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Editor: Henner Hollert Nanoplastics (NP) are present in aquatic and terrestrial ecosystems. Humans can be exposed to them through contam-
inated water, food, air, or personal care products. Mechanisms of NP toxicity are largely unknown and the Zebrafish

Keywords: ) embryo poses an ideal model to investigate them due to its high homology with humans. Our objective in the present
glangmatenal study was to combine a battery of behavioral assays with the study of endocrine related gene expression, to further ex-
D:\‘::lmeent plore potential NP neurotoxic effects on animal behavior. Polystyrene nanoplastics (PSNP) were used to evaluate NP
Toxicity toxicity. Our neurobehavioral profiles include a tail coiling assay, a light/dark activity assay, two thigmotaxis anxiety
Behavior assays (auditory and visual stimuli), and a startle response - habituation assay in response to auditory stimuli. Results
Hormones show PSNP accumulated in eyes, neuromasts, brain, and digestive system organs. PSNP inhibited acetylcholinesterase

and altered endocrine-related gene expression profiles both in the thyroid and glucocorticoid axes. At the whole organ-
ism level, we observed altered behaviors such as increased activity and anxiety at lower doses and lethargy at a higher
dose, which could be due to a variety of complex mechanisms ranging from sensory organ and central nervous system
effects to others such as hormonal imbalances. In addition, we present a hypothetical adverse outcome pathway re-
lated to these effects. In conclusion, this study provides new understanding into NP toxic effects on zebrafish embryo,
emphasizing a critical role of endocrine disruption in observed neurotoxic behavioral effects, and improving our un-
derstanding of their potential health risks to human populations.
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1. Introduction

Plastic production has increased exponentially and by 2018, total
human plastic waste amounted to 6900 million tons (Letcher, 2020). Plastic
reaches aquatic, terrestrial and atmospheric environments (Rhodes, 2018;
Zhang et al., 2020b) and suffers physical and chemical degradation result-
ing in microplastic (MP) (< 5 mm) and nanoplastic (NP) (< 0.001 mm) gen-
eration (Andrady, 2017; Gigault et al., 2018). Humans are exposed to NP
mainly by consuming contaminated food (marine and terrestrial organ-
isms) and drinking water, but also by inhalation and dermal contact
(Chang et al., 2020). Even though detection of NP in human matrices has
not been technically possible so far, MP have been found in human blood,
lung tissue, gastrointestinal tract, and placenta (Gruber et al., 2022;
Jenner et al., 2022; Leslie et al., 2022; Ragusa et al., 2021; Schwabl et al.,
2019). Nevertheless, in vitro and in vivo experiments have demonstrated
that NP have the potential to penetrate different biological barriers includ-
ing gastrointestinal and brain blood barriers, and have been detected in
many important organs such as brains, the circulation system, and livers
of model animals (Deville et al., 2015; Hwang et al., 2022; Peng et al.,
2020; Walczak et al., 2015).

In recent years, the potential toxic effects of nanoplastics have been
studied in a variety of aquatic and terrestrial organisms, and these have
been shown to range from metabolism disruption to developmental, fertil-
ity, and behavioral problems (Chae and An, 2020; Chae and An, 2017; Li
et al., 2022; Liu et al., 2021b; Liu et al., 2019; Matthews et al., 2021;
Ullah et al., 2023). In vitro effects in human tissue cultures have also
been reported, such as oxidative stress, and inflammation in lung, skin,
and gastrointestinal cells (Lehner et al., 2019). Neurodevelopmental effects
of NP have been shown in rodents, with molecular and functional alter-
ations in the central nervous system (CNS) and cognitive deficits (Jeong
et al., 2022). However, other studies have found no behavioral alterations
in mice exposed to small size (~ 20 nm) NP (Estrela et al., 2021).

The zebrafish (ZF) embryo (Danio rerio) has been recommended as an
inexpensive, quick, and easy model to assess NP toxicity (Torres-Ruiz
et al., 2021). This fish is a small cyprinid with many advantages for toxico-
logical research such as transparency of the embryo, a completely
sequenced genome, high egg production and no major rearing difficulties
(Bourdineaud et al., 2013). Moreover, it shares a high genetic sequence ho-
mology with humans, with 71.4 % of total genes and 84 % of human-
disease genes having a human orthologue (Howe et al., 2013). ZF have be-
come an excellent vertebrate model for neurotoxicity research because they
retain neurological systems very similar to those of mammals (d’Amora and
Giordani, 2018). Therefore, this fish is the perfect model to study both en-
vironmental and human health effects of NP.

Indeed, in the last few years, there has been an increase in studies eval-
uating effects of NP on the ZF embryo development (Bhagat et al., 2020).
For the most part, results show NP accumulate in several ZF organs and
can cause behavioral neurotoxic effects, together with general downregula-
tion of central nervous system and sensory genes (Torres-Ruiz et al., 2021).
NP have been observed to alter larvae locomotion, although degree and
direction of effects are still unclear (Brun et al., 2019; Chen et al., 2017;
Liu et al., 2022; Manuel et al., 2022; Pedersen et al., 2020; Pitt et al.,
2018; Teng et al., 2022). Most studies have used the light/dark locomotion
assay and both hyperactivity, hypoactivity, and no alterations have been
reported, regardless of NP size or concentration (Torres-Ruiz et al., 2021).
However, we have found no study evaluating other important potential
effects on behaviors such as anxiety or habituation. In addition, little is
known so far about the effect of NP on embryo tail coiling, a behavior indi-
cating early motor activity generated by muscle innervation (Kimmel et al.,
1974).

Different mechanisms of NP toxicity have been proposed and include
oxidative stress (Chen et al., 2017), immune responses (Brun et al.,
2018), and alterations in energy metabolism (Trevisan et al., 2019). How-
ever, other processes could play a role, considering the variety of behavioral
responses observed (Torres-Ruiz et al., 2021). Of special interest is the role
of NP as potential endocrine disruptors. Although very few data exist on the
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matter, some authors have shown NP can affect thyroid-regulating
hormones (Amereh et al., 2019; Zhao et al., 2020). Since it is well known
that endocrine disruption can affect CNS development (Seralini and
Jungers, 2021) and cause behavioral alterations (Repouskou et al., 2020;
Tao et al., 2022), this is an essential toxicity pathway to explore.

There is clearly a need to advance in the knowledge of NP potential
toxicity mechanisms, including endocrine-related neurotoxicity, and
how this could translate into changes in development and behavior.
Therefore, our objective in the present study was to combine a battery
of behavioral assays with the study of endocrine related gene expres-
sion, to further explore potential NP effects on animal behavior. Our
neurobehavioral profiles include the tail coiling assay, the light/dark
activity assay, two thigmotaxis anxiety assays (auditory and visual stim-
uli), and a startle response - habituation assay in response to auditory
stimuli. To the best of our knowledge, our study is the first to combine
these assays to evaluate behavioral alterations in response to NP expo-
sure and potential role of endocrine disruption.

2. Materials and methods
2.1. Nanoplastics concentrations

Polystyrene nanoplastics (PSNP) were used as representatives of plastic
particles due to their commercial availability in a well characterized spe-
cific size and shape, and the possibility of purchasing fluorescently labelled
particles. In addition, polystyrene is one of the main plastic types used for
many commonly used items such as insulating styrofoam, toys, food con-
tainers, etc., and its degradation into nanoparticles has been observed
under laboratory conditions (Kik et al., 2020). Fluorescently labelled
(Firefli™ Fluorescent Green) and pristine polystyrene particles with a
mean diameter of 30 nm were purchased from Fisher Scientific (Madrid,
Spain), catalogue number Thermo Scientific™ G25 and 5003A respectively.
PSNP of 1.05 g/cm® density were provided as a 1 % and 10 % solution in
water respectively, both with <2 % anionic surfactant (proprietary, similar
to SDS) to prevent agglomeration, and <0.05 % the antibacterial agent
NaNj; (only fluorescently labelled particles). Stock solutions were prepared
to working concentrations in embryo medium and thus the additives were
diluted enough not to cause effects in embryos (Wang et al., 2015; Pedersen
etal.,, 2020). As per manufacturer instructions, stock solutions were shaken
and sonicated for 1 min prior to use. In addition, every time ZF medium was
changed, solutions were shaken and sonicated for 3-5 min prior to use.

PSNP working concentrations were chosen carefully, after a pilot study,
to better appreciate effects (unpublished work), and reflect possible envi-
ronmentally relevant concentrations (up to 9 mg/L; see Gallego-Urrea
et al., 2010, Torres-Ruiz et al., 2021, and Materi¢ et al., 2022c). In this
prior study, embryos were exposed to solutions of 0.2, 1, and 5 mg/L of
fluorescently labelled particles (for 120 h) to observe mortality, skeletal
abnormalities (lordosis), and location of PSNP accumulation in the em-
bryos. Since 60 % mortality was observed at 5 mg/L, concentrations for
sub-lethal toxicity evaluations with pristine particles were chosen to be
0.1, 0.5, and 3 mg/L.

2.2. Nanoplastics characterization

PSNP solutions in embryo water at the concentrations used for exposure
were characterized by observation under a transmission electron micro-
scope (TEM) FEC Tecnai 12 operated at 120 kV. Briefly, samples were son-
icated for 3-5 min, then incubated on copper grids for 10 min, washed with
moH20 and then dyed with 2 % uranyl acetate before observation. To assess
particle size distribution in embryo medium, PSNP solutions were charac-
terized using nanoparticle tracking analysis (NTA). For this we have used
the NanoSight NS3000 (Malvern Instruments GmbH, United Kingdom)
equipped with a high sensitivity SCMOS camera. Three replicates for each
PSNP assay concentration (0.1, 0.5, and 3 mg/L) were introduced automat-
ically and videos of 30 s were recorded at 30 frames per second. Software
NTA 3.0 was used to monitor individual particles. In addition, particle z
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potential in the same solutions was determined with the Zetasizer Nano SZ
(Malvern Instruments GmbH, United Kingdom).

2.3. Zebrafish husbandry

Adult wild type zebrafish (Danio rerio) from Instituto de Salud Carlos III
(Majadahonda-Madrid, Spain) animal facility were maintained in glass
recirculating aquariums at 25-26 °C, pH between 7 and 7.5, oxygen levels
6-6.5 mg/L, and conductivity 500-600 pS/cm. Water for fish was prepared
using deionized water from a MilliQ system (Merck RiOsTM Essential 24)
and a mixture of salts: Cl,Ca.2H,O (294 mg/L), MgS0,4.7H,0
(123 mg/L), NaHCO; (64.7 mg/L), and KCl (5.8 mg/L). Fish tanks were
gently cleaned and water was renewed three times a week to ensure suit-
able NH,4, NO,, and NOj levels (< 0.05 mg/L for the first two; < 5 mg/L
for nitrate). Nitrogen compounds, oxygen, conductivity, and pH were mea-
sured once a week. Fish were maintained in a light/dark cycle of 14:10 h
and they were fed twice a day with frozen brine shrimp (Artemia salina,
Ocean NutritionTM, Belgium), shell free brine shrimp eggs (Ocean
NutritionTM, Belgium) or Tropica Basic fish flakes (Dajana®, Czech
Republic). Our fish laboratory adheres to directive 2010/63/EU on the
welfare of animals.

2.4. Embryo culture and Nanoplastic exposure

Embryos were obtained by placing a breeding tank inside the aquarium.
Fish bred after the onset of light (at 8 am) and embryos were collected
within 1 h of oviposition. Embryos were washed with embryo water
(same as fish water, see above) and placed in large Petri dishes. Eggs
were observed under a stereoscope (Olympus) and fertilized eggs were
placed in 24 well plates for PSNP exposure within 2 h of oviposition.
PSNP solutions were renovated every 24 h and the exposure lasted until
120 hpf. For fluorescently labelled particles (pilot study), one plate per
PSNP concentration and one for negative control (embryo water) were
used, with 2 mL solution per well. In the main study using pristine particles,
three plates (24 wells) per PSNP concentration and negative controls (em-
bryo water) were used for a total of 72 embryos per treatment/control. Spe-
cific number of embryos for endpoint is as follows: mortality and hatching
72; tail-coiling 48; biometry: 24; locomotion: 48.

Plates were kept in an incubator (Nuaire) at 28 °C until the end of the
study (120 hpf) and medium was renewed every 24 h. Mortality was
assessed every 24 h and dead embryos were removed.

2.5. Nanoplastic bioaccumulation observation

Zebrafish larvae (treated with 0.1 and 0.5 mg/L) were observed
for fluorescent PSNP accumulation in different organs at 24, 48, and
72 hpf, after being rinsed with embryo water to avoid background fluo-
rescence. Larvae were photographed using a Stelaris 8 confocal fluores-
cent microscope (Leica Microsystems) using objective HC PL APO 20 X /
0.75 CS2. In all experiments, digitalized images were captured using
Leica LasX v. 4.5 software.

2.6. Zebrafish behavioral analysis

Tail bursting of embryos (non-dechorionated) was assessed at 24 =+
2 hpf, a time when tail coiling is constant (De Oliveira et al. 2021). Embryos
of each treatment were transferred to a large petri dish (100 mm) with em-
bryo water and 2 X 1 min videos (5 frames per second - fps) were recorded
(AxioCam 208 coupled with Discovery V12 stereoscope, Carl Zeiss,
Germany) at constant room light and temperature, and without embryo dis-
turbance. To minimize time out of the incubator, videos were done in
groups of 24 embryos at a time. Later these videos were analyzed using
the Danioscope software (Noldus Information Technology, Netherlands)
and tail activity was assessed by the following parameters: % burst activity
(percent time embryo's tail is moving), mean burst duration (mean of all tail
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coiling durations), and burst count per minute (number of tail coils
per minute).

At 120 hpf larvae were assessed for swimming activity in a light/dark
locomotor response test using a DanioVision Observation Chamber (Noldus
Information Technology, Netherlands), using the DanioVision Temperature
Control Unit (Noldus Information Technology, Netherlands) to ensure a
constant temperature at 28 °C. Larvae (in 24-well plates) were conditioned
in the dark for 10 min, followed by 3 cycles of light stimulus (5 min under
white light/5 min in the dark), and ending with 5 min in the dark. Videos
were taken at 25 fps using an infrared sensitive camera and analyzed
using the software Ethovision XT® (v.15, Noldus Information Technology,
The Netherlands) for total distance moved (mm) and velocity (mm/s) in
each condition (light or dark periods).

In addition, a vibration startle response (tapping) and habituation
experiment was performed at 120 hpf using the DanioVision Observation
Chamber coupled with a tapping device, in the dark and at a constant
temperature of 28 °C. Larvae were conditioned for 5 min and a first cycle
of 30 taps, with 1 tap per second, at the loudest noise level (intensity =
8), was followed by 15 min of quiet time. Immediately after, larvae were
subjected to a second tapping interval, with the same regime as the first
one (30 taps, 1/s) and the experiment ended with a 1-min quiet time
(Faria et al., 2019). Caution was taken to prevent any loud ambient noises
from occurring during this experiment. Later, videos (25 fps) recorded were
analyzed using the Ethovision XT 15 software for distance moved by larvae
during 1 min prior to tapping, during the first tapping episode (30 s), during
1 min before the second tapping interval, and during the second tapping in-
terval (30 s). Distance moved was calculated in 1-s intervals. To compare
habituation velocity between treatments, we calculated the slope of the
line that resulted from plotting distance traveled vs. time during both tap-
ping periods.

Larvae anxiety-like behavior in response to visual (light) and auditory
(tapping) stimuli was studied by investigating thigmotaxis (wall-hugging)
behavior. For this, videos recorded for the light/dark or tapping experi-
ments were re-analyzed using a different arena settings option in Ethovision
software. Each arena (each well area) was separated into two zones, the
“center”, comprised of a circle of 10 mm in diameter drawn in the center,
and the “edge”, comprised of the area between the inner circle and the
well borders (4 mm width). The use of a 24-well plate allows for both
zones to cover equivalent spatial areas and thus prevent the bias of zone
size differences (Schnérr et al., 2012). Thigmotaxis was assessed by evalu-
ating percent time spent by larvae in the center vs. the edge of the wells
using light/dark or tapping stimuli.

2.7. Zebrafish biometry

Larvae length (front part of the head to end of last somite), and areas
representing head, eye, pericardium, and yolk sizes were measured in
each larvae/treatment at 72 hpf. Each larva was photographed at 20 x
magnification using a Zeiss stereoscope and an Axiocam 208 camera
(Carl Zeiss, Germany). Larvae were anesthetized with MS-222 (tricaine
methanesulfonate) 0.1 mg/mL before photographing. The Danioscope soft-
ware (Noldus, The Netherlands) was used to calculate lengths and areas in
pixels that were converted to mm using a calibration ruler photographed at
the same magnification as larvae. Larvae used for biometry were later
discarded and not used in locomotion experiments.

2.8. RNA isolation and quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA extraction from 30 larvae (n = 3 replicates) was performed
using easy-RED™ Total RNA Extraction Kit (iNtRON-Biotechnology) follow-
ing manufacturer instruction. Reverse transcription (RT-PCR) was per-
formed using M-MuLV Reverse Transcriptase (New England Biolabs Inc.)
to obtain cDNA, and amplified by polymerase chain reaction (PCR) using
LinusTaq Master Mix Ready to Load with 7.5 mM MgCl, (cmb) kit in a
thermocycler (Biometra). The amplified product was separated in 1 %
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agarose gel and identified using GelRed® Nucleic Acid Gel Stain
(Biotium) in a UV system (Analytik Jena, Fisher scientific). Quantitative
real-time PCR was done on a LightCycler 480II (Roche) using SYBR
Green PCR kit (Takara Biochemicals). qRT-PCR reactions were con-
ducted with the following parameters: initiated at 95 °C for 30 s, and
40 cycles of 5 s at 95 °C, 30 s at 60 °C, and 10 s at 72 °C. All samples
were repeated in triplicates. Primers for the target genes and the refer-
ence gene applied in this study were designed or prepared according
to other references (Table 1). Each expression of target genes was nor-
malized to the housekeeping gene ribosomal protein L8 (rpl8) and
then normalized to the control. A dissociation curve and a negative con-
trol of QRT-PCR without template were also conducted to ensure the
specificity of the primer pairs and that the cDNA was not contaminated.
The changes in the relative mRNA expression of target genes were quan-
tified with 2-AACT method.

2.9. Acetylcholinesterase assay

The acetylcholinesterase (AchE) assay was done according to Kiister
(2005) with few modifications. Briefly, at 120 hpf, three replicates of
7 embryos each per PSNP concentration (0.1, 0.5, and 3 mg/L) were
placed on ice in Eppendorf tubes, washed twice with yoH>O and twice
with cold homogenization phosphate buffer (0.1 M NaH,PO,7H,0
with 0.1 % v/v Triton-X; pH 7.5). Larvae were then resuspended in
0.5 mL phosphate buffer and homogenized using glass tissue grinders.
Homogenate was then centrifuged at 4 °C for 15 min at 12500 rpm
and larvae supernatant was transferred to two Eppendorf tubes that
were then frozen at —80 °C until analysis.
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Colorimetric determination of AchE was done in triplicate for
each sample replicate and AchE assay controls (phosphate buffer) in
96-well plates. Each well was filled first with 100 pL 5,5’-Dithiobis-(2-
Nitrobenzoic Acid) (DTNB) 0.4 mg/mL, 80 pL phosphate buffer (0.1 M
NaH,PO,47H,0, pH 7.5), and 20 pL larvae supernatant. After 10 min in-
cubation at room temperature (24 °C) to correct non-specific spontane-
ous hydrolysis of DTNB, the reaction was started with the addition of
100 pL acetyltiocholine iodide (1.35 mM). Kinetic measurements of
mean slope optical density per minute were registered at 412 nm for
10 min using a Spark® spectrophotometer (TECAN, Austria) and the
software Sparkcontrol v2.2.

Enzyme activity was corrected for protein content. Concentration of
protein was determined using the commercial kit QuantiPro™ BCA Assay
(Merck, Spain) at 562 nm in triplicate for each sample replicate and blanks
(phosphate buffer) using 25 pL of diluted embryo supernatant (1:20 in
phosphate buffer). AchE activity inhibition was expressed as the percent
of activity levels of exposed animals to the activity in controls.

2.10. Statistical analysis

All data were checked for normality and homoscedasticity using
the Kolmogorov-Smirnov and Levene tests prior to analyses using the on-
line free softwares https://www.socscistatistics.com/tests/kolmogorov/
default.aspx and https://www.statskingdom.com/230var_levenes.html.
Significant differences between control and each PSNP treatment were
assessed by a two-tailed Student's t-test, using an a priori probability of a
type I error of <0.05. Data are presented as means *+ SE.

Table 1
Oligonucleotides sequences used for gene expression analysis.
Gene Name Accession n° Primer (5°-3’) bp Reference
Thyrotropin releasing F: | GCTCTCTCCGTCGGTCTGTT
trh hormone NM_001012365.2 R: | GCGAGATCCGTGCTGATGA 57 | Chu S. et al. (2020)
2 F: | CAGTGCCATCAACCCTCTGA
trhr S < Trh receptor NM_001114688.1 R: | GGCAGCGCGGAACTTCT 55 |[ChuS. et al. (2020)
2 8 F1: | TAATGAAGGTTGCCGTGCCT 157
;T? é R1:| AAACGAGGACCCACCAACTC
o) S Thyroid stimulating F2: | AATCCAGACCCTCCAGACAGA .
=)
tshb 2 B |hormonebetasubunit | XM-OH476TZL gy | caTAGGCACGGCAACCTTCA 105 | This study
i z F3: | CACCTACCCAGTGGCACTTA 128
S § & R3: | TCTCCTCGGGGTACAGATGA
g 3 5 F: [GCGCCAACCCTTTTCTGTAT
V‘% tshr § _§ Tsh receptor NM_001145763.2 R: | CTCGTTTGCTCCTGTTTGET 182 | Chu S. et al. (2020)
Q R M F: | AAGTGGATATAATCCGAACATAGGC
= 5 i
E tra E\ Thyroid receptor alpha | NM_131396.1 R: | ACGCCAATGCCACTTCCTT 196 | Chu S. et al. (2020)
) -
~ Glucuronosyl F: |CCACCAAGTCTTTCCGTGTT .
L§ ugt]ab transferase NM 2134222 R: | GCAGTCCTTCACAGGCTTTC 168 | Zhai W et al (2014)
=} . . . .
. RS Corticotropin releasing F: |ATTTAGTCGAACCGCAGCCA
i £ [homonea XM_009298729.3 | p. | ATCTCAGTCGGTGTCCTCCA 155 | Chu'S. etal. (2020)
s g 2 i i ; F: | TTCGGGAAGTAACCACAAGC
= B Corticotrophin releasing
crhb & § 2 [hormone b NM_001007379.1 1 ¢ | cTGCACTCTATTCGCCTTCC 161 TuX. etal (2020)
N =
5 § g Adrenocorticotropic F: | TATCGCATGACCCACTTCCG
acthb |83 & |homone NM_00108305L.1 2. | GGGGTTTGTGGGATTCGTCT ol | TuX. etal (2020)
S =
hb, E: '§ h bindi tei NM_001003459.1 F: | TCATCGGCGAACCTACTGAC 105 | Tu X. et al (2020
crnop g | crbinding protemn - " |R: |CCTTCATCACCCAGCCATCA uX. etal (2020)
F: | AGCGAGCAGATCGTGTTTGA
- .
g thl - Tyrosine hydroxylase | NM_131149.1 R: | COTCCAAGCCATCOTTTGGT 178 [ Tu X. et al (2020)
S s 2 . F: | TGCTCTCTGTGTGATTGCGA
)
§ 3 drd2a E Dopamine receptor D2a [ NM_183068.1 I P —— 151 [TuX. etal (2020)
‘% ° % ) F: | TGTGGGGATGGAAATGGTGG
O drd2b Dopamine receptor D2b [ XM_021476029.1 R: | TGGACTGATATTCGGCGTGG 134 | Tu X. et al (2020)
M2 . . F: | TTGTTGGTGTTGTTGCTGGT
rpl8 T g Ribosomal protein 8 NM_200713.1 R: | GGATGCTCAACAGGGTTCAT 136 [Chu S. et al. (2020)
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3. Results
3.1. Nanoplastic characterization

Nanoplastics were characterized by TEM and individual particle
size was confirmed to be 25 + 0.6 nm in size. However, even though
solutions were sonicated prior to analysis, aggregation of PSNP was
observed at all tested concentrations (Fig. 1a). Particle aggregation
was also evaluated by NTA. Aggregates had a mean particle size of
105.1 * 27.4 nm (0.1 mg/L), 111.1 * 40.8 (0.5 mg/L), and 134.4 =
47.2 (3 mg/L) (Fig. A.1). Particle z potential had a mean of —13.6 +
0.06 (0.1 mg/L), —16.1 * 1.76 (0.5 mg/L), and — 17.3 * 0.21
(3 mg/L) (Fig. A.1).

3.2. PSNP accumulation

Nanoplastics accumulation was studied through the observation of
fluorescent PSNP in ZF embryo. Pictures taken at 24 and 48 hpf show
larvae start to accumulate PSNP inside the chorion but mostly in the
yolk (Fig. 1 b, c). Pictures taken at 72 hpf show uptake in specific tissues
that was dose dependent, with larvae exposed to 0.5 mg/L and higher
(not shown) exhibiting overall background fluorescence suggesting
whole body distribution (Fig. 1d). However, certain organs accumu-
lated PSNP preferentially. The organ with the most fluorescence
(PSNP accumulation) was the yolk, followed by the digestive tract, in
particular the intestine, pancreas, and liver (Fig. le, h). The eyes
showed substantial PSNP uptake (Fig. 1f) and other important organs
such as the brain and neuromasts of the lateral line also showed PSNP
buildup (Fig. 1f, g). No preferential PSNP accumulation was observed
in the heart (Fig. 1h) and no PSNP fluorescence was observed in bone
tissue (Fig. A.2).
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3.3. Morphological abnormalities and mortality

Exposure to fluorescent PSNP for the preliminary study had an effect
on mortality (60 %) and a 30 % lordosis rate only at the highest concen-
tration (5 mg/L, data not shown). In the main study, no mortality was
observed in animals exposed to pristine particles (highest concentration
of 3 mg/L), but some morphological abnormalities were confirmed. Eye
size was decreased significantly (6-11 %) in all treatments with respect
to control with larvae treated at 3 mg/L having smaller eyes than larvae
in the 0.1 and 0.5 mg/L treatments (Fig. 2a). Head size was decreased in
a similar manner at all concentrations (~5 %; Fig. 2b), and pericardial
area was significantly increased only at the highest concentration by
9 % (Fig. 2c). No effect was observed for yolk size (Fig. 2d), otolith di-
ameter (Fig. 2e), or body length (Fig. 2f).

3.4. Effects on activity/behavior

Animals exposed to PSNP showed significant alterations in activity pat-
terns (Fig. 3). At 24 hpf, tail activity (bursts/min) increased significantly in
a concentration dependent manner with increases of 33, 51, and 55 % for
larvae exposed to 0.1, 0.5, and 3 mg/L respectively (Fig. 3a). Interestingly,
despite increase number of bursts per minute, mean burst duration, which
denotes burst quality, decreased in all treatments, being significant for
0.5 mg/L (—18 %) and 3 mg/L (—14 %) (Fig. 3b).

Larvae swimming activity in alternating light/dark transitions at
120 hpf also showed an effect of PSNP exposure. During the dark interval,
there was an increase in larvae activity at 0.1 and 0.5 mg/L but that was
only significant for the later (6 % and 29 % respectively). However, activity
decreased by 4 % for larvae exposed to 3 mg/L (Fig. 3c). During the light
period there was a decrease in movement for larvae at 0.1 mg/L (—11 %)
and an increase at 0.5 mg/L (37 %) and 3 mg/L (11 %) that was only signif-
icant for the intermediate concentration.

NP particles
on chorion

48 hpf

Neuromasts \
)

Pancreas

Intestine

Fig. 1. Accumulation of fluorescent NP in zebrafish larvae. (a) Electron microscope images of nanoparticles in embryo water after sonication. Panels (b) and (c) depict in-
chorion accumulation after 24 and 48 hpf at 0.5 mg/L. Panels (d) and (e) show PSNP accumulation in control, 0.1 and 0.5 mg/L exposed larvae after 72 hpf viewed in a
combined fluorescent and bright field way (d) or only fluorescent view (e). Close-up of accumulation in eyes and brain (f), neuromasts (lateral line) (g), and digestive

system (h).
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Fig. 2. Eye size (a), head size (b), pericardial area (c), yolk size (d), otolith diameter (e), and body length (f) of larvae exposed to 0.1, 0.5, and 3 mg/L PSNP. Measurements
were taken at 72 hpf. Data are presented as means * SE. Red asterisk above bar denotes significant difference between treatment and control (p < 0.05); black asterisk
denotes significant difference among treatments (p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

Anxiety-like behavior evaluation through the study of thigmotaxis
behavior during visual stimulation (dark and light periods) showed
that during dark periods (Fig. 4a), larvae exhibited increased anxiety
at 0.1 and 0.5 mg/L with less time in the well center (=17 and
— 30 % respectively) and more time at the edge (8 and 15 %). This
trend was also true for the light period although not as pronounced,
with less time in the well center (—9 and 10 % respectively) and more
near the edge (5 and 6 %) (Fig. 4b). These differences only showed sig-
nificance for at 0.5 mg/L during the dark period. On the other hand, lar-
vae exposed to the highest PSNP concentration of 3 mg/L showed an
opposite trend. During both light and dark periods these larvae spent
more time at the well center (~15 %) and less at the edge (~9 %)
than controls which denotes a decrease in anxiety (Figs. 4a and b). Al-
though not significant against controls, 3 mg/L exposed larvae spent sig-
nificantly more time at the center than the edge than larvae exposed to
the two lower concentrations. Interestingly, effects of PSNP on anxiety

Burst Count

A B

Mean Burst Duration

caused by auditory stimulation (tapping noises) showed a concentration
dependent pattern of anxiolytic effects. Larvae exposed to 0.5 and
3 mg/L exhibited more time in well centers (23 and 40 % respectively;
Fig. 4c) and less at the edge (—12 and —21 %), although significant
only at 3 mg/L.

In response to a first loud auditory stimulus, larvae exposed to 0.1
and 0.5 mg/L PSNP, presented a significant increase reaction (more dis-
tance traveled) during the first jump (~ 26 % more than controls for
both; Fig. 5 a, b). However, when exposed to a second “first” stimulus
after a 15 min pause, the jump was similar to that of controls. On the
other hand, larvae exposed to 3 mg/L exhibited a less intense reaction
as they traveled less distance than controls for both “first” tapping
noises (—7 and -10 % respectively; Fig. 5¢). Interestingly, PSNP did
not appear to have an effect on larvae habituation to a series of tapping
noises as habituation slopes did not differ at any concentration with re-
spect to controls (Fig. 5).
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Fig. 3. Embryo (24 hpf) tail bursts per minute (bpm) (a) and burst duration (b); and larvae (120 hpf) total distance traveled (c) after exposure to 0.1, 0.5, and 3 mg/L PSNP.
Burst activity was measured in the dark. Distance was measured during dark (solid columns) and light (striped columns) intervals. Data are presented as means + SE. Asterisk

above bar denotes significant difference between treatment and control (p < 0.05).
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tapping test (c) after exposure to 0.1, 0.5, and 3 mg/L polystyrene NP. Data are presented as means + SE. Red asterisk above bar denotes significant difference between
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3.5. Molecular and enzymatic response after PSNP exposure

We have investigated changes in expression profiles of different genes
involved in endocrine related pathways (thyroid, adrenal, and dopamine)
in 120 hpf ZF embryos as a result of PSNP exposure. Results show that in
general pathways were affected in a dose-dependent manner but direction
and relative difference varied depending on each gene studied (Fig. 6).
Gene transcripts involved in the hypothalamic—pituitary- thyroid (HTA)
axis were affected (Fig. 6a), with significant concentration-dependent
downregulation of trh, trhr, and tshb, and significant dose-dependent up-
regulation of tshr, tra, and ugtlab. With regards to gene transcripts from
the Hypothalamus-pituitary-interrenal (HPA) axis (Fig. 6b), we found
significant concentration-dependent upregulation for crha, crhpb, and
acthb, and a biphasic response for crhb, with significant upregulation
at 0.1 and 0.5 mg/L that decreased at 3 mg/L, but continued to be higher
than control. Gene transcripts involved in dopamine metabolism were
also affected (Fig. 6¢), with significant concentration-dependent upreg-
ulation of th1, and a biphasic response for drd2a and drd2b, with signif-
icant upregulation with respect to control at all doses but with the
highest upregulation at 0.5 mg/L.

The acetylcholinesterase enzyme in 120 hpf ZF larvae was altered by
PSNP exposure, with an observed generalized decrease of enzymatic
activity (Fig. 7). This decrease was significant for all treatments and
followed a slight concentration dependent manner with 0.1, 0.5, and
3 mg/L exposed larvae having 18, 19, and 20 % less activity than con-
trols respectively (Fig. 7).

4. Discussion

Nanoplastics are emergent contaminants that are predicted to
increase in concentration in all environmental compartments due
mainly to degradation of the vast amounts of macroplastics deposited
in oceans/landfills since the 1970s, but also by direct emissions of
NP in personal care and industrial products (Geyer et al., 2017;
Hernandez et al., 2017). Despite technical difficulties, NP have recently
been found in environmental compartments such as the ocean, coastal
areas, polar ice, freshwater bodies, and the atmosphere (Davranche
et al., 2020; Materi¢ et al., 2022a; Materi¢ et al., 2022b; Materi¢
et al., 2022c¢; Wahl et al., 2021). In a recent work Materi¢ et al.
(2022c) found NP in Swedish lakes and streams with an average con-
centration of 0.56 mg/L. This confirms that NP concentrations used
for ZF exposure in the present work are indeed possible to encounter
in the environment.

Little is known about potential NP toxic effect mechanisms on aquatic
and terrestrial organisms, and human beings. Since MP have been found
in several human tissues such as blood, lungs, gastrointestinal tract, and
placenta (Gruber et al., 2022; Jenner et al., 2022; Leslie et al., 2022;
Ragusa et al., 2021; Schwabl et al., 2019), its only logical to assume NP
can be present in human bodies. However, due to analytical difficulties,
no data exist yet in this regard. If NP are able to cross the human placenta
and blood brain barrier as in vitro and in vivo studies suggest (Aghaei
et al., 2022; Hoelting et al., 2013; Hwang et al., 2022; Shan et al., 2022)
it is of the outmost importance to evaluate their possible early endocrine
and neurotoxic effects. Our study has used a broad battery of assays, from
molecular to physiological, including genetic effects, enzymatic, morpho-
logical and behavioral assays. Our results show clear PSNP accumulation
in most organs and deleterious effects ranging from the organism to
the molecular level that are in line with some of those previously
observed (Torres-Ruiz et al., 2021; Ullah et al., 2023).

4.1. Nanoplastic characterization

Most NP toxicity studies present the challenge of replicating how NP be-
have naturally when they are dispersed in different types of media (ocean
water, freshwater, etc.). In our case, PSNP characterization by TEM and
NTA showed individual particles had size in accordance with commercial
specifications (25.1 + 4 nm) but particles agglomerated over time to a
mean size of 100 nm in all concentrations, in spite of thorough sonication
(Fig. 1aand Fig. A.1). No attempt was made to correct this particle behavior
as the addition of surfactants could confound toxicity measurements
(Bruinink et al., 2015; Summers et al., 2018). In addition, agglomeration
of particles better represents natural conditions (Alimi et al., 2018; Lins
et al.,, 2022) and it may alter their toxicity. For example, it has been
shown that non-agglomerated polystyrene particles were less toxic for
the invertebrate Daphnia magna (Vaz et al., 2021) but more toxic for
the rotifer Brachionus plicatilis (Manfra et al., 2017). Different treat-
ments such as sonication or addition of surfactant agents have been
used to decrease aggregation (Eitzen et al., 2020). However, agglomer-
ates are likely to be formed again in test medium with time and, once in-
side the model organism, particular agglomeration/de-agglomeration
mechanisms could be occurring in different organs or tissues that
could affect toxicity and clearance time (Bruinink et al., 2015). More-
over, the lack of correlation between degree of toxicity and PSNP parti-
cle size observed in a review of ZF embryo studies (Torres-Ruiz et al.,
2021) could be due to different patterns of agglomeration in different
test media. It is clear that future studies should monitor aggregation pat-
terns and include data on this issue in published articles.
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Fig. 5. Distance traveled per second during tapping intervals by 120 hpf larvae exposed to 0.1 mg/L (a; green line), 0.5 mg/L (b; black line), and 3 mg/L (c; orange line)
polystyrene NP compared to controls (blue line). Each symbol along a line represents distance traveled in a one second interval. Tapping period starts at black arrow and
continues every second for 30 s. After a 15 min pause (x axis break), a second tapping interval starts (second black arrow). Data are presented as means. Slopes of
distance traveled/time for each tapping interval were calculated and presented as m for control slope and mry for treatment slope. Asterisk above lines denotes significant
differences between treatment and control in specific time points (p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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4.2. Nanoparticle accumulation

PSNP were observed to accumulate in most organs (Fig. 1). Accumula-
tion started as soon as PSNP were added to the medium and increased
from 24 to 72 hpf (Fig. 1 b-d). Embryos protected by the chorion had less
overall PSNP fluorescence compared with hatched embryos. This was unex-
pected since our PSNP size of 30 nm is well below the ZF chorion pore di-
ameter of ~200 nm (Van Pomeren et al., 2017). However, since electron
microscopy showed PSNP aggregation, and lumps of PSNP were observed
stuck to the chorion, it is clear that it is serving as a protective barrier
against PSNP penetration due to an increase in particle effective diameter
(Fig. 1c). Nevertheless, embryos at 48 hpf showed fluorescence mainly in
the yolk (Fig. 1¢) and after hatching (72 hpf) we could observe an increase
in PSNP fluorescence in other organs as well (Fig. 1 d, e). As observed be-
fore, the yolk had the highest degree of PSNP accumulation, probably selec-
tively aggregating them due to its lipophilic nature. The manner in which
NP are able to penetrate the yolk sac epithelium deserves further study,
and the ZF is an excellent model as it shares several yolk characteristics
with humans over the first weeks of their development (Sant and Timme-
Laragy, 2018). NP probably travel from the yolk to the embryo first through
the yolk syncytial layer (Osborne et al., 2013) and then through the circu-
latory system (Hwang et al., 2022) although the exact mechanisms for
this remain largely unknown.

The digestive tract was the second most affected by PSNP accumulation
(Fig. 2h), with particles observed mostly in the gut, liver, and pancreas, as
observed before (Brun et al., 2018; Brun et al., 2019). Accumulation in
these organs could come directly from the yolk but also by NP ingestion,
after 72 hpf, when embryos' mouths start to function (Van Pomeren et al.,
2017). In addition, larvae were observed ejecting PSNP from the anal
pore (Video A.1) but this discharge rate was not calculated and deserves
further study in order to better understand NP metabolism, toxicokinetics,
and clearance rates.

The brain and important sensory organs such as the eyes and lateral line
were also shown to accumulate PSNP (Fig. 1f, g). Few studies have shown
accumulation of NP in lateral line organs (Brun et al., 2018; Parenti et al.,
2019). However, eye accumulation has been frequently observed before
in larvae exposed to different PSNP sizes and concentrations (Van
Pomeren et al., 2017; Zhang et al., 2020a; Zhang and Goss, 2020). The pos-
sibility of NP affecting ZF visual capacity has seldom been studied specifi-
cally, although the expression of some eye pigment and retinal system
genes have been shown to be affected in exposed larvae (Zhang et al.,
2020a; Liu et al., 2022). Accumulation in the larval ZF brain was observed
by 44 % studies examining PSNP distribution, and genes and metabolites
related to CNS function have been shown to be affected as well (Zhang
et al., 2020a; Teng et al., 2022). Moreover, PSNP have been shown to in-
crease nervous system cell apoptosis and affect motor neuron development
(Teng et al., 2022; Zhang et al., 2022). Therefore, behavioral changes ob-
served in PSNP exposed larvae (see below) could be a result of PSNP accu-
mulation and disruption of both the central nervous system and sensory
organs.

4.3. Morphological and cardiac effects

Few studies have addressed morphological defects as a result of NP ex-
posure (Torres-Ruiz et al., 2021). In this study, body length, curvature, yolk
size, and otolith diameter were not affected by PSNP exposure (Fig. 2 d-f).
This is in agreement with other studies (Brun et al., 2019) but contrary to
others (Chen et al., 2017) using similar concentrations and particle size.
On the other hand, we observed a decrease in eye and head size (Fig. 2a,
b). Since whole body length was not affected, it is possible that head and
sensory organ are especially affected by PSNP exposure. Although head
size was only slightly affected, the range of eye size decrement observed
has been shown to be important for adaptation in other fish species
(Lisney et al., 2020). Potential mechanisms behind these effects could in-
clude disruption of neuronal and eye cell proliferation (Hill et al., 2003;
Huang et al., 2013) as a result of PSNP accumulation (Fig. 1f). This is
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supported by previous ZF studies that have found downregulation of
CNS and eye pigment gene expression (Zhang et al., 2020a; Liu et al.,
2021a). Future work should consider this as a possible mechanisms un-
derlying NP neurotoxicity.

Another important observed malformation is an increase in heart
area with PSNP exposure at the highest concentration caused by cardiac
edema (Fig. 2c). However, even though we observed bradycardia due to
fluorescent PSNP exposure (Fig. A.3) we could not test this endpoint for
the present study due to technical difficulties. Nevertheless, cardiotoxic
effects (mainly bradycardia) have been observed before for PSNP ex-
posed ZF (Duan et al., 2020; Hu et al., 2020; Dai et al., 2023). Possible
explanations for cardiotoxicity include activation of the hydrocarbon
aryl receptor (Shankar et al., 2020), effects on vascular endothelial
growth factor system (Dai et al., 2023), or NP accumulation in sarcomeres
(Pitt et al., 2018) that elicit a decrease in cardiomyocite proliferation, as
both have been shown to be common cardiotoxicity mechanisms (Chen,
2013; Nguyen and Bradfield, 2008).

4.4. Behavioral effects

Neurotoxic effects of PSNP exposure were evaluated through a series
of behavioral endpoints. Our study confirms PSNP are neurotoxic but
specific adverse effects were dependent on the behavior studied and
development time.

ZF embryos develop a first motor response at about 24 hpf by spontane-
ous tail bursts generated by primal muscle innervation that have been
shown to be a first screen mechanism of developmental neurotoxicity (de
Oliveira et al., 2021; Saint-Amant and Drapeau, 1998). Our study measured
these coils at 24 hpf + 1 h and so they can be considered representative.
Results show PSNP had an effect on tail coiling activity, with a concentra-
tion dependent increase in burst counts per minute but a decrease in
burst duration (Fig. 3a, b). Hyperactivity was also observed during the
light/dark locomotor response test at 120 hpf but only at the two lowest
concentrations, with a decrease of activity at 3 mg/L, showing that increas-
ing the duration of exposure caused larvae to switch activity patterns. Con-
sidering several genes, involving oxidative stress, cell death, and hormonal
balance were specially altered at this concentration at 120 hpf (Martin-
Folgar et al., 2023, Figs. 3, 5, 6), it is clear that this decrease in movement
implies a greater effect of PSNP toxicity. In addition, even though we did
not test higher concentrations for the present work, a preliminary study
done for dose-ranging (results not shown) revealed that a concentration
of 5 mg/L caused larvae to be practically immobile. Taken together, these
results suggest a gradual increase of activity at intermediate concentrations
that then progressively decreases to severe hypoactivity. This type of
hormetic response is typical of endocrine disruption (Martinez et al.,
2019) and could explain why both hypoactivity and hyperactivity have
been found in previous studies of NP effects (Torres-Ruiz et al., 2021;
Manuel et al., 2022). Alterations in carbohydrate and cortisol metabolism
caused by PSNP have been proposed as possible explanations for hyperac-
tivity (Brun et al., 2019; Faught and Vijayan, 2021) but disruption of
neuromotor control pathways could also play a role (Pedersen et al.,
2020; Zhang et al., 2022). On the other hand, the generalized hypoactivity
observed at the highest concentration could be due to increase brain PSNP
accumulation that could cause major alterations at the molecular and cellu-
lar levels, causing overall cytotoxicity and brain cell apoptosis (Chen et al.,
2017; Huet al., 2020; Teng et al., 2022). Further evidence of this is found in
our previous work (Martin-Folgar et al., 2023) in which we found genes
encoding for superoxide dismutase (sod 1 and 2), apoptotic genes (cas 1
and 8), and interleukin 1-f (il1f3) were highly activated at the concentration
of 3 mg/L, suggesting overall increase in cellular stress at this concentra-
tion. A possible mechanism of toxicity influencing behavioral alterations
is acetylcholinesterase (AchE) inhibition. In this study (Fig. 7) and in a
previous gene expression study (Martin-Folgar et al., 2023) we have
found a decrease in AchE at all concentrations. Therefore, the decrease in
mRNA expression correlates with a decrease in protein activity. It is possi-
ble that, together with other molecular mechanisms, AchE inhibition is
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Fig. 6. Expression profiles of genes related to the HPT axis (a), the HPA axis (b), and dopamine metabolism (c). Data are presented as mean fold difference with respect to
controls + SE. Asterisk above bar denotes significant difference between treatment and control (p < 0.05).
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(p < 0.05).
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part of what is causing hyperactivity at lower concentrations. However, ef-
fects on AchE could be interacting with other possible mechanisms such as
disruption of dopamine metabolism. Dopamine agonists have been shown
to induce hyperactivity in mice and ZF, presenting a biphasic response
(Ek et al., 2016). Our results show upregulation of a gene involved in dopa-
mine production (thl) and the dopamine receptors drd2a and drd2b
(Fig. 6¢), that could be contributing to the hyperactive phenotype. Alter-
ations in dopaminergic metabolites have been observed before in relation
to behavioral alterations in ZF embryos exposed to PSNP (Hwang et al.,
2022) but in this work no genetic changes were observed. In addition, con-
tribution of other factors such as hormone-related imbalances could also
play a role in the activity patterns observed (see below).

In regards to anxiety related effects, our study is the first to assess
consequences of PSNP exposure on thigmotaxis behavior in ZF larvae, in re-
sponse to visual and auditory stimuli. This wall hugging innate response is a
measure of anxiety and has been used extensively to study rodent response
to anxiolytic and anxiogenic drugs/toxicants (Estrela et al., 2021; Karl et al.,
2003; Prut and Belzung, 2003). Moreover, it has also been shown to be a re-
liable anxiety-like behavior measurement in the ZF embryo model (Schnorr
etal., 2012), and recently also in humans (Gromer et al., 2021). The central
assumption for this endpoint is that larvae avoid the center of the well
(open space) due to an innate fear of predators and prefer to move along
the edges, especially during stress periods. Results from this study show
that response depended on type of stimulus. PSNP elicited an anxiogenic
effect in response to visual stimuli at low and intermediate concentrations
but anxiolytic effects at the highest concentration (Fig. 4a, b), contrary to
effects observed by Manuel et al. (2022) who observed a decrease in anxi-
ety at concentrations higher than 0.1 mg/L. This type of response has
been shown for some drugs with contrasting effects of visual thigmotaxis
depending on concentration. For example, the serotonergic drug 3,4-
methylenedioxymethamphetamine (MDMA) causes anxiogenic effects at
lower concentrations and anxiolytic effects at higher concentrations (Lin
et al., 1999). Moreover, these results are in line with results observed for
the light/dark locomotion assay, so it could be concluded that PSNP elicited
hyperactivity combined with increased anxiety at the lower concentrations
and hypoactivity and lower anxiety at the highest concentration. On the
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other hand, in response to auditory stimuli, PSNP had an anxiolytic effect
that was dose dependent (Fig. 4c). Even though few studies have ever com-
pared thigmotaxis effects due to both visual and auditory cues, a study with
rats revealed this behavior can differ in response to different stimuli, with
rats exposed to noise spending less time in the center than rats exposed to
light only (Hirsjarvi and Junnila, 1986).

Another measure of anxiety is the startle response: This reflex behavior
is shared by all vertebrates and is related to activation of brainstem motor
neurons by Mauthner cells in ZF or similar neurons in the caudal pontine re-
ticular formation in humans (Eaton et al., 2001; Weber et al., 2008). It has
been a model for sensorimotor response, anxiety, and attention in many
species due to its translational value (Fendt and Koch, 2013). Moreover,
its defects are related to human neurological disorders such as anxiety,
attention deficit or schizophrenia (Fetcho and McLean, 2009; Poli and
Angrilli, 2015). Our results show that larvae exposed to the two lower
PSNP concentrations had a higher startle response than controls (Fig. 5a,
b) whereas larvae exposed to the highest concentration had a dimin-
ished response (Fig. 5¢). Therefore, at these two lower PSNP concentra-
tions, larvae that were more anxious, according to visual thigmotaxis
experiment, responded with a stronger startle. However, at the highest
concentration, 120 hpf larvae seem to have an overall decrease in move-
ment, anxiety, and startle response, and in this case PSNP are mimicking
a sedative more than an anxiolytic drug (Schallek and Schlosser, 1979).
Interestingly, when comparing startle behavior with thigmotaxis in
response to sound, the pattern is not similar for the two lower concen-
trations. Possible explanations include different neuronal pathways
controlling both responses that could be affected differentially by
PSNP. In addition, lateral line disruption by PSNP cannot be ruled out
due to particular accumulation in neuromasts observed (Fig. 1g).
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Habituation is a form of early learning exhibited by all vertebrates, and
consists on reduced reaction to repeated stimuli (Roberts et al., 2016). In
ZF, habituation has been linked to the N-methyl-p-aspartate (NMDA) recep-
tor and protein synthesis, and toxicants can affect how larvae modulate this
response (Best et al., 2008; Roberts et al., 2011). In this study, we found no
evidence of PSNP effects on habituation (Fig. 5), despite disruption in loco-
motion and anxiety responses.

4.5. Hormone disruption effects

In order to assess possible endocrine disruption effects of PSNP we
have examined transcription of genes related to the HPT and HPA
axes. The HPT axis is an important feedback control in the neuroendo-
crine system responsible for the regulation of thyroid hormones that
in turn regulate metabolism and stress response (Hoermann et al.,
2015). On the other hand, the HPA axis regulates glucocorticoid, epi-
nephrine and norepinephrine production and thus is important in stress
control but also in other body processes such as digestion, immune sys-
tem, energy use, and sexuality (Rey et al., 2008). Our study shows that
both pathways were affected by PSNP exposure albeit in different de-
grees and directions depending on specific genes (Fig. 6a, b).

Genes related to thyroid function were affected by down regulation
at the level of hypothalamus (trh), and pituitary (trhr and tshb), and up
regulation at thyroid (tshr) and thyroid hormone metabolism in target
tissues (thra, ugtlab) levels (Fig. 6a). This implies an overall alteration
of the HPT axis that could result in an imbalance of thyroid hormone
metabolism similarly to those observed before in NP exposed ZF and
rats (Amereh et al., 2019; Zhao et al., 2020). In the present study, this
could be part of the reason for some of the observed phenotypes such
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as decreased eye or head size (Baumann et al., 2016; Fang et al., 2022).
In addition, it could be contributing to altered behavioral phenotypes,
as hyperactivity has been shown before in ZF with unbalanced thyroid
hormone levels (Walter et al., 2019).

Genes related to the HPA axis were affected mainly by upregulation of
crha and crhb at the hypothalamus and upregulation of acthb at the pituitary
(Fig. 6b). In addition, we also observed upregulation of crhbp, thought to
regulate bioavailability of Corticotropin Releasing Hormone (CRH)
(Westphal and Seasholtz, 2006). These effects could be partly responsible
for hyperactivity and altered anxiety responses observed as increased
cortisol levels have been shown to induce hyperactive phenotypes in
NP exposed ZF (Amereh et al., 2019; Brun et al., 2019; Walter et al.,
2019). Future studies should consider the potential role of NP contami-
nation in the increase levels of anxiety and depression observed in the
overall human population in recent years as it has been proposed that
anxiety problems are related to environmental pollution and NP could
potentially be part of this problem (da Costa Aratjo and Malafaia,
2021; Trushna et al., 2021).

4.6. NP adverse outcome pathway

Our study has been the first to combine a battery of behavioral assays
with endocrine disruption markers to assess potential NP toxicity. Our
present results clearly show that even in an aggregated form and at low con-
centrations, these toxicants can alter hormonal homeostasis that could re-
sult, in combination with neurotransmitter disturbances, in observed
hyperactive and anxious phenotypes at low concentrations. In combination
with our previous results (Martin-Folgar et al., 2023), we propose an ad-
verse outcome pathway (AOP) for NP toxicity (Fig. 8). Polystyrene NP
AOP would start with molecular initiating events such as the physical dis-
ruption of membranes that could cause organelle damage and of particular
importance, lysosome and mitochondrial damage (Matthews et al., 2021;
Yang and Wang, 2023). This would generate oxidative stress (i.e. ROS
production) that could induce the activation of antioxidant mechanisms
(i.e. SOD, catalases) and increased interleukin and caspase production
(i.e. interleukin 1-B, caspases 1 and 8) (Martin-Folgar et al., 2023). In addi-
tion, molecular events in the CNS could include an effect on neurotransmit-
ters (i.e. acetylcholine, dopamine, Figs. 6, 7) and brain-produced hormones
(i.e. TSH, CRH, Fig. 6). At the cellular level, this would translate in
increased inflammation and cell death by apoptosis (Teng et al., 2022),
neuronal dysfunction, and/or altered energy metabolism (Manuel et al.,
2022). At the organ/tissue level, the above mechanisms could cause altered
brain or sensory organ development, hormonal imbalances, and heart ab-
normalities. In addition, other organs such as pancreas or liver could also
be affected considering PSNP accumulation (Fig. 1h) and previous litera-
ture findings of hepatic inflammation (Cheng et al., 2022). At the whole
organism level, the present study has observed altered behaviors such as in-
creased activity and anxiety at lower doses and lethargy at a high dose. The
effects on these behaviors could be due to a variety of complex mechanisms
ranging from sensory organ and CNS effects to others such as hormonal im-
balances or altered energy metabolism.

This predicted AOP is similar to others proposed for NP toxicity, espe-
cially in regards to ROS production as a molecular initiating event, activa-
tion of the immune system, and energy metabolism alterations (Hu and
Pali¢, 2020; Liu et al., 2021c). Whole organism effects in AOPs have been
proposed to range from growth inhibition to developmental abnormalities
(Liu et al., 2021c) to behavioral changes, such as the ones observed in the
present work and other works reviewed in Hu and Palié, 2020. However,
our study is the first to show endocrine disruption as part of potential mo-
lecular initiating events in PSNP induced adverse outcome.

Our study has shown that PSNP can have important toxic effects
even in an aggregated form. Considering the concentration of these tox-
icants are predicted to increase considerably in the next years (Lebreton
et al., 2019), it is crucial to continue investigating their mechanisms of
action and potential health effects. Even though this study centered in
endocrine-related and neurotoxic effects, it is clear that PSNP can
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accumulate in other organs and could also affect them. Future studies
should consider their relation to important human diseases that have in-
creased in incidence in the last few years such as autism or hyperactivity
disorders, anxiety, depression, neurodegenerative processes, and meta-
bolic diseases, among others.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.162406.
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