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[bookmark: OLE_LINK1]Abstract
BACKGROUND
Epilepsy is a complex neurological disorder characterized by recurrent, unprovoked seizures resulting from the sudden abnormal discharge of brain neurons. It leads to transient brain dysfunction, manifested by abnormal physical movements and consciousness. It can occur at any age, affecting approximately 65 million worldwide, one third of which are still estimated to suffer from refractory seizures. There is an urgent need for further establishment of seizure models in animals, which provides an approach to model epilepsy and could be used to identify novel anti-epileptic therapeutics in the future.

AIM
To compare three administration modes for establishing a seizure model caused by N-Methyl-D-aspartic acid (NMDA) in zebrafish.

METHODS
Three administration routes of NMDA, including immersion, intravitreal injection and intraperitoneal injection, were compared with regard to their effects on inducing seizure-like behaviors in adult zebrafish. We evaluated neurotoxicity by observing behavioral changes in zebrafish and graded those behaviors with a seizure score. In addition, the protective effects of MK-801 (Dizocilpine) and natural active constituent resveratrol against NMDA-induced alterations were studied.

RESULTS
The three NMDA-administration methods triggered different patterns of the epileptic process in adult zebrafish. Seizure scores were increased after increasing NMDA concentration regardless of the mode of administration. However, the curve of immersion continuously rose to a high plateau (after 50 min), while the curves of intravitreal injection and intraperitoneal injection showed a spike in the early stage (10-20 min) followed by a steady decrease in seizure scores. Furthermore, pretreatment with resveratrol and MK-801 significantly delayed seizure onset time and lowered seizure scores.

CONCLUSION
[bookmark: _Hlk21450398]By comparing the three methods of administration, intravitreal injection of NMDA was the most suitable for establishing an acute epileptic model in zebrafish. Thus, intraperitoneal injection in zebrafish can be applied to simulate diseases such as epilepsy. In addition, NMDA immersion may be an appropriate method to induce persistent seizures. Moreover, MK-801 and resveratrol showed strong anti-epileptic effects; thus, both of them may be clinically valuable treatments for epilepsy. 

[bookmark: _Hlk8052531]Key words: Seizure; Zebrafish; N-Methyl-D-aspartic acid; Administration modes; Resveratrol; MK-801

Citation: Long XY, Wang S, Luo ZW, Zhang X, Xu H. Comparison of three administration modes for establishing a zebrafish seizure model induced by N-Methyl-D-aspartic acid. World J Psychiatr 2020; 10(7): 150-161 URL: https://www.wjgnet.com/2220-3206/full/v10/i7/150.htm DOI: https://dx.doi.org/10.5498/wjp.v10.i7.150

Core tip: This is the first study to systematically compare the three main administration modes to establish a seizure model in zebrafish. A newly developed zebrafish model with acute and sustained experimental epileptic behavior enables us to study and identify potential mechanisms and screen anti-epileptic drugs. Direct administration of N-Methyl-D-aspartic acid stimulates abnormal excitations of brain nerve cells to simulate epileptic seizures. This study demonstrated that intravitreal injection can be used to establish an acute epilepsy model and immersion can be used as a persistent epilepsy model. The protective effects of resveratrol and MK-801 on the epileptic process were also confirmed, which may have clinical application value.


INTRODUCTION
[bookmark: OLE_LINK2]Epilepsy is a chronic brain disorder caused by abnormal, excessive and synchronous neuronal activities in the brain. The clinical manifestations are characterized by paroxysmal, transient, repetitive and stereotyped. The location of abnormal discharge neurons and the range of abnormal discharge spread are different, leading to different forms of seizure, manifested as sensory, motor, conscious, mental, behavioral, autonomic dysfunction or a combination of multiple dysfunctions[1]. According to the World Health Organization report, there are many causes of epilepsy, such as stroke, brain trauma, and central nervous system infection[2]. Although it is generally believed that about two-thirds of epilepsy is idiopathic, most of which are now considered to be hereditary[1]. Epilepsy also has various psychiatric complications such as depression, anxiety and cognitive defects[3,4]. It has been reported that peroxisome proliferator-activated receptor γ and mutations in genes involved in GABA-mediated inhibitory neurotransmission are highly associated with the pathogenesis of epilepsy[1,5]. Moreover, it is widely accepted that glutamate overstimulation of the N-Methyl-D-aspartic acid (NMDA) receptor is an important pathogenesis of epilepsy, which leads to continuous internal flow of calcium ions and excessive excitement of the hippocampal networks[6,7]. The molecular mechanism of epilepsy is still not fully understood, and thus there is a lack of effective clinical treatment[8,9]. Therefore, building relevant preclinical models is imperative for therapeutics screening in this disease.
NMDA is an amino acid derivative that exists naturally in the animal body. It is an analog of L-glutamate, an important excitatory neurotransmitter in the mammalian central nervous system. It has been used to model a series of neurodegenerative diseases such as epilepsy, glaucoma, Alzheimer's disease, Parkinson's disease and Huntington's disease[10-15]. NMDA-induced cellular excitotoxicity may be the consequence of overstimulating NMDA receptors at high concentrations of NMDA, causing a massive calcium influx. The overproduction of nucleases, proteinases, lipase, free radicals as well as the activation of nitric oxide pathway ultimately then give rise to cell death[16,17].
As a vertebrate model, zebrafish have received a great deal of attention in the field of developmental biology and genetics over the last decade as a cost-efficient and relevant alternative for human disease modeling and large-scale drug screening[18]. There are many reasons for its popularity, for example, zebrafish share high genetic, cellular and organ homologies to humans over the evolutionary process[19]. Besides their homology, zebrafish are much easier to breed than other types of experimental animals due to ease of handling and fast reproduction rate. These advantages indicate that zebrafish has outstanding value in preclinical drug screening[20,21]. Furthermore, its central nervous system is structurally similar to that of mammals. Some signaling systems such as serotonin energy and GABAergic neurotransmission are also highly similar[18,22]. When it comes to studying brain disease, these aspects have always been the advantages of zebrafish. Establishing a reliable zebrafish epilepsy model not only contributes to a better understanding of the molecular pathology of zebrafish seizures, but may also be conducive to screen drugs that protect the brain from seizure damage. Both of these directions will contribute to better clinical treatment of epilepsy.
The principal methods of administration used in the present study were immersion, intravitreal injection and intraperitoneal injection. Some studies have demonstrated that drugs can be absorbed directly from the water environment through the skin of zebrafish[23,24], while intraperitoneal injection of drugs can induce epileptic behaviors in zebrafish[25,26]. Ouabain was injected into the eyeballs of zebrafish through the vitreous cavity, resulting in nerve cell damage[27,28]. Although there are other alternative modeling methods, such as intraperitoneal perfusion, they were not adopted in this study.
MK-801 is a non-competitive antagonist of the NMDA receptor and can directly prevent NMDA-induced excitatory toxicity. Therefore, it was used as a positive control. Resveratrol is a biologically active constituent extracted from many plants. As previously reported, it has a multitude of health benefits including the ability to prolong life and prevent certain diseases such as heart disease, autoimmune diseases, metabolic disorders[29], inflammation[30], neurodegeneration[31,32], and epilepsy[33,34]. In addition, it also plays an active role in retinal degeneration models[35]. However, it is not clear whether the three modes of NMDA administration cause changes in epileptic behavior, and whether resveratrol or MK-801 can protect against this brain disorder. This study aims to investigate these two key aspects to further understand the establishment of seizure models in zebrafish and lay the foundation for drug screening and treatment development.

MATERIALS AND METHODS
Animals
The study was approved by the Ethical Review Committee of Nanchang University (Nanchang, Jiangxi Province, China). The China Zebrafish Resource Center (Wuhan, Hubei Province, China) provided adult male and female wild-type zebrafish (Danio rerio, AB strain). All adult zebrafish were raised in a temperature-controlled (28°C) zebrafish breeding system (Thmorgan Biotechnology Corp., Ltd. Beijing, China) and all zebrafish were propagated in a cycle of 14 h light/10 h dark in the experiment, and they were fed with brine shrimp twice daily (Wudi, Shandong Province, China).

Treatments
NMDA (M3262, Sigma, United States) was dissolved in phosphate buffered saline (PBS) to prepare solutions for different modeling methods (immersion: 300 and 500 μmol/L; intraperitoneal injection: 8 and 16 mg/kg; intravitreal injection: 0.1 and 0.5 mol/L). MK-801 (M107, Sigma, United States) was soluble in 500 mL/L ethanol (intraperitoneal injection: 3 mg/kg, intravitreal injection: 0.05 mol/L). Resveratrol (R5010, Sigma, United States) was dissolved in 1000 mL/L ethanol and kept in the dark during storage and during the whole experiment (40 mg/L). Distilled water was used to dissolve MS-222 (A5040, Sigma, United States) (0.2 g/L). The timeline of drug delivery is shown in Figure 1.

Study design
[bookmark: OLE_LINK5]Immersion: Before NMDA treatment, zebrafish were soaked in resveratrol solution for 1 d in advance. Resveratrol was dissolved in 10 μL of 1000 mL/L ethanol, and then mixed with 100 mL of distilled water for 1 h until completely dissolved. During resveratrol treatment, the reaction tank was completely covered to avoid photodegradation of the compound. Then adult zebrafish (n = 6 in each group) were immersed in 500 μmol/L NMDA solution for 1 h (the solution was prepared at 28°C) and seizure-like behaviors were observed for 1 h. Another two groups of zebrafish, 12 in total without resveratrol immersion were separately placed into the other two 2 L tanks, respectively, filled with 300 μmol/L and 500 μmol/L concentration of NMDA for 1 h to record behavioral changes. Zebrafish in the MK-801 group were intraperitoneally injected with 10 μL MK-801 1 h before 500 μmol/L NMDA immersion. The remaining zebrafish were set as the control group, and except for drug treatment, the rest of the process was the same as the experimental groups.

Intravitreal injection: Zebrafish were anesthetized with MS-222 before intravitreal injection. According to previous research methods, the volume of the vitreous cavity measured by digital caliper is approximately 200-500 nL[36]. In the preliminary experiment to determine the appropriate amount of injection, we found that 100 nL PBS did not cause any retinal damage or behavior changes in zebrafish. The freshly prepared 100 nL of 0.1 and 0.5 mol/L NMDA solution was then aspirated with an acupuncture needle (0.20 mm) and inserted through a small incision between the vitreous body and the retina and delivered into the right eyes of zebrafish. The syringe pumps (HARVARD, C-14171) helped to deliver the appropriate amount of NMDA. The drug treatment time was 1 h. For the resveratrol + NMDA group, these zebrafish were treated with resveratrol for 1 d before 0.5 mol/L NMDA injection. In the 0.5 mol/L NMDA + MK-801 group, 100 nL MK-801 was injected intravitreally. 1× PBS injection was performed in the same manner to the control group. After the injection, all the fish were kept out for at least 1 min to allow for drug absorption and then returned to their normal living environment to record their behaviors.

Intraperitoneal injection: Each zebrafish was weighed before the injection and then adult zebrafish were anesthetized with MS-222 solution. NMDA 8 mg/kg and 16 mg/kg (the doses used here were chosen by comparing those used in rodents) was carefully injected into the abdomen in the operating area when the zebrafish temporarily lost body control. For the resveratrol + NMDA group, these zebrafish were treated with resveratrol for 1 d before the NMDA injection. Next, 10 μL MK-801 was injected intraperitoneally in the NMDA+MK-801 group. The remaining fish were injected with 1× PBS and set as the control group. Their 1 h behaviors were recorded via camera.

Seizure score
Following intravitreal and intraperitoneal injection, the zebrafish were individually placed into 2 L tanks after NMDA treatment; for immersion, the fish were directly placed in 2 L NMDA solution. We manipulated a specific camera to monitor the behavior of each fish to determine its seizure score. The behaviors of all zebrafish were photographed for 60 min to assess the degree of epilepsy. The seizure score was quantified by the following criteria: 1 point, immobility and hyperventilation; 2 points, whirlpool swimming; 3 points, rapid movement from right to left; 4 points, abnormal and spastic muscle contraction; 5 points, rapid clonic convulsion of the whole body; 6 points, submergence and spasm for several minutes; 7 points, death[25].

Statistical analysis
Statistical analysis was performed based on records to calculate time points and duration of abnormal behavior in zebrafish. The experimental data were expressed as mean ± SE. All data were analyzed by t-test using GraphPad PRISM 7.00. ANOVA was then performed to assess the differences in seizure and latency between the experimental groups, with P < 0.05 considered statistically significant.

RESULTS
Intravitreal injection
Prior to NMDA treatment, zebrafish were immersed in 40 mg/L resveratrol for 1 d. Zebrafish behavior was then observed and recorded for 60 min after intravitreal injection of NMDA and graded by the seizure score. NMDA treatment caused a seizure-like syndrome characterized by rapid movement, jumping, swimming in circles, and an intense response to stimulation. As shown in Figure 2A, the overall curve presented a trend of an intial rise and then a decrease, and the highest seizure score was approximately up to 5. The mean seizure score in the high-dose (0.5 mol/L) NMDA treatment group was significantly higher than that in the low-dose (0.1 mol/L) NMDA treatment group (4 vs 2, P < 0.0001), while co-injection of 50 mmol/L MK-801 with 100 nL 0.5 mol/L NMDA decreased the score to lower than 2. The shortest seizure onset time in zebrafish given intravitreal injection was about 3 min in the high-dose NMDA group. Additionally, the seizure onset time following high-dose NMDA treatment was significantly prolonged by MK-801 (> 10 min), to a level even lower than that of low-dose (0.1 mol/L) NMDA treatment (Figure 2B). Pretreatment with resveratrol also lowered the seizure score from approximately 4 to 1 and significantly delayed seizure onset from 3 to around 7 min (P = 0.0024) (Figure 2A and B). These behavioral changes indicate that intravitreal injection of NMDA leads to seizure-like behavior in zebrafish within a short time that can be significantly prevented by resveratrol pretreatment, consistent with prior studies showing the anti-epileptic effects of resveratrol.

Intraperitoneal injection
[bookmark: OLE_LINK8]For resveratrol pretreatment, we immersed zebrafish in 50 mg/kg resveratrol for 1 d and then performed intraperitoneal injection of NMDA. Zebrafish behaviors were recorded for 60 min, and were similar to those following intravitreal injection of NMDA. According to the analysis of seizure score, the overall curve first increased within 30 min and then decreased following intraperitoneal injection. The degree of epilepsy in zebrafish injected with high dose NMDA was significantly higher than that in zebrafish injected with low dose NMDA. The seizure score in the high-dose (16 mg/kg) NMDA group was 4-5, while the low-dose (8 mg/kg) group had a score of around 2 (Figure 3A). The same trend in seizure onset time was identified: 16 mg/kg NMDA-treated zebrafish had a seizure onset time of less than 10 min while the 8 mg/kg NMDA-treated group had a seizure onset time closer to 20 min (Figure 3B). On the other hand, zebrafish treated intraperitoneally with 10 μL 3 mg/kg MK-801 + high-dose NMDA, had a significantly reduced seizure score at all time points analyzed (P < 0.001) (Figure 3A) as well as a very significantly delayed seizure onset time (from approximately 6 min to over 30 min) (P < 0.001) (Figure 3B). Resveratrol pretreatment also had a highly significant effect in lowering the seizure score from approximately 5 to 2 min (Figure 3A) and delayed seizure onset time from around 4 min to about 8 min (P = 0.0024) (Figure 3B). These data indicate that seizures can be more intensely induced in zebrafish by intraperitoneal injection of NMDA as well as intravitreal injection and that MK-801 and resveratrol have anti-epileptic effects in this model system.

Immersion
Zebrafish in one experimental group were placed into 2 L tanks with 40 mg/L resveratrol for 1 d before NMDA immersion. By recording zebrafish behaviors over 60 min, we found that different groups almost showed an increasing trend. Seizure scores continued to rise steadily within 0-20 min and 30-50 min. In addition, seizure scores following high-dose NMDA immersion were statistically higher than those following low-dose NMDA immersion. High-dose (500 μmol/L) NMDA treatment resulted in a seizure score of 2-4 while low-dose (300 μmol/L) treatment resulted in a score of around 1 to 2 (Figure 4A). The same trend was identified for seizure onset time: the 500 μmol/L NMDA-treated group had a seizure onset time of fewer than 5 min, while the 300 μmol/L NMDA-treated group had a seizure onset time of nearly 10 min (Figure 4B). On the other hand, zebrafish immersed in high-dose NMDA after 10 μL 3 mg/kg MK-801, had a significantly reduced seizure score at all time points analyzed (P < 0.001) (Figure 4A) as well as a delayed seizure onset time (from approximately 5 min to 9 min) (P < 0.001) (Figure 4B). Resveratrol pretreatment also had a highly significant effect in lowering the seizure score from approximately 4 to 1 (Figure 4A) and delayed seizure onset time from around 5 min to about 10 min (P = 0.0024) (Figure 4B). These data indicate that seizures can be induced in zebrafish by immersion in NMDA in a slow and unremitting way and that MK-801 and resveratrol have anti-epileptic effects in this model system.

Comparison of the three administration modes
By comparing 1 h seizure scores and onset time of the three administration modes, we found high-dose NMDA immersion maintained the seizure score at about 2.5 to 3.5, the score caused by intraperitoneal injection was 4 to 5, and that following intravitreal injection was maintained at approximately 3.2 to 4.8 (Figure 5A). The trend in epilepsy caused by the three modes of administration generally increased initially and then decreased. In addition, the most severe stage of epilepsy caused by intraperitoneal injection of high-dose NMDA took about 30 min, while intravitreal injection took 40 min and immersion took 50 min. With regard to seizure onset time, immersion had the longest onset time of the three methods (approximately 6.3 min), which was followed by intraperitoneal injection (5.5 min). Intravitreal injection induced seizure-like behaviors within 3 min (P < 0.001) (Figure 5B). These data show that NMDA induces epilepsy-like behavior, while administration patterns alter seizure progression of epilepsy diversely.

DISCUSSION
Numerous animal models have been used in epilepsy research. However, choosing the best experimental model mainly depends on the problem to be solved, the type of epilepsy simulated, whether it is consistent with the clinical characteristics, and whether it is simple and reliable. Therefore, selecting an appropriate and valuable animal model of epilepsy is undoubtedly an effective shortcut to better study the mechanism and treatment of epilepsy. Our preliminary experiment showed that intravitreal injection, intraperitoneal injection, and immersion all caused seizure-like behaviors in zebrafish. By using different NMDA concentrations, we utilized these three methods of drug delivery to establish seizure models associated with brain damage, which are also less harmful to adult zebrafish. 
It has been reported that intravitreal injection of NMDA induces seizure-like behaviors in zebrafish. We found that intravitreal injection of NMDA was the most suitable for the establishment of an acute seizure model in zebrafish, as it caused seizure-like manifestations in a short time with a high concentration of NMDA in the central nervous system, which greatly reduces drug waste and shortens the time to disease. Intraperitoneal injection of NMDA did cause seizure-like behavioral changes in adult zebrafish, which was similar to analogous seizure models in rodents[37,38]. The effect caused by this method depends on the amount of NMDA injected due to strong intestinal absorptive capacity. When comparing the three modeling methods, immersion was less harmful to zebrafish in a short period of time and hence contributes to observing long-term and chronic epileptic behavior. As the drug was directly dissolved in water, and zebrafish can continuously take in the drug from the surrounding environment, the efficacy or toxicity of drugs is not observed in mammals and can be observed using this methd in a short time.
However, these three methods still have some limitations. Although intravitreal injection of NMDA exerts the same effect on zebrafish as other animal models, the difficulty of microinjection may hinder its application in drug screening. Therefore, to improve the potential of this model system, it is necessary to perfect each detailed procedure. In addition, the ocular pharmacokinetics of different drugs are sensitive to different clearance mechanisms[39], which is mainly affected by the permeability of retinal pigment epithelium. Understanding the clearance mechanism of different drugs in zebrafish will ensure the effectiveness of drug delivery, which provides a basis for ideal animal modeling and further drug screening. Intraperitoneal administration is relatively easy, but it is worth noting that the procedure demands care in order to avoid injury to zebrafish organs such as the heart. With respect to the operational skills, immersion requires only control of the drug concentration.
According to the results of induced behavior changes, all three delivery modes were effective in delivering NMDA to the brain. Given that immersion lasts longer and takes effect later, the effects induced by intraperitoneal and intravitreal injection of NMDA on zebrafish appeared earlier. We hypothesized that intraperitoneal and vitreous injection would cause a sharp increase in NMDA concentration in the blood and target cells, resulting in acute pathophysiological changes, but NMDA concentration would then drop rapidly to baseline levels, and thus the dramatic response would quickly disappear. Of these three administration modes, the seizures induced by intravitreal injection appeared faster than the other two modes, which suggests that different administration routes into the zebrafish capillary network may have distinct effects of drug delivery. Intraperitoneal injection of NMDA has poor target specificity, rendering it hard to accumulate in the brain, and this drawback may cause uncontrollable damage to other non-targeted organs, such as the heart, which can interfere with the experiment results. In contrast, immersion can result in a relatively steady increase in NMDA concentration in the blood, which is enough to cause a long-term epileptic response; therefore, is more suitable for the model of sustained epilepsy. Unfortunately, due to the late onset time of seizures induced by drug immersion, it is not suitable for large-scale drug screening. At the operational level, immersion is the simplest and most convenient way to administer drugs, while intravitreal injection is relatively complicated but also the most effective way to establish the zebrafish model of brain disorder.
Antisense morpholine oligonucleotides (MOs) and hyperthermia have been used to construct zebrafish epilepsy models in previous studies. Although MOs can effectively interfere with protein synthesis of target genes, it can induce p53-dependent apoptosis and non-targeted cell-specific effects in gene expression, which in turn affect behavioral phenotype analysis[40]. The hyperthermia-induced zebrafish seizure model is more suitable for studying the mechanism of epileptic seizures in vivo and for acute seizure of chronic processes, but it does not show any persistence[41]. Both methods are appropriate for studying the mechanism of zebrafish seizures during innate or embryonic development. However, the methods we use can be applied to study the process of seizures in adulthood. Not only can they induce characteristic seizures which are similar to the reactions observed in mammalian seizures, but also emphasize the role of the zebrafish model in glutamate excitatory neurotransmission. For example, clomizole (a histamine receptor antagonist) is effective for gene-induced epilepsy of SCN1lab zebrafish (a model of Dravet syndrome caused by SCN1a mutation), a persistent drug-resistant epilepsy[42]. In addition, the methods we proposed can screen out the effect of psychotropic drugs and toxicity in the animal at a glance and reduce twists and turns in the drug development process.
It is noteworthy that one main defect in this NMDA-induced neurotoxicity model is that it only focuses on a single pathological mechanism (glutamate excitotoxicity) of epileptic seizures. Considering that the pathogenesis of human epilepsy is more complex, these models may not fully represent the pathogenesis of epilepsy; thus, may not be used to carry out clinical research on effective treatment methods for epilepsy[43]. In the current study, we only focused on seizure-like behavioral changes but did not carry out a specific analysis of pathological brain alterations or distortion of electrical signal transduction caused by excessive glutamate signaling. Therefore, further research is needed to fully establish the intravitreal administration route as a relevant model of epilepsy and other brain diseases. Although zebrafish seizure models are valuable for discovering anticonvulsants and studying ictogenesis, they are inadequate for the entire disease process. When studying epilepsy and screening anti-epileptic drugs, there is still a lack of epilepsy models that truly reflect the pathogenesis and characteristics of different forms of human epilepsy. 
In conclusion, these results show that intravitreal injection of NMDA is an effective model for inducing acute epilepsy in zebrafish, and NMDA immersion can be used as a suitable model for persistent epilepsy. Additionally, intravitreal and intraperitoneal injection of NMDA may both be useful for modeling epilepsy. By comparing the three different drug administration patterns comprehensively, these models are valuable for identifying the potential mechanisms of epilepsy and drug screening. Last but not the least, our study provides convincing evidence for the potential application of MK-801 and resveratrol, a safe plant extract which is available for the treatment of epilepsy. 

ARTICLE HIGHLIGHTS
Research background
Epilepsy is a complex neurological disorder characterized by recurrent, unprovoked seizures resulting from the sudden abnormal discharge of brain neurons. It leads to transient brain dysfunction, manifested by abnormal physical movements and consciousness. It can occur at any age, affecting approximately 65 million worldwide, one third of which are still estimated to suffer from refractory seizures. The molecular mechanism of epilepsy is still not fully understood; thus, there is a lack of effective clinical treatment. Therefore, building relevant preclinical models is imperative for screening therapeutics for this disease.

Research motivation
There is an urgent need for further establishment of seizure models in animals, including acute epilepsy models and persistent epilepsy models. These models could be used to study the mechanism of epilepsy and identify novel anti-epileptic therapeutics in the future. 

Research objectives 
The main objective was to compare three administration modes for establishing a seizure model caused by N-Methyl-D-aspartic acid (NMDA) in zebrafish.

Research methods
Three administration modes of NMDA, including immersion, intravitreal injection and intraperitoneal injection, were compared with regard to their effects on inducing seizure-like behaviors in adult zebrafish. We evaluated neurotoxicity by observing behavioral changes in zebrafish and graded those behaviors with a seizure score. Statistical analysis was performed based on records to calculate time points and duration of abnormal behavior in zebrafish. All data were analyzed by t-test using GraphPad PRISM 7.00. Analysis of variance was then performed to assess the differences in seizure and latency between experimental groups.

Research results 
The three NMDA-administration methods triggered different patterns of the epileptic process in adult zebrafish. Seizure scores were increased after increasing NMDA concentration regardless of the mode of administration. However, the curve of immersion continuously rose to a high plateau (after 50 min), while the curves of intravitreal injection and intraperitoneal injection showed a spike in the early stage (10-20 min) followed by a steady decrease in seizure scores. Furthermore, pretreatment with resveratrol and MK-801 significantly delayed seizure onset time and lowered seizure scores.

Research conclusions 
Intravitreal injection of NMDA was the most suitable route for establishing an acute epileptic model in zebrafish, while immersion with NMDA may be an appropriate method for inducing persistent seizures. Additionally, MK-801 and resveratrol showed strong anti-epileptic effects; thus, both of them may be clinically valuable treatments for epilepsy.

Research perspectives
Further study using our models to perform antiepileptic drug screening is necessary, and further work is needed to explore the mechanism of resveratrol against epilepsy. 
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Figure Legends
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Figure 1 Experimental protocols. Three administration modes were used in this study, including intravitreal injection, intraperitoneal injection and immersion. All resveratrol treatments were carried out 1 d before N-Methyl-D-aspartic acid (NMDA) treatment. Behavior records began immediately after NMDA and MK-801 treatment, which lasted for 1 h. NMDA: N-Methyl-D-aspartic acid; I.V.: Intravitreal injection; I.P.: Intraperitoneal injection; I.M.: Immersion.
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Figure 2 Intravitreal injection of N-Methyl-D-aspartic acid causes acute seizure-like behavior in zebrafish. Seizure activity and onset scores following N-Methyl-D-aspartic acid (NMDA)-intravitreal injection (0.1 mol/L and 0.5 mol/L, 50 mg/L resveratrol + 0.5 mol/L NMDA, and 50 mmol/L MK-801 + 0.5 mol/L NMDA). A: The mean seizure scores (± SE) for each treatment group plotted against time after NMDA injection; B: The latency of seizure onset after NMDA injection. Bars represent mean ± SE of the time lag to the onset of the first convulsion in each group. Data were analyzed using one-way ANOVA and t-test for the different groups (n = 6) (bP < 0.01 vs control). NMDA: N-Methyl-D-aspartic acid; RES: Resveratrol; MK: MK-801.


[image: ] 
Figure 3 Intraperitoneal injection of N-Methyl-D-aspartic acid causes acute seizure-like behavior in zebrafish. Seizure activity scores and onset times following N-Methyl-D-aspartic acid (NMDA)-intraperitoneal injection (8 and 16 mg/kg, 50 mg/L resveratrol + 16 mg/kg NMDA, and 3 mg/kg MK-801 + 16 mg/kg NMDA). A: The mean seizure scores (± SE) for each group plotted against time after NMDA injection; B: The latency of seizure onset after NMDA injection. Bars represent mean ± SE of the time lag to the onset of the first convulsion in each group. Data were analyzed using one-way ANOVA and t-test for the different groups (n = 6) (bP < 0.01 vs control). NMDA: N-Methyl-D-aspartic acid; RES: Resveratrol; MK: MK-801.


[image: ]Figure 4 Immersion of N-Methyl-D-aspartic acid causes persistent seizure-like behavior in zebrafish. Seizure activity scores and onset times following N-Methyl-D-aspartic acid (NMDA)-immersion (300 μmol/L and 500 μmol/L NMDA, 40 mg/L resveratrol + 500 μmol/L NMDA, and 3 mg/kg MK-801 + 500 μmol/L NMDA). A: The mean seizure scores (± SE) for each group plotted against time after NMDA immersion; B: The latency of seizure onset after NMDA immersion. Bars represent mean ± SE of the time lag to the onset of the first convulsion in each group. Data were analyzed using one-way ANOVA and t-test for the different groups (n = 6) (aP < 0.05, bP < 0.01 vs control). NMDA: N-Methyl-D-aspartic acid; RES: Resveratrol; MK: MK-801.
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Figure 5 Comparison of the three administration routes on seizure score and onset time. Seizure activity scores and onset times following intravitreal injection, intraperitoneal injection and immersion with 0.5 mol/L, 16 mg/kg and 500 μmol/L N-Methyl-D-aspartic acid (NMDA), respectively. A: The mean seizure scores (± SE) for each route plotted against time after NMDA treatment; B: The latency of seizure onset after NMDA treatment. Bars represent mean ± SE of the time lag to the onset of the first convulsion using each method. Data were analyzed using one-way ANOVA and t-test for the different routes (n = 6) (aP < 0.05). NMDA: N-Methyl-D-aspartic acid; I.V.: Intravitreal injection; I.P.: Intraperitoneal injection; I.M.: Immersion.
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