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Chronic stress appears to alter DNA methylation and DNA methyltransferases (DNMTs) in brain regions related to emotion. Collapsin response mediator protein-2 (CRMP2) mediates the development of depression by regulating microtubule dynamics. In this study, rats were subjected to chronic unpredictable mild stress (CUMS). At the end of the CUMS procedure, normal saline or fluoxetine was administered to the rats. Moreover, normal saline or the 5-aza-2’-deoxycytidine (5-aza) was administered to the hippocampal CA1 region of the rats. Behavioral tests were performed to evaluate the depressive-like phenotypes. The CRMP2 DNA methylation levels and cytoskeletal microtubular system-related biomarkers were detected by several molecular biology techniques. The results showed that the rat model of depression was successfully established by exposure to CUMS, and fluoxetine treatment exerted an antidepressant-like effect. We observed the upregulation of DNMT1 and DNMT3a in the hippocampus of stressed rats. CUMS induced a decrease in CRMP2 expression and an increase in phosphorylated CRMP2 (pCRMP2) expression in the hippocampus of rats. The rate of DNA methylation in the CpG island of the CRMP2 promoter region in the hippocampus of stressed rats was significantly higher than that in control rats. Moreover, CUMS significantly decreased the interaction between CRMP2 and α-tubulin and decreased the microtubule dynamics. Chronic fluoxetine treatment reversed these changes. Also, hypomethylation induced by 5-aza injection into the hippocampal CA1 region caused antidepressant-like effects and increased CRMP2 expression and microtubule dynamics. These results suggested that CRMP2 DNA methylation may be involved in regulating the cytoskeletal microtubular system and mediating depressive-like behaviors.
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INTRODUCTION

As a severe psychiatric disorder, depression is characterized by a depressed mood or a marked loss of interest or pleasure for most of the day. Depression is a common illness worldwide, and more than 300 million people are currently depressed. Depression has substantial adverse effects on personal health, with high recurrence and mortality. Depression is linked to cerebrovascular disease, and depressed patients are at higher risk of stroke, with an enormous burden for patients, families, and society as a whole (Kolovos et al., 2017; Winter et al., 2018). Although various treatments are effective against depression, some patients are resistant to the currently available treatments. The underlying mechanisms that cause depression are still unclear. Therefore, it is necessary to identify the mechanisms underlying depression.

Collapsin response mediator protein-2 (CRMP2), which has also been identified as dihydropyrimidinase-like 2 (DPYSL2), belongs to the CRMP family that includes 5 homologs (CRMP1-5). CRMP2 is enriched in brain areas that retain plasticity and neurogenesis, such as the hippocampus, olfactory bulb, and cerebellum (Inagaki et al., 2001). CRMP2 binds to tubulin and is phosphorylated by various kinases, which regulates its activity (Yamashita and Goshima, 2012). Microtubules are crucial cytoskeletal constituents in growing neurites and axons. Several studies have suggested that CRMP2 assists microtubule assembly together with the tubulin heterodimer (Fukata et al., 2002; Niwa et al., 2017). CRMP2 binds to the tubulin heterodimer, and upon phosphorylated CRMP2 (pCRMP2) by various kinases, the binding affinity of CRMP2 to tubulin weakens. CRMP2 is a microtubule-associated protein that regulates the dynamic process of microtubule assembly (Gu and Ihara, 2000). Microtubule dynamics can be identified by analyzing the stable form, acetylated α-tubulin (Acet-tubulin), and the dynamic form, tyrosinated α-tubulin (Tyr-tubulin), which are associated with neuronal plasticity (Bianchi et al., 2006). Consistent with the role of CRMP2 in neuronal functions, CRMP2 has shown to be implicated in several neuropsychiatric disorders, including cerebral ischemia, schizophrenia, and depression (Quach et al., 2015). CRMP2 levels are decreased in the brains of patients with depression (Johnston-Wilson et al., 2000). Additionally, the proteomic analysis showed that chronic treatment with the antidepressive agents venlafaxine or fluoxetine increased CRMP2 levels in the rat hippocampus (Khawaja et al., 2004). In the previous research of our group, Wu et al. have confirmed the effect of CRMP2-mediated neuronal plasticity in depression induced by chronic stress (Wu et al., 2018). However, the molecular mechanisms by which CRMP2 contributes to the pathogenesis of depression remain to be elucidated.

Exposure to adverse environmental events is one of the strongest risk factors for depression. Mechanisms of epigenetic modification include DNA methylation, chromatin conformational changes, long noncoding RNAs, and histone modifications, and these mechanisms can modulate gene expression in response to the environment (Mahgoub and Monteggia, 2013). DNA methylation is the most stable form of epigenetic modification, and several lines of evidence suggest a critical role for this modification in depression (Chen et al., 2017; Lisoway et al., 2018). DNA methylation is accomplished by DNA methyltransferases (DNMTs), which catalyze the addition of a methyl group to the cytosine in the 5’ position of cytosine-phosphate-guanine sites. The DNMTs family mainly includes DNMT1, DNMT3a, and DNMT3b (Kader et al., 2018). DNMT1 is predominantly associated with the maintenance of DNA methylation, and DNMT3a and DNMT3b are more strongly associated with de novo methylation (Okano et al., 1999). Candidate genes that undergo DNA methylation, such as brain-derived neurotrophic factor (BDNF), NR3C1 (encoding the glucocorticoid receptor), SLC6A4 (encoding the serotonin transporter), have been regarded as potential biomarkers of depression. Previous studies demonstrated that increased DNA methylation in the promoter region of BDNF was associated with the pathophysiology of depression (Januar et al., 2015). A study has shown that animals subjected to early life stress were associated with a specific increase in DNA methylation levels of the exon 1F NR3C1 gene (Weaver et al., 2004). Additionally, several studies have demonstrated an increase in DNA methylation of SLC6A4 in depression (Philibert et al., 2008; Zhao et al., 2013). CRMP2 has been proposed to be a candidate gene for the treatment of depression. In our previous study, the results showed a reduction in CRMP2 expression in the hippocampus of stressed rats, which may correlate with a significant increase in the DNA methylation levels of the CRMP2 promoter region (Xiang et al., 2020). Moreover, several studies suggested the important role of DNMTs in regulating depressive-like behaviors (Ignácio et al., 2017; Shen et al., 2019). Systemic or intrahippocampal administration of DNMTs inhibitors induces antidepressant-like effects in animals subjected to the forced swimming test (FST) and open field test (OFT; Sales et al., 2011). As described above, these studies support the hypothesis that DNA methylation is an important epigenetic modification involved in the pathogenesis of depression.

Despite these pieces of evidence, little is known about the role of CRMP2 DNA methylation in the etiology of depression. In this study, chronic unpredictable mild stress (CUMS) was used to establish a model of depression. The sucrose preference test (SPT), FST, and OFT were used to evaluate depressive-like behaviors. We investigated how CUMS and fluoxetine treatment affect DNMTs expression and CRMP2 DNA methylation in the hippocampus of rats. We also detected CRMP2, pCRMP2, and α-tubulin isoform expression in the hippocampus of rats to elucidate the underlying mechanisms by which CRMP2 is involved in the pathological processes of depression. Hippocampus is the most commonly studied brain region in depression research, and it is part of the limbic structures, which are associated with emotional responses. In this study, we focused on the role of the hippocampal region, as neural plasticity in this brain region has been related to depressive-like behavior.

We investigated the effect caused by injecting the DNMTs inhibitor 5-aza-2’-deoxycytidine (5-aza) into the hippocampal CA1 regions of rats. The effect of 5-aza on the levels of CRMP2, pCRMP2, and α-tubulin isoforms in the hippocampal CA1 region was also assessed to further explore the mechanism by which CRMP2 is involved in the pathogenesis of depression.



MATERIALS AND METHODS


Animals

Adult male Sprague–Dawley rats weighing 180–200 g were purchased from the Company of Experimental Animals of Hunan Slack King (Hunan, China). Before the experiment, the rats were housed under laboratory conditions for seven days to adapt to the new environment. The rats were housed at 22 ± 2°C with a 12-h light/12-h dark schedule with free access to food and water. All the procedures and animal experiments of this study were performed in agreement with the guidelines outlined in the legislation of the P.R. China regarding the ethical use of laboratory animals and approved by the Institutional Animals Care Committee of Renmin Hospital of Wuhan University.



Experimental Design

The experimental design is shown in Figure 1. Experiment one: The rats were randomly divided into three groups: the control group (n = 20), the CUMS group (n = 20), and the fluoxetine group (n = 20). In both the CUMS and fluoxetine groups, the rats were subjected to CUMS daily for four weeks. At the end of the CUMS procedure, the rats in the CUMS group were given an intraperitoneal injection of saline vehicle, and the rats in the fluoxetine group were given an intraperitoneal injection of fluoxetine (10 mg/kg) for 4 weeks. The rats in the control group did not receive any stimuli throughout the entire procedure. Behavioral tests were used to evaluate the effects of stress and fluoxetine on anhedonia and activity. We investigated the effects of CUMS and fluoxetine treatment on DNA methylation in the CRMP2 promoter and DNMTs expression. Additionally, we analyzed the protein expression of CRMP2 and pCRMP2 and the expression of α-tubulin isoforms, which are thought to reflect microtubule dynamics. We also explored the effect of chronic stress and antidepressant treatment on the interaction between CRMP2 and α-tubulin.
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FIGURE 1. Experimental procedures.



Experiment two: a total of 20 rats were subjected to the CUMS procedure and were further divided into two groups (n = 10/group): the CUMS + normal saline group (CUMS + Nacl group) and the CUMS + 5-aza group. Intrahippocampal injections of the saline vehicle were administered to rats in the CUMS + Nacl group. 5-aza was diluted in normal saline and administered into the hippocampus of the rats in the CUMS + 5-aza group. Behavioral tests were used to evaluate the effects of 5-aza on depressive-like behaviors. We examined the global DNA methylation levels in the hippocampal CA1 region of the rats treated with 5-aza. Moreover, the expression of CRMP2, pCRMP2, and α-tubulin isoforms in the hippocampal CA1 region was analyzed, and the interaction between CRMP2 and α-tubulin was examined in the rats treated with 5-aza.



CUMS Procedure

The CUMS procedure was performed as previously described (Xiang et al., 2019). The CUMS procedure consisted of a series of seven different stressors: food deprivation for 24 h; water deprivation for 24 h; cage tilted at 45° for 24 h; swimming in 4° ice water for 5 min; tails clamped for 3 min; exposure to damp sawdust for 24 h and inversion of the light/dark cycle for 24 h. The same stressor was not applied on any two consecutive days.



Stereotaxic Surgery and Hippocampal CA1 Region Administration

The rats subjected to stereotaxic surgery were anesthetized with sodium pentobarbital (25 mg/kg) and fixed in a stereotaxic frame. The rats were bilaterally implanted with stainless steel guide cannulae aimed at the hippocampal CA1 region (coordinates: 3.5 mm posterior to the bregma, ±2.3 mm lateral, 2.6 mm from the cortical surface). Matched stylets were inserted into the guide cannulae to prevent obstruction. After the surgery, the rats were injected with penicillin for 3 days to prevent infection.

Seven days after the surgery, hippocampal CA1 administration was performed with a microsyringe. 5-aza (Sigma–Aldrich, A3656; 100 nmol/0.5 μl) was dissolved in normal saline and injected into the hippocampal CA1 region (0.5 μl per side). 5-aza was slowly infused over 1 min, and the microsyringe was maintained in the guide cannula for 2 min to prevent backflow. Rats received three injections of 5-aza or saline vehicle, and the third injection was given 1 h before the behavioral tests.



Behavioral Tests

The SPT, OFT, and FST were performed in this study. The SPT was performed as previously described. Before the test, the rats were trained to consume 1% sucrose solution. After the training, the rats were deprived of water for 24 h and then offered a bottle of 1% sucrose solution and a bottle of water for the next 24-h period. Sucrose consumption was measured by comparing the weights of the bottles before and after the test. The locomotor activity of the rats was assessed using the OFT. In the test, one rat was placed in a square arena (100 × 100 × 35 cm) and observed using a video tracking system (Ethovision XT 11.5) for 5 min. The total distance traveled, the average velocity, and the rearing frequency were recorded. The apparatus was cleaned with a 75% alcohol solution after each test. In the FST, a rat was placed in a glass cylinder (30 cm diameter × 40 cm height) that was filled with water to a height of 28 cm and maintained at 25°C. The rat was forced to swim for 6 min, and the immobility time was recorded during the final 4 min. The immobility time in the FST was regarded as the time the rats spent floating in the water without struggling or exhibiting only slight movement to keep their heads above the water.



Bisulfite Sequencing PCR (BSP)

Genomic DNA was extracted from hippocampal tissue using a genomic DNA extraction kit (Tiangen, DP304), and bisulfite conversion was performed using an EpiTect Bisulfite Kit (Qiagen, 59104) according to the manufacturer’s protocol. The bisulfite-modified DNA samples were amplified by bisulfite sequencing PCR with primers specific to the CRMP2 gene promoter. The promoter of the CRMP2 gene is generally considered to be a 2,000-bp sequence upstream of the transcription start site. The primers were designed by MethPrimer software. The BSP primers were as follows: F: 5’-TTTGTATTGTAGATGAAGTA TTTGGG-3’; R: 5’-AACAATAAAAACCTTAATTCCAATC-3’. The PCR conditions were as follows: 95°C for 30 s, 40 cycles of 95°C for 5 s, 50°C for 30 s, and 72°C for 30 s. The PCR products were separated by 2% agarose gel electrophoresis, purified with a gel extraction kit (Cwbio, CW2302M), and then cloned into the pEASY-T1 cloning vector (TransGen, CT101–01). The recombinant plasmids were transformed into E. coli DH5α. At least ten clones of each sample were randomly chosen and sequenced by the Wuhan Tianyi Huiyuan Company.



5-mC DNA ELISA

Genomic DNA was extracted from the hippocampal CA1 region using the TIANamp Genomic DNA kit (TIANGEN Biotech, DP304) following the manufacturer’s protocol. The DNA samples were quantified by a Nanodrop, and the global DNA methylation levels were determined by measuring the levels of 5-mC using a 5-mC DNA ELISA Kit (Zymo Research, D5325) following the manufacturer’s protocol. One hundred nanograms of genomic DNA was measured per well, and independent samples were run in triplicate. The absorbance was analyzed at 420 nm using a microplate reader. The mean percentages of 5-mC were calculated using the second-order regression equation of the standard curve as described in the manufacturer’s protocol.



Western Blot

The proteins from the hippocampus were separated using a 10-12% SDS-PAGE gel and transferred to PVDF membranes. The membranes were blocked with 5% fat-free milk for 1 h at room temperature and incubated with primary antibodies overnight at 4°C; the primary antibodies included anti-CRMP2 (1:20,000; Abcam, ab129082); anti-pCRMP2 (Thr514 site) (7 μl: 5 ml; Abcam, ab85934); anti-DNMT1 (1:5,000); anti-DNMT3a (1:5,000); anti-DNMT3b (1:5,000); anti-α-tubulin (1:5,000; Abcam, ab7291); anti-Tyr-Tubulin (1:2,500; Sigma, T9028); anti-Acet-Tubulin (1:200; Santa Cruz Biochemistry, sc-23950); and anti-GAPDH (1:5,000; Beyotime, AF1186). After washing three times, the membranes were incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (Beyotime, 1:5,000) at room temperature for 1 h. Then, the membranes were visualized by an ECL chemiluminescent detection kit (Beyotime, P0018S), and the intensities of the protein bands were calculated by ImageJ software. The relative expression of the proteins was normalized to that of GAPDH.



Co-immunoprecipitation Analysis

Total protein (500 μg) was incubated with anti-CRMP2 (1:50; Abcam, ab129082) or anti-α-tubulin (1:50) (Abcam, ab7291) overnight at 4°C. An equal amount of protein was incubated with mouse IgG (Beyotime, A7028) or rabbit IgG (Beyotime, A7016) as negative controls. The protein samples were loaded as the input control. Protein A + G agarose (Beyotime, P2012) was washed with PBS three times and mixed with the samples. The mixtures were incubated at 4°C for 2 h. The beads were then washed with PBS three times. The immunoprecipitates were subsequently subjected to 12% SDS-PAGE and analyzed via western blot using anti-α-tubulin (1:5,000) or anti-CRMP2 (1:20,000) antibodies. The protein bands were visualized using an ECL chemiluminescent detection kit (Beyotime, P0018S).



Statistical Analysis

Statistical analysis was performed using SPSS 20.0 software, and the data are expressed as the mean ± standard error of the mean (SEM). The normality of the data distribution was analyzed. For differences between the two groups, Student’s t-test was used to determine statistical significance. For multiple comparisons, ANOVA followed by an LSD post hoc test was used. Differences were considered to be statistically significant at P < 0.05.




RESULTS


Effect of CUMS and Fluoxetine Treatment on Depressive-Like Behaviors

CUMS-induced behavioral changes were measured using the SPT, OFT, and FST. There were significant differences in the sucrose preference, distance traveled, rearing frequency and velocity in the OFT among the three groups (sucrose preference: F = 39.24, P < 0.05, Figure 2A; distance traveled: F = 20.34, P < 0.05, Figure 2C; rearing frequency: F = 13.99, P < 0.05, Figure 2D; velocity: F = 16.13, P < 0.05, Figure 2E). Compared with the rats in the control group, the rats in the CUMS group displayed significantly decreased sucrose preference (P < 0.05), distance traveled (P < 0.05), rearing frequency (P < 0.05), and velocity (P < 0.05). Treatment with fluoxetine for 4 weeks significantly alleviated depressive behaviors in the rats. Fluoxetine administration significantly reversed the decrease in sucrose preference (P < 0.05), distance traveled (P < 0.05), rearing frequency (P < 0.05), and velocity (P < 0.05) in the stressed rats. Moreover, there were significant differences in immobility time in the FST among the three groups (F = 16.70, P < 0.05, Figure 2B). Compared with the rats in the control group, after exposure to CUMS for 4 weeks, the rats in the CUMS group exhibited significantly increased immobility times in the FST (P < 0.05), and the rats treated with fluoxetine exhibited significantly decreased immobility times compared to the rats exposed to CUMS alone (P < 0.05).
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FIGURE 2. Effect of chronic unpredictable mild stress (CUMS) and fluoxetine treatment on depressive-like behaviors: sucrose preference rate in the sucrose preference test (SPT; A), immobility time in the FST (B), total distance traveled (C), rearing frequency (D), and velocity (E) in the open field test (OFT). *P < 0.05.





Effect of CUMS and Fluoxetine Treatment on DNA Methylation in the CRMP2 Promoter

Using MethPrimer online software, 1 CpG island region located from −694 to −105 with 29 CpG sites was identified based on the CRMP2 promoter sequence (Figure 3A). The CpG island sequence in the CRMP2 promoter is shown in Figure 3B, and the CG dinucleotides are highlighted. CpG islands are regions of genomic DNA enriched for CG dinucleotides. Treatment of genomic DNA with bisulfite resulted in the conversion of unmethylated cytosine to uracil, however, the methylated cytosine remains unchanged. The DNA methylation rate was calculated as the “CG” sites divided by the sum of the “CG” + “TG” sites. In the CpG island region, the BSP results showed that the DNA methylation of CRMP2 in the hippocampus of rats exposed to CUMS was increased compared with that in the hippocampus of control rats, and fluoxetine treatment significantly decreased the DNA methylation in the CRMP2 promoter (DNA methylation rate: control group: 6.0 ± 0.9%; CUMS group: 11.6 ± 1.9%; fluoxetine group: 7.3 ± 1.2%; F = 4.27, P < 0.05, Figures 3C,D).
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FIGURE 3. Effect of CUMS and fluoxetine treatment on DNA methylation in the CRMP2 promoter: 1 CpG island region located from −694 to −105 with 29 CpG sites was identified based on the CRMP2 promoter sequence (A); BSP primer targeted the CpG islands in the promoter region of CRMP2 was designed, and the CpG dinucleotides are highlighted (B); the methylation levels of the promoter region of the CRMP2 gene in the hippocampus (C,D), black circles represent methylated CpG sites, and white circles represent unmethylated CpG sites. *P < 0.05.





Effect of CUMS and Fluoxetine Treatment on DNMT Expression

Western blotting was conducted to evaluate the effect of CUMS and fluoxetine treatment on the expression of DNMTs. Compared with that in the control group, the protein expression of DNMT1 and DNMT3a was significantly increased in the hippocampus of the CUMS group, and fluoxetine administration significantly downregulated the protein expression of DNMT1 and DNMT3a (DNMT1 F = 7.39, P < 0.05, Figure 4C; DNMT3a F = 6.74, P < 0.05, Figure 4D; DNMT3b F = 0.46, P > 0.05, Figure 4E).
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FIGURE 4. Effect of CUMS and fluoxetine treatment on CRMP2 (A), pCRMP2 (B), DNMTs (DNMT1: C; DNMT3a: D; DNMT3b: E), and α-tubulin isoform (α-tubulin: F; Tyr-tubulin: G; Acet-tubulin: H) expression in the hippocampus of rats. *P < 0.05.





Effect of CUMS and Fluoxetine Treatment on CRMP2, pCRMP2, and α-Tubulin Isoform Expression

Compared with that in the control group, CRMP2 protein expression was decreased in the hippocampus of the CUMS group, and fluoxetine treatment increased CRMP2 protein expression (F = 7.11, P < 0.05, Figure 4A). The pCRMP2 protein expression in the hippocampus of rats exposed to CUMS was significantly higher than that observed in the control rats and rats treated with fluoxetine (F = 9.07, P < 0.05, Figure 4B). We further explored the α-tubulin, Tyr-Tubulin, and Acet-Tubulin protein expression in the three groups. The results showed that the α-tubulin protein expression in the hippocampus of the rats in each group was not significantly different (F = 0.68, P > 0.05, Figure 4F). Compared with those in the control group, Tyr-tubulin protein expression was downregulated and Acet-tubulin protein expression was upregulated in the hippocampus of the CUMS group, and fluoxetine treatment reversed these changes (Tyr-tubulin: F = 7.47, P < 0.05, Figure 4G; Acet-tubulin: F = 6.41, P < 0.05, Figure 4H).



Effect of CUMS and Fluoxetine Treatment on the Interaction Between CRMP2 and α-Tubulin

To investigate the interaction between CRMP2 and α-tubulin, Co-immunoprecipitation was performed using an anti-CRMP2 antibody to precipitate α-tubulin and an anti-α-tubulin antibody to precipitate CRMP2. Both types of experiments confirmed the interaction between CRMP2 and α-tubulin in the hippocampus of rats. First, anti-CRMP2 was used for immunoprecipitation, and anti-α-tubulin was used for western blotting. Compared with that in the control group, the CRMP2-α-tubulin interaction was decreased in the hippocampus of the CUMS group, and it was increased after fluoxetine treatment (F = 4.92, P < 0.05, Figure 5A). Similarly, anti-α-tubulin was used for immunoprecipitation, and anti-CRMP2 was used for western blot. The α-tubulin-CRMP2 interaction was comparatively weaker in the CUMS group (F = 5.03, P < 0.05, Figure 5B).
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FIGURE 5. Effect of CUMS and fluoxetine treatment on the interaction between CRMP2 and α-tubulin (A,B). *P < 0.05.





Effect of Microinjecting 5-aza Into the Hippocampal CA1 Region on Depressive-Like Behaviors

The SPT, OFT, and FST were used to evaluate the effects of microinjecting 5-aza into the CA1 region of the hippocampus on depressive-like behaviors. The results showed that compared with those of the rats in the CUMS + Nacl group, the distance traveled, rearing frequency, and velocity of the rats in the CUMS + 5-aza group were remarkably increased (distance traveled: t = −3.75, P < 0.05, Figure 6C; rearing frequency: t = −2.31, P < 0.05, Figure 6D; velocity: t = −3.19, P < 0.05, Figure 6E), and the immobility time in the FST of the rats of the CUMS + 5-aza group was significantly decreased (t = 2.30, P < 0.05, Figure 6B). However, no significant difference was observed in the sucrose preference of the rats in the CUMS + 5-aza group, although it tended to increase (t = −0.55, P > 0.05, Figure 6A).
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FIGURE 6. Effect of microinjecting 5-aza into the hippocampal CA1 region on depressive-like behaviors: sucrose preference rate in the SPT (A), immobility time in the FST (B), total distance traveled (C), rearing frequency (D), and velocity (E) in the OFT. *P < 0.05.





Effect of 5-aza Administration on Global DNA Methylation in the CA1 Region of the Hippocampus

The percentages of 5-mC of total DNA were measured as an indication of global DNA methylation levels. The 5-mC ELISA test was used to evaluate the effect of 5-aza treatment on global DNA methylation levels in the hippocampal CA1 region of rats. The results showed that microinjecting 5-aza into the CA1 region of the hippocampus significantly reduced the percent levels of global DNA methylation (t = 2.39, P < 0.05, Figure 7).
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FIGURE 7. Effect of 5-aza administration on global DNA methylation in the CA1 region of the hippocampus. *P < 0.05.





Effect of 5-aza Treatment on CRMP2, pCRMP2, and α-Tubulin Isoform Expression

Compared with those in the rats in the CUMS + Nacl group, CRMP2 protein expression was increased and pCRMP2 protein expression was decreased in the hippocampal CA1 region of the rats in the CUMS + 5-aza group (CRMP2: t = −2.44, P < 0.05, Figure 8A; pCRMP2: t = 3.62, P < 0.05, Figure 8B). Additionally, 5-aza treatment increased Tyr-Tubulin protein expression and decreased Acet-tubulin protein expression in the hippocampal CA1 region of the rats (α-tubulin t = 1.543, P > 0.05, Figure 8C; Tyr-Tubulin: t = −2.59, P < 0.05, Figure 8D; Acet-tubulin: t = 2.65, P < 0.05, Figure 8E).
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FIGURE 8. Effect of 5-aza treatment on CRMP2 (A), pCRMP2 (B), and α-tubulin (α-tubulin: C; Tyr-tubulin: D; Acet-tubulin: E) isoform expression. *P < 0.05.





Effect of 5-aza Treatment on the Interaction Between CRMP2 and α-Tubulin

Co-immunoprecipitation was performed to assess the interaction between CRMP2 and α-tubulin in the hippocampal CA1 region of the 5-aza-treated rats. The CRMP2-α-tubulin interaction was also observed in the hippocampal CA1 region of the rats. The results showed that the α-tubulin band was detected in the immunoprecipitate of the anti-CRMP2 antibody. Compared with that in rats in the CUMS + Nacl group, the CRMP2-α-tubulin interaction was increased in the hippocampal CA1 region of the rats in the CUMS + 5-aza group (t = −4.00, P < 0.05, Figure 9A). Similarly, a CRMP2 band was detected in the immunoprecipitate of the anti-α-tubulin antibody. The α-tubulin-CRMP2 interaction also increased after 5-aza administration in the hippocampal CA1 region of rats (t = −3.97, P < 0.05, Figure 9B).
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FIGURE 9. Effect of 5-aza treatment on the interaction between CRMP2 and α-tubulin (A,B). *P < 0.05.






DISCUSSION

The CUMS rat model has been widely used to study mechanisms of depressive-like behaviors and actions of antidepressants. The SPT was used to assess anhedonia, which is one of the core symptoms of depression (Anisman and Matheson, 2005). The OFT was performed to assess general locomotor activity. Immobility time in the FST was used to evaluate the symptom of helplessness in a rat model of depression (Paré, 1992). In this study, the rat model of depression was successfully established by exposure to CUMS for 4 weeks. The rats exposed to CUMS showed reduced sucrose intake in the SPT, reduced distance traveled, rearing frequency and velocity in the OFT, and longer immobility time in the FST, which were similar to results from previous studies (Ayuob, 2017; Liu et al., 2018). Chronic fluoxetine treatment reversed the reduction in sucrose preference in the SPT, distance traveled, rearing frequency and velocity in the OFT, and increased immobility time in the FST, which indicated that fluoxetine has antidepressant-like effects.

In the present study, we investigated the effect of CUMS and fluoxetine treatment on the expression of DNMTs in the hippocampus of rats. DNA methylation in mammals is catalyzed by three main DNMTs: DNMT1, DNMT3a, and DNMT3b. We observed an upregulation of DNMT1 and DNMT3a in the hippocampus of stressed rats, and fluoxetine treatment significantly downregulated the expression of DNMT1 and DNMT3a. We further explored the CRMP2 expression and DNA methylation levels in the hippocampus of rats. Our data showed a downregulation of the CRMP2 protein levels in the hippocampus of stressed rats, and fluoxetine treatment upregulated the CRMP2 protein levels. This finding proves the results of previous publications, which showed a decrease in CRMP2 in the hippocampus of an animal model of depression (Carboni et al., 2006). Furthermore, we initially analyzed the CpG island DNA methylation levels in the CRMP2 promoter region, and the results showed that the rate of DNA methylation in the CpG island of the CRMP2 promoter region in the hippocampus of stressed rats was significantly higher than that in the hippocampus of control rats. Fluoxetine treatment significantly decreased the CpG island DNA methylation levels in the CRMP2 promoter region. Previous studies have suggested that the silencing or low expression of genes is due to CpG island DNA methylation, which is associated with high DNMTs expression (Tammen et al., 2013). Therefore, our results demonstrated that DNMT1 and DNMT3a regulate the level of DNA methylation in the CRMP2 gene promoter region, thus affecting the expression of CRMP2 in the hippocampus of rats and participating in the pathogenesis of depression.

Current evidence supports the idea that CRMP2 contributes to the etiology of depression. However, the regulatory mechanisms underlying the role of CRMP2 remain unclear. CRMP2 is involved in neuronal migration, axonal growth, dendritic development, and synaptic plasticity (Ip et al., 2014). The cytoskeletal microtubular system is essential for the remodeling and extension of axons and dendrites (Bianchi et al., 2005a). CRMP2 acts as a signaling phosphoprotein that modulates cytoskeletal organization and participates in neurite formation and axonal outgrowth. The phosphorylation of CRMP2 might change its binding partners and functions (Zhu et al., 2010). The dynamics of the cytoskeletal microtubular system are strictly correlated with neuronal plasticity (Bianchi et al., 2005b). Therefore, in the present study, we analyzed the functions of CRMP2 in the cytoskeletal microtubular system. The results showed that exposure to CUMS for 4 weeks induced a decrease in CRMP2 expression and an increase in pCRMP2 expression in the hippocampus of rats, and chronic fluoxetine treatment reversed these effects on the expression of CRMP2 and pCRMP2. Additionally, the co-immunoprecipitation results showed that CRMP2 formed a complex with α-tubulin. Compared with that in the control group and fluoxetine group, the CRMP2-α-tubulin interaction in the CUMS group was comparatively weaker. We further examined microtubule dynamics by analyzing Acet-tubulin and Tyr-tubulin. Together with previous findings (Bianchi et al., 2003), our data showed that exposure to CUMS for 4 weeks decreased the expression of Tyr-tubulin, which is associated with the dynamic form of microtubules; these results indicated decreased microtubule dynamics. Chronic fluoxetine treatment decreased the stable form of microtubule Acet-tubulin, suggesting that fluoxetine could be effective in rescuing microtubule stabilization in the hippocampus of stressed rats. These data suggest that CRMP2 is involved in the pathogenesis of depression by regulating the cytoskeletal microtubule system.

Environmental stress was shown to upregulate the expression of specific DNMTs in the hippocampus and to change the expression of depression-related candidate proteins (Menke and Binder, 2014). In the present study, stressed rats that exhibit depressive behaviors showed an upregulation of the DNMT1 and DNMT3a proteins in the hippocampus. Considering the susceptibility of the hippocampal CA1 region to stress, we investigated the involvement of DNA methylation in the regulation of CUMS-induced depressive-like behaviors and the underlying mechanisms by injecting 5-aza into the hippocampal CA1 regions of rats. In our study, microinjecting 5-aza into the hippocampal CA1 region effectively reduced global DNA methylation, suggesting that 5-aza treatment effectively altered the DNA methylation status and might be used in subsequent studies. Additionally, injection of 5-aza into the hippocampal CA1 region of rats induced antidepressant-like effects, including increased distance traveled, rearing frequency and velocity in the OFT, and decreased immobility time in the FST. Our findings supported the possibility that DNA methylation in the hippocampal CA1 region is crucial for the development of depressive-like behaviors.

Previous data indicate that an increase in DNA methylation at specific genomic sites may reduce gene expression (Boyes and Bird, 1992). These genes may play an important role under stress conditions and, therefore, predispose to the development of stress-induced depressive-like behaviors. In the present study, 5-aza treatment not only exerted antidepressant-like effects and reduced DNA methylation but also significantly increased CRMP2 protein expression in the hippocampal CA1 region, further supporting the notion that DNA methylation-dependent CRMP2 gene expression is involved in the pathogenesis of depression. Additionally, 5-aza treatment increased Tyr-Tubulin protein expression and decreased Acet-tubulin protein expression in the hippocampal CA1 regions of rats, indicating that 5-aza could increase microtubule dynamics. The α-tubulin-CRMP2 interaction also increased after 5-aza injection into the hippocampal CA1 regions of rats. These results further suggest that the DNA methylation-mediated regulation of CRMP2 is indicative of its role in the cytoskeletal microtubule system in depression.

In recent years, there has been increasing interest in the correlation between depression and cerebrovascular disease. Cerebral infarction increases the incidence of post-stroke depression, with increased morbidity and mortality, which has become a common and acute disease. Several studies have reported the changes in CRMP2 expression during the process of ischemia (Chen et al., 2007; Yang et al., 2016). Proteomic technology has revealed elevation of CRMP2 protein expression in the ischemic brain of rats (Koh, 2011). In a rodent study, the result found higher BDNF promoter IV methylation levels in the hippocampus of post-stroke depression (Jin et al., 2017). Based on these findings, it would be worth exploring the underlying mechanisms of CRMP2 DNA methylation in the pathological processes of post-stroke depression.

Taken together, our results identified a crucial role of CRMP2 in the pathogenesis of depression. These observations implicate DNA methylation in the molecular mechanisms that control stress-induced depressive-like behaviors and could ultimately lead to the development of improved treatment for depression. However, some questions remain in this study. As a broad-spectrum inhibitor of DNA methylation, 5-aza lacks gene-specific effects. Further studies using inhibitors of gene-specific DNA methylation are necessary to explore the role of CRMP2 in depression. Additionally, we did not verify our findings in vitro in this study, and an in vitro cell model should be established in future studies.
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Stroke is the leading cause of disability and mortality in the world, but the pathogenesis of ischemic stroke (IS) is not completely clear and treatments are limited. Mounting evidence indicate that neovascularization is a critical defensive reaction to hypoxia that modulates the process of long-term neurologic recovery after IS. Angiogenesis is a complex process in which the original endothelial cells in blood vessels are differentiated, proliferated, migrated, and finally remolded into new blood vessels. Many immune cells and cytokines, as well as growth factors, are directly or indirectly involved in the regulation of angiogenesis. Inflammatory cells can affect endothelial cell proliferation, migration, and activation by secreting a variety of cytokines via various inflammation-relative signaling pathways and thus participate in the process of angiogenesis. However, the mechanism of inflammation-mediated angiogenesis has not been fully elucidated. Hence, this review aimed to discuss the mechanism of inflammation-mediated angiogenesis in IS and to provide new ideas for clinical treatment of IS.
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INTRODUCTION

Ischemic stroke (IS) is one of the diseases with the highest incidence and disability rate in the world. Currently, the effective treatment measure for IS is thrombolytic therapy with tissue plasminogen activator to recirculate cerebral blood flow. However, due to the limitation of the treatment time window, only a small number of patients are suited to this treatment (Zhou et al., 2019). Thus, clarifying the pathogenesis and exploring new therapies are urgently needed to improve outcomes. Normal collateral circulation can effectively improve the blood flow supply of brain tissue. The extension of neovascularization from normal brain tissue to the ischemic penumbra and central necrotic area can improve the blood perfusion of the surrounding ischemic area, reduce the volume of cerebral infarction, remold the nerve structure, and restore the central nervous system (CNS) function. Therefore, more and more studies have been conducted to promote the formation of neovascularization in the ischemic and surrounding areas after IS. Immune cells, such as mononuclear macrophages, T cells, and microglia, are involved in angiogenesis after stroke through different mechanisms. Here, we focus on the role of immune cells and related cytokines in neurovascular remodeling after IS and discuss the potential therapies for stroke that target neurovascular remodeling.



OVERVIEW OF ANGIOGENESIS

Angiogenesis, known as the formation of neovascularization that is induced by the sprouting of endothelial cells (ECs) from preexisting vessels, occurs under a variety of physiological (e.g., reproduction) and pathological (e.g., IS) conditions (Potente et al., 2011). During the sprouting process, ECs degrade the basement membrane, migrate into adjacent tissues, proliferate, and aggregate into tubes to form new blood vessels and establish blood flow. Basement membrane starts to form under the joint action of pericytes, ECs, and the microenvironment and further promotes the maturation and stability of new tubes, then finally completes the vascular remodeling (Marti et al., 2000). The proliferation and migration of ECs, increased vascular permeability, and the degradation of the surrounding stroma, as well as the stabilization and cessation of angiogenesis, are essential steps of angiogenesis (Hayashi et al., 2003). Under physiological state, angiogenesis is in the dynamic balance of the angiogenesis-promoting factor and the inhibiting factor. Once the balance is broken, insufficient angiogenesis will lead to slow wound healing, such as stroke. Angiogenesis can salvage cerebral blood flow and supply nutrients/oxygen to the ischemic brain tissue, finally rescuing grievous neurons and impaired tissues (Krupinski et al., 1994). An elevated vascular density in the brain ischemic penumbra region was observed 3 days after IS in animal and human brain specimens (Hayashi et al., 2003). Excessive angiogenesis is commonly seen in the occurrence, development, and metastasis of tumors.



THE ROLE OF ANGIOGENESIS IN IS

Stroke is usually the result of focal cerebral ischemia caused by cerebral stenosis or occlusion. The blood flow of the brain tissue in the cerebrovascular region drops sharply, leading to a sharp decrease in the supply of oxygen and nutrients and eventually leading to tissue cell damage and even death. The potential mechanism of compensatory increased oxygen supply to ischemic brain tissue is the induction of new vessels. Neovascularization in the ischemic infarction area regulates the cerebral blood flow, neuron repair and regeneration, and the degree of functional recovery of patients as well as the functional reconstruction or rebuilding of synaptic connections between nerve cells (Pan et al., 2010). The collateral circulation in the initial phase of IS relies on the opening of a preexisting vascular network, while in the later period, it mainly depends on the formation of new blood vessels. New blood vessels begin to be observed at 3 days after IS and increase continuously for 21 days or more (del Zoppo and Mabuchi, 2003). Angiogenesis after stroke has therapeutic potential. Postmortem examination of the cerebral tissue of stroke patients with different survival times showed that the density of microvessels on the infarcted side was notably higher than that of the normal hemisphere on the opposite side. The number of new blood vessels around the infarct is positively correlated with the survival rate, survival time, and neurological function recovery of stroke patients (Krupinski et al., 1994). Other studies have found that patients with dementia show severe decreased cerebral blood flow in non-infarcted areas, indicating that angiogenesis can improve patients' daily activities by increasing cerebral blood flow (Schmidt et al., 2000). In a mouse model of middle cerebral artery occlusion (MCAO), proliferating ECs were found in the ischemic penumbra and were associated with increased vascular density (Kim et al., 2020). The ischemic penumbra, a structurally intact but functionally impaired region around the ischemic core area after cerebral infarction, is the main target of therapeutic intervention. Further exploration of the mechanism of angiogenesis after IS is conducive to research on more treatment options.



INFLAMMATORY-MEDIATED ANGIOGENESIS AFTER IS

Previous studies have identified that various immune cell subgroups regulate angiogenesis, such as natural killer (NK) cells, T helper 17 (Th17) cells, regulatory T lymphocytes (Tregs), and a functional subset of macrophages (M2 macrophages) (la Sala et al., 2012). Numerous angiogenic growth factors, commonly associated with inflammatory response, including vascular endothelial growth factor (VEGF), tumor necrosis factor-α (TNF-α), monocyte chemotactic protein-1 (MCP-1/CCL2), transforming growth factor-β (TGF-β), fibroblast growth factor (FGF), granulocyte-macrophage colony-stimulating factor (GM-CSF)/granulocyte colony-stimulating factor (G-CSF), hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), and interleukins (ILs), play crucial roles in inflammatory-mediated angiogenesis after IS (Schierling et al., 2009). The molecular mechanisms of inflammation-mediated angiogenesis involved in IS are discussed below.



THE ROLE OF IMMUNE CELL SUBSETS AND INFLAMMATORY CELLS IN ANGIOGENESIS AFTER IS


NK Cells

NK cells, an important subgroup of immune cells, infiltrate into local ischemic brain tissue and act as a bridge between the immune system and the CNS in IS patients. NK cells are closely associated with immunosuppression, inflammation, and infection after IS (Chen et al., 2019). Studies have confirmed that in pathological and physiological conditions, NK cells produce cytokines that promote angiogenesis and independently regulate angiogenesis (Ribatti et al., 2019). IS leads to other complications, such as cerebral small vessel disease. In the cerebral microvasculature of spontaneously hypertensive (a model for early-onset cerebral small vessel disease) rats after IS, NK cells infiltrated markedly in the cerebral microvessels, leading to inflammatory reactions and hypertension-associated cognitive dysfunction (Kaiser et al., 2014). The activated NK cells are involved in endothelial and vascular function deficits by promoting the expression of interferon gamma (IFN-γ) (Kossmann et al., 2013). Angiogenesis is an important compensation method for arterial obstruction. In addition, NK cells play crucial roles in cerebrovascular formation in hindlimb ischemia mice (van Weel et al., 2007).



CD4+ T Cells

CD4+ T cells (consisting of Th1, Th2, Th17, and Tregs), which are responsible for inflammatory response, boost arteriogenesis in a murine model of hindlimb ischemia (Nossent et al., 2017). Moreover, CD4+ T cells play essential roles in activating and polarizing macrophages, which have been demonstrated to have the ability to promote angiogenesis (Zhang et al., 2020). Th17 promotes angiogenesis and increases cerebral blood flow in the ischemic penumbra, partly owing to its potent effect in promoting the migration and sprouting of ECs (Kwee et al., 2018). The study has shown that hyperforin could promote subependymal ventricular zone angiogenesis, neurogenesis, and functional recovery through suppressing Th1 cell differentiation while facilitating Th2/Treg cell differentiation in the ischemic area, which is mediated by astrocyte IL-6 (Yao et al., 2019). Hence, it indicates that the infiltration of Th2 cells into the ischemic hemisphere increased Th2-derived cytokine IL-4, increased Treg-derived IL-10 and TGF-β, as well as decreased Th1 and Th1-derived cytokine IFN-γ, which are all key events that promote angiogenesis during stroke recovery.



Microglia/Macrophage Cells

Resident microglia and infiltrated macrophages activate the immune defense in the CNS to regulate the inflammatory condition dynamically in the injured brain (Zhu et al., 2019). Microglia/macrophages can polarize into the M1 and M2 phenotypes to participate in IS damage or repair (Liu et al., 2018). M1 is known to be classically activated and to exert pro-inflammatory effects, whereas M2 is alternatively activated and plays an anti-inflammatory role in IS. M2 macrophages, a more heterogeneous phenotype, can be further divided into M2a and M2c according to their function. The M2a subset activated by IL-4 is regarded as the wound healing macrophages that also belong to the alternatively activated macrophages; the M2c subgroup activated by numerous stimulants, including glucocorticoids, immune complexes, and IL-10, as well as prostaglandins, is known as the regulatory macrophages.

Microglial/macrophage cells are also crucial to angiogenesis after IS. Evidence shows that increased microvessel density after IS was detected only in the regions also containing macrophages, suggesting that angiogenesis is related to the increased number of macrophages (Manoonkitiwongsa et al., 2001). Moreover, the brain may synthesize microvessels and open capillaries needed for macrophage infiltration for the destruction and removal of necrotic brain tissue via the angiogenic signaling cascade. Microglial activation and the related neuroinflammation in the ischemic penumbra region were alleviated by polarizing the microglia toward the M2 phenotype (Shang et al., 2020). Previous studies have indicated that M2 microglia/macrophages have a higher potential to promote angiogenesis than other subgroups. Moreover, FGF signaling for M2a- and placenta growth factor (PlGF) signaling for M2c-induced angiogenesis may be the possible working mechanisms (Jetten et al., 2014). Hence, further researches are needed to illustrate the exact mechanism of angiogenesis induced by M2.



Brain Pericytes

Brain pericytes are perivascular cells that play a critical role in the regulation of capillary function and the development of cerebral microcirculation, and their location puts them in a crucial position to regulate the neuroinflammation at the neurovascular unit (NVU), which consists of neuronal cells, pericytes, ECs, astrocytes, microglia, and the extracellular matrix (Bell et al., 2010; Muoio et al., 2014). Brain pericytes are involved in a variety of brain functions, such as the generation and stabilization of the blood–brain barrier (BBB), brain inflammation, and tissue regeneration, as well as the propagation of CNS and peripheral inflammation (Umehara et al., 2018). Moreover, pericytes recently have been verified to exert many functions of immunomodulatory cells, including producing and responding to inflammatory cytokines, presenting antigen, and exhibiting phagocytosis. Hence, brain pericytes are increasingly considered to be mediators of neuroinflammation (Rustenhoven et al., 2017), thereby participating in inflammatory reaction during IS.

Previous studies have shown that the continuous constriction and necrocytosis of pericytes in the hyperacute phase leads to the no-reflow phenomenon, and the inflammatory responses and the separation of pericytes in the acute phase may exacerbate the BBB injury (Uemura et al., 2020). However, pericytes also exert a neuroprotective role via releasing neurotrophins, EC protection, and BBB stabilization (Franco et al., 2011; Winkler et al., 2011; Ishitsuka et al., 2012). Pericytes play a powerful role in neural restoration after IS via promoting angiogenesis and neurogenesis. The bidirectional ECs–pericytes signaling is essential during angiogenesis (Stapor et al., 2014). Firstly, after being stimulated by pro-angiogenic factors, pericytes produce numerous matrix metalloproteinases (MMPs) (MMP-2, MMP-3, and MMP-9) to degrade the components of the basement membrane, resulting in the separation of pericytes and the succeeding release of ECs (Virgintino et al., 2007; Candelario-Jalil et al., 2009; Potente et al., 2011). Furthermore, increased vascular permeability promotes plasma protein extravasation and provides a temporary scaffold for vascular germination (Carmeliet and Collen, 2000). In addition, pericytes generate VEGF-A, which activates ECs to protrude filopodia, leading to the formation of tip cells (Jakobsson et al., 2010; Franco et al., 2011). Then, stalk cells multiply to support the extension of sprouts and construct a vascular vessel (Eilken and Adams, 2010). Meanwhile, pericytes adhere to ECs, regulate the sediment of the extracellular matrix and the modeling of the inter-endothelial tight junctions, and stabilize neovascularization. Lastly, tip cells anastomose with adjacent sprouts to form microvascular rings (Jain, 2003). Then, pericytes are transformed to suppress EC multiplication and reestablish the quiescence state of ECs to stop angiogenesis (Yang et al., 2017). The primary pericyte-associated pathways propelling neovascularization after IS include the PDGF-BB/PDGFRβ pathway (Gaengel et al., 2009), VEGF-A/VEGFR2 pathway (Greenberg and Jin, 2005), TGF-β/TGFRβ2 pathway (Walshe et al., 2009; Li et al., 2011), Notch pathway (Kume, 2012), and the Ang/Tie2 pathway (Armulik et al., 2011). Here, we have roughly concluded the mechanism of pericytes involved in angiogenesis after IS; further studies are needed to elucidate the mechanism of angiogenesis after IS and to explore feasible pro-angiogenic therapies.




THE ROLE OF INFLAMMATORY CYTOKINES IN ANGIOGENESIS AFTER IS


VEGF

VEGF, diffusely distributed in brain tissue, has essential effects in brain inflammation through promoting inflammatory cell recruitment and adjusting angiopoietin II (Ang II) secretion (Yin et al., 2020). VEGFs and their receptors (VEGFRs) are also pivotal regulators of blood vessel formation. VEGF is mainly divided into matrix-bound and soluble subtypes. Matrix-bound subtypes stimulate more vessel branching, while soluble VEGF facilitates vascular dilation (Carmeliet, 2003). The VEGF family consists of seven subsets of ligands: VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and PlGF. PlGF, VEGF-A, and VEGF-B are required for angiogenesis (Takahashi and Shibuya, 2005). VEGF-A (also known as VEGF) is the major member of the VEGF family and promotes angiogenesis via binding to VEGF receptor-2 (VEGFR-2) (Zhong et al., 2020). VEGF-B, functionally and structurally related to VEGF-A and PlGF, regulates the bioavailability of VEGF-A (Olofsson et al., 1996). The binding of VEGFs to their receptors on the cytomembrane of ECs activates the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) 1/2 and phosphatidylinositol-3 kinase (PI3K)/protein kinase B (AKT) pathways, leading to EC survival, proliferation, differentiation, migration, and tube formation (Assareh et al., 2019). Deficiency of VEGF and/or VEGFR-2 leads to vascular formation defects. In addition, the biological effects of VEGFR-2 may vary greatly due to its subcellular localization. For example, VEGFR-2 must signal from the endocellular compartments when VEGF induces arterial morphogenesis (Lanahan et al., 2010). In addition, autocrine VEGF, secreted by ECs, maintains vascular stabilization (Lee et al., 2007), whereas paracrine VEGF, produced by myeloid, tumor, or stromal cells, renders tumor vessels abnormal and increase vessel branching (Stockmann et al., 2008). Endostatin inhibited VEGF-induced endothelial tube formation by stabilizing the newly formed endothelial tubes (Ergün et al., 2001). Hence, endostatin may be a new anti-angiogenic agent in tumor therapy.

As a potent angiogenic factor, VEGF also has neuroprotective activity. A previous study has illustrated that VEGF promotes neurovascular remodeling in the ischemic hemisphere, contralesional corticobulbar plasticity, and neurological recovery. This brain remodeling by VEGF may be achieved by the deactivation of MMP9, activation of c-Jun, and the suppression of caspase-3-dependent apoptotic cell death as well as the downregulation of growth inhibitory proteoglycans and guidance molecules (Reitmeir et al., 2012). In addition, VEGF has been reported to attenuate the CD45+ leukocyte infiltrates at 14 days after ischemia and to diminish the activation of the microglia. Intracerebroventricularly delivered VEGF promotes contralesional corticorubral plasticity through its anti-inflammatory action via the downregulation of a broad set of inflammatory cytokines and chemokines in both brain hemispheres (Herz et al., 2012). Although the overexpression of VEGF exerts neuroprotection after IS, VEGF facilitates a hemodynamic steal phenomena with reduced blood flow in ischemic areas and increased flow values only outside the MCA territory. The overexpression of VEGF can significantly alleviate neurological deficits and infarct volume and reduce the disseminated neuronal injury and caspase-3 activity, confirming that VEGF has neuroprotective properties. However, a mild blood–brain barrier leakage has been reported to be induced by VEGF (Wang et al., 2005). Hence, the overexpression of VEGF may worsen rather than improve cerebral hemodynamics after IS. The survival-enhancing effect of VEGF is purchased at the expense of increased BBB permeability, which may be regulated by the PI3K/AKT pathway (Kilic et al., 2006). Taken together, the neuroprotective functions of VEGF cannot be easily exploited without accepting the adverse consequences of increased vascular permeability.



MCP-1

MCP-1, also known as CCL2, a key chemokine that regulates the activation and recruitment of monocytes and microglias as well as T cells, has been implicated in inflammatory and angioproliferative CNS disease (Zhang and Luo, 2019). Both MCP-1 and its receptor C–C chemokine receptor type 2 (CCR2) expressed in the brain are crucial regulators of CNS inflammation and activation of the microglia, involved in various neuroinflammatory diseases (Hinojosa et al., 2011). During inflammatory response, MCP-1 attracts peripheral monocytes to the brain and regulates Th cell development by stimulating Th2 polarization (Saoud et al., 2019). Coincidentally, we have discussed above that the infiltration of Th2 cells to the ischemic hemisphere and the increased Th2-derived cytokine IL-4 can promote angiogenesis during stroke recovery. MCP-1 is also acknowledged as an angiogenic chemokine. However, the mechanism of angiogenesis mediated by MCP-1 has not been fully elucidated. Previous studies indicate that MCP-1-mediated angiogenesis mainly consists of two successive steps: the expression of VEGF-A gene induced by MCP-1 and the subsequent neovascularization induced by VEGF-A. MCP-1 upregulates the expression of the hypoxia-inducible factor 1 alpha (HIF-1α) gene in human aortic ECs, which induces VEGF-A expression in the human aortic wall and ECs via activating MAPK (Hong et al., 2005). A previous study has illustrated that VEGF also induces the expression of MCP-1, mainly through activating NF-kB and the activator protein 1 (AP-1) in retinal ECs (Marumo et al., 1999). MCP-1-mediated angiogenesis is also induced by MCP-1-induced protein (MCPIP), at least partly via the transcriptional activation of cadherin (cdh) 12 and cdh19. Additionally, MCP-1 is involved in neurological recovery after IS and delivers varieties of cells into the brain through MCP-1/CCR2 interplay. Moreover, after intravenous transplantation of human umbilical cord-derived mesenchymal stem cells (hUC-MSCs) with overexpression of MCP-1 in MCAO rats, angiogenesis was promoted in the ischemic penumbra region (Lee et al., 2020). This indicates that MCP-1-overexpressing hUC-MSCs distinctly repaired functional deficits in rats with MCAO by accelerating persistent increases in MCP-1 levels in brain tissue, promoting neurogenesis and angiogenesis and inhibiting neuroinflammation. These results demonstrate that MCP-1-overexpressing MSCs might be an alternative therapeutic method for cell therapy of IS.



TNF-α

TNF-α, a cytokine with diverse pro-inflammatory actions, plays crucial roles in both pathological and physiological conditions (Saha and Smith, 2018). TNF-α is induced in the ischemic cerebral tissue within 1 h, peaks at 6–10 h, and subsides 1–2 days post-IS (Liu et al., 1994). Increased TNF-α exerts both neuroprotective and neurotoxic effects after IS (Wilde et al., 2000). TNF-α acts via interacting with two kinds of receptors, TNF receptor 1 (TNFR1) and TNFR2, which can mediate hindlimb ischemia-induced angiogenesis (Luo et al., 2006). Researches in neuroprotection have shown that TNFR1 targeting the erythropoietin receptor (EPOR) and VEGF can alleviate cortical neuronal injury after IS (Taoufik et al., 2008). Moreover, the interplay between TNF-α and TNFR1 primes brain ECs for erythropoietin (EPO)-enhanced angiogenesis by the upregulation of EPOR that amplifies the effect of EPO on the activation of VEGF/VEGFR2 and the angiopoietin 1 (Ang1)/angiopoietin receptor (Tie2) signaling pathway (Wang et al., 2011). In addition, TNF/TNFR1 can act directly on ECs to regulate angiogenesis via activating VEGF signaling (Sugano et al., 2004). TNF also activates various pathways, such as NF-κB and AKT. The NF-κB activated by TNF may trigger the activation of AKT signaling, whereas both NF-κB and PI3K/AKT pathways are essential for the TNF/TNFR1-upregulated expression of EPOR (Wang et al., 2011). These evidences certify the network between TNF/TNFR1 and EPOR to coordinate the occurrence of neovascularization in brain ECs. Additionally, other studies illuminated that IS-induced angiogenesis relies on the TNFR1-mediated upregulation of α5β1 and αVβ3 integrins (Huang et al., 2016).



TGF-β

The TGF-βs consist of three mammalian subtypes (TGF-β1, TGF-β2, and TGF-β3). The component of TGF-β signaling transduction, including the serine kinase-type receptor on the cytomembrane, exists in the CNS. TGF-βs are pluripotent cytokines whose potential neuroprotective actions are gradually acknowledged. Actually, the expression of TGF-β can be activated following various brain injuries. The neuroprotective action of TGF-β is mostly induced by IS (Dobolyi et al., 2012). Injury in animal models of local and global cerebral ischemia was observed to be suppressed by TGF-βs. A previous study has shown that TGF-βs inhibit microglias, thereby exerting an anti-inflammatory effect (Lund et al., 2018). Since the microglia is the main source of TGF-β1 in the CNS, they may have an autoinhibitory effect on the microglia (Lenzlinger et al., 2001). The potential neuroprotective mechanisms of TGF-βs include anti-inflammatory, anti-excitotoxic, and anti-apoptotic abilities and the facilitation of angiogenesis, neurogenesis, and scar formation.

The secretion of TGF-β1 was proven following IS damage. The expression of TGF-β1 in the ischemic penumbra region was significantly elevated after MCAO in baboons and rats (Ali et al., 2001; Vincze et al., 2010). Moreover, increased levels of TGF-β1 were also found in human brain following IS (Krupinski et al., 1996). Activated microglia/macrophages have been demonstrated to be the primary sources of TGF-β1 messenger RNA (mRNA) after focal ischemic attack (Lehrmann et al., 1998; Doyle et al., 2010). In addition, astrocytes and neuronal cells may also contribute to the upregulated TGF-β1 expression after IS (Zhu et al., 2001; Malik et al., 2020).

TGF-β is known to facilitate angiogenesis. After subcutaneous injection of TGF-β in neonatal mice, collagen production by fibroblasts and increased angiogenesis were observed at the injection site (Roberts et al., 1986). A previous study has demonstrated that TGF-β1 can enhance the actions of other growth factors. In fact, TGF-β1 amplified the therapeutic action of VEGF-induced angiogenesis in patients with peritoneal dialysis (Kariya et al., 2018). Using a two-dimensional Petri dish and three-dimensional hydrated collagen gel cultures, a low concentration of TGF-β1 amplified the stimulating effect of basic fibroblast growth factor. TGF-β1 also promoted the proliferation of ECs in the disc angiogenesis system (Gajdusek et al., 1993). To explore the effect of endogenic TGF-β on spontaneous vascular growth of wound healing, the application of an anti-TGF-β antibody suppressed the spontaneous angiogenesis lower than the control group (Fajardo et al., 1996). Therefore, endogenous TGF-β exerts the effect of promoting spontaneous angiogenesis. Additionally, deficiency of the different components of TGF-β signaling has verified that TGF-β is essential for angiogenesis, and TGF-β receptor mutations are associated with a vascular disease called hereditary hemorrhagic telangiectasia (Bertolino et al., 2005). What is more, in ischemic rat brain following MCAO, leucine-rich α2-glycoprotein 1 (LRG1) may protect the rat brain tissue from ischemic attack through accelerating angiogenesis via upregulating the TGF-β1 pathway (Meng et al., 2016). It has been suggested that there is a complex interaction between VEGF and TGF-β1, both of which promote angiogenesis but have opposite effects on ECs. VEGF protects ECs against apoptosis, whereas TGF-β1 induces apoptosis. Moreover, the suppression of VEGF inhibited both the angiogenesis and apoptosis induced by TGF-β1, suggesting a refined regulation of angiogenesis through the interaction of these growth factors (Ferrari et al., 2009). In the injured brain, the application of TGF-β distinctly facilitated the re-elongation of axons in the injured site in a concentration-dependent manner, suggesting that TGF-β1 can also facilitate axonal regeneration of injured brain neuronal cells (Abe et al., 1996).



GM-CSF/G-CSF

GM-CSF is known to stimulate the growth and polarization of granulocytes and macrophages, exerting a crucial effect in the regulation of innate and adaptive immunity (Seledtsov et al., 2019). As a potent survival factor for monocytes/macrophages, GM-CSF may promote arterial formation in patients with cerebral ischemia to enhance their collateral capacity, thereby reducing the brain infarction risk (Lee et al., 2005; Maurer et al., 2008). A previous clinical trial has shown that GM-CSF has a positive effect on the therapeutic enhancement of angiogenesis in a group of patients with coronary artery disease (Werner, 2002). Previous research results of GM-CSF subcutaneous injection in hypoperfused rat brain showed that: (1) GM-CSF induced an enlargement of posterior cerebral artery caliber on three-vessel occlusion (3-VO, a non-lethal brain hypoperfusion model); (2) morphological and functional changes could be caused by subcutaneous GM-CSF treatment; (3) GM-CSF improved the cerebral hemodynamic parameters on 3-VO, such as CO2 reactivity; and (4) GM-CSF enhanced the infiltration of monocytes/macrophages in the area of vascular collateral formation (Buschmann et al., 2003). These facts indicate that GM-CSF treatment can induce arteriogenesis in hypoperfused rat brain.

G-CSF activates the survival, multiplication, and maturation of cells in the neutrophil lineage (Malashchenko et al., 2018). It is also a neuroprotective cytokine and has a positive effect on angiogenesis and neurogenesis after IS. G-CSF plays a role in regulating the PI3K/AKT signaling pathway, affecting cell proliferation and apoptosis and inducing VEGF expression (Liang et al., 2018). G-CSF increases EC multiplication, the vasal branch points, the vascular surface area, and the length of blood vessels in the ischemic penumbra region (Lee et al., 2005). In addition, the neuroprotective action of G-CSF may be confirmed from all the decreases of the infarct size, the inflammatory infiltration, the BBB disruption, and the hemispheric atrophy after G-CSF treatment (Menzie-Suderam et al., 2020; Modi et al., 2020). Two possible molecular mechanisms deserve to be considered in angiogenesis induced by G-CSF: (1) the direct activation of cerebral ECs (Liang et al., 2018) and (2) the transference of bone marrow endothelial progenitor cells (EPCs) to the ischemic penumbra area. G-CSF was confirmed to stimulate ECs in order to initiate an activation/differentiation procedure, including multiplication and migration, associated with angiogenesis (Bussolino et al., 1991). Moreover, evidences demonstrate that G-CSF increases the expression of angiopoietin-2 (Ang2) and endothelial nitric oxide synthase (eNOS) in the ischemic penumbra of the cerebral cortex (Lee et al., 2005). eNOS is known to be essential to increasing both angiogenesis and the number of circulating EPCs (Endres et al., 2004), while Ang2 has been shown to promote a rapid proliferation of capillary diameter, the basal lamina reestablishment, and the development of new vessels (Ramsauer and D'Amore, 2002).



FGF

Presently, the FGF family is known to contain more than 20 factors. FGFs are secreted by ECs and are presented in the ectocytic matrix. FGFs are affected by different factors in different tissues. The members of the FGF family exert critical roles in angiogenesis for new blood vessel formation, which dramatically affects the proliferation, mobilization, metastasis, and mobilization of vascular ECs (Chen M. et al., 2020). In particular, FGF-1 (acidic FGF) and FGF-2 (basic FGF) have been verified to affect the modeling of new vessels in some tissues in vivo by regulating ECs (Zhou et al., 2009; Oladipupo et al., 2014). Moreover, FGF-1 and FGF-2 may restrain endothelial-dependent monocyte recruitment and thus have an anti-inflammatory function during angiogenesis in chronic inflammation (Zhang and Issekutz, 2002). Previous researches have illustrated that FGF-1 can initiate angiogenesis and neurogenesis in rats following IS (Cheng et al., 2011) and protect hippocampal neuronal cells against apoptosis induced by IS (Cuevas et al., 1998). Additionally, in mice after IS and human brain microvascular ECs after oxygen–glucose deprivation (OGD), non-mitogenic FGF-1 enhanced angiogenesis through regulating sphingosine-1-phosphate 1 (S1P1) signaling mediated by the activation of FGF receptor 1 (FGFR1) (Zou et al., 2020). FGF-2 also plays crucial roles in neurogenesis, angiogenesis, and neuronal survival as well as BBB protection. The expression of FGF-2 in the ischemic penumbra zone of all patients was distinctly increased compared with the infarcted tissue and normal contralateral hemisphere (Issa et al., 2005). Upregulated FGF-2 expression was observed to enhance endogenous neovascularization and hemodynamic changes in the infarct region and to upregulate the number of neuroblast cells migrating toward the ischemic striatum (Oyamada et al., 2008). Moreover, the function of promoting angiogenesis and BBB protection effect as well as the neuroprotective function of FGF-2 are partially via relieving the OGD/R-induced reduction of S1P1 receptor 1 (S1PR1) (Lin et al., 2018), binding of FGFR1 and activating the ERK signaling pathway (Chen P. et al., 2020), and regulating via the PI3K–AKT–Rac1 pathway (Wang et al., 2016).



HGF

HGF is a multifunctional growth factor that plays critical roles in mitogenesis, morphogenesis, motogenesis, anti-apoptosis, and angiogenesis. In the brain, HGF functions as an angiogenic factor and a neurotrophic factor. In addition, HGF exhibits neuroprotective actions on ischemia-induced damage through promoting angiogenesis, neurogenesis, and synaptogenesis and inhibiting fibrotic change (Shang et al., 2011). The application of dental pulp stem cells overexpressing HGF in the acute stage of stroke enhanced their neuroprotective actions through regulating inflammation and BBB permeability, thereby mitigating cerebral ischemia–reperfusion injury (CIRI) (Sowa et al., 2018). HGF may also be involved in the prognosis of acute IS at 3 months (Zhu et al., 2018).



PDGF

The PDGF family is composed of four elements: PDGF-A, PDGF-B, PDGF-C, and PDGF-D. PDGF is known to be angiogenic and neuroprotective in IS where PDGFR-α activation in circumvascular astrocyte cells is involved in the acute opening of the BBB. Evidence shows that PDGF-B and its receptor on microvessel ECs may be involved in angiogenesis following IS (Krupinski et al., 1997). Deficiency of either PDGF-B or PDGFR-β is closely related to characteristics of vascular rupture, including vascular dysfunction, pericyte defects, and the formation of microaneurysms (Gaengel et al., 2009). PDGFR-β expression is low in adult normal matured brain. However, its expression gradually increases mainly in pericytes and fibroblast-like cells in the ischemic penumbra zone after IS. PDGFR-β mediates a variety of functions, including the modulation of the BBB and the rescue of infarcted tissues after IS (Nakamura et al., 2016). Moreover, a current study has shown critical actions of PDGF-C and PDGF-D in neovascularization, fibrosis, atherosclerosis, and restenosis (Folestad et al., 2018).



Interleukins
 
IL-1

IL-1 is known to be a primary mediator of central and peripheral inflammation after IS, primarily via the action of both of its subtypes, IL-1α and IL-1β, at cerebral ECs. Previous preclinical studies have demonstrated the deleterious actions of IL-1 following IS, while blocking its actions is salutary in preclinical and clinical settings. However, the pro-inflammatory cytokine IL-1α was found to increase the brain EC activation, migration, and the proliferation of ECs and to induce chemokine (C–X–C motif) ligand 1 (CXCL-1) and IL-6 (recognized to have angiogenic effects in cerebral ECs) expression as well as promote the construction of capillary tube-like structures in cerebral ECs in vitro (Salmeron et al., 2016). Hence, these findings demonstrate that IL-1α has angiogenic effects in post-stroke angiogenesis. After ischemia injury, oligodendrocytes respond to inflammatory IL-1β signaling and produce MMP-9 to enhance angiogenesis (Pham et al., 2012).



IL-4

As an important anti-inflammatory cytokine, IL-4 induces mononuclear/macrophages to differentiate into M2 macrophages through its receptor IL-4R and then secretes more anti-inflammatory factors such as IL-10 and TGF-β, while inhibiting the formation of M1 macrophages and the release of TNF-α and IL-1 (Bhattacharjee et al., 2013). M2 macrophages are known to promote angiogenesis after IS, partially through regulating the HIF1-α/VEGF/NO signaling pathway. Evidence shows that the blockade of IL-4 abrogates the promoting role of hyperforin in post-stroke angiogenesis, neuronal regeneration, and functional rehabilitation (Yao et al., 2019).



IL-6

Four weeks after MCAO, IL-6 knockout mice displayed a distinctly elevated chronic lesion size and showed a damaged angiogenic response to cerebral ischemia with the reduction of neonatal EC numbers, perfused microvessel density, absolute focal cerebral blood flow, and vessel responsivity in ischemic striatum. These findings suggest that IL-6 plays an important role in angiogenesis after IS. Moreover, resident cerebral cells are the main sources of elevated levels of IL-6 in the early-phase post-stroke. IL-6 stimulates the phosphorylation of signal transducer and activator of transcription 3 (STAT3) and the early transcriptional activation of angiogenesis relative genes, thereby leading to the enhanced angiogenesis and increased brain blood flow in the delayed phase after IS (Gertz et al., 2012). IL-6R simultaneously activates the PI3K/AKT and Janus kinase (JAK)/STAT signaling pathways (Xu et al., 2005), which play vital roles in angiogenesis after stroke.





THE ROLE OF INFLAMMATION-RELATIVE SIGNALING PATHWAYS IN POST-STROKE ANGIOGENESIS


JAK2/STAT3 Pathway

STAT3 is known to be a key regulator of various inflammatory signals. STAT3 is phosphorylated by phospho-JAK2 (p-JAK2) and is subsequently transferred into the nucleus to regulate the expression of particular genes. Numerous evidences have shown that JAK2/STAT3 signaling activation plays a protective effect against CIRI (Hoffmann et al., 2015; Li et al., 2017). As a direct transcriptional activator of VEGF under hypoxia conditions, STAT3 has recently been confirmed to regulate post-stroke angiogenesis, axon growth, and extracellular matrix remodeling (Hoffmann et al., 2015). Moreover, deficiency of STAT3 signaling is involved in the inhibition of pancreatic carcinoma and kidney cancer through suppressing cancerous angiogenesis (Li et al., 2013). The potential molecular mechanism of angiogenesis induced by the JAK2/STAT3 signaling pathway may be the induction of VEGF production and the regulation of Ang-1 and Ang-2 expression (Li et al., 2017) (Figure 1). As is known, Ang-1 promotes the maturity of new blood vessels and Ang-2 is a destabilizing signaling that reverts vessels to a more malleable state. Numerous cytokines and agents can promote STAT3 phosphorylation or directly activate the JAK2/STAT3 signaling pathway, including IL-6, secretoneurin (Shyu et al., 2008), salvianolic acids (Li et al., 2017), catalpol (Dong et al., 2016), ginkgolide K (Chen et al., 2018), etc., exerting an angiogenic action. What is more, the activation of the JAK2/STAT3 signaling pathway can shift the microglia toward M2 polarization (Qin et al., 2017), which promotes angiogenesis in IS. Additionally, the STAT3 signaling pathway is essential for HIF-1α expression regulated by VEGF and PI3K/AKT. The expressions of HIF-1α and VEGF disappeared after STAT3 was blocked by its inhibitor, such as CPA-7 or STAT3 small interfering RNA (siRNA) (Xu et al., 2005). However, the inhibition of STAT3-dependent autophagy can also promote angiogenesis after IS (Xia et al., 2020).
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FIGURE 1. The molecular mechanism of angiogenesis mediated by the JAK2/STAT3 pathway. JAK2 is activated and phosphorylated by inflammatory cytokines such as IL-6 and IFN-α, resulting in the phosphorylation of downstream STAT3 and the formation of the p-STAT3 dimer, which is subsequently transferred to the nucleus to promote the expression of particular genes. IL-6, MMP-2, VEGF, and other cytokines are increased, then secreted to the extracellular matrix and act on endothelial cells (ECs), eventually leading to increased angiogenesis.




PI3K/AKT Signaling Pathway

The PI3K/AKT pathway is known to exert a crucial effect in various physiological conditions such as inflammation, oxidative stress, and apoptosis. The activation of the PI3K/AKT pathway can decrease the expression of inflammatory genes and then maintain the vascular capacity. Furthermore, the PI3K/AKT signaling pathway promotes neuronal survival activation and enhances cell survival after IS (Zhang et al., 2016; Li et al., 2019). Activated AKT can promptly stimulate some molecular signals such as rapamycin (mTOR), which promotes protein synthesis and regulates cytotrophy and energy supply. A previous study has illustrated that the activated PI3K/AKT/mTOR pathway exerts essential actions on the effect of apoptosis and inflammation in the brain (Li et al., 2015).

What is noteworthy is that the PI3K/AKT/mTOR pathway has been proven to be essential for angiogenesis (Figure 2), including EC survival, migration, and new vessel formation. The activated PI3K/AKT/mTOR signaling activates its downstream factor HIF-1α, thereby regulating VEGF expression (Patra et al., 2019), which is known to enhance angiogenesis after IS. In addition, epidermal growth factor (EGF) exerts neuroprotective effects on cerebral ischemia via activating the EGF receptor (EGFR), which also contributes to the activation of the PI3K/AKT/mTOR pathway and elevated HIF-1α (Karar and Maity, 2011).
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FIGURE 2. The molecular mechanism of angiogenesis mediated by the PI3K/AKT pathway. PI3K signaling is activated by the endothelial growth factor receptor (EGFR), fibroblast growth factor receptor (FGFR), IL-6R, and Ang/Tie2 signaling molecules, leading to AKT activation. Activated AKT promotes the expression of Bad, which inhibits Bcl-CL/Bcl-2, thereby promoting the survival of pro-angiogenic cells. The mechanistic target of rapamycin (mTOR) is also activated by AKT and increases the level of HIF-1α, which can directly increase the expression of vascular endothelial growth factor (VEGF) or bind to HIF-1β in hypoxia conditions and transfer to the nucleus to promote the expressions of erythropoietin (EPO) and VEGF. Meanwhile, endothelial nitric oxide synthase (eNOS) activated by AKT promotes the production of NO, which protects vascular tone permeability. These potential mechanisms contribute to angiogenesis through the PI3K/AKT pathway.


In ECs, the PI3K/AKT pathway participates in angiogenesis via regulating nitric oxide (NO) signaling, which is modulated by the enzyme NO synthase (NOS). Evidence has illuminated that NO donors can promote the transcriptional activity and expression of HIF-1, thereby inducing the VEGF mRNA (Papapetropoulos et al., 1997). Furthermore, VEGF can initiate NO generation, which is suppressed by the PI3K inhibitor. Hypoxia can also accelerate the phosphorylation of eNOS via activating the PI3K/AKT pathway and HSP9O binding to eNOS. NO production may also be induced via the phosphorylation of eNOS by AKT (Kasuno et al., 2004).

The Ang1/Tie2 system, including the angiopoietins and their receptors, can also activate the PI3K/AKT pathway and promote EC survival. Ang1 and Ang2 bind to Tie2 receptor tyrosine kinase, which is mainly expressed in ECs (Davis et al., 1996; Karar and Maity, 2011). Ang1 is essential for endothelial development, while Ang2 resists the Ang1/Tie2 system and can disrupt vascularization. Research has shown that Ang2 can activate the PI3K/AKT pathway and serve as a stimulant of the Tie2 receptor in the deficiency of Ang1, although weaker than Ang1 (Yuan et al., 2009).



MAPK Pathways

MAPK pathways amplify, transmit, and integrate signals from a various range of stimuli and induce appropriate physiological reactions including proliferation, differentiation, development, transformation, apoptosis, and inflammatory responses. To date, three MAPK families have been characterized: ERK, p38 MAPK, and c-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK). The activation of p38 MAPK/HIF-1α/VEGF-A exerts anti-apoptotic and angiogenic effects against CIRI (Cheng et al., 2017). The application of MAPK/ERK pathway inhibitors disrupts VEGF-induced angiogenesis, thereby indicating that the MAPK/ERK signaling pathway mediates this process (Pulous et al., 2020). Moreover, hyperbaric oxygen-induced VEGF is activated by C-Jun/ AP-1 and through simultaneously activating the JNK and ERK signaling pathways (Lee et al., 2006). These findings indicate that ERK, p38 MAPK, and JNK are all involved in regulating angiogenesis in different ways.



NF-κB Signaling Pathway

NF-κB, a typical pro-inflammatory signaling molecule, is a key transcriptional factor that plays an important role in the regulation of inflammation, angiogenesis, functional circuit formation, and neurite outgrowth (Cui et al., 2015). The expression of angiogenesis-stimulating factors is partially mediated through the transcriptional activation of NF-κB in response to the inflammatory cytokines IL-1 α/β and TNF-α in vascular ECs and monocytes/macrophages, as well as in cancer cells. Inflammatory angiogenesis and the enhanced production of VEGF, in response to IL-1 α/β and TNF-α, are partially due to the activation of the NF-κB pathway (Watari et al., 2012). Furthermore, it has been verified that VEGF application activates NF-κB in vascular ECs. The activation of the NF-κB signaling pathway is through the activation of the PLCγ-sphingosine kinase-PKC cascade, resulting in the upregulation of vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) in monocytes/macrophages or vascular ECs stimulated by VEGF (Kim et al., 2001). In addition, NF-κB is also essential for the stem cell factor (SCF)+G-CSF-induced angiogenesis in the ipsilateral somato-sensorimotor cortex after stroke (Cui et al., 2015).




CONCLUSIONS AND PERSPECTIVES

Numerous studies have repeatedly shown that inflammatory reactions play multiphasic and complex roles in the progression and pathogenesis of IS. As mentioned above, pro-inflammatory cytokines such as IL-1β and TNF-α can promote angiogenesis after IS, but too many pro-inflammatory cytokines have a detrimental effect on the progression of IS. Analogously, anti-inflammatory cytokines such as IL-10 exert a protective effect after stroke, but too many anti-inflammatory factors produce immunosuppression after stroke. Thus, a balance between pro-inflammatory and anti-inflammatory signals is urgently needed to improve IS outcomes.

Various inflammatory cells and inflammatory cytokines, as well as the immune cell subtypes mentioned above, play crucial roles in ischemia-induced angiogenesis. The occurrence of IS induces immune inflammatory responses in brain tissue which can promote angiogenesis. Ultimately, angiogenesis improves stroke prognosis, and eventually, the immune response is mitigated. It is obvious that the three are directly related to each other in a complex way. Moreover, there is also an interaction network between immune cells, inflammatory cytokines, and inflammation-relative signaling pathways involved in post-stroke angiogenesis. For example, IL-6R simultaneously activates the PI3K/AKT and JAK2/STAT3 signaling pathways; in turn, the activation of the JAK2/STAT3 pathway induces the generation of IL-6 (Figure 3). The STAT3 signaling pathway is also essential for the expression of HIF-1α mediated by VEGF and PI3K/AKT, whereas HIF-1α induced by the PI3K/AKT pathway promotes VEGF expression.


[image: Figure 3]
FIGURE 3. The interaction between ischemic stroke, inflammatory cytokines, and inflammation-associated pathways. Ischemic stroke increases the expressions of the pro-inflammatory cytokines IFN-γ, IL-6 and IFN-α, which activate the NF-κB, JAK2/STAT3, PI3K/AKT, and MAPK pathways in pro-angiogenic cells, leading to the elevated expressions of growth factors, cytokines, and extracellular matrix (ECM) proteases. These cytokines act on endothelial cells (ECs) to promote EC survival, vascular permeability, and migration proliferation and, ultimately, to promote angiogenesis, which in turn alleviates stroke injury.


In conclusion, in this paper, we mainly discussed the inflammatory and immune cell subsets as well as the associated signaling pathways that contribute to angiogenesis in IS. The immune cell subsets and inflammatory cells involved in angiogenesis after IS mainly contain microglia/macrophage cells, NK cells, CD4+ T cells, brain pericytes, ECs, etc. Meanwhile, inflammatory cytokines, such as VEGF, MCP-1/CCL2, TNF-α, TGF-β, GM-CSF/G-CSF, FGF, HGF, PDGF, IL, and HIF-1α, play a critical role in the inflammatory-mediated angiogenesis after IS. Targeting these inflammatory cytokines and immune cells may provide the theoretical basis for potential therapies for IS.
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Dysfunction in the neurovascular unit (NVU) is a key component in the progressive deterioration of Alzheimer’s disease (AD) and is critical in vascular dementia. Recent studies have shown that inflammation plays early and perhaps causal roles in the pathogenesis of AD related to NVU damage, possibly in part by overactivating the aspartic acid protease activity of β-site amyloid precursor protein-cleaving enzyme 1 (BACE1), which until now has almost solely been studied in the context of the β-amyloid cascade. In this study, we analyzed the relationship of BACE1 with astrocytes and blood vessels in human brains with sporadic and familial dementia [Autosomal dominant cerebral arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), sporadic Alzheimer’s disease (SAD), and familial Alzheimer’s disease (FAD)] and how BACE1 inhibition affects astrocytes and endothelial cells under conditions of glutamate toxicity. Our results show increased BACE1, PHF (Paired helical filaments)-tau and GFAP (Glial Fibrillary Acid Protein) immunoreactivity (IR) in the CA1 hippocampal regions of FAD and SAD brains. Furthermore, BACE1 immunoprecipitated with GFAP in tissue samples from all study cases, but their immunofluorescence close to (10 μm3) or overlapping blood vessels was only increased in FAD and SAD brains, and PHF-tau was present around the vessels mainly in FAD brains. Interestingly, the increased BACE1 levels were associated with reactive astrocytes, characterized by morphological changes and upregulation of GFAP under pathological and stressful conditions, and endothelial disruption by glutamate excitotoxicity, and these effects were reversed by BACE1 inhibition; further, BACE1-inhibited astrocytes protected endothelial cell integrity by preserving zonula occludens-1 (ZO-1) distribution and decreasing the expression of inflammatory markers. Taken together, these findings suggest that BACE1 dysregulation in astrocytes may have a role in the alterations in NVU integrity implicated in neurodegeneration.
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INTRODUCTION

The blood brain-barrier (BBB) is a specialized structure which allow the exchange of molecules between peripheral circulatory system and the central nervous system (CNS) (Zenaro et al., 2016). The properties of the BBB are regulated by the function of the neurovascular unit (NVU), which is composed of endothelial cells (ECs) in contact with the basal lamina, pericytes, astrocytes, and neurons and is closely associated with the extracellular matrix (Posada-Duque et al., 2014; Villabona-Rueda et al., 2019). Its importance and definition emerged from “First stroke progress review group meeting of the National Institute of Neurological disorders and stroke of the NIH” in July 2001, as the coupling of the cerebral blood flow and the neural activity (Iadecola, 2017), allowing the bi-directional communication between neurons and microvessels, which was comprehensively analyzed in stroke research (del Zoppo, 2010). Astrocytes are closely related to the ECs that comprise the BBB and support its functions through the release of trophic factors and maintain the integrity of tight junctions such as Claudin-5 (CLDN5) and ZO-1 (Barrier et al., 1997; Gaillard et al., 2000; Sofroniew and Vinters, 2010; Alvarez et al., 2011). These astroglial cells maintain the homeostasis of the brain parenchyma by regulating energy and metabolism, blood flow and synapse function. NVU components are susceptible to damage from high glutamate concentrations; specifically, in ECs, glutamate triggers apoptosis mediated by oxidative stress (Parfenova et al., 2006; Jean et al., 2013) and, in astrocytes, astrogliosis (Pekny et al., 2018). Reactive astrocytes propagate pro-inflammatory signals in addition to activating catabolic processes and triggering apoptosis; however, they also facilitate the uptake and synthesis of neurotransmitters, induce angiogenesis and mediate antioxidation, thus contributing to neuroprotection. The roles of reactive astrocytes depend on the profile of genes that are differentially expressed and the postinjury time (Becerra-Calixto and Cardona-Gómez, 2017).

BACE1 is expressed in the ECs of the human BBB; it has also been shown to be predominantly localized to the membrane with an abluminal distribution of BACE1 in brain microvessels having a role in the vascular aspects of Alzheimer’s disease, particularly in the development of amyloid cerebral angiopathy (Devraj et al., 2016). BACE1 is a protease found in lipid rafts localized in endosomes and to a lesser extent in the trans-Golgi network (Koelsch, 2017). It has been characterized by its participation in amyloidosis and vascular deterioration. Although its expression was initially described in neurons, it has since been reported to be expressed in astrocytes and ECs at higher levels during stressful events such as ischemic stroke, in which a pro-inflammatory microenvironment is generated (Hartlage-Rübsamen et al., 2003; Bettegazzi et al., 2011; Zhao et al., 2011; Bulbarelli et al., 2012; Devraj et al., 2016).

Cerebrovascular dysfunction has been documented in vascular-type dementia, a group of heterogeneous brain disorders in which cognitive decline is associated with pre-existing pathological conditions in the cerebral vasculature (Costantino Iadecola, 2013). Some recent studies suggest that NVU dysfunction is not only a key component in the progressive deterioration of Alzheimer’s pathology and critical in vascular dementia but also an early mediating factor in the initiation of the neurodegenerative cascades observed in both diseases (Zenaro et al., 2016; Nation et al., 2019). Consequently, an understanding of the cellular mechanisms involved in NVU dysfunction would be an extraordinary tool to improve our knowledge of the pathobiology of dementias, which would lead to the development of new therapeutic approaches (ElAli, 2014). Therefore, it is necessary to advance the understanding of BACE1 dysregulation and its role in the alterations of components of the NVU in neurodegenerative processes. To pursue this aim, we analyzed the relationship of BACE1 with astrocytes and blood vessels in human brains from individuals with sporadic and familial dementia (CADASIL, SAD, and FAD) and how BACE1-inhibited astrocytes acting on endothelial cells in a glutamate toxic environment. We found an increased expression of BACE1 in reactive astrocytes associated with hyperphosphorylated tau and located close to or overlapping with blood vessels in the AD cases. In addition, BACE1-inhibited astrocytes reduced the induced damage by glutamate in ECs in an in vitro model. Therefore, we propose that an overload of BACE1 in reactive astrocytes close to vessels is a triggering factor for neurodegeneration in AD.



MATERIALS AND METHODS


Human Brain Tissue

Postmortem hippocampal brain tissue from 5 cases of FAD (PSEN1 E280A mutation), 5 cases of SAD, 5 cases of CADASIL and 5 healthy age-matched individuals (Control) obtained from the Neurobank of the University of Antioquia were included in this study. Informed consent was obtained for the research, and the study was approved by the bioethics committee for human studies at the University of Antioquia. The brain tissue was fixed in tissue blocks by immersion in a 4% paraformaldehyde solution in 0.1 M phosphate buffer (PB) (pH 7.4) at 4°C for 7 days. After 7 days, the tissues were subjected to a sucrose gradient of 7, 25, and 30% in PB. The hippocampal tissue was embedded in isopentane and subsequently stored at −80°C. Then, 50-μm sections were cut in a cryostat (Leica CM1850). The cases used to carry out this study are shown in Table 1.


TABLE 1. Study cases used according to pathological condition.
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Immunohistochemistry

Floating human hippocampal tissue sections (50 μm thick) were exposed to epitopes in 98% formic acid (Sigma, 100264) for 5–6 min at 85°C, and 30% Triton TM X-100 (Sigma, 93443) in PB for 5 min. Endogenous peroxidase activity was blocked using 1:1 methanol with 1% hydrogen peroxide in PB for 20 min at room temperature. Non-specific antibody binding sites were blocked with 1% bovine serum albumin (BSA) (Sigma-Aldrich) and 0.3% Triton X-100 in PB for 1 h. The sections were incubated with rabbit anti-BACE1 (ab108394, Abcam, 1:100), mouse-anti-human phospho-tau recognizing phosphorylated serine 202 and threonine 205 from tau. (PHF-tau, MN1020, Thermo Fisher Scientific, 1:1000), mouse anti-glial fibrillary acid protein (GFAP, G3893, Sigma-Aldrich, 1:250), or rabbit anti-vimentin (ab137321, Abcam, 1:250) primary antibody in PB with 0.3% Triton X-100 and 0.3% BSA at 4°C for 3 nights. The slices were then incubated with anti-mouse (31800, Invitrogen, 1:250) or anti-rabbit (B2770, Invitrogen, 1:250) biotinylated secondary antibody for 1 h and then incubated with the avidin biotin complex (ABC Standard Peroxidase Staining Kit, Pierce #32020, 1:250 reagent A:B) for 1 h. Staining was performed using diaminobenzidine (DAB, 12623957, Thermo Fisher Scientific) in 1% hydrogen peroxide. The slices were mounted and dried on slides, dehydrated by an alcohol gradient, and covered with the Consul-Mount mounting solution (Thermo Fisher Scientific; 9990440).



Microscopy, Image Processing, and Analysis

The tissue IR was analyzed at 10× (air objective, NA 0,25, Nikon) magnification by light microscopy (Nikon Epsilon E200) with a Nikon digital sight DS-L1 camera. For each slide, two consecutive images were taken allowing encompass all the extension of CA1 area for its analysis. The images were transformed to 8-bit and then analyzed using the binary threshold in the ImageJ software (NIH ImageJ). To calculate the total stained area, segmentation of all images was performed using intensity thresholding.



Immunofluorescence

For immunofluorescence staining, a procedure similar to that described above for immunohistochemistry was performed. After antigen retrieval with formic acid, tissue and background autofluorescence were blocked with 0.1% Sudan Black B (Sigma, S0395) in 70% ethanol for 10 min. Preincubation was performed with 1% BSA and 0.3% Triton, and the sections were then incubated with primary antibody mixtures for triple immunofluorescent staining. The first antibody mixture contained rabbit anti-GFAP (PA516291, Invitrogen, 1:250), mouse-anti-phospho-PHF-tau (MN1020, Thermo Fisher Scientific, 1:250) and DyLight 649-labeled Ulex Europaeus agglutinin (UAE) lectin (Vector Labs; DL-1068; 1:750), and the second antibody mixture contained anti-BACE1 (ab108394, Abcam, 1:100), mouse anti-GFAP (G3893, Sigma-Aldrich, 1:250) and DyLight 649-labeled UAE lectin. Both antibody mixtures were prepared in 0.3% Triton X-100 and 0.3% BSA in PB, and the sections were incubated in each mixture at 4°C for 3 nights. The fluorescent anti-rabbit antibodies Alexa 488 (A11008, Invitrogen, 1:750), anti-mouse Alexa 594 (A11005, Invitrogen, 1:750), anti-rabbit Alexa 594 (A11012, Invitrogen, 1:750) and anti-mouse Alexa 488 (A11001, Invitrogen, 1:750) were incubated for 1 h. The tissue sections were washed three times for 5 min and then mounted on slide plates and sealed on coverslips with FluorSave (Millipore; 345789). Sections incubated in parallel to the sections described above but without the primary antibodies were included as negative controls for the background binding of the secondary antibody and to discriminate autofluorescence. The omission of the primary antibodies did not produce staining.



Confocal Microscopy

The triple-stained mounted tissue sections were analyzed by a confocal laser scanning microscope (FV1000 Olympus, Japan) using a 60X objective (immersion oil, NA 1.42) and the Olympus FluoView program. A total of two random fields in the CA1 area were imaged for each section. For each experimental case, 21 consecutive individual images were obtained at 0.5 μm intervals in all channels along the Z axis of the sample. The image acquisition parameters remained the same between the samples. 16-bit TIFF images of 1024 x 1024 pixels (105.47 x 105.47 μm) were obtained with an XY pixel size of 103 nm and 500 nm between Z-sections. The confocal images were deconvolved, processed, and segmented for quantifying the Z stack signal represented as volumetric information; also, maximum projection images were generated for each field for illustrative purposes. The images were deconvolved using the Huygens Professional 19.10 software (Scientific Volume Imaging B.V.). After, these were transformed to 8-bit and then processed and analyzed by the FIJI software (Image J NIH). Then, immunofluorescent signals were segmented using machine learning and intensity thresholding by Otsu algorithm, to standardize the signals in all the images. The total area of staining and the areas of colocalization were measured. Colocalizing signals were identified using the algorithm and from the image calculator tool. A distance map tool from the 3D suite plugin (Ollion et al., 2013) was used to isolate signals located between 0 and 10 μm from the vessel surface to characterize the association of astrocytic endfeet with the vessels and the association with PHF-tau and BACE1 in the CA1 area. Z projections of the deconvolved images were made using the max intensity option, while segmented images were projected using the standard deviation.



Immunoprecipitation

To confirm the relationship between both GFAP+ astrocytes and BACE1, we immunoprecipitated BACE1 and then the co-immunoprecipitated GFAP. Briefly, samples were lysed in 10 mM Tris (pH 7.4), 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% NP40, 1 nM orthovanadate, 5 mM NaF, 1 mM phenylmethylsulfonyl fluoride with a protease inhibitor cocktail (Sigma-Aldrich). The lysates were clarified by centrifugation at 14,000 rpm for 5 min. A Pierce Protein Quantification Assay was performed, and then 200 μg total protein was incubated overnight at 4°C in the presence of the anti-BACE1 antibody (ab108394, Abcam, 1:100). Protein G Sepharose beads were added, and the samples were incubated for an additional 2 h at room temperature. The immune complexes were washed three times using immunoprecipitation lysis buffer before SDS-PAGE and immunoblotting. The proteins were separated using 10% SDS-PAGE, transferred to nitrocellulose membranes (Amersham) and probed with mouse anti-GFAP antibody (G3893, Sigma-Aldrich, 1:250). Whole lysates were used as positive controls, and incubation with an IgG peptide (395040065, Thermo, 1:500) was used as a negative control for immunoprecipitation. The blots were visualized using the Odyssey Infrared Imaging System (LI-COR Biosciences). To minimize interassay variation, samples from all experimental groups were run in parallel.



bEnd.3 Cell Line Cultures

The bEnd.3 (ATCC CRL-2299) murine cell line was used as an endothelial cell model as we described previously (Becerra-Calixto et al., 2018). The bEnd.3 cells were thawed in DMEM (Sigma-Aldrich) supplemented with 20% fetal bovine serum (FBS, Eurobio) and 1% penicillin–streptomycin (Gibco). After 24 h, the medium was replaced with the maintenance medium [DMEM supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin (Gibco)]. The cells were incubated at 37°C in 5% CO2. To perform the subcultures, the cells were trypsinized using a 0.25% trypsin/EDTA mixture (Gibco) for 5 min and subcultured in 12-well plates at a density of 2.5 × 105 cells per well.



Astrocyte Primary Cultures

Astrocytes were obtained from primary cultures of cortical astrocytes from Wistar rat brains extracted on postnatal day 1 or 2 as we described previously (Posada-Duque et al., 2015). The cortex was enzymatically dissociated with 0.25% trypsin/EDTA mixture (Gibco, 15400054) during 15 min, cultured in T75 flasks (surface area 75 cm2) and maintained in DMEM (Sigma-Aldrich) supplemented with 10% FBS and 1% penicillin–streptomycin (Gibco). The cells were incubated at 37°C in 5% CO2. The culture medium was changed every 2 days. From day in vitro (DIV) 8 to DIV 10, the flasks were shaken at 350 rpm for a sequence of 6, 18, and 24 h to minimize the amount of microglia and oligodendrocytes. Then, the cells were trypsinized using a 0.25% trypsin/EDTA mixture (Gibco) for 5 min and subcultured in 12-well plates at a density of 7.5 × 104 cells per well.



bEnd.3 and Astrocyte Coculture

Astrocytes were subcultured on DIV 10 on coverslips in 12-well plates. The bEnd.3 cells were thawed and subcultured on gelatinized coverslips with four paraffin dots at the ends until DIV 15 when the coculture was performed. The co-culture assembly consisted in superimposing one coverslip on the other so that both cell types are close and share the culture medium, the paraffin dots allow that there is no direct contact between the cells and therefore, without mechanical damage between them. On DIV 21, the coculture was disassembled to inhibit BACE1 only in astrocytes, and 24 h later, the coculture was reassembled and treated with glutamate (Becerra-Calixto et al., 2018). On DIV 23, the culture medium was collected to measure cytotoxicity, and both cell types were fixed for immunofluorescence staining.



Glutamate-Induced Toxicity Assay and Inhibitor Treatment


bEnd.3

The bEnd.3 cell cultures were pretreated on DIV 8 with β-secretase inhibitor IV (CAS 797035-11-1, Merck) at 1 μM. Twenty-four hours later, the cells were treated with glutamate at 125 μM for 20 min and were subsequently treated with the inhibitor again. On DIV 10, the culture medium was collected to measure the cytotoxicity, and the cells were fixed for immunofluorescence staining.



Primary Astrocytes

The astrocytes were pretreated on DIV 21 with β-secretase inhibitor IV at 1 μM. Twenty-four hours later, the cells were treated with glutamate at 125 μM for 24 h and were subsequently treated with the inhibitor again. On DIV 23, the culture medium was collected to measure the cytotoxicity, and the cells were fixed for immunofluorescence staining.



Coculture

In the coculture, BACE1 was inhibited in the astrocytes at the previously described concentration; however, both cell types were exposed to glutamate treatment for 20 min. On DIV 23, the medium was collected to measure the cytotoxicity, and the coculture was disassembled to fix both cell types.



LDH Cytotoxicity Assay

The cytotoxicity was measured by evaluating the percentage of LDH release with the Roche LDH Cytotoxicity Detection Kit. The assay was performed by mixing the media with a mixture of the two kit solutions, incubating the combined mixture for 30 min in the dark, and measuring the absorbances of the samples at 490 nm in a microplate reader. The percentage of LDH release was calculated using the following formula: %LDHrelease((A−lowcontrol)/(highcontrol−lowcontrol)) 100, where A was the absorbance indicating the LDH activity level, the low control was the LDH activity of basal release from untreated cells and the high control was the measure of maximum LDH release from the cells, which was obtained from cells treated with 1% Triton X-100.



In vitro Immunofluorescence

The cell cultures were fixed with 4% paraformaldehyde in cytoskeleton buffer with sucrose (CBS) (Posada-Duque et al., 2017). Autofluorescence was eliminated using 50 mM ammonium chloride (NH4Cl) for 10 min. The cells were permeabilized with 0.2% Triton. X-100 prepared in CBS and then treated with a blocking solution (2.5% FBS in CBS). The cultures were incubated overnight at 4°C with mouse primary antibodies against mouse CLDN5 (Invitrogen, 1:750), mouse GFAP (Sigma-Aldrich, 1:750), rabbit BACE1 (Abcam, 1:500) and mouse IL-1β (Abcam, 1:500). Subsequently, the cultures were incubated for 1 hour with Alexa 594- or Alexa 488-tagged secondary antibodies (Molecular Probes, 1:500), and the nuclei and cytoskeleton were stained with Hoechst 33258 (Invitrogen, 1:5000) and phalloidin conjugated with Alexa 594 or Alexa 488 (1:500, Molecular Probes). Then, serial washes with PBS (phosphate-buffered saline) were performed, and the coverslips with the immunolabeled cells were fixed to slides with FluorSave. The cells were observed under an Olympus IX 81 epifluorescence microscope, and the images were captured with an oil immersion objective (60X, NA 1.42) and then processed.



Morphological Analysis


Condensed Nuclei

The average diameter of each nucleus was quantified by automatic measurements using the “Count and measure objects” tool of the Image-Pro Plus software. Nuclei with diameters between 3.0 and 6.0 μm were defined as condensed. The percentage of condensed nuclei was calculated using the following formula: Percentage of condensed nuclei= [(condensed nuclei/(condensed nuclei + normal nuclei)]×100.



Number and Area of Gaps

The gaps are visualized as spaces between ECs indicate damage in the cell monolayer. This term was defined as: disruption of endothelial cells involving extravasation (Hirata et al., 1995) and inflammation more than cell death (Israelov et al., 2020). To determine the number of these spaces, F-actin signals were segmented using machine learning and intensity thresholding by Otsu algorithm, to standardize the signals in all the images, a binary image of each analyzed field was generated using the “Magic Wand” tool of the Adobe Photoshop software (González-Molina et al., 2021). With the images obtained, the number and area of gaps were measured using the “Count and measure objects” tool of the Image-Pro Plus software.



Fluorescence Intensity Quantification

Fluorescence intensity (FI) measurements for each protein were obtained from the color channels by calculating the intensity using the “Measure” tool, which was relativized with the cell area. These analyses were performed using ImageJ (NIH software).



Fluorescence Profiles

To determine the CLDN5 distribution, a fluorescence profile was established by drawing a white line of 50 μm through the cells (tracing it through the membrane, the cytoplasm and the nucleus) using the “Line profile” tool of the Image-Pro Plus software. The fluorescence profiles capturing the changes per channel of 20 cells were made for each treatment and the most representative ones were chosen for the figures.



Statistical Analysis

The statistical analysis of the human data was performed with the GraphPad Prism software (version 6.0). Data were plotted as the mean ± standard error of the mean (SEM) for the quantitative variables. A variance homogeneity test was performed, and multivariate analyses were performed for one-way ANOVA parametric data, post hoc Kruskal-Wallis tests and Student’s t tests. Values of p < 0.05 were considered significant.

For the in vitro analyses, the parametric data were compared using one-way ANOVA followed by the Tukey-Kramer post hoc test to identify the means that were significantly different from each other. The nonparametric data were compared using the Kruskal-Wallis test and Dunn’s test with Bonferroni correction. The results were considered significant when p < 0.05 (∗ indicates p < 0.05, ∗∗ indicates p < 0.01, and ∗∗∗ indicates p < 0.001). The data analysis was performed using the R version 3.4.4 software (R Core Team, 2018).



RESULTS


BACE1 Expression Is Increased in the PHF-tau+ CA1 Area and Subiculum of Sporadic and Familial Alzheimer’s Disease Brains

We analyzed the IR of BACE1, PHF-tau, GFAP and CLDN5 in human hippocampal tissue samples from patients with FAD, SAD, and CADASIL and from healthy control samples (Figures 1A–D). In the CA1 area, we found a significant increase in BACE1 IR in the FAD and SAD groups compared to that in the control group, while no significant differences were found in the CADASIL group (Figure 1A). The PHF-tau IR was increased in the CA1 area in the FAD and SAD groups and was significantly greater in the CA1 area in the FAD group than in the control group. The PHF-tau IR in the CADASIL group did not differ from that in the control group (Figure 1B). On the other hand, the GFAP IR was significantly higher in the FAD group than in the control group, and nonsignificant differences were observed in the SAD and CADASIL groups (Figure 1C). Finally, the CLDN5 data suggest a clear tendency toward increased expression in the CA1 area in the SAD group compared to that in the control group (Figure 1D), whereas the other groups did not show any differences.
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FIGURE 1. BACE1, PHF-tau, GFAP, and CLDN5 immunoreactivities in the CA1 area of dementia brains. (A) Representative image of location in human Control hippocampus of area ca1. Magnification: 10×. Scale bar: 25 μm. (B) Representative images of the BACE1, (C) PHF-tau, (D) GFAP, and (E) CLDN5 immunoreactivities in the CA1 area of human hippocampal tissue. Magnification: 10×. Scale bar: 50 μm. Inset: 25 μm scale bar. The values in the bar graph are expressed as a densitometric percentage of the BACE1 IR in the CA1 area. FAD, familial-type Alzheimer’s disease (presenilin 1 mutation E280A); SAD, sporadic Alzheimer’s disease; CADASIL, autosomal dominant cerebral arteriopathy with subcortical infarcts and leukoencephalopathy. The data are expressed as the means ± SEM. n = 4. *p < 0.05; ***p < 0.001; ****p < 0.0001.


Furthermore, we analyzed the IR of subiculum and CA4 areas in the same slices of human hippocampal tissues from FAD, SAD, CADASIL, and healthy control cases (Supplementary Figures 1A, 2A, respectively). In subiculum we detected a significant increase of BACE1 in all dementia cases being significant in FAD and CADASIL respect to the control group (Supplementary Figure 1B). Additionally, the PHF-tau IR presented an augment in FAD and SAD compared respect to the control, without change in CADASIL (Supplementary Figure 1C). Moreover, the levels of GFAP IR has a clear tendency to increase in all dementias cases, it was significant higher in FAD (Supplementary Figure 1D). On this way, CLDN5 data suggest a slight augment in the SAD group respect to the control and the other groups (Supplementary Figure 1E).

Inversely, in the CA4 area we found a significant decrease in BACE1 in SAD and CADASIL compared to the control group (Supplementary Figure 2B). Furthermore, PHF-tau IR was increased in FAD and SAD cases, and the increase was significant higher in FAD respect to SAD (Supplementary Figure 2C). However, GFAP and CLDN5 IRs did not present significant changes in CA4 area between the analyzed groups (Supplementary Figures 2D,E).

Finally, we selected the CA1 area for the subsequent analyses as a representative zone of neurodegeneration in the hippocampus.



BACE1 Expression Is Increased in Reactive Astrocytes Around Blood Vessels, Which Are Associated With Hyperphosphorylated Tau in the Human AD Hippocampus

After the confirmation of BACE1 and GFAP expressions in the hippocampus, we assessed if both proteins presented association by co-immunoprecipitation, how it had been reported previously (Sil et al., 2020) and if presented differential association between dementias. However, we found the complex in all cases, which at least confirm the presence of BACE1 in GFAP+ astrocytes (Liang et al., 2020; Figure 2A). This finding was confirmed qualitatively by immunofluorescence in the SAD and FAD cases, which showed astrogliosis (increase of reactive astrocytes) (Figure 2B). After, we performed a deeper analysis of the association of BACE1 with GFAP around vessels in the CA1 area of the hippocampus in human brains with dementia. We confirmed a significant increase in the BACE1 and GFAP levels in the FAD and SAD groups compared with those in the control group and found that BACE1 and GFAP colocalized close to (10 μm3) or overlapped with vessels mainly in the FAD and SAD groups, although the vessels were disrupted in the SAD group (Figure 2C). In addition, we found a significant increase in PHF-tau close to (10 μm3) or overlapping with the vessels, and more of the PHF-tau+ cells associated with GFAP+ cells in the FAD group than in the SAD group (Figure 3); both the FAD and SAD groups exhibited a higher association of PHF-tau+ cells with GFAP+ cells than the control and CADASIL groups. Additionally, vessel disruption mainly appeared in the SAD group samples.
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FIGURE 2. BACE1 association with astrocytes and vessels in dementia brains. (A) Representative protein bands from the immunoprecipitation of BACE1 and co-inmunoprecipitation of GFAP are shown. IgG was used as a negative control for immunoprecipitation. (B) Z projection of Immunofluorescence of blood vessels triple-stained with DyLight 649- tagged UEA (color-coded in blue), anti-BACE1 antibody probed with Alexa Fluor 488 (green) and reactive astrocytes marked with Alexa Fluor 594 (red) in the hippocampal CA1 area. Magnification: 60x. Scale bar: 25 μm. Insets: 5 μm scale bar in B. (C) Z projection of the deconvolved images from the 3D reconstruction of the confocal images at 0 to 10 μm away from the vessel surface. Scale bar: 25 μm. The values represent the volumes in μm3 for the levels of BACE1 and GFAP and the colocalization of BACE1 and GFAP. The data are expressed as the means ± SEM. n = 4. *p < 0.05.
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FIGURE 3. PHF-tau association with astrocytes and vessels in dementia brains. (A) Z projection of Immunofluorescence of blood vessels triple-stained with DyLight 649 UEA (blue), PHF-tau antibody probed with Alexa Fluor 488 (green), and reactive astrocytes marked with Alexa Fluor 594 (red) in the hippocampal CA1 area. Magnification: 60x. Scale bar: 25 μm. Insets: 5 μm scale bar in A. (B) Z projection of the deconvolved images from the 3D reconstruction of the confocal images in A showing the triple staining present at 0 to 10 μm away from the vessel surface. Scale bar: 25 μm. The quantification of the volume in μm3 for the levels of PHF-tau and GFAP and the colocalization between PHF-tau and GFAP. The data are expressed as the means ± SEM. n = 4. *p < 0.05; ***p < 0.001; ****p < 0.0001.




BACE1 Inhibition Protects Endothelial Cell Integrity Under Glutamate Toxicity by Reversing Structural and Inflammatory Damage

To confirm the potential relationship of BACE1 with ECs, ECs were treated with the BACE1 inhibitor at concentrations of 1, 5, 7.5, and 10 μM to measure the resulting cytotoxicity and determine the concentration to be used in subsequent experiments (Supplementary Figure 3). Treatment with 1 μM BACE1 inhibitor exhibited the least toxicity; therefore, this concentration was used for the cell treatments. To characterize the effects of glutamate and the BACE1 inhibitor on the bEnd.3 endothelial cell line, cytotoxicity was measured by determining the percentage of LDH release, and immunolabeling was performed to determine the cell state. In terms of the percentage of LDH released, there were no significant differences among the treatments, but a trend toward increased LDH release in response to glutamate treatment and an apparent reversal of this effect by the inhibitor were observed (Figure 4A). However, the glutamate treatment caused a significant increase in the percentage of condensed nuclei (Figure 4B) and in the number and area of gaps between cells (Figures 4C,D). These effects, except the number of gaps, were significantly reduced by the BACE1 inhibitor. Although the glutamate treatment caused depolymerization of the actin cytoskeleton that was not reversed by BACE1 inhibition (Figure 4F). The tight junction protein CLDN5 was partially recovered by BACE1 inhibition and was distributed to the membrane from the cytoplasm (Figures 4E,G). This finding was confirmed by the CLDN5 FI profile, in which BACE1 inhibition prevented the glutamate-induced increase in CLDN5 immunoreactivity in the cytoplasm, and CLDN5 was partially redistributed to the cell membrane (Figure 4G).
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FIGURE 4. BACE1 inhibition protects ECs from the damaging effects of glutamate. (A) Percentage of LDH release by ECs (bEnd.3) after 24 h of treatment. The data are presented as the mean ± SEM of n = 7. Kruskal-Wallis test. (B) Percentage of condensed nuclei for each treatment. These were quantified from 20 fields per treatment for each n (n = 4). The data are presented as the means ± SEM. (C) Number of gaps per field from threshold image (gaps = spaces between cells indicating disruption of the monolayer) presented as the mean ± SEM of n = 4. Kruskal-Wallis test followed by Dunn’s test with the Bonferroni correction. (D) Area of gaps between cells expressed in μm2; the area was quantified as the mean of the black area in threshold images from 20 fields per treatment for each n (n = 4). ANOVA followed by Tukey’s test. (E) FI of CLDN5 per unit area was quantified from 20 cells per treatment for each n (n = 4 performed in duplicate) and divided by unit area. f) Morphological characterization of ECs showing the nuclei stained with Hoechst (blue), the F-actin cytoskeleton visualized with Alexa Fluor 488 phalloidin (green), and the tight junction protein CLDN5 visualized with Alexa Fluor 594 (red). Magnification: 60x. Scale bar: 20 μm. The zoomed insets show the condition of the nuclei, the state of the actin cytoskeleton and the distribution of CLDN5. (G) Fluorescence profiles (right column) showing the cellular distribution of CLDN5 (red line) in relation to the nucleus (blue line) and cytoskeleton (green line) based on the representative images (left column). The black arrows indicate the tight junction peaks to show the changes in CLDN5 distribution by the treatment. The white line drawn on each cell represents a distance of 50 μm. The data are presented as the means ± SEM, ANOVA followed by Tukey’s test. DMSO = vehicle, Inh = β-secretase inhibitor IV, - or Glu refers to glutamate treatment. All experiments were performed in duplicate. *P < 0.05, **P < 0.01, ***P < 0.001.


Complementarily, BACE1 inhibition decreased the BACE1 IR, which was increased by the glutamate treatment, and reversed the glutamate-induced inflammatory damage as shown by the reduction in the IL-1β IR (Figures 5A,B). BACE1 distribution in the controls appeared to be perinuclear, while IL-1β was localized throughout the entire cell in a largely diffuse pattern with a few brighter spots that looked like vesicles. The glutamate treatment expanded the distribution of BACE1 to the entire cell, although the highest concentration remains in the perinuclear zone where it apparently collocates with IL-1β. BACE1 inhibition upon stimulation with glutamate prevents IL-1β perinuclear concentration, but not in the case of BACE1 which is maintained mainly in such zone but with a diffuse pattern throughout the cells (Figure 5C). Together, these results suggest that BACE1 inhibition maintains the endothelial cell integrity preventing inflammation, cell junction disruption and cell stress by glutamate toxicity.
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FIGURE 5. BACE1 inhibitor reduces the glutamate-induced increases in BACE1 IR and the IL-1β inflammation marker in ECs. (A,B) Fluorescence intensities of BACE1 and IL-1β, respectively, per unit area, quantified from 20 cells per treatment for each n (n = 4 performed in duplicate) and divided by unit area. (C) Representative images showing BACE1 (red, visualized with Alexa Fluor 594) and IL-1β (green, visualized with Alexa Fluor 488) expression in ECs (bEnd.3) under different treatments. Magnification: 60x. Scale bar: 20 μm. The data are presented as the means ± SEM, ANOVA followed by Tukey’s test. ***P < 0.001. The bEnd.3 cell cultures were pretreated on DIV 8 with β-secretase inhibitor IV (CAS 797035-11-1, Merck) at 1 μM. Twenty-four hours later, the cells were treated with glutamate at 125 μM for 20 min and were subsequently treated with the inhibitor again. On DIV 10 the cells were fixed for immunofluorescence staining.




BACE1 Inhibition Reverses Astrocytic Reactivity, Causing Cytoskeletal Remodeling and Cell Inflammation

Reactive astrocytes present morphological and functional changes after injury (Escartin et al., 2021). Therefore, we assessed the morphology astrocytes under stress by glutamate toxicity and BACE1 inhibition. GFAP immunolabeling was performed and the cytotoxicity was measured through determining the percentage of LDH release. The glutamate treatment increased the percentage of LDH released in the treated cells compared with that in the control cells, and BACE1 inhibition did not significantly reduce the percentage of LDH release, although there was a downward trend (Figure 6A). On the other hand, the GFAP FI increased with the glutamate treatment, and BACE1 inhibition reduced the GFAP FI to the baseline level observed in the controls (Figure 6B). The morphological characterization showed the above as well as changes in the microfilaments and intermediate filaments of the cytoskeleton (Figure 6E). BACE1 inhibition induced the production of actin processes which looks like filopodia and depolymerized GFAP, even detected at the extracellular space. These effects were found even when the astrocytes had been treated with glutamate. The IL-1β immunoreactivity showed a clear trend to decrease, although this trend was not significant, whereas the BACE1 protein levels decreased significantly to the baseline levels observed in the controls (Figures 6C,D). The BACE1 immunolabeling was distributed throughout the entire cell, with a stronger bright spot at the perinucleus where it appeared to overlap with IL-1β, whose subcellular localization remains to be confirmed (Figure 6F). In summary, these findings suggest that BACE1 is involved in astrocyte activation and that its inhibition during toxic events could reverse reactive astrocyte and inflammation.
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FIGURE 6. BACE1 inhibition reduces astrocytic reactivity and induces filopodia-like processes. (A) Astrocytic cytotoxicity expressed as the percentage of LDH release after 24 h of treatment. The data are presented as the means ± SEM of n = 8. Kruskal-Wallis test followed by Dunn’s test with Bonferroni correction. (B) FI of GFAP per unit area, quantified from 20 cells per treatment for each n (n = 4) and divided by unit area. The data are presented as the means ± SEM. ANOVA followed by Tukey’s test. (C) FI of BACE1 per unit area, quantified from 20 cells per treatment for each n (n = 4) and divided by unit area. ANOVA followed by Tukey’s test. (D) FI of IL-1β per unit area, quantified from 20 cells per treatment for each n (n = 4) and divided by unit area. (E) Morphological characterization of astrocytes showing the nuclei stained with Hoechst (blue), the F-actin cytoskeleton visualized with Alexa Fluor 594 phalloidin (red), and GFAP visualized with Alexa Fluor 488 (green). Magnification: 60x. Scale bar: 20 μm. In the zoomed insets, the white arrows indicate projections of the actin cytoskeleton, and the yellow arrows indicate extracellular GFAP IR puncta. (F) Representative images showing BACE1 (red, visualized with Alexa Fluor 594) and IL-1β (green, visualized with Alexa Fluor 488) expression in primary astrocytes under different treatments. The zoomed insets show the distributions of both proteins and an apparent perinuclear colocalization in vesicles (yellow). Magnification: 60x. Scale bar: 20 μm. DMSO = vehicle, Inh = β-secretase inhibitor IV, - or Glu refers to glutamate treatment. Kruskal-Wallis test followed by Dunn’s test with Bonferroni correction. The data are presented as the means ± SEM, and the experiments were performed in duplicate. *P < 0.05, **P < 0.01, ***P < 0.001.




BACE1-Inhibited Astrocytes Protect Endothelial Cell Integrity by Regulating ZO-1 Distribution and Decreasing Inflammation Caused by Glutamate

To validate the effect of BACE1-inhibited astrocytes on endothelial inflammation and apoptosis, astrocyte-endothelial cell coculture was performed under conditions of glutamate toxicity. The levels of ZO-1 and IL-1β and the percentage of LDH release were analyzed to determine the cellular effect. The glutamate treatment significantly increased the percentage of LDH release compared with that of the DMSO control, but this effect was not reversed by coculture with BACE1-inhibited astrocytes. However, the cytotoxicity values that were presented were low since the increase in the cells treated with glutamate was approximately 2.2% compared to that in the control cells (Figure 7A). Accordingly, the glutamate treatment increased the percentage of condensed nuclei by 3% compared to that of the DMSO control, and coculture with BACE1-inhibited astrocytes did not significantly reduce this percentage, although there was a downward trend (Figure 7B). The percentage of condensed nuclei caused by the glutamate treatment in the ECs not cocultured with astrocytes was 38% (Figure 4D), while in the coculture this value was 5% (Figure 7B), indicating that the BACE1-inhibited astrocytes had a protective effect on the endothelium under this stressful condition. In terms of structural damage, both the number and area of gaps between cells were increased by the glutamate treatment, and coculture with BACE1-inhibited astrocytes significantly reduced only the number of gaps (Figure 7C), although there was an evident trend toward decreased gap area (Figure 7D). Regarding inflammation, there was a significant increase in the IL-1β IR of the cells treated with glutamate compared with that of the cells treated with the inhibitor alone, but the IL-1β immunoreactivity of the glutamate-treated cells was not significantly different from that of the DMSO control cells. Coculturing with BACE1-inhibited astrocytes reduced this increase about 4%, which is a clear downward trend (Figure 7E). Furthermore, the basal levels of this cytokine were lower in the cells cocultured with astrocytes than in the cells not cocultured with astrocytes (Figure 5C).
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FIGURE 7. BACE1-inhibited astrocytes protect the integrity of cocultured ECs from damage caused by glutamate. (A) Percentage of LDH release by the astrocyte-endothelium coculture after different treatments. (B) Percentage of condensed nuclei for each treatment, quantified from 20 fields per treatment for each n. (C) The number of gaps per field from threshold images. (D) The area of gaps between cells expressed in μm2, quantified as the mean of the black area in threshold images from 20 fields per treatment for each n. (E) FI of IL-1β per unit area, quantified from 20 cells per treatment for each n and divided by unit area. All data just described are presented as the means ± SEM of n = 4. (F) Morphological characterization of endothelial cells that were cocultured with primary astrocytes showing nuclei stained with Hoechst (blue), IL-1β visualized with Alexa Fluor 488 (green) and the tight junction protein ZO-1 visualized with Alexa Fluor 594 (red). Magnification: 60x. Scale bar: 20 μm. The zoomed insets show the condition of the nuclei and the distributions of ZO-1 and IL-1β. DMSO = vehicle, Inh = β-secretase inhibitor IV, - or Glu refers to glutamate treatment. All experiments were performed in duplicate. (A–D) ANOVA followed by Tukey’s test and (E) Kruskal-Wallis test followed by Dunn’s test with Bonferroni correction. *P < 0.05, **P < 0.01.


The observed changes in the cytoplasmic distribution and immunoreactivity of CLDN5 induced by the glutamate treatment also occurred with the tight junction protein ZO-1 (Figure 7F). BACE1-inhibited astrocytes reduced the increase in immunoreactivity caused by glutamate at the cytoplasm, and through fluorescence profiles, it was determined that they also cause the redistribution of ZO-1 to the cell membrane, although a portion remained in the cytoplasm, which follows the subcellular distribution described for this protein under nonpathological conditions (Figures 8A,B). Together, these results suggest that BACE1-inhibited astrocytes protect against tight junction damage and inflammation in ECS under glutamate toxicity.
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FIGURE 8. BACE1-inhibited astrocytes reversed the increased IR and cytoplasmic distribution of the ZO-1 protein caused by glutamate in ECs. (A) FI of ZO-1 per unit area, quantified from 20 cells per treatment for each n (n = 4 performed in duplicate) and divided by unit area. The data are presented as the means ± SEM. ANOVA followed by Tukey’s test. *P < 0.05. (B) Fluorescence profiles (right column) showing the cellular distributions of ZO-1 (red line) in relation to the nucleus (blue line) and IL-1β (green line) based on the representative images (left column). The black arrows indicate the tight junction peaks to show the changes in ZO-1 distribution by the treatment. The white line drawn on each cell represents a distance of 50 μm. DMSO = vehicle, Inh = β-secretase inhibitor IV, - or Glu refers to glutamate treatment.




DISCUSSION

The results of this investigation suggest that BACE1 dysregulation could have a role in the changes observed in the NVU in Alzheimer’s-type dementia. BACE1 augmentation was associated with reactive astrocytes and endothelial disruption in a neurodegenerative environment in the postmortem human brain and in vitro. This finding was supported by the increased expression of BACE1 observed in reactive astrocytes associated with PHF-tau and located close to or overlapping with blood vessels in the AD cases respect to the control group. Although, these characteristics were not so evident in the CADASIL cases, there was an increase of BACE1 in subiculum. Complementarily, in vitro studies showed that BACE1-inhibited astrocytes reduced the disruption of tight junction (ZO-1+) and the increase of IL-1β IF glutamate-induced in cocultured ECs. Therefore, we propose that an overload of BACE1 in reactive astrocytes close to vessels is a triggering factor for neurodegeneration in AD.

It is known that the basal expression of BACE1 is located at CA4 area in human brain and is expressed in dentate gyrus in mice and rat brains (Laird et al., 2005; Xue et al., 2015). This protein is widely described in neurons, but also it has been found in astrocytes (Liang et al., 2020) and brain vessels (Devraj et al., 2016). However, the crucial role of BACE1 in NVU integrity and its implication on dementia has not detailed explored (Huang et al., 2020). In this research, our data support a generalized increase of BACE1 IR in the hippocampus of all dementia cases by immunohistochemistry. Specifically, we confirm that BACE1 was expressed in astrocytes, in concordance with previous studies (Liang et al., 2020). Although we did not observe changes between dementia cases by immunoprecipitation, it was clear by confocal microscopy that BACE1 was overregulated mainly in astrocytes on FAD and SAD groups, with a particular association with vessels in SAD. Additionally accumulated CLDN5 was found according to previous reports (Villar-Vesga et al., 2020; González-Molina et al., 2021). Such BACE1+ reactive astrocytes associated to disrupted vessels were also closer but not overlapping with PHF-tau. A potential explanation why vessels are more affected in SAD, it is because SAD is associated to unhealthy lifestyle by metabolic disorders, inducing a slow and chronic impairment of NVU (Cardona-Gómez and Lopera, 2016), being longer this type of vessel affection than on FAD and CADASIL, where the genetic origin starts altering endosomes and endothelial smooth muscle, respectively, with faster and more aggressive progression.

Additional studies have shown BACE1 expression in reactive astrocytes close to β-amyloid peptide (Aβ) plaques in AD brains (Hartlage-Rübsamen et al., 2003). Thus far, it is understood that the astrocytic expression of BACE1 is only relevant to the development of AD if astrocytes also express APP as a substrate of BACE1. For example, primary astrocytes expressing APP generate significant amounts of Aβ peptides (Gray and Patel, 1993; Amara et al., 1999; Beck et al., 1999; Blasko et al., 2000; Docagne et al., 2004). Furthermore, APP is also expressed by reactive astrocytes in experimental models of chronic gliosis (Martins et al., 2001), and the expression of astrocytic APP results in increased generation of Aβ and A4-CT fragments derived from BACE1 activity (Bates et al., 2002; Lesné et al., 2003). However, may exist other explanations to our present results, because BACE1 in addition to neuronal targets; also has targets present in oligodendrocytes affecting myelin production (Pigoni et al., 2016; Fledrich et al., 2018; Zamparo et al., 2019); in astrocytes and ECs (Hemming et al., 2009) have the target LRP1 which is related with lipid and glucose metabolism (Liu et al., 2017; Mao et al., 2017), and the ST6Gal-l protein involved in monocytes trans-endothelial migration through BBB (Deng et al., 2017). Also the target Jagged/Notch in ECs is associated with angiogenesis in AD (Durrant et al., 2020) and astrocytic inflammation (Acaz-Fonseca et al., 2019). Which is in line with our findings about a potential role of BACE1 in astrocyte-endothelium interaction. Complementarily to these data, we have found differential patterns of astrocytes implication in dementia using additional markers such as AQP4, GS1, GLAST1, and for ECs such as Lectin UEA, vimentin, PECAM1 and CLDN5. However, SAD always showed more affection in relationship with disrupted vessels, less thickness, and more production of CLDN5+ extracellular vesicles (EVs) [Henao-Restrepo J et al data non published (Villar-Vesga et al., 2020; González-Molina et al., 2021)]. Furthermore, the study from Gonzalez-Molina et al. suggested that EVs from astrocytes of 3xTgAD mice and AD human brain carried out messages that produced endothelial disruption and neuronal retraction (González-Molina et al., 2021).

On the other side, reactive astrocytes express neurofibrillary tangles (NFTs) and have been implicated in neurodegenerative processes (Arima et al., 1998; Botez et al., 1999; Beach et al., 2003; Schultz et al., 2004; Hishikawa et al., 2005; Jellinger and Attems, 2007; Munoz et al., 2007; Lace et al., 2012; Kovacs et al., 2013; López-González et al., 2013; Ferrer et al., 2014). Interestingly, tau hyperphosphorylation and the related cognitive impairment have been reversed by BACE1 targeting in hippocampus, involving Hsc70 and LAMP2 proteins associated to autophagy-related mediated by chaperones (CMA) and increased mTOR activation (Piedrahita et al., 2016), also reducing arachidonic acid, cPLA2 and COX2 proinflammatory signals in vivo (Cardona-Gómez and Lopera, 2016). These findings were supported by the reduction of neuronal proinflammatory environment in vitro depending on desaturases of fatty acids (Villamil-Ortiz et al., 2016). Furthermore, BACE1 silencing increased HADHA (hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase) downregulated by glutamate (data non published), suggesting a role of BACE1 in the alteration of fatty acid oxidation. These findings are in concordance with (Sayre et al., 2017), who showed the improvement of fatty oxidation in astrocytes generate neuroprotection. In turn, it make sense if we considered that BACE1 reduction upregulates mTOR signaling and this pathway are involved in lipid metabolism sensing (Menon et al., 2017). The above is possible considering that mTOR does express in astrocytes (Latacz et al., 2015), and mTOR and HADHA potentially interact in proinflammatory environment (Zhang et al., 2017). Therefore, it is important consider a wider role of BACE1 in inflammatory processes even involving lipid metabolism.

Complementarily, in vitro results supported our data on human tissue findings. Because glutamate is critical involved in most neurological diseases and must be regulated by recycling in astrocytes (Abbink et al., 2019), where the overload of glutamate produces ATP failure and lipid peroxidation (Sabogal-Guáqueta et al., 2018). Also, a previous study showed that glutamate treatment affected the endothelial resistance in coculture with astrocytes, being more severe without astrocytes coculture, and this physiological measurement was correlated with LDH release and nuclear condensation (Becerra-Calixto et al., 2018). This context could help to explain why the BACE1 inhibitor [Inhibitor IV, specific for BACE1 well characterized previously (Stachel et al., 2004; Ben Halima et al., 2016)], produced astrocytes and ECs protection, since the inhibitor induced changes in the actin filaments with aspect of filopodia-like protrusions, which in astrocytes has been related to release of neurotrophic factors associated to neuroprotection (Posada-Duque et al., 2015). That is very interesting, considering that the overexpression of BACE1 in neurons has been related to decrease F-actin- rich levels through the regulation of B4, an auxiliary subunit of a voltage-gated sodium channel (Miyazaki et al., 2007). Moreover, BACE1 has also been related to the regulation of growth cone collapse (Bãrao et al., 2015). However, additional studies are necessaries to describe the relation between BACE1 and cytoskeletal dynamic.

In addition, BACE1 inhibitor prevented the nuclear condensation and reduce the IL-1β proinflammatory marker not only in astrocytes as well as recovered co-cultured ECs, reducing GAPs that are more related with extravasation and inflammation than with cell death (Hirata et al., 1995; Israelov et al., 2020). In the case of the ECs, our data showed that the percentage of released LDH after glutamate treatment was very low contrasted with nuclear condensation levels, since chromatin condensation occurs in the early stages of excitotoxicity prior to the disruption of the plasma membrane and the release of LDH, that occurs later in an advanced cell detriment (Bezvenyuk et al., 2003; Elmore, 2007). Moreover, the relationship between excitotoxicity and inflammatory phenomena, specifically regarding IL-1β, has been extensively studied (Fogal and Hewett, 2008). Also, tumor necrosis factor-α (TNF-α) has been linked to the disruption of tight and adherent junctions between ECs by increasing BACE1 levels (Deng et al., 2017). And regarding ZO-1, it could be recovered by Sonic hedgehog (Shh) and glial-derived neurotrophic factor (GDNF) released by astrocytes, exerting a protective effect on ECs (Michinaga and Koyama, 2019). However, further experiments are required for a better understanding. Alternatively, the IL-1β increased in glial cells can cause the activation of the inflammatory mediator Cyclooxygenase 2 (COX-2) in neurons, which in turn upregulates BACE1 through Prostaglandin E2 (PGE2) and cAMP in a reciprocal interaction between the two cell types (Wang et al., 2014). Since astrocytes interact not just with neurons but also with ECs, and the molecules mentioned above are conserved in different cell types, it is probable that the increase in astrocyte IL-1β also promotes the activity of cyclooxygenases in ECs, which would result in not only would increase BACE1 but also the vasoconstriction (Wang et al., 2014; Mishra et al., 2016).

Finally, until now, the development of β-secretase inhibitors as therapeutic candidates has been slow because many did not reach the brain, were rapidly transported to the bloodstream, blocked BACE1 in all cells in the brain parenchyma or those are in initial phases (Gosh et al., 2012; Vassar, 2014) and is necessary improve the security and efficacy. There are other alternatives as BBB transporters (Joy Yu et al., 2011), or higher bioavailability of the BACE1 antibody in the parenchyma (Simpson et al., 2014). Other studies have suggested BACE1 in the BBB as a fundamental target for treating the vascular aspects of AD (Roßner et al., 2005). And how had been mentioned before: “Targeting drugs to BACE1-specific extracellular epitopes on the blood-facing luminal side of the endothelium could facilitate drug design, as the need for BBB penetration and resistance to active transport out of the brain can be avoided” (Devraj et al., 2016). In addition, our findings suggest that targeting BACE1 in the NVU in a cell-specific manner (i.e., in astrocytes or vessels) could be converted into new AD therapies that may lead to clinical outcomes. In summary, our work highlights the increased BACE1 expression of reactive astrocytes associated with endothelial disruption as a triggering factor of neurodegeneration in AD, therefore continue being crucial as therapeutical target.



AUTHOR’S NOTE

BACE1 augment in reactive astrocytes around vessels were associated with Alzheimer’s-type neurodegeneration in the human hippocampus. Increased BACE1 expression was associated with reactive astrocytes and endothelial disruption by glutamate toxicity in vitro. In this context, BACE1-inhibited astrocytes protect endothelial cell integrity by preserving ZO-1 distribution and decreasing inflammatory markers.
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Supplementary Figure 1 | BACE1, Phospho-tau, GFAP and CLDN5 immunoreactivities in subiculum area of dementia brains (A) Representative image of the subiculum from a human control case. Magnification: 10×. Scale bar: 25 μm. (B) Representative images of the BACE1, (C) Phospho-tau, (D) GFAP, and (E) CLDN5 immunoreactivities in subiculum area of human hippocampal tissue. Magnification: 10×. Scale bar: 50 μm. Inset: 25 μm scale bar. The values in the bar graph are expressed as a densitometric percentage of the BACE1 IR in the CA1 area. FAD: familial-type Alzheimer’s disease (presenilin 1 mutation E280A); SAD: sporadic Alzheimer’s disease; CADASIL: autosomal dominant cerebral arteriopathy with subcortical infarcts and leukoencephalopathy. The data are expressed as the means ± SEM. n = 4. *p < 0.05; **p < 0.01.

Supplementary Figure 2 | BACE1, Phospho-tau, GFAP and CLDN5 immunoreactivities in the CA4 area from demented cases (A) Representative image of area CA4 in the hippocampus from a control case. Magnification: 10×. Scale bar: 25 μm. (B) Representative images of the BACE1, (C) Phospho-tau, (D) GFAP, and (E) CLDN5 immunoreactivities in the CA4 area of human hippocampal tissue. Magnification: 10×. Scale bar: 50 μm. Inset: 25 μm scale bar. The values in the bar graph are expressed as a densitometric percentage of the BACE1 IR in the CA1 area. FAD: familial-type Alzheimer’s disease (presenilin 1 mutation E280A); SAD: sporadic Alzheimer’s disease; CADASIL: autosomal dominant cerebral arteriopathy with subcortical infarcts and leukoencephalopathy. The data are expressed as the means ± SEM. n = 4. *p < 0.05; ****p < 0.0001.

Supplementary Figure 3 | Cytotoxicity of BACE1 inhibitor at different concentrations. Percentage of LDH released by ECs of the bEnd.3 cell line at BACE1 inhibitor concentrations of 1, 5, 7.5, and 10 μM. The data are presented as the mean of n = 3, and the experiment was performed in duplicate. Control = inhibitor vehicle (DMSO).
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Interleukin 17 (IL-17) is a signature cytokine of Th17 cells. IL-17 level is significantly increased in inflammatory conditions of the CNS, including but not limited to post-stroke and multiple sclerosis. IL-17 has been detected direct toxicity on oligodendrocyte (Ol) lineage cells and inhibition on oligodendrocyte progenitor cell (OPC) differentiation, and thus promotes myelin damage. The cellular mechanism of IL-17 in CNS inflammatory diseases remains obscure. Voltage-gated K+ (Kv) channel 1.3 is the predominant Kv channel in Ol and potentially involved in Ol function and cell cycle regulation. Kv1.3 of T cells involves in immunomodulation of inflammatory progression, but the role of Ol Kv1.3 in inflammation-related pathogenesis has not been fully investigated. We hypothesized that IL-17 induces myelin injury through Kv1.3 activation. To test the hypothesis, we studied the involvement of OPC/Ol Kv1.3 in IL-17-induced Ol/myelin injury in vitro and in vivo. Kv1.3 currents and channel expression gradually decreased during the OPC development. Application of IL-17 to OPC culture increased Kv1.3 expression, leading to a decrease of AKT activation, inhibition of proliferation and myelin basic protein reduction, which were prevented by a specific Kv1.3 blocker 5-(4-phenoxybutoxy) psoralen. IL-17-caused myelin injury was validated in LPC-induced demyelination mouse model, particularly in corpus callosum, which was also mitigated by aforementioned Kv1.3 antagonist. IL-17 altered Kv1.3 expression and resultant inhibitory effects on OPC proliferation and differentiation may by interrupting AKT phosphorylating activation. Taken together, our results suggested that IL-17 impairs remyelination and promotes myelin damage by Kv1.3-mediated Ol/myelin injury. Thus, blockade of Kv1.3 as a potential therapeutic strategy for inflammatory CNS disease may partially attribute to the direct protection on OPC proliferation and differentiation other than immunomodulation.
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INTRODUCTION

In the central nervous system (CNS), neuronal axons are myelinated with oligodendrocytes (Ols), and damage of such a myelin sheath is a striking pathological feature of white matter damage in many inflammation-related diseases, including stroke (Oksala et al., 2009), Alzheimer disease (Nasrabady et al., 2018), and in particular multiple sclerosis (MS), which is a disseminated sclerosis in CNS affecting millions of people worldwide. While the mechanisms underlying MS pathogenesis are not fully understood, it is widely accepted that myelin sheath destruction induced by autoimmune response is most likely the cause. In MS, the immune system attacks myelin sheath leading to demyelination and impairs remyelination by retardation or inhibition of the myelin-producing cells to form myelin sheath after demyelination (Boulanger and Messier, 2014). Remyelination requires Ol progenitor cell (OPC) proliferation and migration to the lesion sites, where they differentiate, eventually to mature Ols and wrap neuronal axons to form myelin sheath. Remyelination readily occurs in MS, but it is incomplete and inefficient, and the reason is unfortunately unknown. It is believed that OPC differentiation is the key step for successful remyelination based on the fact revealed by pathological studies reported that approximately 60–70% of demyelinated lesions in MS contain immature OPCs. Those immature OPCs appeared to be in an arrested state, unable to fully differentiate (Lucchinetti et al., 1999; Chang et al., 2002; Boyd et al., 2013). Although current therapies targeting at suppression of overactive immune cells, such as lymphocytes, have some promising effects in retarding disease progression (Hauser et al., 2013), there is no effective way to stimulate and promote axonal remyelination once a demyelinated lesion has occurred.

The Voltage-gated K+ (Kv) channel is a largest and rapidly growing family of ion channels. In general, Kv channels are responsible for the driving force of Ca2+ in non-excitable cells, thus mediating a variety of cellular activities. Previous studies have revealed an involvement of Kv channels in the regulation of Ol lineage cell proliferation and maturation (Pruss et al., 2011). It has also been shown that a decrease in Kv1.3 and Kv1.5 channel expression and outward K+ currents in mature Ols is essential for synthesis of myelin structural proteins, and suppression of outward K+ currents by increasing extracellular K+ concentration (e.g., 25 mM KCl) promotes Ol maturation (Dai et al., 2001). These results indicate that Kv channels play an important role in the regulation of OPC/Ol differentiation and maturation (Chittajallu et al., 2002; Tegla et al., 2011). Kv1.3 is highly elevated in memory T cells in MS brain (Rus et al., 2005) and has been reported to be an immune-regulatory target in MS and inflammatory animal models (Wang et al., 2019). The inhibition of Kv1.3 activity may attenuate CNS inflammation and thus benefit remyelination according to its crucial role in regulation of T lymphocytes (Rus et al., 2005; Schmitz et al., 2005; Eil et al., 2016; Wang et al., 2019) and microglial physiological activity (Fordyce et al., 2005; Di Lucente et al., 2018) in inflammatory brains. Thus, blockade of Kv1.3 might benefit CNS remyelination by suppression of immune response. However, Kv1.3 colocalized with OPC marker NG2 in MS brain (Tegla et al., 2011), which suggests the beneficial effects of Kv1.3 blockade on MS may not be attributable solely to immune suppression; direct protection on OPCs may also contribute to the observed outcome. Nevertheless, the role of OPC/Ol Kv1.3 on axonal remyelination in brain white matter damage is unknown. In a previous study, we showed Kv1.3 was involved in HIV Tat protein-induced Ol injury in rat corpus callosum (Liu et al., 2017a). To further evaluate the role of OPC/Ol Kv1.3 on remyelination in white matter damage, we studied the effects of interleukin 17 (IL-17) on regulation of OPC/Ol proliferation and differentiation via Kv1.3.

IL-17 is a member of cytokine family of IL-17A–F (Waisman et al., 2015). As a signature cytokine of Th17 cells, IL-17A (referred to as IL-17 hereafter) is significantly elevated in MS patients’ cerebrospinal fluid (CSF) (Kostic et al., 2014) and induces demyelination (Li et al., 2013; Waisman et al., 2015; Wang et al., 2017), due to its proinflammatory nature and direct toxicity on OPCs/Ols, as well as strong inhibitory effects on OPC maturation (Paintlia et al., 2011; Kang et al., 2013). Numerous immune-regulatory functions have been reported for IL-17 (Waisman et al., 2015; Kolbinger et al., 2016; Moser et al., 2020). It stimulates immune cell production of proinflammatory molecules leading to neurodegeneration, and its elevated levels in the CSF are associated with CNS inflammatory diseases. In addition, Kv1.3 expression has been found to correspond with an increase in IL-17 secretion in T cells (Gocke et al., 2012; Koch Hansen et al., 2014; Grishkan et al., 2015). To this end, we used IL-17 as a proinflammatory agent to investigate the inflammation-related mechanisms in OPC proliferation and differentiation through regulation of the levels of Kv1.3 expression.



MATERIALS AND METHODS


Animals

C57BL/6 male mice (21 days) were supplied by Charles River Laboratories, Beijing, China, and were housed in groups of five at the standard conditions of 22°C ± 1°C temperature and relative humidity conditions of 55–60% in an artificially lit animal room under a 12-h period of light and dark cycle and fed water and food ad libitum. Only male mice were used in the present research. This study was approved by the Life Science Ethics Review Committee of Zhengzhou University.



Human Ol Precursor Cell Culture and Differentiation

Human Ol precursor cell was introduced from ScienCell Research Laboratories (San Diego, CA). Cells were cultured in complete medium containing 89% RPMI 1640 medium (HyClone, Logan, UT) and supplemented with 10% fetal bovine serum (Biological Industries, Beit-Haemek, Israel), 100 U/mL penicillin, and 100 μg/mL streptomycin (P/S; Solarbio, Beijing, China). Cells were kept in an incubator at 37°C under a humidified atmosphere of 5% CO2 and 95% air. OPCs were maintained in complete medium for 24 h to adhere to the flask, after which the medium was replaced by Ol precursor cell differentiation medium (OPCDM; ScienCell Research Laboratories, San Diego, CA) to differentiate into mature Ols. The experiments using Ols were performed with cells after 6 days or otherwise indicated cultured in OPCDM. OPCDM was replaced on a daily basis.



Demyelination Mouse Model (Two-Point Injection)

Mice were anesthetized with isoflurane (induced at 3%, and maintained at 1.2–1.6%) and positioned in a stereotaxic frame. Corpus callosum demyelination was induced by stereotaxic injection of 2 μL (1 μL for each point) of 1% lysophosphatidylcholine (LPC; Sigma, St. Louis, MO), which was an endogenous lysophospholipid that disrupts myelin-associated lipids leading to focal demyelination, in 0.9% NaCl solution at the rate of 0.5 μL/min using 1 μL microsyringe at two points of corpus callosum. Mice of sham group were injected with equal volume of saline in double-point injection: (1) left: 1.0 mm lateral to the bregma, 1.1 mm anterior, and 2.4 mm deep; (2) right: 1.0 mm lateral to the bregma, 0.6 mm anterior, and 2.1 mm deep. After injection, the needle was kept in the place for an additional 5 min to prevent backflow. The day of injection was regarded as day 0 (0 dpi). For all groups, the mice were daily administered 5-bromo-2’-deoxyuridine (BrdU, 50 mg/kg; Solarbio, Beijing, China) at 2, 3, and 4 dpi by intraperitoneal (i.p.) injection. A specific Kv1.3 blocker 5-(4-phenoxybutoxy) psoralen (PAP, 6 mg/kg; Santa Cruz Biotechnology, Santa Cruz, CA) was applied by i.p. injection for the PAP and PAP + LPC groups at 2, 3, and 4 dpi. The brain tissues were taken at 5 dpi for cryostat section or Western blot analysis.



Electrophysiology

Isolation of Kv1.3 currents was achieved as previously described (Liu et al., 2017a). Briefly, cells were seeded onto 3.5-cm culture dishes for whole-cell voltage clamp recording. Cells were perfused with oxygenated standard bath solution contained (in mM): 140 NaCl, 5.4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES/NaOH, pH 7.3. The osmolarity was adjusted to 305 mOsm prior to recording by D-sucrose. The electrodes solution contained (in mM): 140 KCl, 2 CaCl2, 2 MgCl2, 11 EGTA, 10 HEPES/KOH, pH 7.3, and had an osmolarity of 300 mOsm. Whole-cell K+ currents were evoked by applying voltage steps from –150 to + 60 mV with a 15 mV increments, and current amplitudes were measured at the peak for each test potential. Current density (pA/pF) was calculated by dividing the digitized current values by whole-cell capacitance, which represents cell membrane surface area. Stock solution of Kv1.3-specific inhibitor PAP (Santa Cruz Biotechnology, Santa Cruz, CA) was prepared in deionized water. To access Kv1.3 current isolation, cells were recorded in standard bath and then superfused with PAP-contained bath solution at a concentration of 10 nM. Kv1.3-excluded currents were recorded at 20 min after perfusion. Isolated Kv1.3 currents were obtained by subtraction of Kv1.3-excluded current from total outward K+ currents. All experiments were done at room temperature (22–23°C). Recordings were obtained with an Axopatch-200 B amplifier (Molecular Devices, Sunnyvale, CA). Current signals were filtered at 1 kHz and digitized at 5 kHz using a Digidata 1440A interface (Molecular Devices). The current and voltage traces were displayed and recorded on a computer using pCLAMP 10.0 data acquisition and analysis software (pClamp, RRID:SCR_011323). Data were analyzed by Clampfit 10.0 (Clampfit, RRID:SCR_011323). All final graphics in the present work were constructed by GraphPad Prism 9.0 (GraphPad Prism, RRID:SCR_002798).



3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl Tetrazolium Bromide Assay

Cell proliferation was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. The homogeneous stable solution of 5 mg/mL was prepared by dissolving MTT (Ameresco, Solon, OH) powder in phosphate-buffered saline (PBS). Cells were seeded in a 96-well plate with complete medium. IL-17 (Absin Bioscience Inc., Shanghai, China) and AKT activator SC79 (Selleck Chemicals, Houston, TX) were added to the cell cultures for 48 h in the absence or presence of prior (30 min) added Kv1.3 antagonist PAP. Cells were then incubated with a 1:10 dilution of the MTT solution to complete medium for 3 h at 37°C. The formazan crystals converted from MTT were completely dissolved in dimethyl sulfoxide (Solarbio) for cell lysis, and the optical density (OD) was measured at 570 nm using Multiskan Spectrum (Thermo Fisher Scientific, Waltham, MA). The ratio of OD between the treated cells and the control cells reflected cell viability.



Immunocytochemistry

OPCs were seeded on coverslips at a density of 0.02 × 106/well in 24-well plates. Experimental treatments of PAP, IL-17, and SC79 were the same as described in MTT assay. After treatments as at indicated time, the prepared cells were fixed with 4% paraformaldehyde (PFA) in PBS for 20 min and punched holes in PBST supplemented with 0.1% Triton-X100 for 20 min. Cells were blocked in PBST containing 1% bovine serum albumin (BSA; Solarbio) for 30 min, and all the above experiments were performed at room temperature. Primary antibodies anti-Kv1.3 (Thermo Fisher Scientific cat. no. PA5-77618, RRID:AB_2736055) and anti-BrdU (ABclonal, cat. no.A20304, RRID:AB_2890022) were then applied to coverslips at 4°C overnight, and cells were incubated with the appropriate fluorescence-conjugated secondary antibody for 1 h at room temperature. For BrdU staining, cells on coverslips were pretreated with HCl. After washing, the coverslips were mounted in glass slides with mounting medium contained DAPI stain, and cells were visualized by a fluorescent microscope (Nikon Corporation, Tokyo, Japan). The ratio of BrdU+ cells to DAPI was counted, and comparisons among groups were performed.



Immunohistochemistry

The mice injected with LPC accepted BrdU by i.p. injection at 2, 3, and 4 dpi. The mice used for cryosectioning accepted cardiac perfusion before sacrifice. After anesthesia, the mice were fixed on the operating table, and the thoracic cavity was cut to expose the heart. The left ventricle was punctured with a syringe filled with precooled saline. Then, the right auricula dextra of mice were snipped, and the syringe was pushed to allow the saline to rinse systemically through the vessels. After the effluent turned limpid, the mice were perfused with 4% PFA to systemic circulation for prefixation. Each mouse was given 200 mL saline and 200 mL PFA. The prepared brain tissue specimens were fixed in 4% PFA for 48 h, immersing in 15% and 30% sucrose for 24 h, respectively, and then embedded in optimal cutting temperature (OCT) media, freezing, and cryosectioning into 10-μm slices. The coronal brain slices were immunostained with primary antibody such as anti-myelin basic protein (MBP) antibody (Abcam cat. no. ab7349, RRID:AB_305869), anti-NG2 monoclonal antibody (Thermo Fisher Scientific cat. no. 37–2300, RRID:AB_2533306), and anti-BrdU antibody (ABclonal, cat. no.A20304, RRID:AB_2890022) to evaluate demyelination and proliferation, respectively. The sections were incubated with primary antibody followed by fluorescence-conjugated secondary antibodies for microscopic analysis. A minimum of five images were taken from each slide.



Luxol Fast Blue Stain

Luxol fast blue (LFB) staining was used to measure the demyelination of myelin. The coronal brain slices were prepared as previously described. LFB staining was performed according to manufacturer’s instructions for the Luxol fast blue stain kit (Solarbio). The slices were immerged in LFB dye at room temperature for 12 h. The slices were rinsed with distilled water after washing off the excess dye with 95% ethanol. The slices were differentiated successively in 0.05% lithium carbonate solution and 70% ethanol. Photographs were taken with an optical microscope after sealing the slices with neutral resin.



Western Blot Analysis

The expression levels of proteins were quantified by Western blot. MBP has three isoforms, and we examined the predominant isoform of protein band at 18.5 kDa by Western blot analysis. Following experimental treatments, cells and brain tissue were washed thrice with prechilled PBS. The whole-cell lysates were prepared in RIPA lysis buffer (Absin Bioscience Inc.) followed by clarification with centrifugation. All protein concentrations were quantified using the BCA protein assay kit (Solarbio), and 25 μg of total protein was loaded onto 10% sodium dodecyl sulfate–polyacrylamide gels, separated by electrophoresis, and transferred to a polyvinylidene difluoride (PVDF; Millipore, Bedford, MA) membrane. The PVDF membrane was then blocked in 5% non-fat dry milk in Tris-buffered saline (TBS) at room temperature for 1.5 h, followed by overnight incubation of primary antibodies diluted in 5% BSA at 4°C on the shaker. Primary antibodies were rabbit anti-Kv1.3 (Thermo Fisher Scientific cat. no. PA5-77618, RRID:AB_2736055), rat anti-MBP (Abcam cat. no. ab7349, RRID:AB_305869), rabbit anti-phospho-AKT (p-AKT; Cell Signaling Technology cat. no. 4060, RRID:AB_2315049), rabbit anti-AKT (Cell Signaling Technology cat. no. 4691, RRID:AB_915783), rabbit anti-phospho-p38 mitogen-activated protein kinase (MAPK) (p-p38; Cell Signaling Technology cat. no. 4511, RRID:AB_2139682), rabbit anti-p38 MAPK (Cell Signaling Technology cat. no. 8690, RRID:AB_10999090), and mouse anti–β-actin (Proteintech cat. no. 66009-1-lg, RRID:AB_2782959). Afterward, membranes were washed in TBS with 0.1% Tween-20 (TBST) for 10 min × three times and then incubated in diluted secondary antibody for 1 h at room temperature on a shaker. The secondary antibodies were horseradish peroxidase (HRP)–conjugated anti-rabbit (Jackson ImmunoResearch Labs cat. no. 111–035–003, RRID:AB_2313567), HRP-conjugated anti-rat (Jackson ImmunoResearch Labs cat. no. 112–035–003, RRID:AB_2338128) and HRP-conjugated anti-mouse secondary antibodies (Proteintech cat. no. SA00001–1, RRID:AB_2722565). After washing, membranes were finally incubated with ECL Western blot substrate (Solarbio) to detect HRP-conjugated secondary antibodies and imaged using the Image Lab system (Image Lab Software, RRID:SCR_014210). Band densities were measured by ImageJ software (ImageJ, RRID:SCR_003070).



Statistical Analysis

All data are expressed as mean ± SE unless otherwise indicated. Statistical analyses were performed by one-way analysis of variance followed by a Fisher least-significant difference test for multiple comparisons. The difference between groups was considered significant at P < 0.05.



RESULTS


Alteration of Kv1.3 Expression in Ol Lineage Cell Development

The expressions of MBP and Kv1.3 were first examined at different periods of development. Immunofluorescences showed the Kv1.3 protein decreased within the maturation. At the sixth day after cells were changed into OPCDM (DF 6d), the Kv1.3 immune density reduced approximately 30% of that in OPCs. At the eighth day in OPCDM (DF 8d), Kv1.3 immune density further decreased to 52.6% ± 2.8% of OPCs (Figure 1A). Similar result was observed in Western blot, the Ol Kv1.3 expression decreased approximately 28 and 58% when OPCs differentiated 6 and 8 days, respectively. In contrast to Kv1.3 expression, the MBP expression increased in the differentiating process. MBP started showing a significant increase after 6 days in OPCDM and further increased when the differentiating culture extended to 8 days (Figure 1B). MBP is a myelin structural protein that is widely used to illustrate the maturation and myelinating capability of Ols. Following the expression, we thought to test the function and activity of Kv1.3 in OPCs and Ols. Voltage clamp was performed to test the Kv1.3 currents in cultured cells. PAP 10 nM (EC50 = 2 nM; Schmitz et al., 2005) was perfused into the extracellular solution immediately after total currents were recorded to particularly suppress Kv1.3 currents, and then the Kv1.3-excluded currents were recorded at the same cell. The isolated Kv1.3 currents were achieved by subtraction of Kv1.3-excluded currents from total currents. Kv1.3 contributed a major component in the OPC outward K+ currents as shown in the first line of Figure 1C, and the current density attenuated approximately 27.9, 47.7, and 65.1% after 4 days (DF 4d), 6 days, and 8 days in OPCDM (Figure 1C). As the changes of Kv1.3 and MBP expressions both reached significant enhancement after 6 days in differentiating culture, the time point of day 6 was chosen for the following studies regarding mature Ols.
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FIGURE 1. Expression of Kv1.3 in OPCs/Ols during development. OPCs were cultured in OPCDM to differentiate into mature Ols. OPCs were transferred into OPCDM for 4 days (DF 4d), 6 days (DF 6d), and 8 days (DF 8d). (A) Representative images of Kv1.3 immunofluorescence staining (red) in cultures. Intact cell nuclei were visualized with DAPI (blue). The immunofluorescence density of Kv1.3 was summarized in a bar graph at the right. With the maturity of OPCs, Kv1.3 decreased in a development-dependent manner. (B) Western blot analysis of MBP expression in cells collected from different periods of OPCs/Ols. Band densitometry data are shown in the bar graph (right). Data are normalized to β-actin shown in each gel. In contrast to the Kv1.3 alterations, the expression of MBP increased with differentiation. (C) Representative current traces of outward K+ currents recorded during depolarizing and hyperpolarizing pulses are shown in cells of OPCs, DF 4d, DF 6d, and DF 8d. The whole-cell outward K+ currents recorded before (Total) and 15 min after superfusion of 10 nM PAP (PAP perfusion) to the bath. The Kv1.3 currents were then isolated by subtraction of outward K+ currents recorded in the presence of PAP from the total currents (Kv1.3). The summary bar graph illustrating average Kv1.3 current density measured at +60 mV (pA/pF) obtained from OPCs and Ols (n = 16). With the maturation of Ols, the Kv1.3-conducted potassium currents decreased. All data expressed were obtained from three independent experiments unless otherwise indicated. ∗∗P < 0.01 vs. control, ∗∗∗P < 0.001 vs. control.




Involvement of Kv1.3 in IL-17–Induced Inhibition of OPC Proliferation and Differentiation

Cytokine IL-17 level is significantly elevated in MS patients CSF, and it is found to be associated with disease severity and progression in CNS demyelination model (Kostic et al., 2014). IL-17 is demonstrated to be enhancing oxidative stress–induced Ol apoptosis (Paintlia et al., 2011) and strongly inhibiting OPC differentiation (Kang et al., 2013). Here, we tested the consequence of IL-17 on OPCs and Ols. The dose of IL-17 was tittered by MTT assay performed in OPCs. IL-17 significantly decreased OPC viability to 83.40% ± 4.5% at the concentration of 200 ng/mL and (Figure 2A, P = 0.0037, IL-17 200 ng/mL vs. control) further decreased to 75.5% ± 5.9% at 400 ng/mL (Figure 2A, P < 0.0001, IL-17 400 ng/mL vs. control). Thus, the dose of 200 ng/mL was chosen for the following studies. Moreover, IL-17 up to 400 ng/mL did not affect the OPC apoptosis (data not shown) in our culture system. Previous studies reported that Kv1.3 on T lymphocytes and microglial cells play a key role in pathophysiological processes in inflammatory brains; we next explored whether OPC/Ol Kv1.3 was directly involved in inflammation-related myelin injury. Experiments were next performed to assess the expression of OPC Kv1.3 after exposure to IL-17. Exposure of IL-17 for 48 h enhanced the Kv1.3 protein expression in OPCs (Figure 2E, P = 0.0114, IL-17 vs. control). PAP was preadded to culture medium 30 min prior to following addition of BrdU with or without IL-17 for 48 h. PAP mitigated IL-17–induced OPC viability reduction (Figure 2B, P = 0.0007, PAP + IL-17 vs. IL-17), and counteracted IL-17–caused decrease in BrdU+ cells percentage (Figures 2C,D; P < 0.0001, PAP + IL-17 vs. IL-17). These results together suggested IL-17 retarded the OPC proliferation at the concentration of 200 ng/mL, and blockade of Kv1.3 prevented IL-17–caused loss of cell viability and inhibition of proliferation. Consistent results were found in differentiated Ols. MBP is an essential myelin structural protein, which is believed to indicate the Ol myelinating ability in vitro. MBP classically has three isoforms due to the different transcription start sites. The analysis described below was based on the protein bands at 18.5 kDa, which is considered as the predominant isoform essential for CNS myelin stability (Smith et al., 2012; Vassall et al., 2013). IL-17 decreased the expression of MBP (Figures 2F,G; P = 0.0015, control vs. IL-17) and increased the Ol Kv1.3 protein expression (Figures 2F,G; P = 0.0106, control vs. IL-17). Pretreatment of PAP for 30 min counteracted MBP reduction (Figures 2F,G; P = 0.0013, PAP + IL-17 vs. IL-17) and Kv1.3 enhancement (Figures 2F,G; P = 0.0082, PAP + IL-17 vs. IL-17) caused by IL-17. These together suggested the involvement of Kv1.3 in IL-17–induced inhibition of OPC proliferation and differentiation.
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FIGURE 2. Kv1.3 blockade prevented OPCs from IL-17–induced inhibition of proliferation and differentiation. OPCs were exposed to IL-17 (200 ng/mL) for 48 h with or without preaddition of PAP (10 nM) for 30 min. (A) The dose of IL-17 was tittered by MTT assay performed in OPCs (n = 6). IL-17 significantly reduced cell viability at a concentration of 200 ng/mL and further reduced at the concentration of 400 ng/mL. (B) MTT assay was performed to detect OPC viability (n = 7). PAP pretreatment counteracted the loss of cell viability induced by IL-17. (C) OPCs were treated with IL-17 with or without PAP in the presence of BrdU (10 μM) for 48 h. Representative images of merged BrdU immunofluorescence staining (red) and DAPI (blue) are shown. Scale bar = 20 μm. The average percentage of BrdU+ cells from five independent experiments are summarized in (D) There were 10 randomly selected visual fields counted for each group from three independent experimental treatments. IL-17–induced reduction of BrdU+ cells was attenuated by PAP. (E) Western blot analysis of Kv1.3 expression in OPCs. Band densitometry data are shown in the bar graph (below) (n = 4). IL-17 treatment for 48 h elevated the Kv1.3 protein expression in OPCs, whereas the PAP attenuated this elevation. For experiments conducted with Ols in (F,G), Ols were exposed to IL-17 (200 ng/mL) with or without prior addition of PAP (10 nM) for 30 min during the differentiation culture in OPCDM for 6 days. (F,G) Representative images and statistical analyses of MBP and Kv1.3 expression in mature Ols of Western blot (n = 3). The band marked by the arrow is a protein band with a size of 18.5 kDa. Pretreatment with PAP for 30 min counteracted the decrease in MBP and increase in Kv1.3 protein expression in Ols induced by IL-17. ∗P < 0.05 vs. control, ∗∗P < 0.01 vs. control, ∗∗∗P < 0.001 vs. control. #P < 0.05 vs. IL-17, ##P < 0.01 vs. IL-17, ###P < 0.001 vs. IL-17.




Kv1.3 Involved in IL-17–Induced OPC Developmental Alterations by Diminishing AKT Signal

Thus far, we have demonstrated IL-17 up-regulated Kv1.3 protein expression in OPCs and Ols, and blockade of Kv1.3 mitigated IL-17–induced OPC proliferation and differentiation retardation. The mechanisms of Kv1.3 involvement in IL-17–caused alterations of OPC proliferation and differentiation attracted our attention. It has been shown that OPC differentiation is controlled by a number of factors, many of which act to be inhibitory including leucine-rich repeat and immunoglobulin domain-containing 1 (Mi et al., 2004, 2005), Notch-1 (Bongarzone et al., 2000; Kim et al., 2008), Wnt (Shimizu et al., 2005) etc., whereas p38 MAPK (Bhat et al., 2007; Chew et al., 2010) and AKT (Flores et al., 2008) have been shown to be required for OPC differentiation and myelination. Previous studies reported that IL-17 increased total p38 levels and restricted neural stem cell differentiating to neurons, astrocytes, and OPCs (Li et al., 2013). AKT signal is reported to be protective for myelination under IL-17–enriched conditions (Tsiperson et al., 2013; Liu et al., 2017b). We next sought to clarify whether Kv1.3 regulated OPC proliferation and differentiation through AKT and/or p38 pathways. The phosphorylation forms of p38 (p-p38) and AKT (p-AKT) proteins were examined to illustrate the activation level of these signals. IL-17 decreased the expression of p-AKT in OPCs (Figure 3A; P = 0.0074, IL-17 vs. control) and differentiated Ols (Figure 3B; P = 0.0058, IL-17 vs. control) but did not alter the activation of p-p38 in OPCs (Figure 3A; P = 0.94) and Ols (Figure 3B; P = 0.54). In both OPCs and mature Ols, PAP prevented p-AKT from IL-17–caused reduction (PAP + IL-17 vs. IL-17, P = 0.0297 in Figure 3A and P = 0.0449 in Figure 3B). These results suggested Kv1.3 may be involved in IL-17–induced inhibition of OPC proliferation and differentiation by diminishing AKT signal pathways but not p38.
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FIGURE 3. Kv1.3 involved in IL-17–induced developmental alterations by diminishing AKT signal but not p38 MAPK. OPCs were treated as described in Figure 2. (A) Representative images and statistical analyses of p-p38 and p-AKT expression in OPCs of Western blot (n = 3). IL-17 suppressed the p-AKT expression, which represented the activation level of AKT pathway in OPCs, but not p-38, whereas PAP relieved this suppression. (B) For experiments conducted with Ols, OPCs were transferred into OPCDM and treated the same as described in Figure 2. Representative images and band densitometry data (right) of p-p38 and p-AKT expression in Ols (n = 4). The attenuation of p-AKT induced by IL-17 was mitigated by PAP, indicating the integral role of Kv1.3 in IL-17–caused decline of AKT activation. ∗∗P < 0.01 vs. control, #P < 0.05 vs. IL-17.


By knowing the contribution of AKT inactivation in Kv1.3 involvement of IL-17–induced OPC cell cycle alterations, a highly selective, efficient, and cell-permeable AKT activator SC79 (Jo et al., 2012) was employed to convince the contribution of AKT. We first confirmed the efficiency of SC79 on AKT activation in our culture system after a 6-day application (Figure 4E; P = 0.018, SC79 vs. control). For cotreatment, SC79 was applied to culture medium at the same time with addition of IL-17. With the presence of IL-17, SC79 also performed effectively on AKT activation (Figure 4E; P = 0.0094, IL-17 vs. SC79 + IL-17). SC79 showed the protective effects on OPC proliferation (Figures 4A–C) and Ol MBP expression (Figure 4D). Application of SC79 protected OPCs from IL-17–induced loss of viability (Figure 4A; P = 0.0093, IL-17 vs. SC79 + IL-17) and mitigated IL-17–caused BrdU+ cell number decrease (Figures 4B,C; P = 0.0057, IL-17 vs. SC79 + IL-17). In differentiating culture, SC79 protected Ols from IL-17–induced attenuation of MBP expression (Figure 4D; P = 0.0014, IL-17 vs. SC79 + IL-17) and mitigated IL-17–caused Kv1.3 elevation (Figure 4F; P < 0.0001, IL-17 vs. SC79 + IL-17). These results suggested that AKT activation promotes the OPC proliferation and differentiation in exposure of IL-17, and decreased AKT activation participated in Kv1.3 involvement of IL-17–induced inhibition of OPC proliferation and differentiation.
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FIGURE 4. Protection of AKT activator on IL-17–induced inhibition of OPC proliferation and differentiation. OPCs were exposed to IL-17 (200 ng/mL) for 48 h with or without AKT activator SC79 (10 μM). (A) MTT assay was performed to detect OPC viability (n = 7). SC79 counteracted the decrease in cell viability induced by IL-17. (B) OPCs were treated as described before in the presence of BrdU (10 μM) for 48 h. Representative images of merged BrdU immunofluorescence staining (red) and DAPI (blue) are shown. Scale bar = 20 μm. The average percentage of BrdU+ cells from five independent experiments are summarized in (C) There were 10 randomly selected visual fields counted for each experimental group from three independent treatments. IL-17–induced reduction of BrdU+ cell percentage was attenuated by SC79. For experiments conducted with Ols in (D–F), OPCs were exposed to IL-17 (200 ng/mL) with or without SC79 (10 μM) in OPCDM for 6 days. (D–F) Representative images and statistical analyses of MBP (n = 4), p-AKT (n = 4), and Kv1.3 (n = 5) expressions in Ols of Western blot. Band densitometry data are shown in the bar graph (below). SC79 effectively activated AKT signal in our culture system. Similar to the PAP, SC79 counteracted the IL-17–induced decrease in MBP and increase in Kv1.3 expression and mitigated the decrease in p-AKT induced by IL-17. ∗P < 0.05 vs. control, ∗∗P < 0.01 vs. control, ∗∗∗P < 0.001 vs. control. ##P < 0.01 vs. IL-17, ###P < 0.001 vs. IL-17.




Kv1.3 Blockade Prevented Ols From LPC-Induced Myelin Loss in vivo

Having observed the MBP expression altered in cell culture, the LPC-induced demyelination mice model was utilized to interrogate myelin repair in conditions more comparable with human disease to directly disclose the effects of Kv1.3 and its blockade on myelin sheath. The LPC-induced experimental demyelination is advantageous for characterizing the focal myelin morphology because the location of the damage is known. Because corpus callosum is a sensitive marker for damage of the cerebral white matter demyelination, the areas of corpus callosum were chosen to inject LPC and observe myelination. According to the previous publication, PAP distributes in parallel in plasma and brain following enteral administration and showed even higher concentration in most tested brain regions than in plasma (Maezawa et al., 2018). The plasma concentrations following 6 mg/kg i.p. injection achieved 300 nM after 8 h and still above 10 nM after 24 h (Azam et al., 2007). Considering the PAP EC50 = 2 nM (Schmitz et al., 2005), a predicable concentration of greater than 10 nM is sufficient to achieve pharmacological Kv1.3 blockade in mice brains. We decided to administer PAP by i.p. injection at a dose of 6 mg/kg every 24 h. Demyelination lesions in the corpus callosum were revealed by the LFB method, which stains myelin in blue. Myelin showed intact appearance in the injection point of sham animals, while it appeared discontinuous and reduced significantly in overall density of staining in LPC-injected sites. PAP significantly improved the myelin integrity compared with that in LPC-injected corpus callosum (Figure 5A). Myelination was also evaluated by blotting reactivity of MBP. The tissue of injection areas was taken to examine MBP expression. In agreement with the morphological observation, LPC decreased the MBP expression to approximately 36% of sham (Figure 5B; P < 0.0001, LPC vs. sham), and this reduction was not observed in Kv1.3 inhibitor/LPC-cotreated mice (Figure 5B; P < 0.0001, LPC vs. PAP + LPC). By exploring the alterations of myelination, the OPC proliferation was next examined in mice. In LPC-treated mice, the number of BrdU+NG2+ cells were significantly lessened compared with sham mice (Figure 5C; P = 0.0147, LPC vs. sham), and administration of PAP prevented the decrease in number of BrdU+NG2+ cells (Figure 5C; P = 0.0147, LPC vs. PAP + LPC). These results together suggested that Kv1.3 blockade is protective for OPC proliferation and myelination in vivo.
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FIGURE 5. Kv1.3 blockade protected corpus callosum from LPC-induced demyelination in vivo. The frozen sections were obtained from the demyelination model induced by stereotaxic injection of LPC (two points, 1%, 1 μL of each point) in corpus callosum. Mice were treated with or without PAP (6 mg/kg) and accepted BrdU (50 mg/kg) by i.p. injection. (A) Representative images of myelin sheath LFB staining (blue) in coronal sections of animal brain tissues. The low-magnification views (first line) show the complete coronal section, in which the framed parts are enlarged into the high-magnification views showing below. Compared with sham group, the injection site of LPC reduced significantly in overall density of staining for myelin. PAP significantly improved the LPC-induced myelin damage. (B) Western blot analysis of MBP expression in brain tissues around the injected points dissected out from the brain. The band marked by the arrow is a protein band with a size of 18.5 kDa. Blockade of Kv1.3 significantly prevented corpus callosum from LPC-induced MBP reduction (n = 3). (C) Representative images of merged BrdU immunofluorescence staining (red), NG2 (green), and DAPI (blue) in sections. There were 10 randomly selected visual fields counted for each experimental group from three independent treatments. Cell density of BrdU+NG2+ cells are shown in the bar graph (right). The LPC-induced decrease in BrdU+NG2+ cells density was mitigated by PAP. ∗P < 0.05 vs. sham, ∗∗∗P < 0.001 vs. sham. #P < 0.05 vs. LPC, ###P < 0.001 vs. LPC.




DISCUSSION

In the present study, we demonstrated that Kv1.3 blockade effectively promoted OPC proliferation and differentiation through activation of AKT signaling, leading to protection of myelin from IL-17– and LPC- induced myelin damage in vitro and in vivo, which is beneficial to remyelination in neurological disorders with demyelination.

IL-17–induced Ol injury is closely relative to MS pathogenesis. MS is the most common cause of non-traumatic disability in young people, affecting approximately 2.5 million people worldwide (Pugliatti et al., 2002; Compston and Coles, 2008). Axonal remyelination has been a challenge in MS therapies. To date, there is no proven way to repair demyelinated lesions. Disease progression usually has two phases: relapsing–remitting phase and progressive phase. The different disease phases reflect different underlying neuropathology, with inflammation and demyelination in the relapsing–remitting phase and neurodegeneration in the progressive phase (Jolanda Munzel and Williams, 2013). Previous studies of Kv1.3 in MS and other neuroinflammatory diseases were mainly focused on the ionic immune regulating role of Kv1.3 in T cells (Rus et al., 2005; Schmitz et al., 2005; Eil et al., 2016; Wang et al., 2019) and microglia (Fordyce et al., 2005; Di Lucente et al., 2018), which were relative to the pathogenesis in relapsing–remitting phase. Here we demonstrated a direct toxic effect of IL-17–induced Kv1.3 overexpression on myelin-producing cells OPCs and Ols. Such a direct toxicity was validated by using a relatively immune-independent mouse model that maximally eliminates the probable involvement of T-cell Kv1.3 in observed results. Myelin damage causes further axonal injury related to neurodegeneration in the progressive phase, because myelinated axons appear myelin dependency during development (Alizadeh et al., 2015). Additionally, an increased number of IL-17–expressing cells were observed in ischemic brain tissues of both human and rodent (Li et al., 2005; Gelderblom et al., 2012), suggesting that IL-17 participates in the CNS pathophysiology of secondary inflammation after ischemic stroke. The MS appears to be the disease mostly associated with IL-17, although IL-17 is relatively associated with different inflammatory conditions in the CNS.

IL-17–producing subset of CD4+ T cells are identified as Th17 cells. The role of Th17 cells in the pathogenesis of relapsing–remitting MS has been demonstrated in several studies, showing the identification of Th17 cells in the MS lesions but not in normal-appearing white matter tissues or control brain specimens (Tzartos et al., 2008) and increased levels of Th17 cell gene expression as well as IL-17 protein in MS brain lesions (Lock et al., 2002; Komiyama et al., 2006; Tao et al., 2014). Although at certain conditions IL-17 may boost the differentiation of OPCs (Rodgers et al., 2015), most publications reported that IL-17 was harmful for OPC and Ol survival and function (Paintlia et al., 2011; Li et al., 2013; Waisman et al., 2015; Wang et al., 2017), thus promoting inflammatory injuries. Our results disclosed that IL-17 caused OPC loss of cell viability at the concentrations of 200 ng/mL or greater. Together with the results from BrdU experiments, we demonstrated that IL-17 inhibited OPC proliferation (Figure 2) without alteration of cell apoptosis (data not shown), which is consistent with previous results obtained with primary OPC culture (Rodgers et al., 2015). Similar results were also observed in neural stem cells that IL-17 stimulated neural stem cell way out of cell cycle despite no change of apoptosis (Li et al., 2013). Controversial results were reported in primary OPCs cultured with IL-17 for 4 days at the concentrations of 50 and 200 ng/mL (Kang et al., 2013). We next examined the effect of IL-17 on OPC differentiation. Application of IL-17 into OPCDM for 6 days at a concentration of 200 ng/mL inhibited the OPC differentiation (Figure 2). Kang et al. claimed an inhibitory effect on OPC maturation of 25 ng/mL IL-17 addition to culture medium with absence of proliferative signal platelet-derived growth factor (PDGF) (Kang et al., 2013). Rodgers et al. observed an enhancement of OPC differentiation in both absence and presence of PDGF, while culture treated with IL-17 at concentrations of 25 and 50 ng/mL within the first 2 h of plating (Rodgers et al., 2015). These contrast findings suggest the role of IL-17 on OPC differentiation is highly time- and dose-dependent. The discrepancies may also attribute to the culture system and stage of cells within the Ol lineage.

Kv1.3 is highly expressed in postmortem MS brain plaques, localized on inflammatory infiltrates (Rus et al., 2005) and OPCs (Tegla et al., 2011). These findings indicate the involvement of Kv1.3 in MS pathogenesis. Indeed, several groups reported the contribution of Kv1.3 in MS-related pathogenesis, and most data were from inflammatory cells in experimental autoimmune encephalomyelitis (EAE) model. Blockade of Kv1.3 revealed beneficial effects on alleviation of EAE (Huang et al., 2017; Fan et al., 2018; Yuan et al., 2018; Zhao et al., 2020). Preclinical trials targeting at Kv1.3 to treat autoimmune disease, including neuroinflammatory MS, were conducted and showed positive results (Perez-Verdaguer et al., 2016; Prentis et al., 2018). Although it is known that Kv1.3 is expressed on OPCs in MS lesion, the role of OPC/Ol Kv1.3 in MS pathogenesis is less appreciated. We showed that Kv1.3 currents and channel expression decreased during the OPC development in the cell culture (Figure 1), which is in agreement with previous observation on primary cultures (Chittajallu et al., 2002). IL-17–induced reduction of OPC proliferation and MBP expression in cultures were prevented by Kv1.3 antagonist, but antagonist alone did not alter proliferation and MBP expression (Figure 2), suggesting that Kv1.3 is involved in MS-related myelin damage, and Kv1.3 blockade affects OPC cell cycle particularly under pathological conditions. This may explain the controversial results from Vautier et al. (2004) that overexpression of Kv1.3 enhanced OPC proliferation but did not interfere differentiation when conducted under relatively physical conditions. Although we demonstrated an enhancement of Kv1.3 expression after IL-17 treatment, the molecular mechanisms remain obscure. In microglial cells, Kv1.3 expression is elevated by ERK1/2 activation (Liu et al., 2013), which is downstream molecular of IL-17. IL-17 may increase Kv1.3 expression potentially by activating ERK1/2 signal. AKT (Flores et al., 2008) and p38 MAPK (Bhat et al., 2007; Chew et al., 2010) are the main positive signals for OPC development. It is reported that AKT phosphorylation is dependent on Kv1.3 activation in Ol lineage cells and situated downstream of Kv1.3 (Tegla et al., 2011), and coexpression of PKB/AKT with Kv1.3 in oocytes enhanced the Kv1.3 channel abundance, suggesting AKT up-regulates Kv1.3 expression (Warsi et al., 2015). In both natural killer cells and T cells, Kv1.3 seems to activate AKT/mTOR signal cascade (Eil et al., 2016; Geng et al., 2020). Together, these findings suggest that Kv1.3 and AKT act synergistically. We examined the involvement of p38 MAPK and AKT in Kv1.3-mediated reduction of OPC proliferation and differentiation. The activation of AKT but not p38 MAPK was inhibited by IL-17–induced Kv1.3 enhancement, which was counteracted by AKT activator SC79 (Figures 3, 4). This is a novel pattern different from previously demonstrated synergism of Kv1.3 and AKT. It is worth pointing out that downstream molecules of IL-17, including but not limited to ERK (Amatya et al., 2017; Xie et al., 2020; Allan et al., 2021), JNK (Amatya et al., 2017; Milovanovic et al., 2020), and nuclear factor κB (Jiang et al., 2017; Wu et al., 2018), may also contribute to the observed alterations of OPC cell cycle caused by IL-17, which were not examined in the present study. In addition, studying the role of the aforementioned negative signals in OPC development may be needed in the future, which will help us better understand the regulatory complex.

EAE is the most utilized animal model to explore MS-related pathogenesis and therapeutic strategy. The current immunosuppressive therapies are mainly based on the research done with EAE. Indeed, EAE is very heterogeneous regarding induction methods, clinical and pathological features, and amenability to treatments. The idea of EAE is based on the hypothesis that MS is mediated by autoreactive T-cell infiltration into CNS. But this hypothesis is challenged by studies that demonstrate occurrence of Ol death as the very early and perhaps the initial event in the pathology of the plaque, even before development of inflammation (Barnett and Prineas, 2004; Trapp, 2004). This brings EAE limitations when applied to human disease (Sriram and Steiner, 2005; Gold et al., 2006), particularly for remyelination. However, we focused on the OPC/Ol Kv1.3 function in inflammatory brains; LPC-induced demyelination was chosen to minimize the role of infiltrated T-cell Kv1.3 in the present study. Each model has its advantages and limitations. Other elements cannot be fully eliminated in LPC model, for example, the resident microglia around lesion site (Chen et al., 2020), which also expresses Kv1.3. Global administration of PAP may have the potential to inhibit Kv1.5 activity. However, the selectivity of PAP for Kv1.3 is approximately 23-fold higher than Kv1.5 (Schmitz et al., 2005; Vicente et al., 2006), making the possibility of Kv1.5 activation ignorable. In addition, systemic application of PAP to animals may also target on neuronal and microglial Kv1.3 channels; such a potential might be minimal as only small amounts of Kv1.3 are expressed on neurons in some brain regions.

In summary, our current data showed that IL-17 induced inhibition of OPC proliferation and differentiation through Kv1.3 channel, resulting in retardation in axonal remyelination and consequent brain white matter damage. We, for the first time, demonstrated that the integral role of Kv1.3 in IL-17 caused ATK signal decline, resulting in inhibitory effects of OPC proliferation and differentiation. Collectively, these findings serve to define the pathogenesis of CNS inflammation–induced myelin damage and support a potential therapeutic strategy of using Kv1.3 blocker to treat MS and white matter damage in other neurological disorders.
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Ischemic stroke remains a devastating disease which is the leading cause of death worldwide. Visual impairment after stroke is a common complication which may lead to vision loss, greatly impacting life quality of patients. While ischemic stroke is traditionally characterized by a blockage of blood flow to the brain, this may coincide with reduced blood flow to the eye, resulting in retinal ischemia and leading to visual impairment. Diabetes increases the risk of ischemic stroke and induces diabetic retinopathy; the latter may be more sensitive to the ischemic retinal injury. In diabetic status, the underlying mechanism in stroke-induced retinal injury has not been fully clarified. The NLR pyrin domain containing 3 (NLRP3) inflammasome is an important activator of inflammation, which may play a critical role in catalyzing and forming certain pro-inflammatory cytokines in both cerebral and retinal ischemia. Isoflurane has been demonstrated to inhibit the activation of the NLRP3 inflammasome and show neuroprotective effects. In this study, we established a diabetic mouse model and performed the middle cerebral artery occlusion procedure to induce ischemic stroke. Our results revealed that cerebral ischemia-induced retinal injury in the diabetic model. Isoflurane pretreatment alleviated the cerebral and retinal injury after ischemic stroke. Of note, isoflurane pretreatment inhibited the NLRP3 inflammasome activation in the retina, indicating that isoflurane pretreatment may provide substantial retinal protection in stroke-induced retinal injury in diabetes.

Keywords: ischemic stroke (IS), retinal injury, diabetes, NLRP3 inflammasome, isoflurane


INTRODUCTION

Stroke, the leading cause of death and disability, affects nearly 30 million people worldwide each year, with ischemic stroke accounting for upwards of 75% of all cases (Wang et al., 2017). Visual impairment is a common complication in stroke patients which affects functional recovery and quality of life (Sand et al., 2013). A previous study has reported that 92% of patients suffer from visual impairments after stroke, including eye movement disorders, visual acuity reduction, visual field impairment, and visual perceptual difficulty (Rowe, 2017). Visual impairments after stroke are also predictive of worse prognosis, stroke recurrence, and higher mortality (Deng et al., 2018; Sand et al., 2018). In rodent ischemic stroke models, visual impairments after stroke have also been widely reported which accompany neurological and retinal injury (Steele et al., 2008; Allen et al., 2014; Liu et al., 2015; Nguyen et al., 2019; Lee et al., 2020). The main pathogenesis of stroke-induced visual impairments includes higher visual center damage, retinal ischemia, and subsequent retinal damage (Steele et al., 2008; Rowe et al., 2013; Nguyen et al., 2019). Diabetes is a well-established independent risk factor related to cerebrovascular diseases and retinal ischemic injury (Ergul et al., 2014; Hendrick et al., 2015), which increases the incidence of ischemic stroke and visual impairments after stroke (Liu et al., 2016; Bragg et al., 2017; Sand et al., 2018). However, the underlying molecular mechanisms of stroke-induced retinal injury are still far from precisely dissected, especially in diabetic disease.

Inflammation plays an important role in the progression of a diabetic stroke, retinal ischemia, and diabetic retinopathy (Rivera et al., 2017; Hong et al., 2018; Forrester et al., 2020). The retina is an extension of the central nervous system and the pathological response to retinal ischemia is comparable in many ways to that of ischemic stroke. It is therefore reasonable to speculate that stroke-induced retinal injury shares similar inflammatory pathogenesis with cerebral ischemia and retinal ischemia. The NLR pyrin domain containing 3 (NLRP3) inflammasome is an important activator of inflammation which mediates the maturation and secretion of active pro-inflammatory cytokines such as interleukin 1β (IL-1β) and interleukin 18 (IL-18; Zhou et al., 2010a; Deng et al., 2019). Previous studies have shown that NLRP3 inflammasome activation participates in the underlying molecular pathway of ischemic stroke in diabetic mice (Hong et al., 2018) and retinal ischemic/reperfusion injury (Wan et al., 2020). However, it is unclear whether NLRP3 inflammasome is involved in stroke-induced retinal injury in diabetes.

Isoflurane (ISO) has been demonstrated to have anti-inflammatory and neuroprotective properties in ischemic stroke (Zhou et al., 2010b; Zhang et al., 2016; Jiang et al., 2017; Guo et al., 2020). Furthermore, a previous study has suggested that ISO can inhibit the activation of the NLRP3 inflammasome (Yin et al., 2016). To investigate whether ISO offers retinal protection against stroke-induced retinal injury in diabetes, we administered ISO prior to middle cerebral artery occlusion (MCAO) in diabetic mice and studied the role of NLRP3 inflammasome activation in the retina. Our results showed that ISO pretreatment ameliorates stroke-induced retinal injury in diabetes via inhibition of retinal NLRP3 inflammasome activation. Our results provide a causative pathway for stroke-induced retinal injury in diabetes and suggest a potential therapeutic target for retinal protection in ischemic stroke in diabetes.



MATERIALS AND METHODS


Animal

Male C57BL/6J mice (4–6 w, 14–18 g) were housed in 12 h light/dark cycle conditions and were supplied adequate food and water before the experiment (n = 100). All experimental animals were purchased from the Zhujiang Hospital Animal Experimental Center of Southern Medical University. The study was approved by the Medical Faculty Ethics Committee of Southern Medical University. Firstly, we built the type 2 diabetic (DM) mouse model (n = 65) and used non-DM mice as control (n = 35).

We excluded mice having fasting glucose less than 10.0 mmol/L (n = 16). DM mice were randomly assigned to the sham group, MCAO ISO (−) group, and MCAO ISO (+) group (n = 11–21).

Mice which died after surgery were excluded in MCAO ISO (−) group and MCAO ISO (+) group (n = 2 in each group). Mice were randomly chosen from sham group, MCAO ISO (−) group, and MCAO ISO (+) group (n = 4–6) for retinal gene expression. The eyeballs were collected from sham group, MCAO ISO (−) group, and MCAO ISO (+) group (n = 7–13) for tissue section and subsequent staining.



Type 2 Diabetes Mellitus Mouse Model

The type 2 diabetic mouse model was generated as described previously (Lin et al., 2020). Briefly, we first fed each mouse on a high-fat diet (Guangdong Medical Laboratory Animal Center, Guangzhou, China) for 3 w. A dose of 100 mg/kg streptozotocin (STZ, Sigma, St. Louis, MO, USA) was then injected intraperitoneally. Mice were then fed with a high-fat diet for another 4 w. The blood glucose concentration was measured after fasting for 8 h on day 1, 22, 36, and 50. The criterion for a type 2 diabetes mellitus mouse was fasting glucose >10.0 mmol/L. Control (non-diabetic) mice were housed in the same environment, fed a normal diet, and given an equal-volume intraperitoneal injection of vehicle.



Ischemic Stroke Mouse Model

The ischemic stroke mouse model was generated by MCAO following the protocol of our previous study (Lin et al., 2020). In brief, mice were anesthetized with 2% isoflurane (RWD Life Science Co., Ltd, Shenzhen, China). After a midline neck incision, a 4–0 nylon monofilament (3 cm) with a blunted tip (Sebiona Technology Co. Ltd., Guangzhou, China) was inserted into the origins of the right middle cerebral artery (MCA) through the right external carotid artery to block the blood flow to the MCA. The suture was left in place for 1 h and reperfusion was established after withdrawing the suture. The mice were sacrificed after maintaining reperfusion for 24 h for the subsequent experiments. Sham-operated mice underwent the same procedure without insertion of the monofilament.



Isoflurane (ISO) Pretreatment

The ISO pretreatment [ISO (+)] group inhaled 2% isoflurane for 1 h which was delivered by oxygen (O2) at a rate of 0.2 L/min 24 h before MCAO procedure. The control group [ISO (−)] received the same procedure without ISO pretreatment. ISO pretreatment and control groups were randomly assigned to ischemic MCAO and sham groups.



Brain 2,3,5-Triphenyltetrazolium Chloride (TTC) Staining

The whole brain was collected immediately after euthanasia. The brain was sectioned into 1 mm thick slices and stained with 2% TTC (BCCC4696, Sigma, St. Louis, MO, USA) for 15 min and then fixed in 4% paraformaldehyde (PFA).



Hematoxylin and Eosin (H&E) Staining

The ipsilateral eyeball was isolated and fixed in 4% PFA before being embedded in paraffin. Eyeballs were sectioned in the same coronal sections (5 μm thick). H&E staining was employed to assess retinal ganglion cell layer (GCL) cells and inner retinal measurement. The slices were imaged using a bright-field microscope (DM2500 LED, Leica Microsystems, Germany) and analyzed in ImageJ (version 1.49, National Institutes of Health, Bethesda, MD, USA).



Terminal Deoxynucleotidyl Transferase-Mediated Nick End Labeling (TUNEL) and Immunofluorescence Staining

Mice were perfused with 4% PFA. Eyeballs were removed and fixed with 4% PFA for 24 h. Frozen sections of 10 μm thickness were embedded in optimal cutting temperature compound (OCT, Tissue-Tek, Sakura Finetek, USA). TUNEL staining was performed using in situ Cell Death Detection Kit, Fluorescein (11684795910, Roche, USA). For immunofluorescence staining, the primary antibodies used were as follows: rabbit anti-NLRP3 (PA579740, 1:1,000, Thermo Fisher, USA), mouse anti-Caspase-1 (sc-56036, 1:100, Santa Cruz, USA), and Rabbit anti-IL-1β (12703, 1:100, Cell Signaling Technology, USA). The secondary antibodies used were goat anti-rabbit (A-11034, 1:1,000, Thermo Fisher, USA) and goat anti-mouse (A-11032, 1:1,000, Thermo Fisher, USA). After that, sections were imaged using a fluorescence microscope (TS100, Nikon, Japan) and analyzed using ImageJ.



Quantitative RT-PCR (qPCR)

qPCR was performed to measure the expression of NLRP3 inflammasome mRNA in the retina. Primer sequences are as follow: NLRP3, ATT ACC CGC CCG AGA AAG G (forward primer); TCG CAG CAA AGA TCC ACA CAG (reverse primer). Caspase-1, AAT ACA ACC ACT CGT ACA CGTC (forward primer); AGC TCC AAC CCT CGG AGA AA (reverse primer). IL-1β, GAA ATG CCA CCT TTT GAC AGT G (forward primer); TGG ATG CTC TCA TCA GGA CAG (reverse primer). β-actin, GTG CTA TGT TGC TCT AGA CTT CG (forward primer); ATG CCA CAG GAT TCC ATA CC (reverse primer). Using RNAiso Plus kit (TaKaRa, 9109, Japan) to extract the total RNA from the right retina. qPCR was applied by the SYBR Green kit (Takara, RR820A, Japan) using 10 μl cDNA. β-actin was used as the housekeeping gene.



Statistical Analysis

Data are shown as means ± SD and analyzed using Prism7 software (GraphPad7, San Diego, CA, USA). Statistical significances were determined using Student t-test (for two groups) or one-way ANOVA followed by a Tukey Kramer post hoc test (for three groups) or repeated measures ANOVA followed by a Bonferroni post hoc test (groups with repeated measurements). The difference between groups was considered statistically significant if P < 0.05.




RESULTS


Ischemic Stroke-Induced Retinal Injury in Diabetic Mice

To assess the retinal injury after ischemic stroke in diabetic mice, we first generated the type-2 diabetic mouse model by administering a high-fat diet and STZ intraperitoneal injection (Figure 1A). Compared to the control group, we found that the blood glucose level significantly increased in diabetic mice at all timepoints (Figure 1B). Although the diabetic mice gained significantly more body weight during the first 3 w, there was no significant difference in body weight compared to the non-diabetic mice after 4 w (Figure 1B).
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FIGURE 1. Isoflurane (ISO) pretreatment protects the brain against ischemic damage in a diabetic mouse model. (A) Diagram of the protocol used to generate the type 2 diabetic mouse model. (B) Continuous monitoring of the blood glucose and body weight changes from the beginning of the high-fat diet (0 week) in diabetic mice and non-diabetic mice. n = 24 in each group. (C) Representative images of TTC-stained coronal brain slices of sham-operated (left),middle cerebral artery occlusion (MCAO) mice without ISO pretreatment (middle) and MCAO mice with ISO pretreatment (right). The infarct area is indicated via the dotted line. (D) The infarct volume in the sham-operated, MCAO mice without ISO pretreatment, and MCAO with ISO pretreatment. n = 4 in each group. **P < 0. 01, ***P < 0.001.



In this MCAO model, the ophthalmic artery (OPA) was blocked while the monofilament was inserted into the right MCA (Figure 2A). A previous study has reported a 90% reduction in blood flow in the ipsilateral eye during MCAO (Lee et al., 2020). Correspondingly, when evaluating the histological changes in the retina by H&E staining, we found a significantly decreased ganglion cell layer (GCL) cell count and inner retinal thickness in the MCAO group (Figure 2B). Furthermore, compared to the sham group, MCAO mice exhibited significantly increased apoptotic cells in the GCL as assessed by TUNEL staining (Figure 2C). These results demonstrate that ischemic stroke induces a significant retinal injury in diabetic mice.


[image: image]

FIGURE 2. Ischemic stroke induces retinal injury in diabetic mice. (A) Schematic diagram of MCAO model blocking the OPA. Monofilament is inserted into the right MCA to block blood flow, thereby blocking the OPA at the same time. (B) Top, representative H&E staining in retina post-MCAO. Scale bar, 50 μm. Bottom, bar graphs showing the GCL cell count and the inner retinal thickness in the sham (n = 7) and MCAO group (n = 9). (C) Left, representative images showing TUNEL staining in retina post-MCAO. The retina is indicated between the dotted lines. Green, TUNEL positive cell; Blue, DAPI (magnification, 100×; scale bar, 100 μm). Right, bar graphs showing the TUNEL positive cells density at GCL in the sham (n = 3) and MCAO groups (n = 4). Sham and MCAO mice were administered with vehicle pretreatment. OPA, ophthalmic artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; ICA, internal carotid artery; BA, basilar artery; ECA, external carotid artery; CCA, common carotid artery; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer. *P < 0.05, ***P < 0.001.





ISO Pretreatment Reduced the Cerebral Damage and Retinal Injury Induced by an Ischemic Stroke in Diabetic Mice

To address whether ISO protects the brain and retinal injury after ischemic stroke in diabetes, 24 h before MCAO onset, we pretreated the diabetic mice with exposure to 2% ISO for 1 h. Mice were then subjected to MCAO, with the MCA occluded for 1 h, and 24 h post-reperfusion, mice were sacrificed (Figure 3A). We confirmed the distinct ischemic brain damage by TTC staining, a redox indicator that distinguishes between metabolically active and inactive tissue. Both diabetic MCAO mice with and without ISO pretreatment exhibited a significant brain ischemic infarct (Figure 1C). However, the infarct volume was significantly decreased in MCAO mice with ISO pretreatment when compared to the MCAO mice without ISO pretreatment (Figure 1D). These data demonstrate the neuroprotective effects of ISO pretreatment in diabetic mice after ischemic stroke.
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FIGURE 3. ISO pretreatment reduces retinal injury after ischemic stroke in diabetic mice. (A) Diagram of ISO pretreatment protocol. (B) Left, representative H&E staining in the retina after MCAO with ISO pretreatment or without ISO pretreatment (magnification, 400×; scale bar, 50 μm). Right, bar graphs showing the GCL cell count and the inner retinal thickness in the MCAO ISO (−) group (n = 9) and MCAO ISO (+) groups (n = 13). (C) Left, representative images showing TUNEL staining in the retina after MCAO with ISO pretreatment or without ISO pretreatment. The retina is indicated between the dotted lines. Green, TUNEL positive cell; Blue, DAPI (magnification, 100×; scale bar, 100 μm). Scale bar, 100 μm. Right, bar graphs showing the TUNEL positive cells density at GCL in the MCAO ISO (−) group (n = 4) and MCAO ISO (+) groups (n = 3). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer. **P < 0.01, ***P < 0.001.



In addition, the MCAO-induced reduction in GCL cell count and inner retinal thickness were attenuated by ISO pretreatment compared to diabetic MCAO mice pretreated without ISO (Figure 3B). Furthermore, MCAO mice with ISO pretreatment exhibited reduced apoptotic cells in the GCL compared to the MCAO mice without ISO pretreatment (Figure 3C). Our data thereby indicates that ISO pretreatment protects the retina against ischemic injury in diabetic stroke mice.



ISO Pretreatment Inhibited NLRP3 Inflammasome Activation in Stroke-Induced Retinal Injury

Evidence suggests that cerebral and retinal ischemia share acute and chronic pathogenic mechanisms including NLRP3 inflammasome activation, which has been shown to be associated with injury severity (Hong et al., 2019; Wan et al., 2020). We therefore speculated that NLRP3 inflammasome activation may be associated with stroke-induced retinal injury in diabetes. First, we examined the mRNA expression of the NLRP3 inflammasome in the retina. As expected, the mRNA expression of NLRP3, caspase-1, and IL-1β showed more robust elevations in the retina of diabetic MCAO mice compared to sham-operated diabetic mice (Figure 4A). Next, we investigated the effects of ISO pretreatment and found reduced retinal NLRP3, caspase-1, and IL-1β mRNA expression in MCAO mice with ISO pretreatment compared to the MCAO group without ISO pretreatment (Figure 4A). NLRP3 inflammasome protein expression also had a similar trend; compared to sham-operated mice, MCAO increased the NLRP3, caspase-1, and IL-1β protein expression in the retina, which was mitigated by ISO pretreatment (Figures 4B–E). Our results indicate that the suppression of NLRP3 inflammasome activation after ISO pretreatment plays an important role in protecting the retina from stroke–induced retinal injury in diabetic mice.
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FIGURE 4. ISO inhibits NLRP3 inflammasome activation in the retina after ischemic stroke in diabetic mice. (A) Relative gene expression of NLRP3, caspase-1, and IL-1β in the retina. β-Actin served as an endogenous reference gene (n = 4 in Sham group; n = 6 in MCAO ISO (−) group and MCAO ISO (+) group). (B) Representative immunohistochemical staining for the protein expression of NLRP3 in the retina (magnification, 400×; scale bar, 50 μm). (C–E) Representative immunofluorescence staining for the protein expression of NLRP3 (C), Caspase-1 (D), and IL-1β (E) in the retina. Arrow, NLRP3 (Red), Caspase-1 (Red), and IL-1β (Green) positive cells (magnification, 400×; scale bar, 25 μm). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer. *P < 0.05, **P < 0.01.






DISCUSSION

In this study, we demonstrated that focal cerebral ischemia-induced retinal injury in diabetic mice and ISO pretreatment protected against brain damage and stroke-induced retinal injury. We first revealed that cerebral ischemia increased cell loss and induced apoptosis in the GCL in a diabetic mouse model. We next demonstrated that ISO pretreatment protected the brain indicated by reduced infarct volume and retinal injury as evidenced by preserved cell count and reduced apoptosis in the GCL in the MCAO mouse model. Finally, ISO pretreatment inhibited NLRP3 inflammasome activation in the retina after cerebral ischemia which may underlie its protective effects.

Visual impairment is a significant complication in stroke patients that may exacerbate other stroke-related impairments and impede rehabilitative efforts. The occipital lobe is the visual center and accordingly, posterior cerebral artery (PCA) occlusion-induced occipital infarction has been reported as the most common cause of visual impairment after stroke (Rowe et al., 2013). However, visual impairments have been reported in more than two-thirds of ischemic stroke patients with MCA occlusion (Sand et al., 2018). This suggests that ischemic stroke may induce retinal ischemia, thereby damaging the eyes and visual function directly, rather than impairing the visual center. The retinal blood supply is mainly from the central retinal artery, a branch of the ophthalmic artery (OPA), which is the first branch of the internal carotid artery in mice (Singh and Dass, 1960). Both OPA and MCA are the branches of the internal carotid artery. Due to the anatomical relationship between the OPA and MCA, the OPA is also prone to occlusion when MCA occlusion occurs. Approximately 25% of patients with ischemic stroke have complete occlusion of the OPA, leading to retinal ischemia and subsequent retinal damage (Helenius et al., 2012). Similar effects have been observed in rodent MCAO models, with the blood flow of the ipsilateral eye shown to be significantly reduced once the filament is inserted into the MCA (Steele et al., 2008; Nguyen et al., 2019; Lee et al., 2020). Furthermore, decreased blood flow leads to retinal ischemia with the severity of injury proportional to the cerebral ischemic area (Allen et al., 2014). In order to prevent as well as treat visual impairments after stroke, the underlying mechanism of stroke-induced retinal injury needs to be further investigated. A recent study has shown that mitochondrial dysfunction may be an important cause of stroke-induced retinal injury, and stem cell treatment may be a potential therapy (Nguyen et al., 2019). The present study aimed to identify conserved pathogenic mechanisms between stroke, retinal injury and associated risk factors, such as diabetes.

Diabetes is a prevalent disease and confers a greater risk of stroke and retinopathy occurrence. The risk of ischemic stroke with diabetes is 2.3-fold higher in comparison to non-diabetic patients (Liu et al., 2016; Bragg et al., 2017). Furthermore, diabetic retinopathy is a common complication of diabetes and the leading cause of blindness (Gross et al., 2018). In the diabetic population, approximately one-third have signs of diabetic retinopathy, and a third of these patients have more severe vision-threatening retinopathy (Saaddine et al., 2008). Complex pathophysiological mechanisms including increased production of free radicals, advanced glycosylation end-products, pro-inflammatory signaling, and vascular endothelial growth factor, trigger retinal injury in diabetic status. Diabetic retinopathy-induced microvascular lesions can also cause retinal ischemic damage and contribute to visual impairments (Wong et al., 2016). Therefore, not only is the individual more susceptible to stroke, but the retina may also be more susceptible to stroke-induced retinal injury under diabetic status. Accordingly, in the present study, H&E and TUNEL staining revealed a remarkable retinal injury in the diabetic stroke-induced mouse model.

Cerebral blood flow is often temporarily blocked or reduced in surgical operations, such as cardiac and carotid artery extirpation surgeries, thereby inducing a temporary man-made cerebral ischemic event (Apostolakis and Akinosoglou, 2008). In such cases, it is crucial to use appropriate anesthetic drugs to induce clinical anesthesia and prevent the development of cerebral ischemic injury. The common and widely used clinical anesthetic drug, ISO, has been shown to have a dose-dependent protective effect on the incidence and severity of postoperative ischemic stroke (Raub et al., 2021). ISO preconditioning has furthermore been demonstrated to have significant neuroprotective potency in ischemic stroke in experimental studies. ISO preconditioning alleviated neurological deficits, reduced infarction volume, and attenuated apoptosis in rodent MCAO models via inhibiting neuroinflammation (Sun et al., 2015b), attenuating ubiquitin-conjugated protein aggregation (Zhang et al., 2010), and increasing lymphoma-2 expression (Li et al., 2008). Our results correspond well with the previous study, ISO pretreatment shows neuroprotective effects and reduced the infarct volume after ischemic stroke in diabetic mice. In vitro, ISO preconditioning provided neuroprotection by regulating the toll-like receptor 4 signaling pathway and inhibiting microglia activation in oxygen and glucose deprivation models (Xiang et al., 2014; Sun et al., 2015a, b). In our study, we provide evidence for the first time that ISO pretreatment exerts protection against retinal injury, specifically inhibiting ischemic-stroke induced retinal injury in diabetic mice.

The robust inflammatory response is an important contributor to the progression of cerebral ischemia, retinal ischemia, and diabetic retinopathy (Anrather and Iadecola, 2016; Capitao and Soares, 2016; Mathew et al., 2019; Yang et al., 2020). The NLRP3 inflammasome, a multimeric protein complex and critical component of the inflammatory response, has been linked to the pathogenesis of all three conditions (Hong et al., 2018; Raman and Matsubara, 2020; Yu et al., 2020). Upon recruitment to the inflammasome, caspase-1 is activated, leading to the release of proinflammatory IL-1β and IL-18, and triggering an infiltration of immune cells and intrinsic cell death mechanisms (Yu et al., 2020). The Nod-like receptor (NLR) signals pathway and NLRP3 inflammasome activation have been proven to play a predominant role in ischemic/reperfusion- induced retinal inflammation by RNA microarray profiling (Wan et al., 2020). Of note, previous studies have shown that inhibiting NLRP3 inflammasome activation is an effective means to alleviate the damage associated with ischemic stroke and retinal ischemia (Hong et al., 2018; Gong et al., 2019). Furthermore, ISO has been demonstrated to inhibit the activation of NLRP3 inflammasomes in acute lung injury (Yin et al., 2016). Our data shows that ISO pretreatment can downregulate NLRP3, caspase-1, and IL-1β mRNA and protein levels in the retina after ischemic stroke, suggesting that the protective mechanisms underlying ISO pretreatment may be related to the direct inhibition of retinal NLRP3 inflammasome activation.

In summary, our study provides important evidence attesting to the close associations between diabetes, stroke, and visual impairments, as well as retinal injury and cerebral ischemia. Our results furthermore suggest that ISO pretreatment can reduce ischemic stroke-induced retinal injury under diabetic conditions by inhibiting NLRP3 inflammasome activation. ISO may represent an important and clinically relevant agent to be used in patients who require general anesthesia and are vulnerable to postoperative ischemic stroke.
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Photobiomodulation Promotes Hippocampal CA1 NSC Differentiation Toward Neurons and Facilitates Cognitive Function Recovery Involving NLRP3 Inflammasome Mitigation Following Global Cerebral Ischemia
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Our recent study revealed that photobiomodulation (PBM) inhibits delayed neuronal death by preserving mitochondrial dynamics and function following global cerebral ischemia (GCI). In the current study, we clarified whether PBM exerts effective roles in endogenous neurogenesis and long-lasting neurological recovery after GCI. Adult male rats were treated with 808 nm PBM at 20 mW/cm2 irradiance for 2 min on cerebral cortex surface (irradiance ∼7.0 mW/cm2, fluence ∼0.8 J/cm2 on the hippocampus) beginning 3 days after GCI for five consecutive days. Cognitive function was evaluated using the Morris water maze. Neural stem cell (NSC) proliferation, immature neurons, and mature neurons were examined using bromodeoxyuridine (BrdU)-, doublecortin (DCX)-, and NeuN-staining, respectively. Protein expression, such as NLRP3, cleaved IL1β, GFAP, and Iba1 was detected using immunofluorescence staining, and ultrastructure of astrocyte and microglia was observed by transmission electron microscopy. The results revealed that PBM exerted a markedly neuroprotective role and improved spatial learning and memory ability at 58 days of ischemia/reperfusion (I/R) but not at 7 days of reperfusion. Mechanistic studies revealed that PBM suppressed reactive astrocytes and maintained astrocyte regeneration at 7 days of reperfusion, as well as elevated neurogenesis at 58 days of reperfusion, as evidenced by a significant decrease in the fluorescence intensity of GFAP (astrocyte marker) but unchanged the number of BrdU-GFAP colabeled cells at the early timepoint, and a robust elevation in the number of DCX-NeuN colabeled cells at the later timepoint in the PBM-treated group compared to the GCI group. Notably, PBM treatment protected the ultrastructure of astrocyte and microglia cells at 58 days but not 7 days of reperfusion in the hippocampal CA1 region. Furthermore, PBM treatment significantly attenuated the GCI-induced immunofluorescence intensity of NLRP3 (an inflammasome component), cleaved IL1β (reflecting inflammasome activation) and Iba1, as well as the colocalization of NLRP3/GFAP or cleaved IL-1β/GFAP, especially in animals subjected to I/R at 58 days. Taken together, PBM treatment performed postischemia exerted a long-lasting protective effect on astrocytes and promoted endogenous neurogenesis in the hippocampal CA1 region, which might contribute to neurological recovery after GCI.
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INTRODUCTION

Pyramidal neuronal damage and subsequent cognitive defects are the major causes of disability in cardiac arrest patients (Moulaert et al., 2009). Global cerebral ischemia (GCI) induced by four-vessel occlusion perfectly mimics cardiac arrest, resulting in hippocampal CA1 neuronal death and delayed neurological deficits (Pulsinelli et al., 1982). Therefore, GCI animal models in rats or mice are widely used to determine molecular mechanisms and explore effective strategies. Unfortunately, except for therapeutic hypothermia, there are not yet effective therapies for preserving cognitive function after GCI. A recent meta-analysis failed to find a strong benefit of therapeutic hypothermia on survival or neurological outcome (Harukuni and Bhardwaj, 2006; Nielsen et al., 2011; Lindsay et al., 2018). Therefore, new therapeutic strategies for protecting the brain and promoting neurological recovery after cardiac arrest are urgently needed.

To our knowledge, brain injuries due to brain trauma, ischemic stroke, and transient GCI can induce prodeath signaling pathways due to oxidative stress, Ca2+ overload, excitotoxicity, and neuroinflammation, leading to delayed neuronal death and neurological dysfunction. Meanwhile, these brain injuries also induce inherent prosurvival reactions for self-defense and self-repair. For example, brain injury increases NSC/neural progenitor cell (NPC) proliferation followed by production of new neurons in an attempt to replenish lost or damaged cells (Marques et al., 2019). Using a mouse model of nest-green fluorescent protein reporter, a previous study revealed that endogenous NSC proliferation was increased by 120% 2 days after a traumatic brain injury (Hong et al., 2016). In an ischemic stroke model, endogenous NSC proliferation in the ischemic cortex peaks on day 2 and returns to basal levels within 6 days after stroke (Luo et al., 2009). Furthermore, in the subventricular zone (SVZ), a well-known NSC niche, the number of bromodeoxyuridine (BrdU)-labeled cells is robustly increased as early as 2 days, sustained through 4 days, and then returning to basal levels (Luo et al., 2009). A succession of studies by Tonchev’s group demonstrated that global cerebral ischemia in monkeys increases progenitor proliferation in the SVZ, subgranular zone (SGZ) of the dentate gyrus (DG), and even in the temporal neocortex at early postischemic time points during the first 15 days after ischemia (Tonchev et al., 2003a,b). Notably, newborn neurons are observed after ischemia in the hippocampal CA1 sector, the region most sensitive to ischemia (Rietze et al., 2000; Nakatomi et al., 2002), which is closely related to cognitive function. Unfortunately, several studies have revealed that almost all newborn hippocampal neurons die within days or weeks after induction of these processes (Tonchev and Yamashima, 2006; Jablonska and Lukomska, 2011; McAllister et al., 2020). Additionally, there is increasing evidence that chronic neurodegenerative diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD), cause significant decreases in inherent NSC proliferation and neurogenesis (Radad et al., 2017; Babcock et al., 2021). Therefore, targeting the survival of endogenous NSCs may extend the treatment window and have long-lasting beneficial effects for restoring neurobiological outcomes after brain injuries. Indeed, a recent review listed many endogenous neurogenesis-enhancing drugs, such as the P53 inhibitor pifithrin-α (PFT-α), trophic factors, and dietary supplementation, that can increase endogenous NSC proliferation, attenuate secondary cell death, and improve neurobiological functions after ischemic stroke and trauma brain injury (TBI) (Wu et al., 2017).

Recently, photobiomodulation (PBM), initially referred to as “low-level laser/light therapy (LLLT), has been attracting increasing interest in central nervous system disorders. Emerging evidence from our group and others demonstrated that PBM is promising for its many benefits, such as antioxidative, antiapoptotic, anti-inflammatory, and proneurogenic effects, mediating blood flow and the intracellular calcium response to brain injuries (Tucker et al., 2018; Wang et al., 2019; Bathini et al., 2020; Ravera et al., 2021). More importantly, PBM can activate signaling pathways and transcription factors that cause changes in protein expression, exerting long-lasting beneficial effects (Ando et al., 2011; de Freitas and Hamblin, 2016). In an ischemic stroke model, PBM is a promising treatment for inhibiting inflammasome activity (Lee et al., 2017), attenuating levels of the proinflammatory factors IL-1β and TNFα, and exerting long-lasting neuroprotective roles (Vogel et al., 2021). In traumatic brain injury animal model, transcranial low-level laser therapy not only enhances learning, memory, and neuroprogenitor cells in DG and SVZ regions of mice, but also increases brain derived neurotrophic factor (BDNF) and synaptogenesis (Xuan et al., 2014, 2015). Overall, regardless of whether the brain suffers from acute damage (stroke, traumatic brain injury, and global cerebral ischemia) or degenerative disease (dementia, Alzheimer’s disease, and Parkinson’s disease), all of these seemingly diverse conditions can be beneficially affected by applying low-level light intervention with the advantages of greater safety, lower cost, and better suitability for home use. Due to the growing interest in PBM use in the brain, we herein established a global cerebral ischemia model in adult male rats and, for the first time, investigated the roles and mechanisms of PBM treatment performed postischemia on NSC proliferation, neurogenesis and functional recovery.



MATERIALS AND METHODS


Antibodies and Animals

The following primary antibodies were used, including NeuN (Millipore Biotechnology, MAB377, RRID: AB_2298772), BrdU (GeneTex, GTX28039, RRID: AB_385364), DCX (SCBT, sc271390, RRID: AB_10610966), GFAP (Abcam, ab53554, RRID: AB_880202), GFAP (SCBT, sc-33673, RRID: AB_627673), NLRP3 (Abcam, ab4207, RRID: AB_955792), cleaved IL1β (CST, #83186, RRID: AB_2800010), and Iba1 (Abcam, ab5076, RRID: AB_2224402).

All procedures performed in this study were approved by the Institutional Animal Care and Xu Zhou Medical University (Assurance No. 201505w001) and were conducted in accordance with the guidelines of the National Natural Science Foundation of China for animal research. Adult male Sprague-Dawley rats (3–4 months old) were housed in a temperature-controlled (22–24°C) room with freely available water and food, and ZT (zeitgeber time) was set on a 14/10 h cycle (ZT0-8:00, ZT12-22:00). The animal models including GCI model and PBM-treatment were performed in the morning in the animal model preparation room. Behavioral tests were carried out between 6:00–9:00 pm in the soundproof room of neurobehavioral laboratory. Experimental animals were sacrificed and all tissue samples were obtained in the morning.



GCI and PBM Treatment

All surgeries were performed under isoflurane anesthesia (2–4%), and a dose of sustained release buprenorphine (Bup-SR) (0.3–1.2 mg/kg) was subcutaneously administered every 48–72 h to minimize postoperative pain. Rats were randomly assigned to the following groups: sham operation (Sham), ischemia reperfusion (I/R), photobiomodulation (PBM) treatment (I/R + PBM), and Sham with PBM treatment (Sham + PBM). The I/R group was further divided into I/R 3, 7, 28, and 58 days groups. Animals that exhibited no behavioral defects were used in this study. In order to reduce bias in the study, a double-blind procedure was carried out in which the experiments were performed by blinding investigators and statistical analysis was blindly worked out by the authors.

The global cerebral ischemia (GCI) animal model was induced by four-vessel occlusion as described in our previous study (Bai et al., 2020). In brief, rats were fixed on the stereotaxic instrument, and vertebral arteries were permanently occluded by electrocautery. Then, the bilateral common carotid arteries (CAAs) were exposed, and the incision was sutured. One day later, the bilateral common carotid arteries of the rats were re-exposed and clipped with an aneurysm for 12 min. Rats with an absence of the correctional reflex within 30 s that were unresponsive to light, resulting in dilated pupils during ischemia, were identified as successfully modeled. Rectal temperature was maintained at approximately 36.5–37.5°C during the procedure using an incubator. For sham-operated animals, all rats were treated exactly as for ischemic animals except that the CCA was not clamped. A total of 95 rats were utilized in this study. From all 95 animals, 8 rats died in ischemia reperfusion, and 11 rats were eliminated from further experiment due to not meeting the established criteria for evidence of successful GCI. The animal numbers for each experimental paradigm were indicated in the figure legends.

For PBM treatment, a diode laser (808 nm, model 808M100, Dragon Lasers) was used in the study, performed as our previously described (Wang et al., 2019). Briefly, laser penetration through tissues was measured with isolated rat samples of skin, skull, and brain tissues (cortex and hippocampus). A sample holder was made from black PlexiglasR with an 8 mm hole in its center. To evaluate the influence of the power in the penetration of light through different tissue samples, the laser source was located 15 cm away from the sample and two photodetectors let the simultaneous measurement of light power transmitted through the different tissues we placed on the holder, and a portion of the incident light. We measured the power without any sample between the light source and the detector (laser in mW/cm2 across of air), and then detected the percentage of transmitted light when samples were placed on the system (laser in mW/cm2 across of tissue). Based on the preliminary experiment of light penetration on cerebral tissues, we selected the laser power output at the tip of the fiberoptic probe (in contact with shaved skin) delivered a power density of 20 mW/cm2 to the cerebral cortical surface. The laser irradiation was delivered for 2 min at this power density (20 mW/cm2) so that the fluence at the cortical surface was 2.4 J/cm2 and at the hippocampus was ∼0.8 J/cm2. The dose of laser power (fluence) was calculated by total irradiated time (second) × power output (mW/cm2)/1,000 and expressed as J/cm2. A laser power meter (#FM33-056, Coherent Inc., United States) was applied to monitor the power output density.

Followed by slightly anesthetization using isoflurane, the rats were fixed in transparent bags, the laser beam transcranially focused on ∼8 mm diameter spot covering the shaved scalp (centered at 3 mm posterior to the eye and 2 mm anterior to the ear). The PBM treatment was begun at 3 days of reperfusion after GCI for 2 min, once daily for 5 consecutive days. Sham-operated controls underwent the same procedure as the laser-treated group but did not receive actual laser treatment.



5-Bromo-2′-Deoxyuridine (BrdU) Injection

BrdU (CAS# 19-160, Sigma-Aldrich) was diluted in 0.1 M PBS to make a sterile solution of 10 mg/mL. The rats received intraperitoneally BrdU injections (50 mg/kg body weight) twice daily over 7 consecutive days, starting reperfusion 1 day after GCI, and were, respectively, killed at I/R 7 days (2 h after the last BrdU injection), and I/R 58 days after GCI.



Morris Water Maze (MWM) Test

The Morris water maze test was performed on days 7–9, and 56–58 as previously described (Wang et al., 2019). In brief, a circular pool filled with water (1.2 m in diameter, 35 cm in height) containing a platform concealed below the surface (2.0 cm) was used. The pool was equally divided into four quadrants. During the adaptive training procedure, rats were randomly placed in one of the quadrants facing the wall of the pool and allowed to swim for a maximum time of 90 s until they discovered the fixed platform. If the rat was unable to find the platform within 90 s, it was gently guided to the platform and allowed to rest on the platform for 20 s. The test was repeated four times a day starting from different quadrants with a 2 min intertrial interval for 3 consecutive days. Six hours after the final experiment, the hidden platform was removed, and rats were placed in the pool in the same quadrant and allowed to explore for 60 s. The time spent in the quadrant that previously contained the platform was measured to evaluate the level of spatial reference memory for the given task. All behavioral tracks from the trials were recorded and analyzed using video tracking software, and the resultant data were statistically analyzed as described below.



Immunofluorescence Staining and Confocal Microscopy

Immunofluorescence (IF) staining was performed as previously described (Bai et al., 2020). In brief, cardiac perfusion was performed in rats using 0.9% saline solution. The brains were rapidly isolated on an ice plate and subsequently fixed in 4% paraformaldehyde overnight at 4°C. The brain tissues were completely dehydrated with 30% sucrose, and make in continuous coronal frozen sections (25 μm) in the coronal plane of the dorsal hippocampus level at 2.5–4.5 mm posterior from bregma (∼100 sections per brain). To prevent double counting of cells, every fifth section was collected and used for staining. After washing in 0.1 M phosphate-buffered saline (PBS) for 30 min, sections were permeabilized with 0.4% Triton X-100-PBS for 2 h and incubated with 10% normal donkey serum for 1 h at room temperature before being incubated overnight at 4°C with primary antibodies. The following primary antibodies were used in the current study: NeuN (1:300), NLRP3 (1:200), cleaved IL-1β (1:500), and Iba1 (1:1,000). For double IF staining of BrdU with GFAP, a set of sections containing every sixth slice were denatured with 1 N HCl in a 37°C water bath for 20 min. Sections were then washed with 0.1% Triton X-100-PBS three times and blocked in 10% normal donkey serum at room temperature for 1 h. Sections were then incubated with anti-BrdU antibody (1:500) and GFAP (1:1000) overnight at 4°C. After washing, the sections were incubated with Highly Cross-Adsorbed Alexa Fluro IgG second antibodies (Thermo Fisher Scientific) for 1 h at room temperature. In detail, donkey anti-mouse 488 nm (A-21202, RRID: AB_141607, Excitation 488 nm and Emission 525 nm) was for NeuN or BrdU staining; donkey anti-goat 488 nm (A32814, RRID: AB_2762838) was for Iba1 staining; donkey anti-mouse 488 nm (A-21202, RRID: AB_141607) and donkey anti-goat 594 nm (A-11058, RRID: AB_2534105, Excitation 566 nm and Emission 610 nm) were for BrdU and GFAP double staining; donkey anti-goat 488 nm (A32814, RRID: AB_2762838) and donkey anti-mouse 594 nm (A-21203, RRID: AB_141633) were for DCX and NeuN double staining; donkey anti-mouse 488 nm (A-21202, RRID: AB_141607) and donkey anti-goat 594 nm (A-11058, RRID: AB_2534105) were for GFAP and NLRP3 double staining; donkey anti-rabbit 488 nm (A-21206, RRID: AB_2535792) and donkey anti-goat 594 nm (A-11058, RRID: AB_2534105) were for Cleaved-IL1β and GFAP double staining. Following three final washes for 10 min each, sections were mounted and cover slipped in Vectashield mounting medium with DAPI (H-1200; Vector Laboratories, Inc., CA, United States). All confocal images were captured on an FV1000 confocal laser microscope (Olympus) and digital imaging software (FV10-ASW 1.5 Viewer). For quantitative analysis, the number of surviving neurons per 250 μm length of medial CA1 pyramidal cell layer was counted bilaterally in five representative sections per animal. Furthermore, the fluorescence intensity of the targeting protein was normalized as the percent change compared to the control group as indicated in the figures. If necessary, colocalization was analyzed using Fiji software (version 1.52q).



Ultrastructural Morphology of Astrocytes and Microglia Cells the Hippocampal CA1 Region by Transmission Electron Microscopy (TEM)

According to a previous description (Zhou et al., 2011), the hippocampal CA1 region was cut into small tissue blocks (1 mm3) and fixed in 2.5% glutaraldehyde and 2.0% paraformaldehyde for 4 h in 0.1 mol/l phosphate buffer at 4°C. After fixation with 2% osmium tetroxide for 30 min, tissues were dehydrated in a series of graded ethanol solutions. Subsequently, ethanol was substituted with propylene oxide, and tissues were then embedded in Epon 812. Ultrathin sections (70 nm) were mounted on 200-mesh copper grids that were counterstained with uranyl acetate (30 min) followed by lead citrate for 10 min. Finally, the copper grids were washed with PBS and distilled water, and the ultrastructure was observed by transmission electron microscopy (H Hitachi-7650).



Statistical Analysis

Data were analyzed by one- or two-way ANOVA followed by the Student–Newman–Keuls program using SigmaStat 3.5 software and are presented as the mean ± SEM. Differences were considered significant at ∗, ∗∗, and ∗∗∗, which denote P < 0.05, P < 0.01, and P < 0.001, respectively. The statistical figures were generated using GraphPad Prism 8 software.



RESULTS


PBM Treatments Preserves CA1 Neurons After GCI

Transient global cerebral ischemia in gerbil for 15 min causes significant neuronal loss 2 days after reperfusion in the hippocampal CA1 region (Lee et al., 2019). On the other hand, cerebral ischemia can also activate endogenous programs of NSC proliferation, such as gliosis and neurogenesis, beginning 4 days after reperfusion in the hippocampal CA1 region, while newborn cells become gradually injured following reperfusion after GCI (Wang et al., 2005; Tonchev and Yamashima, 2006). To determine whether PBM treatment protects newborn cells and favors recovery of cognitive outcome after GCI, we performed PBM treatment beginning 3 days after reperfusion for 5 consecutive days and evaluated neuronal survival in the hippocampal CA1 region following the time course after GCI (I/R 3, 7, 28, and 58 days). Immunofluorescence staining for NeuN was used to assess neuronal survival. Quantification of the results is provided in Figure 1A,a. As expected, the number of surviving neurons (NeuN-positive cells, green) was significantly decreased at all four timepoints (I/R 3, 7, 28, and 58 days) and reached a trough I/R 7 days after GCI compared to sham group animals. Intriguingly, at later timepoints (I/R 28 and 58 days), PBM-treated animals exhibited a greater number of NeuN+ cells than early timepoints (I/R 3 and 7 days), and PBM significantly increased NeuN+ cells compared to I/R animals at the same timepoints. These results indicate that PBM treatment for 5 consecutive days postischemia exerted long-lasting, effective protection against ischemic insult, likely involving attenuation of cell loss in the hippocampal CA1 region.
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FIGURE 1. The effect of photobiomodulation (PBM) treatment on neuronal survival in the hippocampal CA1 region following global cerebral ischemia (GCI). (A) Representative images of NeuN staining (green, reflecting surviving neurons) in the indicated groups and quantification of NeuN+ cells (A-a) in the 250 μm hippocampal CA1 region, showing the beneficial effects of PBM on the 28th and 58th days but not on the 3rd or 7th day after GCI (n = 5–7 in each group). ***P < 0.001 between the two groups. n.s., no significant difference. Scale bar: 50 μm; magnification: 40×.




PBM Treatment Only Improves Cognitive Function at Later Timepoints After GCI

We next examined whether PBM treatment preserved hippocampal-dependent working memory using the Morris water maze 7–9 and 56–58 days after GCI reperfusion. Figures 2A,B show the results of the latency trial (reflecting learning ability) and probe trial (reflecting memory ability) at early and later timepoints of reperfusion, respectively. We found that all non-ischemic animals spent less time (latency time) finding the target platform and increased the time (probe time) spent exploring the quadrant where the platform had been (Figures 2Aa1,a2,Bb1,b2). PBM treatment only improved cognitive function at the later timepoint but not at the early timepoint, as evidenced by PBM-treated animals exhibiting a significantly decreased latency time and significantly enhanced probe time at the later timepoint but no significant change at the early timepoint (Figures 2Aa1,a2,Bb1,b2). Representative tracings indicating sample swim paths of the rats from the latency trial and probe trial are shown in Figures 2Aa3,a4,Bb3,b4. The escape velocity of all animals showed no significant changes both in latency and probe trails (Figures 2Aa5,Bb5). Taken together, our findings suggest that short-term PBM treatment postischemia may provide a long-lasting beneficial effect for cognitive recovery after GCI, but mechanistic studies need to be performed.
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FIGURE 2. Photobiomodulation treatment only improves functional outcome at the later time point (56–58 days) but not at the early time point (7–9 days) after GCI. Spatial learning/memory test in the Morris water maze 7–9 days (A) and 56–58 days (B) after GCI. (a1,b1) Latency trial and (a2,b2) probe trial; swimming paths of the rats from latency trials and probe trials on day 9 (a3,a4) and day 58 (b3,b4); swimming velocity of probe trials on day 9 (a5) and day 58 (b5) after GCI (n = 10–11 in each group). ∗∗∗P < 0.001 between the two groups. n.s., no significant difference. GCI, global cerebral ischemia; PBM, photobiomodulation.




PBM Treatment Elevates Endogenous NSC Proliferation Following GCI

It is well known that neurogenesis can replenish lost or damaged cells (Marques et al., 2019), which contributes to neurological repair after brain injury (Parpura et al., 2012). However, it is unknown whether PBM treatment improves neurogenesis following GCI. The traditional view is that neurogenesis occurs in two discrete regions, the subventricular zone (SVZ) of the olfactory bulb and the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG). Herein, we examined the effects of PBM on the NSC proliferation program in the hippocampal CA1 region, which is the region most vulnerable to GCI. We first assessed the effect of PBM treatment on NSC proliferation following GCI by BrdU staining. As shown in Figure 3A,a, compared to the sham group, the number of BrdU+ cells (green, reflecting NSC proliferation) was dramatically enhanced at I/R 7 days and then markedly decreased over time (I/R 58 days) after GCI. PBM treatment did not significantly affect the number of BrdU+ cells in the hippocampal CA1 region of I/R 7 days or non-ischemic animals. Notably, PBM treatment markedly enhanced BrdU+ cells in the hippocampal CA1 region 58 days after reperfusion compared to those in the I/R 58 days group. These results indicate that PBM treatment may prevent cell loss by enhancing NSC proliferation at later time points after GCI in the hippocampal CA1 region.
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FIGURE 3. Photobiomodulation elevates NSC proliferation at I/R 58 days reperfusion after GCI in the hippocampal CA1 region. Hippocampal coronal sections from sham and I/R 7 days and I/R 58 days rats treated with or without PBM were used to detect NSC proliferation (BrdU+). (A) Representative images of IF staining for BrdU (green) in the hippocampal CA1 regions and (a) quantification of BrdU+ cells in the sections. n.s., no significant difference (n = 5–7 in each group). ∗∗∗P < 0.001 between the two groups. Scale bar: 50 μm; magnification: 40×.




PBM Promotes Neurogenesis at the Later Timepoint After GCI Reperfusion

Neural stem cells possess multipotential to differentiate into both neuronal and glial subtypes, such as astrocytes, microglia and oligodendrocytes (Rolando et al., 2016). To further assess NSC fate induced by GCI with or without PBM, we next performed double IF staining for NeuN (reflecting mature neurons) and DCX (reflecting newborn/immature neurons). Figure 4A-a1 shows that there was no significant change in the number of DCX+ cells (green) in the CA1 region in the sham or I/R 7 days groups with or without PBM treatment. Compared to sham controls, DCX+ cells significantly increased at I/R 7 days and decreased at I/R 58 days after reperfusion, but PBM treatment robustly enhanced DCX+ cells in the hippocampal CA1 region compared to I/R 58 days without PBM treatment. Only I/R 58 days PBM-treated animals displayed significantly enhanced numbers of DCX-NeuN colabeled cells, and there were no significant changes in the other groups (Figure 4A-a2). These results indicate that PBM treatment drives endogenous NSCs toward neuronal lineages in the hippocampal CA1 region only at later time points after GCI. Based on these results, we conclude that neurogenesis in the hippocampal CA1 region may contribute to neurological functional recovery caused by PBM treatment at I/R 58 days after GCI, while further studies will be necessary to elucidate its mechanism.
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FIGURE 4. Photobiomodulation promotes proliferating NSCs toward neurons 58 days after GCI reperfusion in the hippocampal CA1 region. Hippocampal coronal sections from sham, I/R 7 days and I/R 58 days rats treated with or without PBM were used to detect neurogenesis by IF staining. DCX is a marker of newborn immature migrating neurons, and NeuN is a marker for surviving neurons. Colabeled cells reflect proliferating neurons. (A) Representative images of double IF staining for DCX (green) and NeuN (red) in the hippocampal CA1 region. Quantification of DCX+ cells (a1) and DCX+/NeuN+ colabeled cells (yellow) (a2) in the hippocampal CA1 region (n = 5–7 in each group). ns, no significant difference. ∗∗∗P < 0.001 between the two groups. Scale bar: 50 μm; magnification: 40×.




PBM Suppresses Extensive Activation of Astrocytes in the Hippocampal CA1 Region Following GCI

Neural stem cells can also differentiate into glial cells, which mediate the microenvironment to determine the destiny of newborn neurons (Koehl, 2015). We therefore performed double IF staining for BrdU and GFAP (astrocyte marker) to examine astrocytic glial regeneration and activation. As shown in Figure 5A-a1, GCI significantly enhanced the fluorescence intensity of GFAP (reflecting astrocyte activation) in the hippocampal CA1 region compared to that of the sham group, and PBM treatment markedly suppressed this enhancement at both time points. The morphology of astrocytes in the GCI groups presented far fewer and shorter branches with hypertrophic bodies than that of PBM-treated animals. Furthermore, BrdU+/GFAP+ colabeled cells were quantified in the hippocampal CA1 region, which reflects NSC differentiation toward astrocytes (astrogliosis). PBM treatment did not exhibit a significant effect on the number of BrdU+/GFAP+ colabeled cells; however, I/R 7 days either with or without PBM treatment dramatically elevated the number of BrdU+/GFAP+ colabeled cells compared to the sham group, and I/R 58 days led to a significant reduction in colabeled BrdU+/GFAP+ cells compared to the I/R 7 days group (Figure 5A-a2). Taken together, our findings demonstrate that PBM treatment suppresses extensive activation of astrocytes, which is likely a major cause of locally enhanced neurogenesis in the hippocampal CA1 region at the later time point after GCI.
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FIGURE 5. Global cerebral ischemia enhances astrogliosis and reactive astrocytes 7 days after GCI reperfusion, and PBM suppresses astrocyte activation in both I/R 7 days and I/R 58 days animals. (A) Representative images of double IF staining for BrdU (green) and GFAP (red, an astrocyte marker). (a1) Quantification of GFAP fluorescence intensity (reflecting astrocyte activation), showing that PBM treatments attenuated reactive astrocytes compared to the I/R groups at the same timepoint in the hippocampal CA1 region. (a2) Quantification of the number of BrdU/GFAP colabeled cells (reflecting astrocytic regeneration/astrogliosis), showing that PBM had no significant effect on any of the indicated groups (n = 6–7). ∗∗∗P < 0.001. n.s., no significant difference. scale bar 50 μm; magnification 40×.




PBM Treatment Attenuates Astrocyte NLRP3 Inflammasome and Inflammatory Impairment in the Hippocampal CA1 Region After GCI

Upon inflammasome activation, NLRP3 assembles its adaptor ASC and produces a multiprotein complex with pro-caspase-1, which leads to caspase-1 activation and IL-1β maturation (cleaved IL-1β). Thus, we hypothesized that NLRP3 inflammasome activation, particularly in damaged astrocytes, may represent an important pathway in early-stage impairment after GCI; therefore, inhibition of the NLRP3 pathway by PBM treatment favors neurological recovery. To confirm our hypothesis, we examined protein expression of NLPR3 and cleaved IL-1β in the hippocampal CA1 region following GCI using IF staining analysis. Representative images of double IF staining for NLRP3 (red) and GFAP (green), cleaved IL-1β (Cle- IL1β, green) and GFAP (red) are shown in Figure 6A. These results indicate that the immunofluorescence intensity of NLRP3 (Figure 6A-a1) and Cle-IL1β (Figure 6A-a2) was robustly enhanced in both the I/R 7 days and I/R 58 days groups and strongly colocalized in the I/R 7 days group compared to the sham control (Figures 6A-a3,a4). We did not observe strong colocalization of NLPR3/GFAP or Cle-IL1β/GFAP in the I/R 58 days group, although the immunofluorescence intensity of NLPR3 or Cle-IL1β was still strong in these groups. PBM treatment significantly mitigated the I/R-induced enhancement of NLRP3 or Cle-IL1β and their colocalization with GFAP (Figures 6A-a3,a4). Finally, we performed IF staining for Iba1, a microglial marker, to detect inflammatory injury in the hippocampal CA1 region following GCI. Similarly, we found that the immunofluorescence intensity of Iba1 exhibited a similar pattern, with a robust elevation in Iba1 reactivity expression in the I/R groups compared to the sham group. In I/R 58 days animals, amoeboid Iba1+ cells nearly entirely occupied the hippocampal CA1 region, showing a similar pattern to NLRP3 and Cle-IL-1β. Importantly, PBM treatment attenuated I/R-induced enhancement in Iba1 protein levels (Figure 6B-b). Overall, our findings suggest that PBM treatment suppresses NLPR3 inflammasome activation in astrocytes at the early stage of reperfusion, which prevents later-phase inflammatory impairment following GCI.
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FIGURE 6. Photobiomodulation treatment inhibits GCI-induced expression of NLRP3 and activates IL-1β in the hippocampal CA1 region following GCI. (A) Representative images of double IF staining of GFAP/NLRP3 and Cle-IL-1β/GFAP in the indicated groups. Fluorescence intensity quantification of NLRP3 (a1) or Cle-IL-1β (a2). Data are expressed by the ratio of fluorescence intensity of the section compared to sham. Colocalization between the two stained proteins for GFAP/NLRP3 (a3) and Cle-IL-1β/GFAP (a4). (B) Representative images of IF staining for Iba1 (a microglial marker) and fluorescence intensity quantification (b) (n = 5–6 in each group). ∗∗P < 0.01; ∗∗∗P < 0.001; scale bar 50 μm; magnification 40×.




PBM Treatment Preserves the Ultrastructure of Astrocytes and Microglia Cells in the Hippocampal CA1 Region Following GCI

Recently, astrocyte-microglia communication has attracted increased attention because it directly mediates the surrounding microenvironment to determine the fate of resident precursor cells and impacts tissue repair and recovery after brain injury (Cope and Gould, 2019; Greenhalgh et al., 2020). Given that PBM significantly affects the morphology and activation of astrocytes and microglia cells following GCI, we performed transmission electron microscopy (TEM) to observe their ultrastructural changes in the hippocampal CA1 region in response to PBM treatment. Under physiological condition, astrocytes have pale nuclei that are usually regular in shape and their cytoplasm is also pale. A characteristic of astrocytes is that they are sometimes partially surrounding synapsing axons, spines and dendrites, and their processes are extending into the surrounding neuropil. However, response to ischemic injury or neurodegenerative diseases, astrocytic ultrastructure shows unhealthy features, such as astrocytic swelling, nuclear shrinkage, chromatin condensation, organelles (mitochondria and endoplasmic reticulum) damage/loss, and translucence of matrix (gliofilament disappearance) (Kwon et al., 2009). As shown in Figure 7A, a significant amount of chromatin condensation was observed on top of the nuclear membrane, and the nuclear membrane partly disappeared in the I/R 7 days group, indicating overactivation. In the I/R 58 days group, the cytoplasm of the astrocytes appeared completely empty, with disappeared organelles and gliofilaments. PBM treatment reduced the damage to I/R 58 days animals, showing distinct normalization in the ultrastructural picture with pale nuclei and plumpy cytoplasm (intact mitochondria, yellow arrow), as well as adhering to a relatively normal neuron (N) (Figure 7A). Meanwhile, Figure 7B shows that in the GCI groups (I/R 7 days and I/R 58 days), the microglia ultrastructure exhibited severe mitochondrial impairment, characterized by numerous vacuolated mitochondria with some partially broken cristae (green arrow) and even disaggregation (red arrow). In striking contrast, we found that sections from I/R 58 days in PBM-treated animals clearly showed nearly normal ultrastructure of microglia cells, in which the majority of mitochondrial structure was intact with round and very few broken cristae (yellow arrow), while I/R 7 days PBM-treated animals did not experience a beneficial effect and displayed obvious mitochondrial damage. These results suggest that PBM protects astrocyte and microglia at only the later timepoint but not the early timepoint after GCI, which might contribute to the long-lasting protective and repair roles observed for cognitive outcomes.
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FIGURE 7. The effects of PBM on astrocyte and microglia ultrastructure in the hippocampal CA1 region of I/R 7 days and I/R 58 days animals. Representative electron microscopy images show the ultrastructure of astrocytes (A) and microglia cells (B) in the indicated groups. Yellow arrows: integrity mitochondria; red arrows: disaggregated mitochondria; green arrows: mitochondria with broken cristae; white star: lysosome; blue arrows: nuclear membrane. A, astrocyte; M, microglia; N, neuron.




DISCUSSION

The traditional view is that neurogenesis initiates in the SVZ and the SGZ, which are the major niches of NPCs and NSCs. Furthermore, brain injuries due to ischemic stroke and brain trauma promote NPCs and NSCs to migrate toward the lesion area and differentiate into neurons and glial cell (Marques et al., 2019). However, it has been reported that in a transient global ischemia animal model, selectively leading to hippocampal CA1 neuronal delayed death, ischemia-induced SGZ neurogenesis is not attributed to CA1 neuronal loss (Liu et al., 1998; Salazar-Colocho et al., 2008; Song et al., 2021). Notably, several studies have found that locally increased NSC proliferation and newborn neurons appear in the hippocampal CA1 region, although neurogenesis is very limited due to the extreme vulnerability of the CA1 region to ischemia insult (Schmidt and Reymann, 2002) and a very harsh environment, such as inflammation (Tobin et al., 2014), in which newly born hippocampal neurons die within days or weeks (Jablonska and Lukomska, 2011). Therefore, in the current study, we aimed to develop a potential strategy that promotes local NSC proliferation and direct differentiation toward neurons in the hippocampal CA1 region.

Photobiomodulation therapy has emerged as a potential novel non-invasive intervention for acute brain injuries caused by stroke, traumatic brain injury, and global ischemia (Wang et al., 2019; Dompe et al., 2020), as well as chronic neurodegenerative diseases, such as pain, Parkinson’s disease, and Alzheimer’s disease (Farfara et al., 2015; Berman and Nichols, 2019; Salehpour and Hamblin, 2020). The results of our current study demonstrate that (1) PBM treatment enhances endogenous NPC proliferation and local neurogenesis at I/R 58 days after GCI reperfusion in the hippocampal CA1 region; (2) PBM treatment not only attenuates the early inflammatory response but also maintains the NPC proliferation induced by GCI (I/R 7 days after GCI); (3) notably, PBM treatment improves neurological recovery only at the later time point (I/R 58 days) but not at the early time point (I/R 7 days) after GCI reperfusion.

In our current study, we used an 808 nm laser with a power dose of 20 mW/cm2. Supporting our study, Tedford et al. (2015) confirmed that 808 nm light can reach a depth in the brain of 40–50 mm (Hamblin, 2016) and that a laser power dose of 20 mW/cm2 significantly improves the neurological function of mice in a traumatic brain injury model (Oron et al., 2007; Oron et al., 2012). A novel discovery by our research group is the remarkable protection of hippocampal CA1 region neurons in male rats 1 week and 6 months after ischemia, along with prominent functional improvements in cognition induced by 808 nm 8 mW/cm2 PBM-treatment at the hippocampus tissue (Wang et al., 2019). Herein, to explore whether laser treatment altered local neurogenesis in the hippocampal CA1 region, we treated animals with PBM 3 days after reperfusion onset for 5 successive days. The reason we chose this time window for PBM treatment was based on the survival curves of hippocampal CA1 neurons following GCI from other studies (Lee et al., 2019) and our current studies. We found that NeuN-positive cells (reflecting surviving neurons) were sharply decreased at I/R 3 days and were hardly detectable at I/R 7 days and I/R 28 days after GCI compared to the sham group in the CA1 region. However, there was a slight increase in the number of NeuN+ neurons at I/R 58 days compared to I/R 7 days animals, but there was no significant difference compared to I/R 28 days after GCI in the CA1 region. Importantly, PBM treatment did not increase neuron survival at I/R 3 days or I/R 7 days; however, PBM significantly enhanced neuron survival at I/R 58 days, as evidenced by increased NeuN+ cells in the hippocampal CA1 region compared to I/R animals at the same time-point. These results suggest that PBM might improve neurogenesis rather than protect impaired neurons in the hippocampal CA1 region. To confirm this hypothesis, we next performed BrdU staining, a marker to examine the proliferation of NSCs in situ (Nemirovich-Danchenko and Khodanovich, 2019). Our results revealed that BrdU+ cells were dramatically elevated at I/R 7 days and then significantly decreased at I/R 58 days compared to the sham group in the hippocampal CA1 region. Intriguingly, NSC proliferation was retained at I/R 7 days and at I/R 58 days in the PBM-treated group because increased BrdU+ cells primarily occupied the CA1 region of the hippocampus. Furthermore, we observed substantial neurogenesis in the hippocampal CA1 region of I/R 58 days animals treated with PBM, as evidenced by a significant increase in DCX+/NeuN+ colabeled cells. Additionally, astrogliosis was significantly enhanced at the early time point (I/R 7 days) with or without PBM treatment, as evidenced by a dramatic enhancement in BrdU+/GFAP+ colabeled cells. Notably, extensive activation of astrocytes in the I/R 7 days group was suppressed by PBM treatment as shown by a marked decrease in the fluorescence intensity of GFAP in the PBM-treated animals compared to the I/R 7 days animals. The Morris water maze test is used to determine the function of hippocampal-dependent learning and memory (Nakazawa, 2006). Further functional studies revealed that PBM treatment improved cognitive deficits induced by GCI at the later time point but not the earlier time point. A few studies have shown that in global cerebral ischemia animal models, increased NSC proliferation starts at 3–4 days, peaks at 7–10 days and then dramatically decreases in the hippocampal DG region (Liu et al., 1998; Song et al., 2021). In contrast to these reports, our current study, for the first time, elucidates that PBM preserves endogenous proliferative NSCs induced by GCI and promotes their differentiation toward neurons in the hippocampal CA1 region. Supporting our findings, Oron et al. (2006) reveal that low level PBM performed at 24 h post-stroke exerts a significant functional benefit with an underlying mechanism possibly being induction of neurogenesis. More importantly, an excessive number of laser-treatments can temporarily delay the process of brain repair stimulated by PBM by causing temporary induction of reactive gliosis (Xuan et al., 2016).

Overactivation of astrocytes leads to the accumulation of damaged ROS-generating mitochondria, and this triggers Nod-like receptor protein 3 (NLRP3) inflammasome activity, which in turn leads to a neuroinflammatory response and neuronal impairment (Schultz et al., 2004; Jones et al., 2018). The active NLRP3 inflammasome cleaves proinflammatory IL-1β to its active form, which is a key determinant of outcome after brain injuries (Mezzasoma et al., 2016; Bai et al., 2020). Several studies have revealed that astrocytes are the predominant source of IL-1β in traumatic brain and ischemic disorders (Jones et al., 2018). Consistent with these reports, our current study revealed that GCI triggers increased NLRP3 expression at both early and later time points, and cleaved IL1β was correlated with significant enhancement in overactivated astrocytes of the hippocampal CA1 region. Furthermore, protein expression of Iba1, a marker of inflammatory injury, was persistently elevated, which perfectly mirrored changes in NLRP3 activity. Importantly, the increased NLRP3 activity and inflammation caused by GCI were suppressed by PBM treatment. PBM exerts anti-inflammatory effects in a wide range of animal models, such as acute traumatic brain injury, experimental autoimmune encephalomyelitis, spinal cord injury and wound healing (Hamblin, 2017; Xu et al., 2017). In vitro studies also confirmed that PBM treatment has the ability to change the phenotype of activated microglia (Fernandes et al., 2015; Hwang et al., 2015; Lim et al., 2015; Saha et al., 2016), especially at lower power doses (von Leden et al., 2013). Recent work from Zhang’s Lab. demonstrates that PBM-treatment from 2 to 8 post-stroke in rats can effectively switch an M1 microglial phenotype to an anti-inflammatory M2 phenotype, and promotes neurogenesis (Arsac and Frileux, 1988). In addition, treatment with PBM has been shown to enhance cognitive capability in normal people (Barrett and Gonzalez-Lima, 2013) and healthy animals (Gonzalez-Lima and Barrett, 2014). In acute brain injuries in humans, such as ischemic stroke and traumatic brain injury (Lampl et al., 2007; Figueiro Longo et al., 2020), as well as chronic neurodegenerative diseases, such as AD and PD (Liu et al., 2020; Hong et al., 2021), PBM intervention has likewise been shown to elevate functional cognitive recovery in both humans and animals. Based on these findings, we propose that inhibition of NLRP3 inflammasome activation and IL-1β in astrocytes of the hippocampal CA1 region could contribute, in part, to pro-neurogenesis and cognitive recovery in response to PBM treatment after GCI.

Additionally, we demonstrated that although PBM treatment attenuated the early extensive inflammatory response at I/R 7 days after GCI in the hippocampal CA1 region, the number of surviving neurons was not significantly increased, and working memory was not improved at this time point. This may be due to the unhealthy ultrastructure of glial cells, which may be caused by other damage, such as oxidative stress and endoplasmic reticulum stress. Indeed, our EM data corroborate the hypothesis that mitochondria were damaged in microglia cells and degradative subcellular organelles in astrocytes at I/R 7 days with or without PBM treatment after GCI in the hippocampal CA1 region. On the other hand, in line with our findings, increasing evidence has demonstrates that glial cells such as astrocyte, microglia and oligodendrocyte cells, act directly on neurons to protect against ischemic insults (Carmen et al., 2007; Nutma et al., 2020). However, further studies will be necessary to elucidate the precise mechanism underlying the effects induced by PBM treatment.



CONCLUSION

The current study is the first to demonstrate that PBM treatment protects endogenous NSCs and promotes local neurogenesis in the hippocampal CA1 region, which is partly due to mitigating the inflammatory impairment induced by NLPR3 inflammasome activation. The current study provides a potential strategy for repairing hippocampal CA1 neurons and improving cognitive function in cardiac arrest patients.
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Disruption of the blood-brain barrier (BBB) and the subsequent formation of brain edema is the most severe consequence of intracerebral hemorrhage (ICH), leading to drastic neuroinflammatory responses and neuronal cell death. A better understanding of ICH pathophysiology to develop effective therapy relies on selecting appropriate animal models. The collagenase injection ICH model and the autologous arterial whole blood infusion ICH model have been developed to investigate the pathophysiology of ICH. However, it remains unclear whether the temporal progression and the underlying mechanism of BBB breakdown are similar between these two ICH models. In this study, we aimed to determine the progression and the mechanism of BBB disruption via the two commonly used murine ICH models: the collagenase-induced ICH model (c-ICH) and the double autologous whole blood ICH model (b-ICH). Intrastriatal injection of 0.05 U collagenase or 20 μL autologous blood was used for a comparable hematoma volume in these two ICH models. Then we analyzed BBB permeability using Evan’s blue and IgG extravasation, evaluated tight junction (TJ) damage by transmission electron microscope (TEM) and Western blotting, and assessed matrix metalloproteinase-9 (MMP-9) activity and aquaporin 4 (AQP4) mRNA expression by Gelatin gel zymography and RT-PCR, respectively. The results showed that the BBB leakage was associated with a decrease in TJ protein expression and an increase in MMP-9 activity and AQP4 expression on day 3 in the c-ICH model compared with that on day 5 in the b-ICH model. Additionally, using TEM, we found that the TJ was markedly damaged on day 3 in the c-ICH model compared with that on day 5 in the b-ICH model. In conclusion, the BBB was disrupted in the two ICH models; compared to the b-ICH model, the c-ICH model presented with a more pronounced disruption of BBB at earlier time points, suggesting that the c-ICH model might be a more suitable model for studying early BBB damage and protection after ICH.

Keywords: intracerebral hemorrhage, collagenase, autologous blood, blood-brain barrier, tight junction, aquaporin 4, matrix metalloproteinase-9, transmission electron microscope


INTRODUCTION

Intracerebral hemorrhage (ICH) is the second most common subtype of stroke, and it has a high mortality and disability rate (Wang, 2010; Lan et al., 2017). The pathophysiologic mechanism of ICH is complex, with excessive neuroinflammatory responses due to the activation of immune cells as well as the release of inflammatory cytokines (Hua et al., 2020; Ren et al., 2020; Boltze et al., 2021), which lead to the degradation of the blood-brain barrier (BBB) and neuron death (Yang et al., 2017). Subsequently, BBB disruption further aggravates vasogenic brain edema, facilitates the migration of leukocytes from blood to the brain (Jiang et al., 2020), and causes an influx of potential neurotoxic components from the blood (Madangarli et al., 2019). There has been great interest in maintaining BBB integrity and inhibiting brain inflammation after ICH.

As a dynamic structure, the BBB separates peripheral circulation from the brain. The BBB is composed of brain microvascular endothelial cells (BMECs) and their tight junctions (TJs), basement membranes, pericytes, and astrocyte terminals. Severe inflammation has been shown to have a deleterious effect on the BBB (Varatharaj and Galea, 2017). Additionally, there is evidence that secondary injury induces BMEC cell death and impairment of peri-cellular TJs which result in BBB dysfunction after stroke (Wu et al., 2019).

Many preclinical and clinical research evidence has further shown the progress of pathophysiology in ICH, but truly effective clinical treatments are limited (Ren et al., 2020). The substantial gap in applying preclinical research within clinical applications has not been solved. To study the potential therapeutic targets of BBB after ICH, it is vital to establish an appropriate animal model which directly relates to clinical therapy. Collagenase ICH model (c-ICH) and autologous blood ICH model (b-ICH) are reported to be widely used animal experiment models (Wang, 2010; Liesz et al., 2011; Li and Wang, 2017). However, there are currently no studies to comprehensively compare the cellular molecular markers of BBB disruption in these two animal models of ICH. Therefore, the dynamic changes of BBB components were compared including TJs, matrix metalloproteinases 9 (MMP), and aquaporin 4 (AQP4) after ICH between the two animal models. It is our goal to discover the model most representative of the pathophysiology of ICH patients in the clinic.

The insights gained from this study will enhance our understanding of the underlying mechanism and pathologic progress of ICH, and help determine the best animal model for preclinical ICH research targeting BBB damage and protection.



MATERIALS AND METHODS


Animals

All animal experiments followed the ARRIVE guidelines1. Male mice were used in this study due to the reported hormone levels of male mice, which are more stable than those of the female mice, as shown in a previous study (Hughes, 2007). Animals for each group were randomized with the website2. Mice that were 6 months of age are defined as adult mice according to our previous report (Wu et al., 2011). A total number of 213 C57BL/6 male mice (6-month-old, 30–35 g) were used in our study. Mice were purchased from the Beijing Vital River Laboratory Animal Technology Co., Ltd. The mice were housed in a specific pathogen-free environment with 24-h cycles of controlled temperature and relative humidity (45–55%) with normal access to standard food and water. Animals that passed away or were euthanized were excluded from the sample size. All animal experiments were approved by the Animal Ethics Committee of Zhengzhou University and performed according to national guidelines. All assessments were performed by investigators who were blinded to experimental group assignments.



ICH Mouse Model

The procedure for the two ICH models has been described in previous publications (Wang et al., 2008; Li et al., 2017a; Zhu et al., 2018). In brief, the mice were anesthetized with isoflurane (70% N2O and 30% O2; 4% induction, 2% maintenance). The mice were then fixed in a stereotaxic instrument with a 1 cm incision made along the sagittal suture. ICH was induced by injecting collagenase VII-S (0.05 U in 0.5 μL sterile saline, Sigma, St. Louis, MO) or 20 μL of blood was drawn from the mice’s tail artery and was injected into the left striatum which coordinates were 0.5 mm anterior, 2.1 mm lateral, and 3.1 mm ventral to the bregma. For the sham operation, 0.5 μL of sterile saline was injected. The collagenase was infused with a micro-infusion pump (1 μL, HAMILTON, 80100, United States) at a constant rate of 0.1 μL/min and veinous blood was infused by a 50 μL micro-infusion pump in two-time blocks (7 μL followed by a 10-min pause and then 13 μL followed by a 10-min pause) a rate of 1 μL/min. During the operation, internal body temperature was maintained at 37.0 ± 0.5°C by the body temperature maintenance instrument (Thermo Star, 69020). Mice that died within 24 h after surgery or with a neurological deficit score <4 were excluded from the experiment. The sham mice were treated the same way but were infused with saline. The mice were allowed to recover in separate cages with access to sufficient food and water.



Neurologic Function

The functional outcome was evaluated using neurologic deficit score (NDS), forelimb and hind limb placing test, and the corner turn test at 6 h, 12 h, days 1, 3, and 5 after ICH. In the NDS system, mice were tested by body symmetry, gait, climbing, circling behavior, front limb symmetry, and compulsory circling. Each test was graded on a scale from 0 to 4, establishing a maximum deficit score of 24 (Li et al., 2017a). Forelimb placement was evaluated by the vibrissae-elicited forelimb placing test. The mice were placed at the edge of the table, and the vibrissae on one side were brushed. The placement was quantified as a percentage of successful responses (placed the contralateral forelimb quickly on the tabletop) in 10 trials (Chang et al., 2014). Hindlimb placing was assessed with the muscle strength of the hind limbs. The animals were placed on the edge of a table and the contralateral hind limb was pulled down. Straighten the hind limbs and given scores according to the retraction time. The test was scored as follows: immediate pullback of limb = 0; delayed pullback = 1; inability to pull back = 2. The placing was quantified in 10 successful trials, and scores were quantified as the total scores of 10 trials (Zhou et al., 2013; Li et al., 2017a). For the corner turn test, the mouse was allowed to proceed into a 30° corner and was allowed to freely turn either left or right when exiting the corner. The choice of direction during 10 repeats was recorded, and the percentage of left turns was calculated (Chang et al., 2014).



Hemorrhagic Injury Analysis

Mice were euthanized with deep anesthesia using 3% isoflurane and perfused through the left ventricle with saline followed by 4% paraformaldehyde. Coronal brain sections were stained with cresyl violet (CV for neurons, Sigma-Aldrich) or with Luxol fast blue (LFB for myelin) at 20 μM that were spaced 180 μM apart. Sections were digitized and analyzed by Image J software. The injury volume in cubic millimeters was computed by summation of the damaged areas multiplied by the interslice distance (180 μM) (Han et al., 2016; Zhu et al., 2018).



Brain Water Content Measurement

On day 3 or 5 after ICH, mice were euthanized under deep anesthesia with 3% isoflurane and the brain was harvested and dissected into the ipsilateral, the ipsilateral, and cerebellum, which served as an internal control. The wet weight of the brain was measured immediately and the brain tissue was heated to 100°C in a drying oven for 3 or 5 days before measuring the dry weight. We determined brain edema by calculating brain water content as follows: [(wet weight - dry weight)/wet weight] × 100% (Li et al., 2017c).



Western Blotting

On 6 h, 12 h, days 1, 3, and 5 after ICH, occluding, cadherin-10 protein expression levels were evaluated by Western blotting (WB) according to our previous studies (Zhao et al., 2015; Wang et al., 2019). The brain tissues were sampled 2–3 mm away from the hematoma and homogenized on ice ice-cold lysis buffer (RIPA: PMSF = 100:1). The total protein count was quantified by bicinchoninic acid (BCA) protein assay (PC0020, Solarbio Science & Technology Co., Ltd., Beijing). Fifty micrograms of protein sample was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membrane. After blocking the membrane with the skimmed milk powder, it was incubated with the primary antibodies: rabbit anti-mouse occludin (1:1,000, Abcam, Cambridge, MA), rabbit anti-mouse cadherin-10 (1:1,000, Abcam, Cambridge, MA) (1:1,000, Affinity Biosciences, OH, United States), rabbit anti-mouse GAPDH (1:1,000, Abcam, Cambridge, MA) at 4°C overnight. The membranes were then incubated with HRP-labeled anti-rabbit secondary antibodies (1:10,000, Santa Cruz, Dallas, TX) at room temperature for 2 h. The blots were detected with the Fluor Chem imaging system (San Jose, CA) after immersing in enhanced chemiluminescence (ECL) solution (Solarbio, catalog: PE0010). The relative intensity of protein signals was normalized to the corresponding loading control intensity and quantified by Image J software.



Gelatin Gel Zymography

Gelatin gel zymography was utilized on 6 h, 12 h, days 1, 3, and 5 post-ICH to measure the MMP-9 (Gelatinase B, 98 kD) gelatinolytic activity in the hemorrhagic brain as previously described (Li et al., 2017b). Protein samples were extracted from the ipsilateral brain area containing the striatum after the c-ICH and b-ICH models. Samples were loaded onto 10% Tris-tricine gels with 0.1% gelatin as a substrate and separated by electrophoresis. Following electrophoresis, gels were washed twice with 2.5% Triton X-100 for 1 h to remove the SDS and incubated 40 h at 37°C in digestion buffer (50 mM Tris–HCl, 50 mM NaCl, 5 mM CaCl2, 2 μM ZnCl2, 0.02% Brij-35, pH = 7.6). Then, the gel was stained with 0.5% wt/vol Coomassie blue R-250 for 2 h and then destained appropriately to be photographed. Bands were visualized with a gel-imaging system (BIO-RAD, United States), and band intensity was quantified with Image J analysis software.



Quantification of Evans Blue Leakage

A solution of 2% Evans blue (EB) dye (4 mL/kg, Sigma Aldrich, St. Louis, United States) was slowly administered through the tail vein on 6 h, 12 h, days 1, 3, and 5 after ICH as previous describe (Wang et al., 2017; Yang et al., 2017). The mice were euthanized after a 3 h infusion and were then perfused transcardially with PBS. The brain tissue was removed, divided into right and left hemispheres, and weighed. Each part of the brain was homogenized in 1 mL of PBS and then sonicated and centrifuged (30 min, 9,424 g/min, 4°C) and the supernatant was collected. EB stain was measured by spectrophotometry at 620 nm and quantified according to a standard curve (Diluted with different concentrations of EB dye). The results are presented as the ratio of the left to right hemisphere.



Measurement of Endogenous Immunoglobulin G (IgG) Extravasation

Immunohistochemical staining was performed according to previously reported methods (Mao et al., 2017). It was used to determine the area of extravasation of endogenous IgG molecules on days 3 and 5 in both ICH models. The mice were anesthetized and intracardially perfused with phosphate-buffered saline, followed by 4% paraformaldehyde. After dehydration, the brain was sliced into 20-mm-thick sections. Sections were blocked with 5% goat serum in phosphate-buffered saline with 0.1% Triton-X 100 for 1 h and were incubated in DyLightTM 488-conjugated goat anti-rat IgG antibody (1:1,000; Jackson Immuno-Research Laboratories, West Grove, United States) at room temperature. Finally, stained sections were examined with a fluorescence microscope (Eclipse TE2000-E; Nikon, Japan).



Transmission Electron Microscope

The BBB ultrastructure was scanned by transmission electron microscopy (TEM) on 6 h, 12 h, days 1, 3, and 5 after ICH (Li et al., 2017a, 2018). The mice were anesthetized and transcardially perfused with 0.9% saline, followed by a 0.1 M phosphate buffer (PB) containing 2.5% paraformaldehyde and 2% glutaraldehyde. The brain was extracted and divided into 1 mm three pieces and immersed in the same fixative at 4°C overnight. After being washed thoroughly with 7.5% sucrose buffer, samples were post-fixed with 1% osmium tetroxide, at 4°C for 2 h. The tissue proceeded to be block-stained with a 2% aqueous solution of uranyl acetate for 1 h. The tissue was dehydrated with a graded series of ethanol and embedded in acrylic resin. Serial ultrathin sections were cut with an ultramicrotome, stained with lead citrate and uranyl acetate, and observed with an electron microscope (HITACHI, HT7700, Japan). The length and number of the TJ were analyzed by using Image J software.



Real-Time Polymerase Chain Reaction Analysis

Total mRNA was extracted from the brain tissues around the hematoma by QIAzol Lysis Reagent (miRNeasy Mini Kit; QIAGEN, Gaithersburg, MD) (Li et al., 2017b; Su et al., 2017). One thousand nanograms of RNA from each sample was transcribed into cDNA with the SuperScript VILO cDNA Synthesis Kit (Invitrogen, Carlsbad, United States). Reverse-transcribed RNA was amplified by PCR under the following conditions: 95°C for 5 min, 40 cycles of the 30 s at 94°C, 30 s at 65°C, 20 s at 72°C, and a final extension step for 10 min at 72°C. The quantitative polymerase chain reaction was performed with the Opticon 2 Real-Time Polymerase Chain Reaction Detection System (Bio-Rad, Hercules, United States) using corresponding primers and the SYBR green Polymerase Chain Reaction Master Mix (Applied Biosystems, Waltham, United States). The primer sequences that were utilized are listed in following:


AQP4:

5’- CTTTCTGGAAGGCAGTCTCAG -3’ (forward),

5’- CCACACCGAGCAAAACAAAGAT -3’ (reverse).

GAPDH:

5’- CAGTGGCAAAGTGGAGATTGTTG -3’ (forward),

5’- TCGCTCCTGGAAGATGGTGAT -3’ (reverse).





Statistical Analysis

All data are reported as mean ± SD, dot plots, or bar graphs. One-way or two-way ANOVA and the Bonferroni post-hoc test were used to compare differences among multiple groups. All analyses were carried out with GraphPad Prism 5.0 Software. The criterion for statistical significance was P < 0.05.



RESULTS


The Comparison of Injury Volume Between the c-ICH and the b-ICH Groups

Injecting 20 μL autologous blood or 0.05 U collagenase VII into the left striatum resulted in a similar bleeding volume. Images of fresh brain slices illustrated that the cerebral hemorrhage was located in the striatum at 24 h (Figure 1A). LFB/CV staining slides portrayed the injury volume of the c-ICH and b-ICH group and was shown to be identical at 24 h after ICH (Figure 1B). The injury volume results further verified that hemorrhage volume had no statistical significance between the two groups (7.570 ± 2.264 mm3 in c-ICH groups vs. 7.493 ± 2.524 mm3 in b-ICH groups; F = 1.242, n = 8 mice/group, P > 0.05; Figure 1C). The total mortality of mice throughout the experiment differed between the experimental models in this study. No mice died in the sham group, but the mortality rate of the b-ICH group was shown to be higher than that of the c-ICH [10.20% (10 of 98) group vs. 5.10% (5 of 98) in the b-ICH group; Figure 1D]. Both ICH models were associated with a pronounced weight loss compared with the sham mice on days 3 and 5. However, there was no significant difference in the body weight between the c-ICH and b-ICH groups on days 1, 3, and 5 (P > 0.05; Figure 1E).
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FIGURE 1. The comparison of injury volume between c-ICH and b-ICH groups. (A) Left: Schematic illustration of the spatial extent of the striatum. Right: Representative fresh brain sections show hematomas (red areas) at 24 h after intrastriatal injection of 0.050 U collagenase (“Collagenase”) or 20 μL autologous blood (“Blood”). (B) Representative Luxol fast blue/Cresyl violet-stained brain sections from c-ICH and b-ICH groups (scale bar = 1 mm). (C) Injury volume was detected at 24 h after ICH by integration of serial coronal sections stained with Luxol fast blue/Cresyl violet, no difference between the c-ICH and b-ICH model was detected. n = 8 mice/group (t-test). (D) Overall mortality was determined for all animals used in this study. (E) Bodyweight was measured in all groups on days 1, 3, and 5 respectively. n = 12 mice/group. *P < 0.05, **P < 0.01 vs. sham group (Repeated measures ANOVA followed by Bonferroni post-hoc test). Data are expressed as mean ± SD (the repeated measures ANOVA followed by the Bonferroni post-hoc test). Values are mean ± SD.




The Comparison of Motor Function Between the c-ICH and the b-ICH Groups

The NDS of the two model groups were significantly higher than those of the sham group which peaked on day 1 and proceeded to decrease gradually. The NDS of the b-ICH group was significantly higher than that of the c-ICH group only at 6 h after surgery (8.111 ± 0.261 in b-ICH groups vs. 6.833 ± 0.386 in c-ICH groups; n = 12 mice/group; P < 0.05). There was no significant difference at any other time points (P > 0.05, n = 12 mice/group; Figure 2A). Additionally, there were no significant differences in the results of the forelimb and hind limb placement and corner turn test between the two model groups at 6 h, 12 h, days 1, 3, and 5 (n = 10 mice/group; P > 0.05, Figures 2B–D).
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FIGURE 2. Motor function of the two ICH models. (A) Mice in the b-ICH group had a more severe neurologic deficit score (NDS) than the c-ICH group at 6 h after ICH. n = 10 mice/group. *P < 0.05 vs. sham group; #P < 0.05 vs. ICH group (repeated measures ANOVA followed by Bonferroni post-hoc test). (B–D) The corner turn test and right front paw and hindlimb placement tests on 6 h, days 1, 3, and 5 after ICH. n = 10 mice/group. *P < 0.05 vs. sham group (the repeated measures ANOVA followed by the Bonferroni post-hoc test). Values are mean ± SD.




The Comparison of BBB Breakdown Between the c-ICH and the b-ICH Groups

The BBB breakdown was evaluated by EB staining and measurement of IgG extravasation. The EB dye can be combined with albumin (67 kD) in serum and therefore was utilized to measure the integrity of the BBB at 6 h, 12 h, days 1, 3, and 5 post-ICH. EB leakage was prominent on day 3 in the c-ICH group compared with that on day 5 in the b-ICH group (Figure 3A). The quantitative analysis further revealed that the ratio of EB concentration (ipsilateral/contralateral hemisphere) peaked on day 3 in the c-ICH group compared to that on day 5 in the b-ICH group (D3: 1.783 ± 0.392% in the c-ICH group vs. 1.472 ± 0.149 in the b-ICH group; D5: 1.216 ± 0.216% in the c-ICH group vs. 1.879 ± 0.815 in the b-ICH group; n = 6 mice/group; P < 0.05; Figure 3B). The EB staining data were further supported by the pronounced intrastriatal leakage of the plasma-derived IgG. The IgG leakage around the hematoma was more prominent in the c-ICH group than in the b-ICH group on day 3, whereas it was more prominent in the b-ICH group than in the c-ICH group on day 5 (n = 3 mice/group; P < 0.05; Figures 3C–E).
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FIGURE 3. The comparison of BBB breakdown between the c-ICH and the b-ICH groups. (A) The Evans blue staining showed that BBB leakage was present from 6 h to day 5 after ICH in two groups. (B) Quantitative analysis showed that the Evans blue (EB) concentration peaked at day 3 in the c-ICH group but on day 5 in the b-ICH group (n = 6 mice/group for each time point; *P < 0.05 vs. sham group, #P < 0.05 vs. the c-ICH group; repeated measures ANOVA followed by Bonferroni post-hoc test). (C) The IgG-positive area was determined by immunohistochemical staining on days 3 and 5, respectively (scale bar = 1 mm). (D,E) Quantification of endogenous IgG-positive area and gray values of IgG immunostaining; n = 3 mice/group; #P < 0.05 vs. c-ICH group (t-test). Values are Mean ± SD.




The Comparison of the Changes of Tight Junction Expression Between the c-ICH and the b-ICH Groups

Endothelial cells (ECs) and their TJs are the primary components of the structure of the BBB. WB was used to detect the protein expression changes of TJs proteins including occludin and cadherin-10 in both ICH groups at 6 h, 12 h, days 1, 3, and 5 after ICH. The results revealed that the expression of occludin and cadherin-10 protein were significantly lower on day 3 in the c-ICH group (occludin: 0.498 ± 0.133% in the c-ICH group vs. 0.764 ± 0.106% in the b-ICH group; cadherin-10: 0.411 ± 0.136% in c-ICH group vs. 0.753 ± 0.058% in b-ICH group; P < 0.05; n = 6 mice/group) and on day 5 in the b-ICH group (occludin: 0.819 ± 0.178% in the c-ICH group vs. 0.647 ± 0.067% in the b-ICH group; cadherin-10: 0.738 ± 0.189% in the c-ICH group vs. 0.615 ± 0.133% in the b-ICH group; P < 0.05; n = 6 mice/group; Figure 4A). Reduction and the breaking of TJs in ECs after ICH was further confirmed by TEM. The ultrastructural changes of BBB were observed at 6 h, 12 h, days 1, 3, and 5 after ICH. Mice in the sham group showed intact and normal capillary endothelial cells as well as basal lamina. A high density of undamaged TJs was observed in the sham group (Figure 4B). However, BBB ultrastructural was dramatically damaged at the beginning of the 6th hour after ICH. The ECs were swollen, and TJs were shorter and blurred. Moreover, the basement membrane was thinner compared to the sham control (Figure 4B). Among them, the shortest width of TJs appeared on day 3 in the c-ICH group but on day 5 in the b-ICH group (day 3: 0.390 ± 0.036 in the c-ICH group vs. 0.827 ± 0.159 in the b-ICH group; day 5: 0.767 ± 0.10 in the c-ICH group vs. 0.298 ± 0.057 in the b-ICH group; P < 0.05; n = 3 mice/group; Figure 4C). There was no difference in the total numbers of TJs per vessel (P > 0.05; Figure 4D).
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FIGURE 4. The comparison of the expressions of tight junction proteins between c-ICH and b-ICH groups. (A) Western blots showed occludin expression and cadherin-10 expression at 6 h, 12 h, days 1, 3, and 5 after ICH. Quantification of occluding and cadherin-10 levels at 6 h, 12 h, day 1, day 3, and day 5 after ICH in both models (n = 6 mice/group; *P < 0.05 vs. sham group, #P < 0.05 vs. c-ICH group; repeated measures ANOVA followed by Bonferroni post-hoc test). Values are mean ± SD. (B) Representative electron microscopic images of TJ ultrastructure at 6 h, 12 h, day 1, day 3, and day 5 after ICH in both models and sham group. Arrowheads = tight junctions (TJ); Scale bar = 1 μM. (C) Quantification of tight junction length (n = 3/group). (D) Quantification of the number of tight junctions per vessel (n = 3 mice/group, four image fields quantified per mouse; *P < 0.05 vs. sham group, #P < 0.05 vs. c-ICH group (the repeated measures ANOVA followed by the Bonferroni post-hoc test). Values are mean ± SD.




The Comparison of the Expressions of Aquaporin 4 (AQP4) and MMP-9 Activity in Brain Tissue Between the c-ICH and the b-ICH Groups

Brain water content in the ipsilateral brain tissue in the c-ICH group was more severe than that in the b-ICH group on day 3 (82.012 ± 2.077% in the c-ICH group vs. 79.638 ± 0.803% in the b-ICH group; P < 0.05; n = 6 mice/group; Figure 5A) whereas it was more severe in the b-ICH group than that in the c-ICH group on day 5 (78.646 ± 0.944% in the c-ICH group vs. 80.392 ± 1.058% in the b-ICH group; P < 0.05; n = 6 mice/group; Figure 5B). The MMP-9 activity was detected by the gelatin zymography at 6 h, 12 h, days 1, 3, and 5 after ICH. The results showed that MMP-9 activity began to increase on day 1 after ICH in both models and it reached its peak on day 3 in the c-ICH group (4.575 ± 0.195% in the c-ICH group vs. 2.82 ± 0.39% in the b-ICH group; P < 0.05) and on day 5 in the b-ICH group (3.517 ± 0.337% vs. 1.668 ± 0.516%; P < 0.05; n = 6 mice/group; Figure 5B). At 6 h, 12 h, days 1, 3, and 5 after ICH, compared to the sham group, the relative expression of AQP4 mRNA began to increase on day 3 in the c-ICH group, and the expression was significantly higher than that in the b-ICH group (2.349 ± 0.305% vs. 1.251 ± 0.453%; P < 0.05). However, the relative expression of AQP4 mRNA was significantly higher in the b-ICH group than that in the c-ICH group on day 5 (6.491 ± 0.678% vs. 2.974 ± 0.399%; P < 0.05; n = 3 mice/group; Figure 5C).
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FIGURE 5. The comparison of the expressions of aquaporin 4 (AQP4) and MMP-9 activity in brain tissue between c-ICH and b-ICH groups. (A) Measurement of brain water content on days 3 and 5 (n = 6 mice/group; *P < 0.05 vs. sham group, #P < 0.05 vs. the c-ICH group repeated measures ANOVA followed by Bonferroni post-hoc test). Cont-Stri, contralateral striatum; Ipsi-Stri, ipsilateral striatum. Values are mean ± SD. (B) Gelatin zymography shows MMP-9 activity in brain tissue at 6 h, 12 h, day 1, day 3, and day 5 after ICH in both models. Quantification of MMP-9 activity in the brain (n = 4 mice/group, *P < 0.05 vs. sham group, #P < 0.05 vs. the c-ICH group; the repeated measures ANOVA followed by the Bonferroni post-hoc test). (C) Quantification of AQP4 mRNA levels in the brain at 6 h, 12 h, day 1, day 3, and day 5 after ICH in the c-ICH and the b-ICH groups (n = 3 mice/group, four fields quantified per mouse; *P < 0.05 vs. sham group, #P < 0.05 vs. the c-ICH group; the repeated measures ANOVA followed by the Bonferroni post-hoc test). Values are mean ± SD.




DISCUSSION

In this study, we found that the BBB leakage was associated with a decrease in TJ protein expression and an increase in MMP-9 activity and AQP4 mRNA expression on day 3 in the c-ICH model but on day 5 in the b-ICH model. Additionally, utilizing TEM, we demonstrated that the ECs were swollen, and TJs were shorter and blurred after ICH compared to sham controls. Moreover, the basement membrane was thinner in the c-ICH model on day 3 compared to that in the b-ICH model on day 5. Therefore, combined with the characteristics of clinical ICH patients with locally elevated perihematomal permeability-surface area product (PS) derived from computed tomographic perfusion (CTP) imaging within 24 to 72 h after ICH (Xu et al., 2017), we conclude that the c-ICH model might be a more suitable model for studying early BBB damage and protection comparing to the b-ICH model.

The high morbidity and mortality of ICH promote the development of various ICH animal models in preclinical studies (Strbian et al., 2008; Li and Wang, 2017). It is speculated that a better model is the one that closely simulates the pathophysiology and functional consequences of ICH in humans. Infusions of autologous blood or collagenase are the most widely used rodent models to investigate pathophysiologic mechanisms and test experimental treatments after ICH (MacLellan et al., 2008). The b-ICH model that mimics a single intracerebral bleed can be applied to transgenic or knockout mice to study its specific signaling pathway or brain injury mechanism (Rynkowski et al., 2008). However, the model lacks underlying angiopathy and rupture (Wang et al., 2008). The c-ICH model utilizes enzymatic disruption of blood vessels to imitate spontaneous ICH. However, the induced bleeding is usually caused by the rupture of the large vessels, while the clinical ICH patients often have small deep penetrating artery rupture (Chu et al., 2004). During the operation of our experiment, we found that collecting enough blood quickly within 1 min is a key step to ensure the success of the b-ICH model.

In the early stage after ICH, the motor function of mice was slightly different between the c-ICH group and the b-ICH group. The mortality rate of b-ICH is higher than that of c-ICH (5.10 vs. 10.20%) in our study, which may be due to the direct space-occupying effect of brain tissue caused by the direct injection of hematoma pressure, increasing the death rate of animals. Based on our experience, the NSS is higher in the b-ICH group than that in the c-ICH group in the early time points (1–6 h) after ICH. A probable reason for this discrepancy may be that blood vessel damage by collagenase is a dynamic process, and consequently, blood accumulates and hematoma develops in the striatum gradually within 4–5 h (Liebner and Plate, 2010; Wang et al., 2015), which results in delayed neurologic deficits. The difference in early neurologic impairment cannot be detected by the other three behavioral tests, suggesting that the 24-point neurologic deficit scoring system is more sensitive for evaluating locomotor abnormalities, especially at early time points after ICH. The result is consistent with our previous research (Zhu et al., 2018). In the clinic, acutely increased intracranial pressure (ICP) after ICH is a life-threatening neurosurgical emergency (Leinonen et al., 2017). In addition, the dynamics of perihematomal edema (PHE) induced by BBB integrity occurs within hours after ICH, which has been implicated in secondary brain injury and could be a therapeutic target (Sprugel et al., 2019). In our research, we found that brain water content in the ipsilateral brain tissue in the c-ICH group was higher than that in the b-ICH group on day 3, whereas it was higher in the b-ICH group than that in the c-ICH group on day 5, indicating that both models can imitate the clinical PHE occurred after ICH. All inflammation, thrombin activation, and red blood cell lysis can lead to BBB destruction and edema formation, which has three stages: (1) clot retraction can force the serum into the surrounding space of hematoma and form angiogenic edema (1 h after ICH); (2) cytotoxic brain edema (peak D1-2) caused by inflammation and thrombin activation through coagulation cascade reaction; and (3) erythropoietin cytolysis and Hb toxicity related injury (delay) appeared edema on D3 (Zheng et al., 2016).

BBB, consisting of endothelial cells, pericytes, astrocytes, basement membrane, and extracellular matrix (Lv et al., 2018), is an important component of NVU that plays a crucial role in maintaining the homeostasis of the CNS but limits the number of potential therapeutic drugs capable of gaining access to the brain. Thus, it is important to study the characteristics of BBB injury for the treatment of nervous system diseases. We compared the BBB damage at 6 h, 12 h, 24 h, day 3, and day 5 after ICH between the two most common murine ICH models based on the similar injury volume. In our study, EB extravasation assay showed that an increase in leakage at 6 h in both models and the ratio of EB concentration (ipsilateral/contralateral hemisphere) peaked on day 3 in the c-ICH model whereas on day 5 in the b-ICH model, which was consistent with our previous study using the c-ICH model (Yang et al., 2017). In contrast to EB, the IgG (∼140 kD) extravasation was prominent around the hematoma on day 3 in the c-ICH group and day 5 in the b-ICH group after ICH. However, the exact mechanism of the IgG leakage after hemorrhage is still unclear. Transcellular mechanisms may contribute to IgG (∼140 kD) extravasation after ICH. FcRnh (The neonatal Fc receptor for IgG) and low-density lipoprotein receptor-related protein 1 (LRP1) that both expressed on BBB mediates the efflux of IgG across the BBB and facilitate IVIg internalization (Halliday et al., 2016).

MMPs are a group of important extracellular matrix-degrading enzymes, with various biologic functions. Thrombin, hemoglobin, cytokines, oxidative stress, hypoxia, and other factors can lead to increased expression/activity of MMPs (Wang, 2010). MMPs are a family of proteases that participate in physiologic and pathophysiologic processes, including at the BBB interface. It is shown that MMP-9 expression/activity is increased in the human ICH brain (Wu et al., 2010a). Once activated, MMPs disrupt the BBB by degrading tight junctions and basal lamina proteins, leading to BBB leakage and brain edema. We have reported in an early study that post-ICH application of GM6001 (a broad-spectrum MMP inhibitor) protected BBB and reduced brain edema, thereby mitigating neurologic deficits (Wang and Tsirka, 2005). Furthermore, knockout of the MMP-9 gene significantly decreases IgG accumulation in the parenchyma 24 h after neonatal H/I, suggesting that MMP-9 contributes to the early BBB opening. In addition, it is reported that Hb-induced oxidative stress after ICH may contribute to early BBB dysfunction and subsequent cell death through MMP activation (Katsu et al., 2010). Aquaporin-4 (AQP4) is expressed in pericapillary astrocyte foot processes and contributes to edema formation after ICH (Wu et al., 2010b). Prior research suggests that AQP4 deletion increases ICH damage, including edema formation, BBB damage, and neuronal death (Chu et al., 2014). There also is a significant increase in AQP4 expression in ICH patients (Dardiotis et al., 2019). In our research, by comparing MMP-9 enzymatic activity and APQ4 mRNA levels between the c-ICH model and the b-ICH model after ICH, we found that the MMP9 activity reached the peak on day 3 in the c-ICH group and on day 5 in the b-ICH group. Furthermore, the relative expression of AQP4 mRNA began to increase on day 3 in the c-ICH group while on day 5 in the b-ICH group. In conclusion, we are the first study to report that the severe BBB injury occurred on day 5 in the b-ICH model which has guiding value for future b-ICH research.

In this study, we examined the ultrastructural features of the mouse brain after collagenase- and whole blood-induced ICH. Both models share pathologic similarities in terms of basement membrane damage and TJ fracture at 6 h after ICH. However, the collagenase injection model does have the most serious TJ damage on day 3 and the blood injection model does have on day 5. Using TEM, we observed that the ECs were swollen, and TJs were shorter and blurred; furthermore, the basement membrane was thinner on day 3 in the c-ICH group and on day 5 in the b-ICH group, respectively. We also observed axonal demyelination and degeneration after ICH in both models.



CONCLUSION

In conclusion, the progression of the BBB damage differs in the c-ICH and the b-ICH model; the BBB damage occurs earlier in the c-ICH model than that in the b-ICH model. The underlying mechanism of BBB breakdown is similar between these two ICH models. Combined with the characteristics of clinical ICH with a prominent increase in BBB leakage in the perihematomal regions of the patients with spontaneous basal ganglia ICH within 24–72 h after symptom onset (Li et al., 2018), we can conclude that the c-ICH model might be a more suitable model for studying early BBB damage and protection than the b-ICH model.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Ethics Committee of Zhengzhou University and followed the ARRIVE guidelines.



AUTHOR CONTRIBUTIONS

PJ performed the experiments and wrote and revised the manuscript. XC and JiW supervised the research and wrote and revised the manuscript. All the authors participated in commenting on and approving the final manuscript.



FUNDING

XC was supported by the National Natural Science Foundation of China (U1704166) and the Key Project of Science and Technology of the Department of Science and Technology of Henan Province (Grant No. 212102310220).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2021.699736/full#supplementary-material

Supplementary Figure 1 | Experimental design route. NFE, Neurologic function evaluations; EB, Evans’s blue; WB, Western blot; TEM, Transmission electron microscope; GEZ, Gelatin gel zymography; CV-LFB, cresyl violet and Luxol fast blue; HIA, Hemorrhagic injury analysis; IgG ET, IgG extravasation test.


ABBREVIATIONS

AQP4, aquaporin 4; BBB, blood brain barrier; BCA, bicinchoninic acid; BMECs, micro-vascular endothelial cells; BWC, brain water content; CV-LFB, cresyl violet and Luxol fast blue; c-ICH, collagenase intracerebral hemorrhage model; b-ICH, autologous blood intracerebral hemorrhage model; EB, Evans blue; ECL, enhanced chemiluminescence; ECs, endothelial cells; ICH, intracerebral hemorrhage; MMP9, matrix metalloproteinases 9; NDS, neurological deficit scores; PB, phosphate buffer; PVDF, polyvinylidene fluoride; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; SPF, specific pathogen-free; TEM, Transmission electron microscope; TJ, tight junction; WB, western blotting.

FOOTNOTES

1
http://www.nc3rs.org.uk/arrive-guidelines

2
www.randomization.com


REFERENCES

Boltze, J., Aronowski, J. A., Badaut, J., Buckwalter, M. S., Caleo, M., Chopp, M., et al. (2021). New Mechanistic Insights, Novel Treatment Paradigms, and Clinical Progress in Cerebrovascular Diseases. Front. Aging Neurosci. 13:623751. doi: 10.3389/fnagi.2021.623751

Chang, C. F., Cho, S., and Wang, J. (2014). (-)-Epicatechin protects hemorrhagic brain via synergistic Nrf2 pathways. Ann. Clin. Transl. Neurol. 1, 258–271. doi: 10.1002/acn3.54

Chu, H., Xiang, J., Wu, P., Su, J., Ding, H., Tang, Y., et al. (2014). The role of aquaporin 4 in apoptosis after intracerebral hemorrhage. J. Neuroinflam. 11:184. doi: 10.1186/s12974-014-0184-5

Chu, K., Jeong, S. W., Jung, K. H., Han, S. Y., Lee, S. T., Kim, M., et al. (2004). Celecoxib induces functional recovery after intracerebral hemorrhage with reduction of brain edema and perihematomal cell death. J. Cereb. Blood Flow Metab. 24, 926–933. doi: 10.1097/01.wcb.0000130866.25040.7d

Dardiotis, E., Siokas, V., Marogianni, C., Aloizou, A. M., Sokratous, M., Paterakis, K., et al. (2019). AQP4 tag SNPs in patients with intracerebral hemorrhage in Greek and Polish population. Neurosci. Lett. 696, 156–161. doi: 10.1016/j.neulet.2018.12.025

Halliday, M. R., Rege, S. V., Ma, Q., Zhao, Z., Miller, C. A., Winkler, E. A., et al. (2016). Accelerated pericyte degeneration and blood-brain barrier breakdown in apolipoprotein E4 carriers with Alzheimer’s disease. J. Cereb. Blood Flow Metab. 36, 216–227. doi: 10.1038/jcbfm.2015.44

Han, X., Lan, X., Li, Q., Gao, Y., Zhu, W., Cheng, T., et al. (2016). Inhibition of prostaglandin E2 receptor EP3 mitigates thrombin-induced brain injury. J. Cereb. Blood Flow Metab. 36, 1059–1074. doi: 10.1177/0271678x15606462

Hua, W., Chen, X., Wang, J., Zang, W., and Wang, J. (2020). Mechanisms and potential therapeutic targets for spontaneous intracerebral hemorrhage. Brain Hemorrhages 1, 99–104.

Hughes, R. N. (2007). Sex does matter: comments on the prevalence of male-only investigations of drug effects on rodent behaviour. Behav. Pharmacol. 18, 583–589. doi: 10.1097/FBP.0b013e3282eff0e8

Jiang, C., Wang, Y., Hu, Q., Shou, J., Zhu, L., Tian, N., et al. (2020). Immune changes in peripheral blood and hematoma of patients with intracerebral hemorrhage. FASEB J. 34, 2774–2791. doi: 10.1096/fj.201902478R

Katsu, M., Niizuma, K., Yoshioka, H., Okami, N., Sakata, H., and Chan, P. H. (2010). Hemoglobin-induced oxidative stress contributes to matrix metalloproteinase activation and blood-brain barrier dysfunction in vivo. J. Cereb. Blood Flow Metab. 30, 1939–1950. doi: 10.1038/jcbfm.2010.45

Lan, X., Han, X., Li, Q., Yang, Q. W., and Wang, J. (2017). Modulators of microglial activation and polarization after intracerebral haemorrhage. Nat. Rev. Neurol. 13, 420–433. doi: 10.1038/nrneurol.2017.69

Leinonen, V., Vanninen, R., and Rauramaa, T. (2017). Raised intracranial pressure and brain edema. Handb. Clin. Neurol. 145, 25–37. doi: 10.1016/B978-0-12-802395-2.00004-3

Li, Q., Han, X., Lan, X., Gao, Y., Wan, J., Durham, F., et al. (2017a). Inhibition of neuronal ferroptosis protects hemorrhagic brain. JCI Insight 2:e90777. doi: 10.1172/jci.insight.90777

Li, Q., Han, X., Lan, X., Hong, X., Li, Q., Gao, Y., et al. (2017b). Inhibition of tPA-induced hemorrhagic transformation involves adenosine A2b receptor activation after cerebral ischemia. Neurobiol. Dis. 108, 173–182. doi: 10.1016/j.nbd.2017.08.011

Li, Q., Wan, J., Lan, X., Han, X., Wang, Z., and Wang, J. (2017c). Neuroprotection of brain-permeable iron chelator VK-28 against intracerebral hemorrhage in mice. J. Cereb. Blood Flow Metab. 37, 3110–3123. doi: 10.1177/0271678x17709186

Li, Q., and Wang, J. (2017). Animal Models: Cerebral Hemorrhage. Primer Cerebrovasc. Dis. 2017, 306–311.

Li, Q., Weiland, A., Chen, X., Lan, X., Han, X., Durham, F., et al. (2018). Ultrastructural Characteristics of Neuronal Death and White Matter Injury in Mouse Brain Tissues After Intracerebral Hemorrhage: Coexistence of Ferroptosis, Autophagy, and Necrosis. Front. Neurol. 9:581. doi: 10.3389/fneur.2018.00581

Liebner, S., and Plate, K. H. (2010). Differentiation of the brain vasculature: the answer came blowing by the Wnt. J. Angiogenes Res. 2:1. doi: 10.1186/2040-2384-2-1

Liesz, A., Middelhoff, M., Zhou, W., Karcher, S., Illanes, S., and Veltkamp, R. (2011). Comparison of humoral neuroinflammation and adhesion molecule expression in two models of experimental intracerebral hemorrhage. Exp. Transl. Stroke Med. 3:11. doi: 10.1186/2040-7378-3-11

Lv, J., Hu, W., Yang, Z., Li, T., Jiang, S., Ma, Z., et al. (2018). Focusing on claudin-5: A promising candidate in the regulation of BBB to treat ischemic stroke. Prog. Neurobiol. 161, 79–96. doi: 10.1016/j.pneurobio.2017.12.001

MacLellan, C. L., Silasi, G., Poon, C. C., Edmundson, C. L., Buist, R., Peeling, J., et al. (2008). Intracerebral hemorrhage models in rat: comparing collagenase to blood infusion. J. Cereb. Blood Flow Metab. 28, 516–525. doi: 10.1038/sj.jcbfm.9600548

Madangarli, N., Bonsack, F., Dasari, R., and Sukumari-Ramesh, S. (2019). Intracerebral Hemorrhage: Blood Components and Neurotoxicity. Brain Sci. 9:11. doi: 10.3390/brainsci9110316

Mao, L., Li, P., Zhu, W., Cai, W., Liu, Z., Wang, Y., et al. (2017). Regulatory T cells ameliorate tissue plasminogen activator-induced brain haemorrhage after stroke. Brain 140, 1914–1931. doi: 10.1093/brain/awx111

Ren, H., Han, R., Chen, X., Liu, X., Wan, J., Wang, L., et al. (2020). Potential therapeutic targets for intracerebral hemorrhage-associated inflammation: An update. J. Cereb. Blood Flow Metab. 40, 1752–1768. doi: 10.1177/0271678x20923551

Rynkowski, M. A., Kim, G. H., Komotar, R. J., Otten, M. L., Ducruet, A. F., Zacharia, B. E., et al. (2008). A mouse model of intracerebral hemorrhage using autologous blood infusion. Nat. Protoc. 3, 122–128. doi: 10.1038/nprot.2007.513

Sprugel, M. I., Kuramatsu, J. B., Volbers, B., Gerner, S. T., Sembill, J. A., Madzar, D., et al. (2019). Perihemorrhagic edema: Revisiting hematoma volume, location, and surface. Neurology 93, e1159–e1170. doi: 10.1212/WNL.0000000000008129

Strbian, D., Durukan, A., and Tatlisumak, T. (2008). Rodent models of hemorrhagic stroke. Curr. Pharm. Des. 14, 352–358. doi: 10.2174/138161208783497723

Su, S., Shao, J., Zhao, Q., Ren, X., Cai, W., Li, L., et al. (2017). MiR-30b Attenuates Neuropathic Pain by Regulating Voltage-Gated Sodium Channel Nav1.3 in Rats. Front. Mol. Neurosci. 10:126. doi: 10.3389/fnmol.2017.00126

Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic inflammation. Brain Behav. Immun. 60, 1–12. doi: 10.1016/j.bbi.2016.03.010

Wang, J. (2010). Preclinical and clinical research on inflammation after intracerebral hemorrhage. Prog. Neurobiol. 92, 463–477. doi: 10.1016/j.pneurobio.2010.08.001

Wang, J., Fields, J., and Doré, S. (2008). The development of an improved preclinical mouse model of intracerebral hemorrhage using double infusion of autologous whole blood. Brain Res. 1222, 214–221. doi: 10.1016/j.brainres.2008.05.058

Wang, J., Jiang, C., Zhang, K., Lan, X., Chen, X., Zang, W., et al. (2019). Melatonin receptor activation provides cerebral protection after traumatic brain injury by mitigating oxidative stress and inflammation via the Nrf2 signaling pathway. Free Radic. Biol. Med. 131, 345–355. doi: 10.1016/j.freeradbiomed.2018.12.014

Wang, J., and Tsirka, S. E. (2005). Neuroprotection by inhibition of matrix metalloproteinases in a mouse model of intracerebral haemorrhage. Brain 128, 1622–1633. doi: 10.1093/brain/awh489

Wang, M., Hong, X., Chang, C. F., Li, Q., Ma, B., Zhang, H., et al. (2015). Simultaneous detection and separation of hyperacute intracerebral hemorrhage and cerebral ischemia using amide proton transfer MRI. Magn. Reson Med. 74, 42–50. doi: 10.1002/mrm.25690

Wang, W., Li, M., Wang, Y., Wang, Z., Zhang, W., Guan, F., et al. (2017). GSK-3β as a target for protection against transient cerebral ischemia. Int. J. Med. Sci. 14, 333–339. doi: 10.7150/ijms.17514

Wu, H., Wu, T., Xu, X., Wang, J., and Wang, J. (2011). Iron toxicity in mice with collagenase-induced intracerebral hemorrhage. J. Cereb. Blood Flow Metab. 31, 1243–1250. doi: 10.1038/jcbfm.2010.209

Wu, H., Zhang, Z., Hu, X., Zhao, R., Song, Y., Ban, X., et al. (2010a). Dynamic changes of inflammatory markers in brain after hemorrhagic stroke in humans: a postmortem study. Brain Res. 1342, 111–117. doi: 10.1016/j.brainres.2010.04.033

Wu, H., Zhang, Z., Li, Y., Zhao, R., Li, H., Song, Y., et al. (2010b). Time course of upregulation of inflammatory mediators in the hemorrhagic brain in rats: correlation with brain edema. Neurochem. Int. 57, 248–253. doi: 10.1016/j.neuint.2010.06.002

Wu, X., Fu, S., Liu, Y., Luo, H., Li, F., Wang, Y., et al. (2019). NDP-MSH binding melanocortin-1 receptor ameliorates neuroinflammation and BBB disruption through CREB/Nr4a1/NF-kappaB pathway after intracerebral hemorrhage in mice. J. Neuroinflam. 16:192. doi: 10.1186/s12974-019-1591-4

Xu, H., Li, R., Duan, Y., Wang, J., Liu, S., Zhang, Y., et al. (2017). Quantitative assessment on blood-brain barrier permeability of acute spontaneous intracerebral hemorrhage in basal ganglia: a CT perfusion study. Neuroradiology 59, 677–684. doi: 10.1007/s00234-017-1852-9

Yang, J., Li, Q., Wang, Z., Qi, C., Han, X., Lan, X., et al. (2017). Multimodality MRI assessment of grey and white matter injury and blood-brain barrier disruption after intracerebral haemorrhage in mice. Sci. Rep. 7:40358. doi: 10.1038/srep40358

Zhao, X., Wu, T., Chang, C. F., Wu, H., Han, X., Li, Q., et al. (2015). Toxic role of prostaglandin E2 receptor EP1 after intracerebral hemorrhage in mice. Brain Behav. Immun. 46, 293–310. doi: 10.1016/j.bbi.2015.02.011

Zheng, H., Chen, C., Zhang, J., and Hu, Z. (2016). Mechanism and Therapy of Brain Edema after Intracerebral Hemorrhage. Cerebrovasc. Dis. 42, 155–169. doi: 10.1159/000445170

Zhou, J., Zhuang, J., Li, J., Ooi, E., Bloom, J., Poon, C., et al. (2013). Long-term post-stroke changes include myelin loss, specific deficits in sensory and motor behaviors and complex cognitive impairment detected using active place avoidance. PLoS One 8:e57503. doi: 10.1371/journal.pone.0057503

Zhu, W., Gao, Y., Wan, J., Lan, X., Han, X., Zhu, S., et al. (2018). Changes in motor function, cognition, and emotion-related behavior after right hemispheric intracerebral hemorrhage in various brain regions of mouse. Brain Behav. Immun. 69, 568–581. doi: 10.1016/j.bbi.2018.02.004


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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Jia, He, Li, Wang, Jia, Hao, Lai, Zang, Chen and Wang. 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.











	 
	REVIEW
published: 24 September 2021
doi: 10.3389/fncel.2021.739506





[image: image]

Inflammation and Oxidative Stress: Potential Targets for Improving Prognosis After Subarachnoid Hemorrhage

Fan Wu1,2, Zongchi Liu1,2, Ganglei Li1,2, Lihui Zhou1,2, Kaiyuan Huang1,2, Zhanxiong Wu3, Renya Zhan1,2* and Jian Shen1,2*

1First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China

2Department of Neurosurgery, First Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou, China

3College of Electronics and Information, Hangzhou Dianzi University, Hangzhou, China

Edited by:
Junlei Chang, Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences (CAS), China

Reviewed by:
Xiao-ming Meng, Anhui Medical University, China
Yu-Feng Wang, Harbin Medical University, China

*Correspondence: Renya Zhan, 1196057@zju.edu.cn; Jian Shen, 1314006@zju.edu.cn

Specialty section: This article was submitted to Non-Neuronal Cells, a section of the journal Frontiers in Cellular Neuroscience

Received: 11 July 2021
Accepted: 20 August 2021
Published: 24 September 2021

Citation: Wu F, Liu Z, Li G, Zhou L, Huang K, Wu Z, Zhan R and Shen J (2021) Inflammation and Oxidative Stress: Potential Targets for Improving Prognosis After Subarachnoid Hemorrhage. Front. Cell. Neurosci. 15:739506. doi: 10.3389/fncel.2021.739506

Subarachnoid hemorrhage (SAH) has a high mortality rate and causes long-term disability in many patients, often associated with cognitive impairment. However, the pathogenesis of delayed brain dysfunction after SAH is not fully understood. A growing body of evidence suggests that neuroinflammation and oxidative stress play a negative role in neurofunctional deficits. Red blood cells and hemoglobin, immune cells, proinflammatory cytokines, and peroxidases are directly or indirectly involved in the regulation of neuroinflammation and oxidative stress in the central nervous system after SAH. This review explores the role of various cellular and acellular components in secondary inflammation and oxidative stress after SAH, and aims to provide new ideas for clinical treatment to improve the prognosis of SAH.

Keywords: subarachnoid hemorrhage, poor prognosis, delayed ischemic neurological deficit, inflammation, oxidative stress, anti-inflammatory, antioxidant


INTRODUCTION

Globally, six to nine in 100,000 people seek medical attention for subarachnoid hemorrhage (SAH) annually. More than 80% of SAHs are caused by ruptured intracranial aneurysms, with a mortality rate of 35% (Neifert et al., 2021). During aneurysmal SAH, increased intracranial pressure causes a sharp decrease in cerebral perfusion pressure that can lead to acute cerebral ischemia (CI) and loss of consciousness. Although SAH accounts for only 5% of all strokes, it imposes a significant health burden on society due to its young age of onset. Those who survive the initial bleeding often develop severe disability, with cognitive impairment, known as delayed ischemic neurological deficit (DIND) (Macdonald, 2014). Currently, poor long-term prognosis is attributed to delayed CI (DCI) in most cases. From day 5 to 14 after SAH, patients are at increased risk for DCI, which may be manifested as headache, confusion, focal neurological impairment, or decreased levels of consciousness (Østergaard et al., 2013).

Historically, spasm of the large arteries has been considered the only explanation for DCI. At present, angiography is still the gold standard for detecting vasospasm. However, even though up to 70% of SAH patients develop angiographic vasoconstriction, only about 50% develop DCI (Francoeur and Mayer, 2016). Nimodipine may reduce the incidence of DCI and the risk of poor prognosis after SAH by preventing and reducing vasospasm through muscle wall relaxation. Even though angiographic vasospasm has been successfully alleviated, prognosis has not improved (Etminan et al., 2011).

In recent years, it has been shown that factors other than vasospasm are involved in the pathophysiology of DCI, including microcirculation contraction, microthrombosis, cortical diffusion ischemia, and delayed apoptosis (Macdonald, 2014). Neuroinflammation and oxidative damage after SAH link these factors together.

Similar to the biphasic course of SAH (early bleeding and late ischemia), the inflammatory response in the pathological course is also biphasic (Lucke-Wold et al., 2016). In the acute stage, the main manifestation is the local inflammatory response caused by blood components entering the subarachnoid space and triggering downstream inflammatory cascades. Subsequently, in the subacute and chronic stages, while central resident immune cells are activated, a large number of peripheral inflammatory cells enter the subarachnoid space under the chemotactic influence of inflammatory cytokines (Figure 1; Zhou et al., 2014). As the final effector of the inflammatory response, inflammatory cells secrete a variety of inflammatory cytokines. Inflammatory cells and cytokines play an important role in the process of neurodegenerative and neurobehavioral disorders (Healy et al., 2020). Thus, inflammation plays a central role in the development of post-SAH complications. The release of oxyhemoglobin, mitochondrial dysfunction, and overexpression of peroxidase lead to excess oxidative products that exceed the body’s antioxidant capacity, leading to destruction of the blood–brain barrier (BBB), loss of neurons, glial hyperplasia, and permanent neurological impairment (Hu et al., 2016). While inflammation induces oxidative stress, oxidative stress can also induce an inflammatory response. The two complement each other and contribute to poor prognosis after SAH.
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FIGURE 1. After subarachnoid hemorrhage (SAH), blood components enter the subarachnoid space. RBC rupture hemoglobin and its metabolites, together with other damage-associated molecular patterns (DAMPs), act as inducers of the secondary inflammatory response after SAH to activate the innate immune cells (microglia and astrocytes) in central nervous system (CNS). Subsequently, immune cells such as neutrophils and macrophages in the peripheral circulation infiltrate into the injured site under the action of chemokine recruitment. These peripheral immune cells, together with innate immune cells in CNS, act as the carriers of secondary inflammation after SAH, releasing large amounts of pro-inflammatory cytokines and peroxides causing damage to neurons. Under the influence of these inflammatory products and peroxides, neurons gradually appear cell dysfunction and even apoptosis.




ONSET OF INFLAMMATION AND OXIDATIVE STRESS

In the acute phase of SAH, the main manifestation is activation of local inflammation at the site of injury. Substances released from damaged cells and blood components enter the subarachnoid space as damage-associated molecular patterns (DAMPs) that act by initiating inflammation (Chaudhry et al., 2018). An increasing number of DAMPs has been identified, including high mobility group box (HMGB)1, heat shock protein (HSP), S100 protein, hemoglobin and its derivatives, mitochondrial DNA, IL-1α, IL-33, and extracellular matrix.

Damage-associated molecular patterns are primarily recognized by pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), cytoplasmic NOD-like receptors (NLRs) and non-PRRs (such as CD44, integrin, and CD91 receptor) (Zindel and Kubes, 2020). The TLR family is one of the most characteristic PRR families, and is widely expressed in the membranes of glial cells such as microglia, astrocytes and oligodendrocytes in the central nervous system (CNS) (Pascual et al., 2021; Figure 2). TLR-4 plays a major role in the inflammatory response after SAH (Okada and Suzuki, 2017). TLR4 is an important member of the TLR family in PRRs and can be activated by hemoglobin and its derivatives (Leitner et al., 2019).
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FIGURE 2. The Toll-like receptor (TLR) family plays a key role in recognizing antigens produced by microorganisms. To date, 13 TLR family members have been discovered. TLR1, 2, 4, 5, and 6 were expressed on the cell surface, while TLR3, 7, 8, and 9 were expressed on the endosome membrane. Toll-like receptors are membrane receptors composed of extracellular domains, single transmembrane helical domains and intracellular signaling domains, which can bind to different ligands (TLR2 and TLR1 or TLR6 complexes recognize lipoproteins or lipopeptides, TLR3 recognizes double-stranded RNA, TLR4 recognizes lipopolysaccharides (LPS), TLR5 recognizes bacterial flagellins, TLR7 or TLR8 recognizes single-stranded RNA, and TLR9 recognizes CpG rich in hypomethylated DNA). When the TLR binds to the respective ligands, different downstream signals can be activated to produce different biological effects.


TLR4-dependent proinflammatory cytokines trigger an inflammatory response similar to that induced by lipopolysaccharide (Grylls et al., 2021). With the help of myeloid differentiation factor (MD)-2 and CD14, TLR4 can interact with two different junction proteins: Myeloid differentiation primary-response protein 88 (MyD88) and Toll receptor associated activator of interferon (TRIF) (Okada and Suzuki, 2017).

In the MyD88-dependent nuclear factor (NF)-κB signaling pathway, TIR domain containing adaptor protein/MyD88 adaptor-like (TIRAP/MAL) is required to bridge TLR and MyD88 when DAMPs bind to TLR4. MyD88 then interacts with interleukin-1 receptor (IL-1R)-associated kinase (IRAK)-4, which activates other members of the IRAK family, including IRAK-1 and IRAK-2. Activated IRAKs interact with tumor necrosis factor receptor (TNFR)-associated factor (TRAF)6 (Leitner et al., 2019). TRAF6 is associated with transforming factor-β-activated kinase (TAK)1, which leads to activation of the NF-κB signaling pathway and increased transcription and expression of proinflammatory cytokines (Karimy et al., 2020). In the TRIF-dependent signaling pathway, TLR4 requires TRIF-related adaptor molecule (TRAM) to activate TRIF. Subsequently, activated TRIF induces activation of the NF-κB signaling pathway by recruiting and activating TRAF6 or receptor-interacting serine/threonine protein kinase (RIPK)1 (Ciesielska et al., 2021).

Although the two different connective proteins act in different ways, both ultimately activate the NF-κB signaling pathway and trigger further inflammatory cascades (Takeuchi and Akira, 2010).



TOXICITY OF HEMOGLOBIN

Hemoglobin and its metabolites form a toxic cascade during early brain injury after SAH that is thought to play a key role in the development of delayed brain injury (Brathwaite and Macdonald, 2014). The neurotoxicity of hemoglobin is indisputable, and neurons seem to be more susceptible than glial cells (Li et al., 2012). The toxicity of hemoglobin is multifactorial, but is mediated mainly by four factors: inflammation, oxidation, nitric oxide (NO) depletion, and edema (Robicsek et al., 2020).


Hemoglobin and Its Products Acting as DAMPs

Hemoglobin and hemoglobin-derived products are the most important DAMPs released by ruptured red blood cells (RBCs) in the subarachnoid space and are involved in the inflammatory activation of SAH (Bozza and Jeney, 2020). Hemoglobin and its products, such as methemoglobin, heme, heme chloride, and oxygenated hemoglobin, bind to the TLR-4 receptor as DAMPs. Methemoglobin is water soluble, which can lead to extensive TLR-4 activation with cerebrospinal fluid (CSF) circulation. In addition, heme stimulates the formation of more neutrophil extracellular traps (NETs) while activating TLR-4.



Hemoglobin as a Source of Peroxide

Hemoglobin consists of four globin chains tightly bound to the heme group. Oxyhemoglobin and its metabolites are considered to be the main sources of reactive oxygen species (ROS) in the pathophysiological process of SAH (Hugelshofer et al., 2018). After hemolysis, tetrameric hemoglobin is released from RBCs and degrades gradually, producing toxic intermediates (Stokum et al., 2021). Among them, heme is considered more toxic than hemoglobin (Bulters et al., 2018). In the ferrous (Fe2+) and trivalent (Fe3+) states, heme can react with hydrogen peroxide to generate hydroxyl radicals through the Fenton reaction, which can damage lipid membranes and lead to the production of lipid ROS, cell dysfunction and even ferroptosis (Marnett et al., 2003; Yang and Stockwell, 2016).

These hemoglobin-derived products induce toxicity by producing ROS that can cause oxidation of cell lipids, proteins and DNA, leading to programmed cell death (Sinha et al., 2013). ROS can further activate TLR/NF-κB/MAPK, KEAP1–NRF2–ARE, eicosanoid and other signaling pathways as well as NLRP3 inflammasomes to mediate inflammatory responses (Reczek and Chandel, 2015). Oxyhemoglobin has been shown to induce cerebral artery contraction after SAH by inhibiting voltage-dependent K+ channels in cerebral arteries and inducing R-type Ca2+ channel expression in cerebral arteries (Ishiguro et al., 2006; Link et al., 2008).



NO Depletion

As an important endogenous vasodilator, NO can be produced by endothelial cells, neurons and microglia (Bulters et al., 2018). After SAH, peroxynitrite can be produced by the reaction of NO with superoxide radicals, a highly oxidative species. These peroxides damage the neurons that produce NO and reduce NO production. More importantly, hemoglobin released by subarachnoid blood inhibits the activity of endothelial NO synthase (eNOS), exacerbating the decrease in NO production (Sabri et al., 2011; Lenz et al., 2021). As a result, the availability of NO to vascular smooth muscle cells is reduced, leading to vasoconstriction (Li Q. et al., 2016, Li J. et al., 2016). In addition to regulating cerebrovascular tension, NO inhibits the formation of thrombocytopenic microthrombosis (Voetsch et al., 2004). As the result of the combination of these factors, cerebral perfusion is significantly reduced leading to neuronal dysfunction (Takeuchi et al., 2006). Reduced bioavailability of NO reduces the cortical diffusion depolarization threshold (Petzold et al., 2008). This leads to diffuse ischemia and neuronal death (Terpolilli et al., 2016).



Hemoglobin Causing Encephaledema

Many studies have shown that cerebral edema in SAH is a biphasic phenomenon (Serrone et al., 2015). The formation of early cerebral edema is a direct result of early ischemic injury during initial bleeding, while subsequent delayed edema appears to be caused by BBB dysfunction (Hayman et al., 2017). There is evidence to show that hemoglobin and its metabolites can cause brain edema. In a model of intracranial hemorrhage (ICH), the iron deposition around the hematoma gradually increases after injection of autologous blood into the brain parenchyma of rats. Meanwhile, the water content in the brain tissue around the hematoma also gradually increases (Huang et al., 2002). However, the degree of cerebral edema in rats is significantly reduced by chelating agents. Immunohistochemical analysis shows that aquaporin (AQP)4 is highly expressed in astrocytes. Therefore, iron overload and AQP4 may play a key role in the formation of hemoglobin-mediated brain edema after ICH (Qing et al., 2009). Hemoglobin-induced oxidative stress can increase expression of matrix metalloproteinase (MMP)-9 and lead to BBB dysfunction (Katsu et al., 2010; Ding et al., 2014). In view of this, delayed edema after SAH is thought to be caused at least in part by hemoglobin and its breakdown products (Urday et al., 2015).




IMMUNOCYTE REACTION

Aside from hemoglobin activating SAH and producing ROS that damage the CNS, some inflammatory cell infiltrates cause further damage. Unlike other organs/tissues, the CNS hosts a variety of innate and peripheral immune cells. Analysis of blood, CSF and tissue sections from patients with SAH has revealed that peripheral neutrophils and monocytes/macrophages, as well as central resident microglia and astrocytes contribute most to post-SAH inflammation. However, as the course of the disease changes, so too does the immune cell spectrum involved in the inflammatory response. Recent studies have found that the accumulation and activation of neutrophils and microglia peak twice during the course of SAH, which corresponds to early and late neuronal apoptosis after SAH. However, monocytes and macrophages seem to increase from the subacute phase (Coulibaly et al., 2020). This suggests that different immune cells play different roles in the post-SAH inflammatory response. However, as the disease course changes, so too does the immune cell spectrum involved in the inflammatory response. Recent studies have found that the accumulation and activation of neutrophils and microglia peak twice during the course of SAH, which corresponds to early and late neuronal apoptosis after SAH. However, monocytes and macrophages seem to increase from the subacute phase (Coulibaly et al., 2020). This seems to suggest that different immune cells play different roles in the post-SAH inflammatory response.


Microglia

Microglia act as the resident macrophages of the CNS and are an important component of innate and adaptive immune responses. TLR-mediated microglial activation leads to production of several inflammatory mediators that rapidly respond to different stimuli, such as DAMPs (Atangana et al., 2017). TLR4 is most abundantly expressed on microglial membranes (Lehnardt, 2010; Li et al., 2021). TLR4 and other PRRs lead to the activation of downstream inflammatory signaling cascades, including the NF-κB, MyD88/TRIF, and MAPK pathways (Geraghty et al., 2019). However, at different stages in SAH, microglia exhibit different phenotypes: the proinflammatory M1 phenotype predominates in the early stages and this is gradually replaced by the anti-inflammatory M2 phenotype as the disease progresses (Zheng et al., 2020). Between them, M1 has the ability to release proinflammatory cytokines, such as TNF-α and IL-6 (Hu et al., 2015). In animal models, increased expression of proinflammatory cytokines is associated with poor prognosis of SAH (Kooijman et al., 2014; Wang et al., 2021). Neuronal cell death and microglial cell accumulation follow similar time courses. Thus, microglial accumulation can cause secondary brain damage after SAH (Schneider et al., 2015). Therefore, early post-SAH promotion of activation of these microglia toward an anti-inflammatory phenotype may have a neuroprotective effect (Schneider et al., 2018).



Astrocytes

Astrocytes are the most abundant glial cells in the CNS. They play an important role in maintaining the integrity of the BBB and supporting the activity of neurons (Cunningham et al., 2019). Astrocytes can differentiate into different phenotypes under different stimuli, namely proinflammatory type A1 and anti-inflammatory type A2 (Shinozaki et al., 2017; Hyvärinen et al., 2019). DAMP-mediated activation of TLR contributes to the acquisition of A1 phenotype in astrocytes (Xu et al., 2018). TLR expression is low in the astrocytes of healthy individuals. However, TLRs, especially TLR-4, are abundant on the surface of the astrocyte membrane in the event of injury or inflammation (Azam et al., 2019). After SAH, various DAMPs are released into the subarachnoid space, promoting the activation of proinflammatory phenotype through TLRs (Ghaemi et al., 2018). One study found that changes in astrocyte Ca2+ signaling after SAH led to a neurovascular coupling response that shifts blood vessels from a diastolic to a constrictive state, and ultimately exacerbates brain tissue damage (MacVicar and Newman, 2015; Pappas et al., 2015). At the same time, the dysfunction of glutamate uptake mediated by astrocytes may be the possible mechanism of DCI after SAH (Tao C. et al., 2020, Tao K. et al., 2020). Additionally, A1 astrocytes cause depression-like behavior and cognitive dysfunction in mice (Zhang et al., 2020). Current interventions targeting type A1 astrocytes in animal models reduce neuronal death as well as neurogenesis decline and cognitive impairment (Lu et al., 2020; Zhang et al., 2021). Therefore, therapies targeting astrocytes may help improve outcomes in patients with SAH.



Neutrophils

Neutrophils are the most abundant type of white blood cells in peripheral blood, and they are significantly increased after SAH (Gris et al., 2019; Morga et al., 2020). Activation of astrocytes challenges the integrity of the BBB and vascular permeability is increased. Many chemokines are produced in the local inflammatory response after SAH. Under the combined action of the two, numerous neutrophils enter the subarachnoid space from the peripheral circulation (Coulibaly et al., 2020; Osuka et al., 2021). Related observational studies have found that increased neutrophil-to-lymphocyte ratio is inversely associated with prognosis in patients with SAH (Giede-Jeppe et al., 2019). Neutrophils have also been found to mediate early cortical hypoperfusion in animal models (Neulen et al., 2019). On the one hand, neutrophils can release IL-6, transforming growth factor-β1 and other inflammatory cytokines to produce a cascade reaction, which plays an important role in post-SAH inflammation (Takizawa et al., 2001). On the other hand, these neutrophils can produce peroxide by NADPH oxidase (NOX) and myeloperoxidase (MPO), causing damage to neurons and other support cells in the CNS and even apoptosis and cerebral cortex insufficiency (Chu et al., 2015; Neulen et al., 2019). Recent studies have shown that the presence of NETs released by neutrophils can transform microglia into a more proinflammatory phenotype, thereby aggravating neuroinflammation after SAH and leading to poor prognosis (Hanhai et al., 2021).



Monocytes/Macrophages

Monocytes are innate immune cells produced mainly in the bone marrow. When they are released into the circulation, they quickly differentiate into macrophages and perform different functions. Within 24 h after SAH, there is a large number of monocytes infiltrating into the site of hemorrhage and gradually increasing (Jedrzejowska-Szypułka et al., 2010; Gris et al., 2019). Monocytes mediate cerebral vasospasm after SAH in animal models, which may be the mechanism related to DCI and DIND (Jackson et al., 2021). Once monocytes infiltrate brain tissue, they mature into macrophages and take on different morphological and biochemical characteristics (Coulibaly et al., 2020). Meanwhile, peripheral circulating macrophages are recruited by monocyte chemotactic protein-1 to enter the site of injury (Lu et al., 2009; Niwa et al., 2016). Similar to microglia, monocytes and macrophages are likely to be involved in the inflammatory response or oxidative damage after SAH and lead to poor prognosis (Kwan et al., 2019; Unda et al., 2020). Therefore, further research on its mechanism will help to develop more effective treatment regimens.



Neurotoxicity of Immunocytes

The toxic effect of immune cells on the CNS may be the result of combined action of cytokine-mediated inflammatory response and ROS-mediated oxidative stress.


Proinflammatory Cytokines

After SAH, proinflammatory cytokines are initially secreted by innate immune cells that reside in the CNS (Gris et al., 2019). Appropriate inflammatory response is thought to be beneficial. Then, circulating immune cells, aided by chemokines, enter the subarachnoid space and produce a storm of inflammatory cytokines that tip the balance in the wrong direction (Schneider et al., 2012; Coulibaly et al., 2020). Proinflammatory cytokines can induce brain injury by triggering apoptotic pathways, interfering with the balance of endogenous vasodilators and vasoconstrictors, and activating coagulation factors, leading to microthrombosis (Becher et al., 2017).

Currently, several factors have been identified to induce or aggravate cerebral vasoconstriction after SAH, including interleukins, TNF-α, lymphocyte function-associated antigen-1 (LFA-1), leukotrienes, arachidonic acid, von Willebrand factor, MMP-9 and vascular endothelial growth factor (Schneider et al., 2018). Typically, IL-1, IL-6, IL-8, and TNF-α reported to be correlated with the prognosis of patients with SAH (López-Cortés et al., 2000; Zeiler et al., 2017). IL-6, for example, is considered to be a biomarker for DCI-associated infarction after SAH (Ridwan et al., 2021). IL-6 regulates the expression of many genes related to inflammation, oxidative stress, and apoptosis. IL-6 mediates the endothelial barrier, resulting in dysregulation of cell connections and damage to the BBB (Blecharz-Lang et al., 2018). At the same time, vascular cell adhesion molecule-1 on vascular endothelial cells is upregulated to induce proliferation of circulating immune cells and infiltration into the CNS (Erta et al., 2012). IL-6 can induce the accumulation of abnormal proteins and molecules in neurons, leading to neurodegeneration (Kaur et al., 2019). IL-6 may also play a neuroprotective role. For example, against N-methyl-D-aspartic acid receptor-mediated brain excitatory toxicity (Ali et al., 2000).

The dual role of cytokines in secondary inflammation after SAH has been demonstrated. Moderate levels of cytokines contribute to injury repair; however, prolonged chronic stimulation can be harmful. Therefore, early anti-inflammatory treatment in patients with SAH will help improve prognosis.



Oxidative Damage

When cell are in homeostasis, there is a balance between ROS produced by mitochondria and peroxidases [such as NOX, NOS, MPO, and cyclo-oxygenase (COX)] that produce ROS and antioxidant enzymes (such as catalase, superoxide dismutase (SOD), and glutathione reductase) and endogenous antioxidant molecules (such as glutathione, ascorbic acid, and tocopherol) (Eastman et al., 2020). However, after SAH, this balance is broken and oxidative stress occurs.


Mitochondrial dysfunction

Mitochondria are known to play a major role in tissue oxidative damage and dysfunction due to their ability to produce free radicals (Venditti and Di Meo, 2020). With the development of SAH, nerve cells in the responsible vascular supply region suffer ischemia injury, leading to mitochondrial dysfunction (Qu et al., 2016; Halcrow et al., 2021). Mitochondrial dysfunction can lead to a series of harmful consequences, including breakdown of transmembrane potential in mitochondria, disruption of mitochondrial biosynthesis, excessive production of ROS, outflow of matrix calcium, and release of apoptotic proteins (Chan, 2006). Respiratory chain complex I–IV and oxidants may be the main reasons for the enhanced mitochondrial ROS production after SAH (Figure 3; Dröse and Brandt, 2012). A growing body of evidence supports the role of mitochondrial oxidants in ROS production after intracerebral hemorrhage (Wu et al., 2019; Nolfi-Donegan et al., 2020). In addition, mitochondrial dysfunction produces ROS that contribute to CNS dysfunction (Marzatico et al., 1990). That has been proved in most neurodegenerative diseases, including Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, and amyotrophic lateral sclerosis (Wang et al., 2019; Johnson et al., 2021). For SAH patients, mitochondrial dysfunction is also thought to be a key mechanism for cognitive dysfunction and poor prognosis (Youn et al., 2020). Therefore, we can reduce the nerve damage after SAH by inhibiting mitochondrial ROS production.
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FIGURE 3. Under normal physiological conditions, mitochondrial oxidative respiratory chain composed of complex I–IV can transfer electrons and H+ and produce ATP together with ATP synthase. When complex I–IV is dysfunctional, electron leakage occurs. This leads to the production of ROS and H2O2.




NADPH oxidase

The NADPH oxidase (NOX) family (NOX1–5 and dual oxidase (DUOX1 and 2) is an important source of ROS (Figure 4; Mittal et al., 2014). Under physiological conditions, ROS produced by NOX function as a defense mechanism against pathogens and signaling molecules. In pathological conditions, ROS cause oxidative damage through oxidative stress (Sorce et al., 2012). NOX catalyzes the transfer of two electrons through the biofilm to produce superoxide anion O2–∙ by using intracellular NADPH as electron donor and extracellular molecular oxygen as receptor. Then O2–∙ is progressively metabolized to H2O2 and ∙OH (Nayernia et al., 2014). NOX is expressed widely in CNS cells, while oligodendrocytes may be the only CNS cells that do not express NOX (Cinelli et al., 2020). NOX2 and 4 appear to be the major subtypes expressed in the brain under physiological conditions, with NOX2 being the most abundant (Miller et al., 2006). A study found significantly increased levels of NOX2 and 4 proteins in perihematoma neurons and astrocytes in SAH patients (Zhang et al., 2017). In animal models, NOX can trigger delayed cerebral vasospasm after SAH (Kim et al., 2002). NOX is associated with neurodegenerative diseases such as Alzheimer’s disease (Ganguly et al., 2021). This suggests that NOX is likely to be a risk factor for DIND after SAH. Therefore, NOX is a potential target for the treatment and prognosis improvement of SAH.
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FIGURE 4. The NADPH oxidase (NOX) family consists of seven catalytic subunits (NOX1-5 and DUOX1-2), regulatory subunits p22Phox, P47Phox or Noxo1, P67phox or Noxa1, and P40phox and Rac. They are widely expressed in endothelial cells (EC), vascular smooth muscle cells (VSMC), macrophages and other cells. Specifically, NOX1, 2, 4, and 5 are highly expressed in cardiovascular tissues. NOX – mediated ROS production mainly occurs on catalytic subunit Nox or Duox. For Nox1 and Nox2, ROS production requires complex interactions of regulatory subunits in the cytoplasm. Nox4, on the other hand, requires protein termed δ-interacting protein 2 (Poldip2). In addition, the increase in intracellular calcium was sufficient to promote the activation of NOX5 and DUOX1-2.




Myeloperoxidase

Myeloperoxidase (MPO) is a heme-containing peroxidase. It was found in the primary azurophilic granules of neutrophils and a small amount in the primary lysosomes of monocytes (Guilpain et al., 2008; Aratani, 2018). Neutrophils, in the middle and late stages of SAH, are recruited by chemokines into the subarachnoid space. While producing ROS through NOX, they can also use MPO to produce ROS (Winterbourn et al., 2016). Hypochlorous acid is the main product of MPO (Kargapolova et al., 2021), which can damage lipids, proteins and DNA due to its high dispersibility and oxidative activity (Figure 5; Chen J. et al., 2020). MPO-mediated nerve damage has been shown to cause cognitive impairment and neurodegeneration (Ray and Katyal, 2016). In SAH patients, serum MPO levels are positively correlated with DCI (Lim et al., 2012), and this has been confirmed in animal models (Oruckaptan et al., 2000). These suggest a negative role of MPO in the course of SAH.
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FIGURE 5. Myeloperoxidase (MPO) is produced and secreted mainly by neutrophils. It can produce a variety of oxidation products through halogenation cycle and peroxidation cycle and then cause damage to tissues and cells. In halogen cycle, MPO catalyzes halogen to produce HOCl and other strong oxides. In the peroxidation cycle, MPO can react with oxidizable molecules (RH) to form free radical intermediates. In addition, MPO can react with NO generated by NOS to form NO2–.




NOS

The nitric oxide synthase (NOS) family consists of three subtypes: endothelial NOS (eNOS), neuronal NOS (nNOS), and inductive NOS (iNOS) (Figure 6). The first two are constitutively expressed, while the latter is usually induced during inflammation (Pluta, 2006). In most cell types, expression of iNOS requires stimulation by cytokines or other inflammatory products. As the resident innate immune cells in the CNS, microglial cells are among the earliest activated immune cells after SAH (Coulibaly and Provencio, 2020). After SAH, microglia can transform into M1 phenotype, which can express iNOS depending on transcription factors including hypoxia-inducible factor-1 and NF-κB responding to inflammatory factors and hypoxic environment (Robinson et al., 2011; Rawlinson et al., 2020). Subsequently iNOS can increases NO levels and lead to free-radical-mediated neuronal damage (Bai et al., 2020).
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FIGURE 6. In mammals, there are three isotypes of nitric oxide synthase (NOS) (eNOS, iNOS, and nNOS). ENOS is the most important source of NO in endothelial cells. The shear stress of blood flow on the vascular wall is the main mechanism by which eNOS produces NO. INOS can be induced in a variety of cell types. LPS as a proinflammatory medium can induce the expression of iNOS. At the same time, the transcription factors NF-κB and STAT-1α are believed to be necessary for iNOS transcription in most cells. nNOS is highly expressed mainly in peripheral nerve fibers and is thought to have a protective effect on atherosclerosis. The release of L-Glutamate (L-Glu) from baroreceptors activates nNOS and promotes the production of NO. Although the expression mechanisms of the three isotypes are different, all of them can generate NO and L-Citrulline (L-CCP) as the substrate.




COX

COX, also known as prostaglandin oxidase reductase, is a bifunctional enzyme with activities of cyclo-oxygenase and catalase. It has two isozymes, COX-1 and COX-2, and is the key enzyme to catalyze the conversion of arachidonic acid to prostaglandins (Rouzer and Marnett, 2020). Thromboxane A2 (TXA2) synthesized by COX-1 induces platelet aggregation, vasoconstriction, and smooth muscle proliferation, while prostacyclin synthesized by COX-2 in the vascular endothelium antagonizes TXA2 in the macrovascular endothelium through smooth muscle relaxation and vasodilation (Young et al., 2012). In animal models, COX-2 overexpression is found in arterial endothelial cells after SAH, while COX-1 expression level does not change significantly (Tran Dinh et al., 2001). Subsequent studies have shown that COX-2 inhibitors are effective in preventing brain edema and protecting neurological function (Ayer et al., 2011). However, nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin, may also increase the risk of rebleeding while reducing SAH inflammation (Roumie et al., 2008; Parkhutik et al., 2012). Therefore, the use of COX inhibitors in the treatment of SAH should be carefully considered.






ENDOTHELIAL CELL DYSFUNCTION

Blood-brain barrier is mainly composed of tightly connected vascular endothelial cells, astrocyte terminal, and extracellular matrix. Among them, normal endothelial cells play an important role in maintaining BBB, regulating thrombosis and regulating vascular tone. After SAH, the integrity of the BBB is destroyed (Peeyush Kumar et al., 2019). Therefore, vascular endothelial damage will damage the blood-brain barrier, exacerbating neurological dysfunction (Graves and Baker, 2020).

After SAH, the CNS experiences a transient systemic ischemia. Normally, vasoactive substances have a delicate balance between vasodilation and contraction. Early in the course of the disease, the balance becomes out of balance, with endothelial cells responding more to vasoconstrictors and less to vasodilators (Geraghty et al., 2019; Lenz et al., 2021). Therefore, the cerebrovascular contraction and even spasm are stimulated by a variety of vasoconstrictor substances such as endothelin. In quick succession, there will be lack of cerebral blood flow and cerebral perfusion (Jullienne et al., 2016). In the ischemic environment, in addition to impaired nerve cell function, vascular endothelial cells undergo morphological changes and become dysfunctional (Sehba and Friedrich, 2013; Østergaard et al., 2013).

As the disease progresses, secondary inflammation and oxidative stress further damage the endothelial cells. Under the joint action of many factors, endothelial cell dysfunction is aggravated and eventually apoptosis. In addition, damaged endothelial cells release substances such as matrix metalloproteinase 9 (MMP-9) (Wang et al., 2018). Mmp-9 can degrade the extracellular vascular matrix, including collagen IV, laminin, and fibronectin, etc. (Lu et al., 2011). Therefore, the integrity of the BBB is lost. This exposes nerve cells to a large amount of harmful substances and causes brain tissue edema and other central nervous dysfunction (Willis et al., 2008; Hayman et al., 2017; Swissa et al., 2019).



HEMOGLOBIN AS A THERAPEUTIC TARGET

Hemoglobin causes direct and indirect neurotoxicity; therefore, therapies that targeting hemoglobin are important for patients with SAH.


Physical Clearance

Surgery is the only way to completely remove the blood clot. Especially for SAH patients with large hematomas or ruptures in the cerebroventricular system, surgery can effectively remove the hematoma and reduce the occurrence of vasospasm (Zhang et al., 2001). However, due to the anatomical structure of SAH, blood can be widely distributed in various parts of the subarachnoid space. Therefore, for patients with small hematomas and mild symptoms, surgical treatment is no longer appropriate.

For patients in whom craniotomy for removal of hematoma is not recommended, continuous drainage of CSF by external ventricular drainage and lumbar cistern drainage can be performed to reduce the hemoglobin concentration in CSF (Wolf, 2015). Continuous CSF drainage can significantly reduce the incidence of vasospasm (Klimo et al., 2004; Alcalá-Cerra et al., 2016). However, CSF drainage is of limited use and it does not clear the blood clot that has formed. Blood clots can still release hemoglobin, which can damage brain tissue. Therefore, CSF drainage results in a small improvement in long-term outcomes after SAH (Al-Tamimi et al., 2012).

In recent years, CSF drainage combined with intrathecal drug therapy has received attention. A randomized controlled trial in Japan used magnesium sulfate solution for intrathecal irrigation. Although vasospasm was significantly improved, the incidence of DCI and functional outcomes in patients with SAH were not significantly improved (Yamamoto et al., 2016). The combined intrathecal use of thrombolytic agents has not yielded satisfactory results (Etminan et al., 2013). It has also been found that intrathecal use of thrombolytic agents increases inflammation. However, this may be due to the release of hematoma breakdown products rather than thrombolytic drugs (Kramer et al., 2015).



Enhancing Endogenous Hemoglobin Clearance

Hemoglobin can be engulfed by cells in three ways: erythrophagocytosis, endocytosis of erythrocytes mediated by haptoglobin, and endocytosis of heme mediated by hemopexin (Figure 7; Bulters et al., 2018; Pan et al., 2020). These mechanisms of endogenous hemoglobin clearance provide an entry point for therapeutic regimens that target hemoglobin.
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FIGURE 7. Extracellular hemoglobin can be metabolized into hemoglobin dimer as well as heme. The hemoglobin dimer can bind to the haptoglobin and enter the cell mediated by CD163. Soon afterward, the hemoglobin dimer that enters the cell will be decomposed into heme. On the other hand, extracellular heme can bind to hemopexin and enter the cell mediated by CD91. In quick succession, heme and oxygen in the cell are catalyzed by heme oxygenased (HO1/2) to produce Fe2+ ions, CO and bilirubin. In addition, abnormal red blood cells can also be cleared by phagocytosis mediated by the expression of type II scavenger receptor (CD36) on the phagocytic membrane.



Erythrophagocytosis

Erythrophagocytosis is the removal of abnormal RBCs by monocytes/macrophages with type II scavenger receptors (CD36) expressed on their membranes. After SAH, macrophages/microglia recognize exposure to phosphatidylserine via CD36 and mediate erythrophagocytosis. In particular, transcription factor Nrf2 (nuclear factor- erythroid 2 p45-related factor 2) regulates the expression of CD36 on microglia, thereby improving RBC clearance (Zhao et al., 2015). Recent studies have shown that CD47 can enhance RBC clearance (Tao K. et al., 2020). However, the exact role of CD47 in erythrocyte clearance remains to be further studied. Although erythrophagocytosis appears to be an effective scavenging mechanism, macrophages that ingest more than two erythrocytes undergo cell death and release heme and iron into the extracellular matrix (Knutson et al., 2005). This means that the use of erythrophagocytosis does not provide beneficial help to clear RBCs.



Haptoglobin

Haptoglobin, an acute-phase reactant produced primarily by the liver, is the primary hemoglobin-binding protein in humans and most mammals (Buehler et al., 2020). The hemoglobin dimer produced after RBC rupture can immediately and irreversibly bind to binding haptoglobin, which is known as one of the strongest naturally occurring noncovalent interactions (Andersen et al., 2017). The binding of haptoglobin to hemoglobin reduces the redox potential of hemoglobin to reduce oxidative damage and prevent the release of heme and the generation of free iron during degradation of heme (Garland et al., 2020). Following the formation of haptoglobin–hemoglobin complex, CD163 (the scavenger membrane receptor) on macrophages and microglia can internalize the complex, leading to decomposition of hemoglobin in phagolysosomes (Jing et al., 2018).

The researchers found that haptoglobin has three distinct genotypes, homozygous HP1–HP1 and HP2–HP2, and heterozygous HP2–HP1, due to the two major alleles of the haptoglobin gene presented on chromosome 16 (Nielsen and Moestrup, 2009). HP1–HP1 has the best affinity with hemoglobin, and hemoglobin combined with HP1–HP1 is cleared fastest (Azarov et al., 2008; Morton et al., 2020). In the 1980s, Japanese scientists were using haptoglobin to treat hemolysis secondary to burns (Imaizumi et al., 1994). Since then, scientists have tried using haptoglobin in animal models with some success (Lipiski et al., 2013; Schaer et al., 2018). However, haptoglobin therapies have not been reported in clinical trials. In the future, many advances in recombinant protein design, truncated binding constructs, and fusion protein design will contribute to novel haptoglobin-based therapies.



Hemopexin

Hemopexin is an acute phase plasma glycoprotein that is primarily produced by the liver and released into plasma, but it can also be expressed by neurons and glia (Morris et al., 1993; Tolosano et al., 2010). However, the level of hemopexin in the CSF is usually 10 times lower than the normal circulating level (Garland et al., 2016). Hemopexin can bind heme with high affinity to form complexes. Subsequently, the complex can bind to CD91 (low-density lipoprotein receptor-related protein-1). CD91 is a transmembrane protein that is expressed on membranes of various cells (such as macrophages, astrocytes, and oligodendrocytes) and mediates endocytosis of the complexes, leading to clearance of heme. However, one study found that approximately one-third of patients with SAH had elevated heme-binding proteins in the CSF. Meanwhile, these patients were more likely to develop DCI and had poorer neurological outcomes (Garland et al., 2016). Animal studies have shown that hemopexin reduces early post-ICH damage, but does not reduce neurological deficits, inflammatory cell infiltration, or perihematoma cell viability and improve patients prognosis in the long term (Chen-Roetling et al., 2021). Nevertheless, hemopexin is recognized as protective after systemic hemolysis and may be helpful for patients with SAH (Smith and McCulloh, 2015). However, further study is still needed to confirm the neuroprotective effects of hemopexin after SAH (Griffiths et al., 2020). In the future, research should focus on more effective targeting of CNS delivery and the sustainability of efficacy.





ANTI-INFLAMMATORY THERAPY

Clinical trials of anti-inflammatory drugs have only been studied in a small number of subjects. Therapies with steroids, statins and NSAIDs have yet to show significant clinical benefit (de Oliveira Manoel and Macdonald, 2018).


Steroid Hormones

Steroid hormones are effective in combating inflammation and inhibiting the production of proinflammatory cytokines (Whitehouse, 2011). A retrospective study found that dexamethasone treatment appeared to reduce the risk of adverse outcomes after SAH (Czorlich et al., 2017). However, another study showed that dexamethasone use reduced poor outcomes, but not for DCI (Mohney et al., 2018). This may be because steroid hormones help maintain the water and electrolyte balance and reduce brain edema (Mistry et al., 2016).



Statins

Statins, or 3-hydroxy-3-methylglutaryl-CoA inhibitors, can reduce total cholesterol and low-density lipoprotein (LDL), as well as triglyceride. They also increase high-density lipoprotein. Simvastatin has been shown to reduce the occurrence of DCI in animal models (Sugawara et al., 2008). This may be because statins exert a neuroprotective effect through a cholesterol-dependent mechanism (Tseng et al., 2007). However, a retrospective trial found that atorvastatin reduced cerebral vasospasm and infarction after SAH, but had little effect on long-term prognosis (Chen S. et al., 2020). Therefore, more evidence is needed to support the need for statins in patients with SAH (Bohara et al., 2021).



COX Inhibitors

As mentioned above, COX is important in the pathophysiological process of SAH. Aspirin, as a nonselective COX inhibitor, inhibits the synthesis of TXA2 and prostacyclin simultaneously. Thus, aspirin inhibits the formation of microthrombosis and reduces the inflammatory response in SAH (Muroi et al., 2014; Darkwah Oppong et al., 2019). However, there are considerable differences of opinion regarding the use of NSAIDs. Although feasible in theory, they seem to have little effect in clinical practice (Young et al., 2012).



Other Potentially Anti-inflammatory Drugs

Minocycline, a tetracycline antibiotic, has recently been found to prevent inflammation and p53-related apoptosis induced by NLRP3 inflammasomes (Li Q. et al., 2016, Li J. et al., 2016). In addition, fluoxetine, which has been shown to have anti-inflammatory effects in many diseases, attenuates NLRP3 inflammasome and caspase-1 activation through autophagy activation in animal models (Li et al., 2017). Melatonin has also been found to reduce the inflammatory response and be beneficial for early post-SAH brain injury (Dong et al., 2016).




ANTIOXIDANT THERAPY

Excessive ROS can cause irreversible oxidative damage to cells, proteins, lipids, and DNA, leading to cell necrosis or apoptosis and subsequent cell or tissue damage. At present, there are two possible therapeutic approaches to reduce ROS: enhancing the activity of endogenous antioxidant enzymes, and preventing or reducing the production of peroxides.


Enhance Antioxidant Capacity: Nrf2 Regulation

Nuclear factor-erythroid 2 p45-related factor 2 is a transcription factor that recognizes antioxidant response elements (AREs) to regulate the expression of a variety of genes (Figure 8; Shao et al., 2020). Nrf2 binds to the Kelch-like ECH-associated protein 1 (Keap1) in the cytoplasm through its binding domain. Therefore, the function of Nrf2 is regulated by Keap1 (Itoh et al., 1999). The Nrf2 system is widely expressed in CNS and is usually upregulated in response to inflammation and brain injury (Sandberg et al., 2014).
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FIGURE 8. The transcription factor nuclear factor erythroid-derived 2-like 2 (Nrf2) plays an important role in cellular antioxidant and other important physiological processes. Under physiological conditions, Nrf2 can be ubiquitinated and bind to Keap1. Subsequently, Nrf2 can be degraded by keAP1-dependent proteasome. In addition to ubiquitination, various post-translational modifications such as phosphorylation can affect the stability of Nrf2 structure. Under moderate oxidative stress and antioxidant stimulation, Nrf2 can enhance its stability through various post-translational modifications such as phosphorylation. At the same time, Nrf2 with enhanced stability can be translocated to the nucleus and combined with the cis-acting element ARE to activate the transcription of antioxidant genes.


In animal experiments, Nrf2 expression is upregulated in cerebral arteries of rats after experimental SAH (Wang et al., 2010). It attenuates early brain injury such as cerebral edema, BBB injury and cortical cell apoptosis through the Nrf2–ARE pathway (Chen et al., 2011). Nrf2 can also reduce the occurrence of cerebral vasospasm (Zhao et al., 2016). After the Nrf2 gene is knocked out, brain injury of SAH rats is aggravated, including increased cerebral edema, BBB destruction, apoptosis of nerve cells, and severe neurological impairment (Li et al., 2014). Thus, existing studies have demonstrated that Nrf2 plays an important role in alleviating secondary complications induced by SAH.

Currently, sulforaphane, curcumin, astaxanthin, lycopene, melatonin, erythropoietin, and other Nrf2 system activators are available. All of this works by binding to Keap1 to release Nrf2. Released Nrf2 translocation into the nucleus leads to increased transcription (Zolnourian et al., 2019). Currently, there is growing clinical interest in the use of Nrf2 activators in the treatment of SAH (Guo et al., 2018; Zolnourian et al., 2020). We may use this mechanism to treat patients with SAH in the future.



Reducing Peroxides

Superoxide dismutase, glutathione peroxidase (GPX), and catalase are important peroxidase scavengers in the CNS (Figures 9, 10; Lewén et al., 2000). However, the antioxidant capacity of these enzyme systems is reduced after SAH (Marzatico et al., 1993). This leads to a negative effect on the antioxidant stress after SAH. For example, decreased concentrations of SOD in plasma and CSF have been shown to be associated with long-term poor outcomes after SAH (Krenzlin et al., 2021). In addition, gene transfer of SOD was found to reduce cerebral vasospasm after experimental SAH (Watanabe et al., 2003). So far, no clinical treatment associated with exogenous antioxidant enzymes has been reported. In the future, exogenous supplementation of these enzymes will possibly reduce the level of oxidative stress in SAH patients, reduce the damage of peroxides to the CNS, and improve prognosis.
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FIGURE 9. There are many isotypes of SOD. Among them, SOD1, SOD2, and SOD3 play major roles in the cell. Both were able to reduce superoxide to produce H2O2 and O2, but they worked in different places. SOD1 exists in the mitochondrial membrane space, SOD2 is distributed in the mitochondrial matrix, and SOD3 is distributed in the cell matrix.
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FIGURE 10. The GPX mediated reduction of hydrogen peroxide and lipid hydroperoxides involves the formation of multiple intermediates with the assistance of glutathione (GSH). The selenol (–SeH) of GPX reacts with peroxides to form selenic acid (Se-OH). Then the selenic acid is reduced by GSH to form the Se-SG intermediate of GPX. GPX-Se-SG was reduced by the second GSH to form GSSG. GSSG can be reduced by glutathione reductase (GR) as reduced equivalent by NADPH.





CONCLUSION

Subarachnoid hemorrhage is a complex disease with multiple mechanisms involved in its pathophysiology. Many studies have shown that inflammatory response and oxidative stress play an important role in the progression and prognosis of SAH. It has been demonstrated that inflammatory response and oxidative stress have adverse effects on CNS function. They play a negative role in the pathophysiological processes of cognitive dysfunction, neurodegeneration and psychiatric diseases.

RBCs are the earliest cell component to enter the subarachnoid space after SAH and become the initiator of secondary SAH inflammation. Subsequently, microglia and immune cells such as neutrophils recruited from the peripheral circulation are the main bearers of SAH inflammatory response, producing and releasing a large number of proinflammatory cytokines and ROS. These, together with ROS formed during hemoglobin metabolism, which is released after rupture of RBCs, mediate damage to the CNS.

Treatment regimens (surgery and drugs) targeting secondary inflammation and oxidative stress after SAH have been shown to improve the outcomes of patients with SAH. However, there is not enough detailed basic research and sufficient, well-controlled clinical trials to draw definitive conclusions about safety and efficacy. In the future, more effective treatment regimens will be developed to help prevent complications and improve outcomes.
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The vascular endothelial glycocalyx is a dense, bush-like structure that is synthesized and secreted by endothelial cells and evenly distributed on the surface of vascular endothelial cells. The blood-brain barrier (BBB) is mainly composed of pericytes endothelial cells, glycocalyx, basement membranes, and astrocytes. The glycocalyx in the BBB plays an indispensable role in many important physiological functions, including vascular permeability, inflammation, blood coagulation, and the synthesis of nitric oxide. Damage to the fragile glycocalyx can lead to increased permeability of the BBB, tissue edema, glial cell activation, up-regulation of inflammatory chemokines expression, and ultimately brain tissue damage, leading to increased mortality. This article reviews the important role that glycocalyx plays in the physiological function of the BBB. The review may provide some basis for the research direction of neurological diseases and a theoretical basis for the diagnosis and treatment of neurological diseases.
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INTRODUCTION

The surface of the vascular endothelium is covered with a layer of villiform substance, which is called the glycocalyx. It is synthesized by vascular endothelial cells and extends to vascular lumen and surface. In 1966, Rambourg et al. (1966) used methylamphetamine labeled with Ag to observe a layer of proteoglycan (PG) protein polymers on the surface of endothelial cells of mice for the first time. With the development of modern methods of fixation and rapid-freeze techniques as well as a variety of confocal microscopy, there have been more in-depth studies on the structure and functions of the glycocalyx (Ebong et al., 2011). The glycocalyx on endothelial cells is a kind of PG polymer. It mainly includes PGs and glycosaminoglycan chains (GAGs). The core protein of PG mainly consists of members of syndecan and glypican families. GAGs, including heparan sulfate (HS), chondroitin sulfate (CS), and hyaluronan (HA), are the most abundant components of the glycocalyx (Salmon and Satchell, 2012; Alphonsus and Rodseth, 2014; Mende et al., 2016). Glycocalyx extends from the membrane of endothelial cells to vascular lumen, prevents leukocytes and platelets from contacting with endothelial cells, and plays a key role in maintaining the stability of the internal environment (Salmon and Satchell, 2012; Ushiyama et al., 2016). Research has proved that glycocalyx can maintain the stability of many physiological functions, such as maintaining the permeable barrier of microcirculation, preventing trigger inflammation and coagulation response, and conducting the shear force of blood flow (Iba and Levy, 2019; Nikmanesh et al., 2019; Zuurbier, 2019). It can also protect the functions of vital organs including the brain, heart, lungs, and kidneys (Becker et al., 2010b; van Golen et al., 2014; Brettner et al., 2017; Rabelink et al., 2017; Zhu et al., 2017).

The BBB prevents sensitive neurons from being attacked by toxic metabolites and exogenous materials in the circulation. Therefore, stable and intact BBB is crucial for maintaining normal physiological functions of the brain. The cerebrovascular dysfunction, such as destruction of the BBB, endothelium dysfunction, or capillary degeneration, is also related to the pathogenesis and progression of many nervous system diseases, including neuroinflammation, cognitive decline related to aging, multiple sclerosis, brain tumor, and epilepsy (Zenaro et al., 2017; Abdullahi et al., 2018; Abrahamson and Ikonomovic, 2020). With the development of the confocal technique and photon fluorescence imaging technique, the microstructure of the BBB has gradually become clear to researchers. The unique system structure mainly consists of pericytes, endothelial cells, glycocalyx of endothelial cells, basement membrane, and astrocyte cells (Kutuzov et al., 2018; Santa-Maria et al., 2021).

After the glycocalyx in the endothelium of the BBB is impaired, a series of pathophysiological changes related to the microcirculation occurs. If the glycocalyx is degraded, the permeability of the BBB increases, leading to neuroedema. The number of leukocyte and platelets binding with the exposed surface receptors of endothelial cells increases, causing inflammation, a blood clotting response, cerebral microcirculation ischemia, and damage to the nervous tissue (Kutuzov et al., 2018; Zhao et al., 2021). Currently, there are few overviews of the glycocalyx and cerebrovascular microcirculation. In this review, we discuss the structure and physiological functions of endothelial glycocalyx and the progress of related research on endothelial glycocalyx and cerebral vessels in detail and provide some clues for subsequent research and disease treatment.


The Structure of the Glycocalyx

The endothelial glycocalyx is a layer of dense and uneven grass-like substance covering the surface of vascular endothelial cells (Fang et al., 2021). The endothelial glycocalyx is a PG polymer synthesized and secreted by endothelial cells. Through the skeleton consisting of PG and glycoproteins (GLYs), it binds with endothelial cells. In this net structure, soluble factors from plasma and endothelial cells are bound and attached. This grass-like structure maintains the dynamic balance under physiological conditions. The main core PG proteins are members of the syndecan and glypican families. These core proteins firmly bind with the cell membrane and pass the membrane-spanning domain (syndecans) or a glycosylphosphatidylinositol anchor (glypicans) (Kabedev and Lobaskin, 2018; Purcell and Godula, 2019). The syndecan family comprises 5 members: syndecan-1, syndecan-2, syndecan-3, and syndecan-4. Among these members of the syndecan family, syndecan-1 expressed by vascular endothelial cells can bind HS, CS, and keratan sulfate. Syndecan is closely related to the shear force of blood flow (Koo et al., 2013). Members of the glypican family include glypican-1, glypican-2, glypican-3, glypican-4, glypican-5, and glypican-6. Glpyican-1 is the only member of the glypican family expressed on endothelial cells. The branch linkage includes HS (Tarbell, 2010).

The side chain of GAGs binds with the main part of core protein or CD44 receptors on the surface of endothelial cells. There are 5 types of GAGs, namely, HS, CS, dermatan sulfate, keratan sulfate, and HA (or hyaluronic acid). HS, CS, and dermatan sulfate with negative charges bind the core protein through covalent binding. HS is the most abundant components of GAG side chains, comprising 50–90% of these chains (Pries et al., 2000). The next most abundant components are CS and dermatan sulfate, whose content is approximately one-quarter of that of HS (Rapraeger et al., 1985). The details of keratan sulfate are currently unknown. In contrast to the four abovementioned GAGs, non-sulfated HA, which has no charge, does not bind the core protein, but covalently binds the cell membrane through CD44 receptors (Nandi et al., 2000). GAG chains with negative charges can bind plasma proteins and positively charged ions through the electric charge effect (Van den Berg et al., 2006; Reitsma et al., 2007).

Similar to PGs, GLYs are skeleton proteins of the glycocalyx that link the glycocalyx and endothelial cells. GLYs are adhesion molecules on the surface of endothelial cells. They mainly consist of members of the selectin family, the integrin family, and the immunoglobulin superfamily. The selectin family members that are expressed on the surface of endothelial cells mainly include E-selectin and P-selectin. They participate in the adhesion of leukocytes and endothelial cells (Sperandio, 2006). The main function of the integrin family on the surface of endothelial cells is mediating the adhesion of endothelial cells and platelets and the linkage of extracellular matrix, such as lantinin, fibronectin, and collagen (Bombeli et al., 1998; Ruegg and Mariotti, 2003). The immunoglobulin superfamily of glycocalyx includes the cytoplasmic domain, transmembrane domain, and intracellular domain. The main molecules include intercellular adhesion molecules 1 and 2 (ICAM-1 and –2), vascular cell adhesion molecule 1 (VCAM-1), and platelet/endothelial cell adhesion molecule 1 (PECAM-1) (Reitsma et al., 2007). It has been observed under an electron microscope that the thickness of the glycocalyx of the vascular endothelium is 0.1–11 μm (Becker et al., 2010a). A schematic diagram of cerebral vascular endothelial glycocalyx is shown in Figure 1.
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FIGURE 1. Schematic diagram of cerebral vascular endothelial glycocalyx. Syndecan and glypican are membrane-bound proteoglycans-core skeletons, to which chondroitin sulfate and heparan sulfate are connected. Syndecans are transmembrane proteoglycans. Glypicans attach to the cell surface through glycosylphosphatidylinositol anchors. Hyaluronic acid is connected to the endothelial cell membrane through the CD44 receptor.




The Role of Glycocalyx in Permeability

The endothelial glycocalyx is an important gatekeeper of vascular permeability. Damage to the glycocalyx increases the transport of water, proteins, and other molecules from the plasma to outside of blood vessels (Butler et al., 2020). The endothelial glycocalyx can restrict certain molecules from passing through the endothelial cell membrane, as confirmed by injecting of fluorescently labeled dextran into rat mesenteric arteries (van Haaren et al., 2003). It was observed that the in rat myocardial capillaries, the glycocalyx is degraded by enzymes, and the subsequent hyperosmolarity leads to myocardial edema (Araibi et al., 2020). Degradation of 42% of the endothelial glycocalyx in the isolated rat abdominal aorta by hyaluronidase (HAase) facilitates water and low-density lipoprotein transport across the vessel wall, suggesting that the endothelial glycocalyx is a transport barrier (Kang et al., 2021). Not only does the molecular sieve effect of the glycocalyx structure determine the permeability of blood vessels, but the negatively charged nature of glycocalyx also makes blood vessels act as a charge barrier. Heparan sulfate and chondroitin sulfate in glycosaminoglycan side chain components are negatively charged, so the glycocalyx facing the plasma is also negatively charged. Studies have found that neutralizing the negative charge of the glycocalyx by myeloperoxidase can induce permeability and increase vascular permeability (Kolarova et al., 2021). According to the traditional Starling model, two opposite forces passing through the endothelial cell layer maintain fluid distribution balance, which is determined by four factors: capillary pressure, tissue fluid hydrostatic pressure, plasma colloid osmotic pressure, and tissue fluid colloid osmotic pressure (Starling, 1896). In recent years, the discovery of microvascular barrier functions has questioned this notion, suggesting that the structural net consisting of the endothelial glycocalyx binds with the endothelial cell membrane of blood vessels and forms the endothelial surface layer, which bears the blood vessel barrier. The resulting osmotic pressure of the transendothelial PG protein colloid is the main determining factor of the internal and external flow of fluid in capillaries (Michel, 1997). A schematic diagram of the physiological functions of glycocalyx is shown in Figure 2.


[image: image]

FIGURE 2. The intact glycocalyx can maintain the permeability of the blood-brain barrier. Damage to the glycocalyx will increase the permeability of the blood-brain barrier (for example, albumin exudation). The CAMs and PECAM hidden in the glycocalyx are exposed due to the shedding of the glycocalyx, causing the aggregation of leukocytes and platelets. CAMs, endothelial cell adhesion molecules. PECAM, platelet/endothelial cell adhesion molecule.




The Role of Glycocalyx in Inflammation

The vascular response is the central part of the inflammatory response. Lipowsky et al. (2011) observed that, in a mouse model of inflammation, after the vascular endothelial glycocalyx structure is destroyed, vascular endothelial cell intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) make it easier for leukocytes in the blood circulation to adhere to the vascular endothelial cells, which in turn cause a series of inflammation and pathological changes (Mulivor and Lipowsky, 2004; Devaraj et al., 2009; Mulivor and Lipowsky, 2009; Schmidt et al., 2012; Lipowsky and Lescanic, 2013). Therefore, glycocalyx shedding is the response of vascular endothelial cells to inflammatory mediators. In an inflammatory state, the glycocalyx of vascular endothelial cells falls off, but it also plays an important role in regulating the occurrence and development of inflammation. HS is the main component of the vascular endothelial glycocalyx and exists on the surface and matrix of cerebrovascular cells (Bernfield et al., 1999). A series of in vitro cell experiments confirmed that HS is a potential ligand of P and L-selectin, which binds to pro-inflammatory chemokines and promotes the transmembrane transport of chemokines (Hoogewerf et al., 1997; Koenig et al., 1998). Vascular endothelial HS participates in and regulates multiple stages of an inflammatory response, but its exact role in the process of inflammatory response is not fully understood.



The Role of the Glycocalyx in the Anticoagulant Process

Glycocalyx’s dense and bush-like structure can hide coagulation-related molecules. Under physiological conditions, direct contact between endothelial cells and blood cells can be avoided, thereby avoiding thrombosis. In addition, glycocalyx can also achieve anticoagulant effects by interacting with antithrombin III, thrombomodulin, and tissue factor pathway inhibitor (TFPI). The main mechanisms of actions include (Bell et al., 2017; Lupu et al., 2020): (1) PECAM is exposed by the shed glycocalyx; (2) Antithrombin III binds to HS in the glycocalyx to enhance its anticoagulant effect; (3) Thrombomodulin can bind to CS to convert thrombin into the protein C activator of the pathway, thereby forming the anticoagulation pathway; (4) TFPI is an effective inhibitor of FVIIa and FXa in the coagulation pathway, and the anticoagulation effect is achieved mainly through the interaction of TFPI and glycocalyx (Kozar and Pati, 2015).



The Glycocalyx as a Signal Sensor

The glycocalyx can sense changes in blood flow shear force and transmit it to endothelial cells, which induces corresponding morphological and functional responses, such as the release of endogenous vasoactive substances and nitric oxide (NO) and cytoskeleton changes (Lyu et al., 2020). In the rat blood vessel model, the amount of NO produced by blood vessels was detected after HS enzymatically degraded under changes of blood flow shear force. Researchers have found that the production of nitric oxide is significantly reduced (Yen et al., 2015). However, not all components of the glycocalyx can mediate shear-induced NO release. Anne Marie W Bartosch et al. (2017) used atomic force microscopy (AFM) to selectively apply forces onto glycocalyx components, including PGs and GAGs, to observe how each component individually promotes force-induced NO production. They concluded that HS and the glypican-1, not syndecan-1, CD44, and HA, are the main mechanical sensors for shear-induced NO production (Bartosch et al., 2017). According to the report of Eno E Ebong, core protein syndecan-1 of HS mediates flow-induced endothelial cells elongation and alignment because SDC1 is linked to the cytoskeleton which impacts cell shape (Ebong et al., 2014). Kang et al. (2021) found that 24-h shear exposure increased the average maximum infiltration distance of low-density lipoprotein and enhanced endothelial cells apoptosis and that both of these effects were inhibited by HAase, indicating that the glycocalyx of endothelial cells can also serve as shearing mechanical sensors regulate endothelial cell apoptosis, thereby affecting leaky connections and regulating low-density lipoprotein transport.



The Effect of the Endothelial Glycocalyx in Cerebrovascular Micro-Homeostasis

The BBB is a unique structure that is mainly composed of pericytes, endothelial cells, the glycocalyx, basement membranes, and astrocytes (Kutuzov et al., 2018). Glycocalyx plays an irreplaceable role in maintaining the barrier function of cerebral blood vessels. Through EB and IgG extravasation assays, Zhu et al. (2018) found that in the group with integral glycocalyx structure, EB and IgG did not leak into the hippocampus. However, upon treatment with heparanase (HPSE), leakage was obvious (Zhu et al., 2018). The glycocalyx can prevent some molecules from passing through the BBB. Kutuzov et al. (2018) used a two-photon microscopy to observe the transport of four different sizes of molecules, i.e., fluorescein sodium (376 Da), Alexa Fluor (643 Da), 40-kDa dextran, and 150-kDa dextran from blood to the brain tissue in the cortical capillaries of anesthetized mice. Fluorescein and Alexa penetrate almost the entire glycocalyx structure layer, while the penetration rate of dextran is less than 60% of the volume. This indicates that glycocalyx can block large molecules in the BBB very well, but the ability to prevent small molecules from infiltrating is limited (Kutuzov et al., 2018). In the rat cardiac arrest/cardiopulmonary resuscitation model, the degree of glycocalyx destruction caused by HAase treatment was related to the high BBB permeability and aggravation of cerebral edema after circulation recovery and perfusion, as well as the decrease in survival rate at day 7 and poor nervous system-related prognosis (Zhu et al., 2018). The mechanisms by which the glycocalyx maintains the permeability of the BBB mainly include the following. First, the dense bush-like structure can play a physical isolation effect (Kutuzov et al., 2018). Second, HS and CS in the side chain of GAGs carry negative charges. Therefore, glycocalyx can prevent negatively charged molecules such as albumin from passing through the BBB due to charge repulsion (Deen et al., 2001). And third, after damage to the endothelial glycocalyx, the levels of inflammatory molecules and matrix metalloproteinases (MMPs) increase, resulting in disruption of the close interactions that form the BBB and further increasing vascular permeability.

In addition to regulating the permeability of the blood-brain barrier (BBB), glycocalyx is also involved in cerebrovascular coagulation and neuroinflammatory processes (Lupu et al., 2020). Delayed cerebral ischemia is a common complication of aneurysmal subarachnoid hemorrhage, but the specific mechanism is not clear. Bell et al. (2017) study on patients with aneurysmal subarachnoid hemorrhage found that in patients with delayed cerebral ischemia, specific markers of glycocalyx damage, including SDC-1, were significantly elevated and that this elevation of syndecan-1 expression was related to vascular adhesion protein-1 in the plasma and endothelial cell adhesion molecules (CAMs) in the cerebrospinal fluid. This indicates that the breakdown of cerebrovascular glycocalyx integrity may be related to ischemic brain diseases (Bell et al., 2017). Moreover, the endothelial adhesion molecules ICAM-1 and VCAM-1 within the glycocalyx are exposed after glycocalyx degradation (Simard et al., 2012). This adhesion molecules are known as the central mediators of leukocyte adhesion to and transmigration across BBB (Schnoor et al., 2015). Upregulation of proinflammatory cytokines as a response to leakage of leucocytes further contributes to the subsequent increased neuronal excitability (Rana and Musto, 2018). Kim et al. found that after glycocalyx degradation, ICAM-1 and NF-kB not only increase leukocyte adhesion, but also up-regulate the expression of iNOS and COX-2 (Kim et al., 2013). Inflammatory factors such as TNF-α and oxygen free radicals increase the production of MMPs, which in turn damage brain tissue. The function, shedding enzyme and strategies of glycocalyx protection are summarized in Table 1.


TABLE 1. The function, shedding enzyme and protection strategies of glycocalyx in cerebrovascular.
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Major Shedding Enzyme Responsible for Glycocalyx Damage

The glycocalyx is degraded via inflammatory mechanisms such as MMPs, HPSE, and HAase. These sheddases are activated by reactive oxygen species and pro-inflammatory cytokines such as tumor necrosis factor alpha and interleukin-1beta (Iba and Levy, 2019; Uchimido et al., 2019). Several studies have determined that MMPs is the primary molecule responsible for glycocalyx degradation (Song et al., 2015). MMP-2, MMP-7, and MMP-9 directly cleave CS, MMP-1 cleaves syndecan-1, and MMP-9 is the main shedding enzyme of syndecan-4 (Endo et al., 2003; Reine et al., 2019). ADAM17 also participates in glycocalyx degradation by removing the extracellular domain of syndecan-4 (Piperigkou et al., 2016). In addition, studies have confirmed that ADAM15 causes vascular BBB dysfunction by inducing glycocalyx degradation. The underlying mechanism includes ADAM15-mediated CD44 cleavage and the release of the extracellular domain (HA) into the circulation, thereby promoting hyperpermeability of blood vessels and BBB destruction (Yang et al., 2018). Therefore, blocking ADAM15 may be a potential strategy to maintain the integrity of the glycocalyx. MMP is regulated by the activity of histone deacetylase (HDAC) inhibitors. When HDAC is up-regulated under stimulation, the expression of tissue inhibitors of matrix metalloproteinases (TIMPs) decreases and the expression of MMP increases, leading to accelerated glycocalyx degradation in endothelial cells (Ali et al., 2019). Ischemia and hypoxia can induce the activation of mast cells, so that the HPSE stored in the mast cells is released into the extracellular space, resulting in cleavage of HS from the endothelial glycocalyx (Becker et al., 2010b). HPSE is the only enzyme known to cleave HS and is another important factor that promotes the shedding of the glycocalyx (Becker et al., 2015). Research on HPSE has helped elucidate the catabolic processes involved in the decomposition of HS. Methylation of the HPSE promoter may regulate HPSE expression (Shteper et al., 2003). Recently, the transcription factor SMAD4, a key protein in the TGF-β signaling pathway, was found to inhibit HPSE by binding to the HPSE promoter region (Qu et al., 2016; Zheng et al., 2016). The inhibitory effect of p53 combined with the promoter on HPSE expression also resulted in the decrease of HPSE activity, indicating p53 is an effective regulator of HPSE expression (Baraz et al., 2006). Enzyme that promotes the shedding of HA is HAase. HAase cracks HA. Atherosclerosis and HAase activity is related (Nieuwdorp et al., 2007). Volume overload is encountered during neurosurgery. Volume overload will cause an increase in the release of natriuretic peptides. Experiments showed that A-, B-, and C-type natriuretic peptides have the ability to promote glycocalyx shedding (Jacob et al., 2013). A summary of the mechanism of damage to glycocalyx shedding is shown in Figure 3.
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FIGURE 3. Mechanisms of glycocalyx damage. HPSE, Heparanase; HAase, hyaluronidase; MMPS, matrix metalloproteinases; TIMPS, tissue inhibitor of matrix metalloproteinases; HDAC, histone deacetylase; HA, hyaluronic acid; HS, heparan sulfate; CS, chondroitin sulfate.




Potential Strategies of Clinical Protection

The physiological function of the BBB is inseparable from the complete glycocalyx structure. The search for measures to protect the glycocalyx from degradation has always been a research hotspot. Glucocorticoid can stabilize mast cells, inhibit the activation of white blood cells, relieve the downstream inflammatory response, and protect glycocalyx, but its clinical application is limited by the adverse complications of immunosuppression caused by large doses (Cui et al., 2015; Yu et al., 2019). Antithrombin agents can stabilize its structure by combining with endothelial glycocalyx, thereby reducing the enzymatic decomposition of glycocalyx. However, the use of antithrombin during neurosurgery will affect the coagulation function of patients and cause adverse events of postoperative massive bleeding (Chappell et al., 2009a,b). The protective mechanism of albumin is similar to that of antithrombin, but excessive use of albumin will increase the cost of hospitalization for patients, and albumin is an allogeneic source, which will increase the risk of allergy in patients (Becker et al., 2015; Aldecoa et al., 2020). TNF-α inhibitor etanercept has been reported to have a protective effect, but the effect needs to be further studied (Nieuwdorp et al., 2009). Sulodexide has anti-inflammatory, anticoagulant and vascular protection effects, which may be achieved by inhibiting HPSE and MMP activities to reduce glycocalyx shedding (Mannello and Raffetto, 2011; van Haare et al., 2017). Doxycycline and batimastat, all rather non-selective inhibitors of MMPs, can attenuate syndecan and glycan shedding (Lipowsky et al., 2011; Lipowsky and Lescanic, 2013). In addition, sevoflurane has been shown to have a certain protective effect on the glycocalyx. The application of sevoflurane anesthesia in neurosurgery may be more beneficial to the protection of the BBB function (Annecke et al., 2010; Fang et al., 2021).



CONCLUSION AND FUTURE DIRECTIONS OF RESEARCH

Vascular endothelial glycocalyx plays an indispensable role in BBB, such as inflammation, vascular permeability, blood coagulation, and vascular tone. However, it is not clear whether the glycocalyx in the BBB is different from the glycocalyx in the general vascular structure. Reviewing the relevant literature, details on the neuro-specific contributions of the glycocalyx are still lacking. In addition, the structural and functional relationships between glycocalyx and pericytes are also worth exploring. The therapeutic strategies for glycocalyx also need further research because the drugs reported in the current research will inevitably have some adverse reactions or application limitations. Therefore, innovative strategies in this emerging field of experimental medicine are desperately needed.
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Microglia, which serve as the defensive interface of the nervous system, are activated in many neurological diseases. Their role as immune responding cells has been extensively studied in the past few years. Recent studies have demonstrated that neuronal feedback can be shaped by the molecular signals received and sent by microglia. Altered neuronal activity or synaptic plasticity leads to the release of various communication messages from neurons, which in turn exert effects on microglia. Research on microglia-neuron communication has thus expanded from focusing only on neurons to the neurovascular unit (NVU). This approach can be used to explore the potential mechanism of neurovascular coupling across sophisticated receptor systems and signaling cascades in health and disease. However, it remains unclear how microglia-neuron communication happens in the brain. Here, we discuss the functional contribution of microglia to synapses, neuroimmune communication, and neuronal activity. Moreover, the current state of knowledge of bidirectional control mechanisms regarding interactions between neurons and microglia are reviewed, with a focus on purinergic regulatory systems including ATP-P2RY12R signaling, ATP-adenosine-A1Rs/A2ARs, and the ATP-pannexin 1 hemichannel. This review aims to organize recent studies to highlight the multifunctional roles of microglia within the neural communication network in health and disease.

Keywords: microglia, microglia-neurons communication, synaptic plasticity, neuronal activity, NVU, ATP


INTRODUCTION

Research on central nervous system (CNS) disorders has largely concentrated on neurons; however, an increasing body of research suggests that a purely neurocentral focus is insufficient. All cell types in the brain—including neuronal, glial, and vascular components such as endothelia, pericytes, and vascular smooth muscular cells—should be examined in an integrated context (Muoio et al., 2014). Together, these components are termed the neurovascular unit (NVU; Figure 1), which plays an important role in brain function and disease through cell–cell signaling (Iadecola, 2017). The NVU is reported to control blood-brain barrier (BBB) permeability and cerebral blood flow (CBF) and to regulate the neuronal ‘milieu’ (Zlokovic, 2011). Signaling perturbations within the NVU comprise potential mechanisms for neuronal dysfunction and injury (Sweeney et al., 2016; Yu et al., 2020). Recent studies have shown that the NVU contributes to both stroke and neurodegenerative diseases (Cai et al., 2017; Giaume et al., 2021; Minhas et al., 2021). In light of such findings, increasing research efforts have focused on the NVU as a therapeutic target (Quaegebeur et al., 2011).
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FIGURE 1. Illustration of the components of the neurovascular unit. The neurovascular unit (NVU) is composed of neurons (purple), microglia (yellow), astrocytes (dark green), oligodendrocytes (light green), endothelial cells (red), and pericytes (orange). Based on intimate anatomical relationships and chemical signals (gray sphere) secreted by oneself or others, these components establish an anatomical and functional whole (blue circle) that participates in physiological and pathological processes in the brain. The communication network also includes the interactions between NVU and the outside world (cyan and magenta arrow). The mutual communication and cooperation between microglia and neurons (gray shaded trapezoid) in the brain is the focus of this article and will be discussed below.



Microglia perform an immune surveillance function through highly motile protrusions and ramified processes that sense their environment during their “resting” state or after activation in vivo (Nimmerjahn et al., 2005). Notably, microglia do not patrol in an aimless manner; rather, microglial surveillance is associated with neuronal activity and synaptic plasticity (Nayak et al., 2014). Emerging evidence suggests that microglia contribute to the development, maturation, and aging of the brain (Liu et al., 2020; Verkhratsky et al., 2021) and are recognized to express many risk genes for CNS disorders, including genes associated with Alzheimer’s disease (AD), Parkinson’s disease (PD), schizophrenia, autism, and multiple sclerosis (MS; Kékesi et al., 2019; Prinz et al., 2019). Neuron-microglia signaling can be detected under physiological and pathological conditions in the brain (Cserép et al., 2020, 2021). The interactions between microglia and neurons establish complex regulatory loops that involve either the establishment of neural networks and maintenance of neural circuits in health or the development of neurological disorders in disease (Cserép et al., 2021).

Microglia, as a component of the NVU, play significant roles in neuroinflammation and innate immunity (Lehnardt, 2010; Joost et al., 2019). Not only do microglia-derived mediators participate in inflammation and immune-related responses they also serve as important messengers in cell-cell signaling between neuronal and glial cells. In this review, we discuss the evidence of the contribution of microglia to synapses, neuroimmune communication, and neuronal activity. In particular, we focus on bidirectional interactions between microglia and neurons that depend on soluble factors and intercellular signaling pathways, with the ultimate aim of better understanding the recently recognized functional roles of microglial actions in synaptic function, neuroimmune responses, and regulation of neural activity.



A SYNAPTIC ROLE FOR MICROGLIA

During postnatal development of the brain, microglia play major roles in the rapid elimination of dying neurons and synaptic structures (Tremblay et al., 2010; Ayata et al., 2018), synaptic pruning (Paolicelli et al., 2011; Schafer et al., 2012) and promoting the survival of cortical neurons (Ueno et al., 2013). Maternal immune activation (MIA), which is induced by injecting pregnant mice with polycytidylic acid (poly I:C), has been shown to have a significant impact on the pre-microglia (from embryonic day 14 to a few weeks after birth) of newborn offspring. As this impact on pre-microglia is influencing neurogenesis and synaptic pruning, it explains the later occurrence of behavioral disorders when the offspring are adults (Matcovitch-Natan et al., 2016). Emerging evidence suggests that microglia regulate activity-dependent structural plasticity and promote memory consolidation by locally clearing the extracellular matrix (ECM). Furthermore, cytokine interleukin-33 (IL-33), which is expressed by hippocampal neurons, significantly upregulates ECM protease genes (namely Adamts4 and Mmp14), thereby promoting microglial phagocytosis and engulfment of aggrecan around parvalbumin+ interneurons in the CA1 hippocampal subregion (Nguyen et al., 2020). Moreover, this mechanism is demonstrated in both young mouse (3 months) and old mouse (18 months) under physiological conditions.

The release of immunological mediators from microglia has also been shown to influence synaptic function. Beattie et al. (2002) reported that tumor-necrosis factor-alpha (TNFα) significantly increases the mean miniature excitatory postsynaptic currents (mEPSCs) frequency and promotes the maintenance of synaptic strength, as indicated by mEPSCs at excitatory synapses that call for the continual presence of TNFα, which enhances synaptic efficacy by increasing surface expression of AMPA receptors. Since microglia are a source of TNFα, they potentiate glutamate-mediated neurotoxicity or participate in synaptic connectivity in an indirect way (Stellwagen and Malenka, 2006; Olmos and Lladó, 2014). Interleukin 1β (IL-1β) has been shown to impair long-term potentiation (LTP) directly at the synapse, which could explain why cognitive impairment is worse in aged hippocampal synapses (Prieto et al., 2015). Aberrant expression of IL-1β also results in damage to hippocampus-dependent memory (Patterson, 2015). It is interesting that either TNFα or IL-1β plays a role in sleep regulation by changing neuromodulator/neurotransmitter receptor expression, resulting in altering neuron sensitivity (Krueger et al., 2011). Brain-derived neurotrophic factor (BDNF), which is reported to influence synaptic plasticity, learning, and memory formation (Parkhurst et al., 2013; Leal et al., 2014), also appears to be a crucial signaling molecule in microglia-neuron communication. Preventing BDNF release from microglia has been shown to reverse allodynia and anion shift, and may thus provide a new therapeutic strategy for treating neuropathic pain (Coull et al., 2005). Interleukin 10 (IL-10), which acts on IL-10 receptors expressed on hippocampal neurons, plays a role in the induction of synaptic formation, including dendritic spines and excitatory and inhibitory synapses (Lim et al., 2013). It has been shown that IL-10 can facilitate LTP in the CA1 region of the hippocampus and increase synaptic strength, based on observations that the presynaptic fiber volley field excitatory postsynaptic potential (FV-fEPSP) slope increases after IL-10 treatment, thereby promoting synaptic plasticity (Nenov et al., 2019).

These soluble factors, which have been extensively studied in the context of neuroinflammation (Perry and Holmes, 2014), exert their effects on synaptic function as discussed above. The released cytokines act on neurons in a flexible way and are not limited by distance. Studies conducted in recent years have shown that the administration of cytokines, including TNFα and IL-1β, results in significantly increased astrogliosis at the brain injury site in neonatal mouse (Balasingam et al., 1994). Liddelow et al. (2017) reported that the release of IL-1α, TNF, and C1q from microglia is necessary and sufficient to induce a subtype of reactive astrocytes (termed A1 astrocytes), leading to impairment of neuronal survival, outgrowth, synaptogenesis, and phagocytosis and the death of neurons and oligodendrocytes. In response to cytokines, astrocytes can produce IL-1, IL-4, IL-6, IL-10, IL-12, TNF-α, and interferon (IFN) to act on microglia (Benveniste, 1998). Taken together, these studies have shown that soluble factors contribute to the establishment of the interplay between different cell types within the NVU. The influence of microglia on neuronal networks appears to be sophisticated since interactions within the NVU cannot be ignored. Thus, the net effects must be taken into consideration. In light of this knowledge, the application should be carefully considered, since the ultimate effects of immunological mediators appear to depend on time, concentration, and environmental milieu.



NEUROIMMUNE COMMUNICATION WITH MICROGLIA

Microglia are the resident myeloid cells of the brain (Nayak et al., 2014). Equipped with specialized pattern recognition receptors (PRRs) that identify pathogen-associated molecular patterns (PAMPs) and host-derived danger-associated molecular patterns (DAMPs) in microorganisms, microglia play a key role in the neuroimmune system by quickly inducing a fine-tuned inflammatory response (Scheiblich et al., 2020). Activation of microglia that play a role in innate immune function is pivotal in neuroinflammation. In addition to their influences on synaptic plasticity, the release of cytokines and chemokines further amplifies the inflammatory process, which has been well documented in previous studies (Nayak et al., 2014; Prinz et al., 2019).

The nervous system is involved in regulating immunity and inflammation, whereas immune dysregulation and inflammation also affect brain function in disease (Pavlov et al., 2018). For instance, neural circuits may promote immunosuppression after injury or stroke by altering microglia function (Pavlov and Tracey, 2017). Notably, MIA, which involves alterations in the number and state of activated microglia, is closely associated with early disruptions in neurodevelopment and may result in later neuropsychiatric disorders in offspring, including anxiety-like or depression-like behavior, sensorimotor deficits, social deficits, and repetitive behaviors. Gumusoglu and Stevens (2019) proposed that the most common outcomes of maternal immune perturbation are elevations in the proinflammatory cytokines IL-6 and IL-1β, resulting in alterations in synapse formation and function and driving neural progenitors from a neurogenic to gliogenic fate. Brown et al. (2017) revealed that exposure to intrauterine inflammation altered metabolic profiles, including amino acid metabolism, purine metabolism, and lipid metabolism, in the amniotic fluid and fetal and neonatal brain of exposed offspring. Interestingly, the changes were sex-specific and persisted at a later time point (48 h vs. 6 h after intrauterine inflammation; Brown et al., 2017). Furthermore, metabolic pathways disturbances, including mitochondrial function, arborization, and synapse formation, have been observed in the developmental interneurons of individuals with schizophrenia (SCZ) co-cultured with activated microglia. Intriguingly, SCZ cortical interneurons (cINs) show prolonged compromised metabolic pathways after removal of the activated microglia, which indicates an interaction between the genetic background of SCZ donors and the inflammatory environment provided by activated microglia (Park et al., 2020). It has been suggested that neuroinflammation mediated by microglia specifically acting on cINs has long–term effects during brain development. Notably, the microglial gene expression profiles of the offspring of mothers administered poly I:C were realigned with the normal microglial phenotype at adulthood, indicating that transient perturbation in the early stage of microglia development (such as the pre-microglia stage) may have far-reaching implications on the brain at adulthood (Matcovitch-Natan et al., 2016).

Recent studies suggest that any assessment of the impact of microglia-mediated immune responses on neurons should consider differences between short-term and long-term effects. It can be concluded that the activation of microglia following immune activation induces inflammation of the brain, which has a profound impact on neurodevelopment. Although microglia are primary initiators and effectors of neuroinflammation (Thurgur and Pinteaux, 2019), the pathological process includes the contributions of various cell types. It has been established that astrocytes along with microglia participate in the amplification of inflammation signals, which in turn may cause apoptosis of oligodendroglioma cancer cells (Liddelow et al., 2020). More precisely, microglia are essential for triggering the standard immune response of microglia with astrocytes, as confirmed by studies revealing that astrocytes show no response to pathogens/damage in the absence of microglia (Liu et al., 2021). At the same time, neuroimmune communication also occurs between microglia and endothelial cells, where microglia play a role in maintaining the integrity of the BBB and thus the influx of blood-derived molecules into the brain (Muoio et al., 2014).

In addition, recent studies have uncovered that neuroimmune interactions are also important regulators of physiology (Huh and Veiga-Fernandes, 2020). For example, microglia work to maintain homeostasis in the brain, not only to resolve infections (Norris and Kipnis, 2019). Pavlov and Tracey (2017) revealed neural reflex regulation of immunity, finding that neural circuits are triggered by and control inflammation. Sensory neurons are capable of monitoring the immune state in the periphery and interacting with immune cells, which are defined as neuroimmune cell units. The communicating immune signals, which then activate the CNS, can derive from any major body organ including skin, lung, and intestines (reviewed in Huh and Veiga-Fernandes, 2020). Ultimately, the brain integrates neuro-immune communication in order to maintain a steady-state.



MICROGLIA-NEURONS COMMUNICATION

New evidence suggests that exacerbated activation of microglia can promote microglia-mediated neuronal degeneration (Zhao et al., 2018). It has been shown that loss of striatal microglia triggers seizures via activation of cortical and hippocampal neurons in mice (Badimon et al., 2020). Moreover, similar to inhibitory neurons, microglia can sense neuronal activation and then lower the activation of dopaminergic neurons to achieve negative feedback control of neuronal activity (Badimon et al., 2020). In addition, neuronal excitation affects the process extension and motility of microglia (Liu et al., 2019; Stowell et al., 2019). Overall, these studies support reciprocal connections between microglia and neurons. Understanding the molecular mechanisms that underlie these bidirectional interactions will be necessary to achieve an integrated view of microglia-neuron communication systems, thereby enabling real insight into the importance of these communication systems in the control of brain function.


ATP-P2RY12 Signaling Is Essential for Microglia Neuron Communication

Purinergic signaling plays a central role in microglia-neuron interactions, of which ATP is recognized as an efferent neurotransmitter in the CNS (Burnstock, 2006; Burnstock et al., 2011). ATP, which is mediated by G-protein-coupled P2 receptors, acts as an activity-dependent signal under physiological conditions or as a danger signal when dysfunction or damage occurs in the brain (Agostinho et al., 2020). There is evidence of the vesicular release of ATP from neurons (Pankratov et al., 2007; Larsson et al., 2012) and from astrocytes (Darby et al., 2003; Bowser and Khakh, 2007). ATP released by astrocytes regulates microglial branch dynamics in the intact brain and chemotactic responses of activated microglia toward the local injury site in the brain (Davalos et al., 2005). In neuron-microglia interactions, ATP supports communication from neurons to microglia via P2RY12 signaling activation (Badimon et al., 2020; Figure 2). In general, ATP results in a decrease in neuronal activity both in normal (Li et al., 2012) and in pathological conditions (Cserép et al., 2020). Microglial P2RY12 receptors are exclusively expressed by microglia and are viewed as an indispensable component of microglia-neuron junctions (Eyo et al., 2014; Cserép et al., 2020). 3D electron tomography showed that P2RY12 receptor density was negatively correlated with the distance between microglial and neuronal membranes within the junctions. Meanwhile, in vivo 2P imaging further confirmed that microglial process recruitment to somatic junctions is linked to the metabolic activity of neuronal mitochondria through a P2RY12 receptor–dependent mechanism (Cserép et al., 2020). Emerging evidence suggests that P2RY12Rs are involved in chemotaxis and the motility of microglia (Dissing-Olesen et al., 2014) as well as in microglia activation in the trigeminal nucleus caudalis (Jing et al., 2019), neuropathic pain (Tozaki-Saitoh et al., 2008; Gu et al., 2016), epilepticus (Avignone et al., 2008; Milior et al., 2020), and stroke (Kluge et al., 2017; Li et al., 2020). Thus, ATP-P2RY12R signaling responses between microglia and neurons appear to contribute to an important loop in neural crosstalk (Figure 2).


[image: image]

FIGURE 2. Communication between microglia and neurons. ATP can be secreted from neurons through vesicles or the pannexin-1 channel. Released ATP (red) is converted into ADP (yellow) by the microglial enzyme CD39. ADP acts on P2RY12 receptors to induce activation of P2RY12 signaling, which attracts microglial processes to synaptic connections. CD39 also converts ADP into AMP (green). Next, AMP is converted into ADO (pink) by the enzyme CD73 on microglia. ADO suppresses neuronal activity by acting on A1Rs by decreasing glutamate (blue) release and inhibiting calcium (Ca2+) channels. In addition, A2ARs can weaken the inhibitory effect of A1Rs on glutamate release. ATP = adenosine triphosphate, ADP = adenosine diphosphate, AMP = adenosine monophosphate, ADO = adenosine, A1R = A1 receptor, A2AR = A2A receptor.





ATP-Adenosine-A1Rs/A2ARs Are Essential for Microglia Neuron Communication

Following ectoenzymatic breakdown of extracellular ATP, adenosine is produced and binds to A1 or A2A receptors in the brain, thereby regulating nerve activity and transmitter release (Fredholm et al., 2005). It has been demonstrated that adenosine (ADO) lowers neuronal excitability by acting on A1Rs and is a prominent physiological mediator of sleep homeostasis (Ribeiro et al., 2002). Recent studies have revealed that cholinergic and glutamatergic neurons show highly correlated activity with changes in adenosine concentration, with glutamatergic neurons contributing much more to adenosine increases in the mouse basal forebrain (BF; Peng et al., 2020). A1Rs and A2ARs are widely abundant in the brain, particularly in glutamatergic synapses (Yoon and Rothman, 1991; Rosin et al., 1998; Rebola et al., 2005). As a synaptic neuromodulator curtailing excitatory synaptic transmission, A1Rs-mediated inhibition can fully block glutamatergic transmission (Coelho et al., 2006; Rodrigues et al., 2008) by inhibiting adenylate cyclase (AC), increasing potassium (K+) conductance, and inhibiting presynaptic calcium (Ca2+) channels (Benarroch, 2008). A2ARs are activated by ATP-derived adenosine upon increased synaptic activity to act on synaptic plasticity (d’Alcantara et al., 2001; Augusto et al., 2013; Kerkhofs et al., 2018). In contrast, presynaptic A2ARs may form heteromeric receptor complexes with presynaptic A1Rs (Benarroch, 2008), which antagonizes the inhibitory effect of presynaptic A1Rs on glutamate release from axon terminals in the striatum, cerebral cortex, and brainstem (Ribeiro et al., 2002; Boison, 2006). In addition to ATP-P2RY12R signaling as described above, a recent study demonstrated that ATP-adenosine-A1Rs signaling in mice suppresses D1 neuronal activity in the striatum, which could be regarded as a novel mechanism for communication between microglia and neurons (Badimon et al., 2020). Metabolic stress, such as ischemia, seizures, or trauma, may result in the upregulation of extracellular adenosine (Benarroch, 2008). The release of adenosine from parallel fibers has also been reported in the rat cerebellum. Moreover, activity-dependent adenosine release is known to regulate cerebellar circuit output through feedback inhibition of parallel fiber-Purkinje cell transmission (Wall and Dale, 2007). Much research consideration has surrounded adenosine as an endogenous neuromodulator in the CNS (Benarroch, 2008). Such studies have revealed roles for adenosine as well as adenosine receptors, greatly adding to our understanding while simultaneously expanding the complexity of the signaling system’s mechanisms of action.



ATP-Pannexin 1 Hemichannel Are Essential for Microglia Neuron Communication

Pannexin 1 forms intercellular hemichannels and plays multiple roles in channel-mediated ATP release (Dahl and Locovei, 2006; Bhat and Sajjad, 2021). As nonjunctional membrane channels, pannexin 1 is abundantly expressed in the brain, including the hippocampus, olfactory bulb, cortex, and cerebellum (Bruzzone et al., 2003; Ray et al., 2005). These hemichannels can be activated by extracellular Ca2+ under physiological conditions (Barbe et al., 2006), and alterations in intracellular Ca2+ levels also open pannexin 1 channels (Giaume et al., 2021). Pannexin 1 channel-mediated ATP release has been shown to contribute to cell communication in vivo (Giaume et al., 2021; Figure 2). Reciprocal regulation between microglia and neurons involves pannexin-1 hemichannels in neurons and ATP/P2 receptors in microglia, and so intraneuronal calcium plays a functional role in neuronal activity-induced microglia-neuron contact (Li et al., 2012). When pannexin 1 hemichannels are inhibited by trovafloxacin, both ATP release and migration of microglia are significantly repressed, resulting in the reduction of pro-inflammatory cytokines (Garg et al., 2018). Probenecid, which is an inhibitor of the pannexin 1 hemichannel, has been demonstrated to attenuate cognitive impairment after cecal ligation and puncture (CLP)-induced sepsis in mice by inhibiting pannexin 1-dependent ATP release in the hippocampus (Zhang et al., 2019). In addition, recent findings have proposed a role for pannexin-1 hemichannels in the suppression of glutamate release from hippocampal CA1 pyramidal neurons in male rat or mouse brains (Bialecki et al., 2020). In mice with pannexin-1 channels blocked or genetically deleted, the onset of seizures is reduced in neocortical slices in vitro (seizure-like events) and the hippocampal CA3 region in vivo, indicating a pivotal role of pannexin-1 in maintaining neuronal hyperexcitability (Aquilino et al., 2020). Similarly, the activation of pannexin-1 hemichannels in postoperative tissue samples from patients with epilepsy promotes seizure generation and maintenance through ATP signaling ex vivo (Dossi et al., 2018). Importantly, the ATP, glutamate, and other metabolites released from stimulated pannexin-1 hemichannels can go on participating in cell-to-cell communication in the brain (Aquilino et al., 2019).

Collectively, microglia are tightly regulated by the brain microenvironment and controlled by a sophisticated system of receptors and signaling cascades (Figure 2). However, there are some open questions worth discussing. For instance, ATP itself can act presynaptically, rather than solely postsynaptically, in the CNS (Cunha and Ribeiro, 2000). Despite a series of articles on the mechanisms of purinergic regulatory systems during microglia-neuron communication (Phillis and Wu, 1981), the balance between the effects of different signaling is yet to be considered. Besides acting on microglia and neurons, both ATP and adenosine are recognized to play a role in astrocyte proliferation and the formation of reactive astrocytes (Fumagalli et al., 2003). Similar to microglia, astrocytes are capable of releasing ATP and adenosine, which are then involved in cell–cell communication (Stout et al., 2002; Agostinho et al., 2020). ATP can be released along with neurotransmitters from nerve terminals, acting either as a neurotransmitter in central synapses or as a neuromodulator (Agostinho et al., 2020). Hence, the proposal of the NVU was quite significant and has inspired researchers to explore the signaling mechanisms spatially and temporally.




CONCLUSIONS AND PERSPECTIVES

In this review, we have brought together a series of articles exploring the roles of microglia, including their contributions to synapses, neuroimmune communication, and neuronal activity. In recent years, the development of imaging, genetics, and sequencing has made it possible to understand the real story of the complex and fascinating roles of microglia in health and disease. As a result, microglia manipulation has been proposed as a novel therapeutic method for modulating activity in various neurological diseases (Klawonn et al., 2021; Minhas et al., 2021). In the context of the neuroimmune roles of microglia, targeting microglia for immunotherapy in neurological disorders is aimed to maintain homeostasis of the brain by controlling neuroinflammation. However, the appropriate way to use microglia in immunotherapy remains unclear since they display both beneficial and detrimental roles. To gain deeper insight into the microglial shift from being protective to pathogenic, the molecular mechanisms involved warrant extensive study.

The overlapping results across MIA studies (reviewed in Gumusoglu and Stevens, 2019) inspire us that we can evaluate the psychiatric risk and disease etiologies by clinically testing the immune milieu of offspring. However, as discussed above, the transient perturbation in microglia development could have a profound impact on neurodevelopment. It still requires more efforts to prevent the occurrence of neuropsychiatric disorders in offspring. Moreover, inhibiting specific molecular pathways that mediate neuronal microglial communication is also a promising therapeutic approach, such as the application of probenecid in cerebral dysfunction of sepsis (Zhang et al., 2019). Novel research has reported that neuron-derived IL-33 (Nguyen et al., 2020) and astrocyte-derived IL-3 (McAlpine et al., 2021) as a key mediator of neuron-microglia crosstalk and astrocyte-microglia crosstalk, respectively, are associated with memory consolidation. It provides a new strategy for the future treatments of age-related memory decline (IL-33) and Alzheimer’s disease (IL-3). In addition, eliminating about 80% microglia in the 5xfAD mouse model of AD by blocking the CSF1 receptor is able to reverse deficits in contextual memory via preventing dendritic spine loss and neuronal loss, despite the disease being at a late stage (Spangenberg et al., 2016).

Another challenge is that bulk interventions using microglia could veil the true physical function of microglia since the overall outcome would be determined by microglia-mediated changes at different temporal and spatial scales (Cserép et al., 2021). The different effects could also be explained by the multifunctional roles of microglia and their communication within the NVU. Therefore, future studies should consider the molecular anatomy and functional heterogeneity of microglial processes and compartment-specific actions by microglia.
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Background: Recently, the safety of repeated and lengthy anesthesia administration has been called into question, a subset of these animal studies demonstrated that anesthetics induced blood-brain barrier (BBB) dysfunction. The BBB is critical in protecting the brain parenchyma from the surrounding micro-vasculature. BBB breakdown and dysfunction has been observed in several neurodegenerative diseases and may contribute to both the initiation and the progression of the disease. In this study we utilize a human induced pluripotent stem cell (iPSC) derived-BBB model, exhibiting near in vivo properties, to evaluate the effects of anesthetics on critical barrier properties.

Methods: iPSC-derived brain microvascular endothelial cells (BMECs) expressed near in vivo barrier tightness assessed by trans-endothelial electrical resistance and para-cellular permeability. Efflux transporter activity was determined by substrate transport in the presence of specific inhibitors. Trans-cellular transport was measured utilizing large fluorescently tagged dextran. Tight junction localization in BMECs was evaluated with fluorescent microscopy. The anesthetic, propofol was exposed to BMECs at varying durations and concentrations and BBB properties were monitored post-exposure.

Results: Following propofol exposure, BMECs displayed reduced resistance and increased permeability indicative of a leaky barrier. Reduced barrier tightness and the dysregulation of occludin, a tight junction protein, were partly the result of an elevation in matrix metalloproteinase (MMP) levels. Efflux transporter activity and trans-cellular transport were unaffected by propofol exposure. Propofol induced barrier dysfunction was partially restored following matrix metalloproteinase inhibition.

Conclusion: For the first time, we have demonstrated that propofol alters BBB integrity utilizing a human in vitro BBB model that displays key in vivo characteristics. A leaky BBB enables otherwise impermeable molecules such as pathogens and toxins the ability to reach vulnerable cell types of the brain parenchyma. A robust human in vitro BBB model will allow for the evaluation of several anesthetics at fluctuating clinical scenarios and to elucidate mechanisms with the goal of ultimately improving anesthesia safety.

Keywords: blood-brain barrier, anesthesia toxicity, tight junction dysfunction, propofol, brain microvascular-like endothelial cells


INTRODUCTION

The American Society of Anesthesiology estimates that millions of people undergo anesthesia each year in the United States. A substantial body of work has demonstrated that anesthesia, specifically at sustained or multiple exposures has cognitive and neurologic effects, primarily through neuron toxicity (Mason et al., 2010; Seubert et al., 2013; Acharya et al., 2015; Jiang et al., 2018). More recently, preclinical animal studies and a number of large population-based human studies presented limited associations between anesthesia exposure and negative outcomes in children (Ing and Brambrink, 2019). A subset of rodent studies have demonstrated that several anesthetics have detrimental effects on the blood-brain barrier (BBB) (Sharma et al., 2014; Zhao et al., 2014; Acharya et al., 2015; Cao et al., 2015). BBB breakdown and dysfunction are often associated with a variety of disease, including stroke, Alzheimer’s disease, HIV infection and brain tumors (Hirano and Matsui, 1975; Jellinger and Attems, 2006; Sweeney et al., 2018). Interestingly, the effects of anesthetics on the human BBB have not been previously studied.

The BBB is critical in maintaining homeostasis between the brain parenchyma and the microvasculature (Weiss et al., 2009). The BBB is comprised of the barrier forming brain microvascular endothelial cells (BMECs) supported by neurovascular unit (NVU) cell types: astrocytes, neurons, and pericytes. NVU cell types are critical in the development, maintenance and support of the barrier forming BMECs (Obermeier et al., 2013). BMECs provide a physical, transport and metabolic barrier due to the expression of tight junction proteins and active nutrient and efflux transporters. These properties allow BMECs to tightly regulate the movement of ions, molecules and cells between the blood and the brain.

Anesthetics, specifically, isoflurane, sevoflurane, and propofol have been demonstrated to alter tight junction expression in rodent BBB models (Sharma et al., 2014; Zhao et al., 2014; Acharya et al., 2015; Cao et al., 2015). The dysregulation of tight junction proteins can induce barrier leakiness and enable otherwise impermeable pathogens, toxins, molecules and cells to reach the brain parenchyma, potentially contributing to anesthesia-induced damage (Acharya et al., 2015). Several cellular mechanisms have been proposed in animal models including: vascular endothelial growth factor (VEGF), heat shock protein (HSP), matrix metalloproteinase (MMPs) and heat inducible factor-1α (HIF-1α) (Hu et al., 2014; Sharma et al., 2014; Zhao et al., 2014), however, their role in human BBB degradation following anesthesia are unknown. A dysfunctional BBB may further exacerbate the actions of anesthetics or even increase the probability of developing a detrimental BBB-induced injury.

For the first time we investigated the detrimental effects of anesthesia on the human BBB. We hypothesize that clinically relevant anesthetics will diminish critical barrier properties of iPSC-derived BMECs. To evaluate and elucidate the cellular mechanisms of anesthesia on the human BBB we utilized BMECs derived from human induced pluripotent stem cells (iPSCs) (Stebbins et al., 2015; Canfield et al., 2017). iPSC-derived BMECs display several near in vivo like BBB properties including: elevated barrier integrity, expression of localized tight junction proteins, active efflux transporters and reduced transcellular transport. The enhanced BBB properties of iPSC-derived BMECs compared to other in vitro models in addition to their human origin enable them to screen the efficacy and safety of a number of anesthetics (Crone and Olesen, 1982).



MATERIALS AND METHODS


Differentiation of Brain Microvascular Endothelial Cells

Brain microvascular endothelial cells (BMECs) were differentiated from human induced pluripotent stem cells (iPSCs) as previously described (Canfield et al., 2017). Briefly, iPSCs (IMR90, WiCell, Madison, WI, United States) between passage 30–55 were singularized using Accutase (Life Technologies, Carlsbad, CA, United States) and plated (1 × 105) onto Matrigel (Corning Life Sciences, Corning, NY, United States) coated 6-well plates (Thermo Fisher Scientific, Waltham, MA, United States) and maintained in mTESR nutrient medium (STEMCELL Technologies, Vancouver, BC, Canada) at 37°C for 3 days. Following stem cell expansion, cells were treated with unconditioned medium (UM) consisting of Dulbecco’s Modified Eagle’s Medium/Ham’s F12 (DMEM-F12, Thermo Fisher Scientific, Waltham, MA, United States) supplemented with 20% Knockout Serum Replacement (Thermo Fisher Scientific, Waltham, MA, United States), 1 × minimum essential medium non-essential amino acids (Life Technologies, Carlsbad CA, United States), 1 mM L-glutamine (Life Technologies, Carlsbad, CA, United States), and 0.1 mM β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, United States) to initiate the differentiation. Cells were maintained in UM for 6 days at 37°C with daily media changes. Following UM treatment, the medium was switched to EC + / + consisting of human Endothelial Serum-Free Medium (hESFM, Life Technologies, Carlsbad, CA, United States) containing 20 ng/mL bFGF (STEMCELL), 1% platelet-poor plasma derived bovine serum (PDS, Thermo Fisher Scientific, Waltham, MA, United States) and 10 μM retinoic acid (RA, Sigma Aldrich, St. Louis, MO, United States) for 48 h. BMECs were plated onto their respective experimental platform and maintained in EC + / + with RA for 24 h at 37°C. Medium was then switched to EC ± media comprised of hESFM with 1% PDS for the duration of the experiment and BMECs comprised >99% of the cell types. Peak barrier properties are maintained for 4–7 days post sub-culture onto their respective experimental platforms. All barrier phenotyping is conducted within 4 days of sub-culture. To evaluate barrier integrity we utilized Trans-endothelial electrical resistance (TEER) and sodium fluorescein permeability. Tight junction localization and expression were verified with immunocytochemistry and western blot, respectively. Efflux transporter expression and activity were assessed with flow cytometry and the transport and accumulation of specific efflux substrates, respectively. Transcellular transport was monitored with dextran transport.



Propofol Exposure

Following differentiation, IMR90-derived BMECs were seeded (106 cells/cm2) onto Transwell filter inserts (Thermo Fisher Scientific, Waltham, MA, United States) coated with a collagen IV (Sigma Aldrich, St. Louis, MO, United States) fibronectin (Sigma Aldrich, St. Louis, MO, United States) matrix for trans-endothelial electrical resistance (TEER), efflux transporter activity, trans-cellular transport/accumulation and/or sodium fluorescein permeability assays. For efflux transporter accumulation 125,000 cells/cm2 were seeded onto matrigel coated 24 well plates (Thermo Fisher Scientific, Waltham, MA, United States). For immunostaining 106 cells/cm2 were seeded onto matrigel coated 18 mm round cover slips (Thermo Fisher Scientific, Waltham, MA, United States). For western blot lysates, BMECs were seeded (104 cells/cm2) onto matrigel coated 6 well plates. Following 24 h, media was transitioned to EC ± medium. BMECs were treated with either 0 (Control; DMSO), intralipid (Sigma) alone, or 10, 30, 50, or 100 μM propofol (Sigma Aldrich, St. Louis, MO, United States) in fresh EC ± medium (0.5 mL top, 1.5 mL bottom) on a rotational platform at 37°C for 3 h. Following propofol exposure media was replaced with EC ± medium and the respective experiments commenced.



Trans-Endothelial Electrical Resistance

Trans-endothelial electrical resistance (TEER) was measured immediately prior to propofol exposure and 30 min, 1 h, 2 h, 3 h, and every 24 h following propofol exposure. TEER was monitored up to 96 h post-exposure. Electrical resistance was measured using an EVOM ohmmeter with STX2 electrodes (World Precision Instruments, Sarasota, FL, United States). TEER values are presented as Ω× cm2 following the subtraction of an unseeded Transwell insert and multiplication by 1.12 cm2 to account for surface area. Measurements were recorded immediately following removal of the samples from the incubator. Resistance was measured at least three independent times on each sample and from a minimum of three triplicate filter inserts for each experimental condition.



Sodium Fluorescein Permeability

Sodium fluorescein (10 μM, 376 Daltons; Sigma Aldrich, St. Louis, MO, United States) was utilized to determine the permeability of the iPSC-derived BMEC barrier. Following 3 h of exposure to propofol, fresh EC medium ± was added to the Transwell system (0.5 mL top, 1.5 mL bottom) with EC medium ± containing 10 μM sodium fluorescein added to the top chamber and EC medium ± without sodium fluorescein added to the bottom chamber. The Transwell filter inserts were then placed back on the rotational platform at 37°C for 1 h. 150 μL aliquots were sampled from the bottom chamber at 15, 30, and 45 min and immediately replaced with pre-warmed EC ± medium. At 60 min, 150 μL aliquots were sampled from both the top and bottom chambers and fluorescence was recorded using a Synergy HTX Multi-Mode reader (BioTek, Winooski, VT, United States). Permeability coefficients were calculated based on the cleared volume of sodium fluorescein from the top chamber to the bottom chamber.



Immunocytochemistry and Analysis of Tight Junction Localization

Immunocytochemistry was performed on 50 μM propofol treatment and non-treatment control groups. Primary antibody sources, dilutions and corresponding fixing agents are presented in Supplementary Table 1 After 3 h treatment with propofol, iPSC-BMECs were fixed in either cold 4% paraformaldehyde (diluted in PBS; Sigma Aldrich, St. Louis, MO, United States) or ice cold methanol (100%; Sigma Aldrich, St. Louis, MO, United States) for 15 min on a rocking platform at room temperature. Cells were blocked with 10% goat serum (diluted in PBS; Sigma Aldrich, St. Louis, MO, United States) for 1 h at room temperature on a rocking platform. Following blocking, cells were incubated in primary antibody (diluted in blocking solution) overnight at 4°C on a rocking platform. All secondary antibodies were diluted 1:200 in blocking solution. Cells were incubated for 1 h in secondary antibody solution on a rocking platform at room temperature, protected from light. Invitrogen ProLong™ Gold antifade reagent (Life Technologies, Carlsbad, NY, United States) was used in the preparation of slides. Images were taken on an Olympus PROVIS AX70 motorized fluorescent microscope (Olympus, Center Valley, PA, United States) fitted with a SPOT Pursuit USB camera (SPOT Imaging, Sterling Heights, MI, United States). Following immunostaining with claudin-5, occludin, and zonula occludens (ZO-1), discontinuous tight junctions were quantified and processed in Image J with a minimum of 10 fields containing approximately 30 cells/field from three separate differentiations. Area fraction index was calculated using the same images to determine the area of each image that displayed claudin-5, occludin, or ZO-1 immunoreactivity (Canfield et al., 2017).



Western Blot

Following 50 μM propofol exposure, BMECs were washed three times with cold phosphate-buffered saline (PBS) and lysed using ice cold Pierce™ RIPA buffer (Thermo Fisher Scientific, Waltham, MA, United States) with Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA, United States). Cell lysates were quantified for total protein concentration using a Pierce™ Rapid Gold BCA Protein assay kit (Thermo Fisher Scientific, Waltham, MA, United States). Gels were run at 120 V for 1 h (12% precast gel; Claudin-5, Occludin, β-actin) or for 70 min (4–15% gels; ZO-1) in Tris/Glycine sodium dodecyl sulfate buffer using a Bio-Rad Mini-Protean® Tetra Vertical Electrophoresis Cell (Bio-Rad, Hercules, CA, United States). After samples were separated, the protein was transferred to Bio-Rad Immun-Blot® PVDF membranes (Bio-Rad,Hercules, CA, United States) at 100 V for 1 h in transfer buffer (Tris/Glycine with 20% methanol). The membranes were washed one time with Tris-buffered saline containing 0.1% Tween 20 (TBST) and blocked for 1 h in blocking solution (5% non-fat dry milk dissolved in TBST) at room temperature on a rocking platform. Membranes were then probed with primary antibodies (Supplementary Table 2) in 10 mL of blocking solution at 4°C overnight on a rocking platform. Membranes were washed three times with TBST at room temperature on a rocking platform for 10 min. Membranes were probed with horseradish peroxidase (HRP) conjugated secondary antibodies (Supplementary Table 2) in blocking solution for 1 h at room temperature on a rocking platform and then washed three additional times in TBST at room temperature on a rocking platform. Membranes were imaged using a LI-COR C-DiGit® Blot Scanner (LI-COR, Lincoln, NE, United States) and images were quantified using ImageJ software version 1.52a.



Efflux Transporter Activity


Accumulation Assay

Three common efflux transporters were investigated: p-glycoprotein (Pgp), multi-drug resistance protein (MRP-1) and breast cancer resistance protein (BCRP). BMECs were treated with 50 μM propofol (Sigma Aldrich, St. Louis, MO, United States) in EC ± buffer at 37°C on a rotational platform for 3 h. Following propofol exposure, media was exchanged with EC ± buffer ± inhibitor. KO143 (10 μM, Sigma Aldrich, St. Louis, MO, United States) served as a BCRP inhibitor, MK157 (10 μM, Sigma Aldrich, St. Louis, MO, United States) served as a MRP-1 inhibitor, and Cyclosporin A (10 μM, Sigma Aldrich, St. Louis, MO, United States) served as a Pgp inhibitor. The plate was placed on a rotational platform in a 37°C incubator for 30 min. Media was exchanged with EC ± buffer ± inhibitor and substrate and the plate was placed on a rotational platform in a 37°C incubator for 1 h. Hoechst (5 μM, Sigma Aldrich, St. Louis, MO, United States) served as the BCRP substrate, DCFDA (20 μM, Thermo Fisher Scientific, Waltham, MA, United States) served as a MRP-1 substrate, and Rhodamine 123 (10 μM, Sigma Aldrich, St. Louis, MO, United States) served as the Pgp substrate. Following substrate exposure, each well was rinsed twice with cold Dulbecco’s Phosphate Buffered Saline (Sigma Aldrich, St. Louis, MO, United States). Subsequently, 300 μl of RIPA assay buffer was added to each well. The plate was protected from light and placed on a rotational platform at 23°C for 10 min. The fluorescent intensity of the plate was measured using a Synergy HTX Multi-Mode reader.



Transporter Assay

Brain microvascular endothelial cells were exposed to propofol (50 μM; Sigma Aldrich, St. Louis, MO, United States) for 3 h at 37°C. Subsequently, media was exchanged with EC ± buffer ± inhibitor (0.5 mL top, 1.5 mL bottom) and the plate was incubated at 37°C on a rotational platform for 30 min. The media on the top of the Transwell insert was replaced with a substrate ± inhibitor in EC ± buffer. The plate was incubated at 37°C for 1 h on a rotational platform. Following incubation, 150 μL was sampled from the bottom of each well and transferred to a 96-well plate (Thermo Fisher Scientific, Waltham, MA, United States). The fluorescent intensity of the plate was measured using a Synergy HTX Multi-Mode reader.




Flow Cytometry

Following propofol (50 μM) exposure, cells were treated with Accutase at 37°C on a rotational platform for 30 min. Cells were fixed with 100% methanol and triturated briefly. Following fixation, BMECs were washed in PBS–/– twice. BMECs were blocked in 10% donkey serum (Sigma Aldrich, St. Louis, MO, United States) in PBS–/– for 1 h. Primary antibodies (Supplementary Table 1) were added to the suspension at appropriate dilutions. The microcentrifuge tubes were then vortexed before incubating overnight on a rotational platform at 4°C. Following two washes, BMECs were exposed to secondary antibodies (Supplementary Table 1) at the appropriate dilution in blocking solution for 30 min at 25°C on a rotational platform. Samples were vortexed once during the incubation period. Two washes were completed and after the final wash, the sample was resuspended in 400 μL of wash buffer. Samples were transferred to a 96-well round bottom plate (Thermo Fisher Scientific, Waltham, MA, United States) and read on the flow cytometer (Guava EasyCyte 8HT, Millipore Corporation, Burlington, MA, United States).



Transcytosis

To determine the effects of propofol on transcellular movement in BMECs we utilized the transcytosis and accumulation of a 10 kDa dextran (Alexa Fluor 488, 10 μM; Sigma). BMECs displaying elevated and depressed barriers were utilized. To obtain BMECs with depressed barriers (200–400Ω× cm2) the same differentiation was utilized as above but without RA. Three hours following propofol treatment (50 μM) on transwell-seeded BMECs, dextran was diluted in EC ± and added to the apical side of the transwell. Following 4 h on a rotating platform at 37°C, media was collected from the basolateral side of the transwell and read on a Synergy HTX Multi-Mode reader (BioTek, Winooski, VT, United States), revealing the rate of transcytosis. BMECs were then rinsed three times in PBS and lysed with RIPA. Following trituration, the lysate was collected and quantified using a fluorescent plate reader, indicating the level of dextran accumulation. Data was presented following subtraction of transcytosis and accumulation of dextran at 4°C to account for para-cellular movement of dextran.



Matrix Metalloproteinase Activity

Brain microvascular endothelial cells were treated with 50 μM propofol in EC ± buffer at 37°C on a rotational platform for 3 h. The supernate of cell culture media was collected and centrifuged for 10 min at 1,000 g, 4°C. The MMP-2/MMP-9 activities were determined by a fluorescence kit (SensoLyte® Plus 520 MMP-2 and MMP-9 Assay Kit, Cat No. AS-72224, AS-72017; AnaSpec, Fremont, CA, United States) following the manufacturer’s instructions. Briefly, MMP-2 and MMP-9 were isolated using antibody-coated 96 well plates, which were provided in the assay kit. MMP-2/9 substrates were added to antibody-coated plates and incubated at room temperature for 24 and 16 h, respectively. Fluorescent intensity was measured using a Synergy HTX Multi-Mode reader (BioTek, Winooski, VT, United States) and data is presented as a percent change from control.



Matrix Metalloproteinase Inhibition

Forty eight hours following seeding onto trans-wells, BMECs were treated with 25 μM GM-6001 MMP inhibitor (Thermo Fisher Scientific, Waltham, MA, United States) dissolved in EC medium (±) for 30 min at 37°C on a rotational platform. After 30 min of pre-treatment with GM-6001 inhibitor, media was aspirated and replaced with fresh EC medium (+PDS/-bFGF) containing 25 μM GM-6001 inhibitor (with or without 50 μM propofol) and incubated at 37°C for 3 h on a rotational platform. Propofol treatment was removed after 3 h of exposure and fluorescein permeability and tight junction analysis was conducted as previously described.



Cell Viability

To determine cell viability, BMECs were treated with 10, 50, 100, or 1,000 μM propofol in EC ± media at 37°C on a rotational platform. Following 3 h of treatment, propofol was aspirated and replaced with 100 μL of EC ± media. A MTT Cell Viability Assay Kit (Biotium, Fremont, CA, United States) was utilized to determine cell viability following propofol exposure. Following manufacturer’s instructions, 10 μL of MTT solution was added to each well and the plate was incubated at 37°C for 2 h on a rotational platform. After 2 h of incubation, 200 μL of DMSO (Sigma Aldrich, St. Louis, MO, United States) was added to each well, triturating several times to dissolve the formazan salt. Absorbance was measured at 570 nm using a Synergy HTX Multi-Mode reader and normalized by subtracting background absorbance measured at 630 nm.



Statistical Analysis

Data are presented as mean ± SD. Each experimental group consisted of iPSC-derived BMECs from at least three separate differentiations. For the statistical analyses, SigmaStat software (Systat Software, Inc., San Jose, CA, United States) was used. Statistical comparisons were performed using one-way analysis of variance (ANOVA) from the pooled data. Equal Variance and Shapiro-Wilk Normality Assumptions were satisfied for the residuals of each ANOVA model with a p value of 0.05 to reject. Within each condition, all pairwise comparisons were conducted within the ANOVA context using post hoc tests with the pooled variance estimate, followed by Holm-Sidak step down correction for multiple testing. Adjusted p-values displayed in the text. P < 0.05 was considered significant. The manuscript adheres to the applicable STROBE and ARRIVE guidelines.




RESULTS


Effects of Propofol on Barrier Tightness and Passive Permeability in Human Stem Cell-Derived Brain Microvascular Endothelial Cells

Forty eight hours after seeding, BMECs were treated with varying concentrations of propofol and barrier properties were evaluated (Figure 1A). To evaluate the effect of propofol on barrier tightness, TEER was measured immediately following propofol treatment and monitored every 24 h with maximum TEER values reported following treatment (Figure 1B). All concentrations of propofol evaluated significantly reduced TEER when compared to non-treatment control group (2,600 ± 321 Ω× cm2). A 10 μM propofol reduced the TEER of BMECs to 1,950 ± 61 Ω× cm2 (p < 0.05) and 30 μM lowered TEER to 1,065 ± 99 Ω× cm2 (p < 0.05), while 50 μM and 100 μM propofol had an even greater influence on reducing barrier tightness, with 50 μM reducing TEER to 388 ± 147 Ω× cm2 (p < 0.05) and 100 μM to 288 ± 148 Ω× cm2 (p < 0.05), respectively. To confirm propofol-induced decrease in TEER levels was not a result of decreased cell viability we measured cell viability following propofol treatments (10, 50, 100, 1,000 μM). Only a propofol concentration of 1 mM significantly reduced cell viability (Supplementary Figure 1). Additionally, to confirm that the propofol-induced decrease in barrier integrity was not due to an intralipid vehicle we measured TEER following control, intralipid alone, and intralipid with propofol (50 μM). Intralipid alone was indistinguishable from control (Supplementary Figure 2).
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FIGURE 1. Effects of propofol on barrier tightness and passive permeability in human stem cell-derived brain microvascular endothelial cells (BMECs). (A) Following 3 h of propofol exposure several barrier properties were monitored in the BMEC population. (B) Maximum transendothelial electrical resistance (TEER) values were measured following treatment with propofol (0, 10, 30, 50, and 100 μM). (C) Sodium fluorescein permeability was measured 3 h following application of propofol (0, 10, 30, 50, and 100 μM). Permeability coefficients were calculated based on the cleared volume of sodium fluorescein from top chamber to bottom chamber. Statistical significance was calculated using ANOVA. *P < 0.05 verses no treatment. Values are presented as mean ± SD of three replicates from a single differentiation and experiments were repeated on three independent differentiations to verify statistical trends reported.


Sodium fluorescein assays were used to evaluate the effect propofol has on barrier permeability (Figure 1C). Immediately following propofol exposure, sodium fluorescein permeability significantly increased in iPSC derived BMECs with all concentrations surveyed when compared to non-treatment control group (Pe = 1.65 ± 0.11 × 10–6 cm/s). A 10 μM propofol elevated sodium fluorescein permeability to Pe = 3.28 ± 0.95 × 10–6 cm/s (p < 0.05) and 30 μM increased the permeability to fluorescein even further to Pe = 8.23 ± 0.45 × 10–6 cm/s (p < 0.05). While 50 μM propofol had a greater influence on fluorescein permeability than the latter with Pe = 13.11 ± 0.27 × 10–6 cm/s (p < 0.05), additionally 100 μM propofol had a significant effect on permeability with Pe = 16.52 ± 0.69 × 10–6 cm/s (p < 0.05).

Sodium fluorescein permeability was also used to evaluate the long term effects of propofol exposure on barrier integrity. Propofol treatments of 50 and 100 μM had significant effects on barrier permeability immediately following propofol treatment (6 h) and up to 4 days post-treatment (Table 1). Non-treatment BMECs exhibited a sodium fluorescein permeability of Pe = 1.62 ± 0.22 × 10–6 cm/s. BMECs treated with 50 μM propofol resulted in an elevated Pe of 6.44 ± 0.92 × 10–6 cm/s (p < 0.05) while treatment with 100 μM propofol further increased sodium fluorescein permeability to Pe = 13.84 ± 2.19 × 10–6 cm/s (p < 0.05). Treatment of BMECs with 10 μM propofol (Pe of 2.25 ± 0.53 × 10–6 cm/s) had no significant effect on sodium fluorescein permeability when compared to non-treatment BMECs. BMECs treated with propofol (50, 100 μM) exhibited an increased sodium fluorescein at 48 h [4.17 ± 0.04 × 10–6 cm/s, 7.16 ± 0.90 × 10–6 cm/s vs. no treatment (1.57 ± 0.22 × 10–6 cm/s)]. At 96 h post-propofol (50 and 100 μM) continued to display a weakened barrier [2.03 ± 0.31 × 10–6 cm/s and 7.15 ± 1.34 × 10–6 cm/s vs. no treatment (0.89 ± 0.14 × 10–6 cm/s)].


TABLE 1. Barrier integrity was evaluated 3, 48, and 96 h following propofol exposure.
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Propofol Dysregulates Occludin Protein Localization in Induced Pluripotent Stem Cell Derived Brain Microvascular Endothelial Cells

Tight junction protein expression and localization were evaluated in the diminished barrier properties in BMECs following exposure to propofol. Utilizing immunocytochemistry, tight junction localization was observed in BMECs 48 h following propofol treatment. Following immunochemistry of occludin, several discontinuous junctions (white arrows) were observed in propofol treated BMECs (Figure 2A). Area fraction index, an indicator of tight junction immunoreactivity, revealed that occludin levels decreased by 34 ± 16%compared to no-treatment (p < 0.05) (Figure 2B). Western blot analysis of tight junction proteins expression validated the diminished occludin immunoreactivity observed in propofol treated BMECs (Figure 2C). Cells treated with 50 μM propofol showed a 37% reduction in relative intensity of occludin expression when compared to non-treatment (p < 0.05) (Figure 2D). No significant changes were observed in expression or localization of claudin-5 and ZO-1.
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FIGURE 2. Analysis of tight junction continuity and expression in iPSCs derived BMECs following treatment with propofol. Tight junction protein localization and expression levels were examined 48 h following treatment with propofol (50 μM) for 3 h. (A) BMECs were immunocytochemically labeled for tight junction proteins: claudin-5, occludin, and ZO-1. Discontinuous tight junctions are indicated by white arrows. Scale bar = 50 μm. (B) Quantification of discontinuous tight junctions was performed by calculating the area of each image that displays claudin-5, occludin, or ZO-1 immunoreactivity, respectively (area fraction index). Values are presented as mean ± SD of three replicates from a single differentiation, and experiments were repeated on three independent differentiations to verify statistical trends reported. (C) Western blot of tight junction proteins following propofol treatment with β-actin loading control. Each lane represents a separate BMEC differentiation. (D) Quantification of western blots to compare tight junction protein expression levels. Propofol samples were independently normalized to each respective no-treatment sample. Statistical significance was calculated using Student’s t-test. *P < 0.05 versus no treatment. Values are presented as mean ± SD of three differentiations.




Brain Microvascular Endothelial Cell Efflux Transporters Activity Is Unaffected by Propofol Exposure

The effects of 50 μM propofol on PgP, MRP-1, and BCRP expression and activity was investigated. Efflux transporter expression in BMECs was visualized by immunocytochemistry (Figure 3A) and quantified by flow cytometry (Figure 3B). Expression of PgP, MRP-1 and BCRP was unaffected by propofol exposure (Figure 3B). Efflux transporter activity was determined by measuring transport and accumulation of efflux transporter substrates (Figure 3C). There was no significant difference in Rhodamine 123 transport between control and propofol treatment conditions for PgP following inhibition with CsA (157.43 ± 33.39 and 145.99 ± 16.88). MRP-1 also showed an increased transport of DCFDA after inhibition with MK571 (137.11 ± 3.37 and 137.19 ± 6.28), but no significant difference between control and propofol groups. Likewise BCRP expressed in BMECs exhibited increased transport of Hoechst after exposure to the inhibitor KO143 (131.68 ± 3.49 and 133.33 ± 6.34) and no significant change between control and treatment groups. Accumulation of substrate was also investigated for PgP, MRP-1 and BCRP. There was no significant difference between control and treatment group accumulation for Pgp, MRP-1 or BCRP following inhibition.
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FIGURE 3. The effects of propofol on efflux transporters in BMECs. (A) iPSC-derived BMECs were immunolabeled for efflux transporters: Pgp, MRP-1, and BCRP following 3 h of propofol (50 μM) treatment. Scale bar = 100 μm. (B) Transporter expression levels were determined using flow cytometry. Geometric means of positively immunolabeled cell populations were analyzed to compare expression levels with and without propofol exposure. The data are normalized to no treatment expression levels. Statistical significant was determined using a Student’s t-test. Values are mean ± SD of three independent differentiations. (C) Efflux transporter activity was assessed by the transport of fluorescent substrates and optimized inhibitors (Pgp: Rhodamine/Cyclosporin A; MRP-1: DCFDA/MK571; BCRP: Hoechst/KO143) from the apical to the basolateral chamber in the two-compartment transwell model and the accumulation of substrate within the cells. Data is reported as a percentage change from no-inhibitor within each respective condition. Statistical significance was calculated using Student’s t-test. *P < 0.05 versus no inhibition. Values are presented as mean ± SD of three replicates from a single differentiation, and experiments were repeated on three independent differentiations to verify statistical trends reported.




Propofol Does Not Affect Cellular Transcytosis in Brain Microvascular Endothelial Cells

To determine the effects of propofol on uptake and transcytosis of a large molecule, a 10 kDa Alexa-Fluor tagged dextran was utilized. Following propofol treatment BMECs were treated with a fluorescently tagged dextran. The tagged dextran was quantified both within the cell (accumulation) and in the chamber below the BMEC-seeded transwell (transcytosis) and compared to non-treated BMECs. Following propofol treatment, BMECs had similar levels of accumulation and transcytosed dextran (94 ± 5%, 97 ± 5%; respectively; n.s.) compared to no treatment (100 ± 8, 100 ± 8%; respectively) (Figure 4A). When 10 kDa dextran transcytosis was conducted at 4°C, vesicular transport was significantly reduced (Figure 4B). Additionally, BMECs with TEER values of 200–400 Ω× cm2 had a similar level of dextran transcytosis compared to BMECs with TEER values ranging from 1,500 to 2,300 Ω× cm2 (Figure 4C) indicating that 10 kDa dextran transcytosis is occurring via a transcellular route and not a para-cellular route.
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FIGURE 4. Determination of the effects of propofol on the ability of a fluorescently labeled dextran to cross BMECs. (A) BMECs were treated with propofol (50 μM) for 3 h prior to being presented with a fluorescently tagged dextran for 2 h. Fluorescently tagged dextran was measured from the bottom chamber (transcytosis) and within the BMEC population (accumulation). Raw fluorescence units are normalized to control BMECs. (B) To account for membrane fluidity in the ability of dextran to cross BMECs we conducted the assays at both 37° and 4°C. (C) To validate that dextran transcytosis was not related to changes in barrier tightness we evaluated the ability of dextran to cross BMECs with low TEER values (200–400 Ωxcm2) and high TEER values (1,500–2,300 Ωxcm2). Statistical significance was calculated using Student’s t-test. All experimental comparisons displayed no significance. Values are presented as mean ± SD of three replicates from a single differentiation, and experiments were repeated on three independent differentiations to verify statistical trends reported.




Propofol-Induced Blood-Brain Barrier Damage Is Restored Following Matrix Metalloproteinase Inhibition

The role of MMPs in propofol-induced BBB damage was investigated by utilizing a sodium fluorescein tracer in the presence of MMP inhibitor, GM6001. MMP2 and 9 activity were assessed after exposure to 50 μM propofol. Following propofol, BMECs had a 247 ± 88% increase in MMP2 activity compared to non-treatment (Figure 5A). Interestingly, propofol did not affect MMP 9 activity (increase of 4 ± 16% from control) (Supplementary Figure 3). To determine the role of MMP-2 induced barrier leakiness, BMECs were pretreated with an MMP inhibitor, GM 6001 (25 μM) for 30 min prior to and during propofol treatment (Figure 5B). Propofol (50 μM) increased sodium fluorescein permeability (11 ± 2.6 × 10–6 cm/s) compared to no-treatment control (0.9 ± 0.13 × 10–6 cm/s). GM6001 inhibition significantly attenuated the propofol-induced sodium fluorescein permeability increase observed following propofol treatment (4.5 ± 0.6 × 10–6 cm/s; p < 0.05 versus propofol). Additionally, GM6001 inhibition attenuated a propofol-induced decrease in TEER [decrease of 54 ± 8% vs. a decrease of 87 ± 2% compared to no-treatment (p < 0.05)] (Supplementary Figure 4). Additionally, the effects of GM6001 on tight junction localization was visualized with immunohistochemistry (Figure 5C). Several discontinuous occludin junctions (white arrows) were observed in propofol treated BMECs, however, they were not observed when GM6001 was administered with propofol (Figure 5C). Area fraction index revealed that propofol-induced occludin levels decreased by 33 ± 15% compared to no-treatment (p < 0.05) but the co-administration of GM6001 and propofol restored occludin levels back to no-treatment levels (decrease 3 ± 15%; n.s.) (Figure 5D). Following visualization of tight junction localization we evaluated the effects of GM6001 on tight junction expression during propofol treatment. Similar to our previous results, occludin expression was significantly depressed following propofol treatment (decrease 0.313 ± 0.016). GM6001 administered during propofol exposure restored occludin expression back to no treatment levels (1.88 ± 0.09 vs. 1.83 ± 0.03; Figure 5E).
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FIGURE 5. Propofol-induced matrix metalloproteinase-2 (MMP-2) partially diminishes barrier integrity. (A) Following 3 h of propofol exposure in BMECs, culture medium was collected and MMP-2 activity was analyzed. Data is reported as a percentage change from no treatment. Statistical significance was calculated using Student’s t-test. (B) An MMP-inhibitor, GM6001, was administered during propofol exposure. Following MMP-inhibition barrier integrity was assessed with fluorescein permeability. Permeability coefficients were calculated based on the cleared volume of sodium fluorescein from top chamber to bottom chamber. (C) Tight junction protein localization and expression levels were examined 48 h following treatment with either propofol, GM6001, or propofol and GM6001. BMECs were immunocytochemically labeled for tight junction proteins: claudin-5, occludin, and ZO-1. Discontinuous tight junctions are indicated by white arrows. Scale bar = 50 μm. (D) Quantification of discontinuous tight junctions was performed by calculating the area of each image that displays claudin-5, occludin, or ZO-1 immunoreactivity, respectively (area fraction index). (E) Western blot of tight junction proteins following propofol treatment with or without GM6001. Quantification of tight junction protein, occludin following normalization to β-actin. Statistical significance was calculated using ANOVA. *P < 0.05 verses no treatment; #p < 0.05 verses Propofol. Values are presented as mean ± SD of six differentiations.





DISCUSSION

This study demonstrates that an anesthetic, propofol, can induce blood-brain barrier defects in a human stem cell-derived blood-brain barrier model. The unique advantage of the study presented here is that the barrier model utilized is of human origin with several near in vivo barrier phenotypes. Our major findings are summarized as follows: (1) Propofol significantly diminished BBB integrity as observed as a decrease in TEER and an increase in sodium fluorescein permeability. (2) Propofol diminished occludin expression and localization. (3) Propofol does not affect cell viability, efflux transporter expression or activity, or trans-cellular transport. (4) Propofol enhanced MMP-2 activity and inhibition of MMP activity in part reduced the propofol-induced barrier damage. In summary, propofol was detrimental to the integrity of the barrier but did not affect the active components (i.e., efflux transporters, trans-cellular transport). The damaging effects of propofol were in part mitigated by treating BMECs with a global MMP inhibitor prior to and during propofol exposure implicating that additional cellular mechanisms are responsible for barrier breakdown following propofol exposure.

Anesthetic agents are regularly used in a variety of medical procedures for individuals of all ages with very little known about the long-term effects on the brain (Dyer et al., 1995; Acharya et al., 2015; Disma et al., 2018; Olutoye et al., 2018). Rodent models have demonstrated that several anesthetics, both volatile and lipophilic, have detrimental effects on NVU populations and ultimately functional discrepancies later in life (Stratmann et al., 2009; Shen et al., 2013). Importantly, the anesthetic-induced neurotoxicity was specific to a limited brain development window often associated with a period of brain growth when neuronal populations are vulnerable (Jevtovic-Todorovic et al., 2003).

More recently, several human studies have demonstrated the negative effects observed in animal studies may not be as robust in the human population and illustrate a need for effective and competent in vitro human models to further evaluate the safety of anesthetics in the human population (O’Leary and Warner, 2017; Disma et al., 2018). A limited number of reports have investigated the effects of anesthetics on the structure and function of the BBB in a variety of models. The clinical significance of these studies must be carefully measured as interspecies differences in the BBB exist (Syvänen et al., 2009; Warren et al., 2009). The utilization of human primary or immortalized BBB models alleviate some of these concerns, however, suboptimal barrier phenotypes often limit the extent of their efficacy (Calabria and Shusta, 2008). The validity of iPSC-derived BBB models have been questioned due to a mixed endothelial: epithelial transcriptional profile (Lu et al., 2021); yet, these iPSC-derived like BMECs exhibit near in vivo barrier function, an essential component of a BBB model (Workman and Svendsen, 2020). More recently, iPSC-derived BMECs have been utilized to enhance tissue engineering models, replicate pathological conditions, and unveil novel therapeutic approaches in the BBB (Li et al., 2021; Neal et al., 2021; Noorani et al., 2021; Raut et al., 2021; Wellens et al., 2021; Wu et al., 2021). Three common anesthetics, propofol, isoflurane, and sevoflurane, have independently demonstrated a degree of BBB damage (Sharma et al., 2014; Zhao et al., 2014; Acharya et al., 2015). Interestingly, propofol induces apoptosis in neuronal populations by potentially effecting astrocyte-derived brain derived neurotrophic factor (Liu et al., 2017). However, propofol does not appear to induce apoptosis in astrocytes and very little is known about the effects of propofol on pericytes, another critical cell type of the NVU (Yan et al., 2017). Due to the role of NVU cell types in the support, maintenance and the development of barrier forming BMECs any propofol-induced injuries could have a direct effect on barrier properties.

Propofol is an anesthetic agent commonly used for both the induction and maintenance of anesthesia in both short-term procedures and long-term sedation. Propofol similarly to the volatile anesthetics, isoflurane and sevoflurane, enhance GABA transmission but is administered intravenously compared to inhalation (Kim et al., 2018). Exposure of iPSC-derived BMECs to isoflurane and sevoflurane did not alter barrier integrity (data not shown). Determining an in vivo like concentration is challenging as propofol readily binds red-blood cells and circulating plasma proteins (Altmayer et al., 1995). However, propofol is lipophilic and the brain concentration is believed to be much higher compared to peripheral tissues (Riu et al., 2000). Representative in vitro concentrations have been reported to be as low as 3 μM and as high as 50 μM (Sall et al., 2012; Long et al., 2017). We observed a small reduction in barrier tightness (decreased TEER and increased fluorescein permeability) following 10 μM propofol administration, however, within 3 h barrier integrity (Table 1) was indistinguishable from no treatment implicating that barrier effects of propofol was not sustained. Additionally, tight junction localization was unchanged following 10 μM propofol. A robust barrier loss was observed following exposure to 50 μM propofol and was within clinical limits thus all subsequent experiments were conducted at this concentration. Without barrier supporting NVU cell types, iPSC-derived BMEC barrier properties begin to diminish four to 7 days post sub-culture; limiting the extent of propofol-induced barrier dysfunction we are able to observe. However, these results implicate at least in part that the safety of propofol anesthesia should be further studied, specifically in terms of its action on the blood-brain barrier.

Several studies have demonstrated a strong correlation between junctional continuity and barrier phenotype (Persidsky et al., 2006). Isoflurane was previously demonstrated to decrease occludin expression in primary human brain microvascular endothelial cells (Zhao et al., 2014). Similarly, we observed a significant decrease in expression and localization of occludin along with a loss in barrier tightness following propofol exposure. Loss of occludin localization and expression are likely responsible for the observed barrier loss following propofol exposure. Additionally, we investigated the effects of propofol on the expression and activity of efflux transporters. Regev et al. demonstrated that the anesthetics: benzyl alcohol, non-aromatic chloroform, and diethyl ether abolished Pgp activity; however, these studies were conducted in non-brain-microvascular endothelial cells (Regev et al., 1999). We previously demonstrated that iPSC-derived BMECs express functional efflux transporters including: Pgp, MRP-1 and BCRP (Canfield et al., 2017). Propofol exposure did not have an effect on efflux transporter activity in iPSC-derived BMECs. It is difficult to benchmark these results to the literature as there are no previous studies that have investigated the effects of propofol on efflux transporter activity or expression. Finally, we investigated non-specific transcytosis following propofol. Brain endothelium has a significantly reduced rate of transcytosis compared to peripheral endothelial cells (Daneman et al., 2010). Isoflurane has been demonstrated to increase caveolar-dependent transcytosis, however, propofol exposure did not alter non-specific transcytosis in iPSC-derived BMECs (Spieth et al., 2021).

Anesthetic-induced barrier damage mediators have been previously investigated, including the roles of reactive oxygen species, vascular endothelial growth factor, heat-inducible factor-1α, and matrix metalloproteinase (Sharma et al., 2014; Zhao et al., 2014). Previously, MMPs have been demonstrated to de-localize tight junctions and digest basement membrane proteins contributing to an increase in barrier leakiness (Feng et al., 2011). Specifically, MMP-2 and MMP-9 have been implicated in anesthetic-induced blood-brain barrier breakdown (Hu et al., 2014). MMP-9 activity is often associated with an increase in VEGF-induced BBB permeability (Valable et al., 2005). Human iPSC-derived BMECs had elevated MMP-2 activity following propofol exposure; however, MMP-9 activity and VEGF expression (data not shown) remained unchanged. The addition of a global MMP inhibitor during propofol exposure partially protected barrier tightness in iPSC-derived BMECs. These data indicate that other non-MMP signaling mechanisms either independently or in unison with MMP-2 contribute to propofol-induced barrier breakdown.

Finally, to our knowledge, we are the first to investigate the toxic effects of propofol on a relevant human BBB model. Similarly to models of different sources, we observed propofol diminishing barrier integrity by decreasing tight junction expression and localization. These actions were in part mitigated with the addition of a global MMP inhibitor. The utilization of a human iPSC-derived BBB model with robust in vivo like properties demonstrates that further studies are warranted in understanding the effects of anesthetics on the blood-brain barrier both acutely and long-term. Specifically, a better understanding of cellular mechanisms involved in anesthetic-induced BBB breakdown would unveil novel therapeutic interventions to further enhance anesthesia safety.
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Supplementary Figure 1 | Cell viability was assessed in BMECs following propofol exposure. Following propofol exposure cell viability was determined utilizing a MTT cell viability assay kit. Data is reported as a percentage change from control (no Propofol). Statistical significance was calculated using ANOVA. *P < 0.05 versus control. Values are presented as mean ± SD of three differentiations.

Supplementary Figure 2 | Barrier integrity was evaluated following intralipid exposure. BMECs were exposed to DMSO (control solvent), intralipid alone, and propofol with intralipid. Data is reported as a percentage change from control. Statistical significance was calculated using ANOVA. Values are presented as mean ± SD of three differentiations.

Supplementary Figure 3 | MMP-9 activity was assessed in BMECs following propofol exposure. Following 3 h of propofol exposure in BMECs, culture medium was collected and MMP-9 activity was analyzed. Data is reported as a percentage change from no treatment. Statistical significance was calculated using Student’s t-test. Values are presented as mean ± SD of three replicates from a single differentiation, and experiments were repeated on three independent differentiations to verify statistical trends reported.

Supplementary Figure 4 | Propofol-induced matrix metalloproteinase-2 (MMP-2) partially diminishes trans-endothelial electrical resistance. An MMP-inhibitor, GM6001, was administered during propofol exposure. Following MMP-inhibition barrier integrity was assessed with trans-endothelial electrical resistance (TEER). TEER was normalized to a percentage change from no-treatment. Statistical significance was calculated using ANOVA. *P < 0.05 verses no treatment; #p < 0.05 verses Propofol. Values are presented as mean ± SD of three differentiations.

Supplementary Table 1 | Antibody information for immunocytochemistry assays.

Supplementary Table 2 | Antibody information for western blot assays.


ABBREVIATIONS

BBB, blood-brain barrier; BMECs, brain microvascular endothelial cells; NVU, neurovascular unit; HSP, heat shock protein; MMPs, matrix metalloproteinase; HIF-1α, heat inducible factor-1 α; iPSCs, Human induced pluripotent stem cells; hESFM, human endothelial serum-free medium; bFGF, basic fibroblast growth factor; PDS, platelet-poor plasma derived bovine serum; RA, retinoic acid; TEER, Trans-endothelial electrical resistance; ZO-1, zonula occludens; PBS, phosphate-buffered saline; TBST, Tris-buffered saline containing 0.1% Tween 20; HRP, horseradish peroxidase; Pgp, P-glycoprotein; MRP-1, multi-drug resistance protein; BCRP, breast cancer resistance protein; CsA, Cyclosporin A; DCFDA, dichlorodihydrofluorescein diacetate; MTT, 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide; DMSO, dimethyl sulfoxide; ANOVA, analysis of variance.
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(A) Functions Regulation of vascular Mechanical barrier and charge barrier Deen et al., 2001; Kutuzov et al., 2018; Zhu et al.,

permeability 2018
Regulation of vascular tone Inducing and transmitting the shear stress Ebong et al., 2014; Yen et al., 2015; Bartosch et al.,
change signal to the endothelial cells to 2017
synthesize and release nitric oxide
Attenuation of leukocyte Reducing leukocyte contact with Van den Berg et al., 2006; Kim et al., 2013
adhesion ICAM-1,ICAM-2, and VCAM-1
Attenuation of platelet adhesion  Reducing platelet contact with PECAM-1 Bell et al., 2017; Lupu et al., 2020
(B) Major shedding enzyme ~ MMPs Cleaving core protein backbone of glycocalyx, Endo et al., 2003; Song et al., 2015; Reine et al.,
directly 2019; Ali et al., 2019
HPSE Cutting HS Shteper et al., 2003; Baraz et al., 2006; Qu et al.,
2016; Zheng et al., 2016
HAase Cutting HA Nieuwdorp et al., 2007; Becker et al., 2015
(C) Protection strategies of Glucocorticoid Stabilizing mast cells Cuietal., 2015; Yu et al., 2019
glycocalyx
Antithrombin agents Stabilizing glycocalyx structure by combining Chappell et al., 2009a,b
with it
Abumin Similar to that of antithrombin Becker et al., 2015; Aldecoa et al., 2020
Etanercept TNF-a inhibitor Nieuwdorp et al., 2009
Sulodexide Inhibiting HPSE and MMPs activities Mannello and Raffetto, 2011; van Haare et al., 2017
Doxycycline and batimastat Inhibitors of MMPs Lipowsky et al., 2011; Lipowsky and Lescanic,
2013
Sevoflurane Reduce MMPs production Annecke et al., 2010; Fang et al., 2021

ICAM, intercellular adhesion molecules; VCAM, vascular cell adhesion molecule; PECAM, platelet/endothelial cell adhesion molecule; HPSE, heparinase; HAase,
hyaluronidase;, MMPs, matrix metalloproteinases; TIMPs tissue inhibitor of matrix metalloproteinases; HDAC, histone deacetylase; HA, hyaluronic acid; HS, heparan
Sulfate.
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3h 1.62+022 225+053 6.44+0.92% 13.84 +£2.19*
48h 1.57+022 095+0.04 417 +£0.04* 7.16+0.90*
96 h 0.89+0.14 098+0.33 203+0.31* 7.15+1.34*

Fluorescein permeability coefficients (10~ 6 cm/s) were calculated in BMIECs follow-
ing propofol exposure (0 h/No treatment, 10, 50, 100 wM). Statistical significance
was calculated using ANOVA at each time point. *P < 0.05 verses no treatment.
Values are presented as mean + SD of three differentiations.
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Nbiol code Neuro Biobank code Condition Gender Onset age Age of death CERAD Braak Thal

c2 240 Control -Healthy F Does not apply 67 0 1 0
C3 243 Control -Healthy F Does not apply i) 0 0 0
C4 262 Control -Healthy M Does not apply 69 A 1 2
C5 319 Control -Healthy M Does not apply 61 0 0 0
C7 342 Control -Healthy F Does not apply 44 0 0 0
F2 127 FAD (E280A) F 49 62 B 4 5
F3 322 FAD (E280A) F 44 50 C 6 5
F5 328 FAD (E280A) F 50 63 C 6 5
F6 335 FAD (E280A) M 49 59 ¢} 6 5
F7 339 FAD (E280A) F 51 65 B b 5
Sl 99 Late SAD F 82 92 C 5 4
S2 112 Late SAD F 62 74 B 5 4
S3 117 Early SAD F 55 76 B 4 5
S6 332 SAD F 81 94 B 4 5
S10 338 SAD F 92 98 A 3 3
Al 118 CADASIL F 52 65 B 1 2
A2 147 CADASIL F 35 45 0 0 0
A3 160 CADASIL F 32 49 0 0 0
A4 201 CADASIL M 4 59 0 0 0
A5 321 CADASIL F 55 78 0 0 0

We used postmortem brain samples fromn =5 CNT, n = 5 SAD, n = 5 FAD (PSEN1 E280A mutation), and n = 5 CADASIL (Notch 3 mutation) cases obtained from the
University of Antioquia Neurobank. The cases were classified as healthy controls (C), familial Alzheimer’s (F), sporadic Alzheimer’s (S), or CADASIL (A). The table includes
the age of onset, age of death, postmortem index as the time between the patient’s death and sampling, Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) Braak stage to classify the degree of AD, and Thal phase to show the intersection of tau and amyloid B. NA, not available; NAF, not applicable; B, histological
findings suggest the diagnosis of AD; C, histological findings indicate the diagnosis of AD.
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