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a b s t r a c t

Perfluorododecanoic acid (PFDoA), an artificial perfluorochemical, has been widely distributed in
different ambient media and has been reported to have the potential to cause developmental neuro-
toxicity. However, the specific mechanism is largely unknown. In the current study, zebrafish embryos
were treated with 0, 0.24, 1.2, and 6mg/L PFDoA for 120 h. Exposure to PFDoA causes serious decreases in
hatching delay, body length, as well as decreased locomotor speed in zebrafish larvae. Additionally, the
acetylcholine (ACh) content as well as acetylcholinesterase (AChE) activity were determined to be
significantly downregulated in PFDoA treatment groups. The level of dopamine was upregulated
significantly after treating with 1.2 and 6mg/L of PFDoA. Gene expressions related to the nervous system
development were also analyzed, with the exception of the gene mesencephalic astrocyte-derived
neurotrophic factor (manf), which is upregulated in the 6mg/L treatment group. All other genes were
significantly downregulated in larvae in the PFDoA group in different degrees. In general, the results
demonstrated that PFDoA exposure could result in the disruption of the cholinergic system, dopami-
nergic signaling, and the central nervous system.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Perfluoroalkyl acid (PFAA), a ubiquitous environmental
pollutant detected in various ambient media, is composed of a
special carbon chain in which the hydrogen atoms are replaced by
fluorine atoms (Giesy and Kannan, 2001; Key et al., 1997). PFAAs
have been found to have a profound impact on the liver and the
testis (Cheng et al., 2016; Du et al., 2009; Hagenaars et al., 2008; Liu
et al., 2008; Shi et al., 2010). Additionally, various toxicity studies
related to PFAAs have also shown developmental toxicity (Lau et al.,
e by Sarah Michele Chsam.

. Guo), lushy2000@163.com
2004, 2007), endocrine disrupting effects (Liu et al., 2015, 2016),
and immunotoxicity (DeWitt et al., 2012) in experimental animals.

Compared with these toxic effects, less attention has been paid
to the neurotoxic potentials. Over the past decade, several studies
have demonstrated that PFAAs could cause developmental neuro-
toxicity. PFAAs can cause the inhibition of the synaptogenesis in the
neonatal rats’ developing brain (Johansson et al., 2008, 2009; Liao
et al., 2008). PFOS and PFOA may contribute to spontaneous
deranged behavior in the neonatal mice, including swimming ab-
normalities, hyperactivity, or irreversibly reduced habituation in
adult mice (Johansson et al., 2008). Furthermore, after neonatal
exposure to PFOA or PFOS for 24 h, four kinds of proteins, syn-
aptophysin, growth associated protein 43 (gap43), tau, and Ca2þ/
calmodulin-dependent protein kinase II (CaMKII), associated with
neurodevelopment in the brain were altered, which may affect
normal brain development (Johansson et al., 2009). Both in vitro
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and in vivo studies have revealed that PFAAs cause toxic effects to
the developing brains by disrupting the thyroid hormone balance
(Wang et al., 2011; Lau et al., 2003). These results indicated that
exposure to neurotoxic chemicals can alter characterization factors
of neurodevelopment and may thereby influence early brain
development.

Although the PFAAs have been shown to induce developmental
neurotoxicity in animals, the underlying mechanism for neuro-
toxicity induced by PFAAs still requires clarification. Moreover,
previous studies have focused primarily on PFOA and PFOS, which
were the two most important PFAAs detected in samples world-
wide. Several studies with PFAAs have demonstrated that longer
chains of carbon were thought to be more virulent than shorter
carbon chains (Kudo et al., 2006; Olson and Andersen, 1983). It is
known that PFDoA is a PFAA that contains 12 carbon atoms, which
has been reported to be more easily distributed in the brain than
PFOA and PFDA and causes cognitive deficit in adult rats (Kawabata
et al., 2017). Neurotransmitters are important mediators for ani-
mals when signaling across the synapses. In the nervous system,
these endogenous chemicals usually send signals between other
cells and neurons (Zhao et al., 2015; Wang et al., 2015a). Addi-
tionally, dopaminergic signaling and the cholinergic system are
considered to be the biomarkers of developmental neurotoxicity
(Bradner et al., 2013; Eriksson et al., 2001). Although fewer studies
have focused on the influence of PFDoA on the neurotransmitters, a
number of environmental pollutants (e.g., polychlorinated bi-
phenyls, polybrominated diphenyl ethers) have been demonstrated
to trigger developmental neurotoxicity through causing abnor-
malities in the neurotransmitter system (Wang et al., 2015b;
Dreiem et al., 2010). Therefore, we speculated that maybe the
PFDoA-triggered developmental neurotoxicity was related to the
neurotransmitter system.

It is generally recognized that in the early life stages, an
increased sensitivity to the influence of environmental pollutants is
more easily exerted, as important processes in the body's devel-
opment are occurring (Daston et al., 2004), and the developing
brain is very sensitive to a lot of toxic substances. Some chemicals
can impair the developmental processes in brain cells and change
their basic structure and function, thereby causing detrimental
effects on behavior, learning, and health (Rice and Barone, 2000).
Furthermore, there are high similarities in the nervous system
development between zebrafish and mammals, and zebrafish has
homologous basic processes of neurodevelopment with those
occurring in humans (Canestro et al., 2007; Tropepe and Sive,
2003). Zebrafish have been determined to be extremely useful in
the research about the impacts of environmental pollutants to
neurodevelopmental toxicity in the nervous system of vertebrates
and are becomingmore andmorewidely used in behavioral studies
(Eddins et al., 2010).

Therefore, our primary goal was to investigate the develop-
mental neurotoxicity effects of PFDoA in zebrafish larvae. A number
of genes involved in the neurodevelopment of zebrafish embryos/
larvae were measured. These selected genes can be treated as
biomarkers of developmental neurotoxicity by showing their ca-
pacity of responding to chemicals and by altering the levels of gene
expression during the early life stages (Fan et al., 2010). Moreover,
the locomotor speed of larvae was measured, as well as the
neurotransmitter levels and the AChE enzyme activity, which was
widely regarded as a sensitive biomarker to most of the neuro-
toxicants (Payne et al., 1996). Our study is devoted to strengthen
our understanding of the developmental neurotoxicity induced by
PFDoA in the early developmental stage of zebrafish, facilitate
environmental risk assessment in PFAAs and provide a scientific
basis for the safety of the water ecological environment.
2. Materials and methods

2.1. Chemicals

We purchased PFDoA (purity� 95%) as well as dimethyl sulf-
oxide (DMSO) from Sigma (St. Louis, MO, USA). And the final con-
centration of DMSO in the exposure culture media of all groups was
below 0.1% (v/v). Trizol reagent and SYBR Green kits used for RNA
extraction and quantification were purchased from Takara (Dalian,
China). Additionally, all other chemicals used were commercially
available and of analytical grades.

2.2. Zebrafish maintenance and embryo toxicity test

The maintenance of adult zebrafish of the AB strain and the
exposure of embryos were conducted following the protocol
recorded in previous studies (Wu et al., 2017). Normally developed
embryos at 0.5 to 2.0 hpf were selected and randomly divided into
four groups (200 eggs per culture vessel). The PFDoA exposure
concentrations in our study were 0, 0.24, 1.2, and 6mg/L, respec-
tively, which were selected based on our preliminary study. The
exposure of every group began when embryos were collected and
ended up at 120 hpf because most embryos are well developed
during this period. The culture vessels were incubated in a light
incubator at 28± 1 �C with a cycle of 14 h light and 10 h dark every
day. Fifty percent of the culture medium was renewed with the
freshly prepared solutions daily, and the dead embryos were
removed in a timely manner (at 24, 48, 72, 96, and 120 hpf) to
protect the culture medium from bacteria.

The developmental toxicity endpoint dates, including mortality,
hatching, malformation, body length, and heart rate, were recorded
at 120 h exposure. Therewere at least 3 replicates for each exposure
group. The body length was measured from the anterior part of the
head to the end of the body axis by the software Image-Pro Plus
(Media Cybernetics). The heart rate (beats/30 s) was measured
under a stereomicroscope (LeicaM205FA, 8�) and recorded by a
stop watch for 30 s. Finally, larvae hatched out successfully were
selected for the following experiments.

2.3. Swim activity measurement of zebrafish larvae

According to Wu et al. (2016), we quantified the swim activity of
larvae at 120hpfwith a Video-Track system (ViewPoint Life Sciences,
Montreal, Canada). Living larvaewith no deformity was selected and
plated into a 24-well plate with a single animal in each well. Four
plateswere used tomeasure swimbehavior in order to eliminate the
difference of every 24-well plate. Beforemonitoring, the larvaewere
acclimated in the 24-wells at 28 �C for 10min. We monitored the
swimming speed by continuous visible light and response to light-
to-dark transition (5min light, 5min dark, 5min light). The experi-
ment was performed in four replicates. Further data analysis was
conducted by using custom Open Office Org 2.4 software.

2.4. Transgenic zebrafish larvae assay

We obtained the adult transgenic zebrafish (HuC-GFP) of AB
strain from the China Zebrafish Resource Center (Chinese Academy
of Sciences, Wuhan, China), and the maintenance of the adults and
embryo PFDoA exposure were carried out as mentioned above in
Section 2.2. After treating with PFDoA (0.0.24, 1.2, and 6mg/L) for
120 hpf, 2D images of the Tg (HuC-GFP) larvae were obtained by a
fluorescence microscope (Leica M 205 FA, Leica Microsystems,
Germany), and the corresponding green fluorescent protein (GFP)
fluorescence was calculated using ImageJ software (http://rsbweb.
nih.gov/ij/).
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2.5. Larval AChE activity measurements

After 120 h,100 larvae in every replicate (n¼ 3) were selected at
random and then homogenized in 500 mL of 0.9% sodium chloride
on ice. After centrifugation at 3500 g (4 �C) for 10min, then we
transferred the supernatant to a new tube for further analysis. We
also determined the AChE activity according to the instructions of
an AChE assay kit (KeyGen Biotech, Nanjing). The protein concen-
trationwas monitored according to the Bradfordmethod (Bradford,
1976) with bovine serum albumin (BSA) as a standard.

2.6. Neurotransmitter analysis

One hundred larvae in every replicate (n¼ 3) were collected at
random for the measurement of neurotransmitter levels (ACh and
dopamine) following the method described byWang et al. (2015b).
We used the high-performance liquid chromatography to quanti-
tatively determine neurotransmitters. Detailed analysis steps are
given in the Supporting Information (Text S1).

2.7. Gene expression RNA isolation and quantitative-reverse
transcription polymerase chain reaction (qRT-PCR)

The housekeeping gene, glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) mRNA, was selected to be the internal reference to
normalize the empirical data presented in our study. Briefly, 30
zebrafish larvae were washed two times by phosphate-buffered
saline (PBS) with a pH of 7.4 and then homogenized by the Trizol
reagent according to the manufacturer's protocols to extract the
total RNA. Purity of RNA was measured at 260/280 nm ratios, and
concentrations of the total RNA were confirmed by the optical
density at 260 nm. Subsequently, all of the samples of the total RNA
were diluted to 100 ng/mL, and the volume of the sample was
normalized equally to 5mL for cDNA synthesis. According to the
manufacturer's protocols, we used the SYBR Green kits and com-
mercial reverse transcription for the first-strand cDNA syntheses
and qRT-PCR. To confirm the impacts of PFDoA on the neuro-
development in zebrafish, key marker genes of ache, myelin basic
protein (mbp), manf, synapsin IIa (syn2a), a1-tubulin, sonic hedge-
hog a (shha), gap43, elavl3, and glial fibrillary acidic protein (gfap)
were determined. These genes are of importance to the develop-
mental neurotoxicity and are believed to be responsive to chemical
exposure as previously reported (Wang et al., 2015a ,b; Benowitz
and Routtenberg, 1997). We used Primer 3 software to design the
primer sequences (http://bioinfo.ut.ee/primer3-0.4.0/primer3/) or
chosen following the previous studies (Table 1). NCBI BLAST was
used to check the specificity of primers, and the melting curve was
used to inspect the purity and specificity of PCR productions in
every assay. The PCR program was set at 95 �C for 2min, then fol-
lowed by 40 cycles running at 95 �C for 15 s, and 60 �C for 45 s. We
used the 2-△△Ct method to determine the expressions of target
Table 1
Primer sequences for the genes tested in the present study.

Gene Forward

gapdh 50-ctggtgacccgtgctgctt-30

ache 50-ccctccagtgggtacaagaa-30

mbp 50- aatcagcaggttcttcggaggaga-30

a1-tubulin 50-aatcaccaatgcttgcttcgagcc-30

shha 50-gcaagataacgcgcaattcggaga-30

elavl3 50-gtcagaaagacatggagcagttg-30

gap43 50-tgctgcatcagaagaactaa-30

syn2a 50-gtgaccatgccagcatttc-30

manf 50-agatggagagtgtgaagtctgtgtg-30

gfap 50-ggatgcagccaatcgtaat-3 0
genes.

2.8. Western blot analysis

One hundred larvae at 120 hpf of every replicate (n¼ 3) were
randomly chosen for western blot analysis to validate the results of
the transcript profile data. The protein levels of gap43 and a1-
tubulin were measured by employed western blot. The rabbit an-
tibodies of a1-tubulin and gap43 (AnaSpec, Fremont, CA) were
proven to be suitable for zebrafish studies (Chen et al., 2017;
Williams et al., 2015). The quantification of relative expression was
conducted with Gene Snap software (Syngene, America).

2.9. Data analysis

The data in our study are presented as mean± standard error
(SEM). We evaluated the differences between the control and each
treatment group by one-way analysis of variance (ANOVA)
following the Fisher's least significant difference (LSD) test using
Origin 8.0 software. The data of mortality, hatching, and malfor-
mation rates were square root arcsine-transformed before analysis
of variance because of their proportion presentation, P< 0.05 was
identified as statistically significant.

3. Results

3.1. Developmental toxicity

As shown in Fig. 1AeE, all of the developmental parameters
were significantly influenced after 96 h of PFDoA exposure. The
body length was found to decline 2.56% and 8.26% in 1.2 and
6.0mg/L PFDoA treatment groups, respectively. Besides, the heart
rate was obviously decreased as the treated concentration
increased. Themortality ratewas significantly increased in 1.2mg/L
(17.61± 0.43%) and 6.0mg/L (17.93± 0.51%) of PFDoA treatment
groups. The hatching rate was decreased significantly in 1.2mg/L
(72.39± 0.43%) and 6.0mg/L (71.83± 0.58%), while the hatchability
of the control group was 77.84± 0.87%. What's more, malformation
rate was significantly increased in 6.0mg/L (12.49± 0.47%) PFDoA
treatment group compared with controls (5.92± 0.55%). As shown
in Fig. 1B, the observed malformations following PFDoA treatment
were spinal curvature (SC) and pericardial edema (PE). In order to
further study the mechanism of PFDoA-induced developmental
toxicity, the embryos developed normally were chosen in the
follow-up study.

3.2. Swim activity of zebrafish larvae

We evaluated the locomotion activities of zebrafish larvae by
photoperiod stimulation test. The swimming activity of larvae in
the light period was muchmore slower than that in the dark period
Reverse Accession No.

50-tttgccgccttctgcctta-30 NM_001115114
50-gggcctcatcaaaggtaaca-30 NM_131846
50-aagaaatgcacgacagggttgacg-30 AY860977
50-ttcacgtctttgggtaccacgtca-30 NM_194388
50-tgcatctctgtgtcatgagcctgt-30 DRU30711
50-gaaccgaatgaaacctacccc-30 NM_131449
50-cctccggtttgattccatc-30 NM_131341
50-tggttctcactttcacctt-30 NM_001002597
50-caattgagtcgctgtcaaaacttg-30 NM_001076629
50-ttccaggtcacaggtcag-30 NM_131373

http://bioinfo.ut.ee/primer3-0.4.0/primer3/


Fig. 1. A. Effects of different concentrations of PFDoA on developmental parameters,
(a) mortality rate, (b) hatching rate, (c) malformation rate, (d) body length, (e) heart
rate of zebrafish embryos after 120 h of PFDoA exposure. The values are presented as
the mean ± SEM and analyzed by one-way ANOVA followed by a LSD test.
*p < 0.05,**p < 0.01,***p< 0.001. Fig. 1B. Morphology of zebrafish larvae exposed to
PFDoA for 120 h in the 6mg/L group. (a) The control larva. (b) SC: spinal curvature. (c)
PE: pericardial edema.

Fig. 3. Effect of PFDoA on Tg (HuC-GFP) zebrafish larvae after exposed for 120 h. (A)
Relative GFP expression in larvae after exposed to 0, 0.24, 1.2, and 6 mg/L of PFDoA at
120 hpf; (B) Representative images from control group and the highest PFDoA (6 mg/L)
exposure group. The data are expressed as mean ± SEM of 3 replicates (30 larvae/
replicate). Values that are significantly different from the control are analyzed by one-
way ANOVA, followed by a LSD test. *p < 0.05, **p < 0.01, ***p < 0.001.
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(Fig. 2A). Larvae with PFDoA treatment showed a delayed decrease
in swimming activity than the controls when the photoperiod
transitioned from dark to light. The activity upregulated much
more slowly in PFDoA treatment groups during the transition from
light to dark. During the 5-min dark period, larvae from PFDoA
exposure groups showed significantly slower swimming speed
than controls. Average swimming speeds of larvae during each 5-
min photoperiod are presented in Fig. 2B. Embryos exposed to
PFDoA of 0.24, 1.2 and 6mg/L exhibited a significant decrease in the
swimming speed by 33.33, 50, and 60.83% when compared with
controls, respectively, during the 5-min dark period (Fig. 2).
3.3. Neuron-specific GFP expression in transgenic zebrafish larvae

For the purpose of estimating the impact of PFDoA on the
zebrafish nervous system during its early development stage, we
used the transgenic zebrafish line (HuC-GFP) because its expression
of GFP in neurons could be specifically identified. As shown in Fig. 3,
the expression of GFP in this transgenic zebrafish exposed to lower
concentrations of PFDoA (0.24mg/L, 1.2mg/L) for 120 hpf has no
significant differences, while in the high concentration of PFDoA
Fig. 2. Locomotor behavior of zebrafish embryos exposed to 0, 0.24, 1.2, and 6 mg/L PFDoA f
zebrafish embryos from the control group and exposure groups were measured. Data are e
analyzed by one-way ANOVA, followed by a LSD test. *p < 0.05, **p < 0.01, ***p < 0.001.
(6mg/L) exposure group, a remarkable reduction (21.42%) was
observed in the brain.
3.4. ACh content and AChE activity

Compared with the control group, we found that the content of
ACh throughout the entire body was significantly decreased (24%)
in the 6mg/L PFDoA exposure group (Fig. 4A). Fig. 4B shows that,
after 120 h exposure to PFDoA, a significant reduction of the total
AChE activity was detected in the 1.2 and 6mg/L exposure groups
(24.55 and 61.88%, respectively).
or 120 h was assessed. Locomotor patterns (A) and average swimming speed (B) of the
xpressed as the mean ± SEM of 3 replicates (10 larvae/replicate) in 30-s intervals and



Fig. 5. Concentrations of dopamine (DA) were measured in zebrafish embryos exposed
to 0, 0.24, 1.2, and 6 mg/L of PFDoA until 120 h. The data are expressed as mean ± SEM
of 3 replicates (300 larvae/replicate). Values that are significantly different from the
control are analyzed by one-way ANOVA, followed by a LSD test. *p < 0.05, **p < 0.01,
***p < 0.001.
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3.5. PFDoA increased larval dopamine content

In order to evaluate the neurotransmitter levels in zebrafish,
which is a crucial method to estimate neurochemical and toxico-
logical phenotypes and behavioral development (Bradner et al.,
2013; Iversen and Iversen, 2007), the contents of dopamine were
analyzed. After 120 h, the levels of dopamine increased significantly
in the 1.2mg/L and 6mg/L (1.27 and 2.86-fold) treatment groups.
However, no significant change was found in the 0.24mg/L PFDoA
exposure group (Fig. 5).

3.6. Gene expression

The expression levels of genes involved in the nervous system
development were determined in zebrafish larvae after 120 h
PFDoA exposure (Fig. 6). The genemanfwas upregulated (0.76-fold)
in the 6mg/L treatment group. The expression of a series of genes
was significantly reduced in larvae in the 6mg/L treatment group
compared with the control: gap43 (0.19-fold), a1-tubulin (0.61-
fold), gfap (0.19-fold), mbp (0.50-fold), shha (0.28-fold), (0.29 and
0.36-fold), syn2a (0.31-fold) and ache (0.42-fold). Additionally, the
gene elavl3 was downregulated in both the 1.2 and 6mg/L treat-
ment groups by 0.29 and 0.36-fold, respectively.

3.7. Protein expression in zebrafish larvae

The protein levels of gap43 and ɑ1-tubulin of zebrafish larvae
exposed to PFDoA at 120 hpf are shown in Fig. 7A. The expression of
both gap43 and ɑ1-tubulin were significantly downregulated by
0.31- and 0.78-fold in the in 6mg/L PFDoA treatment group,
respectively (Fig. 7B).

4. Discussion

Environmental pollutants that induce developmental neuro-
toxicity have raised concerns in a number of studies (Kim et al.,
2016; Sun et al., 2016; Wu et al., 2016; Soares et al., 2017). PFDoA
has been considered likely to trigger hepatotoxicity and renal
toxicity, and interfere with estrogen synthesis (Liu et al., 2008;
Zhang et al., 2011; Shi et al., 2009). However, limited studies on
PFDoA have been conducted to explore neurotoxicity, especially in
zebrafish. The purpose of our research was to strengthen our un-
derstanding of the developmental neurotoxicity induced by PFDoA
in zebrafish embryos/larvae and determine its underlying mecha-
nism. After PFDoA exposure, the developmental toxicity, including
Fig. 4. Acetylcholine (ACh) content and Acetylcholinesterase (AChE) activity in zebrafish em
1.2, and 6 mg/L) at 120 h. The data are presented as the mean ± SEM of 3 replicates (300 la
one-way ANOVA, followed by a LSD test. *p < 0.05, **p < 0.01, ***p < 0.001.
growth delays and malformations were detected in zebrafish
larvae, which were in accordance with the previous studies (Kato
et al., 2015; Cheng et al., 2017). Additionally, the hypoactivity of
larvae were also found in PFDoA treatment groups, clearly showing
that PFDoA exposure could trigger the developmental neurotox-
icity in zebrafish embryos/larvae. The alterations in the expression
of a variety of genes within the cholinergic system and neuronal
development were analyzed by RT-PCR to study the underlying
mechanism. This was the first research to provide evidence for
developmental neurotoxicity in the larvae of zebrafish after expo-
sure to PFDoA.

For early life stages of the tested fish, the behavioral develop-
ment is demonstrated by the nervous system development, and
when the tested animal is exposed to the environmental pollutant,
normal behavior, which usually serves as the first line of defense
may change first (Ahmad et al., 2012; Chen et al., 2012; Jin et al.,
2016; Rao et al., 2005). Therefore, locomotor behavior is generally
considered as an important index of investigating the toxic effects
on the nerve development in zebrafish (Wang et al., 2015a;
Drapeau et al., 2002). In the current study, the locomotor behaviors
were assessed, and our results showed that PFDoA exposure
resulted in a notable decrease in swimming speed and finally led to
hypoactivity in zebrafish larvae, which was considered to represent
bryos were measured following exposure to various concentrations of PFDoA (0, 0.24,
rvae/replicate). Values that are significantly different from the control are analyzed by



Fig. 6. Gene transcription of ɑ1-tubulin, gap43, gfap, manf, mbp, shha, elavl3, syn2a, and ache were measured by qPCR in zebrafish embryos after exposure to various concentrations
of PFDoA (0, 0.24, 1.2, and 6 mg/L) at 120 h. The data are presented as the mean ± SEM and analyzed by one-way ANOVA, followed by a LSD test. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 7. Western blot analysis. (A)Western blot analysis was performed with antibodies
against ɑ1-tubulin, gap43 elavl3, and GAPDH. Each figure corresponds to a represen-
tative replicate from three experiments. (B) Mean protein expression in each treated
group is shown as increased compared with mean expression in control groups which
has been ascribed an arbitrary value of 1. The data are expressed as mean ± SEM of 3
replicates (100 larvae/replicate) and analyzed by one-way ANOVA, followed by a LSD
test. *p < 0.05, **p < 0.01, ***p < 0.001.
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developmental neurotoxicity caused by toxicants as well as an
adaptive response for defensing toxic stress (Chen et al., 2012; Jin
et al., 2016). The results were entirely consistent with previous
reports on zebrafish exposed to other toxicants (Wu et al., 2016;
Dishaw et al., 2014; Richendrfer et al., 2012). The effects of PFDoA
on neuron development were further evaluated using Tg (HuC-
green fluorescent protein, HuC-GFP) zebrafish (China Zebrafish
Resource Center Catalog ID: CZ160), in which the GFP was inte-
grated into the gene sequence of elavl3 (encoding Elavl3). Neuronal
Elav-like (nElavl or neuronal Hu) protein, homologous to the
Drosophila elav, are RNA-binding proteins that regulate RNA sta-
bility and alternative splicing, which are associatedwith axonal and
synaptic structures (Good, 1995; Kim et al., 1996). As were specif-
ically expressed in peripheral and central neurons throughout
development, nElavl (or Hu) proteins promote the differentiation,
maturation and subsequent maintenance of neurons via their
regulation of RNA (Jimenez and Campos Ortega, 1987; Chen and
Shyu, 1995). Recent studies have shown that the expression of Hu
proteins is developmentally regulated, and can be detected in post-
mitotic cells during neurogenesis and in some mature neurons of
the CNS. The role of Hu proteins during development was sug-
gested to be the control of neuronal differentiation by modulating
the expression of growth-associated genes (Barami et al., 1995;
Clayton et al., 1998; Graus and Ferrer, 1990). Of different nElavl
proteins, Elavl3 has been used as an early neuronal marker, and the
expression of elavl3 was reported to be a marker of differentiated
ganglion cells of the innermost retinal layer and of amacrine cells in
the INL at 3e5 dpf (Campos et al., 1987; Robinow and White, 1988;
Peter and Kjell, 2003.; Yuki et al., 2018.). In our research, remark-
able reductions in the expression of Elavl3 protein and its encoding
gene (elavl3) accompanied with the reduction of GFP were
observed in PFDoA-exposed zebrafish larvae, which suggests a
disturbance in the brain neurons induced by PFDoA. Similar
reduction was also observed in the TBOEP-, TMT- and TDCIPP-
exposed groups, which may result in the interference with brain
development (Sun et al., 2016; Kim et al., 2016; Cheng et al., 2017).
Hence, we speculate that the abnormalities in the brain triggered
by PFDoA in the current study might be a possible reason for the
decreased swimming activity.

The development of neurotoxicity induced by PFDoA may
attribute to the fact that the cholinergic system has changed (Gee
and Moser, 2008; Costa and Giordano, 2007). The developing
cholinergic system is always a target for the contaminants in our
environment (Eriksson et al., 2001). The reduction in both ACh
content and AChE activity was observed after PFDoA exposure in
the current study. ACh is of importance in regulating the motor and
cognitive functions in the cholinergic system, and the content of
ACh in zebrafish is specifically maintained through the hydrolysis of
AchE (Behra et al., 2002). The major portion of the choline, which
acts as a substrate for ACh synthesis in vivo is produced from AChE
and recaptured by the presynaptic nerve terminal through cationic
channels (Browning, 1976; Behra et al., 2002). Thus, the availability
of choline is a rate limiting factor for the synthesis of ACh. There-
fore, if AChE is inhibited, cholinewill not be synthesized. As a result,
the nerve transmission function is negatively impacted (Balambigai
and Aruna, 2011; Chen et al., 2012b). The decreased AChE activity
accompanied with the downregulation of gene expression of ache
in our experiment suggested that the altered locomotor behavior
induced by PFDoA may interfere with the cholinergic system,
mainly through decreasing the ACh content and AChE activity.

In order to determine the possible explanation of the develop-
mental neurotoxicity caused by PFDoA, we also measured the
dopamine (DA) content in zebrafish larvae. Dopamine is significant
in many respects, especially in the development of dopaminergic
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neurons (Iversen and Iversen, 2007). The finding of this study is
that dopamine content increased in the very early developmental
stage of zebrafish with nearly 4-fold in the 6mg/L treatment group
compared with the control. The high levels of dopamine were also
reported in previous studies when the response to neurotoxicants,
such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, Lohr
et al., 2014; Pifl et al., 2017), was to protect the cell and organism
from neurotoxicity. Due to its function of inhibiting the nerve cells
in the striate, once the dopaminergic signaling was activated, the
inhibition on striate will be enhanced and resulting in decrease in
neurobehavior in zebrafish (Bradner et al., 2013; Irons et al., 2013;
Tran, 2017). Furthermore, the transcriptional level of gene related
to the content of dopamine was examined to assess neuro-
development. The expression level of the manf gene was signifi-
cantly upregulated after PFDoA exposure in our study. For the
function of protecting dopaminergic neurons from neurotoxic
injury, the manf gene is always regarded as a dopaminergic neu-
rotrophic factor, which is able to protect the dopaminergic neurons
fromneurotoxic injury (Airavaara et al., 2009; Chen et al., 2012b). In
addition, as two important neurotransmitters, an antagonistic
balance between DA and ACh (exciting the nerve cells in the striate)
is well known to regulate postsynaptic signal integration in the
striatum, and through such mechanisms, DA-ACh interactions
would be functionally cooperative to regulate the neurobehavior in
zebrafish (Cragg, 2006). Previous studies have predicted that
cholinergic dysfunction might lead to abnormal dopaminergic
neurotransmission and dysregulated DA-related behavioral and
physiologic responses (Yeomans, 1995; Bymaster et al., 2002). Once
the behavior was suppressed, much more dopamine was released
to strengthen the control over striatum to make it produce less Ach
(Tang and Cai, 2011). The upregulation in dopamine level in our
study could be a compensatory mechanism reaction to the down-
regulation of Ach level and hypoactivity. Taken together the results
mentioned above, we can speculate that the alteration of behavior
induced by PFDoAmay be due to the combined effects of disruption
in the neurotransmitter system, including cholinergic and dopa-
mine signaling system.

It should be noted that, in addition to the neurotransmitter al-
terations, the abnormal development of the central nervous system
(CNS) was another important contributing factor to the toxic
substance-induced neurotoxicity in the early life stage of zebrafish
(Wang et al., 2015a, b; Wu et al., 2016, 2017). In the current study,
several gene expressions within the CNS, including a1-tubulin, gfap,
syn2a, mbp, shha, and gap43, were changed after PFDoA exposure.

The transcription of two cytoskeleton-related genes (a1-tubulin
and gfap) was observed to be significantly decreased. The gene a1-
tubulin encodes an intermediate filament protein that is of impor-
tance in the microtubule cytoskeleton in the process of developing
or regenerating dendrites and axons (Müller et al., 1999; Baas,
1997). It is only expressed in the nervous system of the devel-
oping zebrafish larvae (BrVosamle and Halpern, 2002). Given the
functional importance of a1-tubulin, the alternations of the cyto-
skeleton were likely caused by the downregulated a1-tubulin gene
levels, and protein levels might have major impacts on both brain
structure and function (Wu et al., 2016; Chen et al., 2012b; Jin et al.,
2016;Wang et al., 2015a; b). Gfap, an intermediate filament protein,
which encodes glial fibrillary acidic protein and was expressed to a
great extent in the CNS, including astrocytes and ependymal cells, is
necessary for numerous important functions in the nervous pro-
cesses (Nielsen and Jorgensen, 2003). The downregulation of a1-
tubulin and gfap measured in the current study suggested that
PFDoA exposure could affect the development of the nervous sys-
tem though the disturbance of cytoskeleton regulation and axon
growth. Furthermore, the protein expression of ɑ1-tubulin was
proven to be in line with the gene transcription level, confirming
our results.
The gene shha serves as a morphogen in many systems,

including the nervous system (Müller et al., 1999; Ingham and
McMahon, 2001). It also has an effect on axonal guidance cues in
the spinal cord commissural axons and retinal ganglion cell axons
(Kolpak et al., 2005; Charron et al., 2003). PFDoA significantly
down-regulated the transcription of shha, which has the potenti-
ality to disorder the organization of the brain and the formation of
organs in other organ systems (Chen et al., 2012a; Sun et al., 2016).
In the process of neurotransmitter release and synaptogenesis,
syn2a, which encodes a neuronal phosphoprotein, is regarded as an
essential regulatory factor (Müller et al., 1999; Kao et al., 1998). As a
marker of synapse formation, the reduction of syn2amight have an
effect on neuronal differentiation and synapto genesis (Liu et al.,
2016; Wang et al., 2015c). Comparable effects have also been
shown previously (Wang et al., 2015b, 2015c; Chen et al., 2012b). As
a component of the myelin sheath, mbp (a marker of myelination) is
expressed by oligodendrocytes and is thought to be crucial in the
nerve myelination of nervous system (Yoshida and Macklin, 2005).
In our study, the decrease of the mbp level resulting from PFDoA
might have led to myelination deficiency, thus disrupting the
neuronal physiological functions. The observation in our study
compared identically with the results shown previously and
demonstrated that the perturbation of mbp gene transcript pre-
sents a common response to pollutants that are toxic to the nerves,
including TDCIPP (Wang et al., 2015b; 2015c), DE-71 (Chen et al.,
2012a, 2012b), and ethanol (Fan et al., 2010). Gap43, a cyto-
plasmic protein that encodes a nervous tissue-specificity is of
importance to the axon and presynaptic terminal (Wang et al.,
2015b; Udvadia et al., 2001). The downregulation of both gap43
mRNA level and gap43 protein expression after PFDoA exposure
might disrupt its function in the process of neurite formation,
regeneration and plasticity, leading to developmental neurotoxicity
in zebrafish larvae. Thus, the downregulation of shha, syn2a, mbp,
and gap43 observed in the current study suggested that PFDoA
exposure could affect the development of the nervous system
through the disturbance of neuronal myelination.

5. Conclusion

The present study confirmed, for the first time, that exposure to
PFDoA could give lead to developmental neurotoxicity in the early
developmental stages of zebrafish. Our results demonstrated that
the alteration of behavior induced by PFDoA may be due to the
combined effects of disruption in the neurotransmitter system
(including cholinergic and dopamine signaling system), and inhi-
bition of neuronal development. Although the data presented in
our study enhanced the understanding of the mechanism of PFDoA,
and could also contribute to the ecological risk evaluation, further
studies are needed to evaluate the complicated toxic mechanisms
(e.g., ion channel, transduction, and parental transmission effect).
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