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ABSTRACT

Diesel exhaust particles (DEPs) are major air pollutants emitted from automobile engines. Prenatal exposure to
DEPs has been linked to neurodevelopmental and neurodegenerative diseases associated with aging. However,
the specific mechanism by DEPs impairs the hippocampal synaptic plasticity in the offspring remains unclear.
Pregnant C57BL/6 mice were administered DEPs solution via the tail vein every other day for a total of 10
injections, then the male offsprings were studied to assess learning and memory by the Morris water maze.
Additionally, protein expression in the hippocampus, including CPEB3, NMDAR (NR1, NR2A, NR2B), PKA, SYP,
PSD95, and p-CREB was analyzed using Western blotting and immunohistochemistry. The alterations in the
histomorphology of the hippocampus were observed in male offspring on postnatal day 7 following prenatal
exposure to DEPs. Furthermore, 8-week-old male offspring exposed to DEPs during prenatal development
exhibited impairments in the Morris water maze test, indicating deficits in learning and memory.
Mechanistically, the findings from our study indicate that exposure to DEPs during pregnancy may alter the
expression of CPEB3, SYP, PSD95, NMDAR (NR1, NR2A, and NR2B), PKA, and p-CREB in the hippocampus of both
immature and mature male offspring. The results offer evidence for the role of the NMDAR/PKA/CREB and
CPEBS3 signaling pathway in mediating the learning and memory toxicity of DEPs in male offspring mice. The
alterations in signaling pathways may contribute to the observed damage to synaptic structure and
transmission function plasticity caused by DEPs. The findings hold potential for informing future safety
assessments of DEPs.

INTRODUCTION particles being emitted directly from diesel exhaust and

having a diameter of less than 1mm [3]. Diesel and
Air pollution caused by particulate matter (PM) poses a engine emissions of DEP represent the primary sources
significant global public health threat. Extensive of airborne PM, which can persist in the atmosphere and
research has established a causal relationship between easily enter the respiratory system upon inhalation [4].
ambient PM and health risks in urban areas [1, 2]. Epidemiological and clinical studies have consistently
Diesel exhaust particles (DEPS) are a prominent demonstrated a strong association between DEP
constituent of environmental PM, with the majority of pollution and cardiopulmonary diseases, as well as
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chronic  obstructive pulmonary disease [5, 6].
Furthermore, toxicology studies have provided evidence
that exposure to DEPs can lead to neurotoxicity in mice
[7], highlighting a potential link between exposure to
environmental pollutants and neurological disorders in
rodents.

Recently, increasing reports have shown that the
nanoscale components of PM can access the brain and
may be related to neurodegenerative diseases such as
Alzheimer’s disease [8-11]. These particles have the
capacity to penetrate the blood-brain barrier, and they
can also carry various toxic compounds on their surface,
including hydrocarbons and metals [12]. Additionally,
the presence of ultrafine DEPs in the brain tissue of
newborn mice, specifically in the hippocampus and
cerebral cortex, indicates that exposure of pregnant
mice to DEPs might have an impact on the morphology
of the hippocampus and cortex, as well as on brain
development in their offspring [13].

Hippocampal synaptic plasticity is essential for learning
and memory processes and can be affected by
environmental toxins [14-16]. In neurodegenerative
conditions, it is believed that synapses deteriorate
earlier than neurons, making it a potential early
indicator of changes in learning and memory abilities
[17]. Synaptic plasticity disorders in the hippocampus
involve abnormalities in both synaptic transmission
function and structural plasticity. Postsynaptic density-
95 (PSD95) and synaptophysin (SYP) are commonly
used markers associated with synaptic structural
plasticity [18]. Phosphorylated CREB (p-CREB), the
active form of the second messenger cCAMP responsive
element binding protein (CREB), plays a key role in
regulating various neuroprotective factors and
enhancing synaptic efficiency and structural plasticity
[19, 20]. N-methyl-D-aspartate receptors (NMDARS),
as part of the ionotropic glutamate receptor (iGIuR)
family, are essential for brain signaling and
development. They are involved in the transmission of
excitatory neurotransmission signals which play a
crucial role in synaptic plasticity. NMDARs, including
NMDA receptor 1 (NR1), NMDA receptor 2A (NR2A),
and NMDA receptor 2B (NR2B), have complex
functions and structures [21, 22]. Each subtype has its
own unique characteristics, and disruptions in
NMDAR-related signaling can have adverse effects on
advanced cognitive functions such as learning and
memory in various neurological and psychiatric
disorders. Consequently, their mechanisms have been
extensively investigated for decades [23-25]. Long-
term memory maintenance is known to require the
synthesis of new proteins and is closely associated with
translational  regulation. The cytoplasmic poly-
adenylation element-binding protein 3 (CPEB3) plays a

critical role in establishing synaptic plasticity and
memory. It regulates the translation of several proteins,
including NMDARs (NR1, NR2A, and NR2B), PSD95,
and SYP, in the hippocampus [26].

In this experiment, we investigated the neurotoxic effects
of prenatal exposure to DEPs on learning and memory in
male offspring. We established a mouse model where
pregnant mice were exposed to different doses of DEPs.
We measured the levels of synaptic plasticity-associated
proteins and the expression of PKA, CPEB3, p-CREB,
and CREB proteins in the hippocampus of male offspring
at postnatal day 7 (PND7) and in adulthood. Additionally,
we evaluated the cognitive behaviors of the adult male
offspring. The study was to identify the underlying
mechanisms of neurotoxicity by comparing the effects on
early postnatal and adult male offspring of DEP exposure
throughout pregnancy.

RESULTS

Effects of prenatal exposure to DEPs on the body
weight and organ weight of male offspring

The male offspring mean body weight, but not brain
weight, was found to be affected by prenatal exposure
to DEPs from birth to adulthood (Figure 1). During the
first 6 weeks, the body weight of the control group’s
offspring remained higher than the other groups.
Starting from week 7, the low-dose group’s offspring
exhibited faster growth compared to the control group.
Nevertheless, the average body weight of the medium
and high-dose group’s offspring remained lower than
that of the control group on postnatal day 56 (PND56).
However, these differences were not statistically
significant due to individual variations within the
groups (Figure 1A, 1C). Interestingly, compared to the
control group, the mean body weight and brain weight
of male offspring in the high-dose group were
significantly lower on postnatal day 7 (PND7), both
brain weight and the brain-to-body weight ratio were
significantly lower in the low-dose groups (Figure 1B).
This indicates that prenatal exposure to DEPs may
impair the growth and development of the offspring.

Histological effects of prenatal DEPs exposure on
PND7 male offspring

We assessed the histology of the hippocampus in PND7
male offspring using H&E staining to investigate the
impact of prenatal exposure to DEPs on the
hippocampus of early postnatal male mice. In the
control group, hippocampal neurons were organized
into dense neuronal layers, exhibiting a normal structure
and no signs of damage to the hippocampus (Figure
2A). However, in the DEPs treatment groups, the
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Figure 1. Body weight and organ weight of male offspring after prenatal DEPs exposure. (A) The body weight of male offspring.
(B) The body weight, brain weight and relative brain of 7 days male offspring. (C) The body weight, brain weight, relative brain, hippocampal
weight and relative hippocampal of 56 days male offspring. The values shown are the mean + SD. Compared to control; * p < 0.05, ** p <
0.01. NO,7day (Con: Control group; LD: low dose group; MD: medium dose group) =22, NO, 7 day (HD:High dose group)=12, N14-56day (each
group)=12.
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arrangement of hippocampal neuron cells appeared
disordered, accompanied by cell swelling, slight cyto-
plasm staining, cytoplasmic vacuolization, intense
nuclear staining, and nuclear pyknosis (Figure 2B-2D).
These findings suggest that exposure to DEPs through-
out pregnancy significantly influences the development
and morphology of the hippocampus in male offspring
mice.

The impact of exposure to DEPs throughout
pregnancy on cognitive function of mature male
offspring

The spatial learning and memory abilities were
employed to assess by the Morris water maze test,
which reflected the cognitive function of mature male
offspring (PND49-PND56) following exposure to DEPs
throughout pregnancy (Figure 3D). The results
indicated that the escape latency of the trained mice
decreased as the training days progressed, suggesting
that all groups of mice possessed a learning ability
(Figure 3A). Nevertheless, the differences between each
group were dependent on their respective treatments.
Specifically, apart from the high-dose (HD) group, there
were no significant differences in the escape latency
among the other three groups on the first day of spatial
training. However, from the second to the fifth day of
training, the DEPs treatment groups exhibited longer
escape latencies compared to the control group. After

the completion of the spatial navigation test, the
platform was removed, and the mice were allowed to
choose one of the original entry points into the water.
The number of mice crossing the target quadrant within
a span of 60 seconds was recorded. The results
indicated that the average frequency of crossing the
platform of the DEPs treatment group was significantly
lower than that of the control group (P<0.01) (Figure
3C). Furthermore, the male offspring exposed to DEPs
spent less time in the target quadrant compared to the
control group (P<0.01) (Figure 3B). Collectively, these
findings suggest that exposure to DEPs throughout
pregnancy impairs the cognitive abilities of male
offspring.

The influence of exposure to DEPs throughout
pregnancy on the hippocampal synaptic proteins
expression, PKA/CREB and CPEB3 activation in
PND7 offspring

In this study, the Western blot analysis was conducted
to examine the expression levels of NeuN, NMDA
receptors (N1, N2A, and N2B), PSD95, and SYP in the
hippocampus of PND7 male offspring (Figure 4A, 4B).
However, due to the limited humber of male offspring
in the HD group, the Western blot data for the PND7
mice in the high-dose group was not available. This was
done to ensure an adequate sample size for later adult
behavioral and molecular experiments. The results

Figure 2. Histopathological changes in the hippocampus tissues of male offspring mice following pregnancy exposure to
DEPs through hematoxylin and eosin (H&E) staining. 100 or 200 x magnification. (A) Control group. The morphology of
hippocampus tissues was normal. (B—D) DEPs (0.235, 0.47 and 0.94 pg/mouse) treatment groups. Scale bar: 100 um. N=4.
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showed that in the medium-dose (MD) group, the levels
of SYP and NeuN expression were significantly lower
compared with the control group (P<0.01). Additionally,
the levels of N1, N2A, and PSD95 were decreased, while

the NR2B expression was dramatically increased in
both the low-dose (LD) and MD groups (P<0.01).
To further investigate the changes in protein expres-
sion and cellular localization, immunohistochemical
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Figure 3. Performance of the different groups of mice in the Morris water maze test. (A) The time required to locate the hidden
platform in the water maze during the learning stage. (B) The time elapsed in the correct quarter of the water maze during the probe trial.
(C) Number of platform crossings in the four quadrants of the Morris maze during the probe trial. (D) Representative spatial and nonspatial
probe trial tracings of four subjects. In the spatial version, the placement of the quadrant remained constant over trials. Con: Control group;
LD: low dose group; MD: medium dose group; HD: high dose group. The values shown are the mean * SD (Neach group=12), Compared to

control; ** p <0.01.
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Figure 4. Protein expression of NMDA/PKA/CREB and CPEB3 signaling pathway-associated genes in hippocampus samples of
7 days male offspring mice. (A) Western blot analysis of p-CREB, CREB, PKA, N2A, N2B and NR1 protein in hippocampus. (B) Western blot
analysis of CPEB3, NEUN, PSD-95 and SYN protein in hippocampus. (C) Immunohistochemical analysis of NR1, N2B and N2A protein in
hippocampus. (a—c) Control group (CON). (d—f) DEPs treatment groups (DEPs, the MD group). (D) Immunohistochemical analysis of SYN, PSD-
95 and NEUN protein in hippocampus. (a—c) Control group (CON). (d—f) DEPs treatment groups (DEPs, the MD group). The values shown are
the mean + SD (NAB=6, NCD=4), Compared to control; ** p <0.01.
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techniques were employed to compare the levels of
these proteins between the control and MD groups
(Figure 4C, 4D). The results confirmed that PSD95,
SYP, NeuN, N1, and N2A subunits exhibited reduced
expression in the MD group mice. The change in the
cell membrane of the N2B subunit was not obvious, but
an increase in the expression of the cell membrane
space was observed. These findings were consistent
with the Western blot results. Overall, these results
suggest that exposure to DEPs throughout pregnancy
leads to alterations in the expression of hippocampal
synaptic transmission-related proteins and structural
proteins in early male offspring (PND7).

In order to investigate whether the NMDA/PKA/CREB
and CPEB3 signaling pathways are involved in the
neurotoxic effects induced by DEPs, the levels of PKA,
p-CREB, CREB, and CPEB3 proteins in the
hippocampus were measured using Western blotting
(Figure 4A, 4B). The results confirmed that the level of
PKA was significantly increased in the MD group
(P<0.01), but not in the LD group. Additionally, the
levels of p-CREB were up-regulated, while the levels of
CPEB3 were significantly down-regulated in both the
LD and MD groups (P<0.01). These findings suggest
that the NMDA/PKA/CREB signaling pathway may be
activated, while the CPEBS3 signaling pathway could be
suppressed in early postnatal male offspring exposed to
DEPs throughout pregnancy.

The impact of DEP exposure throughout pregnancy
on the expression of hippocampal synaptic proteins,
as well as the activation of PKA/CREB and CPEB3
in mature offspring

The same proteins that were detected in PND7 were also
found in the mature offspring of mice (Figure 5A, 5B). In
the DEPs treatment groups, except for NR2B, the levels
of hippocampal proteins such as SYP, NeuN, N1, N2A,
and PSD95 were reduced compared to the control group
(P<0.01). The results of immunohistochemical analysis in
the mature offspring were similar to those in PND7
(Figure 5C, 5D). The expression of N1 and N2A subunits
in the DEPs treatment groups was lower than in the
control group, and there were no significant changes in
the cell membrane of the N2B subunit, but the expression
of the cell membrane space increased. Additionally, there
was a reduction in PSD95, SYP, and NeuN protein
expression in the DEPs treatment groups. These findings
indicate that the hippocampal synaptic transmission
function and structural related proteins changed in mature
male offspring with prenatal exposure to DEPs.
Furthermore, the levels of PKA and p-CREB were
significantly  increased in the DEPs treatment
groups (P<0.01), while the levels of CPEB3 were
significantly down-regulated in MD and HD groups

(P<0.01) (Figure 5A, 5B). This suggests that the NMDA/
PKA/CREB pathway could still be activated, but the
CPEBS3 signaling pathway might be suppressed in mature
male offspring exposed to DEPSs throughout pregnancy.

DISCUSSION

Exposure to environmental toxicants during pregnancy
could have long-lasting negative effects on neuro-
biology and cognitive function [27]. Therefore, we
conducted an analysis of the neurotoxicity of DEPs
in immature (PND7) and mature male offspring
(PND56) to investigate the effects of exposure to DEPs
throughout pregnancy on learning and memory abilities.
Although the currently used methods of exposure, such
as nasal or tracheal drip, are more realistic, there are
variations in the absorption efficiency of DEPs from the
nasal cavity or trachea into the bloodstream of female
mice, and subsequently into the brains of the offspring
through the placental barrier. These variations result in
large individual errors both within and between groups,
which may not accurately reflect the dose-response
relationship that needs to be determined in this study. In
order to minimize the error, a systemic exposure model
was established in this study, using tail vein injection.

Our study focuses on investigating the potential impact
on the cognitive function of male offspring mice of
prenatal exposure to DEPs. The chosen method of
maternal DEP exposure allows for a relatively accurate
assessment of the effects of different exposure doses
throughout pregnancy, thereby providing further
insights into the environmental factors involved in
DEP-induced neurodegeneration. Previous research has
indicated that exposure to PM2.5 during pregnancy can
result in low birth weight in offspring rats [28].

In our study, the dosage used did not have an impact on
body weight, but it did lead to reduced performance in
the Morris water maze (MWM) test, indicating impaired
learning and memory. Our data demonstrated that
exposure to DEPs throughout pregnancy significantly
increased the time taken to find the platform and
reduced the number of times the mice entered the
platform area. This finding is consistent with the
observations made by Alvarez et al., who reported that
PM2.5 exposure impairs cognitive development in
children [29]. On the contrary, previous studies have
shown that exposure to DEPs in adulthood can have
molecular and/or behavioral effects on the nervous
system [30, 31]. The discrepancies observed among
these different studies may be attributed to variations in
exposure components, timing, and dosage.

The exact mechanism by which exposure to DEPs
throughout pregnancy exerts toxic effects on synaptic
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Figure 5. Protein expression of NMDA/PKA/CREB and CPEB3 signaling pathway-associated genes in hippocampus samples of
56 days male offspring mice. (A) Western blot analysis of p-CREB, CREB, PKA, N2A, N2B and NR1 protein in hippocampus. (B) Western
blot analysis of CPEB3, NEUN, PSD-95 and SYN protein in hippocampus. (C) Immunohistochemical analysis of NR1, N2B and N2A protein in
hippocampus. (a—c) Control group (CON). (d—f) DEPs treatment groups (DEPs, the MD group). (D) Immunohistochemical analysis of SYN, PSD-
95 and NEUN protein in hippocampus. (a—c) Control group (CON). (d—f) DEPs treatment groups (DEPs,the MD group). The values shown are
the mean % SD of (Nag-9, Ncp=3). Compared to control; * p <0.05, ** p < 0.01.
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plasticity remains unclear. Based on our results, it is
hypothesized that the impairment of synaptic
transmission function and synaptic structural plasticity
may be a potential mechanism underlying the spatial
learning and memory deficits observed following
exposure to DEPs throughout pregnancy.

Indeed, hippocampal synaptic plasticity is widely
recognized as the molecular and cellular neuro-
biological basis of memory [32]. The morphological
features of synaptic plasticity in the CAl and CA3
regions of the hippocampus include the curvature of the
synaptic contact surface and the thickness of the post-
synaptic density (PSD). The presynaptic vesicle protein
SYP is often utilized as an indicator of synaptic density
[33]. In our study, we observed that both the levels of
the post-synaptic protein PSD-95 and the presynaptic
protein SYP in the male offspring hippocampus which
was exposed to DEPs prenatally were lower compared
to the control group. This suggests an abnormal
development of hippocampal synaptic structure.

The receptor activity and receptor-dependent synaptic
plasticity of NMDA in the hippocampus are
considered essential for spatial learning and memory
[34, 35]. For the proper functioning of NMDA
receptors, it is generally accepted that at least one NR1
subunit requires a glycine binding site, while each of
the other NR2 subunits requires a glutamate binding
site [36]. Previous studies have demonstrated that
exposure to various chemical factors, such as lead and
other models of nerve damage, can significantly
reduce the NR1 level in hippocampal neurons [37],
and NR1 gene knockout can impair spatial learning
and memory in mice [38]. The NR2 subunit is
composed of four subtypes, NR2A-D, with NR2A and
NR2B being the primary regulatory subunits. During
development, the expression of NR2A subunit and its
localization at synapses gradually increase, while the
NR2B subunit is crucial for neuronal formation and
fetal survival [39]. The localization of NMDAR
expression in synapses and extrasynaptic regions is
associated with the activation of neuroprotective and
apoptotic signaling cascades, respectively [16, 40]. The
balance between these two localization patterns is also
critical for synaptic development and synaptic plasticity
[41]. In our experiment, we examined the protein
expression levels of NR1, NR2A, and NR2B in the
hippocampus of male offspring at postnatal day 7
(PND7) and adulthood, following exposure to different
doses of DEPs throughout pregnancy. Compared to the
control group, the levels of NR1 and NR2A were
decreased in all DEP exposure groups, while the level
of NR2B in the extracellular space was increased. This
indicates a change in the subunit composition and
cellular localization of NMDA receptors. These

alterations may contribute to the observed deficits in
cognitive function.

To further investigate the potential molecular
mechanism, we measured the levels of PKA (protein
kinase A) and phosphorylated CREB (CAMP response
element-binding protein) in both PND7 and mature
offspring. Consistent with the changes in PKA
expression, the levels of p-CREB were higher in the
groups exposed to DEPs throughout pregnancy
compared to the control group. Furthermore, CPEB3
(cytoplasmic polyadenylation element-binding protein
3) is known to regulate the translation of important
proteins involved in hippocampal long-term synaptic
plasticity, including NMDAR (NR1, NR2A, and NR2B)
and PSD95. CPEB3 plays a significant role in the
maintenance of long-term memory, acting as a key
mediator for memory consolidation and persistence
[42]. In its soluble form, CPEB3 acts as an inhibitory
factor in mature hippocampal neurons. However, upon
synaptic stimulation, CPEB3 undergoes aggregation and
transformation into an active form that promotes the
translation of target proteins [43]. Our experimental
results showed that, comparing with the control group,
the expression of aggregated active CPEB3 decreased in
the PND7 male offspring hippocampus exposed to
DEPs. The expression of CPEB3 in the hippocampus of
PND56 offspring also exhibited a decreasing trend,
although the dose relationship was not as significant as
at PND7.

Our findings indicate that maternal exposure to DEPs
can result in learning and memory impairments in male
offspring, which are closely associated with synaptic
plasticity damage in the hippocampus. The upregulation
of the PKA/CREB signaling pathway and the inhibition
of CPEBS3 levels in the hippocampus may contribute to
the synaptic structural and functional plasticity deficits
observed in male offspring following exposure to DEPs
during pregnancy. It is important to note that we were
unable to further test and validate this signaling
pathway and the related proteins due to the challenges
in simulating cross-generational toxicity effects in vitro.
Additionally, it should be acknowledged that the
method of tail vein injection may not completely
replicate the actual physiological exposure experienced
by humans. This could potentially amplify the impact of
DEP exposure during pregnancy on the cognitive
abilities of male offspring, as described in our study.

Based on our findings, we suggest that exposure to
DEPs could potentially activate the PKA/CREB
signaling pathway, which could in turn impact the
development of synaptic structural plasticity. This is
supported by the observed decrease in the expression of
synaptic proteins like SYP and PSD95. Additionally,
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the expression and activity of CPEB3 were found to
be reduced, which could further affect synaptic
transmission function by inhibiting the expression of
key functional proteins such as NR1, NR2A, and
NR2B. Ultimately, these changes may result in
irreversible damage to the cognitive abilities of adult
male offspring.

MATERIALS AND METHODS
Animals and treatments

8-week-old C57BL/6 mice weighing 21+0.5 g were
housed at the SPF Experimental Animal Center of
Nantong University for 1 week for acclimation before
being mated in a 2:1 cage ratio with 32 female mice and
16 male mice. The vaginal smear on the second day of
cage-closure was marked as pregnancy 0 day. On the
first day of pregnancy, the mother mice were randomly
assigned to a control group, low-dose exposure group,
middle-dose exposure group, and high-dose exposure
group. To ensure experiment reproducibility and
particle composition stability, commercial DEPs (the
National Institute of Standards and Technology, SRM
2975; Gaithersburg, MD, USA) were used. Sterile
PBS was used to prepare suspensions of different
concentrations, with each suspension packed separately
in 1 mL volumes. Prior to exposure, the suspensions
were sonicated for 15 minutes and then heated to 37° C.

To minimize potential errors in exposure dose among
offspring within the same group or even the same
experimental animal, this study utilized tail vein injection
as the method for DEPs exposure. This approach ensures
a more accurate and consistent delivery of DEPs to the
offspring brain tissue. Other exposure methods such as
pharyngeal nasal drip and tracheal drip may result in
variations in conversion efficiency and DEPs absorption,
leading to significant errors in the actual exposure levels
in the offspring brain. By employing tail vein injection,
the study aims to accurately investigate the cross-
generational toxicity of DEPs.

To facilitate tail vein injection, the mouse’s tail was
immersed in 45° C water for 1 minute to dilate the blood
vessels. A sterile 27-gauge needle syringe was prepared
for the injection. Consistent with previous research
reports, intravenous injection was employed to expose the
mice to diesel exhaust particulate matters [44]. The
injection procedure begins at the tip of the tail and
progresses towards the base of the tail, with the injection
site changing each time to target different blood vessels.
The injection volume administered per mouse is 0.1 mL.

According to the 2012 China Environmental Air Quality
Standard (GB3095-2012), the maximum allowed

concentration of secondary PM2.5 for a 24-hour period
is 75 pg/m®. To determine the exposure level of mice
via the respiratory tract at this limit, we consider the
breathing rate of the mice (24 ml/min) and the
conversion factor for equivalent dose to the human body
surface area (9.1). The calculation for the exposure level
of mice through the respiratory tract is as follows:
75*24*10-6*%24*60*9.1=2.35 ng. Recent research data
shows that the efficiency of particulate matter in air
pollution entering the brain through blood circulation may
be 8 times higher than that through the nose [45]. Based
on this, we used a dose equivalent to 10% (0.235
pg/mouse/time) of the maximum concentration allowed
for respiratory exposure as the lowest dose (low dose
group, LD) for tail vein injection. The medium dose group
(MD) received 0.47 pg/mouse/time, and the high dose
group (HD) received 0.94 pg/mouse/time. The tail vein
injections started on the first day and were administered
every other day, for a total of 10 injections. The purpose
of this study is to investigate any potential neurotoxic
effects of DEP exposure during pregnancy.

After birth, the newborn offspring were weighed and
counted. Male offspring were specifically collected,
with a breastfeeding ratio of 4 male mice per mother
mouse. Subsequently, the male offspring were weighed
once a week. At postnatal day 7 (PND 7), ten male mice
from each group were sacrificed. Hippocampal tissues
were collected from each group for tissue sections (n=4)
and protein expression analysis (n=6). The remaining
male offspring mice underwent a water maze
experiment at PND 49. After the experiment, all mice
were euthanized, and their body weight, brain weight,
and hippocampus weight were measured.

Morris water maze experiment

The Morris water maze experiment was conducted in a
circular pool with a diameter of 150 cm and a depth of 22
cm. The pool was divided into four quadrants: North (N),
East (E), South (S), and West (W). The water in the pool
was warm and opaque, maintained at a temperature of 24
+ 2° C. A black platform with a diameter of 14 cm and a
height of 21 cm was submerged in the pool. The purpose
of the submerged platform was to provide a target for the
mice to locate during the experiment. On the first day of
the experiment, the animals were placed in the pool for a
duration of 90 seconds. This initial session allowed the
mice to become familiar with the maze environment,
following protocols that have been previously reported
[46]. The mice underwent training for five consecutive
days, with each day consisting of four trials. During each
trial, the mice were dropped into one of the four quadrants
of the pool and allowed to swim freely until they located
the submerged goal platform. Once the mice found the
platform, they were required to stay on it for at least 3
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seconds. If a mouse was unable to find the platform
within 1 minute, it was gently guided to the platform and
allowed to stay on it for 15 seconds. On the seventh day of
the experiment, the platform was removed, and the mice
were dropped into the pool for a duration of 60 seconds.
Throughout the experiment, the swimming route, time
spent in the water, and number of times the mice appeared
on the platform were recorded. The SLY-WMS Morris
water maze experiment system was used to conduct the
test and gather the necessary data.

Histological preparation

For morphometric analysis, fresh hippocampal tissues
were harvested from the animals, fixed in 4% para-
formaldehyde, and subsequently embedded in paraffin.
Paraffin-embedded sections of the hippocampus, 5 pm
thick, were stained with Hematoxylin-eosin (HE) for
microscopic examination. All sections were examined
using light microscopy.

Immunohistochemistry analysis

The 5 pum thick paraffin-embedded hippocampal slices
were mounted on slides coated with 3-aminopropyl-
triethoxysilane (APES) for immunohistochemistry
analysis as previous literature report [47]. After
deparaffinization and drying, the paraffin sections were
rinsed with NaCl solution, dehydrated, and then
incubated in a solution of 3% H20O,-methanol-PBS (0.01
M, pH 7.2) for 10 minutes. Antigen retrieval was
performed using trisodium citrate buffer (0.01 mol/L, pH
6.0), followed by three washes with PBS. Subsequently,
the sections were treated with 10% bovine serum albumin
(BSA) to block the activity of endogenous peroxidases for
1 hour. For immunostaining, the sections were incubated
overnight at 4° C with primary antibodies, including
neuron-specific nuclear protein (NeuN, Proteintech,
26975-1-AP), NR1 (LMAI Bio, LM-23343R), N2B
(LMAI Bio, LM-0222R), N2A (Merck, AB1555P), SYP
(CUSABIO, CSB-PA004200), and PSD-95 (LMAI Bio,
LM-20649R). To recover the antigens, the sections
were boiled in 0.01 mol/L trisodium citrate buffer (pH
6.0) and then washed three times with PBS (every 3
minutes). The sections were then stained using 3, 3’-
diaminobenzidine tetra-hydrochloride (Sigma, St. Louis,
MO, USA). Negative controls were obtained by omitting
the primary antibodies. The sections were examined and
photographed using NIS-Elements BR 2.30 (40x%), and
subsequently counterstained with hematoxylin.

Western blot analysis
The WB analysis is consistent with the literature [48]. The

mice hippocampus was subjected to centrifugation at
12,000 g and 4° C for approximately 10 min to obtain

total proteins. The concentration of the total protein was
measured using the BCA Protein Assay kit (Beyotime,
P0009, China). The proteins were then transferred to a
polyvinylidene fluoride (PVDF) membrane after
separation by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (Millipore Corporation, Billerica, MA,
USA). The membranes were blocked with 5% nonfat milk
at room temperature for 1 h, followed by incubation with
specific primary antibodies. Specifically, B-actin (ACTB)
was detected using (Sigma, Ab5316), neuron-specific
nuclear protein (NeuN) with (Proteintech, 26975-1-AP),
and the primary antibodies used for NR1, N2B, N2A,
PKA, SYP were the same as those used in immuno-
histochemistry. Additionally, PSD-95 was detected with
(GeneTex, GTX112846), p-CREB with (PerkinElmer,
TRF0200-M), and CPEB3 with (PL0306681, PLLABS)
for western blot. Following incubation with primary
antibodies, the membrane was washed with TBST and
treated with a peroxidase-conjugated secondary antibody
(HRP-labeled goat anti-lgG, Zhongshan Biology
Company, Beijing, China) diluted at 1:1000 in blocking
solution for 1 hours at room temperature. Densitometry
analysis of the target protein bands was performed by
ImageJ software.

Statistical analysis

The data were analyzed using GraphPad Prism software
(GraphPad Software, San Diego, CA, USA) and
presented as mean + SD of independent experiments.
The Wilcoxon Rank-Sum test was used for analysis of
non-normally distributed data, while Student’s t-test or
analysis of variance (ANOVA) was used for data with a
normal distribution. A p-value of less than 0.05 was
considered statistically significant.
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