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A B S T R A C T   

Prenatal alcohol exposure (PAE) is a major cause of nongenetic mental retardation and can lead to fetal alcohol 
syndrome (FAS), the most severe manifestation of fetal alcohol spectrum disorder (FASD). FASD infants present 
behavioral disabilities resulting from neurodevelopmental defects. Both grey and white matter lesions have been 
characterized and are associated with apoptotic death and/or ectopic migration profiles. In the last decade, it was 
shown that PAE impairs brain angiogenesis, and the radial organization of cortical microvessels is lost. 
Concurrently, several studies have reported that tangential migration of oligodendrocyte precursors (OPCs) 
originating from ganglionic eminences is vascular associated. Because numerous migrating oligodendrocytes 
enter the developing neocortex, the present study aimed to determine whether migrating OPCs interacted with 
radial cortical microvessels and whether alcohol-induced vascular impairments were associated with altered 
positioning and differentiation of cortical oligodendrocytes. Using a 3D morphometric analysis, the results 
revealed that in both human and mouse cortices, 15 to 40% of Olig2-positive cells were in close association with 
radial cortical microvessels, respectively. Despite perinatal vascular disorganization, PAE did not modify the 
vessel association of Olig2-positive cells but impaired their positioning between deep and superficial cortical 
layers. At the molecular level, PAE markedly but transiently reduced the expression of CNPase and MBP, two 
differentiation markers of immature and mature oligodendrocytes. In particular, PAE inverted their distribution 
profiles in cortical layers V and VI and reduced the thickness of the myelin sheath of efferent axons. These 
perinatal oligo-vascular defects were associated with motor disabilities that persisted in adults. Altogether, the 
present study provides the first evidence that Olig2-positive cells entering the neocortex are associated with 
radial microvessels. PAE disorganized the cortical microvasculature and delayed the positioning and differen-
tiation of oligodendrocytes. Although most of these oligovascular defects occurred in perinatal life, the offspring 
developed long-term motor troubles. Altogether, these data suggest that alcohol-induced oligo-vascular im-
pairments contribute to the neurodevelopmental issues described in FASD.   

1. Introduction 

Despite public health messaging, approximately 10% of women 
worldwide consume alcohol during their pregnancy (Popova et al., 
2019). Prenatal alcohol exposure (PAE) represents a major cause of 

nongenetic mental retardation, making alcohol consumption during 
pregnancy an extremely important public health concern (Lange et al., 
2017). Indeed, PAE can cause fetal alcohol syndrome (FAS), the most 
severe manifestation of fetal alcohol spectrum disorders (FASD; Riley 
et al., 2011). FAS is characterized by a large set of physical and mental 
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disorders, including intrauterine growth retardation, craniofacial dys-
morphism, neurodevelopmental defects and neurobehavioral troubles, 
such as learning or attention deficits (Riley et al., 2011). Although most 
FASD children frequently express life-long behavioral disabilities similar 
to FAS, they do not present morphological dysmorphism, leading to 
delayed diagnosis and medical care (Chasnoff et al., 2015). 

At any stage of gestation, alcohol can be harmful, and even if it 
impacts numerous organs and cell types, its deleterious effects are highly 
noxious for the developing brain (Sulik, 2014). In particular, based on 
clinical research and animal model studies, PAE alters oligodendrocyte 
morphology and survival (Creeley et al., 2013; Dalitz et al., 2008; 
Newville et al., 2017). Thereby, Dalitz and coworkers identified atten-
uated processes and altered oligodendrocyte cell bodies in the brains of 
sheep fetuses exposed to alcohol in utero (Dalitz et al., 2008). Similarly, 
the Olney group showed that in macaque fetuses, PAE induces oligo-
dendrocyte apoptosis (Creeley et al., 2013). Furthermore, it is well 
established that in utero alcohol exposure can lead to persistent white 
matter abnormalities, leading to corpus callosum deformities visualized 
using diffusion tensor imaging both in rodents and humans (Newville 
et al., 2017; Wozniak et al., 2009). 

Beyond the main role of oligodendrocytes in improving neuronal 
signal conduction along myelinated axons in the mature brain (Barateiro 
et al., 2016), a tight cell–cell interaction has been recently evidenced in 
the developing brain between microvessels and oligodendrocytes (Yuen 
et al., 2014). Indeed, in addition to their functions of oxygen, trophic 
factors and nutrient supply, it is now established that cortical micro-
vessels constitute physical support for nervous cell migration (Segara 
et al., 2019). First described for GABAergic interneurons (Won et al., 
2013), Tsai and coworkers more recently showed that oligodendrocytes 
constitute a second population of migrating nervous cells using a vessel- 
associated process (Tsai et al., 2016). In particular, oligodendrocyte 
precursors migrate tangentially to reach the developing corpus callosum 
(Tsai et al., 2016). Consistent with these neurodevelopmental data, in 
vitro studies previously showed that growth factor production by 
endothelial cells, such as BDNF or VEGF, is involved in the proliferation 
and survival of oligodendrocytes (Aria et al., 2009). Jointly, oligoden-
drocytes promote vascular remodeling in white matter (Myamoto et al., 
2014). Altogether, these data suggested that, as recently shown for 
GABAergic interneurons (Léger et al., 2020a), oligodendrocytes 
invading the cortical layers migrate along radial microvessels. 

Several in vivo studies performed in adult mice and nonhuman pri-
mates showed that alcohol affects angiogenesis and vasculogenesis by 
altering wound healing and new vessel formation (Radek et al., 2005; 
Williams et al., 2008). In vitro, ethanol has also been shown to disrupt 
VEGF receptor signaling in cultured endothelial cells (Radek et al., 
2008). More recently, in vitro and in vivo studies performed in the 
developing brain have demonstrated that alcohol impairs brain angio-
genesis, causing a loss of the radial organization of cortical microvessels, 
dysfunction of endothelial MMP9 activity and disruption of the vessel- 
associated migration of GABAergic interneurons (Jégou et al., 2012; 
Léger et al., 2020a and 2020b). At a mechanistic level, these effects are 
associated with deregulation of the expression of VEGF receptor 1 
(VEGFR1) and the endothelial NMDA receptor (Léger et al., 2020a). 
These deleterious effects of in utero alcohol exposure on the cortical 
vasculature and the mispositioning of GABA interneurons were also 
described in human fetuses (Jégou et al., 2012; Marguet et al., 2020). 
However, the effect of PAE on oligovascular interactions remains 
unexplored. 

Given the critical role of oligodendrocytes in neuronal signal con-
duction (Jäkel and Dimou, 2017), the recently described vessel- 
associated migration of oligodendrocytes in the developing corpus cal-
losum (Tsai et al., 2016) and our recent data showing that alcohol im-
pairs cortical angiogenesis and endothelial activity (Léger et al., 2020a 
and 2020b), we hypothesized that PAE would impair the vessel- 
associated positioning of migrating oligodendrocytes invading the 
developing cortex and the maturation of the oligodendrocytic lineage. 

For this purpose, first, we researched oligovascular interactions in the 
developing cortex of human fetuses and, second, used a mouse model of 
FASD to (i) assess the effects of alcohol on oligovascular interactions and 
oligodendrocyte positioning on cortical layers, (ii) characterize the 
impact of prenatal alcohol exposure on oligodendrocyte maturation 
stages and (iii) determine whether such neurodevelopmental defects are 
associated with perinatal and adult behavioral troubles. 

2. Materials and methods 

2.1. Control and alcohol-exposed human brains 

In agreement with the local ethics committee and French laws, the 
fetal brains used in this study (Fig. 1A) belong to a collection that has 
been declared to the French Ministry of Health (Collection number DC- 
2015-2468, cession number AC-2015-2467, located in A. Laquerrière's 
Pathology Laboratory, Rouen University Hospital). Every case was ob-
tained with the written consent of the parents, and autopsy procedures 
were performed according to standardized protocols. The clinical 
characteristics and cause of death of the control and FAS patients are 
presented in Table 1. 

2.2. In vivo treatment of pregnant and lactating mice 

NMRI (Naval Medical Research Institute) mice were purchased from 
Janvier (Le Genest Saint Isle, France). Mice were kept in a temperature- 
controlled room (21 ± 1 ◦C) with a 12 h/12 h light/dark cycle (lights on 
from 7 a.m. to 7 p.m.) and free access to food and tap water. Pregnant 
NMRI mice received a daily subcutaneous injection of 0.9% NaCl or 3 g/ 
kg ethanol diluted 50% vol/vol in 0.9% NaCl, from gestational Day 15 
(GD15) to GD20 (Fig. 1B). At parturition day (P0) and one day after 
parturition (P1), mothers received a daily injection of the same 
composition (Jégou et al., 2012; Lecuyer et al., 2017; Léger et al., 
2020b). The administered dose of ethanol was based on a previous study 
(Jégou et al., 2012) and resulted in a blood alcohol level (BAL) of 1.5 g/L 
30 min after the injection. This BAL value, which is representative of 
drunkenness in humans, was <0.5 g/L after 3 h. Mice were used ac-
cording to the French Ethical Committee recommendations and Euro-
pean directives 2010/63/UE, and experiments were performed under 
the supervision of authorized investigators (authorization no. 
APAFIS#22136–2,019,092,013,438,607 v4 from the Ministère de 
l'Agriculture et de la Pêche). 

For immunohistochemistry, qRT–PCR and western blot experiments 
targeting differentiation markers of the oligodendrocyte lineage, brains 
from fetuses and pups were collected at embryonic Day 20 (E20), 
postnatal Day 2 (P2), P15 and P45. E20 and P2 stages were chosen to 
cover the progressive arrival in the neocortex of the different waves of 
oligodendrocyte precursors generated in ganglionic eminences and the 
dorsal periventricular zone (Van Tilborg et al., 2018). P15 was selected 
since, at this stage, the cortical positioning of oligodendrocytes is almost 
established although differentiation is not (Nishiyama et al., 2021). The 
P45 (young adult) stage was selected since positioning and maturation is 
completed. 

In order to reduce the risk of litter effect, experiments were managed 
as follow: for histological and morphometric analysis, experiments were 
conducted in slices from different neonates from different litters. For 
qRT-PCR and western blot experiments, extracts were from different 
litters from independent treatments. For behavioral studies, mice were 
from different litters from independent treatments. 

2.3. Quantitative reverse transcriptase polymerase chain reaction 

From E20, P2 and P15 in utero-exposed cortices, RNA was column- 
purified according to the manufacturer's guidelines (Macherey-Nagel, 
Germany). After DNase digestion, cDNA was prepared from 1 μg total 
RNA using random primers and Avian Myeloblastosis Virus Reverse 
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Transcriptase (Promega, Madison). A master mix was prepared using 
sense and antisense primers (Invitrogen; Table 2) and SYBR Green PCR 
Mix (Bio–Rad). Using a LightCycler® 96 W1.1 machine (Roche; Bâle, 
Suisse), PCRs were performed using the following cycle conditions: 
95 ◦C (180 s), 95 ◦C (10 s) and 60 ◦C (30 s) for 40 cycles, 95 ◦C (10 s), 
65 ◦C (60 s) and 97 ◦C (1 s). The comparative threshold cycle (Ct) 
method was used, and the cDNA amount in the sample was expressed as 
2-ΔΔCt using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an 
internal control. The GAPDH mRNA level was not affected by ethanol 
treatment. 

2.4. Analysis by western blot of cortical extracts from mice 

Cortical extracts from control and in utero alcohol-exposed animals 
were microdissected and homogenized in ice-cold lysis buffer. Fifty 
micrograms of protein extracts, as determined by the Bradford assay, 
were denatured at 100 ◦C for 5 min in Laemmli buffer (Tris-HCl 0.5 M; 
pH 6.8; SDS 8%; bromophenol blue 0.5%; glycerol 10%; β-mercaptoe-
thanol 10%) and loaded onto a 10% SDS-polyacrylamide gel. After 
separation, proteins were electrically transferred onto a nitrocellulose 
membrane (Bio–Rad Laboratories, Marne la Coquette, France). The 

Fig. 1. A, B. Graphical description of the experiments conducted in human brains from control and alcohol-exposed fetuses (A) and in the preclinical model of FASD 
(B). C. Maturation markers used in the study that are representative of the four main stages of oligodendrocyte differentiation described in the literature (Marinelli 
et al., 2016). CD34: Cluster of differentiation 34; CNPase: 2′,3’-Cyclic-nucleotide 3′-phosphodiesterase; Eth: Ethanol; Ex: Embryonic Day x; GD15: gestational Day 15; 
GW: gestational weeks; MBP: myelin basic protein; Olig2: oligodendrocyte transcription factor 2; OL: oligodendrocyte; OPC: oligodendrocyte progenitors cells; 
PDGFRα: platelet-derived growth factor-α; Pre-OL: preoligodendrocytes; Px: postnatal Day x; qRT–PCR: reverse transcription polymerase chain reaction; WB: 
western blot. 
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membrane was incubated with blocking solution (5% BSA or 5% milk in 
Tris-buffered saline containing 0.05% Tween 20) at room temperature 
for 1 h and incubated overnight with primary antibodies (Table 3). After 
incubation with the corresponding secondary antibody coupled to 
peroxidase (Santa Cruz Biotechnology, Santa Cruz, CA), proteins were 
visualized using an enhanced chemiluminescence (ECL) immunoblot-
ting detection system (Biorad Laboratories, Marne la Coquette, France). 
The intensity of the immunoreactive bands was 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. 

2.5. Immunohistochemistry 

In mice, brain sections previously fixed with 4% PFA in PBS were 
incubated overnight at 4 ◦C with various primary antibodies (Table 3) 
diluted in incubation buffer (PBS containing 1% BSA and 3% Triton X- 

100). Slices were rinsed thrice with PBS for 10 min and incubated with 
the same incubation buffer containing the appropriate secondary anti-
body. By omitting the primary antibodies, a control for nonspecific 
binding of the secondary antibody was performed. Immunolabeled slices 
were visualized using a Leica DMI 600B, Thunder Imaging System 
CTR5500 or Leica TCS SP8 MP confocal microscope. Analyses were 
performed using the FIJI Is Just Image J (FIJI) software. 

In humans, immunohistochemistry was performed on 6-μm dewax-
ing brain sections according to standardized protocols in mice. 

2.6. Quantification of the immunoreactive profiles of differentiation 
markers of oligodendrocytes in cortical layers 

Measurements of immature and mature oligodendrocyte immuno-
reactive profiles in cortical layers were performed after immunostaining 
of P15 slices with CNPase and MBP antibodies, respectively (Table 3). 
After 10× magnification acquisitions, quantification of CNPase or MBP 
fluorescent intensity profiles in the developing cortex was performed in 
animals prenatally exposed to NaCl or ethanol using the “line scan” tool 
of the Metamorph® software (Roper Scientific, Downingtown, USA). 
Then, the area under the curve of each cortical layer was evaluated. For 
a given cortex, a comparison of the distribution pattern of CNPase 
(immature oligodendrocyte) and MBP (mature oligodendrocyte) was 
then performed. 

2.7. Quantification of the Olig2-positive cell density in the developing 
cortical layers and corpus callosum 

Measurement of the density of oligodendrocytes in cortical layers 
and corpus callosum was performed after immunostaining of E20, P2 
and P15 slices using the Olig2 antibody (Table 3). Images were acquired 
at 10× magnification, and regions of interest (ROIs) were defined within 
the deep cortical layers (DCL), the superficial cortical layers (SCL) and 
the corpus callosum. Definition of DCL and SCL evolved with the 
developmental stage as follow: at E20, DCL consisted in the maturing 
layer VI and SCL in the cortical plate; at P2, DCL consisted in layer VI 
and maturing layer V and SCL in the cortical plate; at P15, DCL consisted 
in layer VI and V and SCL in the layers IV to I. Fluorometric analysis 
using the multipoint counting tool of the FIJI software gave access to the 
number of immunoreactive cells present in the ROI. Density was then 
determined by a ratio between the number of cells and the ROI area. The 
analysis was repeated to cover the corpus callosum and the superficial 
and deep cortical layers in both hemispheres and in three slices per 
animal (Léger et al., 2020a). 

Table 1 
Clinical and morphological characteristics of control and alcohol exposed 
fetuses.  

Cases Term Morphological characteristics Cause of death 

Control 
case 

30 GW None Cord prolapse 

FAS case 29 GW 

Anteversed nostrils and pointed 
nose In utero fetal death 
Ear anomalies 
Indistinct philtrum 
Retrognathism Cardiopathy  

Table 2 
Primers used for qRT–PCR experiments. GAPDH was used as inter-
nal control.  

Primers Sequences 5′ to 3′

PDGFRα f GACGTTCAAGACCAGCGAGTT 
PDGFRα r CAGTCTGGCGTGCGTCC 
CNPase f AGACAGCGTGGCGACTAGACT 
CNPase r GGGCTTCAGCTTCTTCAGGT 
MBP f ACGAGAACTACCCATTATG 
MBP r GATGGAGGTGGTGTTC 
Olig2 f AGCCAGGTTCTCCTC 
Olig2 r GGGCAGAAAAAGATCATC 
GAPDH f CCTGCTTCACCACCTTCTTGA 
GAPDH r CATGGCCTTCCGTGTTCCTA  

Table 3 
Antibodies used for immunohistochemitry and western blot experiments.  

Antibodies Trade reference Purified species Supplier Dilution Solution of incubation 

CD31/PECAM IHC: cat 550,274 Rat BD-Pharmigen 1/200 1% BSA, 3% Triton X-100 in PBS 
CD34 IHC: 790–2927 Mouse ROCHE Prediluted 1% BSA, 3% Triton X-100 in PBS 

CNPase 
IHC: NB100–1935  

WB: Ab227218 

Chicken  

Rabbit 

Novus Biological  

Abcam 

1/200  

1/1000 

IHC: 1% BSA, 3% Triton X-100 in PBS 
WB: BSA (5% TBST) 

GFAP IHC: Ab10062 Mouse Abcam 1/200 1% BSA, 3% Triton X-100 in PBS 
Glut1 IHC: SC 1605 Goat Santa Cruz 1/200 1% BSA, 3% Triton X-100 in PBS 

MBP  
IHC: Ab7349  

WB: Ab7349 

Rat Abcam 
1/200  

1/1000 

IHC: 1% BSA, 3% Triton X-100 in PBS 
WB: BSA (5% TBST) 

Olig2  IHC: Ab136253 
WB: Ab136253 

Rabbit Abcam 
1/200  

1/1000 

IHC: 1% BSA, 3% Triton X-100 in PBS 
WB: BSA (5% TBST) 

PDGFRα 
IHC: AF1062  

WB: PA5–16571 

Goat  

Rabbit 

R&D System  

ThermoFisher 

1/200  

1/1000 

IHC: 1% BSA, 3% Triton X-100 in PBS 
WB: BSA (5% TBST) 

β-Actin WB: A5441 Mouse Sigma- Aldrich 1/5000 
Milk 
(5% in TBST)  
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2.8. Measurement of microvascular organization and oligo-vascular 
interactions in the developing cortex 

The quantification of the angular orientation of cortical microvessels 
was performed in the frontoparietal cortex of control and alcohol- 
exposed mice at E20, P2 and P15 as previously described (Jégou 
et al., 2012). Practically, a frame of lines was defined perpendicular to 
the cortical border (radial orientation). For microvessels parallel to 
these lines, the Metamorph Software arbitrarily attributed the angular 
value 0◦. The maximal angular value affected was 90◦. Angle values of 
cortical microvessels were then distributed in four classes [0–25◦[, 
[25–50◦[, [50–75◦[and [75–90◦[. 

The quantification of vessel-associated oligodendrocytes was per-
formed in human and mouse brain slices after double immunostaining 
with Olig2 (oligodendrocytic lineage) and CD31, Glut1 or CD34 
(endothelial cells) antibodies (Table 3). In humans, experiments were 
conducted on a control fetal brain at GW30 and on a FAS fetal brain at 
GW29. In mice, experiments were performed in cortex slices at E20, P2 
and P15. Z stack acquisitions were performed and saved in TIFF format 
using a Leica TCS SP8 MP confocal microscope. Afterward, the Z-stack 
series of images was loaded into IMARIS imaging software 9.0.2 (Bit-
plane, Zurich, Switzerland) for 3D reconstruction (Videos S1 and S2). To 
validate a vessel-oligodendrocyte interaction, the maximal distance 
between the center part of Olig2-positive cells and the center part of the 
vessel was fixed at 10 μm. 

2.9. Quantification of MBP-positive fibers in the cortical layers and MBP- 
positive bundles in the striatum 

After immunostaining of P15 mouse brain slices with MBP antibody 
(Table 3), high-resolution images were acquired at 10× magnification 
using a Thunder Imaging System CTR5500. Images were loaded in FIJI 
software, and thresholding of the immunoreactive MBP fibers was per-
formed in each ROI of the cortex, giving access to the thresholded fiber 
area/ROI area ratio. Similarly, quantification of MBP-positive bundles 
was performed in the striatum at the same stage. Morphometric analysis 
provides access to the number of immunoreactive bundles per ROI area. 

2.10. Electronic microscopy and quantification of axonal myelinated 
fibers and myelin sheath thicknesses in the corpus callosum at P15 

Electron microscopy ultrastructural studies were performed accord-
ing to standardized protocols (Roux et al., 2014). Briefly, cortices ob-
tained from the P15 corpus callosum of neonates previously in utero 
exposed to NaCl or ethanol were fixed in a 2% glutaraldehyde solution, 
postfixed with 1% osmium tetroxide, and embedded in epoxy resin. 
Semithin sections were stained with toluidine blue, uranyl acetate and 
lead citrate to enhance contrast and examined under a PHILIPS CM10 
electron microscope. Axonal myelinated fiber density and myelin sheath 
thickness in the corpus callosum were measured at P15 after electronic 
microscopy acquisitions at 120× and 295× magnification. FIJI software 
was used to determine to the area and number of objects (myelinated 
fibers) within the ROI and the ROI area ratio. This analysis was per-
formed in four plans per animal. Myelin sheath thickness was evaluated 
using FIJI lines tools. 

2.11. Behavioral evaluations 

Each mouse was submitted to the same series of behavioral tests, 
respecting the same schedule to limit the potential confounding factors 
linked to animal manipulations. Following the last day of treatment, 
weight tracking was recorded daily from P2 to P10 and, subsequently, at 
P15 and P45 (Fig. S1). Because in humans, white matter lesions, such as 
leucomalacia, are frequently associated with motor disabilities (Volpe, 
2009), behavioral tests were focused on sensorimotor impairments. 

2.11.1. Behavioral evaluation of pup sensorimotor disabilities 
From P2 to P8, the righting reflex test consists of the evaluation of a 

reflexive sensorimotor ability task (Daher et al., 2017; Syed et al., 2016). 
Practically, pups were placed supine on a plane surface, and their mean 
time to restore a normal prone position on two consecutive trials was 
noted. The cutoff time per trial was set at 60 s, and the value was the 
mean of 2 successive trials. 

From P5 to P8, the negative geotaxis test is a vestibular and body 
coordination task (Daher et al., 2017; Syed et al., 2016). The animals 
were placed on a 20◦ tilted plane with their head facing downward, and 
the mean time to realize a full rotation of 180◦ and face up was measured 
in each group. The latency for a semi-rotation (90◦) was also counted. 
The cutoff time per trial was set at 60 s. 

2.11.2. Evaluation of locomotor activity 
Locomotor activity of control and in utero alcohol-exposed mice was 

assessed at P15 and P45. At P45, the locomotor activity was measured 
using mice at the diestrus stage. Estrus cycle was monitored by visual 
observation of the vagina (Byers et al., 2012). Animals were isolated for 
5 min in individual cages before being placed in individual 50 × 50 × 38 
cm compartments in a sound-attenuated and temperature-regulated (20 
± 1 ◦C) room to limit anxiety. This test takes advantage of a rodent's 
natural tendency to explore a new environment. The recording appa-
ratus was connected to a computer to process the data. Distance trav-
elled was measured by video tracking using an EthoVision XT Logiciel 
(Noldus®) during a 30-min period. Data were expressed by 10-min 
segments and the whole recording period. 

2.12. Statistical analysis 

Statistical analyses were performed using the biostatistics Prism 
software (GraphPad® Software, La Jolla, CA). The tests used and p values 
are summarized in Tables 4 and 5. Error bars in the graphs represent 
SEM. Females and males were identified. However, when the results 
showed no sex differences, the data were pooled in the same figure. 
Unpooled data are provided in Supplementary Figs. 3, 4, 7, 8 and 9. 

3. Results 

3.1. Vessel association of Olig2-positive cells persists in human FAS 
cortices 

Previous studies reported that PAE impairs the cortical vasculature 
in the developing human brain (Jégou et al., 2012). This effect, which is 
also observed in mice, is associated with dysfunction of cortical endo-
thelial cells (Léger et al., 2020b). Because migrating oligodendrocytes 
use microvessels as guides (Tsai et al., 2016), we explored whether PAE 
altered the oligovascular association (Fig. 2). Double immunostaining 
experiments with Olig2 and CD34 antibodies were performed in a FAS 
29GW fetus (Fig. 2A). Confocal acquisitions performed in the deep 
cortical layers demonstrated that some Olig2-positive cells were vessel- 
associated (Fig. 2B; arrows), whereas several other Olig2-positive cells 
were located at a distance (Fig. 2A, B; arrowhead). To validate the vessel 
association, Z-stack acquisitions were realized, and a 3D map was built 
(Fig. 2C-E). Rotation around the vessel axis and quantification of the 
oligo-vascular distances indicated that, in deep cortical layers, approx-
imately 6% of the Olig2-positive cells were vessel associated (Fig. 2C-E; 
Fig. 2J; Video S1). Similarly, experiments were conducted in a control 
30GW (Fig. 2F-H). Morphometric analysis showed that, as observed in 
the FAS case, several Olig2-positive cells were vessel associated (Fig. 2G, 
H; arrow). Quantitative analysis revealed a higher percentage of vessel- 
associated Olig2 cells in the control fetus (15.79%; Fig. 2I). Neverthe-
less, considering i) the scarcity of human tissues and ii) the frequent 
multi-intoxication profiles of human FAS fetuses, preclinical experi-
ments were conducted using a mono-intoxication model of PAE. 
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Table 4 
Main figures statistical analysis. The tests used, the number of independent ex-
periments, the number of measures per experiment and p values are detailed for 
each experiments. Error bars in the graphs represent SEM.  

Experiments Test n p value 

Independents 
experiments 

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

Fig. 3E 
Distribution of cortical 
vessels orientation at 
E20 

Chi-square 
test 

n = 5 
at least 3 slices 
analysed from 5 
independent 
animals per 
treatment 

Chi-square, df 
9.709, 3 
p = 0.0212* 

Fig. 3F 
Olig2-positive cells 
vessel associated at 
E20 

Two way 
ANOVA 
Tukey 
post-test 

n = 5 
at least 3 slices 
analysed from 5 
independent 
animals per 
treatment 

ANOVA 
Interaction F 
0.5432; p =
0.7594; ns 
Zones F 9.934; p 
= 0.2014; ns 
Treatment F 
0.0022; p =
0.9844; ns 

Fig. 3I 
Distribution of cortical 
vessels orientation at 
P2 

Chi-square 
test 

n = 5 
at least 3 slices 
analysed from 5 
independent 
animals per 
treatment 

Chi-square, df 
8.536, 3 
p = 0.0361* 

Fig. 3J 
Olig2-positive cells 
vessel associated at P2 

Two way 
ANOVA 
Tukey 
post-test 

n = 5 
at least 3 slices 
analysed from 5 
independent 
animals per 
treatment 

ANOVA 
Interaction F 
0.1072; p =
0.8721; ns 
Zones F 2.679; p 
= 0.4240; ns 
Treatment F 
0.01191; p =
0.9572; ns 

Fig. 3M 
Distribution of cortical 
vessels orientation at 
P15 

Chi-square 
test 

n = 5 
at least 3 slices 
analysed from 5 
independent 
animals per 
treatment 

Chi-square, df 
0.8597, 3 
p = 0.8351; ns 

Fig. 3N 
Olig2-positive cells 
vessel associated at 
P15 

Two way 
ANOVA 
Tukey 
post-test 

n = 5 
at least 3 slices 
analysed from 5 
independent 
animals per 
treatment 

ANOVA 
Interaction F 
0.0406; p =
0.9366; ns 
Zones F 
0.09556; p =
0.9030; ns 
Treatment F 
0.1317; p =
0.8862; ns 

Fig. 4C 
Olig2-positive cells 
density in deep 
cortical layers (DCL) 

Two way 
ANOVA 
Tukey 
post-test 

n = 5 
at least 3 slices 
analysed from 5 
independent 
animals per 
treatment 

ANOVA 
Interaction F 
0.1787; ns 
Ages F 83.29; p 
< 0.0001**** 
Treatment F 
0.1792; p =
0.5833; ns 
Tukey's 
E20 NaCl vs P2 
NaCl p <
0.0001**** 
P2 NaCl vs P15 
NaCl p <
0.0001**** 

Fig. 4D 
Olig2-positive cells 
density in superficial 
cortical layers (SCL) 

Two way 
ANOVA 
Tukey 
post-test 

n = 5 
at least 3 slices 
analysed from 5 
independent 
animals per 
treatment 

ANOVA 
Interaction F 
0.2338; ns 
Ages F 85.87; p 
< 0.0001**** 
Treatment F 
0.5127; p =

Table 4 (continued ) 

Experiments Test n p value 

Independents 
experiments 

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

0.3070; ns 
Tukey's 
E20 NaCl vs P2 
NaCl p <
0.0001**** 
P2 NaCl vs P15 
NaCl p <
0.0001**** 

Fig. 4E 
Ratio Olig2-positive 
SCL vs DCL in NaCl  

One way 
ANOVA 
Tukey 
post-test 

n = 5 
at least 3 slices 
analysed from 5 
independent 
animals per 
treatment 

ANOVA 
F 26.88; p <
0.0001**** 
Tukey's 
E20 NaCl vs P2 
NaCl p <
0.0001**** 
E20 NaCl vs P15 
NaCl p <
0.0001**** 

Fig. 4F 
Ratio Olig2-positive 
SCL vs DCL in Ethanol  

One way 
ANOVA 
Tukey 
post-test 

n = 5 
at least 3 slices 
analysed from 5 
independent 
animals per 
treatment 

ANOVA 
F 32.53; p <
0.0001**** 
Tukey's 
E20 NaCl vs P2 
NaCl p <
0.0001**** 
E20 NaCl vs P15 
NaCl p <
0.0001**** 

Fig. 4G 
Ratio Olig2-positive 
SCL vs DCL at P2 

Unpaired 
t-test 

n = 5 
at least 3 slices 
analysed from 5 
independent 
animals per 
treatment 

NaCl vs Eth p <
0.05* 

Fig. 5A 
PDGFRα 
qRT–PCR on cortical 
extracts 

Two way 
ANOVA 
Tukey 
post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 
Females = 8 

ANOVA 
Interaction F 
0.7139; p <
0.05* 
Ages F 88.81; p 
< 0.0001**** 
Treatment F 
0.07787; p =
0.3898; ns 
Tukey's 
E20 NaCl vs P2 
NaCl p <
0.0001**** 
E20 NaCl vs P15 
NaCl p <
0.0001**** 
P2 NaCl vs P15 
NaCl p <
0.0001**** 

Fig. 5B 
CNPase 
qRT–PCR on cortical 
extracts 

Two way 
ANOVA 
Tukey 
post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 
Females = 8 

ANOVA 
Interaction F 
0.5603; ns 
Ages F 81.99; p 
< 0.0001**** 
Treatment F 
0.2806; p =
0.2440; ns 
Tukey's 
E20 NaCl vs P15 
NaCl p <
0.0001**** 
P2 NaCl vs P15 
NaCl p <
0.0001**** 

Fig. 5C 
MBP 

Two way 
ANOVA 

n = 16 animals per 
age and per 
treatment 

ANOVA 
Interaction F 
2.643; p < 0.05* 

(continued on next page) 
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Table 4 (continued ) 

Experiments Test n p value 

Independents 
experiments 

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

qRT–PCR on cortical 
extracts 

Tukey 
post-test 

Males = 8 
Females = 8 

Ages F 69.65; p 
< 0.0001**** 
Treatment F 
1.300; P < 0.05* 
Tukey's 
E20 NaCl vs P15 
NaCl p <
0.0001**** 
P2 NaCl vs P15 
NaCl p <
0.0001**** 
P15 NaCl vs P15 
Eth p < 0.01** 

Fig. 5D 
Olig2 
qRT–PCR on cortical 
extracts 

Two way 
ANOVA 
Tukey 
post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 
Females = 8 

ANOVA 
Interaction F 
0.4516; ns 
Ages F 87.84; p 
< 0.0001**** 
Treatment F 
0.5053; p =
0.0529; ns 
Tukey's 
E20 NaCl vs P2 
NaCl p <
0.0001**** 
P2 NaCl vs P15 
NaCl p <
0.0001**** 

Fig. 5F 
Western blot PDGFRα 
on cortical extracts 

Unpaired 
t-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 
Females = 8  

E20 NaCl vs E20 
Eth p = 0.1169; 
ns 
P2 NaCl vs P2 
Eth p = 0.9255; 
ns 
P15 NaCl vs P15 
Eth p = 0.5642; 
ns 

Fig. 5G 
Western blot CNPase 
on cortical extracts 

Unpaired 
t-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 
Females = 8  

E20 NaCl vs E20 
Eth p < 0.05* 
P2 NaCl vs P2 
Eth p < 0.01** 
P15 NaCl vs P15 
Eth p = 0.1092; 
ns 

Fig. 5H 
Western blot MBP on 
P15 cortical extracts 

Unpaired 
t-test 

n = 16 animals per 
treatment 
Males = 8 
Females = 8 

P15 NaCl vs P15 
Eth p < 0.01** 

Fig. 5I 
Western blot Olig2 on 
cortical extracts 

Unpaired 
t-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 
Females = 8  

E20 NaCl vs E20 
Eth p = 0.1349; 
ns 
P2 NaCl vs P2 
Eth p = 0.4744; 
ns 
P15 NaCl vs P15 
Eth p = 0.7280; 
ns 

Fig. 6D 
CNPase fluorescent 
intensity on cortical 
layers at P15 

Unpaired 
t-test 

n = 5 
at least 5 measures 
per animals per 
treatment 

P15 NaCl vs P15 
Eth in cortical 
layers V; p <
0.05* 
P15 NaCl vs P15 
Eth in cortical 
layers VI; p <
0.05* 

Fig. 6H 
MBP fluorescent 

Unpaired 
t-test 

n = 5 
at least 5 measures 

P15 NaCl vs P15 
Eth in cortical  

Table 4 (continued ) 

Experiments Test n p value 

Independents 
experiments 

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

intensity on cortical 
layers at P15 

per animals per 
treatment 

layers VI; p <
0.05* 

Fig. 6K 
MBP/CNPase ratio of 
fluorescent intensity 
on cortical layers at 
P15 

Unpaired 
t-test 

n = 5 
at least 5 measures 
per animals per 
treatment 

P15 NaCl vs P15 
Eth in cortical 
layers VI; p <
0.01** 

Fig. 7E 
Myelinated fibers 
density 

Unpaired 
t-test 

n = 6 
at least 4 ROI 
analysed from 6 
independent 
animals per 
treatment 

NaCl vs Eth p <
0.05* 

Fig. 7F 
Myelin sheath 
thickness 

Unpaired 
t-test 

n = 6 
at least 4 ROI 
analysed from 6 
independent 
animals per 
treatment 

NaCl vs Eth p <
0.001*** 

Fig. 7G 
Distribution of axonal 
area 

Chi-square 
test 

n = 6 
at least 4 ROI 
analysed from 6 
independent 
animals per 
treatment 

Chi-square, df 
5.134, 4 
p = 0.2738; ns 

Fig. 8A 
Latency to turn in the 
righting reflex test 
over time 

Two way 
ANOVA 
Tukey 
post-test 

n = 37 in NaCl; 
n = 37 in Eth 
Females NaCl = 17 
Females Eth = 18 
Males NaCl = 20 
Males Eth = 19 

ANOVA 
F 8.347; p <
0.0001**** 
Ages F 29.45; p 
< 0.0001**** 
Treatment F 
0.007081; p =
0.8196; ns 
Tukey's 
P2 NaCl vs P2 
Eth p <
0.0001**** 
P6 NaCl vs P6 
Eth p <
0.001*** 

Fig. 8B 
Latency to turn at 180◦

in negative geotaxis 
test over time 

Two way 
ANOVA 
Tukey 
post-test 

n = 37 in NaCl; 
n = 37 in Eth 
Females NaCl = 17 
Females Eth = 18 
Males NaCl = 20 
Males Eth = 19 

ANOVA 
F 1.366; p =
0.2517; ns 
Ages F 7.252; p 
< 0.0001**** 
Treatment F 
0.7704; p =
0.1288; ns 

Fig. 8C 
Distance travelled in 
the entire 
compartment at P45 in 
three consecutive 10- 
min periods 

Two way 
ANOVA 
Tukey 
post-test 

n = 25 in NaCl; 
n = 24 in Eth 
Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
F 0.1014; p =
0.8279; ns 
Time F 49.21; p 
< 0.0001**** 
Treatment F 
12.87; p <
0.0001**** 
Tukey's 
P45 NaCl vs P45 
Eth [0;10] p <
0.001*** 
P45 NaCl vs P45 
Eth [10;20] p <
0.01** 
P45 NaCl vs P45 
Eth [20;30] p <
0.001*** 

Fig. 8C  
Distance travelled in 
the entire 
compartment at P45 
over 30 min 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 
Females NaCl = 12 
Females Eth = 12 

P45 NaCl vs P45 
Eth [0;30] p <
0.0001**** 

(continued on next page) 
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3.2. PAE impairs the cortical vasculature but not the Olig2-vascular 
association 

To evaluate the consequence of PAE on oligo-vascular interactions, 
double immunolabeling experiments targeting Olig2 and CD31 were 
performed in the developing cortex at three developmental stages, 
including E20, P2 and P15 (Fig. 3). As performed for human fetuses, 3D 
Imaris maps were built to validate and quantify oligo-vascular associa-
tions (Fig. 3A, B). Such an approach was required to exclude false- 
associated cells (Fig. 3B; arrowheads and Video S2). Two parameters 
were quantified: vascular organization and the percentage of Olig2- 
positive cells associated with microvessels (Fig. 3C-N). 

Regarding vascular organization, at E20 and P2, radial microvessels 
(angle class [0–25[) represented the majority in the developing cortex 
(Fig. 3C-E and Fig. 3G-I). PAE significantly reduced and disorganized the 
cortical vasculature at both stages (Fig. 3E; Chi square NaCl E20 vs. Eth 
E20, df: 9.709, 3; *p = 0.0212 and Fig. 3I; Chi square NaCl P2 vs. Eth P2, 
df: 8.536, 3; *p = 0.0361). At P15, whereas radial microvessels remained 
the majority (Fig. 3K-M), no significant effect of PAE on the vascular 
organization of the cortex was found (Fig. 3M; Chi square NaCl P15 vs. 
Eth P15, df: 0.8597, 3; p = 0.8351). Concerning the oligo-vascular in-
teractions, PAE did not modify the percentage of associated cells 
regardless of the stage and the cortical region considered (Fig. 3F, J, N). 

3.3. PAE transiently altered the positioning of oligodendrocytes in the 
developing cortex 

Because, on the one hand, the microvascular organization was 
impaired by PAE and, on the other hand, oligo-vascular association was 
preserved, we hypothesized that Olig2-positive cells could present 
positioning defects, as recently described for GABAergic interneurons 
(Léger et al., 2020b; Marguet et al., 2020). A time-course quantification 
of the density of Olig2-positive cells was performed at E20, P2 and P15 
(Fig. 4). Under control conditions, Olig2-positive cells were present in 
deep (DCL) and superficial (SCL) cortical layers, and their density 
markedly increased from E20 to P2 in both regions (Fig. 4A, C, D; ****p 
< 0.0001). Afterward, a significant decrease occurred from P2 to P15 
(Fig. 4C, D; ****p < 0.0001). No significant effect of PAE was observed 
on the density of Olig2-positive cells regardless of the stage considered 
(Fig. 4C, D; black bars). Quantification of the SCL/DCL ratio showed that 
under control conditions, a marked increase occurred between E20 and 
P2, reflecting the progressive invasion of the SCL by migrating oligo-
dendrocytes (Fig. 4E; ****p < 0.0001). PAE significantly reduced SCL/ 

Table 4 (continued ) 

Experiments Test n p value 

Independents 
experiments 

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

Males NaCl = 13 
Males Eth = 12 

Fig. 8D 
Distance travelled in 
the central zone at P45 
in three consecutive 
10-min periods 

Two way 
ANOVA 
Tukey 
post-test 

n = 25 in NaCl; 
n = 24 in Eth 
Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
F 0.8366; p =
0.4107; ns 
Time F 27.57; p 
< 0.0001**** 
Treatment F 
5.535; p <
0.001*** 
Tukey's 
P45 NaCl vs P45 
Eth [0;10] p <
0.01** 

Fig. 8D 
Distance travelled in 
the central zone at P45 
over 30 min 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 
Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P45 NaCl vs P45 
Eth [0;30] p <
0.05* 

Fig. 8E 
Distance travelled in 
the peripheral zone at 
P45 in three 
consecutive 10-min 
periods 

Two way 
ANOVA 
Tukey 
post-test 

n = 25 in NaCl; 
n = 24 in Eth 
Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
F 0.2576; p =
0.6161; ns 
Time F 48.61; p 
< 0.0001**** 
Treatment F 
13.85; p <
0.0001**** 
Tukey's 
P45 NaCl vs P45 
Eth [0;10] p <
0.001*** 
P45 NaCl vs P45 
Eth [10;20] p <
0.01*** 
P45 NaCl vs P45 
Eth [20;30] p <
0.0001**** 

Fig. 8E 
Distance travelled in 
the peripheral zone at 
P45 over 30 min 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 
Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P45 NaCl vs P45 
Eth [0;30] p <
0.0001**** 

Fig. 8G Immobility in the 
entire compartment at 
P45 in three 
consecutive 10-min 
periods 

Two way 
ANOVA 
Tukey 
post-test 

n = 25 in NaCl; 
n = 24 in Eth 
Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
F 0.1019; p =
0.8272; ns 
Time F 49.32; p 
< 0.0001**** 
Treatment F 
12.74; p <
0.0001**** 
Tukey's 
P45 NaCl vs P45 
Eth [0;10] p <
0.001*** 
P45 NaCl vs P45 
Eth [10;20] p <
0.01** 
P45 NaCl vs P45 
Eth [20;30] p <
0.0001**** 

Fig. 8G Immobility in the 
entire compartment at 
P45 over 30 min 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 
Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P45 NaCl vs P45 
Eth [0;30] p <
0.0001**** 

Fig. 8H Immobility over 
30 min at P45 in the 

Two way 
ANOVA 

n = 25 in NaCl; 
n = 24 in Eth 
Females NaCl = 12 

ANOVA 
F 0.05429; p <
0.0001****  

Table 4 (continued ) 

Experiments Test n p value 

Independents 
experiments 

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

central and peripheral 
zone 

Tukey 
post-test 

Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

Zone F 99.67; p 
< 0.0001**** 
Treatment F 
0.07582; p <
0.0001**** 
Tukey's 
P45 NaCl CZ vs 
P45 NaCl PZ 
[0;30] p <
0.0001**** 
P45 Eth CZ vs 
P45 Eth PZ 
[0;30] p <
0.0001**** 
P45 NaCl PZ vs 
P45 Eth PZ 
[0;30] p <
0.0001****  
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Table 5 
Supplementary figures statistical analysis. The tests used, the number of inde-
pendent experiments, the number of measures per experiment and p values are 
detailed for each experiments. Error bars in the graphs represent SEM.  

Experiments Test n p value 

Independents 
experiments 

*p < 0.05; **p <
0.01; ***p <

0.001; ****p <
0.0001 

Fig. S1A 
Weight tracking 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

ANOVA 
Interaction F 
0.07278; p =
0.0695; ns 

Ages F 96.85; p 
< 0.0001**** 
Treatment F 
0.04493; p <

0.0011** 

Fig. S1B 
Weight tracking in 

Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interaction F 
0.2042; p <
0.0001**** 

Ages F 98.32; p 
< 0.0001**** 
Treatment F 
0.03235; p <

0.0058** 

Fig. S1C 
Weight tracking in 

Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interaction F 
0.03507; p =
0.0532; ns 

Ages F 99.12; p 
< 0.0001**** 
Treatment F 
0.04785; p <
0.0001**** 

Fig. S2A 
Distribution of olig2- 
positive cells density 

at E20 

Chi-square 
test 

n = 5 
at least 3 slices 
analysed from 5 

independent 
animals per 
treatment 

Chi-square, df 
0.1845, 2 

p = 0.9119; ns 

Fig. S2B 
Distribution of olig2- 
positive cells density 

at P2 

Chi-square 
test 

n = 5 
at least 3 slices 
analysed from 5 

independent 
animals per 
treatment 

Chi-square, df 
0.6670, 2 

p = 0.7164; ns 

Fig. S2C 
Distribution of olig2- 
positive cells density 

at P15 

Chi-square 
test 

n = 5 
at least 3 slices 
analysed from 5 

independent 
animals per 
treatment 

Chi-square, df 
0.2403, 2 

p = 0.8868; ns 

Fig. S2D 
Olig2-positive cells 
density in corpus 

callosum (CC) 

Two way 
ANOVA 
Tukey 

post-test 

n = 5 
at least 3 slices 
analysed from 5 

independent 
animals per 
treatment 

ANOVA 
Interaction F 
1.155; p =
0.7371; ns 

Ages F 46.33; p 
< 0.0001**** 
Treatment F 
0.1407; p =
0.7861; ns 

Tukey's 
E20 NaCl vs P15 
NaCl p < 0.05* 

Fig. S2E 
Ratio Olig2-positive 

cells SCL vs DCL at E20 

Unpaired 
t-test 

n = 5 
at least 3 slices 
analysed from 5 

independent 
animals per 
treatment 

NaCl vs Eth p =
0.8080; ns 

Fig. S2F 
Ratio Olig2-positive 

cells SCL vs DCL at P15 

Unpaired 
t-test 

n = 5 
at least 3 slices 
analysed from 5 

independent 

NaCl vs Eth p =
0.2843; ns  

Table 5 (continued ) 

Experiments Test n p value 

Independents 
experiments 

*p < 0.05; **p <
0.01; ***p <

0.001; ****p <
0.0001 

animals per 
treatment 

Fig. S3A 
PDGFRα 

qRT–PCR on cortical 
extracts in Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
0.4193; p =
0.2107; ns 

Ages F 91.77; p 
< 0.0001**** 
Treatment F 
0.6680; p <

0.05* 
Tukey's 

E20 NaCl vs P2 
NaCl p <

0.0001**** 
P2 NaCl vs P15 

NaCl p <
0.0001**** 

E20 NaCl vs P15 
NaCl p < 0.01** 

Fig. S3B 
PDGFRα 

qRT–PCR on cortical 
extracts in Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
0.2666; p =
0.6127; ns 

Ages F 89.74; p 
< 0.0001**** 
Treatment F 
0.04027; p =
0.7008; ns 

Tukey's 
E20 NaCl vs P2 

NaCl p <
0.0001**** 

P2 NaCl vs P15 
NaCl p <

0.0001**** 

Fig. S3C 
CNPase 

qRT–PCR on cortical 
extracts in Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
1.261; p =
0.1089; ns 

Ages F 86.04; p 
< 0.0001**** 
Treatment F 
0.5934; p =
0.1456; ns 

Tukey's 
E20 NaCl vs P15 

NaCl p <
0.0001**** 

P2 NaCl vs P15 
NaCl p <

0.0001**** 

Fig. S3D 
CNPase 

qRT–PCR on cortical 
extracts in Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
1.100; p =
0.4469; ns 

Ages F 73.55; p 
< 0.0001**** 
Treatment F 
0.5546; p =
0.3680; ns 

Tukey's 
E20 NaCl vs P15 

NaCl p <
0.0001**** 

P2 NaCl vs P15 
NaCl p <

0.0001**** 

Fig. S3E 
MBP 

Two way 
ANOVA 

n = 16 animals per 
age and per 
treatment 

ANOVA 
Interaction F 

5.676; p < 0.05* 

(continued on next page) 
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Table 5 (continued ) 

Experiments Test n p value 

Independents 
experiments 

*p < 0.05; **p <
0.01; ***p <

0.001; ****p <
0.0001 

qRT–PCR on cortical 
extracts in Females 

Tukey 
post-test 

Males = 8 
Females = 8 

Ages F 62.39; p 
< 0.0001**** 
Treatment F 

2.766; p < 0.05* 
Tukey's 

E20 NaCl vs P15 
NaCl p <

0.0001**** 
P2 NaCl vs P15 

NaCl p <
0.0001**** 

P15 NaCl vs P15 
Eth p < 0.01** 

Fig. S3F 
MBP 

qRT–PCR on cortical 
extracts in Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
0.8260; p =
0.5474; ns 

Ages F 74.87; p 
< 0.0001**** 
Treatment F 
0.3841; p =
0.4552; ns 

Tukey's 
E20 NaCl vs P15 

NaCl p <
0.0001**** 

P2 NaCl vs P15 
NaCl p <

0.0001**** 

Fig. S3G 
Olig2 

qRT–PCR on cortical 
extracts in Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
0.4205; p =
0.2810; ns 

Ages F 91.81; p 
< 0.0001**** 
Treatment F 
0.05686; p =
0.5554; ns 

Tukey's 
E20 NaCl vs P2 

NaCl p <
0.0001**** 

P2 NaCl vs P15 
NaCl p <

0.0001**** 

Fig. S3H 
Olig2 

qRT–PCR on cortical 
extracts in Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
0.1477; p =
0.0607; ns 

Ages F 85.54; p 
< 0.0001**** 
Treatment F 
1.934; p <

0.01** 
Tukey's 

E20 NaCl vs P2 
NaCl p <

0.0001**** 
P2 NaCl vs P15 

NaCl p <
0.0001**** 

P2 NaCl vs P2 Eth 
p < 0.01** 

Fig. S4A 
Western blot PDGFα 

on cortical extracts at 
E20 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
0.0003; p =
0.9926; ns 

Sexes F 1.342; p 
= 0.5465; ns 
Treatment F  

Table 5 (continued ) 

Experiments Test n p value 

Independents 
experiments 

*p < 0.05; **p <
0.01; ***p <

0.001; ****p <
0.0001 

9.226; p =
0.1216; ns 

Fig. S4B 
Western blot PDGFα 

on cortical extracts at 
P2 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
9.615; p =
0.1141; ns 

Sexes F 4.287; p 
= 0.2844; ns 
Treatment F 
0.2702; p =
0.7858; ns 

Fig. S4C 
Western blot PDGFα 

on cortical extracts at 
P15 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
0.4724; p =
0.7210; ns 

Sexes F 0.09618; 
p = 0.8718; ns 
Treatment F 
1.518; p =
0.5231; ns 

Fig. S4D 
Western blot CNPase 
on cortical extracts at 

E20 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
0.1520; p =
0.8242; ns 

Sexes F 3.724; p 
= 0.2766; ns 
Treatment F 

16.17; p < 0.05* 

Fig. S4E 
Western blot CNPase 
on cortical extracts at 

P2 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 2e- 

005; p = 0.9979; 
ns 

Sexes F 0.2077; p 
= 0.7914; ns 
Treatment F 
24.25; p <

0.01** 

Fig. S4F 
Western blot CNPase 
on cortical extracts at 

P15 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
0.02871; p =
0.9221; ns 

Sexes F 1.100; p 
= 0.5462; ns 
Treatment F 

12.49; p < 0.05* 

Fig. S4G 
Western blot Olig2 on 

cortical extracts at 
E20 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 

0.007199; p =
0.9607; ns 

Sexes F 5.868; p 
= 0.1658; ns 
Treatment F 
5.416; p =
0.1825; ns 

Fig. S4H 
Western blot Olig2 on 
cortical extracts at P2 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
0.2240; p =
0.8086; ns 

Sexes F 0.6667; p 
= 0.6765; ns 
Treatment F 
1.844; p =
0.4890; ns 

Fig. S4I 
Western blot Olig2 on 

cortical extracts at 
P15 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
2.079; p =
0.4452; ns 

Sexes F 0.5403; p 
= 0.6960; ns 
Treatment F 

(continued on next page) 
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Table 5 (continued ) 

Experiments Test n p value 

Independents 
experiments 

*p < 0.05; **p <
0.01; ***p <

0.001; ****p <
0.0001 

0.3442; p =
0.7551; ns 

Fig. S4 J 
Western blot MBP on 

cortical extracts at 
P15 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
1.476; p =
0.4459; ns 

Sexes F 1.289; p 
= 0.4760; ns 
Treatment F 
26.90; p <

0.01** 
Tukey's 

P15 NaCl 
Females vs P15 

Eth Females p <
0.05* 

Fig. S5C 
MBP bundles density 
in the striatum at P15 

Unpaired 
t-test 

n = 5 
at least 2 slices 
analysed from 5 

independent 
animals per 
treatment 

NaCl vs Eth p <
0.01** 

Fig. S5D 
MBP bundles aera in 
the striatum at P15 

Unpaired 
t-test 

n = 5 
at least 2 slices 
analysed from 5 

independent 
animals per 
treatment 

NaCl vs Eth p <
0.05* 

Fig. S5E 
Distribution of MBP 
bundle areas at P15 

Chi-square 
test 

n = 5 
at least 2 slices 
analysed from 5 

independent 
animals per 
treatment 

Chi-square, df 
0.7006, 6 

p = 0.9945; ns 

Fig. S6A 
Western blot MBP on 

cortical extracts at 
P45 

Unpaired 
t-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

NaCl vs Eth p =
0.8722; ns 

Fig. S6B 
Western blot MBP on 

cortical extracts at 
P45 

Two way 
ANOVA 
Tukey 

post-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

ANOVA 
Interaction F 
3.029; p =
0.3630; ns 

Sexe F 1.184; p =
0.5677; ns 

Treatment F 
0.2588; p =
0.7889; ns 

Fig. S6C 
Western blot MBP on 

corpus callosum 
extracts at P45 

Unpaired 
t-test 

n = 8 animals per 
age and per 
treatment 
Males = 4 

Females = 4 

NaCl vs Eth p =
0.2401; ns 

Fig. S6D 
Western blot MBP on 

corpus callosum 
extracts at P45 

Two way 
ANOVA 
Tukey 

post-test 

n = 8 animals per 
age and per 
treatment 
Males = 4 

Females = 4 

ANOVA 
Interaction F 
0.4496; p =
0.8090; ns 

Sexe F 1.434; p =
0.6669; ns 

Treatment F 
9.757; p =
0.2721; ns 

Fig. S6G 
MBP bundles density 

at P45 

Unpaired 
t-test 

n = 16 animals per 
age and per 
treatment 
Males = 8 

Females = 8 

NaCl vs Eth p =
0.9345; ns 

Fig. S6H 
MBP bundles area at 

P45 

Unpaired 
t-test 

n = 16 animals per 
age and per 
treatment 

NaCl vs Eth p =
0.8946; ns  

Table 5 (continued ) 

Experiments Test n p value 

Independents 
experiments 

*p < 0.05; **p <
0.01; ***p <

0.001; ****p <
0.0001 

Males = 8 
Females = 8 

Fig. S6I 
Distribution of MBP 
bundle areas at P45 

Chi-square 
test 

n = 5 
at least 2 slices 
analysed from 5 

independent 
animals per 
treatment 

Chi-square, df 
0.5808, 6 

p = 0.9967; ns 

Fig. S7A 
Latency to turn in the 

righting reflex test 
over time in Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 37 in NaCl; 
n = 37 in Eth 

Females NaCl = 17 
Females Eth = 18 
Males NaCl = 20 
Males Eth = 19 

ANOVA 
Interaction F 
12.98; p <
0.0001**** 

Ages F 23.86; p 
< 0.0001**** 
Treatment F 
0.2173; p =
0.4094; ns 

Tukey's 
P2 NaCl Females 

vs P2 Eth 
Females p <

0.01** 
P6 NaCl Females 

vs P6 Eth 
Females p <

0.05* 

Fig. S7B 
Latency to turn in the 

righting reflex test 
over time in Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 37 in NaCl; 
n = 37 in Eth 

Females NaCl = 17 
Females Eth = 18 
Males NaCl = 20 
Males Eth = 19 

ANOVA 
Interaction F 
6.634; p <
0.001*** 

Ages F 31.56; p 
< 0.0001**** 
Treatment F 
0.02647; p =
0.7511; ns 

Tukey's 
P2 NaCl Males vs 
P2 Eth Males p <

0.01** 

Fig. S7C 
Latency to turn at 
180◦ in negative 

geotaxis test over time 
in Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 37 in NaCl; 
n = 37 in Eth 

Females NaCl = 17 
Females Eth = 18 
Males NaCl = 20 
Males Eth = 19 

ANOVA 
Interaction F 
2.311; p =
0.3707; ns 

Ages F 8.6; p <
0.05* 

Treatment F 
0.09161; p =
0.7237; ns 

Fig. S7D 
Latency to turn at 
180◦ in negative 

geotaxis test over time 
in Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 37 in NaCl; 
n = 37 in Eth 

Females NaCl = 17 
Females Eth = 18 
Males NaCl = 20 
Males Eth = 19 

ANOVA 
Interaction F 
1.337; p =
0.5579; ns 

Ages F 9.388; p 
< 0.01** 

Treatment F 
1.147; p =
0.1838; ns 

Fig. S8A 
Distance travelled in 

the entire 
compartment at P15 
in three consecutive 

10-min periods 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interaction F 
0.9559; p =
0.5032; ns 

Time F 1.036; p 
= 0.4752; ns 
Treatment F 
0.3930; p =
0.4525; ns 

Fig. S8A 
Distance travelled in 

the entire 
compartment at P15 

over 30 min 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 

P15 NaCl vs P15 
Eth [0;30]; p =

0.6181; ns 
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Table 5 (continued ) 

Experiments Test n p value 

Independents 
experiments 

*p < 0.05; **p <
0.01; ***p <

0.001; ****p <
0.0001 

Males NaCl = 13 
Males Eth = 12 

Fig. S8B 
Distance travelled in 

the entire 
compartment at P15 
in three consecutive 
10-min periods in 

Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interaction F 
0.5178; p =
0.8421; ns 

Time F 0.2977; p 
= 0.9058; ns 
Treatment F 
0.0008; p =
0.9815; ns 

Fig. S8B 
Distance travelled in 

the entire 
compartment at P15 

over 30 min in 
Females 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30]; p =

0.9880; ns 

Fig. S8C 
Distance travelled in 

the entire 
compartment at P15 
in three consecutive 
10-min periods in 

Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interaction F 
2.556; p =
0.3876; ns 

Time F 5.312; p 
= 0.1435; ns 
Treatment F 
0.3875; p =
0.5911; ns 

Fig. S8C 
Distance travelled in 

the entire 
compartment at P15 
over 30 min in Males 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30]; p =

0.7254; ns 

Fig. S8D 
Immobility in the 

entire compartment at 
P15 in three 

consecutive 10-min 
periods 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interactions F 
0.7857; p =
0.5684; ns 

Time F 1.232; p 
= 0.4131; ns 
Treatment F 
0.3417; p =
0.4836; ns 

Fig. S8D 
Immobility in the 

entire compartment at 
P15 over 30 min 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30] p =

0.6407; ns 

Fig. S8E 
Immobility in the 

entire compartment at 
P15 in three 

consecutive 10-min 
periods in Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interactions F 
0.7385; p =
0.7819; ns 

Time F 0.1376; p 
= 0.9551; ns 
Treatment F 
0.4325; p =
0.5925; ns 

Fig. S8E 
Immobility in the 

entire compartment at 
P15 over 30 min in 

Females 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30] p =

0.7238; ns 

Fig. S8F 
Immobility in the 

entire compartment at 
P15 in three 

consecutive 10-min 
periods in Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interactions F 

2.0; p = 0.4775; 
ns 

Time F 5.456; p 
= 0.1380; ns 
Treatment F 
0.2101; p =
0.6932; ns  

Table 5 (continued ) 

Experiments Test n p value 

Independents 
experiments 

*p < 0.05; **p <
0.01; ***p <

0.001; ****p <
0.0001 

Fig. S8F 
Immobility in the 

entire compartment at 
P15 over 30 min in 

Males 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30] p =

0.7942; ns 

Fig. S8G 
Time spent in the 

central zone at P15 in 
three consecutive 10- 

min periods 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interaction F 
0.7809; p =
0.5334; ns 

Time F 12.02; p 
< 0.001*** 
Treatment F 
0.01559; p =
0.8741; ns 

Fig. S8G 
Time spent in the 

central zone at P15 
over 30 min 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30] p =

0.9003; ns 

Fig. S8H 
Time spent in the 

central zone at P15 in 
three consecutive 10- 

min periods in 
Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interaction F 
2.331; p =
0.3926; ns 

Time F 11.46; p 
< 0.05* 

Treatment F 
5.116; p < 0.05* 

Fig. S8H 
Time spent in the 

central zone at P15 
over 30 min in 

Females 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30] p =

0.0881; ns 

Fig. S8I 
Time spent in the 

central zone at P15 in 
three consecutive 10- 
min periods in Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interactions F 

2.412; p =
0.3644; ns 

Time F 14.00; p 
< 0.01** 

Treatment F 
1.987; p =
0.1982; ns 

Fig. S8I 
Time spent in the 

central zone at P15 
over 30 min in Males 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30] p =

0.3343; ns 

Fig. S9A 
Distance travelled in 

the entire 
compartment at P45 
in three consecutive 
10-min periods in 

Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interaction F 
0.1131; p =
0.9200; ns 

Time F 45.45; p 
< 0.0001**** 
Treatment F 
9.742; p <
0.001*** 
Tukey's 

P45 NaCl vs P45 
Eth [0;10] p <

0.05* 
Fig. S9A 

Distance travelled in 
the entire 

compartment at P45 
over 30 min in 

Females 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30] p <

0.05* 

Fig. S9B 
Distance travelled in 

Two way 
ANOVA 

n = 25 in NaCl; 
n = 24 in Eth 

ANOVA 
Interaction F 
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DCL ratio at P2 (Fig. 4E-G; *p < 0.05). Although observed at P15, the 
SCL/DCL imbalance was lower and no more significant (Fig. S2F). A 
similar analysis was performed in the corpus callosum and did not show 
a significant effect of PAE on the density of Olig2-positive cells 
(Fig. S2D). Altogether, these data indicate that Olig2-positive cells 
progressively invade the neocortex in a regionalized and timeline- 
dependent manner. During the postnatal period, PAE impaired the 
balance of Olig2-positive cells positioned in the deep and superficial 
cortical layers. 

3.4. PAE altered the expression of differentiation markers of the 
oligodendrocyte lineage in the developing cortex 

According to clinical data, consumption of alcohol during pregnancy 
can lead to white matter impairments (Mattson et al., 2011). Because 
studies performed in nonhuman primates supported the stage- 
dependent vulnerability of oligodendrocytes to alcohol (Creeley et al., 
2013), we studied the effect of PAE on the expression of differentiation 
markers of the oligodendrocyte lineage at stages where oligo-vascular 
defects were observed using RT–PCR and western blot (E20-P15; 
Fig. 5). PDGFRα served as a marker of progenitors (OPCs) and pre-
oligodendrocytes (pre-OLs), CNPase was used as a transition marker 
from pre-OLs to immature oligodendrocytes, MBP was used as a marker 
of mature oligodendrocytes, and Olig2 was used as a full lineage marker 
(Fig. 1C). Under control conditions, PDGFRα mRNA expression 

Table 5 (continued ) 

Experiments Test n p value 

Independents 
experiments 

*p < 0.05; **p <
0.01; ***p <

0.001; ****p <
0.0001 

the entire 
compartment at P45 
in three consecutive 
10-min periods in 

Males 

Tukey 
post-test 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

0.1656; p =
0.8297; ns 

Time F 53.00; p 
< 0.0001**** 
Treatment F 
16.29; p <
0.0001**** 

Tukey's 
P45 NaCl vs P45 
Eth [0;10] p <

0.01** 
P45 NaCl vs P45 
Eth [10;20] p <

0.01** 
P45 NaCl vs P45 
Eth [20;30] p <

0.001*** 

Fig. S9B 
Distance travelled in 

the entire 
compartment at P45 
over 30 min in Males 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30] p <

0.001*** 

Fig. S9C 
Immobility in the 

entire compartment at 
P45 in three 

consecutive 10-min 
periods in Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interactions F 
0.08662; p =
0.9394; ns 

Time F 44.76; p 
< 0.0001**** 
Treatment F 
9.509; p <
0.001*** 

Fig. S9C 
Immobility in the 

entire compartment at 
P45 over 30 min in 

Females 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30] p <

0.05* 

Fig. S9D 
Immobility in the 

entire compartment at 
P45 in three 

consecutive 10-min 
periods in Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interaction F 
0.2050; p =
0.7875; ns 

Time F 54.01; p 
< 0.0001**** 
Treatment F 
16.33; p <
0.0001**** 

Tukey's 
P45 NaCl vs P45 
Eth [0;10] p <

0.01** 
P45 NaCl vs P45 
Eth [10;20] p <

0.01** 
P45 NaCl vs P45 
Eth [20;30] p <

0.001*** 

Fig. S9D 
Immobility in the 

entire compartment at 
P45 over 30 min in 

Males 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P15 NaCl vs P15 
Eth [0;30] p <

0.001*** 

Fig. S9E 
Time spent in the 

central zone at P45 in 
three consecutive 10- 

min periods 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interactions F 
0.9409; p =
0.5118; ns 

Time F 0.3515; p 
= 0.7781; ns 
Treatment F  

Table 5 (continued ) 

Experiments Test n p value 

Independents 
experiments 

*p < 0.05; **p <
0.01; ***p <

0.001; ****p <
0.0001 

0.1230; p =
0.6755; ns 

Fig. S9E 
Time spent in the 

central zone at P45 
over 30 min 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P45 NaCl vs P45 
Eth [0;30] p =

0.7584; ns 

Fig. S9F 
Time spent in the 

central zone at P45 in 
three consecutive 10- 

min periods in 
Females 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interactions F 
0.6145; p =
0.8102; ns 

Time F 3.321; p 
= 0.3257; ns 
Treatment F 

0.001637; p =
0.9733; ns 

Fig. S9F 
Time spent in the 

central zone at P45 
over 30 min in 

Females 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P45 NaCl vs P45 
Eth [0;30] p =

0.9815; ns 

Fig. S9G 
Time spent in the 

central zone at P45 in 
three consecutive 10- 
min periods in Males 

Two way 
ANOVA 
Tukey 

post-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

ANOVA 
Interactions F 

1.335; p =
0.6192; ns 

Time F 2.766; p 
= 0.3730; ns 
Treatment F 
0.3924; p =
0.5959; ns 

Fig. S9G 
Time spent in the 

central zone at P45 
over 30 min in Males 

Unpaired 
t-test 

n = 25 in NaCl; 
n = 24 in Eth 

Females NaCl = 12 
Females Eth = 12 
Males NaCl = 13 
Males Eth = 12 

P45 NaCl vs P45 
Eth [0;30] p =

0.6839; ns  
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significantly increased from E20 to P2 and subsequently decreased to 
P15 (Fig. 5A; ****p < 0.0001). CNPase and MBP expression progres-
sively increased from E20 to P15 (Fig. 5B, C; ****p < 0.0001), whereas a 
bell-shaped profile of mRNA Olig2 expression was observed (Fig. 5D). 
PAE differentially impacted the expression of these markers. Specif-
ically, no effect on PDGFRα and Olig2 mRNA expression was noted 
(Fig. 5A, D; black bars), and a decrease in CNPase expression was 
quantified at P15 (Fig. 5B; black bars). Finally, a reduction in MBP 
expression was first detected at P2 and became significant at P15 
(Fig. 5C; black bars; ##p < 0.01). RT–PCR quantifications were sys-
tematically performed considering females and males (Fig. S3). While 
the data were, most of the time, similar between the two sexes, one 
result showed sex-dependent specificity. Indeed, the inhibitory effect of 
PAE on MBP expression was more pronounced in females (Fig. S3E; 
##p < 0.01). 

Western blot experiments revealed that PAE did not modify the 
expression of PDGFRα or Olig2 (Fig. 5E, F, I). CNPase protein levels were 
reduced by PAE at all stages E20 (p < 0.05), P2 (p < 0.01) and P15 
(Fig. 5E, G). MBP was not detected by western blot at E20 and P2, 
whereas PAE induced a marked decrease in MBP protein levels at P15 
(Fig. 5E, H; **p < 0.01). As performed for RT–PCR experiments, western 
blot data were expressed considering females and males at E20, P2 and 
P15 (Fig. S4). While the results were very similar between the sexes, the 
inhibitory effect of PAE on MBP protein levels was more pronounced in 
females (Fig. S4J). Altogether, these data indicate that PAE differentially 
impaired the expression of maturation markers of oligodendrocytes in 
the developing cortex, affecting CNPase and MBP, which are indicators 
of immature and mature oligodendrocytes, respectively. 

3.5. PAE inverted the distribution profiles of CNPase and MBP in the 
developing cortex 

Whereas RT–PCR and western blot experiments provide data 
regarding expression levels, the use of tissue homogenates did not make 
it possible to determine whether specific cortical areas were affected. To 
research evidence of alcohol-induced impairments of oligodendrocyte 
maturation in the developing cortex, we established the distribution 
profiles of CNPase and MBP immunoreactivities at P15 (Fig. 6). In the 
control condition, linescan acquisitions showed that CNPase immuno-
reactivity was distributed in all cortical layers (Fig. 6A, C). Quantifica-
tion of the areas under the curve (AUC) indicated that the CNPase- 
related signal was higher in layers V and VI (Fig. 6D; *p < 0.05). Simi-
larly, the cortical distribution of the MBP-like signal was determined at 
P15 (Fig. 6E-H). In control mice, the MBP-associated signal was maximal 
in layer VI and progressively decreased up to layer I (Fig. 6G). PAE 
induced a significant decrease in the MBP-integrated signal in cortical 
layer VI (Fig. 6H; *p < 0.05). Interestingly, the comparative analysis of 
CNPase and MBP profiles indicated that, in the control condition, line-
scan curves intersected at the level of layer V (Fig. 6I). In contrast, in the 
PAE group, CNPase and MBP profiles never intersected (Fig. 6J). 
Accordingly, the MBP/CNPase ratio was significantly reduced in layer 
VI after PAE (Fig. 6K; **p < 0.01). Altogether, these data indicate that 
the effects of PAE quantified by RT–PCR and western blot reflected 
impairment of the maturation profiles of oligodendrocytes along cortical 
layers. 

3.6. PAE impaired axonal myelination of efferent cortical axons 

Axons from cortical pyramidal cells constitute efferent projections 
and belong to interhemispheric and corticofugal pathways (Usrey and 
Sherman, 2019). To determine whether the modification of the CNPase/ 
MBP ratio evidenced at P15 in the developing cortex was associated with 
alteration of corticofugal pathways, we explored the effects of PAE on 
striatal myelinated (MBP-positive) bundles at P15 (Fig. S5A, B). How-
ever, PAE induced an increase in MBP-positive bundle density (Fig. S5C; 
*p < 0.01) as well as a significant decrease in their areas (Fig. S5D; **p 
< 0.01). Accordingly, the distribution of MBP-positive bundles showed 
that PAE increased the proportion of small bundles (Fig. S5E). Surpris-
ingly, the effects of PAE evidenced at P15 were not retrieved at P45 
(adult mice) for both MBP expression (Fig. S6A-D) and striatal bundles 
(Fig. S6E-I). Because efferent cortical fibers run through the corpus 
callosum, we performed electronic microscopy acquisitions at P15 to 
quantify the impact of PAE on myelinated axons (Fig. 7). Compared to 
the control condition, PAE induced a decrease in the density of 
myelinated axons (Fig. 7A, C, E; *p < 0.05). This effect was associated 
with a marked reduction in the thickness of the myelin sheath (Fig. 7B, 
D, F; ***p < 0.001). Furthermore, measurement of axonal section areas 
indicated that PAE increased the percentage of small axons (Fig. 7G). 
Altogether, these data indicate that the decrease in MBP expression after 
PAE is associated with both neuronal (reduced axon density) and 
oligodendrocyte (reduced myelin sheath) impairments. 

3.7. PAE induced neonatal sensorimotor disabilities and persistent 
locomotor disorders 

In several human pathologies and animal models, impaired myeli-
nation is associated with motor disabilities, although not exclusively 
(Niu et al., 2021; Ueda et al., 2018). To investigate whether PAE oligo- 
vascular impairments identified in the perinatal period are correlated 
with sensorimotor disorders, behavioral tests were conducted in PAE- 
exposed neonates from P2 to P8 (Fig. 8A, B; Fig. S7) as well as at P15 
(Fig. S8) and P45 (Fig. 8C-H and Fig. S9). In control neonates, the 
righting reflex test showed that latency to turn from the supine position 
to a normal prone position regularly decreased from P2 to P8 (Fig. 8A; 
black curve). In contrast, PAE neonates presented at P2 a tonic profile 
characterized by a propensity to rapidly return in the prone position 
(Fig. 8A; ****p < 0.001). However, no evolution of the latency to turn 
was measured until P6 (Fig. 8A; dotted curve). At P6, PAE neonates were 
substantially less rapid to turn than control neonates (Fig. 8A; ***p <
0.01). While observed in both females and males, the effect of PAE was 
more pronounced in females (Fig. S7A, B). In the negative geotaxis test, 
no effect of PAE was quantified regardless of the stage and sex consid-
ered (Fig. 8B; Fig. S7C, D). To assess the long-term motor effects of PAE, 
locomotor activity was analysed at P15 (Fig. S8) and P45 using an open 
field (Fig. 8C-H; Fig. S9). At P15, PAE had no significant effect on the 
locomotor activity of either females or males measured in the entire 
compartment or in peripheral and central areas (Fig. S8). Furthermore, 
PAE did not impair the time spent in the central zone (Fig. S8G-I). At P45 
(adult stage), PAE induced a marked reduction in the distance travelled 
by mice (Fig. 8C, F; red line tracking; ****p < 0.001 after 30 min). A 
similar effect was found when central and peripheral regions were 
separately analysed (Fig. 8D, E). To determine whether the decrease in 
the travelled distance resulted from a slower travel speed or longer pe-
riods of immobility, mobility maps were analysed (Fig. 8F; false color 

Fig. 2. Oligovascular interactions in the human fetal cortex. A. Immunohistochemistry experiments targeting Olig2 and CD34 in human neocortices from a FAS fetus 
at gestational week 29 (29GW). B. Focus on one vessel (x40), presenting associated (arrows) and nonassociated (arrowheads) Olig2-positive cells. C-E. 3D IMARIS 
reconstruction of Z-stacks acquired from B. The 3D map is visualized under three different angles (0◦; 65◦; 180◦). Morphometric analysis consisted of measuring the 
distance between Olig2-positive nuclei and the center of the microvessel (dotted bare line). F–H. Visualization of oligo-vascular interactions in the control fetus 
(Ctrl) at 30 GW at low (F) and high (G, H) magnification. I, J. Quantification of the number of vessel-associated Olig2-positive cells in the deep cortex of control (I) 
and FAS (J) fetuses. 
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scale). PAE induced a significant increase in the period of immobility 
(Fig. 8G; ****p < 0.001 after 30 min). These periods of immobility were 
essentially observed in the peripheral part of the open field (Fig. 8H). 
The effects of PAE on locomotor activity were similar between females 
and males (Fig. S9 A-D; *p < 0.05 and ***p < 0.001, respectively). 

4. Discussion 

The present study revealed the following highlights: i) as shown for 
cortical interneurons, oligodendrocytes invading cortical layers are 
associated with radial microvessels; ii) the vessel association of Olig2- 
positive cells is found in humans and mice; iii) despite vascular disor-
ganization induced by PAE, the vessel association of Olig2-positive cells 
persisted; iv) PAE transiently impaired the distribution of Olig2-positive 
cells between deep and superficial cortical layers; v) the effect of PAE on 
the cortical positioning of Olig2-positive cells was associated with dys-
regulation of the expression of differentiation markers of oligodendro-
cytes; and vi) PAE induced myelination deficits associated with long- 
term behavioral disabilities (Fig. 9). 

It is well established in the literature that alcohol consumption 
during pregnancy can lead to neurodevelopmental disabilities (Chasnoff 
et al., 2015; Riley et al., 2011) and, in particular, to white matter defects 
(Donald et al., 2015; Lebel et al., 2011; Riley et al., 1995). Recently, 
several studies have shown that PAE delays the maturation of oligo-
dendrocytes (Darbinian et al., 2021). For example, it has been described 
that prenatal alcohol exposure is associated with delayed oligodendro-
cyte maturation in the human fetal brain. Nevertheless, the processes 
involved in these developmental defects are far from understood. In the 
last decade, major discoveries have been made regarding modalities of 
tangential migration of immature oligodendrocytes (Tsai et al., 2016). 
Indeed, migrating OPCs generated in ganglionic eminences reach the 
developing corpus callosum using periventricular tangential micro-
vessels as guides (Tsai et al., 2016). In addition, numerous oligoden-
drocytes invade and populate the cortical layers, although their 
migration modalities remain unclear (Choe et al., 2014). We recently 
demonstrated in both human and animal models that PAE disorganizes 
the radial organization of cortical microvessels (Jégou et al., 2012; 
Lecuyer et al., 2017; Li et al., 2021). Regarding our recent data and those 
from Tsai and coworkers, it was tempting to hypothesize the existence of 
a vascular link in the deleterious effects of PAE on oligodendrocyte 
differentiation. 

4.1. Radial microvessels support cortical oligodendrocytes 

During brain development, immature GABAergic interneurons and 
oligodendrocytes share similarities starting with their migration (Luh-
mann et al., 2015; Paredes et al., 2018; Segara et al., 2019;). In contrast 
to the large majority of cortical glutamatergic neurons, most cortical 
GABAergic interneurons are generated in ganglionic eminences and 

reach the neocortex using a vessel-associated tangential migration mode 
(Luhmann et al., 2015; Won et al., 2013). In particular, migrating in-
terneurons arriving tangentially from the pial migratory route use radial 
microvessels in an outside-in direction to populate superficial cortical 
layers (Léger et al., 2020a). At a mechanistic level, the endothelial 
NMDA receptor contributes to the control of this migration process by 
activating MMP9 activity (Léger et al., 2020a). Similarly, cortical oli-
godendrocytes are generated in ganglionic eminences (Kessaris et al., 
2006). As demonstrated by Tsai and coworkers, these cells use peri-
ventricular microvessels to tangentially reach the corpus callosum and, 
subsequently, cortical layers (Tsai et al., 2016). At a mechanistic level, 
strong communication between endothelial cells and oligodendrocytes, 
including activation of the Wnt pathway, has been reported (Tsai et al., 
2016; Yuen et al., 2014). For example, a reduction in Wnt activity 
induced an altered angiogenic response resulting in white matter defects 
(Chavali et al., 2020). In the present study, a 3D-modelization approach 
was performed on cortices from human fetuses and mouse neonates and 
showed that up to 15% and 40% of Olig2-positive cells were associated 
with radial microvessels, respectively. Although additional experiments, 
such as time-lapse studies, would be interesting, these data suggest that, 
as recently shown for GABAergic interneurons, radial cortical micro-
vessels constitute a migration support for immature oligodendrocytes 
entering the neocortex. 

4.2. Effects of prenatal alcohol exposure on cortical vasculature and 
vessel-associated oligodendrocytes 

In humans, consumption of alcohol by pregnant women is frequently 
associated with a polyintoxication behavior associated with alcohol, 
tobacco, and cannabis (Forray, 2016). To clarify the effects of alcohol 
exposure on brain vasculature and Olig2-vessel association, we used a 
previously characterized TCAF-like mono-intoxication preclinical model 
(Jégou et al., 2012; Lecuyer et al., 2017; Léger et al., 2020b). In 
particular, alcohol exposure during the last days of mouse gestation 
(GD15 to birth) induces cortical vascular impairments without the 
characteristic facial dysmorphisms described in FAS models (Petrelli 
et al., 2018). Surprisingly, a time-course study of cortical vascular 
development at three developmental stages (E20, P2 and P15) revealed 
that PAE impaired the cortical vasculature at E20 and P2 but that this 
effect was no longer observed at P15. A possible interpretation of these 
data would be that the absence of alcohol exposure from P2 to P15, at a 
period where cortical angiogenesis is still occurring (Harb et al., 2013), 
attempted vascular impairments. To test this hypothesis, it would be 
interesting to investigate whether early postnatal alcohol exposure 
(from P3 to P15), corresponding to the third trimester of pregnancy in 
humans, could durably impair cortical microvasculature (Kelly et al., 
1990; Xu et al., 2018). 

Several studies from the literature established that in utero alcohol 
exposure impaired the survival and positioning of different cell types, 

Fig. 3. Effect of PAE on oligo-vascular interactions in the neocortex of mouse neonates. A. Visualization by double immunolabeling of Olig2-positive cells and 
microvessels (CD31) in the developing cortex at P2 (A). B. 3D map reconstruction of the Z-stack acquisition shown in A. Cells interacting with microvessels (distance 
<10 μm) are indicated by arrows. Olig2-positive cells at the distance of microvessels are indicated by arrowheads. A video is provided as a supplementary file to 
clearly objectivize cell distances. C, D. Immunohistochemistry experiments visualizing the association of Olig2-positive cells with radial microvessels in control (C) 
and alcohol-exposed (D) cortices at E20. E. Distribution of microvessel orientation (angle classes) in the developing cortex of control (white bars) and alcohol-exposed 
(black bars) mice at E20. Statistical analysis was performed using the χ2 test. F. Percentage of Olig2-positive cells associated with microvessels in the developing 
superficial (SCL) and deep (DCL) cortical layers of control (white bars) and alcohol-exposed (black bars) mice at E20. Statistical analysis was performed using two- 
way ANOVA. G, H. Immunohistochemistry experiments visualizing the association of Olig2-positive cells with radial microvessels in control (G) and alcohol-exposed 
(H) cortices at P2. I. Distribution of microvessel orientation (angle classes) in the developing cortex of control (white bars) and alcohol-exposed (black bars) mice at 
P2. Statistical analysis was performed using the χ2 test. J. Percentage of Olig2-positive cells associated with microvessels in the developing superficial (SCL) and deep 
(DCL) cortical layers of control (white bars) and alcohol-exposed (black bars) mice at P2. Statistical analysis was performed using ANOVA. K, L. Immunohisto-
chemistry experiments visualizing the association of Olig2-positive cells with radial microvessels in control (G) and alcohol-exposed (H) cortices at P15. M. Dis-
tribution of microvessel orientation (angle classes) in the developing cortex of control (white bars) and alcohol-exposed (black bars) mice at P15. Statistical analysis 
was performed using the χ2 test. N. Percentage of Olig2-positive cells associated with microvessels in cortical layers I-IV and V-VI of control (white bars) and alcohol- 
exposed (black bars) mice at P15. Statistical analysis was performed using ANOVA. CC: corpus callosum; DCL: deep cortical layers; SCL: superficial cortical layers; 
Eth: Ethanol, I-VI: cortical layers I to VI. 
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such as interneurons (Léger et al., 2020b) and oligodendrocytes (Creeley 
et al., 2013). However, considering that migration of these two cell types 
is vessel associated (Dejana and Betsholtz, 2016; Tsai et al., 2016), we 
explored whether PAE could impair the vessel association of oligoden-
drocytes. Data revealed that, regardless of the stage considered from E20 

to P15 and despite vascular disorganization, in utero alcohol exposure 
did not modify the proportion of Olig2-positive cells associated with 
cortical microvessels. Altogether, these results suggest that i) the 
recruitment process of oligodendrocytes with microvessels is not 
affected by alcohol and ii) if oligodendrocytes remain vessel associated 

Fig. 4. Effects of PAE on the whole density of Olig2-positive cells in the developing cortex. A, B. Visualization of Olig2-positive cells in the developing cortex at P2 of 
control (A) and alcohol-exposed (B) fetuses. Olig2-positive cells were observed in both superficial (SCL) and deep (DCL) cortical layers. Microvessels were visualized 
using CD31 immunolabeling. C, D. Time course of the density of Olig2-positive cells in deep (C) and superficial (D) cortical layers of control (white bars) and in utero 
alcohol-exposed mice (black bars) at E20, P2 and P15. E, F. Ratio of Olig2-positive cell densities between superficial and deep cortical layers in control (E) and in 
utero alcohol-exposed mice (black bars) at E20, P2 and P15. G. Comparison of the SCL/DCL ratio between the control and alcohol groups at P2. ****p < 0.0001, two- 
way ANOVA followed by Tukey's post-test; *p < 0.05 vs. control using the unpaired t-test. DCL: deep cortical layers; SCL: superficial cortical layers; Eth: Ethanol. 

Fig. 5. Effects of PAE on the expression of differentiation markers of the oligodendrocyte lineage. A-D. Effect of PAE on PDGFRα (A), CNPase (B), MBP (C) and Olig2 
(D) mRNA expression levels in cortical extracts from control (white bars) and in utero alcohol-exposed mice (black bars) at E20, P2 and P15. ****p < 0.0001, **p <
0.01 vs. control, two-way ANOVA followed by Tukey's post-test. E-I. Effect of PAE on PDGFRα (E, F), CNPase (E, G), MBP (E, H) and Olig2 (E, I) protein expression in 
cortical extracts from control (white bars) and in utero alcohol-exposed mice (black bars) at E20, P2 and P15. MBP was not detected by western blot at E20 and P2. *p 
< 0.05, **p < 0.01 vs. control using the unpaired t-test. 
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and the microvascular network disorganized, then the positioning of 
Olig2-positive cells could be impaired. 

4.3. PAE induced transient oligodendrocyte mispositioning in cortical 
layers 

During brain development, the vascular network is established 
before OPC emergence (Daneman et al., 2009). Therefore, alcohol- 
induced vascular defects could lead to an incorrect migratory route for 
nervous cells. Consistent with this hypothesis, it has been recently 
shown that PAE induces a mispositioning of GABAergic interneurons in 
human and mouse models (Léger et al., 2020b; Marguet et al., 2020). 
Using preclinical models, it was shown that alcohol in addition to dis-
organizing microvessels impaired the activity of endothelial cells, such 
as glutamate-induced calcium mobilization and in situ activation of 
endothelial metalloproteinases (MMP9; Léger et al., 2020a). These ef-
fects were, at least in part, mimicked by invalidation of the endothelial 
NMDA receptor (Léger et al., 2020b). Consistent with these data, our 

experiments showed an imbalance of Olig2-positive cells in the devel-
oping cortex at birth (P2). After PAE, a greater proportion of oligoden-
drocytes was found in deep cortical layers compared with superficial 
cortical layers. Again, as noted for microvasculature, this effect was 
significant at P2 and attenuated at P15 if still observed. Altogether, these 
data suggest that ethanol delayed the positioning of oligodendrocytes 
entering cortical layers in our model of PAE. 

4.4. PAE impaired the differentiation profile of cortical oligodendrocytes 

To determine whether the effects of PAE on the cortical distribution 
of oligodendrocytes were associated with differentiation defects, we 
explored the expression and distribution of PDGFRα, CNPase and MBP, 
which are representative of different maturation stages of the lineage 
(Barateiro et al., 2016). Western blot analyses revealed that PAE 
markedly reduced the expression of CNPase, a myelin-associated 
enzyme, and MBP, a major constituent of the myelin sheath (Barateiro 
et al., 2016). Again, these effects were stage dependent. Specifically, 

Fig. 6. Effects of PAE on the cortical distribution profile of CNPase and MBP immunoreactivities. A, B. Visualization of CNPase-positive cells in the developing cortex 
of control (A) and in utero alcohol-exposed (B) mice at P15. C. Distribution profiles by scanline analysis of CNPase immunoreactivity in cortical layers of control 
(black curve) and in utero alcohol-exposed (red curve) mice at P15. D. Quantification of the relative distribution of CNPase immunoreactivity between the cortical 
layers of control (white bars) and in utero alcohol-exposed (black bars) mice at P15. E, F. Visualization of MBP-positive cells in the developing cortex of control (E) 
and in utero alcohol-exposed (F) mice at P15. G. Distribution profiles by scanline analysis of MBP immunoreactivity in the cortical layers of control (black curve) and 
in utero alcohol-exposed (red curve) mice at P15. H. Quantification of the relative distribution of MBP immunoreactivity between cortical layers of control (white 
bars) and in utero alcohol-exposed (black bars) mice at P15. I, J. Comparison of the CNPase (green curves) and MBP (blue curves) distribution profiles in control (I) 
and in utero alcohol-exposed (J) mice at P15. K. Comparison of the MBP/CNPase ratio in the cortical layers from control (white bars) and in utero alcohol-exposed 
(black bars) mice at P15. *p < 0.05, **p < 0.01 vs. control using unpaired t-test. Crtl: Control; Eth: Ethanol. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 7. Effects of PAE on axonal myelination in the corpus callosum. A-D. Visualization by electronic microscopy of myelinated axons at low (A, C) and high (B, D) 
magnification in transverse sections of corpus callosums from control (A, B) and in utero alcohol-exposed mice at P15. E. Quantifications of the density of myelinated 
fibers in the corpus callosum of control (white bar) and in utero alcohol-exposed (black bar) mice at P15. *p < 0.05 vs. control using unpaired t-test. F. Quantification 
of the myelin sheath of axons in the corpus callosum of control (white bar) and in utero alcohol-exposed (black bar) mice at P15. ***p < 0.001 vs. control using 
unpaired t-test. G. Distribution of myelinated axon areas in the corpus callosum of control (white bar) and in utero alcohol-exposed (black bar) mice at P15. Areas of 
axonal sections were distributed in 5 classes ranging from]0;2] to >10 μm2. Statistical analysis was performed using the χ2 test. NaCl: Control; Eth: Ethanol. 
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Fig. 8. Effects of PAE on sensorimotor disabilities. A. Time course quantification of the latency to turn from supine to prone position of control (black line) and 
alcohol-exposed (dotted line) neonates. The righting reflex test was performed from P2 to P8. ***p < 0.001, ****p < 0.0001 vs. control group using two-way ANOVA 
followed by Tukey's post-test. B. Time course quantification of the latency to turn from face-down to face-up position of control (black line) and alcohol-exposed 
(dotted line) neonates. The negative geotaxis tests were performed from P5 to P8. Statistical analysis was performed using two-way ANOVA followed by Tukey's 
post-test. C–F. Quantification of the distance travelled by control (white bars) and in utero alcohol-exposed (black bars) mice at P45. Distance covered was measured 
during the first 30 min of recording and analysed in the whole (C), central (D) and peripheral (E) zones of the open field. F. Visualization of the tracking and heatmaps 
used to quantify the distance travelled and immobility of control (NaCl) and in utero alcohol-exposed (Alcohol) mice at P45. The false color scale visualizes low (blue) 
and high (red) durations of immobility. G, H. Quantification of immobility of control (white bars) and in utero alcohol-exposed (black bars) mice at P45. Immobility 
was measured during the first 30 min of recording and analysed in the whole (G), central (H) and peripheral (H) zones of the open field. *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001 vs. control using two-way ANOVA followed by Tukey's post-test and unpaired t-test. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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CNPase reduction was maximum at P2, whereas the effect of PAE on 
MBP was first found at P15 and vanished in adulthood. As suggested by 
transient vascular impairments and transient Olig2 positioning, these 
data support a delay in the late differentiation of oligodendrocytes. 
Consistent with these results, Cantacorps et al. (2017) also found a 

reduction in several myelin markers after prenatal and early neonatal 
alcohol exposure in mice. Similarly, late exposure to alcohol in a binge 
drinking model also reduced myelin marker expression (Rice and Gu, 
2019), indicating a high sensitivity of oligodendrocytes to ethanol 
regardless of the alcohol exposure protocol. Even if performed from 

Fig. 9. Graphical abstract integrating neurodevelopmental highlights in humans (A) and mice (B). Data from non-exposed and in utero-exposed to alcohol are 
represented by circled and squared numbers, respectively. Each symbol is described in the graph legend. 
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microdissected extracts, RT–PCR and western blot experiments do not 
inform on the cortical maturation profile of oligodendrocytes. Focusing 
on immature (CNPase positive) and mature (MBP positive) oligoden-
drocytes, scanline analysis was performed in the developing cortex at 
P15 and showed that the highest level of intensity profiles corresponding 
to mature oligodendrocytes was found in cortical layers V and VI (Tan 
et al., 2009). PAE reversed the CNPase and MBP intensity profiles, 
especially in layer VI, suggesting that the effects of alcohol on CNPase 
and MBP expression affected cell populations present in layer VI. Data 
from Southwell and co-workers revealed that, during cortical develop-
ment, cell fate of GABAergic interneurons entering the developing cor-
tex is under control of trophic factors (Southwell et al., 2012). The 
present study provides first evidence that, as recently discovered for 
GABAergic interneurons (Léger et al., 2020a), there is a vascular asso-
ciation of oligodendrocytes entering the neocortex. Consequently, the 
present study raises the hypothesis of a functional link between impaired 
vessel-associated migration and impaired differentiation of oligoden-
drocytes after PAE. Supporting this hypothesis, it has been recently 
shown using Grin1lox/lox-VeCadCre mice that the endothelial NMDA re-
ceptor is involved in cell fate of GABAergic interneurons (Léger et al., 
2020a). Among new research avenues it would be tempting to investi-
gate if in Grin1lox/lox-VeCadCre transgenic mice the differentiation of 
oligodendrocytes is impaired. Interestingly, two recent clinical studies 
including one of our research group revealed an increase in progenitor 
markers and a decrease in mature oligodendrocyte markers in the brains 
of human fetuses prenatally exposed to alcohol (Darbinian et al., 2021; 
Marguet et al., 2022). Altogether, these data indicate that the mis-
positioning of Olig2-positive cells observed in deep cortical layers after 
PAE is associated with an immature-like oligodendrocyte profile. 

4.5. PAE induced transient white matter damage but long-term locomotor 
impairments 

Axon myelination is required for correct nerve impulse conduction, 
neuronal integrity and metabolic support (Fields and Dutta, 2019; Phi-
lips and Rothstein, 2017). In humans, it has long been established that in 
utero alcohol exposure alters corpus callosum formation, leading to 
global white matter reduction (Sowell et al., 2002) as well as callosal 
agenesis in the more severe cases (Lebel et al., 2011; Riley et al., 1995). 
The present data revealed that at P15, PAE induced a significant 
reduction in i) MBP expression in cortical layers, ii) a reduction in 
myelin sheath and axonal sections in the corpus callosum and iii) a 
disorganization of myelinated bundles in the striatum, a corticofugal 
target. Again, as found for microvasculature disorganization, the effects 
of PAE on MBP expression and myelinated bundles were not retrieved in 
adult mice, supporting a recovery process. Interestingly, a recent study 
showed a very similar disorganization of axonal fibers in the rat corpus 
callosum after alcohol exposure (Newville et al., 2022). However, two 
main differences emerged between the two studies. First, contrasting 
with our data, the myelination impairments persisted in adult rats in the 
study from Newville and coworkers. Second, the authors used a post-
natal (P3-P15) window of exposure rather than a prenatal (E15-Birth) 
window, as we did. Altogether, these data suggest that the later the 
exposure occurred, the lower the recovery. 

In humans, FAS corresponds to the more severe expression of FASD 
and is characterized by morphological abnormalities, such as facial 
dimorphism (Riley et al., 2011); neurodevelopmental impairments, such 
as reduction of the corpus callosum volume (Darbinian and Selzer, 
2022), and behavioral troubles (De Ávila et al., 2020; Kleiber et al., 
2011). Using fine morphometric and imagery tools, several research 
groups have tried to correlate dysmorphism and/or neurodevelopmental 
defects with behavioral disorders to improve diagnosis (Biffen et al., 
2018; Fan et al., 2016). However, the early diagnosis of FASD remains 
challenging, and numerous infants are still undiagnosed until school age 
(Chasnoff et al., 2015). Interestingly, the present data showed, using a 
FASD model of prenatal alcohol exposure, that neonates who presented 

marked perinatal oligovascular impairments subsequently developed 
long-term behavioral deficits (reduced locomotor activity; Cantacorps 
et al., 2017). 

Although they are few, some clinical studies compared the effects of 
PAE between girls and boys (Uban et al., 2017; May et al., 2017). Even if 
both genders had mostly similar outcomes (May et al., 2017), consid-
ering white matter microstructures, data from Uban and co-workers 
revealed that girls with PAE exhibited lower fractional anisotropy, an 
indicator of impaired myelination (Uban et al., 2017). In the present 
study, qRT-PCR, western blot, and behavioral experiments were per-
formed considering females and males. Consistent with clinic, results 
showed similar trajectories between females and males. However, fine 
sex differences were observed. In particular, qRT-PCR and western blot 
experiments showed that, during the first two postnatal weeks, the 
inhibitory effect of PAE on MBP expression was more pronounced in 
female mice. Because perinatal life is a critical period for sexual differ-
entiation of the brain (Lenz et al., 2012). These data suggest that 
environmental-induced defects occurring during perinatal life may 
result in gender-specific disabilities (VanRyzin et al., 2020). 

In conclusion, it is now well established that prenatal alcohol expo-
sure represents a main cause of neurobehavioral troubles. Numerous 
studies have focused on nerve cells, ignoring the recently evidenced 
neurovascular dysfunction. On the one hand, cortical microvessels are 
altered by PAE both in humans and mice. On the other hand, oligo-
dendrocytes require microvessels to reach the neocortex from ganglionic 
eminences. Using an in utero exposure model of FASD, the present study 
provides the first evidence that PAE induced a transient disorganization 
of the cortical microvasculature, whereas the vessel association of 
immature oligodendrocytes was preserved. Concomitantly, a mis-
positioning and a delayed differentiation profile of oligodendrocytes 
were observed in cortical layers. Whereas most of these morphometric 
and developmental parameters were transient and observed in the first 
two postnatal weeks, offspring will develop long-term motor behavioral 
deficits. Altogether, these data support that alcohol-induced vascular 
defects recently described in human neonates may provide new research 
avenues for the early diagnosis of FASD in infants. Supplementary fig-
ures for this article can be found online. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2022.105791. 
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