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BACKGROUND: The toxicity of microplastics (MPs) has attracted wide attention from researchers. Previous studies have indicated that MPs produce
toxic effects on a variety of organs in aquatic organisms and mammals. However, the exact neurotoxicity of MPs in mammals is still unclear.

OBJECTIVES: We aimed to confirm the neurotoxicity of chronic exposure to polystyrene MPs (PS-MPs) at environmental pollution concentrations.

METHODS: In the present study, mice were provided drinking water containing 100 pg/L and 1,000 pg/L PS-MPs with diameters of 0.5, 4, and
10 um for 180 consecutive days. After the exposure period, the mice were anesthetized to gain brain tissues. The accumulation of PS-MPs in brain
tissues, integrity of the blood-brain barrier, inflammation, and spine density were detected. We evaluated learning and memory ability by the Morris
water maze and novel object recognition tests.

RESULTS: We observed the accumulation of PS-MPs with various particle diameters (0.5, 4, and 10 pm) in the brains of exposed mice. Meanwhile,
exposed mice also exhibited disruption of the blood—brain barrier, lower level of dendritic spine density, and an inflammatory response in the hippo-
campus. In addition, exposed mice exhibited cognitive and memory deficits compared with control mice as determined using the Morris water maze
and novel object recognition tests, respectively. There was a concentration-dependent trend, but no particle size-dependent differences were seen in
the neurotoxicity of MPs.

ConcLusIONs: Collectively, our results suggested that PS-MPs exposure can lead to learning and memory dysfunctions and induce neurotoxic effects

in mice, findings which have wide-ranging implications for the public regarding the potential risks of MPs. https://doi.org/10.1289/EHP10255

Introduction

Microplastics (MPs), defined as particles <5 mm in diameter,
have been shown to be widespread in the marine environment.'*
Because of their small size, MPs cannot be completely
degraded in aquatic organisms. Instead, they can pass through
the food chain and eventually enter mammals, even humans.”*
Therefore, the toxicity of MPs has attracted extensive attention
from researchers.

Many studies have demonstrated that MPs can produce
certain toxic effects on the different organs of mammals and
aquatic organisms, including the gastrointestinal tract,” kidney,® and
gonads of mice’ and liver of tadpoles and zebrafish.>* Moreover,
several studies have reported that MPs could accumulate in brain
of freshwater fish red tilapia'® and induce neurotoxicity in
Caenorhabditis elegans'' and the African catfish (Clarias garie-
pinus).]2 Strikingly, Chen et al. demonstrated that MPs exposure
inhibited zebrafish larval locomotion, resulting in neurotoxic-
ity."® In addition, Barboza et al. investigated neurotoxic effects of
MPs and mercury in the European seabass (Dicentrarchus lab-
rax).14 The study indicated that MPs, mercury, and their mixtures
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caused neurotoxicity and oxidative stress and damage to the lip-
ids. The decay of mercury in the water increased with MPs con-
centration. Nevertheless, the potential toxicity of MPs on the
nervous system in mammals has been poorly reported. Previous
studies have generally selected short-term acute exposure to
explore the toxic effects of MPs on mammals, such as 28 d,'® 40
d,” and 6 wk.> Few studies have investigated the toxic effects of
long-term exposure. In this study, we chose 180-d exposure to
evaluate the toxic effects of long-term MPs exposure on the nerv-
ous system.

A previous study demonstrated that polystyrene (PS) nano-
plastics induced neurobehavioral alterations in adult zebrafish,'®
which suggested plastic particles can have toxic effects on animal
behavior. There are many areas in the brain tissue responsible for
different neural and behavioral functions; the present study is
focused on hippocampus-mediated learning. The hippocampus is
a significant part of the limbic system of the mammalian brain,
and it is closely related to higher neural activities, such as learn-
ing and memory.17 Numerous studies have confirmed that dam-
age to the hippocampus of animals will decrease learning and
memory ability significantly, as well as impair spatial memory
and spatial navigation.'"®° The hippocampal network is com-
posed of many areas, such as the cornu ammonis 1 (CAl),
cornu ammonis 3 (CA3), and dentate gyrus (DG). The Morris
water maze (MWM) was first established in 1981 to measure
hippocampal-dependent learning, including acquisition of spa-
tial memory and long-term spatial memory.?' Nowadays, the
MWM test is a widely used method for assessing spatial learn-
ing and memory ability in mice. The MWM, which generally
comprises a learning stage and testing stage, assesses the learning
and memory of animals by analyzing data such as movement
tracks and time spent searching for hidden platforms. The novel
object recognition (NOR) test was introduced by Ennaceur and
Delacour in 1988 to assess the ability of rats to recognize a novel
object in a familiar environment.”> Because mice have an innate
preference for novelty, it has been successfully adapted for use in
mice.”> The NOR test is applied to assess short-term recognition
memory of animals by recording and analyzing the exploring time
spent with a familiar object and a novel one. In the present study,

130(10) October 2022


https://doi.org/10.1289/EHP10255
mailto:djie@nju.edu.cn
mailto:hanxd@nju.edu.cn
https://doi.org/10.1289/EHP10255
http://ehp.niehs.nih.gov/accessibility/
mailto:ehpsubmissions@niehs.nih.gov
https://doi.org/10.1289/EHP10255

the MWM and NOR tests were applied to detect whether MPs
treatment could induce cognitive impairment in mice.

The blood-brain barrier (BBB) refers to the barrier between
the blood plasma and brain cells formed by the capillary wall of
the brain and glial cells and the barrier between the blood
plasma and cerebrospinal fluid formed by the choroid plexus,
which might protect the brain tissue from harmful blood sub-
stances.?*~%° Previous studies have pointed out that environmental
pollutants, such as heavy metals and fine particulate matter [PM
<2.5 pm in aerodynamic diameter (PM; 5)] could induce disruption
of the BBB.?”~*' The breakdown of the BBB could result in inflam-
matory responses and neurodegeneration. It is still unclear whether
MPs exposure could impair the integrity of the BBB structure.

Special note is needed that statistical units of MPs are diverse;
for example, some research has used concentration units*? and
some quantity units.>>** In this study, we ensured consistency of
concentration. The choice of concentrations in our study referred
to reports and some previous articles.>>? Jin et al. used 100 and
1,000 pg/L 5-um PS-MPs to investigate the impacts on the gut
barrier.” Lu et al. used 100 and 1,000 pg/L PS-MPs with particle
sizes of 0.5 and 50 pum to evaluate the effects on gut microbiota and
hepatic lipid metabolism.>* We chose two exposure concentrations
(100 and 1,000 pg/L) of PS-MPs in this study because some natu-
ral polluted areas have reached this higher level.* Meanwhile, we
considered that the concentration of exposure to mice in the labora-
tory can be higher, owing to the higher murine metabolic rate and
stronger tolerance ability. Therefore, in summary, we used two dif-
ferent concentrations (100 and 1,000 pg/L) of 0.5-, 4-, and 10-pm
PS-MPs to investigate whether concentration dependence existed.

In this study, we aimed to probe the toxicity of diverse parti-
cle diameters of PS-MPs on the nervous system in mice.
Following chronic exposure to PS-MPs, the integrity of the BBB
structure and the entrance of PS-MPs into brain tissue were
investigated. In addition, we investigated whether memory ability
and synaptic plasticity in mice were impaired by PS-MPs exposure.
The findings of the present study may help us have a more compre-
hensive understanding of the neurotoxicity of MPs and serve as a
wake-up call to raise awareness of environmental protection.

Materials and Methods

Characterization of PS-MPs

We obtained fluorescent PS-MPs (10 mg/mL) from the Tianjin
Baseline ChromTech Research Center (Tianjin, China). Fluorescent
MPs facilitate the detection of PS-MPs accumulation in tissue. We
applied three sizes of PS-MPs—0.5-um (7-3-0050), 4-pm (7-3-
0400), and 10-pm (7-3-1000)—in this research. The shape and size
of the MPs were measured by scanning electron microscopy (SEM;
HITACHI). One microliter of PS-MPs (10 mg/mL) was suspended
in 1 mL of double-distilled water (ddH,O) and dried in critical point
drying (K850; Quorum). The sample was attached to conductive
carbon film double-sided adhesive and placed on the ion sputtering
instrument sample table for about 30 s prior to imaging. The poly-
mer type of MPs used in the study was detected by a laser confocal
Raman spectrometer (Renishaw inVia-Reflex). The MPs solution
was filtered through polycarbonate filters (GVS) to collect MPs,
which were detected by Raman spectroscopy. The instrument was
set as follows: laser with a 785-nm edge; grating of 1,200 L/mm
(633/780); center of spectrum range of 1,150 cm™'; exposure time
of 1 s; laser power of 100%. Meanwhile, the zeta potential values of
MPs were assessed by a zeta potentiometer (Malvern Panalytical
Zetasizer Pro). The 1 pL of PS-MPs (10 mg/mL) was dispersed
into 1 mL ultrapure water and added into the detection dish. After
the electrode was cleaned, the MPs were put into the detection dish
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for zeta potential detection. The cycle was tested three times for
each size of the PS-MPs, and the average value was calculated.

Animals and Treatment

Six-week-old specific pathogen-free (SPF) male BALB/c mice
(weighing 19 +2 g) were obtained from the Medical School of
Yangzhou University (Yangzhou, China). The mice were maintained
at 20-22°C with 50%—60% relative humidity. All animals had free
access to water and food and were kept on a 12 h:12 h light:dark
cycle. The BALB/c mice were provided drinking water containing
three sizes of PS-MPs for 180 consecutive days, and the water in the
bottles was replaced every week. Before each water change, it was
homogenized and mixed with ultrasonication to ensure the uniform
distribution of MPs in the water. The mice were randomly assigned
to seven groups (n =12 for each group): a) control group (ddH,O),
b) 0.5 um 100 pg/L—exposure group (1.437 x 10° particles /L), c)
0.5 um 1,000 pg/L—exposure group (1.437 x 10'° particles/L), d)
4 um 100 pg/L—exposure group (2.986 x 10° particles/L), e) 4 pm
1,000 pg/L—-exposure group (2.986 x 10 particles/L), f) 10 um
100 pug/L-exposure group (1.737 x 10° particles/L), and g)
10 pm 1,000 pg/L-exposure group (1.737 x 10° particles/L).
The water intake, food intake, and body weight of the mice
were measured once a week. Because the mice used in this
study were from the same batch as those used in our previous
study, refer to the previous article for the data regarding water
intake, food intake, and body weight.>> According to our previ-
ous measurements,>> the water intake of each control mouse
was about 3 mL/d. The total exposure to PS-MPs was there-
fore ~0.3 pg/dpermouse and 3 pg/dpermouse at 100 and
1,000 pg/L, respectively. Following the exposure period, the
mice were subjected to behavioral tests. We randomly selected
10 mice in each group for the behavioral tests. After the behav-
ioral tests, the mice were deeply anesthetized with 2% sodium
pentobarbital and the mouse brain, liver, and gastric tissues
were harvested after cervical dislocation for the subsequent
experiment. We randomly selected 3 mice in each group for ultra-
structural analysis using electron microscopy, 3 mice in each group
for biotin tracing, and 3 mice in each group for quantification of
PS-MP accumulation in the brain and gastric tissues. After fluores-
cent imaging, the tissues were placed in paraformaldehyde for
embedding. The hippocampal tissues of 6 mice in each group was
taken out and quickly frozen in liquid nitrogen and stored at
—80°C for RNA and protein extraction. All animal procedures
were approved by the Animal Care and Use Committee of Nanjing
University under animal protocol no. SYXK (Su) 2009-0017.

Morris Water Maze

The mice were given drinking water containing PS-MPs for 180
uninterrupted days. Following exposure, the mice were subjected
to the MWM test to detect their spatial learning and memory abil-
ity. The day before the MWM test, the mice were acclimated to
the water environment for 1 min. MWM testing was conducted in
a round black pool with a diameter of 150 cm and a depth of
50 cm. The pool was arranged with drapes such that the mice
being tested could not see the experimenter during testing. We
placed high-contrast spatial cues about the pool to help the mice
remember where the platform was located. A 10-cm diameter
platform was placed in the center of one quadrant of the pool.
The platform remained in the same position throughout the learn-
ing trials and visual cue tests and was removed from the pool dur-
ing the probe test. Water temperature was maintained at ~22°C.
The mice were transferred directly from their housing facility to
the behavior room, and once there, the mice were kept in an area
where they could not see the pool or spatial cues. The mice were
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allowed to adjust to the new environment for at least 30 min
before testing. Day 1 was the visible platform phase; the platform
was set 1 cm above the water level and marked with black tape
so that the mice could locate the platform using a local visual
stimulus rather than relying on spatial orientation to extra-maze
cues. Days 2-5 comprised the hidden platform phase; we added
additional water to the pool to submerge the platform to 1 cm
below the surface. After the mouse was released, we retreated
away from the pool to a constant position within the room, serving
as an additional distal visual cue. The SMART digital tracking
system (version 2.5; Panlab) simultaneously began recording the
trial. During days 1-5, the maximum swim time was set to 90 s. If
a mouse located the platform before 90 s had passed, it was imme-
diately removed from the pool. If the platform was not located af-
ter 90 s of swimming, the mouse was gently guided to the
platform and allowed to reorient to the distal visual cues for an
additional 20 s before being removed from the pool. After removal
from the pool, the mice were manually dried with a terrycloth
towel and placed in a warming cage for at least 5 min before
returning to the home cage. We tested all the mice in one quadrant,
and then conducted the test in the second quadrant after 30 min.
All testing was conducted at roughly the same time each day to
minimize variability in performance due to time of day. Four
quadrants were tested, and only the quadrant located farthest from
the platform (the third quadrant) was analyzed. To examine spatial
reference memory, a probe test was administered 24 h after the
last training session. During the probe test (day 6), the platform
was removed from the pool. The mice were placed into the third
quadrant of the pool and allowed to swim freely for 90 s. After
completion of the test, all tracks from all trials were analyzed
for a number of behavioral parameters using SMART software
(Panlab). Thigmotaxis is defined as the mice swimming in the
outer 10% close to the walls, meaning the mice swim almost
exclusively in the periphery. The rate of thigmotaxis was
expressed as the ratio of the number of mice showing thigmo-
taxis to the total number of mice according to the swim path
trajectories. The resultant behavioral data were statistically an-
alyzed as described below.

Novel Object Recognition

Six-week-old BALB/c mice were provided drinking water con-
taining PS-MPs for 180 consecutive days. After the exposure pe-
riod, mice were subjected to the MWM test. The NOR test, which
assesses short-term recognition memory, was performed 3 d after
the MWM experiment. The experimental apparatus measured
40 cm x40 cm x40 cm. On the first and second days (training
phase), two identical objects (5 cm X 5 cm X 5 cm) were placed in
the experimental apparatus. Testing of object recognition memory
occurred 24 h after training. The mice were tested on their prefer-
ence for a new object compared with the old object. The objects
were similar in size and darkness of color, but with slightly differ-
ent shapes. Each mouse was placed on the side of the arena away
from the object with its back to the object and allowed free explo-
ration for 2 min. On each day of the experiment, the arena and
objects were cleaned with 70% ethanol. All trials on both the train-
ing and testing days were videotaped and analyzed using the
SMART digital tracking system. The total amount of time spent
exploring the novel and familiar objects was recorded for each ani-
mal. A mouse was scored as exploring an object when it was
directly sniffing or rubbing the object with its head or whiskers,
biting, or licking the object. Looking without directly touching, sit-
ting on, standing on, or sniffing the air above an object was not
scored. The relative exploration time was recorded for each object.
Data from training days (days 1-2) were expressed as a recogni-
tion score [time spent (s) investigating one object divided by the
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time spent (s) investigating both objects in total]. Data from the
testing day were expressed as a novelty score [time spent (s) inves-
tigating novel object divided by the time spent (s) investigating
both objects in total].

Tissue Accumulation of PS-MPs in Mice

Six-week-old BALB/c mice were provided drinking water con-
taining PS-MPs for 180 consecutive days. After the behavioral
test, the mice were deeply anesthetized with 2% sodium pentobar-
bital. The mouse brain and gastric tissues were collected after
cervical dislocation. Gastric tissue was used as a positive control.
Images were obtained of whole tissues using the biofluorescence
imaging system LB 983 NightOWL II (BERTHOLD) equipped
with a cooled slow-scan charged-coupled device camera. The
605-nm excitation filter and the 680-nm emission filter were
selected to detect the accumulation of fluorescent PS-MPs in the
tissues.

Hematoxylin-Eosin Staining

The brain tissues were fixed with 4% paraformaldehyde for 4 h,
dehydrated in a graded ethanol series, and paraffin embedded. The
embedded brain tissues were sectioned at 5 pm using a rotary
microtome (RM2015; Leica). The slides were immersed in xylene
for 10 min two times for dewaxing. Then the slides were dehy-
drated with an alcohol gradient concentration (100%, 95%, 90%,
70%, 50%, and 30% alcohol for 3 min per wash). The dehydrated
slides were stained with hematoxylin for 45 s, washed with water,
and rinsed with ammonia. The slides were then immersed in an
alcoholic solution of varying concentrations (30%, 50%, 70%, and
90%) for 3 min. Subsequently, the slides were stained with 95%
eosin for 5 min and soaked in 95% and 100% alcohol for 3 min.
Finally, the slides were immersed in xylene and sealed with resin.
The images were observed under a light microscope (Nikon) using
the NewSmartv550D program.

Biotin-Tracing Assay

The mice were deeply anesthetized with 2% sodium pentobarbital,
and cardiac perfusion was performed with phosphate-buffered
saline (PBS) for 20 min. Then the mice were transcardially per-
fused with 20-25 mL Sulfo-NHS-LC-Biotin (0.5 mg/mL)
(A8003; APExBIO) dissolved in PBS. The liver and brain tis-
sues were collected and immersed in 4% paraformaldehyde for
4 h, followed by a solution of 30% sucrose overnight. The
dehydrated liver and brain tissues were stored at —80°C. The
tissues were embedded in OCT and cut into 10-pum—thick slides
using a vibratome (CM1900; Leica). The frozen slices were
dried at room temperature for 15 min. Slides were immersed in
PBS for 10 min to remove the OCT. Triton (0.3%) was added to
the glass slide for drilling for 10 min. Then the slides were washed
with PBS for 10 min and sealed with a 3% bovine serum albumin
(BSA) solution at 37°C for 30 min. The frozen sections were
stained with streptavidin—Alexa Fluor 594 (Invitrogen) at 37°C for
1 h, and the nuclei were stained with 4’,6-diamidino-2-phenylin-
dole (DAPI; Sigma-Aldrich) at 37°C for 15 min. The images were
captured using a confocal fluorescence microscope FV10i micro-
scope (Olympus).

Golgi-Cox Staining

After deeply anesthetizing the mice with 2% sodium pentobarbi-
tal, the mouse brain was harvested after cervical dislocation. The
pia mater was removed carefully and ddH,O was used to wash
the blood from the surface. The dendritic spines in the hippocam-
pus of the mice in the PS-MPs—exposed and control groups were
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Figure 1. Characteristics of microplastics (MPs). (A) Scanning electron microscopy was used to detect the particle size and morphology of MPs (scale bar: 5 pum). (B)
Qualitative analysis by Raman spectroscopy. The photomicrographs on the left are brightfield images of MPs taken under a laser confocal Raman spectrometer (scale
bar: 20 pum). The graphs on the right show the Raman spectra of the MPs. (C) The zeta potentials of the three sizes of MPs were detected by a zeta potentiometer. Data
are presented as the means + SDs (n = 3 /each size). The mean and SD summary data for quantification of (C) are shown in Table S3. Note: SD, standard deviation.

visualized by the Golgi—Cox staining procedure, according to the
instruction manual in the FD Rapid Golgi Stain Kit manual (FD
Neurotechnologies). The brains were immersed in impregnation
solution (5% solution of potassium dichromate plus 5% solution
of mercuric chloride) and stored at room temperature for 2 wk
in the dark. The impregnation solution was replaced after the
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first 6 h of immersion or on the next day. The container was
gently swirled side to side for a few seconds at least twice a
week during the impregnation period. The tissue was then trans-
ferred into a 5% solution of potassium chromate and stored at
room temperature in the dark for at least 72 h. The potassium
chromate was replaced at least once after the first 24 h of
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immersion or on the next day, and 100-pm sections were cut
using a cryostat at —20°C. The slides were washed with ddH,O
twice for 5 min each and then incubated in a 20% ammonia so-
lution for 10 min in the dark by gently shaking them. The slides
were washed with ddH,O twice for 5 min each and rinsed in a 1%
sodium thiosulfate solution with gentle shaking it for 10 min. The
sections were then washed with ddH,O twice for 5 min each and
dehydrated by processing through 50%, 75%, 95%, and 100% ethanol
for 5 min each. The sections were defatted with xylene twice for 5
min each and coverslipped using mounting medium. The Golgi-
stained sections were stored at room temperature protected from light.
Images were obtained using a light microscope (Nikon). Dendrite
branches in the hippocampus were counted using ImageJ software.®

RNA Extraction, Reverse Transcription, and Quantitative
Real-Time Polymerase Chain Reaction

The hippocampus was soaked in 1 mL Trizol (Vazyme) and ho-
mogenized with an electric homogenizer. Two hundred microliters
of chloroform was added to the lysate, and it was fully oscillated
on an oscillator for 30 s and allowed to stand for 10 min. After cen-
trifugation at 12,000 rpm for 10 min at 4°C, the supernatant was
absorbed into a clean enzyme-free eppendorf (EP) tube, into which
100% isopropyl alcohol of equal volume was added. The liquid
was incubated at room temperature for 10 min, and we mixed it
by inversion five times during the incubation. After centrifuga-
tion at 12,000 rpm at 4°C for 10 min, we discarded the superna-
tant and washed the pellet with 1 mL of 75% ethanol solution.
The precipitate was suspended as much as possible and then cen-
trifuged at 7,500 X g at 4°C for 5 min. The supernatant was dis-
carded, and the EP tube was dried at room temperature for 8 min.
Enzyme-free water was added to the EP tube, and the RNA con-
centration was detected after incubation in a metal bath at 60°C
for 10 min. The complement DNA (cDNA) was generated by
HiScript Q RT SuperMix (R122-01; Vazyme). The reaction con-
ditions were 50°C for 15 min and 85°C for 2 min. Quantitative
real-time polymerase chain reaction (QRT-PCR) was performed
using ChamQ Universal SYBR qPCR Master Mix (Q711-02;
Vazyme) and an RT-PCR System (ABI Viia 7). The reaction
conditions were 30 s at 95°C, followed by 45 cycles of denatura-
tion at 95°C for 10 s, annealing at 60°C for 30 s, and extension at
72°C for 15 s. The primer sequences (Tsingke) applied in this
research are shown in Table S1. The relative quantification val-
ues of the target genes were measured by the 2724 method, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as an internal reference.

Protein Extraction and Western Blotting

The hippocampus tissues were minced with scissors and ho-
mogenized with an electric homogenizer. Proteins were purified
from the brain tissues by using radioimmunoprecipitation assay
(RIPA) bufter (P0013C; Beyotime). The tissues were placed in
RIPA buffer containing protease inhibitor cocktail (HY-K0010;
MedChemExpress) and lysed on ice for 30 min. The centrifuge
(Heraeus Fresco 17; Thermo) was precooled to 4°C in advance.
The whole lysates were then centrifuged at 12,000 x g for 30
min to remove debris. The protein concentration in the superna-
tant was determined using bicinchoninic acid protein quantifica-
tion kit (E112-02; Vazyme) and measured at a wavelength of
562nm in a microplate reader (Molecular Devices M3). The
loading buffer was added to the protein extract and heated at
100°C for 10 min. Approximately 30 pg of proteins from each
sample were separated on a 10% sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis gel and then electrophoretically
transferred onto polyvinylidene fluoride (PVDF) membranes
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Figure 2. Biodistribution of various diameters of polystyrene microplastics
(PS-MPs) in different tissues of mice. Mice were provided drinking water con-
taining three sizes of fluorescent PS-MPs for 180 consecutive days.
Fluorescence photomicrographs of excised brain tissues and gastric tissues
were evaluated (N =3 mice/group), the images display representative animals
in each group. Images of other mice are shown in Figure S1. The colors in the
photomicrographs indicate the fluorescence of the PS-MPs in the tissues.

(Millipore). The membranes were incubated at 37°C for 1 h in
blocking buffer (PBS, 0.1% Tween-20, 5% BSA). The primary
antibodies mouse anti-GAPDH, rabbit anti-PSD95, rabbit anti-
synapsin 1, and rabbit anti-synaptophysin (all from Proteintech)
were used to incubate the transferred blots overnight at 4°C.
Detailed information of the primary antibodies is displayed in
Table S2. After six washes in PBS/Tween (PBS, 0.1% Tween-20),
the membranes were incubated with the secondary antibodies
horseradish peroxidase—conjugated goat anti-rabbit/mouse IgG
(BA1039/BA1038; Boster) (dilution 1:5,000) at 37°C for 1 h.
Immunoreactive protein bands were detected using enhanced
chemiluminescence solution (Millipore) by an Odyssey Scanning
System (LI-COR). Band densitometry was quantified using ImageJ
software. In addition, GAPDH was chosen as the internal control.

Transmission Electron Microscopy

Transmission electron microscopy was applied to detect the ultra-
structure of the BBB. Fresh brain tissues were placed in 3%
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Figure 3. The integrity of the blood-brain barrier (BBB) in mice treated with polystyrene microplastics (PS-MPs). Mice were exposed to three sizes of fluores-
cent PS-MPs dissolved in water for 180 days. (A) BBB integrity was detected by biotin tracer experiments. The liver and brain tissues were collected and
immersed in paraformaldehyde, followed by a solution of 30% sucrose overnight. The tissues were embedded in OCT and cut into sections. The sections were
stained with biotin (red) and DAPI (blue). The existence of biotin in brain tissues was examined by immunofluorescence microscopy (N =3 mice/group, n=3
slides/mice). The biotin signal of the liver parenchyma was used as a positive control. Images of other mice are shown in Figure S2. (B) PS-MPs—induced ultrastruc-
tural changes in the BBB were detected by a transmission electron microscope. Upper images display the ultrastructure of BBB. Lower images refer to the magni-
fied boxed areas. These are representative images (N = 3 mice/group). Images of other mice are shown in Figure S3. Note: DAPI, 4’,6-diamidino-2-phenylindole.

glutaraldehyde (G7526; Sigma-Aldrich) for 2 h followed by 2%
osmium tetroxide (19100; Electron Microscopy Sciences) for 3 h.
The tissues were dehydrated and embedded in spurr resin, then
cut into 70-nm ultrathin sections by ultratome (PowerTome-XL;
RMC). The sections were stained with 3% uranyl acetate (22400;
Electron Microscopy Sciences) and 2% lead citrate (17800;
Electron Microscopy Sciences). The sections were examined
using a JEM-1200 EX II TEM (JEOL) operated at 80 kV. We
captured the imaging of the ultrastructure of the BBB using a
Hitachi transmission electron microscopy (TEM) system.

Statistical Analyses

The statistical analysis was based on SPSS 18.0 (IBM).
GraphPad Prism Software (version 8.0.1) was used to plot the
data. The values are presented as means + standard deviations.
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For the MWM tests, only the time the mice took moving from
the third quadrant to the target platform during the learning
trials (days 1-5) was analyzed. The thigmotaxis of mice on
days 1-5 were analyzed. The thigmotaxis was the ratio of the
number of mice showing thigmotaxis of four trials to the total
number of mice according to the swim path trajectories of four
trials in every day. During the probe test (day 6), the mice
were placed in the third quadrant of the pool. The number of
times the mice passed the target platform on the sixth day
were measured. The percentage of time the mice took in the
quadrant where the target platform was placed on the sixth
day was detected. All statistical tests were two sided, and the
data were considered significantly different when the p-value
was <0.05. Differences between groups were detected by one-
way analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison tests.
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Figure 4. Spatial learning and memory ability in mice treated with polystyrene microplastics (PS-MPs). Mice were tested in a Morris water maze (MWM)
experiment following treatment with PS-MPs for 180 days. (A) The experimental design of the MWM test is displayed. Day 1 was the visible platform phase,
and the platform was set 1 cm above the water level. Days 2—5 comprised the hidden platform phase, and additional water was added to the pool to submerge
the platform to 1 cm below the surface. Day 6 was the testing phase, and the platform was removed from the pool. The SMART digital tracking system (ver-
sion 2.5; Panlab) was used to record the trial. The mean and SD summary data for quantification are shown in Table S3. p-Values for all comparisons are
reported in Table S4. (B) The time it took the mice to move from the third quadrant to the target platform during the learning trials (days 1-5) was measured.
The mean and SD summary data for quantification are shown in Table S3. p-Values for all comparisons are reported in Table S4. (C) Representative swimming
routes of mice from the third quadrant to the target platform on the fifth and sixth days are shown. (D) The number of times the mice passed the target platform
on sixth day are displayed. The mean and SD summary data for quantification are shown in Table S3. p-Values for all comparisons are reported in Table S4.
(E) On the sixth day, the percentage of time the mice took in the quadrant where the target platform was placed was detected. Data are presented as the
means + SD (N =10 mice/per group). The mean and SD summary data for quantification are shown in Table S3. p-Values for all comparisons are reported in

Table S4. *p <0.05; *p <0.01 vs. control, as determined by one-way ANOVA followed by Dunnett’s multiple comparison tests. Note: ANOVA, analysis of

variance; SD, standard deviation.

Results

Characterization of MPs

We obtained fluorescent PS-MPs in three sizes: 0.5, 4, and 10 pm.
The shape and size of the MPs were measured by SEM. We found
that the MPs used in this study appeared regular-spherical, and the
size met our requirements (Figure 1A). The polymer type of MPs
was PS according to the Raman spectra (Figure 1B). We also
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detected the zeta potential values of MPs. The zeta potential value
represents the surface charge of the MPs, which is important for its
toxicity. The zeta potential value of PS-MPs with the three particle
sizes ranged from —30 to —40 mV (Figure 1C).

Accumulation of PS-MPs in the Brains of Mice

Six-week-old BALB/c mice were provided drinking water con-
taining three sizes of fluorescent PS-MPs for 180 consecutive
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Figure 5. Short-term recognition memory function in mice treated with polystyrene microplastics (PS-MPs). Three days after the Morris water maze (MWM)
experiment, a novel object recognition (NOR) experiment was performed. (A) The experimental design of the NOR test is displayed. On the first and second
days (training phase), two identical objects were placed in the experimental apparatus. Testing of object recognition memory (the third day) occurred 24 h after
training. Mice were tested on their preference for a new object compared with the old object. All trials on both the training and testing days were videotaped
and analyzed by the SMART digital tracking system (version 2.5; Panlab). (B) The walking routes of mice on the second and third days are shown. The pic-
tures display representative animals in each group. (C) The novelty scores [time spent (s) investigating novel object divided by the time spent (s) investigating
both objects in total] of mice were examined. The results are expressed as means + SDs (N = 10 mice/per group). The mean and SD summary data for quantifi-
cation are shown in Table S3. p-Values for all comparisons are reported in Table S4. “*p <0.01 vs. control, as detected by one-way ANOVA followed by
Dunnett’s multiple comparison tests. Note: ANOVA, analysis of variance; SD, standard deviation.

days, after which fluorescence images of the brain and gastric tis- in the experimental groups (Figure 3B; Figure S3). Three mice
sues of the mice were measured using biofluorescence imaging. were evaluated in each group. They all displayed the described
Gastric tissue was used as a positive control. Fluorescent PS-MPs phenotype.

were found in the brain and gastric tissues (Figure 2; Figure S1).

Learning and Memory Function in PS-MPs—Treated Mice

The Integrity of BBB in PS-MPs Treated Mice The experimental design of the MWM test is displayed in Figure
A biotin tracer assay was widely used to qualitatively detect the 4A. There were no significant differences between control and
integrity of the BBB structure. Biotin signals were observed in PS-MPs—exposed mice in their ability to locate the target plat-
the parenchyma of the liver in both control and PS-MPs—exposed form during the training stage on days 1-4. Mice exposed to 4-
mice because of the fenestrated vasculature.*® However, biotin and 10-pum PS-MPs at a dose of 1,000 pg/L took a longer time to
signals were displayed in the hippocampus, hypothalamus, and find the hidden platform than the control mice on day 5 (Figure
cortex in the different sizes of PS-MPs—exposure groups but not 4B). The time for the mice to find the hidden platform could
the control group (Figure 3A; Figure S2). Three mice were eval- reflect the learning and memory function of mice. A shorter time
uated in each group. They all displayed the described phenotype. for the mice to find the platform means better learning and mem-
Meanwhile, the ultrastructure of the BBB was evaluated using ory ability in mice. The average swim speed of mice on days 1-5
TEM. The tight junction structure between adjacent endothelial was not significantly different between PS-MPs—treated and
cells presented a relatively complete band in the control group. In -untreated mice (Figure S4). There was no difference in the thig-
contrast, the tight junction structure became shorter and thinner motaxis among groups. However, for each group, the percentage
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of mice exhibiting the thigmotaxis decreased almost every day
(Table S5). For each group, the total path length to find the hid-
den platform of mice also decreased almost every day. The total
path length to find the hidden platform of mice exposed to 4-pm
PS-MPs at a dose of 1,000 ug/L was significantly lower com-
pared with the control mice on day 5 (Figure S5). Compared with
the control group, mice in the PS-MPs—treated groups crossed the
missing platform significantly less frequently within 90 s during
the testing phase on day 6 (Figure 4C,D). Meanwhile, the time
that PS-MPs—exposed mice stayed in the quadrant of the missing
platform was substantially less than that of the control group, and
there was no significant difference among different diameters of
PS-MPs (Figure 4E). The more time the mice crossed the missing
platform, the longer they stayed in the quadrant where the plat-
form was located, suggesting that the mice had a memory of the
location of the platform.

The experimental design of the NOR test is displayed in
Figure 5SA. We examined the recognition scores in days 1-2. The
recognition scores of most mice were around 0.5, indicating that
the time spent exploring two identical objects was essentially the
same and that there was no preference (Figure S6). On the testing
day, the total distance moved and the average movement speed of
the mice tended to be less in mice exposed to PS-MPs, and there
was a significant difference in distance moved in the 1,000 pg/L
10-pm PS-MPs—exposure group (Figure 5B; Figure S7). Because
of their innate preference for novelty, if a mouse recognizes a fa-
miliar object, it will spend most of its time at the novel object.
The novelty scores were applied to assess short-term recognition
memory of mice. Results demonstrated that the novelty scores
were greatly lower in the PS-MPs—exposure groups in compari-
son with the control group (Figure 5C).

Nucleolar Characterization and the mRNA Levels of
Proapoptotic Genes in the Hippocampus of PS-MPs Treated
Mice

Hematoxylin-eosin (H&E) staining of the brain showed deeper nu-
cleolar staining of neurons in the CA3 and DG regions of the hippo-
campus in mice exposed to PS-MPs compared with control mice
(Figure 6). Lower neuronal cell numbers in the DG region were
observed in 1,000 pg/L 0.5-um PS-MPs and 100 pg/L 4-pum PS-
MPs—exposure group (Figure S8). No differences in cell numbers
inthe CA1 and CA3 region were observed. Meanwhile, the mRNA
levels of caspase 3 were significantly higher in the hippocampus in
mice exposed to PS-MPs compared with control mice (Figure
S9A). Moreover, the Bax/Bcl-2 mRNA ratio was markedly higher
(Figure S9B).

Density of Dendritic Spines and Expression of Proteins
Related to Synaptogenesis in the Hippocampus of PS-MPs—
Treated Mice

Dendritic spines, which are located on the dendrites of neurons
that form synapses, are closely related to learning and memory.
Golgi—Cox staining was widely used to quantitatively analyze
dendritic spines. Mice exposed to PS-MPs had fewer spines
located in the CA1 region of the hippocampus (Figure 7A,B).
Furthermore, the expression of synapsin 1, synaptophysin, and
PSD 95 protein was lower in a concentration-dependent man-
ner in the hippocampus of PS-MPs—exposed mice compared
with control mice (Figure 7C; Figure S10). Meanwhile, the lev-
els of Ncam, Syt 4, Syt 1, Bdnf, and Gap43, which are involved
in the synaptogenesis of neurons in hippocampus tissues, were
evaluated. The qRT-PCR results showed that mice exposed to
PS-MPs had lower mRNA levels of Bdnf and Syt I in the hip-
pocampus (Figure 7D,E). However, there were no significant
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Figure 6. Hematoxylin-eosin (H&E) staining in brain sections and expression
of proapoptotic proteins in the hippocampus of mice treated with polystyrene
microplastics (PS-MPs). H&E staining was used to stain hippocampal CA1,
CA3, and DG regions. Hematoxylin stained the cell nuclei blue, and eosin
stained the extracellular matrix and cytoplasm pink (scale bar: 30 pm) (N =3
mice/group, n=3 slides/mice). Note: CAl, cornu ammonis 1; CA3, cornu
ammonis 3; DG, dentate gyrus.

differences between control and PS-MPs—exposed mice in
mRNA levels of Gap43 and Syt 4. The mRNA level of Ncam
was markedly lower in the 100 pg/L 10-um PS-MPs—exposure
group (Figure S11).

Expression of Proteins Related to Inflammation in the
Hippocampus of PS-MPs—Treated Mice

The levels of inflammation-related genes, such as tumor necrosis
factor alpha (Tnf-o), interleukin-1f (ZI-1P), interleukin-6 (/I-6),
chemokine (C-X-C motif) ligand 10 (Cxcl10), and monocyte che-
moattractant protein-1 (Mcp-1) in the hippocampus were meas-
ured. The gene expression levels of Tnf-o, II-1P, 11-6, CxcllO0,
and Mcp-1 were markedly higher in the PS-MPs—exposed mice
compared with the control group (Figure 8). In addition, the im-
munofluorescence staining of hippocampus tissues displayed
higher expression of Mcp-1 and Tnf-a protein in mouse brain fol-
lowing the treatment with PS-MPs (Figure S12).
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Figure 7. The density of dendritic spines and expression of proteins related to synaptogenesis in the hippocampus of polystyrene microplastics (PS-MPs)—
treated mice. (A) Golgi—Cox staining examined the effect of PS-MPs on the density of dendritic spines in the hippocampus. (B) The number of spines were
counted. The mean and SD summary data for quantification are shown in Table S3. p-Values for all comparisons are reported in Table S4. (C) The expression
of synapsin 1, synaptophysin, and PSD 95 protein in the hippocampus was measured via western blotting. The western blotting results are shown in Figure
S10. Quantification of western blotting evaluating synapsin 1, synaptophysin, and PSD95 protein in the hippocampus of PS-MPs treated mice. The expression
levels were quantified with ImageJ*® (n =3). Data are presented as the means + SDs. The mean and SD summary data for quantification are shown in Table
S3. p-Values for all comparisons are reported in Table S4. *, p <0.05; **, p <0.01 compared with the control group, as determined by one-way ANOVA with
Dunnett’s multiple comparison test. (D,E) The mRNA levels of Bdnf and syt 1 in the hippocampus were tested with qRT-PCR by normalizing to Gapdh. The
results are expressed as means + SDs (n=3, N =3 mice/group). The mean and SD summary data for quantification are shown in Table S3. p-Values for all
comparisons are reported in Table S4. “p < 0.05; *p < 0.01 compared with the control group, as determined by one-way ANOVA followed by Dunnett’s multi-
ple comparison tests. Note: ANOVA, analysis of variance; Bdnf, brain-derived neurotrophic factor; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; qRT-
PCT, quantitative real-time polymerase chain reaction; SD, standard deviation; sytl, synaptotagmin-1.

Discussion

At present, owing to the widespread use of plastic products, plastic
pollution is becoming increasingly serious.**** Therefore, the
potential toxicity risks MPs pose to aquatic organisms and mammals
have raised extensive concern from researchers.*! Previous studies
have demonstrated that MPs could do harm to the liver,g’32 gut,32
lung,** and reproductive system**** in a variety of experimental
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animal models. Nevertheless, little is known about the neurotoxicity
of MPs exposure in mammals. To simulate environmental exposure
to MPs in humans, this study evaluated the toxic hazards of chronic
MPs treatment on the brains of mice.

Some researchers have pointed out that MPs induce neurotoxic-
ity in aquatic organisms. For example, Barboza et al. showed that
MPs caused neurotoxicity through acetylcholinesterase inhibition
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Figure 8. mRNA expression of proteins related to inflammation in the hippocampus of polystyrene microplastics (PS-MPs)-treated mice. The levels of tumor
necrosis factor alpha (7nf-o), interleukin-1f (Z/-1p), interleukin-6 (/I-6), chemokine (C-X-C motif) ligand 10 (Cxcl10), and monocyte chemoattractant protein-1
(Mcp-1) in the hippocampus were measured via qRT-PCR. Data are expressed as the means + SDs for three independent experiments (N =3 mice/group). The
mean and SD summary data for quantification are shown in Table S3. p-Values for all comparisons are reported in Table S4. *p < 0.05; **p < 0.01 vs. control,
as detected by one-way ANOVA followed by Dunnett’s multiple comparison tests. Note: ANOVA, analysis of variance; qRT-PCT, quantitative real-time poly-

merase chain reaction; SD, standard deviation.

and an increase in lipid oxidation in the brains of European sea-
bass.'* Tang et al. demonstrated that combined exposure to bisphe-
nol A and MPs led to a higher level in pivotal neurotransmitters,
inducing neurotoxicity in Tegillarca granosa.*> Sun et al. confirmed
that MPs exposure apparently inhibited the average speed and dis-
tance traveled by aquatic organisms, resulting in a neurotoxic
response.*® In the present study, we discovered that fluorescent PS-
MPs were found in the brain, indicating that PS-MPs with various
sizes in diameter could enter and accumulate in the brains of mice.
The results of the MWM and NOR tests suggest learning and cogni-
tive impairment in mice exposed to PS-MPs compared with control
mice. Biotin was transcardially perfused into the blood circulation
of mice. Biotin signaling does not occur in brain tissue with intact
BBB. However, biotin signals were found in the hippocampus,
hypothalamus, and cortex in the PS-MPs—exposure groups. The
tight junction structure in PS-MPs—exposure groups was shorter and
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thinner than that in the control mice, consistent with the destruction
of the BBB of PS-MPs exposed mice. The BBB plays a critical role
in preventing harmful substances from entering brain tissue and in
maintaining homeostasis.*”*® Disruption of the BBB could lead to
inflammation and neurodegenerative diseases.*’ As expected, the
mice exposed to PS-MPs had higher mRNA levels of the inflamma-
tory cytokines Tnf-o, II-1B, 1l-6, Cxcl10, and Mcp-1. Moreover, the
MWM and NOR behavioral tests were performed to assess the
adverse consequences of chronic PS-MPs treatment on the cogni-
tive and memory function of mice.’>”" Spatial learning and mem-
ory ability was assessed in the MWM test. The results of the MWM
test suggested that mice in the PS-MPs—treated groups crossed the
missing platform significantly less frequently during the testing
phase compared with the control group. The time that the PS-MPs—
exposed mice stayed in the quadrant of the missing platform was
substantially less than that of the control group. A higher percentage
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of time spent in the platform quadrant is interpreted as a higher level
of memory retention. NOR testing was used to assess short-term
recognition memory. The results of NOR testing demonstrated that
the novelty score was greatly lower in the PS-MPs—exposure groups
in comparison with the control group. Generally, NOR novelty
scores should be >0.5 (the no-preference score) to show that the
mice had a preference for the novel object, implying memory of the
previously explored object. In our results, we discovered that nov-
elty scores of some mice in the control group were <0.5. We sus-
pect that there are two reasons for this. On the one hand, this may
be due to the fact that the time we measured was 2 min, the time for
the mice to explore the object was relatively short. On the other
hand, we used 6-wk-old mice for the experiment and the behavioral
tests were performed after 180 d, which possibly resulted in poor
memory ability due to the older age of the mice.

One of the key features of neurodegenerative diseases is the
death of neurons.’ Our results suggested that exposure to PS-
MPs induced higher levels in the expression levels of proapop-
totic proteins in the hippocampus. In addition, the regulation of
synaptic growth and plasticity also contributes to cognitive and
learning and memory functions.>->* Changes in the density of
dendritic spines after external stimulation can also lead to neu-
rodegenerative diseases and intellectual disability.”® In this
study, mice exposed to PS-MPs had lower numbers of spines in
the hippocampus. Meanwhile, synaptophysin is essential in
maintaining homeostasis of memory function.’®>” Our study
suggested that the levels of synapsin 1, synaptophysin, and PSD
95 were lower in a concentration-dependent manner after PS-
MPs treatment. Moreover, the results showed that the expres-
sion of Syt I and Bdnﬁsg’sg which are necessary for the regula-
tion of neurodevelopment and synaptogenesis of hippocampal
neurons, was lower following PS-MPs exposure.

To investigate whether the neurotoxicity of MPs was concen-
tration dependent, we referred to some previous studies®>? and
finally chose two concentrations, 100 and 1,000 pg/L, as experi-
mental concentrations. In fact, the experimental concentrations we
used (0.3 pg/d and 3 pg g d) were lower than those in some previ-
ous studies. Deng et al."> and Wang et al.® chose 0.1 mg/day to
demonstrate the toxicity of mice. Hou et al. exposed mice to
0.6-0.7, 6-7, and 60-70 pg/d to explore reproductive toxicity of
PS-MPs.** On the other hand, the particle size of MPs may be
another vital factor affecting their toxicity and accumulation in dif-
ferent tissues according to some scholars.®®%* Therefore, we chose
three particle diameters to reveal the toxic impacts of PS-MPs on
the nervous system of mice in this study. The results showed that
there was a concentration-dependent increasing trend, but no parti-
cle size-dependent effect on the neurotoxicity of MPs.

Generally, the methods of detecting MPs accumulation in
tissues include Raman spectroscopy,®** polarized light microscopy,®®
and fluorescently labeled detection.®® However, it is not possible
to perfectly qualitatively and quantitatively detect MPs in tissues.
In our study, to minimize the loss of MPs in tissue dissolution, we
applied fluorescence imaging to detect the accumulation of PS-
MPs in the whole brain without pretreatment.

Certainly, there are limitations in the present study. The PS-
MPs used in this study were pristine MPs, which would therefore
not represent MPs in nature that may have adsorbed other substan-
ces. Meanwhile, the method to detect the PS-MPs could not distin-
guish the different forms of the particle in tissues. Fluorescence
imaging can only detect whether MPs can enter mouse brain tissue
and cannot quantitatively detect the amount of MPs entering vari-
ous parts of the brain tissue. In further study, we would explore
more effective methods to detect whether PS-MPs enter the circu-
lation and brain in a separated form or an aggregated form. We are
eager to achieve further breakthroughs in detection technologies.
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Conclusion

In summary, the effects of various exposure concentrations and
particle sizes of PS-MPs exposure on the nervous system in mice
were explored. Our studies suggest that chronic PS-MPs exposure
disrupt the BBB, resulting in a lower density of dendritic spines,
and higher mRNA levels of inflammation-related genes, bringing
about memory impairment in mice. The outcomes measured here
were concentration dependent, but independent of particle size.
However, the limited experiments used to evaluate each outcome
and the underlying mechanisms of PS-MPs—induced neurotoxicity
and cognitive dysfunctions remain unclear, which will lead us to
perform further studies.
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