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ABSTRACT

A considering body of evidence has been published on early-life exposure to particulate matter (PM)
and its impact on neurodevelopment. While particle transfer into the brain by inhalation is known
to occur, this route of exposure and its associated neurotoxic effects remain largely unexplored for
prenatal life. Moreover, most research has been devoted to the micro-sized PM, while nano-sized
particles are considered the most toxic. This mice study set out to examine the transfer of carbon
nanoparticles (CNP), a surrogate of ultrafine PM, into the brain after prenatal and/or early postnatal
whole body exposure, using white-light generation under femtosecond pulsed illumination. CNP
loads were measured in the brains of C57BL/6 mice, with average log (SD) counts of 0.34 (0.06), 0.38
(0.17), 0.45 (0.09), and 0.42 (0.19) particles per mm? tissue for sham, prenatal, postnatal and pre- and
postnatal exposed mice. Nonetheless, particle loads did not differ significantly depending on
condition. Furthermore, exposed offspring displayed altered behavior compared to sham-mice in the
open field test, with postnatally exposed mice that spent decreased time in the open field ((W(3.000,
16.44) =5.987, p = 0.0059) and periphery (F = 84.37, p < 0.0001). Here, the presence of CNPs in brains
of pre and postnatal exposed mice was demonstrated in relation to altered behavior in the open field
test. These findings suggest a direct particle transfer to the fetal brain that may contribute to negative
neurological effects from early life and onwards.

INTRODUCTION

Air pollution is one of the most significant and
prevalent environmental risks to human health (1,
2). The World Health Organization (WHQ) has
estimated that in 2019, 99% of the world population
was living in areas where WHO air quality
guidelines levels were not met (3). Furthermore, in
2016, outdoor pollution in rural and urban areas
was estimated to contribute to 4.2 million
premature deaths globally per year (3), with causes
ranging from respiratory diseases (e.g., chronic
obstructive pulmonary disease and pneumonia) to
cardiovascular defects and stroke (4-7). Ambient
air pollution majorly consists of gases such as

ozone (O3), sulfur dioxide (SO.), nitrogen dioxide
(NO.), and carbon monoxide (CO), along with
particulate matter (PM) (8). PM is the complex
mixture of liquid and solid particles suspended in
the air that may contain compounds from the earth’s
crust, elemental carbon, inorganic ions, metals, and
organic compounds (9). Depending on its emission
source and atmospheric processing, PM exists in
various sizes, chemical compositions, surface
areas, and masses (9, 10). All of these and many
other physicochemical characteristics play a crucial
role in the consequent health impacts of PM (11).
For convenience, however, the aerodynamic
diameter is most often employed to categorize the
particles, ranging from coarse (PM1o; diameter < 10
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microns) to fine particles (PMys. diameter < 2.5
microns) and ultrafine particles (PMo1 or UFP;
diameter < 0.1 microns or 100 nm). The UFPs are
of most concern for human health, owing to i) their
greater capacity to deposit in the lower respiratory
tract and consequently travel through the
circulation to distant organs (12, 13) and ii) their
strong tendency to adsorb other toxic compounds
(e.g., polycyclic aromatic hydrocarbons (PAHS)
and benzene) resulting from their high surface-to-
volume ratio (14, 15). Outdoor UFPs are mainly
combustion-derived (i.e., by burning fuels) and
carbonaceous of nature originating from traffic and
industries (e.g., soot) (16). They are composed of
an elemental carbon core encompassed by organic
carbon and minor portions of metals, nitrate, and
sulfate compounds (17).

A critical target of UFPs that goes beyond the
lungs is the brain. Adverse effects are either exerted
indirectly by inducing systemic inflammation or
directly by particles entering the brain (18). The
direct way is enabled by two main exposure routes.
First, inhaled UFPs may enter the circulation by
crossing the alveolar-capillary barrier, through
which they may further travel toward the brain (19).
Even though the central nervous system (CNS) is
well isolated from the circulation by the tight blood-
brain barrier (BBB), blood-derived particles have
been shown to breach this protective layer
rendering it even more permeable (20). The second
and probably the most prevailing route for particle
uptake occurs via the olfactory region (21). Upon
inhalation, UFPs can penetrate the olfactory
epithelium through the oral or nasal cavity,
eventually reaching the olfactory bulb (22). From
there on, they can further move into different brain
areas, such as the hippocampus (19). Within 4-24h
after inhalation, UFPs could already be detected in
the brain (22).

Over the last decades, extensive research has
been conducted to understand better the
neurotoxicity behind inhaled particle exposure
(23). An escalating body of evidence has associated
exposure to PM with poor brain outcomes and a
higher incidence of neurological diseases (24). For
example, animal and human studies indicated a link
between PM,s exposure and decreased cognitive
functions (25-27). Moreover, long-term exposure to
PM,s has been correlated with a significant
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increase in risk for depression (28, 29). Recently,
several studies proposed evidence suggesting that
general PM exposure may contribute to the
incidence or worsening of neurodegenerative
diseases, such as dementia (30, 31), Alzheimer’s
disease (31, 32), Parkinson’s disease (33), and
multiple sclerosis (34). Notably, none of these
studies investigated the contribution of UFPs as a
separate category to these outcomes, rendering it
challenging to assess whether effects were
manifested by UFPs. Reasons for the limited
number of studies concerning UFPs may be the lack
of standard measurement techniques and
personalized data (35, 36), underscoring the need
for further research.

Particularly susceptible to toxic compounds
such as PM are pregnant women, their growing
fetuses, and young children (37). It is already
widely acknowledged that prenatal exposure to
PM2s is linked to an increased risk of preterm
delivery and low birth weight (38, 39). Several
factors contribute to this increased health risk. First
of all, the oxygen consumption and ventilation of
the mother are greatly increased during the
pregnancy (40), leading to higher particle intakes as
compared to a non-pregnant person. Second, all of
the organs and body systems of the fetus are
forming entirely, and any harm at that stage may
result in life-long consequences (41). Third, the
metabolism and immune system during fetal life
and childhood are still too immature to efficiently
detoxify and eliminate unwanted substances (42).
Finally, children generally have higher breathing
rates than adults and given their height, they are
also closer to the ground where e.g., exhaust
particles from cars are emitted (37).

Chronic and acute exposure to PM during crucial
periods of perinatal life may also affect the
neurodevelopmental trajectory. Numerous human
and rodent studies have explored the impact of pre-
and early-postnatal exposure to PM, delivering
strong evidence for links with altered brain
functions and behavior (43-45). Examples of
altered performance measures are reduced working
memory (46), learning (47, 48), cognition (46),
reaction times (49), attentiveness (49), along with
altered behavioral regulation (50). Additionally,
mood disorders have been observed in several
rodent studies following early-life exposure to PM,
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including symptoms of depression and anxiety (51,
52). In a recent study by our research group, black
carbon particles were identified on the fetal side of
human placentae providing evidence that direct
exposure of the fetus to PM is possible (53). In
summary, pre- and early-postnatal exposure to PM
may affect the brain both directly and indirectly,
which may result in neurodevelopmental delay and
disturbances. Consequently, this may sensitize the
infant to develop chronic neurological diseases later
in life, as described by the Developmental Origins
of Health and Disease hypothesis (54).

Several cellular mechanisms have been put
forward that may underlie or contribute to these
negative effects on the CNS. Examples include
mitochondrial dysfunction (55), endoplasmic
reticular stress (56), DNA adduct formation (57),
and disturbance of protein homeostasis (58).
However, the most commonly described effects are
induced oxidative stress and neuroinflammation
(58), closely intertwined mechanisms involved in
neurodegeneration  (59). Growing evidence
implicates the involvement of glial cells in
neuroinflammation from air pollution exposure
(60). Glial cells are the non-neuronal cells of the
CNS (including oligodendrocytes, astrocytes, and
microglia) comprising 80% of the human brain
(61). They are highly sensitive to systemic
inflammation and external stimuli entering the
brain, such as UFPs. PM exposure experiments
with rodents have shown that astrocyte and
microglia numbers increase significantly after
exposure, specifically in the dentate gyrus,
hippocampus and cortex. This phenomenon, called
glial cell activation, is part of an inflammatory
response elicited by the astrocytes and microglia in
response to the exogenous particles (62).

Over the past decades, extensive research has
been carried out to understand better the adverse
effects of pre- and early postnatal exposure to PM
on the brain. However, limited studies have
explored the respective contribution of UFPs to
these consequences, while this size fraction is
considered the most hazardous. Furthermore, it
remains unclear whether the impact of pre- and
early-postnatal exposure differs for the CNS, as
most studies focus on either one of the exposure
periods. Here, these knowledge gaps were
addressed by exposing mice whole body, pre- and

Senior internship- 2" master BMW

postnatally to spark-generated carbon nanoparticles
(CNPs; 1-20 nm in diameter). CNPs represent a
relevant toxicological surrogate from diesel engines
as they constitute the core of combustion-derived
particles (63). Even though engineered CNPs may
possess different properties, it is highly plausible
that they share modes of action with combustion-
derived UFPs. The hypothesis was that prenatal
exposure to CNPs during critical developmental
stages of pregnancy in mice will adversely affect
offspring’s neurological reflexes, with a larger
impact of postnatal exposure, and that this is
mediated by glial cell activation. To approach this
hypothesis, we investigated the particle transfer
toward the brain using our in-house measuring
method based on the generation of white-light on
the  non-incandescence-related  white  light
generation of particles under femtosecond pulsed
illumination. This allows us to determine
personalized  exposures for each  mouse.
Additionally, we evaluated offspring’s behavioral
development and performance in the homing and
open field tests. Lastly, we aimed to explore
glialcell activation in the offspring brains to gain
mechanist insights. Together with previous
research, our study can provide substantial new
knowledge on the effects of early-life exposure on
neurodevelopment of mice.

EXPERIMENTAL PROCEDURES
1. Hlustration of particle transfer into the brain

Brains of 18 female NMRI mice were
provided for this study by Hougaard K.S. etal. from
the department of Public Health, Environmental
Health at the University of Copenhagen. All
experimental and ethical procedures are described
in detail by Skovmand et al. (64) (ethical permit no.
2015-15-0201-00569). Briefly, mice were exposed
whole body to either HEPA-filtered air (sham n =
6) or to target Printex 90 concentrations of 4.6 and
37 mg/m® (low n = 6, high n = 6, respectively) for
45 min/day over 15 consecutive days. Animals
were euthanized 26-28 days after concluding the
exposures, and brains were isolated and stored at -
80°C. Sample processing for the detection of
carbon black particles occurred as described in
“Particle detection in brains”.
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2. Study towards early-life exposure to CNPs

Animals — Mice from the C57BL/6J OlaHsd
strain were purchased at 5 weeks of age from
Envigo (The Netherlands) and randomly assigned
to individually-ventilated cages (GM500 Mouse
IVC Green Ling, Tecniplast, UK) holding 5 females
each; males were housed individually. All animals
were kept in a temperature-controlled environment
(21-23°C), having ad libitum access to a standard
diet and water in their home cage under a reversed
12h light/dark cycle (4.00h — 16.00h). At 16 weeks,
mice time-mated (designated gestational day (GD)
0), and pregnancy was confirmed on GD 8 by a
weight gain of 0.7 up to 3.5 g. All procedures were
conducted according to EU Directive 2010/63/EU
for animal experiments and approved by the Local
Ethical Committee for Animal Experimentation
(Hasselt University, Diepenbeek, Belgium; 1D
202148B and 201864A1).

Exposure — The pregnant dams were exposed
whole body over GD 8, 9, 16, and 17 for 4 h/day, to
either HEPA-filtered clean air or target CNP
concentrations of 440 pg/m®. No food and water
were provided to avoid oral particle intake. Clinical
signs were assessed 4 times and mice were returned
to their home cage after the exposure. Birth was
expected on GD 20, and designated postnatal day
(PND) 0. Offspring (n = 165) were randomly
divided to receive an additional postnatal exposure
in the same conditions as previously over PND 4-7
and 10-13. A total of 4 offspring groups was
established, in the following referred to as the sham
(control, n = 37), prenatal (n = 44), postnatal (n =
41), and pre and postnatal group (n = 43). A
schematic illustration of the experimental timeline
is shown in Figure 1. During the exposure, the mice
were held in separate wire mesh cages (26 x 15.5 x
18 cm) inside a temperature-controlled 200L
inhalation unit (85 x 64 x 37 cm), designed to
deliver an evenly distributed exposure. Electric
discharge particle generators (VSP-G1,
VSPARTICLE, The Netherlands) were employed
to generate an aerosol of nanoparticles from carbon
electrodes through which 8 L/min nitrogen was
flown. The output was mixed with 2.2 L/min
oxygen and 10 L/min filtered, moisturized room air,
which was directed to the exposure units. More
information regarding exposure characterization
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and monitoring can be found in the supplementary
information.

Behavioral testing — For all tests, a max. of one
pup per sex per litter was included to minimize litter
effects. Animals across different conditions were
tested in a random order and the observer, who was
blinded to the exposure status, performed most
tests. Behavioral development was evaluated on
PND 16 in the light period by tests for righting,
negative geotaxis and cliff drop avoidance reflexes.
Scoring was based on quantitative measurements
and predetermined criteria (more details in the
supplementary information). Mice were max. 20
min removed from their mother and held on heating
pillows as long as possible.

Homing (PND 19) and open field (PND 21)
tests were executed in the dark phase and used to
evaluate olfactory discrimination performance, and
locomotor activity and exploring behavior,
respectively. Mice were transferred to a clean,
empty cage £ 18 min prior to testing. In the homing
test, animals were left to choose between 0.5 g of
home cage or clean bedding in 90 x 15 mm petri
dishes (one for each bedding material) placed in the
left and right zone of a rectangular arena (42.5 x
26.5 cm). The position of the home cage bedding
was alternated each trial. Trials commenced in the
center of the arena and the animal was video
recorded for 5 min. EthoVision XT software
(Noldus Information Technology, The
Netherlands) tracked the total distance moved (cm),
velocity (cm/s), and the duration (s) in the left and
right zones. For the open field test, mice were
treated identically before onset of the tests.
Exploring behavior and locomotion was assessed
for 15 min in a squared open field (50 x 50 cm)
Locomotion was tracked using the same software,
and total distance moved (cm), mean velocity
(cm/s), duration (s) in the center, periphery and
borders, as well as the number of visits to each
zone, were registered.

Particle detection in brains — At PND 14, 18
offspring mice (n=4 sham; n=5 prenatal; n=4
postnatal; n=5 pre and postnatal) were anesthetized
with  pentobarbital (200 mg/kg; i.p.) and
transcardially perfused using Ringer solution. Right
brain  hemispheres were fixed in 4%
paraformaldehyde for 24h, cryopreserved in a 15-
30% sucrose gradient solution for a minimum of 3-
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Sacrifice + /
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Figure 1 Schematic illustration of the experimental timeline. The numbers represent the days and day of mating is designated
GD 0.0nGD 8, 9, 16, and 17, a prenatal exposure to either HEPA-filtered air (0 ug/m®) or aerosolized CNPs (440 pug/m?) was
delivered through maternal whole-body inhalation. Birth was expected at GD 20, indicated by the slashes, and designated PND
0. An additional postnatal exposure was delivered to the offspring at PND 4-7 and 10-13, again to either HEPA-filtered air (0
pg/m?®) or aerosolized CNPs (440 pg/mq), resulting in 4 different offspring conditions: sham, prenatal, postnatal, and pre and
postnatal exposed mice. Part of the offspring was sacrificed at PND 14 to isolate the brains for particle analyses. The other
offspring mice were subjected to behavioral tests at PND 16, including for righting, negative geotaxis, and cliff aversion. On
PND 19 and 21, the homing and open field tests were performed, resp. Abbreviations: GD = gestational day, PND = postnatal

6h and 12h, respectively, and embedded in OCT
compound.

Using a cryostat CM3050 S (Leica Biosystems
Inc., USA), 20 um sections were cut and mounted
onto glass slides. Particles in the brain sections
were detected employing our specific in-house
technique based on the non-incandescence-related
white light generation of particles under
femtosecond pulsed illumination as described by
Boveé et al. (65). Brain images were obtained at
room temperature using a Zeiss LSM 510 (Carl
Zeiss, DE) and femtosecond pulsed laser (150 fs,
810 nm, 80 MHz, MaiTai DeepSee, Spectra-
Physics, USA) set to a wavelength of 810 nm using
an EC Plan-Neofluar 10x/0.30 objective (Carl
Zeiss, DE). The 2x2 tile scans of brain sections
were collected with a 1754.86 um pixel size and
2.51 psec pixel dwell time. Per sample, 10 brain
sections in total were recorded and acquired using
ZEN Black 2.0 software (Carl Zeiss, Germany). To
count the number of CNPs in the obtained tile
scans, a customized MATLAB program
(MATLAB 2010, MathWorks, The Netherlands)
was used. Lastly, the counts were averaged and
normalized to the brain area using Fiji (Imagel
v2.0, Open source software) and expressed as the
number of particles found per mm?®,

Immunofluorescence — Two brain sections per
offspring condition were stained for GFAP (glial
fibrillary acidic protein) and IBA-1 (ionized
calcium-binding adaptor protein-1), which are
markers for astrocyte and microglia activation,
respectively. Non-specific binding sites were
blocked with protein block (C0909, Agilent Dako,
USA) for 60 min; tissue sections were probed with
rabbit polyclonal antibody against mouse GFAP
(1:1000, HPA056030, Sigma Aldrich, Germany) or
rabbit polyclonal antibody against mouse IBA-1
(1:1000, 019-19741, FUJIFILM Wako Chemical
Corporation, USA) overnight at 4°C in a humid
chamber. After washing, tissue sections were
incubated with an Alexa Fluor® 488 conjugated
goat-anti rabbit secondary antibody (1:1000,
A11008/A11006, Invitrogen, USA). All antibodies
were diluted in 10% protein block/PBS. SYTO™ 61
Red (1:750, S11343, Invitrogen, USA) was used as
a nuclear counterstain. Tile scans of 2x2 images of
stained tissue sections were acquired within the
cerebrum and cerebellum of each stained sample
using a Zeiss LSM 880 (Carl Zeiss, DE) in the setup
as described before, now also using a Plan-
Apochromat 20x/0.8 (Carl Zeiss, Germany)
objective resulting in a field of view of 9000 x 9000
um? with a 0.83 x 0.83 um? pixel size and a pixel
dwell time of 2.51 ps. Alexa Fluor® 488-labeled
microglia and astrocytes, and SYTO™ 61 Red-
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labeled nuclei were excited by a 0.64 m\W 488 He—
Ne laser and a 5 mW 633 He—Ne laser, respectively.
Band-pass filters of 400-410 nm and 450-650 nm
were used to filter the emission signal from the
labeled glial cells and nuclei. More information
regarding quantification of immunofluorescent
staining can be found in the supplementary
information.

Statistical analysis — Statistical analysis was
carried out using commercially available GraphPad
Prism software (GraphPad Prism 8, GraphPad
Software Inc., USA). P-values < 0.05 were
considered statistically significant. In general,
ordinary one-way ANOVA was employed to
compare means (SD) across conditions, followed
by post-Tukey or Games-Howell’s multiple
comparison tests. Outliers were removed by ROUT
analyses (Q = 1%). Assumptions for normality and
equal variance were assessed by the D’Agostino-
Pearson normality test and Brown-Forsythe test for
heteroscedasticity. In case assumptions were
violated, first a log transformation was executed. If
assumptions were still not met, a Welch’s ANOVA
or non-parametric Kruskal-Wallis test was
executed.

RESULTS
1. Hllustration of particle transfer into the brain

To confirm the ability of carbonaceous
particles to reach the brain after inhalation, brain
tissues of 18 mice with either a sham (n = 6; 0
mg/m®), low (n = 6; 4.6 mg/m®) or high (n = 6; 37
mg/m?) exposure to Printex 90 (carbon black; CB)
were screened for their CB load (Figure 2). All the
screened brain samples contained CB particles,
with an average log (SD) particle count 0.27 (0.10),
0.31(0.07), and 0.36 (0.15) particles per mm? tissue
for sham, low, and high exposed mice, respectively.
Despite the different deposited doses, the
differences among the means were negligibly small
and not significant (W = 0.1896, p = 0.8306).

2. Study towards early-life exposure to CNPs

CNP load in brains of offspring — To compare
the particle transfer to the brain after pre- and/or

Senior internship- 2" master BMW

0.8+
w
2
2 o
£ = 0.6
2 =
L‘5 g 0.4+ Q o
S5 02 °
a
0.0 ] ] ]
& & Y
c}\‘b \)o ‘2\\0
Figure 2 Scatter dot plot showing the CB loads found in 18
mice brains across the 3 exposure conditions. Green, orange
and purple dots indicate sham (n = 6; 0 mg/m3), low (n=6
n =6; 4.6 mg/m3) and high (n = 6; 37 mg/m3) exposed mice,
respectively. CB loads were measured in a region of a 3x3
image, repeated within 10 different sections per brain
sample. Number of particles per mm? tissue were log
transformed. The bars represent the mean = SD. An ordinary
one-way ANOVA (a = 0.05) was performed.

postnatal exposure, brain tissues of 18 mice with
either a sham (n = 4; 0 ug/m?®), prenatal (n = 5; 440
ng/m®), postnatal (n = 4; 440 ug/m®) or pre and
postnatal (n = 5; 440 pg/m®) exposure were
screened for their CNP load. All the screened brain
samples contained CNPs, with an average log (SD)
particle count of 0.34 (0.06), 0.38 (0.17), 0.45
(0.09), and 0.42 (0.19) particles per mm? tissue for
sham, prenatal, postnatal and pre and postnatal
exposed mice. As can be seen from Figure 3, there
were some slight differences in particle load with
the highest levels detected in brains of mice with an
additional postnatal exposure administration.
However, a one-way ANOVA revealed that these
differences were not significant (F = 0.2210, p =
0.8802).

Effects on behavioral development — The impacts
of the different early-life exposures to CNPs on
neurodevelopment were assessed by evaluating
offspring’s behavioral development at PND 16. An
overview of the results is provided in Figure 4. The
data was not separated by sex since it only
explained + 0.87 % of the total variance. The first
test examined the righting response requiring
vestibular cues and motor ability to return onto the
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paws. Figure 4A demonstrates the mean duration
needed to right 180° across the 4 conditions., which
ranged from 4.82 (postnatal group) to 5.96 (prenatal
group) seconds; no difference greater than 0.13
seconds was observed which is negligibly small (F
=0.1953, p = 0.8989).
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Figure 3 Scatter dot plot showing the CNP loads found in
18 mice brains across the 4 exposure conditions. Green,
orange, purple, and yellow dots indicate sham (n = 4),
prenatal (n = 5), postnatal (n = 4), and pre and postnatal (n =
5) exposed mice, respectively. CNP loads were measured in
a region of a 3x3 image within 10 different sections per brain
sample. Number of particles per mm? tissue were log
transformed and are presented as means. Group means are
marked by the horizontal lines. The error bars represent the
SD. A one-way ANOVA (0. = 0.05) was performed.

Next, the negative geotaxis test was performed to
further assess motor coordination and vestibular
cues, which entails the upward reorientation and
climbing performance of the pup placed face down
on a slope. Overall, mice showed a comparable
amount of time to complete the negative geotaxis
response, and differences did not differ statistically
(Figure 4B) (F = 0.65, p = 0.60). This similarity in
performance was also reflected by the nearly
identical scores given for their negative geotaxis
behavior, as presented in Figure 4C (F =0.32, p =
0.81).

Lastly, the cliff drop avoidance test was carried out
examining paw strength, motor coordination and
vestibular cues in order to move away from the
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edge of an elevated surface (Figure 4D and E).
Again, very similar response times were recorded
for this reflex, with mean times ranging from 1.51
(sham group) to 2.43 (prenatal group) seconds
maximum (H = 1.09, df = 3, p = 0.78). The
difference in scores given for the cliff aversion
response were also not significantly different, all
approximating a value of 2 (F = 0.91, p = 0.44).

Behavior in the homing and open field test —
For both tests, sex was not included as a factor as it
only explained max. 3% of the total variance. The
olfactory discrimination performance of offspring
was evaluated on PND 19 in the homing test, as
olfactory dysfunction is a known defect linked with
air pollution exposure. Figure 5 provides the results
obtained from comparing the left and right arena
zones with either home cage or clean bedding.
Overall, the mean time spent at the side of the home
cage bedding was quite comparable across the
conditions (Figure 5A); differences were not
statistically significant (F = 0.72, p = 0.55, R? =
0.06). Mice of the prenatal group spent the most
time at the home cage bedding side with an average
(SD) time of 251.21 (20.77) seconds, followed by
the mice of the sham and pre and postnatal group
with a nearly same duration of 248.05 (14.98) and
248.38 (14.06) seconds, respectively; the lowest
time was recorded in the postnatal group and was
242.48 (21.92).
Turning to the frequency or number of visits to the
home cage bedding side, values generally
correspond to what has been observed for the
duration (Figure 5B). The prenatal group had the
smallest number of visits with a mean (SD) of 11
(6.68), which is likely if the mice spend more time
inside the zone instead of crossing its borders. The
other groups showed a similar number of visits,
ranging from 14 (SD sham= 9.55; SD pre and
postnatal = 6.93) to 15 (SD postnatal = 13.96).
None of these differences were statistically
significant (F = 0.34, p = 0.79, R? = 0.03).
In the open field test at PND 21, exploring and
anxiety-like behavior were examined. The results
obtained from the open field test are set out in
Figure 6. From Figure 6A, it can be interpreted that
mice generally moved a similar distance;
differences in mean were not considered significant
(F = 055, p = 0.65, R? = 0.04). This data
corresponds to the mean velocities recorded (Figure
6B), where groups with a slightly increased velocity
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Figure 4 Scatter dot plots and bar plots showing the performance of offspring (n = 10 per group) in the behavioral developmental
tests across the different conditions (green = sham group; orange = prenatal group; purple = postnatal group; yellow = pre and
postnatal group) at PND 16. A — Time in seconds required to right through 180°. B — Time in seconds to turn upwards in the
negative geotaxis test. C — Scores given for the negative geotaxis response (score 0 = falling down the slope or failing to return;
score 1 =turning the head; score 2 = turning the body up 90°; score 3 = turning the body up 180°; score 4 = climbing up the
slope). D — Time in seconds required to remove the snout and paws from the edge. E — Scores given for the cliff avoidance
response (score 0 = remaining motionless or falling from the edge; score 1 = turning the head; score 2 = turning the head aside
and pulling back the forepaws; score 3 = initiating a backward movement). The tests were repeated thrice per mouse to deliver
an average time/score. Bars indicate the mean + SD. One-way ANOVA (o = 0.05) was employed for the data shown in A-D.
Data in E was analyzed by a non-parametric Kruskal-Wallis test (o= 0.05). n = 10 per condition.




»> |UHASSELT

also showed a slightly longer distance moved, and
vice versa. Here the data was also not significantly
differing (F = 0.70, p = 0.56, R? = 0.06), suggesting
no altered exploring behavior.
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Figure 5 Scatter dot plots presenting the performance of
offspring in the homing test across the different conditions
(green = sham group; orange = prenatal group; purple =
postnatal group; yellow = pre and postnatal group) at PND
19. A — Time in seconds spent in the zone with home cage
bedding. B — The number of visits to the zone with home
cage bedding. Bars indicate the mean + SD. One-way
ANOVA (a = 0.05) was employed. n = 10 per condition (1
outlier removed in postnatal condition)

Next, time spent in the center was tracked as a
measure of anxiety-like behavior. In Figure 6C,
there is clearly a trend of decreased time spent in
the center for mice that received a postnatal
exposure (regardless of prenatal exposure), with the
lowest mean duration (SD) of 60.35 (13.44)
seconds recorded for the postnatal group. A
Welch’s ANOVA confirmed a significant
association between the conditions and the time in
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the center (W (3.000, 16.44) = 5.987, p = 0.0059).
Applying  the = Games-Howell’s  multiple
comparison test showed that the values of the
postnatal group differed most from the sham and
prenatal group, with nearly significant p-values of
0.0857 and 0.0868, respectively.

Turning to the number of visits to the center, this
trend became less apparent, with mean (SD)
numbers ranging from rounded 38 (8.67) for the
postnatal group to 44 (24.05) , 52 (18.73) and 53
(23.65) for the pre and postnatal, sham, and prenatal
group, respectively. The decreased apparency in
trend was also reflected in the statistical values,
where an ordinary one-way ANOVA showed
decreased significance (F = 1.14, p = 0.3499, R? =
0.09).

Additionally, exploring in the periphery and
borders of the arena was tracked to further assess
anxiety-like behavior. The results, as shown in
Figure 6E and F, indicate that the postnatally
exposed mice spent significantly less time in the
periphery and borders compared to the other
conditions (F = 84.34, p <0.0001). When turning to
the number of visits to the periphery and borders, it
appears that the sham group visited the periphery
and borders the most, significantly differing from
the values observed for the postnatal group (F =
2.823, p = 0.0497).

Immunofluorescent analyses of IBA-1 and GFAP
expression in the brain — To assess whether
perinatal exposure to CNPS could lead to glial cell
activation, the expression of IBA-1 and GFAP was
measured within the cerebrum and cerebellum of
mice across the different conditions. Figure 7 shows
the results of the immunofluorescent staining,
including fluorescent images and scatter dot plots
presenting the areas of expression per marker. It
should be noted that no statistical analysis could be
carried out, as the sample sizes were too low. Hence
results should be interpreted with caution and only
serve as a pilot experiment. Nonetheless, in all
screened samples, expression of both IBA-1 and
GFAP was found, with overall higher expression
levels of IBA-1. Looking at the area of expression
for IBA-1 positive cells (Figure 7G), increased
levels were found in the postnatal group and this
trend was most apparent from the cerebrum.

The pre and postnatal group showed a similar
increase in IBA-1 expression for the pre and
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Figure 6 Scatter dot plots showing the performances of offspring (n = 10 per group) in the open field test across the different
conditions (green = sham group; orange = prenatal group; purple = postnatal group; yellow = pre and postnatal group) at PND
21. A — Total distance moved in centimeters during the 15 min test. B — Mean velocity of ambulation in centimeters per
second. C — Time in seconds spent in the center. D - The number of visits to the center. E — Time in seconds spent in the
periphery and borders. F — Number of visits to the periphery and borders. Bars indicate the mean + SD. Ordinary one-way
ANOVA was employed for all data followed by Tukey’s multiple comparison test, except for B where a Brown-Forsythe
ANOVA was performed. o = 0.05, *p < 0.05, ****p < 0.00005.
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Figure 7 Immunofluorescence staining of IBA-1 and GFAP in offspring brains (n = 2 per condition) as markers for microglia
and astrocyte activation, respectively. A and D — Fluorescent images (10x) of IBA-1 positive microglia cells (A, green) and
GFAP-positive astrocytes (D, green) in the cerebellum of a mouse from the pre and postnatal group. Nuclei were stained with
Syto-61 Red (red). B and E — Enlarged view of the panels indicated in A and D, with arrows indicating the positively stained
microglia (B) and astrocytes (E). C and F — Grayscale views of B and D, respectively. Scale bar: 100 (A, D) and 40 um (B, C,
E, F). G and H — Scatter dot plots showing the areas (um?) of expression of IBA-1 positive microglia (G) and GFAP-positive
astrocytes (H) in the cerebrum and cerebellum of offspring across the 4 conditions based on the grayscale views. One value in
H (postnatal group, cerebellum) is missing because the cerebellum could not be captured. Bars indicate mean + SD. Data was
not statistically analyzed because of the low sample size.
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postnatal group, especially when compared to the
prenatal group. However, this difference in IBA-1
was only observed within the cerebrum.
Considering the GFAP staining (Figure 7H), a clear
difference is visible in expression depending on the
brain region, with the cerebellum showing higher
levels of GFAP expression across all the conditions.
However, within the cerebellum, there was overall
no difference in GFAP expression between sham
and any other exposure conditions. Albeit the lower
GFAP expression within the cerebrum, levels
prominently increased in the pre and postnatal
group as compared to the other conditions.

DISCUSSION

This  experimental study investigated the
neurodevelopment of mice following early-life
exposure to CNPs, a toxicological surrogate of
outdoor UFPs. We were able to detect particles in
the brains of offspring mice that were pre and/or
postnatally exposed to concentrations of 440 pg/m®
CNPs, by using a highly sensitive detection method
based on white-light generation under femtosecond
pulsed illumination. Both prenatal and postnatal
exposure was associated with altered offspring
behavior in the open field test.

In a study conducted with rats, polystyrene
nanoparticles were detected in the brains of
newborns 24h post maternal exposure to 2.64 x 10
particles via intratracheal instillation on GD 19
(66). Another, more recently published research by
Calderon-Garciduefias et al., found striking
evidence of environmental nanoparticles in the
brains of 8-12.5 weeks old human fetuses coming
ambient exposure (67). Accumulation of nuclear,
organelle, and cytoplasmic nanoparticles was
observed in the neurons and primitive glial cells.
Despite the differing nature or delivery of the
nanoparticles, our study corroborates these
findings, suggesting that even before birth, the
brain is already subject to direct exposure of PM.

Even though particles were detected in all screened
brain samples, this study has been unable to
demonstrate a dose- or condition-dependent
particle uptake in the adult and offspring brains.
This result was somewhat unexpected, as one
would assume to find a higher particle load in the
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brains of the high or more recently exposed
postnatal groups. Such a relationship has been
observed by Hameed et al., where an increased
uptake of PM particles in the brains of mice
exposed to polluted air (70 pg/m® PM2s; 10,000-
20,000 particles/m® PMpi1) was measured in
comparison to sham-exposed mice (68). They
detected up to 4,458 particles on the surface of the
brains of exposed mice, while the brains of sham-
exposed mice only showed an average of 867
particles. However, it is essential to bear in mind
that these mice were exposed for 8 h/day, 6 days per
week, for 24 weeks, which is a much more intense
exposure treatment than the current study. Hence,
these findings cannot be fully extrapolated to ours.
On the other hand, it could be questioned whether
the exposure in the current study was of efficient
duration to lead towards a brain deposition as
reported by Hameed et al. Another study with rats,
however, revealed a significant and persistent
increase of ultrafine elemental *C particles in the
olfactory bulb of rats following only one inhaled
exposure of 6 hours to 160 pg/m® 2*C (22).
Interestingly here was that the concentrations of the
deposited **C particles increased over time, from
0.35 ug/g on day 1 to 0.43 pg/g by day 7. These
findings by Oberddrster et al. support the idea of a
gradual and dose-dependent uptake of particles into
the brain, at 24h following inhalation.

There are yet other explanations that may underlie
this lacking relationship between condition and
brain particle load. The studies above sampled the
brains almost immediately to max. 7 days after the
conclusion of the exposure. In contrast, in our CB
pilot study (64), mice were only sacrificed a month
after exposure. This delayed sampling might have
led to a significant clearance of the particles over
time by the microglia (79). On contrary, the brains
of the perinatally exposed mice were already
sampled within 24h. Hence, it might be that the
particle transfer was still ongoing. Finally, it is
assumed that the particle deposition occurs mostly
in the olfactory bulb, while images were taken of
the whole brain. This could have led to regions
empty of particles, significantly decreasing the
averages of particle counts. Better insights into the
particle deposition and clearance time are issues for
future research.
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In the open field test, altered behavioral
patterns were observed in association with perinatal
exposure to CNPs. Postnatal exposure resulted in
decreased activity in both the center and periphery.
At first side, this appears somewhat unexpected as
one would expect that decreased activity in the
center is associated with the opposite behavior in
the periphery. However, stratifying the duration by
border and periphery as separate areas showed a
clear trend of the postnatal group spending the most
time in the borders, specifically. This behavioral
pattern is termed thigmotaxis (i.e., to stay close to
walls when exploring an open space), which is a
well-established indicator of animal fear (69). It can
therefore be postulated that postnatal exposure to
CNPs resulted in anxiety-like behavior. Several
previous studies documented an association
between air pollution/PM and anxiety, both in
rodents and humans. Neonatal rats intranasally
exposed to PMz s (2 or 10 mg/kg body weight, PND
3-15), for instance, showed a dose-dependent
increase in anxiety-like behavior in the elevated
plus maze at PND 28 (i.e., another animal test to
explore anxious behavior) (70). In a children’s
cohort research, exposure to traffic-related air
pollution during early-life was significantly
associated with anxiety symptoms in 12-year-old
children (71), supporting the findings of the in vivo
animal studies. Several suggestions have been
made to explain this link between air pollution and
anxiety. Power et al. proposed that inflammation
and oxidative stress induced by PM, may trigger or
exacerbate anxiety symptoms. This hypothesis is
based on the simultaneous observation of anxiety-
related behavior and oxidative stress in the brains
of rodents (72-74). Furthermore, neurotransmitter
signaling pathways seem to be a potential target of
PM (75). Early-life exposure to diluted diesel
exhaust (171 pug/m®, 8 h/day, GD 2-16) resulted in
altered levels of dopamine and noradrenaline (76).
Dysfunction of these neurotransmitters and their
receptors is known to result in mood disorders like
anxiety (77). A further study with more focus
towards signaling of neurotransmitters is warranted
to further unravel underlying mechanisms of CNP-
induced anxiety.

One unanticipated finding was that no
differences were found in the open field behavior of
prenatally exposed mice. Hougaard et al., for
instance, found a significant aversion for the open
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field in C57BL/6 mice prenatally exposed to diesel
exhaust particles (19 mg/m®, GD 9-19, 1 h/day)
(78). Similar findings were shown for prenatal
inhaled exposure to UV-Titan L181 nanoparticles
(42 mg/m®, GD 9-18, 1 h/day) (79). On the other
hand, almost the contrary has been observed in
NMRI mice gestationally exposed to CB (4.6
mg/m3, GD 4-15, 45 min/day), which spent
significantly longer time in the central zone (80).
This finding has also been supported by a recent
study with C57BL/6 mice prenatally exposed to PM
via nasal drips (3 mg/kg body weight, embryonic
days 2.5, 5.5, 8.5, 11.5, 14.5, and 17.5), showing
higher tendencies to visit the center (81).

There are several explanations why all these and the
current study are contradictive. First of all, timing
of the exposure differed between the studies above.
In this context, Umezawa et al. argued that
initiation of exposure as early as at GD 4 may have
interfered with the epigenetic reprogramming prior
to implantation, and the formation of P\VM neurons
and astrocytes in the fetal brain (80, 82). If
behavioral changes arose due to disturbances this
early in the development, it might be that later
gestational exposures were too late for the pattern
to signify. However, this still provides no
explanation for the observations made here, as
exposure in the current study already began at GD
3. Other explanations might be the usage of the
various particle types, dosages and administration
routes. As explained earlier, the physicochemical
properties of particulates in general play a key role
in their mode of actions (83). All studies above used
a particulate either differing chemically or by size
and shape. It could be that this significantly affected
their particle toxicity. Moreover, the CNPs that we
used were almost free of impurities, while outdoor
PM has many other toxic chemical compounds
attached to its surface contributing to toxicity.
Besides, intratracheal installation and nasal drips
are known for their different particle toxicity,
because compared to inhalation, they lead to a
higher deposition inside the lungs and brains,
respectively (84). Lastly, the studies above
generally employed much higher doses, rendering
it more likely to observe negative or altered
behavioral effects. However, it should be noted that
these arguments remain speculative and further
research is required to elucidate this. days 2.5, 5.5,
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8.5, 115, 145, and 17.5),
tendencies to visit the center (81).

In the homing test, we were unable to observe
altered behavior, suggesting that the olfactory
performance of the mice remained intact.
Nonetheless, it has been postulated by previous
research that air pollution can trigger hyposmia
(i.e., reduced ability to detect odors). Hyposmia is
typically manifested by the loss of olfactory
sensory neurons in the olfactory bulb (85), the brain
area that is primarily targeted following inhalation
of PM through the nasal route. A case-control study
with participants diagnosed with hyposmia, for
instance, found an association between long-term
exposure to PM,s and olfactory dysfunction (86).
Similar findings were observed in animal studies. A
recent publication by Hernandez et al., for instance,
indicated neurological injury and olfaction latency
in mice intranasally exposed to PM over longer
term (87). These results do not support the findings
reported here. However, it was not hypothesized
that the current exposure would already have
implications for olfaction, as olfactory dysfunction
is mainly known to occur after chronic exposures,
in elderly, and more severe neurodegenerative
diseases, such as Parkinson’s (33, 88).

showing higher

In the present study, we used GFAP (glial
fibrillary acidic protein) and IBA-1 (lonized
calcium-Binding Adapter molecule 1) as markers to
detect glial cell activation. However, since the data
could not be statistically analyzed, it can only
provide a glimpse into the potential mechanisms
underlying the early-life exposure. In a healthy
brain, microglial activation is only temporary until
the disturbance is over (89). However, if clearance
fails or the exposure is chronic, microglial cells
may induce neuronal death (90, 91). Primary mouse
microglial cells exposed to diesel exhaust particles
(PM_5) produced, for instance, increased amounts
of pro-inflammatory cytokines (e.g. Interleukin 1-8
and 6), as well as increased reactive oxygen species
(ROS) production (92, 93). Similar observations
were shown in primary rat microglia exposed to
UFPs after both an acute (<24h) and chronic (<7d)
exposure treatment (94). In a study with rats
prenatally exposed to traffic-related PM, several
brain areas showed significant increase in IBA-1
staining, a marker for microglia activation (95).
Almost simultaneously or at least immediately after
microglia activation, astrocytes are stimulated to
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release oxidant species and pro-inflammatory
cytokines enhancing neurotoxicity. Increased glial
GFAP levels, indicating astrocyte activation and
gliosis (96), have been documented in the brains,
both in adult and neonatal rodents after PM:s
exposure (97). Furthermore, prenatal and early
postnatal exposure to UFPs have been shown to
induce astrocyte activation link to depression and
autism-like behavior in adult rodents (98). This data
points towards the importance of studies exploring
the mediating role of glial cells in
neuroinflammation and consequent effects on
neurodevelopment by early-life exposure to PM.
Early-life exposure did not result in a disturbed
behavioral development, or at least no differences
were detected in righting, negative geotaxis and
cliff aversion. These tests are often employed to
investigate early complications of CNS disease and
neurodevelopmental disorders, such as autism.
However, to our knowledge, this was one of the
first studies using these tests to assess the impact of
early-life PM on neurodevelopment. Consequently,
it is very challenging to interpret these findings as
no comparisons are available. One of the
neurological responses assessed was the vestibular
system of the inner ear. Interestingly, a recent South
Korean study found that Meniere’s disease risk was
significantly correlated with various air pollutants,
including PMyg (12). Besides, a substantial body of
evidence is available that provides links between
early-life PM and neurodevelopmental disorders in
childhood or later in adulthood. It has, for instance,
been found that exposures to PM; during the first 3
years of life, are associated with increased risk of
autism spectrum disorders (99). Similarly as in
humans, Sprague-Dawley rats exposed to PM;s in
the early-postnatal period, displayed typical
behavioral features of autism, including poor social
interaction, novelty avoidance, and communication
deficits (100). Interestingly, they also found the
microglia and astrocytes to be activated in the rat
brains, further supporting the link discussed earlier
of glial activation to neurodevelopmental defects.
Next to autism, exposure to PM. s during childhood
is associated with an increased risk of Attention-
Deficit/Hyperactivity Disorder (ADHD), as
suggested by a Danish cohort study (101)In our
study, we did not observe such behavioral
developmental deficits. A possible explanation is
the limited number of tests included. However, we
only included behavioral developmental data of 1
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day at PND16. This potentially led to 2 major
implications. First, most developmental responses
in rodents appear already within the first 10 days of
life. To detect a potential delay, it would thus have
been better to test the mice on the days that the
appearance of the response was expected. However,
it was not possible to perform the tests those days
due to the exposures taking place. Second, we only
included one measurement, at PND 16, while an
additional trial would have allowed comparison of
the developmental responses over time.

This study has several strengths worth
mentioning. First of all, our established white-light
detection method has multiple advantages over
conventionally employed technigues (e.g., light and
electron microscopy). While these methods often
require laborious and extensive sample preparation,
here, particles can be imaged in tissues almost
immediately after sectioning without labelling.
Besides, this technique allows detection of particles
in a specific and highly sensitive way, with a high
detection limit sufficient to measure low doses.
Second, we were able to gain insights into the
effective dosage delivered in a personalized way,
enabling a better estimation of the extent of particle
transfer. The lack of dosage characterization is a
common limitation in many inhalation studies that
solely rely on their delivered exposure
concentration to interpret their findings. Third, we
applied a concentration of particles that is
proportional to concentrations we humans inhale
daily, for instance, in a traffic tunnel. This renders
the exposure more realistic than many of the studies
mentioned above that employed very high
concentrations. Lastly, we exposed the mice on
days of pregnancy and neonatal life that are
particularly crucial for neurodevelopment, allowing
us to assess the causal link between the exposure
and observed effects.

However, also several limitations need to be
acknowledged. First of all, it cannot be guaranteed
that all particles found in the brains of offspring
solely originated from the delivered exposure. This
uncertainty stems from the practical reason that
mice were exposed to ambient room air during
handling and the behavioral experiments. Albeit the
exposure to particles from room air was negligibly
small compared to the administered exposure in the
inhalation unit, total elimination of ambient
exposure was not possible. Another limitation lies
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in the fact that for this study, the offspring's
behavior was only evaluated at one time point,
rendering it challenging to detect potential
neurodevelopmental delay. Besides, as mentioned
earlier, most developmental reflexes already
develop during the first 10 days of the mouse’s
lifetime, while here behavioral development was
examined at the age of 16 days. Therefore, mice
were probably already past this developmental
stage. Lastly, some of the results were subject to
very low sample sizes (e.g. staining of GFAP and
IBA-1) and consequently, caution must be applied
with interpretation. In summary, this research has
thrown up many new questions in need of further
investigation. Further research on long-term effects
in the adult life of mice is warranted to gain a
comprehensive understanding of the lifelong
effects of perinatal exposure to CNPs.

CONCLUSION

In summary, our work reveals that airborne CNPs,
a surrogate of outdoor ultrafine PM, have the ability
to deposit within the developing brains following
maternal and early-postnatal whole-body exposure.
Moreover, we detected altered offspring behavior
in the open field test indicative of anxiety-like
behavior, and staining of GFAP and IBA-1
provided indications of glial cell activation. An
assessment of early behavioral development and
olfactory performance did not reveal any exposure-
related effects. However, the combination of
findings provides support for the hypothesis that
early-life  exposure to CNPs results in
developmental neurotoxicity, which may have
complications for the central nervous system later
in life. The present data will aid future
investigations examining the potential effects and
features of nanoparticle-based toxicity. Moreover,
this research can contribute to the adoption of
protective strategies against occupational and
unintended exposure to CNPs.
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SUPPLEMENTARY INFORMATION

S1: Exposure characterization and monitoring — The generated particles had an foreseen primary size
of 1-20 nm and negligibly small levels of impurities. Mass-concentrations of total suspended particles were
monitored gravimetrically by sampling on filters (PTFE Membrane filters, Fisher Scientific Co., USA).
Exposure air was sampled twice for 220 min at an airflow of 5 L/min, and weighted using a Tapered
Element Oscillating Microbalance. Particle number and mobility particle size distributions of the control
and exposure atmosphere were measured using a Scanning Mobility Particle Sizer™ Spectrometer
(SMPS™, TSI Inc., USA). Temperature and relative humidity inside the units were measured every hour;
CO,/0O; concentrations were measured once a day.

S2: Behavioral developmental tests — For the righting test, pups were placed on their back on the table
surface and held immobile for 3 sec. The time required for the pup to right back onto 4 paws was recorded.
In the negative geotaxis test, pups were placed face down on an incline of 45° and held immaobile for 5 sec.
Next, the pup was released and the time and direction to face upward was recorded. Scores were given for
this response and included O for falling down the incline or failing to turn; 1 for turning the head; 2 for
turning the body up 90°; 3 for turning the body up 180°; 4 for climbing up the slope. In the cliff aversion
test, the pup is placed on the edge of a surface so that the forepaws are dangling over the edge. Scoring was
based on the average time needed to remove the snout and paws from the edge, as well as on predetermined
scores. These included 0 for remaining motionless or when it falls from the edge, 1 when it turns the head
aside; 2 when it turns the head aside, pulls back the forepaw, and puts them on the surface; 3 when it initiates
a backward movement. All tests were repeated thrice, and scores and times were averaged.

S3: Quantification of IBA-1 and GFAP in immunofluorescent stained brain sections — After obtaining
the 32 digital images (16 for IBA-1, 16 for GFAP) as described in “Immunofluorescence”, the files were
opened in Fiji (ImageJ v2.0, Open source software) for further processing. The pixels stained with Alexa
Fluor® 488 were quantified, by converting the images to grayscale levels (command, Image: Color: Split
Channels). Next, the greyscale threshold was set to 70, so that all pixels above this greyscale were included
for the measurements (command, Image: Adjust: Threshold). Using histogram analyses (command,
Analyze: Set Measurements) after clicking the settings “Area” and “Limit to threshold”, the fraction of
white pixels representing the area of expression could be determined. The mean value of
immunofluorescence was calculated for each brain sections within each condition.
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