS depending on the stage and experimental condition.

Solid mechanical model

To understand the deformations of the DA and the surrounding tissue, we solved the following model. We model the tissue as a linear isotropic incompressible elastic medium described by the Navier equation [START_REF] Howell | Applied Solid Mechanics[END_REF]. Δ 0 , 2 together with the incompressibility condition ⋅ 0. Here is the position dependent deformation vector, μ is the shear modulus (Lamé's second parameter) and p the pressure.

The stress tensor is related to strain as 2 , with the strain tensor defined as:

1 2 3
We assume that all deformations are in the DV/LR plane and independent of the position along the AP direction, which reduces the problem to two dimensions.

We describe the DA as a cylindrical cavity (centered at (0,0), radius RA) with internal pressure p0 + pA. The boundary condition on its surface states that the normal component of the stress tensor in the solid equals the pressure in the cavity,
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where is the surface normal. The CV is described in an analogous way (centered at (0,-zv), radius RV), but with a constant internal pressure p0. The third element is the notochord (Nc), which we model as a stiff body, centered at (0,zN) with radius RN. The undeformability condition states that points on the Nc surface all have to move by the same displacement, ! , and that the net force on the Nc is zero, ∮ #$ 0.

The Navier equation for incompressible elastic media is mathematically equivalent to the Stokes equation in low Reynolds number hydrodynamics and can be solved with a 2D boundary element method [START_REF] Pozrikidis | Boundary Integral and Singularity Methods for Linearized Viscous Flow[END_REF]. We use a single-layer formulation, in which we calculate the deformations outside the cylinders by replacing each cylinder with a distribution of traction forces on its surface while virtually extending the elastic medium into their interior. Because the DA and the CV can change their cross-section area upon deformation, but we replace them with an incompressible medium, we need to additionally include a "source" singularity in each of them. The deformation and the stress induced by a traction force % located at are given by the following Green's functions:
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Likewise, the deformation and stress around a source singularity are given by:
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The distribution of traction forces at the cylinder boundaries and the sources in their centers is determined such that the integrated stress fulfils the boundary conditions (4). The resulting set of equations uniquely defines the displacements and stress for a given pressure pA in the DA. For the stress analysis, we define the 2D von Mises stress as

; √3 = >> 00 0 4 >0 0 , 9 
corresponding (up to a prefactor) to the eigenvalues of the deviatoric stress.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis

The image processing and analysis for single z-stacks at key developmental stages was done using previously described methodology developed specifically to characterize the architecture (DA calibre) and position of nuclei (total number, extruding or dividing) on the surface of tissues with approximate cylindrical geometry [START_REF] Campinho | Three-dimensional microscopy and image analysis methodology for mapping and quantification of nuclear positions in tissues with approximate cylindrical geometry[END_REF]. The image analysis routine includes normalization of the data by the segment length, which was determined for each sample as the average distance between two consecutive intersegmental vessels (ISVs). The individual endothelial cell surface area was estimated for each sample by first calculating the tissue surface area per segment by multiplying the average perimeter by the average segment length and, finally, dividing the segment surface area by the average cell number per segment. For the analysis of the angular distributions, the position @ ¯ of each DA nucleus was taken, but to account for the non-spherical crosssection of the DA, a corrected azimuthal angle φ was introduced as @ 2& 7 ⁄ , where s is the arc-length corresponding to the position @ ¯ and p is the perimeter of the ellipse. The Fourier series of the distribution was computed directly from non-binned data as:
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The distributions shown in Figures 1C,2D, 4B, S3D and S4F use the leading 3 cosine components (C1, C2, C3). The amplitudes of sine components Sn are close to 0 within statistical error, as we expect from the left-right symmetry. We therefore do not include the sine components in the Fourier series. The Fourier series automatically takes into account the periodic nature of the angular distributions and, when restricted to cosine modes, the lateral symmetry. The box-plots with notches showing the first 3 cosine coefficients were plotted in MatLab using the "IoSR Matlab Toolbox" (https://github.com/IoSR-Surrey/Toolbox/blob/master/+iosr/). For each box, the centre represents the median, the "+" represents the mean and the notches the 95 % confidence intervals. Each box extends between the 25th and 75th percentiles and the whiskers extend to the most extreme data points that are not considered outliers (plotted individually). The limits that define the outliers were set using the interquartile range (IQR): the minimum and maximum values are Q1-1.5*IQR and Q3+1.5*IQR.

The distributions of extruded cells were fitted to a Gaussian centred around the ventral position. First, the width of the distribution was calculated from unbinned data as

= ∑ O P Q R extruded PWX M extruded .
The fitted Gaussian distribution is then determined as
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where <nextruded> is the average number of extruded cells per segment and Nextruded is the total number of extruded cells in the analysis. The prefactor 2π/Nbins is included to make the normalization consistent with the histograms with Nbins=12 bins, even though the fitted distribution is independent of binning.

Image analysis of the time-lapse movies required additional steps. First, correction of sample 3D drift due to embryo growth using the 3D drift correction plugin available on FIJI (Correct_3D_Drift) [START_REF] Parslow | Sample drift correction following 4D confocal time-lapse imaging[END_REF][START_REF] Schindelin | Fiji: an open-source platform for biologicalimage analysis[END_REF]. The 3D positions of the DA endothelial cell nuclei were tracked over time using the Imaris (Bitplane) spots function as well as the position where an ISV sprouts from the DA to be used as fiducial markers (done for two consecutive ISVs). An average DA was interpolated using the first and last time-point.

Finally, to assess the nuclei movement, the nuclei were first classified as dynamic or static if their movement exceeded or not a determined threshold of approx. 2 nuclei diameters ( 16µm) along the dorsal-ventral axis in WT (in other experimental conditions where DA calibre was altered the threshold was scaled proportionately to the DA perimeter). For the movement direction, we quantified the fraction of dynamic nuclei going towards the dorsal or the ventral DA. Displacement (total distance and difference between starting and ending positon) in the dorsal-ventral axis was quantified (e.g., the average distance of nuclei going towards ventral or dorsal). The movement was measured relative to the fiducial markers to exclude contribution of the vessel movements.

To analyse the high-temporal resolution time-lapses acquired for estimation of the DA wall deformation, first the XYT image-series acquired at each Z position where synchronized using custom-made MATLAB (MathWorks) scripts previously developed to visualize the beating heart [START_REF] Liebling | Rapid three-dimensional imaging and analysis of the beating embryonic heart reveals functional changes during development[END_REF]. Afterwards, the 3D position of each DA nucleus was determined and tracked over time using the Imaris (Bitplane) spots function, while for the CV nuclei the 3D positions were determined just for the first time-point. The nuclei positions of both vessels were then imported into MATLAB (MathWorks) and treated as described for the single z-stacks [START_REF] Campinho | Three-dimensional microscopy and image analysis methodology for mapping and quantification of nuclear positions in tissues with approximate cylindrical geometry[END_REF]. First, the DA was interpolated and the nuclear positions mapped to the surface of the artery. Then, the samples were registered to a common reference system such that the X, Y and Z axes match the embryonic axes where the origin of the reference system corresponds to the centre of the DA. Afterwards, the period corresponding to one heartbeat was determined using the Y coordinates of the DA nuclei plotted over time. Next, we measured the distance of each DA nucleus to the closest point on the artery centreline over time for the duration of 1 period and determined the maximum and minimum distances as well as the distance to the average position (reference distance). Later, the distances were smoothened using a Fourier transform (4 harmonics)

and the distance and displacement range calculated. The distance range in µm for each nucleus was calculated as the difference between the maximum and minimum smoothed distance and shows how much the nuclei are displaced from the cross-section centre. The displacement over time was calculated by normalizing the smoothed distance over time using the reference distance. The displacement range (Δradius) was obtained as the difference between the maximum and minimum displacement and shows, in percentage, how much each nucleus shifts its position according to the reference distance. Finally, the average Δradius in each region of the DA (dorsal, lateral and ventral) at a given developmental stage was calculated using the measurements from all the nuclei located inside each of those regions (Figure 3A).

To estimate the blood flow red blood cells were tracked over time using the Imaris (Bitplane) spots function and the maximum, minimum and average speed was determined for each track and averaged per sample. The results obtained for each embryo were then averaged by stage and experimental condition.

Statistical analysis

Student's paired t-test with a two-tailed distribution was used to calculate the p values (α = 0.05) in Excel (Microsoft). For p values: < 0.05 *; < 0.01 ** and < 0.001 ***.

In each figure is stated the number of embryos (n), as well as the meaning of error bars.

DATA AND SOFTWARE AVAILABILITY

Data S1: 3D coordinates of the DA nuclei analysed in this study (related to figures 1, 2, 4).

Data S1 is a ZIP archive containing tab-separated ASCII files (one file for each experimental condition studied) with 3D coordinates of all the DA nuclei analysed as well as the 3D coordinates of the extruding nuclei of each sample. For each sample, we provide the nuclei/extrusion positions (3D coordinates) before alignment (laboratory frame) and the new positions (body frame) after each sample has been registered to a common reference system, such that the x, y and z axes match the D-V, the L-R and the A-P embryonic axes, respectively. Further details about the methodology as well as the algorithm used for the analysis is available online: DOI: 10.1098/rstb.2017.0332 [START_REF] Campinho | Three-dimensional microscopy and image analysis methodology for mapping and quantification of nuclear positions in tissues with approximate cylindrical geometry[END_REF]. 

SUPPLEMENTAL VIDEOS

Figure 2 :

 2 Figure2: Endothelial cell dynamics and response to blood flow impairment. A) Time-lapses (time-point every 20 minutes) of the dorsal aorta (DA) and the caudal vein (CV) were acquired in wild type (WT), silent heart (sih, no flow) mutant or tnnt2a morphant (reduced flow) embryos between 28 and 48 hours post fertilization (h.p.f.). The 3D position of each nucleus was tracked trough time and the dorsal-ventral (DV) component of the movement analysed. Plots show the fraction of dynamic endothelial cells (ECs) that move towards the dorsal (blue) or ventral (orange) region of the DA; B) DA's average cross-section area, number of extruded ECs per segment, total EC number per segment and average EC area (from left to right,) in tnnt2a morphants (reduced flow; blue) and respective controls (red) at 28 and 48 h.p.f.; C) EC extrusions occurring at the ventral region of the DA in tnnt2a morphants (reduced flow) and sibling control embryos at 28 h.p.f.; D) Histograms and fitted curves (solid line) show the number of ECs (top row) and the number of extruded ECs (bottom row) along the DA's perimeter in tnnt2a morphants (reduced flow; blue) and respective controls (red) at 28 and 48 h.p.f. The fitted curve (dashed line) of each control is superimposed on the histograms of the respective experimental condition; E) Illustration of the cellular events occurring in the DA endothelium in response to changes in blood flow. In (A) and (C) the endothelial F-actin (magenta) and nuclei (cyan) were labelled using the double-transgenic line Tg(fli1:lifeAct-GFP) w4 ;(kdrl:nls-mcherry) y137 respectively. Error bars: standard deviation; Scale bar: 30 µm in (A) and 10 µm in (C).

Figure 3 :

 3 Figure 3: Deformation of the dorsal aorta endothelium in response to pressure changes at each heartbeat.A) The distance of each endothelial cell (EC) nucleus to the vessel centreline was measured over time during a whole heartbeat and the maximum, minimum and average distances determined and used to estimate the deformation. The plot displays the average deformation range (Δradius) of the dorsal aorta (DA) endothelial wall calculated as the difference between the maximum and minimum deformation for each nucleus and averaged over all nuclei inside each region (dorsal, lateral and ventral). The measurements were repeated at relevant developmental stages during blood flow initiation: 28 (white), 48 (grey) and 72 (black) hours post fertilization; B) Wall deformation calculated in a model that describes the tissue as an ideal elastic medium with 3 embedded cylinders: the fluid filled DA and CV (caudal vein) and the undeformable notochord (Nc). The deformations are calculated after the pressure in the DA

Figure 4 :

 4 Figure 4: Dorsal aorta endothelial cell response in pkd2 mutants.A) Bar plots show the dorsal aorta's (DA) average cross-section area, the endothelial cell (EC) extrusion number per segment, the EC number per segment and the average EC area (from left to right) in pkd2 -/-mutants (blue) and respective controls (red) at 28 and 48 hours post fertilization (h.p.f.); B) Histograms and fitted curves (solid line) display the number of ECs (top row) and the number of EC extrusions (bottom row) along the radial position of the DA's perimeter in pkd2 -/-(blue) and respective controls (red) at 28 and 48 h.p.f.; C) Examples of EC extrusion in the ventral region of the DA in pkd2 -/-and respective control embryos at 28 h.p.f.; Endothelial F-actin (magenta) and nuclei (cyan) were labelled Tg(fli1:lifeAct-GFP) w4 ;(kdrl:nls-mcherry) y137 , respectively. Scale bar: 10 µm; D) In pkd2 mutants (pkd2 -/-) the dorsal-ventral EC movements and the cell area expansion are not affected but the ventral enrichment is partially reduced and the EC extrusion is elevated indicating that ECs actively read and respond to blood flow in order to regulate extrusion number. Error bars: standard deviation
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