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Definition

:

Synaptosomes are subcellular components isolated from nerve terminations that can be prepared by homogenizing brain tissue in isotonic sucrose solution followed by appropriate centrifugation. Their preparation technique has a long history since synaptosomes were first isolated from nerve endings and described by Gray and Whittaker in 1962. The preparation of synaptosomes produces presynaptic boutons alone or in combination with fragments of postsynaptic membranes. Interestingly, synaptosomes contain organelles and vesicles that express native channels, receptors, and transporters. At 37 °C, these isolated nerve endings are metabolically active and synthesize and release neurotransmitters. They are actively used to investigate neurotransmission, its actors, and the mechanisms of neurotransmitter release. To date, many functional and non-functional applications of synaptosomes have been documented. Due to their versatility, synaptosomes have been actively used to study neuroinflammatory processes.
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1. Introduction


Neuroinflammation is a reaction that involves all cells present in the central nervous system (CNS), including neurons, macroglia, and microglia [1,2,3,4]. Immune responses can be beneficial or harmful to the brain, depending on the degree to which they are activated. Inflammation is mediated by the production of cytokines such as interleukin IL-1 and IL-6, TNF-α and TGF-β [5], chemokines, reactive oxygen species, and second messengers [6]. Neuro-inflammatory reactions have immunological, physiological, biochemical, and psychological effects [2]. Additionally, neuroinflammation depends on several conditions (context, duration, and primary stimulus) [7] and can be supported by mechanisms at the synaptic level [8,9,10]. Accordingly, TNF-α is involved in an acute phase of inflammation but is also responsible for several physiological functions and supports synaptic connection [1]. However, uncontrolled expression of TNF-α could lead to synaptic loss and glutamatergic toxicity through modulation of the glutamate receptor [6]. Glutamate release and synaptic plasticity could be inhibited by IL-6 [7]. Therefore, the study of synapses became an important task in several neurodegenerative diseases characterized by high levels of neuroinflammation [11]. There are several models for studying synapses, but one that is largely used is synaptosomal preparation [11,12,13,14].



Synaptosomes are a convenient tool for neurochemical and electrophysiological studies due to the preservation of enzymatic and metabolic activities, as well as being an outstanding research tool for understanding the mechanisms of synaptic dysfunction [15,16,17,18,19,20] (Figure 1). The contribution of ROS to synaptic dysfunction in AD pathogenesis was investigated through synaptosomes from cortices of APP/PS1 mice, observing an increase in septin-3, septin-5, and C1q accumulation [21]. Consequently, an increase in SUMO-1ylation (small ubiquitin-like modifier), which was also present in human AD brains, was observed in cortical synaptosomes from Tg2576 mice. Marcelli and colleagues have shown that increased SUMO-1ylation contributes to the development of synaptic dysfunction in AD [22]. Synaptosomes can be easily prepared using the standard procedure [12]; once the tissue is collected, it is homogenized in 0.32 M sucrose and centrifuged. After the first centrifugation, the supernatant is further centrifuged to obtain the crude synaptosome pellet (P2) [23,24]. In case a higher grade of purity is requested, the samples could be obtained by density gradient (Percoll, Ficoll, or sucrose) centrifugation [25,26,27,28].



Furthermore, synaptosomes could be prepared from post-mortem human brain tissue and used to study disease pathogenesis and neurotransmitter synthesis and release in the brain of patients [15,29]. Several pathologies, such as Huntington’s disease (HD) [30], Parkinson’s disease (PD) [26,31], Alzheimer’s disease (AD) [32,33,34], and amyotrophic lateral sclerosis (ALS) [35], have been studied monitoring synaptic dysfunction through synaptosomes [36]. Additionally, synaptosomes have been observed to undergo functional changes upon acute exposure to receptor ligands/enzyme modulators in vitro. These changes persist after removing the triggering agents, but they can also adapt to and maintain the structure of the tissue of origin chronically exposed to chemicals [37].



Using the entrapping technique, membrane-impermeant agents of different sizes present in the homogenization medium could be internalized for studying intracellular mechanisms [38,39,40]. Recently, synaptosomes were described to release exosomes and extracellular vesicles able to participate in physiological and pathological neurotransmission [41].



This “Entry” paper will briefly summarize the knowledge on the use of synaptosomes for studying neuroinflammation markers (Table 1). In particular, researchers will analyze methods applied to synaptosomes to highlight neuroinflammatory parameters considering mature acquisitions and recent publications.




2. Synaptosomes Applications


2.1. Synaptosomes and Western Blot Analysis


Western blot (WB) analysis is a common laboratory step to study synaptosomal proteins, newly synthesized and misfolded [29], the formation of protein complexes [42], and the detection of autoimmune diseases [73]. Its application in the characterization of synaptosomes or synaptosomal proteins is an established practice in studies related to neuroinflammation [74,75]. This method allows us to easily analyze the presence and amount of specific proteins at the synaptic level [41,76].



Moreover, synaptosomes enriched for synaptic vesicles, synaptic plasma membrane, and synaptic cytosol could be obtained by hypotonic lysis and ultracentrifugation [28]. Biochemical-enrichment analysis, electron microscopy, and WB could be used to confirm the purification of the obtained fractions [28,77,78].



Several biomarkers have been studied using synaptosomes as a protein source. For example, in 2022, Wang and co-workers demonstrated the importance of calcium-dependent cytosolic phospholipase A2 (cPLA2) activation in neuroinflammation and oxidative stress associated with ApoE4 [43]. The activation of cPLA2 is elevated within AD brain plaques, and its activity is regulated by a mitogen-activated protein kinase (MAPK). RTP801/REDD1 is a stress-related protein that could trigger neuronal death. Its involvement has been observed in several neurodegenerative diseases such as AD, HD [79], and PD [80]. Recently, the upregulation of RTP801/REDD1 was linked to neuroinflammation in AD [44]. Pérez-Sisqués and colleagues investigated the role of RTP801 by analyzing the hippocampal synaptosomes obtained from 5xFAD mice (model of Amyloid-β deposition) and the entorhinal cortex from rTg4510 mice (model of tauopathy). Moreover, in this study, human post-mortem AD samples were examined. The researchers confirmed by WB analysis that the levels of RTP801 were higher in both experimental models than in wild-type mice. As previously reported, the use of human tissue to prepare synaptosomes is an important translational paradigm in studies related to neuroinflammation [15,45,81].



Western blot analysis of synaptosomes is also able to show synaptic synthetization of biomarkers such as the amyloid precursor protein (APP) [46]. Cefaliello et al. demonstrated in TgCRND8 mice that APP is synaptically synthesized at the pre-plaque stage, underlining that, in this stage, an increased pro-inflammatory marker such as tumor necrosis factor-α (TNF-α) and an altered redox state are already detectable in synaptosomes through Western blot. The combination of WB and synaptosomes is actively used in the analysis of the gut–brain relationship [47,82]. Several factors could contribute to the neuroinflammatory process; one is a high-fat diet (HFD). HFD-induced neuroinflammation is known to affect BDNF-related pathways in several regions of the brain. BDNF has a pivotal role in brain physiology and pathology. Cavaliere and colleagues have evaluated neuroinflammation in a mouse model of diet-induced obesity with particular attention on the BDNF pathway [62]. Their Western blot results showed that BDNF expression in the synaptosomal fraction of HFD mice decreased significantly compared to controls. Notably, the decrease in the synaptosomal fraction was greater than in the homogenate fraction. The researchers also observed that in synaptosomes, where CREB regulates BDNF gene transcription, the level of CREB phosphorylation was significantly reduced by HFD. Therefore, these results confirm that the neuroinflammation induced by HFD has a substantial effect on the molecular plasticity pathways situated at the synaptic level.



In a similar study with HFD mice, the researchers found that the disruption of hippocampal neurogenesis is driven by the β2-adrenergic receptor-dependent induction of thioredoxin-1 and BDNF [63]. In the dentate gyrus (DG) of the hippocampus, the treadmill exercise inhibited the microglia activation, expression of pro-inflammatory cytokines (TNF-α and IL-1β), and NF-κB activity. The reduction in these parameters was observed through Western blot analysis.



The trigger of neuroinflammation might also be an external factor, such as in sepsis-associated encephalopathy (SAE), a response to pathogen-induced systemic inflammation [59]. A WB and synaptosomes combination can be used to validate an experimental protocol considering, for example, age influences. Two days of consecutive injections of LPS derived from Salmonella enterica or E. coli in middle-aged mice (14–16 months) and young mice (2 months) induced an experimental systemic inflammation. By analyzing the same amount of synaptosome proteins, it was shown that peripheral injections of different LPS serotypes induced different levels of neuroinflammation at 7 and 63 dpi. Manabe and co-workers show a low-grade neuroinflammation present at 7 dpi in middle-aged mice treated with E. coli. In these animals, the CXCL1 levels were significantly higher and even at 63 dpi IL-6 remained elevated. Interestingly, in young animals, at 1 dpi was observed a strong inflammatory response (IFN-γ, IL-1β, IL-10, and TNF-α cytokines), but it was quickly resolved at 7 dpi. In the proposed experimental protocol, all these results underlined that E. coli LPS injection could induce a more sustained neuroinflammation in the brains of older animals than the injection of Salmonella LPS.



An imbalance between inhibitory and excitatory neural activity can lead to seizures and neuronal damage. Several natural compounds, particularly gastrodin from Gastrodia elata, could act on NMDA receptors, consequently achieving neuroprotective effects by preventing NMDA excitotoxicity. This natural compound also has an anti-inflammatory, antiapoptotic, and antioxidant effect [57]. Inflammation and alteration in glutamate neurotransmission contribute to the pathophysiology of several neurodegenerative disorders. However, evidence suggests that N-arachidonoylphenolamine (AM404), a modulator of the cannabinoid system and a metabolite of paracetamol, modulates inflammation and has neuroprotective effects. Pre-treatment with AM404 statistically prevented NMDA-induced IL-1β expression and tended to decrease COX-2 proteins, as shown by Western blot analysis. Levels of the other cytokines, mPGES-1 and iNOS, were not affected by AM404. In addition, AM404 significantly reduced NMDA-induced cell death [55].




2.2. Synaptosomes in Flow Cytometry


Flow cytometric investigation of isolated synaptosomes represents an interesting tool to study synaptic engagement during neuroinflammation, but only a few studies have utilized this approach to assess it [23,81,83,84]. The reason is probably the risk of technical artifacts due to the formation of aggregates. In this regard, Hobson and Sims have performed a critical analysis of synaptosomes in flow cytometry [24]. This paper is probably the most representative example of a synaptosome bias analysis using this technique. The authors described some methods able to minimize the effects of coincidence and aggregation during target detection. One of the most used combinations for the evaluation of neurodegenerative signs in synaptosomes is Annexin-V/Calcein-AM labeling, which allows us to identify early apoptotic and viable particles, respectively [85]. This double staining was successfully applied to investigate synaptic alterations in the EAE mouse model [86], exosomal tau released from Alzheimer’s disease synapses in the presence of beta-amyloid [29], and the synaptotoxicity of the anti-aggregative peptide KLVFF [40]. The advantage of flow cytometry over conventional WB allows the researcher to focus specifically on intact synapses, resulting in high sensitivity with low sample material requirements. In addition, high-throughput acquisition allows the analysis of different markers from the same sample of synaptosomes [61]. It is interesting to note that specific markers for different neuronal populations, such as antibodies for vesicular transporters, can be used to focus the evaluation [87].



Flow cytometry quantified the low-density lipoprotein receptor (LDLR) and ApoE receptor LDLR-related protein 1 (LRP1) in synaptosomes [42], revealing up-regulation of LRP1 in the early and late stages of AD. LDLR and LRP1 contribute to beta-amyloid (Aβ) clearance; this pathway is operated in neurons, astrocytes, and microglia. Enhanced Aβ accumulation driven by ApoE4 has effects on neuroinflammation in the neuronal-synaptic compartment in AD [88].



During the progression of AD, the accumulation of toxic oligomers of beta-amyloid (AβO) and tau (TauO) occurs in the brain [45]. Using synaptosomes isolated from the hippocampus (HP) and frontal cortex (FC) of both mice and post-mortem cognitively intact elderly human brains, Marcatti et al. analyzed by flow cytometry the synaptic binding dynamics of both TauO and AβO. They showed that higher concentrations of TauO effectively displace AβO, becoming the prevalent synaptic-associated species. In contrast, high concentrations of AβO facilitate synaptic TauO recruitment. Due to the excessive accumulation of cytotoxic amyloid oligomers, Györffy et al. studied synaptosomes from an amyloidogenic mouse model of AD (APP/PS1) [21] and investigated the implications of complement (C1q) using flow cytometry. The previously demonstrated activation of local apoptotic-like mechanisms and subsequent synaptic C1q deposition was confirmed by the neurotoxic Aβ accumulation, which induces septin-related alterations and mitochondrial impairment. Flow cytometry could be used to study the progression of pathology-associated proteins and also the loss of specific dopaminergic nerve endings in Alzheimer’s disease and Lewy body disease (LBD) [81]. The interaction of C1q with neuronal pentraxins (NPs) has been investigated [48]. Additionally, growing evidence suggests that NPs may be promising cerebrospinal fluid (CSF) and blood biomarkers for early Alzheimer’s disease. Furthermore, in Alzheimer’s disease, an Aβ-induced rise in the expression of NP1 has been associated with neuronal toxicity. In post-mortem human AD brain samples, however, NP2 is downregulated. A high percentage of co-localization of the C1q tag with NP1/2 on synaptosomes was observed by flow cytometric analysis. These data suggest that NP1 is involved in the selective elimination of C1q-tagged synapses by microglia and that NPs play a regulatory role in C1q synaptic function.



Viral infections can affect the brain. Influenza A virus (IAV) infection causes a prolonged peripheral immune response, followed by a transient disruption of the blood–brain barrier [61]. Flow cytometric analysis uncovered subtle alterations in the activation status of microglial cells. The study highlighted a significant reduction in VGLUT1 in excitatory presynaptic terminals. It should be noted that systemic IAV-induced inflammation affects the central nervous system, causing and promoting neuronal changes.



Recently, using machine intelligence, a new candidate agonist of SH2-containing 5′ inositol phosphatase 1 (SHIP1) was identified, namely K306, which shows selectivity for SHIP1 [89]. Pedicone et al. observed that in macrophages or microglia, K306 could suppress the activation of inflammatory cytokines and iNOS, and, in addition, it reduces TNF-α production in vivo. Through flow cytometry, phagolysosomal degradation of synaptosomes and dead neurons by microglia was shown.




2.3. Synaptosomes and Neurotransmitter Release


Neurotransmitters are key factors in the regulation of neuroinflammation pathways [90]. Historically, synaptosomes have been used to determine changes in neurotransmitter release. Both exocytotic and carrier-mediated release can be efficiently documented using isolated nerve endings [64,91,92,93]. Furthermore, it is possible to functionally analyze all targets present in isolated terminals, considering their regulation on the release of neurotransmitters. A cultural revolution occurred when the immune system became involved in physiological processes, establishing that neuroinflammatory mediators can also modulate cognitive and behavioral mechanisms [94,95]. In the last 20 years, the Roth and Pittaluga groups studied the neurotransmission imbalance in multiple sclerosis (MS) using EAE synaptosomes [65,66,67]. This alteration is coupled either with glutamate and noradrenaline derangements or with overexpression of CCL5, TNF-α, and IL-17. Moreover, Vilcaes et al. have found that only the Ca2+-dependent glutamate release in rat cortical synaptosomes induced by KCl and 4-aminopyridine was considerably reduced at the acute stage of the disease, but not the Ca2+-independent glutamate [68]. In this experimental model, it has been found that a phase-dependent increase in IL-2 and its receptor, IL-1β and IFN-γ, IL-4, and TNF-α indicates that these cytokines are involved in inducing and sustaining brain inflammation in EAE animals. Accordingly, the course of MS in patients is sustained by pro-inflammatory cytokines such as IL-2, IFN-γ, IL-1β, and TNF-α. There was also a marked reduction in GABAergic modulation of glutamate release from synaptosomes isolated from EAE rats during the acute phase of the disease [69]. It has been observed that prostaglandin E2 significantly increases endogenous glutamate and aspartate release in synaptosomes of the rat spinal cord [96] and that the resulting hyperalgesia could be alleviated by the use of non-steroidal anti-inflammatory drugs (NSAID). Anti-inflammatory drugs, such as ibuprofen and aspirin, have increased dopamine transport activity in synaptosomes, while they have shown less intensity in serotonin-transport activity [97]. An analogous overview could be made by studying the ALS genetic mouse model. Indeed, Bonanno and colleagues described in several papers the neurotransmitters’ unbalance in G93A mice [71]. This mouse presents a neuro-muscular pathology with a high involvement of neuroinflammatory processes [72].



Although several cytokines exert an inflammatory effect, IL-6 has been shown to be neuroprotective against ischaemic lesions and glutamate excitotoxicity. In addition, IL-6 has antagonized glutamate release and reduced excitation propagation in rat cortical synaptosomes [98]. The effect of cytokines could be mediated by the activation of protein phosphorylation processes, thereby activating the STAT3, mitogen-activated protein kinase ERK (MAPK/ERK), and stress-associated protein kinase/c-Jun NH2-terminal kinase (SAPK/JNK) pathways. In fact, the results have shown that IL-6 induced a decrease in MAPK/ERK activation. This was concomitant with the stimulation of STAT3 phosphorylation. On the other hand, no involvement of the JNK/SAPK pathway was observed after the activation of IL6.




2.4. Synaptosome and Proteomic Analysis


Recently, different synaptosome isolation methods were investigated, and it was demonstrated that different preparations are suitable for several research directions [25]. During the isolation process, the possibility of contamination must be considered, especially with mitochondrial and glial structures. Synaptosome enrichment can be detected by immunoreactivity for the synapse-specific marker proteins synaptophysin and Psd-95. For proteomic analysis, synaptosomes are ideal targets. The simultaneous qualitative and quantitative analysis of thousands of proteins is possible thanks to recently available separation and protein-detection techniques, which can overcome the reduced complexity of the organelle. These proteins shape the structural and functional properties of the synapse. In addition, using the protein database, synaptic proteins were compared among the different isolations, selecting the suitable one. Interestingly, synaptosomes were proposed to be a mitochondrial transport system that could be used to treat many brain disorders associated with mitochondrial dysfunction [16]. The proteomic approach has demonstrated the presence of proteins that participate in machinery for membrane fusion, including SNARE and SNAP-25 [99]. Moreover, mitochondrial dysfunction plays a crucial role in several neurodegenerative diseases and neuroinflammation due to its involvement in the apoptotic process and ROS production [49].



Wijasa et al. have identified S-nitrosylation as a possible biomarker for neuroinflammation and AD [50]. The generation of NO could be considered a signature of neuroinflammatory brain activity. S-nitrosylation (SNO) of cysteine residues is one of the key biological modifications induced by NO [100]. Consequently, mouse and human synaptosomes were characterized. Synaptosomal proteins were purified from APP/PS1 mice and compared with wild-type and NOS2−/− mice, along with human control, mild cognitive impairment, and Alzheimer’s brain tissue. Proteomic analysis has identified a significant increase in SNO proteins compared to the control. Some of them were modified by NO in response to cerebral amyloidosis [101]. Furthermore, a correlation was observed between age and protein genotype increase; pathological aging led to SNO increase and is related to beta-amyloid deposition and neuroinflammation [102].



Proteomic analysis was also carried out to better understand the progression of PD, which is described by the depletion of neuromelanin-containing dopaminergic neurons within the substantia nigra pars compacta (SNpc) [26]. Plum et al. compared synaptosomes from individuals in advanced stages of PD and controls. Differential analysis between controls and PD subjects indicated that the CD9 antigen was the only protein expressed in PD synaptosomes when compared to controls, while 14 proteins were expressed at a reduced level in PD. All of these proteins are integral parts of biosynthetic pathways. Most of these proteins had not been reported in PD before. Thus, these protein alterations support the hypothesis of impaired mitochondrial function in PD, suggesting an alteration in mitochondrial translation within synaptosomes [103].



Recently, mitochondrial dysfunction has been implicated in the pathogenesis of impaired synaptic function in Unverricht–Lundborg progressive myoclonus epilepsy (EPM1) [58]. EPM1 is a neurodegenerative disorder that occurs as a result of loss-of-function mutations in the cystatin B (CSTB) gene; its deficiency alters GABAergic signaling and causes early neuroinflammation followed by progressive neurodegeneration in the brain of a mouse model, leading to progressive myoclonus and ataxia [104]. Hence, proteomic analysis has highlighted that CSTB−/− synaptosomes are quantitatively and qualitatively distinct. These synaptosomes differ in mitochondrial, ribosomal, and intracellular transport proteins [58,105]. Furthermore, early mitochondrial dysfunction could link ROS signaling and GABAergic inhibition. Therefore, the hypothesis of the role of CSTB in the pathophysiology of synaptic dysfunction and EPM1 was confirmed by the Gorski group.




2.5. Synaptosome and Confocal Microscopy


Confocal microscopy is an advanced microscopy technique. The principal advantage of confocal microscopy over other types of microscopies is its ability to block out-of-focus light from illuminated specimens using pinholes. It is often used with fluorescence optics to produce high-resolution, high-contrast images. Unlike optical microscopes, confocal microscopes use a focused laser beam to scan the entire sample surface at different z-planes. These microscopes are, therefore, ideal for examining thick samples such as biofilms [106], tissue slices [63], and synaptosomes [27]. Using confocal microscopy, it was possible to observe changes in Ca2+ in the cytoplasm and in the endoplasmic reticulum (ER) associated with neuroinflammation in SAE [60]. It is recommended to use fluorescent markers for easy visualization of pre- and postsynaptic terminals of glutamatergic synaptosomes using confocal microscopy. The link between tauopathy and neuroinflammation in AD has been widely demonstrated. Largo-Barrientos and colleagues have also investigated the interaction between Synaptogyrin-3 and tau protein and their involvement in synaptic loss and cognitive decline [51]. The synaptosomes isolated from wild-type and Tau P301S mice were both positive for Synaptoporin and Synaptogyrin-3, but only those from Tau P301S mice were positively stained for Tau. The co-localization of Synaptogyrin-3 and pathogenic tau in synaptosomes of 6-month-old Tau P301S mice confirms the role of these proteins in pathophysiology. In addition, reducing the expression of synaptogyrin-3 has been shown to prevent tau-induced synaptic loss and cognitive decline. AβO and TauO were observed in cortical synaptosomes of elderly patients [45], while plaque-contacted membrane surfaces appeared to lack GABAergic perisomatic synapses, possibly leading to hyperactivity of plaque-contacted neurons [52]. On the other hand, the mice model of AD confocal microscopy has confirmed the presence of the C1q protein in cortical synaptosomes [107]. Similarly, ALS is characterized by neuroinflammation and mitochondrial dysfunction. Therefore, MAP2, GFAP, and LDH were investigated in spinal cord synaptosomes obtained from SOD1G93A mice [71]. MAP2 is a selective marker for neurons, GFAP is a selective marker for astrocytes, and LDH is an enzyme that is localized in the cytosol. LDH-positive particles are thought to represent resealed synaptosomes rather than membrane debris. Synaptosomes at different stages of pathology were characterized. Synaptic structural changes and enhanced glucose catabolism were observed during disease progression [108].





3. Conclusions and Prospects


Synaptosomes are a consolidated preparation in the field of neuroinflammation. Several research groups around the world have contributed to the improvement of their preparation and characterization. Overall, in this entry, researchers have highlighted how a variety of technologies can be adapted to better understand the role of synaptic proteins in inflammatory processes in different neurological diseases using synaptosomes. In this entry, researchers have reviewed some techniques that led to consolidated protocols for assessing neuroinflammatory aspects. It is evident that synaptosomes are a powerful tool with clear advantages such as simple preparation, native targets and biomarkers, and workability, but also some limitations. Briefly, researchers can summarize structural, experimental, and ethical disadvantages. In the first group, there was a small size, lack of structures and signals (i.e., nucleus), the possible presence of postsynaptic membranes, particle pooling, biophase, and survival time. Secondly, synaptosomes can aggregate easily, and some of the compounds used in their protocols, such as Percoll and Ficoll, can exacerbate this tendency. This aspect is crucial when the experimental protocol involves the use of fluorescent agents. Finally, the ethical problems stem from the use of animals, which are still fundamental to neuroscientists. However, in some cases, these limitations have already been effectively overcome, as in the case of introducing perfusion to reduce the biophase or using frozen tissue to reduce the number of animals. All of these considerations, centered on the neuroinflammation tasks, describe the importance of synaptosomes and the need for continuous refinement of their protocols.
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Figure 1. Representative image of synaptosomes. The figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license (https://smart.servier.com/, accessed on 7 February 2023). 
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Table 1. Summarized overview of the techniques, diseases, and neuroinflammation markers described in this entry.
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Analytical Technique

	
Disease

	
Neuroinflammation Markers

	
References






	
Western Blot

Flow Cytometry

Neurotransmitter release

Proteomics

Confocal microscopy

	
Alzheimer’s disease

	
ROS

	
[1,5,11,21,29,32,42,43,44,45,46,47,48,49,50,51,52,53,54]




	
C1q




	
iNOS




	
TNF-α




	
IL-1β, IL-6, IL-1




	
CCL2, CCL5, CXCL1




	
Parkinson’s disease

	
TNFα

	
[1,26,49,55,56]




	
IL-6




	
NOS2




	
ROS




	
Huntington’s disease

	
TNF-α

	
[1,30,44,55]




	
IL-1β




	
IL-10




	
NO




	
Epilepsy

	
ROS

	
[57,58]




	
iNOS




	
NMDA-induced excitotoxicity

	
IL-1β, IL-6, TNFα, mPGES-1, COX-2

	
[55,57]




	
iNOS




	
SAE

	
IFN-γ

	
[59,60]




	
IL-1β




	
IL-10




	
TNF-α




	
IL-6




	
CXCL1




	
Influenza A Virus

	
CD80

	
[61]




	
CD36, CD68,




	
C1QA, C3




	
HFD

	
BDNF

	
[62,63]




	
IL-1β




	
TNF-α




	
NF-κB




	
Multiple Sclerosis

	
Iba-1

	
[64,65,66,67,68,69,70]




	
TNF-α




	
IL-17




	
CCL5




	
CXCR4




	
Th1, Th17




	
ROS




	
Amyotrophic Lateral Sclerosis

	
IL-1β, IL-12,

	
[35,71,72]




	
IFN-γ, IL-1α




	
C1q




	
ROS




	
COX-2




	
iNOS




	
TNF-α
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