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ARTICLE INFO ABSTRACT

Triclosan (TCS) is a prevalent anthropogenic contaminant in aquatic environments and its chronic exposure can lead
to a series of neurotoxic effects in zebrafish. Both qRT-PCR and W-ISH identified that TCS exposure resulted in
significant up-regulation of miR-137, but downregulation of its regulatory genes (bcll11aa, MAPK6 and Runx1). These
target genes are mainly associated with neurodevelopment and the MAPK signaling pathway, and showed especially
high expression in the brain. After overexpression or knockdown treatments by manual intervention of miR-137, a
series of abnormalities were induced, such as ventricular abnormality, bent spine, yolk cyst, closure of swim sac and
venous sinus hemorrhage. The most sensitive larval toxicological endpoint from intervened miR-137 expression was
impairment of the central nervous system (CNS), ventricular abnormalities and notochord curvature. Microinjection
of microRNA mimics or inhibitors of miR-137 both caused zebrafish malformations. The posterior lateral line neu-
romasts became obscured and decreased in number in intervened miR-137 groups and TCS-exposure groups. Up-
regulation of miR-137 led to more severe neurotoxic effects than its down-regulation. Behavioral observations de-
monstrated that both TCS exposure and miR-137 over-expression led to inhibited hearing or vision sensitivity. HE
staining indicated that hearing and vision abnormalities induced by long-term TCS exposure originated from CNS
injury, such as reduced glial cells and loose and hollow fiber structures. The findings of this study enhance our
mechanistic understanding of neurotoxicity in aquatic animals in response to TCS exposure. These observations
provide theoretical guidance for development of early intervention treatments for nervous system diseases.
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concentrations ranged from 3000 to 14,000 ng/L, whereas effluent con-
centrations ranged from 161 to 462 ng/L in Red River basin wastewater/

1. Introduction

Triclosan (5-chloro-[2,4-dichlorophenoxy] phenol, TCS) is a lipid-
soluble, broad-spectrum antibacterial agent that is commonly added to a
variety of personal care and industrial products, including hand soap,
shampoo, toothpaste, and textile goods (Ying and Kookana, 2007). Due
to its widespread use over the past 40 years, TCS has become a prevalent
anthropogenic contaminant in aquatic environments worldwide. In re-
cent years, TCS is frequently detected in the environment at ng/L to pg/L
levels, leading to accumulation in aquatic biota and humans (Wang and
Tian, 2015; Meador et al., 2018). Wastewater treatment plant influent
concentrations of TCS have been reported to reach levels as high as
86.2ug/L (Kumar et al, 2010). For example, raw influent TCS
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sewage treatment plants (Weilin et al., 2007). The presence of anti-
microbial agents in the environment, even at low concentrations, may be
hazardous because of its potential for bioaccumulation within the aquatic
food web. Accumulation of TCS in aquatic organisms, such as shellfish,
fish and marine mammals, is well-established (Ruszkiewicz et al., 2017).

In zebrafish (Danio rerio) embryos, TCS exposure delayed development
of secondary motor neurons at concentrations from 550 to 1600 ug/L
(Muth-Kohne et al., 2012). Further, TCS-induced edema reduced blood
circulation and produced malformations of the head, heart and tail in em-
bryos (Muth-Kohne et al., 2012). It was reported that TCS induced apoptosis
in mice neuronal cells and pro-apoptotic effects in rat neural stem cells
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(Szychowski et al., 2016; Kyung et al., 2016). Previous literature indicated
that prenatal TCS exposure was associated with reduced head circumference
at birth in human boys (Lassen et al., 2016; Philippat et al., 2014). This
discovery raises concerns over the role of TCS in neurodevelopment, since
reduced head circumference at birth has been linked to impaired cognitive
performance later in life (Veena et al.,, 2010). TCS can impair excitation-
contraction coupling and Ca>* dynamics in striated muscle and disrupt
mitochondrial structure, thereby having a severe effect on molluscan neu-
rons (Cherednichenko et al., 2012; Popova et al., 2018; Weatherly et al.,
2018). Elevated urinary TCS concentrations at birth were associated with
significantly lower cognitive test scores at an age of 8 yrs (Jackson-Browne
et al., 2018). Ruszkiewicz et al. (2017) reported that TCS might exert ad-
verse effects on central nervous system (CNS) functions, mainly through
induction of apoptosis and oxidative stress. These reports attest to poten-
tially deleterious effects of TCS on the CNS. TCS can be detected in the
hypothalamus mitochondrial structure, indicating its ability to infiltrate and
potential to accumulate in the brain region responsible for the regulation of
metabolism, it can cross the blood brain barrier (Van et al., 2017). Never-
theless, there is a paucity of data regarding the specific microRNAs
(miRNAs) induced by TCS exposure.

miRNAs are small non-coding regulatory RNAs that have been
highly conserved in evolution. They post-transcriptionally regulate
gene expression by inducing cleavage of their target mRNAs, inhibiting
their translation or causing degradation of the target messenger RNAs
(Carthew and Sontheimer, 2009; Yu and Pan, 2012). miRNAs play an
important role in the process of development, differentiation, cell
proliferation and apoptosis, hormone secretion, tumor formation and
neurodegenerative diseases. They are critical to neurodevelopment and
adult neuronal processes by modulating the activity of multiple genes
within biological networks (Krol et al., 2010; Xu et al., 2017).

miR-137, as a brain-enriched microRNA, plays an important role in
regulating embryonic neural stem cells (NSCs) fate determination, neuronal
proliferation and differentiation, and synaptic maturation. Its dysregulation
causes changes in the gene expression regulation network of the nervous
system, thus inducing mental disorders in humans, including schizophrenia
susceptibility (Yin et al., 2014). miR-137 negatively regulates dopamine
transporter expression and functions in neural cells. It can inhibit Parkin-
induced autophagy, and the increase of miR-137 expression leads to de-
creased autophagy, which is an inducer of Parkinson's disease (Jia et al.,
2016). Overexpression of miR-137 in the brain improves behavioral changes
in post-stroke depression rats by suppressing target gene expression at the
post-transcriptional level (Zhao et al., 2013). Siegert et al. (2015) reported a
new mechanism of synaptic modulation that may be perturbed in disorders
such as schizophrenia, and this mechanism involved in vitro and in vivo miR-
137 gain of function downregulation for three presynaptic target genes that
caused impairment in synaptic vesicle trafficking and alterations in synaptic
plasticity (Siegert et al., 2015). Additionally, several studies demonstrated
that miR-137 was related to neurotoxicity and nerve injury in mice and
human cell lines (He et al., 2017; Gao et al., 2017).

To expand beyond the findings of the previous literature, the pri-
mary objective of this study was to probe mechanisms associated with
TCS-induced miR-137 expression in zebrafish. The effect of miR-137
abnormal expression on neurodevelopment was rigorously investigated
using manual intervention, behavioral analysis, morphological ob-
servations and neuromast hair cell staining. The findings of this study
advance our understanding of neurotoxicity in aquatic animals re-
sulting from TCS exposure, and provide theoretical guidance for de-
velopment of early intervention treatments for the drug-induced ab-
normal neurodevelopment in mammals.

2. Material and methods
2.1. Ethics statement

The Institutional Animal Care and Use Committee (IACUC) at
Wenzhou Medical University approved our study plan for ethical use of
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zebrafish (Danio rerio). All studies were carried out in strict accordance
with IACUC guidelines. All zebrafish surgery was performed on ice to
decrease suffering.

2.2. Chemicals

TCS (5-chloro-2-[2,4-dichlorophenoxylphenol) was purchased from
Sigma-Aldrich (St. Louis, USA; CAS No. 3380-34-5, 99.9% purity).
Acetone was obtained from Sinopharm Chemical Reagent Co.
(Shanghai, China). Formamide (CAS No.75-12-7, purity=99%) was
acquired from Aladdin (Shanghai, China).

2.3. Zebrafish maintenance and exposure protocols

Wild-type (AB strain) zebrafish were raised in dechlorinated and
filtered water at 28°C with a 14-h light:10-h dark cycle photoperiod
(light on at 8 a.m.). Zebrafish maintenance followed Westerfield
(2000). A series of TCS-exposure concentrations was chosen according
to its LCs¢ and ECsg values (Zhang et al., 2018; Oliveira et al., 2009),
environmentally relevant concentrations, and preliminary experimental
results. The data of death/malformation recorded/collected rates and
malformed zebrafish information were reported in our previous study,
and the LCsq and ECsq values of TCS for 120-hpf zebrafish were 510 and
360 pg/L (Zhang et al., 2018). In Oliviera’s study, TCS showed acute
toxicity for embryos and larvae with a 96 hpf LCsq of 420 pug/L (Oliveira
et al., 2009). Embryos were exposed to a series of TCS concentrations
(0, 62.5, 125 and 250 pg/L (equivalent to 0, 0.22, 0.43 and 0.86 umol/
L, respectively). Low-dose TCS concentrations (0, 40, 80 and 160 pg/L
(equivalent to 0, 0.14,0.27 and 0.56 umol/L, respectively) were chosen
for zebrafish continuous exposure studies from the embryo (6 hpf,
hours post-fertilization) to adult (90 dpf, days post-fertilization) growth
stages. Control embryos were treated with 0.0025% acetone (as refer-
enced to the highest 250 ug/L TCS-exposure treatment). These TCS-
exposure concentrations simulate real-world environmental levels in
human-impacted aquatic ecosystems. Prior to locomotor behavioral
test, larvae were evaluated using a microscope and any dead or mal-
formed individuals were excluded. The TCS-exposure solutions were
renewed daily to maintain stable water quality and TCS concentration.

2.4. Target genes prediction and expression analyses of miR-137 using qRT-
PCR and WISH

Two miRNA target databases were used to predict the target genes of
miR-137: TargetScan (http://www.targetscan.org/) and Diana Tools (http://
diana.imis.athena-innovation. ~ gr/DianaTools/index.php?r = microT CDS/
index). For functional annotation of the genes targeted by the miRNAs,
Kyoto Encyclopedia of Genes and Genomes (KEGG) functional classification
(http://www.genome.jp/kegg/) was performed using the web-based tool,
Database for Annotation, Visualization and Integrated Discovery (DAVID,
http://david.abce.nciferf.gov/) (Huang et al., 2009). Sequence homology
comparison among different species was conducted using the rVista 2.0
database (https://rvista.dcode.org/), and Diana miRPath V3 software
(http://snf-515788.vm.okeanos.grnet.gr/) was used to produce heatmaps of
miR-137 expression.

To determine miR-137 expression at the transcriptional level in vivo,
gRT-PCR and W-ISH were performed. We used the All-in-One” miRNA
qRT detection system (Genecopoeia; Rockville, USA) followed by SYBR
Green PCR analysis (Bio-Rad; Hercules, USA) to confirm and measure
significant differentially expressed miRNAs. Total RNA from 96
homogenized larval zebrafish for each replicate of TCS-exposure
treatments (0, 62.5, 125 and 250 pg/L) from 6 to 120 hpf was isolated
using TRIzol regent with U6 as the endogenous reference (Table S2).
Primers were designed and synthesized by Sangon Biotech (Shanghai,
China). The cDNA probes for miR-137 were synthesized by Sangon
Biotech (Shanghai, China) and labeled with digoxigenin (DIG).
Embryos in each treatment groups were treated with 0.5% N-
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phenylthiourea (PTU; Aladdin, Shanghai, China) and collected in
1.5 mL RNase-free EP tubes, each tube containing 15 embryos. Whole-
mount ISH was performed following Thisse and Thisse (2008).

2.5. Microinjection and phenotype observation

Adult zebrafish were mated and spawned for 10 ~15min, and the
fertilized eggs were quickly collected for microinjection. MicroRNA
mimics and inhibitors for miR-137 were synthesized by GenePharma
(Shanghai, China) and used as received. The concentration of mimic or
inhibitor solutions was adjusted to 200 pg/mL; aliquots (2nL) of the
solution were injected into each egg (Pli-100 A, Warner Instruments,
Hamden, USA), and any dead embryos were removed after 12 h.

Thirty embryos or larvae in each treatment were randomly selected
and anesthetized with 0.03% tricaine (buffered MS-222; Sigma, St.
Louis, USA) for 30s, then carefully observed and photographed using
an optical microscope (DM2700 M, Leica, Heidelberg, Germany).

2.6. Live larvae staining using FM 1-43 dye

Experimental zebrafish were washed three times in EM solution for
5min before staining. Live larvae were exposed to a solution of 2 IM
FM™ 1-43 Dye (N-(3-triethyl-ammonium propyl)-4-(4-(dibutylamino)
styryl) pyridinium dibromide (GeneBio; Shanghai, China), which was
diluted in EM solution for 2 min in the dark. Larvae were then rinsed in
EM solution three times for 30 s in each wash and then anaesthetized in
MS-222. Samples were immediately imaged using a SZX16 Olympus
microscope (Tokyo, Japan).

2.7. Behavioral assessment

To examine larval responses to external stimuli and autonomous
movement (without any stimuli), 120-hpf larvae in control and treat-
ment groups were transferred to 96-square-well plates. We used one
larva for each well and each plate included one control and two
treatment groups; there were 24 larvae for each group and three re-
plications for each plates giving a total of 72 larvae used as biological
replicates for each treatment. Plates were placed in a DanioVision
Observation Chamber (Noldus IT, Wageningen, Netherlands) for a 5-
min adaption before initiating a tapping or light stimulation (Tapping
intensity level = 4; Light = 100%). Video was collected and analyzed
to compute the mean swim speed in the 5min following stimulation
using EthoVision XT software (Noldus IT, Wageningen, Netherlands).

2.8. Histopathological observations

To explore whether TCS exposure induced histopathological injury
to the CNS, 90-dpf FO-zebrafish brain and spinal cord were observed by
means of haematoxylin and eosin (H&E) staining. Staining was con-
ducted following manufacturer's instructions for the Hematoxylin-
Eosin/HE® Staining Kit (Solarbio, China). Each experiment included 3
biological replicates and 3 technical replicates for each biological re-
plicate. The tissue structure was observed by optical microscopy
(DM2700 M, Leica Germany).

2.9. Statistical analysis

Experimental data were reported as mean = SD (standard devia-
tion; the biological and technical replicates for each test are listed in
Table S3). When homogeneity of variance assumptions were satisfied,
one-way analysis of variance (ANOVA) was used to assess TCS-exposure
effects, followed by post-hoc Tukey tests for multiple mean comparisons
among different experimental groups. All statistical analyses were
conducted with SPSS 18.0 (SPSS, Chicago, USA) using significance le-
vels of p < 0.05 (*),p < 0.01(**) orp < 0.001(***).
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3. Results

3.1. Bioinformatics and expression analyses of differentially expressed
miRNAs following TCS exposure

The miRNA expression patterns are remarkably specific and diverse,
suggesting that expression sites and distribution of miRNAs in different
tissues and organs are strongly related to their functions (Kloosterman
et al., 2006). Based on previous literature, five miRNAs (miR-137, miR-
181a, miR-181b, miR-128 and miR-100) were chosen for investigation
due to their expressions in zebrafish CNS during embryonic develop-
ment (Wienholds et al., 2005; http://www.microrna.org/microrna/%
20getExprData.do). qRT-PCR was conducted to determine the expres-
sions of the five miRNAs following TCS exposure from 6 to 120 hpf.
Among these miRNAs, significant up-regulation (p < 0.01) was ob-
served for miR-137 (Fig. 1B). As a brain-enriched miRNA, miR-137
plays an important role in regulating embryonic neural stem cells
(NSCs) fate determination, neuronal proliferation and differentiation,
and synaptic maturation (Yin et al., 2014).

To better understand the biological functions of the five miRNAs,
we predicted their potential target genes using TargetScan software.
According to the principles of lowest energy and highest score value in
the TargetScan database, we analyzed 3’-UTR binding information for
the screened target genes of the five miRNAs. A total of 4567 genes
were predicted as target genes of miR-137, among which 364 were also
predicted in Diana Tools (Threshold = 0.7). Among coexistence genes,
two target genes bclllaa and Runxl were determined to have low-
binding free energy to 3-UTR and a high total context + score
(Fig. 1C). Target gene functions regulated by dre-miR-137 and signaling
pathway information are summarized in Table S1.

Pathway enrichment analysis was used to determine functional as-
sociations of miR-137, miR-181a, miR-181b, miR-128, miR-100 in hu-
mans (Fig. 1D) and mice (Fig. 1E) using DIANA miRPath V3 software.
In humans, hsa-miR-137 mainly participates in the ERbB signaling
pathway; in mice, mmu-miR-137 is mainly associated with MAPK sig-
naling pathway, ECM-receptor interaction, thyroid hormone signaling
pathway and oxytocin signaling pathway. Notably, there is currently a
lack of information on dre-miR-137 function in zebrafish. The MAPK
signaling pathway is reported to play an important role in pathogenesis
of neurodegenerative diseases, such as Alzheimer and Parkinson disease
(Mufson et al., 2012). The miR-137 entity was highly conserved in
terms of their sequences in zebrafish, humans, mice, rats and chickens.
Analysis of sequence homology was conducted for zebrafish and mice
using the human sequence as a reference. miR-137 had high sequence
homology in zebrafish, mice and humans (Fig. 1E, F), and thus was
chosen for more detailed investigation.

3.2. qRT-PCR and W-ISH analysis of miR-137 expression following TCS
exposure

The expression change of miR-137, using the U6 signal as a stable
reference gene, was used to determine the effect of TCS exposure on 120-
hpf zebrafish. qRT-PCR and W-ISH results showed that the 125 and
250 ug/L TCS-exposure treatments significantly increased miR-137 ex-
pression (p < 0.01) compared to the control group. In the absence of
TCS exposure, miR-137 showed elevated expression in the forebrain and
olfactory bulb. Following TCS exposure, miR-137 was mainly expressed
in the visceral mass along with the forebrain and olfactory bulb. TCS
exposure resulted in significant up-regulation of miR-137 (p < 0.05 or
p < 0.01) and showed an obvious concentration-dependent relation-
ship, especially in the olfactory bulb and visceral mass (Figs. 2A and S1).

The olfactory bulb is the main sensory organ of the olfactory system
(Friedrich, 2013). The olfactory system is responsible for collecting and
processing long distance chemical information and participating in
zebrafish behavioral activities, such as foraging, courtship, escape and
migration. Similarly, the expression of miR-137 by W-ISH demonstrated
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a positive TCS concentration-dependent relationship, i.e., increasing
expression with an increase in TCS-exposure concentration (Fig. 2A). A
comparable trend was also observed for miR-137 expression by qRT-
PCR, especially in the 125 and 250 pg/L treatments (Fig. S1). Overall,
the W-ISH and qRT-PCR results examining changes in miR-137 ex-
pression were in general agreement (Fig. 1B).

3.3. W-ISH analysis of miR-137 target gene expression following TCS
exposure

Based on bioinformatics analysis, miR-137 was mainly associated
with the ERDbB signaling pathway in humans and MAPK signaling
pathway in mice, but there is a lack of information concerning the dre-
miR-137 signaling pathway in zebrafish. To further explore the neuro-
related regulatory mechanisms and functions of miR-137, expression
sites and changing patterns for the two neurodevelopment-related
target genes (bcll1aa and Runx1) and MAPK signaling pathway-related
gene (MAPK6) were determined by W-ISH. In the control group, both
bclllaa and MAPK6 showed high expression in the CNS. bclllaa is

closely related to lymphocyte development, proliferation, differentia-
tion and tumorigenesis (He et al., 2014; Eberle et al., 2011). bclllaa
was mainly distributed in the brain, including forebrain, midbrain and
hindbrain, and gill of 72-hpf larval zebrafish and displayed a significant
decrease in TCS treatments compared to the control group (p < 0.01 or
p < 0.001). At high TCS concentrations (125 and 250 pg/L), bclllaa
was negligibly expressed in gill and slightly expressed in the brain
(forebrain, midbrain and hindbrain).

MAPK®6 encodes the Ser/Thr protein kinase family member MAPK®,
which is closely related to mitogen-activated protein kinases (Hoeflich
et al., 2006). It was mainly expressed in the brain (forebrain and
midbrain) of 72-hpf larval zebrafish with a significant decrease
(p < 0.01) in TCS-exposed groups compared to the control group. In the
250 pug/L treatment, MAPK6 expression was significantly decreased
after TCS exposure (p < 0.001), with low levels in the forebrain and
negligible expression in the midbrain (Fig. 2C and B-c). Runxl may
positively regulate the ErbB/HER2 signaling pathway, which was the
only target gene-concerned pathway of hsa-miR-137. It has been re-
ported to modulate SOS1 expression in gastric cancer cells (Mitsuda
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et al., 2018) and may promote proliferation and neuronal differentia-
tion in adult mouse neurosphere cultures (Logan et al., 2015). Runx1
hybridization signals were not observed in the 72-hpf and 120-hpf
zebrafish, but they displayed prominent changes in the brain (forebrain,
midbrain and hindbrain) and swimming sac. bclllaa, MAPK6 and
Runxl were down-regulated with increasing TCS concentrations
(Fig. 2C and B). As described above, qRT-PCR and W-ISH analyses
demonstrated that miR-137 expression showed a positive TCS con-
centration-dependence, but expression of its three target genes
(bclllaa, MAPK6 and Runx1) displayed a negative TCS concentration-
dependence. Thus, an inverse expression pattern was observed between
miR-137 and its regulatory genes.

3.4. Effect of intervened miR-137 expression on development of larval
zebrafish

Our previous study demonstrated that TCS and its derivatives could
reduce blood circulation and produce a series of malformation symp-
toms in the head, heart and tail (Zhang et al., 2018). In this study,
expressions of miR-137 target genes were affected by TCS exposure.
Therefore, we characterized the regulatory role of miR-137 in the
nervous system using qRT-PCR analysis. Lateral-line neuromast
staining, behavioral analysis and W-ISH were also conducted in zeb-
rafish larvae by means of injecting miR-137 agomir for over-expression
and antagomir for suppression.

The sequences of agomir and antagomir for miR-137 were synthe-
sized and injected into zebrafishI-cell embryos (2 nL of 200 ng/uL for
each embryo). Obvious toxicological effects or phenotypic malforma-
tion occurred in the intervened miR-137 groups compared to the con-
trol group. At different developmental stages after intervention (24-72
ipf), the intervened miR-137 led to a series of abnormalities, such as
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indicate significance at p < 0.001.

ventricular abnormality, bent spine, yolk cyst, closure of swim sac and
venous sinus hemorrhage (Fig. 3A). The most sensitive larval tox-
icological endpoint of intervened miR-137 expression was impairment
of the CNS, leading to ventricular abnormalities and curvature of the
notochord. The miR-137 mimic group displayed more linear ventricle,
bent spine and coexistence of multiple malformations compared to the
inhibitor group. As a result, we conclude that up-regulation of miR-137
led to more severe neurotoxic effects than down-regulation (Fig. 3C).

3.5. Effects of TCS and intervened miR-137 expression on lateral-line
neuromast

The zebrafish lateral line system is an important sensory organ de-
rived from the skin and contributes to feeling functions of water flow,
water pressure, water temperature and hearing via converting external
acoustic signals into neural electrical stimulation in the brain.
Therefore, it plays an important role in training, predation and direc-
tion discrimination Damblychaudiére et al. (2003). The neuromast is
the basic unit of the lateral-line system, which is distributed in the head,
trunk and tail (Fig. 4A) and has a fixed pattern in its development
(Hamilton et al., 2014). Thus, it is an excellent model to study the
development, regeneration and apoptosis of hair cells. Through
FM™1-43dye staining, the neuromasts in the control group were ob-
served to be orderly arranged in the lateral line. Up-regulation of miR-
137 led to similar pathological changes as induced by TCS exposure
(Fig. 4B-D). In the negative control group, neuromasts were clearly
visible and distributed throughout the trunk in an orderly pattern. In
contrast, the posterior lateral line neuromasts in the miR-137 mimic
group became obscured and decreased in number (p < 0.05). The
trunk and terminal neuromasts changed in quantity and distribution
following exposure to high TCS concentrations (250 pg/L) or agomir-



J. Liu et al.

Posterior lateral line (pLL)

TTi~131

T L1~L6

Control & l.".l’”

62.5 pg/L

TIT2T3
rorr

125 pg/L

250 pg/L

C

Aquatic Toxicology 206 (2019) 176-185

Control

miR-137 mimic

miR-137 inhibitor

EE Trunk neuromasts
[ Terminal neuromasts

v S " 9 o A

& 4

I T
Q N

Number of neuromasts in the pLL

Fig. 4. Lateral-line neuromast staining on 120-hpf zebrafish after TCS exposure and microinjection of miR-137 by FM 1-43. (A) Lateral-line system pattern in
normally developed zebrafish; (B) Neuromast staining after TCS-exposure; (C) Neuromast staining after microinjection of miR-137; (D) Number of neuromasts in the
pLL. “L1-L6” represents the trunk neuromast on one side of the larval zebrafish; “T1-T3” represents the terminal neuromast on one side of the zebrafish larval; the
green arrows point to each trunk neuromast and the yellow arrows point to the terminal neuromast formed in the tail; The ex/em wavelengths were 510/625 nm (in

MeOH) and 480/598 nm (in membranes).

137 injection. In the miR-137 inhibitor group, lateral line neuromasts
became obscured, but were less severely impacts compared to the
mimic group (Fig. 4C and D). These results demonstrated that zebrafish
lateral-line neuromast development was very sensitive to TCS-exposure
concentration and miR-137 expression.

3.6. Effects of miR-137 abnormal expression on zebrafish behavior

Stress responses of zebrafish larvae to an external acoustic or optical
stimulus are often used as evaluation criteria for normal/abnormal
development of hearing and vision. The average swim speed after sti-
mulation was adopted as a response metric. After continuous TCS ex-
posure to 120-hpf larval zebrafish, no significant difference in sponta-
neous swim speed was observed in the 62.5 pg/L treatment, but swim
speed significantly decreased in the 125 and 250 pug/L treatments
(p < 0.001), suggesting that high TCS-exposure concentrations de-
creased locomotor activity (Fig. 5A). The intervened miR-137 also led
to a significantly decreased swim speed for the 120-hpf zebrafish larvae
(p < 0.01 or p < 0.001), especially for the miR-137 over-expression
group (p < 0.001; Fig. 5D). Larval light-stimulation tests showed a
quick response (within 1min) in the control group, but a delayed,
startled response for 120-hpf larvae exposed to TCS. A relatively high
swimming speed appeared after 4-6 min of light stimulation in the
62.5, 125 and 250 pg/L treatments compared to 3min in the control
group. These observations suggest that zebrafish sensitivity to light
stimulation was inhibited by TCS exposure (Fig. 5B). In the over-ex-
pression miR-137 group, a weak startled response was observed
(Fig. 5E) and locomotor activity was relatively low in the light stimu-
lation tests. In the tapping stimulation tests, an intense and quick re-
sponse was observed in the control group. After TCS exposure to 120-
hpf larvae, intensity of the startled response decreased in the 62.5 ug/L
treatment. In comparison, the startled response was delayed and dis-
played a decreased intensity in the 125 and 250pug/L treatments
(Fig. 5E), showing an insensitive response to sound stimulation
(Fig. 5E). In the miR-137 mimic group, a relatively high locomotor

speed appeared in 5min, which was delayed approximately 2min
compared to the control group. These observations demonstrate that
TCS exposure and miR-137 over-expression led to impaired hearing or
vision sensitivity, showing an impeded response to acoustic or optical
stimulation.

3.7. W-ISH analysis for target gene expression of miR-137 after
microinjection

qRT-PCR results showed that agomir significantly increased miR-
137 expression by ca. 3.5-fold (p < 0.05; Fig. 6A). In contrast, antag-
omir slightly decreased miR-137 expression compared with the control
group. These findings demonstrate that miR-137 agomir causes over-
expression of mature miR-137 (Fig. 6A).

In the control group, bcll1laa, MAPK6 and Runx1 showed high ex-
pression in the brain. bcl11aa was mainly expressed in the brain and gill
of 72-hpf larvae; however, it showed a significant decrease in the miR-
137 over-expression group. A contrasting trend was observed in the
miR-137 knock-down group, especially in the hindbrain. MAPK6 was
mainly expressed in the forebrain and midbrain of 72-hpf larvae;
however, its expression was observed at a lower level in the miR-137
mimic group than in the control group. Through the integral optical
density (IOD) analysis of miR-137 target and regulatory genes, RunxI
expression was observed to be prominently changed in the brain and
swimming sac, showing a similar gene expression trends as other genes
(bclllaa, MAPK®6). All three genes were down-regulated after over-ex-
pression of miR-137 (Fig. 6B and C). These results showed that TCS
exposure led to up-regulation of miR-137 causing abnormal expression
of its target genes and a series of neurotoxic effects.

3.8. Histopathological observations of brain and spinal cord tissues
following TCS exposure

HE staining was conducted to investigate chronic CNS injury in-
duced by long-term exposure to low-doses of TCS. HE staining of adult
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Fig. 5. Behavioral effects on 120-hpf zebrafish after TCS exposure and microinjection of miR-137. (A) Swimming speed of zebrafish larvae at 120 hpf after TCS
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after microinjection of miR-137; (E) Swimming speed of zebrafish larvae at 120 hpf after microinjection of miR-137 when subjected to a light stimulation; (F)
Swimming speed of zebrafish larvae at 120 hpf after microinjection of miR-137 when subjected to a tapping stimulation. “**” and “***” indicate significance at

p < 0.01 and p < 0.001, respectively.

zebrafish brain tissue revealed ventriculomegaly (a arrow), reduced
number of neurons, glial cell proliferation and formation of glial scars
(b arrow) (Fig. 7A). These observations indicated the occurrence of a
neuronal abnormal apoptosis phenomenon in the periglomerular gray
zone (PGz). After HE staining of the adult zebrafish spinal cord, com-
pact fiber structure and clear nucleus were observed in the control
group. In contrast, TCS-exposure groups displayed a decreased number
of glial cells and fiber structures became loose and hollow (Fig. 7B).

4. Discussion

Previous studies posited that miR-137 was mainly associated with
neurocyte proliferation and differentiation, neurodevelopment and
nervous system diseases (Li et al., 2013; Yin et al., 2014; Siegert et al.,
2015). Our study demonstrated that neurotoxicity induced by TCS ex-
posure in zebrafish resulted from upregulating miR-137 expression that
suppressed neurodevelopmental related target genes and metabolic
pathways. By interfering with miR-137 knockdown and overexpression,
the expression of target genes was confirmed by both qRT-PCR and W-
ISH. Neurotoxic effects were induced by miR-137 up-regulation and
affected phenotypic malformation, neuromast development and beha-
vioral analysis. Based on bioinformatics analysis of miRNA expression
in the CNS, miR-137 was identified one of the most abundant miRNAs,
but few data are available on its functions in zebrafish, although a few
studies ascribe its key roles in neurocellular proliferation and differ-
entiation in humans and mice (Li et al., 2013; He et al., 2017). Further,
miR-137 is one of the most robustly implicated genes in schizophrenia
(Guan et al., 2014). It has also been linked to spinal cord injury and
nervous system diseases, such as schizophrenia, post-stroke depression,
Parkinson and Alzheimer (Gao et al., 2017; Zhao et al., 2013).

In this investigation, TCS exposure led to abnormal expression of
miR-137 and further affected its target genes as verified by both qRT-
PCR and W-ISH results. qRT-PCR demonstrated up-regulation of miR-
137 from TCS exposure that led to decreased expression of its target
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genes, consistent with W-ISH results. These findings disclosed that TCS
induced abnormal expression of miR-137 thereby affecting the normal
expression of target genes. Histopathological observations revealed that
miR-137 over-expression produced higher malformation rates, espe-
cially higher CNS malformations (e.g., abnormal ventricle and bent
spine) in zebrafish embryos. These results implied that the most sen-
sitive embryonic toxicological endpoint of miR-137 expression was
impairment of the CNS. These malformations might be caused by the
knock-down of miR-137 target genes.

This study confirmed for the first time that TCS-induced abnormal
expression of miR-137 in zebrafish causes neurotoxic effects. W-ISH
analysis indicated that the expression patterns of miR-137 and its target
genes were mainly associated with the CNS. Given the paucity of in-
formation regarding neurotoxicity of miR-137 in zebrafish, this study
provides important new information to assess various regulatory me-
chanisms. Runx1, as a target gene of miR-137, can affect cell pro-
liferation and neuronal differentiation in adult mice neurosphere cul-
tures (Logan et al., 2015). bclllaa, as a member of the bcl family, plays
an important role in cell proliferation and anti-apoptosis aspects (Chen
et al., 2009). Neuronal apoptosis is a vital mechanism responsible for
nervous system damage. The decreased neuromasts in stained hair cells
of TCS treatments may result from hair cell apoptosis. In HE staining of
adult zebrafish brain, glial cell proliferation in the 125 and 250 ug /L
TCS treatments might result from decreased expression of the runxI or
bclllaa genes, which further inhibit normal cell apoptosis. MAPKs are
involved in directing cellular responses to a diverse array of stimuli,
such as mitogens, osmotic stress, heat shock and proinflammatory cy-
tokines. Further, MAPKs regulate cell functions including proliferation,
gene expression, differentiation, mitosis, cell survival, and apoptosis
(Hoeflich et al., 2006). mmu-miR-137 is mainly associated with the
MAPK signaling pathway in mice, and the MAPK signaling pathway has
been reported to play an important role in pathogenesis of neurode-
generative diseases, such as Alzheimer and Parkinson (Taylor et al.,
2013; Sabio and Davis, 2014). When miR-137 was over-expressed,
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MAPK6 expression decreased, which affected the MAPK signaling
pathway, further resulting in neurotoxicity in zebrafish.

Informed by the above results, we rigorously studied the regulation
and interaction of miR-137 expression with respect to TCS exposure in
zebrafish. In 120 ~ 144-hpf zebrafish, the development of hair cells in
the lateral-line neuromast was most intense. During the period when
the lateral-line development-related genes or interfering factors were
regulated, the development and differentiation of hair cells in the lat-
eral-line neuromast might be most strongly affected. Hair cells in lat-
eral-line neuromast are similar to human inner ear hair cells in struc-
ture and function, and thus they can be used to evaluate the ototoxicity
of drugs. Based on neuromast staining, the number of neuromasts in the
pLL decreased in the 250 pg/L TCS treatment suggesting that high-level
TCS exposure can lead to ototoxicity in zebrafish. Ear function in zeb-
rafish was mainly revealed by behavioral analysis; zebrafish took longer
to respond to sound stimulation after high-level TCS exposure. For 120-
hpf zebrafish in the over-expressed miR-137 group, the number of
neuromasts in the pLL was also decreased, demonstrating that TCS af-
fected the development of hair cells by up-regulating miR-137 expres-
sion.

Locomotive behavior in vertebrates, such as swimming, relies on
neural networks in the brain and spinal cord. Drugs can affect the vi-
tality of motor functions by impacting the nervous system, and thus
locomotor activity is an important index for detecting nerve injury. As
compared to the control group, the 250 pug/L TCS-exposure group led to
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lower locomotor activity comparable to the miR-137 over-expression
group. Light stimulation tests indicated that TCS might up-regulate
miR-137 through disturbing target gene expression, further resulting in
impairment of sensory and motor conduction functions. These findings
provide guidance for understanding the neurotoxic effect of chronic
TCS exposure by inducing abnormal expression of miR-137 and its re-
lated target genes. Overall, the results of this study highlight the ap-
plication of zebrafish as a vertebrate model organism for investigating
the relationship between pharmaceutical exposure (and other en-
vironmental toxicants) and nervous system diseases, such as Parkinson
and schizophrenia.

5. Conclusions

This study identified an important neurotoxic target, miR-137,
which was highly responsive to TCS exposure. Significant miR-137
upregulation following TCS exposure induced zebrafish neurotoxicity,
abnormal development of sensory organs, and visual and auditory
disorders. miR-137 was demonstrated to affect the CNS through its
effects on target and regulatory genes (bclllaa, Runxl and MAPK®6),
which showed an inverse expression pattern with that of miR-137 upon
TCS exposure. The most sensitive larval toxicological endpoint identi-
fied by intervened miR-137 abnormal expression was impairment of the
CNS. The most notable impairments were ventricular abnormalities and
curvature of the notochord. Behavioral observations demonstrated that
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both TCS exposure and miR-137 over-expression led to a similar de-
creased in hearing and vision sensitivity due to impairment of the CNS.
This study provides important mechanistic information concerning
TCS-induced toxicological impacts on zebrafish. These observations
provide theoretical guidance for development of early intervention
treatments for nervous system diseases.
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