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Introduction

Alcohol consumption during pregnancy can severely impair infant neurodevelopment, leading to long-term behavioral deficits (Andreu-Fernandez et al., 2019;[START_REF] Bakoyiannis | Fetal alcohol spectrum disorders and cognitive functions of young children[END_REF]. Fetal alcohol syndrome (FAS), which is characterized by intrauterine growth retardation, typical craniofacial dysmorphism, central nervous system malformations and behavioral and neurocognitive deficits, is the most severe expression of fetal alcohol spectrum disorder (FASD) [START_REF] Jones | Recognition of the fetal alcohol syndrome in early infancy[END_REF][START_REF] Riley | Fetal alcohol spectrum disorders: an overview[END_REF]. Because fetal alcohol exposure induces neurodevelopmental defects [START_REF] Wozniak | Clinical presentation, diagnosis, and management of fetal alcohol spectrum disorder[END_REF], most studies have focused on nerve cells, i.e., neurons [START_REF] Korpi | Mechanisms of action and persistent neuroplasticity by drugs of abuse[END_REF], oligodendrocytes and astrocytes [START_REF] Wilhelm | Fetal alcohol spectrum disorders: an overview from the glia perspective[END_REF], to study the mechanisms involved in the deleterious effects of alcohol on brain development. However, several studies recently reported that in utero alcohol exposure markedly affects brain angiogenesis in both animal and human neonates [START_REF] Girault | Prenatal alcohol exposure impairs autophagy in neonatal brain cortical microvessels[END_REF][START_REF] Jégou | Prenatal alcohol exposure affects vasculature development in the neonatal brain[END_REF][START_REF] Lecuyer | PLGF, a placental marker of fetal brain defects after in utero alcohol exposure[END_REF][START_REF] Wang | Angiogenesis is repressed by ethanol exposure during chick embryonic development[END_REF]. Specifically, alcohol induces cortical microvascular disorganization [START_REF] Lecuyer | PLGF, a placental marker of fetal brain defects after in utero alcohol exposure[END_REF].

Over the last decade, several major publications have reported that some nerve cell types, including gamma-aminobutyric acid (GABA)ergic interneurons, require brain microvessels to migrate from the ganglionic eminences to their final cortical destination [START_REF] Won | Autonomous vascular networks synchronize GABA neuron migration in the embryonic forebrain[END_REF][START_REF] Luhmann | Control of cortical neuronal migration by glutamate and GABA[END_REF]. Moreover, migrating GABAergic interneurons arising from the superficial marginal zone enter the cortical plate following radial cortical microvessels [START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF]. This outside-in vessel-associated migration of GABA interneurons is controlled by glutamate through an N-methyl-D-aspartate receptor (NMDA-R)-dependent mechanism (Léger et al., 2019). Consistent with this neurovascular pathway, evidence has indicated that neonatal endothelial cells, including those from pial microvessels, express functional NMDA-R [START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF][START_REF] Legros | Newborn-and adult-derived brain microvascular endothelial cells show age-related differences in phenotype and glutamate-evoked protease release[END_REF][START_REF] Henry | High t-PA release by neonate brain microvascular endothelial cells under glutamate exposure affects neuronal fate[END_REF] and that glutamate, released by excitatory cells, can guide the migrating GABAergic neurons [START_REF] Bartolini | Neuregulin 3 Mediates Cortical Plate Invasion and Laminar Allocation of GABAergic Interneurons[END_REF]. These data suggest that the proper positioning of GABA interneurons within the developing cortex requires correct angiogenesis.

Several studies have reported that matrix metalloproteinase (MMP)-9 plays a major functional role in neurodevelopment [START_REF] Ould-Yahoui | Role of matrix metalloproteinases in migration and neurotrophic properties of nasal olfactory stem and ensheathing cells[END_REF]. MMP-9 has been shown to contribute to controlling neuronal migration by regulating the pericellular environment [START_REF] Ayoub | Developmental expression of matrix metalloproteinases 2 and 9 and their potential role in the histogenesis of the cerebellar cortex[END_REF][START_REF] Vaillant | MMP-9 deficiency affects axonal outgrowth, migration, and apoptosis in the developing cerebellum[END_REF]. In addition, using cultured cortical endothelial cells, in vitro studies have revealed that glutamate promotes MMP-9 and tissue plasminogen activator (tPA) secretion and activation in the developing cortex through an NMDA-Rdependent mechanism [START_REF] Legros | Newborn-and adult-derived brain microvascular endothelial cells show age-related differences in phenotype and glutamate-evoked protease release[END_REF]. Interestingly, endothelial expression of NMDA-R occurs during perinatal life [START_REF] Legros | Newborn-and adult-derived brain microvascular endothelial cells show age-related differences in phenotype and glutamate-evoked protease release[END_REF][START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF] and coincides with late migration of GABA interneurons arising from the superficial marginal zone [START_REF] Xu | Late development of the GABAergic system in the human cerebral cortex and white matter[END_REF].

Because ethanol acts as an NMDA-R antagonist [START_REF] Zhao | Different sites of alcohol action in the NMDA receptor GluN2A and GluN2B subunits[END_REF], alcohol exposure during late gestation may impact the endothelial activity of pial microvessels in the developing cortex.

Knowing that i) in utero alcohol exposure impairs cortical angiogenesis in both animal models and FASD infants, ii) immature GABA interneurons use microvessels as migration guides to reach and enter the neocortex, and iii) glutamate has been shown to control endothelial protease activity through a NMDA-R mechanism, we hypothesized that alcohol would impair the activity of pial microvessels, and may coincide with a mispositioning of the GABAergic interneurons populating the superficial cortical layers.

Methods

Wild-type and transgenic animals

Naval Medical Research Institute (NMRI) mice were purchased from Janvier (Le Genest Saint Isle, France). FVB-Tg(GadGFP)45704Swn transgenic mice (# 003718) were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). In this mouse strain developed by [START_REF] Oliva | Novel hippocampal interneuronal subtypes identified using transgenic mice that express green fluorescent protein in GABAergic interneurons[END_REF], GABAergic interneurons arising from the ganglionic eminences express enhanced green fluorescent protein under the control of the mouse Gad1 gene promoter. tPAknockout (tPA-/-) C57Bl6/129 mice (tPA-/-in 87.5/12.5% ratio) were developed and provided by the Center for Molecular and Vascular Biology, University of Leuven, Belgium [START_REF] Carmeliet | Plasminogen activator inhibitor-1 gene-deficient mice. I. Generation by homologous recombination and characterization[END_REF]. Floxed Grin1 mice (B6.129S4-Grin1tm2Stl/J; # 005246) were from The Jackson Laboratory. Floxed Grin1 mice allow deletion of the GluN1 subunit of the Nmethyl-D-aspartate receptor in Cre recombinase expressing cells/tissues [START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF]. VE-Cadherin-Cre (B6.FVB-Tg(Cdh5-cre)7Mlia/J; # 006137) were from The Jackson Laboratory. Cre expression can be seen in the embryo and in adult endothelium of developing and quiescent vessels. All mice were housed in a temperature-controlled room (21 ± 1°C) with a 12h/12h light/dark cycle (lights on from 7 a.m. to 7 p.m.) with free access to food and tap water. Animal care and manipulation complied with recommendations issued by the French and European guidelines for the care and use of laboratory animals (Council Directive 2010/63/EU, decree 2013-118, license no. 21CAE035) under the supervision of authorized investigators (B.J.G., authorization no. 7687, from the Ministère de l'Agriculture et de la Pêche).

Chemicals

Glutamate, Coomassie blue, isolectin-B4-TRITC/FITC, phosphate-buffered saline (PBS), bovine serum albumin (BSA), Triton X-100, hematoxylin and β-actin primary antibody were obtained from Sigma-Aldrich (Saint Quentin Fallavier, France). Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) Tris-glycine gel (containing 0.1% gelatin as a gelatinase substrate), renaturing buffer, developing buffer, DQ-gelatin-FITC, and DQcasein-FITC were from Invitrogen (Cergy Pontoise, France). Paraformaldehyde (PFA) was obtained from Labonord (Templemars, France). The GFP primary antibody was from Abcam (Cambridge, UK). The somatostatin primary antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The cleaved caspase-3 primary antibody was from Cell Signaling (MA, USA). The secondary antibody, Alexa Fluor® 488 donkey anti-rabbit IgG (A-21206) used for immunohistochemistry, was from Invitrogen. The Apo-ONE homogeneous caspase 3/7 kit was obtained from Promega (Fitchburg, WI, USA). Ketamine (Ketalar®) was obtained from Parke-Davis (Berlin, Germany). MK801 was obtained from Tocris (R&D, Lille, France).

In utero ethanol exposure

Absolute ethanol (Sigma-Aldrich, Saint Quentin Fallavier, France) was diluted in 0.09% sodium chloride (NaCl). Pregnant mice were subcutaneously injected with 3g/kg ethanol or NaCl 0.09% per day from gestational day (GD)15 to GD20 at 11 am. The administered ethanol dose was determined based on a previous study [START_REF] Jégou | Prenatal alcohol exposure affects vasculature development in the neonatal brain[END_REF] and resulted in a blood alcohol level (BAL) of 1.5 g/L 30 min postinjection. This BAL value represents a drunken state in humans and dropped below 0.5 g/L after 3 hours. Treatments were performed on both wild-type and Gad67-GFP mice.

Preparation and treatment of cultured cerebral slices from mouse embryos and neonates

Cultured cerebral slices from wild-type and transgenic mice were used to demonstrate that glutamate could modify endothelial protease activities via the NMDA receptor and that ethanol can block this effect. Cortex brain slices were obtained from the mice on embryonic day (E)15 or postnatal day (P)2. Previous studies have demonstrated that at this stage, numerous immature GABAergic interneurons are still migrating along the superficial marginal zone [START_REF] Inada | GABA regulates the multidirectional tangential migration of GABAergic interneurons in living neonatal mice[END_REF]. Mice were humanely killed via decapitation, and their brains were rapidly dissected to isolate the hemispheres. The neocortex was immediately placed in ice-cold artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl, 125; KCL, 3; CaCl2, 2; NaH2PO4, 1.2; NaHCO3, 26; and D-glucose, 10 at pH 7.4. Transverse slices (250 µm) were cut at 4°C using a Leica vibratome VT1000S (Reuil-Malmaison, France), then transferred into 24-well Costar plates (Cambridge, MA, USA) containing aCSF and incubated for 30 min to recover at 37°C in a humidified incubator under a controlled atmosphere of 5% CO2/95% air. The slices were then washed with fresh aCSF and treated for 3 h at 37°C with glutamate (100 µM) and ethanol (50 mM) alone or in combination.

Measurement of caspase-3 activity

To measure caspase-3 activity, E15 brain hemi-slices from NMRI mice were treated with acsf, ethanol (50 mM) for several periods ranging from 3 to 24 hours. Ketamine (100 µM) was used as an internal pro-apoptotic control [START_REF] Aligny | Ketamine alters cortical integration of GABAergic and induces long-term sex-dependent impairments in transgenic Gad67-GFP mice[END_REF]. For each condition the ipsilateral side of the slice was used as a control. Afterwards, cortices were microdissected and homogenized in 500 µL of hypotonic lysis buffer. Proteins (20 µg) were incubated at 30°C with 100 µL of caspase-3 buffer containing 1 µL of the caspase-3 substrate Z-DEVD-R110 provided with the Apo-ONE homogeneous caspase-3/7 kit (Promega). Fluorescence intensity was quantified every 5 minutes for 2 hours under excitation on emission wavelengths of 485 nm and 520 nm using a chameleon plate reader (Mustionkatu, Turku, Finland).

Mouse brain immunohistochemistry

Brain slices were fixed in 4% PFA in PBS, then incubated overnight at 4°C with the primary antibodies diluted in incubation buffer (PBS containing 1% BSA and 3% Triton X-100; Supplementary Table 1). The slices were then rinsed twice with PBS for 20 min and incubated with the same incubation buffer containing secondary antibody. Cell nuclei were visualized by incubating slices for 5 min in 1 µg/mL Hoechst 33258 in PBS. Fluorescent signals were observed under a Leica DMI 6000B microscope. The primary antibodies were omitted to control for nonspecific binding of the secondary antibody.

SDS-PAGE gelatin zymography

Gelatin zymograms revealed MMP-2 and MMP-9 activities in the P2 microdissected cortices. Cultured brain slices were incubated for 3 h under the different treatments. Cortices were microdissected from the slices, washed in fresh aCSF, and homogenized in 50 µL of lysis buffer (50 µM Hepes, pH 7.5, 150 mM NaCl, 10 mM EDTA, 10 mM glycerophosphate, 100 mM natrium fluoride, and 1% Triton X100). After centrifuging the homogenates (20,000 g × 15 min), the supernatants were collected, and protein concentrations were determined via Bradford assays. Proteins were loaded (30 µg/well) and separated by electrophoresis, then the gels were incubated in renaturing buffer for 30 min at room temperature and in developing buffer for another 30 min at room temperature. After transfer into fresh developing buffer, the gels were incubated for 5 days at 37°C, stained in 0.5% Coomassie blue for 1 hour, and rinsed for 1 hour in distilled water. Light stripes on blue background indicated that the gelatinases digested the gelatin in the gel. Digital images of the gels were acquired, and digestion stripes were quantified using Explora Nova Mercator software (La Rochelle, France). Experiments were performed in cultured slices from wild-type and tPA-/-mice for acute treatments and from a chronic in vivo alcohol-exposure model.

In situ gelatinase zymography

In situ MMP zymography was performed on 250-µm brain slices previously stained with isolectin-B4-TRITC to visualize the pial microvessels. Slices were incubated for 30 min in aCSF containing isolectin-B4-TRITC (1/50) at 37°C in a humidified incubator under a controlled atmosphere of 5% CO2/95% air. After 2 washes for 10 min each with aCSF, slices were incubated for 3 h with the quenched gelatinase substrate DQ-gelatin-FITC (1/50) in the presence of glutamate (100 µM) and 50 mM alcohol alone or in combination. FITC fluorescence, indicative of cell-specific gelatinase activity in the slices, was quantified from time-lapse recordings using a fluorescence video-microscope system (DMI 6000B, Leica, Reuil-Malmaison, France) coupled with Explora Nova Mercator software. Microphotographs were acquired at 488 nm and 540 nm every 15 min for 3 h to follow the DQ-gelatin-FITC degradation kinetics and to visualize the pial microvessels, respectively. A background level was defined in a negative region of the slice. Experiments were performed on cultured slices from wild-type and tPA-/-mice for acute treatments and from a chronic in vivo alcoholexposure model.

SDS-PAGE casein zymography

Casein zymograms were used to reveal tPA activity in P2 cortical extracts. Cultured brain slices were incubated for 3 h in different treatments. Cortices were microdissected, washed in fresh aCSF, and homogenized in 50 µL of lysis buffer. After centrifuging the homogenates (20,000 g × 15 min), the supernatants were collected, and protein concentrations were determined via Bradford assay. Proteins were loaded (15 µg/well) and separated by electrophoresis. The gels, containing plasminogen, were incubated in renaturing buffer (Triton X-100, 12.5 mL; H2O, 487.5 mL) at 4°C overnight and rinsed in water for 30 min at 4°C. Next, the gels were transferred in developing buffer (glycine, 3.75 mM; EDTA, 1.45 mM) for 3.5 h at 37°C, then stained with 0.5% Coomassie blue for 1 hour and finally destained in 40% methanol and 10% acetic acid for 30 min at room temperature. Light stripes on blue background indicated casein digestion in the gel by tPA-activated plasmin. Digital images of the gels were acquired, and digestion stripes were quantified using Explora Nova Mercator software (La Rochelle, France). Experiments were performed on cultured slices from P2 wildtype (WT) and tPA -/-mice for acute treatments and from in vivo alcohol-exposed mice.

In situ casein zymography

In situ casein zymography was performed on 250-µm brain slices previously stained with isolectin-B4-TRITC to localize the pial vascular network. After 2 washes for 10 min each with aCSF, slices were incubated for 3 h with DQ-casein-FITC (1/125) in the presence of glutamate (100 µM) and alcohol (50 mM) alone or in combination. FITC fluorescence indicating cell-specific digestion of the substrate was quantified via video microscopy using a DMI 6000B fluorescence video-microscope system Leica (Reuil-Malmaison, France) as described for in situ gelatinase zymography. Experiments were performed on cultured slices from P2 wild-type and tPA -/-mice for acute treatments and from in vivo alcohol-exposed mice.

Cultures of P2 cortical endothelial cells

Cultured neonatal endothelial cells were used in order to demonstrate that glutamate and ethanol could directly interact with this cell type. Primary endothelial cells isolated from brain microvessels of P2 C57BL/6 mouse neonates were purchased from Cell Biologics (Chicago, IL, USA). Cells were cultured at 37°C, in a humidified environment with 5% CO2. The cells were fed every 2 days with a complete mouse endothelial cell culture medium on 60-mmdiameter dishes or 12-well slides. The cells were incubated for 24 h with serum-free medium 2 days after reaching confluence. The cells were then treated with 50 mM ethanol or aCSF for 30 min before calcimetry experiments.

Measurement of intracellular calcium levels

Endothelial cell cultures or organotypic brain slices obtained from P2 mice were incubated for 15 min in aCSF containing 10 µM fura-2 AM and 0.03% pluronic F-127. The endothelial cultures or slices were then washed twice for 5 minutes in aCSF at 37°C, then the slices were transferred to a 35-mm dish containing 1 mL of aCSF and immobilized using nylon mesh. The aCSF temperature was kept at 37°C, and the cultured cells or slices were rinsed with aCSF. One volume of 400 µM glutamate alone or combined with 100 mM ethanol was perfused into an equal volume of aCSF, bathing the slice to the final 200-µM and 50-mM concentrations, respectively. The fluorescent signals associated with calcium-free and calcium-bound Fura-2 were measured by alternately exciting the slices at 340 and 380 nm using a Leica DM Fluorescence microscope equipped with a rapid shutter wheel. The emitted fluorescence was collected at 510 nm, and the ratio of the two signals was calculated using Metamorph software (Roper Scientific, Evry, France). Data were exported to GraphPad Prism software (GraphPad Inc., San Diego, CA, USA), which was used to compute the maximal fluorescence intensity and the area under the curve (AUC). Experiments were performed in cultured slices from wild-type mice for acute treatments and from in vivo alcohol-exposed mice.

Western blot

Microdissected cortices from Gad67-GFP mice were rapidly homogenized in ice-cold lysis buffer. After centrifugation, supernatants were collected, and protein concentrations were determined via Bradford assay. Pellets were denatured at 100°C for 5 min in 50 µL of Tris/HCl (pH 7.5) containing 20% glycerol, 0.7 M 2-mercaptoethanol, 0.004% (w/v) bromophenol blue and 3% (w/v) SDS, then electrophoresed on 10% SDS-PAGE. After separation, the proteins were electrically transferred onto a polyvinyldifluoridine membrane (PerkinElmer Life Sciences, Boston, MA, USA). The membrane was incubated with blocking solution (1% BSA in Tris-buffered saline containing 0.05% Tween 20) at room temperature for 1 h, then incubated overnight with primary antibodies against somatostatin, GluN1, GluN2A, GluN2B, cleaved-caspase3, GFP, Dlx1 and actin (Supplementary Table 1). After incubation with the corresponding secondary antibodies coupled to peroxidase (Santa Cruz Biotechnology, Santa Cruz, CA, USA), proteins were visualized using an enhanced chemiluminescence (ECL) plus immunoblotting detection system (Amersham Biosciences Europe GmbH, Freiburg, Germany). The immunoreactive band intensities were quantified using a blot analysis system (Bio-Rad Laboratories, Marne la coquette, France), and β-actin was used as a loading control. Commercial markers (Seeblue prestained standard, Invitrogen) were used as molecular weight standards.

Quantification of GFP-positive interneurons in Gad67-GPF mice

To measure the GFP-positive cell densities in the P15 Gad67-GFP mice, images were acquired and saved in TIFF format using a Leica DMI 6000B microscope. Images were subsequently opened in Mercator software, and regions of interest (ROIs) were drawn.

Counting frames were defined within the ROIs, and a threshold was set to differentiate FITCpositive cells from the background. The number and cumulated areas of the objects within the ROI were calculated via a computer segmentation process, yielding cell numbers and cell densities, respectively.

Quantification of spine morphology and density in transgenic Gad67-GFP mice

The fine network of the secondary and tertiary dendrites was acquired for the Gad67-GFP mice using a Leica TCS SP2 AOBS confocal laser scanning imaging system (Leica Microsystems AG). Z-stack image series were later deconvolved using AutoQuant X3 software and loaded into IMARIS imaging software (Bitplane, Zurich, Switzerland) for 3D reconstruction. The Filament Tracer function was used to assign and classify spines, yielding spine densities and categories (stubby, filopodia or mushroom-shaped). For each slice, 2 ROIs were defined, 2-3 dendrites were quantified per ROI, and the total number of quantified neurites was fixed at 20 per group.

Control and alcohol-exposed human brains

Clinical characteristics and cause of death of five control patients and a FAS case are presented in Table 1. Fetal brains were obtained with the written consent of the parents, in agreement with the local ethic committee and in accordance with the French law. Autopsy procedures were performed according to standardized protocols including X-rays, photographs, macroscopical and microscopical examination of all viscerae. Visceral biometric data were evaluated according to [START_REF] Guihard-Costa | Organ weights in human fetuses after formalin fixation: standards by gestational age and body weight[END_REF], The control brains aged 35 to 39 WG were macroscopically and microscopically free of detectable abnormalities and biometric and maturation data were normal for the term according to Guihard-Costa and [START_REF] Guihard-Costa | Differential growth between the fetal brain and its infratentorial part[END_REF] and Fess-Higgins and Larroche (1987). The brains were fixed in a 10% formalin-zinc buffer solution for two months. Multiple seven-micrometer sections obtained from paraffin-embedded tissue were stained using haematoxylin-eosin, which allows for recognizing the microscopic level of maturity of all neuroanatomical structures and for identifying potential lesions. All brain samples used in this study belong to a collection declared to the French Ministry of Health (collection number DC-2015-2468, accession number AC-2015-2467) located in the Pathology Department (Prof. Annie Laquerrière) of Rouen University Hospital.

Human brain immunohistochemistry

In all cases, 6-μm paraffin-embedded sections were obtained from the superior frontal cortex and processed for routine immunohistochemistry according to standardized protocols using an antibody against calretinin (rabbit monoclonal, diluted 1/100; Life Technology Invitrogen, Villebon sur Yvette, France; Supplementary Table 1), a GABAergic marker of human cortical interneuron subpopulations present in superficial cortical layers.

Immunohistochemical procedures included microwave pretreatment to aid antigen retrieval (pretreatment CC1 kit, Ventana Medical Systems Inc, Tucson AZ, USA). Sections were incubated for 32 minutes at room temperature using the Ventana Benchmark XT system.

After incubation, slides were processed using the Ultraview Universal DAB detection kit (Ventana) and counterstained with hematoxylin.

Quantification of calretinin interneurons in the human cortex

To measure the calretinin-positive cell densities in the 37 WG cortices, images were acquired and saved in TIFF format using a Leica DMI 6000B microscope. Images were subsequently opened in Mercator software, and ROIs were drawn. Counting frames were defined within the ROIs, and a threshold was set to differentiate calretinin-positive cells from the background. Metamorph software (Roper Scientific, Evry, France) generated an Excel file providing the number of objects (calretinin-positive cells) and ROI areas, yielding the cell densities.

Statistical analyses

Statistical analyses were performed using GraphPad Prism software. Table 2 summarizes the tests used for each experiment, the number of independent experiments, and the p-values.

Data are provided as mean values ± the standard error of the mean (SEM).

Results

Alcohol inhibits glutamate-induced endothelial MMP-9 activity in cultured cortical slices from mouse neonates

Because i) migrating GABA interneurons arising from the superficial marginal zone enter the neocortex using radial vessels as guides [START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF][START_REF] Won | Autonomous vascular networks synchronize GABA neuron migration in the embryonic forebrain[END_REF], ii) neonatal endothelial cells express functional NMDA receptors [START_REF] Henry | High t-PA release by neonate brain microvascular endothelial cells under glutamate exposure affects neuronal fate[END_REF], and iii) alcohol, which inhibits the NMDA-R [START_REF] Zhao | Different sites of alcohol action in the NMDA receptor GluN2A and GluN2B subunits[END_REF], impairs cortical angiogenesis [START_REF] Jégou | Prenatal alcohol exposure affects vasculature development in the neonatal brain[END_REF][START_REF] Lecuyer | PLGF, a placental marker of fetal brain defects after in utero alcohol exposure[END_REF], we hypothesized that alcohol would impact the endothelial cell activity of pial and radial cortical microvessels. Gel zymography experiments performed at P2, when GABA interneurons arising from the superficial marginal zone are still entering the cortical plate [START_REF] Miyoshi | GABAergic interneuron lineages selectively sort into specific cortical layers during early postnatal development[END_REF][START_REF] Xu | Late development of the GABAergic system in the human cerebral cortex and white matter[END_REF] revealed that treating cortical slices with glutamate (100 µM) greatly increased the MMP-9 activity (p<0.01; Fig. 1A).

Coincubating the slices with 50 mM alcohol significantly prevented glutamate from affecting the MMP-9 activity (p<0.01; Fig. 1A). Cleavage of the quenched MMP-like substrate DQgelatin-FITC appearing in the in situ zymographies performed on cultured cortical slices at P2 showed that the gelatinase activity was located at the tangential microvessels (Fig. 1B,C; arrows) and along the radial microvessels from the cortical superficial layers (Fig. 1B,C; arrowheads). In situ zymographies revealed that incubating the cultured slices with glutamate (100 µM) significantly increased the endothelial-associated MMP-like activity (treatment effect p<0.0001; Fig. 1D). Ethanol (50 mM; Fig. 1D) and MK801 (20 µM; Supplementary Fig. 1A) significantly blocked the stimulatory effect of glutamate on the MMP-like activity.

In P2 cortical slices from Grin1 flox /VeCad cre mice, neither glutamate (100 µM) nor ethanol (50 mM) were able to modify the basal MMP-9 activity (Fig. 1E).

Alcohol inhibits the glutamate-induced endothelial MMP-9 activity through a tPAdependent process

Because a functional link exists between MMP-9 and the endothelial protease, tPA [START_REF] Zhao | Essential role of endogenous tissue plasminogen activator through matrix metalloproteinase 9 induction and expression on heparinproduced cerebral hemorrhage after cerebral ischemia in mice[END_REF][START_REF] Omouendze | Hypoxia-ischemia or excitotoxin-induced tissue plasminogen activatordependent gelatinase activation in mice neonate brain microvessels[END_REF]; Fig. 2A), we investigated the effect of glutamate and alcohol on tPA activity. Gel zymography experiments performed on wild-type P2 cortical extracts showed that glutamate (100 µM) increased both tPA (Supplementary Fig. 2) and MMP-9 activities (Fig. 2B). Conversely, in tPA -/-mice, glutamate (100 µM) failed to stimulate the MMP-9 activity, and no tPA activity was detected (Fig. 2B). As with MMP-9, the tPA-like activity was visualized by in situ zymography on cultured P2 cortical slices using the DQ-casein-FITC substrate (Fig. 2C-E). Colabelling the cortical microvessels with isolectin-TRITC indicated that the tPA-like proteolytic activity colocalized with both pial (Fig. 2C-E; arrows) and radial cortical microvessels (Fig. 2C-E; arrowheads). In addition, kinetics of the DQ-casein-FITC proteolysis showed that alcohol (50 mM; Fig. 2F; treatment effect p<0.0001) and MK801 (20 µM; Supplementary Fig. 1B) significantly inhibited the glutamate-induced tPA-like activity. In slices from tPA -/-neonates, neither glutamate (100 µM) nor alcohol (50 mM) modified the endothelial MMP-9 activity, thus supporting tPAdependent MMP-9 activation (Fig. 2G).

Acute alcohol exposure inhibits glutamate-induced calcium mobilization in neonatal endothelial cells

Glutamate-induced stimulation of MMP-9 and tPA activities on cortical microvessels is NMDA-R-dependent [START_REF] Omouendze | Hypoxia-ischemia or excitotoxin-induced tissue plasminogen activatordependent gelatinase activation in mice neonate brain microvessels[END_REF][START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF]. However, because several cell types express NMDA-Rs in the developing cortex, we used calcimetry to investigate a direct effect of glutamate and ethanol on cultured dissociated endothelial cells from P2 cortices (Fig. 3). Immunohistochemistry showed characteristic GluN1-positive puncta in both isolated microvessels and dissociated endothelial cells colabelled with CD31 antibody (Fig. 3A,B). After loading the endothelial cells with the ratiometric probe FURA2 (Fig. 3C), glutamate perfusion (100 µM) markedly increased intracellular calcium levels ([Ca 2+ ]i; p<0.0001; Fig. 3D,E). Administering alcohol alone in the culture medium yielded no apparent mobilization of intracellular calcium (Fig. 3E). Conversely, coadministering alcohol with glutamate (100 µM) significantly reduced the stimulatory effect of the excitatory neurotransmitter on [Ca 2+ ]i mobilization (p<0.0001; Fig. 3E). Thus, acute alcohol exposure can directly interact with cultured neonatal endothelial cells to inhibit glutamate-induced activation.

In utero alcohol exposure exacerbates glutamate-induced activation of neonatal endothelial cells

The inhibitory effect of alcohol on glutamate-induced [Ca 2+ ]i activation in dissociated endothelial cells is consistent with findings from previous studies on other cultured cell types, including neurons [START_REF] Lovinger | Ethanol inhibits NMDA-activated ion current in hippocampal neurons[END_REF][START_REF] Zhao | Different sites of alcohol action in the NMDA receptor GluN2A and GluN2B subunits[END_REF]. However, to transpose these in vitro data into more integrated models, we investigated the effect of in utero alcohol exposure on glutamate-induced neonatal endothelial cell activation (Fig. 4). Cortical slices were labelled using FURA-2 (calcium probe) and isolectin-TRITC to quantify [Ca 2+ ]i in both nerve and endothelial cells from the superficial cortical layers (Fig. 4A-C). In the nerve cells (isolectin-negative), glutamate perfusion (100 µM) increased the [Ca 2+ ]i (Fig. 4D). In contrast to what observed in the dissociated cells, in utero alcohol exposure exacerbated the effect of glutamate on [Ca 2+ ]i (p<0.01; Fig. 4D,E). Similarly, [Ca 2+ ]i quantification of endothelial cells (isolectin-TRITC-positive) revealed that glutamate exacerbated the effects in animals previously exposed to alcohol in utero (p<0.05; Fig. 4F,G). Thus, alcohol impaired the glutamate-induced activation of neonatal endothelial cells in the developing cortex and evidenced differential effects of alcohol dependent on the experimental model used (i.e., acute in vitro administration or in vivo exposure during fetal life).

In utero alcohol exposure exacerbates both NMDA-R subunit expression and endothelial MMP-9 activity

To clarify the effect of in utero alcohol exposure on glutamate-induced [Ca 2+ ]i mobilization, we performed Western blot experiments targeting several NMDA-R subunits in the cortical extracts from the control and in utero alcohol-exposed neonates (Fig. 5A-C). The GluN1 subunit was significantly overexpressed in the cortex of neonates exposed to alcohol in utero from GD15-GD20, (p<0.01; Fig. 5A). The GluN2A and GluN2B subunits were also increased but not significantly (Fig. 5B,C).

Alcohol-induced GluN1 overexpression may explain the exacerbated effect of glutamate on [Ca 2+ ]i mobilization observed in both nerve and endothelial cells. To focus on endothelial activity, we quantified the effect of glutamate on in utero alcohol-exposed neonates by in situ zymography (Fig. 5D). Kinetics analysis showed that in the cortical microvessels, 100 µM glutamate significantly increased the MMP-9-like activity in both control (Fig. 5D; upper panel) and in utero alcohol-exposed neonates (Fig. 5D; lower panel). However, the stimulatory effect of 100 µM glutamate on the MMP-9-like activity was much more important in the P2 cortical slices from the in utero alcohol-exposed neonates (p<0.001; Fig. 5E).

Conversely, basal MMP-9 activities did not differ between the control and in utero alcoholexposed neonates. Thus, 5 days of in utero alcohol exposure induced both an adaptive overexpression of the NMDA-R subunits in the fetal cortex and an exacerbation of the glutamate-evoked MMP-9 endothelial activity.

In utero alcohol exposure impairs the positioning and density of cortical Gad67-GFP interneurons in the developing mouse cortex

Because GABAergic interneurons migrating from the superficial marginal zone preferentially populate the cortical superficial layers [START_REF] Miyoshi | GABAergic interneuron lineages selectively sort into specific cortical layers during early postnatal development[END_REF], we investigated the effect of in utero alcohol exposure on Gad67-GFP interneuron positioning using FVB-Tg(GadGFP)45704Swn transgenic mice. Actually, Oliva and colleagues previously reported that these interneurons were preferentially located in cortical layers II-IV [START_REF] Oliva | Novel hippocampal interneuronal subtypes identified using transgenic mice that express green fluorescent protein in GABAergic interneurons[END_REF]; Fig. 6A-C). As Nunez and McCarthy reported that the GABAergic system may mature differently between sexes during perinatal life, we considered females and males separately (Fig. 6D; Nunez and McCarthy, 2007). Although the effects of alcohol appear to be more pronounced in males, no sex-related differences were observed, and data were consequently collapsed. Morphometric analyses indicated that at P15, a developmental stage at which Gad67-GFP neuron positioning in the superficial cortical layers is almost achieved [START_REF] Southwell | Intrinsically determined cell death of developing cortical interneurons[END_REF], in utero alcohol exposure induced a significant increase in Gad67-GFP interneuron density (+18.4 % ± 3.9; p<0.05; Fig. 6B-D) with a mispositioning imbalanced towards layer IV (Fig. 6B,C). Western blot assays supported histological data and showed increased eGFP protein expression in cortical extracts from the alcohol-exposed neonates (p<0.01; Fig. 6E). Western blots performed using two cell markers of the GABAergic lineage, Dlx1 and somatostatin (SSt; Fig. 6F,G), revealed that in utero alcohol exposure significantly increased Dlx1 expression (p<0.05; Fig. 6F), while SSt expression decreased without reaching significance (Fig. 6G). As dendritic spine morphology may be an indicator of ongoing neuronal differentiation [START_REF] Bourne | Balancing structure and function at hippocampal dendritic spines[END_REF], we also investigated the effects of in utero alcohol exposure on this parameter (Fig. 6H,I). Visualization and quantification of different spine subtypes showed that in utero alcohol exposure did not modify the distribution of filipodia, stubbies or mushrooms (Fig. 6H) but significantly increased the spine density (p<0.01; Fig. 6I).

In utero alcohol exposure alters the density and positioning of cortical calretinin interneurons in the fetal human cortex

In the FAS brain, frontal cortex calretinin immunohistochemistry revealed two major types of lesions compared with the age-matched control brains (Fig. 7A,B; Supplementary Fig. 5). First, the distribution of cortical interneurons was drastically impaired. In the control brain, calretinin-positive interneurons were mainly located in layers II and III (Fig. 7A; arrows), whereas the FAS brain contained few immunoreactive cells in these layers (Fig. 7B; arrows). Conversely, numerous calretinin-positive neurons were detected in the deepest part of layer III and in deepest layers (Fig. 7B; arrows). Quantitative analysis of interneuron density in the whole cortical plate confirmed that the calretinin-positive interneuron density was drastically decreased in the superficial layers II and III and increased in deepest layers (Fig. 7C). Second, the calretinin-positive cell density was globally unchanged in all layers taken together (Fig. 7D). A chi-square comparison of the intrinsic distribution of calretininpositive cells in the cortex of the FAS case showed that this patient significantly differed (Chi 2 =32.19, df 5, p < 0.0001) from the control brains (Fig. 7E).

Discussion

The present study revealed the following results. i) Ethanol directly inhibited glutamateinduced calcium mobilization in dissociated neonatal endothelial cells, ii) In cultured cortical slices from mouse neonates, the effect of alcohol on MMP-9 and tPA was closely associated with pial microvessels bordering the superficial marginal zone, iii) The effect of alcohol on endothelial MMP-9 is dependent of the endothelial NMDA receptor, iv) In contrast to in vitro experiments, in utero alcohol exposure exacerbated glutamate-induced MMP-9 activation along these microvessels, v) In utero alcohol exposure induced an overexpression of NMDA-R subunits in the developing cortex, and vi) These functional and molecular effects of in utero alcohol exposure were associated with mispositioning of interneurons populating the superficial cortical layers in both mouse and human neonates/fetuses. Highlights have been synthetized in a graphical abstract (Fig. 8).

In utero alcohol exposure has damaging effects on brain development and can lead to behavioral and cognitive disabilities [START_REF] Riley | Fetal alcohol spectrum disorders: an overview[END_REF][START_REF] Bakoyiannis | Fetal alcohol spectrum disorders and cognitive functions of young children[END_REF].

Unsurprisingly, most studies of the mechanisms involved have focused on nervous cells and have reported that alcohol alters neural tube formation [START_REF] Haghighi Poodeh | Ethanol-induced impairment of polyamine homeostasis -A potential cause of neural tube defect and intrauterine growth restriction in fetal alcohol syndrome[END_REF], neurogenesis [START_REF] Rubert | Ethanol exposure during embryogenesis decreases the radial glial progenitorpool and affects the generation of neurons and astrocytes[END_REF], cell migration [START_REF] Shenoda | An overview of the mechanisms of abnormal GABAergic interneuronal cortical migration associated with prenatal ethanol exposure[END_REF], apoptosis [START_REF] Ikonomidou | Ethanol-induced apoptotic neurodegeneration and fetal alcohol syndrome[END_REF], astrogliogenesis [START_REF] Vemuri | Alcohol impairs astrogliogenesis by stem cells in rodent neurospheres[END_REF] and myelination [START_REF] Cao | Prenatal alcohol exposure reduces magnetic susceptibility contrast and anisotropy in the white matter of mouse brains[END_REF]. Furthermore, postmortem histopathological studies revealed impaired cortical layering associated with altered neuronal and glial cell positioning (de la Monte and Krill, 2014). More recent studies have revealed that brain microvessels are major contributors in controlling migration and positioning of GABAergic interneurons [START_REF] Won | Autonomous vascular networks synchronize GABA neuron migration in the embryonic forebrain[END_REF] and oligodendrocytes [START_REF] Tsai | Oligodendrocyte precursors migrate along vasculature in the developing nervous system[END_REF]. Alcohol has been shown to impair cortical angiogenesis in fetal brains in both animal models and humans [START_REF] Jégou | Prenatal alcohol exposure affects vasculature development in the neonatal brain[END_REF][START_REF] Lecuyer | PLGF, a placental marker of fetal brain defects after in utero alcohol exposure[END_REF].

Recent studies have shown that neonatal endothelial cells from the pial microvessels express functional NMDA receptors [START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF]. Glutamate controls endothelial MMP-9 and tPA activity under NMDA-R activation [START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF]. Since ethanol is a NMDA antagonist [START_REF] Zhao | Different sites of alcohol action in the NMDA receptor GluN2A and GluN2B subunits[END_REF], and MMP-9 is required for correct neuronal migration [START_REF] Vaillant | MMP-9 deficiency affects axonal outgrowth, migration, and apoptosis in the developing cerebellum[END_REF], we investigated the effects of alcohol on endothelial MMP-9 activity along pial microvessels to clarify the not yet determined mechanisms sustaining the GABA interneuron mispositioning described in FAS neonates.

Effects of acute alcohol treatment on intracellular calcium mobilization in dissociated neonatal endothelial cells

Alcohol toxicity during neurodevelopment is a complex process resulting from indirect and direct actions on lipid membranes [START_REF] Yalcin | Progressive white matter atrophy with altered lipid profiles is partially reversed by short-term abstinence in an experimental model of alcohol-related neurodegeneration[END_REF], metabolite-induced effects [START_REF] Matsushita | Review: use of asian samples in genetic research of alcohol use disorders: genetic variation of alcohol metabolizing enzymes and the effects of acetaldehyde[END_REF], and altered neurotransmission. Ethanol is an NMDA-R antagonist [START_REF] Zhao | Different sites of alcohol action in the NMDA receptor GluN2A and GluN2B subunits[END_REF] and GABA-receptor agonist (Chandler et al., 2017). Previous studies have demonstrated that neonatal endothelial cells express functional NMDA-R, suggesting that alcohol could directly affects their activity [START_REF] Legros | Newborn-and adult-derived brain microvascular endothelial cells show age-related differences in phenotype and glutamate-evoked protease release[END_REF].

Immunohistochemistry confirmed GluN1 subunit expression in cortical microvessels and in dissociated neonatal endothelial cells, and glutamate significantly increased intracellular calcium mobilization. Coadministering alcohol significantly reduced the effect of glutamate, giving a first evidence that alcohol directly interacts with cortical neonatal endothelial cells to impair glutamate-evoked activity.

Effects of acute alcohol exposure on endothelial protease activation in cortical slices

During neurodevelopment, glutamate controls endothelial MMP-9 and tPA activation in pial microvessels through an NMDA-R-dependent mechanism [START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF]. Previous studies have shown that these two proteases are major contributors in controlling physiological [START_REF] Ould-Yahoui | Role of matrix metalloproteinases in migration and neurotrophic properties of nasal olfactory stem and ensheathing cells[END_REF][START_REF] Pasquet | Tissue-type plasminogen activator controlled corticogenesis through a mechanism dependent of NMDA receptors expressed on radial glial cells[END_REF] and pathological [START_REF] Yeh | Melatonin inhibits TPA-induced oral cancer cell migration by suppressing matrix metalloproteinase-9 activation through the histone acetylation[END_REF] cell migration by degrading the extracellular matrix. We performed gel and in situ zymographies to test how alcohol affects MMP-9 and tPA activity along the pial microvessels. Previous gel zymographies confirmed that glutamate significantly increased MMP-9 and tPA activity in extracts of microdissected cortices from mouse neonates [START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF]. The present data also revealed that acute ethanol incubation significantly reduced the effect of glutamate on MMP-9 and tPA activities. In addition, in situ zymography experiments performed on organotypic slices revealed that both the MMP-9 and tPA-like activities closely overlapped tangential pial and radial cortical microvessels. Interestingly, the effects of glutamate and alcohol on MMP-9 activity were abrogated in tPA-knockout mice and in Grin1 flox /VeCad Cre mice, reinforcing the functional link associating endothelial NMDA receptor, MMP-9, tPA and alcohol [START_REF] Zhao | Essential role of endogenous tissue plasminogen activator through matrix metalloproteinase 9 induction and expression on heparinproduced cerebral hemorrhage after cerebral ischemia in mice[END_REF][START_REF] Omouendze | Hypoxia-ischemia or excitotoxin-induced tissue plasminogen activatordependent gelatinase activation in mice neonate brain microvessels[END_REF]. In agreement with these results, [START_REF] Noel | Tissue plasminogen activator is required for the development of fetal alcohol syndrome in mice[END_REF] found that tPA is required for FAS development in mice and a recent study from Guizzetti's group reported that in vivo alcohol exposure increased tPA expression (plat gene) and activity in the developing brain [START_REF] Wilhelm | Plasminogen activator system homeostasis and its dysregulation by ethanol in astrocyte cultures and the developing brain[END_REF].

Meanwhile the endothelial NMDA receptor constitutes a molecular target of ethanol (Zhao et al., Neuropharmacology, 2015) and seems to play a pivotal role on the alcohol-induced microvessel dysfunction, ethanol also interacts with several cellular and molecular processes [START_REF] Ehrhart | Review and gap analysis: molecular pathways leading to fetal alcohol spectrum disorders[END_REF] suggesting that the NMDA receptor probably contributes only for a part on the wider physiopathological effects of alcohol on brain development. Altogether, these data constitute the first evidence that alcohol exposure alters the MMP-9 activity along pial microvessels through a tPA and endothelial NMDA receptor-dependent mechanism.

Distinct effects of in vitro and in vivo alcohol exposure on endothelial cell activity

In vitro experiments showed that glutamate interacts with neonatal microvessels and dissociated endothelial cells and that ethanol is able to block its effects. To transpose in vivo the effects of alcohol observed in vitro on endothelial activity, we used an in utero alcoholexposure protocol [START_REF] Jégou | Prenatal alcohol exposure affects vasculature development in the neonatal brain[END_REF][START_REF] Lecuyer | PLGF, a placental marker of fetal brain defects after in utero alcohol exposure[END_REF]. Both in vitro and in vivo data clearly showed that in utero alcohol exposure impaired the endothelial activity of microvessels along the vessel-associated migration route of the GABAergic interneurons.

However, the alcohol-induced endothelial dysfunction was differently evidenced between in vitro and in vivo models. While in vitro, ethanol inhibited the glutamate-induced activation of MMP-9, the effect of glutamate was exacerbated in neonates previously exposed in utero to alcohol. Similar effects of alcohol were also reported on neuronal cells [START_REF] Baculis | Third trimester-equivalent ethanol exposure increases anxiety-like behavior and glutamatergic transmission in the basolateral amygdala[END_REF][START_REF] Nimitvilai | Ethanol dependence abolishes monoamine and GIRK (Kir3) channel inhibition of orbitofrontal cortex excitability[END_REF]. For example, a study showed that in contrast to acute treatment, chronic in utero ethanol exposure enhanced cortical neuron excitability [START_REF] Nimitvilai | Ethanol dependence abolishes monoamine and GIRK (Kir3) channel inhibition of orbitofrontal cortex excitability[END_REF]. Western blot experiments targeting the NMDA-R, revealed that in utero alcohol exposure resulted in marked overexpression of the GluN1 subunit. In line with these data, [START_REF] Xiang | Ethanol upregulates NMDA receptor subunit gene expression in human embryonic stem cell-derived cortical neurons[END_REF] found that exposing human embryonic stem cell-derived cortical neurons to ethanol for 7 days highly upregulated the expression of genes encoding four NMDA-R subunits: Grin1, Grin2A, Grin2B and Grin2D. The diversity of murine models for the study of FASD, their respective advantages and disavantages have been recently reviewed [START_REF] Almeida | Murine models for the study of fetal alcohol spectrum disorders: An overview[END_REF].

Altogether, these results were the first to demonstrate that in utero alcohol exposure induces endothelial dysfunction in pial microvessels, resulting in exacerbated endothelial MMP-9 activity. Because migrating GABAergic interneurons and cortical microvessels share functional interactions [START_REF] Li | Endothelial VEGF sculpts cortical cytoarchitecture[END_REF][START_REF] Won | Autonomous vascular networks synchronize GABA neuron migration in the embryonic forebrain[END_REF][START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF], we investigated the effects of in utero alcohol exposure on the positioning of GABA interneurons migrating along the superficial marginal zone.

In utero alcohol exposure impaired the positioning of GABAergic interneurons populating the superficial cortical layers

To determine whether the effects of in utero alcohol exposure on endothelial protease dysfunction along pial microvessels were associated with impaired neuronal migration, we analyzed in FVB-Tg(GadGFP)45704Swn transgenic mice the location and density of GFPexpressing interneurons which have shown to preferentially populate the superficial cortical layers by migrating along the superficial marginal zone through an endothelial NMDAdependent mechanism [START_REF] Oliva | Novel hippocampal interneuronal subtypes identified using transgenic mice that express green fluorescent protein in GABAergic interneurons[END_REF][START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF]. Morphometric analyses revealed that in alcohol-exposed mouse neonates, both Gad67-GFP cell density in layer IV and the spine densities were increased. In recent studies, it has been shown that i) MK801, an NMDA-R antagonist, inhibits the vessel-associated migration of GABA interneurons along the superficial marginal zone [START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF], ii) in utero exposure of neonates to GM6001, a large-spectrum metalloproteinase inhibitor, decreased Gad67-GFP neuronal densities in cortical layers II-IV [START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF], and iii) in Grin1 flox /VeCad cre mice, invalidating endothelial NMDA-R induced a lack of interneurons in the superficial cortical layers [START_REF] Léger | Glutamate controls vessel-associated migration of GABA interneurons from the pial migratory route via NMDA receptors and endothelial protease activation[END_REF]. Thus, the present results support that the exacerbated effect of in utero alcohol exposure on both NMDA-R subunit expression and endothelial MMP-9 activation contributed to the GABA interneuron mispositioning in the cortical layers of mouse neonates. In agreement, [START_REF] Skorput | Persistent interneuronopathy in the prefrontal cortex of young adult offspring exposed to ethanol in utero[END_REF] showed that in utero alcohol exposure increased the cortical density of Nkx2/Tomato-fluorescent interneurons originating from the medial ganglionic eminences while Cuzon and co-workers showed that alcohol promoted premature migration of primordial GABAergic interneurons [START_REF] Cuzon | Ethanol consumption during early pregnancy alters the disposition of tangentially migrating GABAergic interneurons in the fetal cortex[END_REF]. In addition, comparing the distribution profiles of calretinin-positive interneurons between a control case and a 37WG alcohol-exposed human brain, we also identified a mispositioning of interneurons which are normally located within the superficial cortical layers with an increased density in the deepest layers IV-V. In contrast, experiments performed regarding caspase-3 activation didn't revealed, at the dose which induced endothelial dysfunction, a significant effect of alcohol on apoptosis (Supplementary Fig. 3).

In conclusion, it is now well recognized that alcohol consumption during pregnancy can lead to neurodevelopmental defects. However, most of the studies on the effects of in utero alcohol exposure have focused on nerve cells. We had previously shown that alcohol consumption during pregnancy can impair brain vasculature in both mouse and human fetuses. The present study provides new mechanistic and functional evidence that alcohol alters cortical endothelial cell activity in mouse neonates. In vivo, these effects include exacerbated glutamate-induced activation of the endothelial protease MMP-9 from pial microvessels and mispositioned interneurons arising from the superficial marginal zone.

These data support that a microvessel integrity is required for adequate location of cortical neuron populations and provide new insights into an unexplored neurovascular mechanism of alcohol-induced impairments on brain development in FAS. glutamate + ethanol using a two-way ANOVA followed by Bonferroni's post-test. Details of the statistical analysis are provided in Table 2. and in utero alcohol-exposed mice. For the Western blot assays, **p<0.01 vs. control using an unpaired t-test. For kinetics analysis via in situ zymography, two-way ANOVA followed by Bonferroni's post-test, *p<0.05; ***p<0.001 vs. control. MMP-9 activity was compared between the four groups via one-way ANOVA followed by Tukey's post-test. *p<0.05; ****p<0.0001 vs. basal activity; ####p<0.0001 vs. glutamate from neonates unexposed to alcohol during pregnancy. Details of the statistical analysis are provided in Table 2. 1) and a 37GW FAS case. D: Calretinin-positive cell density was quantified in the whole cortical layers of the five 37WG control and the FAS fetal brain. E: Intrinsic distributions of calretinin-positive cells were compared in cortical layers I-VI from five control fetuses (35-39WG; Table 1) and a 37WG FAS case. Chi-square analysis indicated that the cortical distributions significantly differed between the control group (5 cases) and the FAS case. Details of the statistical analysis are provided in Table 2. 
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Table 1 .

 1 Gestational age and cause of death of control patients and the FAS case. According to the morphometric criteria ofGuihard-Costa and Larroche, 1987;[START_REF] Guihard-Costa | Differential growth between the fetal brain and its infratentorial part[END_REF][START_REF] Guihard-Costa | Organ weights in human fetuses after formalin fixation: standards by gestational age and body weight[END_REF]. WG: weeks'gestation **Alcohol consumption by the mother during pregnancy was established and the fetus presented indistinct philtrum and microretrognathism.

	Control cases

*

Table 2 .

 2 Statistical analysis

	Experiments	Test	n independents	p-value
			experiments	

*

p<0.05; **p<0.01; ***p<0.001; ****p<0.0001

  

	Gel zymography Effect of EtOH on In situ zymography, Effect of glutamate and EtOH on casein activity on WT mice (Fig. 2F) glutamate-induced MMP9 activity (Fig. 1A) In situ zymography, effect of glutamate and EtOH on MMPs activity on P2 slices (Fig. 1D) In situ zymography Effect of glutamate and EtOH on MMP activity on KO tPA mice (Fig. 2G) zymography, In situ Calcimetry on endothelial cells (Fig. 3E)	One-way ANOVA Two-way ANOVA Bonferroni' s post-test Tukey's post-test Two-way ANOVA Tukey's post-test Two-way ANOVA Bonferroni' s post-test One-way ANOVA Tukey's post-test	n=8 n=7 (Ctrl) n=8 (Glut) n=5 (EtOH, EtOH + Glut) n=13 (Ctrl and Glut) n=4 (EtOH) n=5 (Ctrl, EtOH) n=6 (Glut, EtOH + Glut) n=5 (Glut + EtOH) experiments) n=3 mean value of 30 cells (10 cells per experiment independent from 3	ANOVA F 7.84 p=0.0006*** Tukey's post-test ANOVA Treatment F 52.62 p<0.0001**** Time F 8.300 p<0.0001**** Bonferroni's post-test For t=180 min Glut vs. Glut + EtOH p<0.001### Ctrl vs. Glut p=0.0011** Glut vs. Glut+EtOH p=0.0022 ## ANOVA Treatment F 29.92 p<0.0001**** Time F 21.81 p<0.0001**** ANOVA Treatment F 2.055 p=0.1069, ns Time F 4.668 p<0.0001**** Bonferroni's post-test No statistical differences Tukey's post-test For t=180 min Glut vs. Ctrl p=0.0003*** Glut + EtOH vs. Glut p=0.0001### ANOVA ANOVA F 1695 p<0.0001*** Tukey's post-test Ctrl vs. Glut p<0.0001**** Glut vs. Glut+EtOH p<0.0001 ####
	effect of glutamate and EtOH on MMPs activity on P2 slices from Grin1 flox /VeCad Cre Calcimetry on P2 slices, Nervous cells (Fig. 4E) Calcimetry on P2	Two-way ANOVA Tukey's Unpaired t-test post-test	n=3 (Ctrl, Glut + EtOH and Glut) n=4 (EtOH) n=10 (Ctrl) n=7 (in utero EtOH)	Treatment F 1.199, p=0.2920, ns Time F 0.8875 p=0.4498, ns Ctrl vs. in utero EtOH p=0.0054** Tukey's post-test
	mice (Fig. 1E) slices, Endothelial cells (Fig. 4G)	Unpaired t-test	n=10 (Ctrl) EtOH) n=10 (in utero	ns for all comparisons Ctrl vs. in utero EtOH p=0.0134*
	Gel zymography,		n=3	
	Effect of glutamate on MMP9 activity in WT mice Western blot GluN1 P2 (Fig. 5A)	Unpaired t-test Unpaired t-test	n= 3 (11 samples independent from 3	Ctrl vs. Glut, p = 0.0006*** Ctrl vs. EtOH p=0.0051 **
	(Fig. 2B, left panel)		offspring)	
			n=3	
	Gel zymography, Effect of glutamate on Western blot GluN2A P2 (Fig. 5B)	Unpaired t-test	(11 samples independent from 3	Ctrl vs. EtOH p=0.3553, ns
	MMP9 activity in	Unpaired	n= 3 offspring)	Ctrl vs. Glut, p = 0.5114, ns
	KO tPA mice	t-test		
	(Fig. 2B, right			
	panel)			
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