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Abstract
Recently, electrolysis technology has been widely applied in nitrogen and phosphorus removal in river water due to its high effi-
ciency, but its effects on aquatic animals, especially on their neurodevelopmental system, are still unclear. In this study, zebrafish 
(Danio rerio) embryos were used as model organisms and were put into an electrolytic reaction device with a Ti/IrO2/RuO2 mesh 
plate as the anode and a Ti mesh plate as the cathode to explore the effects of prolonged electrolysis on the nervous system. The 
neural development of zebrafish embryos was injured when the current density was greater than 0.89 A/m2. Compared with the 
control group, the movement speed of zebrafish larvae (120 h postfertilization, hpf) was significantly reduced from 65.48 ± 23.69 
to 48.08 ± 22.73 mm/min in a dark environment with an electric current density of 0.89 A/m2 in the electrolysis group. In addition, 
the acetylcholinesterase activity of zebrafish larvae (120 hpf) gradually decreased from 7.60 ± 0.55 to 6.00 ± 0.01 U/mg prot and the 
dopamine concentration was reduced from 46.96 ± 0.85 to 40.86 ± 1.05 pg/mL with an electric current density from 0 to 0.89 A/
m2 in the electrolysis groups. Furthermore, the expression of nerve-related genes (syn2a, mbp, nestin, and AChE) was significantly 
inhibited when the current density was more than 0.89 A/m2. However, there were few adverse effects on the neural development 
of zebrafish embryos when the current density was less than 0.86 A/m2. Thus, a current density of 0.86 A/m2 is a reference value 
to reduce the harm to the neural development of fish when electrolysis technology is used in river water pollutant treatment.
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Introduction

With the rapid development of industry and agriculture, a 
large number of pollutants enter bodies of water, causing a 
decline in water quality. The pollutants mainly include nitro-
gen (N), phosphorus (P), oxygen-consuming substances, and 
heavy metals (Li et al. 2021; Smith and Schindler 2009). 
Aqueous environmental pollution has also brought many 
adverse effects on human production and life, leading to 
the application of new methods to remove water pollut-
ants. Among them, electrolysis technology has been widely 
used in water treatment due to its diverse and highly effi-
cient removal of pollutants. Yan et al. (2020) found that 
the introduction of electrolysis with a low current density 
(0.37 mA/cm2) into ecological floating beds was beneficial 
for the removal of N and P in water. Moreover, electrolysis 
technology is also conducive to the degradation of refrac-
tory pollutants and heavy metals in water (Li et al. 2018; 
Wang et al. 2020b). Electrolysis can be applied for the deep 
purification treatment of polluted water bodies and has better 
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application prospects for rivers. However, the aquatic eco-
system is complex and includes aquatic animals and aquatic 
plants. Therefore, it is particularly important to study the 
effects of electrolysis on aquatic organisms.

To our knowledge, previous studies have focused on the 
effects of electrolysis on aquatic plants. Dannehl (2018) 
showed that electricity activated the stress response of 
plants and seeds, while a weak electric current promoted 
plant growth. Several studies have shown that low current 
stimulation enhances nutrient uptake and promotes seed ger-
mination and quality (Lee and Oh 2021). Otherwise, studies 
on the effects of electrolysis on aquatic animals have mainly 
focused on the adverse effects of electrofishing techniques 
on fish, including discoloration, muscle damage, skeletal 
injuries, nerve damage, reduced swimming stamina, reduced 
growth, and disturbances in physiology and behavior (Stew-
art 2014; Snyder 2003; Miller et al. 2021). However, elec-
trolysis technology applied to rivers mainly utilizes lower 
current densities to act on pollutants for longer periods. At 
present, relatively few studies have examined the effects of 
low electric current density on aquatic animals, which could 
lead to potential safety hazards in the application of elec-
trolysis technology and hinder its extensive popularization.

The fish nervous system is sensitive to electrolysis, and 
it is generally believed that the impact of high voltages is 
directly reflected in the nerves and behavior of fish (Miller 
et al. 2021). Therefore, in this study, we focused on the 
impact of electrolysis on the neural development of aquatic 
animals to assess the safety of electrolysis technology. A 
nonspecific and negative effect of electric field stimula-
tion on neurons has been reported that a current density of 
approximately 100 μA/cm2 can cause the blastopore of the 
Xenopus embryo to fall off (Robinson and Cormie 2008). 
Neurobehavior is a comprehensive response to many physi-
ological and biochemical processes (Jia et al. 2020; Wang 
et al. 2015). It is known that acetylcholinesterase (AChE) is 
necessary for the development of zebrafish embryonic neu-
rons (Chen et al. 2012). AChE activity is widely used as a 
sensitive biomarker of neurotoxins (Payne et al. 1996). Low 
AChE activity in zebrafish can lead to decreased muscle 
activity (Behra et al. 2002). In addition, dopamine plays an 
important role in regulating neurotoxic effects such as motor 
control and dopaminergic neuron development (Jia et al. 
2020). Therefore, the effect of electrolysis on the nervous 
system should be further studied by analyzing acetylcholine 
activity and dopamine concentration. Furthermore, com-
pared to previous conventional analysis techniques, the use 
of molecular technologies to detect target genes and regula-
tory pathways not only improves the sensitivity of the assay 
(Iqbal et al. 2000) but also helps to understand the intrin-
sic causes of the effects of electrolysis on aquatic animals. 
Neural-related genes, such as syn2a, mbp, nestin, and AChE, 
which are sensitive molecular targets to stressors, were 

analyzed in this study (Garbarino et al. 2014; Brösamle and 
Halpern 2002; Chen et al. 2010, 2012; Behra et al. 2002). 
Zebrafish have been widely used as model animals due to 
advantages such as small size, strong fertility, short devel-
opment cycle, transparency, ease of observation, and clear 
genetic background (Hill et al. 2005). In addition, zebrafish 
are vertebrates with conservative nervous system structures 
and complex behavioral patterns (Pullaguri et al. 2020) and 
have been increasingly used in behavioral neuroscience and 
behavioral research (Wang et al. 2020a).

In this study, we used a series of biological research 
methods, such as analyses of behavioral activity, enzyme 
activity, dopamine concentration, and gene differential 
expression, to explore the effects of electrolysis on the neu-
rodevelopment of zebrafish in its early development stage. 
Thus, the purposes of this study were first to explore the 
effect of prolonged electrolysis with low current density on 
zebrafish development and their neural system, and second 
to determine the no-observed-effect electrolytic reaction 
conditions in order to provide a reference for comprehen-
sive and systematic evaluation of the biological safety of 
electrolysis applied in aquatic ecosystems.

Materials and methods

Zebrafish and experimental design

All experimental zebrafish (wild-type AB strain) were ini-
tially obtained from the China Zebrafish Resource Center 
(Wuhan, China). Afterwards, zebrafish were domesticated in 
a recirculating culture system (ESEN, Beijing, China) over 
30 days. They were kept in fish cultured water (temperature 
27 ± 1 ℃, pH 7.2–7.6, dissolved oxygen 7.6–7.8 mg/L, elec-
trical conductivity 518–520 μS/cm), and the photoperiod 
was a cycle of 14 h light and 10 h dark. The lights were 
turned on at 8:00 am daily. During the culture period, all 
zebrafish were fed twice per day with newly hatched brine 
shrimp (Artemia Sinica) containing a high protein content. 
The breeding zebrafish were all approximately 2–3 months 
old with a body length of 3.8 ± 0.3 cm and a bodyweight of 
0.5 ± 0.1 g, and their fertilized embryos were all collected 
from the natural spawning paired breeding zebrafish in the 
morning once the lights were turned on at 8:00 am. The 
embryos were washed several times and incubated in fish 
cultured water. Before electrolysis exposure, all embryos 
were observed under a stereoscopic microscope (Leica, 
Solms, Germany) to select normal embryos. Embryos 
that were coagulated, lacked a heartbeat, failed to develop 
somatic cells, or had unseparated tails were identified as 
dead embryos and discarded. The normal embryos were 
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stored in a petri dish with a diameter of 60 mm until the 
experiment.

The testing apparatus is shown in Fig. 1. At 8 h postferti-
lization (hpf), approximately 100 normal embryos were ran-
domly assigned to the testing apparatus containing 500 mL 
fish cultured water, and a Ti/IrO2/RuO2 mesh was inserted 
vertically as the anode and a Ti mesh as the cathode with 
an electrode spacing of 22 cm. The effective working area 
of the electrode was 45.45 cm2. The electrodes leaned on 
the walls of the plastic container and were connected by 
wiring alligator clips to a Zhaoxin Model KXN-3020D DC 
regulated power supply (Zhaoxin Electronic Instruments 
and Equipment Co., Ltd., Shenzhen, China) with a voltage 
range from 0 to 30 V and amperage from 0 to 5 A. The DC 
regulated power provided a series of current densities by 
adjusting the voltage. The total electrolysis time was 112 h 
as sampling zebrafish developed from embryos (8 hpf) to 
larvae (120 hpf).

In the zebrafish fertilization period and larval period 
(96 hpf), dead embryos were identified in real time and 
calculated at the 96th hour according to the Organization 
for Economic Co-operation and Development (OECD) 236 
zebrafish embryo acute toxicity test method (OECD 2013). 
The electrolysis used in many studies is defined in terms 
of the required current rather than voltage to affect aquatic 
organisms (Jung-Schroers et al. 2020; Lambooij et al. 2008). 
To obtain current densities corresponding to different mor-
tality rates, several different current density groups were 
set, and the dose–effect curve of mortality of the larval 
period (96 hpf) was fitted by using a variable slope model 
(GraphPad Prism 7, San Diego, CA, USA). No electrolysis 
reactions were added in the control groups. The electrolysis 
groups and control groups all contained 3 replicates.

Morphological measurement

After electrolysis exposure, zebrafish embryos and larvae 
were all examined under a stereoscopic microscope (Leica, 

Solms, Germany) to screen morphology, and abnormalities 
were recorded for each electrolysis exposure of different 
current densities corresponding to different mortality rates 
(10%, 20%, and 50%). Ten zebrafish embryos were randomly 
selected from each testing apparatus (n = 3) to measure the 
autonomous movement (autonomous movement/30 s) of the 
embryo at 24 hpf and the heart rate (heart rate/15 s) of the 
embryo at 48 hpf under a stereoscopic microscope (Leica, 
Solms, Germany).

Autonomous movement and neurobehavioral 
analysis

The autonomous movement of zebrafish embryos was meas-
ured at 24 hpf (Jia et al. 2020). Normally developed 110 
hpf zebrafish larvae in the electrolysis groups and control 
groups were transferred into 96-well plates. Each well con-
tained one larva and 200 μL fish cultured water, 36 larvae for 
each group. The plate was incubated at 28 ℃ in a constant 
temperature light incubator for 10 h. Then, the behavior of 
zebrafish larvae (120 hpf) was analyzed using a zebrafish 
behavior analyzer (Viewpoint Life Sciences, Inc., France) 
(Chen et al. 2012). The system setting parameters included 
three light–dark periods, 10  min darkness followed by 
10 min light for each cycle. After recording their movement 
distance (mm) and movement speed (mm/min), the data 
were analyzed using R language.

AChE activity and dopamine concentration 
in zebrafish larvae

The AChE activity and dopamine concentration were 
determined by using enzyme-linked immunosorbent 
assay (ELISA) kits (Jiangsu Meimian Industrial Co. Ltd., 
Yancheng, China) according to the manufacturer’s instruc-
tions. Briefly, zebrafish larvae (120 hpf) in the electrolysis 
groups and control groups (50 larvae in each group, and all 
with 3 replicates) were added to normal saline homogenate, 

Fig. 1   Schematic diagram of 
the experimental design testing 
apparatus and details of the 
procedure of the short-term 
exposure procedure
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and, operating on ice, a 10% homogenate was prepared 
(Chen et al. 2012). Then, the reaction reagent was added 
according to the instructions, and the absorbance was meas-
ured at 412 nm using a spectrophotometer to calculate the 
AChE activity. The AChE activity of zebrafish larvae was 
calculated as the amount of enzyme that catalyzes the pro-
duction of 1 nmol 5-mercapto-nitrobenzoic acid (TNB) per 
milligram of protein per minute. Similarly, the absorbance 
was measured at 450 nm using a spectrophotometer to cal-
culate the dopamine concentration.

RNA extraction of zebrafish larvae and real‑time 
fluorescence quantitative PCR analysis of genes 
involved in neural development

The total RNA of homogeneous zebrafish larvae (120 hpf) in 
the electrolysis group or control group was extracted using 
RNAiso Plus reagent (TaKaRa Bio Inc., Japan) following 
the protocol described by the manufacturer. The PrimeScript 
RT reagent kit with gDNA Eraser (TaKaRa Bio Inc., Japan) 
was used to reverse transcribe cDNAs for subsequent fluo-
rescence quantitative analysis. Fluorescence quantitative 
PCR assays were performed using the CFX Connect Real-
Time System (Bio-Rad, USA). The reaction procedure for 
real-time fluorescence quantitative PCR was as follows: 
heating at 95 ℃ for 10 min and then repeating at 95 ℃ for 
5 s and 60 ℃ for 18 s for 40 times. Each sample was cali-
brated using β-actin as an internal reference. Primers of tar-
get genes were designed using Primer Premier 5 (Premier 
Biosoft, San Francisco, USA) and then sent to Sangon Bio-
tech, Shanghai, China, for synthesis, and the specificity and 
amplification efficiency of each primer were verified in the 
pre experiment. The primer information used in this experi-
ment is shown in Table 1. The relative mRNA expression 
level calculation was conducted using the relative expression 
software (Bio-Rad) based on the 2−ΔΔCt method.

Statistical analysis

All data were processed using SPSS 16.0 (SPSS, Chicago, 
IL, USA) and GraphPad Prism 7 (GraphPad Software, San 
Diego, CA, USA). Differences between the electrolysis 

groups and control groups were assessed using one-way 
analysis of variance (ANOVA) and Tukey’s test. All data 
are expressed as the mean ± standard error. A p value of 
less than 0.05 indicated that the differences were statisti-
cally significant.

Results

Early development of zebrafish embryos

The fatality of zebrafish embryos was tested under differ-
ent electric current densities of electrolysis. Based on a 
dose–effect curve of current density (Fig. 2A), the 10% 
lethal electric current density was 0.86 A/m2, the 20% 
lethal electric current density was 0.89 A/m2, and the 50% 
lethal electric current density was 0.94 A/m2. These three 
lethal electric current densities were all set as the elec-
trolysis groups.

The effects of electrolysis on the autonomous move-
ment, heart rate, and malformation rate were measured 
(Fig. 2B–C). There was a slight decrease in autonomous 
movement of zebrafish embryos (24 hpf) in the electrolysis 
groups compared with the control groups (Fig. 2B); how-
ever, no significant differences were observed. The heart 
rate of zebrafish embryos (48 hpf) gradually increased to 
43.67 ± 0.62 (heart rate/15 s) when the current density 
increased to 0.94 A/m2. In particular, the heart rates of 
zebrafish embryos were significantly higher in the electrol-
ysis groups of 0.89 A/m2 and 0.94 A/m2 than those in the 
control groups (p < 0.05, Fig. 2C). In addition, the deform-
ity of zebrafish larvae (96 hpf) was further observed under 
a stereoscopic microscope, and the teratological effect 
of zebrafish larvae (96 hpf) in the electrolysis groups 
is shown in Fig. 2E. The main deformities of zebrafish 
embryos and larvae were pericardial and yolk cysts, while 
tail deformities were also occasionally observed. In the 
morphological observation, we found that the deformity 
rates increased from 9.17 ± 1.60 to 17.50 ± 2.85% with 
the current densities from 0 to 0.94 A/m2, which was sig-
nificantly different when the electric current density was 
greater than 0.89 A/m2 (p < 0.05, Fig. 2D).

Table 1   Primers for 
significantly expressed genes 
in the neural development of 
zebrafish embryos

Gene Forward primer sequence (5′—3′) Reverse primer sequence (5′–3′)

β-actin TGC​TGT​TTT​CCC​CTC​CAT​TG TCC​CAT​GCC​AAC​CAT​CAC​T
Syn2a GTG​ACC​ATG​CCA​GCA​TTT​C TGG​TTC​TCC​ACT​TTT​TTC​ACCTT​
mbp AAT​CAG​CAG​GTT​CTT​CGG​AGG​AGA​ AAG​AAA​TGC​ACG​ACA​GGG​TTG​ACG​
nestin ATG​CTG​GAG​AAA​CAT​GCC​ATG​CAG​ AGG​GTG​TTT​ACT​TGG​GCC​TGA​
AChE CCA​AAA​GAA​TAG​AGA​TGC​CAT​GGA​CG TGT​GAT​GTT​AAG​CAG​ACG​AGG​CAG​G
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Motor behavior activity of zebrafish larvae

Neurological-related motor changes are readily monitored 
in zebrafish larvae and are highly associated with motor 
neuron development. Here, the effect of electrolysis on 
the neural behavior of zebrafish larvae (120 hpf) was 
analyzed to explore the no-observed-effect current den-
sity of electrolysis on the nervous system of zebrafish. 
In this study, it was clear that zebrafish larvae (120 
hpf) had significantly reduced movement speed in light 
(30.34 mm/min of average activity), and excessive activ-
ity in darkness (56.85 mm/min of average activity) in the 

electrolysis groups and control groups (p < 0.05, Fig. 3). 
There was no significant difference in movement speed 
among the electrolysis groups and control groups under 
light stimulation (p < 0.05). However, compared with the 
control group (65.48 ± 23.69 mm/min), the movement 
speeds of zebrafish larvae were significantly reduced in 
a dark environment in 0.89 A/m2 for the electric current 
density electrolysis group (48.08 ± 22.73 mm/min) and 
0.94 A/m2 group (44.47 ± 20.75 mm/min; p < 0.05). Thus, 
the no-observed-effect current density for neural behavior 
of zebrafish larvae should not be greater than 0.86 A/m2.

Fig. 2   Effects of electrolysis on 
the development of zebrafish 
embryos. A Half lethality 
electric current density (A/m2) 
at 96 hpf. B Autonomous move-
ment at 24 hpf. C Heart rate at 
48 hpf. D Malformation rate at 
96 hpf. E Typical malforma-
tion schematic diagram, which 
occurred when the current 
density exceeded 0.86 A/m.2 (I, 
normal; II, spinal curvature; III, 
yolk sac anomaly; IV, tail mal-
formation; V, egg congeal; VI, 
pericardium edema (red arrow 
point to malformation). Bars 
show the mean ± SE (n = 30). 
Different letters indicate statisti-
cally significant differences 
(p < 0.05)
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AChE activity and dopamine concentration 
in zebrafish larvae

As described above, zebrafish larval motor behavior activity 
decreased at the excessive current density. Therefore, we 
next assessed the AChE activity and dopamine concentration 
to further examine the change in behavior. The AChE activ-
ity of zebrafish larvae (120 hpf) gradually decreased from 
7.60 ± 0.55 to 6.00 ± 0.01 U/mg prot with an electric cur-
rent density from 0 to 0.89 A/m2 in the electrolysis groups 
(Fig. 4A). Compared to the control group, the AChE activity 
decreased significantly when the electric current density was 
greater than 0.89 A/m2 (p < 0.05).

The dopamine concentration gradually decreased with 
increasing electric current density in the electrolysis groups 
(Fig. 4B). Compared to the control group (46.96 ± 0.85 pg/
mL), the dopamine concentration was significantly lower 
in the 0.89 A/m2 electrolysis group (40.86 ± 1.05 pg/mL; 
p < 0.05). Therefore, the no-observed-effect current density 
was also less than 0.86 A/m2.

Neural‑related gene expression levels in zebrafish 
larvae

To investigate the molecular pathways that interfere 
with the nervous system development of zebrafish larvae 
caused by electrolysis, we used real-time fluorescence 
quantitative PCR technology to analyze the expression 
of genes related to the nervous system. The expression 
of key genes related to the development of the nervous 

system (syn2a, mbp, nestin, AChE) in zebrafish larvae 
(120 hpf) decreased with increasing electric current den-
sity (Fig. 5). No significant changes in the gene expres-
sion of syn2a, mbp, or nestin were observed when the 
current density was less than 0.86 A/m2, while a sig-
nificant downregulation of AChE gene expression was 
observed (p < 0.05). In addition, compared with the con-
trol group (0 A/m2), the mRNA expressions of syn2a 
(fold change 0.69 ± 0.12), mbp (fold change 0.70 ± 0.07), 
nestin (fold change 0.45 ± 0.06), and AChE (fold change 
0.55 ± 0.05) were significantly downregulated when the 
current density was greater than 0.89 A/m2 (p < 0.05, 
Fig. 5). Consequently, the no-observed-effect current 
density of the expression of neural-related genes in 
zebrafish larvae should be less than 0.86 A/m2.

Fig. 3   The movement speed of zebrafish larvae (120 hpf) under dif-
ferent electric current densities with a strong light stimulus and in the 
dark. Bars show the mean ± SE (n = 36). Different letters indicate sta-
tistically significant differences: the uppercase letters show the com-
parison of the same electric current density in light and dark envi-
ronments, and the lowercase letters show the comparison of different 
electric current densities in the same environment (p < 0.05)

Fig. 4   AChE activity (A) and dopamine concentration (B) of 
zebrafish larvae (120 hpf) under different electric current densities. 
Bars show the mean ± SE (n = 3). Different letters indicate statistically 
significant differences (p < 0.05)
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Discussion

Although fish are not in direct contact with the electrodes 
when the electrolysis devices are applied to the river, the 
effect of the electric field near the electrodes on the fish can-
not be ignored. Work from Dwyer et al. (1993) showed that 
buried embryos can be killed by electroshock. Bohl et al. 
(2010) demonstrated that the embryos were protected from 
the electric fields if a reasonable minimum distance (e.g., 
0.5 m) was maintained between electrodes and embryos. 
Furthermore, the nervous system is the most complex and 
important signal transmission system in animals and plays 
an important role in controlling almost every aspect of ani-
mal physiology (Lin et al. 2020). Due to its low resistance, 
the nervous system is one of the most sensitive systems to 
electric current (Kandeel et al. 2017). Therefore, studies 
exploring nervous system damage and the no-observed-
effect current density of electrolysis on the nervous system 
in zebrafish are necessary for the promotion of the applica-
tion of electrolysis technology.

In this study, there was no significant difference in the 
autonomous movement of zebrafish embryos at 24 hpf 
between the electrolysis groups and the control groups; 
however, the zebrafish larvae at 120 hpf in the electrolysis 
groups exhibited a negative behavioral response when the 
electric current density was greater than 0.89 A/m2. These 
results are consistent with previous studies that showed a 
decrease in swim capacities by exposing warmwater stream 
fish to electric fields (Gatz and Linder 2008). Thomas et al. 

(2019) found that fish are likely to be paralyzed or injured 
(spinal injuries from sudden muscular contractions) from 
electrical currents. This is consistent with our findings of 
increased malformation rates in zebrafish. Motor behavior 
activity is the sum of activities controlled by the nervous 
system in response to external stimuli (Ping and Zhla 2020; 
Pullaguri et al. 2021). Injuries are more extreme with longer 
electroshock durations (Schreer et al. 2004). This suggests 
that prolonged electrolysis with a low current density can 
cause greater damage to the zebrafish nervous system.

Most research to date has focused on the survival, growth, 
and injury of fish exposed to electricity (Roach 1999; 
Schreck et al. 1976). The physiological stress response and 
potential injuries that may result from exposing fish to elec-
tric fields are only partially understood (Snyder 2003). Pre-
vious studies have shown reduced growth in centrarchids 
after repeated exposure to electroshocking (Wahl et  al. 
2007). However, these studies did not explore the molecu-
lar mechanisms underlying these effects. Therefore, in this 
study, we examined the expression of several genes impor-
tant in the development of the central nervous system (CNS) 
to characterize the effect of electrolysis on zebrafish. To our 
knowledge, this study is the first to explore the potential 
mechanisms of nerve damage from electrolysis to zebrafish 
at the molecular level. AChE is essential during the neuronal 
development of zebrafish embryos (Behra et al. 2002). A 
decreased acetylcholine concentration can cause muscle con-
traction and low activity of behavioral responses (Chen et al. 
2012). In our study, the mRNA expression of the cholinergic 

Fig. 5   The mRNA expression 
levels of the syn2a gene (A), 
mbp gene (B), nestin gene (C), 
and AChE gene (D) related to 
nervous system development in 
zebrafish larvae (120 hfp) under 
different electric current densi-
ties. Bars show the mean ± SE 
(n = 6). Different letters indicate 
statistically significant differ-
ences (p < 0.05)
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system-related gene (AChE), which can affect acetylcholine-
mediated neurotransmission, decreased significantly when 
the electric current density was greater than 0.89 A/m2. Sim-
ilar results were found for AChE activity, which was signifi-
cantly reduced. Thus, the cholinergic system was damaged 
during electrolysis exposure. Electrolysis harms the nervous 
system development of zebrafish larvae, which may occur 
through cholinergic system dysfunction. Additionally, we 
investigated the expression of dopamine, which is a neuro-
transmitter with an important role in the modulation of neu-
rotoxic effects such as movement regulation, motivation, and 
the development of dopaminergic neurons (Jia et al. 2020; 
Wang et al. 2015). In this study, we observed a significant 
decrease in dopamine concentration when the current den-
sity exceeded 0.89 A/m2. A reduced dopamine concentration 
may contribute to decreased larval locomotion.

Furthermore, changes in dopamine have also been impli-
cated in functional abnormalities of the CNS (Wang et al. 
2015). Here, we analyzed the mRNA expression levels of 
several important CNS-related genes (syn2a, mbp, nestin) 
to investigate the effect of electrolysis on the zebrafish nerv-
ous system. Gene expression analysis was based on the phe-
notypic motor behaviors of zebrafish to explore potential 
molecular pathways. The expression of the syn2a, mbp, and 
nestin genes in zebrafish larvae (120 hpf) was significantly 
inhibited and exhibited a dose–response effect to the cur-
rent density when the current density was more than 20% 
of the lethal current density (0.89 A/m2). As a result, we 
hypothesized that the low expression of important CNS-
related genes may lead to the interruption of neural devel-
opment, which could cause damage to the nervous system of 
zebrafish. Previous studies have shown that the cytoskeleton 
of the nervous system is more sensitive to certain poisons, 
including mbp, which is required for myelin formation dur-
ing the development of the nervous system (Brösamle and 
Halpern 2002). Consequently, the downregulation of mbp 
expression may affect the structure and function of brain 
tissue. Syn2a is a biomarker of synapse formation in mam-
mals and plays an important role in synapse generation and 
neurotransmitter release (Kao et al. 1998). Syn2a is not only 
related to the nervous system but may also be related to 
the embryonic development of zebrafish (Garbarino et al. 
2014). Downregulation of Syn2a expression can affect syn-
apse generation and neuronal differentiation. Gene expres-
sion levels of both mbp and Syn2a were downregulated in 
our experiments, and the results were consistent with Wang 
et al. (2015), who found that organic flame retardants can 
downregulate the expression of genes related to the nervous 
system. In addition, nestin is a selective neural progenitor 
cell intermediate filament involved in cytoskeletal func-
tions (Lendahl et al. 1990). The expression of the nestin 
gene was inhibited by electrolysis when the current density 
was greater than 0.89 A/m2, which suggests that the motor 

neurons were developmentally deficient. Consequently, our 
results suggest that electrolysis led to altered expression 
of CNS-related genes, which supports that the electrolysis 
treatment has a neurotoxic effect on zebrafish when the cur-
rent density of electrolysis is greater than 0.89 A/m2.

Thus, the current density of electrolysis must be con-
trolled if electrolysis is used to remove the nitrogen and 
phosphorus pollutants. Gao et al. (2018) combined elec-
trolysis with biochar to enhance the removal rates of 
nitrate (49.54%) and P (74.25%) under a current density of 
0.02 mA/cm2 and an electrolysis time of 24 h. The current 
density (0.02 mA/cm2) was lower than the no-observed-
effect current density from our results, which means that 
the apparatus was relatively safe. However, as previously 
mentioned, the current density used by Yan et al. (2020) in 
the river water treatment was 0.37 mA/cm2, which may hurt 
the neural development of fish. Moreover, the current densi-
ties adopted by other studies may be even higher (Wang et al. 
2020b). Therefore, it is necessary to study the no-observed-
effect distance in the future.

Conclusion

The application of electrolysis technology in aquatic envi-
ronment treatment is increasing, but little is known about the 
impact of electrolysis with lower current densities for longer 
periods of time on aquatic animals. Here, we examined the 
prolonged effects of electrolysis with low current density 
on the development of the zebrafish nervous system. Elec-
trolysis induced neurodevelopmental damage to early-stage 
zebrafish when the electric current density was greater than 
0.89 A/m2, and the damage was dose dependent. In addition, 
the behavioral activity, AChE activity, dopamine concen-
tration, and the regulation of neural-related genes (syn2a, 
mbp, nestin, and AChE) of zebrafish larvae were reduced 
when the electric current density was greater than 0.86 A/
m2. To summarize, our data provide new insights into the 
prolonged effects of electrolysis on the neural development 
of zebrafish, particularly that the no-observed-effect electric 
current density is 0.86 A/m2 for nervous system develop-
ment in zebrafish. Thus, the electric current density should 
be controlled in the use of electrolysis technology in aquatic 
pollutant treatment.
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