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Environmental significance

Neuronal damage induced by nanopolystyrene
particles in nematode Caenorhabditis elegans+t

Man Qu, Yan Kong, Yujie Yuan and Dayong Wang ([iD}d

The potential adverse effects of nanoplastics have gradually gained significant attention. Herein, we
employed Caenorhabditis elegans to investigate the possible neurotoxic effects of nanopolystyrene parti-
cles on the development and function of D-type GABAergic motor neurons. Nanopolystyrene (1000 pg
LY induced the neurodegeneration of D-type motor neurons in wild-type nematodes, and nano-
polystyrene (=100 pg L™ further induced the neurodegeneration phenotype in nematodes with a mutation
in sod-3, encoding a Mn-SOD or acs-22, which governs the functional state of the intestinal barrier. Mean-
while, nanopolystyrene (=10 ug L) decreased head thrash and body bend, and nanopolystyrene (=100 pg
L) altered forward and backward movements in wild-type nematodes. Moreover, nanopolystyrene (=1 pg
LY decreased head thrash and body bend and nanopolystyrene (=10 pg L™?) affected forward and back-
ward movements in sod-3 or acs-22 mutant nematodes. Along with the neurotoxicity observed in
nanopolystyrene-exposed nematodes, nanopolystyrene exposure induced a dynamic autophagy induction.
RNAi knockdown of lgg-1 encoding a key regulator of autophagy induced susceptibility to the neurotoxic
effects of nanopolystyrene particles on the development and function of D-type motor neurons, implying
the association of dynamic autophagy induction with the neurotoxicity induced by nanopolystyrene parti-
cles. Our results highlight the potential neurotoxicity of long-term nanoplastic exposure in organisms.

The various toxicities due to nanoplastic particles have received increasing attention. However, the neurotoxicity of nanoplastic particles in environmental
organisms is still largely unclear. We herein employed an assay based on the D-type GABAergic motor neurons of Caenorhabditis elegans to investigate the
possible neurotoxic effects of prolonged exposure to nanopolystyrene particles on the development and functions of the nervous system. Our data suggest
that prolonged exposure to nanopolystyrene particles has the potential to induce neurodegeneration phenotypes and to alter locomotion behaviors, which
is largely due to the reduction in autophagy induction. Additionally, this neurotoxicity from nanopolystyrene particles could be further strengthened by the
mutation of sod-3, encoding a mitochondrial Mn-SOD, or acs-22, which governs the functional state of the intestinal barrier. Our observations highlight the
potential of nanoplastics to induce damage to both the development and function of the nervous system after long-term exposure.

Introduction

the adverse effects of nanoplastics have gradually received in-
creasing attention.'®* Exposure to nanoplastics, such as

Microplastics, originating from man-made plastic products
through physical, chemical and biological degradation, are
an emerging contaminant in the environment. Microplastics
are defined as plastic debris or plastics with particle size <5
mm."> The accumulating environmental monitoring data
has demonstrated that these microplastics, especially the
nanoplastics (microplastics with a nano-size), are pervasive in
the environment and potentially threaten both environmental
organisms and human health.>® Considering the fact that

the microplastics can be further degraded into nanoplastics,’
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nanopolystyrene, could cause toxicity in organisms in various
ways, including through the induction of oxidative stress, re-
duction in growth and reproduction, and deficiency in
development.’®* Nevertheless, the potential neurotoxic ef-
fects of nanoplastics on environmental organisms is still
largely unclear.

Caenorhabditis elegans has been considered a wonderful
system for assessing responses to various environmental toxi-
cants, including nanomaterials and nanoplastics."”™° Nano-
polystyrene exposure has been observed to at least cause in-
testinal damage, reduction in brood size, and induction of
oxidative stress in nematodes.”*>* C. elegans could be further
employed to evaluate the possible toxicity of nanopolystyrene
particles at predicted environmental concentrations.>*>* Ad-
ditionally, the mutation of sod-3 or acs-22 could induce a
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susceptibility to the toxic effects of nanopolystyrene particles
in nematodes.**"*

C. elegans is useful for determining the toxic effects of en-
vironmental toxicants on the development and function of
neurons.”® In nematodes, D-type GABAergic motor neurons
present a widely used assay system for assessing the neuronal
damage of certain environmental toxicants.””*® In this study,
we employed C. elegans to investigate the potential neuronal
damage from nanopolystyrene particles on the development
and function of D-type GABAergic motor neurons in wild-type
and mutant animals. Our results demonstrated that long-
term exposure to nanopolystyrene particles could potentially
cause neurotoxicity affecting both the development and func-
tion of D-type motor neurons in nematodes. Evidence has
shown that autophagy induction is helpful for protecting or-
ganisms from the neurotoxicity caused by environmental
toxicants.?*" Additionally, we found that the observed neu-
rotoxicity of nanopolystyrene on the development and func-
tion of D-type motor neurons was closely associated with a
suppression in autophagy induction. Our data highlight the
potential of long-term exposure to nanoplastics to induce
neuronal damage in organisms.

Experimental
Characterizations of nanopolystyrene

Nanopolystyrene was obtained from Janus New-Materials Co.
(Nanjing, China). The size of the used nanopolystyrene was
102.8 + 4.5 nm based on analysis by transmission electron
microscopy (TEM) (Fig. S1}). Nanopolystyrene particles were
well dispersed, and no aggregation was observed in K me-
dium for at least three days. The size of nanopolystyrene par-
ticles was confirmed by dynamic light scattering (DLS, 101.6
+ 3.7 nm) using Nano Zetasizer (Malvern Instrument Ltd.,
Malvern, UK). The zeta potential of nanopolystyrene particles
was —9.698 + 0.966 mV.>® Working solutions (1, 10, 100, and
1000 ug L) of nanopolystyrene particles were prepared by
diluting a stock solution (1 mg mL™) with K medium.

Strains and maintenance

The used strains contained wild-type N2, mutants of sod-
3(gk235) and acs-22(tm3290), and transgenic strains of
oxIs12[unc-47p::GFP + lin-15(+)] and adIs2122[LGG-1::GFP +
rol-6(su1006)]. oxIs12 is a transgenic strain for visualizing
D-type GABAergic motor neurons.”” LGG-1::GFP is a marker
for assessing the autophagosome.?> The nematodes were nor-
mally grown on nematode growth media (NGM) plates fed
with a lawn of Escherichia coli OP50.>® The collected gravid
nematodes were lysed using a bleaching mixture solution
(0.45 M NaOH, 2% HOCI), and the released eggs were used
to prepare age synchronous L1-larvae.

Exposure to nanopolystyrene particles

Prolonged exposure to nanopolystyrene particles was
performed from Li-larvae to adult day-1 in liquid solutions
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with the addition of OP50 (~4 x 10° colony-forming units
(CFUs)).>° The nanopolystyrene solutions and E. coli OP50
were refreshed daily.

Analysis of the development of D-type GABAergic motor
neurons

The GABA nervous system contains D-type DD and VD motor
neurons (19 neurons) innervating the body muscles in nema-
todes. To analyze the development of D-type GABAergic mo-
tor neurons, the corresponding fluorescence images of oxIs12
nematodes were captured using fluorescence microscopy (Ti-
E, Nikon Co., Japan). The number of both dorsal and ventral
nerve cords and neuronal loss were used as endpoints to as-
sess the damage to neuronal development. For each treat-
ment, forty nematodes were examined.

Locomotion behavior assay

Four forms of behavior (head thrash, body bend, forward
movement, and backward movement) were used to assess the
locomotion behavior in nematodes.**** Locomotion behavior
reflects the functional state of motor neurons. Before the lo-
comotion behavior analysis, the examined nematodes were
washed with M9 buffer and transferred onto a new NGM agar
plate without E. coli OP50 to undergo recovery for a 1 min re-
covery period. A head thrash is defined as a change in the di-
rection of bending at the mid-body. A body bend is counted
as a change in the direction of the posterior bulb part along
the y axis, assuming that the nematodes are traveling along
the x axis. A forward movement is defined as a sine crawl in
the direction of head. A backward movement is defined as
the sine crawl in the direction of the tail. For each treatment,
forty nematodes were examined.

Analysis of positive autophagy puncta

Fluorescence images of adls2122 nematodes were captured
using fluorescence microscopy with image-pro insight pro-
cessing. The number of LGG-1::GFP positive puncta was cal-
culated by measuring at least 15 intestinal cells. For each
treatment, thirty nematodes were examined.

Reverse-transcription and quantitative real-time polymerase
chain reaction (QRT-PCR)

After total RNA isolation from the nematodes using Trizol
and cDNA synthesis, qRT-PCR reactions were carried out in
10 pL volumes using Evagreen in an ABI 7500 real-time PCR
system. Reactions were performed on samples in triplicate.
The relative quantification of the examined genes in compari-
son to the reference gene tha-1 encoding a tubulin was deter-
mined. Table S1} shows the detailed primer information.

RNAI assay

The Li-larvae were fed with E. coli HT115 (DE3) express-
ing double-stranded RNA for a certain gene on the RNAi
plates to let them develop into gravid adults, as

This journal is © The Royal Society of Chemistry 2019
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described.”® The gravid adults were then transferred onto a  DNA constructs and transformation

fresh RNAI plate to obtain the second generation for toxicity

assessment. HT115 bacteria harboring empty vector L4440  The promoter of hlh-30 was amplified using the whole ge-
were used as RNAi control. RNAi efficiency was confirmed by = nome of wild-type nematodes. The purified PCR product was
gRT-PCR (data not shown). inserted into vector pPD95_77, and the amplified hlh-30/
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Fig. 1 Neuronal damage to the development of D-type GABAergic motor neurons by nanopolystyrene particles. (a) Images showing the develop-
ment of D-type motor neurons in nematodes exposed to nanopolystyrene particles. Asterisks indicate the neuronal loss, and arrowheads indicate
the gap formation on the ventral or dorsal cord. (b) Comparison of gap formation in both the ventral and dorsal cords of D-type motor neurons.
Bars represent means * SD. **P < 0.01 vs. control (if not specifically indicated). (c) Comparison of neuronal loss of D-type motor neurons. Bars
represent means + SD. **P < 0.01 vs. control (if not specifically indicated). The exposure concentrations of nanopolystyrene particles were 1-1000
ug L. Prolonged exposure was performed from L1-larvae to adult day-1.
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W02C12.3 cDNA was further inserted into the vector
pPD_95_77 carrying hlh-30 promoter. Germline transforma-
tion was conducted by coinjecting a testing DNA (10-40 g
mL™) and a marker DNA of Pdop-1:rfp (60 pg mL™) into the
gonad.?® Primer information for DNA constructions is shown
in Table S2.}

Statistical analysis

Statistical analysis was performed by SPSS 12.0 (SPSS Inc.,
Chicago, USA). All parameters used were continuous variables
and the Agostino D test was used to check normality before
the parameter statistics. Differences between groups were
tested using one-way analysis of variance (ANOVA), and the
differences were checked using a post hoc multiple compari-
son. For the multiple factor comparison, two-way ANOVA
analysis was performed. Probability levels of 0.05 and 0.01
were considered statistically significant.

Results

Neuronal damage affecting the development of D-type
GABAergic motor neurons caused by nanopolystyrene
particles

Using transgenic strain oxIs12 with the D-type motor neurons
labeled, we first investigated the effects of prolonged expo-
sure to nanopolystyrene particles on the development of
D-type motor neurons. Under the wild-type background, only
a high concentration of nanopolystyrene particles could no-
ticeably affect the development of D-type motor neurons.
Among the examined concentrations, only prolonged expo-
sure to nanopolystyrene particles (1000 ug L") caused the se-
vere formation of gaps in both the ventral and dorsal cords
and neuronal loss under the wild-type background (Fig. 1).

In nematodes, the mutation of sod-3 encoding a mitochon-
drial Mn-SOD protein induced susceptibility to the toxicity of
nanopolystyrene particles.”* Additionally, acs-22 mutant nem-
atodes, which have a deficit in the intestinal barrier, also
showed susceptibility to the toxicity of nanopolystyrene parti-
cles.”® We further found that the mutation of sod-3 or acs-22
induced susceptibility to the neurotoxicity of nanopolystyrene
particles affecting the development of D-type motor neurons.
On the one hand, we observed a severe formation of gaps on
both the ventral and dorsal cords and neuronal loss in sod-3
or acs-22 mutant nematodes exposed to nanopolystyrene par-
ticles at concentrations of both 100 ug L™ and 1000 ug L™
(Fig. 1). On the other hand, the formation of more severe gaps
on both the ventral and dorsal cords and neuronal loss could
be detected under exposure to nanopolystyrene particles
(1000 pug L™) in sod-3 or acs-22 mutant nematodes compared
with those observed under the wild-type background (Fig. 1).

Neuronal damage to locomotion behaviors by
nanopolystyrene particles

The functional state of motor neurons are reflected by differ-
ent locomotion behaviors in animals.?®> The head thrash,
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body bend, forward movement, and backward movement
were used to determine the possible effects of nano-
polystyrene exposure on locomotion behavior in nematodes.
In wild-type nematodes, prolonged exposure to nano-
polystyrene at concentrations >10 ug L™" could significantly
decrease both the head thrash and the body bend (Fig. 2a).
Additionally, in wild-type nematodes, prolonged exposure to
nanopolystyrene at concentrations >100 ug L™ could signifi-
cantly decrease the forward movement frequency and in-
crease the backward movement frequency (Fig. 2b). There-
fore, nanopolystyrene particles also potentially damage the
functional state of motor neurons.

Moreover, we found that the mutation of sod-3 or acs-22
also induced susceptibility to the neurotoxic effects of nano-
polystyrene particles on locomotion behaviors. On the one
hand, we detected the significant decrease in both the head
thrash and body bend in sod-3 or acs-22 mutant nematodes
exposed to nanopolystyrene particles at concentrations >1 g
L' (Fig. 2a). Additionally, we detected a significant decrease
in the forward movement frequency and increase in the back-
ward movement frequency in sod-3 or acs-22 mutant nema-
todes exposed to nanopolystyrene particles at concentrations
>10 ug L™" (Fig. 2b). On the other hand, a more severe de-
crease in both the head thrash and body bend could be ob-
served upon exposure to nanopolystyrene particles (10-1000
ug L™) in sod-3 or acs-22 mutant nematodes compared with
those in wild-type nematodes (Fig. 2a). Additionally, a more
severe decrease in the forward movement frequency and in-
crease in backward movement frequency were found upon ex-
posure to nanopolystyrene particles (100-1000 pg L™) in sod-
3 or acs-22 mutant nematodes compared with those in wild-
type nematodes (Fig. 2b).

Dynamic autophagy induction in nematodes exposed to
nanopolystyrene particles

Autophagy induction has an important function in the re-
sponse of nematodes to environmental stresses.’’*® Along
with the induction of neurotoxicity in nematodes exposed to
nanopolystyrene particles, we observed a dynamic autophagy
induction in nematodes exposed to nanopolystyrene parti-
cles. LGG-1::GFP is a marker of autophagy induction,** and
LGG-1 is expressed in multiple tissues.*® We observed a sig-
nificant increase in the number of LGG-1::GFP positive
puncta of wild-type nematodes exposed to nanopolystyrene
particles (10 pg L") compared with the controls (Fig. 3a). In
contrast, the observed increase in the number of LGG-1::GFP
positive puncta in nanopolystyrene (10 ug L™")-exposed nema-
todes was significantly inhibited by exposure to higher levels
of nanopolystyrene particles (1000 ug L") (Fig. 3a).

In nematodes, LGG-1, LGG-2, ATG-18, and BEC-1 are key
regulators of autophagy induction.***° Igg-1 encodes an
ortholog of human GABARAP and GABARAPL1; Igg-2 encodes
an ortholog of human MAP1LC3A and MAP1LC3B; atg-18 en-
codes an ortholog of human WIPI1 and WIPI2; and bec-1 en-
codes an ortholog of human BECN-1. Similarly, we detected a

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9en00473d

Published on 18 June 2019. Downloaded on 9/23/2019 4:50:23 AM.

Environmental Science: Nano

a = wild-type
2004 & sod-3(tm760)
m acs-22(tm3290)

\E 150

A

%

gloo

=l

B

= 50

control 1000

1 10 100
nanopolystyrene (ug/L)
b = wild-type

154 8 sod-3(tm760)
8 acs-22(tm3290) sssx

Forward turns (30s)

control 1 10 100 1000
nanopolystyrene (ug/L)

View Article Online

Paper

a wild-type
8 sod-3(tm760)
B acs-22(tm3290)

*okk K

Body bends/20 s
= vy 8

W

control 1000

1 10 100
nanopolystyrene (ug/L)
a wild-type
s sod-3(tm760)
@ acs-22(tm3290) ok

W

sk ok
Hk

Backward turns (30 s)
[ w BN

—

0 1000

control

1 10 10
nanopolystyrene (ug/L)

Fig. 2 Neuronal damage to locomotion behaviors by nanopolystyrene particles in wild-type and mutant nematodes. (a) Effects of nanopolystyrene
exposure on head thrash and body bend in wild-type and mutant nematodes. (b) Effects of nanopolystyrene exposure on the forward movement
and backward movement in wild-type and mutant nematodes. Exposure concentrations of nanopolystyrene particles were 1-1000 pg L™
Prolonged exposure was performed from L1-larvae to adult day-1. Bars represent means + SD. **P < 0.01 vs. control (if not specifically indicated).

significant increase in the expression of Igg-1, Igg-2, atg-18,
and bec-1 in wild-type nematodes exposed to nanopolystyrene
particles (10 ug L) compared with the controls (Fig. 3b).
However, the increase in the expression of these four genes
in nanopolystyrene (10 ug L™')-exposed nematodes was fur-
ther significantly suppressed by exposure to higher concen-
trations of nanopolystyrene particles (1000 pg L") (Fig. 3b).

Mutation of sod-3 or acs-22 caused a more severe decrease in
autophagy induction in nematodes exposed to
nanopolystyrene

As introduced above, nanopolystyrene particles at high con-
centrations, such as 1000 pg L, could induce both neuronal
damage on the development and function of D-type motor
neurons and a decrease in autophagy induction. We next ex-
amined the effects of a sod-3 or acs-22 mutation on
autophagy induction in nematodes exposed to nano-
polystyrene (1000 ug L™'). We observed a more severe de-
crease in the expression of Igg-1, Igg-2, atg-18, and bec-1 in
nanopolystyrene (1000 ug L")-exposed sod-3 or acs-22 mutant
nematodes compared with those in nanopolystyrene (1000 ng
L")-exposed wild-type nematodes (Fig. 3c). Additionally, ex-
posure to nanopolystyrene particles (1000 ug L") induced a
more severe decrease in the number of LGG-1::GFP positive
puncta in sod-3 or acs-22 mutant nematodes compared with

This journal is © The Royal Society of Chemistry 2019

that in wild-type nematodes (Fig. 3d). Therefore, the muta-
tion of sod-3 or acs-22 resulted in a more severe decrease in
autophagy induction in nematodes exposed to nano-
polystyrene (1000 ug L ™).

RNAi knockdown of Igg-1 induced susceptibility to
neurotoxicity from nanopolystyrene particles

To determine the association between autophagy induction and
the neurotoxicity of nanopolystyrene particles, we performed an
RNAi knockdown of Igg-7 in a transgenic strain of oxIs12. With-
out nanopolystyrene exposure, the RNAi knockdown of Igg-1
could not induce gap formation on the ventral and dorsal cords
or neuronal loss (Fig. 4a). However, RNAi knockdown of lgg-7 in-
duced the severe formation of gaps on both the ventral and dor-
sal cords and neuronal loss in nanopolystyrene (100 g L™)-ex-
posed nematodes; however, no obvious damage was observed in
the development of D-type motor neurons in nanopolystyrene
(100 g L™")-exposed wild-type nematodes (Fig. 4a). Therefore, the
RNAi knockdown of Igg-1 induced a susceptibility to neurotoxic
effects from nanopolystyrene particles on the development of
D-type motor neurons.

Moreover, we found that RNAi knockdown of Igg-1 resulted
in a more severe decrease in the head thrash, body bend, and
forward movement frequency and an increase in the backward
movement frequency compared with nematodes without Igg-1

Environ. Sci.: Nano, 2019, 6, 2591-2601 | 2595
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Fig. 3 Dynamic autophagy induction in wild-type and mutant nematodes exposed to nanopolystyrene particles. (a) LGG-1::GFP positive puncta in
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Prolonged exposure was performed from L1-larvae to adult day-1.

RNAi knockdown after nanopolystyrene (100 g L™') exposure
(Fig. 4b). Therefore, RNAi knockdown of Igg-1 also induced sus-
ceptibility to the neurotoxic effects of nanopolystyrene particles
on the function of D-type motor neurons.

Overexpression of HLH-30 induced resistance to the neuro-
toxic effects of nanopolystyrene particles

In nematodes, HLH-30/TFEB is a MIT transcription factor.
The transcription factor HLH-30 governs autophagy
induction.*'”** Under conditions of stress, the overexpression
of HLH-30 can maintain a high level of autophagy induction,

2596 | Environ. Sci.: Nano, 2019, 6, 2591-2601

including high expression of LGG-1::GFP."' Under normal
conditions  without nanopolystyrene  exposure, the
overexpression of HLH-30 did not affect the development of
D-type motor neurons or locomotion behaviors (head thrash,
body bend, forward movement, and backward movement)
(Fig. 5). HLH-30 overexpression effectively suppressed the
neurodegeneration of D-type motor neurons under expo-
sure to nanopolystyrene (1000 pg L") in Is(Phih-30-hih-30)
nematodes (Fig. 5a). Additionally, HLH-30 overexpression
also effectively inhibited the damage of nanopolystyrene
(1000 pg L") to locomotion behaviors, such as the de-
crease in head thrash, body bend, and forward movement

This journal is © The Royal Society of Chemistry 2019
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nematodes. Bars represent means * SD. **P < 0.01 vs. control (if not specifically indicated). Exposure concentration of nanopolystyrene particles
was 100 ug L™ Prolonged exposure was performed from L1-larvae to adult day-1.

frequency and the increase in backward movement frequency
in Is(Phlh-30-hlh-30) nematodes (Fig. 5b). In nanopolystyrene
(1000 pg L™")-exposed nematodes, overexpression of HLH-30
clearly prevented the decrease in LGG-1::GFP expression (data
not shown).

Nanopolystyrene particles did not accumulate in D-type mo-
tor neurons after exposure

To assess the co-localization of nanopolystyrene particles
with D-type motor neurons, we employed nanopolystyrene

This journal is © The Royal Society of Chemistry 2019

(100 nm) with a fluorescent dye (rhodamine B, red signal)
enveloped in the particles. The related physicochemical
properties of this polystyrene has been described in a previ-
ous report.”® After the exposure of the transgenic strain
oxIs12 to this nanopolystyrene (1000 pg L"), we did not ob-
serve any obvious co-localization between the red and green
signals (Fig. S2t), suggesting that the nanopolystyrene parti-
cles were not accumulating in the D-type motor neurons af-
ter exposure. In the transgenic strain oxIs12 with RNAi
knockdown of sod-3 or acs-22, we also failed to observe any
obvious co-localization between the red and green signals
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Fig. 5 Resistance to the neurotoxic effects of nanopolystyrene particles on the development and function of D-type GABAergic motor neurons in
nematodes overexpressing HLH-30. (a) Effect of HLH-30 overexpression on the development of D-type motor neurons in nanopolystyrene ex-
posed nematodes. Asterisks indicate the neuronal loss, and arrowheads indicate the gap formation on the ventral or dorsal cord. Bars represent
means * SD. **P < 0.01 vs. control (if not specifically indicated). (b) Effect of HLH-30 overexpression on locomotion behaviors in
nanopolystyrene-exposed nematodes. Bars represent means + SD. **P < 0.01 vs. control (if not specially indicated). Exposure concentration of

nanopolystyrene particles was 1000 ug L ™. Prolonged exposure was performed from L1-larvae to adult day-1.

after exposure to nanopolystyrene (1000 pg L") (data not
shown).

Neurotoxic effects of polystyrene on nematodes is size-
dependent

We further employed head thrash, body bend, forward move-
ment frequency, and backward movement frequency as end-
points to compare the neurotoxicity of polystyrene with dif-
ferent sizes. We found that polystyrene (10 or 100 pm)
exhibited less neurotoxicity on the head thrash, body bend,
and forward/backward movements of nematodes compared

2598 | Environ. Sci.: Nano, 2019, 6, 2591-2601

with nanopolystyrene (100 nm) (Fig. S3t). Exposure to poly-
styrene (10 pm) at concentrations >1 mg L' and 10 mg L™
polystyrene (100 pm) caused a significant decrease in both
the head thrash and body bend (Fig. S3a and bf). Exposure
to 10 mg L' polystyrene (10 um) resulted in a significant de-
crease in the forward movement frequency and increase in
the backward movement frequency, and exposure to polysty-
rene (100 um) at the examined concentrations did not affect
either the forward movement or backward movement (Fig.
S3c and df). Therefore, the neurotoxicity of polystyrene on
nematodes was size-dependent. The properties of polystyrene
(10 or 100 pm) are shown in Fig. S4.F

This journal is © The Royal Society of Chemistry 2019
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Discussion

Previous studies have suggested that exposure to micro-
plastics, including nanopolystyrene, could alter some forms
of behavior, such as feeding, ingestion, excretion, and
predation.””™® In this study, we found that prolonged expo-
sure to nanopolystyrene also altered some forms of locomo-
tion behaviors, such as head thrash, body bend, forward
movement, and backward movement (Fig. 2). The observed
decrease in forward movement and increase in backward
movement implies a possible avoidance tendency or deficit
in choice in nanopolystyrene-exposed nematodes.>**° More
importantly, we observed that prolonged exposure to nano-
polystyrene particles had the potential to induce neurodeg-
eneration phenotypes, such as gap formation in both the ven-
tral and dorsal cords and neuronal loss (Fig. 1). Therefore,
long-term exposure to nanoplastic particles potentially not
only alters behaviors including locomotion but also induces a
deficit in neuronal development, such as neurodegeneration.
Considering polystyrene with a um size showed less neuro-
toxicity to nematodes compared with nanopolystyrene (Fig.
S371), we herein mainly focused on nanopolystyrene (100 nm)
to determine its neurotoxicity in nematodes.

The predicted environmentally relevant concentrations of
nanoplastic particles (100 nm) are in the range of <1 ng
L% Our data suggest that prolonged exposure to nano-
polystyrene (1 pg L") could cause a significant decrease in
head thrash and body bend in sod-3 or acs-22 mutant nema-
todes (Fig. 2a). Nevertheless, prolonged exposure to nano-
polystyrene (1 pg L") could not obviously affect the forward
and backward movements (Fig. 2b). These observations indi-
cate that prolonged exposure to nanopolystyrene at the pre-
dicted environmentally relevant concentration (1 ug L") can
potentially cause neurotoxic effects on the function of D-type
motor neurons in sod-3 or acs-22 mutant nematodes, and this
neurotoxicity can be detected with relatively sensitive locomo-
tion behavior endpoints. Meanwhile, prolonged exposure to
nanopolystyrene (1 ug L") did not noticeably affect the devel-
opment of D-type motor neurons (Fig. 1), suggesting that
prolonged exposure to nanopolystyrene at predicted environ-
mentally relevant concentrations (1 pug L") is not enough to
induce neurotoxicity in the development of D-type motor
neurons.

In nematodes, the dynamics of autophagy induction is
closely associated with the stress response, and autophagy in-
duction is widely considered as a protective response to envi-
ronmental stresses.’’*® In this study, along with the neuro-
toxicity of nanopolystyrene, we observed the corresponding
dynamics of autophagy induction. In nanopolystyrene (1000
ug L™)-exposed wild-type nematodes, we observed severe neu-
rotoxic effects on the development and function of D-type
motor neurons and a significant reduction in autophagy in-
duction (Fig. 3a and b). Additionally, in nanopolystyrene
(1000 ug L™")-exposed sod-3 or acs-22 mutant nematodes, we
observed more severe neurotoxic effects on the development
and function of D-type motor neurons and the reduction in

This journal is © The Royal Society of Chemistry 2019
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autophagy induction compared with wild-type nematodes
(Fig. 3c and d). Moreover, RNAi knockdown of Igg-1 encoding
a key regulator of autophagy induced susceptibility to the
neurotoxic effects of nanopolystyrene particles on the devel-
opment and function of D-type motor neurons (Fig. 4). Espe-
cially, the overexpression of HLH-30 could suppress the dam-
age to the development and functions of D-type motor
neurons (Fig. 5) and a decrease in LGG-1:GFP in
nanopolystyrene-exposed nematodes. Therefore, our results
imply that the observed severe neurotoxic effects of nano-
polystyrene on the development and function of D-type motor
neurons is largely due to a reduction in autophagy induction
in nematodes.

In nematodes exposed to nanopolystyrene at the examined
concentrations (1-1000 pg L"), we did not observe obvious
translocation or accumulation of nanopolystyrene particles in
D-type motor neurons (Fig. S27), suggesting that the observed
neurotoxicity may not be directly due to the accumulation of
nanopolystyrene particles in D-type motor neurons. This re-
sult implies that some still unknown toxic compounds or me-
tabolites may be released and accumulate in the D-type mo-
tor neurons in nematodes exposed to nanopolystyrene at
high concentrations. However, our previous study indicated
that the leachate of nanopolystyrene (1000 ug L™) could not
cause obvious toxic effects on locomotion behavior.?® Thus,
the release and accumulation of still unknown toxic metabo-
lites may be closely associated with the observed neurotoxic-
ity in nanopolystyrene-exposed nematodes. The dysregulation
of autophagy induction may activate or enhance the release
of still unknown toxic metabolites in nanopolystyrene-
exposed nematodes.

In nanopolystyrene (10 pg L™')-exposed wild-type nema-
todes, we observed both a significant decrease in the head
thrash and body bend and obvious autophagy induction
(Fig. 3a and b), which suggests that prolonged exposure to
nanopolystyrene (10 pg L) activates the autophagy
induction-mediated protective response. Nevertheless, the
autophagy induction-mediated protective response might not
be sufficient to counteract the neurotoxic effects of nano-
polystyrene (10 pg L™) on head thrash and body bend in
nematodes.

Conclusions

In this study, we employed the animal model of C. elegans to
examine the possible neurotoxicity of prolonged exposure to
nanopolystyrene particles affecting the development and
function of D-type motor neurons. Our results demonstrate
that exposure to nanopolystyrene particles could potentially
cause neuronal damage to both the development and func-
tion of D-type motor neurons in nematodes. Additionally, the
observed neurotoxic effects of nanopolystyrene particles on
inducing neurodegeneration and altering locomotion behav-
iors were further enhanced by sod-3 or acs-22 mutation.
Moreover, the observed neurotoxicity of nanopolystyrene par-
ticles was largely due to the dynamic alteration in autophagy
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induction in nanopolystyrene-exposed nematodes. Our data
imply the potential neurotoxicity of nanoplastic particles after
long-term exposure in organisms.
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