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ARTICLE INFO ABSTRACT

Edited by Dr. P Lein and Dr. R Westerink Early-life exposure to particulate matter (PM) can interfere with brain maturation and has been linked to
persistent neurobehavioral alterations. However, individual susceptibility is likely influenced by both genetic

Keywords: background and biological sex. APOE is particularly relevant in this context because its €4 allele is associated

Particulate matter with altered neuroimmune, synaptic, metabolic, and stress-related responses that may modify vulnerability to

APOE genotype environmental insults. Here, we investigated whether early postnatal PM exposure produces persistent behav-

Neurodevelopment . . . .

Air pollution ioral and molécular .alteratlons in young adult male. and f.emale h.umamzed apoF.S and apoE4 targeted-

Behavior replacement mice. Mice were exposed by whole-body inhalation to Fine Atmospheric PM (SRM 2787, NIST)

Gene expression or saline for 1 h/day from postnatal day (PND) 4 to PND14, using an exposure paradigm designed to achieve a

Gene-environment interaction nominal theoretical maximum chamber concentration of 3789 pg/m®. Nevertheless, the actual airborne con-
centration was not directly measured. Behavioral testing was performed from PND50 to PND96, followed by
hippocampal and striatal gene-expression analyses. Early postnatal PM exposure produced selective rather than
generalized neurotoxic effects. APOE genotype emerged as the main determinant of adult behavioral and tran-
scriptional profiles, with apoE4 mice showing a more anxiety-like behavioral profile and hippocampal tran-
scriptional reorganization involving synaptic, glutamatergic, glial, myelin-related, redox, and stress-response
pathways. PM exposure produced subtle social-behavior effects and suggested potential sex- and region-
dependent modulation of glutamatergic and stress-related molecular markers. Overall, APOE genotype
strongly shaped adult behavioral and transcriptional profiles, whereas PM effects varied by genotype, sex, and
brain region, supporting APOE-dependent neurodevelopmental trajectories as modulators of persistent brain
responses to early-life air-pollution exposure.

1. Introduction environmental risk factors for human health worldwide (Cohen et al.,

2017), with most of the global population exposed to concentrations
Air pollution (AP) is currently considered one of the leading exceeding WHO air quality guideline (AQG) values (WHO, 2021).
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Among airborne pollutants, particulate matter (PM) has received
particular attention due to its well-established association with cardio-
vascular, respiratory, and metabolic disorders (Feng et al., 2016).
Inhalation is the primary route of human exposure to airborne PM,
although ingestion, dermal contact, and ocular exposure may also
contribute to the overall exposure burden (Thompson, 2018; WHO,
2005). Fine and ultrafine particles can penetrate deeply into the respi-
ratory tract and enter the systemic circulation, promoting oxidative
stress, inflammation, vascular dysfunction, and immune dysregulation
(Costa et al., 2019; Kang et al., 2021; Traboulsi et al., 2017). Beyond
these systemic effects, accumulating evidence indicates that PM can also
affect the central nervous system (CNS), with neuroinflammation
emerging as a major biological pathway linking AP to brain dysfunction.
Accordingly, PM exposure has been associated not only with neurode-
generative diseases in adulthood but also with altered neuro-
developmental trajectories following early-life exposure (Block and
Calderén-Garciduenas, 2009; Costa et al., 2020, 2019).

The developing brain is particularly vulnerable to environmental
insults because critical neurodevelopmental processes, including neu-
rogenesis, synaptogenesis, gliogenesis, myelination, and circuit refine-
ment, occur within tightly regulated temporal windows (Costa et al.,
2004; Deidda et al., 2021; Rodier, 1994). Exposure to environmental
toxicants during these sensitive periods may induce persistent alter-
ations in neuronal connectivity, neurotransmission, neuroimmune
signaling, and behavioral function. In line with this concept, epidemi-
ological and preclinical studies have linked prenatal and early-life AP
exposure to adverse neurodevelopmental outcomes, including autism
spectrum disorder (ASD)-like behaviors, delayed developmental mile-
stones, and cognitive and social alterations (Rodulfo-Cardenas et al.,
2023; Ruiz-Sobremazas et al., 2023). At the molecular level, these out-
comes have been associated with disruptions in neuroinflammatory,
oxidative-stress, synaptic, immune-related, neurotransmitter,
myelin-related and stress-response pathways (Pan et al., 2020; Rodul-
fo-Cardenas et al., 2023; Ruiz-Sobremazas et al., 2023; Thomson, 2019;
Zhang et al., 2024).

Despite growing evidence linking PM exposure to adverse neuro-
developmental outcomes, individual responses to environmental pol-
lutants are highly heterogeneous. Genetic background is increasingly
recognized as an important determinant of susceptibility to environ-
mental toxicants (Kleeberger and Ohtsuka, 2005; Thier et al., 2002).
Within this framework, apolipoprotein E (APOE) is the major apolipo-
protein in the CNS and plays a central role in brain lipid transport and
homeostasis. Among the three major human APOE alleles (e2, €3, and
€4), APOE &3 is the most prevalent allele in the general population,
whereas APOE €4 is the strongest genetic risk factor for Alzheimer’s
disease (AD) (Liu et al., 2013a; Serrano-Pozo et al., 2021). Importantly,
APOE &4 has also been associated with altered neuroimmune responses,
increased oxidative stress, impaired synaptic plasticity, mitochondrial
dysfunction, and reduced resilience to environmental stressors
(Calderdén-Garciduenas et al., 2023; Dose et al., 2016; Jofre-Monseny
et al., 2008). Beyond its role in neurodegeneration, APOE also contrib-
utes to key biological processes involved in early brain maturation,
including synapse formation and plasticity, regulation of neuronal and
glial development, repair mechanisms, and myelin formation (Dean
et al., 2014; Liu et al., 2013b).

Consistent with this developmental role, emerging evidence suggests
that APOE genotype may modulate the neurodevelopmental conse-
quences of AP exposure. Studies in children and young individuals
exposed to traffic-related AP and PM indicate that APOE €4 carriers may
exhibit poorer cognitive performance, increased behavioral and atten-
tional problems, neuroinflammatory and cerebrovascular alterations,
and changes in brain structure compared with non-carriers or less sus-
ceptible genetic profiles (Alemany et al., 2018; Calderon-Garciduenas
et al.,, 2023; Calderon-Garciduenas and De La Monte, 2017). These
findings support the idea that APOE genotype may influence biological
vulnerability to environmental pollutants early in life, long before the
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emergence of overt neurodegenerative phenotypes. However, experi-
mental evidence addressing how human APOE isoforms shape the
long-term consequences of developmental PM exposure remains limited.

Biological sex may further shape vulnerability to environmental
toxicants and APOE-related effects. Sex-dependent responses to AP have
been reported across the life course, suggesting that males and females
may differ in their biological sensitivity to airborne pollutants
(Clougherty, 2009). This is particularly relevant during early develop-
ment, when male and female brains follow partially distinct matura-
tional trajectories shaped by hormonal, genetic, and immune-related
mechanisms. For instance, sex differences in the activation state of
innate immune cells during brain development may contribute to dif-
ferential vulnerability to early environmental challenges, with males
often proposed to be more susceptible to neurodevelopmental disruption
(Lenz and McCarthy, 2014). In line with this, preliminary human and
animal evidence suggests that males may show greater susceptibility to
the neurotoxic effects of AP than females (Suades-Gonzalez et al., 2015).
At the same time, APOE-related effects are also sex-dependent, as APOE
€4 allele confers a greater risk for AD in women than in men (Altmann
et al.,, 2014; Riedel et al., 2016). Thus, sex may interact with both
environmental exposure and APOE genotype to influence neuro-
developmental vulnerability, yet this three-way relationship remains
poorly characterized.

Previous research from our laboratory has demonstrated that early
postnatal PM exposure disrupts normal weight gain in females and de-
lays neuromotor development. In addition, PM effects were partially
modulated by APOE genotype: apoE3 mice showed accelerated eye and
vaginal opening, whereas apoE4 mice exhibited more pronounced
biochemical alterations involving inhibitory/excitatory balance, sero-
tonergic homeostasis, and Reelin-mediated synaptic plasticity
(Rodulfo-Cardenas et al., 2026). These findings suggest that early PM
exposure can induce genotype- and sex-dependent developmental ef-
fects, but whether these early alterations translate into persistent
behavioral and molecular changes later in life remains unknown.
Building on this work, the present study investigated whether early
postnatal PM inhalation, during a developmental window that overlaps,
in terms of key brain-maturation processes, with late gestation and the
early neonatal period in humans (Semple et al., 2013; Zeiss, 2021),
leaves a persistent behavioral and molecular signature in young adult
humanized apoE3 and apoE4 transgenic mice. To this end, we assessed
behavioral domains related to motor coordination, emotionality, so-
ciability, motivation, and spatial learning, together with
gene-expression profiles in the hippocampus (HPC) and striatum (STR),
two brain regions critically involved in cognitive, affective, motiva-
tional, and motor-related functions. This approach allowed us to
determine whether APOE genotype and biological sex act as key mod-
ulators of long-term susceptibility to developmental PM toxicity.

2. Materials and methods
2.1. Experimental animals

Humanized apoE3 (JAX Stock No. 029018) and apoE4 (JAX Stock
No. 027894) targeted replacement (TR) mouse lines were obtained from
The Jackson Laboratory (Bar Harbor, ME, USA). Both lines were main-
tained on a C57BL/6 background and had been generated by
substituting the murine ApoE locus with the human APOE &3 or €4 al-
leles (Foley et al., 2022). The apoE3 colony was established in-house
through initial heterozygote x wild-type matings. Heterozygous F1
offspring were identified by genotyping and subsequently intercrossed
to generate homozygous apoE3 animals, whereas apoE4 mice were
purchased as homozygous animals. Homozygous animals of each ge-
notype were subsequently bred in our facility to generate the experi-
mental litters, and the genotype of all offspring was confirmed before
allocation. Breeder females had produced one previous litter before the
experimental mating. Male-female pairs of the same genotype (1:1)
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were co-housed for 2 days to permit mating. Females were weighed on
gestational days 0, 10, and 15 to monitor pregnancy progression. On day
15 of presumed gestation, pregnant females were singly housed, and the
day of parturition was designated postnatal day (PND) 0. Litters were
standardized to six pups per dam and randomly allocated to control
(CNT) or exposure (PM) groups. For post-weaning behavioral and mo-
lecular analyses, one male and one female per litter were selected to
minimize litter-related effects and avoid pseudoreplication. After
weaning at PND28, offspring were housed in plastic cages (2—-4 mice per
cage), grouped by genotype and sex, with environmental enrichment
consisting of nesting material and wooden structures. Animals were
maintained under controlled conditions (temperature, 22 + 2 °C; rela-
tive humidity, 50 + 10%) on a 12-h light/dark cycle (lights on
08:00-20:00 h). Standard chow diet (SAFE® A04 diet; Panlab, Barce-
lona, Spain) and tap water were provided ad libitum. All procedures were
approved by the Animal Care and Use Committee of the Rovira i Virgili
University (Tarragona, Spain) and by the Government of Catalonia
(approval no. 12131). Experiments were conducted in accordance with
the ARRIVE guidelines (Percie du Sert et al., 2020), the EU Directive
2010/63/EU on the protection of animals used for scientific purposes,
and the Spanish Royal Decree 53/2013.

2.2. Particulate matter exposure and experimental design

Mice were exposed daily to either 0.9% saline (CNT) or a suspension
of Fine Atmospheric Particulate Matter (PM; mean particle diameter
<10 pm; Standard Reference Material 2787, NIST), a commercially
available reference material originally collected from an air intake
filtration system and developed as a standardized atmospheric PM
sample. Detailed information regarding its organic and inorganic
composition, certified and non-certified constituent values, and particle-
size characteristics is provided in the NIST Certificate of Analysis
(Gonzalez and Choquette, 2021). PM suspensions were prepared in 0.9%
saline and sonicated for 10 min immediately before each exposure ses-
sion to ensure uniform dispersion. Exposures were performed using a
compartmentalized whole-body inhalation chamber connected to a
nebulization system (Buxco Mass Dosing Chamber, DSI™/Harvard
Bioscience). An inhalation-based paradigm was selected because inha-
lation represents the primary route of human exposure to airborne PM
(Thompson, 2018), thereby providing greater route-of-exposure rele-
vance than direct administration procedures.

The nominal target dose used for the design of the study was selected
based on ambient PM concentrations previously reported in Tarragona
province (Spain). Environmental monitoring in this area has generally
reported PM; 5 concentrations of approximately 15-25 ug/ m® and PM;o
concentrations of approximately 25-40 pg/m?, depending on season and
climatic conditions (Sanchez-Soberon et al., 2019). Considering an adult
human body weight of 70 kg and an inhaled air volume of approximately
20 m®/day, the corresponding daily inhaled PM burden is estimated at
approximately 19-20 pg/kg/day. A tenfold factor was subsequently
applied to account conservatively for interspecies variability (EPA,
2002), resulting in the nominal experimental target of 200 ug/kg/day.
In a global context, the reported local PM; 5 concentrations are below
the estimated worldwide urban average for 2019 (35 ug/m®) and below
those observed in the most polluted urban regions (Southerland et al.,
2022). Nevertheless, they exceed the WHO annual AQG values of
5 pg/m3 for PMy s and 15 ug/m3 for PM;o (WHO, 2021), supporting their
environmental and public-health relevance.

The exposure regimen was therefore conceived as a temporally
compressed, high-exposure experimental scenario intended to approxi-
mate within a 1-h daily session a PM burden that, in humans, would
accumulate over a substantially longer period of continuous ambient
exposure. The 1-h session was selected to limit the time that dams and
litters remained in the exposure chamber and thereby minimize
procedure-related stress. The resulting target dose was used as a nominal
value for configuring the experimental exposure rather than as a direct
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measurement of the dose inhaled by the animals. Chamber loading was
calculated assuming a mean adult-mouse body weight of 30 g and an
estimated daily respiratory volume of 0.038 m?® (Office of
Environmental Health Hazard Assessment, 2005), corresponding to
approximately 0.001583 m® during a 1-h exposure. Under these as-
sumptions, a nominal dose of 200 pg/kg corresponded to 6 ug per
adult-mouse equivalent. Considering an aggregate respiratory-volume
approximation of eight adult-mouse equivalents per chamber, the
target airborne concentration was calculated as approximately
3789 ug/m°. Based on the chamber volume of 0.014 m®, this concen-
tration corresponded to a total nominal PM load of approximately
53.05 pg.

The calculated concentration of 3789 ug/m? represents a theoretical
maximum chamber concentration, assuming complete aerosolization
and homogeneous distribution, maintenance of a constant airborne
concentration throughout the 1-h exposure period, and no particle los-
ses. The PM load was suspended in 3 mL of 0.9% saline and nebulized
over approximately 30 min. Animals remained in the chamber for an
additional 30 min after nebulization, resulting in a total exposure-
session duration of 1 h. Because aerosol concentration was not moni-
tored continuously and the chamber was not airtight, the calculation did
not account for ventilation, leakage, sedimentation, deposition on
chamber surfaces, or temporal changes in aerosol concentration.
Therefore, neither the theoretical chamber concentration nor the nom-
inal target dose should be interpreted as the actual inhaled or
pulmonary-deposited dose. A step-by-step summary of the assumptions,
input parameters, and calculations used to derive the nominal target
dose and theoretical maximum chamber concentration is provided in
Supplementary Table S1. Further technical details of the chamber
configuration and aerosol generation are provided in our previous
publication (Rodulfo-Cardenas et al., 2026).

To habituate females to the exposure procedure, animals intended
for breeding were placed in the exposure chamber for 5 consecutive days
during the week preceding mating. Exposures were conducted in a room
separate from the housing facility for 1 h per day from PND4 to PND14.
During each exposure session, dams remained together with their litters
to minimize stress and preserve animal welfare conditions. Behavioral
assessments covering motor coordination and learning, locomotor ac-
tivity, anxiety-like behavior, social behavior, anhedonia-like behavior,
and spatial learning and memory were performed in young adult ani-
mals between PND50 and PND96. On the day after completion of the last
behavioral assessment, the animals were euthanized and biological
samples were collected for subsequent analyses. The overall experi-
mental design, including the exposure window, behavioral assessment
sequence, and sacrifice, is summarized in Fig. 1.

2.3. Motor function assessment

Motor coordination and learning were assessed using the Rotarod
test (Shiotsuki et al., 2010). The apparatus consisted of a rotating cyl-
inder elevated above a padded surface, allowing evaluation of the ani-
mal’s ability to maintain balance on the rod. The test was conducted
over two consecutive days. On the first day, animals performed two
acquisition trials at a constant speed of 16 rpm, separated by a 30-min
inter-trial interval. In each trial, animals were required to remain on
the rotating rod for a maximum of 120 s; when an animal fell, it was
placed back on the cylinder, and the trial continued until the total trial
duration was completed. On the second day, animals performed a final
acquisition trial, followed 2 h later by the test session. The test session
followed an accelerating protocol, starting at 16 rpm and ending when
the animal fell or when the maximum duration of 120 s was reached.
During acquisition, latency to first fall, total number of falls, and number
of flips were recorded. During the test session, latency to fall and
maximum speed reached were analyzed.
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Fig. 1. Experimental timeline. Schematic overview of the early postnatal exposure period, behavioral assessment sequence, and sacrifice in humanized apoE3 and
apoE4 mice. Mice were exposed daily to saline or PM solution from PND4 to PND14. Motor function was assessed at PND50, followed by the behavioral test battery
from approximately PND80 to PND96. Animals were sacrificed at PND97 for subsequent gene-expression analyses. Abbreviations: Morris Water Maze (MWM), Open
Field test (OFT), Particulate matter (PM), Postnatal day (PND), Sucrose Preference test (SPT), Three-Chamber Social test (3CST).

2.4. Behavioral tests

Behavioral tests were performed during the light phase
(08:30-14:00) and conducted in a dedicated experimental room main-
tained at 22 + 2 °C under white overhead light. Animals were trans-
ferred to the testing room 10 min prior to the start of testing to allow
acclimation. All behavioral tests were recorded and tracked using a
C920 Pro HD webcam (Logitech, Switzerland) connected to EthoVision
XT 17 software (Noldus Information Technologies, Wageningen, The
Netherlands). In the Open Field Test (OFT) and the Three-Chamber
Social Test (3CST), boxes were cleaned with 70% ethanol between tri-
als to avoid olfactory cues.

The behavioral battery was performed in a fixed order: OFT, 3CST,
sucrose preference test (SPT), and Morris water maze (MWM). This
sequence was selected to progress from tests involving relatively low
stress and limited learning demands to more demanding or potentially
stressful procedures, thereby minimizing carryover effects on subse-
quent outcomes. The MWM was performed last because repeated
swimming, escape learning, and the associated handling could induce
stress or learning-related effects capable of influencing performance in
the other tests. Although carryover effects cannot be completely
excluded in a repeated-testing design, all animals underwent the same
sequence, thereby standardizing testing history across experimental
groups.

2.4.1. Open field test

Locomotor activity and anxiety-like behavior were evaluated using
the OFT (Peris-Sampedro et al., 2020). The OF apparatus consisted of an
open-top square wooden box (60 x 60 cm base, 50 cm wall height). The
field was virtually divided into two zones: the periphery, defined as the
15-cm area adjacent to the walls, and the center. Each subject was
placed in the center of the field at the beginning of the trial and allowed
to explore freely for 30 min. Locomotor activity was quantified as the
total distance traveled and mean velocity, and habituation to the novel
environment was assessed as the progressive change in locomotor ac-
tivity across consecutive 5-min intervals. Anxiety-like behavior was
inferred from center-related measures, including total distance traveled,
mean velocity, time spent in the center, frequency of center entries, and
the ratio of distance traveled in the center to total distance. Trials in
which the animal was not detected for more than 10% of the recording
time were further inspected to assess whether the tracking loss occurred
in the peripheral zone. In such cases (n = 7), total distance traveled,
mean velocity, and distance-based ratios were excluded from the anal-
ysis, while center-related parameters were still included. In addition,
one apoE3 CNT male was excluded from the OFT analysis as an outlier
based on total distance traveled.

2.4.2. Three-chamber social test

Sociability and social novelty preference were assessed using the
3CST (Basaure et al., 2019). The apparatus consisted of an open-top
Plexiglas box (60 x 30 x 30 cm) divided into three interconnected
chambers (20 x 30 x 30 cm) by two transparent walls with doorways,
allowing the mouse to move freely between compartments. Both lateral

chambers contained an empty wire cup (7 x 7 cm) positioned in the
lower corner. The procedure comprised three phases. In the habituation
phase, the mouse was placed in the central chamber and allowed to
explore freely for 10 min. In the sociability phase, one unfamiliar
conspecific of the same sex and age was placed under one wire cup
(social chamber), while an inanimate object (red plastic frog,
2.5 x 2.5 cm) was placed under the other wire cup (non-social cham-
ber). In the social novelty phase, the inanimate object was replaced with
a novel unfamiliar mouse of the same sex and age (novelty chamber),
while the now-familiar mouse from the previous phase remained under
its original wire cup. In the latter two phases, the animal was allowed
6 min of free exploration. During the habituation phase, general loco-
motor measures (total distance traveled and mean velocity) were
assessed, and the time spent in each chamber was analyzed to detect any
baseline side preference. During the sociability and social novelty pha-
ses, general locomotor measures (distance traveled and velocity) were
also assessed, together with the time spent in the social or novel
chamber. Additionally, a social preference ratio was calculated as: (time
in social chamber — time in non-social chamber)/(time in social
chamber + time in non-social chamber). Across trials, the location of the
social stimulus was counterbalanced between the left and right cham-
bers to minimize potential side bias. Trials in which the animal was not
detected for more than 10% of the recording time were visually
inspected to identify the location of tracking loss and determine data
inclusion. During the social novelty phase, three animals exceeded this
threshold; however, video inspection confirmed that tracking loss
occurred while the animals remained in the novel social chamber, and
therefore these trials were also retained. In addition, one apoE3 PM male
and two apoE4 PM females were excluded from the social novelty
analysis because of tracking failures.

2.4.3. Sucrose preference test

Anhedonia was evaluated using the SPT based on a two-bottle choice
paradigm (Liu et al., 2018). Two days before testing, animals were
familiarized with the presence of two bottles in their home cages (both
bottles filled with water). The SPT was conducted over three consecutive
days. During each daily 4-h testing session, animals were temporarily
transferred to individual cages to enable accurate measurement of fluid
intake for each mouse and were given access to two bottles, one con-
taining water and the other containing a 4% (w/v) sucrose solution. To
minimize side bias, bottle positions were switched 2 h after the onset of
each session. Food remained available ad libitum throughout testing.
Bottles were weighed immediately before and after each session to
quantify fluid intake, and sucrose preference (%) was calculated as:
(sucrose intake / total fluid intake) x 100.

2.4.4. Morris water maze test

Spatial learning and memory were assessed using the MWM (Morris,
1984). The apparatus consisted of a circular pool (diameter, 100 cm;
height, 60 cm) virtually divided into four quadrants. A circular escape
platform (diameter, 10 cm) was positioned at the center of the target
quadrant (TQ), submerged 1 cm below the water surface. The pool was
filled with a water-latex mixture to conceal the platform. Black
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geometric figures affixed to the surrounding walls served as distal visual
cues. Four starting points and four positions for an inner rotating wall
were predefined and varied across trials to minimize intra-maze cues
and promote allocentric navigation (Reverte et al., 2012).

Animals were habituated to the aquatic environment for 45 s without
the platform. Three days later, the acquisition phase began and
comprised 20 trials (4 trials/day for five consecutive days; 30-min inter-
trial interval). In each trial, animals had 90 s to locate the hidden plat-
form; upon locating it, they remained on the platform for 30 s. If an
animal failed to locate the platform, the experimenter guided it to the
platform, where it remained for 30 s. After each trial, animals were dried
in a clean cage under infrared light. During acquisition, distance trav-
eled, swim velocity, and latency to reach the platform were analyzed as
indices of learning. Short- and long-term memory were assessed in probe
trials (platform removed) conducted 4 h after the last acquisition day
and again at 72 h later. In each probe trial, mice were released into the
pool and allowed to swim freely for 60 s. Total distance, mean velocity,
and time spent in the TQ were analyzed. Following the 72-h probe, the
reversal phase commenced. The platform was relocated to the quadrant
opposite the original TQ, and animals again had 90 s per trial. This phase
included 8 trials (4 trials/day over two consecutive days), and the same
outcome measures as in acquisition were analyzed. Four hours after the
start of the second reversal day, a final probe trial was performed to
assess memory for the new platform location and cognitive flexibility.
On the last day, the visual phase was conducted by attaching a salient
visual cue to the platform to exclude visual deficits; animals had 90 s per
trial. This phase comprised 4 trials conducted on a single day, and the
same acquisition measures were analyzed. Body weight was monitored
on days 1, 5, and 8 of the MWM protocol as a welfare control measure.

2.5. Sacrifice and sampling

Animals were euthanized on the day following completion of the
behavioral tests. Before euthanasia, they were subjected to a 4-h fasting
period. Anesthesia was induced by inhalation of isoflurane (Vetflurane,
1000 mg/g, Virbac Spain, S.A.) using a low-flow anesthesia system
(SomnoSuite®, Kent Scientific Corporation, USA). After confirming loss
of reflexes and adequate anesthetic depth, cardiac exsanguination was
performed to obtain plasma samples using EDTA tubes (K2E Tubes; BD
Microtainer®, USA). Death was confirmed by cervical dislocation, and
the following brain regions were rapidly dissected: olfactory bulb,
frontal cortex, STR, HPC, hypothalamus, and brainstem together with
cerebellum. Samples were immediately snap-frozen on dry ice and
stored at —80 °C until analysis.

2.6. Gene expression analysis

The HPC and STR were selected for gene-expression analyses because
of their complementary involvement in the behavioral domains
assessed. The HPC plays a central role in spatial learning and memory,
including acquisition, retention, and reversal performance in the MWM
(Dong et al., 2013; Morris et al., 1982; Vorhees and Williams, 2014), and
also contributes to contextual processing (Anagnostaras et al., 2001),
anxiety-related behavior (Kjelstrup et al., 2002), and social recognition
(Tanimizu et al., 2017). The STR is critically involved in locomotor and
motor function, action selection, procedural learning, motivation,
reward processing, and social behavior (Baez-Mendoza and Schultz,
2013; Graybiel and Grafton, 2015; Kreitzer and Malenka, 2008; Liang
et al., 2022; Liljeholm and O’Doherty, 2012), making it relevant to
outcomes assessed in the Rotarod, OFT, 3CST, SPT, and MWM. More-
over, the HPC and STR are thought to cooperate closely during navi-
gation rather than functioning as parallel and independent systems,
further supporting the relevance of examining both regions in relation to
MWM performance (Miyoshi et al., 2012). Together, these regions
allowed us to investigate molecular pathways associated with cognitive,
emotional, motor, social, and reward-related outcomes.
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Total RNA was extracted using the NZY DNA/RNA/Protein Isolation
Kit (Ref. MB45901; NZYtech, Lisbon, Portugal). Samples were processed
under coded identifiers, and genotype, sex, and treatment groups were
distributed across extraction batches to reduce systematic batch-related
variation. RNA concentration and purity were determined using a
Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Complementary DNA (cDNA) was synthesized from RNA
samples using the Maxima First Strand cDNA Synthesis Kit for RT-qPCR
(Ref. K1642; ThermoFisher Scientific, Waltham, MA, USA). For each
sample, standardized amounts of 718.2 ng of total hippocampal RNA
and 273.7 ng of total striatal RNA were reverse-transcribed, resulting in
final cDNA concentrations of 11.97 ng/pL and 4.56 ng/pL, respectively.

Real-time quantitative polymerase chain reaction (RT-qPCR) was
used to assess gene expression, employing the Maxima SYBR Green/ROX
qPCR Master Mix (2X) Kit (Ref. K0222; Thermo Fisher Scientific, Wal-
tham, MA, USA). The target genes analyzed in each brain region and the
corresponding primer sequences are provided in Supplementary
Table S2. Primer specificity was evaluated in silico using NCBI Primer-
BLAST, and amplification efficiency was determined for each primer
pair. Reactions were run in triplicate, and quantification cycle (Cq)
values were acquired with a QuantStudio™ 5 Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA). When the standard de-
viation of triplicate Cq values exceeded 0.3 (Applied Biosystems, 2008),
individual replicates were inspected to determine whether a technical
outlier could be identified and excluded. If no clear outlier was detected,
the corresponding sample was removed from further analysis.

To identify the most suitable reference genes for normalization, five
candidate housekeeping genes (Gapdh, Hprtl, Rpll3a, Sdha and Tbp)
(Yin et al., 2010) were evaluated for expression stability independently
in each tissue using RefFinder, a web-based tool that integrates geNorm,
NormFinder, BestKeeper, and the comparative ACq method to rank
candidate reference genes (Xie et al., 2012). The potential benefit of
including a third reference gene was also assessed. Based on the overall
results, Gapdh and Hprt1 were identified as the two most stable reference
genes and were therefore selected for normalization in both tissues.
Relative quantity (RQ) values were calculated for each sample using the
formula RQ=E 4, where E represents the amplification efficiency of the
corresponding primer pair, following the efficiency-corrected approach
described by Pfaffl (2001). A normalization factor (NF) was then ob-
tained as the geometric mean of the RQ values of the two selected
reference genes, according to the method proposed by Vandesompele
et al. (2002). Normalized relative quantity (NRQ) was subsequently
calculated for each target gene by dividing its RQ value by the corre-
sponding NF. Fold change values were then obtained by normalizing
each NRQ value to the geometric mean NRQ of the male apoE3 control
group, which was used as the reference group.

2.7. Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics version
31.0 software (IBM Corp., NY, USA). Potential outliers were identified
using Grubbs’ test (#=0.05). Data are presented as mean =+ standard
error of the mean (SEM). Statistical significance was set at p < 0.05,
while values between p > 0.05 and p < 0.10 were considered trends.
Full statistical outputs for all analyses are provided in the
Supplementary Material (Table S3-S18).

Genotype, sex, and treatment were included as the main experi-
mental factors in the statistical models. Depending on the outcome
variable and experimental design, data were analyzed using univariate
analysis of variance (ANOVA) or repeated-measures ANOVA (RM-
ANOVA). Univariate ANOVA was used for single-time-point outcomes,
including body weight, Rotarod test performance, and selected behav-
ioral and molecular endpoints. RM-ANOVA was used for repeated
measures across time, trials, days, or chambers, including OFT, 3CST,
SPT, and MWM. For RM-ANOVA, multivariate statistics were consid-
ered, with Pillai’s trace used for within-subject effects. When significant
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interaction effects were detected, simple-effects analyses were per-
formed using estimated marginal means with Bonferroni adjustment for
multiple comparisons. One-sample t-tests were used for the 3CST, SPT,
and MWM probe trials to assess whether preference or memory-related
measures differed from their corresponding theoretical chance levels.

For Rotarod acquisition, distributional properties were specifically
inspected using descriptive statistics, skewness, kurtosis, normality
tests, frequency distributions, and visual inspection. Latency to first fall
showed positive skewness, particularly during the first acquisition trial;
therefore, values were natural log-transformed and analyzed using a
repeated-measures general linear model. The number of falls was treated
as count data. Because descriptive inspection showed positive skewness,
overdispersion, and an increasing proportion of zero values across
acquisition trials, falls were analyzed using a generalized linear mixed
model with a negative binomial distribution and log-link function. Trial,
genotype, sex, and treatment were included as fixed factors, together
with their interactions, and animal ID was included as a random inter-
cept to account for repeated observations within animals. During the
Rotarod test phase, latency to fall and maximum speed reached were
analyzed using separate univariate ANOVA.

Potential associations between individual body weight and selected
behavioral outcomes were assessed using partial correlations controlling
for genotype, sex, and treatment. These included Rotarod test-phase
latency, OFT total distance, and mean MWM acquisition velocity and
latency. When a significant association was detected, a sensitivity
analysis was performed by adding body weight as a covariate to the
original factorial model after verifying homogeneity of regression
slopes.

For the RT-qPCR analyses, each gene and brain region was analyzed
separately according to the factorial experimental design. Bonferroni
adjustment was applied to estimated marginal-mean comparisons per-
formed following significant interaction effects. No additional correc-
tion was applied across the complete set of genes, model effects, and
brain regions because the candidate-gene analyses were intended as
exploratory and hypothesis-generating, with the aim of identifying
molecular pathways and potential targets for subsequent validation.
Accordingly, RT-qPCR p-values are reported as nominal values, and the
molecular findings should not be interpreted as confirmatory evidence.
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3. Results
3.1. PM exposure increases post-weaning weight gain in apoE3 females

Because body weight is inherently sex-dependent from early devel-
opment, body-weight analyses were stratified by sex. To avoid litter-
related pseudoreplication, the litter was used as the experimental unit,
and body-weight values were expressed as the mean weight of pups
within each litter. At PND28 (Fig. 2A), corresponding to weaning, males
showed a significant Genotype effect, with apoE4 males weighing more
than apoE3 males [Fy 47= 4.164, p = 0.047, n,>= 0.081], whereas PM-
exposed females tended to weigh less than controls [F;4s= 3.458,
p = 0.069]. No significant effects were detected at PND50 or PND70 in
either sex.

Body-weight gain from PND28 to PND70 (Fig. 2B) was then analyzed
to evaluate post-weaning growth. In males, apoE3 mice showed signif-
icantly greater weight gain than apoE4 mice [Fq 46= 4.268, p = 0.044,
np°= 0.085]. In females, weight gain was significantly affected by Ge-
notype [F;47=8.131, p=0.006, 1,’=0.147] and Treatment
[F1,47= 11.255, p = 0.002, np°= 0.193], with a significant Genotype x
Treatment interaction [F47= 5.047, p = 0.029, r]pzz 0.097]. Simple-
effects analyses showed that apoE3 PM-exposed females gained more
weight than apoE4 PM-exposed females [F;47;=12.772, p < 0.001,
np°=0.214], and PM exposure increased weight gain specifically in
apoE3 females compared with their controls [F; 47= 14.826, p < 0.001,
np°= 0.240].

3.2. Motor coordination and learning are modulated by genotype and sex

During Rotarod acquisition, latency to the first fall (Fig. 3A)
increased significantly across trials [Fo75 = 326.871, p < 0.001, np°=
0.897], reflecting progressive improvement in motor performance.
Moreover, the temporal dynamics of motor learning showed a signifi-
cant Trial x Genotype x Sex x Treatment interaction [Fg75 = 4.300,
p=0.017, np2: 0.103], indicating that the evolution of initial motor
performance depended on the combined influence of genotype, sex, and
PM exposure. Follow-up comparisons based on estimated marginal
means showed that, in apoE4 males, PM-exposed animals performed
better than controls, as reflected by higher latency to fall at Trial 1 [Fq 76
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Fig. 2. Body weight analysis. At PND28, apoE4 males exhibited higher body weight than apoE3 males, whereas PM-exposed females showed a trend toward lower
body weight compared with controls (A). Regarding body weight gain from PND28 to PND70, apoE3 males gained more weight than apoE4 males, while apoE3 PM-
exposed females displayed greater weight gain than both apoE3 control females and apoE4 PM-exposed females (B). Data are presented as mean + SEM. The litter
was used as the statistical unit for body-weight analyses: apoE3 male CNT (n = 12), apoE3 male PM (n = 11), apoE3 female CNT (n = 12), apoE3 female PM
(n = 12), apoE4 male CNT (n = 15), apoE4 male PM (n = 13), apoE4 female CNT (n = 15), apoE4 female PM (n = 13). *p < 0.05, **p < 0.01, ***p < 0.001. Ab-
breviations: ApoE3 mice (E3), ApoE4 mice (E4), Control (CNT), Genotype (Gen), Particulate matter (PM), Postnatal day (PND), Treatment (Ttm).
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Fig. 3. Rotarod Test. Latency to first fall increased across trials, indicating progressive improvement in motor performance, with genotype-, sex-, and treatment-
dependent differences during acquisition (A). Falls decreased across trials, consistent with motor learning/adaptation, and apoE3 mice showed a higher number
of falls than apoE4 mice (B). Data are presented as mean + SEM. ApoE3 male CNT (n = 10), apoE3 male PM (n = 11), apoE3 female CNT (n = 11), apoE3 female PM
(n = 10), apoE4 male CNT (n = 10), apoE4 male PM (n = 11), apoE4 female CNT (n = 11), apoE4 female PM (n = 11). *p < 0.05, **p < 0.01. Abbreviations: ApoE3
mice (E3), ApoE4 mice (E4), Control (CNT), Genotype (Gen), Particulate matter (PM), Treatment (Ttm), Trial (T).

= 4.804, p = 0.031, 1,°= 0.059]. Among PM-exposed females, apoE3
mice showed lower latency than apoE4 mice at Trial 2 [F; 76 = 7.933,
p=0.006, n,°=0.095] and Trial 3 [Fi76 =6.516, p=0.013,
np°= 0.079]. In addition, within PM-exposed apoE4 mice, males showed
lower latency than females at Trial 2 [Fy76 = 5.861, p=0.018,
np2: 0.072]. The number of falls (Fig. 3B) progressively decreased
across acquisition trials [F3 237 = 122.951, p < 0.001], consistent with
motor learning/adaptation over repeated exposure to the task. A general
Genotype-dependent effect was also observed [Fq231 =7.328, p =
0.007], with apoE3 mice showing a higher number of falls than apoE4
mice, together with a trend toward Genotype x Sex x Treatment
interaction [F;231 = 3.860, p =0.051]. No treatment-related in-
teractions were detected for this parameter, suggesting that PM expo-
sure did not produce a consistent alteration in overall acquisition
performance. No significant differences were observed in the analyzed
parameters during the test phase. Body weight at PND50 was not
significantly associated with test-phase latency to fall after controlling
for genotype, sex, and treatment (partial r = —0.059, p = 0.601).

3.3. Genotype and sex shape locomotor activity and anxiety-like behavior
in the Open field test

In the OFT, total distance traveled (Fig. 4A) and mean velocity
(Fig. 4B) were used as measures of general locomotor activity. For both
parameters, significant effects of Genotype (distance:[F;eg =4.771,
p = 0.032, 1,°=0.0661, velocity: [F; 63 =5.544, p = 0.021, 11,>=0.075])
and Sex (distance:[Fy g =16.100, p < 0.001, 1,°=0.191], velocity:
[F1,68 =10.265, p = 0.002, nP2:0.131]) were observed. Overall, apoE3
mice showed higher locomotor activity than apoE4 mice, as reflected by
greater distance traveled and higher mean velocity; similarly, males
displayed higher locomotor activity than females. Distance traveled was
also analyzed in 10-min intervals to assess habituation to the novel
environment. This analysis revealed significant effects of Time [Fy ¢y
=30.483, p < 0.001, 1,*= 0.476], consistent with habituation to the
novel environment, Time x Sex [F2 67 = 7.805, p < 0.001, np*= 0.189]
and a Time x Sex x Treatment interaction [F¢7; = 3.599, p = 0.033,
npzz 0.097] (Fig. 4C). Follow-up simple effects analyses based on esti-
mated marginal means with Bonferroni adjustment showed that males
traveled a greater distance than females during the first 20 min, both in
the 0-10 min interval [F; gg= 15.470, p < 0.001, n,°>= 0.185] and in the
10-20 min interval [Fqgg= 20.895, p < 0.001, ny>=0.235]. When
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Fig. 4. Open Field Test. Total distance travelled (A) and mean velocity (B) indicated higher locomotor activity in apoE3 than in apoE4 mice, and in males compared
with females. Distance travelled across consecutive 10-min intervals progressively decreased over time, with sex- and treatment-dependent modulation of this
habituation pattern (C). Center distance ratio was higher in apoE3 than in apoE4 mice and in males than in females, suggesting a more anxiety-like profile in apoE4
mice and females (D). ApoE4 females also displayed higher center velocity than apoE3 females (E). Data are presented as mean + SEM. ApoE3 male CNT (n = 9),
apoE3 male PM (n = 10), apoE3 female CNT (n = 11), apoE3 female PM (n = 10), apoE4 male CNT (n = 10), apoE4 male PM (n = 11), apoE4 female CNT (n = 11),
apoE4 female PM (n = 10). *p < 0.05, **p < 0.01. Abbreviations: ApoE3 mice (E3), ApoE4 mice (E4), Control (CNT), Genotype (Gen), Particulate matter (PM),

Treatment (Ttm).

treatment groups were examined separately, CNT males travelled a
greater distance than CNT females during both the 0-10 min
[F1,68=17.765, p < 0.001, np2: 0.207] and 10-20 min intervals
[F1,68= 19.690, p < 0.001, 1,>=0.225]. In the PM-exposed group,
males also traveled a greater distance than females, but this difference
was restricted to the 10-20 min interval [F;¢g= 3.968, p = 0.050,
np°= 0.055].

The center-related parameters were used as indicators of anxiety-like
behavior. ApoE3 mice showed more frequent entries into the center than
apoE4 mice [F;75 = 13.587, p < 0.001, np2: 0.153], and males also
showed a higher number of center entries than females [Fq 75= 6.208,
p = 0.015, np°>= 0.076]. Time spent in the center was also higher in
apoE3 than in apoE4 mice [F;75=8.926, p = 0.004, np2: 0.106].
Similarly, the ratio between distance traveled in the center and total

distance was higher in apoE3 than in apoE4 mice [Fjeg= 13.603,
p <0.001, ny>=0.167], and higher in males than in females
[F1,68= 5.433, p = 0.023, np2: 0.074], with a trend toward a Genotype
x Sex x Treatment interaction [F;gg= 3.282, p = 0.074, np2: 0.046]
(Fig. 4D). For center velocity, a significant Genotype x Sex interaction
was observed [F;75=4.023, p = 0.049, r]pzz 0.051], with apoE4 fe-
males showing higher velocity than apoE3 females [F;75=4.139,
p = 0.045, n,°= 0.052] (Fig. 4E). Overall, these findings suggest that
apoE4 mice displayed a more anxiety-like profile than apoE3 mice,
while females showed reduced center-directed exploration compared
with males.

Although body weight at PND70 was negatively associated with total
distance traveled in the OFT after controlling for genotype, sex, and
treatment (partial r = —0.302, p = 0.010), adjustment for body weight
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in the factorial model did not alter the statistical conclusions. The effects
of genotype and sex remained significant, whereas treatment and all
interaction effects remained non-significant.

3.4. Three-chamber social test reveals subgroup-specific patterns in social
behavior in apoE3 mice

During the habituation phase, total distance traveled (Fig. 5A) and
mean velocity (Fig. 5B) showed significant effects of Genotype (distance:
[F1,76=5.503, p = 0.022, np2:0.068], velocity: [Fi76 =4.438,
p = 0.038, n,°=0.055]) and Sex (distance:[F; 76 =21.330, p < 0.001,
np°=0.219], velocity: [Fy7¢ =16.982, p < 0.001, n,°=0.183]), with
apoE3 mice traveling a greater distance and moving at a higher velocity
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than apoE4 mice, and males showing higher locomotor activity than
females. Moreover, animals spent more time in both lateral chambers
than in the central chamber [Fy75= 233.961, p < 0.001, npzz 0.862];
importantly, no significant differences were observed between the left
and right chambers, indicating the absence of baseline side preference.
Although a significant Time x Genotype interaction [Fg75= 4.666,
p=0.012, np2: 0.111] was detected and localized to the central
chamber [F;76=7.988, p = 0.006, npzz 0.095], this effect did not
reflect side bias and therefore did not compromise the interpretation of
the subsequent phases.

The same genotype- and sex-dependent locomotor profile was also
observed during the sociability and social novelty phases, with apoE3
mice showing higher total distance traveled and mean velocity than
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Fig. 5. Three-Chamber Social Test. During the habituation phase, apoE3 mice showed higher locomotor activity than apoE4 mice, and males showed higher lo-
comotor activity than females, as reflected by greater distance traveled (A) and higher mean velocity (B). During the sociability phase, mice spent significantly more
time in the social chamber than in the non-social chamber, with males showing greater social exploration than females (C). ApoE3 PM-treated females did not show a
significant preference for the social stimulus (D). During the social novelty phase, mice spent significantly more time in the novel social chamber than in the familiar
chamber (E). ApoE3 PM-treated males, as well as apoE3 females under both control and PM-exposed conditions, did not show a significant preference for the novel
social stimulus (F). Data are presented as mean + SEM. ApoE3 male CNT (n = 10), apoE3 male PM (n = 9-10), apoE3 female CNT (n = 11), apoE3 female PM
(n = 10), apoE4 male CNT (n = 10), apoE4 male PM (n = 11), apoE4 female CNT (n = 11), apoE4 female PM (n = 9-11). *p < 0.05, ***p < 0.001, ns=non-sig-
nificant. Abbreviations: ApoE3 mice (E3), ApoE4 mice (E4), Control (CNT), Genotype (Gen), Particulate matter (PM).
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apoE4 mice, and males displaying higher locomotor activity than
females.

During the sociability phase, mice showed a robust preference for the
social stimulus, spending significantly more time in the social than in the
non-social chamber [F; 76= 130.012, p < 0.001, npzz 0.631] (Fig. 5C).
This effect was modulated by sex, as indicated by a significant Time x
Sex interaction [F; 7= 4.946, p = 0.029, 1,°= 0.061]. Follow-up Bon-
ferroni-corrected comparisons confirmed significant sociability in both
males and females [Fy 7= 90.677 and 43.149, respectively, p < 0.001,
np°= 0.544 and 0.362, respectively]; however, males spent more time in
the social chamber than females [F; 76= 5.584, p = 0.021, 1,*= 0.068],
with no sex difference in the non-social chamber [F;7¢= 3.687,
p = 0.059]. Consistently, analysis of the social preference ratio revealed
a significant effect of Sex [Fj76=4.283, p =0.042, np°>= 0.053],
together with a trend toward a Genotype x Sex x Treatment interaction
[F1,76= 3.028, p = 0.086, np>= 0.038], suggesting that social preference
may be differentially modulated across genotype, sex, and treatment
conditions. To further characterize preference within each experimental
group, the social preference ratio was tested against zero. In apoE3 PM-
treated females, social preference did not reach statistical significance
(toe=1.745, p = 0.057) (Fig. 5D). However, because the Genotype x Sex
x Treatment interaction was not significant and no direct between-
treatment difference was detected, this within-group result should not
be interpreted as evidence of a PM-induced sociability deficit.

During the social novelty phase, mice spent significantly more time
in the novel social chamber than in the familiar social chamber
[F1,73=32.417, p < 0.001, np2: 0.308] (Fig. 5E), indicating an overall
preference for social novelty. Analysis of the social novelty preference
ratio showed only a trend toward a Genotype effect [F;73= 2.832,
p = 0.097, np>= 0.037], with no significant treatment-related effects or
interactions. One-sample t tests showed that social novelty preference
did not reach statistical significance in apoE3 PM-treated males
(ts=0.980, p =0.178) or in apoE3 females under either control
(t10=1.161, p = 0.136) or PM-exposed conditions (tg=1.589, p = 0.073)
(Fig. 5F). Although these within-group patterns may suggest attenuated
social preference in some PM-exposed subgroups, they do not demon-
strate differences between treatments. In the absence of significant
treatment-related effects or interactions, these observations should be
considered exploratory and warrant further investigation of possible
subgroup-specific responses to PM.

3.5. APOE genotype modulates sucrose preference dynamics without
inducing anhedonia-like behavior

One-sample t-tests against the 50% chance level confirmed a pref-
erence for sucrose over tap water in all groups, both for daily sucrose
preference values and for the mean intake across the 3-day testing
period, indicating preserved sucrose preference and no evidence of
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anhedonia-like behavior. Nevertheless, sucrose preference varied
significantly across testing days [Fa,73= 25.358, p < 0.001, np*= 0.410],
with a significant Day X Genotype interaction [Fy73=10.993,
p < 0.001, np*> = 0.231], indicating genotype-dependent differences in
the temporal profile of sucrose preference (Fig. 6A). Simple-effects an-
alyses showed that apoE4 mice exhibited higher sucrose preference than
apoE3 mice on Day 1 [Fy 74= 5.650, p = 0.020, 1,°= 0.071] and Day 3
[F1,74=7.985, p=0.006, np°’=0.097]. No significant interactions
involving sex or treatment were detected.

To determine whether these differences reflected changes in general
drinking behavior, total fluid intake was also analyzed. Total intake
varied significantly across days [F273= 33.050, p < 0.001, 1,*= 0.475],
but no significant interactions involving genotype, sex, or treatment
were observed. These findings indicate that the genotype-dependent
differences in sucrose preference were not attributable to differences
in overall fluid consumption.

3.6. APOE genotype influences Morris water maze performance without
consistent evidence of spatial memory deficits

Body weight showed a significant main effect of Day [Fo 75= 14.094,
p < 0.001, np*= 0.273] and a significant Day x Genotype interaction
[F2,75=14.390, p < 0.001, 1,*= 0.277], indicating that body weight
changed over time and that this temporal pattern differed by genotype.
A significant between-subject effect of Sex was also observed
[F1,76= 579.482, p < 0.001, 1,>= 0.884], reflecting the expected higher
body weight in males compared with females. The Day x Genotype
interaction was driven by a transient reduction in body weight in apoE4
mice on Day 5 (p < 0.001), whereas apoE3 mice showed relatively sta-
ble body weight across the assessment period. Body weight on MWM
Day 1 was not significantly associated with either mean swim velocity
(partial r = 0.075, p = 0.508) or mean latency to reach the platform
(partial r = 0.114, p = 0.312) during acquisition after controlling for
genotype, sex, and treatment.

During the acquisition phase, RM-ANOVA revealed a significant
main effect of Day for distance traveled [F473=94.129, p < 0.001,
np°= 0.838], latency to reach the platform [F473=79.395, p < 0.001,
npzz 0.813] (Fig. 7A), and swim velocity [F473= 75.030, p < 0.001,
np°= 0.804], indicating progressive improvement across training days.
Significant Day x Genotype interactions were observed for both distance
traveled [F473=4.470, p=0.003, n,°=0.197] and latency
[F4,73=2.981, p = 0.024, np>= 0.140]. Follow-up simple-effects ana-
lyses showed significant genotype differences on each acquisition day
for both parameters, with apoE4 mice traveling shorter distances and
reaching the platform faster than apoE3 mice, indicating better acqui-
sition performance.

In the 4-h probe trial, apoE3 mice showed lower locomotor/explor-
atory activity than apoE4 mice, as reflected by reduced distance traveled
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Fig. 6. Sucrose Preference Test. All experimental groups showed sucrose preference above chance level, indicating preserved hedonic behavior, but apoE4 mice
displayed higher sucrose preference than apoE3 mice on Days 1 and 3 (A). Data are presented as mean + SEM. ApoE3 male CNT (n = 10), apoE3 male PM (n = 10),
apoE3 female CNT (n = 11), apoE3 female PM (n = 10), apoE4 male CNT (n = 10), apoE4 male PM (n = 11), apoE4 female CNT (n = 11), apoE4 female PM
(n =11). *p < 0.05, **p < 0.01. Abbreviations: ApoE3 mice (E3), ApoE4 mice (E4), Control (CNT), Particulate matter (PM).
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Fig. 7. Morris Water Maze Test. Animals progressively improved performance across training days, with apoE4 mice reaching the platform faster than apoE3 mice
(A). ApoE3 mice showed reduced locomotor/exploratory activity compared with apoE4 mice during P1, whereas no differences were found in P2 (B). All groups
spent more time in the TQ than expected by chance during P1, whereas apoE3 control males failed to show significant retention during P2 (C). Animals improved
reversal performance from Day 1 to Day 2, with apoE4 mice showing a greater reduction in latency than apoE3 mice. PM-treated males did not significantly improve
reversal performance across days (D). Most groups spent more time in the TQ than expected by chance in the P3, although apoE3 PM-treated females and apoE4
control females did not reach significance (E). ApoE3 mice showed longer latencies than apoE4 mice in the visual phase, indicating genotype-dependent differences
in visible-platform performance (F). Data are presented as mean + SEM. ApoE3 male CNT (n = 10), apoE3 male PM (n = 10), apoE3 female CNT (n = 11), apoE3
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**¥*p < 0.001, ns=non-significant. Abbreviations: ApoE3 mice (E3), ApoE4 mice (E4), Control (CNT), Day (D), Particulate matter (PM), Probe (P).

[F1,76= 10.344, p = 0.002, ny>=0.120] (Fig. 7B) and swim velocity
[F1,76= 10.344, p = 0.002, np>= 0.120]. However, no significant group
differences were detected in 4-h spatial memory, although a trend to-
ward a Genotype effect was observed for time spent in the TQ
[F1,76= 3.712, p =0.058]. One-sample t-tests against chance level
further showed that all groups spent significantly more time in the TQ
than expected by chance, indicating preserved short-term spatial
memory (Fig. 7C).

In the 72-h probe trial, no significant group differences were
observed in total distance, swim velocity, or long-term spatial memory
performance. However, one-sample t-tests against chance level showed
that apoE3 control males did not spend significantly more time in the TQ
than expected by chance (t9=1.652, p = 0.067), suggesting a possible
attenuation of long-term memory retention in this subgroup (Fig. 7C).

During reversal learning, animals improved from Day 1 to Day 2, as
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shown by reduced distance traveled [F;76= 33.308, p < 0.001,
np°= 0.305] and shorter latency to reach the platform [F; 76= 42.013,
p < 0.001, ny®>= 0.356] (Fig. 7D), indicating successful acquisition of the
new platform location. For latency, a significant Day x Genotype
interaction was observed [F; 76= 4.259, p = 0.042, np2: 0.053], with
both genotypes improving across reversal days but apoE4 mice showing
a more pronounced reduction in latency. Reversal performance was also
modulated by sex and treatment, as indicated by significant Day x Sex x
Treatment interactions for distance traveled [Fq76= 4.751, p = 0.032,
np°= 0.059] and latency [F; 76= 3.950, p = 0.050, n,°= 0.049]. Follow-
up analyses showed that PM-treated males did not significantly reduce
either distance traveled [F;76=1.737, p=0.192] or latency
[F1,76= 2.505, p = 0.118] from Day 1 to Day 2. No significant effects
were detected for swim velocity, suggesting that the observed differ-
ences were not driven by altered motor performance.
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In the reversal probe trial, no significant between-group differences
were observed in total distance traveled, swim velocity, new TQ, time
spent in the former TQ, or the flexibility index (time in new TQ - old
TQ). One-sample t-tests against chance level showed that most groups
spent significantly more time in the new TQ than expected by chance.
However, this effect did not reach significance in apoE3 PM-treated
females (tg=1.787, p = 0.054) or apoE4 control females (t;9=1.099,
p = 0.149) (Fig. 7E), suggesting weaker retention of the new platform
location in these subgroups.

In the visual phase, significant Genotype effects were observed for
distance traveled [F;76=14.087, p < 0.001, n,°= 0.156], latency to
reach the visible platform [F;76=16.820, p < 0.001, ny°=0.181]
(Fig. 7F), and swim velocity [Fy74=4.107, p = 0.046, np2: 0.053].
ApoE3 mice showed longer latencies, traveled greater distances, and
swam at higher velocities than apoE4 mice, indicating poorer visible-
platform performance in this genotype. These findings suggest that
sensorimotor, motivational, or visual factors may contribute to
genotype-related differences in MWM performance; therefore, the ge-
notype effects observed during acquisition and reversal should not be
interpreted exclusively as impaired spatial learning.

3.7. Hippocampal gene-expression responses to PM exposure are mainly
shaped by APOE genotype

In the HPC, gene-expression changes were primarily driven by ge-
notype, with additional sex- and treatment-dependent effects emerging
in selected molecular pathways. Within synaptic plasticity and post-
synaptic organization markers, Crebl (Fig. 8A) and Dig4 (Fig. 8B)
showed significant main effects of Genotype, with higher expression in
apoE4 than apoE3 mice [Crebl: Fq3o=7.225, p = 0.012, np°= 0.194;
Dlg4: Fy31=4.250, p = 0.048, ny>= 0.121]. Regarding glutamatergic
neurotransmission, Grin2a was significantly affected by Genotype, with
higher expression in apoE3 than apoE4 mice [Fy 3= 5.731, p = 0.023,
np°= 0.152] (Fig. 8C), while Grin2b showed a trend toward a Genotype
effect [F; 3= 3.687, p = 0.064]. The vesicular glutamate transporter
Vglut1 also showed a nominal Genotype effect, with higher expression in
apoE3 than apoE4 mice [Fj3;=10.600, p =0.003, np2: 0.255],
together with trends for Sex [F; 3= 3.638, p = 0.066] and Treatment
[F1,31= 3.692, p = 0.064], and a significant Sex x Treatment interaction
[F1,31= 4.850, p = 0.035, np*>= 0.135] (Fig. 8D). Simple-effects analyses
indicated that the sex effect was significant under control conditions
[F1,31= 8.197, p = 0.007, n,*= 0.209], with higher Vglutl expression in
males than females. In males, a significant Treatment effect was also
observed [Fy 3= 8.252, p = 0.007, np*= 0.210], with PM-treated males
showing reduced Vglutl expression compared with control males. In
contrast, no significant effects were observed for the GABAergic markers
Gabral, Gadl, or Gad2, nor for the serotonin receptors Htrla and Htr2c.

For markers related to astrocytic and microglial activation, Gfap
showed a significant Genotype effect, with higher expression in apoE4
than apoE3 mice [Fy3;1=6.370, p=0.017, n,°=0.170] (Fig. 8E);
whereas Ibal showed trends toward Genotype [Fq 3= 3.024,p = 0.092]
and Sex x Treatment effects [Fj3;=3.081, p =0.089]. Myelin-
associated genes were also strongly modulated by Genotype, with
apoE3 mice showing lower expression than apoE4 mice for both Mog
(Fig. 8F) [F13=11.133, p = 0.002, n,>= 0.264] and Plp1 (Fig. 8G)
[F1,31= 9.710, p = 0.004, np°>= 0.239]. Plp1 also showed a trend toward
a Genotype x Sex x Treatment interaction [F 31= 3.516, p = 0.070].

Within oxidative-stress-related genes, Gpx1 showed a significant
Genotype effect, with higher expression in apoE4 than apoE3 mice
[Fq,30=8.285, p = 0.007, npzz 0.206], together with a trend toward a
Genotype x Treatment interaction [F; 3o= 3.473, p = 0.072] (Fig. 8H).
Hmox1 exhibited the strongest Genotype effect among all targets, with
higher expression in apoE3 than apoE4 mice [F; 31= 22.648, p < 0.001,
np2: 0.422] (Fig. 8I). In addition, Hmox1 showed a significant Sex ef-
fect, with higher expression in males than females [F;3;=5.762,
p=0.023, np?>= 0.157], as well as a significant Sex x Treatment
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interaction [F; 3;= 5.324, p = 0.028, npzz 0.147] and a trend toward a
Genotype x Sex x Treatment interaction [Fq31= 3.060, p = 0.090].
Simple-effects analyses showed that the sex effect was significant in
control animals [Fy31=10.755, p = 0.003, 1,>= 0.258], with higher
expression in males than females. Treatment showed only a trend in
males [Fq,31= 3.835, p = 0.059]. In contrast, Sod2 was not significantly
affected by genotype, sex, treatment, or their interactions.

Finally, within stress-response and glucocorticoid-signaling markers,
Fkbp5 showed a significant main effect of Genotype, with higher
expression in apoE3 than apoE4 mice [F;30= 10.684, p = 0.003,
np°= 0.263] (Fig. 8J). In addition, Fkbp5 showed a significant Sex x
Treatment interaction [Fy 30= 5.539, p = 0.025, np°>= 0.156] and a sig-
nificant Genotype x Sex x Treatment interaction [F;3o= 4.858,
p = 0.035, np®= 0.139], indicating that treatment-related modulation
depended on both sex and genotype. Simple-effects analyses indicated
that the sex effect was significant only under control conditions
[F1,30= 6.942, p = 0.013, 1),>= 0.188], with higher expression in males
than females, an effect mainly driven by particularly low levels in apoE4
females. In males, a significant Treatment effect was also observed
[F1,30= 4.612, p = 0.040, npzz 0.133], with PM-treated males showing
lower Fkbp5 expression than control males, particularly within the
apoE4 genotype. Genotype differences were detected in PM-exposed
males [Fy30=5.972, p=0.021, 1,’>=0.166] and control females
[F1,30= 9.299, p = 0.005, n,°= 0.237]. Further decomposition showed
that sex differences were restricted to apoE4 control animals
[F1,30= 10.059, p = 0.003, np>= 0.251]. Treatment effects were mainly
present in apoE4 males [Fq30=7.096, p = 0.012, 1,*= 0.191], where
PM exposure reduced Fkbp5 expression, while a trend in apoE4 females
suggested the opposite pattern [Fy 30= 3.506, p = 0.071]. No significant
effects were observed for Nr3c1.

3.8. PM exposure selectively modulates striatal synaptic and
dopaminergic/striatal markers

In the STR, gene-expression changes were more restricted than in the
HPC and were mainly detected in synaptic, dopaminergic/striatal, and
glutamatergic-related markers. Among synaptic markers, Creb1 showed
a significant Sex x Treatment interaction [Fq30=7.041, p=0.013,
np°= 0.190] (Fig. 9A). Simple-effects analyses indicated that PM-treated
males showed higher Crebl expression than PM-treated females
[F1,30= 6.193, p = 0.019, np2: 0.171]. Treatment effects were also sig-
nificant in males [Fy30=4.644, p =0.039, n,°=0.134], reflecting
higher Creb1 expression in PM-treated males than in control males. Dig4
showed significant Genotype x Treatment [F; 3= 4.344, p = 0.046,
np°= 0.126] and Sex x Treatment interactions [F1 30= 4.465, p = 0.043,
np°=0.130] (Fig. 9B). Although decomposition of the Genotype x
Treatment interaction did not reveal significant simple effects, the Sex x
Treatment interaction was driven by higher expression in PM-treated
males than in PM-treated females [F;30=4.927, p=0.034,
np?= 0.141].

Regarding dopaminergic/striatal markers, Drd2 (Fig. 9C) and
Ppplrib (Fig. 9D) showed significant Genotype effects, with lower
expression in apoE3 than in apoE4 mice [Drd2: F; 31=7.092,p = 0.012,
np°= 0.186; Ppplrlb: Fy 3= 8.412, p = 0.007, 1,°= 0.208]. Drd2 also
showed a trend toward a Genotype x Treatment interaction
[F1,31= 3.520, p = 0.070], apparently driven by apoE4 mice, in which
PM-exposed animals tended to show lower expression than controls.
Within glutamatergic-related markers, Vglutl showed a significant main
effect of Treatment [Fi 9= 4.934, p = 0.034, n,°= 0.145], with PM-
exposed animals showing overall higher expression than controls
(Fig. 9E). However, this pattern was less evident in apoE4 males, where
control and PM-exposed groups showed comparable levels. In contrast,
Grin2a, Grin2b, and Grm5 were not significantly affected by genotype,
sex, treatment, or their interactions.

No significant effects were detected for GABAergic markers (Gabral,
Gadl, Gad2), serotonin receptors (Htrla, Htr2c), or markers related to
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Fig. 8. Hippocampal gene expression. Crebl (A) and Dig4 (B) expression were higher in apoE4 than in apoE3 mice. Grin2a expression was reduced in apoE4 mice
compared with apoE3 mice (C). Vglutl expression showed genotype-dependent differences together with sex- and treatment-related modulation (D). Gfap (E), Mog
(F), and PIp1 (G) expression were higher in apoE4 than in apoE3 mice. Gpx1 expression was increased in apoE4 mice compared with apoE3 mice (H). HmoxI
expression was higher in apoE3 than in apoE4 mice, and control males showed higher expression than control females (I). Fkbp5 expression was reduced in PM-
exposed apoE4 males compared with control apoE4 males; control apoE4 males exhibited higher expression than control apoE4 females, and apoE3 mice pre-
sented higher expression than apoE4 mice (J). Data are presented as fold change (FC) relative to apoE3 male controls and expressed as mean + SEM. n = 4/5.
*p < 0.05, **p < 0.01, ***p < 0.001; # Sex differences within CNT animals, $ Treatment differences within males (both comparisons were derived from the Sex x
Ttm interaction). Reported p-values are nominal and were not adjusted across the complete set of gene-expression targets. Bonferroni adjustment was applied to post
hoc comparisons following significant interaction effects. Abbreviations: ApoE3 mice (E3), ApoE4 mice (E4), Control (CNT), Particulate matter (PM), Treat-
ment (Ttm).

E3 #CNT
E3 &PM
E3 $CNT
E3 £PM
E4 #CNT
E4 PM
E4 $CNT
E4 $PM

FC Creb1

Tegnnngi

C. D. # Sex differences
within PM animals

8- 1 $ Ttm differences

within males

FC Drd2
FC Ppp1ri1b

8- 5 = =
Ttm % Ttm p=0.08 / Sex x Ttm p=0.056

FC Vglut1
»
1

FC Htrla

Fig. 9. Striatal gene expression. CrebI expression showed sex- and treatment-dependent modulation, with PM-exposed males displaying higher expression than PM-
exposed females, and PM exposure increasing expression in males (A). DIg4 expression also showed sex-dependent modulation under PM exposure, with PM-exposed
males exhibiting higher expression than PM-exposed females (B). Drd2 (C) and Ppp1r1b (D) showed higher expression in apoE4 than in apoE3 mice. Vglutl expression
was increased in PM-exposed animals compared with controls (E). Htrla expression tended to be higher in PM-treated animals than in controls, particularly in apoE3
females (F). Data are presented as fold change (FC) relative to apoE3 male controls and expressed as mean + SEM. n = 4/5. *p < 0.05, **p < 0.01; # Sex differences
within PM animals, $ Treatment differences within males (both comparisons were derived from the Sex x Ttm interaction). Reported p-values are nominal and were
not adjusted across the complete set of gene-expression targets. Bonferroni adjustment was applied to post hoc comparisons following significant interaction effects.
Abbreviations: ApoE3 mice (E3), ApoE4 mice (E4), Control (CNT), Particulate matter (PM), Treatment (Ttm).

glial activation, myelination, and stress signaling (Gfap, Ibal, Mog, Plp1, selective, sex- and region-dependent modifications. This is particularly
Fkbp5, Nr3c1), although Htrla showed trends toward a Treatment effect relevant because PND4-14 represents a highly sensitive developmental
[F1,=3.293, p = 0.080] and a Sex x Treatment interaction period characterized by ongoing neurogenesis, synaptogenesis, glio-
[F1,28= 3.988, p = 0.056] (Fig. 9F). genesis, and circuit refinement (Semple et al., 2013; Zeiss, 2021), sup-
porting the relevance of this model for investigating the long-term

4. Discussion consequences of an environmental insult during a critical window of
brain maturation. In humans, however, these developmental processes

The present study shows that early postnatal exposure to PM induces span late gestation and the early postnatal period, resulting in distinct
long-lasting behavioral and molecular alterations in young adult hu- exposure routes across developmental stages. During pregnancy,
manized apoE-TR mice, but these effects do not emerge as a generalized maternal exposure to PM may affect the fetus through oxidative stress
PM-driven phenotype. Instead, the data reveal a complex pattern in and placental alterations (Grevendonk et al., 2016; Janssen et al., 2012),
which APOE genotype represents the main organizing factor of adult while combustion-derived particles can reach the placenta and trans-
behavioral and gene-expression profiles, while PM exposure produces locate to the fetal circulation and organs (Bongaerts et al., 2022; Bové
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et al., 2019). After birth, inhalation becomes a direct exposure route for
the developing infant. By contrast, in our model, exposure occurred
exclusively during the postnatal period, with direct inhalation
throughout the entire exposure window.

A central finding of this work is that apoE3 and apoE4 mice displayed
clearly divergent adult phenotypes: apoE3 mice generally showed
higher locomotor and exploratory activity, whereas apoE4 mice
exhibited reduced center-directed exploration in the OFT, suggesting a
more anxiety-like profile, alongside a broad hippocampal transcrip-
tional reorganization. Together, these findings indicate that APOE ge-
notype is a major determinant of adult behavioral and molecular
phenotypes. Importantly, the effects of PM exposure were highly
context-dependent. Rather than inducing broad deterioration, early-life
PM exposure selectively modified behavioral domains and molecular
markers. This pattern suggests that developmental PM exposure may act
less as a uniform neurotoxic insult and more as a modifier of genotype-
and sex-dependent developmental programming.

Body-weight effects were transient and mainly restricted to weaning
and post-weaning growth. The greater weight gain observed in apoE3
males and, more markedly, in PM-exposed apoE3 females may be
consistent with catch-up growth contributing to body-weight normali-
zation. This aligns with our previous developmental study, in which PM
exposure reduced female weight gain between PND14 and PND28
(Rodulfo-Cardenas et al., 2026), and with Liu et al. (2019), who reported
reduced body weight after early postnatal PM exposure at PND28 but
not at PND60. Overall, these findings suggest that early postnatal PM
exposure may transiently disrupt growth trajectories without producing
stable alterations by young adulthood.

Similarly, Rotarod acquisition revealed genotype-, sex-, and
treatment-dependent differences in the temporal dynamics of motor
performance. Nonetheless, these effects were restricted to specific trials
and were not maintained during the test phase. Thus, early postnatal PM
exposure did not produce a robust impairment in motor coordination or
motor learning, but rather subtle changes in initial task adaptation. This
is consistent with developmental PM studies reporting no major motor
alterations after gestational/postnatal exposure to diesel-related parti-
cles (Morris-Schaffer et al., 2019b; Nway et al., 2017), although motor
outcomes may vary according to particle composition, exposure para-
digm, age at assessment, and sex (Cory-Slechta et al., 2018). Impor-
tantly, the absence of consistent motor alterations indicates that
subsequent behavioral effects in the OFT, 3CST, and MWM are unlikely
to reflect a generalized motor deficit.

Across the OFT and all phases of the 3CST, apoE3 mice consistently
displayed higher locomotor activity than apoE4 mice, whereas males
were generally more active than females. This stable exploratory
phenotype is relevant for interpreting subsequent behavioral outcomes,
particularly in the MWM, where performance may be influenced by non-
cognitive factors. In the OFT, animals showed progressive habituation to
the novel environment, and this temporal profile was modulated by sex
and treatment, suggesting that PM exposure may subtly alter the
expression of sex-dependent exploratory responses. Beyond locomotion,
center-related measures indicated a clear anxiety-like profile, with
apoE4 mice and females showing reduced center-directed exploration.
The apoE4-related profile is consistent with previous findings in female
APOE-TR mice (Siegel et al., 2010). However, the effects of develop-
mental PM exposure on anxiety-like behavior remain heterogeneous
across studies, with some reporting anxiety-like behavior in juvenile
rodents shortly after exposure (Li et al., 2024; Liu et al., 2019; Van-
brabant et al., 2024; Wang et al., 2024), whereas others found no sig-
nificant alterations in adults (Morris-Schaffer et al., 2019a; Sobolewski
et al.,, 2018). These findings suggest that anxiety-like outcomes
following developmental PM exposure depend on dose, particle
composition, sex, and age at behavioral assessment, with effects
potentially being more evident shortly after exposure than in young
adulthood.

The 3CST showed robust overall sociability and social novelty
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preference, although exploratory one-sample analyses revealed
subgroup-specific patterns. Social preference did not reach significance
in PM-exposed apoE3 females, while social novelty preference did not
reach significance in PM-exposed apoE3 males or in apoE3 females
under either treatment condition. Previous studies have similarly re-
ported alterations in sociability and/or social novelty preference in
young adult animals after prenatal and postnatal exposure to diesel
exhaust (Chang et al., 2018; Win-Shwe et al., 2016) or PMy 5 (Church
et al., 2018). Moreover, complementary social-interaction paradigms
have shown reduced reciprocal social behavior, particularly in exposed
males (Chang et al., 2018; Church et al., 2018). However, not all post-
natal exposure studies found social alterations, as social conditioned
place preference was unaffected in some models (Morris-Schaffer et al.,
2019a; Sobolewski et al., 2018). These findings support that social
behavior is a sensitive outcome after developmental exposure to PM,
while the exploratory patterns observed here suggest that possible
long-term vulnerability in apoE3 subgroups warrants further investiga-
tion, particularly given that APOE €3 is the most prevalent allele in the
general population (Liu et al., 2013a).

In the SPT, all groups showed sucrose preference above chance level,
indicating no evidence of anhedonia-like behavior. Nevertheless, apoE4
mice displayed higher sucrose preference than apoE3 mice on specific
testing days, revealing a genotype-dependent temporal profile that was
independent of total fluid intake. While Liu et al. (2019) reported
increased depression-like behavior using the forced swimming test in
rats exposed to the highest PMy 5 dose (10 mg/kg.b.w) at 60 days of age,
the present results suggest that early postnatal PM exposure did not
induce persistent anhedonia-like alterations in young adulthood,
although APOE genotype may influence reward-related or motivational
behavior under basal conditions. Given the limited literature on devel-
opmental PM exposure and anhedonia-like outcomes, further studies are
needed to clarify its long-term effects on reward-related behavior.

Regarding the MWM, apoE4 mice consistently reached the platform
faster and traveled shorter distances than apoE3 mice during acquisition
and reversal learning. Notwithstanding, these differences were not
accompanied by robust impairments in short- or long-term spatial
memory. Moreover, the strong genotype effect observed during the vi-
sual phase indicates that apoE4 performance cannot be interpreted
solely as enhanced spatial learning. Rather, these findings point to
broader genotype-dependent differences in task performance, poten-
tially involving search strategy, motivational state, or stress responsiv-
ity. In this context, the more anxiety-like profile observed in apoE4 mice
in the OFT may influence how animals engage with stressful testing
environments. Previous studies reported impaired MWM performance
shortly after postnatal PMy 5 exposure, with effects no longer evident by
young adulthood (Liu et al., 2019), suggesting that PM-related cognitive
alterations may be temporally restricted. In addition, cognitive out-
comes in APOE-TR models are highly heterogeneous and influenced by
genetic background, colony origin, age, and experimental conditions
(van Heuvelen et al., 2024). Although apoE4 is associated with cognitive
decline later in life, preserved or even enhanced performance has been
reported in young apoE4 animals under specific conditions (Moreau
et al, 2013; Siegel et al., 2010), supporting the hypothesis of
age-dependent pleiotropic effects, potentially promoting compensatory
mechanisms during early adulthood (Tuminello and Han, 2011). Thus,
the present findings reflect complex apoE4-related differences in
behavioral strategy rather than cognitive impairment per se.

The exploratory candidate-gene analyses identified nominal
expression differences involving synaptic, glutamatergic, glial, myelin-
related, redox, and stress-response markers. In the HPC, APOE geno-
type was the main driver of gene-expression differences. ApoE4 mice
showed increased expression of genes related to synaptic plasticity and
postsynaptic organization (Crebl, Dlg4), with reduced expression of
markers related to glutamatergic neurotransmission (Vglutl, Grin2a).
CREBI is a transcription factor critically involved in synaptic plasticity
and memory formation (Benito and Barco, 2010), whereas DLG4
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encodes PSD-95, a major postsynaptic scaffolding protein that organizes
glutamatergic synapses and contributes to NMDA/AMPA receptor sta-
bilization and signaling (Coley and Gao, 2017). VGLUT1 encodes the
principal presynaptic vesicular glutamate transporter responsible for
glutamate loading into synaptic vesicles (Eriksen et al., 2020), while
GRIN2A encodes the GluN2A subunit of NMDA receptors, which con-
tributes to glutamatergic neurotransmission and synaptic plasticity
(Franchini et al.,, 2020). The coexistence of reduced glutamatergic
markers with increased synaptic-organization markers may reflect cir-
cuit remodeling or adaptive synaptic reorganization rather than wide-
spread synaptic loss. This agrees with increased DLG4 expression in
postmortem HPC tissue from human APOE4 carriers without AD
(Sinclair and Love, 2017), and altered glutamatergic synaptic function,
including reduced hippocampal VGLUT1 levels and disrupted
Reelin-dependent NMDA receptor trafficking, in APOE4-TR mice (Chen
et al., 2010; Liraz et al., 2013; Sun et al., 2017). Beyond the genotype
effect, PM exposure further reduced Vglutl expression in males,
consistent with previous evidence that developmental PM exposure can
alter hippocampal glutamatergic neurochemistry, particularly in male
rodents (Allen et al., 2014a, 2014b; Cory-Slechta et al., 2019). This
suggests that early postnatal PM exposure may be associated with
sex-dependent changes in presynaptic glutamatergic regulation.

This synaptic/glutamatergic profile was accompanied by increased
expression of the myelin-related genes (Plp1, Mog), together with higher
Gfap expression in apoE4 mice. PLP1 encodes the major structural pro-
teolipid protein of CNS myelin, which contributes to myelin compaction
and maintenance (Simons et al.,, 2002), whereas MOG encodes an
oligodendrocyte-specific glycoprotein widely associated with oligoden-
drocyte maturation and mature myelinating states (Peschl et al., 2017).
In parallel, GFAP encodes the principal intermediate filament protein of
astrocytes and is widely considered a marker of astroglial reactivity (Eng
et al., 2000). Importantly, increased transcription of myelin-associated
genes does not necessarily imply more efficient or structurally pre-
served myelination. Young APOE4-TR mice exhibit impaired myelina-
tion and thinner myelin sheaths associated with altered cholesterol
handling and oligodendrocyte dysfunction (Blanchard et al., 2022), and
PLP overexpression can disrupt PLP/cholesterol trafficking and promote
hypomyelination (Simons et al., 2002). Thus, the increased expression of
myelin-related genes may reflect an early compensatory response in
apoE4 mice that may help preserve function during young adulthood but
could become insufficient later in life as myelin plasticity and repair
capacity decline (Chapman and Hill, 2019). The parallel increase in Gfap
may indicate astroglial reactivity, which could be particularly relevant
because astrocytes play a central role in lipid transport and metabolic
support to oligodendrocytes (Camargo et al., 2017). Given that myelin
maintenance critically depends on proper cholesterol handling, these
exploratory findings support the notion that APOE4 may induce early
myelin-associated remodeling processes in young adulthood.

The apoE4-associated hippocampal profile was further characterized
by increased Gpx1 expression together with reduced Hmox1 and Fkbp5
levels. GPX1 encodes glutathione peroxidase-1, a major antioxidant
enzyme involved in peroxide detoxification and cellular redox defense
(Handy and Loscalzo, 2022), whereas HMOX1 encodes the
stress-inducible enzyme heme oxygenase-1, commonly associated with
oxidative-inflammatory responses (Ryter and Choi, 2015). In agreement
with the reduced Hmox1 expression, APOE4 has been associated with
decreased nuclear Nrf2 signaling and reduced expression of
Nrf2-dependent antioxidant targets (Graeser et al., 2011). In parallel,
FKBP5 encodes a glucocorticoid-responsive co-chaperone involved in
stress-response regulation and hypothalamic-pituitary-adrenal axis
modulation, and is highly sensitive to environmental stressors through
gene—environment and epigenetic mechanisms (Zannas et al., 2015).
Thus, the specific reduction of Fkbp5 in PM-exposed apoE4 males sug-
gests that early-life PM exposure may interact with APOE genotype and
sex to modulate stress-response regulatory pathways. Overall, the
combined profile does not suggest a uniform oxidative-inflammatory
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state, but rather possible selective redox and stress-response regula-
tion associated with apoE4-related hippocampal remodeling.

Compared with the HPC, STR gene-expression changes were more
restricted. PM exposure primarily affected markers related to plasticity
and excitatory input, increasing Crebl expression in males and Vglutl
expression overall, while Dig4 was higher in PM-exposed males than in
PM-exposed females. Together with the opposite Vglutl pattern
observed in the HPC, these findings suggest that early postnatal PM
exposure may modulate glutamatergic regulation in a region- and sex-
dependent manner. Given the distinct functional roles of the HPC and
STR, these divergent responses may reflect region-specific adaptations
in excitatory neurotransmission across cognitive versus motivational
circuits. In parallel, apoE4 mice showed higher Drd2 and PppIrib
expression than apoE3 mice. DRD2 encodes the dopamine D2 receptor, a
key regulator of striatal dopaminergic signaling, motor output, reward
processing, and motivational behavior (Gallo, 2019), whereas PPP1R1B
encodes DARPP-32, a central integrator of dopamine- and
glutamate-dependent signaling (Svenningsson et al., 2004). These
genotype-dependent differences may point to APOE-related modulation
of dopaminergic/striatal signaling, which could contribute to basal
differences in exploratory or motivational behavior between apoE3 and
apoE4 mice.

The present study has several limitations. First, a single PM dose and
exposure regimen was used, precluding dose-response assessments.
Additionally, although the amount of PM introduced into the chamber
was known, the actual airborne concentration, its temporal variation,
particle-size distribution, and physicochemical characteristics of the
aerosol reaching the animals were not directly measured in situ. The
actual exposure was therefore expected to be lower than the calculated
theoretical maximum and to vary during the session because of
continuous airflow, chamber leakage, sedimentation, and deposition on
chamber surfaces. Individual ventilation and pulmonary deposition in
the pups were also not quantified. Consequently, the nominal chamber
loading cannot be converted into an actual inhaled or deposited dose,
limiting dose interpretation. The absence of in situ aerosol character-
ization also restricts exact replication of the exposure atmosphere and
direct quantitative comparison with studies reporting measured time-
weighted concentrations, aerodynamic particle-size distributions, or
deposited doses. Nevertheless, the use of a standardized and extensively
characterized reference material, together with the detailed reporting of
the chamber configuration, nebulization conditions, and dose-
calculation assumptions, facilitates methodological reproducibility.
Future studies should incorporate real-time or gravimetric monitoring of
airborne PM, aerodynamic particle-size characterization, and assess-
ment of deposited dose to improve dosimetric interpretation and cross-
study comparability.

Second, although PND4-14 broadly overlaps with late gestation and
early postnatal development in humans in terms of selected brain-
maturation processes, cross-species differences in developmental
timing and the absence of a maternal-placental exposure pathway and
fetal dosimetry preclude direct extrapolation to human prenatal expo-
sure. Third, the absence of a concurrent wild-type control group pre-
cludes direct assessment of how apoE3 and apoE4 mice differ from the
background strain, although the study was specifically designed to
evaluate APOE-dependent susceptibility. Finally, molecular analyses
were exploratory, based on a pre-selected, mechanistically motivated
panel of candidate genes, and limited to mRNA expression in selected
brain regions. No multiplicity correction was applied across the com-
plete set of gene-expression targets. Therefore, the possibility of false-
positive findings cannot be excluded. The molecular results should
consequently be considered hypothesis-generating and require replica-
tion and functional validation. Moreover, protein-level changes, cell-
type-specific effects, and functional consequences at the synaptic or
circuit level cannot be inferred.

Overall, the current findings indicate that early postnatal PM expo-
sure does not induce a uniform or generalized neurotoxic phenotype, but
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rather selectively modulates specific dimensions of social behavior, task
adaptation, and behavioral engagement in a subgroup-dependent
manner. At the molecular level, these effects were accompanied by se-
lective circuit-related changes involving glutamatergic, synaptic, and
stress-response pathways. However, APOE genotype emerged as the
main organizer of adult behavioral and molecular profiles. In young
apoE4 mice, the combination of preserved behavioral performance and
broad HPC transcriptional reorganization may reflect adaptive or
compensatory network remodeling rather than overt dysfunction. This
interpretation is consistent with the proposed antagonistic pleiotropic
effects of APOE4 (Tuminello and Han, 2011), whereby mechanisms that
may support neural efficiency or behavioral adaptation early in life may
later become maladaptive with aging. Conversely, the apoE3 profile may
point toward reduced motivational salience or task engagement rather
than cognitive impairment per se. Together, these findings support the
notion that APOE genotype not only modulates vulnerability to envi-
ronmental insults but also shapes baseline neurodevelopmental orga-
nization and the way in which environmental exposures are
behaviorally and molecularly expressed during early adulthood.
Therefore, the long-term consequences of developmental PM exposure
may be better understood as selective alterations in neurodevelopmental
calibration emerging through complex interactions between environ-
mental exposure, genotype, sex, and circuit-specific brain organization.

5. Conclusions

Early postnatal PM exposure induced long-lasting behavioral and
molecular alterations in humanized apoE mice, but these effects were
highly selective and strongly influenced by APOE genotype and sex
rather than reflecting a generalized neurotoxic phenotype. Across both
behavioral and molecular domains, APOE genotype emerged as the
principal factor shaping adult outcomes, whereas PM exposure mainly
modulated specific aspects of social behavior, task adaptation, and
glutamatergic- and stress-related pathways. Notably, young apoE4 mice
exhibited a broad HPC transcriptional reorganization accompanied by
preserved behavioral performance, supporting the idea that APOE4 may
promote adaptive or compensatory mechanisms during early adulthood.
These findings highlight the importance of considering genetic suscep-
tibility when evaluating the long-term consequences of developmental
air-pollution exposure. Future studies should determine whether the
molecular adaptations observed in young apoE4 animals remain bene-
ficial across the lifespan or instead contribute to increased vulnerability
as aging and neurodegenerative processes emerge.
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Glossary

AP: Air pollution
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AQG: Air quality guideline

AD: Alzheimer’s disease

ANOVA: Analysis of variance
apoE: Apolipoprotein E

ASD: Autism spectrum disorder
CNS: Central nervous system
¢DNA: Complementary DNA
CNT: Control

Gen: Genotype

HPC: Hippocampus

MWM: Morris Water Maze

NF: Normalization factor

NRQ: Normalized relative quantity
OFT: Open Field Test

PM: Particulate matter

PND: Postnatal day

Cg: Quantification cycle

RQ: Relative quantity
RM-ANOVA: Repeated measures ANOVA
SEM: Standard error of the mean
STR: Striatum

SPT: Sucrose Preference Test

TQ: Target quadrant

TR: Targeted replacement

3CST: Three-Chamber Social Test
Ttm: Treatment

WHO: World Health Organization
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