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Prenatal 1-Nitropyrene Exposure Causes Autism-Like
Behavior Partially by Altering DNA Hydroxymethylation in

Developing Brain

Ting Zhao, Cheng-Qing Huang, Yi-Hao Zhang, Yan-Yan Zhu, Xiao-Xi Chen, Tao Wang,
Jing Shao, Xiu-Hong Meng, Yichao Huang, Hua Wang, Hui-Li Wang, Bo Wang,*

and De-Xiang Xu*

Autism spectrum disorder (ASD) is a neurodevelopmental disorder,
characterized by social communication disability and stereotypic behavior.
This study aims to investigate the impact of prenatal exposure to
1-nitropyrene (1-NP), a key component of motor vehicle exhaust, on
autism-like behaviors in a mouse model. Three-chamber test finds that
prenatal 1-NP exposure causes autism-like behaviors during the weaning
period. Patch clamp shows that inhibitory synaptic transmission is reduced in
medial prefrontal cortex of 1-NP-exposed weaning pups. Immunofluorescence
finds that prenatal 1-NP exposure reduces the number of prefrontal glutamate
decarboxylase 67 (GADG67) positive interneurons in fetuses and weaning
pups. Moreover, prenatal 1-NP exposure retards tangential migration of
GAD67-positive interneurons and downregulates interneuron
migration-related genes, such as Nrg1, Erbb4, and Sema3F, in fetal forebrain.
Mechanistically, prenatal 1-NP exposure reduces hydroxymethylation of
interneuron migration-related genes through inhibiting ten-eleven
translocation (TET) activity in fetal forebrain. Supplement with
alpha-ketoglutarate (@-KG), a cofactor of TET enzyme, reverses 1-NP-induced
hypohydroxymethylation at specific sites of interneuron migration-related
genes. Moreover, @-KG supplement alleviates 1-NP-induced migration
retardation of interneurons in fetal forebrain. Finally, maternal a-KG
supplement improves 1-NP-induced autism-like behaviors in weaning
offspring. In conclusion, prenatal 1-NP exposure causes autism-like behavior
partially by altering DNA hydroxymethylation of interneuron migration-related
genes in developing brain.

1. Introduction

Autism spectrum disorder (ASD) is a neu-
rodevelopmental disorder, characterized
by social communication disability and
stereotypic behavior.[!! The prevalence of
ASD has risen from 0.76% to 1-2.5% in
the developed countries.?] In China, the
rate of ASD is approximately 0.7%—19.[4>]
A multitude of studies have demonstrated
that gestational exposure to environmental
toxicants contributes to the rapidly increas-
ing ASD rate in children.[*®) Several cohort
studies confirmed that maternal exposure
to motor vehicle exhausts increased the
risk of ASD in children.l>-!!l 1-Nitropyrene
(1-NP) is a characteristic nitro-polycyclic
aromatic hydrocarbon (nitro-PAH) in
diesel exhaust particles (DEPs) and cooking
emissions.'?13] An earlier report showed
that gestational 1-NP (10 pg kg™!) exposure
during late pregnancy was associated with
diminished learning and memory abili-
ties in adolescent offspring.'”) Moreover,
gestational 1-NP (10, 100 pg kg™') expo-
sure during the whole pregnancy caused
anxiety-like behavior in adult stage.'*
Albeit these neurological disorders in asso-
ciation with 1-NP exposure, it is still unclear
whether maternal 1-NP exposure induces
autism-like behavior in the offspring.
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Increasing evidences indicated that interneurons in medial
prefrontal cortex (mPFC) play pivotal roles in the modulation
of social communication.['®] Two reports showed that interneu-
rons in the mPFC were decreased in ASD patients.'®!7] In
rodents, interneurons originate in ganglionic eminence (GE)
and tangentially migrate to neocortex in middle and late stages
of brain development.['81°] Recently, two studies indicated that
interneuron migration retardation caused autism-like behavior
in mice.?*2! Tt is generally accepted that several interneuron
migration-related molecules, including neuregulinl (Nrgl) and
semaphorin 3F (Sema3F), participate in regulating interneuron
migration.??] Several studies demonstrate that hydroxymethy-
lation modification is involved in the migration of placental
trophoblast cells and neuronal stem cells.[’*?*) Our previous
study showed that Nrgl could be transcriptionally regulated by
modification of hydroxymethylation.'*] Thus, we hypothesized
that prenatal 1-NP exposure restrains interneuron migration
through inhibiting hydroxymethylation modification of interneu-
ron migration-associated genes.

Thus, this study was to investigate the impact of early-life 1-
NP exposure on autism-like behavior in a mouse model, and to
unveil the potential role of interneuron migration in fetal fore-
brain. This study indicates that maternal 1-NP exposure causes
autism-like behavior via retarding interneuron migration in fe-
tal forebrain. Our research provides evidence that early-life 1-NP
exposure retards interneuron migration partially by disrupting
epigenetic reprogramming of interneuron migration-associated
genes in the developing brain.

2. Experimental Section

2.1. Materials

Anti-GAD67 (198013) was bought from synaptic systems (Ger-
many). Anti-NeuN (ab177487), anti-TET1 (ab191698), anti-TET2
(ab213369) and anti-TET3 (ab139311), anti-SDHB (ab175225),
and anti-vATP5A (ab110413) were form Abcam (USA). 1-NP
(N22959) and alpha-ketoglutarate (a-KG, No.K1128) were sup-
plied by Sigma Aldrich (Germany). Nuclear extraction reagents
(78833) were from Thermo Fisher Scientific (USA). Ten eleven
translocation (TET) enzymatic activity kit (P-3086-96) was from
Epigentek (USA). All other regents were from Sigma Aldrich
(Germany).

2.2. Animal Experiments

All mice were confirmed pregnant as method described in our
previous study.[?! In this study, animal experiments were divided
into five parts. Experiment 1, 30 pregnant mice were randomly
assigned to three different groups. Pregnant mice orally received
different dose of 1-NP (0, 10, 100 pg kg!) daily throughout preg-
nancy. The dosage of 1-NP referred to the previous study.*l All
pregnant mice gave birth naturally. At postnatal day (PND)28,
three-chamber test was used to evaluate autism-like behaviors in
weaning pups. Moreover, at PND70, three-chamber test was used
to evaluate autism-like behaviors in adult offspring. Experiment
2, 10 pregnant mice were randomly assigned to two groups. In
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the 1-NP group, pregnant mice were received 100 pg kg=! 1-NP.
In the control group, pregnant mice were given corn oil. The ex-
posure time and method in pregnant mice were the same as Ex-
periment 1. All pregnant mice gave birth naturally. At PND28,
some weaning pups were sacrificed. The mPFC was collected
for patch clamp, immunohistochemistry (IF), and Western blot-
ting. At PND70, adult offspring were sacrificed. The mPFC was
collected for patch clamp. Experiment 3, 10 pregnant mice were
randomly assigned to two groups. In the 1-NP group, pregnant
mice were orally exposed to 1-NP (100 ug kg™!) daily from ges-
tational day (GD) GDO to GD17. Pregnant mice from control
group were given corn oil. All dams were sacrificed on GD18.
Fetal mPFC was collected for IF and Western blotting. GD14
was the critical time point for migration of interneurons from
ganglion eminence to fetal forebrain.['®! In this study, 10 preg-
nant mice were randomly separated into two groups. In the 1-NP
group, pregnant mice were orally exposed to 1-NP (100 pg kg™!)
daily from GDO to GD13. In the control group, pregnant mice
were given corn oil. All dams were sacrificed on GD14. Fetal fore-
brain was collected for Western blot, IF, transcriptomic analysis,
reverse transcription-polymerase chain reaction (RT-PCR), DNA
hydroxymethylation and TET activity. Experiment 4, 20 pregnant
mice were categorized into four groups: control (Ctrl), a-KG, 1-
NP, and a-KG+1-NP. In the 1-NP and 1-NP+a-KG groups, preg-
nant mice received oral exposure to 1-NP (100 pg kg~') daily from
GDO to GD13. In the a-KG and 1-NP+a-KG groups, pregnant
mice were given a-KG (2 g kg™!) by gavage daily from GDO to
GD13. The dosage of a-KG was based on previous studies.!’]
All dams were sacrificed on GD14. Fetal forebrain was collected
for DNA hydroxymethylation, RT-PCR and IF. Experiment 5, 40
pregnant were divided into four groups as in Experiment 4. The
exposure time and method were the same as Experiment 1. All
dams were delivered spontaneously. Some offspring were sacri-
ficed and mPFC was collected for patch clamp, IF, and Western
blotting. Three-chamber social test was used to evaluate autism-
like behaviors in offspring. The animal experiments complied
with the rules established by Anhui Medical University Animal
Care and Use Committee (Ethical number: LLSC20190357). The
detailed experimental protocol is shown in Figure 1.

2.3. Behavioral Assessment

A three-chamber apparatus with equal chambers was used to
evaluate autism-like behavior. In social behavior test, chambers
on both sides were placed with two empty cages (E). An unfamil-
iar mouse (strange 1, S1), matched in age and gender, was placed
in one cage. The test mice were allowed to explore three cham-
bers freely for 10 min. Sniffing time in S1 or E was recorded by
behavior software (Smart 3.0, RWD, China). In social novelty be-
havior test, another novel unfamiliar mouse (stranger 2, S2) was
positioned in the remaining E after social behavior test. And test
mice were given freedom to explore three chambers for 10 min.
Sniffing time in S1 or S2 was recorded by behavior software.

2.4. Immunofluorescence (IF)

For weaning pups, mice were anesthetized and perfused with
4% polyformaldehyde. After embedded in optimal cutting

2306294 (2 0f19) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Exprement 1

A9, GDO

GD17 G

www.advancedscience.com

PND28 PND70

i llanloll

1-NP (0, 10, 100 pg/kg) Offspring born

Exprement 2

v v

Behavioral test Behavioral test

L9 9[2 — — . Gp17 ) PND28 PND70
I — v v
1-NP (0, 10, 100 pg/kg) Offspring born Patch clamp//mPFC collection Patch clamp
Exprement 3
9. _GDO GD17 GD18 /0 _GDo GD13 GD14
“1 i ol
1-NP (0, 100 pgl/kg) Fetal mPFC collection 1-NP (0, 100 pg/kg)  Fetal forebrain collection
Exprement 4
/o GDO GD13 GD14
O = ———
Ctrl, a-KG, 1-NP, a-KG+1-NP Fetal forebrain collection
Exprement 5
PND28
/0. _GDO GD17 A9

Ctrl, a-KG, 1-NP, a-KG+1-NP

Patch clamp//mPFC collection

Offspring born Behavioral test

Figure 1. Experimental scheme for animals and treatments. Experiment 1, 30 pregnant mice were randomly assigned to three different groups. The
pregnant mice orally received different dose of 1-NP (0, 10, 100 pg kg™") daily throughout pregnancy. All pregnant mice gave birth naturally. At PND28
and PND70, autism-like behaviors were evaluated in offspring. Experiment 2, 10 pregnant mice were randomly assigned to two groups. The pregnant
mice orally received two dose of 1-NP (0, 100 ug kg™') daily throughout pregnancy. All dams gave birth naturally. At PND28 or PND70, the offspring were
sacrificed and the mPFC were collected for further experiments. Experiment 3, 10 pregnant mice were randomly assigned to two groups. The pregnant
mice orally received two dose of 1-NP (0, 100 ug kg~") daily from GDO to GD17. All dams were sacrificed on GD18. Fetal mPFC was collected for further
experiments. On the other hand, another 10 pregnant mice were orally exposed to 1-NP (100 pg kg~') daily from GDO to GD13. All dams were sacrificed
on GD14. Fetal forebrain was collected for further experiments. Experiment 4, 20 pregnant mice were categorized into four groups: control (Ctrl), a-KG,
1-NP, and a-KG+1-NP. The pregnant mice were orally exposed to 1-NP (100 ug kg™") or a-KG (2 g kg™") daily from GDO to GD13. All dams were sacrificed
on GD14. Fetal forebrain was collected for further experiments. Experiment 5, the grouping of the 40 pregnant was the same as in Experiment 4 and
the exposure time and method in pregnant mice were the same as Experiment 1. All dams were delivered spontaneously. Some PND28 offspring were
sacrificed and mPFC were collected for further experiments. Autism-like behaviors was also evaluated in PND28 offspring.

temperature (OCT) compound, the brains were divided coronally
into 30 um thick sections. About 3 areas were randomly selected
from each mPFC section for subsequent stages. After an hour
blockage using goat serum at 37 °C, brain slices were subjected
to incubate with GAD67 (1:1000) and NeuN (1:1000) for 24 h,
respectively. Brain slices were counterstained with different sec-
ondary antibodies from different species. Nuclei were stained
with Hoechst33342. The numbers of GAD67* and NeuN* neu-
rons were analyzed by panoramic tissue cell quantitative analysis
system (TissueFAXS Plus S, Austria). For fetal mice, brains were
divided coronally into 40 pm thick sections. The slices of the gan-
glia bulge were identified. Three sections were stochastically se-
lected from every ganglionic eminence and incubated with anti-
GADG67 (1:1000). After incubated with secondary antibody, nuclei
were stained with Hoechst33342. The number of GAD67* neu-

Adv. Sci. 2024, 11, 2306294

rons was analyzed by panoramic tissue cell quantitative analysis
system (TissueFAXS Plus S, Austria).

2.5. Mitochondrial Morphology Detection

Ganglionic eminence in fetal forebrain was selected and cut into
1 cubic millimeter tissue. The tissue was stabilized using 1% os-
mium tetroxide for 2 h at 4 °C. Following uranyl acetate staining,
the tissue was dehydrated by gradient alcohol and acetone. Next,
the tissue was infiltrated and embedded in embedding medium.
The tissue was cut into 100 nm thick sections and stained with
lead citrate. Transmission electron microscope was used to shoot
mitochondria (Thermo Scientific Talos L120CG2, USA). The cir-
cumference of mitochondria and the percentage of abnormal
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mitochondria were counted in Image ] (National Institutes of
Health, USA).

2.6. Patch Clamp in the mPFC of Offspring

Fresh brain was prepared into 300 um thick coronal slices in
a 6% cold sucrose solution. The slice containing mPFC was
transferred to artificial cerebrospinal fluid, filled with 95% O,
and 5% CO,, for 1 h. Tetrodotoxin (Sigma Aldrich) was applied
to prevent action potential. 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX: No.C127, Sigma) was utilized to inhibit alpha-amino-3-
hydroxy-5-methyl-4-isoxazole-propionic acid receptor (AMPA) re-
ceptor. Amino-5- phosphonovaleric acid (APV: No.A8054, Sigma)
was utilized to prevent N-methyl-D-aspartate (NMDA) receptor.
The miniature inhibitory postsynaptic current (mIPSC) of pyra-
midal neurons in the mPFC was detected in voltage clamp mode.
The frequency and amplitude of mIPSC were analyzed by Mini
60 (Synaptosoft version 6.0.3, USA).

2.7. Measurement of 5hmC

APOBEC-coupled epigenetic sequencing was used to detect
S5hmC content in specific genes. In this method, 5ShmC in spe-
cific genes was identified as “C,” while “C” and “5mC” were not.
The level of 5ShmC in specific genes was measured.!?’ The details
are also described in Supporting Information.

2.8. TET Activity

Fresh fetal forebrain was used for nuclear protein extraction us-
ing specific reagent kits (78833, Thermo Scientific, USA). After
adjusted to a suitable concentration, TET activity was detected by
TET activity kit (P-3086-96, Epigentek, USA) according to manu-
facturer’s instructions.

2.9. Determination of a-KG

Fresh fetal forebrain underwent lysis in a mixture solution con-
taining methanol, acetonitrile, and water (2:2:1). Following con-
centration adjustment, the supernatant with a-KG was detected
using liquid chromatography-tandem mass spectrometry as for-
merly outlined.[”]

2.10. RNA Sequencing

Total RNAs were extracted from the matched sample using TRI-
zol reagent (Thermo Scientific). Total RNAs were used to estab-
lish RNA-seq libraries using VAHTS mRNA-seq V3 Library Prep
Kit. Quality assessment was performed using BioAnalyzer and
Qubit. All libraries were sequenced on the Illumina NovaSeq
6000 system. After quality control, sequence data were processed
with spliced transcripts alignment to a reference (STAR) to pro-
duce read alignments. Raw read counts for annotated genes were
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subjected to normalization and analysis using DEseq2 v1.40.2.
The resulting P < 0.05 and fold change of >1.5 was the thresh-
old set for considering differential expression. The gene ontol-
ogy (GO), Kyoto encyclopedia of genes and genomes (KEGG) and
Reactome pathway enrichment analyses were performed using
clusterProfiler package in R.

2.11. RNA Extraction and RT-PCR

Total RNAs were extracted from fetal forebrain using reverse
transcription system (Promega, USA). The extracted RNAs from
fetal forebrain were converted into cDNA by reverse transcrip-
tase. Quantitative RT-PCR was implemented by LightCycler 480
SYBR Green I kit (Roche, USA). The list of primers targeting the
specific gene is presented in Table S2 (Supporting Information).

2.12. Western Blot

Total proteins were obtained from either the mPFC or the fore-
brain. Dodecyl sulfate, sodium salt (SDS)—polyacrylamide gel
electrophoresis (PAGE) was employed to separate protein. The
protein was then transitioned to the polyvinylidene fluoride
(PVDF) membrane. After incubating the primary and secondary
antibodies, enhanced chemiluminescence (ECL) was used to test
protein bands. The protein’s optical density value was examined
using Image J.

2.13. Statistical Analysis

Quantized data were displayed as means + S.E.M. In two-group
experiments, student ¢ test was used to detect statistical differ-
ences in the data with normal distribution and homogeneous
variance. Adjusted-t test was used to detect statistical differ-
ences in the data with normal distribution and uneven variance.
In four-group experiments, the differences were analyzed us-
ing two-way analysis of variance (ANOVA) and Bonferroni test.
272A% method was employed to analyze RT-PCR results.

3. Results

3.1. Influence of Maternal 1-NP Exposure on Autism-Like
Behavior in Offspring

In social behavior test, test mice typically display a preference for
interaction with stranger 1 mouse, spending longer time in sniff-
ing stranger 1 mouse than in empty cage (Figure 2A,G). In so-
cial novelty behavior test, test mice usually display a preference
for interaction with stranger 2 mouse, spending longer sniffing
time in stranger 2 mouse than in stranger 1 mouse (Figure 2D,]).
In this study, social behavior test was performed in weaning off-
spring. Although weaning male mice from high-dose group dis-
played a preference for interaction with stranger 1 mouse, this
was not witnessed in the low-dose group (Figure 2B). On the
other hand, weaning female test mice from the high-dose group

2306294 (4 0f19) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Influence of maternal 1-NP exposure on autism-like behavior in weaning offspring. 30 pregnant mice orally received different dose of 1-NP
(0, 10, 100 pg kg=") daily from GDO to GD17. All pregnant mice gave birth naturally. A~F) Three-chamber social interaction test was used to evaluate
autism-like behaviors in weaning offspring (PND28). A) Pattern diagram of social behavior in weaning offspring. B) Sniffing time spent in male weaning
offspring. C) Sniffing time spent in female weaning offspring. D) Pattern diagram of social novelty behavior in weaning offspring. E) Sniffing time spent in
male weaning offspring. F) Sniffing time spent in female weaning offspring. G-L) Three-chamber social interaction test was used to evaluate autism-like
behaviors in adult offspring (PND70). G) Pattern diagram of social behavior in adult offspring. H) Sniffing time spent in male adult offspring. 1) Sniffing
time spent in female adult offspring. J) Pattern diagram of social novelty behavior in adult offspring. K) Sniffing time spent in male adult offspring. L)
Sniffing time spent in female adult offspring. N = 9-11. S1, stranger 1. S2, stranger 2. E, empty cage. *P < 0.05.

did not display a preference for interaction with stranger 1 mouse
(Figure 2C). Social novelty behavior test was then performed in
weaning offspring. The result showed that weaning male test
mice from low-dose group displayed a preference for interaction
with stranger 2 mouse, yet not for mice from the high-dose group
(Figure 2E). Weaning female test mice from high-dose group dis-
played the similar phenotype as male mice received to high dose
of 1-NP (Figure 2F).

Next, social behavior and social novelty behavior were further
evaluated in adult offspring. In social behavior test, adult male
test mice from two 1-NP groups did not display a preference
for interaction with stranger 1 mouse (Figure 2H). On the other
hand, adult female mice from the high-dose group displayed a
preference for interaction with stranger 1 mouse, but this was not
observed in the low-dose group (Figure 2I). In social novelty be-
havior, adult male test mice from two 1-NP groups did not display
a preference for interaction with stranger 2 mouse (Figure 2K). In
addition, adult female mice from the low-dose group displayed a

Adv. Sci. 2024, 11, 2306294

preference for interaction with stranger 2 mouse, yet not for mice
from the high-dose group (Figure 2L).

3.2. Influence of Maternal 1-NP Exposure on mIPSC in the mPFC
of Offspring

Whole-cell recording of excitatory neurons was used to evaluate
mIPSC in the mPFC of weaning offspring. Although male off-
spring showed a diminished mIPSC frequency following 1-NP
exposure (Figure 3A,B), no significant difference on the mIPSC
amplitude was found between two groups (Figure 3A,C). Despite
no difference on the mIPSC frequency (Figure 3D,E), gestational
1-NP exposure caused diminished on the mIPSC amplitude in
female weaning offspring (Figure 3D,F). Next, mIPSC was mea-
sured in the mPFC of adult offspring. The frequency and am-
plitude of mIPSC were both diminished in 1-NP-exposed male
adult offspring (Figure 3G-I). Despite no change on the mIPSC
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Figure 3. Influence of maternal 1-NP exposure on mIPSC in offspring. 10 pregnant mice orally received different dose of 1-NP (0, 100 ug kg™") daily
from GDO to GD17. All pregnant mice gave birth naturally. A-F) Patch clamp was conducted on excitatory neurons to measure mIPSC in the mPFC of
weaning offspring (PND28). A-C) mIPSC in the mPFC was measured in weaning male offspring. A) Representative photograph. B) Frequency of mIPSC.
C) Amplitude of mIPSC. D-F) mIPSC in mPFC was measured in weaning female offspring. D) Representative photograph. E) Frequency of mIPSC. F)
Amplitude of mIPSC. N = 12 excitatory neurons from 3 mice. *P < 0.05. **P < 0.01. G-L) Patch clamp was performed on excitatory neurons to measure
mIPSC in the mPFC of adult offspring (PND70). G-l) mIPSC in the mPFC were measured in adult male offspring. G) Representative photograph.
H) Frequency of mIPSC. 1) Amplitude of mIPSC. J]-L) mIPSC in the mPFC were measured in adult female offspring. |) Representative photograph. K)
Frequency of mIPSC. L) Amplitude of mIPSC. N = 12 excitatory neurons from 3 mice. *P < 0.05. **P < 0.01.
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frequency (Figure 3],K), mIPSC amplitude in the mPFC was con-
tinued to be decreased in female adult offspring exposed 1-NP
(Figure 3],L).

3.3. Influence of Maternal 1-NP Exposure on GAD67*
Interneurons in the mPFC of Weaning Offspring

To investigate the influence of gestational 1-NP exposure on
GADG7* interneurons, GADG7 in the mPFC, an interneuron
mark, 8] was detected in weaning male offspring. As expected,
GADG7 protein in the mPFC was diminished in weaning male
offspring exposed to 1-NP (Figure 4A,B). NeuN, a specific marker
for neurons, was then detected in 1-NP-exposed weaning male
offspring.*! The result showed that there was no difference on
NeuN protein in the mPFC of two group offspring (Figure 4C,D).
IF showed that the percentage of GAD67* cells among NeuN™*
neurons in each mPFC subregion (Cgl: cingulate cortex, area
1; PrL: prelimbic cortex; IL: infralimbic cortex) was dimin-
ished in weaning male offspring (Figure 4E,F). No difference
on the percentage of NeuN* neurons in each mPFC subre-
gion was found between male offspring exposed to 1-NP and
controls (Figure 4E,G). The impact of maternal 1-NP exposure
on GADG67* interneurons in the mPFC was detected in wean-
ing female offspring. In female pups, the levels of GAD67 pro-
tein in the mPFC also showed reduced in pups exposed to 1-
NP (Figure 4H,I). No significant difference on NeuN protein in
the mPFC was observed between 1-NP and control female off-
spring (Figure 4],K). As shown in Figure 4L,M, the proportion of
GADG7" to NeuN* neurons in each mPFC subfield (Cg1, PrL, IL)
was diminished. Although the percentage of NeuN* neurons in
PrL of mPFC was increased in pups exposed to 1-NP, no signifi-
cant difference in the percentage of NeuN* neurons in Cgl and
IL of mPFC subregion was observed between 1-NP and control
female offspring (Figure 4L,N).

3.4. Influence of Gestational 1-NP Exposure on Migration of
Interneurons in Fetal Forebrain

On GD18, GADG67 was detected in the mPFC of male fe-
tus. As depicted in Figure 5A,B, GADG7 protein in the mPFC
was downregulated in 1-NP-exposed male fetus. Accordingly,
GADG7* interneurons in different layers (SVZ: subventricular
zone; VZ: ventricular zone. IZ: intermediate zone; CP: corti-
cal plate; MZ: marginal zone) was determined by IF. Although
GADG67* interneurons in the IZ layer showed no different be-
tween two groups, GADG67* interneurons in the CP and MZ lay-
ers was diminished in the mPFC of in male fetus from the 1-NP
group (Figure 5C,D). By contrast, GAD67* interneurons in the
SVZ/VZlayers were increased in male fetus from the 1-NP group
(Figure 5C,D). Next, GAD67 was detected in the mPFC of female
fetus. GADG7 protein in the mPFC was downregulated in 1-NP-
exposed female fetus (Figure 5E,F). Although GAD67* interneu-
rons in the IZ layer showed no different between two groups,
GADG7* interneurons in the CP and MZ layers was diminished
in female fetus from the 1-NP group (Figure 5G,H). By contrast,
GADG7" interneurons in the SVZ/VZ layers were increased in
female fetus from the 1-NP group (Figure 5G,H). Previous stud-
ies indicate that mouse interneurons reach the frontal cortex
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through a tangential migration beginning at GD14.[183% [n the
current study, GAD67 in fetal forebrain was detected on GD14.
Although prosencephalic GAD67 protein showed no different be-
tween two groups (Figure 51,]), GAD67 interneurons were re-
duced in middle and distal end (2 and 3 zones) of forebrain cortex
in fetal forebrain from 1-NP exposure group (Figure 5K,L).

Next, 12 interneuron migration genes were detected between
two groups. Despite no difference on Cxcl12, Cxcr4, Cxcr7, Slit1,
Efna5, Arx, Nrp1, Nrp2 and Sema3A (Figure SM-U), Nrgl, Erbb4
and Sema3F showed a decrease in 1-NP-exposed fetal forebrain
(Figure 5V-X). Interneuron differentiation-related genes and
proliferating cell nuclear antigen (PCNA) were then detected. As
shown in Figure S1 (Supporting Information), prosencephalic
PCNA protein showed no different between the 1-NP and control
groups. In addition, no difference on Dix1, Dlx2, Dlx5, NKX2-1,
NKX6-2 and LHXG, six genes related to interneuron differentia-
tion, was found between 1-NP-exposed fetal forebrain and control
(Figure S2, Supporting Information).

3.5. Influence of Gestational 1-NP Exposure on
Hydroxymethylation of Interneuron Migration-Related Genes in
Fetal Forebrain

The influence of gestational 1-NP exposure on ShmC content in
interneuron migration-related genes was measured in GD14 fe-
tal forebrain. The sequences of methylation sites in Nrgl, Erbb4
and Sema3F genes are presented in Figure 6A. Although 5ShmC
level in CpG-rich fragment of Nrgl and Erbb4 genes showed
no difference in two groups, prosencephalic 5ShmC level in one
CpG-rich fragment of Sema3F gene was diminished in 1-NP-
exposed fetuses (Figure 6B). The content of ShmC in CpG sites of
Nrgl, Erbb4 and Sema3F genes was then detected. As shown in
Figure 6C, 5ShmC content at CpG site (located on chr1:32009246)
of Nrgl gene was diminished in fetal forebrain from the 1-NP
group. The content of 5ShmC at two CpG sites (located on chr8:
69107743 and 69107866) of Erbb4 gene was diminished in fetal
forebrain from the 1-NP group. And prosencephalic ShmC level
at three CpG sites (located on chr9: 107709269, 107709348 and
107710238) in Sema3F gene was diminished in fetus from the
1-NP group. TET1, TET2 and TET3, three DNA demethylases,
were measured in fetal forebrain. Although 1-NP did not influ-
ence TET1, TET2, and TET3 expression (Figure 6D-F), prosen-
cephalic TETs activity was diminished in fetus from the 1-NP
group (Figure 6G).

3.6. Influence of Gestational 1-NP Exposure on Mitochondrial
Function in Fetal Forebrain

In order to explore the reason why 1-NP-induced hydroxymethy-
lation of genes related to interneuron migration and inhibition
of TET enzyme activity in fetal forebrain, transcriptome anal-
ysis was performed in GD14 fetal forebrain. KEGG and GO
analyses found that 1-NP caused prosencephalic mitochondrial
related metabolic dysfunction, such as nicotinate/nicotinamide
metabolism, steroid biosynthesis and the metabolism of long-
chain fatty acids (Figure 7A,B). KEGG-based gene set enrich-
ment analysis (GSEA) showed that oxidative phosphorylation
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Figure 4. Influence of maternal 1-NP exposure on GAD67% interneurons in weaning offspring. 10 pregnant mice orally received different dose of 1-NP
(0, 100 ug kg™") daily from GDO to GD17. All pregnant mice gave birth naturally. A~G) Male offspring were euthanized on PND28 and their mPFC
was harvested. A,B) GAD67 was performed by Western blot. C,D) NeuN was examined through Western blot. E) GAD67* and NeuN™ neurons in each
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pathways were negatively enriched in 1-NP-exposed fetal fore-
brain (Figure 7C). GO-based GSEA showed that electronic trans-
port chain and oxidative phosphorylation pathways were neg-
atively enriched in the forebrain of fetuses exposed to 1-NP
(Figure 7D,E). Reactome-based GSEA showed that tricarboxylic
acid (TCA) cycle and respiratory electron transport were nega-
tively enriched in 1-NP-exposed fetal forebrain (Figure 7F). More-
over, despite no difference in mitochondrial area, the cristae
structure of mitochondria in ganglionic eminence, the origin
site of interneuron, was disappeared in 1-NP-exposed fetal fore-
brain (Figure 7G-I). Succinate dehydrogenase (SDH) B and
VATP5A, two oxidative phosphorylation-related proteins, were
down-regulated in 1-NP-induced fetal forebrain (Figure 7]-L). Fi-
nally, isocitrate dehydrogenase 2 (IDH2), the key enzyme for mi-
tochondrial a-KG synthesis, and a-KG, a TET co-factor, were re-
duced in fetal forebrain from the 1-NP group (Figure 7M-O).

3.7. Effect of Supplementation with @-KG on 1-NP-Evoked
Hypohydroxymethylation of Interneuron Migration-Related
Genes in Fetal Forebrain

The effect of supplementation with a-KG on 1-NP-evoked hy-
pohydroxymethylation of interneuron migration-related genes is
presented in Figure 8A-F. As expected, gestational supplemen-
tation with @-KG inhibited 1-NP-evoked decrease in ShmC at
the CpG site (chrl: 32009246) in Nrgl gene (Figure 8A). More-
over, gestational supplementation with a-KG prevented 1-NP-
evoked decrease in 5hmC at one CpG sites (chr9:107710238)
of Sema3F gene (Figure 8F). Supplementation with «-KG had
a protective trend against 1-NP-induced decrease in ShmC at
Erbb4 or other Sema3F CpG sites (Figure 8B—E). Next, the ef-
fects of @-KG on 1-NP-caused decrease in the expression of in-
terneuron migration-related genes were analyzed. As shown in
Figure 8G-I, gestational supplementation with a-KG alleviated
1-NP-induced decrease in Sema3F, Nrgl, and Erbb4 in fetal fore-
brain (Figure 8G-I).

3.8. Effects of Supplementation with @-KG on 1-NP-Induced
Interneuron Migration Inhibition

The effects of a-KG supplements on 1-NP-caused interneuron
migration inhibition were analyzed. As shown in Figure 8] K,
gestational supplementation with a-KG reversed 1-NP-caused de-
crease in GADG7* interneurons in the middle and distal end of
forebrain cortex. The effects of gestational a-KG supplementa-
tion on GAD67" interneurons in the mPFC were then evaluated
in weaning male offspring. As depicted in Figure 9A,B, gesta-
tional supplementation with a-KG prevented 1-NP-evoked down-
regulation of GADG7 protein in the mPFC. Despite minimal ef-
fect on NeuN* neurons (Figure 9C,E), gestational supplementa-
tion with @-KG reversed 1-NP-induced decrease in the proportion

www.advancedscience.com

of GAD67* to NeuN* neurons in the mPFC (Figure 9C,D). Next,
the effects of gestational a-KG supplementation on GAD67* in-
terneurons in the mPFC were analyzed in weaning female off-
spring. As depicted in Figure 9F,G, 1-NP-induced reduction of
GADG7 protein in the mPFC was reversed by a-KG supplemen-
tation. Despite no significant difference on the percentage of
NeuN* neurons in each subfield of the mPFC (Figure 9H,]),
1-NP-induced decrease in the proportion of GAD67* to NeuN*
neurons in Cgl and IL subfield of the mPFC was reversed in a-
KG-supplemented female offspring (Figure 9H,I).

3.9. Effects of Supplementation with @-KG on 1-NP-Induced
mIPSC Transmission Disorder in Offspring

The effects of maternal a-KG supplementation on 1-NP-caused
mIPSC transmission disorder in the mPFC were analyzed in
male offspring. Despite no impact on mIPSC amplitude (Figure
10A,C), gestational supplementation with a-KG was able to res-
cue 1-NP-induced decrease in mIPSC frequency in male off-
spring (Figure 10A,B). The effects of gestational a-KG supple-
mentation on 1-NP-induced mIPSC transmission disorder in
the mPFC were then analyzed in female offspring. The results
showed no difference on mIPSC frequency among four female
groups (Figure 10D,E). Interestingly, gestational supplementa-
tion with a-KG was able to protect 1-NP-evoked decrease in
mIPSC amplitude in the mPFC (Figure 10D,F).

3.10. Effects of Supplementation with a-KG on 1-NP-Caused
Autism-Like Behaviors in Offspring

The effects of gestational a-KG supplementation on 1-NP-
induced autism-like behavior were assessed in male offspring.
The result showed that gestational supplementation with a-
KG prevented social behavior disorder in male offspring
(Figure 10G). And gestational supplementation with a-KG al-
leviated social novelty behavior disorder in male offspring
(Figure 10H). Next, the effects of gestational a-KG supplemen-
tation on 1-NP-evoked autism-like behavior were assessed in fe-
male offspring. The result showed that gestational supplemen-
tation with a-KG was able to protect social behavior disorder in
female offspring (Figure 10I). Additionally, gestational supple-
mentation with a-KG was able to protect social novelty behavior
disorder in female offspring (Figure 10J).

4, Discussion

The aim of our study was to evaluate the influence of prenatal
1-NP exposure on autism-like behaviors in a mouse model. The
results showed that prenatal 1-NP exposure caused autism-like

subfield of the mPFC were analyzed using IF. F) The proportion of GAD67" to NeuN* neurons in each subfield of the mPFC. G) The percentage of

PND28 and the mPFC was collected. H,I) GAD67 was measured by Western blotting. J,K) NeuN was analyzed using Western blotting. L) GAD67* and
NeuN™ neurons in each subfield of the mPFC were analyzed using IF. M) The proportion of GAD67" to NeuN* neurons in each subfield of the mPFC.
N) The percentage of NeuN* neurons in each subfield of the mPFC. Original magnification: 400x. N = 4. *P < 0.05. **P < 0.01. Cg1, cingulate cortex,
area 1. PrL, prelimbic cortex. IL, infralimbic cortex.
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Figure 5. Influence of gestational 1-NP exposure on migration of interneurons in fetal brain. A-H) 10 pregnant mice orally received different dose of
1-NP (0, 100 pg kg~") daily from GDO-GD17. Fetal mPFC was collected on GD18. A,B) GAD67 protein in male fetuses was detected by Western blotting.
C) GAD67* interneurons in male fetuses were determined using IF. D) The distribution of GAD67% interneurons was analyzed in different zones (MZ,
CP, 1Z, SVZ/VZ) of the mPFC. N = 4. Original magnification: 400x. *P < 0.05. E,F) The expression of GAD67 in female fetuses was measured using
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Western blotting. G) GAD67% interneurons in female fetuses were determined using IF. H) The distribution of GAD677 interneurons was analyzed in
different zones (MZ, CP, 1Z, SVZ/VZ) of mPFC. N = 4. Original magnification: 400x. *P < 0.05. **P < 0.01. I-X) 10 pregnant mice orally received
different dose of 1-NP (0, 100 ug kg™') daily from GDO-GD13. Fetal forebrains were collected on GD14. I,]) GAD67 in fetal forebrain was measured by
Western blotting. K) GAD67 interneurons in forebrain cortex were determined using IF. L) GAD67 interneurons were analyzed in 1-3 areas of forebrain
cortex. N = 4. Original magnification: 400x. *P < 0.05. M-X) Interneuron migration-related genes in fetal forebrain were measured using RT-PCR. M)
Cxcl12. N) Cxcr4. O) Cxcr7. P) Slit1. Q) Efna5. R) Arx. S) Nrp1.T) Nrp2. U) Sema3A. V) Nrgl. W) Erbb4.X) Sema3F. N = 5. *P < 0.05. MZ, marginal zone;
CP, cortical plate; 1Z, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone.

behavior in the offspring during weaning and adult period ina  ished in weaning offspring exposed to 1-NP. Tangential migra-
gender-specific manner, and such neurobehavioral gender differ-  tion of interneurons from ganglion eminence to forebrain cortex
ence was more pronounce in the males than their female counter- ~ was deferred in fetuses from the 1-NP group. These findings po-
parts particularly at later adult stage. Patch clamp observed adys-  tentially indicate that early-life 1-NP exposure causes autism-like
function of mIPSC in the mPFC of 1-NP-exposed weaning and  behavior by retarding migration of interneurons in the develop-
adult mice. Furthermore, interneurons in the mPFC were dimin-  ing brain.

A AGACCCAGAGGACCCGGGAGGAACGGCCAGCAATCTCGGGG B © 1-NPOpgkg
TGCGCACAGCGCACGGGCACCAGGTGGAGGCGGCGCCGGCA o 1-NP 100 pglkg
Nrg1-1 (chr1: 32008827-32009021)  (GGCAGTTCGEGGACCCGETTGEGCGCCAAGAGAGCTGEG 08 %
CGAGGACACACGGGACGCGGCTAGGTGCCCGCCTGGGAGCA 06 ocoo 2P 3 °
GCGGAGCGGCTGGCACTCACCTGGGCTCGGGT & o & a
GCGACAAGTTTGGTCCAAGGGCTTGCAGAAAAGTTTGTCCCG ‘E’ 0471 Io | i
w

GGAGGGAAGAGCCAGTGGCCGGGCTGCGCGGGGGCGTCGC

Nrg1-2 (chr1: 32009160-32009310 ) %%‘ 0.2
CTGTEGCCTGCAGGGAGCGGCGTGGACTCGATCACCTGGAG
CGCCCGCTACGTCTGGGGGTGTCTCGGG
0.0 T T T T T
GGGTCCACGGGTCCTGGAAGCCGCCGCCGTCGCCGACTGG é‘& e“*\} @@"“ & > & ¥
CTCTCCGGCCCCGGGAAGCCCGTGCACCAAGCGCGCCGCG PN
Erbb4 (chr1: 69107959-69107721) CCCGCCCCCCTTGCGCCCCCCACGCGCTCCCGGCTGAGGG
GGGGAGATCTCCTCCGCGTGCTCGCAAGTGGCTATGGTATTT c —
GGACATGTAATTGTCAGCGCGGGATCTGAGACTTGCCAAAAAT o 1_NP1£’“;@
774
GAAGCTGGCGACGGGACTCTGGGTCTGGGGGAGC 10 *% &
: * L o ]
TTGCGGGGGTGGAAAAAGTTAATTCACACACCAGTGATCCCG 08 0061 © 2
CAGGCCACATCACCTAGTCACACACACATCTTTACAGCGCCC o = G
K =
Sema3F-1 (chr1: 107709164-107709396)  GGGAACCGGGGAGGTTCAGGALGCCGEGACAGGTATGARGE & 08700 °
ACATCCTAGTTCTGTCGCCTGGTACCCGCAGACAGTGTGCCA E 04 8 °|
& ]
ceaTTcaccacaccTcd¥EeacTTeTANGGAGTTGCAGTGCE  © 8 o ©
GCGGATCCTAGTGGGGTCGGGAGG 02 l{r'
0oL, 811
GGGTCCACGGGTCCTGGAAGCCGCCGCCGTCGCCGACTGG M < <
) @ @ ) @ @
CTCTCCGGCCCCGGGAAGCCCGTGCACCAAGCGCGCCGCG & S S o °
d « ® S & &
Sema3F-2 (chri: 107710105-107710293)  CCCGCCCOCCTTGEGECCCCCACGCGCTCCCRECTGAGES W O 8 RS 8
GGGGAGATCTCCTCCGCGTGCTCGCAAGTGGCTATGGTATTT S & & XA T
GGACATGTAATTGTCAEBCGGGATCTGAGACTTGCCAAAAAT N & F
GAAGCTGGCGACGGGACTCTGGGTCTGGGGGAGC
D E F G
204 © 1NPOugkg 204 0 1NPOugkg
o 1-NP 100 pgkg 1-NP (ug/kg) 0 1-NP 100 pgkg 0.8 *
0 100 e
< 157 £ 154 5 £ 061
4 ° f§ o ) TET] % w oo ww e W 2 5 £
'S o 00 o s 0 ° k)
o 1.0 9 ° o 1.0 o S 044
2 o TET2 @ e o o= on =o ab & 2 2 E-
© © =
0.5 o TET W= - e - ¥ 0.5 = 0.2
=
-acti -—— ——
0.0 | | | B-actin —— - 0.0 ‘ : ‘ 0.0-
TET1 TET2 TET3 TET1 TET2 TET3 0 100

1-NP (ng/kg)

Figure 6. Influence of gestational 1-NP exposure on hydroxymethylation of interneuron migration-related genes in fetal forebrain. 10 pregnant mice
orally received different dose of 1-NP (0, 100 ug kg™") daily from GDO-GD13. Fetal forebrains were collected on GD14. A-C) The content of 5hmC at
5hmC-rich CpG sites of interneuron migration-related genes was measured in fetal forebrain. A) The sequences of 5ShmC-abundant CpG fragments of
Nrg1, Erbb4 and Sema3F genes. B) The content of 5hmC at 5ShmC-abundant CpG fragments of Nrg1, Erbb4 and Sema3F genes. C) The content of 5hmC
at ShmC-abundant CpG sites in Nrg1, Erbb4 and Sema3F genes. N = 5. *P < 0.05. **P < 0.01. D) TETT, TET2, and TET3 mRNAs in fetal forebrain were
measured by RT-PCR. N = 5. E,F) TET1, TET2, and TET3 proteins in fetal forebrain were analyzed by Western blotting. N = 4. G) TET activity in fetal
forebrain was detected. N = 5. *P < 0.05.
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Figure 7. Influence of gestational 1-NP exposure on mitochondrial function in fetal forebrain. 10 pregnant mice orally received different dose of 1-NP (0,
100 pg kg™") daily from GDO-GD13. Fetal forebrains were collected on GD14. A-F) Transcriptomics of fetal forebrain was analyzed. A) KEGG pathway
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Several cohort studies confirmed that gestational exposure to
motor vehicle exhaust increased the risk of ASD in offspring.[*1°]
1-NP, a characteristic nitro-PAH, mainly derives from diesel en-
gine exhaust particles.>!] In this study, we used 1-NP to construct
an animal model of exposure to nitro-PAH during pregnancy.
Our results showed for the first time that prenatal exposure to
1-NP induced autism-like behavior in offspring. It is widely ac-
cepted the prevalence of autism in boys is higher than in girls.3]
An earlier case-control study indicated that the association of
ASD with mercury was observed only in girls but not in boys.3!
A cohort study showed that prenatal exposure to diesel engine ex-
haust particles was more strongly associated with autism in boys
than in girls.?¥l In this study, in social behavior test, male and
female weaning offspring exhibited social behavior disorders in
different doses of 1-NP exposure groups. Yet, there was no gender
difference in social novelty behavior disorders induced by 1-NP.
ASD is generally considered a lifelong illness.** The diagnosis of
adult autism and the quality of life in adult autism patients were
received an increasing attention.[*>3°! To explore whether 1-NP-
induced autism-like behaviors could persist into adulthood, we
detected autism-like behaviors in adult offspring. We observed
that social behavior disorder and social novelty behavior disor-
der were present in both doses of 1-NP for the adult male mice,
whereas female adult mice had much attenuated effect. These re-
sults provide experimental evidence that prenatal 1-NP exposure
causes autism-like behavior in a gender-specific manner.

The mPFC is the major brain region for regulating social
communication.l*’] Increasing evidences indicate that disrup-
tion in the GABAergic signaling is involved in the pathogen-
esis of ASD.®®*] Small inhibitory postsynaptic currents (mIP-
SCs) is one of GABAergic signals, spontaneously released by
GABAergic neurons.*") According to a recent report, the fre-
quency of GABAergic mIPSC was reduced in somatosensory
cortex of valproic acid-induced ASD."! In our study, the fre-
quency of GABAergic mIPSC were reduced in the mPFC of 1-NP-
exposed male weaning pups. And the amplitude of GABAergic
mIPSC were reduced in the mPFC of 1-NP-exposed female wean-
ing pups. Interestingly, 1-NP-induced inhibitive synaptic trans-
mission disorder could continue until adulthood. It is widely ac-
cepted that interneurons is the main GABAergic neurons in the
mPFC.[*2l GADG67, a maker for interneurons, is the rate limiting
enzyme for GABA synthesis.[?#43] The clinical data indicated that
GADG67 was reduced in parietal cortex of ASD patients.[**] Animal
experiments showed that GADG67 deficiency impaired social be-
haviors in mice.?*] This study found that GADG67 protein in the
mPFC was downregulated in 1-NP-exposed weaning offspring.
GADG67" interneurons were reduced in each mPFC subregion of
1-NP-exposed weaning offspring. Future work will be preformed
to investigate the effect of 1-NP on GAD67 in the mPFC of adult
offspring.

Prefrontal interneurons are derived from progenitors located
in the ganglionic eminences of fetal forebrain.**! From GD14 to

www.advancedscience.com

GD18, interneurons migrated tangentially from ganglionic em-
inences to fetal forebrain cortex.'83%] Several studies indicated
that interneuron migration retardation could induce autism-like
behaviors.[?21] In this current study, we further analyzed the in-
fluence of gestational 1-NP exposure on GAD67" interneurons
in fetal mPFC and forebrain. On GD18, GAD67 protein and
GADG7" interneurons in the CP and MZ layers of mPFC were
diminished in 1-NP-exposed fetus. On GD14, GAD67* neurons
in middle and distal ends of forebrain cortex were reduced in fe-
tuses from the 1-NP group. These findings potentially indicate
that maternal 1-NP exposure during pregnancy induces interneu-
ron migration retardation in fetal forebrain.

Increasing data indicate that various interneuron migration-
related molecules are involved in the modulation of interneu-
ron migration.*’] Nrg1, a classic chemical attractant, and its re-
ceptor Erbb4, are necessary and sufficient to promote tangential
migration of interneurons to the cortex.*! During interneuron
migration, chemical repellants migrate around and avoid the
striatum before entering neocortex. Sema 3A/3F, two repre-
sentative chemical repellants, collaborate with their receptors
Neuropilin 1/2 (Nrpl/2) to avoid interneuron migration to
striatum.*! An epidemiological report showed that Nrgl was
decreased in the blood of ASD patients.>®) Two animal exper-
iments proved that Sema3F deletion reduced interneurons in
fetal forebrain.l®»2l Other chemical attractants including Arx
and Cxcl12 and two chemical repellants Slit1/Efna5 are also in-
volved in tangential migration of interneurons.>3-%! In the cur-
rent study, we observed a reduction of mRNA level in Nrgl and
its receptor Erbb4 in the fetal forebrain exposed to 1-NP. More-
over, mRNA level of Sema3F was reduced, whereas no signifi-
cant change was observed in Sema3A, Nrp1/2, Arx, Cxcl12 and
its receptor Cxcr4, Slitl and Efna5 mRNAs in 1-NP-exposed fetal
forebrain. Several studies indicate that Dix1, Dix2, Dix5, Nkx2-1,
Nkx6-2 and LHXG6, six interneuron differentiation-related genes,
are associated with ASD.57-%11 Moreover, excessive cortical pro-
liferation is involved in the pathogenesis of ASD.I®?%] In this
study, neither PCNA protein nor interneuron differentiation-
related gene was changed in 1-NP-exposed fetal forebrain. Alto-
gether, these findings potentially indicate that 1-NP-caused a re-
duction of mRNA level in interneuron migration-related genes
may contribute to migration retardation of interneurons in fetal
forebrain.

Several studies confirmed that hydroxymethylation, a new epi-
genetic modification, was involved in the modulation of cell
migration-related genes.[®*%¢ An in vitro report showed that
knockout of DNA hydroxymethylase reduced Nrgl expression
in prostate cancer cells.*”] By contrast, overexpression of DNA
hydroxymethylase elevated Erbb4 abundance in hepatocellular
carcinoma cells.[®] In this study, we found that ShmC content
at one CpG site (located on chrl: 32009246) in Nrgl gene was
diminished in fetal forebrain from the 1-NP group. Moreover,
prosencephalic 5ShmC content at two CpG sites (located on chr8:

chain and oxidative phosphorylation pathways. F) Reactome-based GSEA: TCA cycle and respiratory electron transport. N = 5. P < 0.05. G-I) Fetal
ganglionic eminence was separated from fetal forebrain. Mitochondrial microstructure in ganglionic eminence was evaluated. G) Representative picture
of mitochondria. Original magnification: 13500x. H) Mitochondrial area. |) The percentage of abnormal mitochondria. N = 4. *P < 0.05. ]-N) Mito-
chondrial related proteins in fetal forebrain were detected for Western blotting. ]-L) vATP5A and SDHB, two oxidative phosphorylation-related proteins,
were measured. M,N) IDH2 was detected. N = 4. *P < 0.05. **P < 0.01. O) The level of a-KG was determined using LC-MS/MS. N = 5. *P < 0.05.
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Figure 8. Effects of supplementation with a-KG on 1-NP-evoked hypohydroxymethylation of interneuron migration-related genes and interneuron mi-
gration inhibition in fetal forebrain. 20 pregnant mice orally received different dose of 1-NP (0, 100 ug kg™"') daily from GDO0-GD13. Fetal forebrains were
collected on GD14. A—F) The content of 5ShmC at 5ShmC-rich CpG sites of interneuron migration-related genes was measured in fetal forebrain. A) The
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content of 5ShmC in the site (chr1: 32009246) of Nrg1 gene. B,C) The content of 5hmC in two CpG sites (chr8: 69107743 and 69107866) of Erbb4 gene.
D-F) The content of 5hmC in three CpG sites (chr9: 107709269, 107709348 and 107710238) of Sema3F gene. N = 5. **P < 0.01. G-I) The mRNAs of
interneuron migration-related genes in fetal forebrain were measured using RT-PCR. G) Nrg1. H) Erbb4. 1) Sema3F. N = 5. *P < 0.05. **P < 0.01. J,K)

The number of GAD67 interneurons was measured in 1-3 areas of forebrain cortex. N = 4. **P < 0.01.

69107866 and 69107899) in Erbb4 gene was decreased in fetus
from the 1-NP group. In addition, prosencephalic ShmC con-
tent at three CpG sites (located on chr9: 107709348, 107709269
and 107710238) in Sema3F gene was decreased in fetus from the
1-NP group. Three TET enzymes. TET1, TET2 and TET3, are

involved in regulation of DNA hydroxymethylation.l®] An ear-
lier study showed that TET1, TET2 and TET3 were highly ex-
pressed in fetal neocortex.”"! Recently, an epidemiological study
observed autism phenotypes in patients with human Mendelian
disorder with TET3 deficiency.”!! Moreover, TET1-deficient mice

Male Female
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Figure 9. Effects of gestational a-KG supplementation on interneurons in weaning offspring. 20 pregnant mice orally received different dose of 1-NP
(0, 100 pg kg™") daily from GDO-GD17. All pregnant mice gave birth naturally. A-E) Weaning male offspring was sacrificed on PND28 and the mPFC
was harvested. A,B) GAD67 was measured by Western blotting. C-E) GAD67% and NeuN* neurons in mPFC were measured by IF. C) Representative
photograph. D) The proportion of GAD67* to NeuN* neurons in each subfield of the mPFC. E) Percentage of NeuN* neurons in the mPFC. N = 4.
Original magnification: 400x. *P < 0.05. **P < 0.01. F-J) Weaning female offspring was sacrificed on PND28 and the mPFC was collected. F,G) GAD67
was measured by Western blotting. H-]) GAD67% and NeuN™ neurons in the mPFC were measured using IF. H) Representative photograph. 1) The
proportion of GAD67% to NeuN™ neurons in each subfield of the mPFC. ) Percentage of NeuN* neurons in the mPFC. N = 4. Original magnification:
400x. *P < 0.05. **P < 0.01.
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Figure 10. Effects of gestational a-KG supplementation on 1-NP-induced mIPSC transmission disorder and autism-like behaviors. 20 pregnant mice
orally received different dose of 1-NP (0, 100 ug kg~") daily from GDO to GD17. All pregnant mice gave birth naturally. A~C) mIPSC in the mPFC was
measured in male offspring. A) Representative photograph. B) Frequency of mIPSC. C) Amplitude of mIPSC. N = 13 excitatory neurons from three mice.

e

N = 13 excitatory neurons from three mice. **P < 0.01. G—J) Three-chamber social test was used to evaluate autism-like behavior in offspring. G) Sniffing
time spent in sociability test in male offspring. H) Sniffing time spent in social novelty test in male offspring. 1) Sniffing time spent in sociability test in

female offspring. ]) Sniffing time spent in social novelty test in female offspring. N = 9-11. *P < 0.05.

exhibited autism-like behaviors.’?! In this study, we detected
TETs expression and TETs activity in fetal forebrain. Although the
expression of TETs remained unchanged, TET enzymatic activ-
ity was reduced in 1-NP-exposed fetal forebrain. These findings
potentially indicate that gestational 1-NP exposure causes hypo-
hydroxymethylation of interneuron migration-related genes via
inhibiting TETs enzymatic activity in fetal brain. Several stud-
ies have demonstrated that a-KG, an intermediate of TCA cy-
cle, is a co-factor for TET enzymes.”37#] Isocitrate dehydrogenase
2 (IDH2) facilitates the transformation of isocitric acid to a-KG

Ady. Sci. 2024, 11, 2306294

within the TCA cycle.”] Recently, we found that 1-NP suppressed
mitochondrial respiratory function and oxidative phosphoryla-
tion in testicular Leydig cells.’®! In this study, KEGG path-
way showed that mitochondrial metabolisms, including nicoti-
nate/nicotinamide metabolism, steroid biosynthesis and long-
chain fatty acid metabolism, were disturbed in 1-NP-exposed fe-
tal forebrain. Moreover, electronic transport chain and oxidative
phosphorylation pathways were markedly negatively enriched in
fetal forebrain from the 1-NP group. Electron microscopy re-
sults revealed that mitochondrial cristae structure in ganglionic
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eminence was disappeared in 1-NP-exposed fetal forebrain. Two
oxidative phosphorylation-related proteins, SDHB and VATP5A,
were diminished in 1-NP-exposed fetal forebrain. IDH2 pro-
tein and its metabolite a-KG were reduced in 1-NP-exposed fetal
forebrain. To explore the role of mitochondrial dysfunction on
TETs activity, pregnant mice were supplemented with a-KG. In-
terestingly, gestational supplementation with a-KG was able to
rescue 1-NP-induced hypohydroxymethylation in the CpG sites
of interneuron migration-related genes. In addition, gestational
supplementation with a-KG prevented 1-NP-caused decrease in
Nrgl, Erbb4, and Sema3F mRNAs in fetal forebrain. These re-
sults suggest that gestational 1-NP exposure alters epigenetic
reprogramming of interneuron migration-related genes by dis-
turbing mitochondrial TCA metabolism in the developing brain.
Numerous clinical reports observed intestinal flora disturb in
ASD patients.[””7° Indeed, an early study indicated that gut mi-
crobiota were involved in nitro-PAH metabolism.[*%] Thus, next
work is required to further explore the role of gut microbiota on
1-NP-evoked autism-like behaviors.

These findings have significant clinical and preventive im-
plications. Indeed, a-KG metabolism is involved in epige-
netic reprogramming during early embryo development.l8!]
A recent study demonstrated that a-KG metabolic disorders
caused recurrent spontaneous miscarriage through impairing
decidualization.®?! By contrast, gestational a-KG supplementa-
tion prevented spontaneous abortion through improving tro-
phoblast invasion in mice.®¥] In this study, we found that
gestational supplementation with a-KG prevented 1-NP-caused
migration retardation of interneurons in fetal forebrain. More-
over, gestational a-KG supplementation prevented 1-NP-induced
autism-like behavior in offspring. These findings will establish
a theoretical basis on clinical application of a-KG for preventing
environmental toxicant-induced developmental diseases.

In summary, this study investigated the impact of prenatal
exposure to 1-NP, a representative nitro-PAH, on autism-like
behavior in offspring. Our results indicate that prenatal 1-NP
exposure causes autism-like behavior by retarding tangential mi-
gration of interneurons from ganglion eminence to forebrain
cortex. Moreover, prenatal 1-NP exposure downregulates in-
terneuron migration-related genes through altering epigenetic
reprogramming in fetal forebrain. Mechanistically, prenatal 1-NP
exposure disrupts mitochondrial TCA and a-KG synthesis. Sup-
plementation with a-KG, an intermediate of mitochondrial TCA
cycle, improves hydroxymethylation reprogramming of interneu-
ron migration-related genes. Maternal supplementation with a-
KG improves interneuron migration and autism-like behavior in
1-NP-exposed offspring.
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