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Xenon Exerts Neuroprotective Effects on Kainic Acid-Induced Acute Generalized Seizures in Rats via Increased Autophagy
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Xenon has been shown to have neuroprotective effects and is clinically used as a favorable safe inhalation anesthetic. We previously confirmed the neuroprotective effects of xenon treatment in epileptic animals. However, the mechanism underlying these protective effects remains unclear. We aimed to assess the effects of xenon inhalation on autophagy in neuronal injury induced by acute generalized seizures. Kainic acid (KA) was injected into the lateral ventricle of male Sprague–Dawley rats to induce acute generalized seizures. Next, the rats were treated via inhalation of a 70% xenon/21% oxygen/9% nitrogen mixture for 60 min immediately after KA administration. The control group was treated via inhalation of a 79% nitrogen/21% oxygen mixture. Subsequently, two inhibitors (3-methyladenine or bafilomycin A1) or an autophagy inducer (rapamycin) were administered, respectively, before KA and xenon administration to determine the role of autophagy in the protective effects of xenon. The levels of apoptosis, neuronal injury, and autophagy were determined in all the rats. Xenon inhalation significantly attenuated the severity of the seizure-induced neuronal injury. Increased autophagy accompanied this inhibitive effect. Autophagy inhibition eliminated these xenon neuroprotective effects. A simulation of autophagy using rapamycin recapitulated xenon’s protective effects on KA-induced acute generalized seizures in the rats. These findings confirmed that xenon exerts strong neuroprotective effects in KA-induced acute generalized seizures. Further, they indicate that increased autophagy may underlie the protective effects of xenon. Therefore, xenon and autophagy inducers may be useful clinical options for their neuroprotective effects in epileptic seizures.
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INTRODUCTION

Epilepsy is a common neurological disease that affects 0.5–1% of the worldwide population with potentially serious consequences, including neuronal injury and cognitive defects. There are currently available drug and surgical treatment options for epilepsy and associated cognitive defects. However, they have several limitations, including drug resistance, serious side effects, and recrudescence (Schmidt and Löscher, 2005; Chen et al., 2018). Therefore, there is a need for more safe and effective therapeutic strategies for treating epileptic seizures, as well as seizure-induced neuronal injury and cognitive defects.

Xenon is clinically used as a safe anesthetic agent and is popular due to having almost no side effects. It has been recently receiving increased attention due to its superior neuroprotective effects, which have been confirmed in Alzheimer’s disease (Lavaur et al., 2016a,b) and in ischemia/reperfusion injury (Cattano et al., 2011; Yang T. et al., 2012; Yang et al., 2014; Metaxa et al., 2014). Moreover, xenon treatment has been shown to exert similar neuroprotective effects and ameliorate cognitive impairment in intrauterine (Yang Y. W. et al., 2012) and neonatal asphyxia (Luo et al., 2008). Further, we previously demonstrated it had anti-epileptic and neuroprotective effects in seizure-induced neuronal injury (Zhang et al., 2019a,b). Further studies are required to explore the underlying mechanisms of xenon treatment effects and reveal potential targets for neuronal protection in epilepsy and seizure.

There is a correlation of epilepsy- and seizure-induced neuronal injury with over-excitation induced by increased glutamate levels (Malinska et al., 2010; Kovac et al., 2016; Liang et al., 2019). Glutamate metabolism deficits may cause reactive oxygen species (ROS) production. Furthermore, oxidative stress induced by ROS accumulation may lead to neuronal injury (Shekh-Ahmad et al., 2019; Zhang et al., 2020b) and induce autophagy (Signorelli et al., 2019). Therefore, there is a close correlation of autophagy with an excitotoxicity-induced neuronal injury during epileptic seizures. However, autophagy has been shown to promote both cell survival and death, which depends on the different psychological or pathological environments (Zhang et al., 2013, 2014; Feng et al., 2020). Although there have been inconsistent findings regarding the role of autophagy in cell injury, autophagy has been suggested to have protective effects in epileptic animals (Jain et al., 2016; Ni et al., 2016).

Xenon can attenuate over-excitation by the regulation of glutamate metabolism, through inhibiting glutamate uptake and efflux (Lavaur et al., 2016a,b). Given the initiating role of over-excitation in neuronal injury and autophagy, as well as the effect of autophagy on the seizure-induced neuronal injury, we hypothesized that autophagy is closely related to the neuroprotective effects of xenon.

We aimed to evaluate the effect of xenon inhalation on seizure-induced neuronal injury after KA administration. Furthermore, we aimed to assess the role of autophagy in the protective effect of xenon, as well as to explore the role of autophagy regulation in KA-induced acute generalized seizures.



MATERIALS AND METHODS


Animals and Surgery

We conducted the experiments using male Sprague–Dawley rats (240–260 g, Certificate No. SCXK2014-0006; Jinan Jinfeng Experimental Animal Company Limited, China). All experiment protocols were approved by the Binzhou Medical University Animal Experimentation Committee (Approval No. 2018002) and comply with the National Institutes of Health Guide for the Care and Use of Laboratory Animal (NIH Publications No. 80-23, revised 1996). We made maximum effort to minimize the number of rats used and to attenuate suffering. The rats were raised in individual cages where water and food were provided ad libitum. All animal experiments, including surgery, drug treatment, and xenon inhalation, were performed between 09:00 h and 17:00 h.

The rats were anesthetized using sodium pentobarbital (50 mg/kg, intraperitoneal injection, CAS, 57-33-0, Xiya Reagent, China) and fixed on a stereotactic apparatus (Anhui Zheng Hua Biological Instrument Equipment Company Limited, China). As previously described (Zhang et al., 2020a), stainless steel cannulas (Reward, China) were implanted into the right lateral cerebral ventricle (AP: −1.8 mm, ML: −0.96 mm, and DV: −3.8 mm). The rats were allowed 7 days for recovery.



KA-Induced Acute Generalized Seizure

Acute generalized seizures were induced through KA treatment (3.25 × 10–3 mg/kg, 1.25 mg/ml, CAS, 58002-62-3, Sigma, USA), which was injected into the lateral ventricle via the implanted cannulas. The seizure severity was assessed Racine’s criteria (Racine, 1972). Immediately after KA treatment, almost all the rats presented with signs of continuous acute generalized seizures (mainly stage 4 or 5). Sixty minutes after KA treatment, diazepam (2 mg/kg, CAS, 439-14-5, Sigma, USA) was intraperitoneally injected to stop the seizures. Finally, the cannula location was histologically verified. We excluded data from rats with inaccurate cannula locations from the analysis.



Xenon Treatment

KA-treated rats were randomly placed into two transparent resin boxes. Rats in the xenon group were treated with 70% xenon/21% oxygen/9% nitrogen (DaTe Special Gas Limited, China) for 1 h immediately after KA injection (De Deken et al., 2018), while those in the control group were treated with a 21% oxygen/79% nitrogen mixture (Rulin gas Limited, China).

The gas delivery speed (200 ml/min) was controlled by flow regulator valves (DaTe Special Gas Limited, China), which were installed in the gas bottles. The rats remained sober with stable temperatures during the entire xenon treatment. Sixty minutes after KA administration, diazepam was intraperitoneally injected to stop KA-induced seizures. Supplementary Figure 1 presents details of the experimental procedure.



Drug Administration

The rats were randomly divided into the drug administration groups and the control group. Six hours before xenon treatment, autophagy inhibitors [3-methyladenine (3-MA, 75 μg, CAS, 5142-23-1, Sigma, USA—dissolved in 5 μl saline) or bafilomycin A1 (BafA1, 200 ng, CAS, 88899-55-2, Sigma, USA) dissolved in dimethyl sulfoxide and 5 μl saline] were injected into the right lateral cerebral ventricle. Rats in the control group were instead treated with 5 μl saline. Subsequently, all the rats were treated with xenon (70% xenon/21% oxygen/9% nitrogen) immediately after KA injection.

One hour before KA treatment, an autophagy inducer (rapamycin, 200 ng, CAS, 53123-88-9, Sigma, USA; dissolved in 5 μl saline) was injected into the right cerebral ventricle while rats in the control group were instead treated with 5 μl saline.



Western Blot Analysis

As previously described (Zhang et al., 2019c), five rats from each group were randomly anesthetized using sodium pentobarbital (50 mg/kg, intraperitoneal injection, Xiya Reagent, China) at the different time points after KA administration (24 h, 3 days, or 7 days) and culled. Their brains were immediately retrieved and different subregions, including the hippocampus, pyriform cortex (PC), and remaining cortex, were dissected on ice. Protein levels in each sample were measured (P0012, Beyotime Institute of Biotechnology, China) after sonication. Next, proteins with similar concentrations were loaded and separated using 12% sodium dodecyl sulfate-polyacrylamide gels and transferred to polyvinylidene difluoride membranes. After blocking for 1 h using 5% skim milk, the membranes were incubated overnight at 4°C with the following primary antibodies: rabbit polyclonal antibody against caspase-3 (9662, 1:1,000, Cell Signaling Technology, Danvers, MA, USA), rabbit monoclonal antibody against activated caspase-3 (ab2302, 1:1,000, Abcam, USA), mouse monoclonal antibody against B cell lymphoma-2 (Bcl-2, ab32124, 1:1,000, Abcam, USA), Bcl-2-associated X protein (Bax, ab77566, 1:1000, Abcam, USA), sequestosome 1 (SQSTM 1, ab56416, 1:1,000, Abcam, USA), microtubule-associated protein 1 light chain 3 (LC 3, D3U4C, 1:1,000, Cell Signaling Technology, Danvers, MA, USA), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, AB-P-R 001, 1:2,000, Kangcheng, China). After treatment with horseradish peroxidase-conjugated IgG secondary antibodies, visualized bands were obtained for analysis (Odyssey, LI-COA Biosciences, USA). Protein level differences were presented as the normalized intensity relative to GAPDH.



Fluoro-Jade B (FJB) Staining

Fluoro-Jade B (FJB) specifically binds to degenerating neurons, and FJB staining is used to evaluate neurodegeneration (Schmued and Hopkins, 2000). From each group, five rats were randomly anesthetized using sodium pentobarbital (50 mg/kg, intraperitoneal injection, Xiya Reagent, China) and perfused. Coronal slices (10 μm) were obtained using a cryostat microtome (CM3050s, Leica, Germany). As previously described (Zhang et al., 2019a,b), we performed the staining procedure (three slices/rat) as per the kit manufacturer’s instructions (AG310, Millipore, USA). Finally, the stained slices were examined under a fluorescent microscope with a 450 nm excitation light (Carl Zeiss AG, Germany), and the number of positive FJB signals (300 × 300 μm vision) in changed subregions was determined and analyzed.



Immunohistochemistry

At designated time points (24 h, 3 days, and 7 days) after KA treatment, five mice in every group were deeply anesthetized and coronal slices were obtained, as performed in FJB staining. LC3B/DAPI fluorescence staining was performed as per the following protocol: After being treated with rabbit anti-LC3B (1:100; ab48394, Abcam, UK) and washing three times, the sections were incubated in the secondary antibody (FITC, 1:200, EMD Millipore, USA). After three washes, the sections were incubated in DAPI (C1005, Beyotime Institute of Biotechnology, China) for 15 min at room temperature and were finally rinsed three times with 0.01 M PBS for 5 min each.

All fluorescence images were acquired with a laser confocal microscope (Zeiss, Germany) under the same capture conditions and were analyzed using ImageJ V.1.37 software (National Institutes of Health, Bethesda, MD, USA).



Statistical Analysis

Investigators who obtained all of the data were blinded and the data are presented as the mean ± standard error of the mean (SEM). All statistical analyses were performed using SPSS version 13.0 software (SPSS Inc., Chicago, USA). The nonparametric Mann–Whitney U test was used to compare protein levels and the number of positive FJB signals. Statistical significance was set at a p-value of < 0.05.




RESULTS


Xenon Treatment Reduced Apoptosis and Neuronal Injury With an Accompanying Increase in the Autophagy Level

We analyzed apoptosis-related markers after KA administration (n = 5 per group). Western blot analysis revealed increased activated caspase-3 levels in the hippocampus and cortex at 24 h and 7 days after KA administration (Figures 1A,B). Further, we compared the apoptosis level between rats treated with and without xenon after KA administration (n = 5 per group). We found that xenon treatment significantly attenuated KA-induced changes in apoptosis-related proteins. There was a significant decrease in the immunoreactivity of activated caspase-3 (Figures 1C,D) and Bax (Figures 1C,E) and increases in that of caspase-3 (Figure 1C) and Bcl-2 (Figures 1C,F) in the xenon-treated rats compared with the control rats. Consistent with this, xenon treatment significantly attenuated the increased number of positive FJB signals in the CA3 and PC after KA administration (n = 5 per group, Figures 1G,H). These findings indicate that xenon inhalation could prevent apoptosis and neuronal injury associated with KA-induced acute generalized seizures.
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FIGURE 1. Xenon treatment attenuated apoptosis and neurodegeneration during kainic acid (KA)-induced acute generalized seizures. (A) Changes of caspase-3 and activated caspase-3 levels after KA treatment; (B) normalized intensity of activated caspase-3 relative to GAPDH; (C) changes of caspase-3, activated caspase-3, Bax, and Bcl-2 after xenon inhalation; (D–F) normalized intensity of activated caspase-3, Bax and Bcl-2 relative to GAPDH; (G) changed positive Fluoro-Jade B (FJB) signals (bar = 100 μm); (H) analysis of positive FJB signals. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; ***P < 0.001, compared with controls; ###P < 0.001 compared with KA group; one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.



Moreover, we investigated changes in the autophagy levels in the different groups (n = 5 per group). SQSTM1, LC3-II, and LC3B are considered autophagy markers. After KA injection, there was no significant change in LC3-II/GAPDH levels in the KA group compared with the control group (Figures 2A,B). Notably, xenon treatment significantly elevated the LC3-II/GAPDH ratio in the cortex with the PC removed (P = 0.014), PC (P = 0.002), and hippocampus (P = 0.024, Figures 2C,D) from 24 h after administration. The immunoreactivity of LC3B increased after xenon treatment (Figures 2E,F). There is a negative relationship between SQSTM1 expression and autophagy activity given its usual degradation during autophagy. We observed significantly reduced SQSTM1/GAPDH ratios in the cortex, PC, and hippocampus in the xenon group compared with the KA group, though no significant difference was found between the sham and KA groups (Figures 2G,H). These findings suggest that xenon treatment significantly attenuates neuronal injury with an accompanying enhancement in the autophagy level. Subsequently, to assess whether autophagy promotes or inhibits the neuroprotective effects of xenon, autophagy inhibitors were administrated to xenon-treated rats, while autophagy promoters were administrated to KA-treated rats.
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FIGURE 2. Xenon treatment increased the level of autophagy during KA-induced acute generalized seizures. (A) change of LC3 expression after KA administration; (C) changes of LC3 expression after xenon treatment; (B,D) normalized intensity of LC3-II relative to GAPDH; (E,F) immunoreactivity of LC3B; (G) the expression of SQSTM1; and (H) normalized intensity of SQSTM1 relative to GAPDH. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls; ###P < 0.001 compared with KA group; one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.





3-MA Reversed the Increased Autophagy Level and Xenon Neuroprotective Effect

For autophagy inhibition (Yu et al., 2018), 75 μg 3-MA was injected into the lateral cerebral ventricle 6 h before xenon treatment (3-MA + KA + Xenon group, n = 5) while the control rats were injected with saline (Saline + KA + Xenon group, n = 5). Compared with the Saline + KA + Xenon group, a significant decrease in the LC3-II/DAPDH ratio (the cortex with the PC removed, P = 0.017; the PC, P = 0.010; and the hippocampus, P < 0.001; Figures 3A,C) and an increase in the SQSTM1/GAPDH ratio (the cortex with the PC removed, P < 0.001; the PC, P < 0.001; and the hippocampus, P < 0.001; Figures 3A,B) in the 3-MA+KA+Xenon group were noted. This indicates that xenon-induced enhanced autophagy was inhibited by 3-MA administration. Moreover, we assessed apoptosis-related proteins. Compared with the controls, the 3-MA-treated rats had a significantly higher activated caspase-3/GAPDH (Figures 4A,B) and Bax/GAPDH ratios (Figures 4A,C), and a significantly lower Bcl-2/GAPDH ratio (Figures 4A,D). Also, compared with the control rats, 3-MA-treated rats had significantly more FJB-positive signals in the CA3 and PC (Figures 4E,F). Taken together, 3-MA reversed the increases in autophagy and prevented the xenon-induced attenuation of apoptosis and neuronal injury.
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FIGURE 3. Treatment with 3-methyladenine (3-MA) reversed the increase in autophagic level after xenon inhalation. (A) Increased level of SQSTM1 and decreased level of LC3-II; (B) normalized intensity of SQSTM1 relative to GAPDH; (C) normalized intensity of LC3-II relative to GAPDH. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.




[image: image]

FIGURE 4. Treatment with 3-MA reversed the attenuated neuronal injury after xenon inhalation. (A) Increased level of activated caspase-3 and decreased level of caspase-3; (B–D) normalized intensity of activated caspase-3, Bax, and Bcl-2 relative to GAPDH; and (E,F) analysis of positive FJB signals (bar = 100 μm). Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.





BafA1 Similarly Reversed the Enhanced Autophagy and Xenon Neuroprotective Effect

BafA1 is a proton-pump and autophagy inhibitor (Zheng et al., 2020). We injected 200 ng of BafA1 dissolved in 5 μl saline into the lateral ventricle 6 h before xenon treatment, while the control rats were instead injected with saline. The BafA1 effects were similar to those of 3-MA. BafA1 treatment significantly increased SQSTM (Figures 5A–C) and decreased LC3-II (Figures 5A,D,E) from 24 h onward. Moreover, BafA1-treated rats had significantly higher levels of activated caspase-3 (Figures 6A,C), Bax (Figures 6A,D) and lower levels of caspase-3 (Figures 6A,E) and Bcl-2 (Figures 6A,B) than those treated with saline from 24 h onwards (n = 5 per group). Moreover, BafA1-treated rats had a higher number of FJB-positive signals than the saline-treated control rats (Saline+KA+xenon group; the CA3 and PC; Figures 6F,G). Taken together, BafA1 reduced the autophagy level and reversed the neuroprotective effects of xenon.
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FIGURE 5. Treatment with BafA1 attenuated the increased autophagy after xenon inhalation. (A) Increased expression of SQSTM1 and decreased expression of LC3-II; (B,C) normalized intensity of SQSTM1 relative to GAPDH; (D,E) normalized intensity of LC3-II relative to GAPDH. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.
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FIGURE 6. Treatment with BafA1 reversed the attenuated neuronal injury after xenon inhalation. (A) Increased level of activated caspase-3 and decreased level of caspase-3; (B–E) normalized intensity of caspase-3, activated caspase-3, Bax, and Bcl-2 relative to GAPDH; (F,G) FJB staining (bar = 100 μm) and account of FJB positive signals. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.





Rapamycin Promoted Autophagy and Simulated the Xenon Protective Effects

Rapamycin, which is an autophagy inducer (Wang et al., 2019), was administered 1 h before KA administration to simulate xenon-induced autophagy enhancement. We found that rapamycin treatment increased autophagy levels, which was indicated by decreased SQSTM1 and increased LC3-II levels (Figures 7A–E). Moreover, it attenuated apoptosis, which was indicated by decreased levels of activated caspase-3 (Figures 8A,D,E) and Bax (Figures 8A,B), and increased levels of Bcl-2 (Figures 8A,C; n = 5 per group). Furthermore, the FJB staining results showed that rapamycin-treated mice had a significantly lower number of FJB-positive signals than that in control rats (CA3 and PC; Figures 8F,G). Taken together, rapamycin treatment exerts a similar autophagy promotion and protective effect as that of xenon, involving both, attenuation of apoptosis and neuronal injury.
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FIGURE 7. Rapamycin enhanced autophagy. (A) Decreased expression of SQSTM1 and increased expression of LC3-II; (B,C) normalized intensity of SQSTM1 relative to GAPDH; (D,E) normalized intensity of LC3-II relative to GAPDH. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.




[image: image]

FIGURE 8. Rapamycin simulated the neuronal protective effect of xenon. (A) Decreased level of activated caspase-3 and increased level of caspase-3; (B–E) normalized intensity of caspase-3, activated caspase-3, Bax and Bcl-2 relative to GAPDH; and (F,G) the changes of positive FJB signal after rapamycin treatment (bar = 100 μm). Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.






DISCUSSION

Previous studies have demonstrated the strong xenon neuroprotective effects (Metaxa et al., 2014; Lavaur et al., 2016a,b; Zhang et al., 2019a,b); however, the possible xenon neuroprotective effects and the underlying mechanisms in seizure-induced neuronal injury remain clear. In this study, we assessed the effects of xenon treatment on neuronal injury; moreover, we evaluated the role of autophagy in KA-induced acute generalized seizures and the involved xenon neuroprotective effects. There were no significant changes in the autophagy level with KA-induced acute generalized seizures. Contrastingly, xenon treatment significantly increased autophagy levels and attenuated neuronal injury. Moreover, the protective effects of xenon were impeded by autophagy inhibitors, including 3-MA and BafA1, and simulated by an autophagy inducer (rapamycin). These findings suggest that increased autophagy levels may be involved in the protective effects of xenon.

Epilepsy is characterized by neuronal over-excitation. Excessive excitation of the N-methyl-D-aspartate receptor, which results from extracellular glutamate accumulation, causes acute nerve injury or even death, by activating calpain and the caspase-3 pathway in patients with epilepsy and in animal models of epilepsy (Baudry and Bi, 2016; Hoque et al., 2016; Ceccanti et al., 2018). Xenon treatment regulates the glutamate level by suppressing its uptake and efflux (Lavaur et al., 2016a). This results in the upregulation of the anti-apoptotic protein Bcl-2 and downregulation of the pro-apoptosis protein Bax. Therefore, the xenon neuroprotective effect involves the inhibition of excessive excitation and attenuation of apoptosis (Preckel et al., 2006; Sinha and Cheung, 2010). Consistent with previous findings, we found that xenon treatment strongly prevented neuronal injury induced by KA-induced acute generalized seizures.

Increased oxidative stress resulting from over-excitation could cause autophagy (Signorelli et al., 2019). Autophagy plays an important role during apoptosis; however, its role in the pathological state remains controversial. Autophagy has been shown to play a protective role in some pathological states and its promotion is beneficial in some neurodegenerative diseases, including Parkinson’s disease and Alzheimer’s disease (Zhang et al., 2017). Contrastingly, autophagy could aggravate mitochondrial functional defects, which results in ROS accumulation and neuronal damage (Feng et al., 2020). So far, the role of autophagy in epilepsy- or seizure-induced neuronal injury remains unclear for complex seizure types and different epileptic development periods; however, previous studies have reported possible anti-epileptic effects of autophagy (Jain et al., 2016; Ni et al., 2016; Zhu et al., 2016; Kim et al., 2018). Therefore, we examined post-xenon treatment changes in molecular autophagy markers during KA-induced acute epileptic seizures to determine the involvement of autophagy in the xenon neuroprotective effect. We found that KA-induced epilepsy did not cause significant changes in autophagy markers; however, xenon inhalation significantly increased the autophagy level and attenuated neuronal injury in some brain subregions, including the PC, entorhinal cortex, and hippocampus, which are closely associated with the epilepsy development (Hsu, 2007; Petit et al., 2014; Parker et al., 2017; Sun et al., 2018). The previous reports confirmed the protection of increased autophagy in PTZ- and pilocarpine-induced seizures, though no significant changes in autophagy were found (Hosseinzadeh et al., 2016; Zhu et al., 2016). Our findings also suggest that increased autophagy levels could be closely associated with the neuroprotective effects of xenon. However, the effects of the increased autophagy in xenon treatment is unclear, because the dual roles were confirmed under different physiological or pathological conditions (Wen et al., 2008; Wang and Klionsky, 2011; Wang et al., 2011; Zhang et al., 2017; Feng et al., 2020). Moreover, whether an increased autophagy level is the underlying mechanism or is caused by the xenon neuroprotective effects remains unclear.

We administered autophagy inhibitors (3-MA and BafA1) to evaluate the role of autophagy in the xenon protective effects. We found that pretreatment with these autophagy inhibitors decreased the autophagy level and impeded the xenon protective effects. Contrastingly, the administration of rapamycin, an autophagy inducer, partly simulated the xenon neuroprotective effects in KA-induced acute generalized seizures. These findings further indicate that increased autophagy levels could be an underlying mechanism of the xenon neuroprotective effect and that simulating autophagy function could be a novel means of attenuating neuronal injury; however, this requires further research.

The overproduction of ROS has been confirmed in epileptic seizure (Reid et al., 2014). Due to active metabolism and oxygen consumption, mitochondria and neurons are particularly vulnerable to ROS accumulation, and injury or even death may occur due to oxidative stress. Meanwhile, the injury of mitochondria further produces even more ROS (Hattori et al., 2014; Yang et al., 2018). The damaged mitochondria could be cleaned by autophagy, ultimately, the function of mitochondria is stable (Wang and Klionsky, 2011; Lin et al., 2019), so the elevated level of autophagy attenuated ROS accumulation and neuronal injury in Parkinson’s disease and Alzheimer’s disease (Zhang et al., 2017). Similarly, our results indicate that the increased autophagy level may underlie the neuroprotective effect of xenon. Cleaning the injured mitochondria may contribute to the protection of autophagy, though some studies found that autophagy aggravated the damage of mitochondria, promote ROS production and neuronal injury in different pathological status (Wen et al., 2008; Wang et al., 2011; Feng et al., 2020).

As an inhibitor of mTOR, rapamycin has broad effects on neuronal survival, regeneration, and apoptosis. Even the effects of rapamycin on epilepsy are opposite at different intervention timepoints (Chen et al., 2012). Rapamycin intervention 10 h before KA inhibits epileptic seizure and neuronal cell death. Conversely, pretreatment with rapamycin 1 h before KA significantly promotes epileptic seizure and neuronal injury. Even rapamycin 6 h before KA results in weak aggravation. The age-, treatment paradigm-, and mode-specific anticonvulsant effects have also been confirmed (Chachua et al., 2012). These studies indicate that differences in pathological status may influence the effects of rapamycin intervention. In our preliminary experiment, the effects of rapamycin treatment 4 and 6 h before KA administration were evaluated. Significant neuronal protection was found in rats treated with rapamycin 6 h before KA. The neuroprotection difference of rapamycin at different intervention time points may be due to the different pathological development by the KA disposal method. The aggravation of rapamycin was found in KA intraperitoneal injection (12 mg/kg)-induced seizure, and seizure latency over 40 min (Chen et al., 2012). In our study, KA was administered via intracerebroventricular injection (3.25 × 10–3 mg/kg), and almost all rats had acute generalized seizures immediately after KA treatment, and even during the KA injection.

Additionally, given the crucial regulation roles of the PC and hippocampus in epileptic network development (Hsu, 2007; Petit et al., 2014; Parker et al., 2017; Sun et al., 2018), the neuroprotection of rapamycin in vital brain regions is most likely influence the epileptic development than acute seizure (Chachua et al., 2012).



CONCLUSIONS

In summary, this study provides evidence of the strong neuroprotective effect of xenon during KA-induced acute generalized seizures. Moreover, our findings indicate that increased autophagy levels might be involved in the xenon neuroprotective effect. Therefore, proper autophagy activation may be an effective approach for preventing seizure-induced neuronal injury.



DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the article/Supplementary Material.



ETHICS STATEMENT

The animal study was reviewed and approved by Binzhou Medical University Animal Experimentation Committee (Approval No. 2018002).



AUTHOR CONTRIBUTIONS

WZ: study conception and design and data acquisition. JZ, SZ, JL, YZ, DH, and HS: KA-induced rat model preparation, data acquisition, data analysis, and interpretation. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by grants from the National Natural Science Foundation of China (grant number 81573412); the Key Research and Development Plan (grant number 2018GSF121004); and the Union Project of Natural Science Foundation (grant number ZR2016YL020) of Shandong Province.



ACKNOWLEDGMENTS

We would like to thank Editage for English language editing.



ABBREVIATIONS

3-MA, 3-methyladenine; BafA1, bafilomycin A1; Bax, Bcl-2-associated X protein; Bcl-2, B cell lymphoma-2; EC, entorhinal cortex; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; KA, kainic acid; LC 3, microtubule-associated protein 1 light chain 3; PC, pyriform cortex; SQSTM 1, sequestosome 1.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2020.582872/full#supplementary-material.

SUPPLEMENTARY FIGURE S1 | Details on the experimental procedure.



REFERENCES

Baudry, M., and Bi, X. (2016). Calpain-1 and calpain-2: the Yin and Yang of synaptic plasticity and neurodegeneration. Trends Neurosci. 39, 235–245. doi: 10.1016/j.tins.2016.01.007

Cattano, D., Valleggi, S., Cavazzana, A. O., Patel, C. B., Ma, D., and Giunta, F. (2011). Xenon exposure in the neonatal rat brain: effects on genes that regulate apoptosis. Minerva Anestesiol. 77, 571–578. doi: 10.1016/j.medin.2010.09.005

Ceccanti, M., Onesti, E., Rubino, A., Cambieri, C., Tartaglia, G., Miscioscia, A., et al. (2018). Modulation of human corticospinal excitability by paired associative stimulation in patients with amyotrophic lateral sclerosis and effects of Riluzole. Brain Stimul. 11, 775–781. doi: 10.1016/j.brs.2018.02.007

Chachua, T., Poon, K.-L., Yum, M.-S., Nesheiwat, L., DeSantis, K., Velíšková, J., et al. (2012). Rapamycin has age-, treatment paradigm- and model-specific anticonvulsant effects and modulates neuropeptide Y expression in rats. Epilepsia 53, 2015–2025. doi: 10.1111/j.1528-1167.2012.03674.x

Chen, L., Hu, L., Dong, J. Y., Ye, Q., Hua, N., Wong, M., et al. (2012). Rapamycin has paradoxical effects on S6 phosphorylation in rats with and without seizures. Epilepsia 53, 2026–2033. doi: 10.1111/epi.12013

Chen, Z., Brodie, M. J., Liew, D., and Kwan, P. (2018). Treatment outcomes in patients with newly diagnosed epilepsy treated with established and new antiepileptic drugs: a 30-year longitudinal cohort study. JAMA Neurol. 75, 279–286. doi: 10.1001/jamaneurol.2017.3949

De Deken, J., Rex, S., Lerut, E., Martinet, W., Monbaliu, D., Pirenne, J., et al. (2018). Postconditioning effects of argon or xenon on early graft function in a porcine model of kidney autotransplantation. Br. J. Surg. 105, 1051–1060. doi: 10.1002/bjs.10796

Feng, S.-T., Wang, Z.-Z., Yuan, Y.-H., Wang, X.-L., Sun, H.-M., Chen, N.-H., et al. (2020). Dynamin-related protein 1: a protein critical for mitochondrial fission, mitophagy and neuronal death in Parkinson’s disease. Pharmacol. Res. 151:104553. doi: 10.1016/j.phrs.2019.104553

Hattori, N., Saiki, S., and Imai, Y. (2014). Regulation by mitophagy. Int. J. Biochem. Cell Biol. 53, 147–150. doi: 10.1016/j.biocel.2014.05.012

Hoque, A., Hossain, M. I., Ameen, S. S., Ang, C.-S., Williamson, N., Ng, D. C. H., et al. (2016). A beacon of hope in stroke therapy-blockade of pathologically activated cellular events in excitotoxic neuronal death as potential neuroprotective strategies. Pharmacol. Ther. 160, 159–179. doi: 10.1016/j.pharmthera.2016.02.009

Hosseinzadeh, M., Nikseresht, S., and Khodagholi, F. (2016). Cannabidiol post-treatment alleviates rat epileptic-related behaviors and activates hippocampal cell autophagy pathway along with antioxidant defense in chronic phase of pilocarpine-induced seizure. J. Mol. Neurosci. 58, 432–440. doi: 10.1007/s12031-015-0703-6

Hsu, D. (2007). The dentate gyrus as a filter or gate: a look back and a look ahead. Prog. Brain Res. 163, 601–613. doi: 10.1016/S0079-6123(07)63032-5

Jain, N., Mishra, R., and Ganesh, S. (2016). FoxO3a-mediated autophagy is down-regulated in the laforin deficient mice, an animal model for Lafora progressive myoclonus epilepsy. Biochem. Biophys. Res. Commun. 474, 321–327. doi: 10.1016/j.bbrc.2016.04.094

Kim, J.-E., Ko, A.-R., Hyun, H.-W., Min, S.-J., and Kang, T.-C. (2018). P2RX7-MAPK1/2-SP1 axis inhibits MTOR independent HSPB1-mediated astroglial autophagy. Cell Death Dis. 9:546. doi: 10.1038/s41419-018-0586-x

Kovac, S., Dinkova-Kostova, A. T., and Abramov, A. Y. (2016). The role of reactive oxygen species in epilepsy. React. Oxyg. Species. 1, 38–52. doi: 10.20455/ros.2016.807

Lavaur, J., Lemaire, M., Pype, J., Le Nogue, D., Hirsch, E. C., and Michel, P. P. (2016a). Neuroprotective and neurorestorative potential of xenon. Cell Death Dis. 7:e2182. doi: 10.1038/cddis.2016.86

Lavaur, J., Lemaire, M., Pype, J., Le Nogue, D., Hirsch, E. C., and Michel, P. P. (2016b). Xenon- mediated neuroprotection in response to sustained, low-level excitotoxic stress. Cell Death Discov. 2:16018. doi: 10.1038/cddiscovery.2016.18

Liang, L.-P., Pearson-Smith, J. N., Huang, J., Day, B. J., and Patel, M. (2019). Neuroprotective effects of a catalytic antioxidant in a rat nerve agent model. Redox Biol. 20, 275–284. doi: 10.1016/j.redox.2018.10.010

Lin, Q., Li, S., Jiang, N., Shao, X., Zhang, M., Jin, H., et al. (2019). PINK1-parkin pathway of mitophagy protects against contrast-induced acute kidney injury via decreasing mitochondrial ROS and NLRP3 inflammasome activation. Redox Biol. 26:101254. doi: 10.1016/j.redox.2019.101254

Luo, Y., Ma, D., Ieong, E., Sanders, R. D., Yu, B., Hossain, M., et al. (2008). Xenon and sevoflurane protect against brain injury in a neonatal asphyxia model. Anesthesiology 109, 782–789. doi: 10.1097/ALN.0b013e3181895f88

Malinska, D., Kulawiak, B., Kudin, A. P., Kovacs, R., Huchzermeyer, C., and Kann, O. (2010). Complex III-dependent superoxide production of brain mitochondria contributes to seizure-related ROS formation. Biochim. Biophys. Acta 1797, 1163–1170. doi: 10.1016/j.bbabio.2010.03.001

Metaxa, V., Lagoudaki, R., Meditskou, S., Thomareis, O., Oikonomou, L., and Sakadamis, A. (2014). Delayed post-ischaemic administration of xenon reduces brain damage in a rat model of global ischaemia. Brain Inj. 28, 364–369. doi: 10.3109/02699052.2013.865273

Ni, H., Zhao, D. J., and Tian, T. (2016). Ketogenic diet change cPLA2/clusterin and autophagy related related gene expression and correlate with cognitive deficits and hippocampal MFs sprouting following neonatal seizures. Epilepsy Res. 120, 13–18. doi: 10.1016/j.eplepsyres.2015.11.021

Parker, C. S., Clayden, J. D., Cardoso, M. J., Rodionov, R., Duncan, J. S., Scott, C., et al. (2017). Structural and effective connectivity in focal epilepsy. NeuroImage Clin. 17, 943–952. doi: 10.1016/j.nicl.2017.12.020

Petit, L. F., Jalabert, M., Buhler, E., Malvache, A., Peret, A., Chauvin, Y., et al. (2014). Normotopic cortex is the major contributor to epilepsy in experimental double cortex. Ann. Neurol. 76, 428–442. doi: 10.1002/ana.24237

Preckel, B., Weber, N. C., Sanders, R. D., Maze, M., and Schlack, W. (2006). Molecular mechanisms transducing the anesthetic, analgesic and organ-protective actions of xenon. Anesthesiology 105, 187–197. doi: 10.1097/00000542-200607000-00029

Racine, R. J. (1972). Modification of seizure activity by electrical stimulation: II Motor seizure. Electroencephalogr. Clin. Neurophysiol. 32, 281–294. doi: 10.1016/0013-4694(72)90177-0

Reid, C. A., Mullen, S., Kim, T. H., and Petrou, S. (2014). Epilepsy, energy deficiency and new therapeutic approaches including diet. Pharmacol. Ther. 144, 192–201. doi: 10.1016/j.pharmthera.2014.06.001

Schmidt, D., and Löscher, W. (2005). Drug resistance in epilepsy: putative neurobiologic and clinical mechanisms. Epilepsia 46, 858–877. doi: 10.1111/j.1528-1167.2005.54904.x

Schmued, L. C., and Hopkins, K. J. (2000). Fluoro-jade b: a high affinity fluorescent marker for the localization of neuronal degeneration. Brain Res. 874, 123–130. doi: 10.1016/S0006-8993(00)02513-0

Shekh-Ahmad, T., Kovac, S., Abramov, A. Y., and Walker, M. C. (2019). Reactive oxygen species in status epilepticus. Epilepsy Behav. 101:106410. doi: 10.1016/j.yebeh.2019.07.011

Signorelli, S., Tarkowski, Ł. P., Van den Ende, W., and Bassham, D. C. (2019). Linking autophagy to abiotic and biotic stress responses. Trends Plant. Sci. 24, 413–430. doi: 10.1016/j.tplants.2019.02.001

Sinha, A. C., and Cheung, A. T. (2010). Spinal cord protection and thoracic aortic surgery. Curr. Opin. Anaesthesiol. 23, 95–102. doi: 10.1097/ACO.0b013e3283348975

Sun, H. L., Ma, L. Y., Zhang, Y. R., Pan, X. H., Wang, C. Y., Zhang, J. J., et al. (2018). A purinergic P2 receptor family-mediated increase in thrombospondin-1 bolsters synaptic density and epileptic seizure activity in the amygdala-kindling rat model. Front. Cell. neurosci. 12:302. doi: 10.3389/fncel.2018.00302

Wang, K., and Klionsky, D. J. (2011). Mitochondria removal by autophagy. Autophagy 7, 297–300. doi: 10.4161/auto.7.3.14502

Wang, B., Wu, Q., Lei, L., Sun, H., Michael, N., Zhang, X., et al. (2019). Long-term social isolation inhibits autophagy activation, induces postsynaptic dysfunctions and impairs spatial memory. Exp. Neurol. 311, 213–224. doi: 10.1016/j.expneurol.2018.09.009

Wang, J.-Y., Xia, Q., Chu, K.-T., Pan, J., Sun, L.-N., Zeng, B., et al. (2011). Severe global cerebral ischemia-induced programmed necrosis of hippocampal CA1 neurons in rat is prevented by 3-methyladenine: a widely used inhibitor of autophagy. J. Neuropathol. Exp. Neurol. 70, 314–322. doi: 10.1097/NEN.0b013e31821352bd

Wen, Y.-D., Sheng, R., Zhang, L.-S., Han, R., Zhang, X., Zhang, X.-D., et al. (2008). Neuronal injury in rat model of permanent focal cerebral ischemia is associated with activation of autophagic and lysosomal pathways. Autophagy 4, 762–769. doi: 10.4161/auto.6412

Yang, L., Han, W., Luo, Y., Hu, X., Xu, Y., Li, H., et al. (2018). Adapentpronitrile, a new dipeptidyl peptidase-IV inhibitor, ameliorates diabetic neuronal injury through inhibiting mitochondria-related oxidative stress and apoptosis. Front. Cell. Neurosci. 12:214. doi: 10.3389/fncel.2018.00214

Yang, T., Zhuang, L., Rei Fidalgo, A. M., Petrides, E., Terrando, N., Wu, X., et al. (2012). Xenon and sevofluranne provide analgesia during labor and fetal brain protection in a perinatal rat model of hypoxia-ischemia. PLoS One 7:e37020. doi: 10.1371/journal.pone.0037020

Yang, Y. W., Cheng, W. P., Lu, J. K., Dong, X. H., Wang, C. B., Zhang, J., et al. (2014). Timing of xenon-induced delayed postconditioning to protect against spinal cord ischaemia-reperfusion injury in rats. Br. J. Anaesth. 113, 168–176. doi: 10.1093/bja/aet352

Yang, Y. W., Lu, J. K., Qing, E. M., Dong, X. H., Wang, C. B., Zhang, J., et al. (2012). Post-conditioning by xenon reduces ischaemia- reperfusion injury of the spinal cord in rats. Acta Anaesthesiol. Scand. 56, 1325–1331. doi: 10.1111/j.1399-6576.2012.02718.x

Yu, J., Li, X., Matei, N., McBride, D., Tang, J., Yan, M., et al. (2018). Ezetimibe, a NPC1L1 inhibitor, attenuates neuronal apoptosis through AMPK dependent autophagy activation after MCAO in rats. Exp. Neurol. 307, 12–23. doi: 10.1016/j.expneurol.2018.05.022

Zhang, X. N., Yan, H. J., Yuan, Y., Gao, J. Q., Shen, Z., Cheng, Y., et al. (2013). Cerebral ischemia-reperfusion-induced autophagy protects against neuronal injury by mitochondrial clearance. Autophagy 9, 1321–1333. doi: 10.4161/auto.25132

Zhang, X. N., Yuan, Y., Jiang, L., Zhang, J. Y., Gao, J. Q., Shen, Z., et al. (2014). Endoplasmic reticulum stress induced by tunicamycin and thapsigargin protects against transient ischemic brain injury Involvement of PARK2-dependent mitophagy. Autophagy 10, 1801–1813. doi: 10.4161/auto.32136

Zhang, Y., Nguyen, D. T., Olzomer, E. M., Poon, G. P., Cole, N. J., Puvanendran, A., et al. (2017). Rescue of pink1 deficiency by stressdependent activation of autophagy. Cell Chem. Biol. 24, 471–480. doi: 10.1016/j.chembiol.2017.03.005

Zhang, Y. R., Zhang, M. D., Liu, S. H., Zhu, W., Yu, J., and Cui, Y. R. (2019a). Xenon exerts anti-seizure and neuroprotective effects in kainic acid-induced status epilepticus and neonatal hypoxia-induced seizure. Exp. Neurol. 322:113054. doi: 10.1016/j.expneurol.2019.113054

Zhang, Y. R., Zhang, M. D., Yu, J., Zhu, W., Wang, Q. Y., Pan, X. H., et al. (2019b). Mode-dependent effect of xenon inhalation on kainic acid-induced status epilepticus. Front. Cell. neurosci. 13:375. doi: 10.3389/fncel.2019.00375

Zhang, Y. R., Zhu, W., Yu, H. Y., Yu, J., Zhang, M. D., Pan, X. H., et al. (2019c). P2Y4/TSP-1/TGF-β1/pSmad2/3 pathway contributes to acute generalized seizures induced by kainic acid. Brain Res. Bull. 149, 106–119. doi: 10.1016/j.brainresbull.2019.04.004

Zhang, Y. R., Zhang, M. D., Zhu, W., Pan, X. H., Wang, Q. Y., Gao, X., et al. (2020a). Role of elevated thrombospondin-1 in kainic acid-induced status epilepticus. Neurosci. Bull. 36, 263–276. doi: 10.1007/s12264-019-00437-x

Zhang, Y. R., Zhang, M. D., Zhu, W., Yu, J., Wang, Q. Y., Zhang, J. J., et al. (2020b). Succinate accumulation induces mitochondrial reactive oxygen species generation and promotes status epilepticus in the kainic acid rat model. Redox biol. 28:101365. doi: 10.1016/j.redox.2019.101365

Zheng, Z. L., Zhou, Y. J., Ye, L. X., Lu, Q., Zhang, K. R., Zhang, J., et al. (2020). Histone deacetylase 6 inhibition restores autophagic flux to promote functional recovery after spinal cord injury. Exp. Neurol. 324:113138. doi: 10.1016/j.expneurol.2019.113138

Zhu, X., Shen, K., Bai, Y., Zhang, A., Xia, Z., Chao, J., et al. (2016). NADPH oxidase activation is required for pentylenetetrazole kindling-induced hippocampal autophagy. Free Radic. Biol. Med. 94, 230–242. doi: 10.1016/j.freeradbiomed.2016.03.004

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zhu, Zhu, Zhao, Li, Hou, Zhang and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fncel-14-582872-g004.gif
A Xenon7d 3-MA 7d
C P H C P H

35 - - .

T ] Aot e

21— - . 5o
26— I S W B2
37— - - = o = w— GAPDH
B
S 20, - - 15]  aus e wen
T
< g
Q151 L L =z 8 <
> - S 10
@ A c
g 10 3
8 o E 05
11 2 ®
5 oole 8 — o0o& & &
< ™7 Cortex PC Hip Cortex  PC Hip
D O Saline+KA+Xenon E
2o 3-MA+KA+Xenon o 100
2
& 2 -
b3 o 2 e
I}
FE & s £° g 2
< |o o B 60
3 146 . - S
§ | e 59 w0
o ) & 5
@ - £ 8
o R %
Cotex  PC Hp cA3 PC

F  saline+kA+Xenon 3-MA+KA+Xenon






OPS/images/fncel-14-582872-g005.gif
A Hemon 24h  Henom 74 Bafdl 24h  Bafdl 7d

C P HCPHCPHCZP H
L e e e s - —— . SQSTM |

f (LC3
[ G \PD!

O Saline+KA+Xenon

24 hour O BafA1+KA+Xenon 7 day
B 1o C 10 E i o
z 3 z % 8
. x
& _g_ (o] % 8 %
3 8 9
< 0.5 o = 05 ° °
o
& 8o go & |8 & &
8 % g o
2] ° ° 2 ° © o
0.0 0.0 -
Cortex PC Hip Cortex PC Hip
D, 8 E 12 ° o
I o o 8
x = -
z & 3 £ g I 1
a 08190 [o] a 08 * o
a O =z e = 8o ® g
LT W
= = [
9 04 % oa & 2
9 _g_ S o o —
o o 8

0 - 0.0 -
Cortex PC Hip Cortex PC Hip





OPS/images/fncel-14-582872-g002.gif
A Shame KA 24h KA 3d KA 7d B [ Shame
C P H C P H C P H C P H
17— EBgen M AP —— II:E%}I 15
37— ——— ——— ——— o —— G APDH
I
C _Control  Xenon24h Xenon3d  Xenon7d g o 1
C P H CPH CPH C P H 3 T
— — — .r.g— ’-Q LC3-I =
LC3- 8 05
——— ——— | . GAPDH =
[LC3B/DAPI 00
PC
D
3
- g 3 Control
52 3 Xenon 24h
g - e &3 Xenon 3d
= g o E29 Xenon 7d
P
B
S
3
Cortex PC Hip
G Shame KA 24h Xenon24h Xenon7d
- C P H C P H C P H C P H
Xenon 3d 61— e o —— " SQSTMI
37— s ———— - GAPDH
15 bd H 20
- ¥ " " . 3 St
S Ed 2 5 T o ) e £ Wik
5E 10 8 8 5 o KA & TT by T 3 Xenon 24h
%g 8 o ‘§o o Xenon O . I B8 Xenon 7d
g = 1
2L A0 2
c E g o5 s
§ - @ “oox [ axx S0
o 00 %
24h 3 days 7 days





OPS/images/fncel-14-582872-g003.gif
SQSTM 1/GAPDH

Xenon 7d 3-MA 7d
C H C P H
“_ SQSTMI

- LC3-l

AP

© Saline+KA+Xenon
O 3-MA+KA+Xenon

C
PY . - - 15 o
S S o
Wt s B 50 8 ¥
o - " x
10 ° é g° 8° °
Zosg = & %
05 9 S 8 ° 8
s & 3 ° o
0. 0.0

.0 -
Cortex PC Hip Cortex PC Hip





OPS/images/fncel-14-582872-g008.gif
A KA24h Rap 24h KA7d _Rap7d

C P H C P H C P H P H

C
21— W . e By
M= Y LT T .

Y e T s
17 R ) S . /v s
37- A e g e o e GAPDH

B s c

°

05

Bax/GAPDH
Bcl-2/GAPDH

Hip
b 24 hour 7 day . KA 24h
= Rapamycin 24h
15 ° 1.5 o § - KATd
ol in 7
%ﬁ o _g- ry 1 W Rapamycin 7d
w°g o & 1w 8 8
o O Saline+KA

O Rapamycin+KA

oofpot

Actived caspase-3/GAPDH
Actived caspase-3/GAPDH

0.5 0.5 E =
i % 8 ¥
0.0 0.0
Cortex  PC Hip Cortex PC Hip

Saline+KA Rapamycin+KA

Number of FJB positive &
signals

-
-





OPS/images/fncel-14-582872-g006.gif
A Xenon24h Xenon7d BafAl24h BafAl7d
C P HCP HTC P H CP H
35—

- - Caspase-3

Actived caspase-3

20- - - AR SR
20- - - o e S o2

37- N - e e G \PDH

= Xenon 24h
= BafAf 24h C
= Xenon 7d

BafA17d

°

Caspase-3/GAPDH [

° °
o by
I< ,:

M Actived caspase-3/GAPDH
o o =
o o °
h

@

Cortex PC Hip Cortex PC Hip
B3 15
-
T
S 10 2 10
£ <
g - 3
S .
3 05 T i S 05 = M ” H
@ 3 "
0.0 00
Cortex PC Hip Cortex PC Hip

Saline+KA+Xenon BafA1+KA+Xenon O Saline+KA+Xenon

-

o]

O BafA1+KA+Xenon

Number of FJB positive
signals

-





OPS/images/fncel-14-582872-g007.gif
Rap 7d

KA 7d

Rap 24h

A KA24h

= | SQSTMI

- LC3ll

S LC3

H

P

—— . — —— R —— — —. —C7\PDH

C

-

P H

—— —

H

P

C

H

i

7 day

24 hour

H
F3d
i
3
oo
o e jabo e
o Hoo o g oo | T
10l H
. o 9 @po oo |2
iodo |¥ io ]
o Hpo 3 ; ioBoevB m
2 2 3 3 2 2 3 3
© Hadvo/L WISOS W Hadvonredl
+oado H e
Lt |8 e abo |f
H oo
oadoo o € . o¢oo 2
fop 3 tok 5
LX) 8 ogo |8
2 2 3 3 2 2 3 3
m Hadvo/L NLSDS A  Hadvonreol





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Xenon Exerts Neuroprotective Effects on Kainic Acid-Induced Acute Generalized Seizures in Rats via Increased Autophagy



		Introduction



		Materials And Methods



		Animals And Surgery



		Ka-Induced Acute Generalized Seizure



		Xenon Treatment



		Drug Administration



		Western Blot Analysis



		Fluoro-Jade B (Fjb) Staining



		Immunohistochemistry











		Results



		Xenon Treatment Reduced Apoptosis And Neuronal Injury With An Accompanying Increase In The Autophagy Level



		3-Ma Reversed The Increased Autophagy Level And Xenon Neuroprotective Effect



		Bafa1 Similarly Reversed The Enhanced Autophagy And Xenon Neuroprotective Effect











		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		Supplementary Material

















OPS/images/crossmark.jpg





OPS/images/fncel-14-582872-g001.gif
B fheme  RA 24 % 70

C P H CPHCTPH
35— SRS - == == == &= &« Caspase-3

17— & SRS, Actived caspase-3

37— ————— " G APDH

Actived caspase-3/GAPDH
°

C  KA24h KA 7d_ Xenon24h Xenon7d Cortex PC Hip

C P H C PH CPH CPH D
35— [ SRS Cospase

17 —“ W Actived caspase-3
21— A - - D
26— ——— v ) BC]-2

— | GAPDH

°
>

Actived caspase-3/GAPDH
o
b

0.0

m

KA 24h F
. Xenon 24h
KA 7d
[ Xenon 7d

1.0

Bax/GAPDH
Bcl-2/GAPDH
°

00

Cortex PC Hip

Shame Xenon

H O Shame
100 O Ka
0 Xenon

Number of FJB positive
signals
3





OPS/images/cover.jpg
’ frontiers

in Cellular Neuroscience

Xenon Exerts Neuroprotective
Effects on Kainic Acid-Induced
Acute Generalized Seizures in Rats
via Increased Autophagy









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





