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Abstract
Pentylenetetrazole (PTZ)-induced seizures in Zebrafish models are now widely accepted for investigating human disease 
epilepsy. In epilepsy, the generation of oxidative stress contributes to the brain injury. Although Gastrodin (GAS) has been 
reported to have anticonvulsant activities, its effects on zebrafish seizure models and the underlying mechanism remain 
unclear. In this study, we evaluated the effects of GAS pretreatment on PTZ-induced seizures in zebrafish larvae and inves-
tigated the underlying mechanism related to its anti-oxidative defense. We found for the first time that GAS significantly 
decreased seizure-like behavior and extended the latency period to the onset of seizures. In addition, after exposure to GAS, 
anti-oxidative activity was observed in PTZ-induced seizures by measurement of antioxidant enzymes activities and oxidative 
stress-related genes expression. The overall results indicate that GAS attenuates PTZ-induced seizures in a concentration-
dependent manner and modulates oxidative stress to potentially protect larval zebrafish from further seizures. Furthermore, 
our results have provided novel insights into GAS related therapy of seizures and associated neurological disorders.
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Introduction

Epilepsy is a group of neurological disorders characterized 
by recurrent and unprovoked seizures, which occurs due to 
genetic, developmental, metabolic and unknown reasons 
[1]. In 2016, World Health Organization (WHO) reported 
that about 50 million people have epilepsy, making it one of 
the most common neurological diseases globally. To date, 

animal models of seizures and epilepsy have significantly 
contributed to the basic understanding of epilepsy and dis-
covery of anticonvulsant therapies [2–5]. Based on these 
models, multiple levels of analyses ranging from behavio-
ral, electrophysiological to molecular have been successfully 
performed [6–9]. In addition to the rodent seizure models, 
zebrafish are now widely accepted as an extremely attrac-
tive system for the rapid screening of anticonvulsant drugs 
and early evaluation of anti-seizure activities because of its 
remarkable advantages including low cost of generation and 
maintenance, simple genetic manipulations, and easy pheno-
type assessments [10]. Moreover, zebrafish have vertebrate 
neural architecture and exhibit behavioral, electrographic, 
and molecular changes that would be expected from a sei-
zure episode after exposure to convulsant agents [6].

Gastrodin (GAS) is a phenolic glucoside derived from 
the traditional Chinese herb “Tian ma” (Gastrodia elata 
Blume), which has been used for thousands of years in ori-
ental countries to treat different kinds of neurological dis-
eases including epilepsy, brain ischemia, Alzheimer’s dis-
ease, and Parkinson’s disease [11–17]. GAS has been shown 
to have the activities of anticonvulsant, anti-inflammatory, 
analgesic, anti-oxidative, and etc. [14, 18–23]. Regarding to 
its anticonvulsant properties, previous studies reported that 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1106 4-018-2496-9) contains 
supplementary material, which is available to authorized users.

 * Liwen Han 
 hanlw@sdas.org

 * Kechun Liu 
 hliukch@sdas.org

1 Biology Institute, Qilu University of Technology 
(Shandong Academy of Sciences), 28789 East 
Jingshi Road, Jinan 250103, Shandong Province, 
People’s Republic of China

2 Key Laboratory for Drug Screening Technology 
of Shandong Academy of Sciences, 28789 East 
Jingshi Road, Jinan 250103, Shandong Province, 
People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-018-2496-9&domain=pdf
https://doi.org/10.1007/s11064-018-2496-9


 Neurochemical Research

1 3

GAS attenuates seizures and reduces recovery time in a ger-
bil epilepsy model [23]. GAS decreases seizure severity by 
modulating the mitogen-activated protein kinase-associated 
inflammatory responses [24]. Co-administration of GAS and 
phenytoin enhances the anticonvulsant effects and reduces 
the side effects of phenytoin [25]. In addition, a recent study 
showed that GSA reduces the severity of status epilepticus 
in the rat pilocarpine model of temporal lobe epilepsy by 
inhibiting Nav1.6 sodium currents [26]. Furthermore, previ-
ous studies have demonstrated that oxidative stress plays a 
key role in the progression and recovery of epilepsy [27–29], 
suggesting GAS may protect against oxidative stress, which 
would potentially protect pentylenetetrazole (PTZ)-induced 
larval zebrafish from further seizures.

Oxidative stress, which is involved in the pathogenesis of 
a number of neurologic conditions and neurodegenerative 
disorders [30–35], has been suggested as a possible mecha-
nism of epileptic activity [36–38]. The excess generation 
of reactive oxygen species (ROS) trigger lipid peroxida-
tion (LPO) and DNA damage, thus causing the damage of 
organisms. Antioxidant enzymes, such as superoxide dis-
mutase (SOD), catalase (CAT) and glutathione peroxidase 
(GPx) have been shown to protect against oxidative stress 
and scavenge the excess generation of ROS. Therefore, the 
activities of antioxidant enzymes are chosen as indicators of 
anti-oxidative properties. Considering the fact that seizures 
are associated with the anti-oxidative mechanism, it is of 
great interest to explore the anticonvulsant agents that may 
ameliorate the damage of oxidative stress due to seizures.

Although it has been reported that GAS has anticonvul-
sant effects on rodent models of seizures and epilepsy, the 
evaluation of GAS on zebrafish seizure models is lacking. 
Moreover, the precise mechanism underlying its anticonvul-
sant activity remains largely unknown. This study is initi-
ated to investigate the anticonvulsant effects of GAS on a 
zebrafish model of seizures and its underlying mechanism. 
We found that GAS ameliorated PTZ-induced epileptic sei-
zures with increase of seizure latency and c-fos expression 
and decrease of seizure-like behavior. In addition, anti-oxi-
dative defense were observed on GAS pretreated animals 
that were suffering from seizures, indicating that GAS has 
positive effects on suppression of seizures progression, 
likely due to its anti-oxidative activity.

Materials and Methods

Animals and Maintenance

Zebrafish (Danio rerio) of the wild-type AB strain were 
maintained according to standard procedures [39]. Fish were 
kept under a 14 h light/10 h dark cycle photoperiod and fed 
twice a day with commercial flake fish food supplemented 

with live brine shrimp. Zebrafish embryos were obtained 
from natural mating of adult zebrafish bred and maintained 
in an automated re-circulating system with charcoal-filtered 
tap water. Fertilized eggs were collected, washed and trans-
ferred to sterile cell culture plates. Plates were maintained in 
an incubator at 28 ± 0.5 °C and monitored daily until 6 days 
post fertilization (dpf).

Materials

The drugs gastrodin (GAS), pentylenetetrazole (PTZ), apo-
cynin, diphenyleneiodonium (DPI), nicotinamide adenine 
dinucleotide phosphate (NADPH), and lucigenin were pur-
chased from Sigma (St. Louis, USA). The stock solutions 
were prepared in double-distilled water  (ddH2O), and serial 
dilutions were made in normal bathing medium (reverse 
osmosis water equilibrated with instant ocean salts) before 
the experiments. All other chemicals and reagents utilized 
in this study were of analytical grade.

Drug Pretreatments and PTZ‑Induced Seizures

This study investigated the effects of GAS pretreatment on 
PTZ-induced seizures in 7 dpf Zebrafish larvae. All animals 
received the GAS treatment 24 h before the PTZ exposure. 
GAS was tested in three different concentrations, which 
were selected based on preliminary studies conducted in 
our laboratory. To generate PTZ-induced zebrafish model 
of seizures, a common convulsant agent PTZ, was added to 
aquarium water. The final concentration of PTZ is 15 mM. 
As described in [6], seizures were induced until stage III 
behavioral seizure activity was observed (loss of posture 
with rolling to the side and clonic convulsive movements).

Locomotor Activity and Latency Score

Zebrafish larvae at 7 dpf were transferred to 48-well plate 
(1 per well, with 300 µl of aquarium water) for 30 min to 
minimize any interference in the test. Following acclima-
tion, aquarium water was disposed and 300 µl of 15 mM 
PTZ solution was added to each well. After that, the loco-
motor activity for each larva was recorded during 20 min 
using an automated computerized video-tracking system. 
The detailed behavioral seizure profile characterization 
was performed during the same time frame each day (from 
10:00 a.m. to 4:00 p.m.) and in a silent room. Zeblab soft-
ware (Viewpoint, Lyon, France) was used to analyze the 
digital tracks and the average speed was analyzed every 
2 min. A total of eight zebrafish larvae (n = 8) were used to 
compose each experimental group.

The seizure latency period was defined as the time from 
initial exposure to PTZ until zebrafish reached each convul-
sion stage [40]. Stage I, dramatically increased swimming 
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activity; Stage II, whirlpool swimming behavior; Stage III, 
wild jump, clonus-like seizures followed by loss of posture 
[6]. The video was observed to score the convulsion stages 
and to quantify the latency of each fish. Each set of experi-
ments was repeated at least three times using animals from 
different batches and a minimum of 8 zebrafish per data 
point. If animals did not show both clonic movements and 
loss of posture, they were considered to be seizure-free and 
were not included in the data analysis.

Measurement of Reactive Oxygen Species (ROS) 
Generation

Zebrafish larvae at 6 dpf were pretreated with GAS 24 h 
prior to PTZ exposure. 7 dpf zebrafish larvae were exposed 
to PTZ for 1 h, then transferred to a 24-well plate, treated 
with 30 µM DCFH-DA solution (Sigma, St. Louis, USA) 
and incubated for 40 min in the dark at 28 °C. After incuba-
tion, the larvae were washed with aquarium water for three 
times. If animals did not show both clonic movements and 
loss of posture, they were considered to be seizure-free and 
were not included in DCFH-DA staining. Photography was 
carried out using an Olympus confocal microscope using the 
excitation wavelength of 488 nm and emission wavelength 
of 530 nm, and then processed with Image J software. The 
fluorescence intensity of individual larva was quantified by 
using the Image J software.

Determinations of Oxidative Stress‑Related 
Parameters

All animals received the GAS treatment 24 h before the PTZ 
traetment. 7 dpf Zebrafish larvae (n = 30) with 1 h PTZ expo-
sure were collected, washed with PBS and homogenized in 
cold saline. The homogenates were centrifuged at 2500 rpm 
for 10 min at 4 °C, and the supernatants were used for the 
following assays. The Coomassie blue protein binding 
method was used to determine protein concentrations [41], 
using bovine serum albumin (BSA) as a standard control. 
The activity of superoxide dismutase (SOD) was assayed 
with SOD commercial detection kit (DOJINDO, Shanghai, 
China) following the manufacturer’s instruction [42]. The 
assay used the xanthine–xanthine oxidase system to pro-
duce superoxide ions, which reacted with 2-(4-iodophenyl)-
3-(4-nitrophenol-5-phenlyltetrazolium chloride) to form a 
red formazan dye, and the absorbance at 550 nm was deter-
mined. The activities of catalase (CAT), glutathione peroxi-
dase (GPx), and the malondialdehyde (MDA) content were 
determined using their respective commercial kits (Nanjing 
Jiancheng Biotechnology Institute, Nanjing, China) fol-
lowing the manufacturer’s instruction. CAT activity was 
determined spectrophotometrically by measuring the dis-
appearance rate of hydrogen peroxide  (H2O2) at 240 nm, as 

described by [43]. GPx activity was measured by determi-
nation of the reduced GSH using  H2O2 as substrate [44]. A 
series of enzymatic reactions was activated by GPx in the 
homogenates which subsequently led to the conversion of 
GSH (reduced glutathione) to oxidized glutathione (GSSG). 
The change in absorbance during the conversion of GSH 
to GSSG was recorded spectrophotometrically at 412 nm. 
MDA level was determined by the thiobarbituric acid (TBA) 
method [45]. Briefly, after mixing TBA with the homogen-
ates and centrifuging, the supernatants were obtained, and 
TBA was added. The developed red color of the resulting 
reaction was measured at 532 nm. OD values were read by 
Bio-Rad 680 microplate reader (Bio-Rad Laboratories).

For determination of NADPH oxidase activity, NADPH 
oxidase inhibitors were added after 5 min of PTZ expo-
sure. The concentration of NADPH oxidase inhibitors 
are 200 µM of apocynin and 10µM of DPI, respectively. 
Lucigenin-dependent enhanced chemiluminescence was 
used to determine NADPH oxidase activity, measured as 
NADPH-dependent superoxide production [46]. After treat-
ments (1 h after PTZ exposure), the homogenates were pre-
pared as mentioned above and incubated with dark-adapted 
lucigenin (5 µM) at 37 °C for 15 min. Superoxide production 
was started by the addition of the NADPH oxidase substrate 
NADPH (100 µM) and the chemiluminescence signal was 
measured every 3 s for 3 min with an AutoLumat LB953 
Multi-Tube Luminometer (Berthold Technologies, Bad 
Wildbad, Germany). NADPH-dependent superoxide pro-
duction is presented as % chemiluminescence (CL) signal/
min of the untreated control.

Real‑Time Quantitative PCR

Zebrafish larvae at 6 dpf were pretreated with GAS 24 h 
before the PTZ exposure. At 7 dpf, all groups were trans-
ferred to a 6-well plate (each group for per well) for 1 h, 
and then collected for real-time quantitative PCR (qPCR) 
analysis. For PTZ and GAS pretreatments, animals were 
exposed to PTZ instead fish water for 1 h. If animals did 
not show both clonic movements and loss of posture, they 
were considered to be seizure-free and were not included 
in qPCR analysis. qPCR was carried out to investigate the 
transcript levels of c-fos, Mn-sod, Cu/Zn-sod, cat, gpx 1a, 
nrf2, and keap 1. Total RNA extraction, reverse transcrip-
tion, and qPCR were performed according to the manufac-
turer’s protocols. Briefly, total RNA from 30 larval zebrafish 
was extracted from each group samples using TRIzol® 
(Invitrogen, Carlsbad, USA). cDNA was generated using 
the PrimeScript™ RT Master Mix (Takara, Tokyo, Japan). 
qPCR was performed using SYBR® Premix DimerEraser™ 
(Takara, Tokyo, Japan) and the Bio-Rad CFX96 Real-Time 
System. Runs were carried out in triplicate using the house-
keeping gene rpl13a to normalize the mRNA level of target 
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genes. Data were analyzed using the Bio-Rad CFX Manager 
software to quantify the relative gene expression. Primer 
sequences are available on request.

Statistical Analysis

The results were analyzed by one-way ANOVA followed 
by Dunnett’s post-hoc test and expressed as mean ± SEM. 
P < 0.05 was considered as significant. All GAS pretreat-
ments were compared with the untreated controls and with 
the PTZ-induced treatments.

Results

Behavioral Seizure Response Following GAS 
Pretreatment

To investigate the behavioral seizure response, we analyzed 
locomotion plots by measuring the total distance moved (in 
cm) for each video recording. Previous study revealed that 
after 1 h of PTZ exposure there is no difference in loco-
motor activity between PTZ and the control group [38]. 
The decline of the locomotor activity observed in longer 
periods of PTZ exposure might be due to the fact that the 
larvae begin to undergo seizures with more frequency and 
spending more time on seizure stage III (loss of posture), 
which, as consequence, promotes a decrease of the locomo-
tor activity. Moreover, our pilot experiments revealed that 
GAS at three concentrations significantly reduced larval 
locomotor activity within the first 5 min after PTZ induc-
tion, which is consistent with previous study of antiepileptic 
drugs [47]. Therefore, we evaluated distance moved dur-
ing 20 min of PTZ exposure for convenience. As shown 
in Fig. 1a, pretreatment of GAS inhibited the PTZ-induced 
increase in locomotor activity. Distance traveled of the 
GAS groups was lower in comparison to that of the PTZ 
group and exhibited a concentration-dependent profile. For 
example, the total distance moved was shown to be down-
regulated by approximately 1.5-fold at GAS concentration 
of 600 µM, whereas nearly 2.5-fold and 3.3-fold at 800 and 
1000 µM GAS, respectively. Moreover, distance moved of 
the 1000 µM GAS pretreated group was similar to that found 
to the untreated group (Ctl group), suggesting the seizures 
has been fully suppressed at this concentration. Furthermore, 
animals that were pretreated with 1000 µM GAS but without 
PTZ exposure (hereafter referred to as GAS alone group) 
significantly reduced locomotor activity compared with con-
trol. This is possible due to an inhibitory effect of the seda-
tion of GAS on the overall amount of movement, although 
the net change and absolute level of movement seen with 
PTZ treatment makes this less likely [48].

In order to investigate seizure development and 
zebrafish larvae response to GAS, we monitored the laten-
cies to first sign of seizure stage I, II, and III, which is 
another indicator of seizure behavior. As shown in Fig. 1b, 
the latency to each seizure stage was prolonged in ani-
mals pretreated with GAS. Specifically, zebrafish larvae 
at 7 dpf pretreated with 800 and 1000 µM GAS showed 
significantly extended latencies compared with animals 
exposed to PTZ at stage II and III. However, there were no 

Fig. 1  Effects of GAS on locomotor activity response during PTZ 
exposure. a The total distance moved. Animals were exposed to 
600, 800 and 1000 µM of GAS for 24 h prior to 15 mM PTZ expo-
sure. Animals in the control group (Ctl) and PTZ group (PTZ) were 
handled identically but included exposure to fish water (no PTZ or 
GAS treatments) and to PTZ (no GAS treatments), respectively. 
The distance moved for each larva from each group was analyzed 
using Zeblab software. n = 8 per group, ***P < 0.001 versus Ctl, 
###P < 0.001 versus PTZ. In the digital tracks map (at the bottom of 
a), the red lines are associated with fast movement; green lines are 
associated with medium movement; and black lines indicate slow 
movement. b Latency to the first behavioral manifestation of seizure 
stage I, II, and III during PTZ exposure. The blue represents PTZ 
group; black line represents 600 µM GAS with exposure of PTZ; red 
line represents 800 µM GAS with exposure of PTZ; green line rep-
resents 1000 µM GAS with exposure of PTZ. Data were expressed 
as mean ± SEM of at least 8 animals for each group. **P < 0.01, 
***P < 0.001 versus PTZ. (Color figure online)
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significant differences in the latencies to reach stage (I, II 
and III) between larval zebrafish pretreated with 600 µM 
GAS and their respective control groups. Moreover, larval 
zebrafish pretreated with GAS at three different concen-
trations reached stage I with similar latencies when com-
pared to respective control group. Our results suggested 
that GAS pretreatment extended the latency periods to the 
onset of seizure stages, especially stage II and III, in a 
concentration-dependent manner. This is the first report 
to demonstrate that GAS decreases seizure-like behavior 
and extends the latency period to the onset of seizures on 
zebrafish seizure models.

Effects of GAS on the Neuronal Activity Marker c‑fos

To investigate whether GAS pretreatment alters the 
expression of c-fos gene after PTZ exposure, its relative 
mRNA expression levels were measured. c-Fos has been 
shown to be induced transiently in response to seizures 
induction [49]. Expression of c-fos mRNA was low in 
untreated group, and greatly up-regulated in animals that 
were exposed to PTZ. Pretreatment of GAS was able to 
inhibit the seizure-induced increase of c-fos expression. In 
addition, significant concentration-dependent suppression 
in c-fos expression was also detected in GAS pretreatment 
zebrafish larvae. Animals pretreated with the medium and 
high concentration of GAS (800 and 1000 µM) showed 
similar c-fos expression compared with untreated zebrafish 
larvae. There was no difference in expression of c-fos 
between control and GAS alone group, indicating GAS 
alone does not affect the expression of this seizure marker 
under normal conditions (Fig. 2).

PTZ‑Induced Seizures Result in ROS Production 
via NADPH Oxidase Activation

In the present study, we found that features of seizures 
emerged earlier than ROS generation (Supplementary Fig. 1 
and Fig. 3a), suggesting seizures causing ROS. However, the 
mechanism of seizure-induced ROS generation is unclear. 
Previous studies shown that NADPH oxidase is a major 
enzymatic source of cellular ROS generation and seizure 
activity results in ROS production via NADPH oxidase 
activation in cell culture [50]. To investigate if this is the 
case in zebrafish seizure models, we inhibited the activity 
of NADPH oxidase after seizure onset (seizure stage III) 
and tested the ROS production. We found that two widely 
used NADPH oxidase inhibitors [51], apocynin and DPI, 
significantly decreased NADPH oxidase activity induced by 
PTZ (Fig. 3d), thereby effectively reduced ROS generation 
(Fig. 3b, c). These findings suggested that seizure caused 
ROS accumulation by activating NADPH oxidase in larval 
zebrafish.

Down‑Regulation of PTZ‑Induced ROS Production 
by GAS in Zebrafish Larvae

Previous studies have demonstrated that antioxidants attenu-
ate brain injury and play a pivotal role in recovery of epi-
lepsy [27–29]. Therefore, we speculated that GAS might 
suppress PTZ-induced seizures progression via an anti-oxi-
dative pathway. To that end, the inhibitory effect of GAS 
on seizure-induced ROS accumulation was evaluated by 
DCFH-DA staining in zebrafish larvae 1 h after PTZ expo-
sure. As shown on Fig. 4a, the control, which was untreated, 
generated only background fluorescence whereas the larvae 
exposed to PTZ markedly generated fluorescence images, 
suggesting that ROS was generated in the presence of PTZ 
in the zebrafish seizure models. When the zebrafish larvae 
were treated with GAS prior to PTZ exposure, the generation 
of ROS was effectively reduced in a concentration-depend-
ent manner (Fig. 4b). In addition, the highest concentration 
of GAS pretreatment (1000 µM) without PTZ-induction 
showed no difference in ROS accumulation compared with 
control group.

Effects of GAS on Activities of Antioxidant Enzymes 
and MDA Content in Zebrafish Seizure Models

To investigate whether the antioxidant defense system was 
activated by GAS pretreatment after PTZ exposure, the 
activities of SOD, CAT and GPx, as well as the content 
of MDA in zebrafish seizure models were assayed. When 
the concentration of GAS reached 1000 µM, SOD in PTZ-
exposure animals was completely restored to near normal 
level (Fig. 5a). Similar alterations were observed for the 

Fig. 2  Effects of GAS on gene expression of c-fos in zebrafish sub-
mitted to PTZ-induced seizures. Relative mRNA expression of 
c-fos in control, PTZ, GAS pretreatments (600, 800 and 1000  µM), 
and GAS alone group after 1  h of PTZ exposure. n = 5 per group, 
**P < 0.01, ***P < 0.001 versus Ctl, ##P < 0.01, ###P < 0.001 versus 
PTZ
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Fig. 3  The role of NADPH oxidase in seizure-caused ROS genera-
tion. a A schematic diagram summarizing the different time points 
for different assays and seizure features. Zebrafish larvae usually take 
3–5 min to reach seizure stage III after PTZ exposure. c-fos mRNA 
and ROS generation significantly increase after 15 and 30  min of 
PTZ exposure, respectively. Therefore, biochemical assays includ-
ing measurement of ROS and oxidative stress-related parameters, 
and qPCR were performed using the animals after 1  h exposure of 
PTZ to ensure that we could properly observe the seizures process. 
b Fluorescence images of ROS generation in zebrafish larvae treated 

with: control; PTZ; 200 µM apocynin with exposure of PTZ; and 10 
µM DPI with exposure of PTZ. c The fluorescence intensities of ROS 
levels in individual zebrafish larvae were quantified, and values rep-
resent the means ± SEM of 5 independent experiments. d NADPH 
oxidase activity in control, PTZ; 200 µM apocynin with exposure 
of PTZ; and 10 µM DPI with exposure of PTZ. NADPH-depend-
ent superoxide production is presented as % chemiluminescence 
(CL) signal/min of the untreated control. n = 5 per group, *P < 0.05, 
**P < 0.01, ***P < 0.001 versus Ctl, ###P < 0.001 versus PTZ
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CAT activity (Fig. 5b). PTZ markedly decreased the activ-
ity of CAT, which was concentration-dependently increased 
by pretreatment of GAS. However, no significant change in 
GPx activity between PTZ group and GAS pretreatments, 
whereas its activity effectively decreased in PTZ-induced 
animals compared with untreated group (Fig. 5c). The MDA 
content, an indicator to evaluate the LPO level induced by 
oxidative stress in organisms [34], was also measured. As 
a result, a significant induction in MDA content in PTZ-
exposure group, which was reversed by pretreatment of GAS 
in a concentration-dependent manner. No apparent induction 
of MDA was observed in 800 and 1000 µM GAS pretreated 
groups compared with control (Fig. 5d). Furthermore, the 
activities of SOD and CAT significantly elevated in GAS 
alone group compared with control, which are consistent 
with previous reports that GAS has the anti-oxidative activ-
ity [52–54].

Effects of GAS on Expression of Oxidative 
Stress‑Related Genes

In addition to activities of antioxidant enzymes, we meas-
ured transcriptional responses of antioxidant enzymes. As 
shown in Fig. 6, the expression of manganese superoxide 

dismutase (Mn-Sod) (Fig. 6a), copper/zinc superoxide dis-
mutase (Cu/Zn-Sod) (Fig. 6b), catalase (Cat) (Fig. 6c), and 
glutathione peroxidase 1a (Gpx1a) (Fig. 6d) dramatically 
decreased with PTZ exposure, and gradually up-regulated 
with the increase of GAS concentration. When the concen-
tration of GAS reached 1000 µM, mRNA of Mn-sod, Cu/Zn-
sod, cat, and gpx1a in PTZ-induced animals were completely 
restored to near normal level. Moreover, the expression of 
nuclear factor erythroid-derived 2-like 2 (Nrf2) and kelch-
like ECH-associated protein 1 (Keap1) were measured. The 
transcription factor Nrf2 and its negative regulator Keap1 
play an important role in the regulation of major antioxidant 
enzymes and antioxidant genes [55–57]. Our results revealed 
a significant and concentration-dependent up-regulation of 
Nrf2 expression in the zebrafish larvae with pretreatment of 
GAS (Fig. 6e). In contrast, Keap1 expression was signifi-
cantly suppressed in GAS pretreated animals in a concentra-
tion dependent manner (Fig. 6f). Transcriptional levels of all 
stress-related genes assayed in our study were increased in 
GAS alone group as compared to untreated larval zebrafish. 
In summary, expression of nrf2, Mn-sod, Cu/Zn-sod, cat and 
gpx1a mRNA significantly increased in GAS pretreatments 
compared with PTZ group, which suggested that pretreat-
ment of GAS was able to prevent the decrease of oxidative 

Fig. 4  The ROS scavenging ability of GAS on PTZ-induced ROS 
generation in zebrafish larvae. a Fluorescence images of ROS genera-
tion in zebrafish larvae treated with: control; PTZ; 600 µM GAS with 
exposure of PTZ; 800 µM GAS with exposure of PTZ; 1000 µM GAS 

with exposure of PTZ; and GAS alone. b The fluorescence intensi-
ties of ROS levels in individual zebrafish larvae were quantified, and 
values represent the means ± SEM of 5 independent experiments. 
**P < 0.01, ***P < 0.001 versus Ctl, ###P < 0.001 versus PTZ
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stress-related genes expression caused by PTZ-induced 
seizures.

Discussion

Epilepsy is one of the most common chronic brain disorders, 
characterized by frequently repeated seizures, emotional and 
cognitive dysfunctions [58, 59]. Moreover, epilepsy has sig-
nificant economic implications in terms of health care needs, 
premature death and lost work productivity. Therefore, more 
efficacious treatment and mechanism investigation for epi-
lepsy are in desperate need. Gastrodin (GAS), a major bioac-
tive component of the traditional Chinese herb “Tianma”, 
has a long history as an anti-epilepsy drug. However, the 
anticonvulsant mechanism of GAS and its effect on zebrafish 
seizure models have not been clearly demonstrated. In the 

present study, we demonstrated that GAS improved PTZ-
induced seizures and modulated oxidative stress to poten-
tially protect seizures from deterioration in zebrafish larvae.

Zebrafish Is a New Seizure Model

Animal models for seizures and epilepsy have played a 
fundamental role in understanding of basic mechanism 
underlying epileptogenesis and discovery and evaluation of 
antiepileptic drugs [2–5]. Zebrafish, are small freshwater 
teleosts emerging as a promising model organism in study 
of behavior and neurological diseases including seizures. 
Physiologically and behaviorally, acute seizures induced in 
wild-type zebrafish closely resemble those induced in mam-
mals [6, 60]. The underlying rules governing initiation and 
termination of electrical seizure events were universal in 
mice, zebrafish and humans [61]. Variation in the genetic 

Fig. 5  Antioxidant enzymes activities and MDA content in GAS-
pretreated zebrafish seizure models. SOD (a) and CAT (b), and 
GPx (c) activities and MDA (d) content in control, PTZ, GAS pre-

treatments (600, 800 and 1000 µM), and GAS alone group. n = 5 per 
group, *P < 0.05, **P < 0.01, ***P < 0.001 versus Ctl, ##P < 0.01, 
###P < 0.001 versus PTZ



Neurochemical Research 

1 3

Fig. 6  Expression of oxidative stress-related genes in GAS-pretreated 
zebrafish seizure models. The mRNA level of Mn-sod (a), Cu/Zn-sod 
(b), cat (c), gpx 1a (d), nrf2 (e), and keap 1 (f) in control, PTZ, GAS 

pretreatments (600, 800 and 1000 µM), and GAS alone group. n = 5 
per group, *P < 0.05, **P < 0.01, ***P < 0.001 versus Ctl, #P < 0.05, 
##P < 0.01, ###P < 0.001 versus PTZ
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background of rodent seizure models lead to opposing or 
contradictory results, confounding experimental studies 
[62]. Therefore, zebrafish seizure models are deployed as 
a complementary model for epilepsy research. In addition 
to animal seizure models, in vitro seizure models, chemi-
cally and electrically-induced, are useful to investigate the 
cellular mechanisms that underlie epileptogenesis and the 
spontaneous recurrent epileptiform discharge activity asso-
ciated with epilepsy [63]. It was reported that GAS has no 
effect on NMDA receptor-mediated seizures by using low 
magnesium medium induced epileptiform discharges in hip-
pocampal slice preparations [64]. NMDA receptors are key 
factors involved in low magnesium-induced epileptiform 
activity in hippocampal slices. These findings provide fur-
ther evidence that GAS exhibits anticonvulsive effects on 
 GABAA receptor-mediated seizures [23–25]. Indeed, PTZ, 
a non-competitive GABA antagonist, induced seizures are 
suppressed by GAS in vivo.

Previous findings revealed that antiepileptic drugs at 
low and high concentration induce different locomotion in 
larval zebrafish. Antiepileptic drugs at high concentration 
usually cause sedative effects and sedated animals exhibit 
slow movement or barely move [47, 65]. Admittedly, the 
reduced locomotion in our GAS alone group maybe due to 
the sedation of high concentration of GAS. However, we 
did not observe sedative effects (slow or no movement) in 
those fishes pretreated with GAS and then induced with 
PTZ, which suggested the decrease in larval activity is not 
an inhibitory effect of the sedation of GAS in GAS pretreat-
ments. In addition, it must be emphasized that increased 
locomotion is one of indicators of seizures. Other indica-
tors such as increased c-fos expression, abnormal electro-
encephalography (EEG) recordings, and seizure-like behav-
iors improve the accuracy of seizure recognition [47]. In 
the recent study, a more subtle PTZ convulsion progression 
scale is defined in adult zebrafish, providing a rapid way in 
assessing seizures [65]. Therefore, it is more convincing to 
assure that the animal have or not a seizure by determination 
of more than one indicator of seizures.

Seizures Induce ROS Generation by Activating 
NADPH Oxidase

It is known increased ROS generation during seizure devel-
opment [50, 66] and an imbalance between production of 
ROS and cellular antioxidant defenses cause oxidative stress 
[67–70]. In our study, a significant increase in ROS genera-
tion was found after the occurrence of seizures, which was 
reversed by inhibition of NADPH oxidase, suggesting that 
seizure caused ROS accumulation by activating NADPH 
oxidase. A schematic diagram summarizing the proposed 
mechanism is shown in Fig. 7. Our results are consistent 
with previous cell culture-based studies that seizures result 

in ROS production via NADPH oxidase activation [42]. 
To ensure the inhibition of NADPH oxidase, two different 
NADPH oxidase inhibitors, apocynin and DPI, were used 
respectively. Both inhibitors were able to reduce ROS accu-
mulation caused by PTZ-induced seizures.

GAS Upregulates Activities of Antioxidant Enzymes 
and Expression of Oxidative Stress‑Related Genes 
to Eliminate ROS During PTZ‑Induced Seizures

The generation of ROS was effectively reduced by GAS 
pretreatment, indicating that GAS play important roles in 
oxidative stress modulation after PTZ-induced seizures. We 
found that GAS was able to induce activities of antioxidant 
enzymes and expression of oxidative stress-related genes 
in larval zebrafish, which are undergoing seizure stage III. 
SOD, CAT and GPx are key antioxidant enzymes in fish to 
counter oxidative stress. SOD catalyzes superoxide anion 
radical into  H2O2, while CAT and GPx trigger the sub-
sequent degradation of  H2O2 thereby protects the organisms 
against oxidative damage [52–54]. Our studies showed that 
both SOD and CAT activities were significantly elevated 
in animals suffering from seizures that were pretreated 
with GAS, indicating the importance of these enzymes to 
combat oxidative stress generated in PTZ-induced seizures. 
However, no apparent up-regulation in GPx activity was 
observed, suggesting that GPx play a less important role in 
resisting the oxidative stress. This phenomenon is possible 
because the action of one antioxidant enzyme is replaced 
or compensated by others. Indeed, GPx activity could be 

Fig. 7  Schematic of proposed role of GAS in attenuating PTZ-
induced seizures associated with oxidative stress modulation. Fol-
lowing PTZ-induced seizures, there is increased production of ROS 
by activating NADPH oxidase, which causes neuronal damage. GAS 
activates the transcription factor Nrf2, a key oxidative stress sensor, 
leading to further activation of antioxidant genes such as sod, cat, 
and gpx. Upregulation of antioxidant genes blocks ROS production, 
resulting in attenuation of seizures
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partially compensated by elevation in CAT activity [71]. 
Moreover, the change trend of sod and cat mRNA coin-
cide with their activities. The up-regulation of Mn-sod and 
Cu/Zn-sod in GAS pretreatments was probably to activate 
SOD activity for the elimination of superoxide anion radical 
induced by seizures, and the increase in mRNA levels of cat 
was to activate CAT for  H2O2 detoxification. Surprisingly, 
while GPx activity was relatively stable, its mRNA level 
significantly decreased in PTZ-induced larvae, which was 
reversed by pretreatment of GAS in a concentration depend-
ent manner. The mismatch between GPx activity and its tran-
scriptional levels might be related to the translational and 
posttranslational regulations and the presence of multiple 
gene copies in zebrafish. These observations support previ-
ous findings that protecting against oxidative stress would 
potentially protect patients from further epilepsy [72]. Fur-
thermore, the activities of SOD, CAT, and GPx significantly 
increased in GAS alone group compared with control, which 
is in agreement with previous findings that GAS has the abil-
ity to activate anti-oxidative pathways.

GAS Activates Antioxidant Genes via Upregulation 
of Nrf2

The transcription factor Nrf2 is recognized as a key oxida-
tive stress sensor that binds to DNA antioxidant response 
elements leading to the activation of antioxidant genes such 
as sod, cat, and gpx. Keap1, a negative regulator of Nrf2, 
suppresses Nrf2 in cytoplasm [55, 73, 74]. Here, enhanced 
Nrf2 expression in GAS pretreatments indicated that antioxi-
dant defenses were activated. This is consistent with previ-
ous findings reported in mammals [12, 16, 19, 53]. Notably, 
Nrf2 expression was restored to the level that is significantly 
higher than normal. Together with previous studies that the 
anti-oxidative activity of GAS is closely related to the induc-
tion of Nrf2 pathway, our findings implied that PTZ and 
GAS might synergistically regulate the expression of Nrf2 
expression; which could account for the overstimulation of 
Nrf2. In addition, in contrast to down-regulation effect of 
PTZ on mRNA levels of antioxidant enzymes, unchanged 
effect of PTZ on Nrf2 expression might be due to the fact 
that PTZ regulates other Nrf2-involved pathways. There-
fore, the expression level of Nrf2 was not down-regulated. 
Indeed, Nrf2 is a major regulator for several cytoprotective 
factors such as anti-apoptosis factors, anti-inflammatory fac-
tors and transcriptional factors. Previous studies showed that 
GAS could up-regulate gene expression of Nrf2 to protect 
primary cultured rat hippocampal neurons against neuro-
toxicity [27]. GAS could also alleviate proinflammatory 
response and inhibit apoptosis by activating Nrf2 signaling 
pathway [19, 54]. However, Nrf2-regulated pathways are 
not the sole effect of GAS when it attenuates epilepsy and 
seizures. For example, GAS exerts neuroprotective effects 

by suppressing the expression of inducible NO synthase 
(iNOS), cyclooxygenase-2 and proinflammatory cytokines 
in cultured LPS-stimulated microglia via MAPK pathways 
[75]. GAS strongly attenuates LPS-induced acute inflam-
matory responses by inhibition of NF-κB and MAPKs acti-
vation via the phosphatidylinositol 3-kinase signaling [76]. 
Moreover, GAS has been found to reduce seizure severity 
and regulate GABA neurotransmitter levels by inhibiting 
GABA degrading enzymes [23, 77].

Seizure‑Induced Oxidative Damage Is Alleviated 
by GAS

To investigate oxidative damage, the content and transcrip-
tional level of MDA was determined. MDA is often used to 
monitor LPO which has been known as a major contributor 
to the impairment of cell function under oxidative stress. 
In the current study, the content and mRNA level of MDA 
were increased in zebrafish larvae following exposure to 
PTZ, indicating that the zebrafish in seizures suffered from 
oxidative damage. These observations are in agreement with 
previous findings that epilepsy progression causes oxidative 
damage [27–29]. The fact that up-regulation was suppressed 
by GAS pretreatment suggests that oxidative damage is alle-
viated by GAS.

In conclusion, the novel findings of our study were that 
GAS suppresses PTZ-Induced seizures progression by mod-
ulating oxidative stress in a concentration dependent manner 
in zebrafish. These results support previous evidence that 
zebrafish is a suitable alternative for studying seizures and 
anti-oxidation.
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