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Abstract

Neurodevelopmental disorders are influenced by genetic and environmental factors, with air pollution
emerging as a significant risk factor. This study investigates the impact of maternal exposure to PM, 5
on hippocampal plasticity of offspring. To mimic continuous maternal PM, s exposure, female C57BL/6J
mice received intratracheal instillations of PM, 5 every three days for two weeks before mating, and this
exposure regimen was maintained throughout gestation until delivery. We found that exposure led to
behavioral deficits, including social interaction deficit and increased repetitive behaviors in both sexes,
with working memory impairment specific to males. Mechanistically, PM, s altered hippocampal
plasticity in a sex-specific manner, increasing neural progenitors in males while reducing dendritic
complexity in females. Both sexes exhibited synaptic dysfunction in the hippocampus, though there were
no changes in gut microbiota profile and neuroinflammatory response. Metabolomic analysis revealed
that these structural and synaptic changes were in associated with reduced hippocampal cysteine
levels. Our findings suggest that hippocampal cysteine deficiency as a potential mechanism underlying
maternal PM, 5 exposure-induced hippocampal abnormality in the offspring.

Introduction

Recent epidemiological studies indicate that chronic pre- and/or postnatal exposure to particulate
matter that has a diameter of less than 2.5 pm (PM, 5) may impair neurodevelopment [5, 6]. While the

etiology of neurodevelopmental disorders (NDDs) remains largely unclear, accumulating evidence
suggests that environmental factors, particularly those encountered during prenatal and early postnatal
development, play a critical role, either independently or through interactions with genetic susceptibility
[3, 4].

Systematic reviews have highlighted the role of atmospheric PM exposure in NDDs, including cognitive
decline, attention-deficit/hyperactivity disorder, and autism spectrum disorders (ASD) [7, 8]. A recent
meta-analysis and systemic review support the notion that exposure to PM, s during pregnancy

increases risk of ASD in newborns [9]. Both prenatal and postnatal exposures to PM, 5 are significantly
associated with an increased risk of ASD [10, 11], suggesting that PM, s may enhance susceptibility to
the disorder. This risk is likely due to the neurotoxic components of PM, : [12], such as polycyclic

aromatic hydrocarbons, metals, organic matter, and elemental carbon [13], which can alter gene
expression, trigger neuroinflammation, and disrupt brain development [14]. However, the impact of
chronic PM, ¢ exposure on impairing neurodevelopment can't be validated in humans. Mechanisms

underlying the transgenerational negative impact on neurodevelopment of maternal PM, s exposure is

still largely unexplored.

Evidence showing detrimental effects of PM, 5 in offspring brain health is still in infancy. Limited study
has shown that chronic exposure to PM, ¢ during pregnancy significantly decreases the number and size
of cortical neurons in offspring mice [15], causing neuronal atrophy in various brain regions, including the
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hippocampus [16] which is crucial for learning, memory, and emotional regulation [17, 18]. Direct PM, 5
exposure reduces apical dendritic length in the CA1 region and decreases synaptic vesicle numbers in
the hippocampus, thereby impairing synaptic plasticity [19]. Our previous study has indicated that
synaptic impairment in the hippocampus could be linked to cognitive deficits observed in Fragile X mice,
a commonly studied ASD model caused by single gene mutation [20]. Hippocampal abnormalities in
children [21, 22] and adolescents [23, 24] with ASD have been widely reported, suggesting hippocampal
dysfunction plays a significant role in neuropathology in NDDS.

Alterations in gut microbiota are increasingly recognized as contributing to gastrointestinal
disturbances, social impairment, and repetitive behaviors observed in individuals with NDDs [28, 29].
Epidemiological studies indicate that PM, s exposure can reduce gut microbiota diversity [30] and
modify its composition during gestation [31], which may be linked to gastrointestinal diseases and
neurodevelopmental outcomes. Emerging evidence suggests that changes in gut microbiota and
microbiota-derived metabolites are associated with NDDs [32].

In this study, we investigated whether prolonged maternal exposure to PM, s impairs behavior and

hippocampal function in adult male and female offspring, and to elucidate the underlying mechanisms.

Materials and methods

Animals and experimental design

All experimental procedures were approved by the Animal Subjects Ethics Sub Committee of The Hong
Kong Polytechnic University and adhered to their guidelines. C57BL/6J mice were provided with
standard chow and water ad libitum and maintained in a 12-hour light-dark cycle (lights on at 9 a.m.) in
the animal holding facility. To mitigate stress from social isolation, which can impact adult neurogenesis,
animals were group-housed as previously described [34]. After a 2-day acclimation period, two female
mice were paired with one male. Pregnancy was confirmed by the presence of seminal plugs. PM, s was
dissolved in artificial lung fluid (ALF) to achieve a concentration of 2.5 pug/pl, creating an ALF/PM, 5
solution. Beginning at 5 weeks of age, female mice received PM, s exposure via intratracheal instillation
(30 pl) every 3 days for two weeks, after which they were housed with males for mating. Maternal PM, 5

exposure continued until parturition. Offspring were weaned at 3 weeks of age and separated by sex into
different cages on postnatal day 28 (PND 28). At 5 weeks of age, offspring underwent a series of
behavioral tests under dim light conditions during the light cycle. Behavioral assessments were
conducted over 7 days, with each test performed on a separate day in the following order: open field test,
novel object recognition test, Y-maze test, three-chamber social interaction test, and forced swim test.
To evaluate repetitive behavior, a marble burying test was conducted in a new cohort of animals after
modeling. From each litter, 1-2 male and female offspring were selected for behavioral testing, one male
and female offspring in each litter were taken for molecular assays.

Behavioral tests
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A separate cohort of animals was designated for behavioral testing. All mice underwent a 7-day pre-
handling period, followed by a two-day habituation phase in which they were exposed to the empty
testing apparatus for 15 minutes each day. This pre-handling and habituation protocol is crucial for
minimizing stress associated with handling and exposure to novel environments. To further reduce
stress, mice were acclimated to the behavioral testing room for 2 hours prior to the commencement of
tests each day. Each mouse participated in a series of behavioral assessments, with only one test
administered per day to prevent confounding effects from multiple tests [35].

Three-chambered social interaction test

The three-chamber test was utilized to evaluate sociability and social novelty in mice [36]. The test
consisted of three phases: habituation, sociability test, and social novelty test, and was conducted as
previously described [37]. An apparatus box that was separated into three chambers was used (60 x 30 x
30 cm?). During a 5-min habituation period, a test mouse was placed in the middle chamber of the box,
and an empty wire enclosure was placed in both the first and third chambers. The test mice were
permitted unrestricted access to all three chambers via the connecting doorways, allowing for free
exploration throughout the apparatus. There was a 5-min interval before the next phase started. In the
10-min sociability test, a stimulus mouse was placed in the wire cage in one chamber, while the wire
enclosure in the other chamber remained empty. The test mouse was then returned to the middle
chamber and allowed to roam around the three chambers freely. Sociability was determined by the
preference of the testing mouse for the stimulus mouse or the empty enclosure. Any direct contact or
sniffing of the cage was assessed as evidence of direct exploration or touch of an enclosure or social
interest in the stimulus mouse. The exploration ratio was calculated as T,/(T, +Tg) for the mouse and
Tg/(T5 +Tp) for the empty enclosure. The exploration ration index was calculated as (T, — Tg)/(T5 +Tp),
where T, = time spent exploring the mouse and Tg = time spent exploring the empty enclosure. A 5-min

interval was given before the final phase. In the 10-min social novelty test, a new stimulus mouse (novel
mouse) was placed in the empty wire enclosure, and the test mouse was allowed to explore the
chambers for 10 min. Social novelty recognition memory was evaluated based on the subject’s
preference for interacting with either the novel or the familiar conspecific. The exploration ratios for the
familiar and novel mice were determined using the formulas T¢/(Tg + Ty) and Ty/(Tg + Ty), respectively,
where T represents the time spent investigating the familiar mouse and Ty denotes the time spent with
the novel mouse. Additionally, the exploration index was calculated as (Ty - Tg)/(Ty + Tg) to quantify the

relative preference for social novelty. The test was videotaped and analyzed by a well-trained researcher
manually in a sample-blinded manner.

Novel object recognition test

A transparent plastic arena (60 x 40 x 22 cm) was used for the test. A camera was positioned directly
above the box to capture the mice's movements throughout the experiment. In the adaptation period,
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mice were allowed to move freely within the arena for 5 minutes to acclimate to the experimental setup.
After a 5 minutes test interval in the home cage, mice were re-introduced to the arena with two identical
objects (object set 1) for 10 minutes. After a 2-hour interval, one of the original objects was replaced
with a novel object of similar size but different shape. Mice were then allowed to explore for 5 minutes.
The time spent sniffing each object was recorded [38].The familiar exploration ratio was computed as
TF/(TF + TN), and the novel exploration ratio as TN/(TF + TN), where TF and TN represent the time spent
investigating the familiar and novel mice, respectively. To further quantify social novelty preference, the
exploration index was calculated using the formula (TN - TF)/(TN + TF), where TF = time spent exploring
the familiar mouse and TN = time spent exploring the novel mouse

Y maze

The Y-maze test, designed to assess spatial memory, was conducted in an arena consisting of three
symmetrical arms made of gray plastic, each arm having the dimensions of 30 cm x 15cm X 6 cm.
These arms were arranged at 120° angles, with external spatial cues provided in the surrounding room.
The test was divided into 2 phases. During phase 1, mice were permitted to explore the apparatus for 10
minutes, with one arm (designated as the novel arm) blocked off. Following a 2-hour interval, phase 2
commenced, in which the previously blocked arm was opened, allowing the mice unrestricted
exploration of all arms for an additional 10 minutes. The familiar exploration ratio was calculated as
Te/(Tg + Ty).-The novel exploration ratio was calculated with the formula (Ty/(Tg +Ty)). The exploration
index was calculated with the formula: (Ty - Tg)/(Ty +Tg), where T = time spent exploring the familiar
mouse and Ty, = time spent exploring the novel mouse[39].

Open field test (OFT)

Each mouse was placed in the center of a square open field arena (50 x 50 x 30 cm), for 5 minutes. The
total distance traveled (measured in meters) and the duration spent in the center zone (measured in
seconds) were recorded and analyzed using the EthoVision XT 10 tracking system (Noldus)[37].

Forced swim test (FST)

A mouse was placed in a cylindrical container (30 cm in height and 15 cm in diameter) filled with water
maintained at room temperature (24-25°C) and recorded on video for 6 minutes following established
protocols [34]. An observer, blinded to the treatment conditions, assessed the time the mouse spent
immobile during the final 4 minutes of the test. Immobility was defined as the absence of movement
except for the minimal actions required to keep the head above water [40]. This measure was used as an
indicator of depression-like behavior.

Marble burying test
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Animals were housed in a standard type Il cage (40 cm x 28 cm x 18 cm) with a 5 cm layer of bedding.
Twenty identical black marbles were evenly distributed across the bedding. The animals were observed
for a duration of one hour. A marble was considered buried when at least two-thirds of its surface area
was obscured by bedding material [41].

Tissue preparation and immunohistochemistry

Offspring mice were deeply anesthetized using a cocktail of ketamine (10 mg/kg) and xylazine (4
mg/kg) and then perfused transcardially with normal saline, followed by 4% paraformaldehyde. The
brains were post-fixed overnight at 4°C and subsequently immersed in 30% sucrose until they sank.
Coronal sections with 30 um thickness (1 in-6 series) were cut through the hippocampus, spanning from
bregma 23.30 mm to 24.52 mm|[42]. These brain sections were stored in a cryoprotectant solution
consisting of 30% glycerol and 30% ethylene glycol in 1x PBS until immunostaining was performed. After
washing with 0.01 M PBS, sections were incubated overnight with rabbit anti-Ki67 antibody (1:1000,
Abcam), followed by biotinylated goat anti-mouse antibody (1:200, Vector Laboratories). Ki67 staining
was visualized using the peroxidase method (ABC system, Vector Laboratories) and diaminobenzidine
(DAB) kits (1:200, Vector Laboratories)[42]. For DCX or NeuroD staining, sections were incubated with
rabbit anti-DCX (1:200, Vector Laboratories) or mouse anti-NeuroD (1:200, Vector Laboratories)
antibodies, respectively, followed by the same visualization method as described above[43].

Quantification of cell proliferation and immature neurons in
the hippocampus

Cell proliferation, immature neurons, and neuronal differentiation were quantified by counting Ki67, DCX,
and NeuroD immunopositive cells, respectively. Total number of Ki67+, DCX+, and NeuroD+ cells present
in the SGZ of either the dorsal DG (from Bregma 1.34 to 2.54), or the ventral DG (Bregma 2.54 to 3.80)
sub-regions were quantified as previously performed[44]. The counts were performed using a Nikon
H600L microscope (Nikon, Japan).

Sholl analysis

Immature neurons were selected based on the following criteria: (1) the neuron must be at least a
tertiary immature neuron, possessing three or more dendritic branches; (2) the neuron must extend
towards the molecular layer of the DG with intact dendritic branching; (3) the cell body should be located
in the subgranular zone of the DG; and

(4) neurons can be selected from either the superior or inferior blade of the dentate gyrus. For each brain
region, five immature neurons were traced, encompassing three dorsal and three ventral regions,
resulting in a total of 30 neurons analyzed [45]. Neurons were selected under 400x magnification to
measure total dendritic length and perform Sholl analysis using Neurolucida software (MicroBrightField
Bioscience, VT, United States).
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Golgi-Cox staining and dendritic spine counting

Golgi-Cox staining and dendritic spine counting conducted as previously performed [42, 46]. Mouse
hippocampal tissues were immersed in Golgi-Cox staining solution and stored in the dark for two weeks,
following the manufacturer's instructions (FD Neurotechnologies Inc., Columbia, MD). After rinsing with
distilled water, the tissues were placed in 80% glacial acetic acid overnight. The tissues were
subsequently sectioned into 150 pm-thick slices using a vibratome (Leica VT2000S). Five neurons per
section were analyzed using Neurolucida software (MicroBrightField, USA), selected based on
established criteria [47]. Only neurons situated within the dentate gyrus (DG) of the dorsal hippocampus
were selected for analysis. To ensure accuracy, selected neurons were relatively isolated from
neighboring stained neurons to prevent analytical interference. To minimize truncation of dendritic
branches, neurons with cell bodies located near the center of the section thickness were selected for
analysis. Additionally, neurons were required to be consistently and thoroughly impregnated along the
entire length of all dendrites. Spine density was assessed by randomly selecting high-magnification
tracings of 0.10 mm-long terminal segments from both basal and apical dendritic branches. For each
neuron, three to five tertiary apical and basal dendrites, each containing at least one branch point, were
chosen for analysis. The number of visible spines along these segments was counted under a
microscope at 600x magnification (Axioplan, Zeiss, Oberkochen, Germany). Results were reported as the
number of spines per 10 mm of dendritic length [42].

Immunostaining and quantification analysis

Antigen retrieval was performed using a citric acid heat method (pH 6.0) at 95°C for 10 minutes.
Following three washes with 1x PBS for 10 minutes each, brain slices were incubated overnight with the
primary antibody, rabbit anti-lba-1 (1:1000, Abcam). Subsequently, the slices were incubated with the
secondary antibody, goat anti-rabbit (1:200, Vector Laboratories). Positive cells were visualized using the
VECTASTAIN ABC kit (HRP) (1:200, Vector Laboratories) and the DAB peroxidase substrate kit (1:200,
Vector Laboratories). Iba-1 immunopositive cells were quantified from eight sections spanning the
Bregma positions - 1.34 to -3.80 mm|[48]. Sections were imaged at 200x magnification using a Nikon
H600L microscope (Nikon, Japan). Quantification of inflammatory cells was carried out by counting Iba-
1 immunopositive cells were counted from 8 sections across - 1.34 to -3.80 mm bregma position. The
sections were scanned at 200x magnification (United States). The hippocampus was divided into the
dentate gyrus (DG), cornu ammonis 1 (CA1) and cornu ammonis 3 (CA3) regions respectively using
ImageJ (NIH, University of Wisconsin, United States) and Iba-1 cells in the regions were counted.

Western blot assays

Protein samples were resolved on 8% or 12% polyacrylamide gels and subsequently transferred to
polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). The membranes were blocked
with 5% non-fat dry milk in TBST (Tris-buffered saline with 0.1% Tween 20) for 2 hours at room
temperature. Following blocking, the membranes were washed three times with PBS at room
temperature. They were then incubated overnight at 4°C with specific primary antibodies: Tubulin
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(1:2000, Abcam), PSD95 (1:1000, Abcam), Synaptophysin (1:1000, Abcam), Synapsin-1 (1:1000, CST),
BDNF (1:1000, Abcam), B-Actin (1:2000, Abcam), GIuN2B (1:1000, Cell Signaling Technology), GIuN2A
(1:1000, Cell Signaling Technology), pGIuN2A (1:1000, Cell Signaling Technology), pGIuN2B (1:1000, Cell
Signaling Technology), and GAPDH (1:10000, Bioworld, China). After three washes with TBST, the
membranes were incubated for 2 hours at room temperature with horseradish peroxidase-conjugated
secondary antibodies (1:10000, Proteintech). Protein bands were visualized using the ChemiDoc XRS+
Imaging System (Bio-Rad). Band intensities were quantified using Image Lab 3.0 software (Bio-Rad).

Enzyme-linked immunosorbent assay (ELISA)

ELISA procedures Following the collection of fresh tissue samples, the hippocampal region was
homogenized and centrifuged at 13,000 rpm. The resulting supernatant was collected for analysis using
enzyme-linked immunosorbent assay (ELISA)[42]. ELISA procedures were conducted according to the
protocols provided in the commercial kits. Three commercial kits were utilized: High Mobility Group Box
1 protein (HMGB1), tumor necrosis factor-alpha (TNF-a), and Matrix Metallopeptidase 9 (MMP-9), all
from CUSABIO (Houston). The supernatant was added to the ELISA plate and incubated for 2 hours. This
was followed by sequential incubations with a biotin conjugated antibody for 1 hour and an avidin-
conjugated antibody for another hour. Subsequently, the 3,3',5,5-Tetramethylbenzidine substrate was
added and allowed to react for 15 minutes. Finally, a stop solution was added, and the absorbance was
immediately measured at 450 nm and 570 nm.

Quantification of amino acids in the hippocampus

The hippocampus was homogenized in a 0.9% NaCl solution at a ratio of 1:3 (w/v). The resulting
homogenate was extracted with two volumes of pre-chilled acetonitrile and then centrifuged at 17,000 g
for 10 minutes. The supernatant was derivatized using the Kairos Amino Acid Kit (Waters, Milford, MA,
USA) and quantified via ultra-high-performance liquid chromatography coupled with triple quadrupole
mass spectrometry (UHPLC-QqQ-MS/MS). Amino acid analysis was conducted on an Agilent 1290
Infinity Il UHPLC system paired with an Agilent 6460 Triple Quadrupole Mass Spectrometer equipped
with an electrospray ionization (ESI) source (Agilent Technologies Inc., Santa Clara, CA, USA), following a
modified version of the method by Lo et al[49]. Chromatographic separation was achieved using a
Waters CORTECS UPLC C18 column (2.1 x 150 mm, 1.6 pm) with a Waters CORTECS C18 VanGuard Pre-
column (2.1 x 150 mm, 1.6 um). The binary mobile phase consisted of (A) water with 0.1% formic acid
and (B) acetonitrile with 0.1% formic acid. Gradient elution was performed at a flow rate of 0.3 mL/min,
starting at 2% B from 0 to 1.5 minutes, increasing to 9% at 4 minutes, 11% at 5 minutes, 13% at 18
minutes, and 95% from 18.5 to 20.5 minutes, before returning to initial conditions in 0.1 minutes and
equilibrating for 4.4 minutes prior to the next injection. The column temperature was maintained at 55°C,
and the autosampler was kept at room temperature. The injection volume was 2 pL.

Electrophysiological field recording

Acute hippocampal slice preparation
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Following deep anesthesia with isoflurane, the mice were promptly decapitated. The brains were
immediately immersed for one minute in ice-cold normal artificial cerebrospinal fluid (nACSF),
composed of 125 mM NaCl, 2.5 mM KCI, 1.25 mM NaHPO04, 25 mM NaHCO03, 2 mM CaCl2, and 1.3 mM
MgCI2, with a pH of 7.3. This solution was oxygenated with a 95% 02/5% CO2 mixture, as described in
our previous protocol [50]. Transverse brain slices, 300 um thick, were prepared using a fully automated
vibratome (VT1200 S, Leica Biosystems Inc., IL, USA). These slices were then transferred to separate
compartments of an incubation chamber filled with normal ACSF, continuously supplied with carbogen,
and allowed to recover at 35°C for at least one hour prior to recording.

Field recording

The hippocampal slice was placed on a MED Probe equipped with 64 microelectrodes (P515A, Alpha
MED Scientific Inc., Osaka, Japan). The electrodes were precisely positioned within the middle molecular
layer of the suprapyramidal blade to stimulate granule neurons, following a previously established
protocol [51] and guided by a light microscope. The slices were continuously perfused with nACSF at
28°C at a flow rate of 2 ml/min. Field excitatory postsynaptic potentials (fEPSPs) were recorded using
amplifiers (MED-A64MD1 and MED-A64HE1S, Alpha MED Scientific Inc., Osaka, Japan) and acquired
with Mobius software (Alpha MED Scientific Inc.) interfaced to a computer. The stimulus intensity was
set between 25-35 pA for each slice to achieve 40—-50% of the maximum response slope, while avoiding
population spikes. After a 20-minute stabilization period with single-pulse stimulations at 15-second
intervals, high-frequency stimulation (HFS) was applied. This involved four trains of 50 pulses at 100 Hz
with a 30-second intertrain interval, in the presence of picrotoxin (100 pM), a GABAA receptor antagonist,
to induce LTP. Input-output (I/0) experiments were conducted to measure responses with increasing
stimulation intensity, using 9 trains with a 10-second intertrain interval and increasing intensity of 10 pA.
Additionally, presynaptic release probability was assessed using a paired pulse (PP) protocol in nACSF,
consisting of 5 sets of two pulses with a 20 ms interval and a 20-second interval between paired stimuli.

Gut microbiota analysis

DNA extraction

DNA was extracted from 36 fecal samples using the TIANamp Stool DNA Kit (DP328-02, China)
according to the manufacturer's instructions. The extracted DNA samples were stored at - 80°C until
sequencing. For the polymerase chain reaction (PCR), 30 ng of qualified DNA template was combined
with 16S rRNA fusion primers. PCR products were purified using Agencourt AMPure XP beads, dissolved
in Elution Buffer, and labeled to complete library construction. The size and concentration of the libraries
were assessed using an Agilent 2100 Bioanalyzer. Qualified libraries were then sequenced on the HiSeq
platform based on their insert size.

PCR amplification

The library was prepared using the 2x Phanta Max Master Mix (VAZYME, China) polymerase. The V3V4
variable region of bacterial 16S rDNA was amplified using forward and reverse degenerate primers, 338F
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(ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT). PCR enrichment was
conducted in a 50 pL reaction volume containing 30 ng of template DNA and fusion PCR primers. The
PCR cycling conditions were as follows: an initial denaturation at 95°C for 3 minutes, followed by 30
cycles of 95°C for 15 seconds, 56°C for 15 seconds, and 72°C for 45 seconds, with a final extension at
72°C for 5 minutes. PCR products were purified using DNA magnetic beads (BGI, LBOOV60).
Subsequently, the final double-stranded library products were denatured to produce single-stranded
library products. A circularization reaction was then performed to obtain single-stranded circular DNA
products, with any remaining single-stranded linear DNA being digested and removed. The final single-
stranded circular library was amplified using phi29 and rolling circle amplification (RCA) to generate DNA
nanoballs (DNBs), which contain multiple copies of the initial single-stranded library molecule. The DNBs
were loaded onto a patterned nanoarray, and sequencing reads of 300 base pairs in length were
generated using the DNBSEQ-G400 platform (BGlI, China).

Processing of reads and data analysis

Intestinal sample raw reads were processed using the DADA2 plugin within the QIIME2 platform (version
2024.5) to perform denoising and generate amplicon sequence variants (ASVs). Taxonomic assignment
of ASVs was conducted using the SILVA 138 reference database, with a similarity threshold of 99%. On
average, each sample yielded 44,698 + 2,061 high-quality reads. Rarefaction was conducted at a depth of
40,800 sequences, corresponding to the sample with the fewest sequences, utilizing the q2-diversity
plugin in QIIME2. Alpha diversity, based on this rarefaction depth, was evaluated using the Shannon
index, calculated via the q2-diversity plugin. Principal coordinate analysis (PCoA) based on Bray-Curtis
dissimilarity was conducted using the "vegan" package (version 2.6-4) in R. Compositional differences
were assessed through permutational multivariate analysis of variance (PERMANOVA) and analysis of
similarities (ANOSIM), both implemented in the "vegan" package. Statistical differences between two
groups were assessed using the nonparametric Mann-Whitney U test, whereas comparisons among
more than two groups were performed using the Kruskal-Wallis test. Both tests were conducted using
the "stats" package (version 4.2.2) in R. A p-value of less than 0.05 was considered statistically
significant.

Statistical analysis

All statistical analyses were conducted using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA,
USA). Two-way analysis of variance (ANOVA) was conducted, with PM, s exposure and gender as
between-subject factors. Post hoc analyses were performed using Tukey's or Fisher's tests, as
appropriate. For comparisons between two groups, a two-tailed Student's t-test was employed when
appropriate. Raw amino acid data were processed using MassHunter Quantitative Analysis software
(Agilent Technologies, Santa Clara, CA, USA). For the diversity and composition of intestinal microbiota,
statistical differences between two groups were determined using the nonparametric Mann-Whitney U
test, while differences among more than two groups were assessed using the Kruskal-Wallis test. A p-
value of less than 0.05 was considered statistically significant. Values are expressed as mean + standard
error of the mean (SEM).
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Results

Maternal exposure to PM, s induced behavioral deficits in
adult offspring

In the sociability test, all offspring mice spent significantly more time sniffing the unfamiliar stimulus
mouse compared to the empty chamber (Fig. 2A1, Students’ T-test: males-control: t; =11.57, P < 0.0001;
females-control: t, = 12.29, P = 0.0003; males-PM, x: t5 = 59.63, P < 0.0001; females-PM, 5 t5 = 19.84, P <
0.0001), indicating a strong preference for the chamber containing the mouse. A two-way ANOVA of the
social preference index revealed a significant effect of treatment (Fig. 2A2: F (1, 19) =47.23, P <0.0001)
but no significant effect of sex (F (1, 19) =0.01152, P =0.9157) and interaction (F (1, 19) = 2.869, P =
0.1067). Post-hoc test revealed that maternal PM, s increased exploration index in both male and female
offspring (males-control vs males-PM, s: P < 0.01, females-control vs females-PM,, s{P < 0.0001),
suggesting maternal PM, 5 affected sociability in both male and female offspring.

In the social novelty test, control male and female offspring spent significantly more time sniffing the
novel stimulus mouse (S2) compared to the familiar stimulus mouse (S1) (Fig. 2B1, Students’ T-test:
males-control: t5 = 3.786, P < 0.05; females-control: t4 = 3.639, P < 0.05), suggesting intact social novelty
recognition memory. Male offspring (Fig. 2B1, males-PM, : t5 =5.215, P < 0.001) but not female
offspring (females-PM, 5: t5 = 0.6012, P = 0.5739) from dams with maternal PM, 5 exposure showed

significantly higher exploration ratio to the stimulus mouse. A two-way ANOVA of the social novelty index
revealed a significant effect of treatment (Fig. 2A2: 471 F (1, 19) = 5.654, P = 0.0281) but no significant
effect of sex (F (1, 19) =2.896, P =0.1051) and interaction (F (1, 19) =0.01797, P = 0.8948). Post- hoc
analysis showed no significant difference in exploration index among groups but a decreased trend,
suggesting maternal PM, s had a tendency to affect social novelty in both male and female offspring

(males-control vs males-PM, s: P = 0.3886; females-control vs females-PM, s: P = 0.3339).

To assess repetitive behavior using the marble burying test, there was a significant effect of treatment
(Fig. 2C: F (1,22) =13.71, P=0.0012) but no significant effect of sex (F (1, 22) = 0.3608, P = 0.5542) and
interaction (F (1, 22) = 1.661e-005, P = 0.9968). Post-hoc analysis revealed no statistically significant
differences in the number of buried marbles between groups (males-control vs males-PM, s: P = 0.0697;
females control vs females-PM, s: P = 0.0689). However, the data indicate a strong trend toward an
increase in buried marbles in the PM,, s-exposed groups, suggesting increased repetitive behavior in
offspring.

Maternal exposure to PM, s impaired working memory in
male offspring

All control offspring demonstrated a significantly greater preference for the novel object compared to the
familiar object (Fig. 3A1, Students’ T-test: males-control: t; = 11.06, P < 0.001; females-control: t, = 4.063,
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P < 0.05), whereas male and female offspring with PM, s-exposed dams showed no difference in
exploration ratio ( males-PM, s: t5 = 1.014, P = 0.357; females-PM, z: t5 = 0.3964, P = 0.7082). In the
exploration index, a two-way ANOVA revealed a main effect of PM, s (Fig. 3A2,F (1,19)=15.17,P =
0.0010) and effect of sex (F (1, 19) =6.412, P =0.0203), though no significant interaction (F (1, 19) =
1.504, P = 0.235). Notably, maternal PM, s significantly reduced exploration index in male offspring,
indicating impaired working memory compared to control male offspring (Fig. 3A2, Tukey post hoc test:
P = 0.0074 males: control vs. PM, 5). In contrast, PM, s exposure did not significantly affect working

memory in female offspring compared to controls (Fig. 3A2, P = 0.2849 females: control vs. PM, o).

Spatial memory was evaluated using the Y-maze test. Control male and female offspring showed
significantly more exploration of the novel arm (Fig. 3B1, Students’ T-test: males-control: t4 = 6.862, P <
0.01; females-control: t4 = 3.492, P < 0.05). PM, 5 exposed male offspring showed significant difference
in exploration between novel and familiar arms but maternal PM,, c-exposed female offspring did not
exhibit significant differences in exploration (males-control: t6 = 2.749, P < 0.05; females-control: t6 =
1.223, P =0.2673). Two-way ANOVA of the exploration index showed significant gender (Fig. 3B2, F (1,
22) =5.5,P =0.0291) and treatment effects (F (1, 22) = 10, P = 0.0043), but not interaction effect (F (1,
22) =0.52, P =0.4771). There were no significant differences in exploration index (Fig. 3B2, Tukey post
hoc test: males: control vs. males: PM, s: P = 0.328) and female offspring (females: control vs.

females:PM, s: P =0.0515).

The open field test assessed locomotor activity (Fig. 3C1) and anxiety-like behavior (Fig. 3C2). Two-way
ANOVA showed no interaction effects for distance traveled (interaction: F(1, 19) = 0.2172, P = 0.6465;
gender factor: F (1, 19) = 0.09725, P = 0.7586; PM, s factor: F (1, 19) = 0.005082, P = 0.9439), and time

spent in the center (interaction: F (1, 19) = 0.5773, P = 0.4567; gender factor F (1, 19) =0.05048, P = 517
0.8246; PM, ; Factor F (1, 19) = 2.431, P = 0.1355). Tukey post hoc test showed that no significant
changes were observed in distance traveled (males: control vs. males: PM, 5: P = 0.9794, females:
control vs. females: PM, s: P = 0.9927) or time spent in the center (males: control vs. males: PM, 5: P =
0.9371, females: control vs. females: PM, s: P = 0.401) between control and PM, s-exposed groups. Two-

way ANOVA showed no interaction effects for immobility in the forced swimming test (interaction factor
F (1,19) =2.070, P = 0.1665; gender factor F (1, 19) = 0.02094, P = 0.8865; PM, 5 factor F (1, 19) =

0.01981, P =0.8896), indicating no significant difference in depression-like behavior in offspring.
Maternal exposure to PM, s enhanced hippocampal cell

proliferation and neuronal differentiation in male offspring

We investigated the effects of maternal exposure to PM, 5 on hippocampal neurogenesis in offspring,
focusing on cell proliferation and neuronal differentiation. Neurogenesis was evaluated by quantifying
cell proliferation (Ki67+), the population of immature neurons (DCX+), and neuronal differentiation
(NeuroD+).
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Our findings indicate that maternal exposure to PM, ; significantly increased the number of Ki67 + cells
in the dorsal and ventral DG of male offspring, as demonstrated by a main effect of PM, s treatment (F
(1,19) =14.72, P =0.0011), though no significant interaction (F (1, 19) = 2.377, P = 0.1396) and sex effect
(F (1,19) =0.4581, P =0.5067). Similarly, the analysis of the ventral DG revealed a significant main effect
of PM, 5 (F (1, 19) =9.003, P = 0.0074) and a significant interaction effect (F (1, 19) = 4.394, P = 0.0497),
although no main effect of sex (F (1, 19) =0.7991, P = 0.3825). Post hoc tests confirmed that maternal
PM, s exposure increased Ki67 + cell proliferation in both dorsal and ventral DG of male offspring
compared to control group (P < 0.01), while no significant differences were observed in females (dorsal:
P = 0.4098; ventral: P = 0.9228). Furthermore, maternal PM,, 5 exposure significantly increased the

number of NeuroD+ cells in the dorsal DG, indicating a significant treatment effect (F (1, 19) =99, P <
0.0001), but without a significant sex effect (F (1, 19) = 0.0049, P = 0.9447) or interaction (F (1, 19) = 0.94,
P =0.3444). However, maternal PM,, s exposure did not affect the number of NeuroD+ cells in the ventral
DG following maternal PM, s exposure, with no treatment effect (F (1, 19) = 3.723, P = 0.0688), sex effect
(F (1,19) =0.5598, P = 0.4635) or interaction (F (1, 19) = 0.4415, P = 0.5144). Post hoc tests confirmed
that maternal PM, 5 exposure highly increased NeuroD+ cells in both male and female offspring

compared to control group in dorsal DG (P < 0.0001), while no significant effects were observed in the
ventral DG for either sex (males: P = 0.7964; females: P = 0.3075 compared to control counterpart).

The two-way ANOVA analysis showed that maternal exposure to PM, 5 did not significantly affect the

number of DCX+ cells in the dorsal DG for either sex (main effect of treatment: F (1,18) =0.7912, P =
0.3855; main effect of sex: F (1,18) =0.2672, P =0.6115; interaction: F (1, 18) = 0.1956, P = 0.6636). Post
hoc tests revealed no significant increase in DCX+ cells in the dorsal DG of male offspring (P =0.7831
PM, 5 vs. control) and female offspring (P = 0.9887 PM, 5 vs. control). Similarly, PM, s exposure did not

affect the ventral DG (treatment: (F (1, 19) =9.003, P = 0.0074); sex effect (F (1, 19) =0.7991 P = 0.3825;
interaction effect (F (1, 19) = 0.94, P = 0.3444). Post-hoc analyses showed no significant differences in
the number of DCX+ cells in the ventral DG between the PM, --exposed and control groups for male

offspring (P = 0.9812) and female offspring (P > 0.9999).

In conclusion, our study indicates sex-specific effects of maternal PM, s exposure on hippocampal
neurogenesis, with significant increases in cell proliferation and neuronal differentiation observed in
male offspring.

Maternal exposure to PM, s reduced dendritic branch

length of hippocampal immature neurons in female
offspring

We next examined whether maternal PM, s exposure induced retardation on dendritic development,

morphological analysis of immature neurons (DCX+ cell was performed using Sholl analysis (Fig. 5A). A

two-way ANOVA revealed a main effect of treatment (Fig. 5B: F (1, 95) =10.29, P =0.0018) and highly

sex-specific effect (F (1, 95) = 5.105, P = 0.0261) on total dendritic length, but no interaction effect (F (1,
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95) =0.7734, P = 0.3814) was observed. Post-hoc analysis indicated a significant reduction in total
dendritic length in female offspring exposed to PM, s compared to controls (P < 0.05), whereas no
significant difference was found in male offspring (P = 0.3623 vs. control male offspring). There was no
significant difference in dendritic length in offspring (Fig. 5C: main effect of treatment: F (1, 20) = 2.480,
P =0.1310; main effect of sex: F (1, 20) = 1.834, P =0.1908; interaction: F (1,20) =0.6017, P = 0.4470).

Golgi-Cox staining (Fig. 5D) demonstrated that maternal exposure to PM, 5 did not affect the density of

dendritic spines in the hippocampal DG region in either male or female offspring (Fig. 5E: main effect of
treatment: F (1, 22) = 0.42, P = 0.5241; main effect of sex: F(1, 22) = 1.4, P = 0.2457; interaction: F(1, 22) =
0.47,P =0.4999).

Maternal exposure to PM impaired hippocampal synaptic plasticity
in both male and female offspring

Field recording revealed that maternal exposure to PM, s resulted in a significant reduction in LTP in both

male and female pups (Fig. 6A: main effect of treatment: F (1, 316) =91.37, P < 0.0001; main effect of
sex: F (1,316) = 5.459, P =0.0201; interaction: F (1, 316) = 3.382, P = 0.0669). Tukey post hoc test
confirmed that a significant reduction in LTP of male offspring (P < 0.0001 PM, 5 vs. control) and female

offspring (P <0.0001 PM, 5 vs. control). This reduction was evidenced by a significant decrease in the

average fEPSP slope change compared to control mice (Fig. 6B: main effect of treatment: F (1, 44) =
44.58, P <0.0001; main effect of sex: F (1, 44) =0.01991, P = 0.8884; interaction: F (1, 44) =0.4213,P =
0.5197). Post hoc tests revealed a significant decrease in the average fESP slope change of male
offspring (P < 0.0001; main effect of sex: F (18,312) =0.1169, P > 604 0.9999; interaction: F (3,312) =
0.4959, P = 0.6854), suggesting that basal synaptic transmission remains intact.

To evaluate short-term plasticity using a paired-pulse conditioning stimulation protocol, there was no
significant difference (Fig. 6D; main effect of treatment: F (1, 44) = 1.871, P = 0.1783; main effect of sex:
F (1,44)=0.1751, P =0.6777; interaction: F (1, 44) =0.1280, P = 0.7222).Collectively, these results
suggest that chronic maternal exposure to PM, s reduced hippocampal LTP formation in offspring,

impairing synaptic plasticity in the DG region of the hippocampus.

Maternal exposure to PM, s reduced synaptic proteins in
offspring

We next examined changes of synaptic proteins in the hippocampal tissues (Fig. 7A). Figure 7A- Two-
way ANOVA revealed a main sex-specific effect (F (1, 20) = 8.423, P = 0.0088) and interaction effect (F (1,
20) = 8.423, P =0.0088), but not a treatment-specific effect (F (1, 20) = 0.6247, P = 0.4386), on
hippocampal brain-derived neurotrophic factor (BDNF) levels (Fig. 7B). Post-hoc analysis indicated that
maternal PM, 5 exposure did not significantly affect BDNF levels in either sex compared to controls
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(males: P = 0.4598; females: P = 0.9379). PM, s exposure did not significantly alter the levels of
synaptophysin (SYN) (Fig. 7C: interaction: F (1, 20) = 0.5700, P = 0.4591; gender: F (1, 20) = 0.5700, P =
0.4591; PM, &: F (1, 20) = 0.003697, P = 0.9521) and PSD-95 proteins (Fig. 7D: PSD-95, interaction: F (1,
20) =0.5700, P = 0.4591; gender: F (1, 20) = 0.5700, P = 0.4591; PM, =: F (1,20) = 0.003697, P =0.9521) in
the hippocampi of offspring mice. PM, s treatment did not affect GIUN2A protein levels (Fig. 7E gender
effect (F (1,20) = 1.054, P = 0.3169) and interaction effect ( F (1, 20) = 1.054, P = 0.3169). However, there
was a main treatment effect (Fig. 7F. (F (1, 20) = 24.40, P < 0.0001), but not sex-specific effect (F (1, 20)
=0.01762, P =0.8957) and interaction effect (F (1,20) = 0.01762, P = 0.8957) on hippocampal GIuN2B
levels. Post-hoc tests revealed that maternal PM, 5 exposure reduced GIuN2B protein expression in the
hippocampi of both male and female offspring (males: P <0.01 PM, 5 vs. control; females: P < 0.01
PM, 5 vs. control), suggesting impaired LTP formation could be linked to reduction in GIluN2B subunit of
the NMDA receptors.

Metabolomic analysis of amino acid levels in the
hippocampus of offspring

Amino acids play crucial roles in NDDs associated with ASD [52, 53]. To investigate the effect of
maternal exposure to PM, s on hippocampal amino acid levels in both mothers and offspring mice, we
measured the concentrations of twenty standard amino acids in the hippocampus (Fig. 8A). Targeted
metabolomics revealed a significant decrease in the concentration of glutamic acid in the PM, s-exposed
mothers (PMO group: 386 + 11 uM) than in the control mothers (CMO group: 422 + 7 uM) (Fig. 8B: p <
0.05). A two-way ANOVA revealed no significant differences in glutamic acid levels in the offspring mice
(Fig. 8B: interaction: F (1, 17) = 0.3579, P = 0.5575; gender: F (1,17) =0.01324, P = 0.9097; PM, s: F (1,
17) =0.3050, P = 0.5880). Offspring mice displayed significant decrease in cysteine levels. A two-way
ANOVA indicated a significant treatment-specific effect on hippocampal cysteine levels, but no sex-
specific effect was found (main effect of treatment: F (1, 19) = 52.75, P < 0.0001; main effect of sex: F (1,
19) =2.329, P = 0.1434; interaction: F (1, 19) = 2.040, P = 0.1694). Specifically, both female and male
offspring with dams exposed to PM, 5 exhibited significantly lower cysteine concentrations compared to
those in the control groups with Tukey's post-hoc test (Fig. 8C: males: P <0.01, females: P < 0.001).

Maternal exposure to PM, s did not induce neuroinflammation in the 654 hippocampus of offspring

Our study aims to investigate whether maternal exposure to PM, 5 induces NDD-like behaviors in
offspring and whether these behaviors are associated with a neuroinflammatory response. We assessed
neuroinflammation by examining the number of ionized calcium-binding adapter molecule 1 (IBA-1)
positive microglial cells in the hippocampus. Two-way ANOVA revealed no significant inflammatory
response in the hippocampal subregions in the DG (Fig. 9B: interaction: F (1, 20) =0.8710, P =0.3618;
gender: F (1,20) =0.1625, P =0.6911; PM, s: F (1, 20) = 0.9950, P = 0.3304) and CA3 region (Fig. 9D:
interaction: (F (1, 20) = 0.5972, P = 0.4487; gender: F (1, 20) = 0.06823, P = 0.7966; PM, =: F (1, 20) =
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1.184, P =0.2896). A two-way ANOVA showed a main treatment-specific effect (F (1, 20) =6.203,P =
0.0217), but not sex-specific effect (F (1, 20) =1.672, P =0.2107) and interaction effect (F (1, 20) =
0.3840, P = 0.5424) on inflammatory response in the hippocampal subregions in the CA1 region. Post
hoc analysis confirmed no significant changes in the number of IBA-1 positive cells in the DG (males: P >
0.9999, females: P = 0.5344), CA1 (males: P =0.5597, females: P = 0.1576), and CA3 (males: P = 0.996,
females: P = 0.564).

Additionally, there were no significant changes in the levels of HMGB1, TNF-a, and MMP-9 proteins

(Fig. 9E-G). The ANOVA results showed no significant effects for HMGB1 (Fig. 9E: interaction: (F (1, 20)
=1.802, P =0.1945; gender: F (1,20) =0.4713, P = 0.5003; PM,, 5: F (1, 20) = 0.5959, P = 0.4492) and
MMP-9 levels (Fig. 9G: interaction: (F (1, 20) = 0.3252, P = 0.5749; gender: F (1, 20) = 0.04604, P = 0.8323;
PM, s: F (1,20) =1.137, P = 0.2989). A two-way ANOVA showed a main sex-specific effect (F (1, 16) =
4.483, P = 0.0503), but not treatment-specific effect (F (1, 20) =1.672, P =0.2107) and interaction effect
(F (1, 16) = 0.02486, P = 0.8767) on TNF-a level.

Furthermore, post hoc tests indicated no significant differences in hippocampal levels of HMGB1
(males: P >0.9999, females: P = 0.5344), TNF-a (males: P = 0.4017, females: P = 0.5256), and MMP-9
(males: P =0.6595, females: P = 0.9847) across all groups. These findings suggest that maternal PM, 5

exposure does not induce a detectable neuroinflammatory response in the hippocampus of offspring.
Intestinal microbiota in male offspring with decreased relative abundance of Bacteroidaceae family

In the analysis of alpha-diversity, the Shannon index revealed that PM, s-exposed groups had
significantly lower diversity compared to healthy groups (P = 0.020, Fig. 10A). However, no significant
differences were observed in the Shannon index for male offspring (P = 0.240 vs. control male offspring)
and female offspring (P = 0.589 vs. Control female offspring) when exposed to PM, 5. A marginally

significant difference

was noted in female mother groups between PM, s-exposed and healthy groups (P = 0.065, Fig. 10A).

Regarding beta-diversity, a main treatment-specific effect was identified, but no gender-specific effect
was observed (Fig. 10B, PERMANOVA: Interaction: R? = 0.170, P = 0.269; PM, 5: R = 0.031, P = 0.290;
Gender: R2=0.102, P 696 = 0.006). The ANOSIM test indicated a significant difference in the intestinal
bacterial communities of female mothers between PM, s-exposed and healthy groups (R =0.233, 698 P
=0.024). The top 10 most abundant bacterial genera across all samples were analyzed to identify
functionally important taxa affected by PM, 5 exposure (Fig. 10C). The dominant genus was
Muribaculaceae, with no significant differences observed in these genera upon PM, s exposure. Further

comparisons of the most abundant bacterial classes (Fig. 10D) and families (Fig. 10E) revealed a
significantly lower relative abundance of the classes Campylobacteria (P = 0.026 vs. control female
mother) and Saccharimonadia (P = 0.026 vs. control female mother) in female mothers exposed to PM, &

compared to healthy groups (Fig. 10D). Additionally, a significantly lower relative abundance of the
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family Bacteroidaceae (P = 0.015 vs. control male offspring) was found in PM, s-treated male offspring
compared to healthy groups (Fig. 10E).

Discussion

We found that offspring from mother exposure to PM, s displayed behavioral abnormalities and
hippocampal dysfunction with a gender effect. Both male and female offspring showed some behavioral
abnormalities in association with male offspring exhibiting more proliferating progenitor cells and
immature neurons in the hippocampus, while females showing reduced dendritic length of immature
neurons. Both sexes displayed significant impairments in LTP formation and synaptic GIuN2B protein
expression, and a significant decrease in cysteine levels in the hippocampus. These changes are
independent of neuroinflammatory responses and changes in gut microbiota profile. Our findings
suggest that maternal PM, 5 exposure may contribute to NDD-like behavioral abnormality in offspring,
with hippocampal dysfunction. These changes could be linked to reduced cysteine levels in the
hippocampus.

Previous epidemiological studies have shown that prenatal and/or postnatal exposure to PM, 5
increases the likelihood of offspring developing NDDs [54-56], with some studies suggesting that this
exposure could potentially double the risk of NDD development [57]. In rodent models, direct exposure to
PM, s in young rats has been associated with autistic-like behaviors [58]. Contrary to the reduced

sociability typically observed in classic ASD models, our findings showed that offspring exposed to
maternal PM2.5 exhibited enhanced social preference in the sociability phase. However, in the social
novelty phase, a female-specific deficit in recognizing novel social stimuli emerged, reminiscent of the
social cognitive impairments seen in NDDs. Our results provided evidence showing the link between
maternal PM, s exposure and behavioral deficits in adult offspring that assemble some NDD-like
behaviors.

Defects in neuronal maturation have been observed in multiple regions associated with NDD, suggesting
dysregulation in adult neurogenesis, neuronal migration, and/or maturation [59]. Our findings indicate
increased proliferating cells and mature neurons in the hippocampus, with no change in the number of
immature neurons or spine density following exposure, but a reduction in the total dendritic length of
immature neurons in female offspring. In contrast, Wang et al. reported that maternal exposure to PM, 5
decreases neurogenesis rates [60]. This could be due to the fact that exposure to PM, 5 at different
developmental stages may yield different effect on neuronal development and function [61]. In our study,
mice were 42 days old, primarily reflecting adult neurogenesis, whereas Wang's study involved mice at
14 days old, a period of active developmental stages. Similarly, Juliandi et al. found that prenatal
exposure to valproic acid in an autism model of mice led to cognitive impairments postnatally,
potentially due to premature enhancement of embryonic neurogenesis [62]. This premature
enhancement may deplete the neural progenitor cell (NPC) pool, subsequently inhibiting adult
hippocampal neurogenesis. In ferret pups, exposure to VPA resulted in disrupted social behaviors and
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promoted the proliferation of neural progenitor cells in the DG, introducing additional NPCs into the DG
granule cell layer [63]. This observation aligns with our research findings.

In the cellular culture analysis of reprogrammed fibroblasts, induced pluripotent stem cells, neural
progenitor cells, and neurons derived from individuals with NDDs exhibited increased cell proliferation
[64]. Similarly, three-dimensional neural cultures from induced pluripotent stem cells of individuals with
NDDs demonstrated upregulation of genes associated with cell proliferation and neuronal differentiation
[65]. Watanabe et al. found that developmental exposure to risk factors in autistic rats primarily affects
interneurons, which later impacts the proliferation of neural progenitor cells in the subgranular zone,
leading to an increased number of granule cell layer neurons in the rat hippocampus [66]. Other studies,
through the analysis of neuronal ultrastructure, have found that exposure to PM, 5 during pregnancy
leads to an increase in synaptic clefts, thinning of postsynaptic density, shortening of synaptic active
zones, as well as swelling of mitochondrial matrix, partial blurring of mitochondrial cristae, and
mitochondrial vacuolation in the hippocampal neurons of mouse offspring[67, 68]. These findings align
with our results, which demonstrate an increase in neuronal differentiation. However, further
investigation is needed to identify the specific types of neurons involved. Although the number of
immature neurons remained relatively unchanged, we observed a notable reduction in total dendritic
length in female offspring. Collectively, these studies, [69] along with our data, suggest that
dysregulation of neural progenitor cell proliferation and delayed neuronal maturation occurred in the
hippocampus with a gender specific effect. Changes of hippocampal structural plasticity may partly
contribute to core behavioral deficits associated with NDDs. Our research provides unique insights into
the significant structural changes in hippocampal neurons resulting from maternal exposure to PM, ¢.

Synaptic plasticity is regulated by various mechanisms, including changes in receptor numbers,
neurotransmitter release, and synaptic site localization. Maternal PM,, s exposure may alter dendritic

branching, dendritic spine density, and morphology, potentially disrupt these processes and impair
synaptic transmission in the offspring's brain. PM, 5 exposure reduced cell viability, increased apoptosis,
and synaptic damage in primary cultured hippocampal neurons [14, 69]. N-Methyl-D-Aspartate receptor
(NMDAR)-dependent synaptic plasticity is a key mediator of hippocampus-dependent learning and
memory processes [70, 71]. Alterations in signaling of NMDARs containing the GIuN2B subunit can
inhibit dendritic spine density and impair learning capabilities [72]. In this study, we observed a reduction
in LTP in the offspring, suggesting that maternal PM, 5 exposure diminishes hippocampal long-term
synaptic plasticity. Western blotting revealed a significant decrease in GIuN2B expression in the
hippocampus of PM, s-exposed offspring compared to controls. Previous studies have shown that the
absence of GIuN2B in the hippocampus impairs dendritic spine density and hippocampal-mediated
learning and memory[73, 74], underscoring the critical role of GIuN2B in modulating synaptic plasticity.
Further investigation into the potential mechanisms linking GIuN2B and hippocampal synaptic plasticity
in offspring exposed to PM, 5 is warranted.
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Numerous studies have identified a link between maternal inflammation during early pregnancy and an
increased risk of NDDs [75]. Our results showed no significant changes in the levels of HMGB1, TNF-q,
MMP-9 proteins, or in the number of Iba-1 positive microglial cells in the hippocampus. These findings
are consistent with postmortem studies of the hippocampal region by Vargas et al., which also reported
no significant inflammation [76]. Another study found no pronounced inflammation in the hippocampus
but observed abnormally small and densely distributed hippocampal neurons with reduced complexity
and dendritic arbor length [77]. These observations suggest that hippocampal inflammation may not be
the necessary mechanism underlying PM, s-induced NDDs during pregnancy. Instead, alterations in
neuronal maturation and differentiation might contribute to behavioral deficits. Some studies have
reported increased inflammation only in high-dose PM, s groups [78]. In contrast, our study used lower
doses, which may explain the differences in findings. Further research is needed to determine the
specific PM, s dose and duration of exposure required to trigger neuroinflammation.

Synaptic plasticity and memory function in the brain are primarily driven by NMDAR, which require the
binding of glutamate and the co-agonist D-serine at the glycine site. Cysteine also plays a crucial role in
hippocampal synaptic plasticity, influencing synaptic transmission [79, 80], neuronal connectivity [81],
and the regulation of the intracellular environment [82], thereby affecting learning and memory. In this
study, metabolomic analysis revealed that maternal exposure to PM, s results in decreased glutamate
levels in the maternal body and reduced cysteine levels in the offspring's hippocampal tissue. Research
indicates that melatonin treatment significantly increased cysteine-rich protein 1 levels, contributing to
dendritic branching in mouse hippocampal neurons[83]. Neuronal uptake of cysteine via excitatory
amino acid carriers can mitigate ischemia-induced neuronal death by promoting glutathione synthesis in
the hippocampus of ischemic animal models [83]. Furthermore, administration of L-cysteine (L-Cys) has
been shown to improve behavioral, biochemical, neurochemical, and redox status in the central nervous
system[84]. Prenatal supplementation with the antioxidant N-acetyl cysteine (NAC) offers protective
benefits for fetal neurodevelopment against the adverse effects of prenatal restraint stress and maternal
high-fat diet [85]. Early supplementation with antioxidants such as NAC or L-Cys may represent a
promising therapeutic strategy for addressing NDDs. Our results discovered deficiency of cysteine in the
hippocampus of offspring displaying hippocampal atrophy and behavioral deficit, suggesting the critical
role of cysteine in the impact of PM, 5 on hippocampal function.

The maternal microbiome also plays a critical role in offspring’s neurodevelopment [85], possibly
because maternal gut microbiota affects the availability of essential metabolites required for fetal
development [33]. Clinical studies have demonstrated that changes of gut microbiota found in children
with NDDs are also presented in their mothers [86], and gut microbiota shared in children and their
mothers is related to developmental disability and social behavioral deficits [87]. Findings from animal
research provide further support for the link between microbiota and NDDs in clinical studies. Previous
studies have shown that alterations in the gut microbiota can lead to long-term enhancements in adult
neurogenesis [88] and synaptic transmission[89]. Gut microbiota can influence brain function and
behavior by producing various metabolites, such as short-chain fatty acids and neurotransmitter
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precursors [90]. Our findings revealed that PM, s exposure significantly decreased abundance of the

Bacteroidaceae family only in male offspring. These findings suggest that maternal gut microbiota
potentially influenced by environmental exposures such as PM, 5 may contribute to offspring

neurodevelopmental outcomes in a sex-specific manner, possibly through alterations in microbiota
composition and associated metabolite production.

Conclusion

Our study provides evidence that maternal exposure to PM, ¢ significantly impacts hippocampal function
of offspring with a gender effect, resulting in behavioral deficit in offspring. These effects could be linked
to structural and functional alterations in the hippocampus, including disrupted synaptic plasticity and
neuronal dendric development. Specifically, PM, ¢ exposure leads to notable reductions in cysteine levels
in the hippocampus, which may contribute to hippocampal impairment induced by maternal PM,
exposure. These findings suggest the connection between maternal PM, s exposure, reduction of

cysteine levels and alterations in hippocampal plasticity, providing evidence showing the possible
impacts of PM, s on inducing behavioral abnormalities in offspring’s brain development.
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Figure 1

Treatment Timeline. Female mice, aged 5 weeks, were exposed to PM, s via intratracheal instillation

every three days for two weeks. Following this exposure period, the females were housed with male mice
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for mating. Maternal exposure to PM, 5 continued until parturition. Offspring were weaned at 3 weeks of
age and separated by sex on postnatal day 28 (PND 28). At 5 weeks of age, the offspring underwent a
series of behavioral tests. OFT: open field test; NOR: novel object recognition test; Y maze; 3CST: three-
chamber social interaction test; FST: forced swim test; Marble burying test.
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Maternal PM, 5 exposure reduced social novelty and increased repetitive behaviors in adult offspring
mice. (A-B) The three-chamber social interaction test was used to assess sociability and preference for
social novelty. (A1) the exploration ratio indicates sociability (paired t-test: **P < 0.001; #P < 0.0001vs
empty enclosure). (B1) the exploration ratio for preference for social novelty (paired t-test: *P < 0.05; **P
< 0.01 vs familiar mouse). (A2 and B2) the exploration index (males: **P < 0.01; females: #P < 0.0001)
identified using a two-way ANOVA with Tukey's post-hoc test for multiple comparisons. (C) the marble
burying test, which measures repetitive behavior, as determined by a two-way ANOVA with Tukey's post-
hoc test. n = 5-7 mice per group.
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Figure 3

Maternal exposure to PM, s in impaired working memory in adult male offspring.(A) Working memory
was assessed with the novel object recognition (NOR) task (A1) paired t-test: *P < 0.05; **P < 0.01 vs
familiar object) , and (B) spatial memory performance was evaluated using the Y-maze task, (B1)
exploration ratio: paired t-test: *P < 0.05; ***P < 0.001 vs familiar object). (A2 and B2) the exploration
index (males: **P < 0.01) identified via a two-way ANOVA with Tukey's post-hoc test for multiple
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comparisons. (C1) Anxiety-like behavior and (C2) locomotor activity were measured in the open field
test. (D) Depression-like behavior was evaluated using the forced swim test. Statistical comparisons for
panels C and D were performed using a two-way ANOVA followed by Tukey's post-hoc test for multiple
comparisons. n = 5—7 mice per group.
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Figure 4

Maternal exposure to PM, 5 enhanced hippocampal cell proliferation and neuronal differentiation in
male offspring. (A) Representative images of Ki67+, NeuroD+, and DCX+ cells in the hippocampal
dentate gyrus at 10 x (scale bar = 200 ym) and 40 x (scale bar = 50 um) magnification. (B-C) The density
of Ki67+ cells in the dorsal and ventral hippocampi. (D-E) The density of NeuroD+ cells in the dorsal and
ventral hippocampi. (F-G) The density of DCX+ cells in the dorsal and ventral hippocampus. **P < 0.01

and #P < 0.0001 by two-way ANOVA with Tukey's post-hoc test for multiple comparisons. n = 5-8 mice
per group.
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Figure 5

Maternal exposure to PM, ; reduced total dendritic length of immature 1202 adult-born neurons in the

hippocampus of female offspring.

(A) Representative images of doublecortin-positive immature neurons in the hippocampus. Scale bar: 50
pum. (B) The total dendritic length of doublecortin-labeled immature neurons. (C) Sholl analysis of
dendritic length. (D) Representative images of dendritic spines in the hippocampal dentate gyrus using
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Golgi-Cox staining. Scale bar: 10 um. (E) The density of dendritic spines *P < 0.05 by two-way ANOVA
with Tukey's post-hoc test for multiple comparisons. n = 5-8 mice per group.
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Figure 6

Maternal exposure to PM, ; significantly reduced synaptic plasticity in the 1212 hippocampal dentate

gyrus in field electrophysiological recording. (A) Changes in long-term potentiation (LTP) formation. (B)
The average slope changes, normalized to baseline, recorded during the last 5 minutes following high-
frequency stimulation (HFS; four trains of 0.5 s duration at 100 Hz). (C) The input/output (I/0) curve of
the field excitatory postsynaptic potential (fEPSP) slope in response to increasing stimulus intensity. (D)
No significant difference in paired-pulse stimulation. Two-way ANOVA with Tukey's post-hoc test for
multiple comparisons. ***p < 0.001 and # p < 0.0001. n = 12 slices from 4 mice.
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Figure 7

Effects of maternal exposure to PM, 5 on hippocampal synaptic protein expression in offspring. (A)
Representative images of Western blotting. Quantitative analysis showed no difference in protein
expression levels of (B) BDNF, (C) synaptophysin, (D) PSD95, (E) GIuN2A, but significant reduction of (F)
GIuN2B expression levels in hippocampal synaptoneurosome fractions. **p < 0.01, two-way ANOVA with

Tukey 1226 post-hoc test for multiple comparisons. n = 6 mice per group.
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Figure 8

Metabolomic analysis of amino acid levels in the hippocampal tissues of offspring mice. (A) Standard
amino acid levels in the hippocampus of maternal and offspring mice. CMO (Control Mother), PMO

(PM, s-treated Mother), CM (Male Offspring with Control Mother), PM (Male Offspring with PM, -treated
Mother), CF (Female Offspring with Control Mother), and PF (Female Offspring with PM, 5 treated
Mother). (B) Glutamic acid concentration in the hippocampi. (C) Cysteine concentration in the

hippocampi of offspring mice. Student’s T test for two groups and two-way ANOVA with Tukey's post-hoc
test for multiple comparisons. n = 4—6 per group. *p < 0.05, **p < 0.01, and #p < 0.0001.
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Figure 9

Maternal exposure to PM, 5 did not induce neuroinflammation in the hippocampal of offspring. (A)
Representative images of Iba-1 positive cells in the hippocampal dentate gyrus. (B-D) Quantification of
Iba-1 positive microglial cells in the (B) dentate gyrus (DG), (C) cornu ammonis 1 (CA1), and (D) CA3
regions. (E-G) Levels of inflammatory cytokines in the hippocampi of offspring, including (E) High
Mobility Group Box 1 protein (HMGB1), (F) tumor necrosis factor-alpha (TNF-a), and (G) Matrix
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Metallopeptidase 9 (MMP-9). Two-way ANOVA with Tukey's post-hoc test for multiple comparisons. n =
-6 mice per group.
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Figure 10

The diversity and composition of fecal microbiota of offspring mice. (A) Alpha-diversity of the fecal
microbiota among male offspring, female offspring, and mothers exposed to PM, 5(PMO). (B) Principal
coordinate analysis (PCoA) of the Bray—Curtis dissimilarity matrix in intestinal microbiota composition.
(C) The relative abundance of the top 10 genera in the intestinal microbiota. (D) The relative abundance
of the top 10 classes among male offspring, female offspring, and PMO. (E) The relative abundance of
the top 10 families among male offspring, female offspring, and PMO. Statistical differences between
two groups were determined using the nonparametric Mann-Whitney U test, while differences among
more than two groups were assessed using the Kruskal-Wallis test. Both tests were performed in the R
package “stats” (v.4.2.2). n = 6 per group. *p < 0.05 and **p < 0.01.
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