

[image: image1]
IL-33 Alleviated Brain Damage via Anti-apoptosis, Endoplasmic Reticulum Stress, and Inflammation After Epilepsy












	 
	ORIGINAL RESEARCH
published: 31 August 2020
doi: 10.3389/fnins.2020.00898





[image: image]

IL-33 Alleviated Brain Damage via Anti-apoptosis, Endoplasmic Reticulum Stress, and Inflammation After Epilepsy

Yuan Gao1,2,3,4,5†, Chengliang Luo1†, Yi Yao2,3,4, Junjie Huang2,3,4, Huifang Fu2,6, Chongjian Xia2,3,4, Guanghua Ye2,3,4, Linsheng Yu2,3,4, Junge Han2,3,4, Yanyan Fan2,3,4* and Luyang Tao1*

1Department of Forensic Science, Medical College of Soochow University, Suzhou, China

2Department of Forensic Science, Wenzhou Medical University, Wenzhou, China

3The Forensic Center, Wenzhou Medical University, Wenzhou, China

4Center of Basic Medical Experiment, School of Basic Medical Science, Wenzhou Medical University, Wenzhou, China

5Shanghai Key Laboratory of Forensic Medicine, Department of Shanghai Key Laboratory of Forensic Medicine, Shanghai Forensic Service Platform, Academy of Forensic Science, Shanghai, China

6Department of Pathology, Traditional Chinese Medicine Hospital, Nanjing, China

Edited by:
Alino Martinez-Marcos, University of Castilla-La Mancha, Spain

Reviewed by:
Thiago Mattar Cunha, University of São Paulo, Brazil
Marija Milovanovic, University of Kragujevac, Serbia

*Correspondence: Yanyan Fan, yyfan998@163.com; Luyang Tao, taoluyang@suda.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Neurogenesis, a section of the journal Frontiers in Neuroscience

Received: 30 March 2020
Accepted: 31 July 2020
Published: 31 August 2020

Citation: Gao Y, Luo C, Yao Y, Huang J, Fu H, Xia C, Ye G, Yu L, Han J, Fan Y and Tao L (2020) IL-33 Alleviated Brain Damage via Anti-apoptosis, Endoplasmic Reticulum Stress, and Inflammation After Epilepsy. Front. Neurosci. 14:898. doi: 10.3389/fnins.2020.00898

Interleukin (IL)-33 belongs to a novel chromatin-associated cytokine newly recognized by the IL-1 family, and its specific receptor is the orphan IL-1 receptor (ST2). Cumulative evidence suggests that IL-33 plays a crucial effect on the pathological changes and pathogenesis of central nervous system (CNS) diseases and injuries, such as recurrent neonatal seizures (RNS). However, the specific roles of IL-33 and its related molecular mechanisms in RNS remain confused. In the present study, we investigated the protein expression changes and co-localized cell types of IL-33 or ST2, as well as the effect of IL-33 on RNS-induced neurobehavioral defects, weight loss, and apoptosis. Moreover, an inhibitor of IL-33, anti-IL-33 was performed to further exploited underlying mechanisms. We found that administration of IL-33 up-regulated the expression levels of IL-33 and ST2, and increased the number of its co-localization with Olig-2-positive oligodendrocytes and NeuN-positive neurons at 72 h post-RNS. Noteworthily, RNS-induced neurobehavioral deficits, bodyweight loss, and spatial learning and memory impairment, as well as cell apoptosis, were reversed by IL-33 pretreatment. Additionally, the increase in IL-1β and TNF-α levels, up-regulation of ER stress, as well as a decrease in anti-apoptotic protein Bcl-2 and an increase in pro-apoptotic protein CC-3 induced by RNS are prevented by administration of IL-33. Moreover, IL-33 in combination with Anti-IL-33 significantly inverted the effects of IL-33 or Anti-IL-33 alone on apoptosis, ER stress, and inflammation. Collectively, these data suggest that IL-33 attenuates RNS-induced neurobehavioral disorders, bodyweight loss, and spatial learning and memory deficits, at least in part through mechanisms involved in inhibition of apoptosis, ER stress, and neuro-inflammation.
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INTRODUCTION

Epilepsy is one of the most common neurological diseases. Its symptoms are characterized by repetitive and persistent seizures, often accompanied by transient brain dysfunction caused by an abnormal synchronized discharge of important regions of the brain or the entire brain as well as emotional and cognitive dysfunction (Jones et al., 2010; Fisher, 2015). According to reports, the number of patients with epilepsy in China accounts for about one-fifth of the total number of patients with epilepsy in the world, with an annual increase of 400,000, and most of them are children (Berg et al., 2013). At present, there is still no better treatment plan for the treatment of epilepsy (van der Heide et al., 2012; Sousa, 2013). Antiepileptic drugs (ACDs) are still the main treatments, and other treatment methods such as surgery are supplemented (Enatsu and Mikuni, 2016). Due to the large toxic side effects of antiepileptic drugs and the immature surgical treatment, it is urgent to find effective measures to prevent and treat seizures.

The occurrence of epilepsy is a complicated pathological process, which mainly involves neuronal death, endoplasmic reticulum stress, and inflammatory response (Xiao et al., 2015). Apoptosis is one of the most important forms of neuronal death. The internal and external apoptosis pathways caused by the activation of caspase-8/10 and caspase-9, respectively, activate caspase-3, which leads to the occurrence of neuronal apoptosis (Sola-Riera et al., 2019). In particular, the endogenous apoptosis pathway plays a vital role in the occurrence and development of epilepsy (Henshall and Simon, 2005). The dynamin-related protein (Drp1) that belongs to a large GTPase of the dynamin superfamily is an intrinsic component of multiple mitochondria-dependent apoptosis pathways (Frank et al., 2001). It can promote cell apoptosis by using Bax to achieve mitochondrial outer membrane permeability and cytochrome c (Cyt-c) release from mitochondria (Cassidy-Stone et al., 2008). However, the inhibitor of Drp1 (mdivi-1) can exert neuroprotective effects against seizures-induced cell death of hippocampal neurons by inhibiting Cyt-c release, AIF translocation, and suppressing the mitochondrial apoptosis pathway (Zhou et al., 2020).

ERS is crucial for cellular homeostasis involved in protein synthesis and folding, protein trafficking, lipid, and sterol biosynthesis, and intracellular calcium regulation, and is the second major site for intrinsic apoptosis pathway (Yamamoto et al., 2006). Initiation ER could react responsively to various stresses (Paschen and Frandsen, 2001). A mild level of ERS activates a survival response (Liu M.Q. et al., 2016). However, severe or prolonged ERS subverts this response toward an apoptotic pathway (Gorman et al., 2012). Converging studies identified glucose-regulated protein 78 (GRP-78) and CATT/EBP homologous protein (CHOP) as ERS markers. GRP-78 belongs to a member of the heat shock protein 70 (HSP70) family, which is localized in the lumen of the endoplasmic reticulum (ER), and involved in the folding and assembly of proteins in the ER (Scott and McManus, 1999). As this protein interacts with many ER proteins, such as CHOP, it may play a key role in monitoring protein transport through the cell (Xie et al., 2016). Previous studies indicated seizure-induced brain insult is attenuated by the inhibition of GRP-78 and CHOP expression (Qiu et al., 2013). Moreover, an inhibitor of endoplasmic reticulum stress (salubrinal, SAL) relieves endoplasmic reticulum stress and exerts a neuroprotective effect by declining the expression levels of CHOP and caspase-3 proteins (Xie et al., 2016), indicating that inhibiting the endoplasmic reticulum stress response helps reduce the occurrence of apoptosis, thereby saving the death of nerve cells.

Besides, the inflammatory response plays an important role in the pathological changes of epilepsy. After epilepsy, increased expression levels of pro-inflammatory factors (IL-1β and TNF-α) can increase cell death, aggravate cerebral edema and worsen neurological dysfunction, while inhibiting the expression of these two inflammatory factors can alleviate brain damage (Figueiredo et al., 2019; Korotkov et al., 2020), indicating that inhibiting the inflammatory response plays a role in brain protection after seizures.

As a novel chromatin-related inflammatory factor, IL-33 induces target cells such as mast cells, NKT, and Th2 cells to produce various cytokines by binding to the specific receptor ST2 (Odegaard et al., 2016). There are two main types of ST2, including transmembrane ST2L and soluble ST2 (sST2). The function of ST2L is to transmit the signal of IL-33 and play a positive stimulatory role, while sST2 is deceptively combined with IL-33 to play a negative regulatory role (Iwahana et al., 1999; Allan et al., 2016). IL-33 is expressed and co-localized in many different types of cells, especially neurons and glia. IL-33 is released from apoptotic and necrotic cells as a vigilant signaling molecule (Palmer et al., 2009), and its synthesis, localization, and secretion are closely related to its dual functional properties. Indeed, IL-33 plays a double-edged sword in a variety of diseases, such as intracerebral hemorrhage (ICH) (Gao et al., 2017b), traumatic brain injury (TBI) (Gao et al., 2018) and central multiple sclerosis (MS) (Jafarzadeh et al., 2016). On the one hand, exogenous IL-33 can inhibit autophagic cell death and inflammatory responses, thereby protecting neurons from damage (Gao et al., 2017b). On the other hand, IL-33 promotes a large number of inflammatory cells infiltrating into brain tissue in MS, activating a severe inflammatory response, and exerting a neurotoxic effect (Jafarzadeh et al., 2016). Although IL-33’s roles have become increasingly clear, its precise role and underlying mechanisms in epilepsy have not been elucidated. Therefore, based on the above theoretical basis, we hypothesize that IL-33 as an important inflammatory regulator may alleviate RNS-induced neurobehavioral deficits, weight loss, and cell death. To investigate IL-33’s roles and underlying mechanisms, several novel agents including IL-33, Anti-IL-33 were used in our rat RNS model undergoing by which IL-33 regulates, apoptosis, ERS, and neuro-inflammation.



MATERIALS AND METHODS


Animal Model, Reagents, and Experimental Groups

All animal experiments undertaken in this study were conducted according to an animal protocol approved by the Ethics Committee of Wenzhou Medical University. All procedures were in full compliance with the NIH Guide for the Care and Use of Laboratory Animals. All Sprague-Dawley (SD) rats were purchased from SLAC Company, Shanghai, China. Try to reduce the suffering and the number of animals used. The experimental procedure for establishing the RNS model had been described from our laboratory previously (Molofsky et al., 2015; Gao et al., 2017a). In Brief, on postnatal day (P7), SD rats (n = 48) were divided randomly into five groups: Sham + PBS group, RNS + PBS, RNS + IL-33 group, RNS + Anti-IL-33 group and RNS + Anti-IL-33 + IL-33 group. From P7, volatile flurothyl (Aldrich-Sigma, Chemical, United States) was used to induce recurrent seizures twice daily for 7 consecutive days in the rats the RNS group, with an interval time of 30 min once. Rats in the RNS group were injected intraperitoneally with recombinant mouse IL-33 (rmIL-33, 300 ng/rat, Biolegend, 580504), anti-IL-33 (300 ng/rat; R&D, AF3626) or PBS 30 min before the establishment of the RNS model, every other day for three times, respectively. However, the rats in the Sham + PBS group were placed in the container at the same time as the rats in the RNS + PBS group, and only the same amount of PBS was given. At 72 h (72 h) after the last flurothyl treatment, half of the rats were anesthetized with chloral hydrate and the brain was removed and stored at −80°C for further analyses.



Double Immunofluorescent Staining

Standard immunofluorescent methods were applied for IL-33 IR cell types in the brains of Sham + PBS and RNS groups, which was described previously (Gao et al., 2017b). Brain tissue was fixed by cardiac perfusion, and the brain was first perfused with PBS, then perfused with 4% paraformaldehyde, and cut into 5 μm sections using a cryostat. Briefly, (1) the slices were fixed in 4% paraformaldehyde for 10 min; (2) Incubated with 3% H2O2 for 5–10 min at room temperature to eliminate endogenous peroxidase activity; (3) Washed with PBS three times for 5 min each time, and placed the slices in a boiled sodium citrate solution for microwave repair for 20 min; (4) 0.5% Triton punched for about 10min; (5) Washed PBS three times for 5 min each time, 5% BSA was blocked for 2 h; (6) Incubated sections with anti-IL-33 (1:100; R&D, AF3626), anti-ST2 (1:200; Abcam, ab25877), anti-NeuN (1:200; Abcam), anti-Olig-2 (1:500; Millipore) diluted in blocking buffer, then the sections were incubated for 2 h at 4°C with an appropriate fluorescence-conjugated secondary antibody (1:200, Jackson Immuno-Research). Sections were stained for DAPI (1:5000, Beyotime Institute of Biotechnology) to visualize the nucleus. Images were captured with a fluorescence microscope (Zeiss).



Neurobehavioral Tests

Neurological behavioral parameters of brain damage (Open field test, forelimb suspension test, negative geotactic test, and cliff avoidance test)-induced by epilepsy were observed on P20 and P27, according to the procedure described previously (Ziegler et al., 2002; Zhang and Ney, 2008). (1) Open field test: Rats were placed in the center of the device (60 cm × 60 cm × 43 cm, 5 × 5 cells), and recorded the time that the rats spent in the center of the device as the delay time; The number of squares crossed that were crawled from the center of the device (all 4 limbs entered the same grid count) was recorded as the horizontal motion score, and the number of hind limbs upright (including the forelegs of the forelegs or the wall of the climbing box) was recorded as the vertical motion score. The sum of the players was the opening score. The number of squares crossed and the total time spent in the center of the device was quantified in 2 min bins over 10 consecutive min. Before each trial, the device was cleaned with 100% alcohol. (2) Forelimb suspension test: Allow Rats to grasp thin glass rods with their forepaws at time points P20 and P27, respectively, and record the time required for them to remain suspended only with the front paws. (3) Negative geotactic test: The rat’s head was placed down on a 45° angle ramp and the time it took to turn 180° and face the bevel was recorded. (4) Cliff avoidance test: Place the forelimbs of the rats on the edge of a 1.8 m high table and record the time they need to turn away from the edge.



Morris Water Maze Test

The Morris water maze (MWM) experiment was mainly applied to the study of learning and memory mechanisms in RNS, according to the procedure described previously (Mychasiuk et al., 2015; Shin et al., 2015). In brief, for the place navigation test, during the five consecutive days (P28–P32), each rat was tested in the pool for 1 min to familiarize himself with the pool and the surrounding environment on P28. From P29 to P32, each rat was randomly placed in water in any quadrant of the non-target quadrant and allowed to find and climb the immersed platform within 60 s. Once the rat found the hidden platform submerged 2 cm under the water surface, it would be kept on the platform for an additional 10 s. Those rats that failed to find the submerged platform in the given time frame would be picked up platform in the given time frame would be picked up and placed on the platform for 10 s to identify spatial cues. Dry the rat’s hair with a hairdryer before being returned to the cage. The escape latency was automatically recorded by a video/computer system. For the spatial probe test, the submerged platform was removed from the pool on P34. Then allowed each rat to explore the pool within 60 s and the frequency of passing through the target quadrant was recorded by a video tracking system.



Cytokine Enzyme-Linked Immune-Sorbent Assay (ELISA)

For quantification of the brain homogenates concentration of different cytokines isotypes, the corresponding Bethyl Mouse ELISA Quantification Kits (R&D) were used according to the manufacturer’s protocols. In brief, for the detection of IL-1β and TNF-α concentrations, samples, and standard dilutions were prepared. Added 100 μL of Standard, Control, or sample per assigned well. The plate frame was gently tapped for 1 min to ensure uniform mixing and incubation at 37°C for 1 h. The liquid in each well was aspirated, washed and patted dry, and the above procedure was repeated four times, and then 100 μL of mouse TNF-α or IL-1β conjugate was added to each well, and incubated at 37°C for 1 h. After washing and patted dry, 100 μL of the substrate solution was added to each well and incubated for 20 min in the dark, and then 100 μL of the stop solution was added to terminate the reaction. The absorbance was read at 450 nm using a microplate reader. The assay was performed in triplicate and the results are expressed as mean OD ± SEM.



Real-Time PCR

Firstly, total RNA was extracted from rat brain tissue after RNS using Trizol reagent (Invitrogen). The RNA concentration was measured by NanoDrop 2000 (Thermo Fisher Scientific). Secondly, a total volume of 10 μl RNA samples was reverse transcribed at 42°C for 60 min and then incubated at 70°C for 5 min according to the product instructions (Thermo Fisher Scientific, Cat# #K1622). Finally, the reverse transcription product from the previous step was mixed in a reaction system with a total volume of 10 μl and subjected to PCR amplification. The reaction system included 2 μl cDNA, 5 μl mixed solution, 0.5 μl forward primer and 0.5 μl reverse primer, and 2 μl RNA-free water (Roche Life Science, Basel, Switzerland, Cat# 06924204001). PCR mixture was heated to 95°C for 10 min and cycled 40-45 times for each primer; cycles consisted of 95°C for 40 s, 53°C for 30 s, and 72°C for 40 s (LightCycler® 96 System, Roche Life Science). Data shown are the relative abundance of the indicated mRNAs normalized to that of GAPDH. The sequences of the PCR primers for each gene are shown as follows:

IL-33, forward primer: 5′-AGGAAAGAACCCACGAAA-3′

reverse primer: 5′-GTCAACAGACGCAGCAAA-3′; GAPDH, forward

primer: 5′-TATGTCGTGGAGTCTACTGGT-3′, reverse

primer: 5′-GAGTTGTCATATTTCTCGTGG -3′.



Western Blot Analysis

Western blot (WB) analysis was performed using the standard methods previously described to detect protein levels of apoptosis, autophagy, and endoplasmic reticulum-associated proteins in each group of brains (Gao et al., 2017b). In brief, the supernatant containing the protein was extracted after being lysed the brain tissue, the protein concentration was adjusted, and the same amount of protein was separated by gel electrophoresis and transferred to a Hybond-polyvinylidene difluoride (PVDF) membrane. The PVDF membrane was then incubated with the primary antibodies to anti-NF-κB (1:500, CST), anti-ST2 (1:500, Abcam, ab25877), anti-IL-33 (1:500, R&D, AF3626), anti-Beclin-1 (1:1000, Bioworld), anti-LC3B (1:3000, Abcam), anti-P62 (1:1000, Abcam), anti-Bcl-2 (1:500, Abcam), anti-cleaved-caspase-3 (1:500, Bioworld) and anti-β-actin (1:10,000, Sigma). Anti-β-actin was used as a loading control. Then, the PVDF was incubated with the respective HRP-conjugated secondary antibody for 2 h at room temperature. Blots were detected with the ECL chemiluminescence system (Beyotime Institute of Biotechnology) and were captured on autoradiographic films (Kodak). Films were scanned and densitometric analysis of the bands was performed with Sigma Scan Pro 5.



Statistics Analysis

All experiments were randomized independently and repeated in a blinded manner. One-way ANOVA with a Bonferroni test was used to assess the behavioral data and the frequency of the platform quadrant tested by the space probe. One-way ANOVA analysis followed by post hoc Tukey’s test and Dunnett t-test for multiple comparisons were used to analyze the data for assessing ELISA, RT-PCR, and western blot, respectively. Two-way analysis of variance (ANOVA; subject factor and time) for repeated measures were used to analyze data on weight gain and escape latency in the spatial probe test in the water maze. Results are expressed as mean ± standard error of the mean (SEM). For all two-two comparisons, p < 0.05 was considered statistically significant.



RESULTS


The Expression Changes of IL-33 and ST2 Proteins After RNS

To investigate the role of IL-33 in RNS, we firstly examined the dynamic changes of IL-33 and its receptor-specific ST2 protein in the cortex and hippocampus after RNS (Figures 1A–C). The results showed that the mRNA and protein of IL-33 and ST2 were highly expressed in the Sham + PBS group. RNS induced a significant down-regulation of their mRNA and protein expression levels, compared with that of Sham + PBS group (P < 0.05; P < 0.01). IL-33 pretreatment caused a significant increase in the protein levels of IL-33 and ST2 (P < 0.05; P < 0.01), but did not significantly change IL-33 mRNA level in cortex and hippocampus (P > 0.05, Figure 1D), indicating that the upregulation of IL-33 protein level is due to exogenous supplementation of IL-33. To further clarify the experimental results of the above-mentioned WB, immunofluorescent staining was used to evaluate the expression changes of the above two proteins. Consistent with the results of WB, the results of immunofluorescence suggested that IL-33 pretreatment led to an increase in IL-33 and ST2 expressions, and they are mainly localized in the nucleus and membrane of cerebral cells, respectively (P < 0.05; P < 0.01, Figures 1E,F), suggesting that exogenous IL-33 has been arrived at the site of the injured brain parenchyma and may play a relevant role in RNS.
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FIGURE 1. The changes of IL-33 and ST2 expression after RNS. (A,B) RNS induced a reduction of IL-33 and ST2 expression in both cortex and hippocampus tissues. (C) The optical densities of the two types of protein bands mentioned above were quantitatively analyzed. (D) Real-time PCR analysis of IL-33 mRNA in both cortex and hippocampus tissues. (E) Immunofluorescence staining was performed to demonstrate the changes of IL-33 and ST2 expression in cortex tissue. Bar 50 μm. (F) Semi-quantitative analysis of IL-33 or ST2 positive cells relative to the total number of cells. The data were expressed as means ± SEM (n = 6). ##P < 0.01 vs. Sham + PBS group, #P < 0.05 vs. Sham + PBS group. **P < 0.01 vs. RNS + PBS group, *P < 0.05 vs. RNS + PBS group. No significance (NS) was observed between RNS + IL-33 group and RNS + PBS group. Experiments are representative of three independent experiments.




The Expression and Co-localization of IL-33 in RNS

To investigate the cell types expressed by IL-33 after RNS, we examined the co-labeling of IL-33 with specific markers for oligodendrocyte (Olig-2) (Figures 2Aa–l,B) and neuron (NeuN) (Figures 2Aa1–l1,C), respectively. We found that IL-33 was highly expressed in Olig-2-positive oligodendrocyte and NeuN-positive neurons of the normal group, and mainly localized in the nucleus of oligodendrocyte and cytoplasm of neurons. Compared with that of Sham + PBS group, the RNS group contributed to a significant reduction in the positive percentage of the two types of double-labeled cells (P < 0.01). However, the administration of IL-33 reversed RNS-induced the decrease in the positive percentage of the two types of double-labeled cells mentioned above (P < 0.05).


[image: image]

FIGURE 2. The expression and co-localization of IL-33 in cerebral cells and tissues after RNS. (A) Representative images of double labeling were indicated with white arrows after RNS. (a-l) The co-localization of IL-33-like immunoreactivity and Olig-2-positive. Bar 50 μm. (a1–l1) Co-localization of IL-33-like immunoreactivity and NeuN-positive neurons. Bar 50 μm. (B,C) Semi-quantitative analysis of glia and neuron type-cells contributions to the IL-33-positive cell population. The data were expressed as means ± SEM (n = 6). ##P < 0.01 vs. Sham + PBS group. *P < 0.05 vs. RNS + PBS group. Experiments are representative of three independent experiments.




IL-33 Improves RNS-Induced Neurobehavioral Defects and Promotes Weight Recovery

To assess the effect of IL-33 on neurologic development and bodyweight gain (BWG), different neurological tests were present in Figures 3A–E. The results showed that the RNS + PBS group caused an evident delay or reduction in forelimb suspension test, negative geotactic reaction test, cliff avoidance test, and open field test, compared with the Sham + PBS group (P < 0.05; P < 0.01). In contrast, IL-33 pretreatment reversed these behavioral deficiencies, compared with the RNS + PBS group (P < 0.05; P < 0.01). Besides, the temporal changes of BWG were detected from P7 to P16 (Figure 3F). The results indicated that the RNS group led to a significant reduction in BWG at P7. From P11 to P15, the BWG presented a negative increase and reached the valley at P11. Subsequently, the reduction in BWG gradually returned to baseline levels but remained the decreased levels for up to P16 (P < 0.05). However, IL-33 administration reversed the bodyweight loss caused by RNS, suggesting that IL-33 may contribute to the recovery of post-epileptic bodyweight loss (P < 0.05).
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FIGURE 3. IL-33 alleviated neurologic behavioral deficits, bodyweight loss, and performance in the Morris water maze (MWM) test after RNS. (A–E) The time of each group in the open field test, forelimb suspension test, negative geotactic test, and cliff avoidance test was recorded at P20 and P27, respectively. (F) IL-33 reversed RNS-induced the reduction in BWG during P7-P16. (G) In the MWM test, mean escape latency for each group was plotted during P28–P32. (H) The frequencies of crossing the platform were recorded at P34. The data were expressed as means ± SEM (n = 6). ##P < 0.01 vs. Sham + PBS group, #P < 0.05 vs. Sham + PBS group. **P < 0.01 vs. RNS + PBS group, *P < 0.05 vs. RNS + PBS group. Experiments are representative of three independent experiments.




IL-33 Ameliorated Performance in Morris Water Maze (MWM) Test After RNS

To investigate whether IL-33 has effect on learning and memory impairment after epilepsy, the experiments of water maze and navigational navigation were applied to this study (Figures 3G,H). The results showed that significantly longer in the escape latencies of MWM were found in the RNS group from P28 to P32 than that in the Sham + PBS group (P < 0.05), however, the IL-33 pretreatment group significantly reduced the latency compared with the RNS + PBS group (P < 0.05). As for the spatial probe test, the RNS + PBS group contributed to a significant lower in the frequency of passing through the platform quadrant than that in the Sham + PBS group (P < 0.01), whereas, IL-33 pretreatment markedly increased the probe tests compared with the RNS group (P < 0.05).



IL-33 Inhibited RNS-Induced Inflammatory Responses and NF-κB Activity

To demonstrate the effect and underlying mechanisms of IL-33 in inflammatory responses after RNS. ELISA and WB were carried out to assess the level of inflammatory cytokines and NF-κB expression, respectively (Figure 4). These results indicated that an evident up-regulation in TNF-α (Figures 4Aa1,a2) and IL-1β (Figures 4a3,a4) expression was found in both cortex and hippocampus of RNS group at 72 h after RNS (P < 0.01). However, the administration of IL-33 reversed the up-regulation of IL-1β and TNF-α levels (P < 0.05).
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FIGURE 4. IL-33 inhibited NF-κB-mediated inflammatory responses after RNS. (A) ELISA was employed to assess the expression levels of IL-1β or TNF-α at 72 h post-RNS. RNS-induced increase in TNF-α and IL-1β expression levels were reversed by IL-33 pretreatment in the brain cortex (a1 and a3) and hippocampus tissues (a2 and a4) after a seizure. (B) An increase in NF-κB activity caused by RNS was detected. Administration of IL-33 alone down-regulated the expression level of NF-κB, while Anti-IL-33 alone treatment up-regulated the expression level of NF-κB. However, the combined treatment of IL-33 and Anti-IL-33 reversed the effect of IL-33 alone or Anti-IL-33 on the expression level of NF-κB, indicating that IL-33 inhibited the activity of NF-κB at 72 h post-RNS, suggesting that IL-33 possesses a capacity to inhibit NF-κB activity. (C) The optical densities of the protein bands were quantitatively analyzed, and normalized with loading control β-actin. (D) IL-33 treatment reduces nuclear NF-κB expression. (E) Semi-quantitative analysis of NF-κB-positive cells relative to the total number of cells. The data were expressed as means ± SEM (n = 6). ##P < 0.01 vs. Sham + PBS group, #P < 0.05 vs. Sham + PBS group. *P < 0.05 vs. RNS + PBS group. &P < 0.05 vs. RNS + IL-33 group. $P < 0.05 vs. RNS + Anti-IL-33 group Experiments are representative of three independent experiments.


After epilepsy, the activity of NF-κB is positively correlated with the expression of inflammatory factors, and inhibition of NF-κB expression plays a role in inhibiting inflammatory response (Yu et al., 2013). Here, we observed that a remarkable increase of NF-κB activity induced by RNS in both cortex and hippocampus at 72 h after RNS, compared with that of Sham + PBS group (P < 0.05). However, pretreatment with IL-33 significantly inhibited NF-κB activity, compared with the RNS + PBS group (P < 0.05; P < 0.01). IL-33 in combination with Anti-IL-33 remarkably increased the expression level of NF-κB compared with the IL-33 group. To further verify the effect of endogenous IL-33 on NF-κB activity after RNS, Anti-IL-33 alone and combined IL-33 treatments were used in this experiment. We found that Anti-IL-33 treatment alone significantly increased the expression level of NF-κB, compared to the RNS + PBS group. By contrast, IL-33 in combination with Anti-IL-33 markedly reduced the expression level of NF-κB compared with Anti-IL-33 group (P < 0.05; P < 0.01, Figures 4B,C), which indicated IL-33 plays a role in inhibiting NF-κB activity after RNS.

Furthermore, to explore whether Il-33 inhibits the expression of NF-κB in the nucleus, dual-label immunofluorescence staining of NF-κB and DAPI was applied in the study (Figures 4D,E). The recent results showed that RNS + PBS induced an increase in NF-κB nuclear expression, compared with that of Sham + PBS group. Administration of IL-33 remarkably reduced the nuclear expression of NF-κB, compared with the RNS + PBS group, suggesting that IL-33 down-regulated the expression level of NF-κB in the nucleus.



IL-33 Treatment Suppressed RNS-Induced Cell Apoptosis After RNS

To determine whether IL-33 can reduce RNS-induced apoptosis, TUNEL staining was performed to assess apoptotic cell death (Figures 5A,B). Our results indicated that RNS robustly increased the number of TUNEL-positive cells at 72 h post-RNS, compared with the Sham + PBS group (P < 0.01). However, IL-33 pretreatment remarkably decreased that of the above TUNEL-positive cells (P < 0.01). The data suggest that IL-33 can inhibit RNS-induced apoptosis after RNS.
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FIGURE 5. IL-33 inhibited cell apoptosis through reversing RNS-induced Bcl-2 decrease and CC-3 increase. (A) Representative immunofluorescence photomicrograph showed a significant increase in the number of TUNEL-positive cells. However, the administration of IL-33 contributed to a significant decrease in TUNEL-positive cells at 72 s post-RNS. (B) Semi-quantitative analysis of TUNEL-positive cells relative to the total number of cells. (C) Administration of IL-33 alone reversed RNS-induced down-regulation of Bcl-2 expression and up-regulation of CC-3 expression, while Anti-IL-33 alone treatment further down-regulated the expression level of Bcl-2 and up-regulated the expression level of CC-3. However, the combined treatment of IL-33 and Anti-IL-33 reversed the effect of IL-33 alone or Anti-IL-33 on the expression level of Bcl-2 and CC-3, suggesting that IL-33 inhibits RNS-induced apoptosis at 72 h post-RNS. IL-33 pretreatment and Anti-IL-33 treatment reversed IL-33’s effect on the two types of apoptosis-related proteins in both cortex and hippocampus tissues after RNS. (D) Optical densities of the protein bands were quantitatively analyzed, and normalized with loading control β-actin. The data were expressed as means ± SEM (n = 6). ##P < 0.01 vs. Sham + PBS group, #P < 0.05 vs. Sham + PBS group. **P < 0.01 vs. RNS + PBS group, *P < 0.05 vs. RNS + PBS group. &&P < 0.01 vs. RNS + IL-33 group, &P < 0.05 vs. RNS + IL-33 group. $$P < 0.01 vs. RNS + IL-33 group, $P < 0.05 vs. RNS + Anti-IL-33 group. Experiments are representative of three independent experiments.




IL-33 Treatment Up-Regulated the Level of Bcl-2 Expression After RNS

Bcl-2 family proteins are gatekeepers of endogenous apoptosis, especially Bcl-2. And its increased expression can inhibit cell apoptosis in a variety of disease models. To investigate the underlying mechanism of IL-33 reducing RNS-induced apoptosis, western blotting was applied to assess the level of Bcl-2 expression (Figures 5C,D). We found that Bcl-2 was highly expressed in the Sham + PBS group, but RNS significantly induced the decrease of Bcl-2 expression (P < 0.05; P < 0.01). However, IL-33 pretreatment inhibited down-regulation of Bcl-2 expression in both cortex and hippocampus at 72 h after RNS (P < 0.05; P < 0.01). IL-33 in combination with Anti-IL-33 remarkably down-regulated the expression level of Bcl-2 compared with the IL-33 group. To further demonstrate whether endogenous IL-33 plays an anti-apoptotic effect on RNS, Anti-IL-33 alone and combined IL-33 treatments were used in this experiment. We found that Anti-IL-33 treatment alone significantly down-regulated the expression level of Bcl-2 compared with the RNS + PBS group. On the contrary, IL-33 in combination with Anti-IL-33 markedly up-regulated the expression level of Bcl-2 compared with the Anti-IL-33 group (P < 0.05; P < 0.01), which indicated IL-33 played a role in inhibiting apoptosis after RNS.



IL-33 Treatment Suppressed Cleaved-Caspase (CC)-3 Expression After RNS

To investigate the role and underlying mechanism of IL-33 in the apoptotic pathway after RNS, Western blotting was utilized to evaluate the level of CC-3 expression (Figures 5C,D). We found that RNS significantly induced the increase of CC-3 expression, compared with the Sham + PBS group (P < 0.05). However, IL-33 pretreatment inhibited the up-regulation of CC-3 expression in both cortex and hippocampus at 72 h after RNS (P < 0.05). IL-33 in combination with Anti-IL-33 remarkably down-regulated the expression level of CC-3 compared with IL-33 group. Besides, to further determine whether endogenous IL-33 plays an anti-apoptotic effect on RNS, Anti-IL-33 alone and combined IL-33 treatments were used in this experiment. We found that Anti-IL-33 treatment alone significantly increased the expression level of CC-3 compared to the RNS + PBS group. By contrast, IL-33 in combination with Anti-IL-33 markedly reduced the expression level of CC-3 compared with the Anti-IL-33 group (P < 0.05; P < 0.01), which indicated IL-33 could inhibit RNS-induced apoptosis.



IL-33 Treatment Suppressed Drp 1 Expression After RNS

Drp1 activation involves mitochondrial translocation, leading to mitochondrial fission or fragmentation. As shown in Figure 6, we found that RNS significantly induced the increase of Drp1 expression, compared with the Sham + PBS group (P < 0.01). However, IL-33 pretreatment inhibited the up-regulation of Drp 1 expression in both cortex and hippocampus at 72 h after RNS (P < 0.01). IL-33 in combination with Anti-IL-33 remarkably down-regulated the expression level of Drp 1 compared with the IL-33 group. Besides, to further determine whether IL-33 plays an anti-apoptotic effect on RNS, Anti-IL-33 alone, and combined IL-33 treatments were used in this experiment. We found that Anti-IL-33 treatment alone significantly increased the expression level of Drp1 compared to the RNS + PBS group, while Anti-IL-33 combined with IL-33 treatment markedly reduced the expression level of Drp1 compared with the Anti-IL-33 group (P < 0.05; P < 0.01), which indicated IL-33 inhibited apoptosis by reducing the expression level of Drp1 after RNS.


[image: image]

FIGURE 6. IL-33 reversed RNS-induced the increase of Drp 1 after RNS. (A,B) Administration of IL-33 alone reversed RNS-induced up-regulation of Drp 1 expression level, while Anti-IL-33 alone treatment further down-regulated the expression level of Drp 1. However, the combined treatment of IL-33 and Anti-IL-33 reversed the effect of IL-33 alone or Anti-IL-33 on the expression level of Drp 1 in both cortex and hippocampus at 72 h post-RNS. (C,D) Optical densities of the protein bands were quantitatively analyzed, and normalized with loading control β-actin. The data were expressed as means ± SEM (n = 4–6). ##P < 0.01 vs. Sham + PBS group, #P < 0.05 vs. Sham + PBS group. **P < 0.01 vs. PBS group, *P < 0.05 vs. PBS group. &P < 0.05 vs. RNS + IL-33 group. $P < 0.05 vs. RNS + Anti-IL-33 group. Experiments are representative of three independent experiments.




IL-33 Treatment Reversed RNS-Induced Endoplasmic Reticulum Stress (ERS)

To investigate the role of IL-33 in ERS after RNS, western blotting was performed to detect the expression levels of endoplasmic reticulum stress-related protein (GRP-78). As shown in Figure 7, RNS significantly led to the increase of GRP-78 expression, compared with the Sham + PBS group (P < 0.05). By contrast, IL-33 pretreatment inhibited the up-regulation of GRP-78 expression, compared with the RNS + PBS group (P < 0.05; P < 0.01). IL-33 combined with Anti-IL-33 treatment remarkably down-regulated the expression level of GRP-78 compared with the IL-33 group. Besides, to further verify whether endogenous IL-33 has an inhibitory effect on ERS after RNS, Anti-IL-33 alone and combined IL-33 treatments were used in this experiment. We found that Anti-IL-33 treatment alone significantly increased the expression level of GRP-78 compared to the RNS + PBS group, while Anti-IL-33 combined with IL-33 treatment remarkably increased the expression level of GRP-78 compared with IL-33 group; markedly reduced the expression level of GRP-78 compared with Anti-IL-33 group (P < 0.05; P < 0.01), which indicated IL-33 played a role in inhibiting ERS after RNS.
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FIGURE 7. IL-33 negatively regulated RNS-induced ERS responses. (A,B) Administration of IL-33 alone reversed RNS-induced up-regulation of the expression level of ERS related-protein GRP-78, while Anti-IL-33 alone treatment further up-regulated the expression level of GRP-78. However, the combined treatment of IL-33 and Anti-IL-33 reversed the effect of IL-33 alone or Anti-IL-33 on the expression level of GRP-78 in both cortex and hippocampus at 72 h post-RNS. (C,D) Optical densities of the protein bands were quantitatively analyzed, and normalized with loading control β-actin. The data were expressed as means ± SEM (n = 4–6). ##P < 0.01 vs. Sham + PBS group, #P < 0.05 vs. Sham + PBS group. **P < 0.01 vs. PBS group, *P < 0.05 vs. PBS group. &P < 0.05 vs. RNS + IL-33 group. $$P < 0.01 vs. RNS + Anti-IL-33 group. Experiments are representative of three independent experiments.




DISCUSSION

In the present study, we demonstrated that RNS significantly resulted in a reduction of IL-33 and ST2 expression in the cortex and hippocampus tissues, and IL-33 was mainly co-localized in the nucleus of oligodendrocyte and cytoplasm of neurons. IL-33 administration improved neurobehavioral deficits, bodyweight loss, and cell apoptosis caused by RNS. Intriguingly, the neuroprotective mechanisms of IL-33 in RNS was through down-regulating the expression levels of IL-1β, TNF-α, NF-κB, CC-3, Drp-1, and GRP-78, as well as up-regulating that of Bcl-2. Moreover, IL-33 in combination with Anti-IL-33 reversed IL-33 ‘s neuroprotective effects on apoptosis, ER stress, and inflammation. Taken together, IL-33 provided a neuroprotective effect, at least in part, by inhibiting apoptosis, ER stress, and neuroinflammation at 72 h post-RNS.

Our current results showed that RNS induced a significant reduction of IL-33 and ST2 was observed in both the cortex and hippocampus after RNS, but exogenous IL-33 inverted the down-regulation of IL-33 and ST2 expression. Further research at the genetic level revealed that the expression level of IL-33 mRNA was significantly down-regulated after RNA, but exogenous IL-33 did not affect its mRNA expression level, indicating that exogenous IL-33 might reach the injured brain to make up for the insufficiency of IL-33 expression. Numerous studies have suggested that IL-33 is not only expressed in Olig-2 positive oligodendrocytes, but it is also one of the main cell types derived from IL-33 (Zarpelon et al., 2016). Besides, IL-33 and ST2 are both expressed in neurons (Jiang et al., 2012; Liu B. et al., 2016), and the transduction of IL-33 signaling pathway depends on ST2 (Yang et al., 2017). Furthermore, it is well known that the characteristic pathological changes of seizures are abnormal neuronal discharge, accompanied by the loss of large numbers of neurons and the death of glial cells. Then, the possible reasons for the decrease in IL-33 induced by RNS may be given as follows: (1) The death of neurons and glial cells occurs; (2) ST2 forms a complex with IL-33 or sST2 decoy binds IL-33; (3) IL-33 released by apoptosis and necrosis of nerve cells reaches the peripheral blood through the blood-brain barrier.

To date, the expression and localization of IL-33 and ST2 in the central nervous system (CNS) remain controversial. Numerous literature identified that IL-33 was produced by endothelial cells and astrocytes but not by microglia or neurons, and its receptor, ST2, was mainly expressed in microglia and astrocytes cultured in vitro (Huang et al., 2015). Other reports revealed that IL-33 and ST2 were mainly localized in astrocytes, microglia, and neurons, as well as oligodendrocytes after brain injury (Jiang et al., 2012; Allan et al., 2016; Gao et al., 2017a). Consistent with the latter, our current results showed that IL-33 was expressed at high levels in the Sham group and almost exclusively co-localized in the nucleus of oligodendrocytes, and the cytoplasm of neurons. RNS led to a remarkable decrease in the two types of double-labeled cells mentioned above. However, IL-33 administration reversed the reduction of them. Previous reports indicated IL-33 was mainly derived from Olig-2-positive oligodendrocytes in neuropathic pain (Zarpelon et al., 2016). Whereas, in EAE, IL-33 was primarily located in NeuN-positive neurons (Jiang et al., 2012), suggesting the source of IL-33 may be related to the type of disease. Additionally, when cells underwent apoptosis or necrosis, IL-33 was released into the cytoplasm and interstitial through a paracrine or autocrine pathway (Sangiuliano et al., 2014). Subsequently, IL-33 bound to its specific cell membrane receptor ST2, causing the conduction of downstream signals (Kakkar and Lee, 2008). Therefore, the contradiction of the cell types expressed by IL-33 may be due to different disease models, experimental settings, in vitro and in vivo environments, or due to the tissue repair process after RNS. This interesting observation deserves further investigation.

Different expression and localization of IL-33 and ST2 may affect their functions and mechanisms of action. Multiple types of cell death, such as apoptosis, autophagic cell death, and necroptosis can be induced by seizures (Lopez-Meraz et al., 2010; Benz et al., 2014). Apoptosis is the most important form of death of nerve cells after epilepsy, which has several typical features including cell shrinkage, chromatin condensation, DNA degradation, apoptotic body formation, and various mechanisms involved in epilepsy. Post-programmed cell death, including endogenous and exogenous pathways caused by caspase-8/10 and caspase-9 activation, respectively (Yakovlev and Faden, 2001), which can activate caspase-3, ultimately lead to the occurrence of neuronal apoptosis. Indeed, status epilepticus could contribute to neuronal apoptosis accompanied by producing a subset of TUNEL-positive neurons in up to 20 of 23 brain regions at 72 h post-RNS (Fujikawa et al., 2000). Moreover, effective inhibition of neuronal apoptosis provided a neuroprotective effect by the up-regulation of Bcl-2, Bcl2l1, Bdnf, Sox-2, and NeuroD1 genes in an animal model of temporal lobe epilepsy (Corvino et al., 2012). Noteworthily, less is known about the role and underlying mechanisms of IL-33 in the epilepsy model. Our previous studies suggested that IL-33 could exert a neuroprotective role by regulating the Bcl-2/CC-3 signaling pathway after RNS (Gao et al., 2017a). Consistent with previous studies, our current results revealed that IL-33 administration reduced the number of TUNEL-positive cells at 72 h post-RNS, suggesting that IL-33 processes the anti-apoptotic effect. However, IL-33’s related mechanisms in apoptosis after RNS is still confused. Numerous studies suggested that the mechanism of neuronal apoptosis induced by epilepsy is related to intrinsic and extrinsic apoptotic pathways, endoplasmic reticulum stress response, and inflammatory response (Yamamoto et al., 2006; Engel et al., 2010; Vince and Silke, 2016). The dynamin-related protein Drp1 which belongs to a large GTPase of the dynamin superfamily is a key protein to induce mitochondrial fission, and ultimately induce apoptosis (Cassidy-Stone et al., 2008). It is also required to achieve mitochondrial outer membrane permeability (MOMP) with the pro-apoptotic protein Bax, and Cyt-c release from mitochondria (Cassidy-Stone et al., 2008). Moreover, an inhibitor of Drp1, mdivi-1 could significantly rescue neurons from death induced by seizures in a dose-dependent manner via inhibiting Cyt-c release, AIF translocation, and suppressing the mitochondrial apoptosis pathway (Brooks et al., 2011). Intriguingly, our results revealed that IL-33 pretreatment significantly down-regulated the levels of Drp1, CC-3 expression, and maintained Bcl-2 high level at 72 h post-RNS. We suspected that inhibition of Drp1 expression might indirectly or directly attenuate the pro-apoptotic effect of Bax, in turn reducing the release of Cyt-c, thereby causing down-regulation of CC-3, ultimately inhibiting the occurrence of apoptosis, or through increasing the expression of BCL-2. The latter can form a complex with Bax through the BH3 binding domain, thereby down-regulating free Bax and ultimately inhibiting apoptosis.

Additionally, the endoplasmic reticulum has emerged as an important instigator of the intrinsic apoptotic pathway, involved in several neurodegenerative and neurological disorders, including temporal lobe epilepsy (Paschen and Mengesdorf, 2005; Yamamoto et al., 2006). It is very sensitive to changes in the environment, and any changes in the internal equilibrium state may cause activation of the endoplasmic reticulum stress response. When ER stress occurs, the dissociation of glucose regulatory protein 78 (GRP-78) activates and triggers an unfolded protein response (UPR). UPR is an adaptive response to the restored normal ER function. And ERS-mediated cell damage is mainly related to the endoplasmic reticulum UPR. In ERS, UPR protects cells by down-regulating translation and up-regulating endoplasmic reticulum chaperone molecules, thereby reducing ERS. However, excessive and prolonged ER stress triggers the activities of CHOP and caspase-12, and then activates caspase-9 and caspase-3 to induce apoptosis (Ljubkovic et al., 2019). By contrast, endoplasmic reticulum stress inhibitors (salubrinal, SAL) can offer neuroprotective effects through suppressing endoplasmic reticulum stress responses accompanied by decreasing CHOP and caspase-3 protein expression after brain injury (Logsdon et al., 2016). Besides, SAL treatment can promote neuronal regeneration and reduce mature neurons by inhibiting phosphorylation of eIF2α and ATF4, ultimately improving memory impairment after traumatic brain injury (Rubovitch et al., 2015), which shows that effective inhibition of endoplasmic reticulum stress does have a neuroprotective role. Our results showed that IL-33 pretreatment down-regulated the expression level of endoplasmic reticulum stress-related protein GRP-78, while Anti-IL-33 combined with IL-33 treatment reversed the role of IL-33 alone in inhibiting endoplasmic reticulum stress after RNS. The above shreds of evidence suggested that IL-33 might exert a neuroprotective effect of inhibiting apoptosis by inhibiting mitochondrial division and endoplasmic reticulum stress after epilepsy.

Besides the mechanisms mentioned above, inflammatory responses can also lead to apoptosis. To our acknowledge, the inflammatory response is a double-edged sword. Appropriate inflammation can play a defensive role against brain tissue damage, while the excessive inflammatory response has a deteriorating effect on brain tissue damage (Russo and McGavern, 2016). Previous studies showed seizure activity led to the production of inflammatory molecules including IL-1β and TNF-α (He et al., 2020). In turn, IL-1β or TNF-α could contribute to the severity and relapse of seizures (Yue et al., 2020). Moreover, inhibition of IL-1β or TNF-α expression may lead to prevention or delay of seizures and play a neuroprotective effect on a rat model of temporal lobe epilepsy (Noe et al., 2013; Sitges et al., 2014). In the study, we found that IL-33 pretreatment inhibited the inflammatory response by down-regulating the expression levels of IL-1β and TNF-α after RNS, indicating that IL-33 plays an anti-inflammatory role after RNS. However, the mechanism of how IL-33 regulates the expression of these two pro-inflammatory factors is unclear. Numerous studies revealed that various mechanisms are involved in triggering the inflammatory response after RNS, especially the NF-κB signaling pathway. Previous studies have demonstrated that NF-κB signaling is closely related to the development and progression of inflammatory responses primarily by mediating the synthesis of proinflammatory cytokines and chemokines. The activation of NF-κB can trigger various pro-inflammatory genes, such as IL-1β and TNF-α. In turn, pro-inflammatory factors can also activate NF-κB through autocrine and paracrine pathways, thereby forming a positive circulation pool between them. On the contrary, effective inhibition of NF-κB activation can down-regulate the level of cytokines, thereby blocking excitatory neuron death, reducing BBB permeability, and improving neurological deficits (Grilli et al., 1996), suggesting that inhibition of NF-κB activation and the inflammatory response has certain brain-protective effects after SE. The current results showed that administration of IL-33 reduced the activity of NF-κB, and down-regulated the expression levels of IL-1β and TNF-α in both cortex and hippocampus tissues after RNS, implying that IL-33 may exert anti-inflammatory effect partially through blocking NF-κB activation after RNS.

Taken together, the current data demonstrate that IL-33 provides neuroprotection against RNS-induced brain injury through suppressing apoptosis, endoplasmic reticulum stress, and inflammatory pathways, and IL-33 may be a potential therapeutic agent for RNS.
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