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IFN-y signaling links ventriculomegaly
to choroid plexus and ependyma dysfunction
following maternal immune activation

Yu-Qin Sun'’, Xin-Xin Huang'*", Wei Guo', Chen Hong', Juan Ji', Xi-Yue Zhang', Jin Yang', Gang Hu' and
Xiu-Lan Sun"*

Abstract

Maternal immune activation (MIA) is a principal environmental risk factor contributing to autism spectrum disorder
(ASD) and can be causally linked to ASD symptoms. In our study, we found that MIA triggered by poly (I: C)
injection caused ventriculomegaly in offspring due to the dysfunction of the choroid plexus (Chp) and ependyma.
We subsequently identified a sustained enhancement of interferon-y (IFN-y) signaling in the brain and serum

of MIA offspring. Further study revealed that increased IFN-y signaling could disrupt the barrier function of Chp
epithelial cells by activating macrophages, and suppress the differentiation of primary ependymal cells via the
signal transducer and activator of transcription 1/3 signaling. The effects of MIA on the offspring were mitigated by
administration of IFNGR-blocking antibody in pregnant dams, while systemic maternal administration of IFN-y was
sufficient to mimic the effect of MIA. Overall, our findings revealed that ventriculomegaly caused by IFN-y signaling
could be a critical factor in compromising fetal brain development in MIA-induced ASD and provide a mechanistic
framework for the association between maternal inflammation and abnormal development of ventricles in the
offspring.
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Introduction

Autism spectrum disorder (ASD) represents a complex
neurodevelopmental disorder characterized by its core
symptoms of social deficiency and repetitive, stereo-
typed behavioral patterns [1]. Maternal immune sys-
tem activation (MIA) during embryonic development
is a significant risk factor for ASD [2, 3]. MIA triggered
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serum, plasma, and cerebrospinal fluid of ASD patients
[6]. However, the pathological mechanisms of transient
inflammation-induced neurodevelopmental disorders
remain unclear.

Recent studies revealed that MIA triggers an inflamma-
tory state in the choroid plexus (Chp) and abnormal neu-
rogenesis in the subventricular zone (SVZ) of offspring
during the embryonic stage [7-9]. The Chp comprises
various types of cells and has a highly regulated immune-
secretory capacity, producing approximately 80% cere-
brospinal fluid (CSF) through a coordinated action of
multiple ion and water transport molecules [10, 11].
Ependymal cells (ECs) lining the cerebral ventricles are
derived from the SVZ radial glia and fully differentiated
by the second week of postnatal life [12]. ECs are covered
by motile cilia, whose coordinated beating facilitates the
directional flow of CSF [13]. An abnormal function and
structure of Chp or ependyma induces CSF circulation
failure, leading to ventriculomegaly. Ventriculomegaly is
one of the most common brain abnormalities diagnosed
prenatally in fetuses. Recent studies have shown that
children with ASD exhibit ventricular dilation as early
as their developmental stage, with a significant positive
correlation between the degree of ventricular enlarge-
ment and the severity of behavioral defects [14, 15]. This
indicates that the potential association between ven-
tricular enlargement caused by CSF circulation abnor-
malities and neurodevelopmental disorders warrants
further investigations. However, the specific pathological
mechanism underlying ventriculomegaly in ASD patients
remains unclear, and whether MIA can lead to ventricu-
lomegaly in offspring mice by affecting CSF circulation is
still unknown.

In this study, we first found that MIA offspring exhib-
ited ventriculomegaly and further uncovered the dys-
function of the Chp and ependyma. Subsequently, bulk
RNA sequencing (RNA-seq) was performed to explore
the underlying mechanisms. We found that interferon-y
(IFN-y) signaling significantly increased in MIA off-
spring. Mechanically, IFN-y signaling disrupted the
differentiation of ECs and the barrier function of Chp epi-
thelial cells (CHPEs). Strikingly, administration of IFN-y
neutralizing antibody protected against MIA-induced
ventriculomegaly and ASD-like behaviors, while systemic
maternal administration of IFN-y was sufficient to mimic
the effect of MIA. Therefore, we provide a mechanistic
framework for the association between maternal inflam-
mation and abnormal development of ventricles in off-
spring, which may contribute to the understanding of
the etiological mechanisms underlying neuropsychiatric
disorders.
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Methods and materials

Experimental animals

For the animal experiments, both female and male C57/
B6] mice at 1, 3, and 8—12 weeks after birth were utilized,
which were from the Medical Experimental Animal Cen-
ter of Nanjing Medical University. They were provided
with sterilized feed and water and placed in an SPF-grade
animal facility. The facility maintained a temperature of
around 25 °C, humidity ranging from 50 to 60%, and a
12-hour light-dark cycle.

The animal experiments were conducted in strict accor-
dance with the ARRIVE guidelines and had obtained
approval from the Experimental Animal Ethics Com-
mittee of Nanjing Medical University (approval number:
2004037-1). Throughout the study, every possible mea-
sure was taken to minimize both the number of sacrificed
mice and any pain or distress they might endure.

Purification and culture of primary ependymal cells
Primary culture of ECs was performed as previously
reported [16]. From postnatal day 1-2 (P1-2) Sprague-
Dawley (SD) rats, the SVZs were dissected in pre-cooled
PBS. Then, they were digested with trypsin (Gibco,
27250018) and DNAse I (Yeasen, 20156ES50) in PBS at
37 °C for 15 min, after which the mixture was centrifuged.
The resulting cell pellet was resuspended in DMEM con-
taining 10% FBS and 1% Penicillin/Streptomycin (Gibco,
151400), and the cell suspension was seeded onto a Poly-
L-lysine (PLL)-coated (Sigma, P6407) T25 flask. The cells
were allowed to proliferate for 5 days until they reached
confluence. Subsequently, the flask was shaken at 250
revolutions per minute (rpm) overnight at room temper-
ature to remove non-adherent microglia. The pure, con-
fluent ependymal progenitors were then transferred to
PLL-coated cover slides or plates containing DMEM with
10% FBS and 1% P/S and incubated overnight. To initiate
the gradual differentiation of ependymal cells in vitro, the
culture medium was replaced with serum-free DMEM
supplemented with 1% P/S. For subsequent experiments,
IEN-y (Peprotech, 315-05; at a concentration of 50 ng/
mlL), Fludarabine (MCE, HY-B0069; 10 uM), and Stattic
(MCE, HY-13818; 1 uM) were utilized.

Purification and culture of primary choroid plexus
epithelial cells (CHPEs)

Purification and culture of primary choroid plexus epi-
thelial cells (CHPEs) were conducted as previously
described [17]. The choroid plexus (Chp) was isolated
from the lateral ventricles (LVs) of P1-2 Sprague-Dawley
(SD) rat brains. It was then placed in fresh Dulbecco’s
Modified Eagle Medium (DMEM) and digested with a
combination of trypsin and DNase I in phosphate - buft-
ered saline (PBS) at 37 °C for 15 min. After digestion,
3—4 volumes of CHPE culture medium, which consisted
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of 1% penicillin/streptomycin (P/S), 1% insulin-transfer-
rin-selenium (ITS), 10 ng/mL epidermal growth factor
(EGF), and 10% fetal bovine serum (FBS) in DMEM, were
added to halt the digestion process. The resulting mixture
was gently pipetted and centrifuged at 1000 revolutions
per minute (rpm) for 5 min. Subsequently, the cell pel-
let was resuspended in fresh CHPE culture medium until
no visible sediment was present. The cell suspension was
then filtered through a 70-um cell strainer. After filtra-
tion, the cells were seeded into well plates that had been
pre-coated with poly-L-lysine. In the subsequent experi-
ments, we used IFN-y at a concentration of 100 ng/mL
and Fludarabine at a concentration of 10 pM.

Primary

The tibiae and femurs were obtained from 7-8-week-old
male C57BL/6] mice. The bone marrow within them was
flushed out with DMEM. Next, the cell suspension was
filtered through 70 pm filters. After that, the cells were
incubated in 1 ml of erythrocyte-lysing buffer for 5 min
to eliminate erythrocytes. Once the incubation was com-
plete, the cells were washed, and then resuspended in a
macrophage culture medium. This medium was com-
posed of 1% penicillin/streptomycin (P/S), 10% L1929
cell supernatant, and 20% fetal bovine serum (FBS) in
DMEM. The resuspended cells were then seeded onto
plates and cultured for 6-7 days to allow for differentia-
tion. For the following experiment, IFN-y (100 ng/mL)
and Fludarabine (10 pM) were used.

Migration assay

Macrophages were seeded in 8 pm Transwell chambers
and cultured alone until the seventh day. They (in Tran-
swell chambers) were then transferred to a CHPE culture
plate for co-culturing with the CHPEs. The culture media
in both the upper and lower chambers were replaced with
regular complete medium (10%FBS, 1%P/S in DMEM),
with or without the addition of IFN-y. After 24 h of incu-
bation, the Transwell chambers were removed, and the
cells were fixed. Crystal violet (Beyotime, C0121) was
applied for staining 10 min, followed by 4 rinses with
PBS. The cells on the inner layer of the chamber were
gently wiped off with a cotton swab, leaving only the cells
that had migrated to the outer layer, which were then
photographed and counted.

Quantification of CHPE permeability

CHPEs were seeded in 0.8 pm Transwell chambers and
cultured alone until a confluent monolayer was formed.
Cells were then co-cultured with macrophages or the
culture medium was replaced with macrophage-condi-
tioned medium supernatant. After 48 h of incubation,
the Transwell chambers were transferred to a new plate,
and 2 mg/mL FITC-Dextran in Hanks buffer solution was
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added to the upper chamber, while the lower chamber
was filled with regular Hanks buffer solution. The plates
were incubated in a CO2 incubator for 1 h, and then the
fluids from both the upper and lower chambers were col-
lected for fluorescence intensity measurement.

Luciferase assay

Plasmids included pLVX-Puro-Flag-Statl, full-length
Foxjl promoter pGL3-Basic and pRL-TK were trans-
fected into HEK393T cells by using the Lipofectamine™
3000 Transfection Reagent (Thermo Fisher, L3000015).
After 48 h of transfection, cells were then processed
according to the manufacturer’s instructions and Fire-
fly luciferase activity was detected with Dual-Luciferase
Reporter Gene Assay Kit (Yeasen, 11402ES60) and Cyta-
tion 5 (Biotek).

Maternal immune activation (MIA) model

MIA model was conducted as widely reported [18]. Adult
(postnatal 8—12 weeks) male mice were mated overnight
with females. Females were checked for vaginal plugs the
following day, with positive plugs indicating Embryonic
Day 0.5 (E0.5). On E12.5, pregnant mice were intraperi-
toneally injected with poly(I: C) (Sigma Aldrich, P9582;
20 mg/kg) or PBS. All pups remained with the mother
until weaning on P21, at which time mice were group-
housed at a maximum of 5 per cage with same-sex lit-
termates. Behavioral tests were conducted in adulthood,
with at least one-week interval between each test. Anti-
Ifngr (Bio-X-cell, BE0029) or IgG (Bio-X-cell, MOPC-21)
were administered to pregnant mice at a dose of 500 pg
per mouse via intraperitoneal injection 6 h before poly(l:
C) or PBS injection on E12.5; IFN-y was administered at
a dose of 5000 U per mouse via intraperitoneal injection
on E12.5, with PBS serving as the control vehicle at an
equivalent dose.

Three-chamber social approach assay

The social behavior of adult offspring was assessed using
a three-chamber social approach test [19]. Initially, the
mice were individually housed in clean cages for 1 h to
get habituated. Subsequently, they were introduced into a
three-chamber arena that had cages with empty objects.
The acclimation process lasted for 10 min, divided into
two 5-minute sessions spread over a period of 3—-4 h. On
the next day, the mice were placed in the center cham-
ber, with access to the left and right social test areas
blocked. They were allowed to explore the center area
for 5 min. After this exploration phase, the barriers sepa-
rating the adjacent chambers were removed. One of the
left and right arenas housed a social object (an unfamil-
iar C57BL/6 male mouse), while the other contained
an inanimate object (a plastic toy). The experimental
mice were given 10 min to explore both chambers. The
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approach behavior was measured in terms of the interac-
tion time (such as sniffing and approaching) with the tar-
gets in each chamber. Only interactions within 2 cm were
counted, excluding non-nose contact or exploration.

Videos were recorded during the experiment and ana-
lyzed using the ANY-maze system to determine the
object exploration time and the total distance the mice
moved. A social preference index represented the pro-
portion of time spent investigating the social target rela-
tive to the total exploration time of both objects.

Self-grooming assay

Self-grooming assay was performed as previously
described [20]. Adult offspring were introduced into a
glass beaker (6.5 cm in diameter and 12 cm in height) and
allowed to acclimate for 10 min. Following this habitua-
tion period, self-grooming behavior was video-recorded
for an additional 10 min. Investigators then observed the
recordings and quantified the time spent grooming the
fur.

Marble burying assay

Marble burying assay was performed as previously
described [21]. Adult offspring were acclimated for
0.5-1 h in separate clean holding cages. Then mice were
placed in a box measuring 40 x 20 x 30 cm, with a bedding
depth of 3 cm, and 20 marbles (arranged in 4 rows and
5 columns) were placed on the bedding. After 15 min of
exploration, the mouse was removed, and the degree of
marble burying was observed and recorded. The bury-
ing index (extent of bedding covering the marbles) was
scored as follows: 1 for >50%, 0.5 for ~50%, and 0 for
<50%.

Magnetic resonance imaging (MRI)

During the scanning process using a Biospec 7T/20
USR MRI scanner (Bruker, Germany) at Nanjing Medi-
cal University, offspring mice were anesthetized with 5%
isoflurane in a nitrogen-oxygen mixture (70%: 30%). The
mice were positioned in a prone position on the small
animal MRI scanning bed. After their heads were immo-
bilized, T2-weighted imaging was carried out. The imag-
ing parameters for the scan were configured as follows:
the repetition time (TR) was set at 3000 milliseconds,
the echo time (TE) was 33 milliseconds, the field of view
(FOV) measured 3.5 cm by 3.13 cm, and the in-plane
matrix size was 256 x 256 pixels. A total of 25 slices were
acquired, with each slice having a thickness of 0.7 mm.

Ventricular dye injections

Anesthetized mice were secured horizontally on a ste-
reotactic apparatus, the skull and fontanel were exposed,
and a hole was drilled for right lateral ventricle position-
ing (AP, -0.1 mm; ML, 0.85 mm). Using a microinjector
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inserted 1-2 mm, 10 pL of Evans blue (EB, Solarbio,
E8010), which was dissolved at a concentration of 0.5%
in sterile phosphate-buffered saline (PBS), was slowly and
uniformly injected. Mice were perfused with PBS after
1 h, followed by brain removal and sectioning for EB out-
flow observation.

CSF production rates measurements

CSF production rates were measured according to pub-
lished protocols [22]. Briefly, mice were put under anes-
thesia, and a hole was drilled for right lateral ventricle
positioning as previously described. A PE-10 tube, sealed
at the end, was inserted 1-2 mm and fixed with dental
cement. Subsequently, the mice were placed vertically
with their heads downward at a 90° angle to their bod-
ies. The cisterna magna was exposed, and a PE-10 tube
filled with mineral oil (Sigma, M5310) and connected to
a 30 G needle was inserted 2 mm and secured with glue
and dental cement to block the aqueduct. One microli-
ter of mineral oil was infused at a rate of 1 mL/min for
1 min, and then the sealed tip of the cannula exiting
the right ventricle was cut to enable the outflow of CSE.
The cerebrospinal fluid outflow conditions of the off-
spring mice were uniformly recorded over a one-hour
period, with measurements taken every 10 min. The
volume of CSF was calculated using the formula: CSF
volume =11 x Radius®*xlength.

Quantification of Blood-CSF barrier (B-CSFB) permeability
FITC-Dextran (Beyotime, ST2930) was dissolved in ster-
ile PBS and administered to mice via tail vein injection at
a dose of 75 mg/kg. One hour later, 2 puL of mouse CSF is
collected from the cisterna magna, diluted in 100 pL PBS,
and the fluorescence intensity of the liquid is measured.

CSF flow measurements

We used a vibratome to section a fixed region (span-
ning Bregma - 0.2 to 0.8 mm) of freshly dissected mouse
brains at a thickness of 1 mm, and placed in DMEM con-
taining 0.2% polystyrene beads (Sigma Aldrich, L1030).
We recorded the movement of fluorescent beads using
LSM710, and captured images from 2 fixed positions at
different planes within both the left and right lateral ven-
tricles of each section. A total of 60 frames (10 s) were
employed to track the trajectories of bead movements
and the speed of individual beads was measured using
the “TrackMate’ plugin for Fiji [23].

Quantification of lymphatic drainage

As described in a previous study [24], the cervical fur of
the mice was removed to reduce the loss of fluorescence
signals. Mice were then treated in two ways. Firstly, 5 ul
of OVA-647 (Invitrogen, 034784, with a concentration
of 2 mg/ml in PBS) was injected into the cisterna magna
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of the mice at a rate of 1 pl/min. Secondly, some mice
received an intranasal administration of 5 ul of OVA-647
(2 mg/ml in PBS).

The IVIS Lumina Series III system was employed to
measure the fluorescence intensity at different time
points (15, 30, and 60 min) after the injection. The results
were analyzed using Living Image 4.7.3 (PerkinElmer). To
ensure accurate measurements, the background fluores-
cence was normalized by using naive mice as controls.

Paraffin section staining

After the mice were anesthetized, they underwent trans-
cardial perfusion. First, 37 °C saline was perfused, fol-
lowed by 4% paraformaldehyde (PFA). After that, the
brains were carefully removed and placed in 4% PFA for
post-fixation at 4 °C for 24 h. Subsequently, the brains
were embedded in paraffin. Coronal sections were cut
at an interval of 4 mm. These coronal sections then
went through a series of processing steps. They were
first placed at 60 °C for 60 min to melt the paraffin, after
which they were deparaffinized and rehydrated. For
hematoxylin and eosin (H&E) staining, the HE staining
kit from Servicebio (G1076) was utilized.

For immunofluorescence (IF), 0.01 mol/L citric acid
solution was used for microwave high-temperature
repair for 15 min and allowed to cool to room tempera-
ture. Blocking solution (containing 10% goat serum and
0.1% Triton X-100) was added and incubated at room
temperature for 1 h. The primary antibodies included
Foxjl (Thermo Fisher, 14-9965-82), Sox2 (Cell signaling
technology, #23064), Ace. Tub (Sigma, T7451), occludin
(Proteintech, 27260-1-AP), Ibal (WAKO, 019-19741),
B-Catenin (Proteintech, 66397-1-Ig), IFNGR1 (Thermo
Fisher, MA5-35147), pNKCC1 (Sigma, ABS1004) are
applied and incubated at 4 °C overnight. The next day,
sections were taken out and warmed up for 1 h, washed
with PBS four times, each for 5 min, then the fluorescent
secondary antibody included Alexa Fluor- 488-conju-
gated donkey anti-rabbit (Invitrogen, A-21206), Alexa
Fluor-555-conjugated donkey anti-mouse (Invitrogen,
A-31570), Alexa Fluor-555-conjugated donkey anti-rab-
bit (Invitrogen, A31572), and Alexa Fluor-488-conjugated
donkey anti-mouse (Invitrogen, A-21202), was applied
and incubated at room temperature in the dark for 1 h.
After washing, the sections were mounted with Mount-
ing Medium with DAPI (Abcam, ab104139).

For immunohistochemistry (IHC), after rehydration,
3% hydrogen peroxide PBS solution was used to inacti-
vate peroxidase, followed by microwave high-tempera-
ture repair with citric acid as in the IF steps. After cooling
to room temperature, the sections are blocked and incu-
bated with the primary antibody IFNGR1 (Thermo
Fisher, MA5-35147) overnight. The next day, the sections
are washed and incubated with the secondary antibody
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(Bioworld, BS22356), followed by further washing. After
the final wash, the DAB chromogen solution (KeyGEN,
KGB4101) was used for the colorimetric reaction. The
reaction was terminated by adding PBS, followed by
hematoxylin counterstaining for a few seconds, and then
gradient dehydration and sealing with neutral resin.

For each mouse, three sections were selected, and at
least two microscopic fields per section were analyzed
using a laser-scanning confocal fluorescence microscope
(LSM710). The average of these data was then taken.

Cell IF

Cells were seeded on the pre-coated culture slides. They
were fixed with 4% PFA (for ECs and macrophages) or
pre-cooled methanol (for CHPEs) at -20 °C for 15 min,
followed by three 5-minute washes with PBS. A blocking
solution (10% donkey serum in PBS) was applied for 1 h.
The primary antibodies included Foxjl (Thermo Fisher,
14-9965-82), Ace. Tub (Sigma, T7451), Occludin (Pro-
teintech, 27260-1-AP), B-Catenin (Proteintech, 66397-
1-Ig), and CD68 (Biolegend, 137001) was added and
incubated overnight at 4 °C. On the following day, cells
were washed with PBS. After incubation with the fluo-
rescent secondary antibody in the dark, further washes
were conducted. The slides with cells were then carefully
removed from the well plate and mounted onto glass
slides with Mounting Medium with DAPIL

Quantitative polymerase chain reaction (qPCR)

We performed total RNA extraction by RNAiso Plus
(Takara, 9108), followed by chloroform extraction, iso-
propanol precipitation, washing with absolute ethanol,
and dissolution. Subsequently, the RNA concentration
and purity were determined. Based on the concentra-
tion, the volume containing 1000 ng of RNA was calcu-
lated. The TAKARA reverse transcription system was
then used by adding 2 pL of reverse transcription Mix
(ABM, G490) and supplementing with DEPC water to
a total volume of 20 pL. Reverse transcription was per-
formed under the following conditions: 37 °C for 15 min,
87 °C for 5 s, followed by holding at 4 °C. The resulting
cDNA was subjected to subsequent qPCR analysis on
QuantStudio 5 (Thermo Fisher). The amplification reac-
tion mixture consisted of 10 pL, including 1 pL of cDNA,
1 pL of each forward and reverse primer, 5 pL of SYBR
Green PCR Master Mix (Selleck, B21202), and DEPC
water added to make up the final volume to 10 pL. We
conduct analysis on the acquired qPCR data employing
the AACt method in conjunction with normalization
procedures. Sequences of all primers are listed in Supple-
mentary Table 1.
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Scanning electron microscopy (SEM)

The whole lateral wall of the LV was immersed in freshly
made 2.5% glutaraldehyde solution and left to fix over-
night at a temperature of 4 °C. After that, it underwent
dehydration in a series of gradient ethanol solutions.
Subsequently, the sample was dried using the Tousimis
Sandai 790 (manufactured by Tousimis Research Corp).
Following this, palladium coating was applied to the sam-
ple in an IB-5 ion coater. Finally, the coated sample was
imaged by a scanning electron microscope (JEOL, model
JSM- 900 E).

Western blot (WB)

Tissues and cells were homogenized in RIPA buffer
(KeyGEN, KGB5203) with proteinase inhibitor (Roche,
04693132001) and phosphatase Inhibitor (Roche,
04906837001) to generate lysates, which were centri-
fuged at 4 °C, 12,000 g for 20 min. Protein concentrations
were measured using a BCA Protein Assay Kit (Key-
GEN, KGB2101). Protein lysates were boiled at 95 °C for
10 min. Equal amounts of lysates (15 mg) were loaded
into a polyacrylamide gel and electrophoresis was per-
formed. We then transferred the samples to PVDF mem-
branes at 4 °C for 2 h, and blocked the membranes in
5% BSA in TBST at room temperature for 1 h. Then the
membrane was incubated at 4 °C overnight with primary
antibodies including Foxjl (Thermo Fisher, 14-9965-
82), Actin (Proteintech, 66009-1-Ig), Statl (Protrintech,
10144-2-AP), pStatl (Affinity, AF3300), Stat3 (Santa
Cruz, sc-8019), pStat3 (Santa Cruz, sc-81523), B-catenin
(Proteintech, 66397-1-1Ig), occludin (Proteintech, 27260-
1-AP), Icam1 (Santa Cruz, sc-18853). After being washed
in TBST 3 times, the incubation of the membranes was
completed by adding HRP-conjugated anti-mouse anti-
body (Proteintech, SA00001-1) or HRP-conjugated anti-
rabbit antibody (Proteintech, SA00001-2) for 1 h at room
temperature. Once the washing process was thoroughly
completed, signals were detected by the ECL developing
solution (Vazyme, E433-01) and imaged using an auto-
matic chemiluminescence image analysis system (5200,
Tanon) digital image scanner. Quantification of individ-
ual protein bands was performed by densitometry using
Image] software.

Enzyme-linked immunosorbent assay (ELISA)

After enucleating the offspring to collect blood, let the
whole blood stand at room temperature for 1 h, then cen-
trifuge at 1000 rpm for 15 min. Collect the supernatant,
mix it well, and use it for ELISA detection. Follow the kit
(Cloud-Clone Corp, SCA049Mu) instructions to com-
plete the preparation of standards and test solutions, add
samples, wash the plate, substrate reaction, and measure
the absorbance.
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RNA-seq Preparation and sequencing

Total RNA was extracted using RNAiso Plus, and RNA
quality was assessed with an Agilent 2100 Bioanalyzer
(Agilent Technologies). RNA-seq libraries were pre-
pared with the NEBNext Ultra RNA Library Prep Kit for
[lumina (NEB, 7530), and sequencing was conducted
on the Illumina NovaSeq 6000 platform with paired-
end reads. Raw reads were quality-filtered and adapters
were removed using fastp (version 0.18.0). Paired-end
clean reads were aligned to the mouse reference genome
Ensembl_releasel06 using HISAT?2 (version 2.4). Gene-
level quantification and normalization were carried out
with RSEM (version 1.3.3), and gene expression was
measured as fragments per kilobase of transcript per
million mapped reads (FPKM). For identifying differen-
tially expressed genes (DEGs), a significance threshold
was established. Specifically, genes with a P-value less
than 0.05 and a fold-change greater than 1.5 or less than
0.6667 were considered significant. Subsequently, KEGG
and GO enrichment analysis were performed on DEGs to
identify the regulation of biological processes. GSEA was
performed with clusterprofile R packages (4.12.0) using
signatures from the hallmark Molecular Signatures Data-
base (MSigDB).

Quantification and statistical analysis

Statistical analysis was carried out on data from groups
where n>3. Here, “n” represents the number of subjects
in in-vivo experiments and the number of replicates in
in-vitro ones. The data were processed using GraphPad
Prism 9.0 software. The Shapiro-Wilk test was employed
to check for normality, and the Brown-Forsythe test was
used to assess variance homogeneity. When comparing
two groups, different tests were applied according to the
data characteristics. An Unpaired T test (or a corrected T
test for cases of unequal variances) was used for normally
distributed data. For multi-group comparisons, different
methods were also selected based on the data properties.
One-way or Two-way ANOVA (combined with Sidak’s
multiple comparisons test or Dunnett’s multiple compar-
isons test) was used for data that were normally distrib-
uted and had homogeneous variances. Non-parametric
tests were applied when the data did not follow a normal
distribution. The significance level was set at P<0.05. The
data are presented in the form of MEAN + SEM.

Results

MIA offspring exhibited a phenotype of ventriculomegaly
First, we investigated whether ventriculomegaly,
observed in ASD patients, also existed in mouse models
of MIA. Pregnant dams were injected intraperitoneally
with poly (I: C) or vehicle (PBS) on embryonic day (E)
12.5. Subsequent behavioral testing of the adult (post-
natal 8-12 weeks) offspring confirmed the presence of
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ASD-like behaviors; specifically, decreased social indices
(social defects), increased marble-burying indices (repet-
itive and stereotypical behaviors), and prolonged groom-
ing durations (anxiety-like behaviors; Fig. 1a—c).

Using magnetic resonance imaging (MRI) and coro-
nal brain sections stained with hematoxylin and eosin
(H&E), we observed a significant dilation of the lateral
ventricles (LVs) in adult MIA male offspring but not in
female offspring (Fig. 1d—g), suggesting that MIA led to
sex-specific ventriculomegaly in offspring. Consequently,
our subsequent experiments were solely conducted on
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the adult male offspring, unless otherwise noted. Fur-
thermore, we uncovered a significant positive correlation
between the degree of ventriculomegaly and the severity
of various ASD-like behaviors in the offspring via correla-
tion analysis (Fig. 1h-j), implying a potential link between
the neurobehavioral abnormalities and ventriculomegaly
in MIA offspring.

We monitored the ventricle size of offspring in post-
natal one week (1w) and three weeks (3w) to further
investigate the developmental changes in the LVs of
MIA offspring. Given the limitations of performing
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Fig. 2 Structural and functional abnormalities of the Chp and ependyma in MIA offspring. (a) Schematic diagram of the cerebral aqueduct location
within the brain. (b) Representative images of brain slices after Evans Blue detection of CSF outflow, with arrows indicating the cerebral aqueduct (Ag) and
the fourth ventricle (4 V). (c) Representative H&E staining of brain slices from the anterior to the posterior cerebral aqueduct in offspring. Scale bar, 100 um.
Quantification of the anterior and posterior areas of the cerebral aqueduct (n=12-13 from 4-5 litters). Two-way ANOVA tests were applied. (d) Schematic
diagram of the method for detecting the rate of CSF production in offspring and quantification of CSF production rate (n=3 from 3 litters). Unpaired T
tests were applied. * P<0.05. (e) Representative IF staining of pNKCC1 in the Chp of offspring and quantification of fluorescence intensity (n=5-6 from
3 litters). Scale bar, 100 um. Unpaired T tests were applied. * P<0.05. (f) Representative IF staining of Ibal* macrophages in the Chps of offspring, and
quantification of macrophage infiltration in the total (left), apical (middle), and stromal (right) regions of the Chps (n =8 from 3-4 litters). Scale bar, 100 um.
Unpaired T tests were applied. * P<0.05. () gPCR analysis of il13 and tnfa mRNA levels in the Chp of offspring (n=10 from 3-4 litters). Unpaired T tests
were applied. ** P<0.01 and **** P<0.0001. (h) Schematic diagram of the method for detecting blood-CSF barrier leakage using FITC-dextran and the
quantification of fluorescence intensity in the CSF of offspring (n=6 from 3-4 litters). Unpaired T tests were applied. * P<0.05. (i) Representative IF staining
images and quantification of Occludin and 3-Catenin fluorescence intensity in the Chp of offspring (n=4-5 from 3 litters). Scale bar, 100 um. Unpaired T
tests were applied. ** P<0.01. (j) Representative images of the movement trajectory of fluorescent microspheres in the LVs of offspring and quantifica-
tion of the movement speed of fluorescent microspheres, each value represents the average movement speed of fluorescent microspheres in 4 fields of
view in the brain sections of each mouse. (n=5 from 3 litters). Scale bar, 100 um. Unpaired T tests were applied. * P<0.05. (k) Representative immunoblot
images and quantification of Foxj1 protein level in the samples obtained from ependyma of adult offspring (n=4 from 3 litters). Unpaired T tests were
applied. * P<0.05. (I) Representative SEM images of ependymal cilia in the LVs of offspring, with red arrows indicating the direction of ciliary tufts. Scale
bar, 50 um (low magnification), and 10 um (high magnification). (m and o) Representative IF staining images (m) and quantification (o) of ciliary tufts in
the LVs of offspring (n=>5-6 from 3-4 litters). Scale bar, 100 um. Unpaired T tests were applied. ** P<0.01. (n-r) Representative IF staining images of ECs
in the lateral ventricles of offspring (n). Scale bar, 100 um. Quantification of the density of Foxj1*Sox2* ECs (p) and Foxj1~Sox2™ neural progenitor cells (q)

and the ratio of the two (r) (n=5-6 from 3-4 litters). Unpaired T tests were applied. ** P<0.01 and * P<0.05

anesthetized brain MRI on offspring before postnatal 1w,
we directly harvested brains from 1w offspring for H&E
staining observation. These results indicated that 1w and
3w MIA offspring exhibited ventriculomegaly (Figs. Sla,
b), suggesting that the ventriculomegaly persists from
birth through adulthood, with no subsequent compensa-
tory repair processes.

MIA triggered abnormal structure and function in Chp and
ependyma of offspring

Ventriculomegaly can be attributed to various factors,
such as an overproduction of CSF, dysfunction of epen-
dymal cilia, or a reduction in the reabsorption of CSF
[25-27]. A narrowing of the aqueduct of Sylvius, called
aqueductal stenosis, is often the most prevalent underly-
ing cause associated with the abnormal buildup of CSE,
called hydrocephalus [28]. To determine whether the
ventriculomegaly in adult MIA offspring is caused by the
blockage of the ventricular system, we carried out his-
tological analysis and investigated CSF outflow through
the utilization of the CSF tracer, Evans blue. The results
revealed no obstruction in the ventricular channel and
no malformation of the central aqueduct in the brains of
adult MIA offspring (Fig. 2a—c).

Inflammation of Chp is sufficient to cause nonobstruc-
tive hydrocephalus [29, 30]. Subsequently, we measured
the production rate of CSF by Chp in the LV. Our find-
ings confirmed that, in adulthood, the offspring exposed
to MIA had a higher rate of CSF production than those
from the PBS-treated group (Fig. 2d). Previous stud-
ies indicated that inflammatory mediators enhanced the
phosphorylation levels of NKCC1, a Na-K-Cl cotrans-
porter expressed on the apical membranes of CHPEs,
leading to increased CSF production by the CHPEs [11,
29]. As expected, adult MIA offspring presented with

elevated apical membrane expression of phosphorylated
NKCC1 (pNKCC1) in Chp and macrophage accumula-
tion within the Chp stromal space (Fig. 2e, f). Moreover,
it was also observed that the mRNA levels of IL-1B and
tumor necrosis factor-a (TNF-a) were elevated in the
Chp of the offspring exposed to MIA (Fig. 2g), suggesting
MIA triggered inflammation in Chp of adult offspring.

Inflammatory processes within Chp are recognized
to compromise the integrity of the blood-CSF barrier
(B-CSFB) [31]. Such perturbations can facilitate the
leakage of macromolecules from the bloodstream into
CSEF, consequently elevating the viscosity y and osmotic
pressure of the CSF. These changes may enhance CSF
production and hinder its circulation [31, 32]. Thus, to
examine B-CSFB of Chp in adult offspring, we intrave-
nously injected the fluorescent dye fluorescein isothio-
cyanate (FITC-) Dextran and found the level of leakage
increased in CSF of adult MIA offspring (Fig. 2h). Simi-
larly, the distribution of occludin and B-catenin in the
CHPE of MIA offspring was disrupted; specifically, in
Chp of PBS offspring, occludin and -catenin consistently
localized along each cell, whereas the staining patterns in
Chp of MIA offspring were disrupted, appearing diffuse
(Fig. 2i). Collectively, these data demonstrated that MIA
triggered a sustained inflammation and disrupted the
B-CSEB in Chp of adult offspring.

Previous studies have reported that ciliary dysfunc-
tion in ECs, which are pivotal for CSF flow, can result
in hydrocephalus [33-35]. Therefore, next we investi-
gated the impact of MIA on the ependymal function and
morphology in adult offspring. Initially, we tracked the
movement of the fluorescent microsphere over freshly
dissected brain slices containing the LVs to visualize
ependymal cilia-generated CSF flow. We observed that
the MIA offspring showed slower bead movement than
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the PBS offspring, indicating a weakened CSF flow in LVs
of adult MIA offspring. (Fig. 2j, Fig. S2).

Subsequently, the ciliary defects in adult MIA off-
spring were identified by scanning electron microscopy
(SEM). Specifically, ependyma of adult MIA offspring
exhibited cilia with disrupted orientation, indicating a
loss of directional coherence, and a decreased number of
cilia (Fig. 21). The result of cilia staining with acetylated
tubulin (Ace. Tub) in LV wall corroborated SEM findings
(Fig. 2m, o). In brain slices costained for Foxjl (a differ-
ential transcription factor of ECs) and Sox2 (a marker
of neural progenitor cells), we observed a significantly
decreased density of Foxjl + Sox2 + ECs lining the LV wall
in adult MIA offspring. There was no significant change
in the density of Foxj1-Sox2 + progenitor cells (Fig. 2n,
p-r), suggesting that the SVZ precursor cells in MIA oft-
spring underwent abnormal differentiation fate during
early development. Further, we examined a lower pro-
tein level of Foxjl expression in the LV wall of adult MIA
offspring (Fig. 2k). These results indicated that maternal
inflammation impaired the normal CSF flow and the dif-
ferentiation of ECs in offspring.

In recent years, meningeal lymphatic vessels (mLVs)
have been identified as additional routes for CSF drainage
to cervical and mandibular lymph nodes [36]. We admin-
istered the fluorescent protein OVA647 into the cisterna
magna of adult offspring and evaluated CSF drainage effi-
ciency by quantifying fluorescence in their deep cervical
lymph nodes. Our findings revealed a significant reduc-
tion in lymphatic drainage in adult MIA offspring (Fig.
S3a). Additionally, we performed immunofluorescence
(IF) staining for the lymphatic endothelial cell marker
LYVE-1, which is primarily involved in the absorption
and transport of lymphatic fluid [37]. We found that the
expression of LYVE-1 in the mLVs of adult MIA offspring
significantly decreased (Fig. S3b). These findings sug-
gested that adult MIA offspring exhibited diminished
lymphatic drainage, potentially due to reduced functional
protein expression within their lymphatic vessels. How-
ever, it remains unknown whether mLV dysfunction can
directly cause ventriculomegaly in MIA offspring.

Overall, our findings have primarily attributed ventric-
ulomegaly in adult MIA offspring to weakened CSF flow
and increased CSF production. Consequently, the fol-
lowing research will primarily focus on the structure and
function of Chp and ependyma.

IFN-y signaling was enhanced in the brain and serum of
MIA offspring

The Chp is not only the production center of CSF but
also an important bridge between peripheral immu-
nity and the central nervous system (CNS), regulating
the health of CNS and immune system through com-
plex mechanisms [38]. We first employed bulk RNA-seq
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to characterize the transcriptional alterations in Chp of
adult PBS and MIA offspring. Differential expression
analyses revealed significant differences between MIA
and PBS offspring (Fig. 3a, Fig. S4). Consistent with the
neuronal developmental abnormalities noted in MIA
offspring, our results indicated that the downregulated
DEGs within the Chp were enriched in Gene Ontology
(GO) terms related to synapse regulation (Fig. 3b). This
finding was particularly relevant to the regulation of
neurodevelopment in Chp, as reported in previous stud-
ies [39, 40]. In addition, we observed a downregulation
of genes associated with intercellular junction function
in Chp of MIA offspring (Fig. 3b), which aligns with our
earlier findings of B-CSFB disruption in these offspring.
Moreover, upregulated DEGs in Chp of MIA offspring
were highly enriched for the GO terms related to anti-
virus and IEN signaling (Fig. 3b). To further validate the
robustness of our findings regarding IFN signaling dys-
regulation, we have performed an independent pathway
enrichment analysis using Gene Set Enrichment Analy-
sis and found IFN-B and IFN-y pathway scores were sig-
nificantly elevated in MIA offspring compared to PBS
offspring (Fig. 3c). The balance between type I and II
IFNs is pivotal for the recruitment of immune cells to
CNS through Chp [40]. We examined the expression of
type I and II IFN-dependent genes in Chp of adult oft-
spring using real-time quantitative PCR. We found that
some type I IFN-dependent genes in Chp of MIA oft-
spring, such as interferon regulatory factor 9 (Irf9) and
interferon-induced protein with tetratricopeptide repeats
1 (Ifitl), showed increased expression, while others,
including IFN-f and interferon regulatory factor 7 (Irf7),
remained unchanged. Notably, the expression of type II
IFN-dependent genes in Chp of MIA offspring was sig-
nificantly increased (Fig. 3d), including IFN-y, C-X-C
motif chemokine ligand 10 (Cxcl10), chemokine (C-C
motif) ligand 17 (Ccl17), intercellular adhesion molecule
1 (Icam1), and interferon-induced protein with tetratri-
copeptide repeats 3 (Ifit3). Thus, the IFN-y signaling was
significantly enhanced in Chp of adult MIA offspring.
Additionally, we utilized an enzyme-linked immuno-
sorbent assay (ELISA) to confirm elevated levels of IEN-y
in the serum of adult MIA offspring (Fig. 3e). Correlation
analysis further revealed a positive association between
serum IFN-y levels and the size of LV in adult MIA oft-
spring (Fig. 3f). Interferon-y receptorl (IFNGR1) immu-
nostaining revealed a significant upregulation of IFNGR1
in both ependyma and Chp of neonatal (postnatal one
day) MIA offspring (Fig. 3d). In adults, however, only
Chp showed increased IFNGR1 expression, with epen-
dyma expression resembling PBS offspring (Fig. 3h).
Taken together, our data suggested that IFN-y signaling
played a crucial role in the induction of inflammation.
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Fig. 3 Enhanced IFN-y signaling in the brain and serum of MIA offspring. (@) Heatmaps of the DEGs in the Chp from PBS and MIA offspring (n=3 in-
dividual pools from 6 mice from 4 litters per group). (b) GO analysis of downregulated (blue) and upregulated (red) DEGs in the Chp of MIA offspring.
(c) GSEA plots showing the enrichment of GO terms (response to IFN-3 and response to IFN-y) associated genes in MIA offspring compared with PBS
offspring. (d) gPCR analysis of transcription levels of IFN- and y-related genes in the Chp of offspring (n=9-10 from 4 litters). Unpaired T tests were ap-
plied.* P<0.05,** P<0.01,*** P<0.001. (e) ELISA analysis of IFN-y levels in the serum of offspring (n=7 from 3-4 litters). Unpaired T tests were applied. **
P<0.01.(f) Correlation analysis between serum IFN-y level and ventricle size in offspring (n= 14 from 4-5 litters). () Representative IHC staining images of
IFNGRI staining in the Chp and ependyma of neonatal offspring. Scale bars, 200 um (low magnification), and 100 um (high magnification). Quantification
of IFNGR1-positive cells (n=4 from 3 litters). Unpaired T tests were applied. * P<0.05. (h) Representative IF staining images of IFNGR1 staining in the Chp
and ependyma of adult offspring. Scale bars, 100 um. Quantification of the fluorescence intensity of single cells (n=5 from 34 litters). Unpaired T tests
were applied. * P<0.05

IFN-y/Stat1 signaling impaired CHPE barrier function by
activating macrophages

confirmed that the permeability of CHPEs exposed to
IEN-y remained unchanged through quantification of

Our in vivo results demonstrated that the B-CSFB of
MIA offspring was disrupted. Subsequently, we aimed
to investigate the direct impact of IFN-y in primary
CHPEs. Following IFN-y stimulation, there were no
observable changes in the expression levels or distribu-
tion of the tight junction proteins occludin and B-catenin.
These tight junction proteins remained intact and con-
tinuously distributed along the boundaries of each cell
in control and IFN-y groups (Fig. S5b—d). Similarly, we

FITC-Dextran permeability (Fig. S5e). Furthermore, we
observed a notable upregulation of intercellular adhe-
sion molecule-1 (Icam1) in CHPEs in response to IFN-y
stimulation (Fig. S5b). This upregulation has the potential
to facilitate the migration of immune cells across epithe-
lial barriers [17, 41]. Collectively, these findings indicated
that IEN-y did not exert a direct influence on the perme-
ability of CHPESs; instead, it enhanced the expression of
adhesion molecules.
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Fig. 4 IFN-y activates macrophages through Stat1 to impair the barrier function of CHPEs. (a) Schematic diagram of two models include CHPEs co-
cultured with macrophages (®) and macrophage-conditioned medium (®@). © shows the culture of CHPE and macrophages in the Transwell system. In
the migration assay, macrophages were seeded in the upper chamber of the Transwell insert, while CHPE were seeded in the lower chamber (culture
plate). In the leakage assay, the arrangement was reversed. @ shows the co-culture of CHPE and macrophages with conditioned medium supernatant.
@ represents the co-culture models prefixed with “Co-*, and @ represents the models prefixed with “S-" (b) Representative images of macrophage migra-
tion assay. Scale bars, 100 um. Quantification of cells on the back of the chamber (n=3). Unpaired T tests were applied. ** P<0.01. (c) Representative
immunoblots of Occludin and 3-Catenin protein levels in CHPEs under two co-culture conditions. (d) Quantification of fluorescence intensity in the lower
chamber medium for the two co-culture models (n=4). Unpaired T tests were applied. ** P<0.01 and * P<0.05. (e, f) Representative IF staining images
and quantification of Occludin and 3-Catenin fluorescence intensity in CHPEs co-cultured with macrophages (e) and macrophage-conditioned medium
(f), (n=3-4). Scale bars, 50 um. Unpaired T tests were applied. ** P<0.01 and * P<0.05. (g) Representative IF images of CD68 staining in macrophages.
Scale bars, 50 um. (h) gPCR analysis of stat1, i1, nos2, and tnfa mRNA expression in macrophages (n=6). One-way ANOVA was applied. *** P<0.001.
(i and j) Representative IF staining images (i) and quantification (j) of Occludin and B-Catenin fluorescence intensity in CHPEs (n=4). Scale bars, 50 um.
One-way ANOVA tests were applied. ** P<0.01 and * P<0.05. (k) Representative immunoblots of Occludin and B-Catenin protein levels in CHPEs. (I)
Quantification of fluorescence intensity in the lower chamber medium for the conditioned medium co-culture model (n=4). One-way ANOVA tests were

applied. *** P<0.001

Previous studies have identified macrophages as the
main type of immune cells in Chp [38, 39]. An increase
in infiltrating macrophages in Chp of MIA offspring was
confirmed (Fig. 2f). We employed two indirect coculture
models to further investigate whether IFN-y impairs pri-
mary CHPEs through the mediation of macrophages.
CHPEs were cocultured with macrophages in a Tran-
swell system or culture medium of macrophages (Fig. 4a).
In the Transwell system, we found that increased mac-
rophages migrated to the back of the Transwell when
cocultured with CHPEs stimulated with IFN-y (Fig. 4b).

Subsequently, we examined CHPE barrier function
alterations in both coculture models. Following IFN-y
stimulation, the distribution of occludin and B-catenin
in CHPEs became diffuse and disrupted (Fig. 4e, f),
while their expression levels decreased (Fig. 4c). The
FITC-Dextran permeability test revealed an increase in
CHPEs permeability in both IFN-y-exposed coculture
systems (Fig. 4d). These data demonstrated that IFN-y
impaired the barrier function of CHPEs by activating
macrophages.

IFN-y is known to activate a cascade of molecular
events converging on the activation of signal transducer
and activator of transcription 1 (Statl) [42]. We utilized
fludarabine (Flu), a drug that selectively inhibits Statl,
to evaluate the role of Statl in macrophage activation.
CD68 staining revealed that oval- or spindle-shaped rest-
ing macrophages transformed into amoeba-like-activated
cells with multiple pseudopodia upon IFN-y stimulation.
Importantly, Flu inhibited the activation and morpholog-
ical changes in these macrophages (Fig. 4g). Furthermore,
we found that Flu reduced the mRNA level of Stat1, nitric
oxide synthase 2 (Nos2), and interleukine-1  (IL-1pB),
which increased in IFN-y-induced macrophages (Fig. 4h).
In the supernatant of the macrophage culture medium
coculture systems, we found Flu recovered IFN-y-
induced impairment in the expression and distribution of
CHPEs (Fig. 4i—k). Furthermore, the FITC-Dextran leak-
age of CHPEs decreased during Flu treatment (Fig. 41).
Together, our findings indicated that IFN-y triggered a

pro-inflammatory state in macrophages by activating
Statl, leading to their migration and subsequent disrup-
tion of the CHPE barrier function.

IFN-y/Stat1 signaling suppressed EC differentiation by
inhibiting Stat3 activation

Our results indicated elevated IFNGR1 expression in
ependyma of MIA offspring during the neonatal period
(Fig. 3g), accompanied by reduced ventricular zone cell
density in adulthood (Fig. 2n, p). These data suggest aber-
rant differentiation of ECs in MIA offspring during early
development, potentially due to IFN-y signaling inter-
ference. IFN-y signaling plays a crucial role in neuronal
development, influencing neural progenitor cells and
oligodendrocyte progenitor cell differentiation [43, 44].
However, much less is known about the effect of IEN-y on
EC differentiation. To investigate this effect, we treated
primary ECs with IFN-y daily from day 1 (D1) to day 7
(D7) of the differentiation process. The number of mul-
ticiliated ECs (Ace. Tub-positive cells) and Foxjl-positive
cells significantly decreased on D7 after IFN-y stimula-
tion (Fig. 5a, b), indicating that IFN-y directly suppressed
EC differentiation. Further, we observed a reduction in
both Foxjl protein and mRNA expression levels in ECs
treated with IFN-y, starting from D3 (Fig. 5¢).

We then sought to uncover the underlying mechanisms
responsible for this effect. Stimulation of IFN-y resulted
in enhanced Stat1 levels and phosphorylation of the Statl
(at tyrosine 701, denoted as pStatl) on D1, which was
prior to the diminished expression of Foxj1 (Fig. 5e). This
finding confirmed an early activation of Statl in primary
ECs in response to IFN-y treatment. To elucidate the role
of Statl signaling in the suppression of primary EC differ-
entiation by IFN-y, we treated IFN-y stimulated ECs with
Flu and found that inhibiting Statl reversed the reduc-
tion in Foxjl on D3. IF analysis further confirmed that
Flu reversed the reduction of mature multiciliated ECs
induced by IFN-y (Fig. 5f, g). These findings suggested
that the inhibitory effect of IFN-y on EC differentiation is
dependent on Statl activation.
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Next, we aimed to determine whether phosphory-
lated Statl translocated to the nucleus to regulate the
transcription of Foxjl. First, we overexpressed Statl in
HEK293T cells and confirmed an increase in Statl phos-
phorylation (Fig. 5h) and transfected a luciferase plasmid
that carried the full-length promoter sequence of Foxjl.
We found that the activation of Statl did not affect the
transcriptional activity of the Foxjl promoter (Fig. 5i),
suggesting that Foxjl is not directly targeted by Statl
[45-47].

While previous studies have shown a reciprocal inhibi-
tory relationship between Statl and signal transducer
and activator of transcription 3 (Stat3) activation under
specific inflammatory conditions, recent reports have
also emphasized that Stat3 promotes the differentiation
of airway multiciliated ECs through direct regulation of
Foxjl transcription. Consequently, we found that IFN-y
attenuated the phosphorylation of Stat3 in ECs (Fig. 5j),
whereas Flu treatment restored phosphorylation of Stat3
(Fig. 5k), suggesting that IFN-y/Statl signaling sup-
pressed EC differentiation via Stat3.

Subsequently, we found that Stattic, an inhibitor of
Stat3, abolished the restorative effect of Flu on the dif-
ferentiation of ECs stimulated by IFN-y, resulting in the
inhibition of Foxjl protein expression and a decrease in
the number of multiciliated ECs (Fig. 5k, 1). These results
demonstrated that IFN-y exerted an inhibitory effect on
EC differentiation by suppressing the activation of Stat3
through Stat1.

IFN-y signaling induced ventriculomegaly and ASD-like
behavioral phenotypes in MIA offspring

To validate the critical involvement of IFN-y signal-
ing in MIA-induced developmental disorders, we tested
whether blocking IFN-y signaling would mitigate the
effect of MIA on ventriculomegaly and ASD-like behav-
ioral phenotypes of adult offspring. Specifically, pregnant
dams were pretreated with IFNGR-blocking antibodies
(anti-) or IgG at a dose of 500 pug per mouse via intra-
peritoneal injection 6 h before poly(I: C) or PBS injec-
tion on E12.5 (Fig. 6a). The MRI scans and behavioral
tests revealed that maternal treatment with anti-IFNGR
before poly (I: C) diminished the ventriculomegaly and
ASD-like behaviors in adult MIA offspring (Fig. 6b, c).
Furthermore, we also found that blocking the IFN-y sig-
naling restored the function and structure of Chp and
ependyma in MIA offspring. Specifically, in Chp, mater-
nal anti-IFNGR treatment reversed the MIA-induced
hyperproduction of CSF and leakage of B-CSFB (Fig. 6d,
e). Furthermore, blocking IFN-y signaling restored nor-
mal NKCC1 activation, reduced macrophage infiltra-
tion, and prevented the disruption of tight junction
proteins (Fig. 6f-k). In ependyma, the weakened CSF
flow and abnormal EC distribution in MIA offspring
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were alleviated upon maternal anti-IFNGR treatment
(Fig. 6l-r, Fig. S2). Taken together, these data indicated
that maternal IFN-y signaling is crucial for mediating the
MIA-induced ventriculomegaly and ASD-like behaviors
in adult offspring.

To further determine the direct effect of IFN-y on the
ventriculomegaly and behavior of adult offspring, we
injected IFN-y recombinant protein or PBS into pregnant
dams on E12.5 (Fig. 7a). Similar to poly (I: C) injection,
maternal IFN-y injection resulted in ventriculomegaly
and ASD-like phenotypes in adult offspring (Fig. 7b, c).
In Chp, maternal IFN-y injection also increased the CSF
production and Chp permeability in offspring (Fig. 7d, e).
Furthermore, the inflammatory damage of Chp charac-
terized by macrophage infiltration, activation of NKCCI1,
and disrupted tight junction was also found follow-
ing maternal IFN-y injection (Fig. 7f-k). In ependyma,
maternal IFN-y injection slowed ependymal cilia-gener-
ated CSF flow and decreased the density of ECs and cilia
at LVs of offspring (Fig. 71-r, Fig. S2). Together, these data
demonstrated that, similar to MIA, prenatal exposure to
IFN-y is sufficient to trigger ventriculomegaly and ASD-
like behaviors in adult offspring.

Discussion

In this study, we demonstrated that impaired Chp and
ependyma caused by enhanced IFN-y signaling led to
ventriculomegaly in MIA offspring. First, we found that
male offspring exhibited ventriculomegaly due to Chp
and ependyma impairments using the MIA model. Bulk
RNA-seq and further experiments confirmed that IFN-y
signaling was enhanced in adult MIA offspring. In vitro,
IFN-y signaling could disrupt the CHPE barrier func-
tion and EC differentiation. Neutralizing IFN-y signaling
alleviated Chp and ependyma dysfunction, ventriculo-
megaly, and ASD-like behaviors in adult MIA offspring.
Additionally, elevated IFN-y signaling in normal preg-
nant mice mimicked MIA-induced impairments in adult
offspring. Overall, these findings not only elucidate the
potential link between IFN-y signaling and ventriculo-
megaly in ASD but also provide valuable insights into the
complex relationship between transient inflammation
and neurodevelopmental disorders.

Of particular relevance, ventriculomegaly has been
reported in children with ASD, and a significant correla-
tion between ventriculomegaly in children with ASD and
various behavioral deficiencies was found [14]. Our study
is the first demonstration of ventriculomegaly present
in MIA offspring. Also, we indicated a significant posi-
tive correlation between ventriculomegaly and ASD-like
behaviors in adult MIA offspring. However, a definitive
causal link between ventricular enlargement and ASD
remains elusive. Ventriculomegaly is widely regarded
as a consequence of CSF circulation dysfunction.
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Fig. 5 IFN-y inhibits Stat3 activation through Stat1 to block the differentiation of primary ECs. (a) Representative IF images of Ace. Tub staining and
quantification of multiciliated ECs (n=3). Scale bars, 50 um. Unpaired T tests were applied. * P<0.05. (b) Representative IF images and quantification of
Foxj1-positive ECs (n=3). Scale bars, 100 um. Unpaired T tests were applied. ** P<0.01. (c) Representative immunoblot images and quantification of Foxj1
protein levels on D1, 3, and 7 of EC differentiation (n=3). Two-way ANOVA tests were applied. ** P<0.01 and *** P<0.001. (d) gPCR analysis of foxjT mRNA
levels on D1, 3,and 7 of EC differentiation (n=6). Two-way ANOVA tests were applied. *** P<0.001 and **** P<0.0001. (e) Representative immunoblot im-
ages and quantification of Stat1 protein expression and phosphorylation activation on D1 and 3 of EC differentiation (n=3). Two-way ANOVA tests were
applied. * P<0.05 and *** P<0.001. (f) Representative immunoblot images of pStat1, Stat1, and Foxj1 protein levels in ECs, with representative images
and statistical results for Foxj1 (n=3). One-way ANOVA tests were applied. * P<0.05. (g) Representative IF images of Ace. Tub staining and quantification
of multiciliated ECs (n=3). Scale bars, 100 um. One-way ANOVA tests were applied. ** P<0.01 and *** P<0.001. (h) Representative immunoblot images
of Stat1 protein levels and phosphorylation activation in HEK293T cells (n=3). (i) Quantification of the luciferase activity in HEK293T cells (n=3). Two-way
ANOVA tests were applied. (j) Representative immunoblot images and quantification of pStat3 and Stat3 expression levels in ECs (n=3). Unpaired T tests
were applied. * P<0.05. (k) Representative immunoblot images and quantification of pStat3 and Foxj1 protein expression levels in ECs (n=3). One-way
ANOVA tests were applied. * P<0.05 and *** P<0.001. (I) Representative IF images of Ace. Tub staining and quantification of multiciliated ECs. Scale bars,
100 pm. (n=3). One-way ANOVA tests were applied. *** P<0.001
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Fig. 6 Blocking maternal IFN-y signaling mitigates the effects of MIA on offspring. (a) Schematic diagram of the experimental design. Pregnant dams
were pretreated with IFNGR-blocking antibodies (anti-IFNGR) or IgG before injecting Poly (I: C) or PBS on E12.5. (b) Statistical graphs of ASD-like behaviors
in offspring, including three-chamber social test, grooming test, and marble burying test (n=9-11 from 4-5 litters). Two-way ANOVA tests (for the three-
chamber social test) and Unpaired T tests (for grooming and marble burying tests) were applied. *** P<0.001,** P<0.01,* P<0.05, ### P<0.001, # P<0.05
and ns P>0.05. (c) Representative MRI images and quantification of LVs areas in offspring (n=7-8 from 4-5 litters). Scale bar, 5 mm. One-way ANOVA
tests were applied. ** P<0.01. (d) Quantification of CSF production rate in offspring (n=3-4 from 3 litters). Unpaired T tests were applied. ** P<0.01. (e)
Quantification of the CSF fluorescence intensity in offspring from the B-CSFB assessment (n =5 from 3-4 litters). Unpaired T tests were applied. * P < 0.05. (f
and i) Representative IF staining images (f) and quantification (i) pNKCC1 fluorescence intensity in the Chp of offspring (n=5-6 from 3-4 litters). Scale bar,
100 um. One-way ANOVA tests were applied. * P<0.05. (g and j) Representative IF staining images (g) and quantification (j) of Ibal* macrophage in the
Chp of offspring (n=4-6 from 3-4 litters). Scale bar, 100 um. One-way ANOVA tests were applied. ** P<0.01. (h and k) Representative IF staining images
(h) and quantification (h) of Occludin and B-Catenin fluorescence intensity in the Chp of offspring (n=4-5 from 3-4 litters). Scale bar, 100 um. One-way
ANOVA tests were applied. ** P<0.01 and *** P<0.001. (I) Representative images of fluorescent microsphere trajectories. Scale bar, 100 um. Quantifica-
tion of fluorescent microsphere movement speed in the LVs of offspring (n=6, from 3 litters per group). Unpaired T tests were applied. ** P<0.01. (m and
0) Representative IF staining images (m) and quantification (o) of ciliary tufts in the LVs of offspring (n=4-5 from 3 litters). Scale bar, 100 pm. One-way
ANOVA tests were applied. *** P<0.001, ** P<0.01. (n-r) Representative IF staining images of ECs in the lateral ventricles of offspring (n). Scale bar, 100 um.
Quantification of the density of Foxj1*Sox2* ECs (p) and Foxj1~Sox2* neural progenitor cells (g) and the ratio of the two (1), (n=5-6 from 3-4 litters). Un-

paired T tests were applied. ** P<0.01 and * P<0.05

Abnormalities in CSF dynamics and components can
further precipitate functional deficits associated with the
brain parenchyma [48-50]. In cases of CSF accumulation
induced by infection or hemorrhage, the elevated levels
of hemoglobin and inflammatory factors, coupled with
the diminished neurotrophic factors in the CSF, directly
engaged with neurons and glial cells, thereby eliciting
gray matter injury and neuroinflammatory reactions
[51-53]. Conversely, researchers have also highlighted
the importance of precisely regulated early neurodevel-
opment for normal brain—-CSF biomechanics [54, 55].
Structural abnormalities of the ventricular wall stemming
from neurodevelopmental disorders can disrupt nor-
mal CSF circulation by influencing CSF turbulence. The
resulting ventriculomegaly due to abnormal CSF circula-
tion can concurrently impact neurogenesis or neurore-
generation in the SVZ, thereby further influencing neural
function [56, 57]. This suggests a bidirectional causal
relationship between neurodevelopmental disorders and
ventriculomegaly, where each condition can both initiate
and reinforce the other.

To investigate the mechanism underlying ventriculo-
megaly in MIA offspring, we conducted bulk RNA-seq
and found enhanced IFN-y signaling in adult MIA off-
spring, which was confirmed in further experiments in
vivo. MIA induces an upregulation of multiple inflam-
matory cytokines in the maternal body, including IL-6,
IL-13, TNF-a, and the focus of our study, IFN-y [6].
These cytokines impair neurodevelopment through vari-
ous pathways. The interaction between IFN-y and other
cytokines is quite complex. Previous studies have shown
that Poly(I: C) promotes the production of IL-12 and
IFN-a/p by activating the TRL3 of immune cells, which
in turn act on NK cells and T cells to indirectly pro-
mote the generation of IFN-y [58, 59]. The production of
IFN-y further stimulates other immune cells to release
IL-1f and TNF-a, amplifying the proinflammatory sig-
nal. Additionally, IL-6 and IFN-y have been reported to

mutually induce each other’s production [60, 61]. How-
ever, in some studies, IFN-y also inhibits IL-6 signaling
through certain downstream transcription factors, exert-
ing a negative feedback regulatory effect [62]. Therefore,
within the context of the MIA model, there exist both
synergistic and inhibitory interactions among IFN-y
and other elevated inflammatory cytokines. Our find-
ings indicate that IFN-y not only induces the infiltration
of inflammatory cells and impairs the barrier function
of the choroid plexus, but also directly inhibits the dif-
ferentiation of ependymal cells. However, the synergistic
effects of other inflammatory factors with IFEN-y, as well
as their detrimental impact on the neurodevelopment of
MIA offspring, should not be overlooked and warrants
further investigation.

IEN-y was reported to activate immune cells and stim-
ulate chemokine expression in the CNS border, such as
Chp, subsequently promoting immune cell infiltration
into CNS [17, 41]. Similarly, our findings confirmed an
elevated macrophage infiltration in Chp of adult MIA
offspring, and we further validated that IFN-y enhanced
the migration of macrophages toward CHPEs, ultimately
compromising their barrier function. In addition to
Chp, mLVs have been recently identified as a hotspot for
draining CSF and immune cells. Interestingly, diminished
lymphatic drainage was found in adult MIA offspring,
potentially due to reduced functional protein expression
within their lymphatic vessels. In previous studies, it has
been discovered that IFN-y can directly impair the tube
formation and barrier function of lymphatic endothelial
cells (LECs) at the in vitro level [63, 64]. Furthermore,
the IFN-y signal serves as a key signaling mechanism
for T-cell-based immunotherapy to induce LEC apop-
tosis and reduce tumor lymphatic vessel density [65,
66]. Considering that mLVs also belong to the lymphatic
vessel system, we speculate that the elevated IFN-y sig-
nal in MIA offspring mice may also affect the function
of their mLVs through the aforementioned mechanisms.
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Fig. 7 Elevated maternal IFN-y signaling triggers ventriculomegaly, ASD-like behaviors, and Chp and ependyma dysfunction in offspring. (a) Schematic
diagram of the experimental design. Pregnant C57BL/6 mice were i.p. injected with IFN-y recombinant protein or vehicle (PBS) on E12.5. (b) Statistical
graphs of ASD-like behaviors in offspring, including three-chamber social test, grooming test, and marble burying test (n=10-11 from 4-5 litters). Two-
way ANOVA tests (for the three-chamber social test) and Unpaired T-tests (for grooming and marble burying tests) were applied. ** P<0.01, # P<0.05 and
ns P>0.05. (c) Representative MRI images and quantification of LVs areas in offspring (n=9-11 from 4-5 litters). Scale bar, 5 mm. Unpaired T tests were
applied. *** P<0.001. (d) Quantification of CSF production rate in offspring (n =3-4 from 3 litters). Unpaired T tests were applied. ** P<0.01. () Quantifica-
tion of the CSF fluorescence intensity in offspring from the B-CSFB assessment (n=5 from 3 litters). Unpaired T tests were applied. * P<0.05. (f and i) Rep-
resentative IF staining images (f) and quantification () of Iba1™ macrophage in the Chp of offspring (n=5-6 from 3-4 litters). Scale bar, 100 um. Unpaired
T tests were applied. ** P<0.01. (g and j) Representative IF staining images (g) and quantification (j) pNKCC1 fluorescence intensity in the Chp of offspring
(n=6from 3-4 litters). Scale bar, 100 um. Unpaired T tests were applied. * P<0.05. (h and k) Representative IF staining images (h) and quantification (h) of
Occludin and B-Catenin fluorescence intensity in the Chp of offspring (n=4-5 from 3 litters). Scale bar, 100 um. Unpaired T tests were applied. ** P<0.01
and *** P<0.001. () Representative images of fluorescent microsphere trajectories. Scale bar, 100 um. Quantification of fluorescent microsphere move-
ment speed in the LVs of offspring (n=6-7, from 3-4 litters per group). Unpaired T tests were applied. ** P<0.01. (m and o) Representative IF staining
images (m) and quantification (o) of ciliary tufts in the LVs of offspring (n=4-5 from 3 litters). Scale bar, 100 um. Unpaired T tests were applied. *** P < 0.001.
(n-r) Representative IF staining images of ECs in the lateral ventricles of offspring (n). Scale bar, 100 um. Quantification of the density of Foxj1*Sox2* ECs (p)
and Foxj1~Sox2* neural progenitor cells (q) and the ratio of the two (1), (n=5-6 from 3-4 litters). Unpaired T tests were applied. *** P<0.001 and * P<0.05

However, the specific mechanism requires further
exploration.

Compared to Chp and meninges, ependyma does not
have direct contact with the peripheral immune system.
Previous studies have revealed that microglial or comple-
ment system activation can impair EC survival and dif-
ferentiation in neuroinflammatory models [67-69]. Our
study further identified structural and functional abnor-
malities in ECs of adult MIA offspring, with enhanced
IFN-y signaling blocking EC differentiation. These find-
ings provide a novel perspective for exploring the patho-
logical injury mechanisms of ECs in neuroinflammatory
disorders. Ependymal differentiation in MIA offspring,
notably, is potentially linked to factors beyond IFN-y, as
evidenced by the activated microglia and abnormal neu-
roregulatory functions in Chp, identified through gene
sequencing and GO-enrichment analysis.

There are still some limitations in our research. Firstly,
while we have established that MIA can lead to ven-
tricular dilation in offspring, the specific causal nexus
between ASD and ventriculomegaly remains an area
ripe for deeper investigation. Secondly, our confirma-
tion that ventricular dilation in MIA offspring mice stems
from dysfunction of the choroid plexus and ependyma
prompts the need for additional research into whether
mLV dysfunction plays a direct role in MIA-induced ven-
triculomegaly. Furthermore, the involvement of other
pathways regulating CSF circulation, such as the glial
lymphatic system and vascular system, also necessi-
tates meticulous examination. Thirdly, although we have
observed the impaired function of the B-CSFB in off-
spring mice through the dye leakage experiment, more
advanced techniques (such as two-photon imaging) are
still needed to visualize the dye leakage process, so as
to exclude the interference from other pathways such as
the blood-brain barrier and circumventricular organs.
Lastly, despite our successful use of IFN-y neutralizing
antibodies to ameliorate ventriculomegaly and ASD-like
behaviors in offspring, the practical application of these

antibodies is hindered by challenges such as a narrow
therapeutic window, a prolonged half-life, suboptimal
targeting specificity, and elevated treatment costs. Con-
sequently, there is a pressing need to identify an effective
alternative drug that can attenuate or block IFN-y signal-
ing in both mothers and offspring.

In summary, this study revealed the role and mecha-
nism of IFN-y signaling in ventriculomegaly of MIA
offspring. Our findings provide new insights into the
pathological mechanisms of ASD and identify a poten-
tial therapeutic target for the treatment of neurodevelop-
mental disorders.
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