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Abstract

Background: Prenatal infection is a substantial risk factor for neurodevelopmental disorders such as autism in
offspring. We have previously reported that influenza vaccination (VAC) during early pregnancy contributes to
neurogenesis and behavioral function in offspring.

Results: Here, we probe the efficacy of VAC pretreatment on autism-like behaviors in a lipopolysaccharide (LPS)-
induced maternal immune activation (MIA) mouse model. We show that VAC improves abnormal fetal brain
cytoarchitecture and lamination, an effect associated with promotion of intermediate progenitor cell differentiation
in MIA fetal brain. These beneficial effects are sufficient to prevent social deficits in adult MIA offspring.
Furthermore, whole-genome analysis suggests a strong interaction between Ikzf1 (IKAROS family zinc-finger 1) and
neuronal differentiation. Intriguingly, VAC rescues excessive microglial Ikzf1 expression and attenuates microglial
inflammatory responses in the MIA fetal brain.

Conclusions: Our study implies that a preprocessed influenza vaccination prevents maternal bacterial infection
from causing neocortical lamination impairments and autism-related behaviors in offspring.
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Background
Autism spectrum disorder (ASD) is a psychiatric disorder
characterized by severe and pervasive impairments in
communication and social interaction and by stereotyped
or repetitive behaviors [1, 2]. Studies have revealed that
maternal immune activation (MIA) increases the risk for
ASD [1, 3]. Currently, the most widely used animal model
for MIA is gestational exposure to bacterial or viral infec-
tions [4–6]. The literature reveals that a single injection of
lipopolysaccharide (LPS) can result in deficits in social
interaction, novel object recognition, anxiety-like behavior,
and activation of microglia in the fetal brain [5, 7, 8].

Data have confirmed that pregnant women are vulnerable
to influenza virus infection [9, 10]. Therefore, influenza vac-
cination (VAC) is recommended in pregnant women for its
efficacy and safety [11]. Our previous findings suggest that
prenatal VAC contributes to neurogenesis both in pregnant
mice and in their offspring [12–14]. Notably, maternal
VAC promotes exploratory behaviors in offspring and
blocks subsequent LPS challenge from causing spatial cog-
nitive impairments in Morris water maze performance [12].
These effects are also accompanied by a decrease in proin-
flammatory cytokines, reminiscent of the inflammatory re-
sponse induced by LPS treatment [3, 5]. Mechanistically,
VAC promoted M2 microglial/macrophage polarization via
neuronal secretion of BDNF and microglia expressing
IGF-1, thereby developing a pro-neurogenic niche [13, 15].
These results revealed that whether VAC could prevent
LPS-induced autism-related behaviors and defects in neu-
rodevelopment is worthy of exploration. Therefore, we as-
sume that VAC pretreatment in early pregnancy has the
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potential to exert protective effects against autism-like be-
haviors and on the developing brain in an LPS-induced
MIA model.
Previous neuroimaging studies of autistic patients and

animal models have revealed several anatomical alter-
ations that may be related to their behavioral abnormal-
ities. These changes include altered total brain volume
and cortical plate (CP) thickness, a thinner corpus callo-
sum, and malformations in cortex lamination [16–18].
We then explored whether VAC protected the thickness
of neocortex and lamination in the fetal brain of an
MIA-related model. Furthermore, it is well known that
radial glial cells (RGCs) and intermediate progenitor
cells (IPCs) are primary cortical precursor cells that are
located in the VZ/SVZ and differentiate into mature
neurons [19, 20]. Notably, precursor cell proliferation
and differentiation are most intense during a crucial
period of time before birth. During that period, RGCs
and IPCs form substantial numbers of neurons in an
inside-out pattern that gives rise to neocortical lamin-
ation, suggesting a tight connection between neuronal
differentiation and lamination [21, 22].
In this study, we explored the influence of VAC on

autism-like behaviors and on the laminar organization of
cortical neurons in an LPS-induced MIA mouse model.
As hypothesized, we found that VAC improved social
deficiency in adult MIA offspring. Further, VAC pre-
vented the LPS-induced aberrations in brain morphology
and laminar cytoarchitecture, probably by counteracting
abnormal neuronal differentiation. Finally, RNA-Seq was
carried out to explain the biological mechanism at the
genome level, and Ikzf1 (IKAROS family zinc-finger 1)
was proved to be tightly correlated with autism-like be-
havior through its regulation of neuronal differentiation.
Meantime, VAC also attenuated the central inflamma-
tory response to LPS challenge. Collectively, these data
suggest that VAC is a potential precaution against ma-
ternal bacterial infection.

Methods
Animals
C57BL/6 mice were purchased from the Laboratory Ani-
mal Center of Sun Yat-sen University (Guangzhou, China).
Mice harboring green fluorescent protein (GFP) under
control of the Cx3cr1 promoter (B6.129P-Cx3cr1tm1Litt/
J) were purchased from The Jackson Laboratory (stock no.
005582). To generate timed pregnancies, we housed pairs
of females with single males overnight. The mice were
separated at noon the next day. The time when a vaginal
plug was observed was defined as embryonic day 0.5
(E0.5), and the delivery day was designated postnatal day 0
(P0). Pups were weaned at postnatal day 21 and caged sep-
arately in groups of four to five littermates by sex. To rule
out maternal variables, all experiments used one pup per

dam. The basic experimental operation flow is shown in
Fig. 1. All animals were housed under standard illumin-
ation parameters (12-h light/dark cycle) and received
water and food ad libitum. All animal experiments were
approved by the Institutional Animal Care and Use Com-
mittee of Sun Yat-sen University.

Influenza vaccination
Mice were randomly treated with split inactivated influ-
enza vaccine (VAC) or sterilized PBS (PBS) by intramus-
cular (i.m.) injection in their quadriceps at a single dose of
3 μg/mouse during the first trimester (E2.5). The inacti-
vated influenza vaccines (split virion) contain the follow-
ing: an A/California/7/2009 (H1N1) pdm09-like virus, an
A/Hong Kong/4801/2014 (H3N2)-like virus, and a B/Bris-
bane/60/2008-like virus (B/Victoria lineage). Excipients in
vaccines include NaH2PO4, NaH2PO4, and NaCl. Vaccines
produced by Changchun Institute of Biological products
were obtained from the Centers for Disease Control and
Prevention (CDC, Guangdong, China) and had previously
been shown to be immunogenic and safe.

Maternal immune activation
The potassium salt of LPS (Escherichia coli O111:B4;
L2630; Sigma-Aldrich) was used to induce MIA, but the
recommended dose was not determined a priori, as previ-
ous reports have used doses from 120 to 300 μg/kg [8,
23]. We injected pregnant mice with a range of LPS con-
centrations at E14.5 and found that 150, 125, and 100 μg/
kg induced abortion or resorption of the fetuses, but vi-
able offspring were obtained with 75 μg/kg LPS (Fig. 2a;
F3,12 = 2.979, p < 0.05). Maternal serum corticosterone was
evaluated at 2 h after injection of 75 μg/kg LPS, and the
level of corticosterone was increased after LPS exposure,
suggesting that the hypothalamic-pituitary-adrenal (HPA)
axis was activated by a dose of 75 μg/kg LPS (Fig. 2b).
Thus, 75 μg/kg LPS or saline was administered to

pregnant dams by intraperitoneal (i.p.) injection at
E14.5. This time point is in the second half of mouse
gestation, which roughly corresponds to the late first or
early second trimester in human gestation, when infec-
tions confer the greatest risk of ASD in human offspring
[7, 24]. At this stage, the pregnant dams were divided
into four treatment groups: PBS+PBS, VAC+PBS, PBS
+LPS, and VAC+LPS. The number of pups for each
pregnant mouse was recorded on P0, and the weight
changes from 0 to 8 w of age in each group were also
recorded.

Enzyme-linked immunosorbent assay
Two hours after LPS injection, serum was separated
from trunk blood by centrifugation at 2500 rpm for
15 min and was subsequently stored at − 80 °C until use.
Serum corticosterone levels were measured using a
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corticosterone ELISA kit (Abcam, Cambridge, UK) ac-
cording to the manufacturer’s instructions. The concen-
tration of serum IL-17a was measured using a Mouse
SimpleStep ELISA kit (Abcam).

Behavioral tests
One limitation of the current MIA models is that they
focus on ASD-related phenotypes once the offspring
reach early adulthood, whereas overt ASD symptoms
typically emerge during childhood. Thus, we chose two
time points, 4 and 8 w, for testing ASD behavior. Behav-
ioral testing of the offspring was performed during the
light period (between 10:00 and 16:00 h). Before the
assay began, the mice were moved to a holding room in
the behavioral testing area, where they were kept for at
least 1 h. The apparatuses were cleaned with 70% etha-
nol and allowed to dry completely before each test.

Open field test (OFT)
The animals were individually placed in the center of
the open field arena (50 × 50 × 50 cm) with the illumin-
ation located on the top surface of the equipment. The
spontaneous locomotor activity of each animal was re-
corded for 10 min with the TopScan™ 2.0 system (Clever
Sys. Inc.). Total distance, distance traveled in the periph-
eral and center areas, time spent in the center area, and
number of entries into the center area were recorded
automatically.

Elevated plus maze
Each animal was placed in the center of the elevated
plus maze (EPM), with its head facing one of the open
arms, and was allowed to freely explore the apparatus
for 5 min. Spontaneous locomotor activity was recorded

for 10 min with the TopScan™ 2.0 system (Clever Sys.
Inc.). The time spent in and the numbers of entries into
the open arms and closed arms were analyzed.

Three-chamber social approach and social novelty tests
Mice were tested as previously described [25]. Ani-
mals were placed in the center of a clear acrylic
arena (59 × 39 × 22 cm) that was divided into three
equal compartments. Testing consisted of three
phases: 5 min of acclimation to the empty arena,
10 min of sociability testing, and 10 min of social
novelty testing. Each side compartment contained a
clear plexiglass cylinder (7.5 cm in diameter, with
several holes to allow nose contact). At the begin-
ning of the test, each animal was placed in the cen-
tral compartment and allowed to explore for 5 min
(habituation). Then, an unfamiliar young (4 weeks)
C57BL/6 mouse was placed in one of the cylinders
for sociability testing. Finally, another C57BL/6
mouse of the same age was placed in the other cy-
linder for social novelty testing. Time spent in each
chamber was recorded with SuperMaze animal be-
havior video analysis software (Shanghai Xinruan In-
formation Technology Co., Ltd., China).

Tail suspension test
The tail suspension test (TST) was performed as previ-
ously described [26]. Animals were suspended in the air
using adhesive tape wrapped around the tail and fixed to a
wire 25 cm above a wooden surface. The immobility time
in a 5-min period was measured with SuperTst
High-throughput Tail Suspension Test Analysis (Shanghai
Xinruan Information Technology Co. Ltd., China).

Fig. 1 Experimental flowchart. Pregnant C57BL/6 mice were treated with influenza vaccine (VAC) or sterilized PBS at E2.5 and with sterilized LPS
or PBS at E14.5. Two hours after the LPS or PBS injection at E14.5, maternal serum corticosterone and IL-17a levels were detected. The fetal brains
were removed for morphology, protein, and gene detection at E18.5. The offspring were submitted to behavior tests at 4 weeks (P28) and
8 weeks (P56) after birth, and the brains were removed for immunofluorescence staining at 6 weeks (P42)
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Forced swim test
The forced swim test (FST) was performed as previously
reported [26]. Mice were gently placed in a glass beaker
(diameter, 15 cm; height, 25 cm), filled with 14 cm of
water at room temperature (25 °C). Immobility in a 5-min
period was recorded with SuperFst High-throughput
Forced Swim Test software (Shanghai Xinruan Informa-
tion Technology Co. Ltd., China). At the end of the test,
the animals were dried with a paper towel and placed in a
holding cage with normal bedding.

Western blot
For Western blotting, mice were sacrificed under deep
anesthesia at E18.5. The cortex was immediately removed
from the brain of each embryo and processed into tissue

homogenate in ice-cold RIPA buffer (Beyotime Biotechnol-
ogy, Wuhan, China) containing phenylmethylsulfonyl fluor-
ide (PMSF) using a homogenizer. After centrifugation (4 °C,
12000 rpm, 15 min), the supernatant was subdivided and
stored at − 80 °C for further measurements. A bicinchoninic
acid (BCA) protein assay (Beyotime Biotechnology, Wuhan,
China) was used to measure the protein concentrations of
the samples. The supernatant was mixed with loading buffer
and boiled for 5 min. Equivalent amounts of protein ex-
tracts were separated on 15% or 10% SDS-polyacrylamide
gels and electrophoretically transferred to polyvinylidene
fluoride (PVDF) membranes. The membranes were blocked
with 5% BSA for 1 h and then incubated overnight at 4 °C
with the primary antibodies. The following primary anti-
bodies were used at the indicated concentrations:

Fig. 2 Effects of maternal VAC and MIA on maternal inflammatory response, litter characteristics, and body weight. a Pregnant mice were
treated with LPS at doses of 150, 125, 100, and 75 μg/kg LPS, and viable embryos were obtained at the dose of 75 μg/kg (F3,12 = 2.979, p <
0.05). n = 4 mice/group (one-way ANOVA and Bonferroni post hoc test). b A two-way ANOVA for corticosterone level revealed a significant
effect of MIA (F1,19 = 76.971, p < 0.001) and VAC (F1,19 = 14.568, p = 0.001) and interaction of MIA × VAC (F1,19 = 14.369, p = 0.001). Subsequent
analyses revealed that the levels of corticosterone were increased in the maternal serum at 2 h after LPS injection (p < 0.001) and that VAC
pretreatment prevented this effect (p < 0.001). n = 5–7 mice/group. c A two-way ANOVA for IL-17a level showed a significant effect of MIA
(F1,21 = 15.806, p = 0.001) and VAC (F1,21 = 60.667, p < 0.001) and a significant interaction of MIA × VAC (F1,21 = 15.806, p = 0.0004). A post hoc
test showed that LPS increased the level of IL-17a in the maternal serum at E14.5 compared to controls (p < 0.001), and VAC pretreatment
prevented this effect (p = 0.024), but there were no significant effects on IL-17a expression in the fetal cortex at E18.5 (p > 0.05) (d); n = 5–7
mice/group. e A two-way ANOVA for the number of embryos revealed a significant effect of MIA (F1,20 = 13.344, p = 0.002) and a significant
interaction of MIA × VAC (F1,20 = 4.804, p = 0.04). A post hoc test showed that MIA significantly reduced the average number of embryos (p =
0.01) and VAC pretreatment rescued the fetal loss (p = 0.028). n = 6 mice /group. f Offspring were weighed at the indicated times. n = 6 mice/
group (repeated-measures ANOVA). *p < 0.05, ***p < 0.001; the results are all shown as the mean + s.e.m.
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anti-cleaved caspase-3 (1:1000, Cell Signaling Technology),
anti-Pax-6 (1:1000, Abcam), and anti-β-actin (1:1000, Cell
Signaling Technology). HRP-conjugated secondary goat
anti-rabbit or goat anti-mouse antibodies (Sigma-Aldrich,
St. Louis, MO, USA) were used at 1:10000. Protein bands
were visualized using enhanced chemiluminescence (Amer-
sham Biosciences). The protein expression levels of cleaved
caspase-3, Pax-6, and β-actin were semiquantitatively evalu-
ated by using ImageJ software.

Tissue preparation
Pregnant dams were deeply anesthetized at E18.5, and
uteri were removed and placed on ice. Then, the fetuses
were transcardially perfused with heparinized saline
followed by cold 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer (pH = 7.2). The fetal brains were re-
moved, fixed in 4% PFA overnight, and equilibrated in
10, 20, and 30% sucrose for 24 h each at 4 °C. Then,
40-μm-thick coronal sections for immunofluorescence
and 20-μm-thick coronal sections for Nissl staining were
obtained on a freezing microtome (Leica SM2000R) and
stored in PBS at 4 °C.
For adult neocortex analysis, offspring were deeply

anesthetized at 6 weeks and transcardially perfused, and
serial coronal sections (40 μm) were collected for immu-
nostaining by the same method used for fetuses.

Nissl staining
Four to five E18.5 fetal brains from different pregnant
mice in each group were collected, and two coronal sec-
tions near the site, approximately 1480 μm from the
front of the olfactory bulb, were analyzed. Cresyl violet/
Nissl staining was performed by standard protocols:
20-μm-thick sections were stained with 0.5% cresyl vio-
let and washed in distilled water, then dehydrated with a
graded ethanol series and cleared in xylene.
Images were observed and captured with a BX63

Olympus microscope. The measurements of the dorsal
and lateral neocortex were based on the previous report
[27]. Total neocortical thickness was measured along a
line orthogonal to the superficial pia and lateral ven-
tricular surfaces, as the red line shown in Fig. 5b. Using
ImageJ software, neocortical thickness was measured by
the “measure” function on straight-line selections ex-
tending through the neocortex. Similarly, coronal sec-
tions in the same sites were stained for Tbr1 antibody to
more precisely define the thickness of the CP. Then,
using ImageJ software, CP thickness (layer II–VI) was
measured along a line orthogonal to the superficial pia
and lateral ventricular surfaces.

Immunofluorescence (IF)
Coronal sections of brains from mouse pups at E18.5 or
6 weeks after birth, which were randomly selected from

at least three different pregnant mice, were stained with
various antibodies. Slices were blocked in 1% BSA con-
taining 10% normal goat serum and 0.25% Triton X-100
(Sigma) at 37 °C for 1 h and then incubated with pri-
mary antibodies overnight at 4 °C. The next day, the sec-
tions were incubated with the secondary antibodies at
37 °C for 2 h. Slices were stained with Hoechst nuclear
(1:1000, H3570, Enzo Life Sciences) for 1 min and
mounted with Immu-Mount (Thermo).
The primary antibodies included rabbit anti-TBR1 (1:200,

ab31940, Abcam), mouse anti-SATB2 (1:200, ab51502,
Abcam), rabbit anti-cleaved caspase-3 (1:400, Asp175, Cell
Signaling Technology), mouse anti-proliferating cell nuclear
antigen (PCNA) (1:100, 60097-1-Ig, Proteintech), rabbit
anti-TBR2 (1:1000, ab183991, Abcam), rabbit anti-Iba-1
(1:1000, 019-19741, Wako Chemicals), rat anti-CD68
(1:400, MCA1957, Bio-Rad), mouse anti-NeuN (1:1000,
MAB377, Chemicon International), mouse anti-GFAP
(1:5000, G3894, sigma), rabbit anti-BDNF (1:400, sc-20,981,
Santa Cruz), and rabbit anti-Ikaros (1:100, #14859, Cell Sig-
naling Technology). The following fluorescent secondary
antibodies were used: Alexa Fluor 488-conjugated donkey
anti-rat, Alexa Fluor 555-conjugated goat anti-rabbit, and
Alexa Fluor 488-conjugated goat anti-mouse (1:400; Invi-
trogen). The negative controls were stained with secondary
antibodies alone to assess nonspecific labeling.
Images of stained brain slices were obtained using a

confocal microscope (LSM780; Carl Zeiss), with the same
parameters for each specific signal. Cells were counted by
the optical-fractionator method with a stereology system
(Stereo Investigator, MicroBrightField, Williston, USA).
We measured the actual section thickness and defined ap-
propriate guard zones at the top and the bottom of the
section to avoid oversampling. Measurements were made
in an equidistant series of six coronal sections (240 μm
apart) with a random starting point, spanning the entire
rostrocaudal extent of the cortex and VZ/SVZ.
For BDNF in situ densitometric analysis, sections were

studied under × 20 optical fields in the cerebral cortex.
Approximately four images were captured per animal.
The BDNF signal was measured as an integrated density
value using the software ImageJ. Integrated density is the
product of area × mean gray value, which measures the
signal intensity in a defined area; an equal area with a
BDNF-positive signal in each image was selected using
the “threshold mode” in ImageJ and subtraction of the
background, and data were expressed as arbitrary density
units (IntDen).

Gene expression
Total RNA was extracted from the fetal cortex using TRIzol
Reagent (Invitrogen) and processed for RNA-Seq.
Remaining total RNA was used to synthesize cDNA with
reverse transcriptase M-MLV (Invitrogen) for validation of
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candidate genes by qRT-PCR. RNA-Seq was performed on
a total of 12 mice (three mice per group); detailed run and
analysis procedures can be found in the Additional file 1.
Quantitative RT-PCR (qRT-PCR) was carried out with the
QuantiTect SYBR Green PCR Kit (Qiagen) using the Roche
LightCycler® 480 System (Roche, USA) using specific gene
primers. The gene expression levels were normalized to
those of Gapdh. Quantification cycle (Cq) values obtained
by the Lightcycler and delta delta Cq values were calculated
to determine relative gene expression values compared with
the control.

Statistical analyses
All the data were processed using SPSS version 22.0 for
Windows (SPSS, Inc., Chicago, IL, USA). Data for em-
bryo numbers when applying different doses of LPS were
analyzed using one-way analysis of variance (ANOVA)
followed by the Bonferroni post hoc test. Body weight
data were analyzed using two-way (VAC × LPS)
repeated-measures ANOVA followed by the Bonferroni
post hoc test. Data from the remaining tests were ana-
lyzed using two-way (VAC × LPS) ANOVA followed by
the Bonferroni post hoc test. When warranted, planned
contrast analyses (Student’s t tests) were performed
when there were no significant main effects identified
via ANOVA. The data are presented as the means +
SEMs, and p values less than 0.05 were considered to in-
dicate statistically significant differences.

Results
VAC counteracted the LPS-induced maternal immune
activation and decrease in embryo number
Maternal serum levels of corticosterone and of the
pro-inflammatory cytokine IL-17a were evaluated at 2 h
after 75 μg/kg LPS injection at E14.5. The data revealed
increases in the corticosterone and IL-17a levels of
LPS-exposed dams compared to those of the controls at
E14.5, and VAC pretreatment alleviated these effects
(Fig. 2b, c), suggesting that vaccination at E2.5 could re-
duce the inflammatory response to LPS at E14.5 in the
dams. However, IL-17a expression in the fetal cortex at
E18.5 did not differ significantly among the groups
(Fig. 2d). MIA is associated with spontaneous pregnancy
loss and decreased fetal growth [28]. Our data revealed a
significant reduction in the number of embryos after ex-
posure to LPS, whereas VAC attenuated this effect
(Fig. 2e). The body weights of the offspring were also
measured weekly during postnatal weeks 0–8 (Fig. 2f ).
Interestingly, LPS caused a dual effect on body weight,
i.e., higher weights than the controls at 2 and 3 weeks
but lower weights than the controls at 8 weeks. Notably,
VAC reversed the LPS-induced effects at 8 weeks
(Fig. 2f ). These results suggested that VAC prevented
abortion of the fetuses and improved the physical

condition of offspring subjected to MIA, which may be
related to the reduced maternal inflammatory response.

Pretreatment with VAC improved social behavior in MIA
offspring
Anxiety-related behavior
Given that mood and anxiety disorders have been shown to
have high comorbidity with ASD [29], we first measured
anxiety-related behaviors with the OFT and EPM at 4 and
8 weeks. The results revealed that MIA decreased the num-
ber of entries into the open arms of the EPM and showed a
trend of decreasing total distance in center of OFT com-
pared to controls (p = 0.082) at 4 w (Fig. 3a, g). Importantly,
VAC completely prevented these MIA-induced alterations.
Likewise, in line with our previous study [12], at 4 w, VAC
mice spent more time in the center of OFT and the open
arms of EPM than the corresponding controls did, implying
that the influenza vaccine indeed promotes exploratory be-
havior in adolescent offspring (Fig. 3b, h). Furthermore, we
also explored the behavior of 8-week-old mice in the OFT
and EPM to supplement our previous study [12]. However,
there were no group differences among the 8-week-old
mice on the OFT (Fig. 3d–f) or the EPM (Fig. 3i, j), sug-
gesting that the prenatal manipulations produce alterations
in locomotor activity and anxiety specifically during the
early stages of development.

Social interaction behavior
Previous studies demonstrated that MIA offspring have
impairments in social interactions, which model the core
behavioral deficits in ASD [30, 31]. We assessed whether
MIA offspring have deficits in social interaction using
three-chamber social tests. MIA offspring displayed
significantly less social interaction behavior than the controls
on both the social approach and social novelty tests at 4 w
(Fig. 4a, b) and 8 w (Fig. 4e, f). Intriguingly, when prenatally
pretreated with VAC, offspring spent more time with the
mouse in the social approach test (Fig. 4a, e) and with the
novel mouse in the social novelty test (Fig. 4b and f), sug-
gesting that VAC pretreatment blocked the MIA-induced
social impairment in the progeny. Meanwhile, unlike
anxiety-related behavior, we showed that this preventive ef-
fect of VAC against social deficits induced by MIA contin-
ued beyond early development and into adulthood.

Depression-related behavior
Depression-related behavior was also identified in the
FST and TST. Some patients with ASD appear to have
elevated levels of depressive symptoms [32]. We found
that in the FST, although not the TST, MIA offspring
spent more time immobile than the controls did, at both
4 and 8 w (Fig. 4d, h; Fig. 4c, g). Overall, prior VAC
treatment rescued depression-related behavior in the
FST at 4 w (Fig. 4d) but not at 8 w (Fig. 4h).
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VAC mitigated LPS-associated aberrant brain
cytoarchitecture and lamination in the embryonic
neocortex
Social behavior is regulated by specific brain areas,
and abnormal fetal brain development has been re-
ported in prenatally LPS-exposed mice [27]. More-
over, previous studies have drawn inconsistent

conclusions regarding changes in embryonic cortical
thickness and lamination in MIA models [17, 33]. To
evaluate the effects of MIA on structural changes in
the fetal brain, we used Nissl staining to analyze cor-
onal sections of fetal brains. The locations of the dor-
sal and lateral regions in the cortex are shown in
Fig. 5a, b. The data showed no significant differences

Fig. 3 Effects of maternal VAC and MIA on anxiety-related behaviors at 4 and 8 w postnatally. a–c In the OFT at 4 w, a two-way ANOVA for
distance traveled in the center revealed a significant effect of VAC (F1,32 = 4.777, p = 0.036). Similarly, for time in the center, there was a significant
effect of VAC (F1,32 = 10.988, p = 0.002). Subsequent analyses verified that VAC pretreatment increased the distance that mice walked in the center
area compared with the control treatment (p = 0.026) and increased the time spent in the center (p = 0.014). However, there was no significant
effect of MIA in the OFT. g In the EPM at 4 w, a two-way ANOVA of entries into open arms revealed main effects of MIA (F1,32 = 4.932, p = 0.036)
and of VAC (F1,32 = 5.539, p = 0.036). The numbers of entries into the open arms were lower in MIA mice than in controls (p = 0.028) but were
increased by VAC pretreatment (p = 0.041). h In the EPM, rest time in the open arms at 4 w was increased by VAC compared to the control
treatment (p = 0.047). By contrast, there were no significant changes in the open field (d–f) or the elevated plus maze (i and j) at 8 w. n = 8–13
mice/group; *p < 0.05 (two-way ANOVA and Bonferroni post hoc test). The results are all shown as the mean + s.e.m.
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in embryonic neocortical thickness between the MIA
group and the controls (Fig. 5c, e).
Since the CP includes layers II–VI, and Tbr1 (T-box

brain 1) is mainly expressed by post-mitotic neurons in
layers V–VI [34], we used Tbr1 antibody staining in
E18.5 cortex to more precisely define the thickness of
the CP. Relative to controls, MIA offspring showed a
significant decrease in CP thickness, while early applica-
tion of VAC ameliorated this effect (Fig. 5d, f ).
The mammalian brain contains a six-layer neocortex,

and each layer has a specific function that is tightly con-
trolled by gene expression during the embryonic period.
Specific genes such as Tbr1 (T-box brain 1) and Satb2
(special AT-rich sequence binding protein 2) play

important roles in different stages of neuronal differenti-
ation, and disruptions in these genes lead to profound
cortical malformation [35, 36]. Reports have shown that
there are stereotypical alterations in cortical patterning
in LPS-related MIA offspring [17, 33]. To examine the
effects of VAC on LPS-associated embryonic neocortical
deficits, we labeled different cortical layers in coronal
fetal brain sections with antibodies targeting Tbr1 (layers
V–VI) and Satb2 (layers II–V). The results showed a sig-
nificant decrease in Satb2+ cells (Fig. 6a, b) and a notice-
able but nonsignificant decrease in Tbr1+ cells (Fig. 6a,
c; p = 0.09) in LPS-exposed neocortex, suggesting that
LPS-induced neuronal loss occurs mainly in upper
layers. However, VAC pretreatment completely rescued

Fig. 4 Effects of maternal VAC and MIA on social interaction and depression-related behaviors at 4 and 8 w postnatally. a, e In social
approach, a two-way ANOVA of sniffing time showed a significant interaction of MIA × VAC (F1,33 = 8.814, p = 0.006) at 4 w and a main
effect of VAC (F1,36 = 10.079, p = 0.003) at 8 w. b, f For sniffing time in social novelty, there were main effects of MIA (F1,33 = 14.394,
p = 0.001) and VAC (F1,33 = 5.982, p = 0.02) at 4 w and significant effect of MIA (F1,36 = 5.344, p = 0.027) and VAC (F1,36 = 14.416, p = 0.001)
at 8 w. Post hoc comparisons revealed that VAC pretreatment could reverse the MIA-induced decreases in time spent sniffing the social
stimulus (a, e) and the novel stimulus (b, f) by MIA offspring at 4 and 8 w. MIA did not affect the immobility time of the mice in the
TST at 4 w (c) and 8 w (g). d, h In the FST, a two-way ANOVA of immobility time revealed a significant effect of MIA (F1,32 = 11.540,
p = 0.002) and a significant interaction of MIA × VAC (F1,32 = 4.775, p = 0.036) at 4 w, as well as a main effect of MIA (F1,36 = 8.205, p =
0.007) at 8 w. Comparison confirmed that in the FST, MIA mice spent more time immobile than the controls; VAC rescued these effects
at 4 w (d) but not at 8 w (h). n = 8–13 mice/group; *p < 0.05, **p < 0.01, ***p < 0.001 (two-way ANOVA and Bonferroni post hoc test).
The results are all shown as the mean + s.e.m.
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the decline in Satb2+ cell counts (Fig. 6a, b) and showed
a strong but nonsignificant tendency to rescue the defi-
cits in Tbr1+ cells (Fig. 6a, c; p = 0.097).

VAC rescued LPS-induced decreases in the numbers of
IPCs in the developing neocortex and of astrocytes in the
adult neocortex
The transcription factors Pax6, Tbr2, and Tbr1 are
expressed sequentially by RGCs, IPCs, and postmitotic
neurons in the developing neocortex [37]. In the
present study, to determine whether abnormal neur-
onal differentiation contributes to dysfunctional lamin-
ation in the embryonic cortex, the protein extracts
were separated from the fetal cortex at E18.5, and
Pax-6 protein was detected. In addition, Tbr2+ cells
were counted in the fetal neocortex at E18.5. The data
revealed that the Pax-6 level and Tbr2+ cell number
were significantly lower in the MIA offspring than in
the controls (Fig. 7a–d); VAC pretreatment rescued
only the number of Tbr2+ cells (Fig. 7c, d) and not the

Pax-6 level in MIA offspring (Fig. 7a, b). In addition,
cell apoptosis and proliferation were measured by
quantifying cleaved caspase-3 protein (CC3) and
PCNA, respectively (Additional file 2: Figure S1G).
The results showed that there were very few CC3+ cells
present in the developing neocortex (Additional file 2:
Figure S1A–E). MIA increased the concentrations of
CC3 and PCNA in fetal cortex at E18.5, which was
consistent with previous reports in LPS-induced MIA
models [7, 38]. However, we found that VAC exerted
no obvious effects on the increases in apoptotic cells
and proliferative cells in MIA fetal neocortex
(Additional file 2: Figure S1H and I), implying that
apoptosis and proliferation may not contribute to the
effects of VAC in this study. These results suggested
that MIA induced aberrant lamination of the neocor-
tex, at least partly attributable to differential reduction
in IPCs and RGCs. Interestingly, VAC mitigated the
aberrant lamination of the embryonic neocortex in
MIA offspring by restoring IPC differentiation.

Fig. 5 Maternal VAC and MIA effects on the thickness of the neocortex and cortical plate (CP) at E18.5. a Coronal sections of embryonic brains at
1480 μm from the front of the olfactory bulb were analyzed. b Coronal sections were Nissl stained. Dorsal and lateral regions are marked by the
rectangles, and neocortical thickness is marked by the red line. c The dorsal and lateral views of the cortex are shown as the positions of the
rectangles in a. d Coronal sections of the indicated embryonic brains at 1480 μm were immunostained with Tbr1 antibody (green) and Hoechst
(nuclei). e There were no differences in neocortical thickness among the four groups. f A two-way ANOVA of CP thickness showed an interaction
effect of MIA × VAC (F1,20 = 4.467, p = 0.047), and post hoc comparisons confirmed that MIA decreased the cortical plate thickness compared to
that in controls (p = 0.016) and that VAC pretreatment restored the thickness to a normal level (p = 0.014). n = 6 mice/group; *p < 0.05 (two-way
ANOVA and Bonferroni post hoc test). The results are all shown as the mean + s.e.m. Scale bars, 500 μm in b, 100 μm in c–d
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To further explore the influences of maternal VAC
and LPS treatment on adult neocortex, we immuno-
stained coronal sections from adult offspring with
antibodies against NeuN for neurons, GFAP for astro-
cytes, and BDNF for brain-derived neurotrophic fac-
tor. The data revealed that LPS decreased the number
of astrocytes (Fig. 7e, f ) and the expression of BDNF
(Additional file 3: Figure S2C and G) in the adult
neocortex, whereas VAC counteracted these effects.
Similar results of astrocytes were also observed in the
VZ/SVZ (Fig. 7g). Unexpectedly, the number of neu-
rons was comparable among groups (Additional file 4:
Figure S2B).

Changes in expression of relevant genes in the fetal
cortex after VAC and LPS treatment
To gain mechanistic insight into the regulatory effect of
VAC pretreatment on cortical lamination, we con-
ducted an RNA-Seq assay to determine relevant gene
expression in the cerebral cortex. The numbers of

genes showing differential expression (q-value| FDR
≤ 0.05) between groups are presented in Fig. 8a, b. A
Venn diagram was constructed to present the overlap
of these differential genes among groups, and 13 genes
were related to the effects of VAC treatment on the
MIA fetal brain (Fig. 8c). Importantly, based on Gene
Ontology (GO) enrichment results, we identified neur-
onal differentiation as one of the biological processes
showing the greatest differences between VAC+LPS
and PBS+LPS mice, which confirmed the effect of VAC
on MIA offspring at the gene level and was in accord-
ance with our histomorphology results (Fig. 8e).
Next, qRT-PCR was performed to analyze these candi-

date genes, and four differentially expressed genes were
confirmed to be related to the ability of VAC to protect
against social deficits and abnormal cortex development
in MIA mice (Fig. 8d). Of the four genes, Ikzf1 (IKAROS
family zinc-finger 1) was notable because it not only par-
ticipated in the process of neuronal differentiation but
also played a central role in the interaction network of

Fig. 6 Maternal VAC and MIA effects on cortical lamination in the developing brain at E18.5. a Coronal sections of embryonic brains were
immunostained with Tbr1 (green), Satb2 (red), and Hoechst (blue). Tbr1 mainly indicates the cells in cortical layers V–VI, while Satb2 labels
layer II–V cells. Scale bar, 100 μm. b MIA induced a significant reduction of Satb2+ cells (p = 0.015), and VAC preprocessing reversed the effect
(p = 0.025). c A similar but not significant trend was observed for Tbr1+ cells in the cortical plate (p > 0.05). n = 6 mice/group; *p < 0.05
(two-way ANOVA and Student’s t test). The results are all shown as the mean + s.e.m.
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proteins (Fig. 8f, g). Expression of Ikaros (Ikzf1), which
promotes the differentiation of early-born cortical neu-
rons, is high in mouse cortical progenitor cells at early
stages and then decreases over time [39–41]. Notably,
overexpression of Ikaros results in abnormal lamination
during the late embryonic stages [41]. Ikaros copy num-
ber variants have reportedly been identified in ASD pro-
bands [42]. Consistently, our data showed that LPS mice
had higher Ikzf1 expression than controls at a late stage
(E18.5) and that VAC preconditioning rescued its ex-
pression (Fig. 8d; p < 0.05), supporting a vital role for

Ikzf1 in the effect of VAC pretreatment on abnormal
lamination and autism-like behaviors. Intriguingly,
Ikaros was located in the neocortex and VZ/SVZ
(Fig. 8h–j) and colocalized with various morphological
forms of CX3Cr1-GFP+ microglia (Fig. 8k–o), suggest-
ing that microglia in the cerebral cortex could express
Ikaros. Although Ikaros is well described in the lymph-
oid system and neuronal precursors, our findings ex-
tend the known biological functions of Ikaros to
regulating cortical lamination from neuronal precursors
to microglia.

Fig. 7 Maternal VAC and MIA effects on neural precursor cells in the embryonic cortex at E18.5 and astrocytes in the adult cortex at 6 weeks. a
Representative Western blot bands of Pax-6 and β-actin. b The ratio of Pax-6 to β-actin was quantified. ANOVA showed a significant main effect
of MIA (F1,12 = 17.899, p = 0.001) on Pax-6 concentration, and post hoc comparisons revealed that MIA reduced the Pax-6 concentration (p = 0.042)
and that VAC pretreatment failed to rescue that effect (p > 0.05). d Coronal sections of E18.5 mouse brains were immunostained with Tbr2 (red),
and VZ/SVZ images were obtained. c The number of Tbr2+ cells per hemisphere was counted. ANOVA showed an interaction effect between MIA
and VAC (F1,12 = 7.252, p = 0.02), and post hoc comparisons confirmed that MIA decreased the number of Tbr2+ cells (p = 0.013) and that VAC
pretreatment reversed the decrease (p = 0.012). e Coronal sections of 6-week-old mouse brains were immunostained for GFAP (red) and Hoechst
(blue). Cortical images are shown. f There are significant main effects of MIA (F1,12 = 22.412, p = 0.0004) and VAC (F1,12 = 7.395, p = 0.019) for GFAP+

cells. Post hoc comparisons showed that MIA induced a significant reduction of astrocytes in the cortex (p < 0.001) and that VAC pretreatment
prevented the effect (p = 0.006). g A trend toward a similar effect for the VZ/SVZ was also observed. n = 4 mice/group; *p < 0.05, **p < 0.01, ***p <
0.001 (two-way ANOVA and Bonferroni post hoc test). The results are all shown as the mean + s.e.m. Scale bars, 50 μm in (d, e)
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Pretreatment with VAC ameliorated the microglial
inflammatory response to LPS challenge
Microglial priming has been proposed to be a major con-
sequence of MIA and represents a critical link in a causal
chain that leads to a wide spectrum of neuronal dysfunc-
tions and behavioral phenotypes [43]. To determine

whether VAC pretreatment could influence microglia in
the developing brain after LPS challenge, we observed the
Iba1+ cells (microglia) and Iba1+/CD68+ cells (activated
microglia) located in the dorsal and lateral cortex of the
fetal brain at E18.5 (Fig. 9a). Quantitative analysis with a
stereology system showed more microglia (Iba1+ cells)

Fig. 8 Whole-transcriptome analysis of maternal VAC and MIA effects on E18.5 cortical gene expression. a The volcano diagram includes
53 upregulated genes (red) and 17 downregulated genes (green) in VAC+LPS compared to PBS+LPS. b Volcano diagram includes 29
upregulated genes (red) and 29 downregulated genes (green) in PBS+LPS compared to PBS+PBS. c Venn diagram represents the overlap
of differentially expressed genes among groups; 13 common differentially expressed genes were analyzed (n = 3 mice/group). d Real-time
PCR analysis validated common differential gene expression among the four groups (n = 3 mice/group). There was an interaction effect
between MIA and VAC (F1,8 = 10.075, p = 0.013) for Ikzf1, and post hoc comparisons showed that MIA increased Ikzf1 expression compared
to controls (p = 0.018) and that VAC pretreatment rescued the Ikzf1 expression (p = 0.007). e Most-enriched GO terms for VAC+LPS vs PBS
+LPS. The enriched biological processes included neuron differentiation, generation of neurons, and brain development. The protein
interaction networks for VAC+LPS vs PBS+LPS (f) and VAC+LPS vs PBS+LPS (g) are shown. The red circles in f and g represent the
protein Ikzf1 (Ikaros), which holds core positions in the networks. h–j Images of Ikaros (red) and Cx3Cr1-GFP+ (green) microglia in the VZ/
SVZ of the fetal brain. k–o High-magnification images of the colocalization of Ikaros (red) and various morphological forms of microglia
(green). k An early branched form. l A more branched form. m–o An amoeboid form. *p < 0.05, **p < 0.01 (two-way ANOVA and
Bonferroni post hoc test). The results are all shown as the mean ± s.e.m. Scale bars, 50 μm in h–j, 10 μm in k–o
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and activated microglia (Iba1+/CD68+ cells) in MIA off-
spring than in controls, and preconditioning with VAC re-
stored the numbers to normal levels (Fig. 9b). Numerous
microglia were also observed to be located in the VZ/SVZ,
which was divided into several subsets—cortical area
(CA), striatal area (SA), and else areas (EA)—for quantifi-
cation (Fig. 9c). Our data showed that VAC had a similar
effect on microglia in the VZ/SVZ of MIA mice, especially
in the CA (Fig. 9d), suggesting that VAC could rescue the
LPS-induced inflammatory response in the brain. Add-
itionally, the ratio of activated microglia (ratio of CD68/
Iba1+ cells to Iba1+ cells) averaged 90% and did not differ
among groups (Fig. 9e). Furthermore, the activation of
microglia paralleled the change in Ikaros expression in the
present study.
Given that microglia are reported to phagocytose

neural precursor cells in the developing neocortex [44],
we next detected microglia phagocytosing IPCs by

colocalization of Tbr2 and CD68 in the fetal neocortex
at E18.5 (Additional file 4: Figure S3E–J). Quantitative
analysis revealed that LPS promoted microglial phago-
cytosis of IPCs, and this effect was mitigated by pretreat-
ment with VAC (Additional file 4: Figure S3A–D and K),
suggesting that VAC rescued the number of IPCs not
only by restoring IPC differentiation but also by attenu-
ating microglial phagocytosis. Nonetheless, the molecu-
lar mechanism of this phagocytosis has not yet been
clarified, and our results provide evidence for the daring
conjecture that Ikaros expression may be correlated with
the microglial phagocytosis of neural precursor cells.

Discussion
Herein, we show that VAC attenuated the deleterious ef-
fects induced by MIA, including its effects on fetal loss,
social behaviors, thickness of the CP, and abnormal neo-
cortical lamination. Importantly, these effects are closely

Fig. 9 Effects of maternal VAC and MIA on central inflammatory response at E18.5. Representative images of staining with Iba1 (red), CD68
(green), and Hoechst (blue) in the cortical (a) and hemispherical (c) areas in fetal brains at E18.5. b ANOVA showed a significant main effect of
MIA (F1,12 = 16.135, p = 0.002) and interaction effect between MIA and VAC (F1,12 = 9.479, p = 0.01) for the number of Iba1+ cell. Similar result was
shown for CD68+ cells, main effect of MIA: F1,12 = 17.996, p = 0.001; interaction effect between MIA and VAC: F1,12 = 9.311, p = 0.01. Post hoc test
revealed that VAC pretreatment rescued the MIA-induced accumulation of Iba1+ cells and CD68+ cells in the cortical plate (p < 0.001). d Similar
results were observed in the VZ/SVZ, especially in cortex-related areas. There were significant main effects of MIA (F1,12 = 6.170, p = 0.029) and VAC
(F1,12 = 6.332, p = 0.027) for total Iba1+ cells in VZ/SVZ. A significant main effect of LPS (F1,12 = 8.411, p = 0.013) and VAC (F1,12 = 5.219, p = 0.049) for
Iba1+ cells was quantified in the CA. e The ratio of CD68+ cells to Iba1+ cells (the proportion of activated microglia) did not differ among the
four groups (p > 0.05). n = 4 mice/group; *p < 0.05, ***p < 0.001 (two-way ANOVA and Bonferroni post hoc test). The results are all shown as the
mean + s.e.m. Scale bars, 100 μm in a, 500 μm in c
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associated with the fact that VAC promotes differentiation
of neural progenitor cells, a phenomenon that may involve
microglia-derived Ikaros. VAC rescued the abnormal
Ikaros expression, microglial proliferation, and activation
in MIA offspring. This work highlights the key preventive
impact of VAC on LPS-caused autism-related impair-
ments during brain development.
Social interaction behavior is associated with some spe-

cific brain areas, especially the cortex [45, 46]. Interest-
ingly, our study showed that social deficits were related to
decreased thickness of the fetal CP in LPS-induced MIA
offspring, which was consistent with previous reports of
reduced cortical volume [47] or thickness [33] in similar
ASD models. However, there were conflicting results from
other ASD models [17, 48], and this discrepancy may be
due to differences in infection models and target animal
species [7, 49]. Further, we found aberrant lamination of
the embryonic neocortex and reduced neuron counts, es-
pecially in the upper layers, which contributed to the re-
duction in CP thickness. The development of the six-layer
neocortex in rodents is known to start at E11.5 in an
inside-out pattern [50]. Thus, the upper layers were more
susceptible than deeper layers when maternal immunity
was mobilized by LPS at E14.5. Overall, VAC attenuated
the deleterious effects of MIA on thickness and lamin-
ation, which mainly manifested in the restored neuronal
numbers in the upper layers. These effects on cortical
layers might be associated with apoptosis or proliferation
[7]; however, we confirmed that there was a negligible ef-
fect on apoptotic factors, reflected by a slight increase in
CC3+ cells in MIA offspring, and VAC had no protective
effect on apoptosis. Moreover, similar results for prolifera-
tion were obtained in the embryonic neocortex. Conse-
quently, apoptosis and proliferation were excluded as
causes of the recovery in neuron number for VAC.
Another possible explanation for the alteration of

neuron number may be abnormal neuronal differentiation
[51]. The numbers of RGCs and IPCs were decreased in
the embryonic neocortex of MIA models, but VAC pre-
treatment rescued the loss of IPCs. These data thus con-
firmed our conjecture that VAC prevents the effects of
LPS on the developing cortex, a phenomenon that was
linked to the decreased autism-like behavior. However,
our data are not consistent with the results observed in an
autism-specific maternal autoantibody infection model
[52], which may be because of autoantibody-induced in-
creases in stem cell proliferation, whereas MIA might
affect RGC differentiation and have little effect on prolifer-
ation. Moreover, our in-depth experiments revealed that
the restorative effects of VAC on the number of IPCs in
the MIA fetal cortex were due to the increase in IPC dif-
ferentiation and the decrease in microglial phagocytosis of
IPCs. Later, in adult MIA offspring (6 weeks), neither
VAC nor LPS influenced the numbers of neurons, but

VAC increased the BDNF expression in the MIA cortex
through other types of cells, such as astrocytes, to provide
more trophic support to neurons. Therefore, neuronal
functions in adulthood, such as neuronal plasticity, remain
to be explored in future research. In addition, the de-
creased number of astrocytes in the adult brain differed
from the reports that two injections of LPS (500 μg/kg)
led to an increased number of astrocytes in 8-day-old rat
pups [53]. This inconsistency may be because the present
study used a milder stimulus (LPS, 75 μg/kg) than the pre-
vious study, meaning that the dose of LPS used in this
study might induce treated animals to produce fewer
RGCs than controls.
The development of a six-layer neocortex is coordinated

by specialized genes programming neurogenesis and neur-
onal differentiation, which was confirmed by the pathways
identified in our study as most enriched according to GO
analysis. Ikzf1 was the most important gene showing differ-
ential expression among the four groups. Reports have
shown that Ikzf1 (Ikaros) is expressed in cortical progenitor
cells and helps determine the fates of early-born neurons in
the cerebral cortex [41]. Therefore, Ikzf1 is a promising can-
didate gene to mediate the effect of VAC treatment on MIA
models. In addition, Ikzf1/Ikaros seems to have a complex
role in neuronal differentiation. Ikaros was previously re-
ported to be a tumor suppressor and pro-differentiation fac-
tor [54, 55]. By contrast, a recent study revealed that Ikaros
overexpression decreased the number of upper-layer neu-
rons in the cortex at E17.5 [41]. Consistent with this result,
we found that MIA induced an increase in the expression
of Ikzf1 at E18.5, accompanied by a decrease in neurons in
the upper layers, and VAC pretreatment alleviated these ef-
fects. Unexpectedly, the total number of neurons showed
no difference across the four groups in adulthood. One ex-
planation may be that LPS-induced sustained Ikzf1 expres-
sion results in a delayed appearance of upper-layer neurons
and that the disorganized laminar structure returns to nor-
mal after birth. Alteration in the migration of newborn cells
has previously been linked to autism [52]. Another explan-
ation may be that overexpressed Ikzf1 extends the window
of deeper-layer neurogenesis [41], so that the overall num-
ber of neurons in the cortex in MIA mice became normal
during adulthood. In addition, Ikaros/Ikzf1 gene-deficient
mice displayed behavioral alterations in an antidepressive
phenotype [56], implying that Ikaros is relevant to
depression-related behavior, which is consistent with our re-
sults from the FST and TST. Taken together, our data pro-
vide evidence for the crucial role of Ikzf1 in determining
cortical lamination and the development of autism-like be-
haviors in the late stage of prenatal development. Import-
antly, VAC pretreatment prevented MIA-induced social
deficits and aberrant lamination by promoting neuronal dif-
ferentiation, which depended on restoring normal Ikaros
expression. Moreover, we found that Ikzf1/Ikaros was
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expressed in microglia, and microglial proliferation and acti-
vation paralleled the expression of Ikaros. Although an
immune-mediator signaling cascade was reported to upreg-
ulate the Ikzf1 gene specifically by activating the upstream
protein STAT3 in BV-2 cells [57], the specific mechanism
whereby Ikaros regulates the differentiation of cortical pro-
genitor cells still needs further investigation.
VAC prevents the effects of LPS challenge on neuronal

progenitor cells, microglial activation, and the numbers of
astrocytes. Therefore, we hypothesize that VAC exerted
protective effects through the following mechanisms.
VAC-induced M2 microglial/macrophage polarization de-
veloped a pro-neurogenic niche via astrocytic secretion of
BDNF (Fig. 7e and Additional file 3: Figure S2G) and
microglial expression of IGF-1 [13, 15]. Moreover, a recent
report revealed that Ikaros is expressed in progenitor cells
and regulates early-born neuronal fates [41]. Ikaros over-
expression in neuronal progenitor cells induced develop-
mental defects, including disrupted cortical lamination. In
line with our results, LPS-treated fetal brain showed sus-
tained Ikaros expression, which could be inhibited by
VAC. However, our findings show that microglia, not neu-
rons, could express Ikaros in the cerebral cortex, reflected
by colocalization with CX3Cr1-GFP+ microglia (Fig. 5k).
Because the Ikaros family of transcription factors has crit-
ical functions in immune regulation [58], VAC may regu-
late microglial inflammation via Ikzf1. Thus, we conclude
that VAC indirectly influences cortical lamination after
maternal immune activation, through a mechanism in-
volving Ikaros.
It has been reported that the cytokine IL-17a, which is

relevant to microglial activation and proliferation [59],
promotes abnormal cortical development and ASD-like
behavioral phenotypes [60]. However, we failed to detect
any alteration in IL-17a in the cortex of E18.5 mice after
VAC or MIA. One possible reason is that cytokines may
have been transiently altered after maternal LPS exposure
[53, 61] and that IL-17a expression was restored to normal
levels by E18.5. Another possible reason is that, unlike in
the polyinosinic-polycytidylic acid-induced autism model
[60], IL-17a may be not sufficient to cause aberrant lamin-
ation and social deficits in this LPS-induced MIA model.
Therefore, more information about cytokines will be ne-
cessary in the future.

Conclusions
Overall, for the first time, we show that VAC pretreat-
ment in early gestation is sufficient to prevent impair-
ments in social interaction and lamination in an
MIA-induced autism model and that this process is as-
sociated with neuronal differentiation and Ikzf1 gene.
Our findings strongly suggest that influenza vaccination
in early pregnancy is a potential preventive measure
against autism induced by maternal bacterial infection.

Additional files

Additional file 1: RNA-seq procedures. (DOCX 22 kb)

Additional file 2: Figure S1. Effects of maternal VAC and MIA on cell
apoptosis and proliferation in the developing neocortex at E18.5. (A)
Low-magnification image of CC3+ cells (red). (B-E) High-magnification im-
ages of CC3+ cells (red). All nuclei are labeled with Hoechst (blue). Scale
bar, 50 μm. (F) Low-magnification image of PCNA+ cells (red) showed
that a majority of PCNA+ cells were located in the VZ/SVZ. (G) A represen-
tative blot of CC3 and PCNA is shown. Equal loading of proteins is illus-
trated by the β-actin bands. (H) The group densitometry analysis of CC3
protein. There was a main effect of MIA (F1,12 = 26.065, p < 0.001) and post
hoc test showed increases in MIA (p = 0.003) and VAC+LPS (p = 0.004)
mice compared with controls. (I) The group densitometry analysis of
PCNA. There was a main effect of MIA (F1,12 = 14.42, p = 0.003) and post
hoc test showed increases in the MIA group (p = 0.003), but VAC pretreat-
ment had a trend toward preventing this effect (p = 0.288). n = 4 mice/
group; **p < 0.01 (two-way ANOVA and Bonferroni post hoc test). The re-
sults are all shown as the mean + s.e.m. Scale bar, 50 μm in A-E, 500 μm
in F. (TIF 2162 kb)

Additional file 3: Figure S2. Effects of maternal VAC and MIA on
neurons and BDNF in the cerebral cortex of animals at 6 weeks. Coronal
sections of indicated 6 week mouse brains were immunostained for
NeuN and BDNF. (A–B) Stereological analysis of NeuN+ cells (red) in the
neocortex revealed that the number of NeuN+ cells (neurons) did not
differ among the four groups. (C) The position of the NeuN (red) and
BDNF images (green) in the adult cortex is shown as the position of the
semitransparent white frame in (A). (D–F) High-magnification images of
the colocalization of BDNF and neurons. (G) Quantifications of the inte-
grated density (IntDen) of BDNF. ANOVA showed a significant main effect
of LPS (F1,8 = 40.109, p = 0.0002) and VAC (F1,8 = 7.410, p = 0.026) for BDNF.
Post hoc analysis showed a decreased abundance of the protein in MIA
offspring (p = 0.001), but VAC preprocessing rescued this effect (p =
0.019). n = 4 mice/group; *p < 0.05, **p < 0.01 (two-way ANOVA and Bon-
ferroni post hoc test). The results are all shown as the mean + s.e.m. Scale
bar, 100 μm in A and C, 10 μm in D–F. (TIF 2085 kb)

Additional file 4: Figure S3. Effects of maternal VAC and MIA on
phagocytosis of neural precursor cells by microglia in the developing
neocortex at E18.5. (A–D) Representative images of staining for TBR2 (red)
and CD68 (green) in the VZ/SVZ of fetal mouse brains from the four
groups. (E) Staining with Tbr2 (red), CD68 (green), and Hoechst (blue) in
the cortical and VZ/SVZ areas. Scale bar, 100 μm. (F–J) CD68+ microglia
(green) in the SVZ contact and envelope Tbr2+ neural precursor cells
(red). Scale bar, 20 μm. (K) Quantifications showed an increase in the
number of neural precursor cells being targeted by microglia (p = 0.042),
and VAC pretreatment rescued the effect (p = 0.024). n = 4 mice/group; *
p < 0.05, ** p < 0.01 (two-way ANOVA and Student’s t test). The results are
all shown as the mean + s.e.m. Scale bar, 100 μm in A–E, 20 μm in F–J.
(TIF 2478 kb)

Abbreviations
BDNF: Brain-derived neurotrophic factor; BSA: Bovine serum albumin;
CP: Cortical plate; IL-17a: Interleukin-17a; IPCs: Intermediate progenitor cells;
IZ: Intermediate zone; LPS: Lipopolysaccharide; MIA: Maternal immune
activation; OFT: Open field test; PBS: Phosphate-buffered saline;
PMSF: Phenylmethylsulfonyl fluoride; RGCs: Radial glial cells; RIPA: Radio-
immunoprecipitation assay; SVZ: Subventricular zone; VAC: Influenza
vaccination; VZ: Ventricular zone

Acknowledgements
We acknowledge the technical support of Dr. Yaru Wen, Dr. Zhiwei Xing, and
Dr. Mei Jiang.

Funding
The work was supported by the National Natural Science Foundation of
China (No. 31371130) and the Foundation of Medical Science and
Technology Research of Guangdong Province (A2016273).

Wu et al. Journal of Neuroinflammation  (2018) 15:228 Page 15 of 17

https://doi.org/10.1186/s12974-018-1252-z
https://doi.org/10.1186/s12974-018-1252-z
https://doi.org/10.1186/s12974-018-1252-z
https://doi.org/10.1186/s12974-018-1252-z


Availability of data and materials
Data supporting the conclusions of this article are presented in the
manuscript.

Authors’ contributions
YW, FQ, and ZY contributed to the study design and analyses of data.
YW, DS, ZH, and SH performed most of the experiments. YY and XW
administered the influenza vaccinations and LPS injections. All remaining
authors participated in the generation of the original data and provided
critical assessment of the current manuscript. All authors read and
approved the final manuscript.

Ethics approval
All of the protocol were approved by the Animal Care and Use
Committee of Zhongshan School of medicine, Sun Yat-sen University
(permission code no. 2014-001) and conformed to the Guide for the
Care and Use of Laboratory Animals by the National Institutes of
Health, USA.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Anatomy and Neurobiology, Zhongshan School of Medicine,
Sun Yat-sen University, #74, Zhongshan No. 2 Road, Guangzhou 510080,
China. 2Department of Thoracic Surgery, The First Affiliated Hospital, Sun
Yat-sen University, Guangzhou 510080, China. 3Guangdong Province Key
Laboratory of Brain Function and Disease, Zhongshan School of Medicine,
Sun Yat-sen University, #74, Zhongshan No. 2 Road, Guangzhou 510080,
China.

Received: 16 April 2018 Accepted: 11 July 2018

References
1. Kohane IS. An autism case history to review the systematic analysis of large-

scale data to refine the diagnosis and treatment of neuropsychiatric
disorders. Biol Psychiatry. 2015;77:59–65.

2. Matson JL, Goldin RL. Diagnosing young children with autism. Int J Dev
Neurosci. 2014;39:44–8.

3. Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah I, Van de Water
J. Elevated plasma cytokines in autism spectrum disorders provide evidence
of immune dysfunction and are associated with impaired behavioral
outcome. Brain Behav Immun. 2011;25:40–5.

4. Corradini I, Focchi E, Rasile M, Morini R, Desiato G, Tomasoni R, Lizier M,
Ghirardini E, Fesce R, Morone D, et al. Maternal immune activation delays
excitatory-to-inhibitory gamma-aminobutyric acid switch in offspring. Biol
Psychiatry. 2017;83(8):680–91.

5. Urakubo A, Jarskog LF, Lieberman JA, Gilmore JH. Prenatal exposure to
maternal infection alters cytokine expression in the placenta, amniotic fluid,
and fetal brain. Schizophr Res. 2001;47:27–36.

6. Patterson PH. Immune involvement in schizophrenia and autism: etiology,
pathology and animal models. Behav Brain Res. 2009;204:313–21.

7. Boksa P. Effects of prenatal infection on brain development and behavior: a
review of findings from animal models. Brain Behav Immun. 2010;24:881–97.

8. Golan HM, Lev V, Hallak M, Sorokin Y, Huleihel M. Specific
neurodevelopmental damage in mice offspring following maternal
inflammation during pregnancy. Neuropharmacology. 2005;48:903–17.

9. Jamieson DJ, Honein MA, Rasmussen SA, Williams JL, Swerdlow DL, Biggerstaff
MS, Lindstrom S, Louie JK, Christ CM, Bohm SR, et al. H1N1 2009 influenza virus
infection during pregnancy in the USA. Lancet. 2009;374:451–8.

10. Somerville LK, Basile K, Dwyer DE, Kok J. The impact of influenza virus
infection in pregnancy. Future Microbiol. 2018;13:263–74.

11. Vojtek I, Dieussaert I, Doherty TM, Franck V, Hanssens L, Miller J, Bekkat-
Berkani R, Kandeil W, Prado-Cohrs D, Vyse A. Maternal immunization: where
are we now and how to move forward? Ann Med. 2018;50(3):193–208.

12. Xia Y, Qi F, Zou J, Yang J, Yao Z. Influenza vaccination during early
pregnancy contributes to neurogenesis and behavioral function in offspring.
Brain Behav Immun. 2014;42:212–21.

13. Qi F, Yang J, Xia Y, Yuan Q, Guo K, Zou J, Yao Z. A (H1N1) vaccination
recruits T lymphocytes to the choroid plexus for the promotion of
hippocampal neurogenesis and working memory in pregnant mice. Brain
Behav Immun. 2016;53:72–83.

14. Xia Y, Qi F, Zou J, Yao Z. Influenza A (H1N1) vaccination during early
pregnancy transiently promotes hippocampal neurogenesis and working
memory. Involvement of Th1/Th2 balance. Brain Res. 2014;1592:34–43.

15. Qi F, Zuo Z, Yang J, Hu S, Yang Y, Yuan Q, Zou J, Guo K, Yao Z. Combined
effect of BCG vaccination and enriched environment promote neurogenesis
and spatial cognition via a shift in meningeal macrophage M2 polarization.
J Neuroinflammation. 2017;14:32.

16. Bellani M, Calderoni S, Muratori F, Brambilla P. Brain anatomy of autism spectrum
disorders I. Focus on corpus callosum. Epidemiol Psychiatr Sci. 2013;22:217–21.

17. Ghiani CA, Mattan NS, Nobuta H, Malvar JS, Boles J, Ross MG, Waschek JA,
Carpenter EM, Fisher RS, de Vellis J. Early effects of lipopolysaccharide-induced
inflammation on foetal brain development in rat. ASN Neuro. 2011;3

18. Hazlett HC, Gu H, Munsell BC, Kim SH, Styner M, Wolff JJ, Elison JT, Swanson
MR, Zhu H, Botteron KN, et al. Early brain development in infants at high
risk for autism spectrum disorder. Nature. 2017;542:348–51.

19. Noctor SC, Flint AC, Weissman TA, Dammerman RS, Kriegstein AR. Neurons
derived from radial glial cells establish radial units in neocortex. Nature.
2001;409:714–20.

20. Noctor SC, Martinez-Cerdeno V, Kriegstein AR. Distinct behaviors of neural
stem and progenitor cells underlie cortical neurogenesis. J Comp Neurol.
2008;508:28–44.

21. Noctor SC, Martinez-Cerdeno V, Ivic L, Kriegstein AR. Cortical neurons arise
in symmetric and asymmetric division zones and migrate through specific
phases. Nat Neurosci. 2004;7:136–44.

22. Miyata T, Kawaguchi A, Saito K, Kawano M, Muto T, Ogawa M. Asymmetric
production of surface-dividing and non-surface-dividing cortical progenitor
cells. Development. 2004;131:3133–45.

23. Coyle P, Tran N, Fung JN, Summers BL, Rofe AM. Maternal dietary zinc
supplementation prevents aberrant behaviour in an object recognition task in mice
offspring exposed to LPS in early pregnancy. Behav Brain Res. 2009;197:210–8.

24. Atladottir HO, Thorsen P, Ostergaard L, Schendel DE, Lemcke S, Abdallah M,
Parner ET. Maternal infection requiring hospitalization during pregnancy
and autism spectrum disorders. J Autism Dev Disord. 2010;40:1423–30.

25. Kaidanovich-Beilin O, Lipina T, Vukobradovic I, Roder J, Woodgett JR.
Assessment of social interaction behaviors. J Vis Exp. 2011;(48):2473.

26. Depino AM, Lucchina L, Pitossi F. Early and adult hippocampal TGF-beta1
overexpression have opposite effects on behavior. Brain Behav Immun.
2011;25:1582–91.

27. Chao MW, Chen CP, Yang YH, Chuang YC, Chu TY, Tseng CY. N-
acetylcysteine attenuates lipopolysaccharide-induced impairment in
lamination of Ctip2-and Tbr1-expressing cortical neurons in the developing
rat fetal brain. Sci Rep. 2016;6:32373.

28. Renaud SJ, Cotechini T, Quirt JS, Macdonald-Goodfellow SK, Othman M,
Graham CH. Spontaneous pregnancy loss mediated by abnormal maternal
inflammation in rats is linked to deficient uteroplacental perfusion. J
Immunol. 2011;186:1799–808.

29. Hofvander B, Delorme R, Chaste P, Nyden A, Wentz E, Stahlberg O,
Herbrecht E, Stopin A, Anckarsater H, Gillberg C, et al. Psychiatric and
psychosocial problems in adults with normal-intelligence autism spectrum
disorders. BMC Psychiatry. 2009;9:35.

30. Malkova NV, Yu CZ, Hsiao EY, Moore MJ, Patterson PH. Maternal immune
activation yields offspring displaying mouse versions of the three core
symptoms of autism. Brain Behav Immun. 2012;26:607–16.

31. Lee BK, Magnusson C, Gardner RM, Blomstrom A, Newschaffer CJ,
Burstyn I, Karlsson H, Dalman C. Maternal hospitalization with infection
during pregnancy and risk of autism spectrum disorders. Brain Behav
Immun. 2015;44:100–5.

32. Gotham K, Brunwasser SM, Lord C. Depressive and anxiety symptom
trajectories from school age through young adulthood in samples with
autism spectrum disorder and developmental delay. J Am Acad Child
Adolesc Psychiatry. 2015;54:369–376.e363.

Wu et al. Journal of Neuroinflammation  (2018) 15:228 Page 16 of 17



33. Carpentier PA, Haditsch U, Braun AE, Cantu AV, Moon HM, Price RO,
Anderson MP, Saravanapandian V, Ismail K, Rivera M, et al. Stereotypical
alterations in cortical patterning are associated with maternal illness-
induced placental dysfunction. J Neurosci. 2013;33:16874–88.

34. Hevner RF, Shi L, Justice N, Hsueh Y, Sheng M, Smiga S, Bulfone A, Goffinet
AM, Campagnoni AT, Rubenstein JL. Tbr1 regulates differentiation of the
preplate and layer 6. Neuron. 2001;29:353–66.

35. Molyneaux BJ, Arlotta P, Menezes JR, Macklis JD. Neuronal subtype
specification in the cerebral cortex. Nat Rev Neurosci. 2007;8:427–37.

36. Hevner RF, Hodge RD, Daza RA, Englund C. Transcription factors in
glutamatergic neurogenesis: conserved programs in neocortex, cerebellum,
and adult hippocampus. Neurosci Res. 2006;55:223–33.

37. Englund C, Fink A, Lau C, Pham D, Daza RA, Bulfone A, Kowalczyk T, Hevner
RF. Pax6, Tbr2, and Tbr1 are expressed sequentially by radial glia,
intermediate progenitor cells, and postmitotic neurons in developing
neocortex. J Neurosci. 2005;25:247–51.

38. Humann J, Mann B, Gao G, Moresco P, Ramahi J, Loh LN, Farr A, Hu Y,
Durick-Eder K, Fillon SA, et al. Bacterial peptidoglycan traverses the placenta
to induce fetal neuroproliferation and aberrant postnatal behavior. Cell Host
Microbe. 2016;19:901.

39. Elliott J, Jolicoeur C, Ramamurthy V, Cayouette M. Ikaros confers early temporal
competence to mouse retinal progenitor cells. Neuron. 2008;60:26–39.

40. Mattar P, Cayouette M. Mechanisms of temporal identity regulation in
mouse retinal progenitor cells. Neurogenesis (Austin). 2015;2:e1125409.

41. Alsio JM, Tarchini B, Cayouette M, Livesey FJ. Ikaros promotes early-
born neuronal fates in the cerebral cortex. Proc Natl Acad Sci U S A.
2013;110:E716–25.

42. Krumm N, Turner TN, Baker C, Vives L, Mohajeri K, Witherspoon K, Raja A,
Coe BP, Stessman HA, He ZX, et al. Excess of rare, inherited truncating
mutations in autism. Nat Genet. 2015;47:582–8.

43. Knuesel I, Chicha L, Britschgi M, Schobel SA, Bodmer M, Hellings JA, Toovey
S, Prinssen EP. Maternal immune activation and abnormal brain
development across CNS disorders. Nat Rev Neurol. 2014;10:643–60.

44. Cunningham CL, Martinez-Cerdeno V, Noctor SC. Microglia regulate the
number of neural precursor cells in the developing cerebral cortex. J
Neurosci. 2013;33:4216–33.

45. Bortolato M, Chen K, Godar SC, Chen G, Wu W, Rebrin I, Farrell MR, Scott AL,
Wellman CL, Shih JC. Social deficits and perseverative behaviors, but not
overt aggression, in MAO-A hypomorphic mice. Neuropsychopharmacology.
2011;36:2674–88.

46. Casanova MF, Buxhoeveden DP, Switala AE, Roy E. Minicolumnar pathology
in autism. Neurology. 2002;58:428–32.

47. Dean JM, van de Looij Y, Sizonenko SV, Lodygensky GA, Lazeyras F, Bolouri
H, Kjellmer I, Huppi PS, Hagberg H, Mallard C. Delayed cortical impairment
following lipopolysaccharide exposure in preterm fetal sheep. Ann Neurol.
2011;70:846–56.

48. Willette AA, Lubach GR, Knickmeyer RC, Short SJ, Styner M, Gilmore JH, Coe
CL. Brain enlargement and increased behavioral and cytokine reactivity in
infant monkeys following acute prenatal endotoxemia. Behav Brain Res.
2011;219:108–15.

49. Miyata T, Kawaguchi A, Okano H, Ogawa M. Asymmetric inheritance of
radial glial fibers by cortical neurons. Neuron. 2001;31:727–41.

50. Kwan KY, Sestan N, Anton ES. Transcriptional co-regulation of neuronal
migration and laminar identity in the neocortex. Development.
2012;139:1535–46.

51. Soumiya H, Fukumitsu H, Furukawa S. Prenatal immune challenge
compromises the normal course of neurogenesis during development of
the mouse cerebral cortex. J Neurosci Res. 2011;89:1575–85.

52. Martinez-Cerdeno V, Camacho J, Fox E, Miller E, Ariza J, Kienzle D, Plank
K, Noctor SC, Van de Water J. Prenatal exposure to autism-specific
maternal autoantibodies alters proliferation of cortical neural precursor
cells, enlarges brain, and increases neuronal size in adult animals. Cereb
Cortex. 2016;26:374–83.

53. Cai Z, Pan ZL, Pang Y, Evans OB, Rhodes PG. Cytokine induction in fetal rat
brains and brain injury in neonatal rats after maternal lipopolysaccharide
administration. Pediatr Res. 2000;47:64–72.

54. Kathrein KL, Lorenz R, Innes AM, Griffiths E, Winandy S. Ikaros induces
quiescence and T-cell differentiation in a leukemia cell line. Mol Cell Biol.
2005;25:1645–54.

55. Martin-Ibanez R, Crespo E, Urban N, Sergent-Tanguy S, Herranz C, Jaumot M,
Valiente M, Long JE, Pineda JR, Andreu C, et al. Ikaros-1 couples cell cycle

arrest of late striatal precursors with neurogenesis of enkephalinergic
neurons. J Comp Neurol. 2010;518:329–51.

56. Kiehl TR, Fischer SE, Ezzat S, Asa SL. Mice lacking the transcription factor
Ikaros display behavioral alterations of an anti-depressive phenotype. Exp
Neurol. 2008;211:107–14.

57. Zhang Z, Wu Z, Zhu X, Hui X, Pan J, Xu Y. Hydroxy-safflor yellow A inhibits
neuroinflammation mediated by Abeta(1)(-)(4)(2) in BV-2 cells. Neurosci Lett.
2014;562:39–44.

58. Seng A, Yankee TM. The role of the Ikaros family of transcription factors
in regulatory T cell development and function. J Clin Cell Immunol.
2017;8(2):495.

59. Zimmermann J, Emrich M, Krauthausen M, Saxe S, Nitsch L, Heneka MT,
Campbell IL, Muller M. IL-17A promotes granulocyte infiltration, myelin loss,
microglia activation, and behavioral deficits during cuprizone-induced
demyelination. Mol Neurobiol. 2018;55(2):946–57.

60. Choi GB, Yim YS, Wong H, Kim S, Kim H, Kim SV, Hoeffer CA, Littman DR,
Huh JR. The maternal interleukin-17a pathway in mice promotes autism-like
phenotypes in offspring. Science. 2016;351:933–9.

61. Dickinson MA, Harnett EL, Venditti CC, Smith GN. Transient
lipopolysaccharide-induced cytokine responses in the maternal serum and
amniotic fluid of the guinea pig. Am J Obstet Gynecol. 2009;200:534.e531–6.

Wu et al. Journal of Neuroinflammation  (2018) 15:228 Page 17 of 17


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Animals
	Influenza vaccination
	Maternal immune activation
	Enzyme-linked immunosorbent assay
	Behavioral tests
	Open field test (OFT)
	Elevated plus maze
	Three-chamber social approach and social novelty tests
	Tail suspension test
	Forced swim test
	Western blot
	Tissue preparation
	Nissl staining
	Immunofluorescence (IF)
	Gene expression
	Statistical analyses

	Results
	VAC counteracted the LPS-induced maternal immune activation and decrease in embryo number
	Pretreatment with VAC improved social behavior in MIA offspring
	Anxiety-related behavior
	Social interaction behavior
	Depression-related behavior

	VAC mitigated LPS-associated aberrant brain cytoarchitecture and lamination in the embryonic neocortex
	VAC rescued LPS-induced decreases in the numbers of IPCs in the developing neocortex and of astrocytes in the adult neocortex
	Changes in expression of relevant genes in the fetal cortex after VAC and LPS treatment
	Pretreatment with VAC ameliorated the microglial inflammatory response to LPS challenge

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

