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Editorial on the Research Topic
 Innate immunity and neurodegenerative diseases – triggers from self and non-self




While innate immune responses are typically short-lived, resolving upon clearance of the inciting pathogen or damage-associated molecular pattern, unresolved innate immune responses in the central nervous system (CNS) promote toxic inflammatory conditions that mediate neurodegenerative diseases. Understanding the cellular mechanisms that mediate the transition from neuroprotective immune responses to toxic chronic inflammatory responses in the CNS is a major area of ongoing research. Furthermore, neuroinflammatory signaling in neurological disease is a self-propagating process, worsening the disease state over time as additional immune cells are recruited and polarized toward inflammatory phenotypes, blood-brain barrier (BBB) function is disrupted, and neurodegeneration progresses. This Research Topic includes 14 peer-reviewed articles published in different Frontiers journals. Five are comprehensive reviews on the role of inflammatory alterations in neurological and neuropsychiatric diseases. The remaining nine articles are original research on innate immune activation in spinal cord injury, ischemia, and other neurological and neuroinflammatory conditions. This editorial summarizes these published reports and how they may advance our knowledge of innate immune activation driven by self- and non-self-triggers (Figure 1). Furthermore, we also attempt to identify gaps in knowledge so that future research can focus on these unexplored areas.
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FIGURE 1
 Graphical abstract of major concepts and themes explored in this Research Topic. Microglia are the primary innate immune cell of the central nervous system (CNS) and respond to numerous pathogen and damage associated molecular patterns in various neurological diseases. Pattern recognition receptors (PRRs) such as Toll-like receptors and Nod-like receptors, recognize the presence of a variety of inflammatory molecules such as cellular damage debris, peripheral toxins and pathogens (e.g., alcohol and bacterial lipopolysaccharide), and misfolded protein aggregates (e.g., amyloid-β, tau, and α-synuclein aggregates). These trigger signaling cascades resulting in the activation of inflammatory genes by transcription factors like nuclear factor kappa-B (NF-κB) and activating protein-1 (AP-1). The release of inflammatory molecules from reactive microglia effects numerous cell types within the CNS including enhancing inflammatory microglial responses, altering astrocyte function, promoting blood-brain barrier disruption and recruiting peripheral immune invasion, and promoting the degeneration and dysfunction of neurons (a central theme of this Research Topic). Several papers in this collection highlight the cross-talk between the innate immune system of the CNS and the peripheral immune system in the development of neuroinflammatory and neurodegenerative diseases. This figure was created using BioRender.com.


To start with, the nature of innate immune responses and the production of inflammatory cytokines is to recruit a more robust immune response from additional cells. This is highlighted by Sánchez et al. in their study on the effects of the innate immune molecules apoptosis-associated speck-like protein containing a CARD (ASC) and matrix metalloprotease 10 (MMP10) on inducing an inflammatory microglial phenotype and further upregulating inflammatory cytokine signaling. This study, and many others in this Research Topic demonstrate how innate inflammatory signaling molecules in the CNS contribute to pathological feed-forward processes in neurodegenerative diseases and identify many nodes for future therapeutic targeting.

Tissue injury in the CNS, such as mechanical trauma, environmental toxins, hypoxic insult, or hemorrhage, is a major instigator of innate immune processes, including toxic neuroinflammation, that worsens neurodegeneration. The role of innate immunity in response to each of these modes of CNS injury is explored in this Research Topic. Xue et al. demonstrate the role of innate immune processes in mechanical spinal cord injury for mediating allodynia, highlighting the role of the RIPK-NF-κB-NLRP3 pathway for triggering inflammatory signaling in response to cellular damage signals even at sites away from the primary site of mechanical tissue injury. Ramos et al. review the mechanism of ethanol toxicity-induced neurodegeneration, highlighting the role of ethanol reactive microglia (ERMs) and innate immune neuroinflammatory processes as a key mediators of ethanol-induced neurotoxicity with parallels to Alzheimer's disease (AD) and potential contributions to AD etiology. Wang et al. identify a novel cytokine, Tissue Non-specific Alkaline Phosphatase, that plays a substantial role in the NF-κB-mediated inflammatory processes in response to the hypoxic injury related to the development of Spastic Cerebral Palsy. Finally, Yang G. et al. provide a detailed review of the innate immune signaling mechanisms in microglia in response to intracerebral hemorrhage that confers protection, promote resolution and cleanup of toxic blood products, or drive neuroinflammation that worsens neurodegenerative processes after a hemorrhagic stroke.

The BBB is the primary interface between the CNS and the peripheral immune system. The neurovascular unit, which forms the BBB, comprises several cell types, including a monolayer of tightly sealed vascular endothelial cells with a basement membrane, surrounding pericytes, and a covering layer of astrocyte end feet. This selectively permeable barrier protects the CNS from circulating toxins, pathogens, and damaging immune cells and inflammatory mediators and was believed to maintain the CNS as an immune-privileged site. More recently, researchers have appreciated the importance of a coordinated cross-talk between the peripheral immune system and the CNS in health and disease.

In this Research Topic, Su et al. assert that markers of increased BBB permeability and peripheral immune cell recruitment are signatures of normal aging across brain regions coinciding with increased molecular signatures of neuroinflammatory signaling. Disruption of the BBB with increased inflammatory infiltrate is a common pathological phenomenon in numerous disease states related to neurodegeneration. Interestingly, BBB disruption in response to inflammatory signaling is highlighted in Multiple Sclerosis (MS; Cui et al.), alcohol use disorder (AUD), and AD (Ramos et al.). In each of these disease states, the inflammatory cytokine interleukin-1β (IL-1β) is a key culprit in BBB dysfunction along with interleukin-6 (IL-6) and tumor necrosis factor-α (TNFα). These three critical inflammatory cytokine mediators of BBB disruption are explored in detail by Yang J. et al., highlighting the known molecular signaling mechanisms by which BBB integrity is disrupted, peripheral immune cells are recruited to the CNS, and inflammatory signaling in microglia and peripheral immune cells are upregulated.

Cross-talk between the peripheral immune system and the innate immune system of the CNS involving the transfer of inflammatory signaling molecules across the BBB is described throughout this Research Topic. Zhou et al. describe brain-derived small extracellular vesicles (sEVs) circulating in the plasma after acute cerebral ischemia containing brain-specific micro-ribonucleic acids (miRNAs). Temporal dynamics of these sEVs indicated that their presence in the peripheral circulation correlated with BBB disruption and could serve as a marker of disease staging and progression. Conversely, Ramos et al. describe the potential role of peripherally derived sEVs containing inflammatory cargo from liver in AUD that can modulate CNS neuroinflammatory processes. In many disease states, peripheral inflammation may accompany and contribute to neuroinflammation and vice versa. Increases in peripheral inflammatory molecules and immune cells in response to neuroinflammatory processes in the brain are discussed in the context of MS (Cui et al.), AUD and AD (Ramos et al.), Spastic Cerebral Palsy (Wang et al.), and intracerebral hemorrhage (Yang G. et al.). Eggerstorfer et al. and Li et al. both assert that peripheral inflammation, such as a peripheral bacterial lipopolysaccharide endotoxin (LPS) exposure in mice or during illness in humans, contributes to neuroinflammatory processes in the CNS that contribute to neuronal dysfunction.

Major Depressive Disorder (MDD) is the topic of two articles in this Research Topic (Eggerstorfer et al.; Li et al.). In a meta-analysis of eight separate imaging studies, Eggerstorfer et al. demonstrate that Translocator protein (TSPO), a marker of neuroinflammation, is elevated in several brain regions associated with disease symptoms in human patients assessed using positron emission tomography (PET). Li et al. dive into the mechanism of hypoxia-inducible factor 1 (HIF-1) and phosphoinositide 3 kinase (PI3K) signaling in response to LPS-induced peripheral inflammation for regulating depressive behaviors in rodent models. This study also demonstrated that repurposing of the FDA-approved HIF-1 stabilizing agent, FG-4592, could reduce depressive symptoms, neuroinflammation, and synaptic defects in rodents stimulated with LPS. These studies further support a new understanding of the role of neuroinflammation in mediating MDD, establishing a potential therapeutic target outside of monoamine neurotransmitter modulation that may yield improvements for many patients with MDD that are refractory to current pharmaceutical therapies.

While this editorial is not aimed to cover all 14 articles in this Research Topic, with some articles slightly outside the theme yet highly relevant to neuronal homeostasis, we express our gratitude to the many authors, reviewers, and editors around the world that contributed to this Research Topic to further our understanding of innate immunity in neurodegenerative diseases. We hope that readers will enjoy reading it.
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Background: Neuroinflammation is critical in developing and maintaining neuropathic pain after spinal cord injury (SCI). The receptor-interacting protein kinase 3 (RIPK3) has been shown to promote inflammatory response by exerting its non-necroptotic functions. In this study, we explored the involvement of RIPK3 in neuropathic pain after SCI.

Methods: Thoracic (T10) SCI rat model was conducted, and the mechanical threshold in rats was measured. The expressions of RIPK3, nod-like receptor family pyrin domain-containing protein 3 (NLRP3), caspase-1, and nuclear factor-κB (NF-κB) were measured with western blotting analysis or quantitative real-time polymerase chain reaction (qRT-PCR). Double immunofluorescence staining was used to explore the colabeled NLRP3 with NeuN, glial fibrillary acidic protein (GFAP), and ionized calcium-binding adapter molecule 1 (IBA1). In addition, enzyme-linked immunosorbent assay (ELISA) was applied to analyze the levels of proinflammatory factors interleukin 1 beta (IL-1β), interleukin 18 (IL-18), and tumor necrosis factor alpha (TNF-α).

Results: The expression of RIPK3 was elevated from postoperative days 7–21, which was consistent with the development of mechanical allodynia. Intrathecal administration of RIPK3 inhibitor GSK872 could alleviate the mechanical allodynia in SCI rats and reduce the expression levels of RIPK3. The activation of NLRP3 inflammasome and NF-κB was attenuated by GSK872 treatment. Furthermore, immunofluorescence suggested that NLRP3 had colocalization with glial cells and neurons in the L4–L6 spinal dorsal horns. In addition, GSK872 treatment reduced the production of inflammatory cytokines.

Conclusion: Our findings indicated that RIPK3 was an important facilitated factor for SCI-induced mechanical allodynia. RIPK3 inhibition might relieve mechanical allodynia by inhibiting NLRP3 inflammasome, NF-κB, and the associated inflammation.

Keywords: neuropathic pain after spinal cord injury, receptor-interacting protein kinase 3, NLRP3 inflammasome, nuclear factor-kappa B (NF-κB), GSK872


INTRODUCTION

Neuropathic pain is a common complication after spinal cord injury (SCI) (Bryce et al., 2012; Sweis and Biller, 2017). The neuropathic pain after SCI is stubborn, severe, and protracted, which brings great pain and endless torture to the patients (Attal, 2021). The sense of helplessness and despair that pain brings to patients is even more harmful than the impact of dysfunction. Unfortunately, there is still a lack of effective treatment to control the progression of pain. Therefore, it is essential to explore the mechanisms of neuropathic pain after SCI to develop effective treatment programs or drugs.

The pathophysiological mechanism of neuropathic pain after SCI is complex. However, the previous research suggested that neuroinflammation in the remote spinal dorsal horn might play an especially critical role in the development course of neuropathic pain after SCI (Gwak and Hulsebosch, 2009). It was confirmed that activated glial cells and inflammatory factors in the remote spinal dorsal horns promoted the induction and maintenance of neuropathic pain after SCI by increasing neurons' excitability (Detloff et al., 2008; Sandhir et al., 2011; Gwak et al., 2012). However, the upstream kinases or signal pathways that promote neuroinflammation in remote spinal dorsal horns have not been well-studied.

Receptor-interacting protein kinase 3 (RIPK3) is a crucial threonine–serine protein kinase for necroptosis (Khan et al., 2014). Tumor necrosis factors, toll-like receptor agonists, oxidative stress, and virus infection could activate RIPK3 and trigger necroptosis (Kaczmarek et al., 2013). It is well-known that necroptosis is a highly inflammatory cell death that can trigger inflammatory responses due to the release of intracellular immunogenic contents. Interestingly, the recent studies demonstrate that activated RIPK3 may contribute to the inflammation by exerting its non-necroptotic functions, such as activating nuclear factor-κB (NF-κB) or nod-like receptor family pyrin domain-containing protein 3 (NLRP3) inflammasome (Moriwaki et al., 2014) (Moriwaki and Chan, 2017). Both NF-κB and NLRP3 inflammasome are the important pathways for promoting inflammatory. NF-κB is a transcriptional activator of inflammatory factor genes (Lawrence, 2009). NLRP3 inflammasome is a protein complex composed of NLRP3, the adaptor apoptosis-associated speck-like protein containing a CARD (ASC) and caspase-1 (Kelley et al., 2019). When stimulated by the endogenous and exogenous dangerous signals, the assembled NLRP3 inflammasome activates caspase-1, which converts the pro-IL-1β and pro-IL-18 into mature interleukin 1 beta (IL-1β) and interleukin 18 (IL-18) (Kelley et al., 2019).

The previous studies showed that RIPK3 might be involved in inflammatory bowel disease (Lee et al., 2020) and autoinflammatory disease (Speir and Lawlor, 2021). RIPK3 has also been studied in the rodent SCI model. A previous study showed that RIPK3 was highly expressed at the injured site for 21 days after SCI and localized in neurons, astrocytes, and oligodendrocytes (Kanno et al., 2015). Furthermore, the recent investigations have found that inhibiting RIPK3-mediated necroptosis helped to reduce neuroinflammation and the recovery of locomotion (Wang et al., 2019; Hongna et al., 2021). Nevertheless, a few studies investigated the expression of RIPK3 in the remote spinal cord after SCI, and whether RIPK3 inhibition could relieve neuropathic pain after SCI was also unclear.

To solve these problems, by establishing the thoracic SCI model, we studied the RIPK3 expression in the remote spinal dorsal horns and further explored its role in neuropathic pain after SCI. Furthermore, we examined the effect of RIPK3 inhibitor GSK872 on the expression of the NLRP3 inflammasome, NF-κB, and proinflammatory cytokines.



MATERIALS AND METHODS


Animals and Grouping

This experimental object was the male SD rats (6–7 weeks, 210–260 g) provided by the Shandong University Laboratory. All experimental rats were fed with a 12-h light/dark cycle at 25°C and had free access to rodent water and food. The Animal Care and Use Committee at Shandong University approved our experimental designs and operation procedures.

All rats were randomly divided into four groups (n = 4–7 per group for various analyses): sham group, SCI group, vehicle group, GSK872 group. In the sham group, only the vertebral lamina was removed without SCI; In the vehicle group, rats with SCI received an intrathecal injection of 10% dimethyl sulfoxide (DMSO) (Cell Signaling Technology, USA); In the GSK872 group, rats with SCI received an intrathecal injection of GSK872 (Med Chem Express, China). GSK872 was dissolved in DMSO.



SCI Model

Spinal cord injury model was made using modified Allen's method (Khan et al., 1999). Rats were anesthetized by intraperitoneal injection of 30 mg/kg of pentobarbital. The skin around the T10 segment in the back was disinfected and a longitudinal incision was made. The tendons and muscle tissue were separated to expose the T10 spinous processes and lamina, and then, the T10 lamina was removed, which exposes the corresponding spinal cord. A 10-g iron bar was used to cause SCI, vertically dropped from a height of 30 mm through a glass tube onto the exposed spinal cord. The hemostatic suture was performed using 3-0 silk thread, and antibiotics were then injected subcutaneously. Only the vertebral lamina was removed in the sham group without SCI. Rats were intramuscularly injected with 20 × 104 U/d penicillin for 5 days and received artificial micturition two times a day until the recovery of micturition function.



Intrathecal Injection and Drug Administration

The direct transcutaneous intrathecal injection was based on the method reported by Mestre et al. (1994). In brief, rats were anesthetized by inhaling enflurane, and then, the hip tubercle was touched to determine the L5 or L6. The 25-μl microinjection syringe (Shanghai Gaoge Industry and Trade Co., Ltd) was inserted into L5 or L6 intervertebral space vertically until the occurrence of tail-flick reflex, which indicated the tip of the needle had reached the subarachnoid space. When the tail-flick reflex was observed, the needle insertion was stopped and injected 10 μl GSK872 (25 mmol/L) (Hou et al., 2018) or 10 μl of DMSO. Rats were injected with GSK872 or DMSO 30 min before the surgery, 1 day, and 2 days after the surgery.



Pain Behavior Assessment

A total of 50% paw withdrawal threshold (PWT) was used to assess the mechanical allodynia according to the previous reports (Chaplan et al., 1994). Observers were blinded to the experimental groups and recorded 50% PWT on the first day before surgery and on the 7th, 10th, 14th, 17th, and 21st days after the operation. Before each measurement, it was necessary to let the rats adapt to the watch box for at least 30 min until exploration activities disappeared.

A total of eight von Frey hairs (0.4, 0.6, 1, 2, 4, 6, 8, and 15.0 g, Stoelting, United States) were used to measure 50% PWT in rat hind paws according to the “Up-Down” method. The filament of 2 g was used first. Then, the intensity of the next filament was decreased when the animal reacted or increased when the animal did not respond. Withdrawal of claws, shaking or licking was considered a painful reaction. When the response change was observed for the first time, this procedure was continued for six stimuli. Fifty percentage PWT was calculated using the following formula: 50% PWT = 10(Xf+κδ) (Xf is the logarithm value of the last von Frey fiber, and K is the corresponding value of the sequence, δ = 0.224). Bilateral rat hind paws were tested. Finally, the average of 50% PWT of bilateral hind paws was taken.



Tissue Sample Collection

To explore the protein and mRNA expression of RIPK3 at different time points after the operation, the rats in the SCI group were sacrificed by pentobarbital anesthesia (60 mg/kg, i.p) at postoperative days 7, 14, and 21 after conducting the pain behavior assessment. Rats in the sham group were euthanized on postoperative day 21. To study the effect of GSK872 on the expression of target molecules, all rats in each group (sham, SCI, vehicle, and GSK872 groups) were sacrificed at postoperative day 7. In double immunofluorescence staining, the rats were cardiac infused with 0.9% NaCl and 4% paraformaldehyde, and then, the L4–L6 spinal cord was separated from the rats and fixed with 4% paraformaldehyde. For other molecular detection, bilateral spinal dorsal horns (L4–L6) were collected, frozen in liquid nitrogen, and stored at −80°C until further analysis.



Western Blotting

Total proteins from tissues were extracted in RIPA lysis buffer (Solarbio, China), and a bicinchoninic acid (BCA) protein assay kit (Solarbio, China) was used for evaluating the protein concentration. The sample proteins were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes. The membranes were blocked with 5% non-fat milk in TBST followed by incubating with primary antibody overnight. The primary antibodies were as follows: anti-RIPK3 (1:1,200; Novus Biologicals), anti-NLRP3 (1:400; Novus Biologicals), anti-caspase-1 (1:800; Novus Biologicals), anti- NF-κB/p65 (1:1,000; Cell Signaling Technology, CST), anti-β-actin (1:5,000; Proteintech Group, PTG), and anti-glyceraldehyde 3-phosphate dihydrogen (GAPDH) (1:5,000; Proteintech Group, PTG). After being washed with Tris Buffered Saline with Tween (TBST), the membranes were incubated with goat anti-rabbit second antibody for 1.5 h. Finally, the enhanced chemiluminescence (ECL; Thermo Scientific) was used to visualize immunoblots, and the densities of the relative target proteins were measured using ImageJ. The GAPDH or β-actin was chosen as the internal reference control.



ELISA

On the 7th postoperative, the bilateral spinal dorsal horns were ground to tissue homogenization and were centrifuged at 10,000 rpm at 4°C for 30 min. After the supernatant was collected, we used enzyme-linked immunosorbent assay (ELISA) kits (TNF-α: Westang, China; IL-1β: MultiSciences, China; IL-18: Westang, China) to detect the levels of TNF-α, IL-1β, and IL-18 according to the instructions of ELISA kits.



qRT-PCR

According to the instructions, total RNAs were extracted from the bilateral dorsal horns using RNAex Pro Reagent (AG21102, Accurate Biotechnology, Hunan, China). Complementary DNA (cDNA) was synthesized using Evo M-MLV RT Mix Kit (AG11728, Accurate Biotechnology, Hunan, China). Polymerase chain reaction (PCR) amplifications were conducted using SYBR® Green Premix Pro Taq HS qPCR kit (AG11701, Accurate Biotechnology, Hunan, China). Real-time fluorescent quantitative PCR was carried out using Light Cycler® 480 II (Roche, Switzerland). β-actin was served as the internal reference for normalization. The mRNA levels of RIPK3, NLRP3, and caspase-1 were calculated using the 2−ΔΔCT method. The primers for NLRP3, RIPK3, caspase-1, and β-actin are shown in Table 1.


Table 1. Sequences of primers.
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Double Immunofluorescence Staining

On postoperative day 7, the L4–L6 spinal cord was harvested from rats (n = 3 for SCI group), embedded in paraffin, and cut into 20-μm-thick sections. These sections (n = 3 for each sample) were dewaxed, dehydrated by gradient alcohol, and repaired by antigen. Next, the sections were blocked with endogenous peroxidase and 10% donkey serum and then incubated with the following primary antibodies: NLRP3 (1:200; bs-6655R, Bioss), GFAP (1:500; GB12096, Servicebio), IBA-1(1:500; GB12105, Servicebio), and NeuN (1:100; GB13138-1, Servicebio) overnight at 4°C. After the primary antibody incubation, the sections were incubated with the corresponding secondary antibodies conjugated with CY3 and FITC for 1 h in dark conditions at 37°C. Finally, the dorsal horns were observed and photographed under a fluorescence microscope (Olympus, Japan).



Statistical Analysis

SPSS 24.0 software (IBM, USA) was used to perform all the data analysis. All results were presented as mean ± SD. The Kolmogorov–Smirnov test was used to detect whether the data conformed to the normal distribution. For behavioral experiments, comparisons between multiple groups were conducted by repeated-measures analysis of variance and Tukey's post-hoc analysis. For quantitative real-time polymerase chain reaction (qRT-PCR), western blot, and ELISA, multiple-group comparisons were carried out by one-way ANOVA and Tukey's post-hoc analysis. When p < 0.05, we considered the difference between the two groups to be statistically significant.




RESULTS


Upregulation of RIPK3 Expression in the SCI Model

Mechanical allodynia was tested using 50% PWT (Figure 1). Compared with the rats in sham group, rats in the SCI group developed mechanical allodynia from 7 to 21 days after the surgery (p < 0.05), which indicated that the SCI model was established successfully.


[image: Figure 1]
FIGURE 1. Intrathecal administration of GSK872 (10 μl, 25 mmol/L) attenuated mechanical hypersensitivity induced by SCI (n = 7 for each group). All data were calculated as mean ± SD. *p < 0.05 vs. the sham group; #p < 0.05 the vehicle group. Comparisons between multiple groups were conducted by repeated-measures analysis of variance and Turkey's post-hoc analysis SCI: spinal cord injury. 50% PWT, fifty percentage paw withdrawal threshold.


Western blot analysis was carried out to detect the RIPK3 protein level at different time points postoperation (Figure 2A). Compared with the sham group, the protein expression of RIPK3 was significantly increased in SCI group from postoperative days 7–21 (p < 0.05). Meanwhile, similar results were verified using qRT-PCR (p < 0.05) (Figure 2B).


[image: Figure 2]
FIGURE 2. RIPK3 was up-regulated in the dorsal horns after thoracic SCI. (A) The expression of RIPK3 in the SCI group was measured by western blot analysis on the 7th, 14th, 21th postoperative days (n = 5 for each group). (B) Quantitative analysis of the mRNA expression of RIPK3 in the sham group and SCI group on the 7th, 14th, 21th postoperative days (n = 4 for each group). All data were calculated as mean ± SD. *p < 0.05, vs. the sham group. Comparisons between multiple groups were carried out by one-way ANOVA and Turkey's post-hoc analysis. RIPK3, receptor-interacting protein kinase 3.




GSK872 Decreased RIPK3 Expression Level and Relieved Mechanical Allodynia Induced by SCI

To determine whether RIPK3 was involved in neuropathic pain after SCI, the effect of GSK872 on mechanical allodynia and the RIPK3 expression level were assessed. About 10 μl GSK872(25 mmol/L) was injected 30 min before the surgery, 1 day, and 2 days after the surgery. Western blot analysis was performed to evaluate RIPK3 expression level (Figure 3A). The protein expression of RIPK3 was upregulated in vehicle rats compared with those in the sham group (p < 0.05). The upregulation of RIPK3 was wholly reversed after GSK872 treatment (p < 0.05). In addition, the results from qRT-PCR were consistent with the western blot analysis (p < 0.05) (Figure 3B).


[image: Figure 3]
FIGURE 3. GSK872 (10 μl, 25 mmol/L) reduced the expression levels of RIPK3 after SCI. (A) The expression of RIPK3 in different groups, including sham, SCI, vehicle and GSK872 group, was measured by western blot analysis (n = 5 for each group). (B) Quantitative analysis of the RIPK3 mRNA expressions in different groups including sham, SCI, vehicle and GSK872 group (n = 4 for each group). All data were calculated as mean ± SD. *p < 0.05 vs. the sham group. #p < 0.05 vs. the vehicle group. Comparisons between multiple groups were carried out by one-way ANOVA and Turkey's post-hoc analysis.


As shown in Figure 1, 50% PWT was significantly decreased in the vehicle group compared with the sham group (p < 0.05). After intrathecal injection of RIPK3 inhibitor GSK872, mechanical allodynia in rats who received SCI was relieved from 7 to 21 days postoperation (p < 0.05).



GSK872 Reduced the Production of Inflammatory Cytokines

To further investigate whether inhibition of RIPK3 could restrict neuroinflammation, ELISA was used to assess the levels of inflammatory cytokines (Figures 4A–C). The expressions of IL-1β (p < 0.05), IL-18 (p < 0.05), and TNF-α (p < 0.05) markedly ascended in the vehicle group compared with the sham group. The protein levels of TNF-α (p < 0.05), IL-1β (p < 0.05), and IL-18 (p < 0.05) were restricted in the GSK872 group compared with the vehicle group.


[image: Figure 4]
FIGURE 4. Intrathecal injection of GSK872 (10 μl, 25 mmol/L) inhibited neuroinflammation in the lumbar spinal dorsal horns (n = 4 for each group). (A–C) The levels of TNF-α, IL-1β, and IL-18 in different groups, including sham, vehicle and GSK872 group, were investigated by ELISA. The protein level of TNF-α, IL-1β, and IL-18 were reduced after GSK872 treatment. All data were calculated as mean ± SD. *p < 0.05 vs. the sham group. #p < 0.05 vs. the vehicle group. Comparisons between multiple groups were carried out by one-way ANOVA and Turkey's post-hoc analysis. IL, interleukin; TNF-α, tumor necrosis factor-α.




GSK872 Suppressed the Activation of NLRP3 Inflammasome in Glia and Neurons

To further explore the potential molecular mechanism of GSK872 in alleviating mechanical allodynia, the expression of NLRP3 inflammasome was investigated. The results from western blot showed that the protein levels of NLRP3 (p < 0.05) and caspase-1 (p < 0.05) were remarkably upregulated in the vehicle group compared with the sham group (Figures 5A,B). Rats treated with GSK872 exhibited lower protein levels of NLRP3 (p < 0.05) and caspase-1 (p < 0.05) compared with the rats in the vehicle group. We also found similar results by examining the mRNA expression of NLRP3 (p < 0.05) and caspase-1 (p < 0.05) (Figures 5C,D).


[image: Figure 5]
FIGURE 5. GSK872 (10 μl, 25 mmol/L) suppressed the activation of NLRP3 inflammasome in glia and neurons. (A,B) The expressions of NLRP3 and caspase-1 in different groups, including sham, SCI, vehicle and GSK872 group, were measured by western blot analysis (n = 5 for each group). (C,D) Quantitative analysis of NLRP3 and caspase-1 mRNA expressions in different groups including sham, SCI, vehicle and GSK872 group (n = 4 for each group). (E–P) Immunofluorescence staining of NLRP3 (red) with NeuN, a neuronal marker (green); GFAP, an astrocyte marker (green); and Iba-1, a microglial marker (green) in the lumbar dorsal horns of SCI rats. Scale bar, 50 μm (E–G,I–K). Scale bar, 25 μm (M–O). Scale bar, 20 μm (H,L,P). All data were calculated as mean ± SD. *p < 0.05 vs. the sham group. #p < 0.05 vs. the vehicle group. Comparisons between multiple groups were carried out by one-way ANOVA and Turkey's post-hoc analysis.


In addition, the cellular localization of NLRP3 in nerve cells of spinal dorsal horns was researched (Figures 5E–P). Double immunofluorescent staining revealed that NLRP3 was localized in the microglia, neurons, and astrocytes in the dorsal horn of SCI rats.



Effect of GSK872 on NF-κB p65

The western blot was conducted to evaluate the expression level of NF-κB p65 (Figure 6). Our data showed that NF-κB p65 was markedly upregulated in the vehicle group compared with the sham group (p < 0.05). Intrathecal delivery of GSK872 inhibited the protein level of NF-κB p65, as shown in the GSK872 group (p < 0.05).


[image: Figure 6]
FIGURE 6. Intrathecal injection of GSK872 (10 μl, 25 mmol/L) inhibited NF-κB p65 in the lumbar spinal dorsal horns (n = 5 for each group). The expression of NF-κB p65 in different groups, including sham, SCI, vehicle and GSK872 group, was measured by western blot analysis. All data were calculated as mean ± SD. *p < 0.05 vs. the sham group. #p < 0.05 vs. the vehicle group. Comparisons between multiple groups were carried out by one-way ANOVA and Turkey's post-hoc analysis. NF-κB, nuclear factor-kappa B.





DISCUSSION

The current work mainly explores whether RIPK3 is a potential target for alleviating neuropathic pain after SCI. We are the first to find an increased expression of RIPK3 in the lumbar spinal dorsal horns of rats with thoracic SCI. Significantly, RIPK3 inhibitor GSK872 inhibited the expression of RIPK3 and alleviated mechanical hyperalgesia. Furthermore, we showed that GSK872 treatment reduced the expression of NLRP3 inflammasome, NF-κB, and proinflammatory factors, which indicated that RIPK3 inhibition effectively relieved neuroinflammation in the lumbar spinal dorsal horns.

Thoracic spinal cord contusion in male rats is the most commonly used model for studying SCI pain because this model matches clinical characteristics quite well in terms of trauma type and gender (Kramer et al., 2017). Mechanical stimulation and thermal stimulation were used to evaluate the pain behavior of neuropathic pain models. However, heat response in SCI models could represent exaggerated spinal reflexes (Shiao and Lee-Kubli, 2018). It has been reported that patients with SCI have a low probability of thermal hyperalgesia (Finnerup et al., 2014). In addition, van Gorp et al. (2014) found that rats that received severe thoracic contusion did not show low thermal withdrawal latency. In this study, we studied mechanical hyperalgesia of male rats with SCI and found that rats that received thoracic spinal cord contusion showed lower PWT than rats in the sham group, which indicated that the SCI neuropathic pain model was established.

Recently, RIPK3 has been well-studied in the neuropathic pain model caused by peripheral nerve injury. For instance, investigators reported that RIPK3 was highly expressed in the spinal cord, dorsal root ganglia, and hippocampus of the chronic constriction injury (CCI) model (Pu et al., 2018). He et al. (2021) further found that RIPK3 played an important role in CCI-induced neuropathic pain, and inhibition of RIPK3 ameliorated neuropathic pain via suppressing JNK signaling. We were curious about the role of RIPK3 in neuropathic pain after SCI. Our results indicated that rats with thoracic SCI exhibited high expressions of RIPK3, accompanied by remarkable mechanical allodynia from 7 to 21 days postoperation. It has been reported that the death signal ligand TNF-α activated RIPK3 and caused necrosis by binding to the death receptor (Vandenabeele et al., 2010). Our results showed that SCI led to increased TNF-α expression. Therefore, we speculated that TNF-α might be an important factor for causing the increased expression of RIPK3. Our observation also showed that RIPK3-specific inhibitor GSK872 could relieve allodynia and downregulate the expression of RIPK3 in the dorsal horns. Taken together, it suggested that the high expression of RIPK3 in the spinal dorsal horn could contribute to the development of neuropathic pain after SCI.

Inflammatory factors are the essential components of neuroinflammation. It has been demonstrated that proinflammatory factor is involved in neuropathic pain progress. Proinflammatory factors, such as IL-18, IL-1β, and TNF-α, are the famous pain mediators (Kawasaki et al., 2008; Pilat et al., 2016). The previous studies have indicated that increased expressions of TNF-α and IL-1β were associated with pain-related behaviors in a rat model of SCI (Detloff et al., 2008). The proinflammatory factor could induce SCI rat hyperalgesia via upregulating the excitability of superficial dorsal horn neurons (Fakhri et al., 2021). RIPK3 is a key kinase in regulating inflammatory factors (Yabal et al., 2014). Moreover, one research found that RIPK3 inhibition relieved neuropathic pain induced by peripheral nerve injury by decreasing proinflammatory factors' expressions (Fang et al., 2021). In this study, the proinflammatory factors were significantly increased in the spinal dorsal horns in SCI rats, accompanied by a reduction in mechanical pain threshold. Meanwhile, after intrathecal administration of GSK872, the proinflammatory factors such as IL-18, IL-1β, and TNF-α levels descended, with the relief of mechanical pain in rats with SCI. These results suggested that RIPK3 inhibition ameliorated mechanical allodynia possibly by reducing proinflammatory factors' expressions. However, the production mechanism of proinflammatory factors is not completely clear. We were curious about the upstream pathway of inflammatory factors.

Nod-like receptor family pyrin domain-containing protein 3 is a widely studied inflammasome that plays a vital role in the inflammatory immune response (Kelley et al., 2019). It has been reported that the dysregulation of the inflammasome is involved in a series of inflammatory diseases via promoting the secretion of inflammatory factors (Mangan et al., 2018). In the SCI model, we found that the expressions of NLRP3, caspase-1, and proinflammatory factors were increased in remote dorsal horns. In addition, immunofluorescence showed that NLRP3 was expressed in glial cells and neurons. These results indicated that NLRP3 inflammasome could contribute to the release of proinflammatory factors in glial and neurons, which also explain the potential mechanism of inflammatory factors released by the neurons and glial in remote dorsal horns. The growing evidence shows that NLRP3 may be a molecular target for neuropathic pain relief (Chen et al., 2021). For example, adenosine deaminase acting on RNA 3 (ADAR3) promoted pain relief in CCI rats by targeting NLRP3 inflammasome (Li et al., 2021). Our previous study also confirmed that caspase-1 inhibitor VX-765 could attenuate radicular pain via inhibiting NLRP3 inflammasome activation (Wang et al., 2020). In addition, D-β-hydroxybutyrate, one of the NLRP3 inflammasome inhibitors, effectively alleviated mechanical and thermal pain hypersensitivities in rats with SCI (Qian et al., 2017). The previous studies have confirmed that RIPK3 is a critical kinase regulating the NLRP3 inflammasome (Yabal et al., 2014). RIPK3 could contribute to NLRP3 inflammasome activation by producing ROS or potassium efflux (Moriwaki and Chan, 2017). The recent studies further suggested that RIPK3 is involved in the development of renal fibrosis (Shi et al., 2020), brain injury after subarachnoid hemorrhage (Zhou et al., 2017), and lung injury (Chen et al., 2018) by activating the NLRP3 inflammasome. Therefore, we speculated that the analgesic effect of RIPK3 inhibition might be connected with the reduction of proinflammatory cytokines by inhibiting the NLRP3 inflammasome. Intrathecal injection of GSK872 could significantly decrease the expressions of NLRP3, caspase-1, IL-1β, and IL-18 in the dorsal horns of model rats. These results further confirmed our conjecture.

The NF-κB p65, the main component of NF-κB pathways, is important in inflammatory and immune processes (Liu et al., 2017). When stimulated by external signals, NF-κB p65 separates from IκB and enters the nucleus to promote the transcription and expression of inflammatory genes related to pain (Mitchell and Carmody, 2018). NF-κB p65 has been shown to act as a contributor to neuropathic pain (Chu et al., 2020; Zhao et al., 2021). It has been reported that NF-κB inhibitor PDTC had a significant analgesic effect on CCI rats (Li et al., 2017). L-arginine, one of the NF-κB inhibitor, also relieved thermal pain hypersensitivity induced by SCI (Meng et al., 2017). An early investigation demonstrated that over-expression of RIPK3 could activate NF-κB signal (Kasof et al., 2000). The recent study further showed that RIPK3 inhibition could ameliorate osteoclastogenesis by regulating the NF-κB signaling pathway (Liang et al., 2020). Our experiments suggested that the expression of NF-κB p65 was significantly increased after SCI. Intrathecal injection of GSK872 could inhibit NF-κB p65 protein expression in SCI rat models. These results preliminarily indicated that anti-inflammatory and analgesic effects of RIPK3 inhibition are also related to the regulation of NF-κB pathways.

The previous studies mainly discussed the role of RIPK3-mediated necroptosis in secondary SCI, but few studies further explored the effects of regulating RIPK3 on neuroinflammation and pain. Sugaya et al. (2019) found that RIPK3 modulation prevented necroptosis of various nerve cells at the lesion site and favored neuroprotection. Dabrafenib treatment, one of the RIPK3 inhibitors, also promoted the recovery of motor function and sensory function after SCI. In this study, we studied the effects of RIPK3 modulation on pain and neuroinflammation. Our results suggested that the RIPK3 inhibition may mediate an anti-nociceptive effect by alleviating dorsal horn neuroinflammation. This study further emphasized the role of RIPK3 inhibition, which can not only alleviate necroptosis in the injured spinal cord and favor neuroprotection, but also reduce neuroinflammation and neuropathic pain after SCI.

Our study has some limitations, which need to be solved in the future research. This study preliminarily proved that RIPK3 inhibition could relieve mechanical allodynia of SCI rats. We did not further explore the effect of GSK872 dose change on mechanical allodynia. In this study, it was also not clear whether the inhibition of RIPK3 contributes to alleviating the neuroinflammation at the injured spinal cord and promoting the recovery of motor function.



CONCLUSION

Our findings indicated that over-expressed RIPK3 developed mechanical allodynia in the SCI rat model. RIPK3 inhibition relieved mechanical allodynia possibly by suppressing NLRP3 inflammasome, NF-κB, and proinflammatory cytokines. Therefore, RIPK3 may be a potential target for treating neuropathic pain after SCI.
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Small extracellular vesicles (sEVs) miRNAs are promising diagnosis and prognosis biomarkers for ischemic stroke (IS). This study aimed to determine the impact of IS on the serum sEVs miRNA profile of IS patients and a transient middle cerebral artery occlusion (tMCAO) mouse model. Small RNAseq was used to define the serum sEVs miRNA profile in IS patients and healthy controls (HC), and tMCAO mice and sham controls. Among the 1,444 and 1,373 miRNAs identified in human and mouse serum sEVs, the expression of 424 and 37 miRNAs was significantly altered in the IS patients and tMCAO mice, respectively (| Log2FC| ≥ 1, p < 0.01). Notably, five of the top 25 upregulated miRNAs in IS patients were brain-specific or enriched, including hsa-miR-9-3p, hsa-miR-124-3p, hsa-miR-143-3p, hsa-miR-98-5p, and hsa-miR-93-5p. Upregulation of these four miRNAs was further validated by qPCR. Nine of the 20 upregulated miRNAs in tMCAO mice were also brain-specific or enriched miRNAs. Temporal analysis indicated that the dynamics of mmu-miR-9-5p, mmu-miR-124-3p, mmu-miR-129-5p, and mmu-miR-433-3p were closely correlated with the evolution of ischemic brain injury, as their expression increased at 0.5 days after the onset of ischemia, peaked at day 1 or 3, and returned to normal levels at day 7 and 14. Notably, with the exceptions of mmu-miR-128-3p, the expression of the other eight miRNAs in the mouse serum sEVs was unaffected in the lipopolysaccharide (LPS)-induced neuroinflammation model. Together, in this study, we provided a comprehensive view of the influences of IS on the serum sEVs miRNA profile of IS patients and tMCAO mice and demonstrated the increment of a set of brain-specific miRNAs in serum sEVs after acute cerebral ischemia, which could be promising candidates directly reflecting the ischemic brain injury.
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INTRODUCTION

Stroke is a leading cause of death and adult disability worldwide. Approximately 80% are ischemic stroke (IS) (Mortality and Causes of Death, 2016). Although CT (Computed Tomography) and MRI (Magnetic Resonance Imaging) are widely implemented in stroke diagnosis, biomarkers that could facilitate the IS diagnosis, prognosis prediction, and therapeutic evaluation are valuable for improving the clinical treatment of IS patients (Saenger and Christenson, 2010; Karakas and Zeller, 2017).

MiRNAs are a class of endogenous 22 nucleotides non-coding RNAs (Bartel, 2004). In addition to post-transcriptional regulation of gene expression by mediating targeted hydrolysis and translation inhibition, they are detectable in various biological fluids (Weber et al., 2010). Because of their stability and relative tissue specificity, circulating miRNAs are attractive candidates for biomarker research (Creemers et al., 2012; He et al., 2015). Small extracellular vesicles (sEVs), including exosomes, are nanoscale vesicles released by almost all cell types. sEVs are the dominant form of circulating RNA (Johnstone et al., 1989; Théry et al., 2002). Several groups, including us, have recently reported some serum exosomal miRNA candidates for IS diagnosis, including miR-9 and miR-124 (Ji et al., 2016), miR-223 (Chen et al., 2017), miR-422a and miR-125b-2-3p (Li D.B. et al., 2017), miR-21-5p and miR-30a-5p (Wang et al., 2018), and miR-17 family members (Van Kralingen et al., 2019). Serum sEVs contain hundreds of miRNAs (Li X. et al., 2017; Zhao et al., 2020). However, the effects of cerebral ischemia on miRNAs profile of serum sEVs is still unclear.

In this study, using an unbiased small RNAseq, we comprehensively examined the impact of acute cerebral ischemia on the profile of serum sEVs miRNAs in IS patients and a tMCAO mouse model. Besides the profound effects of cerebral ischemia on the serum sEVs miRNA profile, we noticed that the level of a set of brain-specific or enriched miRNAs significantly increased in both IS patients and tMCAO mouse models. Further animal experiments indicated that the temporal expression of these brain-specific miRNAs was closely correlated with the evolution of cerebral ischemia injury. It is worth noting that most of these altered brain-specific miRNAs were unaffected by the LPS-induced neuroinflammation.



MATERIALS AND METHODS


Subject Demographics and Clinical Characteristics

Ischemic stroke patients were recruited from those admitted to the Department of Neurology of the Affiliated Hospital of Nantong University between September 2016 and August 2018. Ischemic stroke was confirmed by either MRI or CT imaging. In addition, experienced neurologists determined the neurological deficits by using the NIHSS. We excluded patients with intracranial hemorrhage and infarction with unknown causes and those with malignant tumors or neurological and psychiatric diseases for all individuals involved in this study. Venous blood samples were collected on admission before any treatment. The average time of enrollment blood draw was 18.5 h. Non-stroke healthy controls (HCs) were recruited from those who underwent an annual medical examination. The demographics and clinical characteristics of the 40 IS patients and 33 HCs are provided in Table 1.


TABLE 1. Baseline characteristics of study participants.
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Transient Middle Cerebral Artery Occlusion Model

Male wild-type C57BL/6 mice (8–9 weeks) were purchased from Guangdong medical laboratory animal center and used in all experiments within 1 week of arrival. Anesthesia was induced with 4% isoflurane and maintained on 2% isoflurane in the air. Transient cerebral ischemia was conducted by occlusion of the left middle cerebral artery with a monofilament suture (602356, Doccol Corp., Redlands, CA, United States) for 60 min. Rectal body temperature was maintained at 37 ± 0.5°C during surgery. Sham-operated mice were subjected to all surgical procedures except suture advancement. One day after ischemia, the animals were euthanized with an overdose of isoflurane, and the left ventricular puncture drew blood.



2,3,5-Triphenyltetrazolium Chloride Staining and Measurement of Infarct Volume

For TTC staining, the brain was sectioned coronally at 1-mm thickness. The slices were immersed in 1% 2,3,5-triphenyltetrazolium chloride (TTC, Sigma Aldrich, St. Louis, MO, United States) in saline for 30 min at 37°C and then fixed with 4% paraformaldehyde. Infarction volume was measured on six coronal sections using ImageJ.1 The indirect infarct area, in which the intact area of the ipsilateral hemisphere was subtracted from the area of the contralateral hemisphere, was calculated. The ischemic volume was presented as the percentage of infarct volume of the contralateral hemisphere.



Lipopolysaccharide Challenge

Adult male C57BL/6 mice were randomized to receive intraperitoneal injections of either 1 mg/kg lipopolysaccharide (LPS) (Escherichia coli 0556:B5, Sigma Aldrich, St. Louis, MO, United States) or phosphate-buffered saline (PBS). The animals were euthanized at 8 h post-challenge with an overdose of isoflurane, and the left ventricular puncture drew blood.



Serum Preparation

Blood from both humans and mice was allowed to clot at room temperature for 30 min and stored at 4°C for 2 h. After centrifugation at 1,600 g for 10 min, serum was transferred to a new tube. Samples with visible hemolysis (reddish) were discarded at this step. Next, clear serum was centrifugated at 20,000 g for another 10 min at 4°C to remove cell debris and apoptotic bodies. Then, the supernatant was aliquoted and stored at −80° until analysis.



Serum Small Extracellular Vesicles Isolation

Before sEVs isolation, stored serum was thawed on ice and centrifuged at 21,000 g for 15 min at 4°C, and the supernatant was transferred to a new tube. According to the recommended protocol, 63 μL ExoQuick Solution (System Biosciences Inc., Mountain View, CA, United States) was added to every 250 μL serum and incubated at 4°C for 40 min after a brief up and down. After that, the ExoQuick/serum mixture was centrifuged at 1,500 g for 30 min, and the supernatant was removed by aspiration. Another 5 min centrifugation was performed to remove the residue liquid. Finally, the sEVs-containing pellet was resuspended in PBS.



Nanoparticle-Tracking Analysis

Size distribution and concentration of the isolated particles were measured by a Nanosight LM20 (NanoSight, Amesbury, United Kingdom), equipped with a 640-nm laser, and the software used for capturing and analyzing the data was Version 2.3 Build 0034. The instrument was routinely calibrated by 100 nm polystyrene latex standards and particle-free PBS. Before analysis, the isolated sEVs were homogenized. The measurement time was 60 s, and the Frames Per Second was 25. Three measurements were performed for each sample.



Transmission Electron Microscopy

Transmission electron microscopy (TEM) analysis on isolated particles was performed as described by Thery et al. (2006). Briefly, the pellets dissolved in PBS were mixed with an equal volume of 4% paraformaldehyde and were transferred onto Formvar/carbon-coated nickel grids. After staining with 4% w/v Uranyl Acetate, the morphology and size of sEVs were observed by a TEM (JEM-2100, JEOL, Tokyo, Japan).



SDS-PAGE and Western Blotting

Total proteins from dissolved pellets were extracted by RIPA lysis buffer (Pierce, Rockford, IL, United States). Protein concentrations were determined using a BCA protein assay kit (Pierce, Rockford, IL, United States). Proteins separated on 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis were stained by G250 or transferred onto PVDF membranes (Millipore, Bedford, MA, United States). After blocking for 1 h at room temperature with 5% bovine serum albumin, membranes were incubated overnight with antibodies against CD9, CD63, and CD81 (Abcam, Cambridge, MA, United States). After three times washing, the membrane was incubated with HRP-conjugated secondary antibodies and detected by enhanced chemiluminescence (Pierce, Rockford, IL, United States).



Exosomal RNA Extraction and Quantitation

The serum sEVs precipitated by Exoquick were resuspended in PBS. Then, total RNA was extracted using Trizol LS with the addition of 4 μg glycogen (Invitrogen, Life Technologies, CA, United States) as a carrier and overnight precipitation at −20°C. The RNA quantity was determined using NanoDrop (Thermo Fisher Scientific, Wilmington, DE, United States). The Agilent Bioanalyzer 2100 system assessed the RNA integrity with a small RNA chip (Agilent Technologies, Santa Clara, CA, United States).



Small RNA Library Construction and Deep Sequencing

The NEB Next® Small RNA Library Prep Set for Illumina® (NEB, Ipswich, MA, United States) was adopted to convert exosomal small RNA into cDNA libraries for next-generation sequencing. According to the manufacturer’s recommendations, total exosomal RNA was ligated with 3′ and 5′ SR adaptors. Then small RNA molecules were reverse transcribed into cDNA, amplified using the adaptor primers for 14 cycles. The amplified libraries were resolved on a native 6% PAGE-gel. DNA fragments between 140 and 160 bp were recovered. Library quality was assessed on the Agilent 2100 Bioanalyzer system. Finally, the purified cDNA was used for cluster generation and sequenced using an Illumina HiSeq 2500 platform, and 50 bp single-end reads were generated. The sequence data were deposited in the National Center for Biotechnology Information (human2; mouse3).



Small RNA Sequencing Data Analysis

The small RNA sequencing data were processed as previously described with modification (Zhou et al., 2017). Briefly, clean reads were obtained by removing adapters, reads containing ploy-N, low-quality reads, and sequences smaller than 18 nt. Then, these clean reads were mapped to human and mouse reference genomes (hg38 and mm9) by hisat2 (Kim et al., 2015). The known miRNAs were identified based on miRBase 22.1. Next, DESeq2 software (Love et al., 2014) was used to normalize counts and calculate the differential expression of microRNAs. The differentially expressed miRNAs were selected as follows: | Log2Fold change| ≥ 1 and p-value < 0.01.



Quantitative Reverse Transcriptase Real-Time Polymerase Chain Reaction for Serum Exosomal miRNA

The serum exosomal RNA for the qPCR assay was extracted from 500 μL human serum and 250 μL mouse serum. The procedures were the same as for RNA sequencing. The qRT-PCR was performed using MiDETECTA Track™ miRNA qRT-PCR kits (Riobio Inc., Guangzhou, China) and a CFX 96 PCR system (Bio-Rad, Hercules, CA, United States) following the manufacturer’s protocols. The Ct values were normalized by using the spiked 100 fmol synthetic cel-miR-39.



Data Analyses

Data are presented as the mean ± SEM. A comparison between means was assessed by unpaired Student’s t-test or one-way analysis of variance using GraphPad Prism software (Version 5.01). P < 0.05 was considered statistically significant.




RESULTS


Isolation and Characterization of Small Extracellular Vesicles From Human and Mouse Serum

Considering the limited volume of human and mouse serum and the low yield of sEVs by ultracentrifugation, we chose ExoQuick, a method based on precipitation, to isolate serum sEVs as we did before (Ji et al., 2016; Zhou et al., 2017). TEM analysis showed the spherical vesicles with approximately 100 nm (Figures 1A, 2A). NTA analysis indicated that the size of these isolated EVs ranged from 30 to 150 nm (Figures 1B, 2B). The expression of exosomal markers of CD9, CD63, and CD81 was detected in both human and mouse serum precipitations (Figures 1C,D, 2C,D). Notably, there were no or barely detectable bands in the sEVs-depleted serum, indicating the high serum sEVs recovery efficiency. Calnexin, a negative marker of exosomes, was not detected in sEVs from both human and mouse serum (Supplementary Figure 1). In short, particles obtained from human and C57BL/6 mouse serum by ExoQuick complied with the characteristics of sEVs (Lötvall et al., 2014).
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FIGURE 1. Characterization of sEVs isolated from human serum. (A) The TEM image shows the spherical morphology of sEVs with a diameter of approximately 100 nm, bar = 100 nm. (B) NTA analysis plot illustrates the size distribution and concentration of the sEVs isolated human serum. (C) Proteins from serum, sEVs-depleted serum, and sEVs were separated by SDS-PAGE and stained by Coomassie blue. 40 μg proteins from serum and sEVs depleted serum were loaded. The amount of sEVs protein was adjusted by the serum volume corresponding to 40 μg serum protein. (D) The expression of CD9, CD81, and CD63, markers of exosomes, was detected by western blotting. Lane 1: total serum; lane 2: sEVs-depleted serum; lane 3: serum sEVs.



[image: image]

FIGURE 2. Characterization of sEVs isolated from mouse serum. (A) The TEM image depicts the spherical morphology of the isolated sEVs, bar = 200 nm. (B) NTA analysis plot illustrates the size distribution and concentration of the sEVs isolated mouse serum. (C) Proteins from serum, sEVs-depleted serum, and sEVs were separated by SDS-PAGE and stained by Coomassie blue. 40 μg proteins from serum and sEVs depleted serum were loaded. The amount of sEVs protein was adjusted by the serum volume corresponding to 40 μg serum protein. (D) The expression of CD9, CD81, and CD63, markers of exosomes, was detected by western blotting. Lane 1: total serum; lane 2: sEVs-depleted serum; lane 3: serum sEVs.




Differential Serum Small Extracellular Vesicles miRNAs Between Ischemic Stroke Patients and Healthy Controls

The RNA content is very low in human serum exosomes (Zhao et al., 2020). To obtain enough exosomal RNA for small RNA sequencing, we extract sEVs from 2 mL of human serum. Therefore, in this study, 40 IS patients and 33 HCs were randomly divided into groups: group 1 included 20 IS patients and 17 HCs; group 2 included 20 IS patients and 16 HCs. 200 μL serum from each person was pooled. The remaining sample of each person was kept for subsequent PCR verification. Bioanalyzer analysis of the exosomal RNA revealed that ischemic stroke significantly increased the amount of serum exosomal RNA [29 ± 11 ng/mL (HCs) vs. 112 ± 26 ng/mL (IS), p < 0.05] (Figures 3A,B). The statistical summary of small RNA sequencing and categories of small RNA was provided in Supplementary Tables 1, 2.


[image: image]

FIGURE 3. The size distribution and relative abundance of sEVs RNA from IS patients and healthy controls, and tMCAO mice and sham controls. The electropherograms delineate the size distribution in nucleotides (nt) and fluorescence intensity (FU) of small RNA in serum sEVs. The representative electropherograms of HCs (A) and IS patients (B); sham (C) and tMCAO mice (D).


In this study, 1,084 and 990 known miRNAs were identified in the two HC groups, and 1,113 and 1,021 were identified in the two IS patient groups (Supplementary Table 5). These analyses identified 1,444 miRNAs, accounting for 54.2% of known human miRNAs (miRbase Release 22.1, 2,656 mature miRNAs, Homo sapiens). Differential expression analysis revealed that 208 and 216 miRNAs were up- and downregulated in IS patients, respectively (Supplementary Tables 6, 7), accounting for 29.4% (424/1,440) of the total identified miRNAs. Notably, these differentials were low abundance miRNAs, as the sum read counts of these 424 differential miRNAs accounted for only less than 1% of the total identified. Considering the technical challenge of PCR analysis of these low abundance miRNAs, we focused on the top 25 overexpressed miRNAs, whose read counts accounted for over 85% of the upregulated in IS patients (Table 2). In the downregulated, miR-122-5p was the most abundant miRNA, whose read counts accounted for over 10% of those downregulated.


TABLE 2. List of top 25 upregulated serum exosomal miRNAs in IS patients.
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Differential Serum Small Extracellular Vesicles miRNAs Between Transient Middle Cerebral Artery Occlusion and Sham Mice

To determine the effects of acute ischemia on the miRNA profile of mouse serum sEVs, a 60 min tMCAO mouse model was established. The infarct volume in tMCAO mice was around 50% (Figure 4), consistent with the typical characteristics of this IS animal model. Moreover, serum from 7 to 9 tMCAO mice and the corresponding sham mice was pooled, and 500 μL serum was used for small RNA sequencing. Similar to the observation in IS patients, compared with sham controls, the RNA content increased in the serum sEVs from tMCAO mice (Figures 3C,D); however, there was no statistical difference (914.5 ± 3.1 vs. 1,539.0 ± 205.3 ng/mL, p = 0.0932).
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FIGURE 4. A tMCAO mouse model. (A) A representative image of TTC staining, normal tissues were stained in red, while the infarction area was stained in white. The infarct volume was measured by TTC staining 24 h after the onset of ischemia. (B) The statistical analysis of infarct volume. The infarct volume was 51.24 ± 7.89% in the tMCAO group; sham group, n = 6, tMCAO group, n = 15, ** P < 0.01.


The statistical summary of small RNA seq and categories of small RNA was provided in Supplementary Tables 3, 4. In the two independent experiments, 739 and 864 known miRNAs were identified from the sham group, and 1,038 and 1,074 were identified from the tMCAO groups (Supplementary Table 8). Thus, 1,373 known miRNAs were identified in these analyses, which accounted for 71.7% of known miRNAs (miRbase Release 22.1, 1,978 mature miRNAs, Mus musculus). Compared with the sham group, 20 miRNAs were upregulated in the tMCAO group (Table 3), while 17 were downregulated (Supplementary Tables 9, 10). In line with the finding in IS patients, miR-122-5p was also the most abundant downregulated miRNA.


TABLE 3. List of 20 upregulated serum exosomal miRNAs in tMCAO mice.
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Acute Ischemia Increases a Panel of Brain-Specific miRNAs in Serum Small Extracellular Vesicles From Both Ischemic Stroke Patients and Transient Middle Cerebral Artery Occlusion Mice

In addition to stability, tissue specificity is another essential trait of circulating miRNAs as biomarkers. Based on the tissue-specific or enriched miRNAs information provided by these previous studies (Landgraf et al., 2007; Liang et al., 2007; Ludwig et al., 2016), we were excited to find that five brain-specific miRNAs were included in the top 25 upregulated miRNAs in IS patients: hsa-miR-9-3p, hsa-miR-124-3p, hsa-miR-143-3p, hsa-miR-98-5p, and hsa-miR-93-5p (Table 2). Likewise, 9 out of the 20 upregulated miRNAs in tMCAO mice are brain-specific or preferentially expressed in brain tissues, including mmu-miR-124-3p, mmu-miR-9-3p, mmu-miR-9-5p, mmu-miR-323-3p, mmu-miR-219b-5p, mmu-miR-129b-3p, mmu-miR-129-5p, mmu-miR-433-3p, and mmu-miR-128-3p (Table 3). The coordinate upregulation of a set of brain-specific miRNAs in serum sEVs from IS patients, and tMCAO mice suggested a conservative regulatory mechanism.



Validation of the Brain-Specific miRNAs Identified in Ischemic Stroke Patients

To validate the overexpressed brain-specific miRNAs identified by small RNAseq, the relative expression of 4 brain-specific miRNAs (hsa-miR-9-3p, hsa-miR-124-3p, hsa-miR-143-3p, and hsa-miR-93-5p) was determined by using qRT-PCR in the individual serum samples for RNAseq analysis. Consistent with the tendency of the RNAseq results, the levels of all four miRNAs significantly increased in serum sEVs from IS patients, and miR-9-3p was the most significantly modulated (Figure 5).
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FIGURE 5. Validation of the upregulation of the four brain-specific miRNAs in stroke patients. The expression of hsa-miR-9-3p (A), hsa-miR-124-3p (B), hsa-miR-143-3p (C), and hsa-miR-93-5p (D) was assessed using qRT-PCR in the individual samples for small RNA sequencing. IS patients, n = 40, healthy controls (HCs), n = 33. The Ct value of target miRNAs was normalized against Cel-mir-39 and compared to the mean of healthy controls. Data are presented as Mean ± SEM. Unpaired Student’s test vs. healthy control (**P < 0.01, ***P < 0.001, ****P < 0.0001).




Temporal Expression of Serum Small Extracellular Vesicles miR-124-3p, miR-9-5p, miR-129-5p, and miR-433-3p in Transient Middle Cerebral Artery Occlusion Mice

To explore the potential biological significance of the increament of these brain-specific miRNAs in the serum sEVs after cerebral ischemia, we examined the temporal dynamics of the mmu-miR-124-3p, mmu-miR-9-5p, mmu-miR-129-5p, and mmu-miR-433-3p in a tMCAO mouse model. As illustrated in Figure 6, these four miRNAs shared a similar expression pattern: their expression started to increase at 0.5 days after ischemia, peaked at day 1 or 3, and returned to normal levels at day 7 and 14 (Figure 6). This temporal expression pattern is coordinated with the evolution of ischemic injury in animal stroke models (Rewell et al., 2017).
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FIGURE 6. The temporal expression of brain-specific miRNAs in the serum sEVs from the tMCAO mouse model. The levels of mmu-miR-124-3p (A), mmu-miR-9-5p (B), mmu-miR-129-5p (C), and mmu-miR-433-3p (D) in mouse serum sEVs were detected by qRT-PCR at 0.5, 1, 3, 7, and 14 days after the onset of ischemia. The Ct value was normalized against mmu-miR-451. Each time point represents the mean of 3 pooled serum samples (4–6 animals per sample). Data were presented as Mean ± SEM. Statistical significance was determined by non-parametric one-way ANOVA followed by Dunn’s post-test, *p < 0.05, **p < 0.01 vs. sham control (0 h).




Effects of Lipopolysaccharide Challenge on the Expression of Brain-Specific miRNAs in the Mouse Serum Small Extracellular Vesicles

To investigate whether these miRNAs could differentiate cerebral ischemia injury from other neurological and non-neurological diseases, we examined the levels of the nine miRNAs in the serum sEVs derived from LPS challenged mice, a widely used animal model of neuroinflammation. Three miRNAs involved in inflammation, miRNA-181a-5p, miRNA-146a-5p, and miRNA-223-5p (Xie et al., 2013; Ferreira et al., 2015), were included as positive controls. Compared with the vehicle controls, the expression of these three inflammatory miRNAs significantly increased in the serum sEVs from LPS treated mice, especially miR-223-5p. However, except for miR-128-3p, LPS treatment did not significantly affect the levels of the other eight miRNAs (Figure 7).
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FIGURE 7. The effects of LPS challenge on the expression of brain-specific miRNAs in the mouse serum sEVs. RT-PCR assessed the expression of nine brain-specific miRNAs and three inflammatory miRNAs in the mouse serum sEVs. Data were expressed as the fold change ± SEM (n = 3) compared to normal control (NC). Statistical significance was determined by student t-test. ***p < 0.001.





DISCUSSION

By comprehensively analyzing the effects of acute cerebral ischemia on the serum sEVs miRNA profile of IS patients and tMCAO mice, this study revealed a significant increase in brain-specific miRNAs in the serum sEVs from both IS patients and tMCAO mice. Further animal studies indicated that the temporal expression of these brain-specific miRNAs in serum sEVs was closely correlated with the evolution of ischemic brain injury and recovery, and the expression of these miRNAs was unaffected by neuroinflammation.

A challenge in screening serum miRNAs for IS diagnosis is the poor reproducibility, as the candidate serum miRNAs identified in different studies can hardly be verified against each other (Eyileten et al., 2018). However, this situation has been greatly changed in the studies based on serum sEVs. The differential miRNAs identified in the present RNAseq study were well corroborated by these previous reports, such as the upregulation of hsa-miR-9 and hsa-miR-124 (Ji et al., 2016), hsa-miR-223 (Chen et al., 2017), and hsa-miR-450b-5p (Luo et al., 2019), as well as the downregulation of miR-422a and miR-125b-2-3 (Li D.B. et al., 2017). Our data also showed the overexpression of miRNA-21-3p and miRNA-30a-5p (Wang et al., 2018), but they did not reach the significance threshold. In a latest microarray study, four upregulated miRNAs (hsa-miR-17-5p, hsa-miR-20b-5p, hsa-miR-93-5p, hsa-miR-27b-3p) were identified in serum exosomes of IS patients (Van Kralingen et al., 2019), among which two (hsa-mir-20b-5p and hsa-mir-93-5p) were also included in our list (Table 2 and Supplementary Table 7). The cross-validation of results from different studies highlights the advantages of using sEVs miRNAs for IS diagnosis and prognosis.

This advantage could be related to the features of sEVs miRNAs. Circulating miRNAs mainly exist in two forms, binding with protein/lipoprotein or packaged in membrane vesicles (Creemers et al., 2012). A recent study evidenced the different effects of cerebral ischemia on the different forms of circulating miRNA. In the three potential biomarkers for acute IS (miR-125a-5p, miR-125b-5p, and miR-143-3p), only a significant upregulation of miR-143-3p was observed in vesicles from IS patients (Tiedt et al., 2017). Our data consistently showed the overexpression of miR-143-3p in the serum sEVs of IS patients (Table 2 and Figure 5). The other two were not detected in this study, probably because of their low abundance in serum sEVs. Therefore, sEVs isolation could reduce the complexity of the samples by removing the protein/lipoprotein-binding RNA and produce a more stable result.

A survey on tumor biomarker studies emphasized the importance of tissue specificity of biomarkers. They argued that many potential miRNA biomarkers for cancer were those highly expressed in blood cells, which reflected a blood cell-based phenomenon rather than a cancer-specific origin. The most exciting finding of this study is the coordinate upregulation of a panel of brain-specific miRNAs in the serum sEVs from both IS patients (Table 2) and tMCAO mice (Table 3). miR-9 and miR-124 were the two significantly upregulated miRNAs shared by the IS patients and the tMCAO mice. Moreover, previous studies have proposed that these two miRNAs could be diagnosis and prognosis markers of IS (Ji et al., 2016; Rainer et al., 2016; He et al., 2019). The specificity and sensitivity of these brain-specific miRNAs in the diagnosis and prognosis of ischemic stroke need to be further evaluated in large-scale clinical studies.

An important issue for the translational application of circulating miRNAs in the IS diagnosis is the biological significance they reflect. Several recent biomarker studies on IS began to look at this issue. For instance, the elevated circulating miR-125a-5p, miR-125b-5p, and miR-143-3p may indicate the thrombotic processes (Tiedt et al., 2017), while the changes of miRNA-17 family members in sEVs could reflect the development of cerebrovascular disease (Van Kralingen et al., 2019).

The blood-brain barrier (BBB) is a strictly modulated interface between the peripheral circulation and the central nervous system (CNS) (Pardridge, 2003). Due to the nanoscale and the lack of specific markers, whether and when sEVs released by brain cells can cross the BBB remains uncertain (Shi et al., 2019). Our temporal analysis indicated that the dynamics of these brain-specific miRNAs were closely correlated with the progression of ischemic brain injury and recovery. These temporal dynamics implicated that sEVs in the brain could hardly cross the intact BBB, and the increament of these brain-specific miRNAs in serum sEVs could be closely associated with BBB disruption. Consistently, two recent studies also showed that sEVs could not cross intact BBB in normal conditions (Ridder et al., 2014; Chen et al., 2016).

However, in contrast to the reports that exosomes can cross BBB after LPS treatment (Ridder et al., 2014; Chen et al., 2016), our data suggested that sEVs harboring brain-specific miRNA could hardly cross the BBB under inflammatory circumstances because the expression of eight brain-specific miRNAs in the serum sEVs was not significantly affected by LPS treatment. This discrepancy may be due to the discrepancies in the tracking methods and experimental models. In a study, luciferase (Chen et al., 2016) was used to track sEVs in an in vitro BBB model (Chen et al., 2016). In another study, a transgenic mouse expressing Cre recombinase specifically in the hematopoietic lineage was used to track blood sEVs (Ridder et al., 2014). More efforts and novel tracking methods are needed to provide direct evidence for the connections between the increased brain-specific miRNAs in serum sEVs and the compromise of BBB after cerebral ischemia.



CONCLUSION

In this study, we took a comprehensive view of the impact of acute ischemia on the serum sEVs miRNA profiles of ischemic stroke (IS) patients and MCAO mice for the first time. More importantly, this study demonstrated the increase of a set of brain-specific miRNAs in the serum sEVs after acute cerebral ischemia and suggested that these increased brain-specific miRNAs in serum sEVs could be promising biomarkers that directly reflect the ischemic brain injury.
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Neuroinflammation is initiated with an aberrant innate immune response in the central nervous system (CNS) and is involved in many neurological diseases. Inflammasomes are intracellular multiprotein complexes that can be used as platforms to induce the maturation and secretion of proinflammatory cytokines and pyroptosis, thus playing a pivotal role in neuroinflammation. Among the inflammasomes, the nucleotide-binding oligomerization domain-, leucine-rich repeat- and pyrin domain-containing 3 (NLRP3) inflammasome is well-characterized and contributes to many neurological diseases, such as multiple sclerosis (MS), Alzheimer's disease (AD), and ischemic stroke. MS is a chronic autoimmune disease of the CNS, and its hallmarks include chronic inflammation, demyelination, and neurodegeneration. Studies have demonstrated a relationship between MS and the NLRP3 inflammasome. To date, the pathogenesis of MS is not fully understood, and clinical studies on novel therapies are still underway. Here, we review the activation mechanism of the NLRP3 inflammasome, its role in MS, and therapies targeting related molecules, which may be beneficial in MS.

Keywords: inflammation, NLRP3 inflammasome, multiple sclerosis, biomarker, treatment


INTRODUCTION

Neuroinflammation is caused by innate immune response; however, the dysregulation of innate immunity can be deleterious to the nervous system (Leite et al., 2022). It has been found that inflammasomes participate in innate immunity and link innate immunity with inflammation (Awad et al., 2018). Inflammasomes are cytosolic multiprotein platforms that exert their effects through pattern-recognition receptors (PRRs), thus inducing the maturation and secretion of proinflammatory cytokines interleukin-1β (IL-1β) and interleukin-18 (IL-18) (Kayagaki et al., 2015). PRRs form inflammasomes and act as sensors. To date, there are a few known PRRs, such as nucleotide-binding oligomerization domain-like receptor family members NLRP1, NLRP3, NLRC4, absent-in-melanoma 2 (AIM2), and pyrin, and they sense different kinds of stimuli (Broz and Dixit, 2016). Among inflammasomes, the nucleotide-binding oligomerization domain-, leucine-rich repeat-, and pyrin domain-containing 3 (NLRP3) inflammasome is reported to sense a wide range of stimuli and involve in a variety of diseases.

NLRP3 inflammasome was initially characterized in Muckle-Wells syndrome, which is an autoinflammatory disease (Martinon et al., 2002). As a common inflammasome, the NLRP3 inflammasome senses a wide range of danger- and pathogen-associated molecular patterns (DAMPs and PAMPs, respectively), and participates in a myriad of immune and inflammatory diseases (Peñin-Franch et al., 2022). There are three components of the NLRP3 inflammasome: NLRP3 protein (sensor), apoptosis-associated specklike protein containing a caspase-activation and recruitment domain (ASC) (adaptor), and pro-caspase-1 (effector) (Broz and Dixit, 2016) (Figure 1). NLRP3 protein itself comprises three domains: a C-terminal leucine-rich repeats (LRRs) domain, a central nucleotide binding and oligomerization domain (NACHT), and an N-terminal pyrin domain (PYD) (Kumar et al., 2011). Under normal conditions, LRRs and NACHT domains bind to each other, and NLRP3 protein is unable to bind ASC (Shao et al., 2015). Once stimulated, the two domains separate, and the NLRP3 protein binds to ASC via the PYD. ASC has two domains: a C-terminal caspase activation and recruitment domain (CARD) and an N-terminal PYD (Dick et al., 2016). When interacting with the NLRP3 protein, ASC can bind to pro-caspase-1 through the CARD, promoting the production of cleaved caspase-1, which in turn induces the maturation and release of IL-1β and IL-18 and the occurrence of pyroptosis (Shao et al., 2015; Liu et al., 2016). Pyroptosis, a form of programmed cell death that differs from apoptosis and necrosis, induces membrane rupture, leading to the release of inflammatory factors (Shi et al., 2017).


[image: Figure 1]
FIGURE 1. Components and function of NLRP3 inflammasome. The NLRP3 inflammasome consists of three components: NLRP3, ASC, and pro-caspase-1. Once stimulated, the assembly and activation of the NLRP3 inflammasome lead to the production of active caspase-1. Caspase-1 cleaves GSDMD to produce GSDMD-N, which interacts with the plasma membrane and induces pyroptosis. Caspase-1 can also promote the maturation of pro-IL-1β and pro-IL-18 into IL-1β and IL-18, respectively, which are either secreted or released during pyroptosis.


Multiple sclerosis (MS) is a common autoimmune, neurodegenerative disease of the central nervous system (CNS) (Calahorra et al., 2022). More than two million people around the world suffer from it, which brings a huge social and economic burden to patients (Browne et al., 2014; Kobelt et al., 2017). Clinically, MS is classified into four phenotypes: clinically isolated syndrome, primary progressive MS, secondary progressive MS, and progressive relapsing MS. There is no clear distinction among the different phenotypes. MS diagnosis requires a combination of clinical manifestations, imaging studies, and laboratory tests. Among the diagnostic techniques, MRI is very important (Brownlee et al., 2015). The clinical manifestations of MS patients are diverse and mainly include ataxia, cognitive dysfunction, and visual impairment (Pinke et al., 2020), which may be related to the complexity of its etiology. Currently, the exact etiology of MS is unclear and research has proposed several possibilities, which include genetic susceptibility and single nucleotide polymorphisms (SNP) of immune system-related genes, Epstein-Barr virus (EBV) infection, smoking, and reduced levels of Vitamin D (Hafler et al., 2007; Healy et al., 2009; Endriz et al., 2017; de Oliveira et al., 2020). In addition, dysfunction of the intestinal flora, a research hotspot in recent years, has also been reported to be related to MS (Pröbstel and Baranzini, 2018). According to studies, myelin-specific autoreactive CD4+ T cells may be activated in the periphery during early stages of MS. CD4+ T cells, B cells, and macrophages cross the blood-brain barrier and migrate into the CNS after destruction of the blood-brain barrier. Furthermore, antigen-presenting cells (APCs) induce differentiation of CD4+ T cells into the Th1 and Th17 cells, which exacerbate inflammatory response and contribute to the progression of MS (Shao et al., 2021). As the disease progresses, the infiltration of peripheral immune cells decreases, whereas neurodegenerative changes increase in the brain (Serafini et al., 2004; Rottlaender and Kuerten, 2015). Currently, clinical treatment for MS is not ideal. Disease-modifying therapies have been shown to be beneficial to MS patients and usually focus on recovery from relapses and slowing the progression. However, these therapies have serious side effects and do not inhibit the progressive increase in neurological disability. Therefore, more research is needed to develop effective treatment for MS patients.



MECHANISMS OF NLRP3 INFLAMMASOME ACTIVATION

NLRP3 inflammasome is the most widely studied inflammasome. However, the mechanism underlying its activation remains to be elucidated. The canonical activation pathway includes a priming step (signal 1) and an activating step (signal 2) (Figure 2) (Bauernfeind et al., 2009; Kelley et al., 2019). In the priming step, stimuli interact with the Toll-like receptor (TLR)-adaptor molecule myeloid differentiation primary response 88 (MyD88), interleukin-1 receptor (IL-1R) and/or cytokine receptors, such as the tumor necrosis factor receptor (TNFR), thus activating the nuclear factor kappa B (NF-kB) pathway, which increases the expression levels of NLRP3 protein and pro-IL-1β (Latz et al., 2013). Post-translational modifications (PTMs) of NLRP3 protein are crucial to NLRP3 inflammasome activation. Once the NLRP3 protein is stimulated by signal 2, it begins to undergo deubiquitination and phosphorylation, which allows it to oligomerize and form the NLRP3 inflammasome (He et al., 2016a; Jo et al., 2016). In the activating step, many DAMPs and PAMPs can promote the assembly and activation of the NLRP3 inflammasome, which causes the formation of cleaved caspase-1, inducing the release of IL-1β and IL-18 and pyroptosis (Kayagaki et al., 2015; Shi et al., 2015; Liu et al., 2016). Several regulatory mechanisms are involved in the canonical activation pathway. For example, VSIG4 is reported to mediate the inhibition of Nlrp3 and Il-1β at the transcriptional level (Huang et al., 2019). In addition, NEK7 and DDX3X are thought to bind to the NLRP3 protein, which is crucial for NLRP3 inflammasome formation. DDX3X is an ATPase/RNA helicase of the DEAD-box family that directly binds to the NLRP3 protein. Research has reported that the knockdown of Ddx3x in peritoneal macrophages inhibits NLRP3 inflammasome activation and pyroptosis (Samir et al., 2019). Studies found that AKT could block the interaction between DDX3X and NLRP3 by phosphorylating DDX3X. Alternatively, AKT could also directly interact with NLRP3, thus inhibiting NLRP3 oligomerization (Zhao et al., 2020; Guo et al., 2021). NEK7 binds and bridges the NLRP3 protein, triggering NLRP3 inflammasome activation, which is affected by the status of NLRP3 S803, a site that is phosphorylated after priming and later dephosphorylated after activation (Sharif et al., 2019; Niu et al., 2021). A recent study showed that TRIM65, an E3 Ubiquitin Ligase, can interact with the NACHT domain of NLRP3 and promote ubiquitination of lys48 and lys63 of NLRP3, thus inhibiting the NEK7-NLRP3 interaction and suppressing the activation of NLRP3 inflammasome (Tang et al., 2021). In addition, misshapen (Msn)/NIK-related kinase 1 (MINK1) interacts with the NLRP3 LRR domain, inducing the phosphorylation of Ser725 and priming the activation of the NLRP3 inflammasome (Zhu et al., 2021). Moreover, research has demonstrated a negative feedback regulation between caspase-1 and MyD88, which may suggest self-regulation of the body (Avbelj et al., 2021). NLRP3 inflammasome activation can promote the formation of GSDMD-N, inducing pyroptosis. Gao et al. reported that TRIM21, a tripartite motif protein, binds to GSDMD via its PRY-SPRY domain, and positively regulates GSDMD-dependent pyroptosis. It maintains stable expression of GSDMD in resting cells, while inducing GSDMD-N aggregation during pyroptosis (Gao et al., 2022).
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FIGURE 2. Mechanisms of NLRP3 inflammasome activation. The canonical activation pathway of the NLRP3 inflammasome includes priming and activating step. In the priming step, stimulatory factors can bind to TLRs and other molecules, promoting the production of NLRP3 and pro-IL-1β. After priming, DAMPs and PAMPs can generate major activation signals, such as ion fluctuations, mitochondrial dysfunction, lysosomal damage, and dTGN, which affect the assembly and activation of the NLRP3 inflammasome. The activated NLRP3 inflammasome triggers the maturation of pro-caspase-1 into active caspase-1. Caspase-1 can induce the maturation and release of IL-1β and IL-18 and pyroptosis, thereby aggravating neuroinflammation. The non-canonical pathway is mediated by caspase-4/5/11, which directly sense cytosolic LPS, and K+ efflux due to pyroptosis can trigger NLRP3 inflammasome activation. The alternative pathway is mediated by the TLR4-TRIF-RIPK1-FADD-caspase-8 signaling pathway, triggering NLRP3 inflammasome activation.


Several stimuli can activate the NLRP3 inflammasome, and it is impossible for NLRP3 inflammasome to directly bind to the stimulatory factors. These stimuli may generate major activation signals, triggering activation of the NLRP3 inflammasome. Many related studies have proposed some major activation signals, such as ion fluctuations, dysfunction of mitochondria, lysosomal disruption, and Golgi dispersal (Song et al., 2017; Shao et al., 2021). This is discussed in detail in the following sections.

The ion fluctuations involve K+, Ca2+, and Cl–. There is copious extracellular ATP due to tissue damage and immune cells activation during inflammation, and high concentrations of extracellular ATP activate P2X7R, which induces K+ efflux and then recruits Pannexin-1 to release intracellular ATP (Gombault et al., 2012; Bartlett et al., 2014; Di Virgilio et al., 2017). Moreover, two K+ channels, two-pore domain weak inwardly rectifying K+ channel 2 (TWIK2) and tandem pore domain halothane-inhibited K+ channel 1 (THIK1), have been reported to response to ATP, and regulate NLRP3 inflammasome activation (Di et al., 2018; Drinkall et al., 2022). Subsequently, the triggered K+ efflux can promote NEK7 to interact with NLRP3 via the catalytic domain of NEK7 and the LRR domain of NLRP3 (He et al., 2016b). Research has reported that a decrease in cytosolic K+ level triggers the activation of the NLRP3 inflammasome (Muñoz-Planillo et al., 2013). A type of K+ channel inhibitor has also been found to greatly inhibit NLRP3 inflammasome activation (Lamkanfi and Dixit, 2009). Ca2+ fluctuations have a crucial effect on the activation of NLRP3 inflammasome by triggering mitochondrial dysfunction. In detail, influent Ca2+ and the Ca2+ released from the stimulated endoplasmic reticulum can be transported into the mitochondria through uniporters to depolarize the mitochondrial membrane, activating voltage-gated channels of the mitochondria. Subsequent entry of many ions and metabolites trigger the production and release of reactive oxygen species (ROS) (Horng, 2014; Shenker et al., 2015). A recent study demonstrated that the transient receptor potential vanilloid type 1 (TRPV1) channel could regulate the activation of NLRP3 inflammasome by affecting Ca2+ influx. Moreover, its deletion suppressed NLRP3 inflammasome activation, thereby alleviating experimental autoimmune encephalomyelitis (EAE, a common animal model of MS) (Zhang et al., 2021). BAPTA-AM, a Ca2+ chelator, suppresses activation of the NLRP3 inflammasome (Wu et al., 2019). In addition, NLRP3 agonists have been found to induce Ca2+ signaling, triggering NLRP3 inflammasome activation (Murakami et al., 2012). A previous study suggested that the substitution of extracellular Cl- with gluconate increases the maturation and secretion of IL-1β (Verhoef et al., 2005). Levels of cytosolic Cl- were found to be reduced upon NLRP3 inflammasome activation, and inhibition of the Cl- channel could suppress NLRP3 inflammasome activation (Compan et al., 2012; Daniels et al., 2016). Mitochondrial dysfunction plays an important role in the activation of the NLRP3 inflammasome. Research has reported that stimulation of the NLRP3 inflammasome causes mitochondrial dysfunction, which leads to the production and release of mitochondrial ROS (mtROS) and the release of mitochondrial DNA (mtDNA) into the cytoplasm. Subsequently, mtROS can oxidize mtDNA, and mtDNA can be recognized by the NLRP3 inflammasome, leading to its activation (Shimada et al., 2012; Zhong et al., 2018; De Gaetano et al., 2021). Additionally, cardiolipin, which is located in the mitochondria, triggers NLRP3 inflammasome activation (Iyer et al., 2013). Under normal conditions, the thioredoxin interaction protein (TXNIP) and thioredoxin (TRX) bind to each other. Once the level of ROS increases, TRX oxidizes itself to remove ROS, along with the separation of TRX and TXNIP. The separated TXNIP can bind to NLRP3, triggering NLRP3 inflammasome activation. ROS have also been shown to promote the interaction between MINK1 and NLRP3 (Zhu et al., 2021). In addition, the ensuing inflammatory response recruits immune cells to increase ROS production, which suggests a feedback loop between ROS and the NLRP3 inflammasome (Franchi et al., 2009; Dominic et al., 2022). However, a few studies have reported that ROS are not necessary for this activation (Gabelloni et al., 2013; Gurung et al., 2015); therefore, the exact mechanism of mitochondrial dysfunction in the activation of the NLRP3 inflammasome requires further studies. Lysosomal rupture triggers the release of lysosomal contents, thereby triggering NLRP3 inflammasome activation (Halle et al., 2008; Hornung et al., 2008). Among lysosomal contents, cathepsin B is considered important for NLRP3 inflammasome activation. CA-074-Me suppresses NLRP3 inflammasome activation by inhibiting cathepsin B (Hornung et al., 2008). Besides that, it has been reported that ruptured lysosomes could trigger K+ efflux, thus promoting NLRP3 inflammasome activation (Muñoz-Planillo et al., 2013). Moreover, research has demonstrated that stimuli can induce the disassembly of the trans-Golgi network (TGN), and dispersed TGN (dTGN) can recruit NLRP3 proteins via ionic bonding between phosphatidylinositol-4-phosphate (PtdIns4P, negatively charged, on the dTGN) and a polybasic region (on the NLRP3 protein), then inducing the assembly and activation of the NLRP3 inflammasome (Chen and Chen, 2018; Shao et al., 2021).

Apart from the canonical activation pathway, NLRP3 inflammasome is also activated via non-canonical and alternative pathways (Figure 2). Caspase-11 in mice was found to directly sense cytosolic lipopolysaccharide (LPS) and lead to the formation of pores in the plasma membrane, inducing pyroptosis and K+ efflux, thus triggering non-canonical NLRP3 inflammasome activation without the involvement of caspase-1 (Kayagaki et al., 2011; Hagar et al., 2013; Ramirez et al., 2018). Similarly, studies have demonstrated that caspase-4 and caspase-5 in humans promote non-canonical activation by directly binding to cytosolic LPS (Shi et al., 2014; Casson et al., 2015). Besides that, the involvement of caspase-8 in NLRP3 alternative activation also draws our attention, which is mediated by the TLR4-TRIF-RIPK1-FADD-caspase-8 signaling pathway (Gurung et al., 2014; Gurung and Kanneganti, 2015; Gaidt et al., 2016). Recently, Zhang et al. reported the important role of the caspase-8-dependent inflammasome in CNS inflammation (Zhang et al., 2018).

There is still a lot of unknown information about the mechanisms of NLRP3 inflammasome activation. For example, the temporal and spatial distribution of NLRP3 inflammasome after activation, the contradictory results of major activation signals in NLRP3 inflammasome activation, induction of activation after the generation of major activation signals, and the mechanistic details of non-canonical and alternative activation pathways.



NLRP3 INFLAMMASOME IN THE PATHOGENESIS/PATHOPHYSIOLOGY OF MS


Gene Polymorphisms of NLRP3 Signaling Pathway Molecules in MS

The NLRP3 inflammasome has been found to exert important effects in a myriad of diseases (Bonomini et al., 2019; Cheng et al., 2020; Yu et al., 2020). Occurrence of MS is closely related to the NLRP3 inflammasome (Gris et al., 2010; Olcum et al., 2020). Recent research has revealed that alterations in genes of NLRP3-related molecules are associated with susceptibility to MS. A study analyzed the association of SNPs of NLRP3 (rs-10754558, rs-35829419, rs-3806265, rs-4612666) with susceptibility to MS and revealed the pivotal role of NLRP3 polymorphisms in MS (Imani et al., 2018). Moreover, functional genetic variants in NLRP3 (Q705K) are associated with the severity of MS (Soares et al., 2019). In addition to NLRP3 genes, alterations in the gene expression of PYCARD and CASP1 were reported in MS patients who initially presented with the clinically isolated syndrome, which showed an association between them and MS (Hagman et al., 2015). Mutations in the downstream cytokines have also been studied. Research has found that there is no relationship between the polymorphisms of IL-1β−511 (rs16944) and IL-1β +3,953 (rs1143634) and the risk of MS; however, further studies revealed that early-onset MS had a higher association with heterozygosity of rs16944 than with homozygosity of rs16944 in IL-1β (Huang et al., 2013; Isik et al., 2013). Soares et al. analyzed SNPs distribution in different clinical phenotypes of MS and found that variants of−511C>T could result in more frequent in MS (Soares et al., 2019). There are conflicting results regarding the role of IL-18 polymorphisms in MS. Research has revealed that polymorphisms in IL18−607 C/A are not significant, while polymorphisms at position−137 are related to MS risk. However, another study found that polymorphisms of the IL-18−137C/G gene were insignificant, while IL-18−607C/A gene polymorphisms were a potential genetic risk factor for susceptibility to MS (Karakas Celik et al., 2014; Orhan et al., 2016). A recent study analyzed gene polymorphisms of IL-18 and reported that the genotype of rs1946518 was markedly different between MS patients and the control group (Jahanbani-Ardakani et al., 2019).



NLRP3 Inflammasome-Related Molecules in MS

NLRP3 inflammasome-related molecules are involved in the pathogenesis of MS. Studies have reported increased expression levels of NLRP3 and IL-1β genes in MS plaques and elevated levels of ASC, caspase-1, and IL-18 in the sera of MS patients (Keane et al., 2018; Voet et al., 2018). In EAE, the expression levels of NLRP3 mRNA and protein were increased (Gris et al., 2010; Ke et al., 2017), and compared to the wild-type mice, Nlrp3−/− mice showed reduced numbers of Th1 and Th17 cells in the spinal cord and peripheral lymphoid tissues and markedly mild EAE (Gris et al., 2010; Inoue et al., 2012a). Recently, it was reported that thymic stromal lymphopoietin (TSLP) could directly induce NLRP3 expression through phosphorylation of Janus kinase (JAK) 2, and Tslpr−/− mice showed decreased NLRP3 expression and EAE scores (Yu et al., 2021). Zhang et al. (2018) reported that a deficiency of microglial ASC could attenuate the expansion of T cells and the infiltration of neutrophil, which suggests the important role of ASC in EAE. In addition, the expression of caspase-1 was found to increase at the mRNA and protein levels (Ke et al., 2017; Bai et al., 2018), and inhibition of caspase-1 could suppress inflammasomes activation, thus attenuating the severity of EAE (Ahmed et al., 2002; McKenzie et al., 2018). Furthermore, a previous study analyzed the severity of EAE in Asc−/− and caspase-1−/− models and demonstrated that Asc−/− mice showed a decreased number of MOG-specific T cells in the lymph nodes, delayed disease progression, and reduced clinical scores (Shaw et al., 2010). In addition, Asc−/− mice were more protected from EAE progression than caspase-1−/− mice.



IL-1β and IL-18 in MS

Many studies have focused on the involvement of IL-1β and IL-18 in MS (Figure 3). As mentioned above, in the early stage of MS, the loss of integrity of CNS barriers can cause the infiltration of peripheral immune cells, and IL-1β promotes the destruction of CNS barriers (Kermode et al., 1990; Paul and Bolton, 1995; Paré et al., 2018). Briefly, immune mediators cause dysregulation of junctional components (tight junctions and adherens junctions) of CNS barriers, and the secretion of proinflammatory cytokines further triggers the infiltration of peripheral immune cells (Alvarez et al., 2011). Both CNS astrocytes and endothelial cells are involved in this process, and activated astrocytes can release proinflammatory cytokines that damage the tight junctions of endothelial cells. In addition, chemokines released by activated astrocytes can recruit leukocytes into the CNS, which is involved in the development of MS (Dong and Benveniste, 2001; Ching et al., 2007; Argaw et al., 2012). These proinflammatory cytokines and chemokines can also activate microglia (Correale and Farez, 2015). Microglia, which can be activated by IL-1β, are considered to be a kind of APCs that activate infiltrated CD4+ T cells, amplifying neuroinflammation. Besides that, microglia secrete chemokines that recruit immune cells. In turn, infiltrated CD4+ T cells secrete proinflammatory cytokines to activate microglia (Ferrari et al., 2004; Mallucci et al., 2015). According to existing research, microglia, astrocyte, and CD4+ T cells are the major cell types involved in NLRP3 inflammasome activation in MS. Studies have shown that the proportion of microglia expressing NLRP3 and IL-1β is positively associated with the degree of demyelination in MS patients (Malhotra et al., 2020). Furthermore, after activation, the NLRP3 inflammasome in activated microglia converts astrocytes to the neurotoxic A1 phenotype in MS, aggravating cognitive deficits (Hou B. et al., 2020). Tibolone and sinomenine were reported to alleviate astrocytic and microglial reactions and mobilization, respectively, decreasing NLRP3 inflammasome activation and EAE severity, which further supports the pathogenic role of the NLRP3 inflammasome in MS (Kiasalari et al., 2021; Mancino et al., 2022). Excitatory neurotransmitters can induce excitatory postsynaptic currents (EPSCs), which promote neurotoxicity and are involved in MS. IL-1β can increase the level of EPSCs in corticostriatal slice cultures and cerebellum and contribute to the severity of EAE (Gentile et al., 2013; Mandolesi et al., 2013). In addition, it was found that IL-1β could promote the expression of granulocyte-macrophage colony-stimulating factor (GM-CSF) and the differentiation of Th17 cells, thus being involved in the pathogenesis of MS (Chung et al., 2009; Russi et al., 2018). However, a previous study found elevated levels of the IL-1β protein only in the spinal cord but not in the brain (McKenzie et al., 2018). In addition to IL-1β, the expression level of the IL-18 mRNA was increased in the CNS during EAE, and increased IL-18 levels could aggravate demyelination and neurodegeneration in EAE (Jander and Stoll, 1998; Shi et al., 2000; Jha et al., 2010). IL-18 triggers γδ and CD4+ T cells to release innate IL-17, thereby amplyfing autoimmunity (Lalor et al., 2011). Moreover, research has demonstrated that Il-18−/− mice are resistant to EAE, and the functions of natural killer (NK) cells and the production of autoreactive Th1 cells are impaired (Shi et al., 2000). Although studies on MS and EAE have shown the important role for IL-18 in the disease, the results are still conflicting. In one study, the symptoms of Il-18−/− mice were significantly alleviated, while in another study, the alleviation was not obvious, which may be related to the method of disease induction and generation of animal models (Gutcher et al., 2006; Gris et al., 2010). These studies indicate that IL-1β and IL-18 participate in the course of MS; however, further studies are needed to understand the exact mechanisms and target them for the treatment of MS.
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FIGURE 3. NLRP3 inflammasome-related molecules are involved in the pathogenesis of MS. The NLRP3 inflammasome induces the migration of CD4+ T cells into the CNS and release of exosomes. IL-1β activates microglia, which present self-antigens to activate infiltrated CD4+ T cells, thereby amplifying neuroinflammation. Microglia can convert astrocytes to cytotoxic A1 phenotype and release chemokines to recruit CD4+ T cells. Activated astrocytes release proinflammatory cytokines and chemokines, affecting microglia, tight junctions of endothelial cells, and the infiltration of CD4+ T cells. IL-1β promotes the destruction of CNS barriers, facilitating the infiltration of CD4+ T cells. IL-1β can also increase the levels of EPSCs, contributing to the severity of MS. Moreover, IL-1β can increase the expression of GM-CSF and trigger the differentiation of Th17 cells, which are involved in the pathogenesis of MS. In addition, combined with IL-23, IL-18 can trigger γδ and CD4 + T cells to release innate IL-17, amplifying autoimmunity. IL-18 can also induce the production of IFN-γ by NK cells.




NLRP3 Inflammasome and T Cells in MS

Research has demonstrated that the change in the population of T cells is perhaps not important in MS, whereas their migration into the CNS, induced by NLRP3 inflammasome, mediates the development of MS (Inoue et al., 2012a,b). As an important component of innate immunity, the NLRP3 inflammasome connects innate and adaptive immunity by promoting the production of IL-1β and IL-18, increasing the infiltration of peripheral immune cells into the CNS, and affecting the function of T and B cells. A previous study has proposed that Th cells need to be primed by APCs containing NLRP3 inflammasome before their migration into the CNS, and the study found several related results: (1). The number of immune cells migrating into the CNS was reduced in Asc−/− and Nlrp3−/− mice. (2). The expression levels of migration-related genes were increased by the NLRP3 inflammasome in Th cells and APCs. More specifically, increased levels of OPN, CCR2, and CXCR6 were found in Th cells, and the expression of α4β1 integrin, CCL2, CCL7, CCL8, and CXCL16 was increased in APCs. Interestingly, these components can bind with matched ligands or receptors (OPN-α4β1 integrin; CCR2-CCL2, CCL7, CCL8, and CXCL16; CXCR6-CXCL16) (Inoue et al., 2012a). Therefore, targeting immune cell migration is probably an effective treatment for MS. After migration, primed T cells play an important role in the course of the disease, and the NLRP3 inflammasome, in both T cells and microglia, has been reported to induce T cells to release proinflammatory cytokines involved in the pathogenesis of MS (Inoue et al., 2012a; Olcum et al., 2020).



NLRP3 Inflammasome and B Cells in MS

Although most studies suggest that MS is a kind of immune disease predominantly involving T cells, growing research has demonstrated that B cells are also crucial in the development of the disease (Li et al., 2018). The mechanism of action of B cells in MS includes four aspects: antigen presentation, cytokine production, antibody production, and ectopic lymphogenesis (Lazibat et al., 2018). B cells can present antigens to T cells, which is important for T cells activation, and the interaction between B and T cells is direct and two-way (Dalakas, 2008; Lazibat et al., 2018). Moreover, cytokines produced by B cells also exert effects on MS; for instance, B cells increase the expression of IL-6, activating Th17 responses in MS (Li et al., 2018). There are no antibodies in the CNS of healthy individuals; therefore, the presence of antibodies in the cerebrospinal fluid (CSF) of MS patients suggests that B cells are involved in the development of MS. Immunoglobulin G (IgG) and immunoglobulin M (IgM) oligoclonal bands could be used as biomarkers of MS and to predict the course of MS (Villar et al., 2005). Ectopic lymphogenesis refers to the formation of ectopic lymphoid structures, which are similar to follicles in MS patients and contain B cells; they are associated with EBV infection and may be involved in the development of MS (Serafini et al., 2004). Research has demonstrated a relationship between NLRP3 inflammasome and B cells. A recent study has reported that B cell-activating factor (BAFF) activates the NLRP3 inflammasome in B cells by triggering the binding of cIAP-TRAF2 to components of the NLRP3 inflammasome and by promoting K+ efflux and production of Src activity-dependent ROS (Lim et al., 2020). β-glucan and CpG, two major microbial antigens, have been reported to trigger NLRP3 inflammasome activation in circulating B cells. It was found that Dectin-1 activation via SYK and mammalian target of rapamycin (mTOR) participates in this process (Ali et al., 2017). Although there are many studies on the relationship between NLRP3 inflammasome and B cells, their relationship in MS is not clear, and further studies are needed to clarify the underlying mechanism.



NLRP3 Inflammasome and Exosomes in MS

In recent years, increasing attention has been paid to the role of exosomes, in tumors and autoimmune diseases, as important messengers in cell-to-cell communication (Prada et al., 2013; Paolicelli et al., 2019). It was revealed that exosomes could be selectively loaded with immunomodulatory proteins, which make them vital media for transmitting biological signals (Cypryk et al., 2018). Studies have found that damage to the CNS can induce inflammasomes activation, and exosome secretion is related to inflammasome activity. Therefore, exosomes induced by inflammasomes can promote the inflammatory response in recipient cells by transporting inflammasome-related components and other substances (de Rivero Vaccari et al., 2016; Hezel et al., 2017; Zhang et al., 2017). Zhang et al. (2017) found that inflammasome-derived exosomes could activate the NF-kB signaling pathway in recipient cells, thereby promoting an inflammatory response. Furthermore, recent research has suggested that NLRP3 inflammasome activation in microglia could promote the secretion of exosomes and facilitate the transmission of α-synuclein in Parkinson's Disease (PD) (Si et al., 2021). However, a recent study found that exosomes loaded protective molecules can protect against cardiovascular damage (Pearce et al., 2021). The above studies indicate that exosomes may be protective or damaging, which is closely related to the environment and condition of the cells from which they originate. Besides that, the effects of exosomes on inflammasomes are also being studied. Research has demonstrated that exosomes/microvesicles from periodontal ligament stem cells of MS patients can inhibit NLRP3 inflammasome activation and attenuate the severity of EAE (Soundara Rajan et al., 2017). In detail, the effects of exosomes on NLRP3 inflammasome activation depend on the origin of exosomes, including inhibition (from plasma, mesenchymal stem cells, and macrophages) and promotion (from cancer cells) (Li et al., 2021). For example, Yan et al. (2020) reported that exosomes derived from human umbilical cord mesenchymal stem cells could inhibit NLRP3 inflammasome activation by releasing circular RNA homeodomain-interacting protein kinase 3 (circHIPK3). In addition, cancer-derived exosomes have been found to promote NLRP3 inflammasome activation in macropahges (Liang et al., 2020). However, the relationship between the NLRP3 inflammasome and exosomes in MS is not well-understood, and more studies are needed. Alteration of the components of these exosomes or inhibition of their transfer may be promising therapies for the treatment of MS.



NLRP3 Inflammasome and Intestinal Flora in MS

The intestinal flora has been a research hotspot in recent years. It develops from birth, is affected by a variety of internal and external factors, and reaches a relatively stable state of composition (Mueller et al., 2015). Recent studies have found that dyregulation of the intestinal flora affects the development of many diseases, including CNS disorders (Ochoa-Repáraz et al., 2009; Sommer and Bäckhed, 2013). This suggests the presence of communication between the intestine and CNS, which we refer to as gut-brain axis (GBA). GBA is a complicated bidirectional communication among the microbiota, gut and CNS, involving the microbiota and its metabolites, immune system, endocrine system, and nervous system (Rutsch et al., 2020). Gut microbiota can act on intestinal epithelial cells to regulate their growth and differentiation, expression of tight junction proteins, and permeability of mucous membranes, thereby maintaining the integrity of the intestinal epithelial barrier. Furthermore, the release of effector molecules following activation of the intestinal inflammasome by the intestinal flora can affect the CNS via the vagus nerve (Sharma et al., 2010; Rao et al., 2017). Many studies have suggested a relationship between intestinal flora and MS. The composition of intestinal flora in MS patients is different from that in healthy individuals. Studies have demonstrated that the abundance of Bacteroides decreased and that of Pseudomonas increased in the intestinal flora of MS patients, while the protein levels of NLRP3, ASC and cleaved caspase-1 increased in the CNS, and the mRNA levels of ASC and caspase-1 increased in the circulation (Pellegrini et al., 2020). It has been reported that overactivation of the NLRP3 inflammasome can promote the shift of intestinal flora to a proinflammatory phenotype, which in turn promotes neuroinflammation and neurodegeneration (Pellegrini et al., 2020). Mackay et al. reported that consumption of a high-fiber diet, which affects the host microbiota, increases the levels of IL-18 in the serum through GPR43 and GPR109A receptors, which are expressed on colonic epithelial cells, and trigger K+ efflux and Ca2+ mobilization in an NLRP3-dependent manner (Macia et al., 2015). Mechanistically, certain metabolites produced by the microbiota in the body can enter the bloodstream and directly affect peripheral immune cells. Alternatively, these metabolites can enter the brain through the bloodstream and affect immune cells in the CNS (Wikoff et al., 2009; Rothhammer et al., 2016), which is regulated by the NLRP3 inflammasome as an important component that bridges innate and adaptive immunity. However, the exact mechanism of interplay between the microbiota and NLRP3 inflammasome is currently unknown, as is the mechanism of the subsequent effects of this interaction on the CNS. A study proposed that the effect of the interaction between the microbiota and NLRP3 inflammasome on the CNS may be through regulation of the plasma level of the circHIPK2, which in turn affects astrocyte function (Zhang et al., 2019). Furthermore, the existence of GBA is further supported by a study showing improvement in severe constipation and other MS symptoms after fecal microbiota transplantation in three MS patients (Rutsch et al., 2020). Besides that, the use of probiotics or antibiotic cocktails could lead to attenuation of EAE (Colpitts et al., 2017; Camara-Lemarroy et al., 2018). Pertussis toxin is required for the induction of EAE and is a major virulence factor of Bordetella pertussis. A study demonstrated that pertussis toxin could trigger the activation of TLR4 and induce the formation of a pyrin-dependent inflammasome, which only leads to mild EAE in pyrin-, ASC-, or caspase-1-deficient models (Dumas et al., 2014). The above studies have shown a connection among intestinal flora, inflammasomes, and MS; however, the underlying mechanism is still unclear, and further research is needed to clarify the molecules, pathways, and organs involved. This will be an attractive research area for the development of MS treatment in the future.




NLRP3 INFLAMMASOME AS A BIOMARKER IN MS

Studies have shown that NLRP3 inflammasome-related components can be used as biomarkers for MS. For example, NLRP3 protein was found to be overexpressed in the monocytes of MS (Malhotra et al., 2020) and neuromyelitis optica spectrum disorders patients (Peng et al., 2019), compared to those of healthy individuals. In addition, elevated levels of ASC and caspase-1 were found in the sera of MS patients, and ASC was considered to be more sensitive and specific for the diagnosis of MS severity owing to its 90% specificity (Keane et al., 2018). A recent study showed that serum caspase-1 levels were elevated during relapse in MS patients, suggesting that caspase-1 may act as a biomarker of MS disease activity (Beheshti et al., 2020).

As the downstream effectors of the NLRP3 inflammasome, IL-1β and IL-18 can be used as potential biomarkers for MS. The results of studies on the expression level of IL-1β in the sera and CSF of MS patients are contradictory, and the level of IL-1β was increased or not detected in different studies (Maimone et al., 1991; Peter et al., 1991; Dujmovic et al., 2009). However, the expression of IL-1β in the CSF is associated with cortical pathology in the early stage of MS and causes neurodegeneration, following neuroinflammation (Seppi et al., 2014). One study reported increased serum IL-18 levels in MS patients, and several other studies also reported increase in IL-18 levels in the sera and CSF of MS patients (Losy and Niezgoda, 2001; Chen et al., 2012; Jahanbani-Ardakani et al., 2019).

In recent years, the neurofilament protein has been considered a promising biomarker for MS. The neurofilament protein is a cytoskeletal protein expressed in neurons, and it can be released into the blood and CSF after the damage of neurons (Khalil et al., 2018; van Lieverloo et al., 2019). Serum neurofilament protein is a useful biomarker for progressive MS and pediatric MS, and its level is associated with the risk of disability in MS (Kapoor et al., 2020; Manouchehrinia et al., 2020; Reinert et al., 2020). It consists of three isotypes: a neurofilament light (NfL) chain, neurofilament intermediate (NfM) chain, and neurofilament heavy (NfH) chain. Elevated NfL levels in the CSF occur in all stages of MS, and their levels are correlated with the MS severity score (Salzer et al., 2010; Teunissen and Khalil, 2012). In addition, interleukin-1 receptor antagonist (IL-1RA) was considered a novel biomarker in MS patients and was associated with NfL in a separate cohort (Blandford et al., 2021). Neurofilament degradation is one of the main pathological damage caused by chronic exposure to n-hexane in humans (Huang, 2008; Wang et al., 2008). A recent study found that glibenclamide ameliorated 2,5-hexanedione (the toxic metabolite of n-hexane)-induced axon degeneration by inhibiting NLRP3 inflammasome activation, thus suppressing NfL reduction in rats (Hou L. et al., 2020). This suggests a relationship between the NLRP3 inflammasome and NfL; however, their exact relationship in MS is not fully understood, and further studies are needed.



TARGETING NLRP3 INFLAMMASOME-RELATED PATHWAYS FOR THE TREATMENT OF MS

In this section, we briefly summarize therapies targeting NLRP3 inflammasome-related pathways for the treatment of MS (Table 1).


Table 1. Compounds targeting NLRP3 inflammasome-related pathways.
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Anti-IL-1 Therapies

IL-1β contributes to the progression of MS. Related therapies that have been studied to date include IL-1β-specific neutralizing antibody (canakinumab), IL-1 receptor antagonist (anakinra), and soluble decoy receptor for IL-1α and IL-1β (rilonacept), and the first two have been used in clinical practice (Chakraborty et al., 2012; Dinarello et al., 2012; Cavalli and Dinarello, 2018; Abbate et al., 2020). In addition, studies have demonstrated that cladribine can attenuate IL-1β-induced EPSCs and is beneficial for the treatment of MS (Musella et al., 2013). However, the use of anti-IL-1 therapies is costly, and their penetration across brain tissues is poor. Moreover, IL-1β is not the only downstream cytokine of the NLRP3 inflammasome; therefore, targeting upstream molecules of the NLRP3 inflammasome is perhaps more effective than anti-IL-1 therapies.



Targeting Upstream Major Activation Signals

It has been reported that β-hydroxybutyrate can attenuate K+ efflux and suppress oligomerization of NLRP3 and ASC, thus inhibiting NLRP3 inflammasome activation (Youm et al., 2015). Pannexin1 and P2X7R mediate K+ efflux. Probenecid, which blocks Pannexin1, attenuates NLRP3 inflammasome activation (Jian et al., 2016). Brilliant blue G is a P2X7R antagonist, and it suppresses neuroinflammation in subarachnoid hemorrhage animal models, which may be associated with the inhibition of K+ efflux (Chen et al., 2013). Therapies targeting Ca2+ and Cl- have also been studied, including U73122 and IAA-94 (Diaz et al., 2013; Potenzieri et al., 2020). However, therapies targeting ion fluctuations can produce unavoidable side effects caused by the dysregulation of ion-related reactions. Therefore, although therapies targeting ion fluctuations are effective in the experiment, their usage in clinical practice may be limited. ROS scavengers, including N-acetyl-L-cysteine (2R,4R)-4-aminopyrro lidine-2,4-dicarboxylate (APDC), and Mito-TEMPO, were found to inhibit ROS production and attenuate NLRP3 inflammasome activation (Dostert et al., 2008; Trnka et al., 2009). In addition, Yu et al. found that Bixin could scavenge ROS through the NRF2 signaling pathway and attenuate the severity of EAE (Yu et al., 2020). Studies have suggested that mtROS can damage NADPH oxidase, causing inflammasome activation (Dostert et al., 2008; Bordt and Polster, 2014). However, similar to ion fluctuations, mtROS are also involved in many biological reactions; thus, the inhibition of mtROS cause side effects, and therapies targeting mtROS require further study. It has been reported that cathepsin B released from lysosomes plays a role in NLRP3 inflammasome activation, and CA-074-Me attenuates NLRP3 inflammasome activation by inhibiting cathepsin B (Buttle et al., 1992; Hornung et al., 2008). In addition, gemcitabine and 5-fluorouracil have been shown to contribute to the activation of NLRP3 inflammasome, which is related to cathepsin B (Bruchard et al., 2013). Recently, research has demonstrated that curcumin can inhibit the release of ROS and cathepsin B, thereby inhibiting the progression of EAE (Hasanzadeh et al., 2020; Lu et al., 2020).



Targeting Upstream Regulatory Pathways

In addition to major activation signals, other regulatory mechanisms are involved in NLRP3 inflammasome activation. HU-308, a cannabinoid receptor 2 agonist, was reported to induce autophagy, thus attenuating NLRP3 inflammasome activation and severity of EAE (Shao et al., 2014). Moreover, a recent study found that caffeine can reduce NLRP3 inflammasome activation by inducing autophagy, thus attenuating the severity of EAE (Wang et al., 2022). It was found that the CD47-Fc fusion protein could reduce the production of NLRP3 inflammasome-induced IL-1β by promoting the production of NO, aiding to the treatment of EAE (Gao et al., 2016). In addition, as a first-line drug in the treatment of MS, IFN-β can induce the phosphorylation of STAT1, which mainly exerts therapeutic effects on NLRP3 inflammasome-dependent EAE (Inoue et al., 2012b, 2016; Metwally et al., 2020). However, the reactions involved in these regulatory mechanisms are more complicated, and side effects will inevitably occur, which means that therapies targeting molecules upstream of the NLRP3 inflammasome may not be as potent as directly targeting NLRP3 inflammasome-related components.



Targeting NLRP3 Inflammasome-Related Components

MCC950, a classic NLRP3 inhibitor, can bind to the Walker B motif of the NACHT domain of NLRP3 and inhibit ATPase activity, thereby reducing the severity of EAE (Coll et al., 2019). Furthermore, Bay11-7082 was found to interact with the ATPase of the NLRP3 NACHT domain and reduce EAE severity (Lang et al., 2021). The NEK7-NLRP3 interaction is important for activation of the NLRP3 inflammasome. Research has demonstrated that oridonin and RRx-001 can inhibit this interaction by binding to cysteine 279 of the NACHT domain of NLRP3 or covalently binding to cysteine 409 of NLRP3, thereby attenuating EAE severity (He et al., 2018; Yang et al., 2020; Chen et al., 2021). Besides that, it was reported that OLT1177 could interact with the ATPase of the NLRP3 NACHT domain, inhibiting NLRP3-ASC interaction and ameliorating EAE severity (Sánchez-Fernández et al., 2019). 1,2,4-TTB was found to inhibit the oligomerization of ASC and NLRP3-ASC interactions and reduce EAE scores (Pan et al., 2021). Recently, IC100 has been reported to target ASC and inhibit EAE progression (Desu et al., 2020). Caspase-1 is an effector of NLRP3 inflammasome activation, and several caspase-1 inhibitors have been reported. For example, Ac-YVAD-CMK, a caspase-1 inhibitors, decreases the mRNA and protein levels of IL-1β and improves the symptoms of PD models (Mao et al., 2017). Moreover, VX-765 can covalently modify Cys285 of caspase-1 for the treatment of inflammatory diseases (McKenzie et al., 2018). Research has reported that the level of GSDMD, which is crucial in pyroptosis, can be inhibited by disulfiram by upregulating miR-30a expression (Zhao et al., 2016). A recent study further showed that disulfiram covalently modified Cys191/Cys192 in GSDMD, thus blocking pore formation (Hu et al., 2020).

Taken together, there are many studies on therapies targeting NLRP3 inflammasome-related pathways. However, only a few drugs can be used clinically, and there are no drugs that can effectively cure MS. Therefore, further research is necessary, and studies on the NLRP3 inflammasome-related pathway can shed light on the treatment of MS patients.




THE INVOLVEMENT OF THE NLRP3 INFLAMMASOME IN NEURODEGENERATIVE DISEASES

In addition to MS, the NLRP3 inflammasome has important roles in neurodegenerative diseases such as Alzheimer's disease (AD), PD, and amyotrophic lateral sclerosis (ALS).


NLRP3 Inflammasome in AD

AD is a neurodegenerative disease with a very high prevalence, characterized by progressive loss of neurons and accumulation of extracellular amyloid beta (Aβ) (Piancone et al., 2021). The clinical manifestations of AD include dementia and cognitive dysfunction, which imposes a large burden on patients and their families (Swanton et al., 2018). Currently, the pathogenesis of AD is thought to be associated with the presence of amyloid plaques and neurofibrillary tangles, while neuroinflammation has also been found to be involved (DeTure and Dickson, 2019). Growing evidence suggests that the NLRP3 inflammasome is involved in the pathogenesis of AD. In 2008, a study reported that fibrillar Aβ could promote NLRP3 inflammasome activation, which was confirmed in subsequent studies (Halle et al., 2008). For example, amylin receptors participate in Aβ-induced NLRP3 inflammasome activation. Furthermore, Aβ can increase the level of ROS, which trigger NLRP3 inflammasome activation (Fu et al., 2017; Aminzadeh et al., 2018). Clinically, elevated expression levels of active caspase-1 and IL-1β can be found in AD patients (Blum-Degen et al., 1995; Heneka et al., 2013), which is related to the activation of the NLRP3 inflammasome. Further mechanistic studies were performed in the AD models. A study found that the levels of neuroinflammation and Aβ accumulation were reduced with concomitant improvement of neuronal function in NLRP3-deficient AD models (Heneka, 2017). Besides that, deletion of NLRP3 or caspase-1 in AD models was shown to decrease the levels of IL-1β and caspase-1 while promoting microglial differentiation to the M2 phenotype (Dempsey et al., 2017). The above studies have demonstrated the role of NLRP3 inflammasome activation in AD, but the underlying mechanisms still need to be explored.



NLRP3 Inflammasome in PD

PD is a common neurodegenerative disease characterized by a progressive loss of dopaminergic (DA) neurons in the substantia nigra and the formation of intracellular Lewy bodies by α-synuclein (Petrucci et al., 2014). The clinical manifestations of PD include typical motor symptoms and other non-motor symptoms; however, the underlying etiology is currently not clear. A previous study suggested the important role of the NLRP3 inflammasome in the pathogenesis of PD in vitro (Codolo et al., 2013), which is supported by a growing number of studies. In animal models, the levels of NLRP3 inflammasome-related molecules are increased, while deletion of NLRP3 could reduce the loss of DA neurons and improve motor dysfunction (Qiao et al., 2018; Lee et al., 2019). The involvement of the NLRP3 inflammasome in the pathogenesis of PD has also been reported in PD patients. A study reported increased expression levels of NLRP3 inflammasome-related molecules in PD patients; however, in another study, it was found that although there was a difference in the expression level of NLRP3 in the sera of PD patients compared to those of controls, the levels of IL-1β and IL-18 were not significantly different (Zhang et al., 2016; Fan et al., 2020). Considering the important role of α-synuclein in the pathogenesis of PD, several studies have explored the relationship between α-synuclein and the NLRP3 inflammasome. Research has shown that α-synuclein can promote NLRP3 inflammasome activation in PD models, and further studies have revealed that α-synuclein increases the levels of cathepsin B and ROS, thus triggering NLRP3 inflammasome activation (Codolo et al., 2013; Chatterjee et al., 2020). Further studies are needed to explore the underlying mechanisms of the NLRP3 inflammasome in the pathogenesis of PD, which may shed light on the treatment of PD patients.



NLRP3 Inflammasome in ALS

ALS, a prevalent neurodegenerative disease, is characterized by the loss of motor neurons (Feng et al., 2021). ALS patients clinically present with a continuous aggravation of motor function loss until death. Mutations in Cu/Zn superoxide dismutase 1 (SOD1) have been found to be associated with ALS (Rosen et al., 1993). The etiology of ALS remains unclear, but the role of neuroinflammation and the NLRP3 inflammasome in ALS has received attention in recent years. Studies have found increased levels of NLRP3 and caspase-1 in astrocytes and the brains of ALS patients (Haidet-Phillips et al., 2011; Kadhim et al., 2016). Studies have used G93A-SOD1 mutation models to simulate the pathogenesis of ALS. Research has revealed increased levels of NLRP3 inflammasome-related molecules and IL-1β in models, and genes knockout of caspase-1 and IL-1β can inhibit neuroinflammation (Johann et al., 2015; Lall and Baloh, 2017). Further studies are needed to explain these results and clarify the pathogenesis of ALS.




CONCLUSIONS

MS is an immune-mediated, demyelinating, neurodegenerative disease that occurs in the CNS. It predominantly affects young women and causes a huge social and economic burden. Nowadays, the underlying mechanism of MS is not fully understood, and there are still some limitations in the related diagnostics methods and therapies. In recent years, the role of inflammasomes in MS has received widespread attention. For the most widely studied NLRP3 inflammasome, we briefly introduced its composition, mechanisms of activation, and related research in MS, which may help us better understand its involvement in MS.

However, there are several unclear aspects of the NLRP3 inflammasome. For example, NLRP3 inflammasome activation is widely regulated, and it is necessary to clarify each step of the cascade of activation. Although there is a close relationship between the NLRP3 inflammasome and EAE, NLRP3 inflammasome-independent EAE also exists (Arnason, 1999). For example, 300 μg heat-killed mycobacteria was found to successfully induce EAE in Asc−/− or Nlrp3−/− animal models, while normal 200 μg Mtb mycobacteria could not (Inoue et al., 2012b). In addition, a previous study reported that aggressive immunization induces EAE in caspase-1−/− mice (Furlan et al., 1999). Therefore, the intensity of immunization has a great influence on the induction of EAE, which also suggests the important role of environmental factors in the heterogeneity of MS. A study proposed a possible mechanism for the development of NLRP3 inflammasome-independent EAE, which involves membrane-bound lymphotoxin-β receptor (LTβR) and CXC chemokine receptor 2 (CXCR2), but the exact mechanism is yet to be studied in depth (Inoue et al., 2016). Besides that, studies have shown that IFN-β, a long-used clinical first-line drug, is not therapeutically effective for some types of MS and EAE. Further mechanistic studies have identified IFN-β to have a therapeutic effect on NLRP3-dependent EAE models, which also reflects the heterogeneity of MS (Inoue et al., 2012b). Moreover, EAE mainly simulates MS through immune induction; however, there is no such artificial induction method of MS in patients which can fully simulate the heterogeneity and complexity of MS. Therefore, new and better animal models need to be developed. At present, relevant research on the role of the NLRP3 inflammasome in MS is mainly at the level of cells and animal models, and has not yet involved humans. Therefore, further in-depth studies are urgently required.
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Alcohol use disorder is associated with systemic inflammation and organ dysfunction especially in the liver and the brain. For more than a decade, studies have highlighted alcohol abuse-mediated impairment of brain function and acceleration of neurodegeneration through inflammatory mechanisms that directly involve innate immune cells. Furthermore, recent studies indicate overlapping genetic risk factors between alcohol use and neurodegenerative disorders, specifically regarding the role of innate immunity in the pathomechanisms of both areas. Considering the pressing need for a better understanding of the relevance of alcohol abuse in dementia progression, here we summarize the molecular mechanisms of neuroinflammation observed in alcohol abuse and Alzheimer’s disease, the most common cause of dementia. In addition, we highlight mechanisms that are already established in the field of Alzheimer’s disease that may be relevant to explore in alcoholism to better understand alcohol mediated neurodegeneration and dementia, including the relevance of the liver-brain axis.
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Introduction

Alcohol use disorder (AUD), characterized by uncontrolled alcohol drinking, is one of the leading causes of preventable deaths in the United States with a significant socio-economic burden on society (Spillane et al., 2020). Alcoholism is associated with dysfunction of multiple organs leading to cirrhosis, cardiovascular complications, and neuronal dysfunction. Along with the acute sedative effect of ethanol, chronic alcohol abuse is associated with cognitive dysfunction, dementia, neurodegeneration and gray and white matter shrinkage (Crews, 2008; Wilcox et al., 2014; Zahr, 2014; Yang et al., 2016; Schwarzinger et al., 2018; Rehm et al., 2019).

Over the past few decades, we and others have shown that alcohol consumption leads to excessive inflammation in vital organs including liver, intestines, and brain (Crews, 2012; Szabo et al., 2012; Szabo and Lippai, 2014; Bishehsari et al., 2017). Ethanol-induced innate immune activation in the liver plays a central role in alcoholic liver disease and several strategies of intervention that involve targeting the peripheral innate immune system have been proposed (Xu et al., 2017; Tornai and Szabo, 2020). Moreover, alcohol-induced innate immune activation in the central nervous system (CNS) has been shown to mediate neurotoxicity and ethanol-induced behaviors including alcohol addiction and cognitive decline in preclinical and clinical settings (Crews, 2008; Henriques et al., 2018; Erickson et al., 2019b) (see also Tables 1, 2). Indeed, antagonism of IL-1 receptor signaling and the NLRP3 inflammasome reduces inflammation and alcohol consumption (Marshall et al., 2016; Erickson et al., 2019b; Lowe et al., 2020a). In addition, genetic studies demonstrated involvement of the innate immune system in the pathogenesis of AUD. These studies reported polymorphisms associated with AUD in immune-related genes such as NFκB or IL-10 (Crews, 2012; Kapoor et al., 2021). Furthermore, the integration of GWAS and eQTL data helped identify causal variants for AUD involved in the regulation of PU.1, an important transcription factor for myeloid cells and a demonstrated master regulator of the inflammatory response in microglia (Kapoor et al., 2021; Pimenova et al., 2021).


TABLE 1    Features of innate immune activation in rodent models of alcohol use disorder.
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TABLE 2    Mechanisms that lead to ethanol-reactive microglia in alcohol use disorder.
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Risk alleles for Alzheimer’s disease (AD) are also enriched in myeloid cells and overlapping variants for AUD and AD exist in enhancer regions of the SPI1 gene (gene that encodes for PU.1 protein) (Bertram et al., 2008; Guerreiro et al., 2013). In addition to genetics, AUD and AD share common pathophysiological mechanisms involving important neuroinflammation and neurodegeneration hallmarks (see section “Alcohol abuse and progression of AD”) (Bertram et al., 2008; Crews, 2008; Guerreiro et al., 2013; Heneka et al., 2013; Hong et al., 2016; Hammond et al., 2019; Kapoor et al., 2021). Over the years, several features of microglia (including morphology, motility, proliferation, and secretion) have been studied in detail in various models of AD and AUD independently and are reviewed elsewhere. In this review, we discuss the common pathways that lead to reactive microglia in AD and AUD, and introduce mechanisms explored in AD that may be relevant in the context of AUD. Furthermore, we discuss the implication of these common inflammatory mechanisms on the potentially detrimental effect of alcohol abuse on the progression of AD.

With these components in mind, this review focuses on the role of innate immunity in ethanol-induced neuro-inflammation. Since microglia are the primary mediators of innate immunity in the central nervous system, we describe features of microglia activation and their mechanism in AUD.

We also discuss the contribution of the peripheral innate immune system in regulating brain function, especially in the context of AUD. Since the liver is the primary site of alcohol metabolism and a major regulator of innate-immune activation, we hypothesize that, in addition to the direct effect of alcohol or its metabolites on the brain, liver-derived peripheral cytokines, hepatotoxins and circulating immune populations can communicate to the CNS to induce inflammation in AUD. Finally, since these pathways may provide novel insight into the role of alcohol abuse on features of AD, we discuss myeloid cell infiltration and the role of liver-brain axis in AD.

Hence, this review is divided into three broad sections that describe (a) innate immunity in AUD, (b) innate immunity in AD, and (c) studies where effects of alcohol abuse on features of AD have been investigated. This comparison between the features of innate immune activation in AUD and AD will provide new opportunities for future investigations, especially in the context of the dual insult models of AUD and AD. A list of abbreviations and gene symbols is included (see Table 3).


TABLE 3    Abbreviations and gene symbols.
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Brain innate immunity in alcohol use disorder


Neuroinflammatory mechanisms mediated by microglia


Microglia proliferation and morphology in alcohol use disorder

Effects of alcohol are wide spread in the brain and include cytokine and chemokine release, immune cell infiltration, synapse loss and neuronal death (Figure 1 and Table 1). Microglia, the resident immune cells of the brain, are the key mediators in these processes. Under physiological conditions, microglia survey the brain parenchyma (Nimmerjahn et al., 2005) and take care of many critical CNS functions, enabled by their capacity to release soluble factors, engulf extracellular material and dead cells or migrate to the sites of infection (Butovsky et al., 2014; Paolicelli et al., 2022). Transcriptomic studies demonstrate that the pattern of microglia states varies with the etiology of the disease and severity though commonalities have been found and highlighted across diseases including AUD (Masuda et al., 2020; Chen and Colonna, 2021). Microglia can respond to inflammation through changes in cell morphology, motility, cytokine release, transcriptomic and epigenetic changes. These responses and thus the reactive state of microglia varies with the stimulus and its intensity (Paolicelli et al., 2022). Traditionally, studies have tried to classify microglia as homeostatic Vs activated or M1 (pro-inflammatory) Vs M2 (alternatively activated, anti-inflammatory) based on (1) Morphological features (2) Surface antigen markers (3) Phagocytic ability (4) Cytokine release (Beynon and Walker, 2012; Marshall et al., 2013; Crews and Vetreno, 2016; Paolicelli et al., 2022). In this regard, homeostatic microglia have a ramified branched appearance. In response to mild inflammatory stimuli, microglia can show increased branching and a hyper-ramified appearance, also may express anti-inflammatory markers (also referred as M2 markers). During a more severe inflammatory condition, microglia may appear bushy with fewer, thicker branches and bigger soma and secrete pro-inflammatory cytokines, resembling M1 state. Finally, under extreme inflammatory conditions microglia appear amoeboid (Frautschy et al., 1998; Beynon and Walker, 2012). However, recent advances challenge the direct correlation between microglia morphology and their reactiveness and phagocytic ability (Paolicelli et al., 2022). Thus this simplistic classification is now considered out of date (Paolicelli et al., 2022). Therefore, throughout this review, we will refrain from classifying microglia in either of these categories and instead describe various features as reported in literature.
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FIGURE 1
Microglia play critical role in alcohol-induced neuroinflammation. Alcohol abuse leads to microglia activation primarily through TLR4, 2, and NLRP3 inflammasomes. Consequently, microglia show increased proliferation, morphological transformation, release of cytokines, chemokines, EVs and immune mediators. This results in infiltration of peripheral macrophages, neurotoxicity, synapse loss and modulation of ethanol-induced behaviors.


In response to alcohol, microglia can undergo proliferation and also exhibit a spectrum of morphological and molecular transformations, changing their overall function. Indeed, increased microglia proliferation has been reported in the cortex and hippocampus of chronic ethanol-treated mice (McClain et al., 2011; Qin and Crews, 2012a; Marshall et al., 2013; Alfonso-Loeches et al., 2016; Peng et al., 2017; Socodato et al., 2020) and post-mortem brain samples of AUD patients (Qin et al., 2008; Rubio-Araiz et al., 2017).

Several preclinical models of AUD report a moderate change in microglia morphology toward more bushy appearance (Figure 1 and Table 1) (Fernandez-Lizarbe et al., 2009; Lowe et al., 2020b; Socodato et al., 2020).



Microglia phagocytosis in alcohol use disorder

Microglia are the resident phagocytes of the brain and are involved in the clearance of non-functional synapses, pathogenic peptides, myelin debris, and dying neurons (Wyss-Coray et al., 2001; Takahashi et al., 2005; Schafer et al., 2012; Lampron et al., 2015). Microglia exhibit increased phagocytosis during development and in response to inflammatory stimuli (Paolicelli et al., 2011; Kettenmann et al., 2013). The effect of ethanol on microglia phagocytosis appears to be very dynamic and context dependent (Table 1). Walter and Crews observed that the levels of lysosomal marker CD68 changes over the withdrawal period of 24 h after acute alcohol binge, with an initial decline followed by a significant increase that peaks 18 h post binge (Walter and Crews, 2017). Chronic alcohol treatment also appears to increase CD68 levels in the cortex and cerebellum (Lippai et al., 2013a; Alfonso-Loeches et al., 2016; Socodato et al., 2020), although Lowe et al. reported a reduction in CD68 levels in the hippocampi (Lowe et al., 2020b). Furthermore, ethanol pre-treatment reduces phagocytosis of Aβ in primary microglia cultures (Kalinin et al., 2018), consistent with the effect of alcohol on peripheral macrophages (Bukong et al., 2018). Thus, duration of ethanol withdrawal, brain region of interest and phagocytic substrate are important in the assessment of ethanol’s effect on microglia phagocytosis (Table 1).



Release of cytokines and DAMPs by microglia in alcohol use disorder

As mentioned above, alcohol-reactive microglia secrete inflammatory cytokines and chemokines, which are detected at the tissue level in the brain parenchyma or cell culture supernatants (Figure 1 and Table 1). Numerous studies have reported ethanol-induced increases in cytokines and chemokines (TNFα, IL-1β, IL-6, IL-17, IL-23, CCL2, CXCL1, MIP-1α) in various brain regions (Qin et al., 2008; Alfonso-Loeches et al., 2010; Qin and Crews, 2012a; Lippai et al., 2013a,b; Pascual et al., 2015; Walter and Crews, 2017; Lowe et al., 2018, 2020b; Xu et al., 2020). Furthermore, in vitro experiments show that direct stimulation of microglia with ethanol produces TNFα, IL-1β and immune mediators such as iNOS, COX-2, among other cytokines (Fernandez-Lizarbe et al., 2009; Walter and Crews, 2017; Lee et al., 2021). Microglia depletion experiments (see also- Section “Insights from microglia depletion experiments in AUD”) highlight microglia as the major source of cytokine secretion in AUD. In addition some studies have reported increase in anti-inflammatory IL-4 and IL-10 in brain during ethanol withdrawal, though direct contribution of microglia was demonstrated to be minimal (Marshall et al., 2013; Walter and Crews, 2017). Interestingly, ethanol increased both pro-inflammatory (CD86, CD32) and anti-inflammatory surface markers (CD206) on microglia (Peng and Nixon, 2021). Thus, M1-M2 classification, abundantly used in the alcohol field to describe the dichotomy of pro-inflammatory Vs anti-inflammatory states of microglia are insufficient to bring out nuances of reactive states in AUD (see also- Alzheimer’s disease-related mechanisms unexplored in alcoholism: disease associated microglia).

In addition, chronic ethanol treatment up-regulates expression of DAMPs such as HMGB1 in pre-clinical models and post-mortem alcoholic patient samples (Crews et al., 2013; Lippai et al., 2013b; Coleman et al., 2017, 2018). Interestingly, HMGB-1 and micro-RNA let-7b complexes are released in micro-vesicles upon ethanol stimulation and mediate neuronal cell death through TLR-7 (Coleman et al., 2017). Moreover, HMGB1 forms complexes with IL-1β in hippocampal tissue of alcoholic patients and these complexes are shown to have enhanced inflammatory properties (Coleman et al., 2018).



Release of extracellular vesicles by microglia in alcohol use disorder

Extracellular vesicles (EVs) are membrane bound vesicles released by the endocytic machinery into the extracellular space by a variety of cell types including microglia. EVs carry biomolecules such as nucleic acids, peptides, and lipids depending on the cell type of origin and stimulus (Thery et al., 2002; Gupta and Pulliam, 2014; Yang et al., 2018). Circulating EVs can be stable and cross the blood brain barrier, forming a potential route of liver-brain communication and therapeutic intervention (Gupta and Pulliam, 2014) (Figure 2). Microglia have been shown to release EVs in response to ATP (Bianco et al., 2005) and inflammatory stimuli such as LPS (Verderio et al., 2012; Yang et al., 2018). In addition, microglia-derived EVs are thought to propagate inflammation in mouse models of EAE and TBI (Verderio et al., 2012; Kumar et al., 2017). Importantly, microglia-derived EVs contribute toward processing, clearance and spread of Aβ and tau pathology (Rajendran et al., 2006; Tamboli et al., 2010; Asai et al., 2015; Polanco et al., 2016). We and others have shown that ethanol stimulates release of exosomes in plasma that contribute to the pathogenesis of alcoholic hepatitis (Momen-Heravi et al., 2015; Saha et al., 2016; Ibanez et al., 2020; Babuta and Szabo, 2022). In addition, ethanol treatment increases pro-inflammatory cargo of microglia derived EVs including micro-RNA let-7b, C1q, Tnfa mRNA, and HMGB1 (Coleman et al., 2017; Mukherjee et al., 2020; Crews et al., 2021) (Figure 1). Indeed, Crews et al. showed that ethanol-induced EVs alone are able to propagate pro-inflammatory changes in naïve organotypic slice cultures (Crews et al., 2021). Moreover, they showed that depletion of microglia abrogates pro-inflammatory cargo of ethanol-induced EVs, suggesting that microglia-derived EVs may be a potential route of ethanol-induced neuroinflammation.
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FIGURE 2
Liver-brain axis in alcohol use disorder (AUD) and Alzheimer’s disease (AD). (A) Various modes of communication between the peripheral circulation and the brain. (B) AUD leads to innate immune activation in liver that results in secretion of cytokines, chemokines, toxic lipids, EVs, and hepatotoxins in the circulation that can reach the CNS. In AD, altered liver metabolism of lipids and bile acids can modulate Aβ levels in the periphery and consequently in the CNS.




Main microglial pathways involved in alcohol use disorder: TLR4, NLRP3 inflammasome and complement system

At the mechanistic level, ethanol is thought to mediate its immune activation primarily via the PRRs-TLR4 and NLRP3, both of which are expressed predominantly in microglia in CNS (Zhang et al., 2014). TLR4, a member of the toll-like receptor family, is a transmembrane protein. Its activation leads to inflammatory cytokine production primarily through the NF-kB pathway (Kawasaki and Kawai, 2014). Increased TLR2, 3, 4 immunoreactivity has been reported in alcoholic brain tissue (Crews et al., 2013). Ethanol increases the expression of TLR2, 4 in microglia and astrocytes as well as increases their clustering in Caveolin positive lipid rafts (Blanco et al., 2008; Fernandez-Lizarbe et al., 2008, 2013). Deficiency in TLR4 or TLR2 provides protection against a broad range of pro-inflammatory changes mediated by alcohol (Table 2). Indeed, TLR4 or TLR2 deficiency attenuates ethanol-induced cytokine and chemokine release, activation of immune mediators (iNOS, COX-2), increased ROS, neuronal death, and anxiety like behavior (Fernandez-Lizarbe et al., 2009, 2013; Alfonso-Loeches et al., 2010; Pascual et al., 2015). In addition, TLR4 KO models provide protection against ethanol-induced microglia proliferation, infiltration of peripheral macrophages, activated microglia morphology and NLRP3 activation (Alfonso-Loeches et al., 2010, 2016). Ethanol treatment also induces TNFα responses in the cerebellum through induction of miR-155, in a TLR4-dependent manner (Lippai et al., 2013a).

Beyond TLR4, NLRP3 inflammasome is also responsible for ethanol-induced immune activation in the CNS (Table 2). Inflammasomes are cytosolic multiprotein complexes that regulate the release of cytokines (Broz and Dixit, 2016). Increased NLRP3 immunoreactivity and inflammasome activation was reported in post-mortem AUD brain samples, preclinical models of AUD and cultured microglia (Zou and Crews, 2012; Lippai et al., 2013b; Alfonso-Loeches et al., 2016). We have shown that genetic deficiency of NLRP3, the adaptor protein ASC, or inhibition of inflammasome signaling using IL-1Ra (anakinra) provides partial protection against ethanol mediated increases in TNFα, MCP-1, IL-1β (Lippai et al., 2013b). Moreover, inflammasome inhibition (NLRP3 inhibitor -MCC950 and Caspase-1 inhibitor- VX765) results in decreased alcohol preference in two-bottle choice test in mice (Lowe et al., 2020a). In hippocampal slice cultures, inhibition of inflammasome signaling by an IL-1β neutralizing antibody protects against ethanol-induced loss of neurogenesis (Zou and Crews, 2012).

The complement system mediates the recognition and elimination of pathogens and cellular debris by innate immune cells by guiding their phagocytic function. Seminal work by Stevens et al. and Paolicelli et al. shaped our understanding of the role of the complement system in microglia activity and synaptic pruning under homeostatic and disease conditions (Stevens et al., 2007; Paolicelli et al., 2011; Furman et al., 2012; Hong et al., 2016). In the CNS, complement proteins are mainly expressed in microglia and astrocytes (Zhang et al., 2014; Dalakas et al., 2020). Excessive alcohol consumption has been linked to increased expression of complement components in vivo in Raphe nucleus, cerebellum and hippocampus (Lowe et al., 2020b; Lee et al., 2021). Alcohol treatment of microglia cultures or organotypic slice cultures also shows increased expression of complement components, which can have neurotoxic effects (Kalinin et al., 2018; Mukherjee et al., 2020; Crews et al., 2021). However, there are contrasting reports of a reduction in C1q levels in frontal cortex of mice treated with ethanol (Socodato et al., 2020). Thus, further investigation using deficiency of complement components can help delineate the role of complement system in ethanol-induced neurotoxicity and behaviors.



Insights from microglia depletion experiments in alcohol use disorder

In addition to microglia, other immune cell types in the brain (astrocytes, oligodendrocyte precursor cells, and endothelial cells) also express PRRs and contribute to ethanol-induced neuroinflammation (see section “Main microglial pathways involved in AUD: TLR4, NLRP3 inflammasome and complement system”). Specific contribution of microglia in ethanol-induced inflammation has been highlighted in studies where microglia were depleted in AUD models. Depletion of microglia by CSF1R inhibitor PLX6522 reduces ethanol-induced inflammatory signatures (such as TNFα, CCL2), increases anti-inflammatory markers (IL-10 and IL-4), and reduces alcohol consumption (Crews et al., 2017; Warden et al., 2020). Moreover, inhibition of microglia activation protects against ethanol-induced aberrant synapse loss, anxiety and depressive behavior (Socodato et al., 2020; Warden et al., 2020; Lee et al., 2021). Microglia-specific transcriptomic changes upon alcohol exposure identified several genes involved in interferon, TGFβ, TLR signaling, and genes associated with alcohol consumption (McCarthy et al., 2018; Erickson et al., 2019a), providing further insights into microglia specific regulation in AUD. Detailed reviews on the role of microglia ablation in ethanol-induced behaviors have been previously published (Erickson et al., 2019b).




Mechanisms of innate immune cell infiltration and communication into the brain parenchyma in alcohol use disorder

The peripheral innate immune system communicates with the CNS to elicit an inflammatory response (Dantzer et al., 2008; Bettcher et al., 2021). The communication between these two systems is established through trans-vascular mechanisms that involve passive or active transport of molecules and cells across the BBB (Varatharaj and Galea, 2017). In addition, the communication between the peripheral immune system and the brain may also involve the circumventricular organs, which are fenestrated and highly permeable regions of the brain (Profaci et al., 2020), that are in close contact with the big reservoir of immune cells located in the pia layer of the brain meninges (Alves de Lima et al., 2020).

Peripheral myeloid cells, including monocytes and neutrophils, have been reported to invade the CNS in pathological conditions (Ajami et al., 2018; Jordao et al., 2019; Cugurra et al., 2021) such as TBI and stroke (Herisson et al., 2018; Alam et al., 2020). Although it is likely that same mechanism of infiltration can occur in alcohol use disorders (AUD), clinical evidence that confirms this hypothesis is lacking. However, preclinical studies suggest that immune cell infiltration into the brain parenchyma is a driver of neuroinflammation and a relevant pathomechanism in AUD. Several studies have reported the presence of infiltrating monocytes in the brain parenchyma of rodents exposed to alcohol (Alfonso-Loeches et al., 2016; Hanslik and Ulland, 2020). Some of these studies linked this invasion to an alcohol-mediated disruption of the BBB (Haorah et al., 2005; Xu et al., 2019), although we have demonstrated that the recruitment of peripheral monocytes relies on a chemotactic mechanism involving the CCR2/CCR5 axis (Lowe et al., 2020b). Hence, the pharmacological blockage of this pathway reverts monocyte infiltration together with microglia activation and other neuroinflammatory outcomes (Haorah et al., 2005). Since the pharmacological intervention referenced specifically targets infiltration of myeloid cells in the brain, monocyte infiltration could be considered a driver of CNS inflammation in this model.

In addition, chronic alcohol abuse causes an increase of systemic inflammation directly affecting the stability of the BBB and increasing the influx of pro-inflammatory mediators into the brain parenchyma (Singh et al., 2007; Alikunju et al., 2011). The BBB consists of specialized endothelial cells lining the cerebral blood vessels, surrounded by pericytes and astrocytes which can sense peripheral inflammation and subsequently drive neuroinflammation in the brain parenchyma (Profaci et al., 2020). Hence, endothelial cells and pericytes appear to mediate the neuroinflammatory mechanisms induced by alcohol (Haorah et al., 2007; Singh et al., 2007; Floreani et al., 2010; Drieu et al., 2020). Similarly, the glymphatic system, whose function specifically depends on the BBB-associated astrocytes, is also impaired by high doses of alcohol (Lundgaard et al., 2018).



Liver-brain axis in alcohol use disorder

Chronic alcohol abuse has a detrimental effect on the brain and the liver. The liver is the major organ involved in the metabolization of alcohol, although alcohol can also be metabolized by certain brain cell types (Jin et al., 2021). Thus, the function of the liver and the brain are very tightly regulated in situations of alcohol abuse, and patients with AUD often develop alcoholic liver disease (ALD), which can progress from steatosis to cirrhosis (Addolorato et al., 2016). During these processes, the liver loses its capacity to detoxify alcohol, subsequently increasing the production and release of hepatotoxins, toxic lipids, and cytokines into circulation with the development of systemic inflammation (Gao et al., 2011). The increase of unmetabolized alcohol, alcohol metabolites, interleukins, microRNAs and other liver-derived byproducts in the blood stream might induce neuroinflammation and brain damage (Szabo and Lippai, 2014). Indeed, preclinical evidence has highlighted the role of liver IL-17A in the induction of glia activation and brain damage. Specifically the pharmacological and genetic intervention to block peripheral IL-17A restored brain function and reduced voluntary alcohol consumption in an alcoholic liver disease model (Ma et al., 2016). In addition, preclinical and clinical studies demonstrate that lower hepatic synthesis of beta-hydroxybutyrate is linked to depression and white matter alterations in AUD (Leclercq et al., 2020).

Epidemiological data indicate that a diverse array of liver pathologies such as ASH, NASH, and viral steatohepatitis, are associated with cognitive and neuropsychiatric decline (Perry et al., 2008; de la Monte et al., 2009; Colognesi et al., 2020). In addition, recent studies have connected liver and brain abnormalities in AUD, suggesting that liver dysfunction predicts severity of executive impairment in AUD patients (Crespi et al., 2019; Lanquetin et al., 2021). Beyond epidemiological studies, preclinical evidence indicates that neuroinflammation (in particular, microglia activation) is implicated in cognitive decline during liver failure (Butterworth, 2011; Zemtsova et al., 2011; McMillin et al., 2016; Sun et al., 2019; Balzano et al., 2020; Hsu et al., 2021). Among all liver disorders, hepatic encephalopathy clearly exemplifies the influence of liver on brain homeostasis (Felipo, 2013). In this pathology, ammonia is believed to be the main liver byproduct that contributes to brain dysfunction. Indeed, several studies have demonstrated that hyperammonemia leads to glia activation (Zemtsova et al., 2011), brain swelling, and cognitive decline (Balzano et al., 2020). Additionally, we propose how other liver byproducts are likely to modulate neuroinflammation (Figure 2):


1.Liver derived cytokines. Considering the liver is one of the main sources of cytokines in the body (Robinson et al., 2016), it is plausible that liver cytokines reach the blood stream and have the capacity to affect other organs including the brain. Since cytokines are large hydrophilic molecules, they might penetrate the BBB encapsulated in exosomes or exert their effects through endothelial cells without crossing the BBB (Salvador et al., 2021).

2.Liver derived micro-RNAs. miRNAs are a class of non-coding RNAs with the capacity to regulate a broad array of biological functions from transcription to translation. These molecules can be transported in the blood stream via EVs (Mori et al., 2019) that can cross the BBB and protect miRNA from degradation (Alvarez-Erviti et al., 2011). Several studies demonstrated that alcohol alters the miRNA profile in the liver and the brain (Lim et al., 2021). In particular, miRNA-155 is upregulated in alcohol abuse and acts as a master regulator of inflammation in both organs. We previously reported that miR-155 mediates alcohol induced neuroinflammation and brain injury (Lippai et al., 2013a). Consequently, mice deficient in miR-155 were protected from pro-inflammatory cytokines and brain injury following ethanol exposure. Since the mice used in this study were constitutive knockouts (KO), the extent of contribution of liver miR-155 in the effects observed in the brain remains unknown.

3.Liver exosomes and lipids. As previously mentioned (see section “Release of extracellular vesicles by microglia”), exosomes produced in the liver and secreted into circulation can cross the BBB to reach the brain parenchyma, acting as a direct communicator between the liver and brain. In addition, bioactive lipid- ceramides are upregulated in alcoholic steatohepitits (Longato et al., 2012; Ramirez et al., 2013). Ceramides are important in exosome biogenesis and can cross BBB to exert neuroinflammatory effect (de la Monte et al., 2009).






Brain innate immunity in Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder that manifests as memory loss and cognitive decline, and is characterized by accumulation of Aβ and the formation of intracellular neurofibrillary tangles (Heneka et al., 2015; Ennerfelt and Lukens, 2020). Recent genome wide association studies demonstrated the relevance of innate immunity in the pathogenesis of AD. These genetic findings are supported by preclinical and clinical research that explains the role of innate immunity in AD (Heneka et al., 2015; Ennerfelt and Lukens, 2020). In this section, we highlight mechanisms linked to AUD that are also involved in the progression of AD, and discuss AD targets that could be relevant to explore in AUD. We believe that convergent mechanisms may explain the plausible involvement of alcohol abuse in the progression of AD.


Main microglial pathways involved in Alzheimer’s disease


Common players described in alcohol use disorder and Alzheimer’s disease: TLR4, NLRP3 inflammasome, and complement mediated mechanisms in microglia

In the CNS, TLR4 expression is enriched in microglia, and its activation is involved in the progression of AD and cognitive decline (Walter et al., 2007; Balducci et al., 2017; Zhou et al., 2020). Multiple lines of evidence highlight the involvement of TLR4 in the progression of AD and activation of these receptors was observed in microglia surrounding Aβ plaques (Walter et al., 2007), suggesting that Aβ peptides can be sensed through TLR4 (Walter et al., 2007). In addition, stimulation of TLR4 in microglia modulates the cell’s capacity to engulf Aβ plaques and subsequently affect disease progression (Wendeln et al., 2018).

While several inflammasomes are implicated in AD, the NLRP3 inflammasome in particular has been linked to the progression of AD (Dempsey et al., 2017; Heneka, 2017; Ising et al., 2019). Pharmacological intervention or genetic deletion of NLRP3 in preclinical models of familial AD, reduced Aβ plaques (Heneka et al., 2013), tau pathology (Ising et al., 2019), synaptic dysfunction and cognitive decline (Heneka et al., 2013). Furthermore, different studies have demonstrated that Aβ or tau aggregates activate the NLRP3 inflammasome, causing the subsequent release of IL-1β, Caspase-1 and ASC specs that perpetuate the aggregation of Aβ via a positive feedback loop (Venegas et al., 2017; Luciunaite et al., 2020).

As mentioned earlier (see section “Main microglial pathways involved in AUD: TLR4, NLRP3 inflammasome and complement system”) complement system plays essential role in microglia mediated phagocytosis during development and disease. This cascade is involved in AD, where Aβ mediated activation of C1q and C3 complexes guide microglia toward synapse pruning and elimination (Schafer et al., 2016; Wu et al., 2019). In the context of Aβ elimination, findings are controversial, and inhibition of this cascade has been linked with increased (Maier et al., 2008) and decreased amyloid load (Schafer et al., 2016; Wu et al., 2019).



Alzheimer’s disease-related mechanisms unexplored in alcoholism: disease associated microglia

Depending on their pattern of cytokine expression, microglia may be classified as M1 (inflammatory) or M2 (anti-inflammatory). This classification, although still used and useful for some approaches, is too simplistic to describe the complex physiology and phenotypes of these cells. The development of single cell approaches has allowed researchers to define cell populations of microglia associated with disease. Initially, disease associated microglia (DAM) was an example of a unique microglia population that evolves during the progression of Alzheimer’s pathology. This population is characterized by the loss of homeostatic function, with a pattern of expression that does not occur under the classical M1 or M2 phenotypes, and is conserved in mouse and humans (Butovsky et al., 2014; Keren-Shaul et al., 2017; Deczkowska et al., 2018). A similar microglia subset was found in ALS, FTD and aging, and DAM became a common feature among neurodegenerative diseases. This population is characterized by the expression of markers such as TREM2 or APOE, genes that were previously associated with genetic risk factors for AD and other neurodegenerative disorders, although the functional role of this cell subset is still unclear (Butovsky et al., 2014; Keren-Shaul et al., 2017; Deczkowska et al., 2018). In AD, DAM has been linked to the presence of amyloid plaques, but its association to neural cell death or synapse loss remains unknown. Since Aβ plaques are absent in other neurodegenerative pathologies in which DAM is present, common signaling patterns across neurodegenerative diseases that trigger the appearance of this subset is possible. Therefore, an open question remains whether similar populations exist in models of alcohol abuse, or whether alcohol influences the progression of DAM in neurodegenerative models. One feature that seems to be clear is that DAM appears in conditions in which there is accumulation of apoptotic neurons and myelin debris, and such features are present in the brain pathology associated with AUD (Vargas et al., 2014; Guo et al., 2021; Liu et al., 2021; Qin et al., 2021). Furthermore, multiple transcriptional studies reported that alcohol consumption modulates the expression of TREM2 in microglia cells (Erickson et al., 2019a), and TREM2 is required for DAM activation (Krasemann et al., 2017).




Systemic inflammation and immune cell infiltration in Alzheimer’s disease

Multiple lines of evidence highlight the role of systemic inflammation in the progression of AD. Epidemiological studies consistently report that patients with AD have higher levels of proinflammatory cytokines (such as TNF and IL-6) (Kim et al., 2017; Bettcher et al., 2021) in their blood. In addition, genetic studies have provided evidence on the etiological role of innate immunity in AD (Lambert et al., 2013; Jansen et al., 2019; Wightman et al., 2021). These studies suggest that the potential causative genes for AD are strongly expressed in immune-related tissues (including liver and spleen) and in immune cell types (such as microglia cells within the CNS). Since then, microglia has been well studied, but the importance of peripheral innate immune cells inducing brain pathology cannot be ruled out. In support of this idea, recent studies highlighted the relevance of peripheral interventions that target innate immune cells as a strategy to revert neurodegeneration and cognitive decline (Bettcher et al., 2021).

Finally, monocytes and neutrophils are recruited to the AD brain, a process that happens as a result of a leaky BBB due to vascular injury (Sweeney et al., 2018), or following chemoattractant mechanisms such as the CCR2/CCL2 or CX3CR1/CX3CL1 axis in the case of monocytes (Naert and Rivest, 2011). Infiltration due to damage in the BBB is linked with neuroinflammation, microglia activation, and reduced synaptic plasticity (Fiala et al., 2002; Sweeney et al., 2018); infiltration that follows chemoattractant mechanisms is linked with neuroprotection. Hence, CCL2 positively recruited monocytes are better phagocytes than microglial cells with a higher capacity to engulf Aβ decreasing amyloid pathology and disease progression (Naert and Rivest, 2011; Guedes et al., 2018).



Liver-brain axis in Alzheimer’s disease

The main lines of evidence linking the liver to AD involve the metabolism of lipids (Sutphen et al., 2015; Kim et al., 2016; Nho et al., 2019; Khodabakhsh et al., 2021) and bile acids (Sutphen et al., 2015; Nho et al., 2019), and the role of the liver in the clearance of circulating Aβ (Estrada et al., 2019). As previously mentioned, the liver is in charge of the metabolic detoxification and clearance of the bloodstream to avoid multi-organ failure. In the context of AD, the process of metabolic clearance involves the degradation of systemic Aβ loading. Bile acids and hepatocytes mediate the degradation and uptake of circulatory Aβ, respectively. Specifically, LRP-1 expressed in hepatocytes, binds to Aβ and mediates its uptake from the circulation. The expression of LRP-1 is drastically reduced in conditions of alcohol abuse, obesity or diabetes (Sutphen et al., 2015; Xiang et al., 2015; Estrada et al., 2019), which might subsequently affect the clearance of Aβ.

Furthermore, brain features of AD including accumulation of aberrant lipids and increased abundance of Aβ were observed in a transgenic mouse model in which the synthesis of human amyloid was restricted to the liver (Lam et al., 2021). These mice presented clear signs of neuroinflammation and neurodegeneration together with cognitive decline. This study demonstrates the importance of the liver in maintaining brain homeostasis in the context of AD, and serves as proof that the toxicity of the periphery, specially coming from the liver, can affect the CNS.

In addition, liver deterioration induced by high sugar and high cholesterol diets accelerates AD pathology and cognitive decline (Kim et al., 2016), providing further evidence of the involvement of liver failure in the deterioration of brain function.

Beyond Aβ clearance, the liver is involved in the production and metabolism of lipids. Lipid metabolism, together with neuroinflammation, is one of the main pathomechanisms involved in the pathology of AD (Jansen et al., 2019; Chew et al., 2020), although it has been primarily studied in the context of the CNS. Clinical and preclinical studies have recently highlighted that the metabolism of lipids is impaired at systemic level and not just in the CNS of AD patients, and even peripheral lipid metabolites were proposed as candidate biomarkers to predict cognitive decline in AD (Beal, 2011). Although it is still not clear how the metabolism of lipids in the periphery affect the CNS, we cannot exclude the hypothesis that these lipids could communicate across the BBB (Andreone et al., 2017; Pifferi et al., 2021) or even wrongly influence the reprogramming of innate immune cells (Batista-Gonzalez et al., 2019) (Figure 2).




Alcohol abuse and progression of Alzheimer’s disease


Clinical studies

Many studies have evaluated the effect of alcohol abuse on brain function, dementia and cognitive decline. However, the field lacks epidemiological data investigating the effect of alcohol in AD. Thus, as far as we know, the available data do not support a strong association between alcohol consumption and AD (Tyas, 2001), although some studies suggest a positive association (Schwarzinger et al., 2018).

Despite inconclusive responses from epidemiological analyses, genetic studies indicate that light or moderate consumption of alcohol later in life is associated with learning and memory deficits in AD patients that carried an APOE 4 mutation, as APOE was highly enriched in astrocytes and microglia cells in the CNS (Koch et al., 2019). In addition, a recent study showed overlapping genetic risk factors (such as SPI1 or MAPT) in AD and AUD (Kapoor et al., 2021). This study combined genetic, transcriptomic and epigenetic data to support molecular commonalities among these disorders, highlighting the role of the innate immunity.

Beyond AD, the association of alcohol abuse with other forms of dementia such as alcohol related dementia, Korsakoff Syndrome, or vascular associated dementia is more clear (Schwarzinger et al., 2018), and the role of alcohol in the brain pathology of these syndromes has been previously reviewed (Wiegmann et al., 2020; Parial et al., 2021; Visontay et al., 2021).



Preclinical studies

Dementia and neurodegeneration, the hallmarks of AD, are also observed in AUD patients and preclinical models (Obernier et al., 2002; Alfonso-Loeches et al., 2010; Qin and Crews, 2012b; Coleman et al., 2017; Lundgaard et al., 2018; Mira et al., 2019). However, studies evaluating the direct effect of alcohol on Aβ plaques or neurofibrillary tangles are limited. Chronic alcohol administration exacerbated memory deficits and sensorimotor processing in the 3X-Tg mouse model of AD (Hoffman et al., 2019). In this model alcohol caused up-regulation of Aβ and hyperphosphorylated tau in a region-specific manner (Ibanez et al., 2019). Similarly, four weeks drinking in the dark paradigm exacerbated memory deficits and Aβ plaques in APP23/PS45 mice. The authors observed that ethanol treatment increased APP and BACE1 levels in vitro neuronal cell line and in the AD mouse model. Interestingly, a model of moderate alcohol consumption, was found to improve memory performance of 3X-Tg mice, possibly through the effect of alcohol on Aβ aggregation (Belmadani et al., 2004). Although these studies suggest that heavy alcohol consumption may exacerbate AD symptoms, the causative role of innate immune activation in the CNS and periphery in this process remains unknown. Primary microglia cultures treated with ethanol show reduced engulfment of Aβ, suggesting a possible link between increased Aβ burden and alcohol abuse (Kalinin et al., 2018). Considering the commonalities in the innate immune activation in AD and AUD, it is tempting to speculate that alcohol induced-innate immune reactions in the CNS and periphery will exacerbate AD pathology, although a direct relationship remains to be established (Crews, 2008). Moreover, a detailed investigation into the dose of alcohol and the stage of progression of AD needs to be considered while evaluating the effect of alcohol-induced inflammation in AD.




Conclusion

As reviewed here, compelling evidence suggests that AD and AUD share common pathological mechanisms that involve the activation of the innate immune system. In both disorders there is clear evidence for the role of microglia, and both disorders can be viewed as systemic diseases in which the peripheral compartments and liver can regulate and influence the response of the CNS. Despite initial preclinical and clinical evidence of these shared pathomechanisms, the specific role of alcohol abuse in AD progression has not been disentangled and larger longitudinal epidemiological studies and preclinical research in AD models in the context of alcohol abuse is awaited.



Author contributions

AR, RJ, and GS wrote and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by NIH grant-R01AG072899 and NIAAA grant-5R01AA017729.



Acknowledgments

We would like to thank Dr. Olivia Potvin, Dr. Mrigya Babuta for their help with manuscript preparation and editing. We also thank NIH and NIAAA grants for funding and support. Figures created using BioRender.com.



Conflict of interest

GS was the editor-in-Chief of Hepatology Communication., consults for Cyta Therapeutics, Durect, Evive, Merck, Novartis, Pandion Therapeutics, Pfizer, Surrozen and Terra Firma, received royalties from UptoDate and Springer and also holds equity in Glympse Bio, Zomagen and Satellite Bio.

The remaining 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.



References

Addolorato, G., Mirijello, A., Barrio, P., and Gual, A. (2016). Treatment of alcohol use disorders in patients with alcoholic liver disease. J. Hepatol. 65, 618–630.

Ajami, B., Samusik, N., Wieghofer, P., Ho, P. P., Crotti, A., Bjornson, Z., et al. (2018). Single-cell mass cytometry reveals distinct populations of brain myeloid cells in mouse neuroinflammation and neurodegeneration models. Nat. Neurosci. 21, 541–551. doi: 10.1038/s41593-018-0100-x

Alam, A., Thelin, E. P., Tajsic, T., Khan, D. Z., Khellaf, A., Patani, R., et al. (2020). Cellular infiltration in traumatic brain injury. J. Neuroinflamm. 17:328.

Alfonso-Loeches, S., Pascual-Lucas, M., Blanco, A. M., Sanchez-Vera, I., and Guerri, C. (2010). Pivotal role of TLR4 receptors in alcohol-induced neuroinflammation and brain damage. J. Neurosci. 30, 8285–8295.

Alfonso-Loeches, S., Urena-Peralta, J., Morillo-Bargues, M. J., Gomez-Pinedo, U., and Guerri, C. (2016). Ethanol-induced TLR4/NLRP3 neuroinflammatory response in microglial cells promotes leukocyte infiltration across the BBB. Neurochem. Res. 41, 193–209. doi: 10.1007/s11064-015-1760-5

Alikunju, S., Abdul Muneer, P. M., Zhang, Y., Szlachetka, A. M., and Haorah, J. (2011). The inflammatory footprints of alcohol-induced oxidative damage in neurovascular components. Brain Behav. Immun. 25, (Suppl. 1), S129–S136. doi: 10.1016/j.bbi.2011.01.007

Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S., and Wood, M. J. (2011). Delivery of siRNA to the mouse brain by systemic injection of targeted exosomes. Nat. Biotechnol. 29, 341–345. doi: 10.1038/nbt.1807

Alves de Lima, K., Rustenhoven, J., and Kipnis, J. (2020). Meningeal immunity and its function in maintenance of the central nervous system in health and disease. Annu. Rev. Immunol. 38, 597–620. doi: 10.1146/annurev-immunol-102319-103410

Andreone, B. J., Chow, B. W., Tata, A., Lacoste, B., Ben-Zvi, A., Bullock, K., et al. (2017). Blood-brain barrier permeability is regulated by lipid transport-dependent suppression of caveolae-mediated transcytosis. Neuron 94, 581–594e5. doi: 10.1016/j.neuron.2017.03.043

Asai, H., Ikezu, S., Tsunoda, S., Medalla, M., Luebke, J., Haydar, T., et al. (2015). Depletion of microglia and inhibition of exosome synthesis halt tau propagation. Nat. Neurosci. 18, 1584–1593. doi: 10.1038/nn.4132

Babuta, M., and Szabo, G. (2022). Extracellular vesicles in inflammation: Focus on the microRNA cargo of EVs in modulation of liver diseases. J. Leukoc. Biol. 111, 75–92. doi: 10.1002/JLB.3MIR0321-156R

Balducci, C., Frasca, A., Zotti, M., La Vitola, P., Mhillaj, E., Grigoli, E., et al. (2017). Toll-like receptor 4-dependent glial cell activation mediates the impairment in memory establishment induced by beta-amyloid oligomers in an acute mouse model of Alzheimer’s disease. Brain Behav. Immun. 60, 188–197. doi: 10.1016/j.bbi.2016.10.012

Balzano, T., Dadsetan, S., Forteza, J., Cabrera-Pastor, A., Taoro-Gonzalez, L., Malaguarnera, M., et al. (2020). Chronic hyperammonemia induces peripheral inflammation that leads to cognitive impairment in rats: Reversed by anti-TNF-alpha treatment. J. Hepatol. 73, 582–592. doi: 10.1016/j.jhep.2019.01.008

Batista-Gonzalez, A., Vidal, R., Criollo, A., and Carreno, L. J. (2019). New insights on the role of lipid metabolism in the metabolic reprogramming of macrophages. Front. Immunol. 10:2993. doi: 10.3389/fimmu.2019.02993

Beal, E. (2011). Lipid biomarkers for early-stage Alzheimer disease. Nat. Rev. Neurol. 7:474.

Belmadani, A., Kumar, S., Schipma, M., Collins, M. A., and Neafsey, E. J. (2004). Inhibition of amyloid-beta-induced neurotoxicity and apoptosis by moderate ethanol preconditioning. Neuroreport 15, 2093–2096. doi: 10.1097/00001756-200409150-00019

Bertram, L., Lange, C., Mullin, K., Parkinson, M., Hsiao, M., Hogan, M. F., et al. (2008). Genome-wide association analysis reveals putative Alzheimer’s disease susceptibility loci in addition to APOE. Am. J. Hum. Genet. 83, 623–632. doi: 10.1016/j.ajhg.2008.10.008

Bettcher, B. M., Tansey, M. G., Dorothee, G., and Heneka, M. T. (2021). Peripheral and central immune system crosstalk in Alzheimer disease - a research prospectus. Nat. Rev. Neurol. 17, 689–701.

Beynon, S. B., and Walker, F. R. (2012). Microglial activation in the injured and healthy brain: What are we really talking about? Practical and theoretical issues associated with the measurement of changes in microglial morphology. Neuroscience 225, 162–171. doi: 10.1016/j.neuroscience.2012.07.029

Bianco, F., Pravettoni, E., Colombo, A., Schenk, U., Moller, T., Matteoli, M., et al. (2005). Astrocyte-derived ATP induces vesicle shedding and IL-1 beta release from microglia. J. Immunol. 174, 7268–7277. doi: 10.4049/jimmunol.174.11.7268

Bishehsari, F., Magno, E., Swanson, G., Desai, V., Voigt, R. M., Forsyth, C. B., et al. (2017). Alcohol and gut-derived inflammation. Alcohol. Res. 38, 163–171.

Blanco, A. M., Perez-Arago, A., Fernandez-Lizarbe, S., and Guerri, C. (2008). Ethanol mimics ligand-mediated activation and endocytosis of IL-1RI/TLR4 receptors via lipid rafts caveolae in astroglial cells. J. Neurochem. 106, 625–639. doi: 10.1111/j.1471-4159.2008.05425.x

Broz, P., and Dixit, V. M. (2016). Inflammasomes: Mechanism of assembly, regulation and signalling. Nat. Rev. Immunol. 16, 407–420.

Bukong, T. N., Cho, Y., Iracheta-Vellve, A., Saha, B., Lowe, P., Adejumo, A., et al. (2018). Abnormal neutrophil traps and impaired efferocytosis contribute to liver injury and sepsis severity after binge alcohol use. J. Hepatol. 69, 1145–1154. doi: 10.1016/j.jhep.2018.07.005

Butovsky, O., Jedrychowski, M. P., Moore, C. S., Cialic, R., Lanser, A. J., Gabriely, G., et al. (2014). Identification of a unique TGF-beta-dependent molecular and functional signature in microglia. Nat. Neurosci. 17, 131–143. doi: 10.1038/nn.3599

Butterworth, R. F. (2011). Hepatic encephalopathy: A central neuroinflammatory disorder? Hepatology 53, 1372–1376.

Chen, Y., and Colonna, M. (2021). Microglia in Alzheimer’s disease at single-cell level. Are there common patterns in humans and mice? J. Exp. Med. 218:e20202717. doi: 10.1084/jem.20202717

Chew, H., Solomon, V. A., and Fonteh, A. N. (2020). Involvement of lipids in Alzheimer’s Disease pathology and potential therapies. Front. Physiol. 11:598. doi: 10.3389/fphys.2020.00598

Coleman, L. G., Zou, J., and Crews, F. T. (2017). Microglial-derived miRNA let-7 and HMGB1 contribute to ethanol-induced neurotoxicity via TLR7. J. Neuroinflamm. 14:22. doi: 10.1186/s12974-017-0799-4

Coleman, L. G., Zou, J., Qin, L., and Crews, F. T. (2018). HMGB1/IL-1beta complexes regulate neuroimmune responses in alcoholism. Brain Behav. Immun. 72, 61–77. doi: 10.1016/j.bbi.2017.10.027

Colognesi, M., Gabbia, D., and De Martin, S. (2020). Depression and cognitive impairment-extrahepatic manifestations of NAFLD and NASH. Biomedicines 8:229. doi: 10.3390/biomedicines8070229

Crespi, C., Galandra, C., Manera, M., Basso, G., Poggi, P., and Canessa, N. (2019). Executive impairment in alcohol use disorder reflects structural changes in large-scale brain networks: A joint independent component analysis on gray-matter and white-matter features. Front. Psychol. 10:2479. doi: 10.3389/fpsyg.2019.02479

Crews, F. T. (2008). Alcohol-related neurodegeneration and recovery: Mechanisms from animal models. Alcohol Res. Health 31, 377–388.

Crews, F. T. (2012). Immune function genes, genetics, and the neurobiology of addiction. Alcohol Res. 34, 355–361.

Crews, F. T., and Vetreno, R. P. (2016). Mechanisms of neuroimmune gene induction in alcoholism. Psychopharmacology 233, 1543–1557.

Crews, F. T., Lawrimore, C. J., Walter, T. J., and Coleman, L. G. JR. (2017). The role of neuroimmune signaling in alcoholism. Neuropharmacology 122, 56–73.

Crews, F. T., Qin, L., Sheedy, D., Vetreno, R. P., and Zou, J. (2013). High mobility group box 1/Toll-like receptor danger signaling increases brain neuroimmune activation in alcohol dependence. Biol. Psychiatry 73, 602–612. doi: 10.1016/j.biopsych.2012.09.030

Crews, F. T., Zou, J., and Coleman, L. G. JR. (2021). Extracellular microvesicles promote microglia-mediated pro-inflammatory responses to ethanol. J. Neurosci. Res. 99, 1940–1956. doi: 10.1002/jnr.24813

Cugurra, A., Mamuladze, T., Rustenhoven, J., Dykstra, T., Beroshvili, G., Greenberg, Z. J., et al. (2021). Skull and vertebral bone marrow are myeloid cell reservoirs for the meninges and CNS parenchyma. Science 373:eabf7844. doi: 10.1126/science.abf7844

Dalakas, M. C., Alexopoulos, H., and Spaeth, P. J. (2020). Complement in neurological disorders and emerging complement-targeted therapeutics. Nat. Rev. Neurol. 16, 601–617. doi: 10.1038/s41582-020-0400-0

Dantzer, R., O’Connor, J. C., Freund, G. G., Johnson, R. W., and Kelley, K. W. (2008). From inflammation to sickness and depression: When the immune system subjugates the brain. Nat. Rev. Neurosci. 9, 46–56. doi: 10.1038/nrn2297

de la Monte, S. M., Longato, L., Tong, M., Denucci, S., and Wands, J. R. (2009). The liver-brain axis of alcohol-mediated neurodegeneration: Role of toxic lipids. Int. J. Environ. Res. Public Health 6, 2055–2075. doi: 10.3390/ijerph6072055

Deczkowska, A., Keren-Shaul, H., Weiner, A., Colonna, M., Schwartz, M., and Amit, I. (2018). Disease-associated microglia: A universal immune sensor of neurodegeneration. Cell 173, 1073–1081. doi: 10.1016/j.cell.2018.05.003

Dempsey, C., Rubio Araiz, A., Bryson, K. J., Finucane, O., Larkin, C., Mills, E. L., et al. (2017). Inhibiting the NLRP3 inflammasome with MCC950 promotes non-phlogistic clearance of amyloid-beta and cognitive function in APP/PS1 mice. Brain Behav. Immun. 61, 306–316. doi: 10.1016/j.bbi.2016.12.014

Drieu, A., Lanquetin, A., Levard, D., Glavan, M., Campos, F., Quenault, A., et al. (2020). Alcohol exposure–induced neurovascular inflammatory priming impacts ischemic stroke and is linked with brain perivascular macrophages. JCI Insight 5:e129226. doi: 10.1172/jci.insight.129226

Ennerfelt, H. E., and Lukens, J. R. (2020). The role of innate immunity in Alzheimer’s disease. Immunol. Rev. 297, 225–246.

Erickson, E. K., Blednov, Y. A., Harris, R. A., and Mayfield, R. D. (2019a). Glial gene networks associated with alcohol dependence. Sci. Rep. 9:10949.

Erickson, E. K., Grantham, E. K., Warden, A. S., and Harris, R. A. (2019b). Neuroimmune signaling in alcohol use disorder. Pharmacol. Biochem. Behav. 177, 34–60.

Estrada, L. D., Ahumada, P., Cabrera, D., and Arab, J. P. (2019). Liver dysfunction as a novel player in Alzheimer’s progression: Looking outside the brain. Front. Aging Neurosci. 11:174. doi: 10.3389/fnagi.2019.00174

Felipo, V. (2013). Hepatic encephalopathy: Effects of liver failure on brain function. Nat. Rev. Neurosci. 14, 851–858.

Fernandez-Lizarbe, S., Montesinos, J., and Guerri, C. (2013). Ethanol induces TLR4/TLR2 association, triggering an inflammatory response in microglial cells. J. Neurochem. 126, 261–273. doi: 10.1111/jnc.12276

Fernandez-Lizarbe, S., Pascual, M., and Guerri, C. (2009). Critical role of TLR4 response in the activation of microglia induced by ethanol. J. Immunol. 183, 4733–4744.

Fernandez-Lizarbe, S., Pascual, M., Gascon, M. S., Blanco, A., and Guerri, C. (2008). Lipid rafts regulate ethanol-induced activation of TLR4 signaling in murine macrophages. Mol. Immunol. 45, 2007–2016. doi: 10.1016/j.molimm.2007.10.025

Fiala, M., Liu, Q. N., Sayre, J., Pop, V., Brahmandam, V., Graves, M. C., et al. (2002). Cyclooxygenase-2-positive macrophages infiltrate the Alzheimer’s disease brain and damage the blood-brain barrier. Eur. J. Clin. Invest. 32, 360–371. doi: 10.1046/j.1365-2362.2002.00994.x

Floreani, N. A., Rump, T. J., Abdul Muneer, P. M., Alikunju, S., Morsey, B. M., Brodie, M. R., et al. (2010). Alcohol-induced interactive phosphorylation of Src and toll-like receptor regulates the secretion of inflammatory mediators by human astrocytes. J. Neuroimmune Pharmacol. 5, 533–545. doi: 10.1007/s11481-010-9213-z

Frautschy, S. A., Yang, F., Irrizarry, M., Hyman, B., Saido, T. C., Hsiao, K., et al. (1998). Microglial response to amyloid plaques in APPsw transgenic mice. Am. J. Pathol. 152, 307–317.

Furman, J. L., Sama, D. M., Gant, J. C., Beckett, T. L., Murphy, M. P., Bachstetter, A. D., et al. (2012). Targeting astrocytes ameliorates neurologic changes in a mouse model of Alzheimer’s disease. J. Neurosci. 32, 16129–16140. doi: 10.1523/JNEUROSCI.2323-12.2012

Gao, B., Seki, E., Brenner, D. A., Friedman, S., Cohen, J. I., Nagy, L., et al. (2011). Innate immunity in alcoholic liver disease. Am. J. Physiol. Gastrointest. Liver Physiol. 300, G516–G525.

Guedes, J. R., Lao, T., Cardoso, A. L., and El Khoury, J. (2018). Roles of microglial and monocyte chemokines and their receptors in regulating Alzheimer’s disease-associated amyloid-beta and tau pathologies. Front. Neurol. 9:549. doi: 10.3389/fneur.2018.00549

Guerreiro, R., Wojtas, A., Bras, J., Carrasquillo, M., Rogaeva, E., Majounie, E., et al. (2013). TREM2 variants in Alzheimer’s disease. N. Engl. J. Med. 368, 117–127.

Guo, F., Zhang, Y. F., Liu, K., Huang, X., Li, R. X., Wang, S. Y., et al. (2021). Chronic exposure to alcohol inhibits new myelin generation in adult mouse brain. Front. Cell Neurosci. 15:732602. doi: 10.3389/fncel.2021.732602

Gupta, A., and Pulliam, L. (2014). Exosomes as mediators of neuroinflammation. J. Neuroinflamm. 11:68.

Hammond, T. R., Marsh, S. E., and Stevens, B. (2019). Immune signaling in neurodegeneration. Immunity 50, 955–974.

Hanslik, K. L., and Ulland, T. K. (2020). The role of microglia and the Nlrp3 inflammasome in Alzheimer’s disease. Front. Neurol. 11:570711. doi: 10.3389/fneur.2020.570711

Haorah, J., Knipe, B., Gorantla, S., Zheng, J., and Persidsky, Y. (2007). Alcohol-induced blood–brain barrier dysfunction is mediated via inositol 1, 4, 5-triphosphate receptor (IP3R)-gated intracellular calcium release. J. Neurochem. 100, 324–336. doi: 10.1111/j.1471-4159.2006.04245.x

Haorah, J., Knipe, B., Leibhart, J., Ghorpade, A., and Persidsky, Y. (2005). Alcohol-induced oxidative stress in brain endothelial cells causes blood-brain barrier dysfunction. J. Leukoc. Biol. 78, 1223–1232.

Heneka, M. T. (2017). Inflammasome activation and innate immunity in Alzheimer’s disease. Brain Pathol. 27, 220–222.

Heneka, M. T., Golenbock, D. T., and Latz, E. (2015). Innate immunity in Alzheimer’s disease. Nat. Immunol. 16, 229–236.

Heneka, M. T., Kummer, M. P., Stutz, A., Delekate, A., Schwartz, S., Vieira-Saecker, A., et al. (2013). NLRP3 is activated in Alzheimer’s disease and contributes to pathology in APP/PS1 mice. Nature 493, 674–678.

Henriques, J. F., Portugal, C. C., Canedo, T., Relvas, J. B., Summavielle, T., and Socodato, R. (2018). Microglia and alcohol meet at the crossroads: Microglia as critical modulators of alcohol neurotoxicity. Toxicol. Lett. 283, 21–31. doi: 10.1016/j.toxlet.2017.11.002

Herisson, F., Frodermann, V., Courties, G., Rohde, D., Sun, Y., Vandoorne, K., et al. (2018). Direct vascular channels connect skull bone marrow and the brain surface enabling myeloid cell migration. Nat. Neurosci. 21, 1209–1217. doi: 10.1038/s41593-018-0213-2

Hoffman, J. L., Faccidomo, S., Kim, M., Taylor, S. M., Agoglia, A. E., May, A. M., et al. (2019). Alcohol drinking exacerbates neural and behavioral pathology in the 3xTg-AD mouse model of Alzheimer’s disease. Int. Rev. Neurobiol. 148, 169–230. doi: 10.1016/bs.irn.2019.10.017

Hong, S., Beja-Glasser, V. F., Nfonoyim, B. M., Frouin, A., Li, S., Ramakrishnan, S., et al. (2016). Complement and microglia mediate early synapse loss in Alzheimer mouse models. Science 352, 712–716.

Hsu, S. J., Zhang, C., Jeong, J., Lee, S. I., McConnell, M., Utsumi, T., et al. (2021). Enhanced meningeal lymphatic drainage ameliorates neuroinflammation and hepatic encephalopathy in cirrhotic rats. Gastroenterology 160, 1315–1329e13. doi: 10.1053/j.gastro.2020.11.036

Ibanez, F., Montesinos, J., Urena-Peralta, J. R., Guerri, C., and Pascual, M. (2019). TLR4 participates in the transmission of ethanol-induced neuroinflammation via astrocyte-derived extracellular vesicles. J. Neuroinflamm. 16:136. doi: 10.1186/s12974-019-1529-x

Ibanez, F., Urena-Peralta, J. R., Costa-Alba, P., Torres, J. L., Laso, F. J., Marcos, M., et al. (2020). Circulating MicroRNAs in extracellular vesicles as potential biomarkers of alcohol-induced neuroinflammation in adolescence: Gender differences. Int. J. Mol. Sci. 21:6730. doi: 10.3390/ijms21186730

Ising, C., Venegas, C., Zhang, S., Scheiblich, H., Schmidt, S. V., Vieira-Saecker, A., et al. (2019). NLRP3 inflammasome activation drives tau pathology. Nature 575, 669–673. doi: 10.1038/s41586-019-1769-z

Jansen, I. E., Savage, J. E., Watanabe, K., Bryois, J., Williams, D. M., Steinberg, S., et al. (2019). Genome-wide meta-analysis identifies new loci and functional pathways influencing Alzheimer’s disease risk. Nat. Genet. 51, 404–413.

Jin, S., Cao, Q., Yang, F., Zhu, H., Xu, S., Chen, Q., et al. (2021). Brain ethanol metabolism by astrocytic ALDH2 drives the behavioural effects of ethanol intoxication. Nat. Metab. 3, 337–351. doi: 10.1038/s42255-021-00357-z

Jordao, M. J. C., Sankowski, R., Brendecke, S. M., Sagar, Locatelli, G., Tai, Y. H., et al. (2019). Single-cell profiling identifies myeloid cell subsets with distinct fates during neuroinflammation. Science 363:eaat7554. doi: 10.1126/science.aat7554

Kalinin, S., Gonzalez-Prieto, M., Scheiblich, H., Lisi, L., Kusumo, H., Heneka, M. T., et al. (2018). Transcriptome analysis of alcohol-treated microglia reveals downregulation of beta amyloid phagocytosis. J. Neuroinflamm. 15:141. doi: 10.1186/s12974-018-1184-7

Kapoor, M., Chao, M. J., Johnson, E. C., Novikova, G., Lai, D., Meyers, J. L., et al. (2021). Multi-omics integration analysis identifies novel genes for alcoholism with potential overlap with neurodegenerative diseases. Nat. Commun. 12:5071. doi: 10.1038/s41467-021-25392-y

Kawasaki, T., and Kawai, T. (2014). Toll-like receptor signaling pathways. Front. Immunol. 5:461. doi: 10.3389/fimmu.2014.00461

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-Szternfeld, R., Ulland, T. K., et al. (2017). A unique microglia type associated with restricting development of Alzheimer’s disease. Cell 169, 1276–1290.e17. doi: 10.1016/j.cell.2017.05.018

Kettenmann, H., Kirchhoff, F., and Verkhratsky, A. (2013). Microglia: New roles for the synaptic stripper. Neuron 77, 10–18. doi: 10.1016/j.neuron.2012.12.023

Khodabakhsh, P., Bazrgar, M., Dargahi, L., Mohagheghi, F., Asgari Taei, A., Parvardeh, S., et al. (2021). Does Alzheimer’s disease stem in the gastrointestinal system? Life Sci. 287:120088.

Kim, D. G., Krenz, A., Toussaint, L. E., Maurer, K. J., Robinson, S. A., Yan, A., et al. (2016). Non-alcoholic fatty liver disease induces signs of Alzheimer’s disease (AD) in wild-type mice and accelerates pathological signs of AD in an AD model. J. Neuroinflamm. 13:1. doi: 10.1186/s12974-015-0467-5

Kim, Y. S., Lee, K. J., and Kim, H. (2017). Serum tumour necrosis factor-alpha and interleukin-6 levels in Alzheimer’s disease and mild cognitive impairment. Psychogeriatrics 17, 224–230.

Koch, M., Fitzpatrick, A. L., Rapp, S. R., Nahin, R. L., Williamson, J. D., Lopez, O. L., et al. (2019). Alcohol consumption and risk of dementia and cognitive decline among older adults with or without mild cognitive impairment. JAMA Netw. Open 2:e1910319.

Krasemann, S., Madore, C., Cialic, R., Baufeld, C., Calcagno, N., El Fatimy, R., et al. (2017). The TREM2-APOE pathway drives the transcriptional phenotype of dysfunctional microglia in neurodegenerative diseases. Immunity 47, 566–581.e9. doi: 10.1016/j.immuni.2017.08.008

Kumar, A., Stoica, B. A., Loane, D. J., Yang, M., Abulwerdi, G., Khan, N., et al. (2017). Microglial-derived microparticles mediate neuroinflammation after traumatic brain injury. J. Neuroinflamm. 14:47. doi: 10.1186/s12974-017-0819-4

Lam, V., Takechi, R., Hackett, M. J., Francis, R., Bynevelt, M., Celliers, L. M., et al. (2021). Synthesis of human amyloid restricted to liver results in an Alzheimer disease-like neurodegenerative phenotype. PLoS Biol. 19:e3001358. doi: 10.1371/journal.pbio.3001358

Lambert, J. C., Ibrahim-Verbaas, C. A., Harold, D., Naj, A. C., Sims, R., Bellenguez, C., et al. (2013). Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s disease. Nat. Genet. 45, 1452–1458. doi: 10.1038/ng.2802

Lampron, A., Larochelle, A., Laflamme, N., Prefontaine, P., Plante, M. M., Sanchez, M. G., et al. (2015). Inefficient clearance of myelin debris by microglia impairs remyelinating processes. J. Exp. Med. 212, 481–495. doi: 10.1084/jem.20141656

Lanquetin, A., Leclercq, S., De Timary, P., Segobin, S., Naveau, M., Coulbault, L., et al. (2021). Role of inflammation in alcohol-related brain abnormalities: A translational study. Brain Commun. 3:fcab154. doi: 10.1093/braincomms/fcab154

Leclercq, S., Le Roy, T., Furgiuele, S., Coste, V., Bindels, L. B., Leyrolle, Q., et al. (2020). Gut microbiota-induced changes in β-hydroxybutyrate metabolism are linked to altered sociability and depression in alcohol use disorder. Cell Rep. 33:108238. doi: 10.1016/j.celrep.2020.108238

Lee, J. S., Lee, S. B., Kim, D. W., Shin, N., Jeong, S. J., Yang, C. H., et al. (2021). Social isolation-related depression accelerates ethanol intake via microglia-derived neuroinflammation. Sci. Adv. 7:eabj3400. doi: 10.1126/sciadv.abj3400

Lim, Y., Beane-Ebel, J. E., Tanaka, Y., Ning, B., Husted, C. R., Henderson, D. C., et al. (2021). Exploration of alcohol use disorder-associated brain miRNA-mRNA regulatory networks. Transl. Psychiatry 11:504. doi: 10.1038/s41398-021-01635-w

Lippai, D., Bala, S., Csak, T., Kurt-Jones, E. A., and Szabo, G. (2013a). Chronic alcohol-induced microRNA-155 contributes to neuroinflammation in a TLR4-dependent manner in mice. PLoS One 8:e70945. doi: 10.1371/journal.pone.0070945

Lippai, D., Bala, S., Petrasek, J., Csak, T., Levin, I., Kurt-Jones, E. A., et al. (2013b). Alcohol-induced IL-1beta in the brain is mediated by NLRP3/ASC inflammasome activation that amplifies neuroinflammation. J. Leukoc. Biol. 94, 171–182. doi: 10.1189/jlb.1212659

Liu, W., Vetreno, R. P., and Crews, F. T. (2021). Hippocampal TNF-death receptors, caspase cell death cascades, and IL-8 in alcohol use disorder. Mol. Psychiatry 26, 2254–2262. doi: 10.1038/s41380-020-0698-4

Longato, L., Ripp, K., Setshedi, M., Dostalek, M., Akhlaghi, F., Branda, M., et al. (2012). Insulin resistance, ceramide accumulation, and endoplasmic reticulum stress in human chronic alcohol-related liver disease. Oxid. Med. Cell Longev. 2012:479348.

Lowe, P. P., Cho, Y., Tornai, D., Coban, S., Catalano, D., and Szabo, G. (2020a). Inhibition of the inflammasome signaling cascade reduces alcohol consumption in female but not male mice. Alcohol Clin. Exp. Res. 44, 567–578. doi: 10.1111/acer.14272

Lowe, P. P., Gyongyosi, B., Satishchandran, A., Iracheta-Vellve, A., Cho, Y., Ambade, A., et al. (2018). Reduced gut microbiome protects from alcohol-induced neuroinflammation and alters intestinal and brain inflammasome expression. J. Neuroinflamm. 15:298. doi: 10.1186/s12974-018-1328-9

Lowe, P. P., Morel, C., Ambade, A., Iracheta-Vellve, A., Kwiatkowski, E., Satishchandran, A., et al. (2020b). Chronic alcohol-induced neuroinflammation involves CCR2/5-dependent peripheral macrophage infiltration and microglia alterations. J. Neuroinflamm. 17:296. doi: 10.1186/s12974-020-01972-5

Luciunaite, A., Mcmanus, R. M., Jankunec, M., Racz, I., Dansokho, C., Dalgediene, I., et al. (2020). Soluble Abeta oligomers and protofibrils induce NLRP3 inflammasome activation in microglia. J. Neurochem. 155, 650–661. doi: 10.1111/jnc.14945

Lundgaard, I., Wang, W., Eberhardt, A., Vinitsky, H. S., Reeves, B. C., Peng, S., et al. (2018). Beneficial effects of low alcohol exposure, but adverse effects of high alcohol intake on glymphatic function. Sci. Rep. 8:2246. doi: 10.1038/s41598-018-20424-y

Ma, H. Y., Xu, J., Liu, X., Zhu, Y., Gao, B., Karin, M., et al. (2016). The role of IL-17 signaling in regulation of the liver-brain axis and intestinal permeability in Alcoholic Liver Disease. Curr. Pathobiol. Rep. 4, 27–35. doi: 10.1007/s40139-016-0097-3

Maier, M., Peng, Y., Jiang, L., Seabrook, T. J., Carroll, M. C., and Lemere, C. A. (2008). Complement C3 deficiency leads to accelerated amyloid beta plaque deposition and neurodegeneration and modulation of the microglia/macrophage phenotype in amyloid precursor protein transgenic mice. J. Neurosci. 28, 6333–6341. doi: 10.1523/JNEUROSCI.0829-08.2008

Marshall, S. A., Casachahua, J. D., Rinker, J. A., Blose, A. K., Lysle, D. T., and Thiele, T. E. (2016). IL-1 receptor signaling in the basolateral amygdala modulates binge-like ethanol consumption in male C57BL/6J mice. Brain Behav. Immun. 51, 258–267. doi: 10.1016/j.bbi.2015.09.006

Marshall, S. A., Mcclain, J. A., Kelso, M. L., Hopkins, D. M., Pauly, J. R., and Nixon, K. (2013). Microglial activation is not equivalent to neuroinflammation in alcohol-induced neurodegeneration: The importance of microglia phenotype. Neurobiol. Dis. 54, 239–251.

Masuda, T., Sankowski, R., Staszewski, O., and Prinz, M. (2020). Microglia heterogeneity in the single-cell era. Cell Rep. 30, 1271–1281.

McCarthy, G. M., Farris, S. P., Blednov, Y. A., Harris, R. A., and Mayfield, R. D. (2018). Microglial-specific transcriptome changes following chronic alcohol consumption. Neuropharmacology 128, 416–424. doi: 10.1016/j.neuropharm.2017.10.035

McClain, J. A., Morris, S. A., Deeny, M. A., Marshall, S. A., Hayes, D. M., Kiser, Z. M., et al. (2011). Adolescent binge alcohol exposure induces long-lasting partial activation of microglia. Brain Behav. Immun. 25, (Suppl. 1), S120–S128. doi: 10.1016/j.bbi.2011.01.006

McMillin, M., Grant, S., Frampton, G., Andry, S., Brown, A., and Demorrow, S. (2016). Fractalkine suppression during hepatic encephalopathy promotes neuroinflammation in mice. J. Neuroinflamm. 13:198. doi: 10.1186/s12974-016-0674-8

Mira, R. G., Lira, M., Tapia-Rojas, C., Rebolledo, D. L., Quintanilla, R. A., and Cerpa, W. (2019). Effect of alcohol on hippocampal-dependent plasticity and behavior: Role of glutamatergic synaptic transmission. Front. Behav. Neurosci. 13:288. doi: 10.3389/fnbeh.2019.00288

Momen-Heravi, F., Saha, B., Kodys, K., Catalano, D., Satishchandran, A., and Szabo, G. (2015). Increased number of circulating exosomes and their microRNA cargos are potential novel biomarkers in alcoholic hepatitis. J. Transl. Med. 13:261. doi: 10.1186/s12967-015-0623-9

Mori, M. A., Ludwig, R. G., Garcia-Martin, R., Brandao, B. B., and Kahn, C. R. (2019). Extracellular miRNAs: From biomarkers to mediators of physiology and disease. Cell Metab. 30, 656–673.

Mukherjee, S., Cabrera, M. A., Boyadjieva, N. I., Berger, G., Rousseau, B., and Sarkar, D. K. (2020). Alcohol increases exosome release from microglia to promote complement C1q-induced cellular death of proopiomelanocortin neurons in the hypothalamus in a rat model of fetal alcohol spectrum disorders. J. Neurosci. 40, 7965–7979. doi: 10.1523/JNEUROSCI.0284-20.2020

Naert, G., and Rivest, S. (2011). CC chemokine receptor 2 deficiency aggravates cognitive impairments and amyloid pathology in a transgenic mouse model of Alzheimer’s disease. J. Neurosci. 31, 6208–6220. doi: 10.1523/JNEUROSCI.0299-11.2011

Nho, K., Kueider-Paisley, A., Ahmad, S., Mahmoudiandehkordi, S., Arnold, M., Risacher, S. L., et al. (2019). Association of altered liver enzymes with Alzheimer disease diagnosis, cognition, neuroimaging measures, and cerebrospinal fluid biomarkers. JAMA Netw. Open 2:e197978. doi: 10.1001/jamanetworkopen.2019.7978

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells are highly dynamic surveillants of brain parenchyma in vivo. Science 308, 1314–1318.

Obernier, J. A., White, A. M., Swartzwelder, H. S., and Crews, F. T. (2002). Cognitive deficits and CNS damage after a 4-day binge ethanol exposure in rats. Pharmacol. Biochem. Behav. 72, 521–532.

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., et al. (2011). Synaptic pruning by microglia is necessary for normal brain development. Science 333, 1456–1458.

Paolicelli, R., Sierra, A., Stevens, B., Tremblay, M. E., Aguzzi, A., Ajami, B., et al. (2022). Defining microglial states and nomenclature: A roadmap to 2030. SSRN Electron. J. [Preprint]. doi: 10.2139/ssrn.4065080

Parial, L. L., Lam, S. C., Ho, J. Y. S., Suen, L. K. P., and Leung, A. Y. M. (2021). Public knowledge of the influence of modifiable cardiovascular risk factors on dementia: A systematic literature review and meta-analysis. Aging Ment. Health 25, 1395–1409. doi: 10.1080/13607863.2020.1786801

Pascual, M., Balino, P., Aragon, C. M., and Guerri, C. (2015). Cytokines and chemokines as biomarkers of ethanol-induced neuroinflammation and anxiety-related behavior: Role of TLR4 and TLR2. Neuropharmacology 89, 352–359. doi: 10.1016/j.neuropharm.2014.10.014

Peng, H., and Nixon, K. (2021). Microglia phenotypes following the induction of alcohol dependence in adolescent rats. Alcohol Clin. Exp. Res. 45, 105–116. doi: 10.1111/acer.14504

Peng, H., Geil Nickell, C. R., Chen, K. Y., Mcclain, J. A., and Nixon, K. (2017). Increased expression of M1 and M2 phenotypic markers in isolated microglia after four-day binge alcohol exposure in male rats. Alcohol 62, 29–40. doi: 10.1016/j.alcohol.2017.02.175

Perry, W., Hilsabeck, R. C., and Hassanein, T. I. (2008). Cognitive dysfunction in chronic hepatitis C: A review. Dig. Dis. Sci. 53, 307–321.

Pifferi, F., Laurent, B., and Plourde, M. (2021). Lipid transport and metabolism at the blood-brain interface: Implications in health and disease. Front. Physiol. 12:645646. doi: 10.3389/fphys.2021.645646

Pimenova, A. A., Herbinet, M., Gupta, I., Machlovi, S. I., Bowles, K. R., Marcora, E., et al. (2021). Alzheimer’s-associated PU.1 expression levels regulate microglial inflammatory response. Neurobiol. Dis. 148:105217. doi: 10.1016/j.nbd.2020.105217

Polanco, J. C., Scicluna, B. J., Hill, A. F., and Gotz, J. (2016). Extracellular vesicles isolated from the brains of rTg4510 mice seed tau protein aggregation in a threshold-dependent manner. J. Biol. Chem. 291, 12445–12466. doi: 10.1074/jbc.M115.709485

Profaci, C. P., Munji, R. N., Pulido, R. S., and Daneman, R. (2020). The blood-brain barrier in health and disease: Important unanswered questions. J. Exp. Med. 217:e20190062. doi: 10.1084/jem.20190062

Qin, L., and Crews, F. T. (2012a). Chronic ethanol increases systemic TLR3 agonist-induced neuroinflammation and neurodegeneration. J. Neuroinflamm. 9:130. doi: 10.1186/1742-2094-9-130

Qin, L., and Crews, F. T. (2012b). NADPH oxidase and reactive oxygen species contribute to alcohol-induced microglial activation and neurodegeneration. J Neuroinflamm. 9:5. doi: 10.1186/1742-2094-9-5

Qin, L., He, J., Hanes, R. N., Pluzarev, O., Hong, J. S., and Crews, F. T. (2008). Increased systemic and brain cytokine production and neuroinflammation by endotoxin following ethanol treatment. J. Neuroinflamm. 5:10. doi: 10.1186/1742-2094-5-10

Qin, L., Zou, J., Barnett, A., Vetreno, R. P., Crews, F. T., and Coleman, L. G. JR. (2021). TRAIL mediates neuronal death in AUD: A link between neuroinflammation and neurodegeneration. Int. J. Mol. Sci. 22:2547. doi: 10.3390/ijms22052547

Rajendran, L., Honsho, M., Zahn, T. R., Keller, P., Geiger, K. D., Verkade, P., et al. (2006). Alzheimer’s disease beta-amyloid peptides are released in association with exosomes. Proc. Natl. Acad. Sci. U.S.A. 103, 11172–11177.

Ramirez, T., Longato, L., Dostalek, M., Tong, M., Wands, J. R., and De La Monte, S. M. (2013). Insulin resistance, ceramide accumulation and endoplasmic reticulum stress in experimental chronic alcohol-induced steatohepatitis. Alcohol Alcohol. 48, 39–52.

Rehm, J., Hasan, O. S. M., Black, S. E., Shield, K. D., and Schwarzinger, M. (2019). Alcohol use and dementia: A systematic scoping review. Alzheimers Res. Ther. 11:1.

Robinson, M. W., Harmon, C., and O’Farrelly, C. (2016). Liver immunology and its role in inflammation and homeostasis. Cell Mol. Immunol. 13, 267–276.

Rubio-Araiz, A., Porcu, F., Perez-Hernandez, M., Garcia-Gutierrez, M. S., Aracil-Fernandez, M. A., Gutierrez-Lopez, M. D., et al. (2017). Disruption of blood-brain barrier integrity in postmortem alcoholic brain: Preclinical evidence of TLR4 involvement from a binge-like drinking model. Addict Biol 22, 1103–1116. doi: 10.1111/adb.12376

Saha, B., Momen-Heravi, F., Kodys, K., and Szabo, G. (2016). MicroRNA cargo of extracellular vesicles from alcohol-exposed monocytes signals naive monocytes to differentiate into M2 macrophages. J. Biol. Chem. 291, 149–159. doi: 10.1074/jbc.M115.694133

Salvador, A. F., De Lima, K. A., and Kipnis, J. (2021). Neuromodulation by the immune system: A focus on cytokines. Nat. Rev. Immunol. 21, 526–541.

Schafer, D. P., Heller, C. T., Gunner, G., Heller, M., Gordon, C., Hammond, T., et al. (2016). Microglia contribute to circuit defects in Mecp2 null mice independent of microglia-specific loss of Mecp2 expression. Elife 5:e15224. doi: 10.7554/eLife.15224

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R., Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits in an activity and complement-dependent manner. Neuron 74, 691–705. doi: 10.1016/j.neuron.2012.03.026

Schwarzinger, M., Pollock, B. G., Hasan, O. S. M., Dufouil, C., and Rehm, J. Qalydays Study Group (2018). Contribution of alcohol use disorders to the burden of dementia in France 2008-13: A nationwide retrospective cohort study. Lancet Public Health 3, e124–e132. doi: 10.1016/S2468-2667(18)30022-7

Singh, A. K., Jiang, Y., Gupta, S., and Benlhabib, E. (2007). Effects of chronic ethanol drinking on the blood brain barrier and ensuing neuronal toxicity in alcohol-preferring rats subjected to intraperitoneal LPS injection. Alcohol Alcohol. 42, 385–399. doi: 10.1093/alcalc/agl120

Socodato, R., Henriques, J. F., Portugal, C. C., Almeida, T. O., Tedim-Moreira, J., Alves, R. L., et al. (2020). Daily alcohol intake triggers aberrant synaptic pruning leading to synapse loss and anxiety-like behavior. Sci. Signal. 13:eaba5754. doi: 10.1126/scisignal.aba5754

Spillane, S., Shiels, M. S., Best, A. F., Haozous, E. A., Withrow, D. R., Chen, Y., et al. (2020). Trends in alcohol-induced deaths in the United States, 2000-2016. JAMA Netw. Open 3:e1921451. doi: 10.1001/jamanetworkopen.2019.21451

Stevens, B., Allen, N. J., Vazquez, L. E., Howell, G. R., Christopherson, K. S., Nouri, N., et al. (2007). The classical complement cascade mediates CNS synapse elimination. Cell 131, 1164–1178.

Sun, X., Han, R., Cheng, T., Zheng, Y., Xiao, J., So, K. F., et al. (2019). Corticosterone-mediated microglia activation affects dendritic spine plasticity and motor learning functions in minimal hepatic encephalopathy. Brain Behav. Immun. 82, 178–187. doi: 10.1016/j.bbi.2019.08.184

Sutphen, C. L., Jasielec, M. S., Shah, A. R., Macy, E. M., Xiong, C., Vlassenko, A. G., et al. (2015). Longitudinal cerebrospinal fluid biomarker changes in preclinical Alzheimer disease during middle age. JAMA Neurol. 72, 1029–1042.

Sweeney, M. D., Sagare, A. P., and Zlokovic, B. V. (2018). Blood-brain barrier breakdown in Alzheimer disease and other neurodegenerative disorders. Nat. Rev. Neurol. 14, 133–150.

Szabo, G., and Lippai, D. (2014). Converging actions of alcohol on liver and brain immune signaling. Int. Rev. Neurobiol. 118, 359–380. doi: 10.1016/B978-0-12-801284-0.00011-7

Szabo, G., Petrasek, J., and Bala, S. (2012). Innate immunity and alcoholic liver disease. Dig. Dis. 30, (Suppl. 1), 55–60.

Takahashi, K., Rochford, C. D., and Neumann, H. (2005). Clearance of apoptotic neurons without inflammation by microglial triggering receptor expressed on myeloid cells-2. J. Exp. Med. 201, 647–657.

Tamboli, I. Y., Barth, E., Christian, L., Siepmann, M., Kumar, S., Singh, S., et al. (2010). Statins promote the degradation of extracellular amyloid {beta}-peptide by microglia via stimulation of exosome-associated insulin-degrading enzyme (IDE) secretion. J. Biol. Chem. 285, 37405–37414. doi: 10.1074/jbc.M110.149468

Thery, C., Zitvogel, L., and Amigorena, S. (2002). Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol. 2, 569–579.

Tornai, D., and Szabo, G. (2020). Emerging medical therapies for severe alcoholic hepatitis. Clin. Mol. Hepatol. 26, 686–696.

Tyas, S. L. (2001). Alcohol use and the risk of developing Alzheimer’s disease. Alcohol Res. Health 25, 299–306.

Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic inflammation. Brain Behav. Immun. 60, 1–12.

Vargas, W. M., Bengston, L., Gilpin, N. W., Whitcomb, B. W., and Richardson, H. N. (2014). Alcohol binge drinking during adolescence or dependence during adulthood reduces prefrontal myelin in male rats. J. Neurosci. 34, 14777–14782.

Venegas, C., Kumar, S., Franklin, B. S., Dierkes, T., Brinkschulte, R., Tejera, D., et al. (2017). Microglia-derived ASC specks cross-seed amyloid-beta in Alzheimer’s disease. Nature 552, 355–361. doi: 10.1038/nature25158

Verderio, C., Muzio, L., Turola, E., Bergami, A., Novellino, L., Ruffini, F., et al. (2012). Myeloid microvesicles are a marker and therapeutic target for neuroinflammation. Ann. Neurol. 72, 610–624. doi: 10.1002/ana.23627

Visontay, R., Rao, R. T., and Mewton, L. (2021). Alcohol use and dementia: New research directions. Curr. Opin. Psychiatry 34, 165–170.

Walter, S., Letiembre, M., Liu, Y., Heine, H., Penke, B., Hao, W., et al. (2007). Role of the toll-like receptor 4 in neuroinflammation in Alzheimer’s disease. Cell Physiol. Biochem. 20, 947–956.

Walter, T. J., and Crews, F. T. (2017). Microglial depletion alters the brain neuroimmune response to acute binge ethanol withdrawal. J. Neuroinflamm. 14:86. doi: 10.1186/s12974-017-0856-z

Warden, A. S., Wolfe, S. A., Khom, S., Varodayan, F. P., Patel, R. R., Steinman, M. Q., et al. (2020). Microglia control escalation of drinking in alcohol-dependent mice: Genomic and synaptic drivers. Biol. Psychiatry 88, 910–921. doi: 10.1016/j.biopsych.2020.05.011

Wendeln, A. C., Degenhardt, K., Kaurani, L., Gertig, M., Ulas, T., Jain, G., et al. (2018). Innate immune memory in the brain shapes neurological disease hallmarks. Nature 556, 332–338. doi: 10.1038/s41586-018-0023-4

Wiegmann, C., Mick, I., Brandl, E. J., Heinz, A., and Gutwinski, S. (2020). Alcohol and dementia - what is the link? A systematic review. Neuropsychiatr. Dis. Treat. 16, 87–99. doi: 10.2147/NDT.S198772

Wightman, D. P., Jansen, I. E., Savage, J. E., Shadrin, A. A., Bahrami, S., Holland, D., et al. (2021). A genome-wide association study with 1,126,563 individuals identifies new risk loci for Alzheimer’s disease. Nat. Genet. 53, 1276–1282.

Wilcox, C. E., Dekonenko, C. J., Mayer, A. R., Bogenschutz, M. P., and Turner, J. A. (2014). Cognitive control in alcohol use disorder: Deficits and clinical relevance. Rev. Neurosci. 25, 1–24.

Wu, T., Dejanovic, B., Gandham, V. D., Gogineni, A., Edmonds, R., Schauer, S., et al. (2019). Complement C3 is activated in human AD brain and is required for neurodegeneration in mouse models of amyloidosis and tauopathy. Cell Rep. 28, 2111–2123.e6. doi: 10.1016/j.celrep.2019.07.060

Wyss-Coray, T., Lin, C., Yan, F., Yu, G. Q., Rohde, M., Mcconlogue, L., et al. (2001). TGF-beta1 promotes microglial amyloid-beta clearance and reduces plaque burden in transgenic mice. Nat. Med. 7, 612–618. doi: 10.1038/87945

Xiang, Y., Bu, X. L., Liu, Y. H., Zhu, C., Shen, L. L., Jiao, S. S., et al. (2015). Physiological amyloid-beta clearance in the periphery and its therapeutic potential for Alzheimer’s disease. Acta Neuropathol. 130, 487–499.

Xu, G., Li, C., Parsiola, A. L., Li, J., Mccarter, K. D., Shi, R., et al. (2019). Dose-dependent influences of ethanol on ischemic stroke: Role of inflammation. Front. Cell Neurosci. 13:6. doi: 10.3389/fncel.2019.00006

Xu, J., Ma, H. Y., Liu, X., Rosenthal, S., Baglieri, J., Mccubbin, R., et al. (2020). Blockade of IL-17 signaling reverses alcohol-induced liver injury and excessive alcohol drinking in mice. JCI Insight 5:e131277. doi: 10.1172/jci.insight.131277

Xu, M. J., Zhou, Z., Parker, R., and Gao, B. (2017). Targeting inflammation for the treatment of alcoholic liver disease. Pharmacol. Ther. 180, 77–89.

Yang, X., Tian, F., Zhang, H., Zeng, J., Chen, T., Wang, S., et al. (2016). Cortical and subcortical gray matter shrinkage in alcohol-use disorders: A voxel-based meta-analysis. Neurosci. Biobehav. Rev. 66, 92–103. doi: 10.1016/j.neubiorev.2016.03.034

Yang, Y., Boza-Serrano, A., Dunning, C. J. R., Clausen, B. H., Lambertsen, K. L., and Deierborg, T. (2018). Inflammation leads to distinct populations of extracellular vesicles from microglia. J. Neuroinflamm. 15:168. doi: 10.1186/s12974-018-1204-7

Zahr, N. M. (2014). Structural and microstructral imaging of the brain in alcohol use disorders. Handb. Clin. Neurol. 125, 275–290. doi: 10.1016/B978-0-444-62619-6.00017-3

Zemtsova, I., Gorg, B., Keitel, V., Bidmon, H. J., Schror, K., and Haussinger, D. (2011). Microglia activation in hepatic encephalopathy in rats and humans. Hepatology 54, 204–215.

Zhang, Y., Chen, K., Sloan, S. A., Bennett, M. L., Scholze, A. R., O’Keeffe, S., et al. (2014). An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex. J. Neurosci. 34, 11929–11947. doi: 10.1523/JNEUROSCI.1860-14.2014

Zhou, Y., Chen, Y., Xu, C., Zhang, H., and Lin, C. (2020). TLR4 targeting as a promising therapeutic strategy for Alzheimer disease treatment. Front Neurosci 14:602508. doi: 10.3389/fnins.2020.602508

Zou, J., and Crews, F. T. (2012). Inflammasome-IL-1beta signaling mediates ethanol inhibition of hippocampal neurogenesis. Front. Neurosci. 6:77. doi: 10.3389/fnins.2012.00077












	
	Original Research
published: 14 September 2022
doi: 10.3389/fnmol.2022.926791





[image: image2]

TNAP—a potential cytokine in the cerebral inflammation in spastic cerebral palsy
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Objective: Several studies have shown the significance of neuroinflammation in the pathological progress of cerebral palsy (CP). However, the etiology of CP remains poorly understood. Spastic CP is the most common form of CP, comprising 80% of all cases. Therefore, identifying the specific factors may serve to understand the etiology of spastic CP. Our research aimed to find some relevant factors through protein profiling, screening, and validation to help understand the pathogenesis of cerebral palsy.

Materials and methods: In the current study, related clinical parameters were assessed in 18 children with spastic CP along with 20 healthy individuals of the same age. Blood samples of the spastic CP children and controls were analyzed with proteomics profiling to detect differentially expressed proteins. On the other hand, after hypoxic-ischemic encephalopathy (HIE) was induced in the postnatal day 7 rat pups, behavioral tests were performed followed by detection of the differentially expressed markers and inflammatory cytokines in the peripheral blood and cerebral cortex of the CP model rats by Elisa and Western blot. Independent sample t-tests, one-way analysis of variance, and the Pearson correlation were used for statistical analysis.

Results: Through proteomic analysis, differentially expressed proteins were identified. Among them, tissue-nonspecific alkaline phosphatase (TNAP), the gene expression product of alkaline phosphatase (ALPL), was downregulated in spastic CP. In addition, significantly lower TNAP levels were found in the children with CP and model rats. In contrast, compared with the sham rats, the model rats demonstrated a significant increase in osteopontin and proinflammatory biomarkers in both the plasma and cerebral cortex on the ischemic side whereas serum 25 hydroxyvitamin D and IL-10 were significantly decreased. Moreover, serum TNAP level was positively correlated with serum CRP and IL-10 in model rats.

Conclusion: These results suggest that TNAP is the potential molecule playing a specific and critical role in the neuroinflammation in spastic CP, which may provide a promising target for the diagnosis and treatment of spastic CP.

Keywords: spastic cerebral palsy, hypoxic ischemic encephalopathy, TNAP, ALPL, proteomics


INTRODUCTION

Cerebral palsy (CP) is the most common neurological dysfunction in children, frequently accompanied by cognitive, language, and behavioral defects, and can be secondary to epilepsy and musculoskeletal problems (Chambers et al., 2017). CP may be brought about by brain injuries in the majority of children. The pathological changes in CP may be characterized by liquefaction necrosis and astrogliosis in the cerebral cortex, white matter, basal ganglia, and the cerebellum (Sanches et al., 2021).

Clinically, depending on the type and distribution of motor abnormalities and the location of the brain injuries (Johnson, 2002), CP can be classified as spastic, dyskinetic, or ataxic. Spastic CP is the most common form of CP, comprising 80% of all cases (Vitrikas et al., 2020). At present, the etiology of CP still remains unclear, making its clinical diagnosis difficult (Skoutelis et al., 2020). It has been revealed by several research that spastic CP is closely related to inflammation, cellular energy depletion, excitotoxicity, and oxidative stress which are caused by premature delivery, hypoxia, and intrauterine infections (Novak et al., 2017; Galea et al., 2019). There is also evidence that CP may be associated with the persistence of chronic inflammatory processes in the central nervous system (CNS; Yoshida et al., 2019). Multiple factors involved in chronic inflammation, such as cytokines, angiogenic factors, chemokines, and oxidative stress markers, have been implicated in the pathogenesis of CP. Several molecules, including interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF), have been observed more frequently in the case of CP (Cordeiro et al., 2016; Magalhaes et al., 2018). In recent years, modern mass spectrometry-based proteomic methodologies have high sensitivity capable of identifying low abundant proteins over wide dynamic ranges, consequently identifying novel disease-specific biomarkers and providing biological annotations for disease stages (Di Falco, 2018). Therefore, we hypothesize that critical neuroinflammatory signals play a specific and critical role and mediate the pathological progression in the neuroinflammation in spastic CP, providing a promising target for diagnosis and treatment of spastic CP.



MATERIALS AND METHODS


Study participants

A total of 18 children with CP aged 8–26 months were enrolled in this study from January 2019 to September 2021. According to the European Cerebral Palsy Monitoring Group’s classification system (Sik et al., 2021), the participants were diagnosed with spastic type CP (ST group; 18 participants). The diagnoses and classifications of the children were determined by two independent clinicians. Meanwhile, 20 children aged 8–26 months, with no confirmed neurodevelopmental disorders after careful physical examinations, were included into the study as healthy controls (Table 1). The subjects involved were free from genetic disorders, brain disorders, and metabolic disorders. The research protocol of this clinical study was approved by the ethics committee of Henan Province Children’s Hospital. Informed consent was obtained from the parents or the legal guardians of the child prior to the onset of the study.

TABLE 1. Clinical characteristics of our cohort.
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Proteomic analyses

The sample we tested was plasma. Four spastic CP samples and four control samples were used for proteomic analysis. A 100 μg protein sample was taken from each sample and digested overnight at 37°C. Each sample was processed and labeled with the instruction of iTRAQ Reagent-8 Multiplexing Kit (AB Sciex, UK). The labeled sample was mixed in equal volumes, desalted, and lyophilized. High-performance liquid chromatography was performed with a Rigol L3000 system and a C18 chromatographic column (Waters BEH C18, 5 mm). A Diane NCS3500 system (Thermo Science FicTM) equipped with a trap and an analytical column was used to fractionate the labeled samples, and the precursor ions decomposed by the higher-energy C-trap dissociation (HCD) method were sent to a tandem mass spectrometry Q Exactive HF-X MS (Thermo Fisher, Waltham, MA) for data acquisition and analysis.



Clinical parameters of cerebral palsy participants


Gross motor function classification

The Gross Motor Function Classification System for cerebral palsy-Extended and Revised (GMFCS-ER; Piscitelli et al., 2021) was used for gross motor function classification. The subjects involved in this motor function assessment covered two different age groups (0 < 2 and 2–4 years old). The motor indicators required by this system included maintaining erecting head, turning over, sitting alone, crawling, standing, and walking. According to motor function performance, the motor dysfunction was divided into five grades, grade I indicating the slightest gross motor dysfunction, and grade V indicating the worst. In sum, GMFCS grades I to III were classified as mild to moderate motor dysfunction, and GMFCS grades IV to V were classified as severe motor dysfunction.



Neuroimaging examination

All brain MRI scans were acquired on a 3.0T MR scanner (Discovery MR750, GE Medical Systems, USA). Imaging sequences included transverse T1-weighted (T1W), T2-weighted (T2W), T2-fluid attenuated inversion-recovery (FLAIR), and sagittal T1W imaging, with a section of 4–5 mm thick. No enhanced scanning was performed in all cases. The obtained brain MRI images were evaluated by the pediatric neuroradiologists and CP specialists participating in our study. The findings were divided into periventricular white matter injury (PWMI): periventricular leukomalacia (PVL), ventriculomegaly; diffuse brain injuries: subcortical softening foci, myelin dysplasia, cerebral atrophy, basal ganglia/thalamic lesions; focal lesions: focal cerebral ischemia, porencephalia; cerebral dysplasia: dysplasia of the corpus callosum, cerebellar dysplasia; and normal brain MRI imaging.



Additional blood sample examinations

Three-milliliter venous blood was taken from all subjects on an empty stomach in the morning. An ADVIA2400 automatic biochemical analysis instrument produced by German Siemens was used to assess the percentage of lymphocytes (LYM) in the blood. An i-CHROMA Reader immunofluorescence analyzer from Boditech MED Inc., South Korea, was used to determine the C-reactive protein (CRP) level. A Roche Cobas e602 analyzer (Roche Diagnostics, Switzerland), was used to detect 25 hydroxyvitamin D [25 (OH)D], and creatinine (Cr).




Animal models

Forty-six 3-day-old Sprague Dawley pup rats were acquired from Shanghai Jihui Experimental Animal Breeding Co. Ltd. The pups were fed by their mothers until weaning. All rats were reared in an animal room with sufficient water and food under a 12-h light-dark cycle. The animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the 3R principle.

Forty pups were randomly divided into Sham and Model groups (n = 20). On postnatal day 7 (P7), the Model group was subjected to an operation to construct the hypoxic-ischemic encephalopathy (HIE) model, while the operation without occlusion of the artery was performed on the Sham group on the same day (P7); 10 pups from each group were sacrificed on the 7th day post-operationally, and the remaining 10 pups were sacrificed on the 35th day post-operationally. Another eight pups were sacrificed 48 h after the operation for triphenyl tetrazolium chloride (TTC) staining and Nissl staining. The pups of each group were weighed every other day. The righting reflex test was performed from P6 to P11, and the balance beam experiment was performed from P39 to P42 (Figure 1A). Behavioral testing and collection of animal samples were all conducted between 8:00 am and 3:00 pm.
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FIGURE 1. (A) Flow chart of the HIE animal model experiments. (B) After the operation, the Model group showed continuously significantly less weight than the Sham group (p < 0.05, n = 10). (C) The Model group showed significantly longer righting reflex time from P7 to P11 than the Sham group (p < 0.05, n = 8). (D) Compared with the Sham group, the model group showed a longer time to pass the balance beam and (E) higher frequency of leg-slips (p < 0.001, n = 8). *Denotes statistical significance. *p < 0.05 vs. Sham. **p < 0.01 vs. Sham; ***p < 0.001 vs. Sham.





HIE model construction

The HIE model CP has been widely accepted and recognized as an animal model of CP (Rice et al., 1981). And the operation processes were as follows: on P7, the Model group pups were anesthetized with isoflurane, and the right common carotid artery was ligated. After waking, the pups were placed in a cabin with 8% oxygen and 92% nitrogen for 2.5 h. Finally, the pups were sent back to their mother. As for the Sham group, the common carotid artery was isolated without ligation.



Behavioral test

Righting reflex test: The pups were placed on their back on a platform and the time for successful righting was recorded. Balance beam test: After three consecutive days of training, the pups successfully passed a crossbar placed 50 cm above the ground, which was 2 cm broad and 120 cm long. On the 4th test day, the time to pass the crossbar and the number of slips of the hind limbs while passing the crossbar were recorded.



TTC and Nissl staining

TTC staining: The sham and model pups were euthanized 48 h post-HIE model creation. After the heart was perfused with normal saline, the pup brains were dissected to make 2 mm thick sections for TTC (Sigma Aldrich, USA) staining.

Nissl staining: At 35 days post-HIE model creation, the pups were perfused and fixed after being sacrificed, and the brains were removed for sectioning. After rehydration, the brain slices stained with 0.5% tar violet (Macklin, China), were observed under an OLYMPUS-BX51microscope (OLYMPUS, Japan) and photographed with the cell Sens Standard 1.12 (OLYMPUS, Japan).



ELISA

Fresh plasma was collected from children and centrifuged at 3,000 rpm, 10 min. On the other hand, after the rats were anesthetized, arterial blood was collected from the abdominal aorta into an EDTA anticoagulation blood collection tube, and plasma was obtained via centrifugation at 3,000 rpm/min for 10 min. Human tissue nonspecific alkaline phosphatase (TNAP; ml906210V), rat tissue nonspecific alkaline phosphatase (TNAP; ml497021V), Rat 25 (OH)D (ml038318V), Rat osteopontin (OPN; ml003147V), Rat C-reactive protein (CRP; ml038253V), Rat interleukin (IL)-6 (ml102828V), Rat IL-10 (ml002813V), and Rat IL-17 (ml003003V) were detected according to the Elisa kit (Enzyme-linked Biotechnology Co., Ltd, Shanghai) manufacturer’s recommended procedure.



Western blot

The expression levels of TNAP, NF-κB, IL-10, and IL-6 in the right cortex of the pups on the 7th and 35th days post-HIE modeling were measured by Western blot. The primary antibodies used were rabbit anti-TNAP (DF6225, Affinity), mouse anti-IL-6 (ab9324, Abcam), rabbit anti-NF-κB (#8242, Cell Signaling Technology), and rabbit anti-IL-10 (ab9969, Abcam). The internal control was rabbit anti-β-Actin (ab8227, Abcam). The gray values were quantified and analyzed by Image J software (NIH).



Data analysis and functional annotations

LIMMA (PMID25605792), R software package (version 3.5.2) were used to screen differentially expressed proteins (|Log2Fc | > 0.5 and FDR ≤ 0.05).

The results were shown as the mean ± standard deviation. SPSS 23.0 statistical software was used for comparative analysis, the independent sample t-test was used for the analysis of differences between the two groups, and one-way analysis of variance (ANOVA) was used to evaluate the differences between multiple groups. The Pearson correlation coefficient was used to measure the correlation between two types of data. A p-value < 0.05 was considered to indicate statistical significance.




RESULTS


Proteomics profiling analysis and validation of candidates by ELISA

Four blood samples from each group from the same batch of the ST group and Ctrl group were used for protein profile detection, which identified 10 upregulated proteins and 27 downregulated proteins (Figures 2A,B; Supplementary Table S1). Then, the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database was used to construct a protein-protein interaction (PPI) network of differential proteins (Figure 2C), and the top 10 important proteins were identified by the MNC algorithm, including ALPL/TNAP, FN1, SERPINA1, and PF4 (Figure 2D).
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FIGURE 2. (A,B) Volcano map and heatmap showing 37 differentially expressed proteins between the ST group and the Ctrl group. The red and blue dots represented upregulated and downregulated proteins, respectively, and green represented proteins with no significant difference. The co-differential genes RP1, ALPL, and FABP1 identified by expression profile chip detection and mass spectrometry detection were marked in panel (B). (C) |Log2Fc| > 0.5 and FDR < 0.05 were used as the criteria for screening differentially expressed proteins. The PPI network diagram showed the differentially expressed proteins in the plasma of children in the ST group and the Ctrl group. Each dot in the network represented a protein, and the connection between the dots represented the relationship between them. The more connected lines there were, the more important the protein may be in the PPI network (minimum required interaction score > 0.4). (D) The top 10 genes in terms of degree in the PPI network screened by the MNC algorithm according to the test results of the plasma protein profiles of the children in the ST group and Ctrl group; the lines between the dots represented the relationship between them. (E) The content of TNAP in the plasma of children in the ST group and Ctrl group. Compared with that in the control group, the expression level of TNAP in the plasma of children in the spastic type CP group was significantly lower (p < 0.001, n = 12 for ST; n = 15 for Ctrl). ***p < 0.001 vs. Ctrl.



To select candidates for validation, proteins were first chosen from our analysis described above. Meanwhile, blood samples from another group of 12 ST patients and 15 Ctrl children in the study cohort were collected which were not subjected to mass spectrometry analysis above. Compared with the Ctrl group, TNAP was significantly decreased in the ST group (p < 0.001, Figure 2E; Supplementary Table S2).



GMFCS levels, blood count, and biochemical tests, MRI results of children with spastic CP

The severity of motor impairment in the ST group (n = 18) was categorized by GMFCS grading. According to the GMFCS grading, there was no patient in grade I; four patients (22.2%) were in grade II, five (27.8%) were in grade III, six (33.3%) were in grade IV, and three (16.7%) were in grade V. Therefore, the participants at GMFCS Grade II and III which were classified as moderate motor dysfunction comprised 50% (n = 9) and those at Grade IV and V which were classified (n = 9) as severe motor dysfunction accounts for the other 50% (Table 2). Additionally, the percentage of peripheral blood lymphocytes and the contents of serum CRP, 25 (OH)D, and Cr were measured in both the ST group (18 participants) and the Ctrl group (20 participants). Compared with those in the Ctrl group, the percentage of lymphocytes and CRP levels in the ST group was significantly increased (p < 0.001, Figures 3A,B), while the 25 (OH)D and Cr levels were significantly reduced (p < 0.001, Figures 3C,D). Moreover, a direct association was also identified between the serum TNAP content and CRP, 25 (OH)D levels in the ST group (Figure 3E; Supplementary Table S3).
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FIGURE 3. Results of blood tests for the Ctrl group (n = 20) and ST group (n = 18). (A) Compared with that of the Ctrl group, the percentage of lymphocytes in the ST group was significantly increased (p < 0.001). (B) The level of CRP in the ST group was significantly higher than that in the Ctrl group (p < 0.001). (C) Compared with those in the Ctrl group, the levels of 25 (OH)D in the ST group were significantly lower (p < 0.001). (D) The plasma Cr of the ST group was significantly lower than that in the Ctrl group (p < 0.001). (E) In the ST group, the level of TNAP was positively correlated with CRP (p < 0.001, r = −0.90) and 25 (OH)D (p = 0.004, r = 0.76). ***p < 0.001 vs. Ctrl.



TABLE 2. Classification of the gross motor function in children with spastic CP.

[image: image]

The cranial MRI findings of the 18 patients in the spastic group were as follows (Table 3): PVL was observed in 10 patients (55.6%), including three with ventriculomegaly and/or irregular shape of the lateral ventricles, four with abnormal signal foci in the ventricular white matter, and three with dysplasia of the corpus callosum. Cerebral atrophy was observed in two patients, supratentorial hydrocephalus in two patients, basal ganglia/thalamus lesions in two patients, porencephalia in one patient, and periventricular hemorrhagic infarction in one patient (Figure 4, Table 3).
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FIGURE 4. Cranial MRI findings of the 18 patients in the ST group. (A1,2) (transverse): Irregularly shaped bilateral ventricles with nearby, irregular, patchy T1 and T2 hypersignals. (A3) (transverse section): Enlarged bilateral ventricles with nearby, patchy T2 signals. (B1) (transverse section): Left frontotemporal parietal atrophy with subcortical softening foci. (B2) (transverse section): Reduced volume of the left basal ganglia. (B3) (transverse section): Decreased volume of the left thalamus. (C1) (transverse): Left partial cerebral perforation malformation with supratentorial hydrocephalus. (C2) (transverse section): Right ventricular para-body brain penetration malformation with surrounding gliosis. (C3) (sagittal section): Supratentorial hydrocephalus. (D1) (transverse section): Thinning of the corpus callosum. (D2) (sagittal): Noticeably thinner and shorter corpus callosum. (D3) (sagittal section): Significantly shorter corpus callosum. (E1–3) (TI/T2 transverse/sagittal): Normal brain MRI.



TABLE 3. The appearance of brain MRI in children with spastic CP.
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Changes in TNAP and inflammation-related cytokines in the peripheral blood of rats with CP

After HIE modeling, infarction foci and liquefication or atrophy of the injured brain tissue (Supplementary Figures S1A, S1B) were observed in the Model group, and the amount of Nissl bodies was reduced relative to the Sham group (Supplementary Figure S2). From the day of modeling (P7), the weight of the pups in the Model group was significantly lower than that in the Sham group (p < 0.05; Figure 1B; Supplementary Table S4), and the righting reflex time of the Model group after modeling (P7–11) was significantly longer than that of the Sham group (p < 0.05; Figure 1C; Supplementary Table S5). On the 35th day post-HIE-modeling, the time for the Model group to pass the balance beam and the number of leg slips were significantly more than those of the Sham group (p < 0.001; Figures 1D,E; Supplementary Table S6). In sum, these results suggested that the HIE model rats mimicked the clinical and pathological changes in children with spastic CP and therefore modeling was successful.

On the 7th day and 35th day post-HIE modeling, the levels of serum TNAP (p < 0.01, Figure 5A) and IL-10 (p < 0.001, p < 0.01, Figure 5I) in the Model group were significantly lower than those in the Sham group, while the levels of IL-6 (p < 0.001, p < 0.01, Figure 5D) and CRP (p < 0.001, Figure 5E) were significantly higher. Furthermore, the levels of OPN (p < 0.001, Figure 5C) and IL-17 (p < 0.001, Figure 5H) in pups in the Model group were significantly higher than those in pups in the Sham group while the serum 25 (OH)D content was significantly reduced on day 7 post-HIE (p < 0.001, Figure 5B). In addition, 7 days and 35 days after HIE modeling, the level of serum TNAP was correlated with those of serum CRP and IL-10 (Figures 5F,G,J,K; Supplementary Table S7).
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FIGURE 5. (A,B,I) Seven days after HIE modeling, compared with those in the Sham group, the levels of TNAP (p = 0.001, n = 10), 25 (OH)D (p < 0.001, n = 10), and IL-10 (p < 0.001, n = 10) were significantly reduced in the Model group. (C–E,H) The levels of OPN, IL-6, CRP, and IL-17 were significantly greater in the Model group than in the Sham group (p < 0.001, n = 10). (F,J) Seven days after HIE modeling, the plasma levels of TNAP were positively correlated with those of CRP (p = 0.003, r = −0.83, n = 10) and IL-10 (p = 0.0143, r = 0.74, n = 10). (A,D,E) Thirty-five days after HIE modeling, compared with the Sham group, the Model group had significantly lower levels of TNAP (p = 0.002, n = 10), IL-6 (p = 0.009, n = 10), and CRP (p < 0.001, n = 10), while the level of IL-10 was significantly decreased (p = 0.001, n = 10). (G,K) Thirty-five days after HIE-modeling, the plasma TNAP were correlated with CRP (p < 0.001, r = −0.92, n = 10) and IL-10 (p = 0.02, r = 0.72, n = 10). **p < 0.01 vs. Sham; ***p < 0.001 vs. Sham.





Changes in TNAP and inflammation-related cytokines in the brain tissue of rats with cerebral palsy

It was observed that the Model group displayed significantly lower expression levels of TNAP and IL-10 in the cortex on the injured side than the Sham group (p < 0.01; Figures 6A,D,E) while the IL-6 (p < 0.05, p < 0.01; Figure 6F) and NF-κB (p < 0.001, p < 0.01; Figure 6G) levels were significantly higher in Model group on day 7 and 35 post-HIE. Moreover, there was a strong positive correlation in TNAP levels between serum and brain tissue in HIE model rats both on the 7th and 35th days post HIE modeling (Figures 6B,C; Supplementary Table S8).
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FIGURE 6. (A) Representative Western blot images of TNAP, IL-10, IL-6, and NF-κB in the injured cerebral cortex. (D–G) Compared with those in the Sham group, the cortex expression levels of TNAP and IL-10 were significantly reduced in the Model group (p < 0.01, n = 6). Compared with those in the Sham group, the levels of IL-6 (p < 0.05, p < 0.01, n = 6) and NF-κB (p < 0.001, p < 0.05, n = 6) were significantly increased in the Model group. (B,C) On day 7 (p < 0.001, r = 0.96, n = 12) and day 35 post-HIE-modeling (p < 0.001, r = 0.91, n = 12), there was a positive correlation in the levels of TNAP between the peripheral plasma and the brain. *Denotes statistical significance. *p < 0.05 vs. Sham. **p < 0.01 vs. Sham; ***p < 0.001 vs. Sham.






DISCUSSION

CP is not a disease in the traditional sense, but rather a clinical description of a series of signs and symptoms acquired during the antenatal, perinatal, or early postnatal period of life, due to a non-progressive brain injury, which may be shared by children or some adults (Kesar et al., 2012). Among several subtypes of CP, spastic CP is the most common one with the highest incidence. Whereas the molecular mechanism of the pathological changes in spastic CP is still unclear. In our study, proteomics profiling analysis was applied to analyze expressive levels of the genes involved in spastic CP. Ultimately, TNAP was screened out as the drastically down-regulated protein, which was in line with the findings in several spastic CP patients.

To confirm whether TNAP and CP were directly correlated, TNAP in the plasma and cerebral cortex of HIE model rats was evaluated. HIE model, the stable and widely used CP model demonstrates long-term ischemia and hypoxia which is consistent with the characteristics of spastic CP. Through Nissl staining and other methods, brain injury was observed in the model rats with CP, which was indicated by impaired motor function and muscle coordination in the righting reflex and balance beam tests. Together, these findings showed that the HIE model rats displayed clinical manifestations of CP successfully. Moreover, the results of our research were in line with the changes in the plasma of the children with CP, and there was a strong correlation between plasma TNAP and the cerebral TNAP in the injured cortex, which suggests that the changes in TNAP are related to CP occurrence.

The main biological function of TNAP is to hydrolyze the extracellular substrates inorganic pyrophosphate (PPi), pyridoxal-5-phosphate (PLP), and phosphor-ethanolamine (PEA; Mao et al., 2019). PLP is the main active form of vitamin B6 that exerts biological functions in the body (Zhang et al., 2021). TNAP is an ectoenzyme that is anchored to the outer cell membrane and to extracellular vesicles via its glycosyl-inositol-phosphate (GPI)-anchor. TNAP, not only has a high expression in the liver, kidney, and bone tissues but also plays an important role in the proliferation and differentiation of neurons during the development of the brain (Nwafor et al., 2021).

As to the role of TNAP in the pathological changes of spastic CP, a multitude of literature provided some leads. Graser et al. (2021) reported that TNAP contributes to the balance between proinflammatory ATP effects and the anti-inflammatory effects of its breakdown product adenosine, which has received attention. Different research teams have explored the mechanism of TNAP involvement in inflammation. As a start, Beck et al found that insufficient TNAP phosphatase activity leads to the accumulation of PPi and osteopathy, which can initiate the accumulation of calcium crystals in the joints and consequently initiate inflammatory processes (Beck et al., 2009). Subsequently, Akpinar (2018) showed that neuromuscular conditions such as CP may lead to vitamin D deficiency and under-nutrition in general. The major circulating metabolite of vitamin D, 25 (OH)D, is widely used as a biomarker of vitamin D status (Cashman et al., 2022); it can regulate the level of immune-inflammatory factors and plays an important role in the growth and development of the body. In addition, Huang et al. (2015) observed that 25 (OH)D can inhibit the production of inflammatory molecules in neuroglial cells by inhibiting the MAPK pathway and the production of downstream inflammatory molecules. In our study, the plasma levels of TNAP, 25 (OH)D, OPN, and Cr in children with spastic CP were significantly lower than those in the control group, which is consistent with the results of related studies.

Recently, some studies reported that OPN is a physiological substrate of TNAP and identified at least two preferred sites of dephosphorylation by TNAP. Yadav et al. (2014) found that low expression of TNAP led to elevated OPN, which can activate inflammatory factors such as IL-6 and IL-17 in bone cells, thus triggering inflammation. It has been reported (Albertsson et al., 2014) that OPN also promotes the secretion of proinflammatory cytokines and inhibits the production of anti-inflammatory factors such as IL-10. In this study, we also observed that a decrease of TNAP in children with spastic CP and in model rats triggered an increase in OPN expression, resulting in upregulation of IL-6, IL-17, and other proinflammatory factors in peripheral blood.

For the present, cranial MRI findings play an important role in evaluating the extension and severity of brain injury, detecting ischemia and/or diffuse axonal injury, and complementing the neurological evaluation (Pagnozzi et al., 2017). The European Cerebral Palsy Study reported (Ashwal et al., 2004) abnormal cranial MRI findings in 88.3% of patients, of which PVL was the most common, accounting for approximately 42.5%. The main manifestations of brain damage in spastic CP are PVL, and the main imaging findings are an irregular expansion of the lateral ventricles; paraventricular tissue softening; decreased white matter volume; and dysplasia of the corpus callosum. In our study, 10 (55.6%) of 18 children with spastic CP showed PVL on cranial MRI, and the lesion location was consistent with the literature mentioned above. The pathogenesis of PVL is multifaceted (Lawrence and Wynn, 2018; Cerisola et al., 2019; Magalhaes et al., 2019; Zhou et al., 2019), including maternal infection, cerebral ischemia, and vulnerability of brain white matter (Bax et al., 2006), among which the response of fetuses and newborns to inflammatory damage is the key. Hence, neuroinflammation, such as infiltration of leukocytes in the brain parenchyma along with activation of astrocytes and microglia can be observed in the brain of CP patients, which may cause further impairment of white matter. In recent years, Nwafor et al. speculated that TNAP’s regulatory phosphatase activity on a number of BBB endothelial proteins may play an important role in maintaining blood-brain barrier (BBB) integrity. Therefore, the decrease in TNAP expression levels in children with spastic CP may be one of the reasons for the pathological changes, such as BBB dysfunction and neuroinflammation (Nwafor et al., 2020).

Apart from neuroinflammation, there are also abnormal changes in the pro-inflammatory factors in the peripheral blood (Kaukola et al., 2004; Carlo et al., 2011; Patra et al., 2017). Some clinical studies suggested that anti-inflammatory therapy can improve the clinical manifestations of cerebral palsy (Chernykh et al., 2014; Allan, 2020). In this study, it was revealed that the levels of CRP and lymphocytes in the peripheral blood of children with spastic CP were significantly higher than those of the control group, indicating the occurrence of inflammatory reactions in the subject group. Similarly, the expression of CRP, IL-6, and IL-17 was significantly increased in the peripheral blood of model rats, while the level of the anti-inflammatory factor IL-10 was significantly decreased. We observed signs of brain damage, such as edema, atrophy, and liquefaction, in brain tissue slices of the injured cerebral hemisphere of model rats. Likewise, upregulation of IL-6 expression and downregulation of IL-10 expression were also detected in the cerebral cortex of model rats, confirming that inflammation is also involved in the brain injury process of spastic CP.

More importantly, downregulation of TNAP expression in the children with spastic CP along with low expression of TNAP and high expression of NF-κB in the cerebral cortex of HIE model rats were observed. In addition, the expression level of TNAP correlated well with CRP in both children with CP and HIE model rats. It was held by the previous study that TNAP is an inhibitor of NF-κB activity, and low expression of TNAP can induce NF-κB pathway activation (Hu et al., 2004). Meanwhile, it has been confirmed that the NF-κB pathway is a key transcriptional pathway in neuroinflammation caused by cerebral ischemia and hypoxia, which may promote the abnormal expression of inflammatory factors (Peng et al., 2022). Previous studies have suggested that cerebral ischemia and hypoxia can occur through the NF-κB/IL-6 pathway, resulting in rapid IL-6 release (Borsini et al., 2020). Moreover, IL-17 can activate downstream signaling pathways such as NF-κB, leading to the expression of proinflammatory chemokines and cytokines (Wang et al., 2021). Furthermore, McDonald et al. (2018) have reported that umbilical cord blood (UCB) cells therapy has well-documented neuroprotective effects on HIE model via anti-inflammatory effects.

Our research on the pathogenesis of TNAP in CP still requires to be further deepened and improved. For example, the effect of regulating the expression level of TNAP on the symptoms in CP model animals could be carried out in our follow-up research. Furthermore, a weakness of the present study is that TNAP is a relatively small protein with no known regulatory domains, and we could not obtain ALPL knockdown mice to use as animal models. Therefore, it is urgent to evaluate the inflammatory reactions and molecular mechanisms in ALPL knockdown mice.

In all, based on the analysis of the correlation between TNAP in peripheral blood and inflammatory factors and the high correlation between brain and peripheral blood TNAP, we suggest that the downregulation of TNAP expression in spastic CP might weaken the inhibition of NF-κB, leading to an abnormally high expression of NF-κB, the upregulation of the proinflammatory cytokines IL-6 and IL-17, and the downregulation of the anti-inflammatory factor IL-10, which contributes to the neuroinflammation in the progression of spastic CP. Our study was designed to pinpoint the chief molecule playing a specific and critical role in the neuroinflammation in spastic CP, which may provide a promising target for the diagnosis and treatment of spastic CP. To further our exploration, our future study will focus on the molecular mechanism of how TNAP regulates the pro-inflammatory factors related to CP neuroinflammation.
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SUPPLEMENTARY FIGURE 1 | (A) When compared with sham group, the HIE rat’s cerebral infarct area was increased and the center of the infarction was uniformly pale after 48 h-HIE. (B) The brain tissue of the injured side of the cerebral palsy group was significantly liquefied and atrophy post 35 days-HIE.

SUPPLEMENTARY FIGURE 2 | Representative images of the Nissl staining of pups. (A–C) The Nissl staining results in the Sham group (B: cortex; C: striatum). (D–F) The neuronal degeneration in the cortex and striatum after HIE in rat pups.
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Molecular neuroimaging studies provide mounting evidence that neuroinflammation plays a contributory role in the pathogenesis of major depressive disorder (MDD). This has been the focus of a number of positron emission tomography (PET) studies of the 17-kDa translocator protein (TSPO), which is expressed by microglia and serves as a marker of neuroinflammation. In this meta-analysis, we compiled and analyzed all available molecular imaging studies comparing cerebral TSPO binding in MDD patients with healthy controls. Our systematic literature search yielded eight PET studies encompassing 238 MDD patients and 164 healthy subjects. The meta-analysis revealed relatively increased TSPO binding in several cortical regions (anterior cingulate cortex: Hedges’ g = 0.6, 95% CI: 0.36, 0.84; hippocampus: g = 0.54, 95% CI: 0.26, 0.81; insula: g = 0.43, 95% CI: 0.17, 0.69; prefrontal cortex: g = 0.36, 95% CI: 0.14, 0.59; temporal cortex: g = 0.39, 95% CI: –0.04, 0.81). While the high range of effect size in the temporal cortex might reflect group-differences in body mass index (BMI), exploratory analyses failed to reveal any relationship between elevated TSPO availability in the other four brain regions and depression severity, age, BMI, radioligand, or the binding endpoint used, or with treatment status at the time of scanning. Taken together, this meta-analysis indicates a widespread ∼18% increase of TSPO availability in the brain of MDD patients, with effect sizes comparable to those in earlier molecular imaging studies of serotonin transporter availability and monoamine oxidase A binding.
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Introduction

A constellation of molecular, inflammatory, and metabolic alterations is widely held to be relevant in the pathophysiology of major depressive disorder (MDD) (Otte et al., 2016), an often-devastating psychiatric condition with a world-wide prevalence of about 5% (Ferrari et al., 2013). The composite of these alterations may manifest in perturbation of normal neurotransmission and neuroplasticity, associated with morphological and functional changes in multiple structures and functional networks of the brain, as shown by neuroimaging studies (Schmaal et al., 2020). Compelling evidence derived from genome-wide association studies, epidemiological studies, and randomized controlled trials suggests involvement of the immune system in a variety of psychiatric disorders, including psychotic disorders and mood disorders such as MDD (The Network, and Pathway Analysis Subgroup of the Psychiatric Genomics Consortium, 2015; Hughes and Ashwood, 2020). An involvement of the immune system is implied by the broad similarity between core symptoms of MDD and so-called “sickness behavior” that occurs during an acute inflammatory state (Dantzer et al., 2008). Furthermore, a comprehensive review of laboratory findings in patients with MDD showed elevated peripheral proinflammatory markers such as C-reactive protein (CRP), certain interleukins, and tumor necrosis factor alpha (TNF-α), all of which is consistent with the occurrence of a pro-inflammatory state (Osimo et al., 2020). Support for a neuroinflammatory component of MDD is also provided by post-mortem studies showing elevated immune cytokine levels in various brain regions, and likewise by findings of raised inflammatory markers in the cerebrospinal fluid of MDD patients (Enache et al., 2019).

Peripheral inflammation might trigger a central neuroinflammatory reaction via several mechanisms. One candidate mechanism entails a humoral pathway whereby a leaky blood-brain barrier is permissive to the entry of cytokines from the circulation into the central nervous system (CNS) (Huang et al., 2021). Other propose a neural pathway whereby afferent nerves convey peripheral cytokine signals to the CNS (Miller et al., 2009), or communication along the gut-brain axis (Li et al., 2022a). In addition, a central inflammatory process could arise via immunologically active cells in the CNS (Miller and Raison, 2016).

Microglia are the resident macrophages of the brain, accounting for 5–10% of all cells in the central nervous system (Pelvig et al., 2008; Mondelli et al., 2017). In the healthy CNS, microglia are habitually present in a dormant state with ramified morphology, but nonetheless release neurotrophic factors that contribute to the regulation of synaptic homeostasis, especially in the contexts of neurotoxic or traumatic brain injury (Rodríguez-Gómez et al., 2020; Bravo et al., 2022). Indeed, a diverse range of factors can provoke microglial activation and changes in morphological phenotype (Wolf et al., 2017), for example in response to a high dietary intake of sucrose (Patkar et al., 2021), which is a characteristic of modern western diets. Activated microglia promote an inflammatory cascade involving the release of cytokines, chemokines, and other inflammatory mediators such as nitric oxide and reactive oxygen species, which together trigger reciprocal activation of astroglia, thus amplifying CNS inflammatory responses after an initial insult (Miller et al., 2009).

The expression of the 18-kDA translocator protein (TSPO) in the mitochondrial membrane of resting microglia increases as part of neuroinflammatory reactions. Numerous radiotracers have been characterized for single-photon emission computed tomography (SPECT) and positron emission tomography (PET) studies of TSPO, including [11C]PK11195, [18F]FEPPA and [11C]PBR28 (Cumming et al., 2018). Although inferences related to inflammatory states and TSPO should consider that TSPO expression is not unique to microglia and that elevated TSPO binding in humans could also be attributable to local proliferation of myeloid cells or increased recruitment of monocytes (Narayan et al., 2017; Owen et al., 2017), TSPO remains the most widely used marker of inflammation in the living brain in diverse studies of neuropsychiatric disorders, including MDD (Mondelli et al., 2017; Enache et al., 2019).

A first systematic review on this topic appearing in 2021 revealed a relatively small number of TSPO PET studies investigating microglial reactions in patients with MDD (Gritti et al., 2021). Furthermore, published findings were not entirely consistent, and have not hitherto included all relevant TSPO PET studies (Enache et al., 2019; Schubert et al., 2021a). Hence, we aimed in this meta-analysis to analyze all available TSPO PET studies comparing TSPO binding in MDD vs. healthy control groups. We also undertook an exploratory search for possible associations of TSPO PET results with depression severity, body mass index (BMI), and other factors.



Materials and methods


Data collection

The bibliographic databases PubMed, Scopus, PsycInfo, and Web of Science were searched systematically using the terms (“mood disorders” or “affective disorders” or “depression” or “major depressive disorder” or “bipolar disorder” or “major depressive episode”) and (“neuroinflammation” or “inflammation” or “microglia” or “TSPO” or “translocator protein”) and (“positron emission tomography” or “PET” or “molecular imaging”) in December 2021. The literature search was conducted in accordance with the guidelines of the PRISMA statement (Moher et al., 2009), and the selection of included studies was performed using the Rayyan software (Ouzzani et al., 2016). Studies were included if they fulfilled the following inclusion criteria: peer-reviewed English or German language original articles, in vivo TSPO studies, and studies that reported means and standard deviation (SD) values or effect sizes of molecular imaging outcome measures reflecting cerebral TSPO binding in groups of patients with unipolar depression and healthy controls for several different brain regions. Exclusion criteria were case studies, reviews and meta-analyses, pre-clinical studies, post-mortem studies, and studies in patients with a diagnosis of comorbid psychiatric, somatic, or neurological disorders. The systematic search as well included SPECT studies, although no such studies emerged. Figure 1 shows the detailed selection of publications in a flow chart based on the PRISMA statement (Moher et al., 2009). In case of overlapping samples, the study with largest sample size was selected. The corresponding author of one eligible publication shared data for additional regions based on the Hammers atlas (Hammers et al., 2003; Su et al., 2016). Results of a study that reported results separately for both hemispheres were averaged across hemispheres (Joo et al., 2021). Results from a study that separately reported results for medically treated and untreated MDD patients in groups of equal size were averaged to a single patient group (Setiawan et al., 2018). For one study that reported results in graphical format only (Hannestad et al., 2013), mean and SD values were estimated using WebPlotDigitizer, version 4.5 (Rohatgi, 2021). Demographic variables (age, sex, BMI), depression severity, type of tracer, type of outcome measure, and psychiatric medication history (medication-free interval, number of medication-free subjects) were extracted from the studies included in our analyses. For studies that reported Montgomery–Åsberg Depression Rating Scale (MADRS) score only (Hannestad et al., 2013; Su et al., 2016; Richards et al., 2018), the equivalent Hamilton Depression Rating Scale (HDRS) score, as provided by the conversion of Leucht et al. (2018), was used for further calculations.
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FIGURE 1
PRISMA flowchart showing the inclusion of studies for the meta-analysis (Moher et al., 2009).




Statistics

The statistical analysis was conducted using R 4.1.2 and the metafor package, version 3.0-2 (Viechtbauer, 2010).

TSPO PET studies can report several outcome measures, including the binding potential (BPND), which describes the specific binding relative to a reference tissue. In cases where the arterial input function has been measured, the preferred endpoint is the equilibrium distribution volume of the tracer in brain (VT; ml/g), which is sometimes corrected for the plasma-free fraction (VT/fP). The diversity of outcome measures makes it compulsory to calculate standardized effect size estimates to allow their combination in a meta-analysis. Consequently, we calculated Hedges’ g (Hedges, 1981), the standardized mean difference between MDD and control groups for each dataset and selected brain region. Another factor is the polymorphism of TSPO in certain populations, which imparts low specific binding of most second-generation PET TSPO tracers to carriers of the rs6971 allele (Owen et al., 2012). Therefore, in this study we used endpoints that had been corrected for group composition with respect to the high and low binding alleles. To gauge the overall relative increase in TSPO in depressed individuals, the percentage increase in mean TSPO binding was calculated for each study, weighted for sample size and averaged across all reported brain regions.

Meta-analyses were performed separately for each of five brain regions that were reported in at least three published studies, namely anterior cingulate cortex, prefrontal cortex, insula, hippocampus, and temporal cortex. We applied a random effects model with restricted maximum likelihood estimation of variance. In a random-effects model, the weighting of the individual study estimates are inversely proportional to the sum of their sample variance (fi) and the between-study variance (f2). To gauge variation of study results caused by between-study heterogeneity, we calculated Higgins’ I2 (Higgins and Thompson, 2002). Sensitivity analyses were performed using leave-one-out analysis.

We investigated the influence of variables on estimated effects, including depression severity, proportion of untreated patients, type of tracer used, outcome measure, BMI, sex ratio, mean age, and age differences between groups through the use of scatter plots and exploratory mixed-effects models.




Results

The systematic literature search yielded 11 eligible studies, three of which reported data from other studies (Setiawan et al., 2015; Li et al., 2018b; Turkheimer et al., 2021), resulting in final inclusion of eight studies with 238 MDD patients and 164 healthy controls (Table 1).


TABLE 1    Key data of selected studies.
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Anterior cingulate cortex

Six studies with a total of 178 MDD patients and 124 healthy controls reported on TSPO binding in anterior cingulate cortex (Figure 2A). Effects were clearly homogeneous (I2= 0%), and the results disclosed an exclusion of zero in the confidence intervals [0.60; 95%CI: (0.36, 0.84)] strongly supporting an elevation of TSPO binding in the anterior cingulate cortex in MDD patients. This result was robust to leave-one-out analysis. The funnel plot for anterior cingulate cortex showed symmetry. Exploratory mixed-effects models on investigated variables revealed no significant influences of age, gender, etc. Furthermore, investigation of scatterplots did not indicate any association between explored variables and estimated effects.
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FIGURE 2
Significant increase of TSPO binding in anterior cingulate cortex (ACC), prefrontal cortex (PFC) and insula in MDD patients. (A) A forest plot of TSPO binding in the ACC clearly shows an effect size of 0.60, 95%CI: (0.36, 0.84). The corresponding funnel plot is displayed on the right. (B) The forest plot of TSPO in PFC displays an effect size of 0.36, 95%CI: (0.14, 0.59). *Data of frontal cortex; **data of subgenual prefrontal cortex. On the right is the funnel plot of estimates of prefrontal cortex. (C) A forest plot for TSPO binding in the insula shows an effect size of 0.43, 95%CI: (0.17, 0.69). Alongside the corresponding funnel plot is displayed.




Prefrontal cortex

Seven studies comprising 188 patients and 134 controls reported on TSPO in regions with the frontal cortex, predominantly the prefrontal cortex (Figure 2B). One study reported on the subgenual prefrontal cortex as a subregion and one reported the entire frontal cortex (Hannestad et al., 2013; Richards et al., 2018); both were compiled into a single frontal brain region. Despite this lumping, there was a distinct homogeneity of effects (I2= 0%), and the confidence intervals excluded zero [0.36; 95%CI: (0.14, 0.59)], indicating significantly increased TSPO binding sites in the prefrontal cortex in patients. The result remained steady in a leave-one-out analysis. The funnel plot for the frontal cortex was slightly asymmetrical, indicating potential publication bias favoring decreases. Exploratory mixed-effects models on tested/recorded variables did not indicate any significant influences. The scatterplot analysis also indicated no relationship between variables and effect sizes on TSPO binding.



Insula

Five studies covering 150 patients and 104 controls reported on insular cortex TSPO binding (Figure 2C). Homogeneity of effects was evident (I2= 0%), and confidence intervals again excluded zero [0.43; 95%CI: (0.17, 0.69)], exposing a clearly upregulated TSPO expression in the insula of patients with MDD. Visual inspection of funnel plot indicated missing studies on the right lower side. The result was robust to leave-one-out analysis and the exploratory mixed-effects models carried out to search for possible confounding variables did not reveal any significant interactions. No relationships were observed in the visual inspection of scatterplots.



Hippocampus

Four studies counting 135 patients and 96 healthy controls report on hippocampal TSPO (Figure 3A). A homogeneity of effects was apparent (I2= 0%), and there was exclusion of zero in the confidence intervals [0.54; 95%CI: (0.26, 0.81)], indicating elevated TSPO binding in the hippocampus of MDD patients. The funnel plot showed a marginal asymmetry favoring negative results. The hippocampal result was robust to leave-one-out analysis and further exploratory analyses of variables showed no significant influence on estimated effects.
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FIGURE 3
TSPO binding is increased in hippocampus and temporal cortex of MDD patients compared to controls. (A) The forest plot for TSPO binding in the hippocampus shows an effect size of 0.54, 95%CI: (0.26, 0.81). The funnel plot of hippocampal estimates is shown on the right side. (B) The forest plot of TSPO binding in the temporal cortex indicates an effect size of 0.39, 95%CI: (–0.04, 0.95). The corresponding funnel plot is displayed alongside.




Temporal cortex

Five studies including 145 patients and 106 healthy controls reported on TSPO binding in the temporal cortex (Figure 3B). An increase of temporal cortex TSPO binding was found, but confidence intervals included zero [0.39; 95%CI: (–0.04, 0.81)]. There was moderate heterogeneity of effect estimates in temporal cortex (I2= 57%). Leave-one-out analysis revealed that excluding data of Hannestad et al. (2013) resulted in a significant decrease of heterogeneity and a shift of confidence intervals excluding zero [0.57; 95%CI: (0.25, 0.88), I2= 21%]. We note that, relative to controls, the MDD group of Hannestad et al. (2013) study had the lowest mean BMI, and the largest mean BMI difference between groups, and that the study excluded patients with elevated peripheral inflammatory markers, which may together have biased the results. Visual inspection of the funnel plot suggested a negative publication bias and revealed that smaller studies reported lower effect sizes in the temporal cortex.




Discussion

The results of this meta-analysis strongly indicate elevated binding of TSPO in all investigated regions in MDD patients vs. healthy controls, which suggests neuroinflammation extending across a range of cortical brain regions previously implicated in executive function (prefrontal cortex), mood (anterior cingulate, hippocampus), sensory processing and homeostatic state (insula), and affective processing (temporal lobe). We note a considerable overlap with brain regions showing reduced perfusion in a meta-analysis of spin-labeling fMRI studies in MDD (Wang and Yang, 2022), and partial concurrence with regions of decreased metabolism to FDG-PET (Su et al., 2014). The present meta-analysis indicates an approximately 29% elevation in the expression of TSPO in the anterior cingulate cortex in a group of more than one hundred MDD patients. The anterior cingulate cortex exhibited the most robust results among investigated regions, with a medium to large effect size, and with five of six studies reporting increased TSPO binding. That in vivo TSPO PET finding concurs with post-mortem data showing regional microglial activation in the dorsal anterior cingulate cortex of suicide victims with MDD (Torres-Platas et al., 2014; Snijders et al., 2021). The anterior cingulate cortex is considered to be a key structure in circuit models of mood processing and in mediating attention and executive function, and its disruption is thought to impair the ability to process affective information or emotions (Price and Drevets, 2010; Rolls, 2019), which are deficits commonly reported in MDD patients (Naranjo et al., 2011). Furthermore, Li et al. (2018a) identified an association between attentional deficits and increased TSPO expression in the frontal cortex, potentially underpinning the regionally pronounced increase of TSPO availability in patients.

As a key part of the limbic system, the hippocampus is among the brain regions most often studied in mood disorders (Belleau et al., 2019). Our finding of higher TSPO binding in the hippocampus of MDD patients may have some bearing on reports of impaired hippocampal neurogenesis and reduced volume as an anatomic correlate of depressive behavior and cognitive changes (Cole et al., 2011; Chesnokova et al., 2016; Roddy et al., 2019). Similarly, we saw pronounced increases in TSPO-PET signals in the prefrontal cortex, which is also known as a region showing functional and structural changes in depressions (Pizzagalli and Roberts, 2022). Furthermore, a recent review identified the anterior cingulate cortex, prefrontal cortex, temporal cortex, and the insula as the main cerebral regions with disrupted functional connectivity in association with the impaired emotional processing of MDD patients, thus broadly overlapping with regions of increased TSPO PET signal (Li et al., 2022b).

We focused on TSPO PET results in the five brain regions most frequently reported in the eight studies included in our meta-analysis, with a consistent finding of increased TSPO expression in key cortical regions associated with the pathophysiology of depression. A small number of the included studies reported modest differences between groups or even increased TSPO availability in healthy individuals compared to patients, which may contribute to the low effect size estimates in the temporal cortex (Hannestad et al., 2013; Su et al., 2016). Whereby Su et al. (2016) scanned patients with very low MADRS scores and Hannestad et al. (2013) reported relatively higher TSPO expression in healthy individuals in all regions, although that finding was non-significant, with very low sample size, and large inter-subject variability. A few published reports including additional regions likewise indicated a trend toward elevated TSPO expression (Li et al., 2018a; Setiawan et al., 2018), which needs however to be confirmed by studies in large and homogeneous patient samples.

A few exploratory studies have investigated possible factors influencing the effect size in TSPO-PET studies. A [11C]PBR28 PET study by Tuisku et al. (2019) found an inverse relationship between tracer VT with BMI in healthy subjects. The same report also showed that women exhibited higher VT than men, and that increasing age was a factor predicting higher VT in the frontal and temporal cortices of MDD patients; we did not recapitulate those findings in our meta-analysis of TSPO-PET studies. In our regional analyses, there were no discernible effects of depression score, age, BMI, percentage of untreated patients, sex distribution, choice of tracer, and the choice of TSPO PET outcome measure. Visual inspection of scatterplots indicated a trend toward higher effect sizes in studies of MDD patients with higher depression scores, which was however not supported by mixed-effects model analysis. We concede that the number of studies in our regional analyses was limited, and propose that a more comprehensive meta-analysis using individual subject data would be necessary to provide a reliable assessment of confounding factors on the availability of TSPO (Plavén-Sigray et al., 2018, 2021). A key finding of Setiawan et al. was that duration of untreated MDD significantly correlated with TSPO VT in three of the examined regions (prefrontal cortex, anterior cingulate cortex, and insula), and that disease duration was a predictor for greater TSPO expression in MDD patients (Setiawan et al., 2018). Available data on disease duration, current episode, and duration of non-treatment in included studies were sparse; only two studies reported current episode duration, and three studies included disease duration as potential confounding variables. An additional factor of interest might be disease-related alterations in regional brain volume, which could lead to artifactual findings of altered TSPO availability. However, one study reporting volumetric brain data found no group differences in regional tissue volumes, despite elevated TSPO availability in patients compared to healthy subjects (Holmes et al., 2018). Furthermore, large multi-center trials reported only small effects of MDD on brain volumetric outcomes (Thompson et al., 2020), which is thus unlikely to account for the differences in TSPO binding in MDD patients compared with healthy controls.

The results of this meta-analysis support the clinical implications of findings from a recent systematic review and meta-analysis (Köhler-Forsberg et al., 2019), which reported that adjunctive anti-inflammatory therapy can alleviate certain MDD symptoms. Moreover, the discipline of clinical psychiatry has long been searching for unambiguous objective diagnostic measures in what may well be heterogeneous disorders. Certainly, the elevation of cortical TSPO binding in MDD patients has an effect size comparable to that seen in our previous meta-analysis showing slightly reduced availability of serotonin transporters in MDD (Gryglewski et al., 2014). However, the present effect size is lower than that reported in a [11C]harmine PET study showing increased availability of binding sites for monoamine oxidase A (MAO-A), the enzyme metabolizing serotonin (Meyer et al., 2006). At present, no PET molecular biomarker is pathognomonic of depression, but the composite of results with various tracers might eventually serve to identify molecular sub-types of the disorder, and further investigation might test the hypothesis that there is spatial overlap between increased TSPO binding and altered markers of serotonin innervation and metabolism, or other established molecular imaging results.

TSPO may not only serve as a diagnostic marker in combination with other neuroimaging modalities, but it might also exert as a direct target for putative therapeutic effects in stress-related diseases such as MDD (Rupprecht et al., 2022). While the present results may present microglia as a therapeutic target, a treatment trial with minocycline failed to rectify the elevated TSPO-PET binding in a cohort of patients with treatment-resistant depression (Attwells et al., 2021). On the other hand, findings of a recently published randomized clinical trial suggest that the easily available serum CRP levels could serve as a predictive biomarker to screen for MDD patients who might benefit from add-on minocycline to antidepressant treatment (Nettis et al., 2021). Furthermore, another recent study suggests that specific inflammatory biomarkers that are known to be produced by activated microglia and which correlate with TSPO VT, might serve for selection of MDD patients most apt to benefit from augmentative anti-inflammatory therapy (Attwells et al., 2020). Similarly, we recently showed complex relationships between individual plasma levels of the cytokine adiponectin with TSPO-PET results in healthy control and MDD patient groups (Joo et al., 2021).

We note some limitations of this meta-analysis. First, our analysis was limited to the regions that were most frequently reported in molecular imaging studies investigating TSPO in MDD. Some of the included studies involved additional brain regions such as the parietal cortex, the occipital cortex, or non-cortical regions such as the thalamus, amygdala, and putamen (Hannestad et al., 2013; Su et al., 2016; Holmes et al., 2018; Richards et al., 2018; Setiawan et al., 2018). Corresponding data on other brain areas, including the motor cortex and the visual cortex are not yet reported in the literature. Due to the use of different radiotracers and quantification methods, TSPO PET studies can be inherently difficult to compare. By calculating standardized mean differences, we attempted to avoid distortions due to the different measurement scales. Furthermore, we used random-effect models to accommodate the anticipated heterogeneity. However, this approach does not completely eliminate bias from variation between study populations (Lin and Aloe, 2021). As is well known, current TSPO PET tracers indicate only the overall level of microglial activation, but do not differentiate between the anti-inflammatory and pro-inflammatory microglial phenotypes. In addition, TSPO ligands are not entirely specific for microglia, but can indicate other neuroinflammatory changes, including activation of astroglia cells and monocyte-derived macrophages (Cosenza-Nashat et al., 2009). However, the preponderance of the TSPO-PET signal in brain tissue is likely indicative of microglial activation (Setiawan et al., 2018). PET imaging studies using newer radioligands for biomarkers of inflammation other than TSPO, such as monoamine oxidase B, cyclooxygenase, colony stimulating factor 1 receptor, and the purinergic P2X7 receptor may eventually confirm the state of neuroinflammation in MDD (Narayanaswami et al., 2018; Zhou et al., 2021). We concede that some regional analyses in this meta-analysis involve a small number of studies, which limits their statistical power and may have impeded detection of a publication bias. A further limitation is that most studies included in this meta-analysis used the first-generation radioligand [11C]PK11195, which has a relatively low specific binding signal and brain uptake (Kreisl et al., 2010; Cumming et al., 2018; Kobayashi et al., 2018), albeit not having the TSPO allelic dependence of second-generation tracers. In this context a meta-analysis on TSPO-PET in schizophrenia reported that differences between patients and healthy subjects were only apparent from studies using [11C]PK11195, without any such difference evident in the studies using second-generation TSPO radioligands like [11C]PBR28 and [18F]FEPPA, noting that these findings were driven by small studies with low variability in outcomes (Marques et al., 2019). Of interest, a recent study revealed that the Korean population seems to lack the polymorphism of the rs6971 allele, thereby suggesting a lower impact on second-generation TSPO PET tracer binding in this patient group (Lee et al., 2022). Analytic procedures also affect the signal-to-noise ratio of TSPO PET measurement, in the absence of a valid reference region for calculating the binding potential (BPND) (Cumming et al., 2018). In an effort to select the most appropriate reference region, most of the included studies reported BPND as the outcome measure, as calculated by the simplified reference tissue model using a supervised clustering approach to segment the reference region (Turkheimer et al., 2007; Boellaard et al., 2008; Yaqub et al., 2012; Schubert et al., 2021b). Holmes et al. relied on cerebellar gray matter as a pseudoreference region due to the lower variance in BPND results compared to the data-driven approach (Kropholler et al., 2007; Holmes et al., 2018). The gold standard endpoint is therefore total distribution volume (VT), which calls for serial arterial sampling with correction for tracer metabolism (Wimberley et al., 2021). The most common pharmacokinetic model to calculate VT in the included studies was a two-tissue compartment model, which appears to be the most feasible for second-generation TSPO ligands (Fujita et al., 2008; Rusjan et al., 2011). Ichise et al. (2002) and Hannestad et al. (2013). relied on a multilinear analysis to calculate VT because of lower standard errors in estimates compared to the two-tissue compartment model. Notwithstanding, mixed-effects models did not indicate any effects of radioligand type or outcome measures on the finding of increased TSPO expression in MDD patients.

In summary, this systematic meta-analysis clearly highlights prior findings of increased TSPO binding in MDD patients compared to healthy controls in the broadest sample of TSPO PET data yet assembled. In MDD patients, we saw an ∼18% relative increase in TSPO expression, which was present in all investigated brain regions, and with effect sizes of comparable magnitude to those in previous PET studies of availability of serotonin transporters and monoamine oxidase A binding in MDD (Meyer et al., 2006; Gryglewski et al., 2014). The findings were robust to depression severity, BMI, medication status, and other explored variables, and statistical analysis indicates that the effect was driven by significant increases of TSPO in one third of the MDD patients. Hence, TSPO elevation is indeed a feature of MDD, and future in-vivo studies with novel radioligands targeting neuroinflammation may prove to support the occurrence of a central inflammatory component in MDD.
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Microglia are the resident immune cells of the central nervous system (CNS) and play a key role in neurological diseases, including intracerebral hemorrhage (ICH). Microglia are activated to acquire either pro-inflammatory or anti-inflammatory phenotypes. After the onset of ICH, pro-inflammatory mediators produced by microglia at the early stages serve as a crucial character in neuroinflammation. Conversely, switching the microglial shift to an anti-inflammatory phenotype could alleviate inflammatory response and incite recovery. This review will elucidate the dynamic profiles of microglia phenotypes and their available shift following ICH. This study can facilitate an understanding of the self-regulatory functions of the immune system involving the shift of microglia phenotypes in ICH. Moreover, suggestions for future preclinical and clinical research and potential intervention strategies are discussed.
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INTRODUCTION

Intracerebral hemorrhage (ICH) is a destructive disease because of its increased mortality and morbidity rates, accounting for nearly 10%–20% of stroke cases worldwide (Dasari et al., 2021; Liu et al., 2022; Yang et al., 2022). After ICH, vessel rupture of brain parenchyma contributes to the aggregation of red blood cells (RBCs) and the formation of hematoma to oppress brain tissue structure forming primary brain injury (PBI). Erythrocyte hemolysis in hematoma results in secondary brain injury (SBI) and non-reversing neurological deficits duet o the toxic hemolytic products (Ziai, 2013). Surgical treatment is not conducive to a hematoma in the majority of hemorrhage strokes due to doubtful clinical effectiveness and side effects of surgery (Hemphill et al., 2015). Evidence suggests that inflammatory responses firmly participate in and contribute to the SBI pathophysiological processes following ICH (Chen S. et al., 2015). During this pathological process, the CNS resident microglia and monocytes derived macrophages infiltrate from the circulation at the hemorrhagic site. These microglia/macrophages act as primary modulator for the hematoma resolution and alleviation of neuroinflammation in SBI (Bai et al., 2020; Liu et al., 2022).

Microglia, as the primary immune cells, account for 5% to 10% of brain cells in the central nervous system (CNS) and are referred to as the brain’s macrophage (Eldahshan et al., 2019; Bian et al., 2020). Following physiological conditions, microglia interact with other cells, including neurons, astrocytes, and oligodendrocytes, displaying their function in the brain following ICH (Prinz et al., 2019). It is essential in sustaining brain homeostasis. When different neuropathologic changes disrupt normal function in the brain, activated microglia exert their regulatory effects (Wan et al., 2016). The highly diverse property of microglia and their phenotypes depend on the kinds of stressors or neuropathology (Wolf et al., 2017). Specifically, microglia polarization produces pro-inflammatory (IL-1β, IL-6, TNF-α, CXCL8, CCL2, and CCL5) or anti-inflammatory (IL-4, IL-10, IL-13, IL-1Ra, and TGFβ) mediators during the different pathological phases, participating in ICH progression (Friedman et al., 2018; Bai et al., 2020).

Pathological analyses following ICH have uncovered that microglia mediated neuroinflammation can be recognized as a major contributor to inflammatory injury following ICH (Yang et al., 2014a; Zhang Z. et al., 2017). The severe microglial neuroinflammation caused by the hematoma and hemolysis after ICH contributes to brain injury (Vinukonda et al., 2019; Wang et al., 2019a). Chang et al. (2017) have proven that microglia quickly responded to hemorrhagic damage after 1–1.5 h of ICH onset and showed a microglial protective phenotype. In this study, IL-10 mediated microglia phagocytosis and hematoma resolution (Chang et al., 2017).

Different microglial phenotypes play a primary and complex function in the SBI-induced inflammatory damage and brain rehabilitation following ICH. Therefore, the neuroprotective effect of microglia can be regarded as a hopeful target in the inflammatory response following ICH therapy. Jing et al. (2019) have reported that after blocking the erythrocyte CD47, activated microglia can be enhanced to phagocytose the hematoma and reduce neurological deficits, brain edema, and neuronal reduction (Chang et al., 2018). Microglial depletion contributes to intense brain tissue damage, including brain swelling, neuronal loss, and neurological defects following ICH (Jin et al., 2017; Sekerdag et al., 2018; Yang X. et al., 2018). The reactive microglia show a biphasic influence on responding to inflammation processes following ICH, which acts as a double-edged sword displaying offensive and defensive effects in brain injury. This study focuses on current empirical investigations on reactive microglia in the ICH-induced SBI pathological process to elucidate how the pivotal elements affect this process, providing an optimistic viewpoint for improving novel medicinal strategies.



MICROGLIAL FUNCTION FOLLOWING ICH

ICH-induced hematoma is a significant factor resulting in brain damage following ICH. The compression and dissection of mechanical impairment obstruct adjacent brain parenchyma structures. Simultaneously, within hours to days, extravasated erythrocytes release blood products with neurotoxicity, including cytotoxic hemoglobin, heme, and iron in the hematoma, which initiate SBI inducing sustained cerebral edema and brain tissue damage following ICH (Zhao et al., 2009; Wang G. et al., 2018). This process can be regulated through the activation of peroxisome proliferator-activated receptor γ (PPAR-γ) and modulation of the CCR4/ERK/Nrf2 signaling pathway to promote phagocytosis and shift microglia for conferring immune balance (Deng et al., 2020; Tschoe et al., 2020; Zhuang et al., 2021).

The collapse of the blood-brain barrier (BBB) and its resulting brain swelling is a notable life-threatening event in the pathophysiology of hemorrhagic stroke (Su et al., 2017; Fang et al., 2020). Ample evidence has shown that it is essential that microglial activation displays a significant role in SBI after ICH (Carson et al., 2006). It has been reported that M1 polarization of microglia provokes the production of pro-inflammatory factors, such as TNF-α, and IL-6, which aggravate the inflammatory response (Wang, 2010; Zhou et al., 2014). Chen A. Q. et al. (2019) have shown that M1-type microglia-induced TNF-α mediates endothelial necroptosis leading to BBB disruption. After being given the anti-TNF-α treatment, pathologic changes, including endothelial necroptosis and BBB destruction, and stroke outcomes were significantly alleviated following ischemic stroke (Chen A. Q. et al., 2019). Besides, some medicines displaying neuroprotective function attenuated the LPS-induced NO release, TNF-α secretion, and NFκB expression of microglia to mediate BBB protection and neural repairation by promoting the production of anti-inflammatory cytokines (Zlokovic, 2008; Liu et al., 2017; Chen J. et al., 2019). Similarly, IL-4 and IL-10 induced an alternative microglia phenotype with anti-inflammatory function, which can be recognized as therapeutic targets to modulate the BBB physiology in ICH (Ronaldson and Davis, 2020).


Microglia phenotypes and their polarization after ICH

Previously, microglia polarization associated with M1 and M2 phenotypes was widely used in previous research work. Due to the development of omics technology in experiments, recently, a novel class of microglia polarization bridges the standard M1/M2 contradiction, resulting in an intense controversy to further study microglia polarization (Ransohoff, 2016).

First, Chiu et al. (2013) utilized flow cytometry and deep RNA sequencing to indicate that microglia isolated from the SOD1 (G93A) mutant mouse model of amyotrophic lateral sclerosis (ALS) differed from SOD1 (WT), LPS-induced microglia, and M1/M2 macrophages. This study freshly provided a new definition for ALS-specific microglia’ functional phenotypes in isolated spinal cord microglia of ALS mice model (Chiu et al., 2013). Besides, single-cell RNA-sequence (scRNA-seq) analyses have suggested assembled expression of M1 and M2 markers and complex microglia-state changes in the total mouse lifespan and the damaged brain (Ajami et al., 2018; Hammond et al., 2019; Masuda et al., 2019). Furthermore, accurate classification of different microglia subpopulations is founded upon species-related differences and different pathological environments. Different subtypes of microglia are associated with a core pattern of activation, in which the pro-inflammatory-activation state shifts toward an anti-inflammatory situation in maintaining tissue homeostasis or resulting in CNS pathology (Voet et al., 2019; Lassmann, 2020). However, due to the complicated existence of microglial phenotypes found by novel technologies in diseases, the established meaningful program of microglial polarization of M1 and M2 phenotypes hindered research progress and should need to be debated (Ransohoff, 2016). Overall, an elusive definition of microglial polarization exists, and it is oversimple to describe M1 or M2 phenotypes for the complex biology of microglia.

Recently, a study performed by Keren-Shaul et al. (2017) specified a subtype of microglia named disease-associated microglia (DAM), which develops in two steps in Alzheimer’s disease (AD)-transgenic (Tg-AD) and triggering receptor expressed on myeloid cells 2 (TREM2)–/– Tg-AD mouse brains by transcriptional single-cell analysis (Da Mesquita and Kipnis, 2017; Ozaki et al., 2022). Microglial activation to DAM is instigated in an independent program away from TREM2, followed by activation in a TREM2-dependent manner. Such a special microglial type has the prospect of confining neurodegeneration, which may have meaningful implications for future therapy of AD and other neurodegenerative illnesses (Keren-Shaul et al., 2017; Deczkowska et al., 2018). Subsequently, genome-wide transcriptomic analyses (GWTAs) indicated DAM’s existence under various pathological disorders, including aging and ALS pathology (Keren-Shaul et al., 2017). Although the microglia DAM and M1 phenotype gene profiles are partially overlaid, the apparent differences in their molecular signatures exist (Garcia-Revilla et al., 2019). Interestingly, a transcriptomic framework of microglial activation uncovered that DAM demonstrates double anti-inflammatory and pro-inflammatory sub-profiles in (AD and aging models; Rangaraju et al., 2018; Gao et al., 2019). The progressive transition from homeostatic microglia to reactive DAM relies on TREM2, which is mainly located on the microglia surface in brain tissue (Arcuri et al., 2017; Mecca et al., 2018; Xu et al., 2022). The activated TREM2 alleviated microglia neuroinflammation, neurological deficits, and neuronal loss by activating the PI3K/Akt signaling pathway in perihematomal areas following ICH (Chen et al., 2020).

Moreover, in 2019, Gao et al. (2019) reported that the regulators, including CEBPα, IRF1, and LXRβ, modulate pro- and anti-inflammatory DAM genes via Erk signaling. However, some researchers reported that DAM represents a switch depending on TREM2, a risk gene, and such a switch substantially alters microglial function (Brown and St George-Hyslop, 2017). Therefore, it is pretty clear that microglia is exquisitely sensitive to brain tissue pathological changes.

Multiple investigations have explored microglial spatiotemporal fixed subclasses during evolution and illness, determining the precise molecular hallmarks and various cellular kinetics utilizing single-cell analyses (Prinz et al., 2017; Masuda et al., 2019). Olah et al. (2020) have suggested the existence of four microglial subclasses and clarified the importance of these subclasses according to the scRNA-seq from the human cerebral cortex samples associated with AD. Lately, a study by Ochocka and his colleagues has demonstrated microglia cellular and functional heterogeneity utilizing scRNA-seq and flow cytometry. Their investigation obtained numerous microglial groups and gene expression profiles underlying a distinct group image with different roles. Reactive microglia displayed the distinct spatial distribution in naïve and GL261 glioma-bearing mice through performing the scRNA-seq of CD11b+ myeloid cells (Ochocka et al., 2021). Furthermore, the technologies of transcriptomes and epigenetic landscapes have been utilized by Gosselin et al. (2017) to examine separated human microglia derived from surgically resected brain tissue, uncovering an environment-dependent transcriptional network that can sufficiently specify microglia-specific schedules of gene expression. These results can identify significant microglia-subclasses associated with neurodegenerative diseases and behavioral disorders and can be used to understand microglia’s roles in human brain diseases (Gosselin et al., 2017).

Diverse pathologic occurrences or changes in the brain activate microglia, whose intricate functions facilitate the presence of individual pro- and anti-inflammatory effects in ICH. The meaning of defining microglial subclasses through single-cell analysis is to confirm precise microglia function and identify microglia-subclasses molecules mediating astrocyte-microglial communication. In addition, the importance of clustering negotiate its potentially coordinated functions with astrocytes and discover new ways to address the complexity of biology in inflammatory conditions and different pathologies (Vainchtein and Molofsky, 2020). During the ICH progress, microglial activation and polarization modulators have clinical and translational implications, including critical signaling pathways, transcription factors (TFs), and particularly microglia M1- and M2-subclasses markers, providing evidence for coordinating microglial function to alleviate ICH-induced brain damage (Lan et al., 2017). The pro-inflammatory microglia-induced damage-enhancing mediators, such as inflammatory cytokines, chemokines, matrix metalloproteinases, and reactive oxygen species, overwhelmed the anti-inflammatory microglia with potential reparative roles after the onset of ICH (Bai et al., 2020). Therefore, confirming the modulators and these influencing factors makes it attractive to induce the microglia polarization to a neuroprotective subclass, which provides novel insight into alleviating the microglia pathologic changes after ICH. According to the above analyses of microglia polarization in ICH and studies about surface markers of microglial subtypes (Klebe et al., 2015; Keren-Shaul et al., 2017; Rangaraju et al., 2018; Bai et al., 2020), it is critical to shift the microglia pro-inflammatory to the anti-inflammatory subclass to improve the outcomes following SBI (Figure 1).
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FIGURE 1. Polarization of activated microglia following intracerebral hemorrhage (ICH). The polarization of activated microglia in response to stimulation with erythrocyte lysates after ICH can be broadly classified into three categories. Each category has its related cytokines, chemokines, and surface markers: (1) pro-inflammatory microglia elevate the pro-inflammatory factors and destruc­ tive effects on the brain; (2) anti-inflammatory microglia mainly exert neuroprotective effects; (3) disease-associated microglia (DAM). Recent, an increasing number of studies by single-cell RNA-sequence and Various other omics methods have revealed that microglia can also be polarized into neuroprotective and neurodestructive phenotypes, remaining to be further investigated.






POTENTIAL THERAPEUTIC TARGETS AND STRATEGIES OF MICROGLIA-INDUCED NEUROINFLAMMATION AFTER ICH

Many studies have emphasized the autogenous regulation of microglia during ICH progress. Wu et al. (2017) have shown that the expression of soluble epoxide hydrolase increased in microglia following ICH, resulting in neuroinflammatory responses, and inhibiting its expression can suppress microglia-mediated neuroinflammation. The deficiency of TWIK-related K+ channel 1 (TREK-1) can induce increased recruitment of microglia and neutrophils and the production of pro-inflammatory factors following ICH-induced SBI; the TREK-1 can be harnessed into a promising therapeutical target in BBB dysfunction and microglia neuroinflammation for the treatment of ICH (Fang et al., 2019). Besides, the integrin Mac-1 expressed by microglia acting together with the endocytic receptor LRP1 in the neurovascular unit promoted thrombolytic tissue plasminogen activator (tPA)-induced platelet-derived growth factor-cc (PDGF-cc) activation, which increased the permeability of BBB following ischemic stroke (Su et al., 2017).

On the contrary, microglia are implicated in anti-inflammatory and phagocytic effects to improve neurologic deficits following ICH. The relationship between regulatory T lymphocytes (Tregs) and microglia neuroinflammatory reaction has been verified. A study by Zhou et al. (2017) demonstrated that Tregs alleviated ICH-mediated neuroinflammation because of the shift of the M2 anti-inflammatory from the M1 pro-inflammatory subclass via the regulation of the IL-10/GSK3β/PTEN axis after ICH (Wang et al., 2015; Taylor et al., 2017).


Regulatory mechanisms in microglia-induced neuroinflammation in ICH

After ICH, the functions of anti-inflammatory microglia are performed through diverse signal axes that constitute a complicated network implicated in numerous biological procedures. Investigating the related biological signaling pathways and their molecular foundation is beneficial to illustrating attractive methods to moderate targets, thus improving the neuropathological deficits in ICH-induced brain damage.

Some studies have verified that adenosine monophosphate-activated protein kinase (AMPK) regulated the balance for the switch between a pro- and an anti-inflammatory subclass, which serves as a primary sensor of brain injuries and diseases, and is considered a candidate molecule (Ohnishi et al., 2007; Saito et al., 2019). Adiponectin receptor 1 (AdipoR1) is always expressed by microglia, and the expression level of endogenous C1q/TNF-related protein 9 (CTRP9), activating AdipoR1 to regulate the AMPK signaling pathway, plays an increasing trend during the first 24 h after ICH (Zhao et al., 2018). Administration of CTRP9 treatment improved AdipoR1 and p-AMPK protein expression levels and decreased the protein expression levels of inflammatory cytokines and phosphorylated NFκB (P-NFκB), attenuating neuroinflammation via AdipoR1/AMPK/NFκB signaling pathway (Zhao et al., 2018). Activated AdipoR1 by CTRP9 treatment attenuated neuropathological deficits and improved BBB dysfunction by activating the APPL1/AMPK/Nrf2 signal axis in a collagenase-induced ICH mouse model (Xu et al., 2018; Zhao et al., 2021). This evidence suggested that CTRP9 could be recognized as an encouraging therapy to ameliorate BBB dysfunction in ICH patients. Likewise, the activation of melanocortin receptor 4 (MC4R) improves neuropathological function via the AMPK signal, and intervening MC4R can be effective in animal experiments and utilized as a potential therapeutic approach for ICH management (Chen et al., 2018).

As mentioned above, Treg cells restrain microglia-mediated neuroinflammation from improving neurological function by activating NFκB through the JNK/ERK pathway (Yang et al., 2014b; Lan et al., 2017; Zhou et al., 2017). The treatment of hyperbaric oxygen preconditioning (HBOP) has attenuated the production of pro-inflammatory cytokine levels and p-JNK, suggesting potential relevance between JNK phosphorylation and downregulation of immunoactivity and protein levels of M1 markers (Yang L. et al., 2015; Wang et al., 2019b). As many limitations, including hesitations concerning effectiveness, surgical damages, complications, and drug side effects, exist in current clinical practice, there are few standardized clinical interventions for ICH treatment. Therefore, hyperbaric oxygen therapy provides a potential alternative medicine to treat ICH, and the mechanisms of HBOP for intervening in ICH need additional investigation and confirmation.

Toll-like receptor 4 (TLR4) confer an essential function in the innate immune response, known as a pattern recognition receptor (Fang et al., 2013). The deficiency of TLR4 attenuated perihematomal inflammatory response associated with a decrease in the recruitment of pro-inflammatory microglia in a striatal blood injection-induced ICH mice model (Sansing et al., 2011; Wang et al., 2013). Moreover, TLR4 also inhibits the microglial phagocytic capacity for RBCs, contributing to the deceleration of CD36-mediated hematoma absorption and severe neurological deficits in ICH (Fang et al., 2014; Li Q. et al., 2021). Autophagy mediated by TLR4 activated microglia-induced neuroinflammation in mice with ICH (Yang Z. et al., 2015). The function of TLR4 has been elaborated in detail following ICH in many studies. Therefore, therapeutic strategies targeting TLR4 are relatively promising interventions and may represent future candidates for ICH therapy.

DNA damage motivates the body’s innate immune response. As a DNA sensor, cGMP-AMP synthase (cGAS) can detect the disease-damaged DNA and triggers its downstream stimulator of interferon gene (STING), subsequently phosphorylating interferon regulatory factor 3 (IRF3) to upregulate the production of type I interferon (IFN; Lei et al., 2022). cGAS is a critical regulator of inflammatory and autophagy responses, and Sharma et al. (2020) found that cGAS is upregulated to mediate inflammation through increasing inflammatory genes (Ccl5 and Cxcl10) and autophagy responses via activating the two major autophagy initiators, LC3A and LC3B, in striatal damage of brain. It has been reported that tPA administration augments neutrophil extracellular traps (NETs) markers in the ischemic mice brain cortex and their plasma. DNase I and deficiency of peptidyl arginine deiminase 4 (PAD4), which can inhibit NETs, reversed tPA-mediated upregulation of cGAS.However, cGAMP application suppressed DNase I-mediated antihemorrhagic effects by downregulating the STING and INF in tPA-treated mice following ischemic stroke (Wang et al., 2021). Moreover, Jiang et al. (2021) have elucidated that cGAS knockdown improved M2 phenotype polarization of microglia to attenuate microglial inflammatory response by hindering the cGAS-STING signal axis in mice with stroke, highlighting that such signal axis can be used as a potential therapeutic target. Subsequently, the experiment performed by Shi et al. (2022) also demonstrated that inhibiting the cGAS-STING pathway through a cGAS inhibitor integrated versatile immunosuppressive nanoparticle in microglia contributed to improving an anti-inflammatory phenotype polarization in rats following stroke.

It is well known that c-type lectin-like receptors (CLRs) are mainly expressed in myeloid cells as a family of transmembrane pattern recognition receptors (Drouin et al., 2020). CLRs’ dysregulation results in the production of inflammatory mediators and the development of inflammatory diseases following excessive injury. Microglial macrophage-inducible C-type lectin (Mincle), a critical member in CLRs, widely expressed on antigen-presenting cells (APCs), including macrophages, binds nuclear spliceosome-Associated Protein 130 (SAP130) from necrotic cells to enhance neuroinflammation (Del Fresno et al., 2020; He et al., 2022). After the injury, Mincle and its activated downstream spleen tyrosine kinase (Syk) boost inflammatory gene expression levels in alcohol-induced liver injury mice (Kim et al., 2018). Besides, activated Mincle/Syk signal worsened intestinal mucosal inflammation by enhancing macrophage pyroptosis, and inhibition of the Mincle/Syk signaling pathway displayed a potential therapeutic function to attenuate inflammatory response in Crohn’s Disease (Gong et al., 2020). Furthermore, many investigations have suggested that inhibiting the Mincle/Syk signal axis exerts a neuroprotective role associated with various brain diseases in preclinical research. Different intervention treatments, including Syk inhibitor BAY61-3606, acupuncture, and MSCs engraftment, have been used to attenuate microglia-mediated neuroinflammation by impeding Mincle/Syk signaling pathway in microglia following hemorrhage stroke, ischemic stroke, and traumatic brain injury (TBI; He et al., 2015, 2022; de Rivero Vaccari et al., 2015; Liu X. Y. et al., 2018; Li Y. et al., 2021). According to the above analysis, the Mincle/Syk signaling pathway can be utilized as a promising therapeutical target in ICH.

Although much pre-clinical research has proved the mechanisms against microglial neuroinflammation, there is still a need for further investigation of promising interventions to promote its use in clinical research (Figure 2).
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FIGURE 2. Potential interventions for the neuroinflammation following ICH. Interventions induce the polarization of pro-inflammatory microglia towards the anti­ inflammatory phenotype through different mechanisms, exerting beneficial effects. The mechanisms associated with ICH include the AdipoR1/MC4R-AMPK pathway, JNK-ERR pathway, TLR4 pathway, cGAS-STING pathway, and Mincle-Syk pathway, activation of which enhances the microglial neuroinflammation. After the corresponding intervention inhibits these pathways, the Ml phenotype shifts to the M2 phenotype of microglia.





Therapeutic targets and strategies for microglia-induced neuroinflammation in ICH

Increasing genetic and epigenetic evidence has demonstrated that miRNAs confer crucial functions in regulating gene expression and microglia polarization after ICH (Yang Z. et al., 2018). Yang Z. et al. (2018) found that let-7a regulates microglia M2 polarization at 3 days after ICH in mice by intervening in a target gene named Casein Kinase 2 Interacting Protein 1 (CKIP-1). In this study, overexpressing let-7a lessened the protein expression level of CKIP-1, enhancing microglia M2 polarization (IL-10 and Arg-1) and alleviating the inflammatory response, while inhibiting let-7a augmented the protein expression level of CKIP-1, contributing to microglia M1 polarization (IL-1β and TNF-α). Overexpression of miRNA-7 can restrain TLR4 protein expression level from alleviating the microglia inflammatory response in ICH rats and a lipoprotein-induced microglial inflammation model (Zhang et al., 2018). Further studies have suggested that targeting TLR4 exerted a neuroprotective role in resisting ICH-induced brain injury by impeding the Prx1/TLR4/NFκB signaling axis at 3 days after ICH, providing a promising anti-neuroinflammatory approach for hemorrhagic stroke (Liu et al., 2016). Meanwhile, studies have reported that miRNA-182-5p and miRNA-27a modulate the inflammatory response by targeting TLR4 in a middle cerebral artery occlusion (MCAO) rat model and lipopolysaccharide (LPS)-stimulated microglia respectively (Lv et al., 2017; Wang J. et al., 2018). In their studies, overexpression of miRNA-182-5p and miRNA-27a downregulated the protein expression level of TLR4 resulting in the increase of released inflammatory factors.

Recent evidence has clarified that blockage of miRNA-222 attenuated inflammation in erythrocyte lysate-induced microglia and improved brain water content (BWC), neuropathologic deficits, and inflammatory response in ICH mice. In this study, integrin subunit β8 (ITGB8) was specified as a direct target modulated in the negative by miRNA-222, alleviating inflammation and apoptosis in microglia (Bai and Niu, 2020). Previously, the choline of inflammatory response was inhibited by miRNA-132 by intervening in acetylcholinesterase (AChE). A study by Zhang Y. et al. (2017) found that overexpressing miRNA-132 with an injection of lentiviruses encoding miR-132 into the right caudate nuclei before 14 days inhibited the activation of pro-inflammatory microglia, improved BBB dysfunction, and decreased neuronal loss at day 3 in autologous blood-induced ICH. Additionally, miRNAs, the pivotal mediators in autophagic activation-induced inflammation of microglia, can posttranscriptionally and negatively modulate gene expression and function (Wang et al., 2017). Wang et al. (2017) and Yu et al. (2017a) found that miRNA-144 can enhance hemoglobin-mediated activation of the microglial autophagic inflammatory response by directly targeting mTOR’ 3’ untranslated regions (UTRs) to downregulate the gene and protein expression level of mTOR in a hemoglobin-mediated primary hippocampal microglial cell inflammatory model or autologous blood-induced ICH mice after 24 h. Similarly, miR-124 improved microglia M2 phenotype polarization to alleviate inflammatory injury by targeting the 3’-UTR of C/EBP-α in vitro and in vivo experiments (Yu et al., 2017b). The administration of miR-124 mimics significantly alleviated BWC, neurological deficits, C/EBP-α gene, and protein expression levels compared with those in the injection of miR-124 inhibitor in mice with ICH at 3 days. Furthermore, a similar negative regulation of miR-124 to C/EBP-α in gene and protein expression levels was also observed in transduced microglia with miR-124 mimics or miR-124 inhibitors, which were stimulated with erythrocyte lysates.

Up to now, autophagy is a dualistic function, and it is difficult to assess whether it has harmful or beneficial effects after ICH. Excessive autophagy has been reported to worsen endoplasmic reticulum stress (ERS)-mediated brain impairment at 6 h following ICH. However, autophagy strengthened the protective function of ERS by removing the cell debris at 7 days following ICH-induced SBI in rats (Duan et al., 2017). Tan et al. (2020) have elucidated that enhancing autophagy attenuated oxidative stress damage after ICH via increasing the expression levels of antioxidant proteins; on the contrary, the autophagy inhibitor reversed the neuroprotection after ICH. Recently, some studies showed that autophagy positively modulates inflammation in ICH (Shi et al., 2018; Xiao et al., 2020).

The interleukins (ILs) levels regarding the ICH advancement are modulated through the intervention of microglial functions. Xu et al. (2020) have found that the treatment of intranasal delivery of IL-4 nanoparticles activating the IL-4/STAT6 axis improved extended functional recuperation and hematoma resolution in collagenase- and blood-induced ICH mice models. On the contrary, IL-15, as a pro-inflammatory cytokine, coordinates the homeostasis and microglia immunoreactive intensity after CNS inflammatory occurrences, and upregulation of the expression level of IL-15 in astrocytes exacerbates brain edema, neurological deficits, and microglia inflammatory factors’ expression by mediating the crosstalk between astrocytes and microglia in patients and mice with ICH (Shi et al., 2020). Besides, Yu et al. (2016) have found that an IL-17A-neutralizing antibody in opposition to IL-17A can attenuate microglial activation and block ICH-induced cytokine expression levels, including TNF-α, IL-1β, and IL-6. The study by Shi et al. (2018) further illustrated that microglial autophagy and neuroinflammation could be boosted by IL-17A; utilization of an IL-17A-neutralizing antibody remarkably diminished brain edema and enhanced neurological deficits in mice with ICH; suppressing ATG5 and ATG7, the essential autophagy genes of autophagy, decreased microglial autophagy and inflammation (Yuan et al., 2017). Another study also found that intraventricular injection of IL-33 ameliorated neuronal and white matter damage-induced neurological dysfunction following ICH by promoting the microglia M2 polarization (Chen Z. et al., 2019).

Considerable evidence suggests that NFκB translocates to the nucleus after ICH, which produced pro-inflammatory factors, including TNF-α and IL-6, which respond to the series of pathological changes. It indicates that inhibiting the NFκB signaling pathway through different interventions, such as miRNAs, GATA-binding protein 4, and some Chinese medicines, provides a more available anti-neuroinflammatory strategy and therapy for ICH treatment (Dong et al., 2011; Hu et al., 2011; Liu et al., 2016; Shang et al., 2019; Xu et al., 2019). Therefore, regulation of NFκB activity confers hopeful clinical usefulness in ICH.

Many studies have proved that the inhibition of glycogen synthase kinase-3β (GSK-3β) exerts a neuroprotective function in animal experiments after ICH (Zhao et al., 2017, 2019; Zheng et al., 2017). The inhibition of GSK-3β significantly improved the hematoma resolution and cognitive deficits through the enhancement of microglia phagocytosis and differentiation of M2-phenotype microglia in rats with ICH (Liu Z. et al., 2018; Li R. et al., 2019). The study by Zhao et al. (2019) demonstrated that 6-bromoindirubin-3’-oxime (BIO), utilized as a typical inhibitor of GSK-3β blocking GSK-3βTyr216 phosphorylation, exerted a protective effect against microglia activation-induced neuroinflammation by increasing the number of anti-inflammatory microglia. Besides, it has been shown that LiCl treatment downregulated GSK-3β to decrease the death of mature oligodendrocytes (OLGs) and enhance the expression of brain-derived neurotrophic factor (BDNF; Li et al., 2020).

It has been shown that activation of PPAR-γ by rosiglitazone protected against BBB damage and ameliorated hemorrhage transformation maybe favor microglial polarization toward anti-inflammatory phenotype (Luo et al., 2006; Li Y. et al., 2019). Phagocytosis is necessary to improve the hematoma resolution, which attenuates hemorrhage-induced toxic effects on surrounding brain parenchyma and may be essential for healing following ICH. Zhao et al. (2007) found that PPAR-γ activators remarkably improved PPAR-γ-regulated gene expression, including CD36 and catalase, whereas diminishing pro-inflammatory gene expression, including TNF-α, IL-1β, MMP-9, and iNOS, and neuronal impairment by activating phagocytosis of microglia. Conversely, such phagocytosis function was particularly impeded through PPAR-γ gene knockdown or anti-CD36 antibody following ICH (Zhao et al., 2007). Besides, PPAR-γ activation is also essential for improving the phagocytic capability of the microglia anti-inflammatory phenotype by CD36 (Zhao et al., 2009). Similarly, an exogenous PPAR-γ activator named 15 (S)-hydroxyeicosatetraenoic acid facilitated functional healing and neuroprotection after ICH (Xu et al., 2017). Founded on a thorough fundamental investigation, PPAR-γ activators have been broadly utilized in clinical therapy. Activated PPAR-γ by simvastatin, improving microglia-mediated erythrocyte phagocytosis, and displaying neuroprotective function, has been verified in ICH patients (Chen et al., 2017; Wang Y. et al., 2018).

Matrix metalloproteinases (MMPs) upregulated following ICH symbolize a universal superfamily of structurally associated zinc-dependent endopeptidases and can lessen the extracellular matrix (EM). Activated microglia are involved in MMPs’ synthesis and secretion (Lattanzi et al., 2020). The influence of MMPs on EM collapse initiated through inflammation is a basis of stroke, which has been reported in many studies (Florczak-Rzepka et al., 2012). Wells et al. (2005) studied the function of MMPs in mice with ICH and found that MMP-12 levels were the most elevated. The following experiments showed that MMP-12 null mice demonstrated substantial neurological recuperation of forelimb and decreased reliance on the ipsilateral forelimb relative to WT mice, and more Iba1 immunostaining positive cells conferred with macrophage morphology were conscripted to the injured site in WT mice. This evidence suggests that MMP-12 is harmful and results in the development of SBI following ICH (Wells et al., 2005). Subsequent studies found that MMP-12 expression in the peri-hematoma decreased when given stem cell therapy and minocycline after ICH. Simultaneously, microglia infiltration-induced inflammatory response decreased (Wasserman and Schlichter, 2007; Liang et al., 2014). Therefore, MMP-induced microglial activation has evolved an underlying intervening target for ICH. Minocycline induces activated M1 microglia into the M2 microglia phenotype (Miao et al., 2018). However, Wasserman et al. (2007) found that although minocycline therapy virtually ameliorates the increase of MMP-12 and TNF-α early, its effectiveness is yielded at 1 week. These results suggested that we should be cautious in inferring ICH from the encouraging effects of minocycline therapy in other brain injury decreases (Wasserman et al., 2007). Other studies also found that stem cell therapy significantly reduced microglial infiltration and MMP-12 expression in surrounding hemorrhage sites following ICH (Liang et al., 2014; Chen M. et al., 2015).

Increasing evidence reveals that the released ferrous iron from erythrolysis is a primary pathogenic factor in hematoma after ICH (Li et al., 2022). The iron toxicity-mediated microglial activation pro-inflammatory response is a substantial reason for brain impairment in ICH. Deferoxamine (DFA) is an iron chelator that can penetrate the BBB and binds to iron. Decreasing iron accumulation through intraperitoneal administration of DFA can moderately promote the outcomes and reduce microglial activation after ICH (Wu et al., 2011; Hatakeyama et al., 2013; Hu et al., 2019). As an inhibitor of microglial activation, minocycline can decrease injured brain iron to prevent neuronal death in ICH (Zhao et al., 2011; Cao et al., 2018). Similarly, as an iron chelator having brain permeability, VK-28 can polarize microglia to a microglial M2 phenotype, reduce BWC, decrease white matter injury, and improve neurobehavioral deficits following ICH (Li et al., 2017; Dai et al., 2019). Observational research proved that it is evident that the complicated regulatory system modulated microglia function, comprehending it critically to clarify phenotypic and genotypic deviations and acquire promising therapies following ICH.

More therapeutic targets have now participated in regulating microglial neuroinflammation; however, further pre-clinical investigation is still needed to promote their use in clinical research (Figure 3).
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FIGURE 3. Summary of targets for ICH microglial polarization. Different available interventions can be used to inhibit microglial neuroinflammation. The targets cover signaling pathway proteins, single proteins, genes, and miRNAs. Through modulating these targets, the M1 phenotype of microglia can be switched to the M2 phenotype.






CONCLUSION

This review objectively discusses and assesses the function of microglia activation in modulating ICH-induced brain damage. Increasing evidence suggests that pro- or anti-inflammatory microglia phenotypes have dissimilative functions and meanings, which help us fully comprehend microglia function by regulating related intracellular and extracellular signaling pathways. Moreover, we provide an overall comprehension of cellular and molecular mechanisms responsible for regulating microglia activation after ICH. Although the number of trustworthy clinical trials is reasonably limited and the molecular genetic investigations regarding microglia phenotypic shifts are lacking, our work confers optimistic discernment on a practical intervening approach targeting microglia function in ICH-induced brain injury. Additional studies on therapeutic strategies related to microglia activation-induced neuroinflammation are critical for estimating the possibility of the encouraging treatment noted above.
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Inflammation contributes to amyloid-β and tau pathology in Alzheimer’s disease (AD). Microglia facilitate an altered immune response that includes microgliosis, upregulation of inflammasome proteins, and elevation of matrix-metalloproteinases (MMPs). Studies of cerebrospinal fluid (CSF) and blood in dementia patients show upregulation of two potential biomarkers of inflammation at the cellular level, MMP10 and apoptosis-associated speck-like protein containing a CARD (ASC). However, little is known about their relationship in the context of brain inflammation. Therefore, we stimulated microglia cultures with purified insoluble ASC speck aggregates and MMP10 to elucidate their role. We found that ASC specks altered microglia shape and stimulated the release of MMP3 and MMP10. Furthermore, MMP10 stimulated microglia released additional MMP10 along with the inflammatory cytokines, tumor-necrosis factor-α (TNFα), Interleukin 6 (IL-6), and CXCL1 CXC motif chemokine ligand 1 (CXCL1). A broad-spectrum MMP inhibitor, GM6001, prevented TNFα release. With these results, we conclude that MMP10 and ASC specks act on microglial cells to propagate inflammation.
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Introduction

Fifty-five million people in the world are currently affected by dementia, and this number is predicted to double every 20 years according to the World Health Organization. It will eventually reach 78 million by 2030 and 139 million by 2050 due to a rapidly aging population (Prince et al., 2013). The expected rise in dementia is concerning since patient quality of life is greatly diminished by symptoms, which include agitation, apathy, aggression, psychosis, hallucinations, and delusions. Though the presence of amyloid-β and tau neurofibrillary tangles in the brain are canonical pathological hallmarks of Alzheimer’s disease, these two pathological proteins are often associated with central nervous system inflammation. More specifically, patient samples demonstrate evidence of altered microglial activity and elevated cytokine levels. Such microglial activity includes microgliosis, the upregulation of inflammasome adaptor proteins, and elevated MMP levels (Ueno et al., 2009; Kerkhofs et al., 2020; Scott et al., 2020; Erhardt et al., 2021; Jiang et al., 2021).

The NLRP3 inflammasome is a multiprotein complex that is comprised of the following proteins: NACHT, LRR, and PYD domain-containing protein 3 (NLRP3); the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC); and inflammatory caspase 1 (cysteine-dependent aspartate-directed protease 1) (Latz et al., 2013; Rathinam and Fitzgerald, 2016; Reis et al., 2020; Zheng et al., 2020). The ASC and pro-caspase 1 components of the complex lead to caspase 1 activation that results in the processing of cytoplasmic targets, including IL-1β and IL-18 (Sutterwala et al., 2006; Franklin et al., 2014; Facci et al., 2018; Ribeiro et al., 2020; Scott et al., 2020). The NLRP3 inflammasome complex is predicted to contribute to AD, as it promotes neuroinflammation in response to amyloid-β. Assembled ASC (called ASC speck or pyroptosome) has prion-like activity, and is capable of propagating inflammation between immune cells (Franklin et al., 2014). One important inflammasome adaptor protein, ASC, is elevated in the immune cells of AD patients and is associated with the inflammasome complex (Franklin et al., 2014; Scott et al., 2020). ASC specks recruit and activate caspase-1, which results in 1β (IL-1β) cleavage and pyroptotic cell death (Franklin et al., 2014; White et al., 2017; Scott et al., 2020). Immune cells then release ASC specks into the extracellular space, which can further propagate inflammation by maturing IL-1β and IL-18 (Venegas et al., 2017). Finally, our previous research showed elevated ASC specks in the CSF of patients with tauopathies compared to healthy subjects (Jiang et al., 2021).

While it is still unclear how inflammasome-based maturation of IL-1β is related to another important mediator of inflammation, matrix metalloproteinase (MMPs), previous research suggests that IL-1β stimulates the release of MMP1, MMP9, and MMP13 in chondrocytes (Zhang et al., 2018). Furthermore, MMP1 is also upregulated in fibroblasts in response to IL-1β (Lew et al., 2018). These studies emphasize a likely relationship between inflammasome activation and MMP release. However, how the prion-like ASC speck, an inflammatory protein that is a prerequisite for IL-1β activation, can affect MMP expression is still unknown.

Matrix-metalloproteinases are endopeptidases that are elevated in Alzheimer’s disease (Lorenzl et al., 2003; Rosenberg, 2009; Erhardt et al., 2021). For example, MMP9 and MMP10 are elevated in the CSF of patients with dementia (Lorenzl et al., 2003; Erhardt et al., 2021; Jiang et al., 2021). The elevation of MMPs is notable since they cleave numerous targets including extracellular matrix proteins, G-protein coupled receptors, and tight junction proteins (Yang et al., 2007; Ueno et al., 2009; Yang and Rosenberg, 2011; Allen et al., 2016). The innate immune cells of the central nervous system, microglia, respond to fluctuations in MMP activity. For example, MMP13 and MMP3 both alter the inflammatory profile of microglia (Connolly et al., 2016; Sánchez and Maguire-Zeiss, 2020; Brelstaff et al., 2021). MMP13 exposure changes microglia morphology and proinflammatory protein expression (Sánchez and Maguire-Zeiss, 2020). MMP3 is a stromelysin like MMP10, and can stimulate the upregulation and release of the proinflammatory cytokine TNFα in microglia cell lines (Kim et al., 2005; Connolly et al., 2016). While MMP3 is investigated in this work, it is notably not as novel as MMP10 due to these previous studies.

Though it is well established that both inflammasome adaptor proteins and MMPs contribute to the inflammation documented in Alzheimer’s disease, the relationship between assembled ASC specks and MMP10 has not been investigated in microglia. To that end, we have evaluated the consequences of ASC speck stimulation on primary microglia. After confirming that MMP10 is released in response to ASC specks, we also assessed how MMP10 further perpetuates microglia-mediated inflammation. Here, we report that MMP10 stimulates a pro-inflammatory response in microglia. Overall, our findings have identified the inflammasome as a future therapeutic target to combat MMP mediated inflammation.



Materials and methods


Animals

The use of C57Bl/6j pups for primary microglia culture and all other animal work was performed at the University of New Mexico Health Sciences Center where the protocol for such experiments were approved by the Institutional Animal Care and Use Committee (IACUC).



Culture of ASC-mCerulean macrophages

Inflammasome reporter macrophages stably transduced with constructs for the expression of ASC-mCerulean have been previously described (Heneka et al., 2013; Stutz et al., 2013; Franklin et al., 2014; Jiang et al., 2021). The immortalized macrophages were grown in DMEM (Thermo Fisher) supplemented with 10% v/v Fetal Bovine Serum (FBS; Thermo Fisher Fisher). When cells reached 60% confluence (P8-P12), they were seeded on petri dishes (100 mm; Thermo Fisher Scientific) in preparation for ASC-speck purification.



Purification of ASC specks

ASC-mCerulean expressing macrophages were grown in a 10-mm petri dish and stimulated with lipopolysaccharide (LPS) (250 ng/mL; InvivoGen) for 3 h. Without removing the cell-culture media, macrophages were then activated 1 h with nigericin (20 μM; InvivoGen) as previously described (Fernandes-Alnemri and Alnemri, 2008; Stutz et al., 2013; Franklin et al., 2014). Macrophages were subsequently harvested and lysed in 0.5 mL lysis buffer (20 mM Hepes-KOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 320 mM sucrose) and kept on ice for 30 min. The lysate was subsequently centrifuged for 10 min to remove the bulk nuclei (1500 rpm; Eppendorf Centrifuge 5415 R). The resulting supernatant was transferred to a new tube and diluted with 0.5 mL lysis buffer and 1 mL CHAPS buffer (20 mM Hepes-KOH, pH 7.5, 5 mM MgCl2, 0.5 mM EGTA, 0.1 mM PMSF, 0.1% CHAPS). After dilution, samples were centrifuged for 10 min to pellet the ASC pyroptosomes (5,000 rpm). For further purification, the crude pellet was resuspended in 1 mL CHAPS buffer and subsequently transferred to a new tube when layered over a 40% Percoll cushion (1 mL; 40% v/v Percoll in 2.5 M sucrose) and centrifuged at 14,000 rpm for 10 min as previously established (Stutz et al., 2013). Lastly, the ASC-specks were resuspended in CHAPS buffer for further use in cell culture experiments.



Primary microglia culture

A minimum of five C57BL/6j pups were used for all dissections and experiments, and postnatal (P0-3) mouse pup cortices were used to generate primary microglia cultures (Daniele et al., 2014, 2015; Sánchez and Maguire-Zeiss, 2020). Cortices were dissected, subsequently homogenized, and grown in a T75 flask for 16-21 days in Microglia Culture Media (MCM; 1× Minimal Essential Medium Earle’s (MEM) supplemented with: 1 mM L-glutamine, 1 mM sodium pyruvate, 0.6% v/v D-(+)-glucose, 100 μg/ml Penicillin/Streptomycin (P/S), 4% v/v Fetal Bovine Serum (FBS), 6% v/v Horse Serum). To enrich for microglia, flasks were shaken for 3 h, and the cells of all pups were mixed immediately before plating. Cells were then plated in microglia growth media (MGM) containing 5% v/v Fetal Bovine Serum (MGM; Minimum Essential Medium Earle’s (MEM), supplemented with 1 mM sodium pyruvate, 0.6% (v/v) D-(+)-glucose, 1 mM L-glutamine, 100 μg/mL penicillin/streptomycin, and 5% v/v Fetal Bovine Serum) (Béraud et al., 2011, 2013; Daniele et al., 2014, 2015; Sánchez and Maguire-Zeiss, 2020). For all experiments, microglia were plated in a 24-well format at a minimum density of 5.0 × 104 on sterile glass coverslips (12 mm; Deckglaser).



Stimulation of primary microglia

Primary mouse microglia were exposed to 20 or 40 nM catalytic MMP10 (cMMP10; Enzo), PBS (VEH), 25 μM GM6001 (pan-MMP inhibitor; Tocris) + cMMP10, or the positive control LPS (100 ng/mL; Invivogen) in MGM containing 1% FBS (Thermo Fisher) for 24 h in a volume 0.5 mL MGM (24-well). For experiments with treatment of ASC-specks, cells were untreated or stimulated with macrophage derived ASC speck (43.6 μg/mL) in MGM containing 5% FBS in 0.2 mL MGM (24-well) for 12 h as ASC-specks have been investigated previously at this dose and time-point in microglia (Franklin et al., 2014; Friker et al., 2020). The concentration of the ASC specks was estimated with a Pierce BCA Protein Assay Kit (Thermo Fisher) that was read with the Biotek Synergy H1 microplate reader.



Enzyme-linked immunosorbent assays

The protein levels of mouse TNFα, total MMP-3, and IL-1β were determined with enzyme-linked immunosorbent assays (ELISAs) according to the manufacturer’s instructions (R&D Systems). Briefly, 50 μL of undiluted cell culture media was placed into each well, which were pre-coated with capture antibody. After a 2 h incubation, washes were performed followed by the addition of an enzyme-linked polyclonal antibody specific for the mouse antigen. After a 2 h incubation, washes were conducted again. Wells were incubated with substrate solution for 30 min and immediately read after the addition of stop solution with the Biotek Synergy H1 microplate reader.



Mesoscale discovery

Levels of numerous pro-inflammatory cytokines were quantified with the V-Plex Mouse Proinflammatory Panel 1 Mouse Kit according to instructions provided by the manufacturer with minor modifications (MesoScale Discovery). Briefly, 50 μL of undiluted cell culture media was placed into each well, which were pre-coated with capture antibody. After a 2 h incubation, two washes were performed followed by the addition of a detection antibody for 2 h. Washes were repeated, and plates were subsequently developed and read using the Mesoscale Discovery MESO QuickPlex SQ 120 system.

MMP10 protein levels were measured in murine microglia with the human MMP10 R-plex MesoScale Discovery kit according to instructions provided by the manufacturer (MesoScale Discovery) since tools to detect MMP10 are limited and MMPs are well conserved in mammals (Zhang et al., 2006; Page-McCaw et al., 2007; Page-McCaw, 2008). Minor modifications were made to optimize the kit for cell culture. Briefly, 25 μL of undiluted cell culture media was placed into each well, which were pre-coated with capture antibody. After a 1 h incubation, two washes were performed followed by the addition of a detection antibody for 1 h. Washes were repeated, and plates were subsequently developed and read using the Mesoscale Discovery MESO QuickPlex SQ 120 system. To determine that MMP10 levels were not elevated due to the cMMP10 that was added externally to the media, a sample of alone was spiked with 40 nM cMMP10. The sample was subsequently added to the MSD plate and measured in the exact same way as the conditioned media (without any cells). The amount of exogenous cMMP10 that was detected by the kit was considered background from treatment and negligible compared to the MMP10 measured in the cMMP10 treated cells.

All MSD data was analyzed with Discovery Workbench 4.0. All measurements were performed in three independent experiments. Each experiment had three technical replicates per treatment.



Iba1 immunocytochemistry

Cells were subjected to a 5 min wash with 1× phosphate buffered saline (PBS) and fixed for 20 min with PBS containing 4% (w/v) paraformaldehyde and 4% (w/v) sucrose, pH 7.4 at room temperature. Incubation for 5 min with PBS containing 0.1% (v/v) Triton X-100 was done to permeabilize cells. Microglia were subsequently blocked for 1 h with PBS containing 10% (v/v) goat serum and incubated overnight at 4°C with rabbit Iba-1 (1:750; Wako) in blocking buffer containing 10% goat serum. After incubation with Alexa Fluor 546 goat IgG secondary antibody (1:1000) in PBS containing 0.1% (v/v) triton X-100 and 1% goat serum, cells were counterstained with 4′,6-diamidino-2-phenylindole (DAPI; 13.0 ng/μL) in PBS, followed by two 5 min PBS washes (Daniele et al., 2015; Sánchez and Maguire-Zeiss, 2020). Coverslips were subsequently mounted with Hydromount (Electron Microscopy Services) in preparation for imaging with the Nikon Eclipse Ti-S inverted fluorescent microscope.



Quantification of microglia morphology

Iba1 positive microglia were imaged and analyzed as previously established (Sánchez and Maguire-Zeiss, 2020). Five unique regions from each coverslip were captured at random by a blinded observer. To ensure that all areas of the coverslip were accurately shown, each coverslip was imaged in a snake-like pattern. To quantify cell morphology, Image J software (National Institute of Health) was used. Briefly, image type was transformed to 8-bit, followed by the adjustment of each image to a uniform threshold. Note that threshold was optimized so that the entire area of the whole cell was included. Each cell was then manually selected with the wand tool to collect its measurements. These Image J measurements included whole cell body area, Feret ratio (minimum Feret/maximum Feret), roundness (4 × area/π× major axis2 or inverse of aspect ratio), and circularity (4π × area/perimeter 2). Note that according to ImageJ, maximum Feret is the greatest distance between any two points of a selected object while minimum Feret is the shortest distance. Cells were not included in the analysis if they were Iba1 negative, lacked a nucleus, or had more than one nucleus. A minimum of 3–4 technical replicates (wells) per treatment were used in one independent experiment to evaluate microglia morphology. Values from individual cells is reported here instead since cells are not homogenous in primary mouse cultures. Values from individual cells are represented on the graphs and were used to conduct the statistical tests as described below.



Quantification of microglia phenotype

A blinded observer manually classified microglia phenotype based on the number of processes on each Iba1 positive cell using the images obtained to evaluate morphology. The cells were organized into three categories; rod-like (2–3 processes small cell body), ameboid (large cell body no processes), and complex (4 or more processes) since these categories are based on previously established literature (Ayoub and Salm, 2003; Fernández-Arjona et al., 2017; Martini et al., 2020). This data was used to calculate the number of cells that were not rod-like in each frame or image.



Statistical analysis

All experiments were performed a minimum of three times independently unless otherwise noted. Each experiment contained at least three technical replicates for each treatment group. GraphPad Prism, Version 8 was used to analyze all data. Either a Student’s t-test or one-way analysis of variance (ANOVA) was used to analyze data for all experiments excluding the LPS group, which was used as a positive control. The appropriate statistical test was selected based on the number of groups of interest analyzed. For the comparison of two groups a Student’s t-test was utilized while a one-way ANOVA was employed to compare three experimental groups. Since cells in primary murine cultures lack uniformity, data points shown represent individual cells for morphology as established in previous literature. More specifically, the average value for each well was not used due to this lack of homogeneity (Allen et al., 2016; Hoenen et al., 2016; De Biase et al., 2017; Winland et al., 2017; Abdolhoseini et al., 2019; Svoboda et al., 2019). For every analysis, significance threshold was set at P ≤ 0.05. Data are represented as mean ± SEMS.




Results


Exposure to the inflammasome adaptor protein ASC can induce morphological changes in microglia

Since it is well established that microglia respond to their environment by adopting an ameboid shape in the presence of inflammatory stimuli such as LPS, we wanted to evaluate the impact of enriched ASC aggregates (ASC-specks) on microglia morphology (Torres-Platas et al., 2014; De Biase et al., 2017; Winland et al., 2017). To that end we examined the consequences of ASC-specks treatment on microglial shape 12 h post-treatment. Insoluble ASC-specks cause microglia display a more complex or ameboid shape compared to VEH (Figure 1A). When quantified, ASC-specks display a significantly elevated cell body area, roundness, and Feret ratio. This finding was corroborated since ASC-speck stimulated microglia also display a higher percentage of ameboid or complex cells (Figure 1B).
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FIGURE 1
Aggregated ASC specks alter microglia shape. Iba1 immunocytochemistry was conducted to quantify cell morphology. (A) Microglia were stimulated with ASC specks (43.6 μg/mL) or vehicle (VEH) for 12 h. Microglia structure was visualized with Iba1 (magenta) while the nucleus was stained with DAPI (blue). Microglia that are enlarged are indicated by the white box and shown in the far-right column of each row. (B) Consistent with a modification in shape, ASC speck treatment resulted in a morphological shift in microglia. The experiment was conducted one time with three technical replicates (wells) and the values reported are the measurement from each individual cell; VEH n = 103 cells, ASC speck n = 147 cells, and LPS = 360 cells. The percentage of proinflammatory microglia per frame is also altered by treatment; VEH n = 8 images, ASC speck n = 15 images, and LPS = 15 images). Values are reported as mean ± SEM; Unpaired Student’s t-test compared to VEH; *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.




Microglial exposure to ASC-specks stimulates matrix-metalloproteinases release

Since ASC-specks are elevated in patients with AD and can alter microglial morphology, further studies were warranted. Given that the IL-1β regulates MMP release (Lew et al., 2018), the impact of ASC-specks was evaluated 12 h post-exposure in microglia (Franklin et al., 2014). MMP3 and MMP10 release by primary microglia was measured with ELISA and MSD respectively (Figure 2). Stimulation with ASC-specks (43.6 μg/mL) resulted in the statistically significant release of MMP3 compared to VEH (Figure 2A). LPS served as a positive control for MMP3 release. MMP10 was also elevated upon stimulation of microglia with purified ASC-specks and was significantly higher compared to VEH treated cells based on MSD analyses (Figure 2B). One human plasma sample served as a positive control for the MMP10 measured with MSD. Overall, the elevation in MMPs demonstrated that ASC-specks treatment can stimulate MMP release and that microglia are a source of MMP10.
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FIGURE 2
Purified ASC speck aggregates stimulate the release of MMPs. ELISA and MSD were performed on supernatants derived from microglia after ASC speck or VEH stimulation. (A) Microglia treated with purified ASC specks (43.6 μg/mL) for 12 h increased the release of MMP3 (n = 9 wells/treatment). LPS treated microglia are shown and served as a positive control. (B) MMP10 is also released by these cells as determined by MSD (n = 9–8 wells/treatment). One human plasma sample served as a positive control. The values shown are derived from three independent experiments in which there were three technical replicates, or wells, per treatment. Each independent experiment is shown in the graph and was statistically analyzed together. Values are reported as mean ± SEM; Unpaired Student’s t-test; *P ≤ 0.05.




Microglial stimulation with cMMP10 results in morphological alterations that can be reversed with a pan-matrix-metalloproteinases inhibitor

Since MMP10 is elevated in the central nervous system of dementia patients (Erhardt et al., 2021), the next step was to evaluate the consequences of ASC-specks mediated release of cMMP10 on microglia. To that end, the impact of cMMP10 (40 nM) was assessed by evaluating the shape of murine cortical microglia 24 h post-stimulation (Figure 3). To determine the impact of MMP-inhibition, microglia were also stimulated for 24 h with recombinant catalytic MMP10 (cMMP10; 40 nM) alone or catalytic MMP10 with the pan-MMP inhibitor GM6001. Iba1 immunocytochemistry and ImageJ analyses was used to determine microglia shape as previously described (Sánchez and Maguire-Zeiss, 2020; Figure 3A). cMMP10 induced a statistically significant change in all morphometric measurements, and those alterations were reversed after GM6001 stimulation (Figure 3B). LPS served as a positive control. Whole cell body area, roundness and Feret ratio were higher in vehicle-treated cells compared to cMMP10-stimulated microglia indicative of a rounder appearance (Figure 3B). Lastly, cMMP10 increases the percentage of ameboid or complex microglial compared to VEH. Taken together, changes in these morphological indicate that cells no longer resemble a rod and now have an ameboid shape. These morphological changes were reversed with the pan-MMP inhibitor GM6001, as whole cell area, roundness, and Feret ratio of cells treated with cMMP10 + GM6001 were not significantly different from VEH. GM6001 is not significantly different from VEH (not shown). Overall, these morphological changes indicate a shift in cMMP10-stimulated microglia to a phagocytic shape which likely indicate functional changes in the microglia.
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FIGURE 3
cMMP10 induced morphology changes are reversed in microglia with the pan-MMP inhibitor GM6001. (A) Iba1 immunocytochemistry (magenta) was conducted on microglia to analyze cell morphology after exposure to 40 nM cMMP10 or vehicle (VEH) for 24 h. Microglia that are enlarged are indicated by the white box and are shown in the far-right column of each row. (B) Consistent with a visual change, cMMP10 exposure led to a change in morphological parameters such as whole cell area, roundness, and Feret ratio compared to vehicle treatment; VEH n = 103 cells, cMMP10 n = 340 cells, cMMP10 + GM6001 = 184 cells, and LPS = 360 cells. cMMP10 exposure also increased the percentage of proinflammatory microglia (ameboid or complex); VEH n = 19 images, cMMP10 n = 18 images, cMMP10 + GM6001 = 17 images, and LPS n = 15 images. Notably these changes are reversed by the pan-MMP10 inhibitor GM6001 (no significance compared to VEH). LPS was used as a positive control. Through the experiment was conducted with three technical replicates per treatment, values reported are the measurement from individual cells. When the average of each well is used to perform statistical analysis instead, the trend observed still holds. Values are reported as mean ± SEM; One-way ANOVA compared to VEH; Dunnett’s post-hoc test; ****P ≤ 0.0001.




Microglial exposure to cMMP10 stimulates the release of proinflammatory cytokines

After establishing that microglial morphology is altered by cMMP10 treatment, we sought to better comprehend the functional implications of cMMP10 on cytokine release. To that end, we evaluated the release of proinflammatory proteins twenty-four hours after exposure to cMMP10. A statistically significant increase in the levels of the proinflammatory cytokine IL-6 and chemokine CXCL1 was detected in microglia treated with 40 nM of MMP10, with CXCL1 being released in a dose responsive manner (Figure 4A). TNFα was also observed in microglia upon stimulation with both 20 and 40 nM cMMP10 compared to vehicle-control cells (Figure 4B). Moreover, the release of TNFα was reversed when cMMP10 was incubated with GM6001, as TNFα levels in this group were not significantly compared to VEH (Figure 4B). Note that TNFα release in cells treated with GM6001 alone was undetectable (not shown). In contrast, unlike LPS-induced IL-1β and IL-4 release, stimulation of microglia with either dose of cMMP10 did not result in the secretion of IL-1β or IL-4 secretion (Figure 4C). LPS served as a positive control for the release of all proinflammatory factors shown.
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FIGURE 4
The release of classical proinflammatory cytokines is increased in cMMP10-stimulated microglia. Microglia were exposed to cMMP10 (20 or 40 nM) or vehicle (VEH) for 24 h. (A) Cells stimulated with 40 nM cMMP10, but not 20 nM cMMP10, significantly increase IL-6. These cells also release CXCL1 release in a dose responsive manner to cMMP10. (B) cMMP10-exposed microglia demonstrate higher levels of TNFα in a dose responsive manner compared to VEH treated cells (ELISA; n = 4 wells/treatment). (B) The increase of TNFα following cMMP10 exposure was reversed when cMMP10 was incubated with the pan-MMP10 inhibitor GM6001 (ELISA; n = 3 wells/treatment). (C) cMMP10 is not sufficient to stimulate the release of IL-1β or IL-4. Values reported are representative of one experiment performed with three technical replicates, or wells, per treatment. The experiment was conducted independently two additional times. Values are reported as mean ± SEM; One-way ANOVA compared to VEH; Dunnett’s post-hoc test; ****P ≤ 0.0001, ***P ≤ 0.001, **P ≤ 0.01, and *P ≤ 0.05.




cMMP10 mediated changes on microglia lead to the continued release of MMP10, but not other stromelysins

Since MMP10 activates the release of other MMPs in certain cell types, we wanted to determine if MMP10 stimulates microglial release of stromelysins. More specifically, we wanted to evaluate if cMMP10 could lead to the release of MMP3 or even the autocrine release of MMP10 itself in microglia (Knäuper et al., 1997; Lausch et al., 2009). To that end, first we noted that autocrine-effect and release of MMP10, with an overall increase in the release of MMP10 compared to VEH (Figure 5A). One human plasma sample served as a positive control for MMP10 detection with MSD. In contrast, MMP3 production was not affected when quantified 24 h post-cMMP10 treatment compared to vehicle-treated microglia (Figure 5A). These microglia were capable of releasing MMP3, as LPS-stimulation induced MMP3 release (Figure 5B).


[image: image]

FIGURE 5
Microglia release more MMP10 in response to cMMP10 treatment. ELISAs and MSD were conducted with supernatants collected after exposure to cMMP10 or VEH. (A) Microglia treated with cMMP10 (40 nM) for 24 h increased the release of MMP10 as measured by the MMP10 MSD R-plex (n = 3–4 wells/treatment). One human plasma served as a positive control. (B) Microglial MMP3 release did not occur in response to MMP10 at any dose (n = 4 wells/treatment; no significance). LPS served as a positive control. Values reported are representative of one experiment that had a minimum of three biological replicates, or wells, per treatment. This experiment was performed independently at least two additional times. Values are reported as mean ± SEM; Unpaired Student’s t-test (MSD) or one-way ANOVA compared to VEH (ELISA) Dunnett’s post-hoc test; ***P ≤ 0.001.





Discussion

Matrix-metalloproteinases are elevated in dementia, and downstream consequences of their activity are relevant to consider. Recently, we found that both MMP10 and the assembled inflammasome complex ASC-specks are elevated in the CSF of dementia patients (Erhardt et al., 2021; Jiang et al., 2021). Microglial cell cultures were utilized to characterize the inflammatory consequences of ASC-speck mediated release of MMP10. Importantly, a novel role of the inflammasome-adaptor protein, ASC, and its assembled form (ASC-specks or pyroptosomes), was identified. Here, we show for the first time that assembled ASC-specks can increase the release of MMPs in primary microglia. We found an increase in MMP3 and MMP10 levels of microglia after ASC-specks exposure. We also ascertained the consequences of ASC/inflammasome-mediated MMP10 release on microglia. More specifically, we found that MMP10 stimulation altered microglial phenotype, suggesting that MMP10 sustains inflammation (Figure 6). Its ability to perpetuate continual inflammation is critical to the chronic activation state of microglia observed in disease since it alters their ability to harness autoimmunity (McGeer et al., 1988; Schwartz et al., 2003; McGeer and McGeer, 2008; Perry et al., 2010; Perry and Teeling, 2013).


[image: image]

FIGURE 6
ASC speck-mediated of release of MMP10 may perpetuate inflammation of microglia. We have established that ASC-speck aggregates can stimulate the release of MMP10 in primary microglia. As a result of exposure to MMP10, adjacent microglia will take on a pro-inflammatory state. This phenotype includes altered morphology and the release of inflammatory factors TNFα, IL-6, and CXCL1. In addition to classical proinflammatory cytokines, even more MMP10 is released so that it can act on adjacent microglia to continue the cycle of inflammation since IL-4 is not present. Taken together, these findings suggest that MMP10 perpetuates a chronic inflammatory state. Image created with BioRender.


Our findings indicate that ASC-speck exposure induces morphological changes and stimulates the release of both MMP10 and MMP3 in microglia. The ability of ASC-specks to influence microglia phenotype corroborates previous work. For example, ASC-specks can be released extracellularly and propagate from cell to cell like a prion in the presence of Danger Associated Molecular Patterns (DAMPs) such as amyloid-β and phosphorylated tau (Franklin et al., 2014; Venegas et al., 2017; Jiang et al., 2021). As a consequence, ASC-specks are taken up by adjacent immune cells and trigger a phagocytic phenotype that culminates in the release of IL-1β (Baroja-Mazo et al., 2014; Franklin et al., 2014; Venegas et al., 2017). Taken together, both our findings and previous work suggests that ASC-specks are capable of inducing morphofunctional changes in microglia. Previous literature has also linked the inflammasome to MMP release. IL-1β transcriptionally regulates MMPs, for example MMP13 and MMP9, in multiple cell types (Cheng et al., 2010; Hashimoto et al., 2013; Zhang et al., 2018; Sánchez and Maguire-Zeiss, 2020). IL-1β leads to the release of MMP-1,9,13 in chondrocytes. Furthermore, MMP1 is upregulated by fibroblasts in response to IL-1β.

We also establish that MMP10 stimulation of microglia results in morphological and functional changes through a classical inflammatory pathways regulated by NF-κB such as IL-6, CXCL1, and TNFα (Libermann and Baltimore, 1990; Brasier, 2010; Burke et al., 2014; Daniele et al., 2015). This finding supports previous work that indicate MMPs can stimulate phenotypic changes in microglia. For example, MMP13-stimulation of primary mouse microglia leads to altered shape and the release of TNFα (Sánchez and Maguire-Zeiss, 2020). More relevant to this work, MMP3 is a second example more closely related to MMP10 since it is another stromelysin that is capable of impacting microglia (Connolly et al., 2016; Hu et al., 2016; Brelstaff et al., 2021). Due to the previously established literature related to MMP3, MMP10 was investigated further in our work instead. MMP3 exposure stimulates IL-6 release in AC128 microglial cells and TNFα in BV2 cells (Kim et al., 2005; Connolly et al., 2016). More recently, MMP3 expression has been shown to be a marker of senescent microglia (Brelstaff et al., 2021).

There were other inflammatory factors notably absent after MMP10 stimulation. Often, it has been reported that MMPs can stimulate the release of other MMPs in immune cells (Knäuper et al., 1997; Lausch et al., 2009; Sánchez and Maguire-Zeiss, 2020). For example, in a similar study conducted, microglia released MMP9 in response to MMP13 stimulation (Sánchez and Maguire-Zeiss, 2020). Here we report that MMP10 does not have the capability to release MMP3 in microglia. More specifically, MMP3 was not released by cells though MMP10 was continually released. This finding supports the idea that MMP10 and MMP3 are functionally redundant since they are both stromelysins. Perhaps functional redundancy is why only one stromelysin was released upon MMP stimulation. Furthermore, while microglial activation has been previously viewed to be polarized that view is no longer held. In fact, microglia transcriptomics has established how they can express both proinflammatory and anti-inflammatory molecules at the same time (Chen and Trapp, 2016; De Biase et al., 2017; Li et al., 2021), which is a topic for further investigation given the context of current findings.

IL-1β and IL-4 were also not released by microglia upon cMMP10 stimulation. This finding is consistent with previous work related to MMP-induced inflammation of microglia. MMPs do not necessarily stimulate IL-1β release in microglia, as previously demonstrated with MMP13 (Sánchez and Maguire-Zeiss, 2020). Our finding further supports the possibility that MMP-mediated inflammation is inflammasome independent. However, future investigations can better determine that hypothesis. Furthermore, the absence of IL-4 indicates that the microglia are unable to stimulate a repair response to counteract cMMP10 mediated inflammation. In fact, it shifts microglia to a neuroprotective phenotype by influencing functions such as phagocytosis (Yi et al., 2020; Zhang et al., 2021).

Though inflammatory biomarkers have recently emerged as possible contributors to central nervous system damage, many studies have yet to understand the molecular relationship between proteins elevated in patient samples (Lorenzl et al., 2002, 2003; Annese et al., 2015; Connolly et al., 2016; Sánchez and Maguire-Zeiss, 2020; Erhardt et al., 2021). For example, both inflammasome adaptor proteins and MMPs are elevated in AD (Lorenzl et al., 2002, 2003; Antonell et al., 2020; Erhardt et al., 2021). Overall, the results presented here demonstrate that dementia outcomes may be improved through the pharmaceutical targeting of both MMPs and inflammasome related proteins (Caplan and Maguire-Zeiss, 2018). Though the development of MMP inhibitors has well documented obstacles, it is interesting that we were successful at inhibiting the detrimental effects of this proinflammatory activity with the drug GM6001 (Figures 4, 5). In fact, microglia no longer released TNFα or transformed their morphological phenotype. Both clinically relevant MMP and inflammasome inhibitors warrant further investigation (Allen et al., 2016; Bozzelli et al., 2019; Giriwono et al., 2019). Though this work has described the autocrine effects of MMP10 on microglia, MMP10 target(s) in microglia is yet to be identified. In fact, the TNFα is known to be one of the potential targets of MMP10 cleavage. This is possible given that MMPs are capable of cleaving TNF and that MMP10 stimulation led to the release of TNFα (Könnecke and Bechmann, 2013). One other possible MMP10 target we may study in the future is TREM2 (Guerreiro et al., 2013; Jonsson et al., 2013; Sims et al., 2017; Ulland and Colonna, 2018). TREM2 variants increase the risk of late onset AD by 2–4-fold, and TREM2 is essential to the metabolic shift related to mTOR signaling in inflammatory microglia (Guerreiro et al., 2013; Sims et al., 2017; Ulland and Colonna, 2018). More pertinent to this study, TREM2 protein levels correlate with MMP10 levels in patients with dementia (Whelan et al., 2019). After identification of a target, potential pathways downstream of the target would also be interesting to examine given the molecular mechanisms linked to altered MMP activity in immune cells. More specifically, tau-mediated release of MMP3 results in decreased phagocytic activity in microglia. This occurs through, both the NF-κB and senescence pathways of microglia, providing evidence that MMP10 should be evaluated in a similar context in the future given the findings of this study (Brelstaff et al., 2021). More specifically, pathways of interest would include those related to TLR signaling (MyD88, NF-κB, etc.) phagocytosis (CD68, TREM2, CX3CR1, etc.), and senescence (P19ARF). Given the limitations of in vitro models used in this paper, fully understanding the contribution of specific MMP10 to disease in humans necessitates the use of specific inhibitors and animal models in future studies. For example, MMP10 knockout mice will be used to further corroborate the MMP inhibitor studies. Due to the well-established relationship between IL-1β and MMPs, it is also important to consider that MMP-mediated damage could be prevented by inhibiting inflammasome adaptor proteins. Based on this, future studies will investigate the pathways related to ASC-mediated MMP release. By conducting the proposed investigations, pharmaceutical interventions may be developed in AD.
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Microtubules (MTs) are central components of the neuronal cytoskeleton and play a critical role in CNS integrity, function, and plasticity. Neuronal MTs are diverse due to extensive post-translational modifications (PTMs), particularly detyrosination/tyrosination, in which the C-terminal tyrosine of α-tubulin is cyclically removed by a carboxypeptidase and reattached by a tubulin-tyrosine ligase (TTL). The detyrosination/tyrosination cycle of MTs has been shown to be an important regulator of MT dynamics in neurons. TTL-null mice exhibit impaired neuronal organization and die immediately after birth, indicating TTL function is vital to the CNS. However, the detailed cellular role of TTL during development and in the adult brain remains elusive. Here, we demonstrate that conditional deletion of TTL in the neocortex and hippocampus during network development results in a pathophysiological phenotype defined by incomplete development of the corpus callosum and anterior commissures due to axonal growth arrest. TTL loss was also associated with a deficit in spatial learning, impaired synaptic plasticity, and reduced number of spines in hippocampal neurons, suggesting that TTL also plays a critical role in hippocampal network development. TTL deletion after postnatal development, specifically in the hippocampus and in cultured hippocampal neurons, led to a loss of spines and impaired spine structural plasticity. This indicates a novel and important function of TTL for synaptic plasticity in the adult brain. In conclusion, this study reveals the importance of α-tubulin tyrosination, which defines the dynamics of MTs, in controlling proper network formation and suggests TTL-mediated tyrosination as a new key determinant of synaptic plasticity in the adult brain.
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Introduction

Microtubules (MTs) are part of the cytoskeleton involved in a variety of cellular functions, including cell division, intracellular transport, and cell shape. They form bundles that are particularly prominent in neurons. Since neurons are differentiated cells, the organization of MTs is critically important for the elaborate architecture of axons and dendrites (Dent and Baas, 2014). They play, for instance, critical roles in the formation and maintenance of axonal growth cones during development and in regeneration after injury (Bradke et al., 2012). In neurons, MTs consist of both highly dynamic and stable subpopulations that correlate with neuronal subcompartments. In the axon, a higher percentage of the total microtubule mass is stable compared to the situation in the dendrite (Baas et al., 2016). Beyond this general role in supporting neurite integrity and organelle transport, MTs may be even more actively involved in signal transduction (Dent and Baas, 2014). At the plus-ends of highly dynamic MTs, end-binding proteins (+TIPs) are associated with signaling cascades important for neuronal structure and plasticity (Baas et al., 2016).

Dynamic MTs substantially contribute to modulating synaptic structure and function. In the presynaptic compartment, dynamic MTs control neurotransmission by promoting the transport of synaptic vesicles for neurotransmitter release (Qu et al., 2019). At the postsynapse, which is predominantly localized at dendritic spines in cortical brain regions, the major cytoskeletal element is F-actin (Hotulainen and Hoogenraad, 2010), yet a structural and functional interplay between dendritic MTs and the actin cytoskeleton within spines has been described (Jaworski et al., 2009). Dynamic MTs frequently invade dendritic spines and are important for spinogenesis, synaptic targeting of NMDA receptors, and even synaptic plasticity (Gu et al., 2008; Kapitein et al., 2011; Martel et al., 2016). This is supported by the fact that blocking dynamic MTs by low doses of nocodazole impairs long-term potentiation (LTP) (Jaworski et al., 2009). Consistent with these findings, the transient accumulation of dynamic MTs in hippocampal dendritic spines is necessary for learning and memory processes in contextual fear conditioning, NMDA-dependent memory tasks, and memory discrimination tasks (Uchida et al., 2014; Martel et al., 2016). Although the general importance of dynamic MTs for synaptic function and plasticity has been demonstrated, the detailed molecular mechanisms by which dynamic MTs are regulated in neurons remain mostly elusive.

Post-translational modifications (PTMs) of tubulin subunits increase their diversity and provide potential mechanisms for the functional specialization of MTs (Wloga and Gaertig, 2010). Conserved tubulin PTMs include detyrosination/tyrosination, acetylation, glycylation, and glutamylation (Janke and Bulinski, 2011). Post-translational detyrosination/tyrosination has been described mainly in the nervous tissue. In this process, tubulin at the carboxyl-terminus of the alpha-tubulin subunit can be modified by the cyclic release and re-addition of the tyrosine residue. Two enzymes are involved in these reactions: tubulin tyrosine carboxypeptidase (Aillaud et al., 2017; Nieuwenhuis et al., 2017) and tubulin tyrosine ligase (TTL) (Barra et al., 1988), respectively.

We have previously shown that conventional deletion of TTL blocks neurite extension in vivo and arrests neuronal development, leading to perinatal death (Erck et al., 2005). TTL null embryos showed a disrupted cortico-thalamic loop and impaired layering of the neocortex (Erck et al., 2005). In contrast, in vitro cultured TTL null hippocampal neurons showed accelerated neurite and axonal growth compared with wild-type neurons (Erck et al., 2005). These results were confirmed by TTL knockdown experiments in cultured rat hippocampal neurons, showing a 40% increase in neurite growth and, in contrast, a 35% decrease in neurite growth after TTL overexpression (Prota et al., 2013). Apparently, suppression of TTL in vivo disrupted mechanisms important for the control of neurite outgrowth, but not neurite outgrowth per se (Erck et al., 2005). Thus, the evolutionarily highly conserved tubulin tyrosination cycle in neurons most likely plays a crucial role in neurite formation and microtubule stabilization. Whereas, detyrosinated MTs tend to be rather stable, tyrosination renders them more dynamic (Webster et al., 1987), suggesting that post-translational detyrosination/tyrosination of tubulin might represent a mechanism for modulating MT dynamics not only during neurite growth and stabilization but, beyond this, also in synaptic plasticity. Consistent with this, recent evidence has suggested that modulation of MT dynamics in the adult brain may also be involved in learning processes and memory formation and may be impaired in neurodegenerative diseases, such as Alzheimer’s disease (Dent, 2017).

We, therefore, aimed to investigate how MT dynamics can modulate brain development and control neuronal function in adult mice using conditional deletion of TTL in different mouse lines. Our results suggest that tyrosination of α-tubulin plays a critical role not only during brain development, particularly in cortical regions, but also in functional processes and structural plasticity in mature hippocampal neurons. Knowledge about the detailed role of the tubulin tyrosination cycle controlling MT dynamics during neuronal plasticity could be used in the future to develop new treatment strategies for neurodegenerative diseases.



Materials and methods


Mice

Mice were housed under specific pathogen-free conditions in the animal facility of the Helmholtz Center for Infection Research (Braunschweig, Germany). Animal care and all procedures were performed in accordance with institutional, state, and federal guidelines. The targeting construct was generated using the Gene Bridges’ Red/ET recombination technique and standard protocols (Gene Bridges GmbH, Heidelberg, Germany). Briefly, a loxP site was inserted 494bp upstream of exon 4 using a PGK-neo-loxP template and two primers with a 50-bp homolog for this region. Subsequently, the PCR product was inserted into a 7,130-bp genomic fragment by Red/ET recombination. Subsequently, the selection marker was removed by transformation in 294-Cre Escherichia coli. The second loxP site was then inserted 416 bp downstream of exon 5 using PGK-neo-FRT. After Red/ET recombination, the targeting vector was sequenced and electroporated into embryonic stem (ES) cells. Selected positive ES cell clones were transiently transfected with FLP recombinase to delete the selection marker. One ES cell clone was injected into C57BL/6 blastocysts, resulting in four chimeric males that were used for breeding with C57BL/6 females to allow germline transmission. Heterozygous progenies were backcrossed to C57BL/6 and finally crossed to NexCre (Goebbels et al., 2006) and CaMKIIα-Cre line T29-1 mice (Tsien et al., 1996).

The following primers were selected for genotyping the mice.

[image: image]

Genotyping of conventional TTL knockout mice was performed as previously described (Erck et al., 2003, 2005).

The experiments performed with mice were approved according to animal welfare law in Germany. All protocols used in this project have been reviewed and approved by the local committees at TU Braunschweig and the authorities (LAVES, Oldenburg, Germany 33.19-42502-04-20/3498) according to the national guidelines of the animal welfare law in Germany [“Tierschutzgesetz in der Fassung der Bekanntmachung vom 18. Mai 2006 (BGBl. I S. 1206, 1313), das zuletzt durch Artikel 20 des Gesetzes vom 9. Dezember 2010 (BGBl. I S. 1934) geändert worden ist.”].



Western blotting

To quantify the expression of tyrosinated tubulin in the cortical part and the PSD-95 level as a marker of the excitatory postsynaptic compartment in the cortex and hippocampus of 10-week-old TTLlox/lox/NexCre+ mice and control littermates, Western immunoblotting was performed.

In brief, the mice were deeply anesthetized with CO2 and decapitated. Tissue was isolated and lysed in a buffer containing 25-mM Tris pH 7.5, 1-mM EDTA, 1-mM EGTA, and 1% SDS. Ten-microgram total lysates were analyzed according to standard protocols as previously described (Hosseini et al., 2020). Membranes were incubated overnight at 4°C with an anti-Tyr-alpha-tubulin antibody (1:500, Synaptic Systems Cat# 302 117, RRID:AB_2620047), an anti-alpha-tubulin antibody (1:2,000, Synaptic Systems Cat# 302 411, RRID:AB_2631215), or an anti-PSD-95 antibody (1:1,000, Synaptic Systems Cat# 124 011, RRID:AB_10804286). After washing, the membranes were incubated for 1 h at room temperature with the appropriate secondary peroxidase-conjugated antibodies from Jackson ImmunoResearch. Immunoblots were analyzed by luminometry using a cooled charge-coupled camera (Fuji, Japan) and AIDA software (Raytest, Straubenhault, Germany).



Immunohistochemistry and DiI staining

Ten-week-old TTLlox/lox/NexCre+ mice and control littermates were perfused first with physiological saline containing heparin and then with phosphate-buffered 4% paraformaldehyde (PFA). The brains were carefully dissected and postfixed overnight with the same fixative at 4°C. Fifty-μm-thick coronal and sagittal sections were cut using an HM650V Vibratome (Thermo Scientific, USA). Sections were collected in 0.1-M Tris-buffered saline pH 7.4 (TBS), containing sodium azide and stored at 4°C until further use. For immunohistochemistry, free-floating sections were washed with TBS and blocked with TBS containing 5% normal donkey serum and 0.3% Triton X-100 for 1 h at room temperature. Sections were then incubated overnight at room temperature with primary antibodies diluted in a blocking buffer, including an anti-Tyr-alpha-tubulin antibody (1:500, Synaptic Systems Cat# 302 117, RRID:AB_2620047), an anti-Cre recombinase antibody (1:500, Synaptic Systems Cat# 257 003, RRID:AB_2619968), an anti-MAP-2 antibody (1:500, Synaptic Systems Cat# 188 011, RRID:AB_2147096), and an anti-parvalbumin antibody (1:500, Synaptic Systems Cat# 195 011, RRID:AB_2619882). After washing with TBS, sections were incubated with appropriate fluorophore- or peroxidase-conjugated secondary antibodies (Dianova or Molecular Probes) diluted in TBS containing 2% bovine serum albumin (BSA) for 1 h. Peroxidase-conjugated secondary antibodies were detected by DAB staining (Sigma Aldrich, USA). Cell nuclei were counterstained with DAPI (Sigma Aldrich, USA). Finally, the sections were washed extensively with TBS, rinsed briefly with distilled water, air dried, and mounted on glass slides with Entellan™ in toluene (Merck Millipore, Germany). Images were acquired using a 510 Meta confocal laser scanning microscope (Zeiss, Germany) or an ECLIPSE Ti-E-inverted microscope (Nikon, Japan) with a DS2-MBWc camera (Nikon, Japan). Bright-field images for a brain wave analysis were acquired with an SZX12 microscope (Olympus, Japan) and a DP26 camera (Olympus, Japan). Data acquisition and analysis were performed using LSM software (Zeiss, Germany), NIS elements (Nikon, Japan), or Photoshop.

For DiI staining, brains from the 10-week-old mice were isolated and fixed as described above. After fixation, the brains were washed with PBS. Brain sections (50 μm) were prepared using an HM650V Vibratome (Fisher Scientific™, USA). A series of sections was stained with DiI (1,1’-dioctadecyl 3,3,3’-tetramethylindocarbocyanine perchlorate, Molecular Probes) using the SWITCH (system-wide control of interaction time and kinetics of chemicals) technique (Murray et al., 2015). The sections were imaged using an ECLIPSE Ti-E-inverted microscope (Nikon, Japan) with a DS2-MBWc camera (Nikon, Japan). Image analysis was performed using Fiji software (BioVoxxel). To quantify the area density of the cortico-thalamic neuronal projections, the corrected total fluorescence intensity was measured in each region of interest (ROI), as shown in the representative images (Figure 1G). To quantify the size of the corpus callosum, the area of the medial corpus callosum and lateral corpus callosum (as shown in the representative images, Figure 1H), defined using polygon selection, was measured. Data were normalized to the control group. All slides were coded, and analysis was performed blindly.
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FIGURE 1
Generation of a TTL conditional knock-out mouse line. (A) A schematic overview of the targeted allele and the resulting floxed allele. Exons 4 and 5 (E4 and E5) are flanked with loxP sites, and the neomycin cassette (Neo) was removed by FLP recombinase. The floxed allele shows the resulting genomic DNA structure after Cre-recombinase deletion of Exons 4 and 5, leaving one loxP site. Black arrows indicate the oligos used [see panel (B)]. The indicated HindIII sites were used to determine the genomic structures. FRT: FLP-recognition target. (B) Representative image showing the genomic deletion of the target allele. Genomic DNA was isolated from mouse embryonic fibroblasts (MEFs) transduced to express different amounts of Cre-recombinase/EGFP fusion protein (Cre+). PCR was used to detect the deleted floxed allele [1,805 base pairs (bp)]. The 3,858-bp band corresponds to the PCR product of the non-targeted loxP/loxP allele in non-transduced control cells (Cre-). (C) Schematic representation of TTLlox/lox/NexCre+ mouse generation (the figure was created using BioRender.com). (D) 10-week-old female and male TTLlox/lox/NexCre+ mice displayed lower body weight compared to their control littermates (n = 9–21, unpaired t-test, p < 0.001). (E) An overview of the decreased levels of tyrosinated α-tubulin in the neocortex and hippocampus of TTLlox/lox/NexCre+ mice. Brain sections were immunostained with an antibody against tyrosinated α-tubulin (scale bar = 1 mm). (F) Western blot analysis of cortical extracts from the 10-week-old mice showed an approximately 95% reduction in tyrosinated α-tubulin in the TTLlox/lox/NexCre+ mice compared with the control mice. The relative intensities of the signals were measured by densitometry and normalized to total α-tubulin (n = 4). Representative immunoblots using antibodies against tyrosinated α-tubulin and total α-tubulin are shown. (G,H) Reduced development of cortico-thalamic neuron projections (G) and corpus callosum (H) in brains of TTLlox/lox/NexCre+ mice. Brain sections from the 10-week-old TTLlox/lox/NexCre+ mice and the control littermates were stained using the DiI/SWITCH method. Representative images are shown (overviews are shown as insets, and white boxes indicate a higher magnification area). Measurements of the relative area density of cortico-thalamic neuronal projections and the area size of the corpus callosum (with Fiji) revealed a 32% reduction in the density of cortico-thalamic neuronal projections (G) and a 65% reduction in the size of the corpus callosum in the NexCre + mice compared with the control [(H), see also the asterisk in panel (E), the right panel, n = 3]. Data are presented as mean ± SEM, **p < 0.01 and ***p < 0.001.




Golgi-Cox staining

To investigate the density of dendritic spines, Golgi-Cox staining was performed. For this purpose, the left hemispheres of 4–5-month-old TTLlox/lox/NexCre+ and TTLlox/lox/CaMKIIα–Cre+ mice and control littermates were incubated with the FD rapid Golgi stain kit (FD NeuroTechnologies, Inc., Columbia, SC, USA) according to the manufacturer’s protocol. Hemispheres were then blocked in 2% agar, and 200-μm-thick coronal sections were cut using a vibratome (Leica VT 1,000 S, Germany) and mounted on gelatin-coated glass slides. The sections were then processed for signal development before dehydration through graded alcohols and mounting with Permount (Fisher Scientific, USA). To examine the morphology of hippocampal neurons in Golgi-Cox-stained sections, second- or third-order branching of apical dendrites in CA1 and CA3 and dendrites in the superior and inferior dentate gyrus subregions of the hippocampus (10 cells per animal) was analyzed three-dimensionally (Z-stack thickness of 0.5 μm) using an Axioplan 2 imaging microscope (Zeiss, Germany) equipped with a 63X (N.A. 1) oil objective and a digital camera (AxioCamMRm, Zeiss, Germany). For all selected neurons, spine density per micrometer of dendrites was calculated using the Fiji software (BioVoxxel) on the segments of dendritic branches longer than 60–70 μm that were at least 50 μm from the soma. The total number of spines along the segments of dendritic branches was manually counted by an investigator who was blinded to all experimental groups.



Behavioral experiments

For behavioral assessment, 4–5-month-old TTLlox/lox/NexCre+, TTLlox/lox/CaMKIIα–Cre+ mice, and control littermates were used. All behavioral experiments were performed at the same time of the day during the light period in dim light between 9:00 a.m. and 4:00 p.m. by a blinded experimenter for all groups.


Open-field test

In this study, spontaneous locomotor activity, readiness to explore, and initial screening of anxiety-like behavior were examined with the open-field test, as described previously (Walsh and Cummins, 1976). Briefly, the mice were placed on one side of a white PVC arena (50 cm × 50 cm × 50 cm) for 5 min. The central (30 cm × 30 cm × 30 cm) and core (10 cm × 10 cm × 10 cm) zones of the arena were defined as the middle section. Between each experimental run, the apparatus was completely cleaned with ethanol 70% to reduce odor perception. Movement data, including total distance traveled, average speed, frequency of core visits, and percentage of time the mice spent in the periphery and center zones of the arena, were collected using Video Mot 2 (TSE Systems GmbH, Bad Homburg, Germany) or ANY-maze (Stoelting, USA) behavioral tracking software.



Morris water maze test

To investigate the cognitive behavior of the mice, spatial learning and memory formation were examined using the Morris water maze paradigm. Spatial learning in the Morris water maze is a hippocampus-dependent task that requires animals to find a hidden platform based on visual cues around the pool (Morris, 1984). The maze consisted of a circular pool with a diameter of 160 cm filled with 19–20°C opaque water (titanium dioxide, Euro OTC Pharma). The transparent platform was 10 cm in diameter and hidden 1 cm below the water surface. Before training, a visible platform task was performed as pre-training to ensure that swimming ability and visual acuity were intact in both experimental groups. In addition, this phase was important to allow the animals to become accustomed to the test situation. During this phase, the animals had two trials (maximum 60 s each) per day for three consecutive days to reach the visible platform, changing position during the trials (data not shown). Training was then conducted for 8 days in the Morris water maze, with the invisible platform located in the northwest (NW) quadrant. Each day, the animals were placed in the water for four trials, with different starting points (SW, S, E, and NE) randomly assigned to a 5-min interval between trials. The animals were allowed to swim freely for 60 s or until they reached the platform. Otherwise, they were led to the platform and allowed to sit on it for 20 s. For the qualitative aspects of spatial memory formation during the 8-day acquisition training, the trace map for finding the platform was analyzed as a search strategy. Over time, the mice switched from egocentric strategies independent of the hippocampus, such as scanning, characterized by >75% surface coverage; chaining, characterized by >75% time in a donut-shaped annulus zone; and random swimming characterized by >80% surface coverage, to an allocentric-directed swimming search strategy characterized by >50% time in Whishaw’s corridors (a 40° target corridor) that depends on the hippocampus (Garthe et al., 2009; Garthe and Kempermann, 2013). To assess memory retrieval, three probe trial tests were conducted on the 3rd and 6th days of the acquisition training before the four trials of the training began that day. Another test of reference memory was conducted 24 h after the last day of the acquisition training (Day 9). During the probe trials, the platform was removed and the animals were allowed to swim freely for 45 s.

All data, including escape latency (time to reach the platform), percentage of time spent in the four quadrants of the pool, percentage of time spent in the peripheral (thigmotaxis), donut-shaped annulus (chaining), central circle (scanning), and Whishaw’s corridors (direct search) of the pool, were recorded using Video Mot 2 (TSE Systems GmbH, Bad Homburg, Germany) or ANY-maze (Stoelting, USA) behavioral tracking software.




Electrophysiological experiments

Hippocampi of 4–5-month-old mice were dissected, and 400-μm-thick transverse acute hippocampal slices were cut using a manual tissue chopper. The slices were then immediately incubated in an interface chamber (Scientific System Design) at 32°C for 2 h and continuously perfused with oxygen-enriched artificial cerebrospinal fluid (aCSF, pH 7.2) at a flow rate of 0.5 ml/min. The aCSF contained the following chemicals (in mM): 124 NaCl, 4.9 KCl, 1.2 KH2PO4, 2. MgSO4, 2. CaCl2, 24.6 NaHCO3, 10 D-glucose equilibrated with 95% O2-5% CO2 (32 L/h).

For stimulation, a monopolar, lacquer-coated stainless steel electrode (5 MΩ; AM Systems) was placed in the stratum radiatum of the CA1 region to generate field excitatory postsynaptic potentials (fEPSP) from Schaffer collateral/commissural CA1 synapses. For recording the fEPSP (measured as its initial slope function), an electrode (5 MΩ; AM Systems, USA) was placed in the apical dendritic layer of the CA1 region, and signals were amplified with a differential amplifier (Model 1700, AM Systems). Signals were digitized using a CED 1401 analog-to-digital converter (Cambridge Electronic Design). The slopes of the fEPSPs were monitored during recording.

An input-output curve (afferent stimulation vs. a fEPSP slope) measuring basal synaptic transmission was obtained 2 h after pre-incubation. The intensity of the test stimulation was adjusted so that the slope of the fEPSP was 40% of the maximum fEPSP response. In the TTLlox/lox/NexCre+ and the corresponding control group, long-term potentiation (LTP) was induced by a “strong” tetanization protocol (STET), consisting of three stimulus trains of 100 pulses at 100 Hz (stimulus duration of 0.2 ms/polarity, an intertrain interval of 10 min, total of 300 pulses). Four biphasic 0.2-Hz constant current pulses (0.1 ms/polarity) were used for baseline recording. In TTLlox/lox/CaMKIIα–Cre+ mice and littermate controls, 20 min after baseline recording, LTP was induced by θ-burst stimulation (TBS) with four bursts at 100 Hz repeated 10 times at an interval of 200 ms. This stimulation was repeated three times at an interval of 10 s. In all electrophysiological experiments, only healthy sections with a stable baseline were included in the data analysis. The slope of fEPSPs was measured over time and normalized to the baseline. Data acquisition and offline analysis were performed with the IntraCell software (version 1.5, LIN, Magdeburg, 2000, Germany).



Live-cell imaging

To investigate activity-dependent structural plasticity, organotypic hippocampal slice cultures (OHCs) from the TTLlox/lox mice were prepared on postnatal Day 5 and maintained in an Eagle basal medium (Thermo Fisher Scientific, USA), containing 25% horse serum, 1-mM L-glutamine (Sigma Aldrich, USA), 0.5% glucose, and 25% HBSS (Invitrogen, USA), as previously described (Michaelsen-Preusse et al., 2014). After 72 h of incubation, the antimitotic agent was added for 24 h and removed by a 100% media change, followed by weekly media changes of 50%. At DIV 14, OHCs were transfected with pmApple-N1 (for dendritic spine structural analysis) and pCAG-Cre:GFP plasmids (for TTL deletion) by electroporation of single cells as previously described (Michaelsen-Preusse et al., 2014). DNA constructs were electroporated in HBSS (Invitrogen) at RT with 5 V, 1 mA, and a 220-Hz train.

After 4 days, OHCs were incubated in aCSF (as described above) saturated with 95% O2 and 5% CO2 at 32°C for 20 min in an imaging chamber of the Olympus Fluoview 1000 laser scanning microscope equipped with a UPLFLN 60x water (NA = 1) immersion objective and Olympus Fluoview Ver. 4.0, a software at a constant percentage of laser exposure, with a pixel size of 0.069 μm. The apical dendritic segment of the pyramidal neuron was imaged 20 min before chemical LTP induction (cLTP). Then, cLTP was induced by incubating OHCs in 10-mM glycine (AppliChem, Germany) and 3-μM strychnine (an inhibitory ionotropic glycine receptor blocker) (Sigma Aldrich, USA) in aCSF for 10 min. Then, the cLTP solution was exchanged for aCSF, and the same dendritic segment was imaged again every 20 min for 1 h after stimulation. The density of dendritic spines was analyzed as described above in the Golgi-Cox staining section. In addition, 15 spines along each dendrite were randomly selected for further morphological assessment, and the diameter of the spine head was measured using Fiji software (BioVoxxel) by an investigator who was blinded to all experimental groups.



Statistical analysis

Data were analyzed and plotted using GraphPad Prism 8 (GraphPad Software, Inc., USA) and presented as mean ± SEM. Differences in body weight, dendritic spine density, spine head diameter, relative changes in intensity and size, total distance traveled, average velocity, and number of core visits were examined with a Student’s T-test, whereas a two-way ANOVA test was used for the behavioral and electrophysiological experiments. The Bonferroni multiple comparison correction was used as a post hoc test. The minimum significance value was considered as p < 0.05. The minimum number of animals in all experiments was calculated a priori using G*Power 3.1.9.4 software (Heinrich Heine College, Düsseldorf, Germany). All statistical analyses and n of the different experimental groups were reported in the respective results or figure legends.




Results


Generation of a tubulin-tyrosine ligase conditional knock-out mouse line

Previous findings have shown that full ablation of TTL leads to perinatal death (Erck et al., 2005). Thus, to investigate the role of α-tubulin tyrosination, specifically in adult brain structure and function, a mouse line was generated that allows tissue- and time-specific deletion of TTL. To this end, a targeting vector was created in which the inserted LoxP sites flanked Exons 4 and 5 (Figure 1A; Erck et al., 2003). Deletion of both exons, which contain parts of the active domain as well as the ATP-binding domain (Szyk et al., 2011), therefore, should result in a truncated and inactive TTL product consisting of 157 amino acid residues. The targeting vector was electroporated into embryonic stem cells (ES), and, as confirmed by PCR and Southern blot analysis, two ES cell clones with the correctly integrated targeting construct were obtained. One clone was injected into C57BL/6 blastocysts, resulting in four chimeric males that were used for breeding to enable germline transmission. Heterozygous progenies were backcrossed with C57BL/6 and finally interbred to obtain homozygous TTLlox/lox mice. The mice were born with a normal Mendelian ratio, were fertile, and had no obvious abnormalities or impaired TTL activity. In addition, the TTLlox/lox mice were crossed with conventional heterozygous TTL± mice (Erck et al., 2005) to obtain TTLko/lox mice that support efficient deletion of only one loxed allele.

To demonstrate efficient deletion of the ttl gene, mouse embryonic fibroblasts (MEFs) were isolated from TTLlox/lox cultivars and transduced to induce expression of a Cre recombinase/EGFP fusion protein. Using deletion-specific PCR on transduced MEFs, a unique PCR product was detected only in Cre recombinase-expressing cells (Figure 1B). Western blot analysis failed to reveal a truncated TTL protein product indicative of unstable mRNA and/or protein products (data not shown). Remarkably, a first attempt to generate a conditional TTL knockout mouse line—with an inserted loxP site 109 base pairs upstream of the ATG codon—showed the same lethal phenotype as observed in conventional TTL knockout mice, even before Cre recombinase-dependent excision (data not shown). This suggests that an intact 5′-flanking region within the ttl gene is required for proper TTL expression.



Mice lacking tubulin-tyrosine ligase in the neocortex and hippocampus are viable, albeit with obvious impairments in brain development

Previously, it has been shown that, in conventional TTL–/– embryos, TTL activity is absent in both cortical and thalamic parts of the developing brain, resulting in severe blockade of ascending and descending neuronal projections (Erck et al., 2005). To study cognitive function in the absence of TTL, a mouse strain expressing Cre recombinase under the control of the nex promoter was used to drive TTL deletion only in the forebrain (Figure 1C; Goebbels et al., 2006). In a previous study, the NexCre expression pattern was analyzed using different lacZ reporter mice. The strongest Cre activity was observed in the neocortex and hippocampus, starting around embryonic Day 11.5. Cre-mediated recombination marked pyramidal neurons and mossy fibers of the dentate gyrus but was absent in proliferating neural precursors of the ventricular zone, interneurons, oligodendrocytes, and astrocytes (Goebbels et al., 2006).

In contrast to the conventional TTL knockout mice, the TTLlox/lox/NexCre+ mice were born in a normal Mendelian ratio, and were healthy and fertile. Yet, compared with control littermates (males: 32.45 ± 0.82 g, females: 24.81 ± 0.52 g), adult mice were smaller and had significantly lower body weights [males: 24.28 ± 0.39 g (unpaired t-test: t = 8.48, df = 37, p < 0.001), females: 20.08 ± 0.65 g (unpaired t-test: t = 5.40, df = 25, p < 0.001), Figure 1D].

The efficiency of TTL deletion in Cre recombinase-expressing cells was assessed by immunostaining of tyrosinated α-tubulin. Ten-week-old control mice (TTLlox/lox/NexCre–) showed the expected general immunoreactivity throughout the brain (Figure 1E, the left panel). In contrast, age-matched TTLlox/lox/NexCre+ mice exhibited approximately 95% reduced levels of tyrosinated α-tubulin in the neocortex and pyramidal neurons of the hippocampus (Figure 1E, the right panel). This was also confirmed by Western blotting of cortical extracts from the TTLlox/lox/NexCre+ mice (NexCre-: 136.5 ± 18.70%, NexCre+: 7.97 ± 1.67%, unpaired t-test: t = 6.84, df = 6, p < 0.001, Figure 1F).

In addition, double immunostaining with antibodies directed against Cre recombinase and tyrosinated tubulin (Supplementary Figures 1A,B) revealed the expected Cre recombinase expression pattern in the pyramidal cell layer of the hippocampus but not in granule cells in the dentate gyrus, as well as general immunostaining with tyrosinated α-tubulin in 10-week-old control mice (TTLwt/lox/NexCre+). The same Cre expression pattern was found in the TTLlox/lox/NexCre+ mice, but tyrosinated tubulin immunostaining was largely absent. Only a few cells, most likely NexCre-negative interneurons and astrocytes, were immunopositive for tyrosinated α-tubulin. High levels of tyrosinated α-tubulin were observed in the thalamus, where there are actually no Cre recombinase-expressing cells (Supplementary Figure 1A, the asterisk). Normal levels of tyrosinated α-tubulin were detected in the granule cells of the dentate gyrus (Supplementary Figure 1A, the arrow), most likely due to transient expression of Cre recombinase over time in this area (Goebbels et al., 2006). The described absence of Cre recombinase expression in interneurons of TTLlox/lox/NexCre+ mice was supported by the presence of parvalbumin-positive neurons with strong immunoreactivity for tyrosinated α-tubulin (Supplementary Figure 1C).

To test whether projecting neurons from the cortex in TTLlox/lox/NexCre+ mice were able to find their targets in other brain regions and make contacts, brain slices were labeled with DiI, a fluorescent lipophilic cationic indocarbocyanine dye, using the SWITCH technique (Murray et al., 2015) to visualize neuronal trajectories. In contrast to conventional TTL-deficient embryos, high numbers of projecting axons exiting the cortex were observed in the 10-week-old TTLlox/lox/NexCre+ mice, albeit with an approximately 32% reduction in fiber area density (67.99 ± 1.68%) compared with control littermates (100 ± 3.94%, unpaired t-test: t = 7.48, df = 4, p = 0.0017, Figure 1G).

The development of the corpus callosum begins with the growth of pioneer axons located in the cingulate cortex and crossing the midline at E15.5, followed by neocortical axons crossing at E16.5. The vast majority of axons forming the corpus callosum originate from the neocortical layers II, III, and V (Richards et al., 2004). To examine the integrity of the fiber tracts, coronal sections from the 10-week-old mice were analyzed using the DiI/SWITCH technique as described above. In the TTLlox/lox/NexCre+ mice, the corpus callosum exhibited hypoplasia, a 65% reduction in the area size of the fiber tracts (NexCre-: 100 ± 4.91%, NexCre+: 35.15 ± 7.55%, unpaired t-test: t = 7.19, df = 4, p = 0.002, Figure 1H). In addition, rostro-caudal reduction of the corpus callosum was evident from the absence of midline-crossing fibers at the splenium (see asterisks in Figure 1E and Supplementary Figure 2A). This indicates a developmental arrest of the corpus callosum at Day E16-17 in TTLlox/lox/NexCre+ mice.

In addition, analysis of serial slices revealed a reduction in hippocampal commissure (HC) size leading to midline gap formation in the TTLlox/lox/NexCre+ mice (Supplementary Figures 2B,C).

To reveal details about the late onset of developmental differences between control mice and TTLlox/lox/NexCre+ mice, we analyzed newborn pups to follow the time course of downregulation of tyrosinated α-tubulin. Western blot analysis of cortex lysates from P3 and P5-aged pups showed no apparent reduction in tyrosinated α-tubulin in the TTLlox/lox/NexCre+ mice. Starting at P7 (Supplementary Figure 2D) and even more markedly in the adult mice (Figure 1F), the amount of tyrosinated α-tubulin decreased. Although Cre recombinase expression began at E11.5, resulting in deletion of the TTL gene, a complete loss of tyrosinated α-tubulin was observed much later potentially, indicating a long half-life of the TTL protein. Although the developmental arrest of projecting neurons was already observed at E16/E17, a reduced amount of tyrosinated α-tubulin could not be confirmed by Western blotting at this time point. These results underline the importance of TTL as even a small reduction in tyrosinated α-tubulin, which could not be detected by Western blotting, led to a strong phenotype. In a previous study, hippocampal neurons from conventional TTL knock-out embryos were shown to exhibit accelerated growth of neuronal processes in the first hours after plating (Erck et al., 2005). To investigate this in vivo, dendrite formation was determined in the neocortex of adult TTLlox/lox/NexCre+ mice. In control mice (TTLlox/lox), the peripheral cortex (Layers II and III) was filled with parallel-aligned bundles of microtubules decorated with microtubule-associated protein 2 (MAP-2), a marker for dendrites (Supplementary Figure 2E, the left panel). At the edge of the marginal zone, also called Exner’s plexus, MAP-2 distribution appeared more diffuse. In contrast, the TTLlox/lox/NexCre+ mice showed only a diffuse meshwork of MAP-2-positive structures/microtubules. Neither were oriented dendrites clearly visible, nor was the boundary between the marginal zone and the inner mass of the cortex distinct (Supplementary Figure 2E, the right panel). Thus, neurons from the TTLlox/lox/NexCre+ mice showed altered maturation, and dendrites failed to develop properly in vivo in the absence of TTL.



Increased anxiety and impaired spatial learning in mice lacking tubulin-tyrosine ligase in the neocortex and hippocampus

Recent evidence has shown that microtubules are highly dynamic and play an important role in memory formation. In particular, learning is associated with changes in microtubule turnover and stability, as pharmacological manipulations of microtubule dynamics alter learning and memory processes (Uchida and Shumyatsky, 2015). To investigate the importance of α-tubulin tyrosination for hippocampal function, general locomotor activity and anxiety-related behavior as well as spatial learning were examined in conditional TTL KO mice (Figure 2).


[image: image]

FIGURE 2
Absence of TTL in the neocortex and hippocampus results in impaired cognitive function. (A–D) 4–5-month-old TTLlox/lox/NexCre+ mice compared with control mice traveled a longer distance (A), had a higher average speed (B), a lower number of core visits (C), and spent more time in the periphery and less time in the center zones of the open-field arena (D). (E,F) In the Morris water test, increased escape latency (E) and lower percent time spent in the target quadrant (F) indicate impaired spatial learning and memory formation in the TTLlox/lox/NexCre+ mice compared with the control mice. (G–K) Analysis of learning strategies used during water maze training (G) showed that the TTLlox/lox/NexCre+ mice used a less hippocampus-dependent search strategy and more hippocampus-independent search strategies to find the hidden platform compared with the control mice during 8 days of learning (H–K). Data are presented as mean ± SEM, *p < 0.05 and **p < 0.01, N = 6–8 in each group.


The TTLlox/lox/NexCre+ mice traveled a significantly longer distance (96.42 ± 13.38 m) with a higher average speed (16.07 ± 2.22 cm/s) compared to the control mice in the open field test (distance: 52.95 ± 1.70 m, speed: 8.82 ± 0.28 cm/s) (unpaired t-test: t = 3.75, df = 12, p = 0.002, Figures 2A,B). The TTLlox/lox/NexCre+ mice showed less visits to the core area of the open-field arena (NexCre-: 19 ± 3 times, NexCre + : 9 ± 2 times, unpaired t-test: t = 3.03, df = 12, p = 0.01, Figure 2C) and spent less time in the center and more time in the periphery [two-way ANOVA: Finteraction (1, 24) = 21.64, p = 0.001, Figure 2D]. These results indicate hyperactivity and increased anxiety-related behavior in the TTLlox/lox/NexCre+ mice compared with the littermate controls.

To investigate spatial learning, the mice were trained in the Morris water maze for 8 days. Here, the latency to reach a hidden platform was analyzed to assess spatial learning on consecutive days. As shown in Figure 2E, the swimming time to reach the platform decreased over the course of the 8-day acquisition training in control animals [one-way RM ANOVA F(7,49) = 16.24, p < 0.0001], but not in the TTLlox/lox/NexCre+ mice [one-way RM ANOVA F(7,35) = 1.80, p = 0.12], indicating an impairment in learning. A daily comparison between the two groups showed that the escape latency was significantly higher in the TTLlox/lox/NexCre+ animals than in the control mice during the different training days [two-way RM ANOVA FGenotype (1, 12) = 23, p = 0.0004]. To assess spatial reference memory, the animals were subjected to probe trials without the platform on Days 3 and 6 before the training and 24 h after the last training session on Day 9. The TTLlox/lox/NexCre+ mice spent less time in the target quadrant (TQ) compared to the control animals [two-way RM ANOVA FGenotype (1, 12) = 10.32, p = 0.0075], which was significant at Day 6 (p = 0.026, Figure 2F). Learning impairment can be further revealed by analyzing search strategies during the training (Figures 2G–K). Based on the time spent in the different zones of the pool, including Wishaw’s corridor (direct swimming), a donut-shaped zone (chaining), a central zone (scanning), and the entire area of the pool (random search), the search strategies used by the animals can be divided into (i) a hippocampus-dependent, allocentric strategy (direct swimming, suggesting the formation of a spatial memory) and (ii) hippocampus-independent, egocentric strategies (lack of spatial memory formation), including chaining, scanning, and random search (Figure 2G). Over time, mice learn to use the more efficient allocentric strategy to navigate to the hidden platform (Garthe et al., 2009; Garthe and Kempermann, 2013). The results showed that the TTLlox/lox/NexCre+ mice failed to switch from the hippocampus-independent strategies to the hippocampus-dependent strategy during the training period (Figures 2H,I). Further quantification showed that the TTLlox/lox/NexCre+ mice were significantly less likely to use the hippocampus-dependent strategy (Figure 2J) and more likely to use the hippocampus-independent strategies (Figure 2K) on Days 3, 6, 7, and 8 of the training compared to the control mice [two-way RM ANOVA FGenotype (1, 12) = 18.41, p = 0.001]. Overall, these results show a severe impairment in learning in TTLlox/lox/NexCre+ mice.



Impaired hippocampal long-term synaptic plasticity and reduced spine density in forebrain-specific tubulin-tyrosine ligase knockout mice

To further investigate the cellular basis for the observed memory impairment in the TTLlox/lox/NexCre+ mice we analyzed long-term potentiation (LTP). For this purpose, acute hippocampal slices from 4- to 5-month-old control mice and TTLlox/lox/NexCre+ mice were prepared. LTP was triggered by three stimulus trains (HFS) at the Schaffer collateral/commissural CA3-CA1 pathway, and field excitatory postsynaptic potentials (fEPSP) were recorded in the stratum radiatum of the CA1 hippocampal region (Figure 3A). Before LTP assessment, to evaluate changes in basal synaptic transmission, the dependence of the slope of fEPSPs on stimulation intensity was analyzed in input/output curves (Figure 3B). No differences were found between experimental groups [two-way RM ANOVA F(1,15) = 0.09, p = 0.76, Figure 3B]. This result suggests that basal synaptic transmission was not affected by the deletion of TTL during development. After baseline recording, LTP was induced and strong potentiation was observed in the hippocampus of the control mice. However, in the TTLlox/lox/NexCre+ mice, LTP was severely impaired (Figure 3C), indicating perturbed hippocampal networks.
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FIGURE 3
Absence of TTL in neocortex and hippocampus results in impaired synaptic plasticity and reduced density of dendritic spines. (A) A schematic overview of the location of stimulating and recording electrodes in acute hippocampal slices (the figure was created using BioRender.com). (B) Input-output curves of field excitatory postsynaptic potential (fEPSP) slopes in 7–10 hippocampal slices obtained from both tested groups did not show any significant differences. (C) LTP measurements in acute hippocampal slices from 4 to 5-month-old TTLlox/lox/NexCre+ and control mice showed severe LTP impairment. FEPSPs (normalized to baseline values) from 7 to 10 slices each of the TTLlox/lox/NexCre+ and control mice before and after high-frequency stimulation (HFS) are shown. (D–G) Brains of the 4–5-month-old TTLlox/lox/NexCre+ and control mice were subjected to Golgi-Cox staining, and dendritic spines in hippocampal neurons were counted. Representative examples of dendritic spines in CA1 hippocampal neurons are shown for each group (63×); a scale bar = 2 μm (D). The density of dendritic spines in TTLlox/lox/NexCre+ was lower in the apical dendrites of CA1 (D) and CA3 neurons (E), and in granule cells in the superior (F) and inferior (G) blades of the dentate gyrus compared with the control mice. In each group, 4 mice and 10 dendrites per mouse were analyzed and averaged. (H) Western blot analysis of hippocampus and cortex lysates from the 10-week-old mice showed that (I) PSD-95 levels were reduced in hippocampi of the TTLlox/lox/NexCre+ mice compared with the control mice (J), and this was not the case in the cortex. The relative intensities of the signals were measured by densitometry and normalized to total α-tubulin (n = 3–4). Data are presented as mean ± SEM, **p < 0.01 and ***p < 0.001.


As a next step, spine density was analyzed by the Golgi-Cox method in the TTLlox/lox/NexCre+ and control mice. Changes in dendritic spine density and morphology, indeed, have been shown to correlate with defects in synaptic plasticity and cognitive function in general (Moser et al., 1994). After deletion of TTL, dendritic spine density was reduced in CA1 (Δ29.5%, unpaired t-test: t = 8.65, df = 6, p = 0.0001, Figure 3D) and CA3 (Δ31.8%, unpaired t-test: t = 6.50, df = 6, p = 0.0006, Figure 3E), consistent with the loss of tyrosinated α-tubulin, particularly in hippocampal pyramidal cells (Supplementary Figures 1A,B). Further analysis revealed significantly decreased dendritic spine density in granule cells, which was evident in both suprapyramidal (Δ17.4%, unpaired t-test: t = 4.05, df = 6, p = 0.006, Figure 3F) and infrapyramidal (Δ17.5%, unpaired t-test: t = 3.97, df = 6, p = 0.007, Figure 3G) blades of the dentate gyrus in the TTLlox/lox/NexCre+ mice compared to the controls. Normal levels of tyrosinated α-tubulin were observed in the dentate gyrus, likely due to transient expression of Cre recombinase over time in this area (Goebbels et al., 2006; Supplementary Figure 1A, the arrow). Hence, impaired network formation in cortical input areas of the hippocampus as well as in hippocampal pyramidal cells might negatively affect the entire hippocampal network and, consequently, the granule cells in the dentate gyrus region.

In the dentate gyrus, synaptic contacts are predominantly formed by different systems of afferents, the entorhinal and commissural-associational fibers. It is suggested that a reduction in these afferent fibers leads to a reduction in postsynaptic compartments on dentate gyrus neurons (Geinisman et al., 1992).

The reduced spine density in the absence of TTL suggests a role of TTL in synaptogenesis. Therefore, postsynaptic density protein 95 (PSD-95), a marker of excitatory postsynaptic boutons, was analyzed as well and found to be less abundant in hippocampal lysates from the TTLlox/lox/NexCre+ mice (NexCre-: 85.97 ± 0.43%, NexCre+: 51.80 ± 6.74%, unpaired t-test: t = 4.28, df = 5, p = 0.008, Figures 3H,I). This was not the case in the neocortex (NexCre-: 114.1 ± 10.47%, NexCre+: 94.5 ± 13.63%, unpaired t-test: t = 1.14, df = 6, p = 0.29, Figures 3H,J), indicating a role of TTL more for axonal outgrowth in this region. In summary, deletion of TTL in the hippocampus leads to impaired synapse formation as well as defects in synaptic plasticity and spatial learning.



CA1 pyramidal cell-specific tubulin-tyrosine ligase deletion in the hippocampus reveals an acute role for synaptic plasticity

The results presented so far showed that tyrosination of α-tubulin in the neocortex and hippocampus during development is important for network formation and that forebrain-specific deletion of TTL, therefore, leads to cognitive deficits and impaired synaptic plasticity. In a next step, we were, therefore, interested in whether TTL is also acutely involved in synaptic plasticity processes underlying learning and memory formation in mature neurons. For this purpose, we crossed the TTLlox/lox mice with a specific calcium-calmodulin kinase II (CaMKII)α-Cre reporter mouse line [Tg(Camk2a-cre)T29-1Stl, Figure 4A]. Cre-dependent lacZ reporter expression in this line predominantly showed labeling of the CA1 pyramidal cell layer in the hippocampus, starting during the 3rd to 4th postnatal weeks (Tsien et al., 1996). By this means, developmental defects can be prevented. The TTLlox/lox/CaMKIIα–Cre+ mice were born with a normal Mendelian ratio, were healthy, and fertile. A previous study has shown that target gene deletion was nearly complete at 3 months of age in the hippocampus of CaMKIIα-Cre + mice (Chen et al., 2017). To ensure that the TTL deletion was complete in mature CA1 pyramidal neurons, adult animals at 4–5 months of age were used in this study.
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FIGURE 4
CA1-specific TTL deletion in the hippocampus results in impaired long-term synaptic plasticity. (A) Schematic representation of TTLlox/lox/CaMKIIα–Cre+ mouse generation (the figure was created using BioRender.com). (B) Input-output curves of field excitatory postsynaptic potential (fEPSP) slopes in hippocampal slices obtained from both tested groups did not show any significant differences. (C) Acute hippocampal slices from the TTLlox/lox/CaMKIIα–Cre+ mice showed significantly lower LTP compared with the control mice. FEPSPs (normalized to baseline values) of 21–23 slices each from the TTLlox/lox/CaMKIIα–Cre+ and control mice before and after θ-burst stimulation (TBS) are shown (C). The TTLlox/lox/CaMKIIα–Cre+ mice showed significantly reduced maintenance (T, 75–80 min) of LTP compared with the control mice (D). (E–H) Dendritic spine density in CA1 pyramidal neurons was lower in the TTLlox/lox/CaMKIIα–Cre+ mice compared with the control mice (E), whereas, dendritic spine density in CA3 neurons (F) and granule cells located in the superior (G), and inferior (H) blades of the dentate gyrus showed no significant differences. In each group, 3–4 mice and 10 dendrites per mouse were analyzed and averaged. Data are presented as mean ± SEM, *p < 0.05 and ***p < 0.001.


Prior to the assessment of long-term plasticity, the input/output curves were analyzed to reveal potential deficits in basal synaptic transmission (Figure 4B). The results showed no significant differences between the two groups, indicating that basal synaptic transmission was not affected in the absence of TTL, specifically in CA1 pyramidal neurons [two-way RM ANOVA F(1,40) = 1.03, p = 0.31, Figure 4B]. In a next step, to assess synaptic plasticity, LTP was examined in the TTLlox/lox/CaMKIIα–Cre+ and control mice (Figures 4C,D). For this purpose, after a 20-min baseline recording, θ-burst stimulation (TBS) was used to induce LTP at the Schaffer collateral/commissural CA3-CA1 pathway in acute slices from the TTLlox/lox/CaMKIIα–Cre+ and control mice. Control slices showed robust induction of LTP and a sustained maintenance phase (Figure 4C). In contrast, the TTLlox/lox/CaMKIIα–Cre+ slices showed a significant reduction [two-way RM ANOVA FGenotype (1, 42) = 5.50, p = 0.02, Figure 4C], especially in the maintenance phase of LTP, as shown by the mean value of LTP in the last 5 min of recording (163.2 ± 8.7% in the control slices vs. 138.1 ± 6.3% in the mutant sections, unpaired t-test: t = 2.36, df = 42, p = 0.02, Figure 4D). The impairment in LTP observed in the TTLlox/lox/CaMKIIα–Cre+ mice suggests that postsynaptic plasticity in the mature hippocampus is acutely compromised by loss of TTL.

To investigate the possible cellular mechanism underlying the observed LTP deficit in the TTLlox/lox/CaMKIIα–Cre+ mice, the morphology of neurons in the hippocampus was analyzed by Golgi-Cox staining (Figures 4E–H). As mentioned above, changes in the density of dendritic spines have been shown to correlate with defects in LTP (Moser et al., 1994). Consistent with the predominantly CA1-specific deletion of TTL, only the number of dendritic spines on CA1 pyramidal neurons in the hippocampus of the TTLlox/lox/CaMKIIα–Cre+ mice showed a significant reduction compared with the control mice (Δ25%, unpaired t-test: t = 7.60, df = 5, p = 0.0006, Figure 4E). Dendritic spines in the other hippocampal subregions, including CA3 and dentate gyrus, did not show significant differences compared to the control mice (CA3: Δ0.65%, unpaired t-test: t = 0.15, df = 5, p = 0.88, Figure 4F; DG-superior: Δ2.20%, unpaired t-test: t = 0.39, df = 5, p = 0.70, Figure 4G; DG-inferior: Δ5.60, unpaired t-test: t = 0.81, df = 5, p = 0.45, Figure 4H).

The TTL knockout mice (TTLlox/lox/CaMKIIα–Cre+) were also behaviorally characterized. This was first done in the open-field arena to examine general locomotor activity and assess anxiety-related behavior (Figures 5A–D). Analysis of total distance traveled (Figure 5A), average speed (Figure 5B), number of visits to the core area (Figure 5C), and overall activity and time spent in the peripheral and central zones of the arena (Figure 5D) revealed no significant differences between the TTLlox/lox/CaMKIIα–Cre+ mice and the control littermates [distance, Cre-: 15.45 ± 1.21 m, Cre + : 19.17 ± 1.54 m; unpaired t-test: t = 1.92, df = 10, p = 0.08, Figure 5A; speed, Cre-: 5.38 ± 0.5 cm/s, Cre + : 6.42 ± 0.5 cm/s; unpaired t-test: t = 1.41, df = 10, p = 0.19, Figure 5B; core visit: Cre-: 9 ± 2 times, Cre + : 9 ± 2 times; unpaired t-test: t = 0.018, df = 10, p = 0.98, Figure 5C; activity in the periphery and the center: two-way ANOVA FGenotype (1, 20) = 0.0001, p > 0.99, Figure 5D]. These results show that deletion of TTL in mature CA1 pyramidal neurons alone (TTLlox/lox/CaMKIIα–Cre+) does not alter general behavior as it was observed for the forebrain-specific deletion (TTLlox/lox/NexCre+).
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FIGURE 5
CA1-specific TTL deletion in the hippocampus does not lead to severe impairment of cognitive functions. (A–D) Total distance traveled (A), average speed (B), number of core visits (C), and percentage of activity of mice in the periphery and the center of the open-field arena (D) showed no significant differences between the TTLlox/lox/CaMKIIα–Cre+ and control mice. (E–K) In the Morris water maze test, during the 8-day acquisition training, escape latency significantly decreased in both the TTLlox/lox/CaMKIIα–Cre+ and control groups, indicating spatial learning, but it was not significantly changed between the groups (E). (F) The percentage of time the TTLlox/lox/CaMKIIα–Cre+ and control mice spent in the target quadrant did not show significant differences. (G) Different search strategies, including hippocampus-dependent (direct swimming) and hippocampus-independent (random search, scanning, and chaining), were presented and color-coded (H,I). The TTLlox/lox/CaMKIIα–Cre+ mice used slightly less hippocampus-dependent (J) and more hippocampus-independent (K) search strategies compared with the control mice. Data are presented as mean ± SEM, N = 5–7 in each group.


Previous findings on the involvement of the hippocampus in learning and memory have suggested that different cortical regions and hippocampal CA fields subserve important roles (Suthana et al., 2009). Therefore, the TTLlox/lox/CaMKIIα–Cre+ mice were trained in the Morris water maze (Figures 5E–K). In contrast to the TTLlox/lox/NexCre+ mice, swimming time to reach the hidden platform significantly decreased in both the TTLlox/lox/CaMKIIα–Cre+ [one-way RM ANOVA F(7,28) = 4.34, p = 0.002] and control mice [one-way RM ANOVA F(7,42) = 4.66, p = 0.0006] during the 8-day acquisition training. The learning performance of the TTLlox/lox/CaMKIIα–Cre+ mice did not differ from the control animals [two-way RM ANOVA FGenotype (1, 10) = 4.58, p = 0.057, Figure 5E]. The reference memory tests on Days 3, 6, and 9 showed also no significant differences in time spent in the target quadrant between the TTLlox/lox/CaMKIIα–Cre+ and control mice [two-way RM ANOVA FGenotype (1, 10) = 0.042, p = 0.84, Figure 5F]. Evaluation of the respective search strategies showed that the hippocampus-dependent search strategy increased over time, whereas, the hippocampus-independent search strategies decreased in both the control and TTLlox/lox/CaMKIIα–Cre+ mice (Figures 5G–I). However, the TTLlox/lox/CaMKIIα–Cre+ mice showed a slight reduction in the usage of hippocampus-dependent strategies (Figure 5J) and, instead, used more the hippocampus-independent strategies (Figure 5K) compared with the control animals; however, this was not significant [two-way RM ANOVA FGenotype (1, 10) = 3.05, p = 0.11]. These results suggest that the specific deletion of α-tubulin tyrosination in mature CA1 pyramidal neurons does not lead to severe impairments in spatial learning, in contrast to observations in the TTLlox/lox/NexCre+ mice, in which abnormalities of the entire brain network, including incomplete development of the corpus callosum and anterior commissures due to axonal growth arrest, can be observed.



Deletion of tubulin-tyrosine ligase in single cells in hippocampal slice cultures shows a crucial role for activity-dependent spine structural plasticity

To even further characterize the acute role of TTL for synaptic plasticity at the single-cell level, we used TTL deletion in organotypic hippocampal slice cultures. Slice cultures (OHCs) were obtained from the TTLlox/lox mice at postnatal Day 5 and then transfected with pmApple-N1 and pCAG-Cre:GFP plasmids at days in vitro (DIV) 14 using single-cell electroporation as described previously (Michaelsen-Preusse et al., 2014). By this means, we were able to avoid defects resulting from improper synapse development (Figure 6A). Electroporation of single cells with the pCAG-Cre:GFP plasmid resulted in expression of Cre recombinase fused to GFP in TTLlox/lox cells in OHCs. Further transfection of the cells with the pmApple-N1 plasmid allowed detailed visualization of neuronal structure. The cells expressing only mApple were used as controls (Cre-) (Figure 6A). To elucidate the role of α-tubulin tyrosination in activity-dependent structural plasticity of dendritic spines, NMDAR-dependent LTP was induced by administration of 10-mM glycine for 10 min and 4 days after transfection (chemical LTP, cLTP). Glycine-induced cLTP is reported to result in a significant increase in synaptic efficacy that is comparable in many aspects to the long-term potentiation induced by θ-burst stimulation (Fortin et al., 2010; Michaelsen-Preusse et al., 2016). Spines located at the proximal apical dendrites of pyramidal neurons were imaged before and 60 min after cLTP induction. Assessment of dendritic spine density showed that, in line with our in vivo data, also, acute depletion of TTL in Cre + cells resulted in a significant reduction in the number of dendritic spines compared with control Cre- cells [two-way ANOVA FGenotype (1, 12) = 7.61, p = 0.01, Figure 6B]. In both control and TTL-depleted single neurons, cLTP induction did not trigger new spine formation, as the number of dendritic spines before and 60 min after cLTP was comparable in each group [two-way ANOVA FTime after cLTP (1, 12) = 0.15, p = 0.70, Figure 6B]. In line with the results described above, indicating a role for TTL in plasticity processes, we found that spine structural plasticity was disrupted in TTL-deficient neurons (Figure 6C). Sixty min after cLTP induction, Cre- control neurons showed a significant increase in a spine head diameter (unpaired t-test: t = 2.48, df = 6, p = 0.04, Figures 6C,D). In contrast, positive spine structural plasticity was not detectable in the absence of TTL (unpaired t-test: t = 0.70, df = 6, p = 0.50, Figure 6C). These experiments demonstrate that tyrosination of α-tubulin at the postsynapse is important for structural plasticity processes.


[image: image]

FIGURE 6
Single-cell deletion of TTL in hippocampal slice cultures impairs activity-dependent structural plasticity. (A) Schematic representation of single-cell deletion of TTL in hippocampal slice cultures derived from TTLlox/lox mice at postnatal Day 5. Cells were transfected with pmApple-N1 and pCAG-Cre:GFP plasmids by single-cell electroporation (a scale bar = 20 μm) (the figure was generated using BioRender.com). (B) Assessment of dendritic spine density showed that acute depletion of TTL in Cre + cells resulted in a significant reduction in the number of dendritic spines compared with control Cre- cells, but cLTP induction did not trigger new spine formation (N = 4 in each group). (C,D) Sixty minutes after cLTP induction, Cre- control neurons showed a significant increase in a spine-head diameter, which was not the case in Cre + cells lacking TTL (C). Representative examples of dendritic spines in Cre- control cells before and after cLTP induction are shown (60×); scale = 2 μm (D). N = 4 cells in each group and 15 spines along each dendrite were randomly selected, measured, and averaged for head diameter assessment. Data are presented as mean ± SEM, *p < 0.05.





Discussion

Microtubules have pleiotropic roles in various cellular processes, and posttranslational modification (PTMs) of tubulin is one of the main factors modulating their diverse function as it results in a specific microtubule surface pattern known as the “tubulin code.” Yet, the detailed physiological role of this code remains poorly understood (Janke and Bulinski, 2011; Janke and Magiera, 2020). The first tubulin PTM was described as an RNA-independent enzymatic incorporation of tyrosine observed mainly in neuronal cells (Song et al., 2015). In neurons, both detyrosinated and tyrosinated tubulins have been shown to be distributed in patches along axonal MTs, with detyrosinated tubulins enriched in proximal segments of axon shafts and tyrosinated ones in growth cones (Brown et al., 1993). Detyrosinated MTs are resistant to degradation, whereas tyrosination of α-tubulin has been defined as a marker for dynamic MTs. Indeed, the distal regions of neurites are predominantly tyrosinated (Moutin et al., 2021). In this study, we were interested whether this modification might be important for development but, moreover, also, for neuronal plasticity processes. A crucial role during early development was suggested by our previous results in TTL-null mice that died within 24 h of birth with respiratory problems, ataxia, and severely altered neuronal morphologies (Erck et al., 2005). It was later determined that the severe perinatal mortality in the TTL-null mice may be related to alterations in neurite formation, axon guidance, and increased Rac1 signaling (Marcos et al., 2009). We now aimed to investigate the detailed role of detyrosination/tyrosination PTM both during forebrain development and in mature neurons using conditional deletion of TTL at different time points and in different brain regions.

Tubulin-tyrosine ligase deletion in post mitotic glutamatergic projection neurons in the neocortex and hippocampus exploiting the Nex promoter resulted in pronounced effects on network formation. The development of the cortico-thalamic loop appeared to be reduced, but correct synaptic connections were formed between the TTL-deficient cortical neurons and the TTL-positive-projecting thalamic neurons. This suggests that, although deletion of the TTL gene by NexCre begins at E11.5 (Goebbels et al., 2006), the effects on growth of cortical or thalamic axons, which begins at E13 (López-Bendito and Molnár, 2003), are limited. On the other hand, we defined a developmental arrest at E16/E17, manifested by reduced formation of projecting axons in the developing corpus callosum and ventral commissures. Remarkably, using Western blot analyses, we observed a reduction in α-tubulin tyrosination only from postnatal Day 7. Thus, we conclude that cortical neurons forming the cortico-thalamic loop or callosal projections, such as the corpus callosum, begin projecting before TTL protein is completely absent and that cortical neurons forming the ventral commissures later in development do not project because of the complete loss of TTL at this time point. Previously, it has been shown that in vitro isolated TTL-deficient hippocampal neurons initially grow faster, develop multiple axons, and are more branched (Erck et al., 2005). This is in marked contrast to the in vivo data, where normal axon formation, e.g., by the corpus callosum in both hemispheres in the TTLlox/lox/NexCre+ mice, was drastically reduced. Apparently, suppression of TTL disrupted mechanisms essential for controlling neurite outgrowth, but not neurite outgrowth per se (Erck et al., 2005). Furthermore, previous findings showed that initiation of neurite outgrowth in vitro is generally not dependent on microtubule assembly. In neuronal cultures treated with taxol, processes formed despite inhibition of the microtubule assembly, maintenance of stable acetylated alpha-tubulin, and the absence of dynamic tyrosinated alpha-tubulin. These results suggest that the initial steps of neurite formation do not depend on the microtubule assembly and suggest that microtubules assembled in the cell body may be translocated to developing neurites as they form (Smith, 1994). However, further experiments are needed to fully uncover the underlying mechanism.

Behavioral analysis showed that the TTLlox/lox/NexCre+ mice exhibited hyperactivity and anxiety-related behaviors. Indeed, healthy neuronal function and proper network formation are crucial events based on normal cytoskeletal organization and dendritic branching. Immunoreactivity of microtubule-associated protein 2 (MAP-2) has been shown to be reduced in the hippocampus and prefrontal cortex of postmortem tissue from patients with schizophrenia (Shelton et al., 2015). Moreover, several features of mouse models associated with schizophrenia, such as anxiety, cognitive deficits, hyperactivity, social impairments, and glutamatergic transmission, are due to genetic deletion of MAPs (Bonini et al., 2017). Additionally, a knock-out model for MAP1B resembles the phenotype of the conventional TTL knock-out mouse in terms of impaired formation of the corpus callosum, thalamo-cortical loop, and hippocampal and anterior commissures (Del RíO et al., 2004). These observations support the idea that tyrosinated α-tubulin is a downstream target for phosphorylated MAPs. Our results also demonstrate the diffuse and reduced immunoreactivity of MAP-2 in the neocortex of TTLlox/lox/NexCre+ mice. This underscores previous findings that attention deficits and hyperactivity disorders may be due to delayed establishment of corticolimbic circuitry or impaired dopamine neurotransmission (Drerup et al., 2010).

Moreover, stathmin has been shown to affect microtubule dynamics by promoting microtubule depolymerization or preventing polymerization of tubulin heterodimers, potentially regulating anxiety, fear, and learning (Uchida et al., 2014; Uchida and Shumyatsky, 2015). STMN1 KO mice exhibited anxious hyperactivity, impaired object recognition, and lower levels of neutral and social exploratory behavior at the baseline compared with wild-type mice (Nguyen et al., 2019). This suggests that changes in microtubule dynamics due to inhibition of the post-translational modifications may trigger a hyperactivity phenotype.

In addition to hyperactivity, the TTLlox/lox/NexCre+ mice showed severe impairment in spatial learning and decreased use of hippocampus-dependent search strategies in the water maze test. It has been shown that the synaptic events required for the consolidation of memory traces in cortical networks require time-dependent, coordinated, and correct hippocampal-cortical interactions, but the underlying mechanisms remain unclear (Frankland et al., 2001; Lesburguères et al., 2011). Furthermore, decreased expression of MAP-2 and resulting dystrophic neurites can be found associated with impaired learning and memory formation in Alzheimer’s disease models (Ma et al., 2014). Apart from the maldevelopment of hippocampal and cortical circuits in TTLlox/lox/NexCre+ mice, which are most likely responsible for the observed deficits in spatial memory formation, the proper transport of organelles and synaptic components, including vesicles containing glutamate receptor subunits and other cargoes, to postsynaptic sites along MTs crucial for learning and memory formation (Setou et al., 2000) might be impaired in these mice.

In line with the severe deficits in spatial learning in forebrain-specific TTL knock-out mice, our results showed that long-term synaptic plasticity was also severely impaired as indicated by decreased LTP and reduced dendritic spine density after deletion of TTL in TTLlox/lox/NexCre+ mice. Basal synaptic transmission was not affected, which might point toward potentially compensatory mechanisms due to chronic loss of TTL, leading to a normal steady-state level of synaptic ligand-gated ion channel expression.

Furthermore, our results showed that PSD-95 levels were decreased in the neocortex and hippocampus of these mice. In general, three groups of proteins have been described that can discriminate between microtubules enriched in either tyrosinated or detyrosinated α-tubulin: (i) microtubule + TIP-binding proteins (Steinmetz and Akhmanova, 2008), (ii) microtubule-destabilizing proteins (Peris et al., 2009), and (iii) molecular motor proteins (Konishi and Setou, 2009). Of these, the microtubule + end-binding protein EB3 regulates dendritic morphology by directly interacting with PSD-95, and local accumulation of PSD-95 in spine heads directs dynamic microtubules into these spines (Hu et al., 2011). It can be hypothesized that a large pool of stable detyrosinated microtubules is present in the dendrites of TTL-deficient neurons and that highly motile microtubules, which can enter spines during the induction of synaptic plasticity, for instance, are sparse or completely absent. This may explain the observed reduction in PSD-95 protein levels in TTLlox/lox/NexCre+ mice and the resulting lower density of dendritic spines, as well as the impaired LTP after deletion of TTL.

The results obtained from the TTLlox/lox/NexCre+ mice revealed the importance of α-tubulin tyrosination for the proper formation of the cortical-hippocampal network. To also understand the acute role of this PTM in synaptic plasticity, we used the T29-1 CaMKIIα-Cre mouse line to specifically remove TTL from the CA1 pyramidal cell layer of the hippocampus in the third to fourth postnatal weeks, and, therefore, after networks are already established (Tsien et al., 1996). Intriguingly, CA1-specific deletion of TTL in the TTLlox/lox/CaMKIIα–Cre+ mice also resulted in impaired Schaffer-collateral LTP and decreased spine density in hippocampal CA1 neurons, indicating a role also for synaptic integrity and synaptic plasticity in the adult brain. It can be concluded that the tyrosination status of α-tubulin is not only important for brain development but also plays an essential role in basal brain function as well as plasticity processes in the adult CNS.

In contrast to TTLlox/lox/NexCre+ mice, in TTLlox/lox/CaMKIIα–Cre+ mice, mainly, the maintenance phase of LTP is impaired. The specific role of tyrosination/detyrosination posttranslational modification of the microtubule for the induction and maintenance phases of LTP yet needs to be elucidated. It has been shown that stathmin is dephosphorylated in the early phase, which enhances its microtubule-destabilizing activity by promoting stathmin-tubulin binding, whereas, these processes are reversed in the late phase, leading to an increase in microtubule/KIF5-mediated localization of the GluA2 subunit of AMPA receptors to synaptic sites (Uchida and Shumyatsky, 2015). In the first 8 h after learning, changes in phosphorylation of stathmin undergo two phases that lead to biphasic shifts in microtubule stability/instability. These shifts, in turn, regulate memory formation by controlling synaptic transport of the GluA2 subunit of AMPA receptors in the second phase (Uchida and Shumyatsky, 2015). Therefore, altered microtubule stabilization in CA1 neurons could, indeed, affect the localization of the GluA2 subunit of AMPA receptors to synaptic sites, which, in turn, could affect the late phase of LTP.

For further confirmation of the importance of the tubulin codes, we additionally investigated the role of TTL in activity-dependent spine structural plasticity in hippocampal slice cultures. Indeed, loss of TTL in cultured hippocampal neurons led to an impairment of spine structural plasticity after cLTP induction. Overall, these results confirm the fact that dynamic MTs targeting spines are important for activity-dependent changes in synapse structure and function. The dynamics of MTs are necessary for the transport of cargoes required for signal transduction by kinesin and dynein along MTs to the dendrite spine head (Dent, 2017). Spine entry of dynamic microtubules is triggered by N-methyl-D-aspartic acid (NMDA) receptor activation and calcium influx and requires dynamic actin remodeling (Schätzle et al., 2018). Therefore, these results may also highlight the direct importance of α-tubulin tyrosination for actin microtubule crosstalk in orchestrating synaptic function and plasticity. Despite the impairments in functional plasticity in TTLlox/lox/CaMKIIα–Cre+ animals, they did not show behavioral or cognitive impairments. This might be, indeed, expected as the knock out was confined to the CA1 region only and did not alter hippocampal function in total. However, the trend toward a reduction in hippocampus-dependent search strategies that we observed in the TTLlox/lox/CaMKIIα–Cre+ mice is consistent with the fact that the CA1 region is strongly involved especially in the allocentric encoding of spatial information (Suthana et al., 2009).

In summary, TTL activity is a prerequisite for proper cortical development and function. Loss of TTL has been shown to be associated with an imbalance of tyrosinated and detyrosinated pools of α-tubulin resulting in reduced MT dynamics and subsequent dyslocalization of microtubule-binding proteins and arrest of neuronal growth (Erck et al., 2005; Gu et al., 2008). Our data support the finding that mutations in tubulins lead to brain malformations and can be associated with various brain disorders and diseases (Moutin et al., 2021). In fact, in neurodegenerative processes, the content of detyrosinated/tyrosinated tubulins has been shown to be altered in neurons and may be an early marker of disease development (Zhang et al., 2015). The tubulin code as generated by post-translational modifications of tubulins is thus an important intrinsic cue for proper neuronal integrity and function. We found that the α-tubulin tyrosination cycle provides the molecular and structural basis for fine-tuning neuronal connectivity and is a novel key component of synaptic plasticity and memory formation.
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Neurological degeneration after neuroinflammation, such as that resulting from Alzheimer’s disease (AD), stroke, multiple sclerosis (MS), and post-traumatic brain injury (TBI), is typically associated with high mortality and morbidity and with permanent cognitive dysfunction, which places a heavy economic burden on families and society. Diagnosing and curing these diseases in their early stages remains a challenge for clinical investigation and treatment. Recent insight into the onset and progression of these diseases highlights the permeability of the blood–brain barrier (BBB). The primary factor that influences BBB structure and function is inflammation, especially the main cytokines including IL-1β, TNFα, and IL-6, the mechanism on the disruption of which are critical component of the aforementioned diseases. Surprisingly, the main cytokines from systematic inflammation can also induce as much worse as from neurological diseases or injuries do. In this review, we will therefore discuss the physiological structure of BBB, the main cytokines including IL-1β, TNFα, IL-6, and their mechanism on the disruption of BBB and recent research about the main cytokines from systematic inflammation inducing the disruption of BBB and cognitive impairment, and we will eventually discuss the need to prevent the disruption of BBB.
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Introduction

Aging body is vulnerable to chronic inflammatory conditions that cause neurological degeneration in the central nervous system (CNS), such as Alzheimer’s disease (AD) (Ju and Tam, 2022). These diseases are frequently associated with high mortality and morbidity and with permanent cognitive dysfunction, which are commonly considered a significant economic burden on society and on the families of patients. The difficulties faced in resolving these clinical problems are related to the inability of the damaged and degenerated nerve cells to repair themselves (Ren et al., 2018). Although recent research indicates that necrotic foci can be replaced by proliferative neural stem cells (NSCs) (Kuhn and Svendsen, 1999), the number and scale of the NSCs cannot make up for the entire injury to the CNS, and strategies for curing neurological diseases in the clinic remain far off. Interestingly, recent research finds that these diseases share a key pathological feature, namely, the disruption of the blood–brain barrier (BBB) (Sweeney et al., 2019; Gold et al., 2021). The disruption of BBB can be detected before the onset of neurodegeneration, and the repairing of BBB after neurodegeneration can be beneficial for the disease (Liebner et al., 2018). Therefore, studying the biological and pathological features of BBB may be a useful target for future diagnosis and treatment.

A primary cause to disrupt the BBB is uncontrolled inflammation after injuries or diseases. Under this condition, the abnormal increasing pro-inflammatory cytokines such as TNFα (Chen et al., 2019), interleukin-1beta (IL-1β) (Hauptmann et al., 2020), interleukin-6 (IL-6) (Yang et al., 2017, Yang J. et al., 2020), interferon-γ (INF-γ) (Bonney et al., 2019), and inducible nitric oxide synthase (iNOS) (Smith et al., 2018) can compromise BBB permeability and induce or deteriorate neurological disorders which make the regulation of inflammation more difficult (Ren et al., 2020). In addition, although BBB structure becomes compromised with aging, leaving patients vulnerable to neurological diseases such as AD (Huang et al., 2020), the main inducer to disrupt the BBB is the abnormal increasing inflammatory cytokines after injuries or diseases.

Moreover, most research focus only on the primary diseases or injuries of the brain inducing the dysfunction of BBB and thus CNS impairment, but few on the peripheral injuries leading to that. Our previous studies indicated that peripheral burns and traumatic surgical wound could induce the dysfunction of BBB and thus cognitive impairment through IL-6 and IL-1β (Yang et al., 2017, Yang J. et al., 2020). As a result, regulating inflammatory factors from assaulting the BBB is crucial for curing neurological diseases. In this review, we will systematically discuss how these pro-inflammatory cytokines assaulting on BBB.



The structure and biomechanisms of blood–brain barrier

In contrast to the peripheral vasculature, the vessels in the brain possess a highly selectively permeable barrier, BBB, that protects the CNS from potential toxins, pathogens, and so on. Only small lipid-soluble molecules <400 Da and with fewer than nine hydrogen bonds can independently cross the BBB via lipid-mediated diffusion (Padden et al., 2007; Segarra et al., 2021). BBB comprises a tightly sealed monolayer of brain endothelial capillaries (Ohtsuki and Terasaki, 2007) containing cell types such as brain microvascular endothelial cells (BMECs), pericytes (PCs), astrocytes (ACs) end feet, microglia, and neurons (Figures 1A,B; Bazzoni and Dejana, 2004). Molecules between the blood circulation and the brain parenchyma through BBB by two ways include transcellular vesicular transport (transcytosis) and paracellular pathway. BMECs are connected to one another by tight junctions (TJs) and adherens junctions (AJs) (Hawkins and Davis, 2005), which regulate the paracellular permeability of BBB (Bazzoni and Dejana, 2004). TJs include the endothelial-specific claudin family member claudin-5 (Cldn5) and occludin (Ocln), which are linked to the cytoskeleton by members of the zonula occludens family (ZO-1, ZO-2, and ZO-3) (Brown and Davis, 2002). The interactions among these proteins are the primary factors regulating the paracellular barrier of BMECs (Sandoval and Witt, 2008; Figure 1A). AJs, which are formed by homophilic interactions between cadherins, such as vascular endothelial (VE)-cadherin (Cdh5, CD144) and N-cadherin, are considered a prerequisite for the establishment of TJs (Figure 1A). In BMECs, AJs intermingle with TJs to form junctional complexes that contribute to BBB stability (Dejana and Orsenigo, 2013). Another way, transcytosis, is mainly regulated by PCs, which are embedded along with vascular mural cells in the basement membrane of brain microvessels and abnormal PC function may lead to BBB dysfunction and neuroinflammation (Daneman et al., 2010; Dohgu and Banks, 2013; Ben-Zvi et al., 2014). Furthermore, recent research indicates that an important membrane protein, major facilitator superfamily domain containing 2a (Mfsd2a), on BMECs also plays an important role on transcytosis, and its expression may be regulated by PCs (Ben-Zvi et al., 2014) (Figures 1A,B). The reduced Mfsd2a after CNS diseases or injuries can increase the levels of transcellular vesicles including Cav-1, Nrf-2, and HO-1 on BMECs which may contain toxins, pathogens, or cytokines in brain, while upregulation of Mfsd2a will protect BBB from decreasing levels of the vesicles (Eser Ocak et al., 2020; Figure 1C).
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FIGURE 1
Structure and biomechanisms of blood–brain barrier during physical or inflammation. (A) The structure of BBB from longitudinal section during physical condition. PCs control the transcytosis and paracellular pathway of BBB by regulating the expression of Mfsd2a and TJs. The structure of potassium channel of Kir4.1 potassium channel and Aqp-4 on ACs regulates the homeostasis of CNS. However, the relationship between ACs and PCs is still unknown. (B) The structure of BBB from cross-section during physical condition. (C) The structure of BBB from cross-section during inflammation. During inflammation, the expression of Mfsd2a is decreasing, which is negatively correlated with transcytosis of BBB. The level of TJs is decreasing, which means the paracellular pathway of BBB is increasing. Moreover, PCs are abnormal contracted and impairment. In addition, ACs are activated to secrete pro-inflammatory cytokines and the level of Aqp-4 is increasing, which is correlated with the deterioration of CNS diseases or injuries.


Moreover, ACs are also the principal components of the BBB. ACs, whose end feet cover nearly the entire surface of BECs, have a critical effect on the BBB (Cheslow and Alvarez, 2016). Various AC proteins such as aquaporin-4 (Aqp4) and the Kir4.1 potassium channel localize to the end-foot membrane to regulate water homeostasis (Engelhardt and Liebner, 2014; Figure 1A). ACs function in BBB maintenance and induce the barrier properties of BMECs through various pathways such as Wnt (Guérit et al., 2021), Shh (Xing et al., 2020), and VE-PTP-dependent restoration of Tie2 signaling (Gurnik et al., 2016). The interaction between ACs and BMECs not only improves AC differentiation via the secretion of leukemia inhibitory factor 1 (LIF1) by BMECs but also maintains the development of the BBB through VE-PTP-dependent restoration of Tie2 signaling (Liebner et al., 2018). However, the relationship between PCs and ACs remains undetermined (Figure 1A).



Effects of inflammation on blood–brain barrier

During neurological diseases or injuries, immune cells inside the brain secrete pro-inflammatory cytokines, and the structure of BBB tends to be loosened, including the disruption of PCs, which regulate the transcytosis, and TJs, which regulate the paracellular pathway (Figure 1C). Immune cells from outside the brain, such as T cells, specifically target adhesion molecules on BBB, particularly intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) (Carrano et al., 2012). Subsequently, immune cells, especially CD4 + T cells, pass through BMECs and into the CNS via the transcytosis, mediated by caveolae cluster adhesion molecules, and through the matrix membrane via matrix metalloproteins (MMPs) expression by neutrophils in the early stage. The cytokines secreted by immune cells disrupt TJs to open the paracellular pathway in the late stage, which allows more immune cells to cross the BBB, especially Th1 and Th17 cells (Liebner et al., 2018). Immune cell reactivity and cytokine/chemokine secretion, therefore, play critical roles in the functional and anatomical structure of BBB and brain during neuroinflammation. However, our previous work suggested that diseases or traumatic injuries outside the brain may also induce BBB disruption and eventually lead to neurological degeneration through immune cells and pro-inflammatory cytokines (Yang et al., 2017, Yang J. et al., 2020). Both excessive activities can lead to BBB permeability and neurodegeneration, thereby worsening the progression of neurological diseases, such as AD. Given the ongoing debate regarding how immune cells gain entry into the CNS and induce BBB impairment and eventually neurological degeneration, we will systematically discuss the major cytokines (e.g., TNFα, IL-1β, and IL-6) that are secreted by immune cells and their impact on BBB and CNS (Figure 2).
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FIGURE 2
Disruption of BBB recruits the immune cells and cytokines into CNS. In healthy status, the integrity of BBB protects the CNS from toxins, pathogens, inflammatory cytokines, and immune cell infiltration. However, during inflammation, neutrophils and T cells from outside of CNS are recruited into CNS through transcytosis or paracellular pathway, which secrete pro-inflammatory cytokines and chemokines to further disrupt the integrity of BBB and deteriorate the CNS disease or injuries. Moreover, ACs and microglia are further activated by the cytokines, chemokines, and immune cells outside of CNS, which integrated with inflammatory factors outside of CNS will eventually lead to neurodegeneration and may induce cognitive impairment.



The effects of TNFα on blood–brain barrier and neurological degeneration

TNFα, the main homotrimeric transmembrane protein belonging to the TNF/TNFR ligand/receptor superfamily, plays an important role in neuroinflammation and BBB permeability (Table 1 and Figure 3). TNFα primarily acts by binding receptors on the cell surface as membrane-bound precursor (tmTNFα) and can also be secreted as a 51-kDa soluble trimer soluble TNFα (sTNFα) via proteolytic cleavage by the TNFα-converting enzyme (TACE) (Tang et al., 1996). During neuroinflammation, TNFα is secreted by neurons (Janelsins et al., 2008), astrocytes (Lieberman et al., 1989), and microglia (Janelsins et al., 2005) and interacts with its cognate receptors, TNF receptor type-1 (TNFR-1, also known as CD120a, p55/60) and TNF receptor type-2 (TNFR-2, also known as CD120b, p75/80). TNFR-1, which is expressed by almost all cells in CNS and mainly integrated with sTNFα, contains an intracellular death domain (DD) that plays an important role in TNFα–mediated apoptosis and cytotoxicity (Locksley et al., 2001; Sedger and McDermott, 2014). At the onset of neurological diseases or injuries, transient TNFα-induced JNK pathway plays a cytoprotective role through TAK1-dependent phosphorylation (Sato et al., 2005), while continuous TNFα-induced JNK signal leads to caspase-dependent apoptosis through JNK phosphorylation by apoptosis signal-regulating kinase 1 (ASK1) (Tobiume et al., 2001). In contrast, TNFR-2 plays an easy biological role compared to TNFR-1 and is mainly expressed by BMECs. Recent research has found that TNFα integrates with TNFR-2 can have effects on both pro-survival pathway and pro-inflammation through the activation of the cellular inhibitor of apoptosis proteins 1 and 2 and nuclear factor κB (NF-κB) (Rothe et al., 1995). Moreover, TNFR-2 can enhance the association with TNFR-1 and sTNFα to perform pro-inflammatory role in CNS (Tartaglia et al., 1993). Recent studies have found that TNFα inhibition TNFR-1–IgG administration was able to control the effects of experimental autoimmune encephalomyelitis (EAE) by reducing activated immune cells, including inflammatory leukocytes and microglia (Korner et al., 1997a). Korner et al. reported that mice lacking TNFα also developed EAE to the same extent as wild-type (WT) mice, because TNF–/– mice were unable to form the typical mature perivascular cuffs observed in WT mice (Korner et al., 1997b). Neutralizing or knocking out TNFα has varying effects because the two types of TNFα receptor have different functions. It is the key that sustained sTNFα integrated with TNFR-1 plays a detrimental role in neurological diseases. To demonstrate this point, Suvannavejh et al. (2000) used TNFR-1/TNFR-2–/– and TNFR-2–/– mice and found that TNFR-1–/– mice were able to control EAE progression by reducing Th1 cells and immune cell infiltration while TNFR-2–/– mice have exacerbated the progression of EAE and the infiltration of immune cells (Suvannavejh et al., 2000). Sophie et al. found that a nanobody-based selective inhibitor of human TNFR1, TROS, was able to effectively delay disease onset, ameliorate symptoms, and prevent further disease development in a murine model of MS, in which the researchers generated mice expressing human TNFR1 in a mouse TNFR1-knockout background.


TABLE 1    Interaction between inflammatory cytokines and the BBB.
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FIGURE 3
Effects of TNFα on BBB and neurological degeneration. (A) The mechanism of TNFα on CNS. The tmTNFα integrated with TNFR2 has two functions including promoting the expression of the cellular inhibitor of apoptosis proteins 1,2 to function as cryoprotection and integrating IκB to induce apoptosis and pro-inflammation. The sTNFα integrated with TNFR1 and TRADD can promote the expression of P38 to disrupt TJs and integrate with IKKα and β and further IκB to exert apoptosis and pro-inflammation. Moreover, the complex of sTNFα integrated with TNFR1 and TRADD can integrate TAK1 to exert cryoprotection through JNK in early stage, while the complex can integrate ASK1 to exert apoptosis through JNK in late stage. (B) The mechanism of TNFα on BBB from inside and outside of CNS. The sTNFα from outside CNS integrated with TNFR1 promotes the expression of ICAM-1/VCAM-1 on the membrane of BMECs and the secretion of pro-inflammatory cytokines and chemokines, which can disrupt the structure of TJs. Moreover, the complex of sTNFα with TNFR1 from outside CNS induces COX-2 to promote the expression of MMP-2,3,9 which can further disrupt the TJs and basement membrane. TNFα secreted mainly by ACs and microglia from inside CNS promotes necroptosis and disrupts TJs.


Under normal inflammatory condition, TNFα can promote BMEC remodeling through PC proliferation and differentiation from α1 to α2 integrin (Tigges et al., 2013). When neuroinflammation cannot be controlled, sustained TNFα can alter BBB permeability and make the neurological diseases or injuries worsen. During neurological diseases or injuries, microglia-induced TNFα interacts with TNFR-1 disrupts TJs and leads to BMECs necroptosis, thereby allowing entry of toxins and pathogens into CNS (Chen et al., 2019). Aslam et al. (2012) found that TNFα can disrupt the TJ structure by reducing Cldn5 via activation of the NF-κB signaling pathway. Ni et al. (2017) used an immortalized human cerebral endothelial cell line (hCMEC/D3) to demonstrate that TNFα can disrupt TJs on BMECs, which can be largely inhibited by SB202190, an inhibitor of p38MAPK, and partly by U0126, a MEK1/2-ERK1/2 inhibitor, thus implicating both of these signaling pathways in BBB disruption. From the outside of CNS, during systemic inflammation, peripheral TNFα can directly cause BBB dysfunction through decreasing transcellular electrical resistance, cellular polarity, and activate BMECs and ACs to secrete pro-inflammatory chemokines, such as MCP-1 and IP-10, which are responsible for the recruitment of leukocyte. The situation can further disrupt TJs and induce an inflammatory milieu, as well as the adhesion molecule ICAM-1 and VCAM-1, which recruit leukocytes by increasing the transcellular permeability of the BBB (O’Carroll et al., 2015; Mantle and Lee, 2018). In addition, Ding et al. suggested that TNFα can upregulate the expression of MMP-9, a proteinase to disrupt TJs and basal membrane of BBB, through activation of Ca/CAMK II/ERK/NF-κB signaling pathway (Ding et al., 2019). Other potential mechanism about peripheral TNFα-induced BBB dysfunction includes cyclooxygenase (COX) pathway and iNOS released. By activation of COX pathway, TNFα can upregulate COX-2 to increase the levels of MMP-2, MMP-3, and MMP-9 and change the cytoskeletal structure of BMECs to disrupt the TJs. Another pathway is TNFα-induced iNOS release which can increase the BBB permeability by impairing BMECs, but the mechanism remains unknown (Liu et al., 2013). At last, sustained TNFα in blood can lead to AC dysfunction. In other situations, hypoxia, recent studies indicate that TNFα will inhibit the expression of erythropoietin (EPO), which is secreted by ACs and has an important neuroprotective role on CNS and BBB, thereby exacerbating the outcome of neurological injury in hypoxia (Nagaya et al., 2014). Kralingen et al. found that TNFα generates an inflammatory milieu that will induce a reduction of ACs (van Kralingen et al., 2013). In contrast, although TNFα can induce BBB disruption and TNFα inhibition can reduce CNS inflammation, representing a potentially promising target for treating neuroinflammation, TNFα may play a neuroprotective role in diseases, such as AD, having been shown to reduce cellular prion protein (PrPC) and Aβ protein levels in BMECs of mouse. The effects of TNFα on the BBB and CNS are well known (Yasutaka et al., 2015). After all, the underlying intercellular signaling pathways, as well as strategies for using these effects to save patients from diseases, such as neurodegeneration, are promising targets for future study.



The effects of IL-1β on blood–brain barrier and neurological degeneration

IL-1β, a member of the IL-1 family which includes seven agonist signaling ligands, three receptor antagonists, and IL-37, is largely responsible for the acute response and angiogenesis. During the initial inflammation, the inflammasome is synthesized in the cytoplasm which would assemble proteins made up mainly through the nucleotide binding and oligomerization domain (NOD)-like receptors (NLRs). This assembled inflammasome is specific for a set of cell damage-associated molecular patterns (DAMPs) or pathogen-associated microbial patterns (PAMP) according to the type of damage of body recognized by different NLR subtypes. Moreover, the inactive procaspase-1 molecules are recruited to the inflammasome complex to be activated (Nasti and Timares, 2012). IL-1β, primarily, occurs as a 31-kDa inactive precursor and would then be cleaved by the caspase-1 to yield the 17-kDa bioactive IL-1β (Netea et al., 2010). The low level of IL-1β in CNS performs an important biological and physiological role which controls sleep, appetite, hypothalamus–pituitary axis, neuroendocrine function (Liu and Quan, 2018), neurogenesis, and synaptic plasticity (Vezzani and Viviani, 2015). Furthermore, Goshen et al. found that blocking IL-1β signaling induced impaired hippocampal-independent memory and intact performance in adult mice (Cibelli et al., 2010). However, during neuroinflammation, sustained IL-1β integrated with toll-like receptor-4 (TLR-4) or IL-1 receptor (IL-1R) can promote the progression of diseases or injuries by activating ACs to secrete pro-inflammatory cytokines (IL-6, TNF), colony-stimulating factors, chemokines (CCL2, CXCL2, etc.), phospholipase A2, COX-2, prostaglandins and iNO via NF-κB and JNK pathways, and activator protein 1 (AP-1) (Blanco et al., 2005; Kitazawa et al., 2011; Musella et al., 2020). The activation of ACs can initiate microglia response to neuroinflammation by ACs-derived ATP as well (Bianco et al., 2005).

The ability of IL-1β to increase BBB permeability after CNS injuries and neurological degeneration is well established (Table 1 and Figure 4). IL-1β disrupts BBB in two ways: First, IL-1β can activate ACs to disrupt BBB and exacerbate the progression of the neurological diseases or injuries. Recent work has shown that IL-1β induces the expression of hypoxia-inducible factor-1 (HIF-1) and its gene target, vascular endothelial growth factor-A (VEGF-A), in human astrocytes, which in turn induces the breakdown of BBB and exacerbates the CNS degeneration, such as in MS (Argaw et al., 2006). Moynagh et al. (1994) suggested that cerebral IL-1β can activate NF-κB and increase the levels of VCAM-1 and ICAM-1 in ACs, which can recruit the leukocytes into CNS. Second, IL-1β promotes the secretion of other pro-inflammatory cytokines (IL-6 and TNFα) to disrupt the paracellular BBB pathway. Labus et al. used a transfected human brain microvascular endothelial cell (THBMEC)-based in vitro BBB model and found that IL-1β decreased TEER and induced the secretion of other pro-inflammatory cytokines, including IL-6 and TNFα, to increase the paracellular permeability of BBB. The increasing paracellular permeability will be more vulnerable to leukocytes and thus exacerbate neuroinflammation (Labus et al., 2014). Some studies have shown that increasing IL-1β or TNFα has similar effects on the secretion of inflammatory cytokines and the induction of ACs death (Netea et al., 2010). Ni et al. found that IL-1β may be a downstream target of TNFα, which can change the structure of Ocln, thereby changing BBB permeability, a smaller effect than that of TNFα through p38 MAPK and ERK1/2 in hCMEC/D3 cells (Ni et al., 2017). However, these effects are quite different from the effects of TNFα, as demonstrated by O’Carroll et al. who observed clear differences between the effects of TNFα and IL-1β on BBB permeability. IL-1β preferentially induces the cytokines sICAM-1, IL-6, sTNFRI, sTNFRII, GCSF, and GMCSF and the chemokine IP10, whereas TNFα is more likely to induce RANTES and IL-8 secretion (O’Carroll et al., 2015). As a result, the sustained IL-1β will impair the BBB and then induce neurological degeneration. The fact makes the inhibition of IL-1β a therapeutic target for attenuating neuroinflammatory and neurodegeneration (Cibelli et al., 2010).
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FIGURE 4
Effects of IL-1β on BBB and neurological degeneration. In healthy status, IL-1β integrates with TLR-4 and IL-1R to maintain normal neurological function in CNS. During inflammation, IL-1β integrates with TLR-4 and IL-1R to activate ACs to secrete pro-inflammatory cytokines and chemokines through NF-κB, JNK, and AP-1 pathways. In addition, ACs activate microglia through ATP-dependent activation. Finally, these inflammatory factors eventually induce BBB dysfunction and neurodegeneration.


Despite the evidence of IL-1β on disruption of BBB and then inducing the progression of neurological diseases discussed above, there are supplements of the role of IL-1β induced by systematic inflammation. Mario et al. (2010) have found that mice undergoing surgery of the tibia under general anesthesia have an extreme increasement of IL-1β in hippocampal and then inducing memory and cognitive impairment (Mario et al., 2010). Our research indicated that burn disrupted BBB both increasing the paracellular pathway and transcytosis through increasing the peripheral level of IL-1β and IL-6 (Yang J. et al., 2020). However, the potential mechanism of how it infiltrates into CNS is still unclear.



The effects of IL-6 on blood–brain barrier and neurological degeneration

The common receptor to bind IL-6 is receptor β-subunit, membrane glycoprotein 130 (gp130; also known as IL-6Rβ), which works with either a non-signaling receptor α-subunit or a signaling receptor β-subunit like gp130 to exert pleiotropy function (Heinrich et al., 2003). In addition to classical signaling pathway binding with gp130 on membrane, there is a soluble receptor mainly associated with IL-6(sIL-6R) which can bind circulating half-life IL-6 and expand its bioactivity in those cells without gp130 on their membrane. This signaling pathway is called trans-signaling pathway and is involved in numerous chronic inflammation and diseases (Rosejohn and Heinrich, 1994) (Table 1; Figure 5). During neuroinflammation, normal level and biological function of IL-6 interacted with sIL-6R via trans-signaling pathway can induce repopulating microglia which has an important role on neurogenesis specifically by augmenting the survival of newborn neurons that directly support cognitive function (Willis et al., 2020). The level of IL-6 increases by the activation of ACs induced by TNF and IL-1β via NF-κB signaling pathway, while IL-6 is negatively regulated by Wnt signaling pathway (Edara et al., 2020). However, other research indicates that sustained IL-6 can lead to neuroinflammation and pain post-injury via signal transducer and activator of transcription 3 (STAT3) (Hu et al., 2020). Through STAT3, IL-6 can induce the demethylation of NeuroD1 (neurogenic differentiation 1) in neural stem cells (NSCs) to promote the neurogenesis in AD as well (Kong et al., 2019). Moreover, Escrig et al. found in mouse AD model that IL-6 trans-signaling induced increasing levels of amyloid plaques and neurofibrillary tangles and cognitive dysfunction (Escrig et al., 2019).


[image: image]

FIGURE 5
Effects of IL-6 on BBB and neurological degeneration. The complex of IL-6 with sIL-6R integrates with gp130 to promote the expression of ICAM-1 and VCAM-1 on BMECs and the secretion of CXCL1, 5, 6, 8 through MAPK, ERK, and STAT. Moreover, the complex of IL-6 with sIL-6R activates the ACs through NF-κB pathway to secrete pro-inflammatory cytokines and the microglia through trans-signaling pathway in CNS. Finally, these inflammatory factors eventually induce BBB dysfunction and neurodegeneration.


Recent research indicates that the peripheral levels of IL-6 are higher compared with those healthy people in those patients with neurological diseases or injuries (Robelin and Gonzalez De Aguilar, 2014; Yang et al., 2017, Yang J. et al., 2020). The disruption of BBB is mainly by the integration of complexes of sIL-6R and gp130 on the membrane of BMECs by trans-signaling pathway. The pathway can directly disrupt the TJs of BBB in one respect and indirectly increase the ICAM-1 and VCAM-1 to recruit neutrophils infiltrating into the inflammatory site in another. Rosejohn and Heinrich (1994) have found that blockage of the trans-signaling pathway can effectively reduce the leakage of BBB and then relieve the progression of neurological degeneration. As mentioned of TNFα and IL-1β, IL-6 can also induce the released pro-inflammatory cytokines/chemokines to deteriorate the progression in several neurological diseases or injuries (Mantle and Lee, 2018). Zhang et al. (2015) found that peripheral IL-6 levels were increased during hypoxic-ischemic brain injury, thus disrupting BBB permeability, and that using neutralizing anti-IL-6 antibodies (anti-IL-6AB) decreased the disruption of TJs and controlled BBB permeability 24 h after ischemic injury. Emery et al. suggested that using an inhibitor of IL-6R can effectively control the progression of autoimmune diseases, such as amyotrophic lateral sclerosis (ALS), in a phase-three clinical trial (Emery et al., 2008).

Above all, most researches focus on the evidence that the inflammation caused by CNS diseases or injuries can induce neurodegeneration. However, peripheral IL-6 can also induce the BBB dysfunction. Our work using a murine surgery model revealed that surgical wounds can induce age-associated BBB dysfunction, and elevated serum IL-6 levels led to decreased TJs but had no effects on AJs (Yang et al., 2017). In addition, we used the mouse burn model which suggested that burn can increase the peripheral level of IL-6 and IL-1β and the level of MMP-9 to disrupt the integrity of BBB via paracellular pathway by decreasing TJs, and transcytosis by decreasing Mfsd2a (Yang J. et al., 2020). Other research indicates that the increasing peripheral level of IL-6 can disrupt the TJs to disrupt the BBB and cause neuroinflammation on one side (Furutama et al., 2020) and induce the increasing level of COX-2 to disrupt the BMECs (Eskilsson et al., 2014). Our previous study also found that increased peripheral IL-6 levels can induce decreased β-catenin levels, thereby activating the Wnt pathway, suggesting that the ability of IL-6 overexpression to disrupt the BBB may be related to Wnt signaling pathway (Yang et al., 2017). The study will provide a new insight how we should prevent the CNS injuries from the other site injuries or diseases.



The effects of other potential cytokines on the blood–brain barrier and neurological degeneration

Inflammation is controlled by a complex network of various pro-inflammatory cytokines and receptors (Table 1; Patin et al., 2016). However, the exact cytokines and receptors that participate in the neuroinflammation and how they produce their effects via signaling pathways remain unclear. In this section, we will try to elucidate the current possible factors and signaling pathways involved in BBB disruption. High-mobility group box 1 protein (HMGB1), which belongs to the damage-associated molecular pattern (DAMP) family (Chaudhry et al., 2018), is released from stressed and dying brain cells and is a potent neuroinflammatory mediator that is mainly regulated by post-translational redox modification. HMGB1 is a nuclear DNA-binding protein that contains two DNA-binding domains (boxes A and B) and a highly repetitive, negatively charged C-terminal tail (Thundyil and Lim, 2015). HMGB1 can disrupt the BBB and induce neurodegeneration by promoting the secretion of pro-inflammatory cytokines, such as TNFα, IL-1β, and IL-6, through the NF-κB signaling pathway and by activating the RAGE axis (O’Connor et al., 2003; Liesz et al., 2015). Moreover, intentionally blocking HMGB1 may improve the outcomes of neurological diseases and injuries such as stroke and TBI and protect the BBB from disruption (Zhang et al., 2011; Okuma et al., 2014).

In contrast, some cytokines play an important role on anti-inflammation and protect the permeability of BBB, including interleukin-10 (IL-10), which is an anti-inflammatory cytokine that is expressed by various leukocytes. The two main IL-10 receptors are IL-10Rα, which is specific to IL-10, and IL-10Rβ (Sanjabi et al., 2009). IL-10 mainly exerts its function by activating the STAT3 signaling pathway. The IL-10 gene promoter contains a STAT3 binding site, resulting in a feedback loop for this pathway. Interestingly, STAT3 plays an anti-inflammatory role when it is activated by IL-10 but plays a pro-inflammatory role with IL-6 (Mosser and Zhang, 2008). Regarding its effects on the BBB and CNS, Lin et al. suggested that IL-10 effectively reduced BMEC apoptosis induced by IL-6-activated STAT3 signaling during neuroinflammation and ameliorate the downregulation of Cldn5 expression in the BBB in a rat model, while in vitro, IL-10 protected BBB integrity against TNFα (Lin et al., 2018). Overall, IL-10 plays an important role in immune system homeostasis. Reduced IL-10 expression increases susceptibility to autoimmune inflammation, whereas IL-10 overexpression will impede the clearance of pathogens and induce a chronic inflammatory state (Couper et al., 2008). As a result, how to use IL-10 for clinical treatment requires further study.

In addition to major cytokines, such as TNFα, IL-1β, IL-6, and their receptors, other cytokines also play an important role in neuroinflammation and neurodegeneration and may provide some promising new targets for clinical application to treat neurological disease and injury. However, determining how these factors interact with each other and how the mechanisms of these effects change with age is of critical importance.




The effects of inflammatory cytokines on blood–brain barrier and central nervous system from primary neurological diseases or systematic inflammation

In primary neurological diseases including AD, MS, stroke, and TBI, inflammatory cytokines play an important role on the promotion of the diseases healing or deteriorating the progression of the diseases in early or late stage, respectively. Rational regulation of inflammation will be the protection for the primary CNS diseases (Jayaraj et al., 2019). However, in neurological diseases, damage to the CNS may lead to a decrease in the control of inflammation, which will lead to inflammatory dysregulation (Lambertsen et al., 2019; Ren et al., 2020). Under this condition, the aberrant expression of inflammatory cytokines will induce the deterioration of neurological diseases and thus neurodegeneration, which may provide an effective target for future clinical treatment as well. Neurological diseases like AD, the secondary pro-inflammatory insults, trigger delirium and can accelerate cognitive decline. Lopez-Rodriguez et al. (2021) found that Aβ was surrounded with NLRP3-integrated inflammasome which recruited microglia to be primed and facilitated to secrete IL-1β using APP/PS1 mice. In addition, activated ACs were primed to pro-inflammatory chemokine responses induced by IL-1β. A CNS trauma like TBI (Kuwar et al., 2019) also found that the complexes of NLRP3-integrated inflammasome induced the expression of IL-1β which will subsequently induce the expression of TNFα and IL-6. On the other side, those pro-inflammatory cytokines secreted by the microglia and ACs can further induce the disruption of BBB through the pathway mentioned before. Furthermore, the expression of ICAM-1 and VCAM-1 and the disruption of TJs will subsequently recruit the peripheral immune cells and cytokines into CNS and thus accelerate the progression of primary diseases (Moynagh et al., 1994; Argaw et al., 2006; Labus et al., 2014; O’Carroll et al., 2015; Zhang et al., 2015; Mantle and Lee, 2018).

Nowadays, the CNS injury caused by peripheral trauma or surgery has gradually become a research hotspot which could also trigger delirium and accelerate cognitive decline on the basis of pre-existing diseases or with higher underlying risks of neurological diseases (Yang T. et al., 2020). Our research focused on the disruption of BBB and cognitive impairment induced by peripheral traumatic injuries. We used traumatic surgical model and burns model in mice and found that peripheral inflammatory cytokines, including IL-6 and IL-1β, were main factor leading to the disruption of BBB and thus cognitive impairment. In surgical model, we found that BBB was disrupted by the increasing level of IL-6 and thus induced cognitive impairment, especially in old mice with higher serum level of IL-6 than young mice with that (Yang et al., 2017). To fully understand the mechanism about the disruption of BBB induced by systematic inflammation, we further used burns model which had more serious inflammatory response than our previous study used surgical model. We found that the increasing permeability of BBB not only included paracellular pathway but also transcytosis induced by the increasing serum level of IL-1β and IL-6 (Yang J. et al., 2020). Unlike primary CNS disease, there are few inflammatory-mediated factors to specifically recruit the immune cells or inflammatory cytokines into CNS. From our studies, the potential mechanism about the disruption of BBB and thus CNS impairment induced by systematic inflammation may be caused by high amount and functional degeneration of immune cells and pro-inflammatory cytokines to identify the receptors in BMECs, the immune situation of which is more likely occur in aging or chronic diseases population (Sendama, 2020). However, new research associated with AD mentioned a potential mechanism that peripheral surgery inducing cognitive impairment may be through the disruption of nasal epithelium and olfactory receptor neurons by the increasing level of IL-6 after surgery (Zhang et al., 2022), but the sequence of disruption of nasal epithelium, olfactory receptor neurons, and cognitive impairment was not strictly discovered, which indicated that peripheral trauma inducing cognitive impairment through the disruption of BBB caused by systematic inflammation may still be the most probable theory in the field. Cognitive impairment and then neurological degeneration induced by systematic inflammation are our novel insight, which will need to pay attention to the protection of BBB in clinical treatment of peripheral diseases in future. However, the potential mechanism needs to be further studied.



Conclusion

The primary factors that disrupt the BBB to induce neurological degeneration are three inflammatory cytokines: TNFα, IL-1β, and IL-6. The basal functions of these cytokines are elucidated above. As an inflammatory network, these cytokines integrated with their special receptors can similarly disrupt TJs and TEER of the BBB without any impairment of AJs (Aslam et al., 2012; Labus et al., 2014), promote ACs apoptosis (Argaw et al., 2006; Nagaya et al., 2014), and recruit leukocytes into BBB (O’Carroll et al., 2015), thereby directly or indirectly inducing neurological degeneration. Other cytokines, including HMGB1 and IL-10, also play an important role in the BBB, as mentioned above. Cytokines such as TNFα and IL-6 bind their respective receptors and exert different functions, as discussed above (Locksley et al., 2001; McCoy and Tansey, 2008; Murakami and Hirano, 2012; Sedger and McDermott, 2014; Wolf et al., 2014). Currently, the pathways that may be involved in these processes include NF-κB (Bianco et al., 2005; Aslam et al., 2012; Edara et al., 2020), p38MAPK, and MEK1/2-ERK1/2 signaling pathway (Ni et al., 2017). However, the potential mechanisms by which cytokines attack the BBB are still unclear. Recent work has shown that blocking pro-inflammatory cytokines, including TNFα, IL-1β, and IL-6, can reduce the permeability of BBB and improve the outcomes of neurological diseases and injuries to a great extent. However, in some conditions, studies have found that cytokines such as TNFα, IL-1β, and IL-6 can also improve the outcome of diseases such as ADs and that neutralizing or knocking out these cytokines can eventually attenuate the progression of neurological diseases or injuries (Goshen et al., 2007; Yasutaka et al., 2015; Han et al., 2016; Patin et al., 2016). Overall, neurological diseases or injuries present a substantial challenge to the medical field because they are difficult to diagnose and cure and are a social burden for families. Almost all neurological diseases and injuries have an important relationship with the BBB and inflammatory cytokines, which represent a new target for treating these diseases and injuries. As a result, the effects of these cytokines on the BBB and neurodegeneration must be investigated to develop new clinical treatments.

The most recent research has focused on local CNS diseases or injuries such as TBI, AD, and MS attacking BBB and inducing neurodegeneration (Owen et al., 2010; Vázquez-Rosa et al., 2020; Puthenparampil et al., 2021). However, our previous research has confirmed that systematic inflammation will also induce neurological degeneration. For example, after peripheral surgery, the concentration of IL-6 increases in peripheral blood and the structure of the BBB breakdown, thereby inducing cognitive impairment in mice. Older individuals (18-month-old mice) have a higher risk of such impairment. Using IL-6-neutralizing antibodies or gene IL-6 knockout protected the BBB from disruption (Yang et al., 2017). Furthermore, we use the mouse burn model to indicate that peripheral burn can also increase the level of IL-6 and IL-1β in serum which disrupt the integrity of BBB through paracellular pathway and transcytosis (Yang J. et al., 2020). Similar results have been observed in humans. Reichenberg et al. (2001) found that humans with Salmonella abortus equi endotoxin (0.8 ng/kg) presented with abnormal behavior compared with healthy individuals. The results revealed that even a small amount of inflammation can impair the BBB and induce cognitive impairments. As a result, with advancing age, people are more vulnerable to various diseases, and their body experiences chronic inflammation. This effect may continue to produce pro-inflammatory cytokines that disrupt the BBB and induce neurological degeneration. However, demonstrating these effects and illuminating the detailed mechanisms require substantial future research.

Current treatments for neurological degeneration are minimally effective. To date, most studies have found that inhibiting the overexpression of inflammatory cytokines is effective at improving the outcomes of neurological diseases and injuries and delaying the onset of neurodegeneration. However, the timing and mode of intervention are not ideal. As in our research, using anti-IL-6 antibody 18 h before surgery effectively reduced BBB disruption and cognitive impairment, whereas post-surgery treatment has no effect. In clinical settings, we cannot readily use protective interventions before injuries or diseases. Additional research has also found that mesenchymal stem cells (MSCs) effectively protect BBB integrity and that MSC intracranial transplantation may be a promising method for future treatment (Si et al., 2011). Tang et al. found that MSC intracranial transplantation protected BBB integrity, inhibited ACs apoptosis, and decreased Aqp4 expression, which reduced brain edema and impairment (Tang et al., 2014). Menge et al. (2012) suggested that the injection of MSCs can increase the level of tissue inhibitor of matrix metalloproteinase-3 (TIMP3) which can inhibit VEGF-A to protect the BBB from disruption. As mentioned before, injecting MSCs requires cerebral transplantation, which involves substantial risk, and the exact mechanism of how MSCs influence the BBB is poorly understood. Our previous study suggested that MSCs injecting through the tail of mice can effectively protect the integrity of BBB by decreasing peripheral inflammatory cytokines including IL-1β and IL-6, the level of MMP-9, and increasing the level of Mfsd2a (Yang J. et al., 2020). However, the mechanism by which MSCs prevent the BBB from pro-inflammatory cytokines attacking is still under discussed. As a result, additional studies are needed before this approach can be used in clinically.

Individuals with acute or chronic non-cerebral diseases account for a large proportion of patients in the world, and few treatments are available to protect the BBB. Especially, aging makes BBB more vulnerable to the disruption by inflammatory cytokines. The impairment of BBB is easy to recruit more immune cells and cytokines into brain parenchyma and then induce neurological degeneration (Boland et al., 2018). With an aging society coming, the medical care of aging people with neurological diseases is commonly considered a significant economic burden on society and on families (Chen, 2010; Gonneaud and Chételat, 2018; Fang et al., 2020; Pandya and Patani, 2021). As a result, whether the prevention of the disruption of BBB from non-cerebral injuries and diseases will delay the outset and improve the progression of neurological degeneration and this question requires urgent and massive future research to approve. As such, future studies should focus on the mechanisms and treatment of peripheral inflammation-induced BBB disruption. Regardless of cerebral or non-cerebral inflammation, protecting the BBB is a key to preventing neurological degeneration.
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The precise mechanisms initiating and perpetuating the cellular degeneration in Parkinson’s disease (PD) remain unclear. There is decreased expression of the main brain gangliosides, and GM1 ganglioside in particular, in the PD brain along with decreased expression of the genes coding for the glycosyltranferase and the sialyltransferase responsible for the synthesis of these brain gangliosides. However, potentially important pathogenic mechanisms contributing to the neurodegeneration in PD may also include altered levels of expression of genes involved in glycosylation, sialylation and sphingolipid synthesis and metabolism. Although various studies have described pathological lipid and glycolipid changes in PD brain, there have been limited studies of expression of glycobiology-related genes in PD brain. The current study was performed as an initial attempt to gain new information regarding potential changes in glycoprotein and glycolipid-related genes in PD by investigating the gene expression status for select glycosyltransferases, sialyltransferases, sialidases, sphingosine kinases, and lysosomal enzymes in the substantia nigra and putamen from patients with PD and neurologically normal controls. Results showed altered expression of glycosyltransferase genes (B3GALT2 and B4GALT1) potentially involved in microglial activation and neuroinflammation, sphingosine-1-phosphate (S1P) modulators (SPHK1, SPHK2, and SGPL1) involved in sphingolipid synthesis and metabolism, polysialyltransferase genes (ST8SIA2 and ST8SIA4) that encode enzymes responsible for polysialic acid (polySia) biosynthesis, and the sialidase NEU4, expression of which has been linked to the clearance of storage materials from lysosomes. The data presented here underscore the complexity of the glycolipid/sphingolipid dysregulation in the PD brain and continued and expanded study of these processes may not only provide a greater understanding of the complex roles of aberrant glycosylation sialylation, and sphingolipid synthesis/metabolism in the pathophysiology of PD but may identify potential druggable targets for PD therapeutics.
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Introduction

Parkinson’s disease (PD) is a complex progressive neurodegenerative disorder primarily characterized by the loss of nigrostriatal dopamine-producing neurons in the substantia nigra. Although the majority of cases of PD are idiopathic in origin, several mechanisms have been proposed to explain the onset and progression of the neurodegeneration in PD including mitochondrial dysfunction, increased oxidative stress and oxidative damage, α-synuclein aggregation and associated toxicity, and lysosomal and autophagic dysfunction, among other potential contributing factors (Doria et al., 2016). In addition, various abnormalities in the content and composition of various lipids, including gangliosides, have been reported in PD brain [ex. (den Jager, 1969; Riekkinen et al., 1975; Seyfried et al., 2018)]. Recently, dysregulation of ceramide synthesis and metabolism have been suggested to play a role in PD-associated neurodegeneration (Plotegher et al., 2019) and lipdomic studies have reported PD-specific lipid alterations detected in brain and in plasma that have been suggested to promote PD-associated neurodegeneration at least in part through promoting α-synuclein aggregation, neuroinflammation, and dysfunction of autophagic processing [see Alecu and Bennett (2019) for review].

In addition to changes in lipid content and metabolism in the PD brain, some studies have also reported altered glycosylation and sialylation in PD brain (Videira and Castro-Caldas, 2018; Wilkinson et al., 2021). Altered levels of sialylation and fucosylation have also been reported in serum samples from PD patients and interestingly, mainly in male patients (Varadi et al., 2019). Additionally, many proteins are synthesized in the endoplasmic reticulum (ER) where many of them undergo glycoslylation and functionalization. ER stress has been suggested to be one of the pathological mechanisms contributing to PD (Mercado et al., 2013; Tsujii et al., 2015), and aberrant glycosylation has been suggested to contribute to an overload of the ER in PD brain with underglycosylated proteins (Videira and Castro-Caldas, 2018). Oxidative stress and inflammation have also been suggested to potentially trigger abnormal glycosylation in PD (Videira and Castro-Caldas, 2018).

Although various studies have described pathological lipid and glycolipid changes in PD brain, there have been limited studies of expression of glycobiology-related genes in PD brain (see (Alecu and Bennett, 2019) for review) and how dysregulation of the expression of these genes may contribute to PD-like neurodegeneration. In contrast, genes related to glycobiology have been examined in Huntington’s disease (HD) transgenic mice as well as in the caudate nucleus from human HD subjects (Desplats et al., 2007) where a number of glycosyltransferases and sialyltransferases were found to be significantly changed compared to normal controls. In particular, ganglioside metabolism genes ST3GAL5, ST8SIA3, B4GALNT1, and ST3GAL2 had significantly decreased expression in HD caudate compared to control caudate (Desplats et al., 2007). We previously described significantly decreased expression of gene B3GALT4 and ST3GAL2 in residual dopaminergic neurons in the PD substantia nigra (Schneider, 2018), consistent with an earlier finding of decreased expression of the main brain gangliosides (GM1, GD1a, GD1b, and GT1b) in PD substantia nigra (Seyfried et al., 2018). The current study was performed to gain additional information regarding potential changes in glycoprotein and glycolipid metabolism in PD by investigating the gene expression status for select glycosyltransferases (B3GALT4, B4GALT1, B4GALNT1, and B4GALT5), sialyltransferases (ST6GALNAC4, ST8SIA2, ST8SIA4, and NCAM1 (substrate for ST8SIA2, ST8SIA4), sialidases (NEU1, NEU3, and NEU4), sphingosine kinases (S1P modulators) (SPHK1, SPHK2, and SGPL1) (S1P lyase), and lysosomal enzymes (GBA (β-glucocerebroside), GLB1 (β-galactosidase)) in the substantia nigra and putamen in patients with PD and neurologically normal controls. These genes were chosen to expand upon limited previous preliminary data that suggested potential abnormal expression levels of some glycosyltransferases, sialyltransferases, sialidases, and S1P modulators in PD brain (Schneider and Singh, 2019).



Materials and methods


Human brain tissue collection

Coded/anonymous substantia nigra-containing tissue blocks were obtained through the NIH NeuroBioBank and sourced from the NICHD Brain and Tissue Bank for Developmental Disorders at the University of Maryland, Baltimore, MD, the Harvard Brain Tissue Resource Center, which is supported in part by HHSN-271-2013-00030C, and from the Human Brain and Spinal Fluid Resource Center, VA, West Los Angeles Healthcare Center, 11301 Wilshire Blvd., Los Angeles, CA, which is sponsored by NINDS/NIMH, the National Multiple Sclerosis Society, and the Department of Veterans Affairs. Coded/anonymous putamen samples were obtained solely from the Human Brain and Spinal Fluid Resource Center, VA, West Los Angeles Healthcare Center. The clinical diagnosis of Parkinson’s disease was confirmed at autopsy by presence of gross depigmentation of the SN and microscopic confirmation of SN cell loss and presence of Lewy bodies in the SN and normal findings in other brain regions sampled. Frozen tissue blocks containing the SN were stored at −80°C and warmed to −20°C for dissection of samples. Dissected substantia nigra samples (containing the pars compacta region (SNc)) and dissected putamen samples (taken from dorsal putamen) were placed in sterile Eppendorf tubes and were rapidly refrozen in powdered dry ice. Standard BL2 procedures for handling human tissues were observed. Coded/anonymous non-neurological disease control tissues were obtained from the same sources mentioned above. Subject characteristics are described in Table 1 regarding substantia nigra samples and Table 2 regarding putamen samples.


TABLE 1    Subject and tissue characteristics: Substantia nigra.
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TABLE 2    Subject and tissue characteristics: Putamen.
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Ribonucleic acid isolation and quantitative real-time polymerase chain reaction

Ribonucleic acid (RNA) was extracted from the frozen SN and putamen samples using Zymo Direct-zol RNA miniprep Plus. During RNA isolation the DNase digestion step was performed with RNase-free DNase I (included in the kit) to eliminate genomic DNA contamination. To determine RNA quality, all the RNA samples were analyzed on an Agilent 2100 Bioanalyzer using the Agilent RNA 6000 Nano kit per the manufacturer’s instructions. The RNA integrity (RIN) numbers for the samples are reported in Tables 1, 2. cDNA was prepared using NEB Protoscript II First strand cDNA synthesis, and Real-Time PCR was performed using a Roche LightCycler 480 with Roche LightCycler 480 SYBR Green I Mastermix. Real-Time PCR was carried out using commercially sourced and validated primers from GeneGlobe Qiagen against human genes B3GALT2, B4GALT1, B4GALT5, B4GALNT1, GLB1, GBA, NCAM1, NEU1, NEU3, NEU4, SGPL1, SPHK1, SPHK2, ST6GALNAC4, ST8SIA2, and ST8SIA4 (GeneGlobe IDs are provided in Supplementary Table 1). The ΔΔCt method was used to calculate mRNA expression change relative to GAPDH (housekeeping gene) expression.



Statistical analyses

Raw data were subjected to outlier analysis using Grubbs test to identify and remove values that were significant outliers from the other values in each dataset. Statistical analyses were then performed using unpaired t-test using GraphPad Prism software (v9) with significance for gene expression change set at P < 0.05 (GraphPad Software, San Diego, California USA). Data were converted to fold change relative to control for graphical presentation.




Results

Subjects and controls were well matched for age, post-mortem interval (PMI), and RNA integrity number (RIN) for both substantia nigra (Table 1) and putamen (Table 2) samples. There were no statistically significant differences between subjects and controls on any of these measures for either tissue type. Male/female ratios for substantia nigra samples were 50:50 for controls and 60:40 for subjects with PD. For putamen samples, male/female ratios were 54:46 for controls and 83:17 for subjects with PD. There were no significant sex-related differences in any of the gene expression data in either brain structure (data not shown).

Significant differences in gene expression were found in the substantia nigra from patients with PD compared to controls. Fold changes relative to control are shown in Figure 1 for the genes assayed. Gene expression for glycosyltransferases B3GALT2 and B4GALT1, the S1P modulator SGPL1, and the lysosomal enzyme GBA were significantly upregulated in PD substantia nigra. Alternatively, gene expression for polysialyltransferases ST8SIA2 and ST8SIA4, sialidase NEU4, and sphingosine kinases SPHK1 and SPHK2 were significantly downregulated in PD substantia nigra.
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FIGURE 1
Gene expression changes in substantia nigra from patients with Parkinson’s disease (N = 15) relative to normal, age-matched controls (N = 12). Data are presented as fold change relative to control. Gene expression for glycosyltransferases B3GALT2 and B4GALT1 was significantly higher in patients with PD than in normal controls, while polysialyltransferase genes ST8SIA2 and ST8SIA4 were significantly down-regulated in the PD substantia nigra along with the gene for sialidase NEU4. Genes involved with sphingodine-1-phosphate (S1P) metabolism were significantly dysregulated in PD substantia nigra with expression of sphingosine kinases necessary for S1P synthesis, SPHK1 and SPHK2, significantly down-regulated and gene expression for S1P lyase, SGPL1, involved in the degradation of S1P, was significantly up-regulated. Gene expression for glucosidase beta acid 1 (GBA) was also significantly up-regulated in the PD substantia nigra. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 vs. control.


Gene expression data from the putamen were overall more variable than data from the substantia nigra. Although a number of genes trended toward being downregulated in the PD samples, none of these reached statistical significance compared to the controls (Figure 2). Only one gene, the lysosomal enzyme GLB1, was significantly upregulated in the PD putamen (Figure 2).
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FIGURE 2
Gene expression changes in putamen from patients with Parkinson’s disease (N = 18) relative to normal, age-matched controls (N = 13). Data are presented as fold change relative to control. In contrast to the numerous changes in gene expression observed in the PD substantia nigra, expression of only one of the genes examined, the lysosomal hydrolytic enzyme β-Galactosidase (GLB1), was significantly altered in the PD putamen. *P < 0.05 vs. control.




Discussion

Over the last several years, there has been an increasing appreciation for the role that gangliosides and sphingolipids in general may play in the pathogenesis and progression of neurodegenerative diseases (Maglione et al., 2010; Di Pardo and Maglione, 2018; Lansbury, 2022) and PD in particular (Chiricozzi et al., 2020; Ledeen et al., 2022; Schneider, 2022). However, less attention has been paid to the roles that possible alterations in expression of genes involved in glycosylation, sialylation, and S1P regulation may play in the development and progression of PD. The current results show significant changes in gene expression of several key molecules involved in glycosylation, sialylation, and other process relevant to sphingolipid structure and function in the PD substantia nigra.


Glycosyltransferases

Glycosyltransferases are enzymes that catalyze the addition of polysaccharides to proteins, lipids, or nucleic acids to form glycoconjugates during glycosylation, a critical posttranslational process (Lv et al., 2017). Glycosyltransferases play important roles in the nervous system where they not only promote the development of neurons and glial cells and mediate the development of the myelin sheath (Angata et al., 2006; Lv et al., 2017) but are also critically involved in processes relevant to neurodegeneration including inflammation and microglial function, mitochondrial function, and autophagic processing (Chen et al., 2009; Videira and Castro-Caldas, 2018; Wang et al., 2020). There are various structural classes of glycosyltransferases that relate to their diverse biological functions. We previously showed that gene expression for the glycosyltransferase B3GALT4, an important enzyme in the synthesis of brain gangliosides GM1 and GD1b, was significantly reduced in residual dopaminergic neurons in the PD substantia nigra (Schneider, 2018). Currently, we show that B3GALT2 and B4GALT1 gene expression is significantly increased in the PD substantia nigra, compared to age-matched controls. This may be potentially significant for the expression and potentiation of PD-related pathology as protein glycosylation regulated by B4Galt1 has been suggested to be related to microglial activation and neuroinflammatory responses (Yang et al., 2020), with increased expression of B4Galt1 related to increased microglial inflammatory responses (Yang et al., 2020). Increased levels of B3GALT2 are also associated with neuroinflammation and knockdown of B3GALT2 reduced levels of inflammatory cytokines TNFα and IL-6 (Lv et al., 2017). This is significant as microglia activation and neuroinflammatory processes have been suggested to play important roles in the pathophysiology of PD (McGeer et al., 1988; Mogi et al., 1994; Ouchi et al., 2005; Gerhard et al., 2006; Zhang et al., 2017). Further, high levels of B4GALT1 have been suggested to suppress autophagic processes (Wang et al., 2020). Impaired autophagic processing is believed to play a significant role in the accumulation of toxic α-synuclein aggregates in dopaminergic neurons in the substantia nigra and the ensuing neurodegeneration (Karabiyik et al., 2017; Miki et al., 2018; Hou et al., 2020). In contrast to the significant changes observed in the substantia nigra, there were no significant changes in glycosyltransferase gene expression in the PD putamen.



Sialyltransferases and sialidases

Sialic acids are acidic sugars mostly found as terminal residues in glycan structures of glycoconjugates including glycoproteins and glycolipids (Rawal and Zhao, 2021). The highest levels of sialic acids are expressed in the brain where they regulate a diverse range of processes including neuronal sprouting, plasticity, myelination and myelin stability (Rawal and Zhao, 2021). Sialylation is the process mediated by sialytransferase enzymes, though which sialic acid is added to a glycoconjugate. Removal of sialic acid from sialoglycan is mediated by lysosomal, cytoplasmic, or plasma membrane bound sialidase enzymes (Schnaar et al., 2014; Rawal and Zhao, 2021). Gangliosides, sialylated glycosphingolipids that contain over 75% of the brain’s sialic acid, are the most abundant sialoglycans in the nervous system (Schnaar et al., 2014). We previously showed that gene expression for the sialyltransferase ST3GAL2, the enzyme responsible for the synthesis of brain gangliosides GD1a from GM1 and GT1b from GD1b, was significantly reduced in residual dopaminergic neurons in the PD substantia nigra (Schneider, 2018).

The current study also shows that there are significantly decreased levels of gene expression for two polysialyltransferases, ST8SIA2 and ST8SIA4, genes that encode enzymes responsible for polysialic acid (polySia) biosynthesis. PolySia plays important roles in brain development with neural cell adhesion molecule (NCAM) as the major polySia acceptor protein (Schnaar et al., 2014). While ST8SIA2 and ST8SIA4 are important for the addition of polySia to NCAM, gene expression for NCAM1 was not altered in the PD substantia nigra. In developing and mature brains, polySia plays roles in modulating the function of neurotrophic factors including BDNF and FGF2, NMDA and AMPA receptors, and potentially also influences dopamine and norepinephrine neurotransmission through regulating the interactions of these transmitters with their receptors (Sato et al., 2016). In addition to these functions, polySia plays a role in inhibiting innate immunity reactions, inflammation, and microglia activation (Liao et al., 2021). Thus, abnormal polysialyation could play an important role in various physiological mechanisms of relevance to the development or progression of PD. The expression of polySia is highly correlated with gene expression of ST8SIA2 and ST8SIA4 (Sato and Hane, 2018). ST8SIA2 has been implicated in myelin formation and ST8SIA2 deficiency leads to myelin deficits, thinning axons, and age-related white matter degeneration (Szewczyk et al., 2017). Interestingly, St8sia2–/– mice have reduced polysialylation and display schizophrenic-like behaviors including cognitive and behavioral deficits and it was proposed that genetic variation in ST8SIA2 in humans may have the potential to confer a neurodevelopmental predisposition to schizophrenia (Krocher et al., 2015). It is not possible to know if the ST8SIA2 gene down-regulation observed in the PD substantia nigra is a consequence of the disease or whether defects in the polytransferase gene expressions detected in our study predispose to the development of PD. While both sialyltransferases are present in the adult brain albeit at relatively low levels, ST8SIA4 appears to be the predominant polysiayltransferase in the adult brain where it has been suggested to be important for neuronal plasticity (Curto et al., 2019), with ST8SIA4 deficiency related to memory deficits in mice (Nacher et al., 2010). While the functional significance of the decreased expression of ST8SIA2 and ST8SIA4 genes in the PD substantia nigra are not entirely clear at this time, their dysregulation may signal a more widespread impairment in sialo-conjugate metabolism that is worthy of further study.

In addition to the decreases in mRNA expression of the polysialyltransferases discussed above, sialylation could also be influenced by the decrease expression of the sialidase gene NEU4. There are four main mammalian sialidases, NEU1, NEU2, NEU3, and NEU4 (Glanz et al., 2019). NEU1 is a lysosomal sialidase that participates in lysosomal exocytosis, NEU2 is primarily a cytoplasmic sialidase and plays a role in neuronal differentiation, NEU3 is a plasma membrane sialidase involved in ganglioside metabolism and regulation of transmembrane signaling, and NEU4 is located to lysosomes, mitochondria, and endoplasmic reticulum, has broad substrate specificity against sialylated glycoconjugates, and its expression has been linked to the clearance of storage materials from lysosomes, among other functions (Miyagi and Yamaguchi, 2012). In the present study, NEU4 gene expression was significantly decreased in PD substantia nigra. In Neu4–/– mice, NEU4 has been shown to be a ganglioside metabolizing enzyme, increasing relative amounts of GD1a ganglioside while substantially decreasing GM1 levels (Seyrantepe et al., 2008). Additionally, NEU4 has been suggested to regulate neuronal function through the degradation of polySia and may also play a role on immune function in microglia (Seyrantepe et al., 2008; Takahashi et al., 2012). Together, the data presented in the current paper suggest a dysregulation of sialylation in the PD substantia nigra that could have multiple negative influences on dopaminergic neuronal function and survival. In contrast to the significant changes observed in the substantia nigra, there were no significant changes in sialylation-related gene expression in the PD putamen.



Sphingosine-1-phosphate metabolism

Sphingosine-1-phosphate (S1P) is one the most potent signaling lipids, regulating several molecular events underlying cellular homeostasis and viability (Di Pardo and Maglione, 2018). S1P is normally synthesized by sphingosine kinase-1 and sphingosine kinase-2 (SPHK1 and SPHK2) and degraded by S1P phosphate phosphatase (SGPP) or S1P lyase (SGPL1). A balance between S1P synthesis and degradation is required for cellular homeostasis and normal cell functions (Di Pardo and Maglione, 2018). Decreased SPHK1/2 levels and increased SGPL1 levels are expected to decrease S1P levels, potentially impairing autophagic mechanisms, down-regulating pro-survival pathways, and promoting neurodegeneration (Di Pardo et al., 2019). Up-regulation of SGPL1 and reduced expression of SPHK1, with a subsequent decrease in S1P, has been associated with neurodegeneration in Alzheimer’s disease (He et al., 2010; Ceccom et al., 2014; Couttas et al., 2014) and has also been described in animal models of Huntington’s disease (HD) as well as in post-mortem brain tissues from patients with HD (Di Pardo et al., 2017). Interestingly, in HD transgenic mice, abnormally increased SGPL1 expression was observed at a very early stage of disease while SPHK1 and SPHK2 levels were not affected, suggesting that the process of dysregulation of S1P metabolism may begin very early in the disease process with alterations in expression SPHK1 and SPHK2 appearing as the disease progresses (Di Pardo et al., 2017). Importantly, pharmacological interventions aimed at modulating S1P metabolism were neuroprotective, suggesting modulation of S1P-metabolizing enzymes as potential druggable therapeutic targets for neuroprotection (Di Pardo et al., 2017). Although previous studies have demonstrated alterations in S1P metabolism using cellular and animal models of PD (Pyszko and Strosznajder, 2014; Sivasubramanian et al., 2015; Badawy et al., 2018; Motyl and Strosznajder, 2018; Zhang et al., 2018; Pepin et al., 2020) we believe the current report is the first to demonstrate this in post-mortem tissue from patients with PD. In contrast to the significant changes observed in the substantia nigra, there were no significant changes in expression of genes related to S1P metabolism in the PD putamen.



Lysosomal enzymes

Of the lysosomal-related genes examined, only GBA was affected in the PD substantia nigra and only GLB1 was affected in the PD putamen. GBA encodes for the lysosomal hydrolase β-glucocerebrosidase (GCase), that catalyzes the conversion of glucosylceramide into glucose and ceramide. Our finding of increased expression of GBA mRNA in the PD substantia nigra was surprising as others have reported decreased GBA gene expression in the substantia nigra in patients with sporadic PD (Chiasserini et al., 2015) and reduced GBA gene expression in brain regions with and without pathological synuclein aggregates and in early and late-stage sporadic PD (Murphy et al., 2014). The activity of GBA can be a ceramide source (Giussani et al., 2014) and ceramides play important roles in modulating membrane protein dynamics and signaling as well as modulating processes related to autophagy and mitochondrial-mediated apoptosis (Ferrazza et al., 2016). However, it is a decrease in GBA activity that is typically associated with increased ceramide levels and inhibition of autophagy and accumulation of synuclein. It is uncertain what the significance of an increase in GBA expression might be and how this may affect ceramide metabolism and accumulation as the relationship between GBA and ceramide levels is complex (Kurzawa-Akanbi et al., 2021).

β-Galactosidase (GLB1), a lysosomal hydrolytic enzyme, catalyzes the degradation of galactosylceramide to galactose and ceramide within the lysosome and GLB1 mutation causes a deficiency in β-galactosidase-1 resulting in abnormal lysosomal accumulation of GM1 (GM1 gangliosidosis). GLB1 has not been studied extensively in PD and the significance of the increase in GLB1 gene expression in the PD putamen is uncertain at this point.



Study limitations

There are some potential limitations of the current study. This study utilized whole tissue extracts of substantia nigra and putamen and thus interpretation of potential gene expression changes such as the ones observed in substantia nigra homogenates from PD brain could be complicated due to loss of dopaminergic neurons and signals from other cell types (i.e., microglia). While it is not possible to know in which cell types in the substantia nigra the observed gene expression changes originated, we observed both increases and decreases in expression of specific genes and thus our data are likely not attributed solely to neuronal loss in the PD substantia nigra. There was only one gene in the PD putamen that showed a significant change in expression. This may reflect the relative contributions of the genes assessed to the pathological process that occur in the substantia nigra and not in the putamen, although the putamen gene expression data were more variable than the data derived from the substantia nigra, potentially obscuring some significant gene expression changes in the putamen. The reasons for the higher level of variability in levels of gene expression in the putamen are not entirely clear but could relate at least in part to the anatomy of the putamen and the samples made available to us for this study. The human putamen is a very large structure and although we made an effort to take all samples from the dorsal putamen, the samples came from different rostro-caudal levels of the putamen and it is possible that there are sub-regionally specific patterns of expression of the genes examined in this study in different regions of the putamen. Regional heterogeneity in expression of various neuropeptides and in dopamine innervation and gradients of dopamine transporter loss in the PD putamen are well known and this regional heterogeneity may also apply to the expression of genes currently examined. Also, a relatively small number of patient samples were examined in the current study and only a relatively small number of genes were examined. Based on the consistency of the gene expression changes observed in the substantia nigra, it is unlikely that the data are related to a potentially different gene mutation status of different patients. However, additional studies using a larger number of cases with verified gene mutation status and examining a more extensive array of genes are indicated.



Conclusion

In summary, the current study shows significant changes in gene expression for several key molecules involved in glycosylation, sialylation, and S1P metabolism in the PD substantia nigra. Abnormal regulation of these processes has also been described in other neurodegenerative diseases including Alzheimer’s disease and Huntington’s disease, suggesting that dysregulation of processes involving glycosylation, sialylation, and sphingolipid metabolism such as those described here may transcend different brain disorders and neurodegenerative diseases.




Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author contributions

JS: conceptualization and writing—original draft. GS: collection of data. JS and GS: writing—review and editing and formal analyses. Both authors contributed to the article and approved the submitted version.



Funding

This study was supported by a grant from Qilu Pharmaceutical Co., Ltd. The funder had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.



Acknowledgments

The authors thank Vikrant Singh for initial work on the isolation of RNA from the clinical samples used in this study.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnmol.2022.1078854/full#supplementary-material



References

Alecu, I., and Bennett, S. A. L. (2019). Dysregulated lipid metabolism and its role in alpha-synucleinopathy in Parkinson’s disease. Front. Neurosci. 13:328. doi: 10.3389/fnins.2019.00328

Angata, K., Lee, W., Mitoma, J., Marth, J. D., and Fukuda, M. (2006). Cellular and molecular analysis of neural development of glycosyltransferase gene knockout mice. Methods Enzymol. 417, 25–37. doi: 10.1016/S0076-6879(06)17003-2

Badawy, S. M. M., Okada, T., Kajimoto, T., Hirase, M., Matovelo, S. A., Nakamura, S., et al. (2018). Extracellular alpha-synuclein drives sphingosine 1-phosphate receptor subtype 1 out of lipid rafts, leading to impaired inhibitory G-protein signaling. J. Biol. Chem. 293, 8208–8216. doi: 10.1074/jbc.RA118.001986

Ceccom, J., Loukh, N., Lauwers-Cances, V., Touriol, C., Nicaise, Y., Gentil, C., et al. (2014). Reduced sphingosine kinase-1 and enhanced sphingosine 1-phosphate lyase expression demonstrate deregulated sphingosine 1-phosphate signaling in Alzheimer’s disease. Acta Neuropathol. Commun. 2:12. doi: 10.1186/2051-5960-2-12

Chen, J., Wang, H., Yang, H., Huang, X., Zhu, J., Hu, L., et al. (2009). Beta-1,4-galactosyltransferase-I participates in lipopolysaccharide induced reactive microgliosis. Neurotoxicology 30, 1107–1113. doi: 10.1016/j.neuro.2009.06.003

Chiasserini, D., Paciotti, S., Eusebi, P., Persichetti, E., Tasegian, A., Kurzawa-Akanbi, M., et al. (2015). Selective loss of glucocerebrosidase activity in sporadic Parkinson’s disease and dementia with Lewy bodies. Mol. Neurodegener. 10:15. doi: 10.1186/s13024-015-0010-2

Chiricozzi, E., Lunghi, G., Di Biase, E., Fazzari, M., Sonnino, S., and Mauri, L. (2020). GM1 ganglioside is a key factor in maintaining the mammalian neuronal functions avoiding neurodegeneration. Int. J. Mol. Sci. 21:868. doi: 10.3390/ijms21030868

Couttas, T. A., Kain, N., Daniels, B., Lim, X. Y., Shepherd, C., Kril, J., et al. (2014). Loss of the neuroprotective factor sphingosine 1-phosphate early in Alzheimer’s disease pathogenesis. Acta Neuropathol. Commun. 2:9. doi: 10.1186/2051-5960-2-9

Curto, Y., Alcaide, J., Rockle, I., Hildebrandt, H., and Nacher, J. (2019). Effects of the genetic depletion of polysialyltransferases on the structure and connectivity of interneurons in the adult prefrontal cortex. Front. Neuroanat. 13:6. doi: 10.3389/fnana.2019.00006

den Jager, W. A. (1969). Sphingomyelin in Lewy inclusion bodies in Parkinson’s disease. Arch. Neurol. 21, 615–619. doi: 10.1001/archneur.1969.00480180071006

Desplats, P. A., Denny, C. A., Kass, K. E., Gilmartin, T., Head, S. R., Sutcliffe, J. G., et al. (2007). Glycolipid and ganglioside metabolism imbalances in Huntington’s disease. Neurobiol. Dis. 27, 265–277. doi: 10.1016/j.nbd.2007.05.003

Di Pardo, A., Amico, E., Basit, A., Armirotti, A., Joshi, P., Neely, M. D., et al. (2017). Defective sphingosine-1-phosphate metabolism is a druggable target in Huntington’s disease. Sci. Rep. 7:5280. doi: 10.1038/s41598-017-05709-y

Di Pardo, A., and Maglione, V. (2018). Sphingolipid metabolism: A New therapeutic opportunity for brain degenerative disorders. Front. Neurosci. 12:249. doi: 10.3389/fnins.2018.00249

Di Pardo, A., Pepe, G., Castaldo, S., Marracino, F., Capocci, L., Amico, E., et al. (2019). Stimulation of sphingosine kinase 1 (SPHK1) is beneficial in a Huntington’s disease pre-clinical model. Front. Mol. Neurosci. 12:100. doi: 10.3389/fnmol.2019.00100

Doria, M., Maugest, L., Moreau, T., Lizard, G., and Vejux, A. (2016). Contribution of cholesterol and oxysterols to the pathophysiology of Parkinson’s disease. Free Radic. Biol. Med. 101, 393–400. doi: 10.1016/j.freeradbiomed.2016.10.008

Ferrazza, R., Cogo, S., Melrose, H., Bubacco, L., Greggio, E., Guella, G., et al. (2016). LRRK2 deficiency impacts ceramide metabolism in brain. Biochem. Biophys. Res. Commun. 478, 1141–1146. doi: 10.1016/j.bbrc.2016.08.082

Gerhard, A., Pavese, N., Hotton, G., Turkheimer, F., Es, M., Hammers, A., et al. (2006). In vivo imaging of microglial activation with [11C](R)-PK11195 PET in idiopathic Parkinson’s disease. Neurobiol. Dis. 21, 404–412. doi: 10.1016/j.nbd.2005.08.002

Giussani, P., Tringali, C., Riboni, L., Viani, P., and Venerando, B. (2014). Sphingolipids: Key regulators of apoptosis and pivotal players in cancer drug resistance. Int. J. Mol. Sci. 15, 4356–4392. doi: 10.3390/ijms15034356

Glanz, V. Y., Myasoedova, V. A., Grechko, A. V., and Orekhov, A. N. (2019). Sialidase activity in human pathologies. Eur. J. Pharmacol. 842, 345–350. doi: 10.1016/j.ejphar.2018.11.014

He, X., Huang, Y., Li, B., Gong, C. X., and Schuchman, E. H. (2010). Deregulation of sphingolipid metabolism in Alzheimer’s disease. Neurobiol. Aging 31, 398–408. doi: 10.1016/j.neurobiolaging.2008.05.010

Hou, X., Watzlawik, J. O., Fiesel, F. C., and Springer, W. (2020). Autophagy in Parkinson’s disease. J. Mol. Biol. 432, 2651–2672. doi: 10.1016/j.jmb.2020.01.037

Karabiyik, C., Lee, M. J., and Rubinsztein, D. C. (2017). Autophagy impairment in Parkinson’s disease. Essays Biochem. 61, 711–720. doi: 10.1042/EBC20170023

Krocher, T., Malinovskaja, K., Jurgenson, M., Aonurm-Helm, A., Zharkovskaya, T., Kalda, A., et al. (2015). Schizophrenia-like phenotype of polysialyltransferase ST8SIA2-deficient mice. Brain Struct. Funct. 220, 71–83. doi: 10.1007/s00429-013-0638-z

Kurzawa-Akanbi, M., Tammireddy, S., Fabrik, I., Gliaudelyte, L., Doherty, M. K., Heap, R., et al. (2021). Altered ceramide metabolism is a feature in the extracellular vesicle-mediated spread of alpha-synuclein in Lewy body disorders. Acta Neuropathol. 142, 961–984. doi: 10.1007/s00401-021-02367-3

Lansbury, P. (2022). The sphingolipids clearly play a role in Parkinson’s disease, but nature has made it complicated. Mov. Disord. 37, 1985–1989. doi: 10.1002/mds.29204

Ledeen, R., Chowdhury, S., Lu, Z. H., Chakraborty, M., and Wu, G. (2022). Systemic deficiency of GM1 ganglioside in Parkinson’s disease tissues and its relation to the disease etiology. Glycoconj. J. 39, 75–82. doi: 10.1007/s10719-021-10025-9

Liao, H., Winkler, J., Wissfeld, J., Shahraz, A., Klaus, C., and Neumann, H. (2021). Low molecular weight polysialic acid prevents lipopolysaccharide-induced inflammatory dopaminergic neurodegeneration in humanized SIGLEC11 transgenic mice. Glia 69, 2845–2862. doi: 10.1002/glia.24073

Lv, Y., Ren, L., Fu, Y., Huang, K., and Bi, J. (2017). Role of beta-1,3-galactosyltransferase 2 in trigeminal neuronal sensitization induced by peripheral inflammation. Neuroscience 349, 17–26. doi: 10.1016/j.neuroscience.2017.02.043

Maglione, V., Marchi, P., Di Pardo, A., Lingrell, S., Horkey, M., Tidmarsh, E., et al. (2010). Impaired ganglioside metabolism in Huntington’s disease and neuroprotective role of GM1. J. Neurosci. 30, 4072–4080. doi: 10.1523/JNEUROSCI.6348-09.2010

McGeer, P. L., Itagaki, S., Boyes, B. E., and McGeer, E. G. (1988). Reactive microglia are positive for HLA-DR in the substantia nigra of Parkinson’s and Alzheimer’s disease brains. Neurology 38, 1285–1291. doi: 10.1212/wnl.38.8.1285

Mercado, G., Valdes, P., and Hetz, C. (2013). An ERcentric view of Parkinson’s disease. Trends Mol. Med. 19, 165–175. doi: 10.1016/j.molmed.2012.12.005

Miki, Y., Shimoyama, S., Kon, T., Ueno, T., Hayakari, R., Tanji, K., et al. (2018). Alteration of autophagy-related proteins in peripheral blood mononuclear cells of patients with Parkinson’s disease. Neurobiol. Aging 63, 33–43. doi: 10.1016/j.neurobiolaging.2017.11.006

Miyagi, T., and Yamaguchi, K. (2012). Mammalian sialidases: Physiological and pathological roles in cellular functions. Glycobiology 22, 880–896. doi: 10.1093/glycob/cws057

Mogi, M., Harada, M., Riederer, P., Narabayashi, H., Fujita, K., and Nagatsu, T. (1994). Tumor necrosis factor-alpha (TNF-alpha) increases both in the brain and in the cerebrospinal fluid from parkinsonian patients. Neurosci. Lett. 165, 208–210. doi: 10.1016/0304-3940(94)90746-3

Motyl, J., and Strosznajder, J. B. (2018). Sphingosine kinase 1/sphingosine-1-phosphate receptors dependent signalling in neurodegenerative diseases. The promising target for neuroprotection in Parkinson’s disease. Pharmacol. Rep. 70, 1010–1014. doi: 10.1016/j.pharep.2018.05.002

Murphy, K. E., Gysbers, A. M., Abbott, S. K., Tayebi, N., Kim, W. S., Sidransky, E., et al. (2014). Reduced glucocerebrosidase is associated with increased alpha-synuclein in sporadic Parkinson’s disease. Brain 137(Pt 3), 834–848. doi: 10.1093/brain/awt367

Nacher, J., Guirado, R., Varea, E., Alonso-Llosa, G., Rockle, I., and Hildebrandt, H. (2010). Divergent impact of the polysialyltransferases ST8SiaII and ST8SiaIV on polysialic acid expression in immature neurons and interneurons of the adult cerebral cortex. Neuroscience 167, 825–837. doi: 10.1016/j.neuroscience.2010.02.067

Ouchi, Y., Yoshikawa, E., Sekine, Y., Futatsubashi, M., Kanno, T., Ogusu, T., et al. (2005). Microglial activation and dopamine terminal loss in early Parkinson’s disease. Ann. Neurol. 57, 168–175. doi: 10.1002/ana.20338

Pepin, E., Jalinier, T., Lemieux, G. L., Massicotte, G., and Cyr, M. (2020). Sphingosine-1-phosphate receptors modulators decrease signs of neuroinflammation and prevent Parkinson’s disease symptoms in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model. Front. Pharmacol. 11:77. doi: 10.3389/fphar.2020.00077

Plotegher, N., Bubacco, L., Greggio, E., and Civiero, L. (2019). Ceramides in Parkinson’s disease: From recent evidence to new hypotheses. Front. Neurosci. 13:330. doi: 10.3389/fnins.2019.00330

Pyszko, J. A., and Strosznajder, J. B. (2014). The key role of sphingosine kinases in the molecular mechanism of neuronal cell survival and death in an experimental model of Parkinson’s disease. Folia Neuropathol. 52, 260–269. doi: 10.5114/fn.2014.45567

Rawal, P., and Zhao, L. (2021). Sialometabolism in brain health and Alzheimer’s disease. Front. Neurosci. 15:648617. doi: 10.3389/fnins.2021.648617

Riekkinen, P., Rinne, U. K., Pelliniemi, T. T., and Sonninen, V. (1975). Interaction between dopamine and phospholipids. Studies of the substantia nigra in Parkinson disease patients. Arch. Neurol. 32, 25–27. doi: 10.1001/archneur.1975.00490430047006

Sato, C., and Hane, M. (2018). Mental disorders and an acidic glycan-from the perspective of polysialic acid (PSA/polySia) and the synthesizing enzyme, ST8SIA2. Glycoconj. J. 35, 353–373. doi: 10.1007/s10719-018-9832-9

Sato, C., Hane, M., and Kitajima, K. (2016). Relationship between ST8SIA2, polysialic acid and its binding molecules, and psychiatric disorders. Biochim. Biophys. Acta 1860, 1739–1752. doi: 10.1016/j.bbagen.2016.04.015

Schnaar, R. L., Gerardy-Schahn, R., and Hildebrandt, H. (2014). Sialic acids in the brain: Gangliosides and polysialic acid in nervous system development, stability, disease, and regeneration. Physiol. Rev. 94, 461–518. doi: 10.1152/physrev.00033.2013

Schneider, J. S. (2018). Altered expression of genes involved in ganglioside biosynthesis in substantia nigra neurons in Parkinson’s disease. PLoS One 13:e0199189. doi: 10.1371/journal.pone.0199189

Schneider, J. S. (2022). A critical role for GM1 ganglioside in the pathophysiology and potential treatment of Parkinson’s disease. Glycoconj. J. 39, 13–26. doi: 10.1007/s10719-021-10002-2

Schneider, J. S., and Singh, V. (2019). Dysregulation of sphingolipid expression and metabolism and its role in the pathogenesis of Parkinson’s disease. Society for neuroscience annual meeting. Chicago, IL: Society for Neuroscience.

Seyfried, T. N., Choi, H., Chevalier, A., Hogan, D., Akgoc, Z., and Schneider, J. S. (2018). Sex-related abnormalities in substantia nigra lipids in Parkinson’s disease. ASN Neuro 10:1759091418781889. doi: 10.1177/1759091418781889

Seyrantepe, V., Canuel, M., Carpentier, S., Landry, K., Durand, S., Liang, F., et al. (2008). Mice deficient in Neu4 sialidase exhibit abnormal ganglioside catabolism and lysosomal storage. Hum. Mol. Genet. 17, 1556–1568. doi: 10.1093/hmg/ddn043

Sivasubramanian, M., Kanagaraj, N., Dheen, S. T., and Tay, S. S. (2015). Sphingosine kinase 2 and sphingosine-1-phosphate promotes mitochondrial function in dopaminergic neurons of mouse model of Parkinson’s disease and in MPP+ –treated MN9D cells in vitro. Neuroscience 290, 636–648. doi: 10.1016/j.neuroscience.2015.01.032

Szewczyk, L. M., Brozko, N., Nagalski, A., Rockle, I., Werneburg, S., Hildebrandt, H., et al. (2017). ST8SIA2 promotes oligodendrocyte differentiation and the integrity of myelin and axons. Glia 65, 34–49. doi: 10.1002/glia.23048

Takahashi, K., Mitoma, J., Hosono, M., Shiozaki, K., Sato, C., Yamaguchi, K., et al. (2012). Sialidase NEU4 hydrolyzes polysialic acids of neural cell adhesion molecules and negatively regulates neurite formation by hippocampal neurons. J. Biol. Chem. 287, 14816–14826. doi: 10.1074/jbc.M111.324186

Tsujii, S., Ishisaka, M., and Hara, H. (2015). Modulation of endoplasmic reticulum stress in Parkinson’s disease. Eur. J. Pharmacol. 765, 154–156. doi: 10.1016/j.ejphar.2015.08.033

Varadi, C., Nehez, K., Hornyak, O., Viskolcz, B., and Bones, J. (2019). Serum N-glycosylation in Parkinson’s disease: A novel approach for potential alterations. Molecules 24:2220. doi: 10.3390/molecules24122220

Videira, P. A. Q., and Castro-Caldas, M. (2018). Linking glycation and glycosylation with inflammation and mitochondrial dysfunction in Parkinson’s disease. Front. Neurosci. 12:381. doi: 10.3389/fnins.2018.00381

Wang, P., Li, X., and Xie, Y. (2020). B4GalT1 regulates apoptosis and autophagy of glioblastoma in vitro and in vivo. Technol. Cancer Res. Treat. 19:1533033820980104. doi: 10.1177/1533033820980104

Wilkinson, H., Thomsson, K. A., Rebelo, A. L., Hilliard, M., Pandit, A., Rudd, P. M., et al. (2021). The O-glycome of human nigrostriatal tissue and its alteration in Parkinson’s disease. J. Proteome Res. 20, 3913–3924. doi: 10.1021/acs.jproteome.1c00219

Yang, X., Li, Z. Y., Yuan, C. L., Tan, Y. F., Zhang, N. D., Liu, L. H., et al. (2020). Study on the role and mechanism of beta4GalT1 both in vivo and in vitro glioma. Eur. Rev. Med. Pharmacol. Sci. 24, 4368–4381. doi: 10.26355/eurrev_202004_21018

Zhang, L., Okada, T., Badawy, S. M. M., Hirai, C., Kajimoto, T., and Nakamura, S. I. (2018). Erratum: Extracellular alpha-synuclein induces sphingosine 1-phosphate receptor subtype 1 uncoupled from inhibitory G-protein leaving beta-arrestin signal intact. Sci. Rep. 8:46964. doi: 10.1038/srep46964

Zhang, Q. S., Heng, Y., Yuan, Y. H., and Chen, N. H. (2017). Pathological alpha-synuclein exacerbates the progression of Parkinson’s disease through microglial activation. Toxicol. Lett. 265, 30–37. doi: 10.1016/j.toxlet.2016.11.002









 


	
	
TYPE Original Research
PUBLISHED 29 November 2022
DOI 10.3389/fnmol.2022.1029682






Ingenuity pathway analysis of α-synuclein predicts potential signaling pathways, network molecules, biological functions, and its role in neurological diseases

Sharad Kumar Suthar1 and Sang-Yoon Lee1,2*


1Neuroscience Research Institute, Gachon University, Incheon, South Korea

2Department of Neuroscience, College of Medicine, Gachon University, Incheon, South Korea

[image: image2]

OPEN ACCESS

EDITED BY
 Robert A. Nichols, University of Hawaii at Manoa, United States

REVIEWED BY
 Enquan Xu, Duke University, United States
 Evangelia Emmanouilidou, National and Kapodistrian University of Athens, Greece

*CORRESPONDENCE
 Sang-Yoon Lee, rchemist@gachon.ac.kr 

SPECIALTY SECTION
 This article was submitted to Molecular Signalling and Pathways, a section of the Frontiers in Molecular Neuroscience


RECEIVED 27 August 2022
 ACCEPTED 27 October 2022
 PUBLISHED 29 November 2022

CITATION
 Suthar SK and Lee S-Y (2022) Ingenuity pathway analysis of α-synuclein predicts potential signaling pathways, network molecules, biological functions, and its role in neurological diseases. Front. Mol. Neurosci. 15:1029682. doi: 10.3389/fnmol.2022.1029682

COPYRIGHT
 © 2022 Suthar and Lee. 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.
 

Despite the knowledge that mutation, multiplication, and anomalous function of α-synuclein cause progressive transformation of α-synuclein monomers into toxic amyloid fibrils in neurodegenerative diseases, the understanding of canonical signaling, interaction network molecules, biological functions, and role of α-synuclein remains ambiguous. The evolution of artificial intelligence and Bioinformatics tools have enabled us to analyze a vast pool of data to draw meaningful conclusions about the events occurring in complex biological systems. We have taken the advantage of such a Bioinformatics tool, ingenuity pathway analysis (IPA) to decipher the signaling pathways, interactome, biological functions, and role of α-synuclein. IPA of the α-synuclein NCBI gene dataset revealed neuroinflammation, Huntington’s disease, TREM1, phagosome maturation, and sirtuin signaling as the key canonical signaling pathways. IPA further revealed Parkinson’s disease (PD), sumoylation, and SNARE signaling pathways specific to the toxicity of α-synuclein. A frequency distribution analysis of α-synuclein-associated genes from the NCBI dataset that appeared in the predicted canonical pathways revealed that NFKB1 was the most populated gene across the predicted pathways followed by FOS, PRKCD, TNF, GSK3B, CDC42, IL6, MTOR, PLCB1, and IL1B. Overlapping of the predicted top-five canonical signaling pathways and the α-synuclein NCBI gene dataset divulged that neuroinflammation signaling was the most overlapped pathway, while NFKB1, TNF, and CASP1 were the most shared molecules among the pathways. The major diseases associated with α-synuclein were predicted to be neurological diseases, organismal injury and abnormalities, skeletal and muscular disorders, psychological disorders, and hereditary disorders. The molecule activity predictor (MAP) analysis of the principal interaction network of α-synuclein gene SNCA revealed that SNCA directly interacts with APP, CLU, and NEDD4, whereas it indirectly communicates with CALCA and SOD1. Besides, IPA also predicted amyloid plaque forming APP, cytokines/inflammatory mediators IL1B, TNF, MIF, PTGS2, TP53, and CCL2, and kinases of MAPK family Mek, ERK, and P38 MAPK as the top upstream regulators of α-synuclein signaling cascades. Taken together, the first IPA analysis of α-synuclein predicted PD as the key toxicity pathway, neurodegeneration as the major pathological outcome, and inflammatory mediators as the critical interacting partners of α-synuclein.
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 α-synuclein, ingenuity pathway analysis, canonical signaling pathways, biological functions and diseases, regulators, interactome, toxicity, neuroinflammation


Introduction

Alpha-synuclein (α-synuclein) is 140 amino acids (Nakajo et al., 1993; Uéda et al., 1993), intrinsically disordered monomer protein in normal cellular conditions (Weinreb et al., 1996). Structurally, α-synuclein protein has three distinct regions; (i) N-terminal domain (1–95 residues), which binds to phospholipid membrane and upon binding, adopts α-helical conformation (Uéda et al., 1993; Davidson et al., 1998; Bussell and Eliezer, 2003; Bussell et al., 2005; Vamvaca et al., 2009; Zarbiv et al., 2014), (ii) Non-amyloid component region (61–95 residues), which is also called central hydrophobic region is responsible for α-synuclein aggregation by adopting β-sheet conformation (Uéda et al., 1993; Conway et al., 2000; Serpell et al., 2000; Giasson et al., 2001; Tuttle et al., 2016), and (iii) C-terminal domain (96–140 residues) is rich of acidic residues and a major site for phosphorylation activity (Fujiwara et al., 2002; Anderson et al., 2006; Figure 1A).
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FIGURE 1
 Structure, aggregate formation, and neurotransmission facilitation mechanism of α-synuclein. (A) Structure of α-synuclein highlighting different structural domains, their cardinal roles and an amino acid sequence. (B) Development of toxic α-synuclein aggregates. In the healthy brain, α-synuclein exists as a natively unfolded monomer. Upon mutation, multiplication, or unfavorable posttranslational modification, α-synuclein starts forming oligomers, which recruit further monomers and eventually form β-sheet-rich toxic amyloid fibrils. Amyloid fibrils form LB and LN, leading to neurodegeneration and cell death. (C) Mechanism of neurotransmission facilitation by α-synuclein. α-Synuclein is a presynaptic protein while synaptotagmin and synaptobrevin are synaptic vesicle membrane-associated proteins. During the docking of neurotransmitters-loaded synaptic vesicle onto the plasma membrane, α-synuclein binds to synaptobrevin while two other synaptic membrane proteins syntaxin and SNAP-25 are recruited to form the SNARE complex, which mediates vesicle priming. Action potential reaches the presynaptic terminal, calcium channel within the presynaptic plasma membrane opens, calcium ions enter into the cytosol, and bind to synaptotagmin, which leads to the exocytosis or release of neurotransmitters. Figure created with BioRender.com.


During cellular stress and pathological conditions, α-synuclein monomers trigger the formation of dimers via increased interaction with each other, which upon continuous interactions transformed into oligomers (Lashuel et al., 2013). These oligomers further recruit monomers to form protofibrils and finally β-sheet-rich insoluble amyloid fibrils (Waxman and Giasson, 2009; Lashuel et al., 2013), which are major components of Lewy bodies (LB) and Lewy neurites (LN) in Parkinson’s disease (PD) and dementia with LB (DLB; Spillantini et al., 1997; Wakabayashi et al., 1997; Baba et al., 1998; Irizarry et al., 1998; Takeda et al., 1998; Trojanowski and Lee, 1998), and oligodendrocytes in multiple system atrophy (MSA; Arima et al., 1998; Spillantini et al., 1998; Tu et al., 1998; Wakabayashi et al., 1998; Figure 1B).

α-Synuclein acts as a chaperone for soluble NSF attachment protein receptor (SNARE)-complex assembly and upon recruitment to the SNARE-complex, facilitates the docking of synaptic vesicle onto the presynaptic plasma membrane. The fusion of synaptic vesicle to the presynaptic nerve terminals results in the release of neurotransmitters (Burré et al., 2010, 2014; Figure 1C). The deletion or knockout of α-synuclein in rodents promotes or exacerbates neurodegeneration, whereas the transgenic expression of α-synuclein rescued the animals from neurodegeneration (Chandra et al., 2005; Burré et al., 2010). Even though α-synuclein plays a critical role in neurodegeneration, its biological role in the initiation and progression of neurodegenerative diseases and disorders and the canonical signaling interactome remains elusive. Thus, the lack of information about α-synuclein’s biological functions, role, signaling, and interaction cohorts weakens our understanding of the molecular mechanism behind neurodegeneration as well as limits the development of therapeutics for early diagnosis and treatment of neurodegenerative diseases and disorders. In this work, we have made an attempt to reveal the canonical signaling interactome and biological functions of α-synuclein using the ingenuity pathway analysis (IPA)-based bioinformatics approach.



Materials and methods


Preparation of the α-synuclein NCBI gene dataset

α-Synuclein and associated genes were searched in the National Center for Biotechnology Information (NCBI) database with a search query “Alpha-synuclein.” The search was limited to the Homo sapiens genes only. A total of 215 α-synuclein-related genes available in the NCBI database till 26 August 2021 were downloaded as a text file (Supplementary Table S1; NCBI, 2021), which were subjected to analyzes on the IPA, QIAGEN.



IPA expression analysis of the α-synuclein NCBI gene dataset

A text file of α-synuclein and associated genes (Supplementary Table S1) obtained from the NCBI database was imported onto the IPA server for a new “core analysis.” In the new core analysis, the “expression analysis” classification was selected. The default file format “flexible format” was chosen and the gene identification numbers (gene ID) were defined. For the population of genes to be considered for P-value calculations, the reference set was defined as the Ingenuity Knowledge Base genes only while for relationships that affect networks and upstream regulator analysis, both “direct and indirect relationships” were selected. For interaction networks, 35 molecules per network, 25 networks per analysis, and endogenous chemicals were selected while casual networks were predicted based on the score for master regulators for relationships to diseases, functions, genes, and chemicals. All node types, such as biological drugs, canonical pathways, all types of chemicals (endogenous, kinase, and protease inhibitors, drugs, toxic substances, and reagents), complexes, cytokines, diseases, enzymes, etc., were marked for the core analysis. All data sources available on the IPA server were marked while the confidence of the prediction was limited to the experimentally observed values only. The species selection was restricted to humans only. For tissues and cells selection, tissues, cells, nervous system, organ systems, and other tissues and primary cells were marked. To observe the effect of possible mutations in IPA predictions, all types of mutations and effects, such as functional effect, inheritance mode, translation impact, unclassified mutations, zygosity, and wild type, were selected. The results were ranked based on Fisher’s exact test, where the smaller P-value indicates the higher significance of predicted results (IPA, 2021; Suthar et al., 2021). GraphPad Prism 6 was used to plot the graphs at various stages of the study.



IPA toxicity analysis of α-synuclein, amyloid beta, tau, and Huntingtin

α-Synuclein, amyloid beta, tau, and Huntingtin Homo sapiens genes SNCA (gene ID 6622), APP (gene ID 351), MAPT (gene ID 4137), and HTT (gene ID 3064), respectively, were downloaded as an individual text file from the NCBI database (NCBI, 2022). IPA was performed by selecting the following options/parameters step-by-step available for selection on the IPA server (IPA, 2021); (i) the NCBI text file of the respective gene was imported onto the QIAGEN IPA server for a new core analysis, (ii) the imported text file was retained in the flexible format and the gene identification (GI) number of the SNCA/APP/MAPT/HTT was defined, (iii) IPA function “toxicity analysis” was chosen for the study, (iv) for the population of genes to be considered for P-value calculations, the reference set was limited to the Ingenuity Knowledge Base genes only, (v) for SNCA/APP/MAPT/HTT molecular network generation, we opted for molecules displaying both direct and indirect relationships in the network, (vi) furthermore, for SNCA/APP/MAPT/HTT molecular network generation, we opted for molecules exhibiting interaction networks as well as casual networks, (vii) an interaction network contained 35 molecules per network and 25 networks per analysis, (viii) the types of molecules to be included for network generation (referred to as node types), all node types, such as biological drugs, chemicals, complexes, cytokines, diseases, enzymes, etc. were selected, (ix) to consider the data sources for IPA predictions, all the data sources available on the IPA server were chosen, (x) to predict the relationships among the network molecules, the data sources with only experimentally observed molecular relationships were considered, (xi) IPA predictions were kept limited to the human species only, (xii) to opt for the data source experiments performed in the types of the organ system, tissues, and cell lines for IPA predictions, analysis was kept limited to the experimental results from tissues, cells, nervous system, and organ system only, (xiii) to consider the mutated molecules appearing in the network generation, all types of mutations, such as functional, inherited, translational, zygotic, and unclassified, were chosen, and (xiv) IPA prediction results were ranked based on the significance value (P-value) calculated by the right-tailed Fisher’s exact test (Suthar et al., 2021).




Results


IPA expression analysis of the α-synuclein NCBI gene dataset


Prediction of α-synuclein canonical pathways, interaction network molecules, and pathological implications

IPA predicted 426 canonical signaling pathways for α-synuclein. Neuroinflammation (P 4.78 e-18) was the most prominent of the predicted signaling pathways for α-synuclein followed by Huntington’s disease (P 4.34 e−11), triggering receptor expressed on myeloid cells 1 (TREM1; P 1.28 e−10), phagosome maturation (P 2.96 e−11), and sirtuin signaling pathways (P 5.50 e−10; Figure 2A). The major canonical signaling pathways of α-synuclein are presented in Supplementary Figures S1–S6. Next, we grouped α-synuclein and its interacting partner genes from the NCBI dataset that appeared across all the pathways together and performed a frequency distribution analysis. The analysis showed that 168 of 215 NCBI dataset genes appeared 1942 times across all the predicted canonical pathways. The analysis further revealed that nuclear factor-kappaB (NF-κB) protein subunit 1 gene (NFKB1) was the most populated gene (7.6%) across all the pathways followed by Fos proto-oncogene AP-1 transcription factor subunit (FOS; 5.1%), protein kinase C delta (PRKCD; 4.9%), tumor necrosis factor (TNF; 4.7%), glycogen synthase kinase 3 beta (GSK3B; 4.0%), cell division control protein 42 homolog (CDC42; 3.7%), interleukin 6 (IL6; 3.1%), mammalian target of rapamycin (MTOR; 3.1%), interleukin 1 beta (IL1B; 2.9%), and interferon-gamma (IFNG; 2.9%; Figure 2B; Supplementary Table S2). Thereafter, we overlapped the major canonical signaling pathways and the NCBI dataset genes expressed in those pathways, which divulged that neuroinflammation was the highest overlapped pathway with the molecules displaying a greater degree of overlapping with TREM1 and sirtuin signaling pathways. Huntington’s disease displayed a relatively higher extent of overlapping with phagosome maturation signaling molecules while exhibiting the least overlapping with TREM1 signaling molecules. Furthermore, among the overlapped molecules, the molecules associated with inflammation, namely NFKB1, TNF, and caspase-1 (CASP1) displayed the highest prevalence across the overlapped pathways (Figure 2C). In our analysis of the pathological role of α-synuclein, it was highest implicated in neurological diseases (P 2.34 e−57), followed by organismal injury and abnormalities (P 6.21 e−56), skeletal and muscular disorders (P 4.55 e−53), psychological disorders (P 1.96 e−47), and hereditary disorders (P 6.27 e−43; Figure 2D; Supplementary Figure S7).
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FIGURE 2
 The expression analysis of differentially regulated α-synuclein and associated genes from the NCBI dataset by IPA. (A) Top-ranked canonical pathways of α-synuclein. (B) Significantly populated α-synuclein-associated genes from the NCBI dataset that appeared in the predicted canonical pathways. (C) Overlapping of the top-ranked canonical pathways of α-synuclein and α-synuclein-associated genes from the dataset. (D) Top-ranked diseases and disorders of α-synuclein.




Molecule activity predictor (MAP) analysis of the principal SNCA interaction network

The principal interaction network of the α-synuclein gene (SNCA) predicted that besides SNCA playing a key role in neuroinflammation and Huntington’s disease, displayed direct interactions with amyloid beta precursor protein (APP), clusterin (CLU), and neural precursor cell expressed developmentally down-regulated protein 4 (also called NEDD4 E3 ubiquitin-protein ligase; NEDD4) genes, whereas it showed indirect relationships with calcitonin related polypeptide alpha (CALCA) and superoxide dismutase 1 (SOD1) genes (Figure 3A). Our attempt to predict the direct effect of the activation or inhibition of SNCA on the other genes of the principal interactome was not met with success. However, we observed that the increased activity of APP leads to the activation of pro-inflammatory genes IL1B and prostaglandin-endoperoxide synthase 2 (PTGS2; also known as cyclooxygenase-2 or COX-2) genes, which, in turn, activates the genes exhibiting the direct relationship with SNCA, namely CALCA and SOD1 (Figure 3B).

[image: Figure 3]

FIGURE 3
 The principal interaction network of α-synuclein gene SNCA across all the predicted canonical signaling pathways. (A) The principal interaction network of SNCA revealed that SNCA directly interacts with APP, CLU, and NEDD4, whereas it interacts indirectly with CALCA and SOD1. Furthermore, the overlapping of the principal interaction network of α-synuclein and top-ranked canonical signaling pathways highlights a relationship between the interaction network genes and canonical pathways. (B) The molecule activity predictor (MAP) analysis of the principal interaction network of SNCA, depicting that increase in the activity of APP leads to a series of activation and inhibition of network genes. Figure created with BioRender.com.




Prediction of upstream SNCA regulators

Along with the canonical pathways, interaction network, diseases, and biological functions, the core expression analysis of the α-synuclein NCBI gene dataset also predicted the upstream regulators of SNCA (Table 1). IL1B was the highest-ranked upstream regulator of SNCA followed by APP, TNF, macrophage migration inhibitory factor (MIF), and mitogen-activated protein kinase kinase 1 (MEK). Observation of the predicted top-thirty upstream regulators indicated that these molecules were associated with the protein aggregation (APP), inflammation and innate immunity (IL1B, TNF, MIF, PTGS2, CCL2, CD14, IL18, TLR4, CD163, IL27, lymphotoxin, IL33, NFKB, ADIPOQ, IGNG, STAT3, IgG, C5, and P2RX7), and neuronal cell growth, differentiation, and transcription regulation (Mek, ERK, P38 MAPK, MAP3K7, and HIF1A). Besides, molecules concerning the regulation of synaptic receptors (ARRB2), neurotransmission (TAC1), and post-transcriptional regulations (mir-155 and miR-155-5p) also appeared in the list of prominent upstream SNCA regulators.



TABLE 1 The upstream regulators of α-synuclein (SNCA) predicted by expression analysis of the α-synuclein NCBI gene dataset using IPA.
[image: Table1]




IPA toxicity analysis of α-synuclein, amyloid beta, tau, and Huntingtin (HTT)


Prediction of α-synuclein, amyloid beta, tau, and Huntingtin toxicity signaling pathways

The core expression analysis of SNCA predicted canonical signaling pathways, upstream regulators, and interaction network molecules belonging to both physiological functions and toxicity of α-synuclein. Therefore, to identify the pathways and network molecules specific to α-synuclein toxicity, we performed the toxicity analysis of α-synuclein. IPA toxicity analysis of SNCA predicted PD signaling (P 7.50 e−04), sumoylation (P 4.73 e−03), 14–3-3 (P 5.91 e−03), SNARE (P 6.19 e−03), mitochondrial dysfunction (P 7.74 e−03), Huntington’s disease (P 1.30 e−02), neuroinflammation (P 1.44 e−02), and synaptogenesis (P 1.46 e−02) as the canonical signaling pathways of α-synuclein toxicity (Figure 4A). The role of α-synuclein in PD disease is illustrated in Figure 5 while the rest of the pathways concerning α-synuclein toxicity are depicted in Supplementary Figures S2, S3, S8–S12.
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FIGURE 4
 Canonical signaling pathways associated with the toxicity of neurodegenerative proteins predicted by IPA. (A) α-Synuclein, (B) Amyloid beta, (C) Tau, and (D) Huntingtin. IPA toxicity analysis identified Parkinson’s, sumoylation, and SNARE signaling pathways specific to the α-synuclein toxicity. Conversely, α-synuclein shares 14–3-3, mitochondrial dysfunction, Huntington’s disease, neuroinflammation, and synaptogenesis signaling pathways with other neurotoxic proteins amyloid beta, tau, and HTT, suggesting that these pathways are likely activated due to the host cell stress response or secondary non-specific response to the toxicity of α-synuclein.


[image: Figure 5]

FIGURE 5
 The role of α-synuclein in Parkinson’s disease (PD) predicted by IPA. PD was ranked as the leading pathway of α-synuclein toxicity. The E3 ubiquitin ligase Parkin (PRKN) labels the glycosylated form of synuclein (SNCA) for proteasomal degradation. Mutation in either PRKN or SNCA precludes PRKN from binding to SNCA, preventing the proteasomal degradation of glycosylated α-synuclein. A build-up of glycosylated α-synuclein in neuronal cells results in the formation of Lewy bodies, leading to dopaminergic neuron death and PD. Figure created with BioRender.com.


After exploring α-synuclein toxicity pathways, we also analyzed the toxicity profiles of similar pathogenic proteins, which cause neurodegeneration, such as amyloid beta, tau, and Huntingtin to rule out the α-synuclein toxicity pathways arising due to the host cell stress response or secondary non-specific response to the α-synuclein toxicity. The toxicity analysis of APP predicted docosahexaenoic acid (DHA) signaling (P 1.82 e−03), amyloid processing (P 2.4 e−03), neuroprotective role of thimet oligopeptidase (THOP1) in AD (P 5.37 e−03), reelin signaling in neurons (P 6.62 e−03), mitochondrial dysfunction (P 7.91 e−03), inhibitor of differentiation-1 (ID1 signaling (P 9.59 e−03), neurovascular coupling signaling (P 1.03 e−02), sirtuin signaling (P 1.37 e−02), and neuroinflammation signaling (P 1.47 e−02) pathways as the mediators of amyloid beta toxicity (Figure 4B). At the same time, the toxicity analysis of MAPT identified amyloid processing (P 2.4 e−03), Bcl-2-associated athanogene 2 (BAG2) signaling (P 3.88 e−03), neuroprotective role of THOP1 in AD (P 5.37 e−03), CDK5 signaling (P 5.47 e−03), p38 MAPK signaling (P 5.75 e−03), 14–3-3-mediated signaling (P 6.04 e−03), p70S6K signaling (P 6.38 e−03), reelin signaling in neurons (P 6.62 e−03), semaphorin neuronal repulsive signaling (P 6.95 e−03), neurovascular coupling signaling (P 1.03 e−02), neuroinflammation signaling (P 1.47 e−02), and synaptogenesis signaling (P 1.49 e−02) pathways as the architects of tau-induced toxicity in neurodegenerative diseases (Figure 4C). We also performed the toxicity analysis of HTT, which predicted human leukocyte antigen F-associated transcript10 (FAT10) signaling (P 2.59 e−03) and Huntingtin’s disease signaling (P 1.33 e−02) pathways as the conveners of toxicity caused by Huntingtin’s protein (Figure 4D).





Discussion


Prediction of α-synuclein canonical pathways

The core expression analysis of the α-synuclein NCBI gene dataset predicted 426 canonical pathways. These pathways were ranked based on Fisher’s exact test P-values. Neuroinflammation signaling was predicted to be the foremost canonical pathway of α-synuclein followed by Huntington’s disease, TREM1 signaling, phagosome maturation, and sirtuin signaling pathways (Figure 2A; Supplementary Figures S2–S6). Abnormal expression of SNCA forms LB in neuronal cells, which activates neuroinflammation signaling genes, like advanced glycosylation end-product specific receptor (AGER), toll-like receptor 2 (TLR2), and toll-like receptor 4 (TLR4). Activation of these genes triggers downstream inflammation marker genes activator protein 1 (AP1) and NFKB, which, in turn, stimulate a cascade of pro-inflammatory genes, like TNF, IL6, IL1B, and IFNG, etc., eventually resulting in neuronal cell death (Supplementary Figure S2). Activation of SNCA in Huntington’s disease conveys an inhibitory effect on DnaJ heat shock protein family (Hsp40) member B1 (DNAJB1). The latter protein prevents the aggregation propensity of misfolded proteins via the activation of brain-derived neurotrophic factor (BDNF; Supplementary Figure S3). SNCA mediates innate immunity via TREM1 signaling. As the name indicates, TREM1 is expressed on myeloid or blood cells, like monocytes, eosinophils, neutrophils, basophils, and macrophages and its activation via inflammatory mediators amplifies immune response. TREM1-induced neuroinflammation is facilitated by common inflammatory mediators, such as NF-κB, TNF, IL6, IL1B, TLR1 and 2, NOD-like receptor pyrin domain-containing protein 3 (NLRP3), and intercellular adhesion molecule 1 (ICAM1; Supplementary Figure S4). α-Synuclein plays a vital role in the host defense mechanism, in the event of viral or bacterial infections (Alam et al., 2022). SNCA augments innate immunity through an interaction with Ras-related GTPases Rab5 and Rab7, cathepsins, and lysosomal-associated membrane protein 2 (LAMP2), which activates human leukocyte antigen—DR isotype (HLA-DR) or MHC class II cell surface receptor, resulting into phagolysosome of pathogens. During phagosome maturation, Rab5 interacts with SNARE proteins and vacuolar(H+)-ATPase (V-ATPase) to impetus the maturation of the early endosome, whereas Rab7 is essential for the fusion of phagosome with the lysosome. V-ATPase acidifies phagosomes by translocation of H+ ions, resulting in the suppression of microbial growth (Supplementary Figure S5). Acetylation is a key regulatory mechanism for the aggregation of α-synuclein. Sirtuins (SIRT) are histone deacetylases, which play an important role in inflammation, aging, and cancer (Supplementary Figure S6). Sirtuins, namely SIRT2, which is predominantly localized in the cytoplasm deacetylates α-synuclein, resulting in exacerbated α-synuclein toxicity and neurodegeneration. (Outeiro et al., 2007; de Oliveira et al., 2017). Taken together, SNCA exercises its role in inflammation and immune response through inflammatory mediators via neuroinflammation and TREM1 signaling pathways and through cathepsin proteases via phagosome maturation pathways. Over-activation of SNCA exacerbates Huntingtin protein (HTT)-induced toxicity in Huntington’s disease, while its deacetylation by sirtuins affects its aggregation propensity.



Analysis of SNCA-interacting NCBI dataset genes expressed in the predicted canonical pathways of α-synuclein

Ingenuity pathway expression analysis of the α-synuclein NCBI gene dataset predicted 426 canonical pathways for α-synuclein. A frequency distribution analysis of the α-synuclein dataset genes that appeared in the predicted canonical pathways revealed that 168 genes from the dataset of 215 genes appeared 1942 times across the predicted pathways. NFKB was the most frequently occurring interaction partner of SNCA with a prevalence of 7.6%. NFKB gene was followed by FOS (5.1%), PRKCD (4.9%), TNF (4.7%), GSK3B (4.0%), CDC42 (3.7%), IL6 (3.1%), MTOR (3.1%), IL1B (2.9%), and IFNG (2.9%). The major interaction partners of SNCA are presented in Figure 2B. The predominant presence of transcription factors NFKB and FOS, cytokines TNF, IFNG, IL-6, and IL1B, cell cycle regulator CDC42, cell growth, differentiation, and motility regulating kinases PRKCD and MTOR, and cytokine regulating kinase GSK3B in the SNCA interactome indicates that SNCA gene is an important mediator of neuroinflammation and neural cell growth and motility. Furthermore, MTOR and GSK3B are also being investigated as the potential targets for the therapeutic intervention of neurodegenerative diseases and aging. The increased MTOR signaling is associated with the build-up of Aβ (Caccamo et al., 2010) and α-synuclein plaques (Pérez-Revuelta et al., 2014), whereas GSK3B phosphorylates α-synuclein and tau proteins, which leads to accumulation and aggregate formation of these proteins (Credle et al., 2015). MTOR- and GSK3B-mediated increased α-synuclein activity modulates the level of CDC42, which affects neuronal outgrowth (Schnack et al., 2008). At the same time, α-synuclein aggregates upregulate PRKCD activity, leading to mitochondrial dysfunction, endoplasmic reticulum stress, and activation of inflammatory cascade mediated by NFKB, TNF, IL-6, and IL1B, etc. (Samidurai et al., 2021). In summary, molecules like MTOR and GSK3B induce α-synuclein aggregation, which, in turn, dysregulates the activity of PRKCD and CDC42, resulting in perturbed neuronal architecture and neuroinflammation.



Overlapping of the top-ranked canonical pathways and the α-synuclein NCBI gene dataset

Overlapping of IPA-predicted top canonical pathways and α-synuclein-associated genes could predict the common features of these pathways as well as reveal the otherwise unobserved molecular patterns of these pathways. Overlapping of the top-ranked canonical pathways and the α-synuclein NCBI gene dataset (Figure 2C) predicted that neuroinflammation signaling was the most overlapped pathway with 15 molecules displaying connections with the other pathways. Furthermore, neuroinflammation signaling shared the highest number of molecules with TREM1 signaling followed by sirtuin signaling pathways, indicating a plethora of cross-talks across these pathways. The presence of molecules, like ICAM1, TLR1/2, NLRP3, IL1B, NFKB1, and HLA-DRB1, and myeloid differentiation primary response 88 (MYD88) in both neuroinflammation and TREM1 signaling suggests the overwhelming role of neuroinflammation and immune response in TREM1 signaling. On the other hand, the occurrence of APP, GSK3B, nuclear factor (erythroid-derived 2)-like 2 (NFE2L2), TNF, and NFKB1 in both neuroinflammation and sirtuin signaling indicates shared functions of both the pathways in protein aggregation, oxidative stress, and neuroinflammation. Besides, Huntington’s disease signaling molecules displayed the highest overlapping with the phagosome maturation signaling molecules. The presence of SNAP25, VAMP2, and YKT6 (synaptobrevin or V-SNARE homolog) in both the pathways points toward the shared role of both the signaling in exocytosis. As expected, SNCA was a mutual link between Huntington’s disease and neuroinflammation signaling pathways. Coming to the molecules shared by all the overlapping pathways, the molecules related to inflammation and cell death, namely TNF, NFKB1, and CASP1 were markedly shared across the pathways. Taken together, the overlapping of IPA-predicted top-ranked canonical pathways and the α-synuclein NCBI gene dataset substantiate that neuroinflammation is the most prominent signaling pathway of α-synuclein.



Prediction of α-synuclein-associated diseases

Analysis of diseases and biological functions linked to α-synuclein predicted neurological diseases, organismal injury and abnormalities, skeletal and muscular disorders, psychological disorders, and hereditary disorders as the major pathological outcomes of SNCA gene anomalies (Figure 2D; Supplementary Figure S7). Among SNCA-linked diseases and disorders, PD, Alzheimer’s disease (AD), tauopathy, degenerative dementia, progressive motor neuropathy, familial encephalopathy, hereditary and motor neuropathies, a disorder of basal ganglia, movement disorders, neuromuscular diseases, and other progressive neurological diseases were found to be the major diseases and disorders linked to SNCA gene. The recent research on α-synuclein associated diseases suggests that PD, DLB, and MSA, where the misfolding of α-synuclein monomers into oligomers followed by progressive transformation of oligomers into amyloid fibrils takes place, have become a central point of current synucleinopathy research (Oliveira et al., 2021). As a whole, abnormalities in α-synuclein expression primarily cause aggregation of α-synuclein monomers into fibrils, which eventually form LB, LN, and glial cell inclusions—the pathological hallmarks of PD, DLB, and MSA.



MAP analysis of the principal SNCA interaction network

IPA predicted several interaction networks of SNCA and ranked them according to their statistical likelihood of molecules being appeared in the network by random chance. The top-ranked interaction network of SNCA (score 33) revealed that SNCA directly interacts with APP, CLU, and NEDD4, whereas it indirectly interacts with CALCA and SOD1 (Figure 3A). SNCA increases the activity of APP via β-and γ-secretase, leading to amyloid plaque formation (Roberts et al., 2017). Astrocytes play a vital role in the clearance of α-synuclein aggregates via the endolysosomal pathway. CLU directly binds to α-synuclein aggregates and limits their internalization into astrocytes; thus, contributing to the pathogenesis of PD (Filippini et al., 2021), whereas NEDD4 ligase ubiquitinates α-synuclein and clears α-synuclein aggregates via endolysosomal pathway; thereby protecting against α-synuclein-induced progressive neurodegeneration (Tofaris et al., 2011). CALCA potentiates the aggregation of α-synuclein and activates inflammation mediators, whereas inhibition of CALCA by a small molecule attenuates α-synuclein aggregation properties (Na et al., 2020). Mutations in SOD1 cause familial amyotrophic lateral sclerosis (ALS). α-Synuclein aggregates interact with SOD1 and promote its oligomerization and aggregation (Helferich et al., 2015). Altogether, APP, CLU, CALCA, and SOD1 may contribute to the α-synuclein-associated synucleinopathy, whereas NEDD4 by posttranslational modification protects against the formation of toxic α-synuclein inclusions.

We also performed the MAP analysis of the principal SNCA network to observe whether the increase or decrease in the activity of SNCA activates or inhibits the interacting genes (Figure 3B). Unfortunately, the MAP analysis of SNCA did not predict any activity pattern; therefore, we attempted MAP analysis of other genes which were directly interacting with SNCA, where the increase in the activity of APP was associated with the exacerbation of IL1B activity, which, in turn, activated a battery of molecules. APP-IL1B axis-mediated activation of catalytic subunit of γ-secretase (presenilin-1 or PSEN) breaks down APP, leading to the increased synthesis of Aβ. Proteolytic degradation of APP further activates protein kinases concerning cell death mitogen-activated protein kinase (Mapk) and C-Jun N-terminal kinase (JNK1/2), transcription factor Ap1, inflammatory mediators PTGS2 (COX2) and vascular endothelial growth factor (Vegf), cytosolic phospholipase A2 (Cpla2) for lipid biosynthesis, matrix metallopeptidase 3 (MMP3), innate immunity component serine proteinase (SERPINE1), and calcium regulating CALCA for potentiating aggregate formation, orchestrating a cascade of neuroinflammation and cell death. At the same time, the activation of IL1B by APP leads to the inhibition of DNA methyltransferase 1 (DNMT1), a molecule responsible for maintaining DNA methylation for epigenetic gene regulation. As a whole, the MAP analysis of the principal SNCA interaction network suggests that the aggregate formation of α-synuclein accompanies neuroinflammation, inevitably leading to cell death in neurodegenerative diseases.



Prediction of SNCA-upstream regulators

Besides, the predictions of canonical signaling pathways, interaction networks, and disease and biological functions, the core expression analysis of the α-synuclein NCBI gene dataset also predicted upstream regulators of SNCA (Table 1). The presence of APP in the list of revealed upstream regulators indicates that protein aggregation occurs during synucleinopathy. Since protein aggregation formation is always associated with neuroinflammation, the overwhelming presence of cytokines (IL1B, TNF, MIF, CCL2, IL18, IL27, lymphotoxin, IL33, IFNG, IgG, and C5), inflammatory mediator (PTGS2/COX2), transmembrane receptors mediating innate immunity (CD14, TLR4, and CD163), transcription regulators (TP53, HIF1A, NFKB, and STAT3), post-transcriptional gene regulators (mir-155 and miR-155-5p), and purinergic receptor for macrophage lysis (P2RX7) as the top-ranked upstream regulators substantiate that neuroinflammation is a hallmark of synucleinopathy in the brain. In addition, the presence of MEK, ERK, P38 MAPK, and MAP3K7 kinases as the upstream SNCA regulators suggests that stress and inflammatory cytokines induce the expression of MAPK signal transduction pathway members. Activated MAP kinases then collude with SNCA to cause synaptic dysfunction and neurodegeneration. As a whole, the upstream SNCA-regulating molecules underlie neuroinflammation and innate immune response as key events in α-synuclein pathology.



Analysis of SNCA, APP, MAPT, and HTT toxicity signaling pathways

IPA expression analysis of the α-synuclein NCBI gene dataset predicted canonical signaling pathways concerning physiological functions, toxicity, and host cell stress response to the toxicity of α-synuclein (Figure 2A; Supplementary Figure S1). Since with the expression analysis of SNCA and associated genes, we were not able to discriminate the canonical pathways specific to the physiological functions and toxicity of α-synuclein, we performed the toxicity analysis of SNCA to reveal the canonical signaling pathways specific to α-synuclein toxicity. The toxicity analysis of SNCA identified PD followed by sumoylation, 14–3-3, SNARE, mitochondrial dysfunction, Huntington’s disease, neuroinflammation, and synaptogenesis as the canonical signaling pathways of α-synuclein-associated toxicity (Figure 4A). Here, we remind that the expression analysis of the α-synuclein NCBI gene dataset had predicted neuroinflammation, Huntington’s disease, TREM1, phagosome maturation, and sirtuin signaling as the major canonical pathways of α-synuclein (Figure 2A). As we can observe upon comparing the expression analysis- and toxicity analysis-predicted pathways that the top-ranked pathways of expression analysis, neuroinflammation and Huntingtin’s disease also appeared in the list of pathways predicted by toxicity analysis of α-synuclein, suggesting that these pathways are likely associated with the toxicity of α-synuclein (Figures 2A, 4A). On the contrary, the absence of other top-ranked expression analysis-predicted pathways, such as TREM1, phagosome maturation, and sirtuin signaling in the list of pathways predicted through the toxicity analysis of α-synuclein, indicates that these pathways are more likely related to the physiological functions of α-synuclein than its toxicity. Thus, the comparison of the expression analysis-predicted pathways with the toxicity analysis-predicted pathways points out that the top-ranked pathways of expression analysis—neuroinflammation and Huntingtin’s disease are likely associated with the abnormal expression of α-synuclein, whereas the rest of the three pathways such as TREM1, phagosome maturation, and sirtuin signaling pathways are likely related to the normal physiological functions of α-synuclein.

To gain further insight into the IPA-predicted toxicity pathways, and whether any of the predicted pathways is a result of the host cell stress response instead of α-synuclein pathogenicity, we compared the toxicity pathways of α-synuclein (Figure 4A) with that of other neurodegenerative proteins, such as amyloid beta (Figure 4B), tau (Figure 4C), and Huntingtin (Figure 4D). These proteins form toxic aggregates in a similar fashion to α-synuclein. IPA toxicity analysis of these proteins revealed that mitochondrial dysfunction and neuroinflammation signaling pathways were common to both α-synuclein and amyloid beta while 14–3-3, neuroinflammation, and synaptogenesis signaling pathways were common between α-synuclein and tau. Furthermore, the toxicity analysis of HTT identified Huntingtin’s disease signaling as one of the major pathways and a common link between Huntingtin’s protein and α-synuclein. Thus, the appearance of 14–3-3, mitochondrial dysfunction, Huntington’s disease, neuroinflammation, and synaptogenesis signaling as the common toxicity pathways for α-synuclein and other neurotoxic proteins amyloid beta, tau, and Huntingtin suggest that these pathways are likely activated as a result of the host cell stress response or secondary non-specific response to the toxicity and immunogenicity of α-synuclein rather than as a direct consequence of the α-synuclein toxicity. Conversely, the revelation of PD, sumoylation, and SNARE signaling pathways exclusive to the toxicity of α-synuclein suggests that these pathways are likely an outcome of direct α-synuclein pathogenicity.

The appearance of the PD signaling pathway as the chief architect of α-synuclein-induced toxicity was expected as the mutation in the SNCA gene has been reported to cause familial PD (Figures 4A, 5). In normal cellular conditions, the glycosylated form of α-synuclein is a substrate for Parkin (PARK2), an E3 ubiquitin ligase, which marks α-synuclein for proteasomal degradation (Shimura et al., 2001). IPA predicted that due to mutations in either Parkin or α-synuclein gene (SNCA), Parkin fails to bind to the glycosylated α-synuclein. α-Synuclein in the glycosylated state then accumulates in the neuronal cells, forming LB, which causes the death of dopaminergic neurons and the progression of PD (Figure 5). IPA divulged that the sumoylation mechanism was the second-leading contributor to the α-synuclein-induced toxicity (Figure 4A; Supplementary Figure S8). Sumoylation is a posttranslational modification required for normal cellular functions, where a small ubiquitin-like modifier (SUMO) protein covalently binds to the target protein to perform mundane activities. Our study predicted that the sumoylation of α-synuclein by SUMO-conjugating E2 enzyme UBC9 (UBE2I) and E3 SUMO-protein ligase chromobox 4 (CBX4) promotes α-synuclein aggregation (Supplementary Figure S8). However, our finding that the sumoylation causes α-synuclein aggregation should be taken with caution because the fate of α-synuclein sumoylation depends upon the isoform and type of SUMO involved in the modification of α-synuclein, and many other studies have reported contrasting results. SNARE signaling was another pathway found to be explicit for α-synuclein toxicity and function (Figure 4A; Supplementary Figure S10). α-Synuclein is a presynaptic protein, which during the SNARE signaling binds to the synaptic vesicle-associated membrane protein synaptobrevin (VAMP2) and forms a SNARE complex in coordination with another synaptic vesicle protein synaptotagmin and the presynaptic plasma membrane proteins syntaxin-1 and SNAP25. The formation of the SNARE complex eventually leads to the exocytosis of synaptic vesicles, also referred to as the release of neurotransmitters (Supplementary Figure S10). Toxic α-synuclein inclusions disrupt the integrity of the synaptic vesicle membrane, leading to neurotoxicity.



Limitations of the study

The IPA predictions are affected by the gene dataset used for analysis. In due course, updates in NCBI dataset genes concerning α-synuclein may affect the IPA prediction about the biological roles and functions of α-synuclein. Furthermore, IPA predictions are derived from a dataset of context-dependent experimental outcomes, available on the IPA server. The future update in the IPA dataset or opting for different experimental contexts, either during the Bioinformatics predictions or while replicating the IPA predictions in the wet lab, like opting for different cells, tissues, organs, species, and experimental conditions, may diverge the IPA predictions. Furthermore, IPA predictions are derived from various data sources, including the data originating from RNA sequencing studies. IPA cannot classify if the α-synuclein used as an external reagent in some of those RNA sequencing studies was endotoxin contaminated, which might have affected IPA predictions. Besides, three different species of α-synuclein, oligomers, protofibrils, and amyloid fibrils, confer different levels of toxicity. The current version of the IPA cannot identify the species responsible for the predicted toxic effect.




Conclusion

To our knowledge, this work is the first report on the analysis of signaling pathways, network molecules, biological functions, and role of α-synuclein using the Bioinformatics tool, IPA. The expression and toxicity analyzes of α-synuclein identified TREM1, phagosome maturation, and sirtuin signaling pathways associated with the physiological functions of α-synuclein, whereas PD, sumoylation, and SNARE signaling pathways were identified as specific to the toxicity of α-synuclein. From the NCBI gene dataset used for IPA predictions of α-synuclein, NFKB1, FOS, PRKCD, TNF, GSK3B, CDC42, IL6, MTOR, PLCB1, and IL1B were the highest populated genes across the predicted canonical signaling pathways. According to the overlap of the top-ranked canonical pathways, neuroinflammation signaling was the most overlapped pathway while inflammatory mediators NFKB1, TNF, and CASP1 were the most shared molecules across the overlapped pathways. Neurological diseases were predicted to be the top pathological conditions associated with α-synuclein. A MAP analysis of the principal interaction network of SNCA revealed a direct relationship between SNCA and APP, suggesting that collusion between SNCA and APP likely produces neurotoxic effects. Besides, IPA predicted IL1B, APP, TNF, MIF, Mek, ERK, PTGS2, TP53, M38 MAPK, and CCL2 as the top upstream regulators of SNCA. The appearance of APP, a series of inflammatory mediators, and MAPK kinases as the upstream regulators indicate that the upstream SNCA regulators contribute to synucleinopathy. On the whole, IPA expression analysis of α-synuclein and associated genes reveals that α-synuclein is a key conspirator in protein aggregopathy and neuroinflammation, where the abnormal expression of α-synuclein activates cerebral amyloid peptide APP, a battery of cytokines, like NFKB1, TNF, IL1B, etc., and MAPK family kinases, like Mek, ERK, and P38 MAPK. Besides, our study provides an important piece of information for wet-lab researchers interested in further exploring signaling, molecular interaction networks, and biological functions of α-synuclein.
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Background: Despite its role in inflammation and the redox system under hypoxia, the effects and molecular mechanisms of hypoxia-inducible factor (HIF) in neuroinflammation-associated depression are poorly explored. Furthermore, Prolyl hydroxylase domain-containing proteins (PHDs) regulate HIF-1; however, whether and how PHDs regulate depressive-like behaviors under Lipopolysaccharides (LPS)-induced stress conditions remain covered.

Methods: To highlight the roles and underlying mechanisms of PHDs-HIF-1 in depression, we employed behavioral, pharmacological, and biochemical analyses using the LPS-induced depression model.

Results: Lipopolysaccharides treatment induced depressive-like behaviors, as we found, increased immobility and decreased sucrose preference in the mice. Concurrently, we examined increased cytokine levels, HIF-1 expression, mRNA levels of PHD1/PHD2, and neuroinflammation upon LPS administration, which Roxadustat reduced. Furthermore, the PI3K inhibitor wortmannin reversed Roxadustat-induced changes. Additionally, Roxadustat treatment attenuated LPS-induced synaptic impairment and improved spine numbers, ameliorated by wortmannin.

Conclusion: Lipopolysaccharides-dysregulates HIF-PHDs signaling may contribute to neuroinflammation-coincides depression via PI3K signaling.

KEYWORDS
 lipopolysaccharides, depression, Neuroinflammation, HIF-PHD/PI3K, roxadustat (FG-4592)


Introduction

Major depression disorder (MDD) is a global concern with increasing prevalence, expected to be a single leading cause among all disease burdens by 2030. Clinically, MMD is characterized by a lack of energy, persistent low mood, despairs, sleep disorders, and in severe cases, suicidal behaviors (Athira et al., 2020; Gutiérrez-Rojas et al., 2020; Abdoli et al., 2022). Unfortunately, due to its complexity and heterogeneity as determined by genetic and environmental factors, the molecular mechanisms of MDD are enigmatic (Athira et al., 2020). The current hypothesis of depression focuses on the hypothalamus-pituitary–adrenal (HPA) axis, neuroplasticity, and monoamine neurotransmitter depletion (Brigitta, 2002; Hasler, 2010). However, the delayed effect of available antidepressants and lack of focus on cells other than neurons demonstrate the limitation of these specific pathological mechanisms (Andrade and Rao, 2010; Malhi et al., 2020). Thus， around one-third of MDD patients do not respond well to the existing treatments that demand the revitalization of psychiatric therapeutics with novel intervention options that engage non-monoaminergic molecular targets. In recent years, the inflammatory hypothesis has been proposed for depressive symptoms (Madeeh Hashmi et al., 2013; Gałecki and Talarowska, 2018) as an activated immune system has been founded in MMD patients (Cassano et al., 2017; Zou et al., 2018), which opened new avenues for depression investigation. We reported previously that lipopolysaccharides (LPS) could induce neuroinflammation and depressive-like behavior in mice. Besides, it modulated inflammatory signaling molecules, including NLRP3, NF-кB, p-p38, etc., accompanied by depressive symptoms such as immobility, decreased sucrose preferences in the mice, and synaptic defects (Ali et al., 2020b; Li et al., 2021b).

Mechanistically, LPS administration dysregulates PI3K/Akt/NF-kB signaling, which may lead to neuroinflammation. Concurrently, the altered neuroinflammatory response can coincide with synaptic defect via different signaling, including HDAC1 and Sirt3/HO-1 signaling (Li et al., 2019; Zhao et al., 2019; Ali et al., 2020a; Jamali-Raeufy et al., 2021; Li et al., 2021b). Similarly, LPS can initiate the transcription factor HIF-1 signaling, which may be mediated through the NF-kB signaling (Frede et al., 2006; Palladino et al., 2018), as NF-kB has a binding site on the promoter of the HIF-1 gene as a transcription factor (van Uden et al., 2008). However, it has also been reported that hypoxia-activated HIF-1 is synergistic with LPS in macrophages (Mi et al., 2008). Similarly, PI3K signaling could contribute to the translation of HIF-1 via mTOR (Xu et al., 2020), while its role in neuroinflammation and synaptic defects is not highlighted yet.

Roxadustat (FG-4592) is the reversible inhibitor of hypoxia-inducible factor prolyl hydroxylase (PHDs), a hypoxia-inducible factor (HIF-1) stabilizer, orally available and approved by the FDA. Initially, this drug was approved for treating anemia, including in China. FG-4592 showed considerable protection against other hypoxia-related disorders, including cancer, fibrosis, and chronic inflammation. Besides, in the sepsis animal model, Roxadustat-treatment significantly reduced the cytokines, including IL-1β, IL-6, and TNF-α (Akizawa et al., 2019; Liu et al., 2021; Zhu et al., 2022). Furthermore, prolyl hydroxylases (PHDs) regulate HIF-1 under different conditions (Appelhoff et al., 2004), whose underlying mechanisms have not been explored in LPS-induced stress conditions. Similarly, the HIF-1 anti-inflammatory consensus has not been currently elucidated (Zhu et al., 2022). Therefore, we aimed to determine whether LPS-altered HIF-1 signaling can affect depressive symptoms coinciding with neuroinflammation and synaptic defects. Surprisingly, our data showed that LPS lead to HIF-1 signaling impairment, neuroinflammation, synaptic defects, spine number modification, and depressive symptom, which PI3K-signaling could alter.



Materials and methods


Animals

C57BL/6 J male mice (6–8 weeks) were obtained from the Guangdong Medical Laboratory Animal Centre, China. The experimental animals were housed at the Laboratory Animal Research Centre, Peking University Shenzhen Graduate School, under a 12 h light/12 h dark cycle at 18–22°C, ad libitum access to food and water throughout the study. The experimental procedures were set in such a way as to minimize mice suffering. The Animal Care and Use Committee of the Experimental Animal Center at Peking University, Shenzhen Graduate School, approved the animal experiments.

Lipopolysaccharides-induced depression is associated with inflammation (Ali et al., 2020a), and FG-4592 has shown anti-inflammatory action by reducing cytokine levels in the animal model (Akizawa et al., 2019; Liu et al., 2021; Zhu et al., 2022). Besides, the HIF-1 anti-inflammatory mechanism is largely unknown. Therefore, this was one reason for HIF-1 stabilizer selection for the LPS-induced neuroinflammation-coinciding depression. The rationale for the FG-4592 treatment for the depression model is unavailable; thus, we initially checked the dose-dependent action of the FG-4592 while performing OFT and SPT tests (Supplementary Figure S1A).

We performed the present study in two experiments. In the first experiment, animals were assigned to three groups (each group = 6–10): saline-treated group (Saline), LPS-treated group (1.5 mg/kg/day), Roxadustat: FG-4592 (Roxa; 5 mg/kg/day) plus LPS group (Roxa+LPS). LPS (0.1 ml/10 g mice) and Roxadustat (0.1 ml/10 g mice, were intraperitoneally administered to the mice. Besides, Roxadustat was treated 1 h before LPS administration. The drug treatment schedule is shown in Figure 1A. After 24 h of the final LPS administration, behavioral tests were performed. Finally, the mice were sacrificed, and tissues were collected and quickly stored at-80°C until further use. Notably, LPS (Sigma-Aldrich, #L2880) was dissolved with sterile water directly to its working concentration. Roxadustat was dissolved in 5% dimethyl-sulfoxide (DMSO) and was administrated 2 h before the behavior test.
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FIGURE 1
 Roxadustat treatment reduced LPS-induced depressive-like behaviors via PI3K signaling. (A) Drugs treatment schedule, (B) open field test (OFT), forced swimming test (FST), and a sucrose preference test (SPT). (C) Drugs treatment schedule, (D) Sucrose preference Test (SPT), and tail suspension Test (TST). All the values are expressed as mean ± SEM: ANOVA followed by post hoc analysis. p = <0.05 were considered significant *p < 0.05, **p < 0.01. ns: non-significant.


In the second experiment, animals were again divided into three groups (8–15 mice/group): LPS group, Roxa+LPS group, and Roxa+LPS + Wort group (Wortmannin,1 mg/kg). Wortmannin (wort) was administered intraperitoneally for 2 days, before 2 h behavior tests (Figure 1C). Wortmannin was dissolved in 5% DMSO. The behavior and organ/tissues collection process were the same as above.



Open field test

Open field test (OFT) was performed according to previous protocols (Ali et al., 2020b). Briefly, mice were adapted to the experimental room for 1 h and then placed in a 45 × 45 × 30 cm chamber. Each mouse was started in the center of the chamber and was allowed to move freely for 5 min. The total distance traveled was recorded and analyzed using Smart v3.0 software.



Sucrose preference test

A sucrose preference test was performed using a two-bottle free-choice paradigm (Liu et al., 2018). Initially, the mice were habituated for 48 h hrs with two drinking bottles (one containing 1% sucrose and the other water) in their home cage. Next, on the third day of the drug administration, the mice were deprived of water and food for 24 h. The next day, each mouse had free access to two bottles of either 1% sucrose solution or standard drinking water. The positions of the bottles were switched halfway through testing to prevent the possible effects of side preference on drinking behavior. Percentage preference for sucrose was calculated at the end of the test using the following formula: Sucrose Preference = Sucrose consumption/ (Sucrose consumption + Water consumption) × 100%.



Tail suspension test

The tail suspension test was performed as described previously (Li et al., 2022). Mice were suspended by the tails to a rod about 45 cm above the floor by placing adhesive tape 1 cm from the tail tip. By the commonly accepted criteria, immobility was defined as the absence of movement of the animals’ heads and bodies. The immobility time was recorded for 6 min in a dark room. Etho Vision XT software was used for TST recording and analysis.



Forced swimming test

The forced swimming test (FST) was performed as described previously. Animals were forced to swim in a Plexiglas cylinder (height: 70 cm, diameter: 30 cm) filled with water (23 ± 1°C) to a height of 30 cm. The video was recorded for 6 min, and the immobility time was analyzed during the last 5 min of the test. Mice were immobile when they remained motionless or only made movements necessary to keep their heads above the water’s surface.



ELISA

According to the manufacturer’s protocols, cytokines expression was quantified using ELISA kits (Elabscience). Briefly, a 100 μL standard or sample was added to the wells and incubated for 90 min at 37°C. The plates were then washed, and a Biotinylated Detection Ab working solution was added to each well. The plates were incubated for 1 h at 37°C. Next, 100ul HRP conjugate working solution was added for 30 min at 37°C. Finally, the reaction was stopped, and the optical density was measured.



Immunofluorescence

Immunofluorescence staining was performed according to described previously (Li et al., 2022). Briefly, mice were perfusion-fixed with 4% paraformaldehyde and soaked in PFA for 48 h, then brian was replaced with sucrose, and 30um brain tissue sections were prepared. Sections were washed with PBS for 15 min (5 min × 3). After washing, the sections were blocked with blocking buffer (10% normal goat serum in 0.3% Triton X-100 in PBS) for 1 h at room temperature and then incubated with primary antibodies overnight at 4°C, Rabbit anti-Iba1 (1: 1000, Wako,#019–19,741); Mouse anti-GFAP (1,1,000, Sigma-Aldrich, #MAB360). The next day, sections were incubated with secondary antibodies (Alexa Flour secondary antibodies, Thermo Fisher) at room temperature for 1 h; the hoechst was applied in the last 10 min. The sections were washed with PBS for 15 min (5 min × 3). After washing, sections were transferred onto glass slides, and glass coverslips were mounted using a mounting medium. Images were captured using a confocal microscope and were analyzed by ImageJ software.



Golgi staining

Golgi staining was performed according to Sami Zaqout’s protocols (Li et al., 2021a). Impregnation step: the mice brain sample was kept in Golgi-Cox solution at room temperature in the dark; after 24 h, the sample was transferred into a new Golgi solution-containing bottle with the help of a histological cassette and kept settling at room temperature in the dark for 7–10 days. Tissue protection step: the brain sample is transferred from the Golgi-Cox impregnation solution to a new bottle with the tissue-protectant solution and kept at 4°C in the dark. After 24 h, the tissue-protectant solution is replaced by a new solution in a new bottle for 4–7 days. Sectioning step: the brain sample is embedded in 4% low melting point agarose. 150–200 um sections were prepared using a sliding microtome and mounted to gelatin-coated microscope slides. Then, the brain tissue was placed in a staining solution for 10 min and rinsed with double distilled water, followed by dehydration (sequential rinse 50,75, and 95% ethanol) and xylene treatment finally, examined under an inverted fluorescence microscope IX73 Olympus.



Real-time quantitative RT-PCR

Total RNA was isolated from the hippocampus with Trizol (Invitrogen, Germany) and reversed to cDNA using the Reverse Transcription System (Promega). Primers ordered with the following sequences: HIF-1, 5′-GAAACGACCACTGCTAAGGCA-3′(forward) and 5′-GGCAGACAGCTTAAGGCTCCT-3′(reverse); prolyl hydroxylase (PHD)1, 5′-GGCCAGTGGTAGCCAACATC-3′(forward) and 5′-GTGGCATAGGCTGGCTTCAC-3′(reverse); PHD2, 5′- TGACCACACCTCTCCAGCAA-3′ (forward) and 5′- CTGCCAACAATGCCAAACAG-3′ (reverse); and PHD3, 5′-GGTGGCTTGCTATCCAGGAA-3′(forward) and 5′-ATACAGCGGCCATCACCATT-3′(reverse).



Western blotting

Western blotting was also performed according to the standard protocol. Briefly, the protein sample was denatured by boiling at 95°C for 5 min and separated via SDS-PAGE. The separated protein was then transferred onto a nitrocellulose membrane. The membrane was blocked with non-fat milk in TBST (Tris-buffered saline, 0.1% Tween 20) and then incubated with primary antibody (1:1000) (Table 1) overnight at 4°C. The next day, the membranes were incubated with a secondary antibody (1:10000) for 1 h at room temperature. For detection, the ECL Super signal chemiluminescence kit was used according to the manufacturer’s protocol. Blots were developed using ChemiDoc MP BIO-RAD. Densitometric analysis of the bands was performed using the Image Lab software. The stripping buffer was purchased from Thermo Scientific (LOT: WE32238 Scientific) blot stripping. Briefly, blots were washed with TBST 3 times. Immerse blot in stripping buffer, followed by incubating for 15-30 min at room temperature. Finally, removed the stripping buffer by washing it with TBST three times, followed by re-blocking the membrane for 1 h.



TABLE 1 List of antibodies.
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Statistical analysis

All the statistical analyses were performed using the GraphPad Prism 8 software. Data are presented as mean ± SEM. One-way analysis of variance (ANOVA) followed by post hoc Tukey/Bonferroni Multiple Comparison tests was performed to compare different groups. p < 0.05 was regarded as statistically significant.




Results


Roxadustat (FG-4592) reversed lipopolysaccharides-induced depressive symptoms

Lipopolysaccharides is a well-known inflammatory agent that can induce depressive-like behaviors in mice (Ali et al., 2020a). Similarly, our LPS-treated mice displayed depressive symptoms, as demonstrated by increased immobility during TST and FST, while decreased sucrose preference for 1% sucrose solution over normal water. However, Roxadustat (FG-4592) treatment significantly attenuated these LPS-induced depressive-like behaviors (Figures 1A,B).



PI3K Signaling mediated the effects of Roxadustat

Previous studies evidenced LPS-altered PI3K signaling (Saponaro et al., 2012; Zheng et al., 2018). However, its association with HIF-1 is enigmatic. Herein, we treated mice with wortmannin to determine the interplay among LPS, HIF-1, and PI3K signaling in depression. Surprisingly, PI3K antagonism significantly reversed Roxadustat anti-depressive effects in the presence of LPS, as it found that increased mice immobility decreased sucrose preference (Figures 1C,D). These findings suggested the involvement of HIF-1 and PI3K signaling in LPS-induced depressive symptoms. Moreover, we found an increase in HIF-1 expression, PHD1,2 (mRNA), and PI3K phosphorylation upon LPS administration, which was reduced by Roxadustat treatment (Figure 2; Supplementary Figures S1B,C). As the PI3K-Akt signaling could be activated by LPS stimulus (Hemmings and Restuccia, 2012), we examined Akt and its downstream signaling changes in the hippocampus of LPS-treated mice. Notably, LPS administration significantly enhanced Akt/GSK3β phosphorylation which was reduced by Roxadustat treatment.
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FIGURE 2
 Roxadustat effects on HIF-1a and PHDs expression. (A) Representative immune blot images and average protein levels of HIF-1 levels were normalized with β-Actin. (B–E) Showing mRNA levels of HIF-1, PHD1, PHD2, and PHD3. Image lab software was used for quantitative blot analysis and was analyzed via GraphPad prism. Data were expressed as mean ± SEM, One-way ANOVA, followed by post hoc analysis. p = <0.05 were considered significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: non-significant.


Contrarily, Roxadustat treatment significantly increased AMPKα phosphorylation in the presence of LPS (Figure 3A), indicating a link between HIF-1 and AMPK singling under LPS-induced stress conditions. As reported, AMPK is involved in the Akt signaling activation (Han et al., 2018); its link to PI3K is largely unknown, particularly in LPS-initiated stress conditions. Thus, we examined AMPKα/Akt/GSK3b signaling changes upon PI3K antagonism in the presence of LPS. Except for Akt, wortmannin treatment significantly attenuated Roxadustat-induced p-AMPKα, GSK3b, and p-p38 expressional changes in the mice hippocampal tissues in the presence of LPS (Figure 3B). These findings indicated the interplay among AMPK/PI3K and HIF-1 signaling under LPS-induced stress conditions.

[image: Figure 3]

FIGURE 3
 Roxadustat reduced LPS-induced PI3K and its associated signaling. (A,B) representative western blots of PI3K, Akt, GSK3β, APMKα, and P38 and quantitative column graphs for mice treated with LPS, Roxadustat and wortmannin. All the values were normalized with GAPDH. Image lab software was used for blots quantitative analysis and was analyzed via GraphPad prism. Data were expressed as mean ± SEM, One-way ANOVA, followed by post hoc analysis. p = <0.05 were considered significant. *p < 0.05, **p < 0.01), ***p < 0.001. ns: non-significant.




Roxadustat treatment attenuated lipopolysaccharides-induced neuroinflammation

Lipopolysaccharides-induced neuroinflammation played an integral role of depressive symptoms in mice (Li et al., 2017, 2021a). Here, we sought to determine whether LPS-induced neuroinflammation is linked to HIF-1 signaling. Our results indicated that Roxadustat significantly reduced IBA-1 and GFAP expression in the hippocampus (DG region) of the LPS-treated mice (Figures 4A,B). Similarly, Roxadustat treatment decreased cytokines, including IL-1b, IL-6, and TNF-a levels in the hippocampal tissue of the brain (Figure 4D). However, the anti-inflammatory effects of Roxadustat could be attenuated by wortmannin treatment (Figures 4A,C,D), suggesting PI3K signaling was involved in HIF-1 modulation of LPS-induced neuroinflammation. The cellular signaling changes associated with neuroinflammation were examined to validate these results further. Surprisingly, Roxadustat treatment significantly reduced LPS-elevated expression of NLRP3 in mice brains (Figure 5A), which could be increased by wortmannin (Figure 5B). As LPS-induced inflammation accompanies oxidative stress, we thus measured the expressions of anti-oxidative markers, including Nrf2, SOD2, and HO-1. However, no significant changes in NRF2, SOD2, and HO-1 Roxadustat and Wortmannin treatment could be defined (Figures 5A,B).
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FIGURE 4
 Roxadustat reduced LPS-induced neuroinflammation. (A) Microscopy results of Iba-1 expression in the different experimental groups of brain tissues, with respective bar graphs (n = 6). Magnification 10×. The image data were collected from three independent experiments and were analyzed by ImageJ software. The differences are shown in the graphs. (B,C) Representative immune blots with individual level column graphs showing Iba-1 and GFAP expression n = 3–6. All the values were normalized with β-Actin. (D) Bar graphs showing the expression level of IL-1β, IL-6, and TNF-α. Data were expressed as mean ± SEM, One-way ANOVA, followed by post hoc analysis. p = <0.05 were considered significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: non-significant.


[image: Figure 5]

FIGURE 5
 Roxadustat reduced NLRP3 level in the presence of LPS. (A,B) Representative immune blots images and bar graphs show the expression of NLRP3, Nrf2, HO-1, and SOD2. All the values were normalized with β-Actin. Image lab software was used for blots quantitative analysis and was analyzed via GraphPad prism. Data were expressed as mean ± SEM, One-way ANOVA, followed by post hoc analysis. p = <0.05 were considered significant, *p < 0.05, ***p < 0.001. ns: non-significant.




HIF-1-PHD antagonism by Roxadustat attenuated lipopolysaccharides-induced synaptic defects

Previous studies, including ours, showed that LPS administration could induce synaptic defects, which may underly the pathological processes of depression symptoms (Postnikova et al., 2020; Li et al., 2021a). Our results revealed dysregulated synaptic factors and reduced spins in hippocampal tissues (Figure 6C). Besides, the eEF2 phosphorylation level, which regulates synaptic plasticity, was also increased in LPS-treated mice but reversed by Roxadustat treatment (Figure 6A; Verpelli et al., 2010). Moreover, wortmannin attenuated the effects of Roxadustat and enhanced synaptic proteins, including PSD95, SNAP25, and Synapsin-1 (Figure 6B). These findings suggest that Roxadustat could alleviate dysregulated synaptic proteins induced by LPS via HIF-1/PI3K signaling.
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FIGURE 6
 Changes in the expression of eEF2, SNAP25, PSD95, and Synapsin-1, and spine numbers after Roxa and LSP treatment. (A,B) Representative immune blots show the expression of p-eEF2, eEF2, SNAP25, PSD95, and Synapsin-1 levels in the hippocampus of subjects. All the values were normalized with β-Actin. (C) Golgi staining showing spine density and column graph showing spine numbers n = 3–5. Image lab software was used for blots quantitative analysis and was analyzed via GraphPad prism. Data were expressed as mean ± SEM, One-way ANOVA, followed by post hoc analysis. p = <0.05 were considered significant. *p < 0.05, **p < 0.01), ***p < 0.001, ****p < 0.0001. ns: non-significant.





Discussion

Results from our previous studies and other groups have documented the interplay between neuroinflammation and depressive-like behaviors (Li et al., 2017; Postnikova et al., 2020; Ali et al., 2020b; Li et al., 2021b), but its mechanistic link to HIF-1/PI3K signaling remains poorly explored. Here, we determined that LPS administration dysregulated HIF-1 via the PI3K pathway in the mice hippocampus, which underlined LPS elicited neuroinflammation and depressive-like behaviors. HIF-1-PHD inhibitor (Roxadustat) treatment attenuated LPS-mediated changes, which could be reversed by wortmannin, suggesting an etiological role of HIF-1 in neuroinflammation-associated depressive-like behaviors. However, conventional antidepressants show their effects slowly and may take about 2–3 weeks (Szegedi et al., 2009), immediate/quick antidepressant effects of several compounds/drugs (including Roxadustat treated here for 3 days) have also been documented in the LPS-induced model of depression (O’Connor et al., 2009; Cordeiro et al., 2019; Zhang et al., 2019).

As a transcriptional factor, HIF-1 controls the immune cell metabolism and function. Additionally, it plays a crucial role in regulating inflammatory functions in dendritic, mast, and epithelial cells (Imtiyaz and Simon, 2010). Besides, TNF-α and IL-1β can activate and increase HIF-1 expression/transcriptional via NF-kB (Jung et al., 2003; Zhou et al., 2003), indicating that HIF-1 could play an essential role in inflammation. Furthermore, it has also been reported that LPS can stimulate HIF-1 activities via several pathways, including NF-kB, ROS, and p42/p44 mitogen-activated protein kinases (MAPKs; Frede et al., 2006). In addition, in macrophages, LPS accumulates HIF-1 via decreasing PHD2 and PHD3 levels in a Toll-like receptor-4 (TLR-4) dependent manner (Peyssonnaux et al., 2007; Imtiyaz and Simon, 2010). This evidence supports our findings that LPS-induced neuroinflammation was reduced in the hippocampus of mice after Roxadustat treatment. However, it was more interesting to be identified here that PI3K inhibition reversed the effects of Roxadustat, indicating a link between HIF-1 and PI3K signaling in the presence of LPS. Previous studies have also demonstrated that PI3K/Akt signaling could regulate HIF-1 levels via mTOR signaling at the posttranslational level but not at the mRNA level (under hypoxic conditions; Zhang et al., 2018). Because PI3K inhibitor (LY294002) and Dual PI3K/mTOR inhibitor NVP-BEZ235 treatment suppressed Akt and HIF-1 activation and expression (Karar et al., 2012), respectively. These results indicated that the PI3K-Akt cascade is a highly conserved intracellular signaling pathway involved in the immune system’s growth, motility, survival, metabolism, and coordinating defense mechanisms by transducing extracellular stimuli (Hemmings and Restuccia, 2012).

Studies demonstrate the beneficial effects of intermittent hypoxia on neurological disorders, including depression, by promoting neurogenesis via BDNF signaling (Ferrari et al., 2017; Meng et al., 2020); however, the mechanisms are not fully explored as for the potential beneficial effects through the HIF-1 hypoxia responding factor. Our results showed that Roxadustat treatment rescued LPS-altered synaptic protein level and spin-altered morphology. Interestingly, similar neuroprotective roles of Roxadustat have been recently reported, while its link to LPS/PI3K signaling has not been explored. Our results further demonstrated that PI3K signalling-antagonism reversed the protective effects of Roxadustat, indicating that HIF-1/PI3K signaling mediated the LPS-induced neuroinflammation, synaptic deficits, and depressive symptoms.

In conclusion, HIF-1 contributed to inflammation and the redox system under hypoxia conditions; it also played a role in neuroinflammation-induced depression, which might be associated with PI3K-related signalings. Furthermore, Roxadustat showed potent anti-depressive effects via reducing neuroinflammation by stabilizing HIF-1 expression; however, the proper LPS-stimulated signaling cross-talk to HIF-1 under depression conditions is enigmatic, which is the limitation of the present study, and it needs further investigation.
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The mechanism of brain aging is not fully understood. Few studies have attempted to identify molecular changes using bioinformatics at the subregional level in the aging brain. This study aimed to identify the molecular signatures and key genes involved in aging, depending on the brain region. Differentially expressed genes (DEGs) associated with aging of the cerebral cortex (CX), hippocampus (HC), and cerebellum (CB) were identified based on five datasets from the Gene Expression Omnibus (GEO). The molecular signatures of aging were explored using functional and pathway analyses. Hub genes of each brain region were determined by protein–protein interaction network analysis, and commonly expressed DEGs (co-DEGs) were also found. Gene–microRNAs (miRNAs) and gene–disease interactions were constructed using online databases. The expression levels and regional specificity of the hub genes and co-DEGs were validated using animal experiments. In total, 32, 293, and 141 DEGs were identified in aging CX, HC, and CB, respectively. Enrichment analysis indicated molecular changes related to leukocyte invasion, abnormal neurotransmission, and impaired neurogenesis due to inflammation as the major signatures of the CX, HC, and CB. Itgax is a hub gene of cortical aging. Zfp51 and Zfp62 were identified as hub genes involved in hippocampal aging. Itgax and Cxcl10 were identified as hub genes involved in cerebellar aging. S100a8 was the only co-DEG in all three regions. In addition, a series of molecular changes associated with inflammation was observed in all three brain regions. Several miRNAs interact with hub genes and S100a8. The change in gene levels was further validated in an animal experiment. Only the upregulation of Zfp51 and Zfp62 was restricted to the HC. The molecular signatures of aging exhibit regional differences in the brain and seem to be closely related to neuroinflammation. Itgax, Zfp51, Zfp62, Cxcl10, and S100a8 may be key genes and potential targets for the prevention of brain aging.
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Introduction

As an inevitable physiological phenomenon, brain aging leads to cognitive declines, including memory, learning ability, attention and processing speed, and neurodegenerative diseases, such as Alzheimer’s disease (AD), dementia, and Parkinson’s disease. These changes contribute to poor quality of life in elderly people and place a heavy burden on society. Currently, there are no effective interventions for delaying the progression of brain aging. One of the important reasons for this dilemma is that the mechanism of brain aging remains unclear, despite tremendous efforts in recent years.

Mechanisms of brain aging generally include mitochondrial dysfunction, impaired DNA repair, aberrant neuronal network activity, stem cell exhaustion, glial cell activation and inflammation, and dysregulated neuronal calcium homeostasis (Yankner et al., 2008; Mattson and Arumugam, 2018). These mechanisms do not usually occur in isolation during the aging process and are highly interdependent and interactive. Therefore, these are common features of aging. However, the aging mechanism may be relatively independent and distinctive in specific brain regions because these regions differ in the proportion of nerve cell subtype and cellular communication. Each region has a specific biological function (Wyss-Coray, 2016). Magnetic resonance imaging has demonstrated that different brain regions did not age at the same pace (Jang et al., 2016; Marjańska et al., 2017). Regional differences in the rate of atrophy of brain tissues during the aging process have been described (Raz et al., 2010). Several biological changes in aging also have regional differences, such as DNA repair capacity, reactive oxygen species levels, metabolome atlas, lipofuscin deposition, and microglial phenotype (Oenzil et al., 1994; Strosznajder et al., 2000; Grabert et al., 2016; Stefanatos and Sanz, 2018; Ding et al., 2021). Therefore, we hypothesize that different brain regions may have different molecular signatures of aging. Exploring the key genes depending on the brain region instead of the whole brain may identify potential key genes of brain aging that may be productively targeted.

In this context, we used a bioinformatics analysis approach to explore molecular alterations in different brain regions. Given that the cerebral cortex (CX), hippocampus (HC), and cerebellum (CB) are associated with cognitive function (Bartsch and Wulff, 2015; Liang and Carlson, 2020; Upright and Baxter, 2021), we selected five datasets that include these three brain regions from the Gene Expression Omnibus (GEO) database for analysis. Differentially expressed genes (DEGs) between young and aged CX, HC, and CB groups were obtained. The DEGs were subjected to functional and pathway analyses to determine the molecular signatures of aging and subjected to R software (RGui) and online analysis to identify the hub genes. The commonly expressed DEGs (co-DEGs) of all three regions were identified to explore the basic and common molecular changes in the aging brain. Subsequently, we constructed the gene–microRNA (miRNA) interactions to explore the potential miRNAs involved in brain aging. Finally, real-time quantitative PCR (RT-qPCR) was used to validate the expression levels and regional specificity of the hub genes and co-DEGs. Overall, this study aimed to identify the molecular signatures and potential key genes involved in brain aging depending on the brain region. This knowledge may enhance the understanding of brain aging at a molecular level.



Materials and methods


Data processing

GSE75047, GSE34378, GSE48911, GSE62385, and GSE87102 were downloaded from the GEO database,1 a public functional genomics data repository. In GSE75047 (platform GPL10787), samples of the CX and cerebellum CB from 2-month-old and 29-month-old wild-type mice were used for further analysis. Other samples were excluded. Similarly, in GSE34378 (platform GPL14996), CX samples from 3-month-old and 18-month-old mice were selected. In GSE48911 (platform GPL1261), samples of the HC from 4.5-month-old and 20-month-old wild-type mice were selected. In GSE62385 (platform GPL1261), HC samples from 1-month-old and 12-month-old mice from the control group were selected. In GSE87102 (platform GPL7202), samples of CB from 2 to 3-month-old and 21 to 23-month-old mice were selected. We reextracted the gene expression profiles from these datasets as described earlier. In total, 26 young brains and 27 aged brains from mice in these datasets were used for further analysis (Table 1). The expression matrices of the genes were downloaded and normalized using the BiocManager package (version 3.16.0) in the R software (version 4.2.1). After normalization, Sangerbox,2 a comprehensive and interaction-friendly clinical bioinformatics analysis platform, was used to merge the matrices of these datasets depending on the brain tissue type and batch differences were removed using the ComBat method (Zhang et al., 2020).



TABLE 1 Samples used in datasets.
[image: Table1]



Identification of DEGs

DEGs between young (≤4.5 months old) and aged (≥12 months old) groups of CX, HC, and CB were identified by comparing the gene expression of the aged group to that of the young group. The Limma package (version 3.46.0) was used to identify DEGs for each brain region (Ritchie et al., 2015). The Benjamini–Hochberg method was used to adjust the false discovery rate. Genes with a Log2 fold change (FC) > 1 and an adjusted p-value of <0.05 were identified as DEGs. DEGs of each brain region were then visualized with a volcano plot created using the ggplot2 package in R software (RGui). A heatmap of DEGs was generated using the Pheatmap package in RGui. The co-DEGs of all three brain regions were also identified by taking the intersection of each set of DEGs using an online tool3 and were visualized with a Venn diagram.



Gene ontology and Kyoto encyclopedia of genes and genomes pathway enrichment analyses

Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) enrichment analyses were performed for each set of DEGs using the clusterProfiler package (version 4.6.0) from the Bioconductor platform (Yu et al., 2012). The results were visualized using a bubble chart generated by RGui. The items in the bubble chart of GO enrichment were divided into three categories: biological processes (BP), cellular components (CC), and molecular functions (MF). Statistical significance was set at a p-value of <0.05. We performed GO and KEGG enrichment analyses using Metascape,4 a powerful online tool for gene function annotation analysis (Xu et al., 2022). The criteria for the analysis were set as follows: minimum overlap = 3, p-value cut-off <0.05, and minimum enrichment = 1.5. To confirm the enrichment results, GO and KEGG analyses for DEGs were also performed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID)5 online bioinformatics analytical tool for public use, with the criterion of the p-value <0.05 (Dennis et al., 2003).



Protein–protein interaction network construction and identification of hub genes

Protein–protein interaction (PPI) networks of each set of DEGs were established by searching using STRING (version 11.5),6 a public data resource used for network functional enrichment analysis of known and predicted PPI (Xu et al., 2022). The minimum required interaction score for network construction was set at <0.4 for the network construction. The disconnected nodes in the network were hidden. Then, RGui and Cytoscape (version 3.8.2)7 were used for network analysis, network visualization, and hub gene identification (Xu et al., 2022). When RGui was applied, the hub genes were determined based on the number of gene connections in the networks. We applied Cytohubba in Cytoscape software to calculate the degree of genes using the maximal clique centrality method. Only the genes with the highest (or parallel highest) number of gene connections or degrees were considered hub genes. The results are visualized using bar plots and network diagrams.



Construction of potential gene–miRNA interactions

We used four online miRNA prediction tools, including six prediction methods. The four prediction tools used were miRBD,8 TargetScan (version 8.0),9 miRWALK(v 3.0),10 and DIANA (including the microT-CDS, microT v4, and TarBase v7.0).11 We used these tools to predict the potential miRNAs that could interact with hub genes and co-DEGs (S100a8). We identified three top alternative miRNAs based on the predictive scores for at least two prediction tools for each hub gene and co-DEG. The results are presented in the form of a table.



Exploring the relationships between aged-related nervous system disease and hub genes/co-DEGs

The Comparative Toxicogenomics Database (CTD)12 is a robust, publicly available database that provides manually curated information about chemical–gene/protein interactions and gene–disease relationships (Davis et al., 2021). We used CTD to show the relationship between hub genes/co-DEGs (S100a8) and aging-related nervous system diseases, including neurodegenerative and cerebrovascular diseases.



Animal treatment

In total, 16 young mice (3 months old) and 16 aged mice (18 months old) were used for experimental validation. C57BL/6 J mice were purchased from Changsha TianQin Biotechnology Technology Corporation Ltd. (Hunan China; animal license No: SCXK (Hunan) 2019-0014). The mice were housed in the Animal Experimental Center of Guangxi Medical University. The mice were housed under environmentally controlled standard indoor conditions (12/12 h light/dark cycle; room temperature, 21°C–24°C; humidity, 50%–70%) with ad libitum access to water and food. Mice were anesthetized via intraperitoneal injection of pentobarbital (50 mg/kg) and sacrificed by cervical dislocation. A total of 32 samples of CX, HC, and CB were obtained after rapid decapitation of half of the young and aged mice groups. All samples were used to validate gene expressions. Among these samples, seven young and seven aged samples of CX, HC, and CB were used to identify the regional specificity for each hub gene and co-DEG (S100a8). The animal procedures were approved by the Animal Care Welfare Committee of Guangxi Medical University.



RT-qPCR

The expression level of hub genes and co-DEGs was measured by RT-qPCR. Total RNA was extracted from CX, HC, and CB using the TRIzol reagent (Thermo Fisher Scientific, United States) according to the manufacturer’s instructions. The mRNA was reverse transcribed to cDNA using the Revert Aid First Strand cDNA Synthesis kit (Thermo Fisher Scientific). PowerUp SYBR Green Premix (Thermo Fisher Scientific) was used for qPCR analysis. The cycling conditions were 50°C for 2 min and 95°C for 2 min in the holding stage followed by 40 cycles of 95°C for 15 s and 60°C for 1 min in the cycling stage. Gene expression was normalized to GADPH expression. Relative changes in mRNA levels among groups were determined with the 2−△△Ct method. The primer sequences are listed in Table 2.



TABLE 2 Primers used in qPCR.
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Statistical analyses

Statistical analysis was performed using IBM SPSS Statistics 26. Results were analyzed using an unpaired t-test (for normally distributed samples) or a Wilcoxon rank test (for non-normally distributed samples). In the RT-qPCR experiment, more than three wells were added to each sample. Results are expressed as the mean ± SEM. Statistical significance was set at a p-value of <0.05.




Results


Identification of DEGs

The procedures for this study are shown in Figure 1. After normalizing the matrices and removing the batch differences, the density distributions of gene expression for each dataset were fundamentally the same. The findings indicate that the data sources were reliable and can be used for further analysis (Figure 2). We identified 32 DEGs (27 upregulated genes and 5 downregulated genes), 293 DEGs (156 upregulated genes and 137 downregulated genes), and 141 DEGs (101 upregulated genes and 40 downregulated genes) between the young and aged CX, HC, and CB groups, respectively. The expression and distribution of DEGs are shown in volcano plots and heatmaps (Figures 3, 4). Co-DEGs responsible for brain aging were also identified. After taking the intersection of the three sets of DEGs, we found 10 co-DEGs between CX and CB, three between CX and HC, and one between HC and CB. S100a8 was the only co-DEG of all three brain regions and was upregulated in the DEGs (Figure 5).

[image: Figure 1]

FIGURE 1
 Flowchart of the study.
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FIGURE 2
 Density distribution map of gene expression in datasets before (A,C,E) and after (B,D,F) removing batch differences. The maps were generated by SangerBox using the ComBat method. The horizontal axis represents gene expression level and the vertical axis represents probability density. The higher curve overlap, the smaller batch differences. CX, cerebral cortex; HC, hippocampus; CB, cerebellum.
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FIGURE 3
 Volcano plots of DEGs between young and aged group in CX (A), HC (B) and CB (C). The Limma package was used to identify DEGs. Sample size: CX (Young: n = 7, Aged: n = 7); HC (Young: n = 6, Aged: n = 6); CB (Young: n = 13, Aged: n = 14). Red, blue, and gray nodes represent upregulated genes, downregulated genes and no significantly changed genes, respectively. The genes with |log FC| > 1 and adjusted p < 0.05 were identified as DEGs. CX, cerebral cortex; HC, hippocampus; CB, cerebellum.
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FIGURE 4
 Heatmap of DEGs between young and aged groups of CX (A), HC (B) and CB (C). The heatmaps were generated using the Pheatmap package. The horizontal axis represents sample symbol and the vertical axis represents gene symbol. The depth of red (high value) and blue (low value) colors represent height of gene expression value. CX, cerebral cortex; HC, hippocampus; CB, cerebellum.
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FIGURE 5
 Venn diagram of DEGs. The intersections represent the co-DEGs between each brain region. CX, cerebral cortex; HC, hippocampus; CB, cerebellum.




Go and KEGG enrichment analyses of DEGs

The GO and KEGG enrichment results are shown in bubble plots (Figure 6). The GO terms for cortical aging were mainly neutrophil chemotaxis, granulocyte chemotaxis, neutrophil migration, granulocyte migration in BP, glial cell projection, cornified envelope, multivesicular body in CC, integrin binding, cell adhesion molecule binding, G protein-coupled receptor binding, and monocyte C-C motif chemokine receptor (CCR) chemokine receptor binding in MF (Figure 6A). The KEGG pathways of cortical aging included tuberculosis, complement and coagulation cascades, the interleukin (IL)-17 signaling pathway, and the Toll-like receptor signaling pathway (Figure 6B). The GO terms of hippocampal aging were mainly synaptic transmission, calcium ion regulation, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor activity, myeloid cell differentiation, apoptotic process in BP, secretory granule, synaptic, and postsynaptic membrane in CC, and actin binding and actin filament binding in MF (Figure 6D). KEGG pathways of hippocampal aging included apoptosis (Figure 6E). GO terms of cerebellar aging were mainly leukocyte migration, leukocyte chemotaxis, neuron development, neuron differentiation in BP, secretory granule, presynaptic membrane in CC, cytokine activity, chemoattractant activity, chemokine activity, and hormone activity in MF (Figure 6G). The KEGG pathways of cerebellar aging included a series of inflammation-related signaling pathways (Figure 6H). The main parts of the networks of the enriched terms based on Metascape are shown in Figures 6C,F,I. We also applied DAVID to validate the enrichment analysis. The results are provided in the Supplementary material. These enrichment items indicate molecular signatures of aging in different brain regions.
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FIGURE 6
 Enrichment analysis of DEGs based on R software and Metascape. (A,D,G) GO enrichment items of CX (A), HC (D), and CB (G). (B,E,H) KEGG enrichment items of CX (B), HC (E), and CB (H). (C,F,I) The main Networks of enrich terms of CX (C), HC (F), and CB (I). A,B,D,E,G,H were generated by RGui using the clusterProfiler package. C,F,I were generated by Metascape. Statistical significance of enrichment item was set at p < 0.05.




PPI network analysis and identification of hub genes

PPI networks were constructed using STRING and analyzed using RGui and Cytoscape. The cortical PPI network consisted of 19 nodes and 56 edges with an average node degree of 3.47 and an average clustering coefficient of 0.51. The hippocampal PPI network consisted of 121 nodes and 242 edges with an average node degree of 2.38 and an average clustering coefficient of 0.09. The cerebellar PPI network consisted of 94 nodes and 500 edges with an average node degree of 5.83 and an average clustering coefficient of 0.44. In the Cytoscape analysis, we obtained the hub genes depending on the degree of gene expression, and the results were visualized using Cytoscape. The network diagrams list only one-way edge results. Itgax is a hub gene involved in cerebral cortical aging (Figure 7A). Zfp52 and Zfp62 were hub genes involved in hippocampal aging (Figure 7B). Itgax and Cxcl10 were hub genes involved in cerebellar aging (Figure 7C). These four genes were all upregulated in the DEGs. The degrees of hub genes were as follows: Itgax: 20 (in the cortical network)/40 (in the cerebellar network); Zfp51 and Zfp62: 16; Cxcl10: 40. In RGui analysis, we obtained the same results for hub gene identification. The top 30 genes of each brain region are presented in a bar plot based on the number of gene connections in the PPI network (Figures 7D–F). The functional enrichment items and pathways that contain the hub genes or co-DEGs (S100a8) are also listed in Tables 2–4 (in which only the top three items according to p-values are listed). These results suggest that different brain regions may undergo different molecular changes during aging (Table 5).
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FIGURE 7
 PPI networks and hub genes of DEGs. (A-C) The results of network analysis based on Cytoscape. The depth of color represents the degree of gene in network analysis. (D-F) The results of network analysis based on R software. The x-axis represents the number of gene connections in network. CX, cerebral cortex; HC, hippocampus; CB, cerebellum.




TABLE 3 GO and KEGG items.
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TABLE 4 GO and KEGG items.
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TABLE 5 GO and KEGG items.
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Potential gene–miRNA interactions

The miRBD, TargetScan, miRWALK, and DIANA tools were used to identify the top three miRNAs targeting each hub gene and co-DEGs (S100a8) based on the predictive scores. The predicted miRNAs for Itgax are mmu-miR-185-3p, mmu-miR-7,048-5p, and mmu-miR-379-5p. The predicted miRNAs for Zfp51 are mmu-miR-23b-3p and mmu-miR-7,655-3p. The predicted miRNAs for Zfp62 are mmu-miR-181a-5p, mmu-miR-181b-5p, and mmu-miR-181c-5p. The predicted miRNAs for Cxcl10 are mmu-miR-101b-3p, mmu-miR-101a-3p, and mmu-miR-126b-5p (Table 6). These results implicate miRNAs in aging in different brain regions.



TABLE 6 Interaction between hub genes and miRNA.
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Relationship between aged-related nervous system disease and hub genes/S100a8

We used the CTD database to explore the relationship between age-related nervous system diseases and hub genes/co-DEGs (S100a8) based on the inference scores. The neurodegenerative diseases for the hub genes and S100a8 included dementia, Parkinson’s disease, neurobehavioral abnormalities, memory disorders, learning disabilities, and Alzheimer’s disease. The age-related cerebrovascular diseases for the hub genes and S100a8 included cerebrovascular disorders, stroke, brain ischemia, ischemic attack, cerebral infarction, cerebral hemorrhage, and intracranial hemorrhage (Figure 8).

[image: Figure 8]

FIGURE 8
 Relationship between Itgax (A), Zfp51 (B), Zfp62 (C), Cxcl10 (D), S100a8 (E) and aged related nervous system diseases. Data are from the Comparative Toxicogenomics Database. The top five of neurodegenerative diseases and age-related cerebrovascular diseases of each hub gene and S100a8 are listed in the bar charts based on the inference score. *, Direct evidence of marker or molecular change in this disease.




Expression level and regional specificity of hub genes and S100a8

We used the qPCR method to validate gene expression levels. Consistent with the results of the bioinformatic analysis, the levels of Itgax, Zfp51, Zfp62, Cxcl10, and S100a8 were all significantly upregulated in the corresponding region of aged samples. Surprisingly, only the upregulation of Zfp51 and Zfp62 was restricted to the HC, whereas Itgax and Cxcl10 were significantly upregulated in all three regions in aged samples, similar to the co-DEGs (S100a8; Figure 9). This evidence further corroborates the level change of these genes in the aging of different brain regions and indicates the fundamental role of neuroinflammation in brain aging.

[image: Figure 9]

FIGURE 9
 The expression level and regional specificity of the hub genes and S100a8 in mice (Measured by RT-qPCR method). Sample size (Young and aged samples account for half of each panel): Itgax (CX: n = 32, HC: n = 14. CB: n = 32); Zfp51 (CX: n = 14, HC: n = 32. CB: n = 14); Zfp62 (CX: n = 14, HC: n = 32. CB: n = 14); Cxcl10 (CX: n = 14, HC: n = 14. CB: n = 32); S100a8 (CX: n = 32, HC: n = 32. CB: n = 32); p-values of Itgax of CX, Zfp51 of HC, S100a8 of HC and CB are calculated with Wilcoxon rank-sum test. p-value of other panel are calculated with t -test. Results are expressed as mean ± SEM. CX, cerebral cortex; HC, hippocampus; CB, cerebellum. Y, young; A, aged; *p < 0.05; **p < 0.01.





Discussion

The study findings reveal that the molecular changes and key genes involved in aging exhibit regional differences in the brain. Most of the changes seem to be closely related to neuroinflammation. Although several previous studies based on bioinformatics analyses have already focused on normal brain aging, none have explored the key genes of aging depending on the brain region and multiple online datasets (Li et al., 2018; Xu et al., 2022). Whether there are regional differences in molecular changes in the aging brain is unclear. Therefore, this study fills this gap to a certain extent.

GO terms of cerebral cortical aging strongly suggest that leukocyte (especially neutrophils) chemotaxis and migration is an important change in cortical aging, and integrins (αβ-heterodimer CAMs), which are exclusively expressed on the surface of all leukocytes, play a key role in cerebral cortical aging (Wen et al., 2022). Previous studies have shown that aging increases blood–brain barrier permeability, which facilitates neutrophil invasion in the aging brain (Roy-O'Reilly et al., 2020). Integrin activation contributes to the slow rolling, adhesion, and recruitment of leukocytes during this invasion process, thus maintaining immune responses and inflammation levels (Sun et al., 2021). Chemokines are chemotactic agonists that regulate integrin activation through GPCRs, such as monocyte C-C motif chemokine receptor 2 (CCR2; Sun et al., 2021). Thus, the CCR may also be involved in leukocyte recruitment in aging CX. This is supported by evidence that GPCRs and CCR receptor levels are also altered in CX from aged rodents (Cartier et al., 2005; Gu et al., 2021). In addition, what can support the suggestion mentioned earlier is that the DEGs of cortical tissue were enriched in several inflammatory signaling pathways in the KEGG results. Coincidentally, integrin alpha x (Itgax) or CD11c (the latter has been already used in numerous studies) that encodes an integrin family protein was the hub gene of cerebral cortical aging in our results. Several studies have shown that the level of Itgax increases with age and is related to CX neuroinflammation (Hart et al., 2012; Raj et al., 2017; Kang et al., 2018; Sato-Hashimoto et al., 2019). In addition to its role in normal aging, Itgax participates in the pathological processes of neurodegenerative diseases such as AD (Rangaraju et al., 2018; Benmamar-Badel et al., 2020). Combined with this evidence, our results suggest that Itgax-mediated neutrophil invasion plays a key role in cortical aging. However, despite inducing neuroinflammation, upregulation of Itgax enhances cellular phagocytosis and thus promotes the clearance of Aβ plaques, which is beneficial for the brain (Benmamar-Badel et al., 2020). Therefore, whether the increase in Itgax is an important factor in aging CX is unclear and requires further study.

The enrichment results for hippocampal aging appear more complex, but the abnormality of neurotransmitter transmission (especially excitatory neurotransmitters) seems to play a critical role. A decline in the level of excitatory neurotransmitters, such as glutamate, is a robust marker of brain aging (Roalf et al., 2020). Neurotransmitter transmission is regulated by calcium-dependent exocytosis (Wu et al., 2014). Actin cytoskeleton remodeling precisely controls exocytosis by actin filaments, thus ensuring normal granule transport in the synaptic cleft (Bader et al., 2004). Abnormal neurotransmission, oxidation of calcium channels, decrease in exocytosis, and levels of actin protein (for example, drebrin) have all been found in aging HC in previous studies (Lalo et al., 2014; Patel and Sesti, 2016; Willmes et al., 2017; Roalf et al., 2020; Tao et al., 2021). These alterations lead to impairment of long-term potentiation, which is directly responsible for cognitive decline (Kojima and Shirao, 2007; Ivanov et al., 2009; Jung et al., 2015). In addition, the enrichment results may also emphasize that neuroinflammation induced by microglia (a type of resident myeloid cells in the brain) and apoptosis are involved in hippocampal aging. Zfp51 and Zfp62 were identified as hub genes involved in hippocampal aging in our study. These two genes are zinc finger encoding genes and have the same evolutionarily conserved C2H2-link sequence. However, these two genes have not been thoroughly investigated. To the best of our knowledge, no study has focused on the relationship between these two genes and brain aging. Therefore, research on the role of these two genes in hippocampal aging is required.

CB appears to have a relatively slow rate of aging. The role of CB in cognitive decline is enigmatic. Therefore, it is not surprising that CB has been dismissed or even ignored in studies on brain aging. However, some recent studies have shown that pathological changes in CB may also be associated with neurodegenerative disorders, highlighting the significance of CB in normal aging (Liang and Carlson, 2020). Most GO items associated with cerebellar aging are related to neuronal development and differentiation. This suggests that impaired neurogenesis plays a fundamental role in cerebellar aging. As a compensatory mechanism for neuronal death, neurogenesis can restore the brain to a more youthful state during aging. However, neurogenesis in the CB is significantly impaired with age (Elkholy and Al-Gholam, 2018; Isaev et al., 2019). In addition, DEGs enriched for calcium ion transport provide further confirmation for this suggestion because calcium transport is indispensable for cell proliferation and neural differentiation in neurogenesis (Toth et al., 2016). However, during aging, the number of calcium channels necessary for transport decreases (Martini et al., 1994; Chung et al., 2001). A series of functions and pathways related to leukocyte reaction and inflammatory cytokine responses are consistent with the results that Itgax and Cxcl10 were the hub genes of cerebellar aging because these two genes are closely related to the inflammatory reaction. In addition to leukocyte-induced inflammation, Itgax is related to neurogenesis (Blau et al., 2012). Similar to Itgax, Cxcl10, a chemokine superfamily coding protein, is expressed in astrocytes, glial cells, dendritic cells, and neutrophils, and is closely related to neuroinflammation (Fazia et al., 2020). Cxcl10 is upregulated in aged brains (Hasegawa-Ishii et al., 2016; Palomera-Ávalos et al., 2017; Tennakoon et al., 2017; Hu et al., 2019). Expression of Cxcl10 can induce the release of the senescence-associated secretory phenotype, which consists of multiple inflammatory factors and promotes brain aging (Cardoso et al., 2018). The upregulation of inflammatory cytokines is usually accompanied by impaired neurogenesis (Kim et al., 2016). This evidence suggests that Itgax and Cxcl10-mediated neuroinflammation may be the driving force for the impairment of neurogenesis in CB and thus responsible for cerebellar aging.

Subsequently, we identified that S100a8 was the only co-DEG of all three brain regions. A previous study showed that the level of S100A8, the eponymous protein encoded by the S100a8 gene, is increased in the prefrontal cortex, hippocampus, and cerebellum of aged rats and plays a critical role in inflammatory regulation (Hamasaki et al., 2019). Similar results were obtained in aged mice and a mouse model of AD (Lodeiro et al., 2017). As the brain ages, some brain regions contain high levels of S100 proteins. Among these proteins, S100A8 has the highest staining intensity (Hoyaux et al., 2000). Most S100A8 proteins are aggregated around amyloid plaques neighboring activated microglia, which form a positive feedback loop between S100A8 and Aβproduction (Lodeiro et al., 2017). This may explain why amyloid deposition and neuroinflammation are common phenomena in the aging brain (Singh-Bains et al., 2019; Zhang et al., 2021). After gene identification, we were interested in determining whether the upregulation of hub genes had regional specificity. Therefore, we measured the level of each hub gene in each brain region. We were surprised to find that only the upregulation of Zfp51 and Zfp62 was restricted to the HC, whereas Itgax and Cxcl10 were significantly upregulated in all three regions of the aged brain, similar to S100a8. This suggests that Zfp51 and Zfp62 may be specific biomarkers of hippocampal aging, and neuroinflammation may be a common and basic mechanism of brain aging because the expression of Itgax, Cxcl10, and S100a8 are all strongly related to inflammatory reactions, as mentioned above.

Considering that the hub genes are also regulated by miRNA, we predicted the top three selected miRNAs that targeted each hub gene and S100a8 based on the predictive scores. Supporting evidence is also found for these predictions. In one study, miR-185-3p was related to aging and frailty in exosomes derived from plasma (Ipson et al., 2018). Jiang and colleagues described a decreased level of miR-23b-3p in HC from aged mice (Jiang et al., 2022). The authors also reported that upregulation of this miRNA attenuates cognition impairment. In another study, upregulation of miR-181a-5p was demonstrated in HC of AD mice (Rodriguez-Ortiz et al., 2020). The authors described that this upregulation negatively modulates synaptic plasticity, leading to memory impairment. Angiotensin II induces brain vascular smooth muscle cell (BVSMC) senescence by negatively regulating miR-181b-5p (Li et al., 2019; Bai et al., 2021). Therefore, the downregulation of this miRNA in HC may be responsible for the aging of BVSMC. Microarray analysis has shown that miR-181c-5p is associated with hippocampal aging (Zhou et al., 2016). MiR-101b-3p controls neuronal plasticity, indicating a role in the impairment of neurogenesis in cerebellar aging (Codocedo and Inestrosa, 2016). This evidence functionally implicates miRNAs in the aging brain. However, their relationship to hub genes and their effects on the aging of specific brain regions need to be confirmed. These four hub genes and S100a8 are all associated with the most common age-related nervous system diseases, and this further suggests that changes in the levels of these genes may play a critical role in cognitive decline and neurovascular aging; however, more animal and clinical studies are needed to confirm the biological role of these genes in normal brain aging.

This study has some limitations. First, this was a small sample study from the point of both bioinformatics analysis and animal experiments. In contrast, we only explored the potential mechanism at the gene expression level, but gene expression may not be directly equivalent to protein expression and biological effects. Therefore, more animal and clinical studies are needed, other comprehensive databases of biometric information should be applied to bioinformatics analysis, and the results should be validated through different experimental methods.



Conclusion

This study revealed that the molecular signatures of aging exhibit regional differences in the brain and seem to be closely related to neuroinflammation. Integrin-mediated neutrophil invasion, abnormal synaptic transmission, and impaired neurogenesis due to inflammation may play key roles in the aging of CX, HC, and CB. Itgax, Zfp51, Zfp62, Cxcl10, and S100a8 are potential targets for preventing aging in the brain. Further studies are required to confirm these results.
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Footnotes

1   http://www.ncbi.nlm.nih.gov/geo

2   http://www.sangerbox.com

3   http://bioinformatics.psb.ugent.be/webtools/Venn/

4   https://metascape.org/gp/index.html

5   https://david.ncifcrf.gov/tools.jsp

6   https://cn.string-db.org

7   https://cytoscape.org/

8   https://mirdb.org/

9   https://www.targetscan.org

10   http://mirwalk.umm.uni-heidelberg.de/

11   http://diana.imis.athena-innovation.gr/DianaTools/

12   http://ctdbase.org/
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Parameter HCs IS (11-72 h) p values*
Age and gender

Total, n 33 40

Male, n (%) 18 (55) 18 (45) 0.417
Age (y), mean (SD) 63.67 (8.9) 68.1(11.9) 0.0813
Stroke risk factors, n (%)

Hypertension 17 (61.5) 22 (55) 0.733
Diabetes mellitus 5(15.2) 8 (20) 0.590
Hyerlipidaemia 6 (18.2) 9 (22.5) 0.594
Smoker 4(12.1) 5(12.5) 0.497
History of stroke/TIA 2 (6) 6 (15) 0.058
Laboratory parameters, mean + SD

Glucose, mmol/L B.57 £1.78 714 £2.08 0.2133
Platelets, 10°/L 2109+ 41.06 191.6 +£55.7 0.1027
Triglycerides, mmol/L 1.19 £ 0.60 1.22 £0.88 0.8683
Total cholesterol, mmol/L 4.66 + 0.82 4.35 £0.99 0.1551
HDL, mmol/L 1.88+ 027 1.24 £0.37 0.2482
LDL, mmol/L 268 +0.54 246 +£0.73 0.1553
WBC count, 10°/L 5.85 £+ 0.96 6.7 £2.69 0.0889
RBC count, 10'2/L 471 £043 452 +047 0.0784
NIHSS score <0.01
Mean (25th—75th percentile) 0(0) 10 (6.75-14)

Infarct volume

Mean (25th-75th percentile), mL n/a 12.70 (3.04-25.87) <0.01

*For Continuous variables, a Wilcoxon test was used to assess differences, while

for categorical variables, a Fisher’s exact test was used.

HDL, high-density lipoprotein; LDL, low-density lipoprotein; n/a, not available, RBC,

red blood cell; TIA, transient ischemic attack; WBC, white blood cell.
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Control Age (yrs) Sex PMI (hrs) RIN

P1 53 M 15 6.1
P2 75 M 11.5 6.0
P3 76 M 11 6.2
P4 80 M 14 7.7
P5 61 F 26 6.2
P6 93 B 17 6.2
P7 52 M 19 5.6
P8 81 B 14.5 6.1
P9 75 B 15.4 7.3
P10 72 F 14 5.4
P11 70 M 12 59
P12 93 F 20.3 4.8
P13 57 M 12.6 5.0

Control mean 4+ SEM 722 +3.7 7M,6F 156 +1.2 6.0+0.2

PD Age (yrs) Sex PMI (hrs) RIN
P1 75 M 55 5.0
P2 72 M 55 41
P3 81 M 7 5.0
P4 75 M 5 7.1
P5 95 M 10 53
P6 72 F 14.7 5.7
P7 83 M 6.7 49
P8 67 M 9.8 6.8
P9 82 F 19 5.5
P10 70 M 225 5.7
P11 70 M 215 5.0
P12 71 M 17.5 52
P13 82 M 13.7 33
P14 81 F 12 3.0
P15 89 M 13.8 6.7
P16 73 M 306 5.4
P17 77 M 18.6 6.8
P18 71 M 215 53

PD mean + SEM 770:£1.7 15M, 3 F 142 +£1.7 53403
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Control Age (yrs) Sex PMI (hrs) RIN

SN1 65 M 8.8 2.7
SN2 71 M 7 2.5
SN3 83 F 8.6 33
SN4 65 F 8.8 48
SN5 70 M 18.2 2.5
SN6 77 B 6 57
SN7 83 B 17.6 6.1
SN8 67 B 11.8 3:1
SN9 83 M 195 59
SN10 68 M 20.3 59
SN11 81 F 16.3 59
SN12 82 M 14 6.1

Control mean 4+ SEM 74.6 + 22 6M,6F 13.1+1.5 45405

PD Age (yrs) Sex PMI (hrs) RIN
SN1 76 F 8.8 4.9
SN2 79 F 9.1 4
SN3 74 M 17 4.9
SN4 79 M 27 55
SN5 82 F 8 6
SN6 71 M 215 5.7
SN7 84 M 127 55
SN8 74 M 114 5.7
SN9 81 F 14.8 56
SN10 81 F 2 28
SN11 67 F 229 5.2
SN12 78 M 95 3
SN13 81 M 35 55
SN14 83 M 6.7 54
SN15 65 M 203 2.8

PD mean + SEM 77.0+ 1.5 IM,6F 13.0+£ 1.9 48403
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Inflammatory cytokines

Type

Effects on BBB

TNFa

IL-1B

IL-6

HMGBI1

IL-10

TNFR-1, Pro-inflammatory effects

TNEFR-2, anti-inflammatory effects

Pro-inflammatory cytokine

sIL-6R, pro-inflammatory effects

mIL-6R, anti-inflammatory effects

Pro-inflammatory cytokine

Anti-inflammatory cytokine

Disrupting T7s, especially Claudin-5 Chen et al., 2019

Altered BBB morphology Ni et al., 2017

Increased secretion of other pro-inflammatory cytokines Aslam et al., 2012
Recruitment of leukocytes O’Carroll et al., 2015; Mantle and Lee, 2018
Disrupting astrocytes van Kralingen et al., 2013

Reduced recruitment of other pro-inflammatory cytokines Suvannavejh et al., 2000
Promoting BBB recovery Madsen et al., 2020

Disrupting astrocyte

Decreasing TEEB on the BMECs Argaw et al., 2006

Increased secretion of other pro-inflammatory cytokines Labus et al., 2014
Disrupting TJs Rosejohn and Heinrich, 1994

Decreased B-catenin Yang et al., 2017

Reduced recruitment of other pro-inflammatory cytokines

Promoting BBB recovery Jones and Jenkins, 2018

Activating neuroinflammation

BBB disruption O’Connor et al., 2003; Liesz et al., 2015

Reduced BBB impairment

Reduced down-regulation of Claudin-5 Couper et al., 2008; Lin et al,, 2018
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Characteristics Control (n

GMECS level

MMI 9(50%) \
Level IT 4(22.2%) \
Level I1I 5(27.8%) \
sMml 9(50%) %
Level IV 6(33.3%) \
Level V 3(16.7%) \

MMI, moderate motor dysfunction; SMI, severe motor dysfunction.
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Gene symbol 1D of GO/KEGG term Description

Zfps1 mmu05168 Herpes simplex virus 1 infection 13199 000156
$100a8 GO:0006919 Activation of cysteine-type endopeptidase activity involved in apoptotic 5263 000075
process
GO:0052547 Regulation of peptidase activity 117263 000268
GO:0030595 Regulation of cysteine-type endopeptidase activity involved in apoptotic 7/263 0.00033
process

The top three items containing hub genes or $100a8 of HC according to p-values are listed if there are more than three items.
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Gene symbol 1D of GO/KEGG term  Descriptiol GeneRatio p-value

Tigax GO0005178 Integrin binding 4128 L61E-05
GO:0050839 Cell adhesion molecule binding 4128 0.00023
mmu05152 Tuberculosis 418 0.00038
mmu04610 Complement and coagulation cascades 218 001467
$100a8 GO:0030593 Neutrophil chemotas 7129 8.87E-12
GO:0071621 Granulocyte chemotaxis 7129 4.16E-11
GO:1990266 Neutrophil migration 7129 464E-11
mmu04657 1L-17 signaling pathway 218 001467

The top three items containing hub genes or $100a8 of CX according to p-values are listed if there are more than three items.
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Primers Forward (5'-3) Reverse (5'-3'

Itgax AGCAGAGCCAGAACTTCCCA ACTGATGCTACCCGAGCCAT
2ip51 TCTCATGCAACCAACAGCCT ACAGTGAGGCTTGAGGAGGT
Zip62 TGCAGACTCTCAGTGCCCAA AGTCACAAGTGTCACCGGTCTT
Cxell0 TGCCGTCATTTTCTGCCTCATCC TCCCTATGGCCCTCATTCTCACTG
1008 TCACCATGCCCTCTACAAGAATGAC CCATCGCAAGGAACTCCTCGAAG

GADPH GGTTGTCTCCTGCGACTTCA TGGTCCAGGGTTTCTTACTCC
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Selected samples and ages Datasets Strain Sample Sequencing Tissue Sample

preparation method type size
GSM1941427-1941430 (2Mo), GSM1941431- GSE75047 Cs7BI/G untreated GeneChip sequencing  cortex il
1941434 (29Mo) (GPL10787)
GSM847849-847851 (3Mo), GSMS47858-847860 s C57BLI6) untreated GeneChIP sequencing | cortex 6
(18Mo) (GPL14996)
GSMI186705-1186707 (4.5Mo), GSM1186723- GeneChIP sequencing
GSE48911 Cs7Bl/6 untreated hippocampus 6
1186725 (20Mo) (GPLI261)
GSMI526451-1526453 (1Mo), GSM1526445- C57BLI6) untreated GeneChIP sequencing  hippocampus 6
1526450 (12Mo), (GPLI261)
GSM1941447-1941450 (2Mo), GSM1941451- GSE75047 Cs7BI/G untreated GeneChip sequencing  cerebellum il
1941454 (29Mo) (GPL10787)
GSM2322323-2322327 (2-3Mo), GSM2322338- GSES7102 Cs7Bl6and  untreated ip sequencing  cerebellum 19
2322341 (2-3Mo), GSM2322334-2322337 (21 BALB (GPL7202)

23Mo), GSM2322344-2322349 (21-23Mo)
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Classification

Anti-IL-1 therapies

Upstream major
activation signals

Upstream regulatory
pathways

NLRP3
inflammasome-related
components

Target
IL-1
IL-1p
IL-1p

IL-1p
K+

Kt
K+

Ca2+
Cl-
Mitochondria
Mitochondria
Mitochondria
Lysosome

Lysosome

Lysosome
Autophagy
Autophagy
NO

Post-translation
modification

NLRP3

NLRP3

NLRP3

NLRP3

ASC

ASC
Caspase-1

Caspase-1

GSDMD

Compound

Canakinumab

Anakinra

Rilonacept

Cladribine
B-hydroxybutyrate

Probenecid
Brilliant blue G

u73122
1AA-94
N-acetyl-L-cysteine, APDG
MitoTEMPOL

Bixin

CA074-Me

Gemcitabine, 5-fluorouracil

Curcumin

HU-308

Caffeine

CD47-Fc fusion protein

IFN-B

MCCe50

Bay11-7082

Oridonin, RRx-001

oLT1177

12,4-TTB

IC100
Ac-YVAD-CMK

VX-765

Disuffiram

Mechanism
IL-1B neutralizing antibody

IL-1 receptor antagonist
Soluble decoy receptor for IL-1

Decreases IL-1-induced EPSCs

Attenuates K+ effux and oligomerization of NLRP3
and ASC

Blocks Pannexin1, which mediates K+ efflux
AP2X7R antagonist, P2X7R is deemed to mediate
K+ efflux

APLC inhibitor, can block oxaliplatin-induced
intracellular a2+ influx

blocks Cl- channels in cultured rabbit
cardiomyocytes

ROS inhibitors, decrease the procuction of IL-18 in
THP1 cells

An effective antioxidant, prevents lipid peroxidation
and protects the mitochondria

Scavenges ROS through the NRF2 signaling
pathway, inhibits EAE severity

Causes selective inactivation of intracellular
cathepsin B

Induce the release of cathepsin B from lysosomes,
thus triggering direct activation of the NLRP3
inflammasome

Inhibits the release of ROS and cathepsin B, inhibits
the progression of EAE

A cannabinoid receptor 2 agonist, induces
autophagy

Induces autophagy, inhibits NLRPS inflammasome
activation

Increases the production of NO, thus reducing the
level of IL-1B.

Indluces the phosphorylation of STAT1, attenuating
the severity of NLRP3 inflammasome-dependent
EAE

Binds to Walker B motif of the NACHT domain,
inhibits ATPase activity of NLRP3, reduces the
severity of EAE

Binds to ATPase of NLRPG NACHT domain, inhibits
EAE severity

Bind to cysteine 279 or 409 of NLRP3 in the
NACHT domain, inhibit NEK7-NLRP3 interaction,
attenuate EAE severity

Inhibits NLRP3-ASC interaction by binding to
ATPase of NLRP3 NACHT domain, ameliorates EAE
severity

Inhibits oligomerization of ASC and NLRP-ASC
interaction, thus decreasing EAE scores

Targets ASC and inhibits EAE progression

A caspase-1 inhibitor, reduces the mRNA and
protein levels of IL-1p

A caspase-1 inhibitor, covalently modifies Cys285 of
caspase-1

Covalently modifies Cys191/Cys192 in GSDMD,
upregulates miR-30a expression in EAE

References
Chakraborty et al., 2012;

Dinarello et al., 2012

Dinarello et al., 2012; Cavalli and
Dinarello, 2018

Dinarello et al., 2012; Abbate
etal., 2020

Musella et al., 2013
Youm et al., 2015

Jian etal., 2016
Chenetal., 2013

Potenzieri et al., 2020
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Bruchard et al., 2013

Hasanzadeh et al., 2020; Lu
etal., 2020

Shao et al., 2014

Wang et al,, 2022

Gao et al,, 2016

Inoue et al., 2012b, 2016;
Metwally et al,, 2020

Colletal., 2019

Lang et al., 2021

He etal., 2018; Yang et al.,
2020; Chen et al., 2021

Sénchez-Feméndez et al., 2019

Pan et al,, 2021

Desu et al., 2020
Mao et al.,, 2017
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HCs

Tissue specificity

miRNA species LogoFC P value 1 2 1 2 Tissue References

hsa-miR-9-3p 715 4.41E-37 3.35 10.49 939.79 804.15 brain Landgraf et al., 2007; Guo et al., 2014;
Ludwig et al., 2016

hsa-miR-450b-5p 4.15 5.58E-91 82.04 77.91 1,473.48 1,377.38 n/a

hsa-miR-124-3p 3.62 2.55E-118 430.27 422.51 5,631.87 4,819.10 brain Landgraf et al., 2007; Guo et al., 2014;
Ludwig et al., 2016

hsa-miR-143-3p 2.42 1.05E-05 13,541.80 15,502.34 37,232.75 117,740.19 brain Landgraf et al., 2007; Guo et al., 2014

hsa-miR-30e-3p 2.18 3.04E-05 168.26 254.70 622.18 1,285.71 n/a

hsa-miR-223-3p 215 1.92E-82 2,664.50 2,44514 10,988.66 11,711.82 spleen Guo et al., 2014

hsa-miR-340-5p 2.08 2.00E-07 190.86 305.64 862.27 1,235.82 n/a

hsa-miR-4286 2.01 1.44E-27 358.28 361.08 1,564.71 1,337.93 n/a

hsa-miR-450a-5p 2.00 117E-21 180.81 188.78 775.84 697.39 n/a

hsa-miR-718 1.92 1.69E-28 226.85 233.73 862.96 878.42 n/a

hsa-miR-223-5p 1.66 2.57E-28 439.48 480.94 1,417.91 1,479.50 spleen Guo et al., 2014

hsa-miR-221-5p 1.58 7.62E-13 282.10 239.72 819.06 741.49 n/a

hsa-miR-144-5p 1.54 1.89E-05 282.94 371.56 753.89 1,141.82 n/a

hsa-let-7a-3p 1.36 5.32E-19 782.69 720.66 2,040.78 1,831.10 n/a

hsa-miR-98-5p 1.30 1.67E-06 246.11 305.64 613.26 746.13 brain Landgraf et al., 2007

hsa-miR-338-5p 1.29 1482515 2,724.77 2,404.68 6,778.13 5,754.38 n/a

hsa-miR-4448 1.25 9.67E-42 3,867.41 3,628.75 9,155.73 8,714.53 n/a

hsa-miR-32-5p 1.25 3.39E-12 2026 275.68 674.32 679.99 n/a

hsa-miR-532-5p 1.20 2.17E-08 549.98 617.28 953.51 1,722.02 n/a

hsa-miR-93-5p 1.15 7.22E-05 1,380.38 1,627.09 2,648.56 4,020.75 brain Guo et al., 2014

hsa-miR-193a-5p 1.14 2.66E-09 909.93 807.55 2,062.05 1,720.86 muscle

hsa-miR-425-3p 1.1 1.94E-08 615.27 575.33 1,402.14 1,162.71 n/a

hsa-miR-24-3p 1.10 5.70E-13 1,405.49 1,276.50 3,067.69 2,688.62 n/a

hsa-miR-374a-5p 1.06 8.23E-11 2,993.48 2,662.38 6,431.72 5,396.98 n/a

hsa-miR-4443 1.01 2.09E-06 738.32 644.25 1,632.47 1,2564.38 n/a

n/a, not available.
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miRNA species

mmu-miR-124-3p

mmu-miR-9-3p

mmu-miR-668-3p
mmu-miR-770-3p
mmu-miR-9-5p

mmu-miR-323-3p
mmu-miR-219b-5p
mmu-miR-341-3p
mmu-miR-129b-3p

mmu-miR-129-5p
mmu-miR-433-3p
mmu-miR-598-3p
mmu-miR-300-3p
mmu-miR-434-3p
mmu-miR-107-3p
mmu-miR-382-5p
mmu-miR-128-3p

mmu-let-7d-5p
mmu-miR-423-5p
mmu-miR-328-3p

Fold change

7.76

7.05

6.45
6.37
6.12

5.57
5.39
4.98
4.49

3.82
3.43
3.14
2.41
225
1.66
1.61
1.34

1.31
112
1.08

p-value

3.89E-06

2.48E-09

6.73E-04
8.79E-04
7.09E-14

1.24E-03
2.03E-03
6.87E-03
1.23E-08

6.73E-08
2.40E-06
2.20E-03
3.79E-03
1.06E-04
2.73E-03
5.70E-03
1.59E-03

1.64E-03
6.68E-03
6.85E-03

Sham 1

0.00

1.79

0.00
0.00
12.56

0.00
1.79
0.00
8.97

8.97
8.97
5.38
17.94
35.88
145.30
48.43
6,709.11

726.52
1,462.01
832.36

Sham 2

0.00

1.66

0.00
0.00
1.66

1.66
0.00
1.66
4.99

21.64
16.64
4.99
8.32
34.95
83.22
51.60
9,163.98

675.73
1,266.58
888.77

tMCAO 1

78.19

261.41

31.46
29.15
547.34

43.95

39.33

34.24
158.69

189.23
1561.29
54.13
78.65
184.60
397.89
177.66
20,672.90

1,889.07
2,693.65
1,9056.73

tMCAO 2

59.71

194.77

2417
23.46
427.93

37.67

33.41

19.90
152.83

244.53
125.11
36.96
60.42
162.12
321.30
127.95
19,481.50

1,580.93
3,234.36
1,738.02

Tissue

brain

brain

n/a
n/a
brain

brain

brain
n/a

brain

brain

brain
n/a
n/a
n/a
n/a
n/a

brain

n/a
n/a
n/a

References
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etal., 2016
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Gene symbol ID of GO/KEGG term  Description
Tigax mmu04610 Complement and coagulation cascades
Cxello GO0051924 Regulation of calcium ion transport
GO:0030595 Leukocyte chemotaxis
GO:0050900 Leukocyte migration
mmuo4657 1L-17 signaling pathway
mmu04061 Viral protein interaction with cytokine and cytokine receptor
mmu04620 Toll-like receptor signaling pathway
S100a8 GO:0030595 Neutrophil chemotaxis
GO:0050900 Leukocyte migration
GO:0030593 Neutrophil chemotaxis
mmu04657 1L-17 signaling pathway

The top three items containing hub genes or $100a8 of CB according to p-values are listed if there are more than three items.

GeneRa
3162
1126
10/126
12/126
5/62
5/62
5/62
10126
12/126
71126

5/62

p-value

002671

SIE08
68308
LISE-07
000043
000047
0.00060
6.83E-08
LISE-07
362607
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4d binge: 4 day alcohol binge model, ~ 9 g/kg/day in rats.
10d binge: 10 daily alcohol binges- 1.5 g/kg or 5 g/kg in mice.
5m chronic treatment: 5 month chronic alcohol administration through drinking water at 10% v/v in mice.

6wk LDC- 6 weeks of Lieber-DeCarli liquid diet with 5% v/v ethanol, in mice.
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NIAAA: 10 days of Lieber-DeCarli liquid diet with 5% v/v ethanol + 5g/kg alcohol binge 9h before sacrifice in mice.
Primary cultures: Primary microglia cultures derived from either rat or mouse.
Single binge: 6g/kg alcohol binge.
DAB- 3,3’Diaminobenzidine.

IF- Immunofluorescence.
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FC- Flow Cytometry.
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