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Maternal immune activation leads to defective
brain–blood vessels and intracerebral hemorrhages
in male offspring
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Abstract

Intracerebral hemorrhages are recognized risk factors for neurode-
velopmental disorders and represent early biomarkers for cognitive
dysfunction and mental disability, but the pathways leading to
their occurrence are not well defined. We report that a single
intrauterine exposure of the immunostimulant Poly I:C to pregnant
mice at gestational day 9, which models a prenatal viral infection
and the consequent maternal immune activation, induces the
defective formation of brain vessels and causes intracerebral hem-
orrhagic events, specifically in male offspring. We demonstrate
that maternal immune activation promotes the production of the
TGF-b1 active form and the consequent enhancement of pSMAD1-5
in males’ brain endothelial cells. TGF-b1, in combination with IL-1b,
reduces the endothelial expression of CD146 and claudin-5, alters
the endothelium–pericyte interplay resulting in low pericyte cover-
age, and increases hemorrhagic events in the adult offspring. By
showing that exposure to Poly I:C at the beginning of fetal cerebral
angiogenesis results in sex-specific alterations of brain vessels, we
provide a mechanistic framework for the association between
intragravidic infections and anomalies of the neural vasculature,
which may contribute to neuropsychiatric disorders.
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Introduction

The proper formation of the neurovascular unit (NVU) ensures the

segregation of the brain parenchyma from blood-borne circulating

molecules, preventing vasogenic edema, passage of harmful sub-

stances, and microbe invasion (Saunders et al, 2012; Goasdou�e

et al, 2017). Furthermore, a healthy NVU can rapidly respond and

adapt to the metabolic demands of neurons, allowing the transfer of

nutrient molecules and oxygen as needed (Sweeney et al, 2019).

Under this respect, the formation, maturation, and maintenance of

an intact brain vasculature are crucial processes for brain homeosta-

sis and proper neuronal functioning.

In mice, endothelial cells start the formation of the brain–blood

vessels around embryonic day 9.5 (E9.5) (Mancuso et al, 2008). The

subsequent maturation of interendothelial tight junctions (TJ) and

recruitment of pericytes by E10 (Armulik et al, 2010), and astrocytes

a week later (Daneman et al, 2010), allow the completion of vessel

sealing. Seal failure, regardless of its origin, is an early marker of cog-

nitive dysfunction and mental disability (Moretti et al, 2015; Bell

et al, 2019; Nation et al, 2019), with prenatal and perinatal cerebral

bleedings being associated with autism (Gardener et al, 2011),

depression (Preti et al, 2000), cerebral palsy (Gardner, 2005), and

bipolar disorder (Kinney et al, 1998). Moreover, perinatal brain hem-

orrhages are a recognized risk factor for schizophrenia (Rosanoff

et al, 1934; Torrey et al, 1975), a condition that can be modeled by

prenatal injections of pro-hemorrhagic agents in rodents (Mirendil

et al, 2015). Although anomalies in the NVU formation can result in

long-lasting consequences and impairments in brain maturation, the

origins of these anomalies are still not fully clarified.

Extensive epidemiological evidence links intragravidic infections

to the later occurrence of neuropsychiatric disorders in the progeny

(Knuesel et al, 2014; Brown & Meyer, 2018; Al-Haddad et al, 2019;

Lydholm et al, 2019; L�opez-Aranda et al, 2021) and identifies influ-

enza virus infection as one of the most well-replicated risk factors

for schizophrenia (Brown & Derkits, 2010). In recent years, the

maternal immune activation (MIA) model has provided insightful

data, demonstrating that sterile inflammation—mostly induced by

the means of lipopolysaccharide (LPS) or polyinosinic:polycytidylic

acid (Poly I:C) injections during pregnancy—is sufficient to induce
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gender-specific autistic-like and schizophrenia-like behaviors in the

offspring (Corradini et al, 2018; Hui et al, 2018; Al-Haddad et al,

2019). These observations led us to test the hypothesis that early

prenatal immune activation may impact brain–blood vessel forma-

tion and function. We report a male-specific alteration of the early

endothelium–pericytes interplay in MIA offspring, which results in

defective barrier sealing and intracerebral hemorrhages.

Results

MIA offspring show a sex-specific remodeling of brain vessels
leading to increased permeability

We aimed to establish whether Poly I:C-induced maternal immune

activation can divert the developmental trajectory of brain vessels

and the blood–brain barrier (BBB) formation in the offspring. To

this aim, a single Poly I:C i.p. injection (2 mg/kg—

Appendix Fig S1A) was given to pregnant mice at gestational day 9

(GD9), which corresponds to the beginning of brain angiogenesis

(Mancuso et al, 2008). Morphological and functional analyses of the

brain vasculature were performed in male and female offspring at

different time points, from GD9 to P90 (Appendix Fig S1B). As

already shown, this experimental protocol leads to a significant

increase in IL-6 in the plasma of treated dams (Corradini et al,

2018). Consistently, ELISA analysis of IL-1b, IL-6, and IL-1RA—per-

formed on the amniotic fluids collected from E17 embryos—showed

a significant increase in IL-6 in the intrauterine environment of Poly

I:C-treated offspring versus the control (Appendix Fig S1C), confirm-

ing the induction of sterile inflammation.

To assess if Poly I:C-induced inflammation leads to an altered

vascular geometry in the offspring, we analyzed the cerebral vessels

of intravenously DiI-labeled P90 males and females. The 3D render-

ing of the cortical vasculature revealed that Poly I:C males (Fig 1A

and B), but not females (Fig 1C and D), display a higher number of

vessels per area analyzed, which accounts for a longer and more

branched vascular tree (Fig 1A and B). Moreover, while males pre-

sent a significant reduction in the mean vessel’s diameter, females

show the opposite phenotype coupled with accompanied by an

increased length of the branches (Fig 1A–D). These results were

confirmed by the vessel geometry analysis performed in CD31-

stained male brain slices (Appendix Fig S2A and B). Thus, MIA con-

sequent to injection of low-dosage Poly I:C at GD9 causes a sex-

specific remodeling of the brain vessels in the offspring.

To assess the functional integrity of the brain–blood vessels,

Poly I:C and vehicle-treated offspring were tested through Evans

blue (EB) injections at P30 and P90. EB is a small dye that binds to

the 67 kDa plasma protein albumin which, in the presence of an

intact barrier, is prevented from entering the brain parenchyma

(Yao et al, 2018). After EB administration, mice were perfused with

the same amounts of saline solution, and EB in the brain

parenchyma was quantified by absorbance at 620 nm, a wavelength

far from the one of hemoglobin (i.e., 540–576 nm) (Liu et al, 2012).

An increase in EB extravasation was detected in male brains at both

P30 (Fig 1E) and P90 (Fig 1F), while no sealing defect was detect-

able in females (Fig 1I and J). EB and albumin extravasation in Poly

I:C males were also detectable by microscopy analyses

(Appendix Fig S2C and D).

To define the molecular basis of the barrier leakiness, we ana-

lyzed by western blotting the expression of the main junctional pro-

teins of the brain–blood vessels—claudin-5, zonula occludens-1

(ZO-1) and occludin—in the offspring cerebral cortex tissues at P90.

Male offspring showed a significantly reduced expression of

claudin-5 and ZO-1 (Fig 1G and H) in the absence of differences for

occludin (Appendix Fig S2E). No significant difference in tight junc-

tion protein expression was found in females (Fig 1K and L;

Appendix Fig S2B). Immunofluorescence staining for claudin-5 and

ZO-1 confirmed a reduced expression and a disorganized morphol-

ogy of the two proteins in brain sections from P90 male MIA off-

spring (Fig 1M–Q).

To test if the BBB breakdown observed in the Poly I:C male off-

spring was dependent on the time of the MIA insult, we compared

the effects produced by Poly I:C injection at GD9-MIA or P20 (Fig 1R

and S). In the latter condition, male mice were injected with Poly I:

C at P20—when most of the angiogenesis process in the brain has

ended (Coelho-Santos & Shih, 2020)—and examined at P90 (Fig 1S).

Results indicated that, when challenged at P20, P90 mice did not

show EB leakage (Fig 1T), or variations in the expression of

claudin-5 (Fig 1U), ZO-1 (Fig 1V), or occludin (Appendix Fig S2G).

These data indicate that male offspring, differently from their female

siblings, display a looser barrier and defective junctional proteins

when exposed to MIA at early gestational stages.

MIA offspring display a sex-specific altered expression of
vascular and inflammatory genes

The observation that the BBB breakdown occurs in males upon

Poly I:C injection at GD9, but not P20, points to the in utero

developmental period as the sensitive time window for the MIA

effect in a sex-specific manner. Since the process of cerebral vas-

culogenesis and angiogenesis is orchestrated by a precise time-

dependent expression of specific molecular players, we hypothe-

sized that MIA may disrupt the genetic program of cerebrovascu-

lar development in a gender-specific manner. We thus performed

a temporal gene expression analysis of a panel of crucial molecu-

lar determinants for BBB formation in male and female tissues.

Examined gene transcripts included platelet endothelial cell adhe-

sion molecule (Pecam1), which encodes for CD31, a transmem-

brane homophilic receptor highly expressed by ECs; CD248, a PC

marker of embryonic neovascularization (Virgintino et al, 2007);

vascular endothelial growth factor A (VEGFa), which largely

affects EC properties including increasing vascular permeability,

angiogenesis, cell migration and inhibiting apoptosis (Mackenzie

& Ruhrberg, 2012); platelet-derived growth factor subunit B

(PDGFb), an essential mediator of PC recruitment (Bell et al,

2010); transforming growth factor beta (TGF-b), a pleiotropic cyto-

kine involved in both suppressive and inflammatory immune

responses in addition to a master regulator of blood vessel forma-

tion and NVU maturation (Gaengel et al, 2009; Winkler et al,

2011); and forkhead box F2 (Foxf2), a central nervous system

(CNS) pericytes specific marker linked to the regulation of PC

number and proliferative rate speed (Reyahi et al, 2015). The

gene expression analysis was conducted at three different time

points (Fig 2A–F): early (6 h after MIA), intermediate (E17), and

long-term (P90). The early time point, i.e., 6 h after the injection

of Poly I:C or vehicle into the dams, coincides with the peak of
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pro-inflammatory cytokines expression into the fetal brain after

the Poly I:C treatment (Corradini et al, 2018).

We found that Poly I:C male offspring show profound alterations

in the expression of all the analyzed vascular-associated genes at

E17, with TGF-b1 being the most consistently deregulated gene at

all the time points (Fig 2A–C). Soon after 6 h from Poly I:C injection,

male offspring already showed a reduced expression of VEGFa and

a concomitant upregulation of TGF-b1 (Fig 2A) which persisted at

P90 (Fig 2C). Conversely, gene expression analysis in the female

MIA offspring revealed the alteration of a few vascular markers only

at the earliest time point (GD9 + 6 h) (Fig 2D), with no apparent

consequences on the subsequent maturation stages (Fig 2E and F).

Specifically, Poly I:C female offspring showed an upregulation of

CD248 and TGF-b2 genes with a contemporary downregulation of

VEGFa (Fig 2D).

We then analyzed the pattern of inflammatory cytokines

response upon MIA at the same time points. In accordance with our

previous study (Corradini et al, 2018), we found an elevation of IL-

1b at early time points, which interestingly occurred specifically in

males (Fig 2G). No alterations of IL-1 family members or IL-6 mRNA

were detected in either males (Fig 2H and I) or females (Fig 2J–L) at

any of the subsequent temporal windows. These data indicate that

males and females react differently at the transcriptional level to

prenatal inflammatory challenges.

A

E F G H I J K L
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Figure 1.
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To assess whether the sex-specific and temporally restricted

upregulation of IL-1b consequent to MIA (Fig 2G) was causally

linked to the observed TGF-b pathway alteration, a gene expression

analysis was performed on the cerebral tissues of IL-1R KO mice,

prenatally challenged with Poly I:C or vehicle at GD9 and examined

at GD9 + 6 h and E17 (Appendix Fig S3A–D). We found that, in IL-

1R KO mice exposed to Poly I:C, IL-1b was not upregulated and no

variations in TGF-b1-2-3 gene expression occurred, in either sex or

at any developmental stages analyzed (Appendix Fig S3A–D). These

data suggest a causal role of IL-1b in TGF-b elevations. Further, the

gender-biased response to MIA did not result from different basal

levels of IL-1 gene expression, as demonstrated by the lack of sex

differences in Il1a, Il1b, and IL1rn expression levels

(Appendix Fig S3E) or IL-1b (Appendix Fig S3F) and IL-1ra

(Appendix Fig S3G) measured by ELISA on embryo tissues.

To define whether the TGF-b mRNA elevation occurring in the

male offspring upon MIA was paralleled by protein increase in

concentration, we performed TGF-b1 ELISA quantitation on brain

tissues at E17 differentiating the latent and the biologically active

form of TGF-b1. Interestingly, the active form of TGF-b1—bioavail-

able and capable of binding its receptor and thus exerting biologi-

cal functions (Robertson & Rifkin, 2016)—was significantly

increased in males (Fig 2N) but not in females (Fig 2P), while total

TGF-b1 was not altered in males (Fig 2M) and was slightly

reduced in females (Fig 2O). Of note, no elevation in TGF-b1 pro-

tein, neither in the active nor in the latent form, was found in the

◀ Figure 1. GD9 Poly I:C-induced MIA causes sex-specific remodeling of the brain vessels and BBB breakdown.

A 3D rendering of the cerebrovascular tree in brain slices from male P90 Ctrl and Poly I:C MIA offspring stained with intravascular DiI (red). Scale bar = 50 lm.
B DiI-positive blood vessel geometry analysis—quantification of blood vessel number, diameter (mean and cumulative frequency distribution), length, number of

branch segments, and average branch length—of P90 male Ctrl and Poly I:C MIA offspring. Vessel number for Ctrl (20.93 � 1.73) and Poly I:C (27.41 � 1.99) MIA off-
spring, Mann–Whitney U-test, **P < 0.01. Mean diameter for Ctrl (5.58 � 0.01) and Poly I:C (4.96 � 0.01) MIA offspring, Mann–Whitney U-test, ****P < 0.0001. The
total length of vessel per image for Ctrl (6.12 � 0.76) and Poly I:C (9.83 � 1.48) MIA offspring, Mann–Whitney U-test, **P < 0.01. A number of branches for Ctrl
(9.60 � 0.54) and Poly I:C (15.80 � 1.21) MIA offspring, Mann–Whitney U-test, *P < 0.05. Average branch length for Ctrl (34.07 � 1.35) and Poly I:C (33.47 � 1.67)
MIA offspring.

C 3D rendering of the cerebrovascular tree in brain slices from female P90 Ctrl and Poly I:C MIA offspring stained with intravascular DiI (red). Scale bar = 50 lm.
D DiI-positive blood vessel geometry analysis—quantification of blood vessel number, diameter (mean and cumulative frequency distribution), length, number of

branch segments, and average branch length—of P90 female Ctrl and Poly I:C MIA offspring. Vessel number for Ctrl (9.97 � 1.18) and Poly I:C (8.61 � 0.78) MIA off-
spring. Mean diameter for Ctrl (5.77 � 0.03) and Poly I:C (6.16 � 0.02) MIA offspring, Mann–Whitney U-test, ****P < 0.0001. The total length of vessel per image for
Ctrl (3.23 � 0.50) and Poly I:C (2.97 � 0.30) MIA offspring. Number of branches for Ctrl (10.50 � 0.87) and Poly I:C (7.24 � 0.44) MIA offspring. Average branch length
for Ctrl (38.06 � 2.17) and Poly I:C (46.93 � 1.49) MIA offspring, Mann–Whitney U-test, ***P < 0.001.

E Quantification of in vivo brain permeability at P30 in male Ctrl (0.00 � 0.00) and Poly I:C (3.68 � 1.98)-treated offspring, Mann–Whitney U-test, P = 0.060.
F Quantification of Evans blue (EB) analysis of in vivo brain permeability at P90 (top) and representative pictures (bottom) of perfused brains from male Ctrl (left;

0.00 � 0.00) and Poly I:C (right; 20.32 � 10.95) offspring. Mann–Whitney U-test, *P < 0.05. In accompanying pseudocolor images, blue pixels are represented as a
gradient of light-to-dark blue depending on the intensity of the color in the original photo while the absence of blue tones is represented as green.

G Quantitative analysis of the optical density of claudin-5 (CLDN5) immunoreactive bands normalized to calnexin (CANX) in cortices from P90 male Ctrl (0.99 � 0.09)
and Poly I:C (0.58 � 0.05) offspring. Mann–Whitney U-test, **P < 0.01.

H Quantitative analysis of the optical density of ZO-1 immunoreactive bands normalized by a-Tubulin (aTUB) in cortices from P90 male Ctrl (1.00 � 0.04) and Poly I:C
(0.75 � 0.08) offspring. Student’s t-test, *P < 0.05.

I Quantification of in vivo brain permeability at P30 in female Ctrl (0.58 � 0.17) and Poly I:C (0.31 � 0.14)-treated offspring.
J Quantification of Evans blue (EB) analysis of in vivo brain permeability at P90 (top) and representative pictures (bottom) of perfused brains from female Ctrl (left;

0.70 � 0.47) and Poly I:C (right; 0.10 � 0.10) offspring. In accompanying pseudocolor images, blue pixels are represented as a gradient of light-to-dark blue depend-
ing on the intensity of the color in the original photo while the absence of blue tones is represented as green.

K Quantitative analysis of the optical density of claudin-5 (CLDN5) immunoreactive bands normalized by CANX in cortices from P90 female Ctrl (1.00 � 0.16) and Poly
I:C (1.39 � 0.13) offspring.

L Quantitative analysis of the optical density of ZO-1 immunoreactive bands normalized by aTUB in cortices from P90 female Ctrl (1.00 � 0.11) and Poly I:C
(1.19 � 0.19) offspring.

M Representative images of P90 Ctrl and Poly I:C male offspring cortices stained for TJs proteins. Claudin-5 (top green) and ZO-1 (bottom red)—scale bar = 10 lm.
N Quantitative analysis of the mean intensity of CLDN5 in cortices from P90 male Ctrl (75.14 � 1.08) and Poly I:C (67.39 � 2.00) offspring. Student’s t-test, *P < 0.05.
O Quantitative analysis of the CLDN5 signal volume in cortices from P90 male Ctrl (5.54 � 0.59) and Poly I:C (3.70 � 0.48) offspring. Student’s t-test, *P < 0.05.
P Quantitative analysis of the mean intensity of ZO-1 in cortices from P90 male Ctrl (73.16 � 0.59) and Poly I:C (73.86 � 1.94) offspring.
Q Quantitative analysis of the ZO-1 signal volume in cortices from P90 male Ctrl (23.29 � 1.42) and Poly I:C (16.78 � 2.18) offspring. Student’s t-test, *P < 0.05.
R Graphical representation of MIA experimental design. Pregnant mice at GD9 were exposed to vehicle (Ctrl) or Poly I:C and the progeny, separated by sex, were

analyzed at different time points (i.e., E17, P30, and P90). The figures were adapted and modified from Servier Medical Art (http://smart.servier.com/).
S Graphical representation of adult immune-challenge experimental design. P20 male mice were exposed to vehicle (Ctrl) or Poly I:C to be analyzed at P90. The figures

were adapted and modified from Servier Medical Art (http://smart.servier.com/).
T [Left] Quantification of in vivo cerebrovascular permeability to EB of P90 Ctrl (0.16 � 0.16) and Poly I:C-treated (0.89 � 0.89) males injected at P20. [Right] Represen-

tative pictures of saline-perfused brains 24 h after the EB injection accompanied by pseudocolor images—blue pixels are represented as a gradient of light-to-dark
blue depending on the intensity of the color in the original photo while the absence of blue tones is represented as green—from Ctrl (top) and Poly I:C (bottom) male
mice.

U Quantitative analysis of the optical density of CLDN5 immunoreactive bands normalized to CANX in cortices from P90 Ctrl (0.99 � 0.12) and Poly I:C (0.98 � 0.10)
males treated at P20.

V Quantitative analysis of the optical density of ZO-1 immunoreactive bands normalized to CANX in cortices from P90 Ctrl (1.00 � 0.11) and Poly I:C (0.73 � 0.05)
males treated at P20.

Data information: Ctrl males = white bars with blue border. Poly I:C males = blue bars with blue border. Ctrl females = white bars with a purple border. Poly I:C
females = purple bars with a purple border. In Fig 1B and D, black dotted lines represent the Ctrl while the blue and purple solid lines represent the male Poly I:C and
female Poly I:C offspring, respectively. Numbers in bars indicate the number of animals (N) and images (n). Bars represent mean � SEM.
Source data are available online for this figure.
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amniotic fluid of E17 Poly I:C male mice (Appendix Fig S3H

and I). These data suggest the occurrence of a brain-specific phe-

nomenon, rather than a systemic one or maternal transfer of the

inflammatory cytokine.

To further assess the activation of the TGF-b pathway upon

MIA, we performed western blot analyses of mothers against

decapentaplegic (SMADs), key proteins in TGF-b downstream sig-

naling (Lebrin et al, 2005). Different subtypes of receptor-SMADs

(R-SMADs) are phosphorylated in response to the direct signaling

of specific TGF-b receptors: SMAD1-5-8 are downstream to

activin receptor-like kinase 1 (ALK1), while SMAD2-3 are down-

stream of ALK5 (Lebrin et al, 2005). Moreover, while ALK5 is

ubiquitously expressed, ALK1 is predominantly expressed in

endothelial cells (ECs) (Armulik et al, 2005; Gonz�alez-N�u~nez

et al, 2013). SMAD4 is the only known co-regulator of the

heterotrimeric complex required for the nuclear translocation of

R-SMAD (Li et al, 2011). Western blotting analysis of the cerebral

cortex tissues of Poly I:C male offspring at E17 (Fig 2Q–S)

revealed the specific upregulation of pSMAD1-5 (phospho-

SMAD1-5) (Fig 2Q) in Poly I:C males compared to gender-

matched controls, while no alterations were found in the levels

of pSMAD2 (Fig 2R) and SMAD4 (Fig 2S). Conversely, Poly I:C

females did not display variation in any of the SMADs, when

compared to the gender-matched controls (Fig 2T–V), further

confirming the lack of enhanced TGF-b signaling. These data

indicate a male-specific ALK1-SMAD1-5 signaling axis alteration

in response to MIA, which suggests an EC-specific excessive acti-

vation of the TGF-b signaling.

A B C D E F

G

M N O

T U V

P

Q R S

H I J K L

Figure 2.
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Vascular cells sorted from the cerebral cortex of MIA offspring
form a leaky barrier in vitro

So far, our data indicate that male—but not female—offspring of

dams treated with 2 mg/kg Poly I:C at GD9 display, as adults,

increased vessel permeability and reduced expression of tight junc-

tion proteins. To define whether the MIA protocol affects the proper-

ties of the cells composing the blood vessels in a cell-autonomous

manner already at an early stage, we sorted ECs and pericytes (PCs)

from the cerebral cortices of E17 MIA offspring and exploited them

to model ex vivo cell barriers formed by either ECs alone or PCs co-

cultured with bEnd.3 cells (Lauranzano et al, 2019). ECs and PCs

identities were confirmed after sorting and cell maintenance in cul-

ture. ECs were characterized by acetylated low-density lipoprotein

(Ac-LDL) uptake ability (Appendix Fig S4A), which is typical of

macrophages and ECs (Via et al, 1985), while PCs were identified as

positive for platelet-derived growth factor receptor beta (PDGFrB)

and neural/glial antigen 2 (NG2), and negative for the neuronal

marker neuronal nuclear protein (NeuN) and the astrocytic marker

glial fibrillary acidic protein (GFAP) (Appendix Fig S4B). Analyses

of in vitro barriers, formed by ECs (Fig 3A and B) or PCs + bEnd.3

cells (Fig 3C and D) from Poly I:C offspring, revealed defects

◀ Figure 2. Maternal immune activation causes sex-specific alterations in the expression of vascular and inflammatory controller molecules.

A qPCR analyses of GD9 + 6 h male embryos for: Pecam1 (Ctrl = 1.00 � 0.17 N = 8, Poly I:C = 0.89 � 0.23 N = 13), CD248 (Ctrl = 1.00 � 0.20 N = 6, Poly I:
C = 1.35 � 0.31 N = 11), Vegfa (Ctrl = 1.00 � 0.19 N = 8, Poly I:C = 0.15 � 0.04 N = 8, Student’s t-test, ***P < 0.001), Pdfgb (Ctrl = 1.00 � 0.23 N = 5, Poly I:
C = 1.10 � 0.18 N = 13), Tgfb1 (Ctrl = 1.00 � 0.21 N = 7, Poly I:C = 1.76 � 0.22 N = 10, Mann–Whitney U-test, *P < 0.05), Tgfb2 (Ctrl = 1.00 � 0.28 N = 6, Poly I:
C = 1.37 � 0.28 N = 13), Tgfb3 (Ctrl = 1.00 � 0.51 N = 6, Poly I:C = 0.73 � 0.19 N = 10), and Foxf2 (Ctrl = 1.00 � 0.45 N = 8, Poly I:C = 0.46 � 0.18 N = 13) mRNAs.

B qPCR analyses of E17 male cortices for: Pecam1 (Ctrl = 1.00 � 0.63 N = 10, Poly I:C = 3.07 � 1.58 N = 8; Mann–Whitney U-test, *P < 0.05), CD248
(Ctrl = 1.00 � 0.23 N = 10, Poly I:C = 3.33 � 0.79 N = 9; Mann–Whitney U-test, **P < 0.01), Vegfa (Ctrl = 1.00 � 0.10 N = 8, Poly I:C = 1.70 � 0.29 N = 5; Mann–
Whitney U-test, *P < 0.05), Pdfgb (Ctrl = 1.00 � 0.75 N = 9, Poly I:C = 2.05 � 0.96 N = 9; Mann–Whitney U-test, *P < 0.05), Tgfb1 (Ctrl = 1.00 � 0.16 N = 7, Poly I:
C = 15.27 � 5.75 N = 7; Mann–Whitney U-test, ***P < 0.001), Tgfb2 (Ctrl = 1.00 � 0.16 N = 8, Poly I:C = 3.82 � 1.05 N = 6; Mann–Whitney U-test, *P < 0.05), Tgfb3
(Ctrl = 1.00 � 0.10 N = 9, Poly I:C = 10.58 � 6.73 N = 8; Mann–Whitney U-test, ***P < 0.001); and Foxf2 (Ctrl = 1.00 � 0.06 N = 5, Poly I:C = 2.60 � 0.57 N = 8;
Mann–Whitney U-test, *P < 0.05) mRNAs.

C qPCR analyses of P90 male cortices for: Pecam1 (Ctrl = 1.00 � 0.18 N = 8, Poly I:C = 0.85 � 0.08 N = 8), CD248 (Ctrl = 1.00 � 0.20 N = 9, Poly I:
C = 0.93 � 0.11 N = 8), Vegfa (Ctrl = 1.00 � 0.07 N = 8, Poly I:C = 0.75 � 0.06 N = 8; Mann–Whitney U-test, *P < 0.05); Pdfgb (Ctrl = 1.00 � 0.20 N = 8, Poly I:
C = 1.11 � 0.17 N = 4), Tgfb1 (Ctrl = 1.00 � 0.29 N = 5, Poly I:C = 2.37 � 0.47 N = 7; Mann–Whitney U-test, *P < 0.05); Tgfb2 (Ctrl = 1.00 � 0.29 N = 4, Poly I:
C = 1.19 � 0.26 N = 7), and Tgfb3 (Ctrl = 1.00 � 0.18 N = 10, Poly I:C = 1.78 � 0.50 N = 11) mRNAs.

D qPCR analyses of GD9 + 6 h female embryos for: Pecam1 (Ctrl = 1.00 � 0.27 N = 10, Poly I:C = 2.22 � 0.50 N = 6), CD248 (Ctrl = 1.00 � 0.27 N = 10, Poly I:
C = 2.32 � 0.57 N = 6; Mann–Whitney U-test, *P < 0.05), Vegfa (Ctrl = 1.00 � 0.38 N = 8, Poly I:C = 0.29 � 0.03 N = 5; Mann–Whitney U-test, *P < 0.05), Pdfgb
(Ctrl = 1.00 � 0.36 N = 10, Poly I:C = 1.31 � 0.47 N = 6), Tgfb1 (Ctrl = 1.00 � 0.16 N = 8, Poly I:C = 1.63 � 0.42 N = 7), Tgfb2 (Ctrl = 1.00 � 0.33 N = 9, Poly I:
C = 1.75 � 0.29 N = 6; Mann–Whitney U-test, *P < 0.05), Tgfb3 (Ctrl = 1.00 � 0.29 N = 9, Poly I:C = 1.33 � 0.51 N = 6), and Foxf2 (Ctrl = 1.00 � 0.28 N = 9, Poly I:
C = 1.71 � 0.52 N = 6) mRNAs.

E qPCR analyses of E17 female cortices for: Pecam1 (Ctrl = 1.00 � 0.34 N = 6, Poly I:C = 0.27 � 0.08 N = 8), CD248 (Ctrl = 1.00 � 0.27 N = 8, Poly I:
C = 1.04 � 0.28 N = 9), Vegfa (Ctrl = 1.00 � 0.70 N = 5, Poly I:C = 0.32 � 0.13 N = 5), Pdfgb (Ctrl = 1.00 � 0.38 N = 6, Poly I:C = 0.19 � 0.07 N = 9), Tgfb1
(Ctrl = 1.00 � 0.33 N = 5, Poly I:C = 0.09 � 0.03 N = 6), Tgfb2 (Ctrl = 1.00 � 0.32 N = 7, Poly I:C = 0.45 � 0.11 N = 8), Tgfb3 (Ctrl = 1.00 � 0.38 N = 7, Poly I:
C = 0.40 � 0.20 N = 9), and Foxf2 (Ctrl = 1.00 � 0.18 N = 5, Poly I:C = 1.04 � 0.28 N = 8) mRNAs.

F qPCR analyses of P90 female cortices for: Pecam1 (Ctrl = 1.00 � 0.15 N = 5, Poly I:C = 0.69 � 0.15 N = 5), CD248 (Ctrl = 1.00 � 0.13 N = 5, Poly I:
C = 0.58 � 0.09 N = 5), Vegfa (Ctrl = 1.00 � 0.38 N = 6, Poly I:C = 1.53 � 0.38 N = 8), Pdfgb (Ctrl = 1.00 � 0.16 N = 9, Poly I:C = 1.77 � 0.35 N = 17), Tgfb1
(Ctrl = 1.00 � 0.26 N = 13, Poly I:C = 1.30 � 0.23 N = 14), Tgfb2 (Ctrl = 1.00 � 0.27 N = 11, Poly I:C = 0.59 � 0.06 N = 4), and Tgfb3 (Ctrl = 1.00 � 0.45 N = 11, Poly
I:C = 0.51 � 0.06 N = 4) mRNAs.

G qPCR analyses of GD9 + 6 h male embryos for Il1a (Ctrl = 1.00 � 0.29 N = 7, Poly I:C = 2.10 � 0.57 N = 17), Il1b (Ctrl = 1.00 � 0.39 N = 6, Poly I:
C = 10.84 � 4.70 N = 6; Mann–Whitney U-test, **P < 0.01), Il1rn (Ctrl = 1.00 � 0.27 N = 7, Poly I:C = 3.60 � 1.58 N = 11), and Il6 (Ctrl = 1.00 � 0.17 N = 6, Poly I:
C = 0.82 � 0.12 N = 7) mRNAs.

H qPCR analyses of E17 male cortices for: Il1a (Ctrl = 1.00 � 0.27 N = 9, Poly I:C = 1.77 � 0.53 N = 11), Il1b (Ctrl = 1.00 � 0.21 N = 7, Poly I:C = 1.33 � 0.33 N = 8),
Il1rn (Ctrl = 1.00 � 0.25 N = 10, Poly I:C = 0.82 � 0.40 N = 18), and Il6 (Ctrl = 1.00 � 0.24 N = 7, Poly I:C = 2.17 � 0.43 N = 8) mRNAs.

I qPCR analyses of P90 male cortices for: Il1a (Ctrl = 1.00 � 0.24 N = 8, Poly I:C = 1.51 � 0.26 N = 10), Il1b (Ctrl = 1.00 � 0.27 N = 8, Poly I:C = 1.19 � 0.34 N = 8),
Il1rn (Ctrl = 1.00 � 0.31 N = 18, Poly I:C = 1.30 � 0.50 N = 14), and Il6 (Ctrl = 1.00 � 0.27 N = 7, Poly I:C = 2.40 � 0.70 N = 8) mRNAs.

J qPCR analyses of GD9 + 6 h female embryos for: Il1a (Ctrl = 1.00 � 0.93 N = 6, Poly I:C = 0.03 � 0.00 N = 4), Il1b (Ctrl = 1.00 � 0.61 N = 5, Poly I:
C = 0.17 � 0.04 N = 7), Il1rn (Ctrl = 1.00 � 0.25 N = 9, Poly I:C = 0.33 � 0.11 N = 7), and Il6 (Ctrl = 1.00 � 0.48 N = 7, Poly I:C = 0.59 � 0.24 N = 5) mRNAs.

K qPCR analyses of E17 female cortices for: Il1a (Ctrl = 1.00 � 0.31 N = 5, Poly I:C = 1.38 � 0.20 N = 12), Il1b (Ctrl = 1.00 � 0.30 N = 5, Poly I:C = 1.05 � 0.35 N = 7),
Il1rn (Ctrl = 1.00 � 0.55 N = 6, Poly I:C = 0.45 � 0.22 N = 6), and Il6 (Ctrl = 1.00 � 0.26 N = 7, Poly I:C = 0.94 � 0.14 N = 8) mRNAs.

L qPCR analyses of P90 female cortices for Il1a (Ctrl = 1.00 � 0.08 N = 5, Poly I:C = 1.32 � 0.11 N = 9), Il1b (Ctrl = 1.00 � 0.13 N = 5, Poly I:C = 0.65 � 0.09 N = 8),
Il1rn (Ctrl = 1.00 � 0.61 N = 4, Poly I:C = 0.85 � 0.29 N = 7), and Il6 (Ctrl = 1.00 � 0.11 N = 9, Poly I:C = 1.28 � 0.20 N = 20) mRNAs. Values are normalized over
control (dashed line).

M ELISA quantification of total TGF-b1 in E17 male embryos brains as pg/ml (Ctrl = 132.6 � 18.14 and Poly I:C = 129.6 � 8.62).
N ELISA quantification of active free TGF-b1 in E17 male embryos brains as pg/ml (Ctrl = undetectable and Poly I:C = 0.92 � 0.25).
O ELISA quantification of total TGF-b1 in E17 female embryos brains as pg/ml (Ctrl = 177.6 � 10.88 and Poly I:C = 134.4 � 13.59).
P ELISA quantification of active free TGF-b1 in E17 female embryos brains as pg/ml (undetectable).
Q–S Western Blotting quantification of SMAD proteins in E17 male cortices for (Q) pSMAD1-5 (Ctrl = 0.99 � 0.21, Poly I:C = 2.67 � 0.46); Mann–Whitney U-test,

*P < 0.05, (R) pSMAD2 (Ctrl = 1.00 � 0.04, Poly I:C = 0.88 � 0.24), and (S) SMAD4 (Ctrl = 1.00 � 0.12, Poly I:C = 0.96 � 0.21). Protein levels were normalized to
GAPDH.

T–V Western blotting quantification of SMAD proteins in E17 female cortices for (T) pSMAD1-5 (Ctrl = 1.00 � 0.02, Poly I:C = 0.70 � 0.18), (U) pSMAD2
(Ctrl = 1.00 � 0.01, Poly I:C = 1.09 � 0.12), and (V) SMAD4 (Ctrl = 1.00 � 0.16, Poly I:C = 1.46 � 0.57). Protein levels were normalized to GAPDH.

Data information: Ctrl males = white bars with blue border. Poly I:C males = blue bars with blue border. Ctrl females = white bars with purple border. Poly I:C
females = purple bars with purple border. Numbers in bars indicate the number of animals (N). Bars represent mean � SEM.
Source data are available online for this figure.
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selectively in the barriers formed by male-derived cells. Indeed, the

BBBs made with male-derived Poly I:C offspring’s ECs displayed

enhanced permeability relative to the gender-matched control

(Fig 3B), and bEnd.3 cells co-cultured with male-derived Poly I:C

offspring’s PCs displayed a lower transendothelial electrical resis-

tance (TEER) (Fig 3C). No difference was detected in the barriers

formed by female-derived cells (Fig 3A and B). Of note, in the pres-

ence of PCs, all barriers showed a reduced permeability compared

to bEND.3 cultured alone, indicating a gain in tightness upon the

addition of PCs to the in vitro model (Fig 3D).

We next assessed whether the elevation of TGF-b could be

directly responsible for the damage to the barrier properties. To this

aim, ECs and PCs were isolated from untreated E17 males or female

embryos and exploited for the construction of EC (Fig 3E) or

PC + bEnd.3 (Fig 3F) barrier prototypes. Exposure of either barrier

type to TGF-b for 72 h resulted in a progressive TEER decrease

(Fig 3E and F), with no overt changes in permeability (Fig 3G and

H). These data indicate that: (i) TGF-b has a deleterious effect when

applied to ECs or PCs at early developmental stages, and (ii) both

male and female vascular cells are sensitive to the cytokine.

A possible reason for the TGF-b deleterious effect is the fact that

TGF-b dampens the expression of CD146 in ECs, an event that phys-

iologically occurs during development when ECs recruit and contact

PCs (Chen et al, 2017). CD146 is a key component of EC-PC
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signaling and its absence, as in the case of CD146 KO mice, results

in uncoordinated pericyte recruitment, reduction in EC claudin-5

expression, and altered blood vessel pericyte coverage (Chen et al,

2017). Accordingly, exposure of bEnd.3 cells to TGF-b1 led to a

decrease in the expression of both CD146 (Fig 3I) and claudin-5

(Fig 3J). Thus, to fully mimic the cytokine storm that occurs in the

MIA model (see Fig 2) and assess if the interaction of the two main

cytokines involved (i.e., IL-1b and TGF-b1) synergically impacts the

brain ECs, male-derived primary endothelial cells were maintained

in culture until the formation of a mature, confluent monolayer

(Appendix Fig S4C). Under these conditions, the immunocytochemi-

cal staining for claudin-5 revealed a distribution at the cell-to-cell

interface, which represents the typical pattern of a fully mature

BBB. Endothelial cell monolayers were then challenged with TGF-

b1, IL-1b, or with a combination of the two cytokines and stained

for CD146 and claudin-5 (Fig 3K). CD146 expression was

significantly reduced only by the synergic effect of IL-1b and TGF-b1
(Fig 3L). Coherently, claudin-5 mean intensity (Fig 3M) and

claudin-5-positive area (Fig 3N), although slightly reduced by the

treatment with TGF-b alone, were significantly dampened only by

the concomitant treatment with IL-1b and TGF-b1 (Fig 3M and N).

Similar results were obtained in monolayers of endothelial cells iso-

lated from female cortices (Appendix Fig S4D–F). Finally, we further

evaluated the response of primary endothelial cells to the treatment

with a combination of IL-1b and TGF-b1 by measuring TEER and

permeability to different sizes of dextran molecules, two strong

indicators of the integrity of the cellular barriers. The results indi-

cated a significant reduction in the TEER in monolayers formed by

male (Fig 3O) or female EC (Appendix Fig S4G) and increased per-

meability to both 3 kDa (Fig 3P) and 10 kDa (Fig 3Q) dextran.

Besides demonstrating the deleterious effect of TGF-b1 and IL-1b on

brain vascular cells, these data indicate that cells from males and

◀ Figure 3. TGF-b1 dampens the expression of CD146 and claudin-5 and reduces the tightness of in vitro barrier models—independently of the sex.

A TEER of the in vitro BBB models composed by a monolayer of ECs sorted from E17 Male Ctrl (1.00 � 0.02), male Poly I:C (0.92 � 0.04), female Ctrl (1.15 � 0.04), and
female Poly I:C (1.00 � 0.07) offspring. Data are normalized to male Ctrl.

B Permeability to 10 kDa dextran of the in vitro BBB models composed by a monolayer of sorted ECs from male Ctrl (1.00 � 0.06), male Poly I:C (1.13 � 0.02), female
Ctrl (0.97 � 0.05), and female Poly I:C (0.95 � 0.01) offspring. Mann–Whitney U-test, *P < 0.05. Data are normalized to male Ctrl.

C TEER of barriers composed of bEND.3 alone (1.00 � 0.00) or co-cultured with sorted PCs from male Ctrl (1.17 � 0.07), male Poly I:C (0.95 � 0.05), female Ctrl
(1.15 � 0.08), and female Poly I:C (1.15 � 0.08) offspring. Mann–Whitney U-test, *P < 0.05. Data are normalized to bEnd.3.

D Permeability to 10 kDa dextran of barriers composed by a monolayer of bEND.3 alone (1.00 � 0.06) or co-cultured with sorted PCs from male Ctrl (0.47 � 0.09),
male Poly I:C (0.46 � 0.07), female Ctrl (0.46 � 0.11), and female Poly I:C (0.65 � 0.05) offspring. One sample t-test, **P < 0.01. Data are normalized to bEnd.3.

E TEER (Ω.cm2) was monitored over 72 h treatment with TGF-b1 and normalized to baseline in BBB models composed by a monolayer of sorted ECs from male (72 h
TGF-b1 = 82.85 � 1.56) or female (72 h TGF-b1 = 85.92 � 2.03) embryos. The insert shows the values at 72 h (bars) normalized to the 0 h values (dashed line). One
sample t-test, ***P < 0.001 and ****P < 0.0001.

F TEER (Ω.cm2) was monitored over 72 h treatment with TGF-b1 and normalized to baseline in barrier models composed by a monolayer of bEND.3 alone (72 h TGF-
b1 = 89.85 � 2.05) or co-cultured with sorted PCs from male (72 h TGF-b1 = 88.83 � 1.93) or female (72 h TGF-b1 = 89.02 � 2.22) embryos. The insert shows the val-
ues at 72 h (bars) normalized to the 0 h values (dashed line). Wilcoxon signed-rank test, *P < 0.05.

G 10 kDa dextran permeability after 72 h TGF-b1 treatment of the in vitro BBBs prototypes composed by a monolayer made of sorted ECs from male NT (0.43 � 0.02),
male TGF-b1 (0.43 � 0.03); female NT (0.45 � 0.00), and female TGF-b1 (0.47 � 0.01).

H 10 kDa dextran permeability 72 h after TGF-b1 treatment of NVU prototypes composed by a monolayer made of bEND.3 alone (NT, solid black bar = 0.45 � 0.01;
TGF-b1, dotted black bar = 0.49 � 0.00) and co-cultured with sorted PCs from male (NT = 0.45 � 0.04, TGF-b1 = 0.48 � 0.00) or female (NT = 0.49 � 0.03, TGF-
b1 = 0.53 � 0.02) embryos. Student’s t-test, *P < 0.05.

I FACS quantitative data of the normalized MFI of CD146 (NT = 100.00 � 1.14, TGF-b1 = 54.08 � 9.42; Student’s t-test, *P < 0.05) and representative histogram of
untreated (solid gray) and TGF-b1-treated cells (hollow black bold line).

J FACS quantitative data of the normalized MFI of claudin-5 (CLDN5; NT = 100.00 � 8.94, TGF-b1 = 65.22 � 5.29; Student’s t-test, **P < 0.01) and representative his-
togram of untreated (solid gray) and TGF-b1-treated cells (hollow black bold line).

K Representative images of monolayers of primary endothelial cells isolated from male brains and stained for CD146 (red) and CLDN5 (green) under control conditions
(NT) or upon treatment with different cytokines. Scale bar = 50 lm.

L Quantitative analysis of CD146 immunofluorescence mean intensity measured in primary male brain EC monolayers under control conditions or after 72 h
treatments with different cytokines: NT = 100.00 � 6.55, TGF-b1 = 94.03 � 2.01, IL-1b + TGF-b1 = 84.87 � 4.59, and IL-1b = 92.34 � 2.65; Kruskal–Wallis, *P < 0.05.

M Quantitative analysis of claudin-5 immunofluorescence mean intensity in primary male brain EC monolayers under control conditions or after 72 h treatments with
different cytokines: NT = 99.76 � 5.19, TGF-b1 = 86.74 � 6.76, IL-1b + TGF-b1 = 51.64 � 3.31, and IL-1b = 107.3 � 7.37; ordinary one-way ANOVA, **P < 0.01,
****P < 0.0001.

N Quantitative analysis of claudin-5 immunofluorescence area (lm2) in primary male brain EC monolayers under control conditions or after 72 h treatments with dif-
ferent cytokines: NT = 39,781 � 2,342, TGF-b1 = 31,707 � 5,939, IL-1b + TGF-b1 = 5,415 � 1,037, and IL-1b = 46,303 � 2,986; ordinary one-way ANOVA, *P < 0.05,
**P < 0.01, ****P < 0.0001.

O Graph showing TEER measured by volt ohmmeter at 72 h normalized in NT (100.00 � 7.46) and IL-1b + TGF-b1 (49.93 � 10.96)-treated primary male brain EC cul-
tures. Student’s t-test, **P < 0.01. Data are normalized to t0.

P Permeability to 3 kDa dextran quantified by fluorescence spectrophotometry in NT (1.00 � 0.10) and IL-1b + TGF-b1 (1.92 � 0.33)-treated primary male brain EC
cultures. Student’s t-test, *P < 0.05.

Q Permeability to 10 kDa dextran quantified by fluorescence spectrophotometry in NT (1.00 � 0.11) and IL-1b + TGF-b1 (1.80 � 0.26)-treated primary male brain EC
cultures. Student’s t-test, *P < 0.05.

Data information: A-H. Embryos prenatally exposed to vehicle (Ctrl) or Poly I:C on GD9 were dissected, and cortex-derived vascular cells were used to build in vitro barrier
models. K-Q. Cortex-derived ECs isolated from male mice at 2 months were used to build in vitro barrier models and analyzed. bEnd.3 cells = bars with black border. Cells
derived from Ctrl males = white bars with blue border. Cells derived from Poly I:C males = blue bars with blue border. Cells derived from Ctrl females = white bars with
purple border. Cells derived from Poly I:C females = purple bars with purple border. In Fig 3E and F, blue and purple dotted lines represent cells derived from male and
female brains, respectively. The black dotted line represents bEnd.3 cultures. Numbers in bars indicate the number of animals (N) or independent cultures/pictures. Bars
represent mean � SEM.
Source data are available online for this figure.
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females are equally susceptible to the cytokine application. There-

fore, the barrier defects occurring specifically in males are imputable

to the male-specific cytokine elevation upon Poly I:C exposure at

GD9.

Prenatally exposed poly I:C males display anomalies in the
cerebrovascular organization of endothelial cells and pericytes

To then assess whether ECs and PCs display molecular derange-

ments upon MIA, ECs and PCs from male or female cortical blood

vessels were isolated and analyzed by FACS at two time points:

E17, when angiogenesis is intensely active, and P30, when the

angiogenesis process is mostly ended (Coelho-Santos & Shih, 2020).

ECs were identified and accordingly gated, as CD45�CD31+ cells,

while PCs were identified as CD45�CD146+ at E17 (Fig 4A) and as

CD45�CD146+CD13+ at P30 (Fig 4C). We first analyzed the relative

amount of the two cell types in control and Poly I:C offspring, in a

sex-dependent manner. At E17, Poly I:C male offspring, but not

female, displayed an EC/PC ratio higher than the respective control

(Fig 4B). This dysregulation was time restricted, as it was unde-

tectable at P30 (Fig 4D). To investigate the origin of the EC/PC

altered ratio, we examined the proliferation rate of these cells by

EdU (Fig 4E–J), a fluorescent cell-permeable uridine synthetic nucle-

oside which integrates into the DNA of proliferative cells during

replication. EdU was injected at GD17 (5 h before sacrifice) in preg-

nant mice treated at GD9 with either Poly I:C or vehicle and in P30

Poly I:C offspring (48 h before sacrifice) (Appendix Fig S5A).

Results indicated that E17 Poly I:C male offspring display a reduc-

tion in the cell proliferative rate compared to control males (Fig 4E),

a difference which persisted at P30 (Fig 4H). FACS analysis of ECs

and PCs showed a significant and specific reduction in PC prolifera-

tion at both E17 and P30 (Fig 4F and I) in the absence of prolifera-

tive alterations of ECs (Fig 4G and J). Furthermore, in the control

setting, we confirmed the occurrence of a lower proliferative rate of

brain cells in E17 females (Fig 4E), which disappeared at P30

(Fig 4H) as already described (Bowers et al, 2010).

We then quantified in ECs and PCs the expression of CD146

(Chen et al, 2017) and CD105, a type I transmembrane protein,

known to induce endothelial cell activation and proliferation by

serving as an auxiliary receptor for TGF-b. A consistent reduction in

CD146 expression was detected in ECs of Poly I:C male offspring rel-

ative to control at both P30 (Fig 4K) and E17 (Appendix Fig S5B).

This was paralleled by a higher CD146 mean fluorescence intensity

(MFI) in cerebral ECs of control males relative to control females
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(Fig 4K). Conversely, PCs isolated at P30 did not display alterations

following Poly I:C treatment (Fig 4L), in any of the three identified

CD146 subpopulations (i.e., CD146++/+/�, see Appendix Fig S5C).

The MFI of CD105 did not show any significant variation in ECs

(Fig 4M) with Poly I:C female offspring displaying a small, although

significant, reduction in the marker expression in the PC population

(Fig 4N) relative to control. Of note, at E17, Poly I:C female off-

spring showed a decreased CD105 MFI on the ECs

(Appendix Fig S5D) compared to controls, possibly suggesting a

slower angiogenesis process at this stage. Furthermore, the analysis

of CD105 MFI on E17 PCs revealed a sexual dimorphism under

physiological conditions, with female PCs displaying a higher

expression of CD105 compared to the PCs retrieved from control

males (Appendix Fig S5E). CD105 and CD146 MFI values of the two

CD146 positive PC subpopulations are illustrated in

Appendix Fig S5F and G.

The reduced PCs proliferation rate in Poly I:C male offspring

(Fig 4F and I), along with the lower level of CD146 expression in

ECs (Fig 4K), may be at the origin of the defective communication

between ECs and PCs, resulting in a functional mismatch in the

building of the brain vessels. To investigate this possibility, we ana-

lyzed the pericyte coverage of the blood vessels in the cortical

region of adult MIA offspring at P90 (Fig 4O–T). The analysis was

performed on brain sections stained for lectin (EC marker) and

CD13 (PC marker) (Fig 4O) or lectin and PDGFrB (PC marker) and

NG2 (PC and oligodendrocyte progenitor cells shared marker)

◀ Figure 4. Maternal immune activation induces sex-specific alterations of the neurovascular unit changing the ratio between ECs and PCs.

A [left] Representative dot plots showing the gating strategy for E17 samples to distinguish NVU cells. The cells were pre-gated on single cells and live cells (Zombie
Aqua negative). Live cells were pre-gated on CD45 (CD45�). [right] Brain pericytes (PC) were defined as CD146+CD31� cells and brain endothelial cells (EC) as
CD31+cells.

B [left] Quantification of the ratio between PC number and EC numbers for male (blue) and female (purple) E17 offspring cortex samples. Male Ctrl = 1.10 � 0.08,
male Poly I:C = 1.34 � 0.09, female Ctrl = 1.02 � 0.08, and female Poly I:C = 1.12 � 0.09. Mann–Whitney U-test, *P < 0.05. Bars represent average ratio of individual
embryos � SEM, and numbers in bars indicate the number of embryos. [right up] Percentages of ECs in male Ctrl (0.79 � 0.05), male Poly I:C (0.90 � 0.09), female
Ctrl (0.65 � 0.07), and female Poly I:C (0.80 � 0.07) samples, and [right down] PCs in male Ctrl (0.60 � 0.05), male Poly I:C (0.57 � 0.06), female Ctrl (0.53 � 0.07),
and female Poly I:C (0.62 � 0.06) samples.

C [left] Gating strategy used to analyze P30 samples: single cells, live (Zombie Aqua negative), and CD45� cells. [right] PCs are identified as CD146+CD13+CD31�; and
ECs are CD13�CD31+.

D [left] Quantification of EC/PC number ratio for male and female P30 offspring cortex samples, obtained by manual gating. Male Ctrl = 1.78 � 0.29, male Poly I:
C = 1.74 � 0.32, female Ctrl = 1.49 � 0.11, and female Poly I:C = 1.60 � 0.19. [right up] Percentages of ECs in male Ctrl (17.07 � 1.88), male Poly I:C (17.52 � 1.90),
female Ctrl (14.58 � 0.66), and female Poly I:C (15.73 � 1.07) samples, and [right down] percentage of PCs in male Ctrl (10.55 � 1.89), male Poly I:C (10.67 � 1.04),
female Ctrl (10.07 � 0.85), and female Poly I:C (10.20 � 0.79).

E Normalized percentage of live (CD45�) EdU-positive cells at E17 in male Ctrl (1.00 � 0.05), male Poly I:C (0.62 � 0.11), female Ctrl (0.61 � 0.04), and female Poly I:C
(0.59 � 0.11) samples. Mann–Whitney U-test and Kruskal–Wallis test, *P < 0.05, **P < 0.001.

F Percentage of PCs EdU-positive cells at E17 in male Ctrl (7.88 � 1.57), male Poly I:C (4.55 � 0.70), female Ctrl (7.03 � 1.04), and female Poly I:C (4.93 � 0.83) samples.
Student’s t-test, *P < 0.05.

G Percentage of ECs EdU-positive cells at E17 in male Ctrl (4.30 � 0.71), male Poly I:C (2.80 � 0.53), female Ctrl (2.84 � 0.43), and female Poly I:C (2.29 � 0.77) sam-
ples.

H Normalized percentage of live (CD45�) EdU-positive cells at P30 in male Ctrl (1.16 � 0.14), male Poly I:C (0.66 � 0.16), female Ctrl (1.00 � 0.08), and female Poly I:C
(0.91 � 0.13) samples. Mann–Whitney U-test, *P < 0.05.

I Percentage of PCs EdU-positive cells at P30 in male Ctrl (0.80 � 0.24), male Poly I:C (0.24 � 0.06), female Ctrl (0.26 � 0.08), and female Poly I:C (0.38 � 0.13) sam-
ples. Mann–Whitney U-test, *P < 0.05.

J Percentage of ECs EdU-positive cells at P30 in male Ctrl (0.58 � 0.10), male Poly I:C (0.44 � 0.19), female Ctrl (0.38 � 0.22), and female Poly I:C (0.25 � 0.06) sam-
ples.

K [left] CD146-normalized MFI of the EC cells at P30 in male Ctrl (100.00 � 8.27), male Poly I:C (65.73 � 3.63), female Ctrl (57.08 � 14.10), and female Poly I:C
(43.07 � 8.34). Mann–Whitney U-test and ordinary one-way ANOVA, **P < 0.01. [right] Representative histograms CD146 expression on ECs in male Ctrl (blue hol-
low), male Poly I:C (solid light blue), female Ctrl (purple hollow), and female Poly I:C (solid purple) samples.

L Percentages of PC CD146++, CD146+, and CD146� cells, respectively, at P30 in male Ctrl (26.32/36.75/23.48 � 2.84/3.31/4.62), male Poly I:C (27.53/42.40/20.60 � 2.25/
0.58/1.94), female Ctrl (29.05/40.98/2.19 � 1.99/1.32/2.19), and female Poly I:C (27.17/46.60/17.10 � 3.09/3.86/1.96) samples.

M [left] CD105-normalized MFI of the EC cells at P30 in male Ctrl (100.00 � 7.39), male Poly I:C (99.58 � 6.23), female Ctrl (100.30 � 1.61), and female Poly I:C
(96.67 � 3.72). [right] Representative histograms indicating mean fluorescence intensity (MFI) of CD105 on EC in male Ctrl (blue hollow), male Poly I:C (solid light
blue), female Ctrl (purple hollow), and female Poly I:C (solid purple) samples.

N [left] Quantitative data of the normalized MFI of CD105 in PCs at P30 in male Ctrl (100.00 � 3.43), male Poly I:C (98.01 � 5.14), female Ctrl (98.57 � 4.16), and
female Poly I:C (87.99 � 4.21). Mann–Whitney U-test, *P < 0.05. [right] Representative histograms for CD105 expression on PCs in male Ctrl (blue hollow), male Poly I:
C (solid light blue), female Ctrl (purple hollow), and female Poly I:C (solid purple) samples.

O [top] Representative images of CD13 (red) positive pericytes covering lectin-positive vessels (green) in sections of P90 untreated male brains. [bottom] 3D rendering,
scale bar = 20 lm, and enlargement scale bar = 10 lm.

P Percentage of CD13-positive pericyte coverage at P90 in male Ctrl (53.42 � 9.22) and Poly I:C (27.73 � 5.29). Student’s t-test, *P < 0.05.
Q Percentage of PDGFrB-positive pericyte coverage at P90 in male Ctrl (66.15 � 3.09) and Poly I:C (55.08 � 3.10). Student’s t-test, *P < 0.05.
R Representative images of PDGFrB (red) and NG2 (white)-positive pericytes covering lectin-positive vessels (blue) in sections of P90 untreated male brains. Scale

bar = 10 lm and enlargement scale bar = 5 lm.
S Percentage of CD13-positive pericyte coverage at P90 in female Ctrl (71.57 � 8.37) and Poly I:C (69.13 � 6.63).
T Percentage of PDGFrB-positive pericyte coverage at P90 in female Ctrl (66.77 � 11.76) and Poly I:C (70.56 � 8.32).

Data information: Embryos prenatally exposed to vehicle (Ctrl) or Poly I:C on GD9 were dissected, and cortex single-cell suspension was analyzed by multi-color flow
cytometry. Ctrl males = white bars with blue border. Poly I:C males = blue bars with blue border. Ctrl females = white bars with purple border. Poly I:C females = purple
bars with purple border. CD13-positive pericytes were represented ad CD146- (dark green bars), CD146+ (green bars), and CD46++ (light green bars). Bars represent
mean � SEM, and numbers in bars indicate the number of animals.
Source data are available online for this figure.
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(Fig 4R). Quantification of the pericyte area overlapping the vessel

revealed that Poly I:C male (Fig 4P and Q), but not female (Fig 4S

and T), offspring have a defect in pericyte coverage. Of note, no dif-

ferences in the amount of collagen type IV were found in the cortex

area at P90 for either sex (Appendix Fig S5H–J). Our data indicate a

significant reduction in pericyte coverage in Poly I:C-exposed males

—but not females—at P90.

MIA male offspring show intracerebral acute and chronic
bleedings

Pericytes physiologically envelop the brain–blood vessels with a

coverage of 60 to 80% (Armulik et al, 2005; Winkler et al, 2012)

and their paucity can lead to vascular instability and bleeding phe-

nomena (Armulik et al, 2010). To assess if the Poly I:C male off-

spring suffer from acute and chronic intracerebral bleedings, we

stained brain sections of P30 and P90 mice for hemoglobin (Hb)—a

red blood cells marker—and non-heme iron (Fe3+) by the Perls

staining. Non-heme iron accumulates and gets detectable following

red blood cells and hemoglobin degradation (Morris et al, 1992).

The hemoglobin staining performed at P30 (Fig 5A) and P90

(Fig 5B) revealed the occurrence of active intracerebral bleeding at

both the investigated ages in Poly I:C male offspring, with no differ-

ence in the amount of bleeding between the two postnatal stages

(Fig 5C). Similarly, the Perls staining, enhanced by DAB on the P30

slices, showed the accumulation of iron residues within the

parenchymal tissues of the Poly I:C male offspring at both P30

(Fig 5D–F) and P90 (Fig 5G and H). Quantification of the DAB-

enhanced Perls signal (brown) at P30 (Fig 5E) and the Perls signal

(blue) at P90 (Fig 5H) indicated a significant amount of iron

deposits into the brain of the MIA-Poly I:C male progeny.

Brains from P30 mice have been virtually reconstructed and the

stained sections rendered into a tridimensional volume (Fig 5D and

Video S1). The intense signal, produced by the combined Perls +

DAB staining, was automatically detected and used to determine the

position of each iron deposit/blood spot. Data were then used to

perform a points pattern analysis (PPA) along the three anatomical

planes (Figs 5F and S6A and B) to investigate the hemorrhages

A
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distribution inside the brain. The R values of the nearest-neighbor

analysis, calculated along the different planes, show that the iron

deposits of the Poly I:C male offspring are clustered along the coro-

nal plane while possessing a Poisson pattern along the axial and

sagittal planes (Fig 5F). No apparent gradient has been found in the

distribution of the blood spots along the anatomical axes. These

data indicate that the iron deposits, besides being more abundant in

the Poly I:C male mice brains (Fig 5E), are grouped closer than

stochastically admitted on the coronal plane, suggesting a possible

embryological origin of the defect. Graphical representations of the

observed and expected nearest neighbors’ distances and Kernel den-

sity maps of the P30 iron deposits in the three anatomical planes are

shown in Appendix Fig S6A and B, respectively. Sections from P30

male mice stained for iron deposits were additionally analyzed by

manually segmenting the main brain areas (i.e., olfactory bulb, cor-

tex, hippocampus, caudate–putamen, and thalamus) and the

amounts of iron deposits for each area were determined

(Appendix Fig S6C). No statistical difference was observed among

the different areas in terms of iron deposits volume percentage (V

%). Of note, the cortex and the thalamus were the most affected

area. The occult blood test on stool samples revealed that the bleed-

ing phenomenon is not generalized and does not affect the gastroin-

testinal system of P30 and P90 Poly I:C male offspring

(Appendix Fig S6D and E). These data indicate that Poly I:C male

mice show both acute (Fig 5A–C) and chronic (Fig 5D–H) intracere-

bral bleedings as a consequence of the MIA protocol.

Interestingly, behavioral analyses through marble burying (Fig 5I

and J) and spontaneous grooming (Fig 5K) tests in Poly I:C progeny

showed anxiety-related and autistic-like stereotyped repetitive

behaviors typical of neuropsychiatric disorders in males. On the

other hand, Poly I:C female’s offspring were indistinguishable from

the controls. Furthermore, taking advantage of the SFARI database

for human genes implicated with autism susceptibility, we

evaluated selected cytokine pathways involved in the MIA process

that emerged from our results. Enrichment analysis of the relation-

ship between neurodevelopmental diseases and selected cytokine

pathways known to participate in the MIA process shows that TGF-

b has the strongest association with autism and schizophrenia

(Appendix Fig S7); few genes expressed in the brain tissue are even

both differentially expressed between sexes and correlated with

autism and schizophrenia (Appendix Fig S8).

Discussion

Although anomalies in blood vessel formation are known to result

in long-lasting consequences and impairments in brain maturation,

the origins of these anomalies are still not fully clarified. We have

previously hypothesized that inflammatory events consequent to

viral infections during the gestational period could act as potential

primary triggers for brain vasculature damage (Rasile et al, 2021).

In this study, we provide a direct demonstration that this is the

case.

The use of MIA models to investigate the functional outcomes of

inflammation during pregnancy, and their underpinning molecular

mechanism, has provided the scientific community with invaluable

data in recent years (Estes & McAllister, 2016; Corradini et al,

2018). Besides possessing construct, face, and predictive validity,

the MIA models revealed the occurrence of sex-specific phenotypes

(Hui et al, 2018; Lins et al, 2018; Carlezon et al, 2019; Missig et al,

2019), thus supporting the sex differences observed in human neu-

rodevelopmental diseases (McCarthy et al, 2012; Pinares-Garcia

et al, 2018), with males being diagnosed with ASD and schizophre-

nia, respectively, 4.5 and 1.4 times more frequently than females

(Picchioni & Murray, 2007; Bale et al, 2010). Several concomitant

events are thought to be the basis of the increased susceptibility to

◀ Figure 5. MIA-Poly I:C causes acute and chronic intracerebral bleedings.

A Representative images of brain acute bleedings detected through hemoglobin IHC in P30 Ctrl and Poly I:C MIA male offspring. Scale bar = 500 lm and enlargement
scale bar = 50 lm.

B Representative images of brain acute bleedings detected through hemoglobin IHC in P90 Ctrl and Poly I:C MIA male offspring. Scale bar = 500 lm and enlargement
scale bar = 50 lm.

C Quantification of hemoglobin (Hb)-positive signal in the brain of P30 and P90 male MIA offspring, expressed as a percentage of the area. P30 Ctrl = 0.00 � 0.00, P30
Poly I:C = 0.01 � 0.00, P90 Ctrl = 0.00 � 0.00, and P90 Poly I:C = 0.01 � 0.00. Mann–Whitney U-test, ***P < 0.001.

D Representative 3D rendering of iron deposits detected by DAB-enhanced Perls staining in P30 Ctrl and Poly I:C MIA male offspring brains. Brain volume is rendered
gold transparent with a positive signal for the staining color coded by surface dimension. Scale bar = 100 lm.

E Quantification of DAB-enhanced histochemical iron stains in the brain of P30 Ctrl (0.00 � 0.00) and Poly I:C (0.01 � 0.00) male MIA offspring, expressed as Perls-
positive percentage of the volume. Mann–Whitney U-test, *P < 0.05.

F Poisson distribution R-value of Perls/DAB-positive staining of P30 male MIA offspring, respectively, in the coronal (Ctrl = 1.19 � 0.04, Poly I:C = 0.94 � 0.01; Mann–
Whitney U-test, **P < 0.01), axial (Ctrl = 1.16 � 0.08, Poly I:C = 1.03 � 0.03), and sagittal (Ctrl = 1.09 � 0.09, Poly I:C = 1.01 � 0.05) planes.

G Representative images of iron deposits detected through Perls staining in P90 Ctrl and Poly I:C MIA male offspring brains. Scale bar = 500 lm and enlargement scale
bar = 100 lm.

H Quantification of Perls-positive staining in the brain of P90 Ctrl (0.25 � 0.05) and Poly I:C (0.59 � 0.10) male MIA offspring, expressed as a percentage of the area.
Mann–Whitney U-test, **P < 0.01.

I Representative image of marble-burying test at 0 and 30 min. Fifteen-glass marbles were evenly spaced on a 5 × 3 grid. Marbles buried by two-thirds at least are
indicated by a red circle or by a cross within a red circle when fully covered by the sawdust.

J Quantification of buried marble (n°) by P90 Ctrl male (3.33 � 1.67), Poly I:C male (5.72 � 2.10), Ctrl female (3.83 � 1.72), and Poly I:C female (3.00 � 2.00) mice.
Student’s t-test, **P < 0.01.

K Quantification of self-grooming time (sec) by P90 Ctrl males (19.34 � 13.00), Poly I:C males (43.38 � 35.21), Ctrl females (19.86 � 18.06), and Poly I:C females
(16.93 � 11.19) mice. Student’s t-test, *P < 0.05.

Data information: Ctrl males = white bars with blue border. Poly I:C males = blue bars with blue border. Ctrl females = white bars with purple border. Poly I:C
females = purple bars with purple border. Numbers in bars indicate the number of animals (N) and slices (n). Bars represent mean � SEM.
Source data are available online for this figure.
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neurodevelopmental diseases upon maternal immune activation

(Haddad et al, 2020; Han et al, 2021). Interestingly, however, accu-

mulating evidence suggests that anomalies of the vasculature are

involved in the pathogenesis of neurodevelopmental disorders

(Kealy et al, 2020; Rasile et al, 2021). We demonstrate here that

MIA, applied in a developmental time window corresponding to

angiogenesis, BBB formation, and neurogenesis (Vasudevan et al,

2008), results in altered blood vessel formation and BBB maturation.

Our data are in line with evidence published while this manuscript

was under revision (Zhao et al, 2022). We also demonstrate the

sex selectivity of the above defects and show that they associate

with male-specific intracerebral bleedings and repetitive behavior

typical of neurodevelopmental diseases. Although we have no

direct proof that the behavioral defects are the direct consequence

of the altered vessel maturation, it has to be noted that the MIA

protocol that we employed does not induce microglia alterations

(Corradini et al, 2018), thus minimizing the possibility that the

observed defects are the consequence of a generalized inflamma-

tory event. Consistently, upon a single intrauterine exposure to

2 mg/kg Poly I:C at GD9, a selective elevation of TGF-b and IL-1b
was detected, the latter persisting for only a few hours after the

stimulus application.

We also show that the MIA paradigm significantly alters the early

endothelium–pericyte interplay mediated by CD146. CD146—also

known as MCAM, S-endo-1, P1h12, MUC18, gicerin, or HEMCAM—

is a member of the adhesion molecules of the immunoglobulin

superfamily (Lehmann et al, 1989). It has a pivotal role in vascular

development that has been extensively demonstrated in zebrafish

morphant, where it determines blood vessels with the narrowed

lumen and leakiness of large molecules (70 kDa) through the BBB

(Chan et al, 2005; Chen et al, 2018). Moreover, CD146EC-KO mice

display impaired BBB formation, with albumin leakiness and low

claudin-5 expression (Chen et al, 2017), which identifies claudin-5

as a downstream mediator of CD146 alterations in ECs. Accordingly,

we found that MIA male offspring display the presence of narrow

vessels, a low expression of the TJs proteins, claudin-5 and ZO-1,

and high permeability of the NVU to albumin in MIA-Poly I:C. In

line with literature evidence, showing that epithelial cells harvested

from organs displaying a leaky barrier retain their defects even upon

maintenance in vitro (Akdis, 2021), the MIA-Poly I:C-induced bar-

rier anomalies were detectable in vascular cells sorted from prena-

tally exposed males but not females. The occurrence of sex

dimorphisms in vascular cells, even under control conditions (Addis

et al, 2014; Lorenz et al, 2015), is emphasized by the differential

expression of CD146 between males and females on ECs at P30.

Consistently, our data show that males, but not females, react to

MIA-Poly I:C with dysregulation of several transcripts, which are

known to be linked with blood vessel development and pericyte

contribution to barrier formation. Of interest is the altered expres-

sion of Foxf2 in males at E17, since either excessive or low levels of

Foxf2 can alter the pericyte number and vascular coverage, leading

to albumin extravasation (Reyahi et al, 2015). Moreover, the

increase in VEGFa expression, which is influenced by metabolic

stress such as hypoxia and hypoglycemia (Shweiki et al, 1992; Stein

et al, 1998), indicates that Poly I:C embryos suffer from metabolic

stress, which could be linked to the observed increase in blood ves-

sels number. Of note, a similar phenotype has already been

described in the autistic brain (Azmitia et al, 2016).

Among the main pathways activated by prenatal Poly I:C, we

found TGF-b and IL-1b of particular relevance, being responsible for

several of the key phenotypes observed in MIA male offspring, in

line with the literature (Klein & Flanagan, 2016; Chamera et al,

2020; Posillico et al, 2021). We show here that MIA, induced by

exposure to Poly I:C at GD9, not only increases mRNA for TGF-b
selectively in males but also induces an increment of the active form

of TGF-b1, which is able to bind cell surface receptors (Robertson &

Rifkin, 2016). Of note, TGF-b paracrine signal regulates the interac-

tion between ECs and PCs (Carvalho et al, 2007; Obermeier et al,

2013), with pericyte-secreted TGF-b dampening the expression of

CD146 on ECs (Chen et al, 2017). Conversely, pericytes constitu-

tively and stably express CD146 (Chen et al, 2017). Of note, our evi-

dence that Poly I:C-mediated TGF-b elevation could be prevented in

IL-1R KO mice demonstrates a regulatory role played by IL-1b in the

phenomenon. Hence, our data suggest that the precocious and

abnormal rise of TGF-b, probably triggered by IL-1b, likely disrupts

the interplay between these cell types, leading to a premature down-

regulation of CD146 on ECs.

The key role of TGF-b1 in vascular defects manifestation conse-

quent to Poly I:C prenatal challenge is recapitulated by the in vitro

experiments where the cytokine not only induces the downregula-

tion of CD146 and claudin-5 expression but also alters BBB func-

tional features. Notably, TGF-b synergizes with IL-1b in reducing

CD146 ECs expression. IL-1b is known to interact with the TGF-b
signaling, resulting in an unbalance of ALK1/ALK5 activation

(Roman-Blas et al, 2007; Luo et al, 2009). In our experimental set-

ting, we detected high activation of ALK1 and unchanged ALK5 acti-

vation, thus pointing to specific activation of the TGF-b signaling in

ECs. SMAD1/5 phosphorylation is indeed mediated by ALK1, which

is predominantly expressed in ECs (Armulik et al, 2005; Gonz�alez-

N�u~nez et al, 2013). The in vitro experimental setting also allowed us

to demonstrate that female-derived ECs respond to TGF-b1 alone,

and/or to a combination of IL-1b and TGF-b1, comparably to males.

These data exclude the intrinsic resilience of female cells to the

cytokines analyzed and further confirm that the sex-specific patho-

logical phenotype results from the lack of cytokine elevation in

females prenatally exposed to Poly I:C.

Several literature evidence point to a key effect of TGF-b on vas-

cular homeostasis and disease association. The TGF-b pathway

upregulation in endothelial cells, occurring in GLUT10 deficiency

(Coucke et al, 2006) and Loeys-Dietz syndrome (Loeys et al,

2005), weakens the structure of the blood vessels leading to aortic

aneurysms associated with arterial tortuosity. In pericytes, the over-

abundance of active TGF-b results in premature cytostasis: in vitro

TGF-b1 treatment reduces the proliferative rate of pericytes with no

effect on vitality (Khanna, 2004; Rustenhoven et al, 2016), and the

same happens in emilin-1 KO mice, which have an excessive level

of active TGF-b resulting from the increased conversion of pro-TGFb
to the mature form (Zacchigna et al, 2006). Furthermore, TGF-b1
chronic overproduction causes the dropout of mural cells and

reduced coverage of the cerebral vessels (Kato et al, 2020). In accor-

dance with these observations, our data show that MIA male off-

spring, specifically displaying TGF-b signaling upregulation, have a

low in vivo pericyte proliferative rate at both E17 and P30 and, con-

sequently, a low pericyte coverage of the cerebral blood vessels in

the adult age (P90). Furthermore, claudin-5, one of the most

important and highly expressed TJ proteins of the NVU (Ohtsuki
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et al, 2008), is regulated by PCs presence (Armulik et al, 2010; Bell

et al, 2010; Daneman et al, 2010).

The upregulation of the TGF-b pathway results in vessels prone,

both acutely and chronically, to bleedings. The occurrence of brain

bleedings has been previously reported to associate with pericyte

paucity, which causes intraventricular hemorrhages of the germinal

matrix (GH-IVH) in prematurely born babies (Braun et al, 2007).

Moreover, the occurrence of hemorrhagic events, together with low

levels of CD146, has been linked to the occurrence of neuropsychi-

atric diseases (Greene et al, 2019; Rasile et al, 2021). Perinatal brain

hemorrhages are a risk factor for schizophrenia (Rosanoff et al,

1934; Torrey et al, 1975) and indeed the injection in mouse fetuses

of the pro-hemorrhagic agent lysophosphatidic acid (LPA) induces

schizophrenic-like behaviors in experimental animals (Mirendil

et al, 2015). Furthermore, a large number of schizophrenic patients

suffer from small vessel diseases and up to 50% of them die from

cardiovascular diseases (Ringen et al, 2014). Recently, it has been

shown that models of MIA, besides exhibiting higher susceptibility

to neuropsychiatric disorders, also display a higher incidence of

blood pressure alterations and cardiovascular deficits (Deng et al,

2018). Besides being congruent with the occurrence of repetitive

behavioral defects in male GD9 Poly I:C offspring, these data are

also in line with our analysis of the relationship between neurode-

velopmental diseases and the cytokine pathways known to partici-

pate in the MIA process, showing that TGF-b has the strongest

association with autism and schizophrenia.

The existence of a specific time window for the harmful effects of

MIA is in line with the concept that NVU maturation is a finely

tuned temporally regulated process. This time window seems to cor-

respond to the end of the first trimester of pregnancy, i.e., the begin-

ning of cerebral angiogenesis, when maternal viral infections and

inflammation can impair the normal communication between ECs

and PCs, thus resulting in male-specific alterations of the NVU. Our

work calls for new studies on the consequences of neurovascular

damages following large-scale maternal viral infections such as the

COVID-19 pandemic.

Materials and Methods

Animals and MIA model

Animals were maintained in an SPF animal house with constant

temperature and humidity, under a regular light–dark schedule

(lights on 7 a.m. to 7 p.m.) and ad libitum food and water. All the

experimental procedures followed the guidelines established by the

European Legislation (Directive 2010/63/EU) and the Italian Legisla-

tion (L.D. no 26/2014). MIA was performed as previously described

(Corradini et al, 2018). Briefly, pregnant C57BL/6 WT or IL-1R KO

mice at GD9 were injected with 2 mg/kg body weight Poly I:C

(polyinosinic–polycytidylic acid, Sigma-Aldrich #P9582 lot.

012M4032V) dissolved in saline or vehicle intraperitoneally (i.p.).

P20 WT male mice were injected with the same amount of Poly I:C

to differentiate between the embryological and adult effects of Poly

I:C-induced inflammation. A maximum of three offspring animals

for each sex have been analyzed from the same pregnancy. The pool

of analyzed animals was derived from at least two distinct dams.

Sex differences have been analyzed and observed within litters.

The Poly I:C lot was characterized for molecular weight through

electrophoresis run on bleach agarose gel (Aranda et al, 2012)

(Appendix Fig S1A), and LPS contamination by Kinetic-QCLTM

Kinetic Chromogenic LAL Assay (Lonza #50-650 U)—estimated in

1–16 pg per injected mouse and RNA purity by 260/280 ratio—

values range 1.62–1.64.

Immunostaining of brain slices

For the immunostaining of brain slices, anesthetized mice (100 mg/

kg ketamine and 20 mg/kg xylazine cocktail) were transcardially per-

fused with 0.9% saline followed by 4% paraformaldehyde dissolved

in 0.1 M phosphate buffer. Brains were rapidly extracted from the

skull and then either snap frozen or put in 4% paraformaldehyde

overnight for post-fixation. Frozen brains were included in a pre-

cooled Cryobloc-filled mold and cut into 10-lm-thick slices with a

Microm HM 520 Cryostat. Post-fixed brains were cut with a VT1000S

vibratome (Leica Microsystems) into 50-lm-thick slices. Immunos-

taining was performed by a 45 min RT blocking with 10% normal

goat serum, 0.2% Triton X-100, and overnight incubation with speci-

fic primary antibodies at 4°C and 1-h incubation with secondary anti-

bodies at RT diluted as listed in Appendix Table S1. Z-stack confocal

images were acquired using a Leica SPE confocal microscope

equipped with an ACS APO 63X/1.30 oil objective or with Olympus

Fluo View FV1000, using a UPLFLN 40x/1.30 or a UPLSAPO 60x/

1.35 oil objective (Olympus). Fluorescence image processing and

analyses were performed using ImageJ software (National Institute of

Health) and/or Bitplane (Imaris 7.4.2). Quantitative analysis of

claudin 5 and ZO-1 by IF has been obtained by Bitplane (Imaris) after

the automatic segmentation of surfaces. Quantitative analysis of

CD13 and PDGFrB-positive pericytes has been expressed as the per-

centage of coverage of the lectin signal and obtained by Bitplane

(Imaris) and NIH Image J software, respectively.

For immunohistochemical staining, free-floating slices were per-

meabilized with PBS, 3% (v/v) methanol, and 0.1% (w/v) Triton X-

100, and treated with 3% (v/v) hydrogen peroxide, while the

immuno-detection was performed with an anti-mouse secondary

antibody followed by MAC1 Universal HRP-Polymer (Biocare Medi-

cal, Pacheco, CA, USA) and DAB (30DiAminoBenzidine; Biocare

Medical, Pacheco, CA, USA) revelation. Slices were mounted and

acquired by VS120 DotSlide (Olympus) and the dedicated software

OlyVIA. Images processing and analyses were performed using

ImageJ software (National Institute of Health).

DiI vascular staining and analysis

1,10-Dioctadecyl-3,3,30,30-tetramethylindocarbocyanine perchlorate

(DiI) crystal was dissolved in pure ethanol at a concentration of

5.9 mg/ml (50X solution). Immediately before use, DiI working

solution was obtained by diluting the 50X DiI into PBS–1,2% glu-

cose which was then vortexed for 1 min. The obtained solution was

immediately used to transcardially perfuse P90 mice which were

then fixed by 4% paraformaldehyde dissolved in 0.1 M phosphate

buffer perfusion. Brains were rapidly extracted from the skull and

then put in 4% paraformaldehyde overnight for post-fixation. Post-

fixed brains were cut with a VT1000S vibratome (Leica Microsys-

tems) into 50-lm-thick slices. After confocal imaging at 20X magni-

fication, 3D reconstruction of the vessels was performed by Bitplane
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(Imaris) and analyzed by the Filaments software package. The same

analysis was performed on CD31-stained slices from P90 Poly I:C

males MIA offspring; for these sets of images a 60X objective was

used. For antibody details, see Appendix Table S1.

Perls staining

Fifty-lm-thick brain slices were stained with Prussian Blue dye for

iron detection. Briefly, a 20% v/v chloridric acid solution and a

10% w/v potassium ferrocyanide trihydrate (K4Fe4(CN)6x 3H2O,

FW 422.4, Sigma, cat# p-3289) solution made in distilled water were

mixed just before use. Slices were incubated in the mix solution for

40 min and then washed three times with PBS 1X. A Nuclear Fast

Red counterstaining was performed. To further enhance iron detec-

tion, the slices derived from the P30 brains—one of every three

slices of the entire brain—were additionally incubated with DAB.

Briefly, washed slices were incubated with Triton 0.5%, methanol

3%, hydrogen peroxide, 3% PBS solution for 1 h, and then washed

three times with PBS 1X. Next, slices were incubated with DAB for

3 min and then washed with distilled water. Perls staining was like-

wise performed on spleen slices as a positive control. Slices were

mounted and acquired by VS120 DotSlide (Olympus) and the dedi-

cated software OlyVIA. Virtual slices alignment, volume reconstruc-

tion, and area segmentation were performed by the TrakEM2 plugin

in NIH Image J software and Bitplane (Imaris), respectively. Points

pattern analysis (PPA) was performed by PAST 3.21 statistical soft-

ware with the cartesian coordinates of the iron deposit spots along

the craniocaudal, dorsoventral, and left–right axis using nearest-

neighbor analysis (convex hull area estimation, wrap-around edge

correction, and 16 bins). To compare different brains, each plane

has been normalized to 120X, 100Y, and 60Z. The null hypothesis is

a random Poisson process where clustered points give R < 1, Pois-

son patterns give R ~ 1, while overdispersed points give R > 1.

Western blot analysis

Cortical tissues were collected from E17, P20, and P90 Poly I:C or

vehicle prenatally treated offspring. For total protein extraction,

samples were homogenized on ice in a glass-Teflon potter using a

solubilizing mix composed of sodium dodecyl sulfate 1% (SDS),

62.5 mM Tris–HCl (pH 6.8), and 290 mM sucrose. Protein concen-

tration was estimated using Bicinchoninic Acid Assay (BCA) kit

(Thermo Fisher Scientific). For western blot analysis, equal amounts

of protein (25 lg) were loaded and run on 12% acrylamide gel.

Membranes were stained with primary antibodies diluted as listed

in Appendix Table S1. Detection was performed with ClarityTM

Western ECL Substrate (Bio-Rad) and bands were analyzed through

Chemidoc apparatus via ImageLab software (Bio-Rad).

Sex determination by PCR

DNA extraction was performed from tail tissues through a 15 min

incubation at 55°C with 200 ll of PBND buffer (50 mM KCl, 10 mM

Tris–HCl pH 8.3, 2.5 mM MgCl2, 0.1 mg/ml gelatin, 0.45% v/v

Nonidet P40, and 0.45% v/v Tween 20) plus 0.8 lg proteinase K.

The enzyme was then inactivated by 5 min temperature increase at

95°C and the supernatant was used to perform a PCR with sex-

determining region Y (SRY) primers (Appendix Table S2).

Quantitative RT–PCR

Whole embryos obtained 6 h after the GD9 injection or brain cortices

from mice at different developmental stages were used. Samples were

homogenized in 500 ll of TRI reagent (Zymo Research) for RNA

extraction. Total RNA was isolated using the Direct-zol RNA MiniPrep

isolation kit (Zymo Research) according to the manufacturer’s proto-

col. The RNA was eluted with 25 lL DNase/RNAse-free water, quan-

tified using NANOdrop 2000c spectrophotometer (Thermo Fisher

Scientific), and optical density 260/280 nm ratios were determined.

Reverse transcription was performed using 1 lg RNA with a High-

Capacity cDNA RT kit (Applied Biosystems). Real-time polymerase

chain reaction (qRT–PCR) was performed using RT–PCR Viia7

(Applied Biosystems) in a final volume of 10 ll for SYBR Green tech-

nique (SensiFAST SYBR Lo-ROX, Bioline) and 20 ll for TaqMan tech-

nique (Gene Expression Master Mix, Life Technologies). Each gene

was analyzed at least in duplicate and data analyses were performed

with the DDCt method. All RNA levels were normalized to GAPDH.

Primer sequences are listed in Appendix Table S2.

ELISA measures

Amniotic fluids were collected from the E17 amniotic sac and

rapidly frozen. Under specific dilutions, they were tested with differ-

ent ELISA kits reported in Appendix Table S1. Tissue—either whole

embryos obtained at GD9 or E17 brains—were homogenized with

700 ll of ice-cold buffer (sucrose 0.32 M, HEPES 1 mM, MgCl2
1 mM, EDTA 1 mM, NaHCO3 1 mM, PMSF 0.1 mM, and protease

inhibitors) using a Tissue Lyser (Qiagen) for 3 min at 30 Hz. After

15 min of centrifugation at 1,600 g at 4°C, supernatant has been col-

lected and evaluated for cytokine content with the specific kits

reported in Appendix Table S1 according to the instructions from

the manufacturer. The absorbance was then measured at 450 and

540 nm using Synergy H4 (BioTek). When normalized by protein

concentration, protein concentration was estimated using the Bicin-

choninic Acid Assay (BCA) kit (Thermo Fisher Scientific).

Evan’s blue permeability assay

A 2% Evan’s blue (Sigma-Aldrich, cat. no. E2129, dye content ≥75%)

PBS solution was i.p. injected in the mice at 4 ml/kg. Twenty-four

hours after the time of injection, animals were anesthetized with keta-

mine (100 mg/kg) and xylazine (10 mg/kg), transcardially perfused

with 0.9% saline, and the brain was rapidly extracted from the skull.

The cerebral tissue was weighed and dried up. When fully dry, the

specimens were incubated with 70 ll of formamide in agitation at

24°C for 72 h. This process allows the extraction of the dye from the

tissue. After 10-min centrifugation at 800 g, the supernatant was col-

lected and loaded into 96-well flat-bottom assay plates (Costar�, Corn-

ing Inc). The absorbance was then measured at 620 and 740 nm

using Optimax Microplate Reader (Molecular Devices). Relative absor-

bance units were converted into concentration according to standards.

Brain endothelial cells and pericytes characterization and
isolation by fluorescence-activated cell sorting (FACS)

The isolation procedure of endothelial cells and pericytes from the

brain tissues was adapted from Crouch & Doetsch (2018). Briefly,
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mice were euthanized and the brain was rapidly dissected. After

meninges removal, cortices were isolated and finely minced. The tis-

sue was then digested with 3.5 mg/ml Collagenase/Dispase (Roche)

and 2% FBS in PBS 1X at 37 °C for 60 min in a hybridization oven

set at max speed rotation. After brief centrifugation, 80 lg of DNAse

I (Sigma) was added to each sample and a mechanical dissociation

step was performed by pipetting. Homogenates were deprived of

myelin and purified by a 22% Percoll gradient at 600 g for 20 min at

4°C with no brake. Cells were stained with Zombie aqua reagent

and the following antibodies for 15 min at RT in the dark: Anti-

mouse—CD45 (Immunotools), CD13, CD146, CD105, and CD31 (all

from BD) (Appendix Table S1). After washing, cells were either ana-

lyzed on a FACSymphony A5 analyzer (BD Biosciences) or sorted

with a FACSAria III cell sorter (BD Biosciences) equipped with a

100 lm nozzle and a plate voltage set to 2,000 volts. Doublets were

excluded from the analysis in an FSC-A vs. FSC-H dot plot, among

viable non-hematopoietic cells (Zombie aquaneg and CD45neg cells),

endothelial cells were identified based on CD31 expression while

pericytes were defined either as CD146pos cells in the embryonic

brain or CD13pos cells in the postnatal brain. FC data were analyzed

by FACSDiva 8.0.1 Software (BD Biosciences).

EdU cell proliferation assay

5-Ethynyl-20-deoxyuridine (EdU) (Thermo Fisher) was injected at

55 mg/kg i.p. 5 h before sacrifice in pregnant mice at GD17 or 48 h

before sacrifice in mice at P30. Animals were anesthetized, transcar-

dially perfused with 0.9% saline, and the brain was rapidly

extracted. The cerebral tissue was processed as described for brain

endothelial cells and pericytes isolation by FACS and stained accord-

ing to the manufacturer’s protocol before flow cytometry analysis.

Cell cultures

The immortalized mouse brain endothelial cells line bEnd.3

[BEND3] (ATCC� CRL2299TM) was cultured in Dulbecco’s modi-

fied Eagle’s medium (DMEM) supplemented with 10% heat-

inactivated fetal bovine serum (FBS) and 1% penicillin–strepto-

mycin (P/S). The cells were maintained in a humidified cell culture

incubator at 37 °C with 5% CO2 and 95% air. Cultures were grown

until confluency and treated when TEER values reached >

100 Ω.cm2. The mean TEER of the bEnd.3 cultures used was

167 Ω.cm2. Primary cultures of endothelial cells (EC) obtained

from individual E17 embryos after FACS sorting were seeded at a

concentration of 20,000–100,000 cells per cm2, and grown in tissue

culture plates coated with 10 lg/ml rat tail collagen type I (lower

viscosity; Cultrex) and 3 lg/ml fibronectin (Sigma), in EBM-2

medium (Lonza) supplemented with 2% heat-inactivated fetal

bovine serum, 1% penicillin–streptomycin (Lonza), 1.4 lM hydro-

cortisone (Sigma), 5 lg/ml ascorbic acid (Sigma), 1% chemically

defined lipid concentrate (Invitrogen), 10 mM HEPES (Lonza),

5 ng/ml basic fibroblast growth factor (bFGF, Lonza), 10 ng/ml

epidermal growth factor (EGF, Lonza), 1.95 lg/ml bovine serum

albumin, 10 ng/ml vascular endothelial growth factor (VEGF,

Immunotool), and 0.1% insulin-like growth factor (IGF-1, Lonza).

Primary cultures of pericytes (PC) obtained from individual E17

mouse embryos after FACS sorting were maintained in culture at a

cell concentration of 18.000–45.000 viable cells per cm2, in EBM-2

medium (Lonza) supplemented with 2% heat-inactivated fetal

bovine serum, 1% penicillin–streptomycin (Lonza), 5 lg/ml ascor-

bic acid (Sigma), 1% chemically defined lipid concentrate (Invitro-

gen), 10 mM HEPES (Lonza), 50 ng/ml platelet-derived growth

factor-BB (PDGF-BB, Immunotool), and grown in 10 lg/ml rat tail

collagen type I (lower viscosity; Cultrex) and 3 lg/ml fibronectin

(Sigma)-coated plates (cells isolated from different pups were kept

separate) at 37°C in a humidified 5% CO2 incubator.

For mature primary brain EC, cortices of 2-month-old mice were

processed as already described for ECs isolation. ECs were seeded at

a concentration of 260,000 cells per cm2 and grown in tissue culture

plates coated with 10 lg/ml rat tail collagen type I (Corning) and

3 lg/ml fibronectin (Sigma) in EBM-2 medium (Lonza) supple-

mented with 10% heat-inactivated fetal bovine serum, 1% peni-

cillin–streptomycin (Lonza), and 4 lg/ml puromycin (Sigma) for

the first 2 days to obtain an almost pure endothelial cells culture.

Cultures were grown until confluency and treated when TEER val-

ues reached > 90 Ω.cm2. The mean TEER of the primary cultures

used was 160.5 Ω.cm2.

3D barrier model

The protocol for the 3D BBB model in vitro building was adapted

from Lauranzano et al (2019). Briefly, PC and EC or bEnd.3 were

cultured as a monolayer or co-cultured as a double layer on Tran-

swell� (polycarbonate, 6.5 mm diameter, 3 lm pore size, 24 wells;

Corning) coated with 10 lg/ml rat tail collagen type I (lower viscos-

ity; Cultrex) and 3 lg/ml fibronectin (Sigma). PC were seeded onto

the abluminal side of the filter, whereas EC or bEnd.3 cells were cul-

tured to confluence onto the luminal side of the membrane. PC and

EC or bEnd.3 were co-cultured for 7–14 days at 37°C with 5% CO2.

For in vitro BBBs made of mature primary EC, Transwell� (polycar-

bonate, 12 mm diameter, 3 lm pore size, 12 wells; Corning) coated

with 10 lg/ml rat tail collagen type I (lower viscosity; Cultrex) and

3 lg/ml fibronectin (Sigma) were used.

Transendothelial cell electrical resistance (TEER) assay

TEER was measured using a Voltohmeter (Millicell Electrical Resis-

tance System, Millipore). TEER values were recorded in barrier

models and cell-free matrix-coated transwells. Absolute TEER val-

ues were obtained by subtracting background resistance from bar-

rier resistance values and correcting for the area covered by the

cells. TEER was recorded once a day to monitor cell confluence.

Variation in absolute TEER for each transwell was measured over

time from T0, then averaged for each day before treatment and

expressed as fold change of control cells.

In vitro barriers model treatment

Before treatment, cells were starved for 24 h by reducing the

amount of serum in the media from 5% to 0.5%; this has been done

to lower the amount of TGF-b in the culture medium. After starva-

tion, the cells were incubated for up to 72 h with 10 ng/ml IL-1b
and/or 10 ng/ml TGF-b1 in a medium with 2% serum. When both

cytokines were used, IL-1b was added to the culture 30 min before

TGF-b1. IL-1b and/or TGF-b1 were administered to the 3D in vitro

barrier model in complete media on the basolateral side.
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Ac-LDL uptake assay

DiI-fluorescently labeled acetylated low-density lipoprotein (DiI

AcLDL; Thermo Fisher) was diluted in EBM2 medium at a concen-

tration of 10 lg/ml and added to cultured cells for 4 h at 37°C in a

humidified 5% CO2 incubator. Ac-LDL uptake was analyzed by fluo-

rescence microscopy and acquired with an inverted microscope

Olympus IX53 (Center Valley, PA, USA). Alternatively, cells were

stained with Diff Quick (Dade Behring, BioMap) and acquired with

an inverted microscope Olympus IX53 (Center Valley, PA, USA).

Dextran permeability assay

Dextran permeability assay was performed as previously described

(Lauranzano et al, 2019). Briefly, 10 kDa -Dextran Alexa Fluor�

488-conjugated (Thermo Fisher) 10 lg/ml diluted in DMEM Flu-

oroBriteTM (Life Technologies) was added to the apical compartment

of confluent PC-bEnd.3 co-cultures or endothelial monolayers for

1 h at 37°C in a humidified 5% CO2 incubator with continuous slow

mixing for E17-derived cells. For mature primary ECs, 3 kDa Dex-

tran Alexa Fluor� 488-conjugated (Thermo Fisher) 100 lg/ml and

10 kDa Dextran Alexa Fluor� 555-conjugated (Thermo Fisher)

10 lg/ml were used instead. Solute paracellular permeability was

assessed by measuring the amount of fluorescent tracer in the apical

and basolateral compartments using SynergyTM H4 Hybrid Multi-

Mode Microplate Reader (BioTek). Relative fluorescence units were

corrected for background fluorescence and converted into concen-

tration according to standards. The amount of fluorescent test com-

pound was calculated as permeability coefficient (Pe, cm/min), as

previously described in detail. The experiments were done at least

in triplicates for each condition.

Immunostaining of cells

Cells were cultured onto round coverslips for this purpose and then

fixed with 4% PFA/sucrose for 15 min at RT. Cells were washed

with dPBS, permeabilized, and blocked in GSDB 1X solution (15%

goat serum, 0.3% Triton X-100, 450 mM NaCl, and 20 mM phos-

phate buffer pH 7.4) for 1 h at RT, then incubated with primary anti-

bodies o/n at 4°C. The following day, the cells were washed twice

with salt solution before incubation with secondary antibodies (di-

luted 1:500 in permablock) for 1 h in the dark. Coverslips were

mounted onto slides with FluorSave Reagent (Calbiochem).

Slides were stored at 4°C until visualized by confocal micro-

scopy. Z-stack confocal images were acquired using a Leica SPE

confocal microscope equipped with an ACS APO 63X/1.30 Oil objec-

tive or with Olympus Fluo View FV1000, using a UPLFLN 40x/1.30

or a UPLSAPO 60x/1.35 oil objective (Olympus). Fluorescence

image processing and analyses were performed using ImageJ soft-

ware (National Institute of Health) and/or Bitplane (Imaris).

Detection of occult blood in the stools

Stools from mice at P30 and P90 were collected and tested for the

presence of blood through Hemoccult Sensa (Mountainside Medical)

according to the manufacturer’s protocol. Briefly, stools were

pressed on precoated cardboard, and the revealing reagent was

applied on the backside of the sample square, as well as on the

positive and negative control spots. The appearance of a blue col-

oration within a couple of minutes on the cardboard indicates the

presence of blood in the sample.

Gene enrichment analysis

We performed an enrichment analysis to verify the involvement of

genes in the TGF-b, TNF-a, IL-1, and IL-6 pathways with autism and

schizophrenia. We obtained the list of genes and connecting genes

of each of the four pathways from the SIGNOR 3.0 database (snap-

shot of DecemberL�opez-Aranda et al, 2021) (Perfetto et al, 2016;

Licata et al, 2020). We collected the list of genes implicated in

autism susceptibility from the SFARI Gene database (release of

SeptemberL�opez-Aranda et al, 2021) (Abrahams et al, 2013), and

the list of schizophrenia-associated genes obtained in the genome-

wide association studies CLOZUK, PGC, and PGC2 (Ripke et al,

2014; Pardi~nas et al, 2018; Wu et al, 2020) curated from the

Schizophrenia Database (Wu et al, 2020). The list of genes differen-

tially expressed by sex in prenatal and adult brain samples was

obtained from Werling et al (2016). We extracted intersections of

the identified gene sets and computed the P values for enrichment

with hypergeometric tests (Datasets EV1 and EV2) (Note that the P-

values cannot be taken directly as significance flags, or as a measure

of the strength of association, because they rely on databases of

known associations, i.e., biased toward the existing literature, thus

ignoring associations that are still unreported.)

Marble burying

The marble burying test measures obsessive–compulsive disorder

(OCD) reflecting anxiety-like behavior response. During the test,

mice at P90 were placed individually, without food or water, in a

clear plastic box containing 15 glass marbles (1.5 cm in diameter)

that were evenly spaced on a 5 × 3 grid. The measure of marble-

burying behavior was the number of marbles buried to at least two

thirds of the depth of the sawdust, within 30 min. The tests were

performed in a counterbalanced manner, by direct observation by a

trained observer, blind to the treatment. All experiments were con-

ducted between 10 am and 5 pm.

Self-grooming

Mice at P90 were scored for spontaneous grooming behaviors as

described earlier (Silverman et al, 2010) with slight modifications.

Each mouse was placed individually into a clean mouse cage with a

thin (0.5 cm) layer of bedding reducing neophobia while preventing

digging, a potentially competing behavior. After 5 min of acclimati-

zation, each mouse was scored with a stopwatch for 10 min for

cumulative time spent grooming all body regions by an expert

observer, blind to the treatment. All experiments were conducted

between 10 am and 5 pm.

Statistical analysis

Results are presented as means � SEM. The normal distribution of

experimental data was assessed using the D’Agostino–Pearson–Kol-

mogorov–Smirnov normality test or the Shapiro–Wilk test for small

sets of values. To compare two normally distributed sample groups,
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we used Student’s paired or unpaired test. To compare two sample

groups that were not normally distributed, we used Mann–Whit-

ney’s nonparametric test. To compare more than two normally dis-

tributed sample groups, we used ordinary one-way ANOVA for

normally distributed sample groups or Kruskal–Wallis test for not

normally distributed sample groups, followed by Tukey’s or Sidak’s

multiple-comparison test. Statistical analyses were performed by

using GraphPad 8 (Prism) software. Differences are significant if

P ≤ 0.05 and are indicated by *; those at P ≤ 0.01 are indicated by

**; those at P ≤ 0.001 are indicated by ***; and those at P ≤ 0.0001

by ****.

Data availability

BioStudies accession number S-BIAD530 (https://www.ebi.ac.uk/

biostudies/studies/S-BIAD530).

Expanded View for this article is available online.
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