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Abstract

:

In multiple sclerosis (MS), astrocytes respond to the inflammatory stimulation with an early robust process of morphological, transcriptional, biochemical, and functional remodeling. Recent studies utilizing novel technologies in samples from MS patients, and in an animal model of MS, experimental autoimmune encephalomyelitis (EAE), exposed the detrimental and the beneficial, in part contradictory, functions of this heterogeneous cell population. In this review, we summarize the various roles of astrocytes in recruiting immune cells to lesion sites, engendering the inflammatory loop, and inflicting tissue damage. The roles of astrocytes in suppressing excessive inflammation and promoting neuroprotection and repair processes is also discussed. The pivotal roles played by astrocytes make them an attractive therapeutic target. Improved understanding of astrocyte function and diversity, and the mechanisms by which they are regulated may lead to the development of novel approaches to selectively block astrocytic detrimental responses and/or enhance their protective properties.
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1. Introduction


1.1. Multiple Sclerosis and Its Animal Model—Experimental Autoimmune Encephalomyelitis


Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS), and one of the most prevalent neurological disorders leading to chronic disability among young adults [1]. Patients show a variety of physical and cognitive disabilities, as well as different disease progressions. The most typical progression pattern is an initial phase of relapsing and remitting symptoms (relapsing–remitting MS, RRMS) that can develop to a progressive disease (secondary progressive MS, SPMS). A fraction of the patients show a progressive course from the disease onset (primary progressive MS, PPMS), which represents a somewhat different pathology [2]. The definite etiology of MS is still unknown, but it is established that complex interactions between environmental factors and multiple genes, such as the major histocompatibility complex (MHC) class II HLA-DRB1 gene, HLADRB1* 15:01, are involved [1].



MS is considered an autoimmune disease in which the immune system reacts against the body’s own constituents, in this case against the myelin envelope that surrounds the axons, initiating a vicious inflammatory cascade and formation of the characteristic lesions [1,3,4]. The immunological attack is mediated by autoreactive effector T-cells, T-helper (Th)-1 and Th-17, that recognize specific myelin antigens. Immune cells of both the adaptive and innate immune systems, including cytotoxic T-cells, B-cells, and monocytes/macrophages, are also involved in the inflammatory network and inflict myelin damage [1,3,4]. In addition to the inflammation and demyelination, axonal and neuronal pathologies are crucial components of this disease, in particular during the progressive stage in which degeneration prevails [2,4]. The inflammatory process is modulated by the anti-inflammatory arm of the immune system, T-cells of the Th-2 pathway, regulatory T-cells (Tregs), and regulatory B-cells (Bregs) [3,4,5,6]. In an attempt to overcome myelin damage and degeneration, repair processes such as remyelination and neuroprotection are stimulated [4,7]. Therapeutic approaches aim to suppress the detrimental inflammation and enhance counteracting anti-inflammatory and neuroprotective repair processes in the CNS [1,3,4].



Essential data on MS have been obtained using an animal model, experimental autoimmune encephalomyelitis (EAE), induced by injection of myelin antigens such as myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG), or myelin proteolipid protein (PLP), emulsified in enriched adjuvant, accompanied by administration of pertussis toxin [4,8]. This leads to the priming of myelin-specific T-cells in peripheral lymphoid organs, their differentiation into effector T-cells (mostly Th1 and Th17) and their entry into the CNS, where they are reactivated via interaction with specific myelin antigens on local antigen-presenting cells (APCs). These events are followed by secretion of pro-inflammatory mediators from T-cells, microglia, and astrocytes, which further amplify the inflammatory response, recruit additional immune cells and inflict demyelination and tissue damage.



The encephalitogenic epitopes of the EAE-inducing myelin antigens were identified. Consequently, the disease can be induced by injecting the corresponding peptides. Notably, EAE induction by different encephalitogenic peptides in susceptible animal strains leads to the development of different disease forms that resemble the different MS phases. For instance, the characteristic clinical symptoms manifested as ascending paralysis (from tail to limp), occur in a chronic manner in C57BL/6 mice injected by the peptide corresponding to amino acids 35–55 of MOG, and in a relapsing–remitting manner in SJL/J mice injected by amino acids 139–151 of PLP [9]. An immune response to these peptides occurs in the blood and cerebrospinal fluid of MS patients [10], suggesting that these epitopes are also involved in the human disease. Although the extent of the similarity between EAE and MS is debated, it is accepted that they share essential pathological features, such as inflammation, demyelination, and neuro/axonal damage, as well as activation of microglia and astrocytes [4,8,9]. Consequently, the various EAE models have been highly valuable for studying the pathological mechanisms involved in MS, as well as for drug development.




1.2. Astrocytes in CNS Homeostasis


Astrocytes (astroglia), the most abundant cell type in the CNS, were simplistically regarded for many decades as a homogeneous cell population that support the neurons. However, in-depth study revealed that the morphology of astrocytes is complex and region-dependent, implying heterogeneity in structure, distribution, and function of this population [11,12]. Over the last two decades, knowledge of astrocytes has been continuously expanding revealing their fundamental roles in CNS development and function. It is currently clear that astrocytes are versatile dynamic cells, expressing numerous receptors, which enables them to respond to neuroactive compounds, such as neurotransmitters, neuropeptides, growth factors, cytokines, and toxins [13]. With their highly ramified processes that contact the neurons’ pre- and post-synaptic terminals, astrocytes regulate synaptic formation, activity, and plasticity [14]. Astrocytes provide energy substrates and trophic factors for neurons and oligodendrocytes, and maintain the extracellular milieu composition, pH, and electrolyte balance via specialized water and ion channels [13,15]. They also control the neuronal microenvironment by secreting or removing active factors, which trigger receptors on neurons, glia, and blood vessels [13]. These feed-back and feedforward signaling effects fine-tune the balance of neurons between excitation and inhibition [16]. Lipid metabolism is also regulated by astrocytes, which are the primary source of CNS cholesterol, needed for membrane and myelin synthesis [17].



Astrocytes are key components for the functionality of the blood brain barrier (BBB), which is constructed by endothelial cells [ECs], their well-developed tight junctions (TJs), pericytes, and basement membrane [18]. These elements jointly preserve the selective transport properties vital for brain homeostasis, constituting the first line of defense against leukocyte invasion from the periphery. Astrocytes also constitute the glia-limiting membrane (glia limitans) of the meningeal brain barriers, a dense meshwork of astrocytic processes covered by basal lamina that contact the pia mater, and regulate the entry of molecules and cells into the brain parenchyma [18]. Interacting with endothelial cells, pericytes, and neighboring neurons, astrocytes form the neurovascular unit (NVU) that controls the BBB permeability [19]. Neural functionality and survival depend on the delivery of supplements such as oxygen, ions, and glucose through the blood supply, and their adjustment according to the neural activity. By extending and wrapping their endfeet around the cerebral vasculature, perivascular astrocytes exchange glucose, ions, and soluble factors with the endothelial cells, regulating neuronal metabolism [20,21]. Several studies indicate that astrocytic branches can sense neuronal synaptic activity levels, integrate this information, and transmit it to adjacent blood vessels [22,23]. The neuro–hemodynamic coupling role of astrocytes is further supported by our finding that astrocytes, rather than blood vessels, show a striking morphological homology to the neuronal functional boundaries [24]. The anatomical confinement of the astrocytic processes to the neurons was found in multiple auditory and visual systems across different mammalian species—mouse, rat, and human—in an arrangement that enables blood-flow adjustments to the neuronal activity.



In parallel to the advance in understanding astrocytes’ contribution to brain function and homeostasis, their activity under pathological circumstances, particularly in MS, was investigated. Consequently, their view as secondary bystanders, that respond to insult by forming a glial scar, but play little role in disease mechanism, dramatically changed [25]. Studies, utilizing novel technologies in MS patient samples and in the EAE model, have revealed the detrimental and the protective roles of this multifaceted cell population in facilitating inflammation, tissue damage, and repair. In the following, we discuss several significant aspects of astrocyte involvement in the pathological as well as in the modulatory and repair processes occurring in MS/EAE.





2. Astrocyte Activation by Inflammatory Stimulation


The substantial morphological changes which astrocytes undergo under various pathological conditions were noted more than a century ago [26]. Astrocytes respond to CNS injury and disease by a complex process of activation that integrates morphological changes (cell body and process hypertrophy) and transcriptional and biochemical transformations, as well as robust functional modifications, accompanied by a reduction in homeostatic metabolic functions. This is associated by upregulated expression of the intermediate filament glial fibrillary acidic protein (GFAP), which is therefore used as a marker of reactive astrocytes (astrogliosis).



In MS and EAE, astrocyte activation is a widespread characteristic (Figure 1), initiated at a very early stage of the disease, persisting into the chronic phase, and continuing even after the decline of immune cell presence [25,27]. Detection of activated astrocytes in the frontal cortex at an early EAE stage, before leukocyte infiltration, is attributed to spreading of inflammatory factors across the BBB [28,29]. Thus, T-cells primed in peripheral lymphatic organs reach the CNS borders, undergo re-stimulation by perivascular/meningeal APCs, and produce pro-inflammatory cytokines, such as tumor necrosis factor (TNF), interleukin (IL)-17, granulocyte–macrophage colony-stimulating factor (GM-CSF), and interferon (IFN)-γ, that activate adjacent CNS-resident cells, particularly astrocytes and microglia. Cytokines, chemokines, and growth factors, secreted by leukocytes and local CNS cells orchestrate the cascade of molecular, cellular, and functional changes referred to as astrocyte activation [30]. Under the inflammatory demyelinating conditions in MS/EAE lesions, astrocytes proliferate and form glial scars composed of a dense network of hypertrophic cells, expressing high levels of adhesion molecules, cytokines, growth factors, receptors, enzymes, and protease inhibitors that modify the surrounding extracellular matrix (ECM) [31].



Activated astrocytes produce or upregulate the secretion of various factors. These include cytokines e.g., TNF-α, IL-1β, IL-6, and GM-CSF (Figure 2A); chemokines e.g., CCL2, CCL3, CCL5, CCL20, CXCL10, and CXCL12; and neurotrophic growth factors e.g., nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), and leukemia inhibitory factor (LIF) [30,31,32,33]. Upregulated expression of cytokine receptors such as the GM-CSF receptor in reactive astrocytes further augment their response to the cytokines secreted by immune cells in their surroundings [34] (Figure 2B). Reactive astrocytes also express cell adhesion molecules such as ICAM-1 and VCAM-1 [33,35], inducible nitric oxide synthase (iNOS) with concomitant production of reactive nitrogen species [36,37], and toll-like receptor 3 (TLR3) [38].



In accordance, upregulation of multiple genes linked to innate and adaptive immunity, antigen presentation, leucocyte attraction and invasion (particularly chemokines and cytokines), was found in astrocytes upon in vitro inflammatory stimulation [39]. Mitochondrial dysfunction, in particular metabolic shift from oxidative phosphorylation to glycolysis, is associated with inflammatory activation of astrocytes [40]. Using novel genomic technologies for characterization of astrocyte heterogeneity, it has been recently demonstrated that specific astrocyte subsets or their activation states are associated with specific genomic programs and functions [41].



Several signaling-regulation pathways are triggered in activated astrocytes [42,43,44], particularly, the canonical nuclear factor-κB (NF-κB) pathway, which is essential for driving the inflammation in CNS diseases. EAE is ameliorated by astrocyte specific ablation of key signaling molecules related to the NF-κB signaling cascade [45,46,47]. Moreover, a genetic variant with enhanced NF-κB activation in astrocytes is associated with MS [48]. Additional functional regulators of astrocyte reactivity are signal transducer activator of transcription 3 (STAT3) [49,50] and astrocytic nuclear factor 1A (NF1A) [51]. It is still unclear what molecular cues drive the expression of these transcription factors, how they interact, and if they underlie the formation of unique types of reactive astrocytes.



It should be noted that the above-described spectrum of changes is context-specific that they vary depending on the nature and severity of the CNS insults [31,52,53]. Thus, reactive astrocytes with the potential to release diverse potent molecules and impact nearby cells, can exert pro-inflammatory effects and aggravate the neurological impairment, or exert anti-inflammatory effects, promoting protection and repair. Accordingly, reactive astrocytes have been categorized as “A1” or “A2” [54], in an analogy to the “M1/M2” categories adopted for macrophages and microglia. A1-type astrocytes, induced by inflammation, are toxic to neurons and oligodendrocytes [54,55]. In contrast, A2-type astrocytes have been attributed anti-inflammatory and neuroprotective properties [54,56]. This concept, however, is oversimplified, as reactive astrocytes exceed this dichotomy and adopt a range of profiles [57,58]. Furthermore, as described in the following, reactive astrocytes display multiple opposing functions, indicative of their multifaceted heterogeneity. Contemporary studies using advanced genomic characterization exposed different astrocytic subsets displaying distinct functions, with a certain plasticity between them [58,59]. This heterogeneity is shaped by interactions with other cell types in the inflamed CNS [41,58].




3. Astrocytes as Mediators of MS and EAE Pathology


Astrocytes on the CNS borders, as well as in the lesion sites where they comprise the most prevalent cell type, play detrimental roles at various critical points of MS/EAE pathogenesis, constructing inflammatory cascades and inflicting tissue injury. At the lesion margins, reactive astrocytes expressing multiple pro-inflammatory and neurotoxic mediators extend into adjacent normal-appearing matter, indicative of their participation in lesion expansion.



3.1. Constructing the Inflammatory Cascade


Reactive astrocytes play fundamental roles in recruiting, instructing, and retaining leukocytes at the lesion sites, engendering the positive-feedback inflammatory loop that mediates the disease [18,27,30]. Astrocyte activation occurs early during lesion development, before significant numbers of inflammatory cells enter the CNS [25,27,28], suggesting that astrocytes facilitate the large-scale influx of leukocytes. Infiltration of leukocytes into the CNS parenchyma is not a passive process, but requires active recruitment across specialized barriers. Astrocytes are uniquely positioned to regulate this recruitment, as they regulate the BBB permeability and form the glia limitans [18,20,60]. BBB dysfunction or breakdown is a characteristic feature of MS (in particular of the relapsing–remitting stage) as well as of EAE [61]. This is manifested by a reduction in the tight junction proteins, claudins and occludin, with subsequent increases in BBB permeability [60,62]. Cytokines, chemokines, matrix metalloproteinases (MMPs), and reactive oxygen species (ROS) augment BBB permeability [61,63]. Reactive astrocytes release factors such as IL-1β, TNF, glutamate, and nitric oxide (NO) that downregulate protein expression on the tight junction surface and promote endothelial cells apoptosis [64,65,66]. Astrocytes are also a major source of CC–chemokine ligand 2 (CCL2), which induces internalization of the tight junction proteins, resulting in reduced surface levels of claudin-5 and occludin [64,67,68]. In addition, astrocyte-derived vascular endothelial growth factor A (VEGF-A) and thymidine phosphorylase (TYMP) are key permeability factors that promote BBB breakdown by repressing tight junction protein expression [69]. In parallel, a reduction in the “protective factor” angiotensinogen (AGT), required for intact localization and function of occludin, has been detected in astrocytes activated in vitro by pro-inflammatory cytokines, as well as in perivascular astrocytes within MS lesions [70].



The structural architecture of the neurovascular unit controlling the BBB permeability [19], and the glia limitans formed by the astrocytic endfeed [18], is disrupted upon astrocyte activation. We have demonstrated that unlike in naïve mice, in which most of the microvasculature surface is ensheathed by ramified endfeet, in EAE-activated perivascular astrocytes retract their processes and cease their endfeet coverage around blood vessels [71] (Figure 3). Furthermore, cross-sectional analysis of penetrating vessels indicated that in EAE, in addition to the retraction of the astrocyte processes, the astroglial cell bodies detach from the perivascular vicinity [71] (Figure 3). Leukocytes in the perivascular spaces contribute to this detachment by producing MMPs, which, cleave dystroglycan, the anchor between the endfeet of astrocytes and the basement membrane [72]. Reduced GFAP immunoreactivity and damage to the astrocytic endfeet vascular coverage have also been reported in MS patients [25,73,74]. These combined processes indicate that loss of astrocyte function at the vascular interface is a component of EAE/MS disease mechanism, resulting in BBB breakage and massive infiltration of immune cells into the CNS.



In addition to their effect on BBB permeability, astrocytes also “actively” recruit leukocytes into the CNS parenchyma by producing chemoattractant molecules and inducing an increased expression of adhesion molecules on the endothelial cells. As described in Section 2, astrocytes respond to inflammatory stimulation by producing various chemokines such as CCL2, CCL3, CCL5, CCL20, CXCL10, and CXCL12 [31,32,33]. Astrocyte-derived CCL2, CCL20, and CXCL10 were shown to play important roles in the recruitment and accumulation of immune cells into the CNS during EAE [75,76,77]. Increased astrocytic CXCL12 expression in MS tissue specimens is associated with CNS inflammation [78]. Furthermore, IL-6 and tissue plasminogen activators (tPA), produced by reactive astrocytes, upregulate adhesion molecules on the endothelial cells, such as E-selectin, VCAM, ICAM, and CD44 ligand hyaluronan, resulting in increased endothelial–T-cell binding [79,80]. Decreased expression of connexin 43 (Cx43) in activated astrocytes is also linked to elevated adhesion molecule expression in the endothelial cell [81], and to rapidly progressive MS [82].



An additional manner by which astrocytes exacerbate the inflammation is by facilitating restimulation of the infiltrating immune cells in situ, acting as a local component of the innate immune system. The capability of astrocytes to act as antigen-presenting cells and restimulate effector T-cell is controversial. Immunohistochemical staining revealed that a subset of astrocytes in active MS lesions expresses MHC class II molecules, supporting potential antigen presentation [83]. Yet, in another study, astrocytic MHC class I, but not class II expression, was found in active MS lesions, suggesting antigen presentation to class I-restricted cytotoxic T-cells, but not to CD4+ T-cells [84]. In vitro studies in murine-activated astrocytes indicate that they are able to process and present myelin antigens such as MBP to T-cells [85]. Interestingly, astrocytes efficiently presented the immunodominant epitope PLP139-151, but not subdominant PLP peptides [86]. In the case of MOG, astrocytes presented both the immunodominant and subdominant peptides, but not the native MOG protein [87]. Likewise, there are conflicting reports regarding the expression of costimulatory molecules on astrocytes [88,89,90], so their actual function as fully competent APCs is not yet clear. Regardless, astrocytes can enhance polarization of CD4+ T-cells to Th1/Th17 phenotypes, thus enhancing their pro-inflammatory functions [91,92,93]. They can also produce IL-15, resulting in activation of cytotoxic CD8+ T-cells that exacerbate tissue damage [94]. Furthermore, factors such as IL-15 and the B-cell-activating factor BAFF produced by astrocytes, support proliferation, differentiation and survival of B-cells, which are currently recognized as important contributors to MS pathology [95,96,97]. In addition to their effect on immune cells, factors such as IL-6, and lymphotoxin-alpha (LT-α) produced by astrocytes, promote activation and accumulation of microglia [98,99]. These combined effects of reactive astrocytes generate an inflammatory-promoting environment in the MS lesions that sustains and exacerbates the pathological process. Notably, astrocytes comprise one component in the complex multilayered crosstalk between penetrating immune cells and CNS-resident cells that stimulate each other by releasing inflammatory substances. For example, GM-CSF secreted by immune cells in the MS lesions can efficiently affect microglia and astrocytes, which in parallel upregulate GM-CSF receptor expression [34].




3.2. Inflicting Tissue Damage


Astrocytes in the inflamed CNS, along with leukocytes and microglia, create a hostile environment, rich in pro-inflammatory and toxic factors that inflict damage to myelin, oligodendrocytes, and neurons, by various routes. Reactive oxygen species (ROS) and reactive nitrogen species (RNS) induce, when in excess, oxidative stress, mitochondrial injury, and impaired energy metabolism [37,100,101,102]. Astrocytes are major producers of ROS and RNS, and this production is triggered during CNS inflammation [30,37,41,103]. Pro-inflammatory cytokines, such as IL-1β, IL-17, and IFN-γ induce the expression of the NO-generating enzyme iNOS in astrocytes, leading to additional NO accumulation [36,104,105]. Furthermore, elevated levels of BDNF and upregulation of its receptor, tropomyosin-related kinase B (TrkB) on activated astrocytes results in excessive NO production and NO-driven neurotoxicity [106]. Reactive astrocytes also promote oligodendrocyte and neuronal death through defective control of neurotransmitter uptake and release. Under normal conditions, astrocytes regulate glutamatergic neurotransmission by eliminating glutamate from the CNS extracellular milieu. In reactive astrocytes, the expressions of glutamate transporters and enzymes responsible for glutamate degradation are reduced, resulting in excessive extracellular glutamate and excitotoxic injury [107,108].



Devoid of myelin protection and support, axons and neurons in the demyelinated lesions are particularly prone to injury inflicted by the hostile inflammatory milieu. Besides reactive species secretion and excitotoxic injury, astrocytes produce a variety of harmful mediators such as proteolytic enzymes, cytokines, and complement components [33,94,109]. Furthermore, under inflammatory conditions, the connection between astrocytes and neurons is impaired and astrocytes fail in their essential role of neuro–hemodynamic coupling. We examined individual astrocytic processes in layer IV of the somatosensory cortex, where the well-defined neuronal columns (barrels) are linked to functional properties. In contrast to naïve mice, in which the highly modulated patches of astrocyte processes overlap the barrel cores, in EAE, loss of astrocytic confinement to the neuronal boundaries was evident [71] (Figure 4). Loss of coupling between lactate supplied by the astrocytes and the neurons’ energetic needs, further promotes neurodegeneration [40]. Decreased astrocyte-derived trophic support also contributes to neuronal damage [110]. Finally, the ECM in the glial scar is inhibitory to repair processes such as axon sprouting and synaptogenesis [111,112].



The myelin-producing cells, the oligodendrocytes, are terminally differentiated cells with a limited capacity to respond to injury and survive the toxic conditions within the lesion. Terminally differentiated oligodendrocytes in the demyelinating lesions undergo apoptotic cell death [113]. Accordingly, remyelination requires proliferation of oligodendrocyte progenitor cells (OPCs), their migration into the demyelination sites, and their differentiation into mature myelin-producing oligodendrocytes [114]. In the early stages of MS, OPCs recruitment to demyelination sites often leads to remyelination. However, at later disease stages, in particular in chronic lesions, remyelination is impaired and limited to a small rim at the lesion border [113]. Astrocytes contribute to the failure of remyelination in several ways: The glial scar formed by reactive astrocytes poses a physical barrier that blocks OPCs migration into the demyelinated area, so OPCs are practically sequestered at the lesions edge [115]. The glial scar also generates a biochemical obstacle, as astrocytes secrete different substances that interfere with remyelination. For instance, hyaluronan produced by astrocytes, accumulates in chronic MS and EAE demyelinated lesions and inhibits OPC maturation [116]. Chondroitin sulfate proteoglycans (CSPG), produced by reactive astrocytes at the border of demyelinating areas, inhibits OPC process outgrowth, differentiation, and adhesion [117]. Fibronectin, an ECM glycoprotein, secreted by astrocytes in chronic MS lesions, hinders oligodendrocyte differentiation and remyelination [118]. Additional factors released by reactive astrocytes that were shown to interfere with OPCs differentiation are fibroblast growth factor-2 (FGF-2) [119] and cytokines, such as TNF-α, and IL-6 [120,121]. Moreover, reactive astrocytes promote apoptosis of oligodendrocytes and OPCs via TNF [122,123] and the Fas ligand [124]. Reactive astrocytes are also a source of proteolytic enzymes, such as calcium-activated neutral protease (calpain), that participate in the degradation of myelin proteins, resulting in destabilization of the myelin sheath [125]. In addition, astrocytes in the spinal cord and optic nerve of EAE mice have been shown to produce fewer cholesterols, which are required for myelin production [17], thereby inhibiting remyelination [126].





4. Astrocytes as Mediators of MS and EAE Modulation and Repair


The contribution of astrocytes to protection and repair has been recognized following the development of animal models in which reactive astrocytes could be selectively ablated. In the EAE system, targeted ablation of reactive astrocytes was associated with increased leukocyte infiltration into the CNS parenchyma, and a severe and rapid fulminant clinical course [127]. Indeed, reactive astrocytes employ a variety of strategies to counteract inflammation, limit tissue damage, and support repair processes, thus contributing to disease arrest and to recovery of CNS functions [128,129]. Furthermore, in response to CNS insults, astrocytes receive and carry information to other cells, in a coordinated action to stimulate defense and repair mechanisms [41].



4.1. Limiting BBB Damage and Inflammation


Astrocytes have an important role in protecting BBB integrity and restoring its function, restricting leukocytes infiltration into the CNS, and suppressing excessive immune response [18]. In addition to their role in BBB construction (described in Section 1.2), reactive astrocytes are capable of actively affecting the BBB by releasing various factors that reduce its disruption and downregulate immune cell infiltration [128]. This includes production and release of retinoic acid (RA) that induces immune quiescence, attenuates oxidative stress in endothelial cells, and decreases monocyte adhesion [130]. The key enzyme for RA synthesis, retinaldehyde dehydrogenase 2 (RALDH2), is highly expressed in reactive astrocytes in both active and chronic MS lesions [130]. Astrocytes are the main producers of the MMP counter-regulator, tissue inhibitor of metalloproteinase-1 (TIMP-1). The expression of this inhibitor is increased in activated astrocytes around the lesions of EAE-induced mice, counteracting, in situ, the detrimental MMP enzymatic activity [131]. The antioxidant protein peroxiredoxin 6 (PRDX6) that lowers MMP9 expression, fibrinogen leakage, and free radical damage, is also elevated in astrocytes of MS patients and EAE mice [132]. Astrocytes secrete sonic hedgehog (Hh) that, together with the hedgehog receptors expressed by the BBB endothelial cells, decreases the expression of pro-inflammatory mediators as well as the adhesion and migration of leukocytes [133].



The glial scar, formed by a dense network of astrocytes in response to injury, presents a physical barrier that restricts the influx and spread of immune cells from perivascular spaces to the CNS [31,127]. Furthermore, astrocytes maintain the CNS immune privilege by inducing an immunosuppressive environment, and skewing T-cell polarization to a protective Th2 phenotype. Thus, astrocytes, which have a certain potential to function as APCs (discussed in Section 3.1), are more efficient in stimulating Th2 anti-inflammatory responses than Th1 pro-inflammatory responses [134]. Moreover, the anti-inflammatory Th2 hallmark cytokines, IL-10 and IL-4, as well as their receptors, are intensely expressed in reactive astrocytes within and around active and chronic MS lesions [135] as well as in EAE [136]. IL-27, that modulates inflammation, is also expressed by astrocytes in active MS plaques [137]. Astrocytes suppress T-cell activation, proliferation, and effector function by upregulating the inhibitory molecule CTLA-4 on autoreactive T-cells [138]. Upon contact with astrocytes, regulatory anergic T-cells (CD4+ and CD8+) prevent proliferation of mitogen-induced T lymphocytes as well as of autoreactive T-cells [139]. In chronic active MS plaques, reactive astrocytes express the inhibitory membrane glycoprotein CD200, which downregulates immune activity [140]. In addition, ubiquitin-aldehyde-binding 1 (OTUB1), a deubiquitinating enzyme upregulated in astrocytes during MS and EAE, prevents IFN-γ-induced hyperactivation [141]. Notably, at late EAE stages, IFN-γ signaling in astrocytes is neuroprotective, so astrocytes play a role in limiting the inflammation depending on the signaling pathway mediated by the engagement of IFN-γ receptors [142].



Programmed cell death is also a mechanism by which astrocytes eliminate infiltrating inflammatory cells. Thus, apoptotic T-cells colocalize with astrocytes in the CNS parenchyma [143], and galectin-9 in activated astrocytes promotes encephalitogenic T-cell apoptosis [144]. Apoptotic elimination of T-cells from the CNS by astrocytes via Fas ligand (FasL) has been shown to precede EAE recovery [145]. Additional mechanisms by which astrocytes induce inactivation and apoptosis of autoreactive T-cells involve the astrocyte-derived immune suppressor factor (AdIF) [146] and the NO pathway [147]. Furthermore, astrocytes promote the expression and enzymatic activity of CD39 and CD73 ectonucleotidases in activated CD4+ T-cells by a contact-dependent mechanism, resulting in T-cell differentiation to an immunosuppressive phenotype [148].




4.2. Detoxification Activities and Prevention of Tissue Damage


In response to stress or toxic conditions inside the lesions, astrocytes constitute a protective barrier that reduces neuronal and oligodendrocytes injury through specialized detoxifying mechanisms. Thus, reactive astrocytes are the main cell type defending against oxidative stress, by enhanced production of an array of antioxidant enzymes in the lesions that decrease ROS-induced cellular damage. These include superoxide dismutase (SOD), catalase, heme oxygenase 1 (HO-1), NAD(P)H:quinone oxidoreductase 1 (NQO1), and peroxiredoxins (PRDXs) [149,150,151]. Transcriptional activation of various antioxidant enzymes is controlled by NF-E2-related factor 2 (Nrf2). The expression of DJ-1, which stabilizes Nrf2 and positively regulates its activity, is increased in astrocytes in MS lesions, enabling antioxidant protection [152]. An additional transcription regulator, proliferator activated receptor gamma coactivator-1alpha (PGC-1α), induced in astrocytes in MS lesions, promotes the expression of mitochondrial antioxidants PRDX3 and Trx2, lowering ROS production [153]. Collectively, these enzymes and transcription factors, expressed by reactive astrocytes in the lesion sites, function as an endogenous protective mechanism that alleviates oxidative damage.



Exposure of astrocytes to mild levels of inflammatory cytokines increases their production of detoxifying cytosolic enzymes and antioxidants, and downregulates detrimental enzymes such as iNOS, thus protecting oligodendrocytes and neurons from NO-induced death [128]. Additional detoxifying activities of astrocytes, shown in models of brain injury, are removal of excessive glutamate from the extracellular space and restoration of ionic homeostasis, as well as protection against glucose-induced metabolic stress, iron toxicity, and DNA damage [129].




4.3. Neuroprotection and Repair


For many decades, it was believed that severe astrogliosis and glial scar formation inhibits axonal regrowth and is therefore detrimental for the neurological outcome. However, increasing evidence has revealed that astrocytes also play beneficial roles in supporting and promoting repair processes such as remyelination, axonal regeneration, and neurogenesis. Astrocytes provide critical trophic support for neurons and oligodendrocytes by supplying an enormous array of neurotrophic factors, neuropoetic cytokines, and growth factors, with tissue-protective and regenerative properties [154]. Increased astrocytic production of various such factors has been demonstrated both in MS and EAE [155]. For example, BDNF which maintains neuronal survival and regulates oligodendrocytes generation and remyelination, is found in reactive astrocytes within MS and EAE lesions [156,157,158]. Ablation of BDNF specifically in astrocytes, exacerbates EAE and increases axonal damage, but does not affect immune cell infiltration, confirming the neuroprotective activity of astrocytic-derived BDNF [156,159]. It should be noted that astrocytes, as such, respond to increased levels of BDNF by secreting neurotoxic amounts of NO, indicative of the dual putative protective and degenerative roles of astroglia [106]. The expression of ciliary neurotrophic factor (CNTF), a survival factor for neurons, that supports oligodendrocyte maturation, is increased in astrocytes within white matter lesions of MS patients [160]. CNTF-deficient mice manifested severe EAE with poor recovery, decreased OPC numbers, and increased oligodendrocyte apoptosis compared to wild-type mice [161]. In a virus-induced demyelination model, the increase of CNTF in astrocytes within and around lesions coincided with spinal cord remyelination and recovery [162]. CNTF is an upstream regulator of fibroblast growth factor-2 (FGF2), a potent mitogen of OPCs, and an inducer of neurogenesis [162,163]. In EAE, elevated FGF2 levels in white matter astrocytes were detected at the initial remyelination phase [164]. In a lysolecithin-induced demyelination model, FGF2 enhanced hippocampal myelination as well as the recruitment of OPCs and neural stem cells to the lesion area [165]. IL-11, expressed by reactive astrocytes in MS lesions, has been shown to promote neuronal differentiation, oligodendrocyte occurrence, and myelin formation [166].



The various neurotrophic factors, cytokines, and growth factors, supplied by astrocytes, facilitate the key reparative process in the context of MS/EAE, remyelination, by supporting OPCs proliferation, migration into demyelinated sites, and differentiation to myelin-producing oligodendrocytes [114]. Interestingly, astrocytes as such may constitute a potential backup reservoir for oligodendrocytes [167,168]. Additional support that astrocytes provide for remyelination is the recruitment of macrophages/microglia [32,75,76,77] that remove the myelin debris from the demyelinated lesion sites, enabling the formation of new myelin. Astrocyte ablation that prevents the recruitment of microglia cells to demyelination sites, leads to a delayed removal of myelin debris, reduced OPC proliferation, and impaired remyelination [169]. Furthermore, hypertrophic astrocytes at the leading edge of actively demyelinating MS lesions contain myelin, suggestive of their potential activity in myelin phagocytosis [170]. The essential role of astrocytes in remyelination was further emphasized, using an ethidium-bromide-induced demyelination model, by the failure of OPCs to remyelinate in the absence of astrocytes [171], and increased remyelination following astrocyte transplantation [172].



Astrocytes are also important participants in the regeneration processes occurring in the neuronal population, mainly via their production of diverse neurotrophic and growth factors. In addition to the critical trophic support, astrocyte-derived ECM proteins and MMPs can increase axonal regeneration and functional recovery [54]. Indeed, prevention of astrocytic scar formation reduced axonal regrowth [173]. Furthermore, following injury, astrocyte processes envelope the synapses and release neuromodulators that promote synaptogenesis [128]. It has also been recently established that astrocytes are key regulators of neuronal plasticity, a fundamental property of neuronal circuits, allowing them to adapt to alterations in activation [174].



Astrocytes may also function as support cells, stimulating neurogenesis within the specialized niches, the subventricular zone (SVZ) and the hippocampal dentate gyrus, where neural progenitor cells (NPCs) reside in the adult brain. These undifferentiated multipotent cells can migrate beyond their sites of origin and differentiate into mature neurons and glia. In response to EAE induction, neuronal progenitor cells proliferate and accumulate in the damaged areas [175]. Activated astrocytes express growth factor and signaling molecules that regulate stem cell proliferation differentiation and eventual fate, such as FGF-2 and members of the Jagged/Notch and WNT signaling pathways [176,177,178]. Astrocyte-derived EMC molecules such as chondroitin sulfate dermatan sulfate and proteoglycans, abundantly expressed in the neurogenic niches, play a role in controlling neural stem cell fate, maturation, and survival [179]. However, it should be noted that detrimental effects of FGF-2 and chondroitin sulfate on repair processes were also demonstrated [117,119]. Finally, a subpopulation of astrocytes may function as pluri- or unipotential progenitor cells that give rise to neurons, although to an extent which is still unclear in the adult human CNS [25,180].





5. Astrocytes as a Therapeutic Target—Modulation of Reactive Astrocytes by MS Treatments


The pivotal roles played by astrocytes make them an attractive target for MS therapy. None of the currently approved MS treatments specifically target astrocytes, but effects on astrocytes have been demonstrated for several therapies. Dimethyl fumarate (DMF) inhibits pro-inflammatory activation of astrocytes, including NF-κB signaling [181], and activates the transcriptional factor Nrf2 that regulates anti-oxidative responses in astrocytes [182]. Fingolimod, an analog of sphingosine-1-phosphate (S1P), which specifically targets sphingosine-1-phosphate receptors (S1PRs), affects astrocytes by inhibiting NF-κB signaling, reducing pro-inflammatory cytokine expression, and enhancing neurotrophic factors [183]. Laquinimod reduces NF-κB signaling and pro-inflammatory responses of astrocytes [184]. IFN-β induces the transcription of suppressor of cytokine signaling (SOCS)-1 and SOCS-3, which inhibit astrocyte hyperactivation [185]. Glatiramer acetate (GA) induces expression of IL-10 and transforming growth factor (TGF-β) by astrocytes [136], restores perivascular astrocyte connections with both the blood vessels and the neuronal synapses [71], and inhibits TNF-α-induced RANTES release from astrocytes [186].



Ideally, astrocyte-directed treatments should take into account their multi-functionality, and attempt to block detrimental responses while enhancing protective properties. The current notion that astrocytes are heterogeneous with respect to the molecules they express and the functions they exhibit, raises the possibility to manipulate specific astroglial populations. Several novel approaches to affecting astrocytic beneficial properties were recently suggested. Stimulation of metabotropic glutamate receptors (mGluR), in particular mGluR3 and mGluR5, which are upregulated in reactive astrocytes, elicits neuroprotective repair processes such as astrocytic BDNF synthesis [187]. Metabolites of dietary tryptophan, produced by the commensal flora, control TGF-α and VEGF-β production, resulting in the modulation of the astrocytic transcriptional program and CNS inflammation [188]. The detection of a metabolic control mechanism that drives pro-inflammatory astrocyte activities through the mitochondrial antiviral signaling protein (MAVS), may lead to identification of new therapeutic targets [189]. Furthermore, a subset of astrocytes expressing the lysosomal protein LAMP12 and the death receptor ligand TRAIL3, which limits CNS inflammation by inducing T-cell apoptosis, has been recently identified [190]. Interestingly, these astrocytes are maintained by meningeal IFN+ NK cells, in which IFN-γ expression is modulated by the gut microbiome, suggesting a novel mechanism for astrocyte modulation. Selective regulation of the diverse astrocyte activities requires further knowledge of their subset heterogeneity and plasticity, as well as deeper understanding of their activation signaling.




6. Conclusions


While the pathological inflammatory process in MS/EAE is primarily initiated by bone-marrow-derived components, it is currently clear that astrocytes play essential roles in recruiting, instructing, and retaining these leukocytes at the lesion sites, engendering the positive-feedback inflammatory loop that mediates the disease. Astrocytes also inflict tissue damage through their intrinsic neurotoxic activities and the activation of other cells, thus promoting neurodegeneration and disease progression. Conversely, the roles of astrocytes in restricting detrimental inflammation and in promoting neuroprotection and repair have also been established. These combined effects emphasize the importance of astrocytes as fundamental constituents of MS pathology and regulation. Yet, the multiple, in part opposing, functions raise the notion that astrocytes are bystander “flexible” participants tuned by various context-specific factors, such as the region in which they reside, the nature and the severity of the CNS insults, the local pro/anti-inflammatory milieu, and the crosstalk with immune and resident cells. The current focus in astrocyte biology research is on the heterogeneity and the characterization of specific astrocytic subsets. The diversity of astrocytes with respect to the molecules they express and the functions they exhibit is widely appreciated, while their different regulation and activation signals, as well as their plasticity and communication with neighboring cells, are intensively investigated. Improved understanding of astrocyte diversity and the mechanisms by which they are regulated may lead to identification of novel targets to selectively manipulate astrocytic response, for the development of effective MS treatments.







Funding


This review received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Reich, D.S.; Lucchinetti, C.F.; Calabresi, P.A. Multiple sclerosis. N. Engl. J. Med. 2018, 378, 169–180. [Google Scholar] [CrossRef]

	



Lassmann, H.J.; Van Horssen, J.; Mahad, D. Progressive multiple sclerosis: Pathology and pathogenesis. Nat. Rev. Neurol. 2012, 8, 647–656. [Google Scholar] [CrossRef]

	



Hohlfeld, R.; Wekerle, H. Autoimmune concepts of multiple sclerosis as a basis for selective immunotherapy: From pipe dreams to (therapeutic) pipelines. Proc. Natl. Acad. Sci. USA 2004, 101, 14599–14606. [Google Scholar] [CrossRef] [PubMed]

	



Aharoni, R. New findings and old controversies in the research of multiple sclerosis and its model experimental autoimmune encephalomyelitis. Expert Rev. Clin. Immunol. 2013, 9, 423–440. [Google Scholar] [CrossRef] [PubMed]

	



Ambucci, M.; Gargano, F.; Guerrera, G.; Battistini, L.; Borsellino, G. One, No One, and One Hundred Thousand: T Regulatory Cells’ Multiple Identities in Neuroimmunity. Front. Immunol. 2019, 10, 2947. [Google Scholar]

	



Vasileiadis, G.K.; Dardiotis, E.; Mavropoulos, A.; Tsouris, Z.; Tsimourtou, V.; Bogdanos, D.P.; Sakkas, L.I.; Hadjigeorgiou, G.M. Regulatory B and T lymphocytes in multiple sclerosis: Friends or foes? Auto. Immun. Highlights 2018, 9, 2–15. [Google Scholar] [CrossRef] [PubMed]

	



Aharoni, R.; Arnon, R. Linkage between immunomodulation, neuroprotection and neurogenesis. Drug News Perspect 2009, 22, 301–312. [Google Scholar] [CrossRef] [PubMed]

	



Batoulis, H.; Recks, M.S.; Addicks, K.; Kuerten, S. Experimental autoimmune encephalomyelitis–achievements and prospective advances. Apmis 2011, 119, 819–830. [Google Scholar] [CrossRef]

	



Aharoni, R.; Vainshtein, A.; Stock, A.; Eilam, R.; From, R.; Shinder, V.; Arnon, R. Distinct pathological patterns in relapsing–remitting and chronic models of experimental autoimmune enchephalomyelitis and the neuroprotective effect of glatiramer acetate. J. Autoimmun. 2011, 37, 228–241. [Google Scholar] [CrossRef]

	



Grau-López, L.; Raïch, D.; Ramo-Tello, C.; Naranjo-Gómez, M.; Dàvalos, A.; Pujol-Borrell, R.; Borràs, F.E.; Martínez-Cáceres, E. Myelin peptides in multiple sclerosis. Autoimmun. Rev. 2009, 8, 650–653. [Google Scholar] [CrossRef]

	



Lanjakornsiripan, D.; Pior, B.J.; Kawaguchi, D.; Furutachi, S.; Tahara, T.; Katsuyama, Y.; Suzuki, Y.; Fukazawa, Y.; Gotoh, Y. Layer-specific morphological and molecular differences in neocortical astrocytes and their dependence on neuronal layers. Nat. Commun. 2018, 9, 1623–1638. [Google Scholar] [CrossRef]

	



Khakh, B.S.; Deneen, B. The Emerging Nature of Astrocyte Diversity. Annu. Rev. Neurosci. 2019, 42, 187–207. [Google Scholar] [CrossRef] [PubMed]

	



Volterra, A.; Meldolesi, J. Astrocytes, from glue to communication elements: The revolution continues. Nat. Rev. Neurosci. 2005, 6, 626–640. [Google Scholar]

	



Clarke, L.E.; Barres, B.A. Emerging roles of astrocytes in neural circuit development. Nat. Rev. Neurosci. 2013, 14, 311–321. [Google Scholar] [CrossRef] [PubMed]

	



Simard, M.; Nedergaard, M. The neurobiology of glia in the context of water and ion homeostasis. Neuroscience 2004, 129, 877–896. [Google Scholar] [CrossRef]

	



Piet, R.; Vargova, L.; Sykova, E.; Poulain, D.A.; Oliet, S.H. Physiological contribution of the astrocytic environment of neurons to inter-synaptic crosstalk. Proc. Natl. Acad. Sci. USA 2004, 101, 2151–2155. [Google Scholar] [CrossRef] [PubMed]

	



Camargo, N.; Goudriaan, A.; van Deijk, A.F.; Otte, W.M.; Brouwers, J.F.; Lodder, H.; Gutmann, D.H.; Nave, K.A.; Dijkhuizen, R.M.; Mansvelder, H.D.; et al. Oligodendroglial myelination requires astrocyte-derived lipids. PLoS Biol. 2017, 15, e1002605. [Google Scholar] [CrossRef]

	



Sofroniew, M.V. Astrocyte barriers to neurotoxic inflammation. Nat. Rev. Neurosci. 2015, 16, 249–263. [Google Scholar] [CrossRef] [PubMed]

	



Iadecola, C. The Neurovascular Unit Coming of Age: A Journey through Neurovascular Coupling in Health and Disease. Neuron 2017, 96, 17–42. [Google Scholar] [CrossRef]

	



Abbott, N.J.; Rönnbäck, L.; Hansson, E. Astrocyte-endothelial interactions at the blood-brain barrier. Nat. Rev. Neurosci. 2006, 7, 41–53. [Google Scholar] [CrossRef]

	



Mathiisen, T.M.; Lehre, K.P.; Danbolt, N.C.; Ottersen, O.P. The perivascular astroglial sheath provides a complete covering of the brain microvessels: An electron microscopic 3D reconstruction. Glia 2010, 58, 1094–1103. [Google Scholar] [CrossRef] [PubMed]

	



Attwell, D.; Buchan, A.M.; Charpak, S.; Lauritzen, M.; MacVicar, B.A.; Newman, E.A. Glial and neuronal control of brain blood flow. Nature 2010, 468, 232–243. [Google Scholar] [CrossRef] [PubMed]

	



Takano, T.; Tian, G.F.; Peng, W.; Lou, N.; Libionka, W.; Han, X.; Nedergaard, M. Astrocyte-mediated control of cerebral blood flow. Nat. Neurosci. 2006, 9, 260–267. [Google Scholar] [CrossRef] [PubMed]

	



Eilam, R.; Aharoni, R.; Arnon, R.; Malach, R. Astrocyte morphology is confined by cortical functional boundaries in mammals ranging from mice to human. Elife 2016, 5, e15915. [Google Scholar] [CrossRef] [PubMed]

	



Brosnan, C.F.; Raine, C.S. The astrocyte in multiple sclerosis revisited. Glia 2013, 61, 453–465. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, M.L.; Viaene, A.N. What are activated and reactive glia and what is their role in neurodegeneration? Neurobiol. Dis. 2021, 148, 105172. [Google Scholar] [CrossRef]

	



Ponath, G.; Park, C.; Pitt, D. The Role of Astrocytes in Multiple Sclerosis. Front. Immunol. 2018, 9, 217. [Google Scholar] [CrossRef]

	



Chanaday, N.L.; Roth, G.A. Microglia and astrocyte activation in the frontal cortex of rats with experimental autoimmune encephalomyelitis. Neuroscience 2016, 314, 160–169. [Google Scholar] [CrossRef] [PubMed]

	



Grygorowicz, T.; Wełniak-Kamińska, M.; Strużyńska, L. Early P2X7R-related astrogliosis in autoimmune encephalomyelitis. Mol. Cell. Neurosci. 2016, 74, 1–9. [Google Scholar] [CrossRef]

	



Rothhammer, V.; Quintana, F.J. Control of autoimmune CNS inflammation by astrocytes. Semin. Immunopathol. 2015, 37, 625–638. [Google Scholar] [CrossRef]

	



Sofroniew, M.V. Molecular dissection of reactive astrogliosis and glial scar formation. Trends Neurosci. 2009, 32, 638–647. [Google Scholar] [CrossRef]

	



Ambrosini, E.; Remoli, M.E.; Giacomini, E.; Rosicarelli, B.; Serafini, B.; Lande, R.; Aloisi, F.; Coccia, E.M. Astrocytes produce dendritic cell-attracting chemokines in vitro and in multiple sclerosis lesions. J. Neuropathol. Exp. Neurol. 2005, 64, 706–715. [Google Scholar] [CrossRef]

	



Choi, S.S.; Lee, H.J.; Lim, I.; Satoh, J.; Kim, S.U. Human astrocytes: Secretome profiles of cytokines and chemokines. PLoS ONE 2014, 9, e92325. [Google Scholar] [CrossRef] [PubMed]

	



Imitola, J.; Rasouli, J.; Watanabe, F.; Mahajan, K.; Sharan, A.D.; Ciric, B.; Zhang, G.X.; Rostami, A. Elevated expression of granulocyte-macrophage colony-stimulating factor receptor in multiple sclerosis lesions. J. Neuroimmunol. 2018, 317, 45–54. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.J.; Benveniste, E.N. Adhesion molecule expression and regulation on cells of the central nervous system. J. Neuroimmunol. 1999, 98, 77–88. [Google Scholar] [CrossRef]

	



Chao, C.C.; Lokensgard, J.R.; Sheng, W.S.; Hu, S. Peterson PK. IL-1-induced iNOS expression in human astrocytes via NF-kappa B. Neuroreport 1997, 8, 3163–3166. [Google Scholar] [CrossRef] [PubMed]

	



Sheng, W.S.; Hu, S.; Feng, A.; Rock, R.B. Reactive oxygen species from human astrocytes induced functional impairment and oxidative damage. Neurochem. Res. 2013, 38, 2148–2159. [Google Scholar] [CrossRef]

	



Farina, C.; Krumbholz, M.; Giese, T.; Hartmann, G.; Aloisi, F.; Meinl, E. Preferential expression and function of toll-like receptor 3 in human astrocytes. J. Neuroimmunol. 2005, 159, 12–19. [Google Scholar] [CrossRef] [PubMed]

	



Falsig, J.; Pörzgen, P.; Lund, S.; Schrattenholz, A.; Leist, M. The inflammatory transcriptome of reactive murine astrocytes and implications for their innate immune function. J. Neurochem. 2006, 96, 893–907. [Google Scholar] [CrossRef]

	



Rahman, M.H.; Suk, K. Mitochondrial Dynamics and Bioenergetic Alteration During Inflammatory Activation of Astrocytes. Front. Aging Neurosci. 2020, 12, 459. [Google Scholar] [CrossRef]

	



Linnerbauer, M.; Wheeler, M.A.; Quintana, F.J. Astrocyte Crosstalk in CNS Inflammation. Neuron 2020, 108, 608–622. [Google Scholar] [CrossRef] [PubMed]

	



Haroon, F.; Drogemuller, K.; Handel, U.; Brunn, A.; Reinhold, D.; Nishanth, G.; Mueller, W.; Trautwein, C.; Ernst, M.; Deckert, M.; et al. Gp130-dependent astrocytic survival is critical for the control of autoimmune central nervous system inflammation. J. Immunol. 2011, 186, 6521–6531. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.Y.; Hong, G.U.; Ro, J.Y. Signal pathways in astrocytes activated by crosstalk between of astrocytes and mast cells through CD40-CD40L. J. Neuroinflamm. 2011, 8, 25. [Google Scholar] [CrossRef]

	



Wang, X.; Deckert, M.; Xuan, N.T.; Nishanth, G.; Just, S.; Waisman, A.; Naumann, M.; Schluter, D. Astrocytic A20 ameliorates experimental autoimmune encephalomyelitis by inhibiting NF-kappaB- and STAT1-dependent chemokine production in astrocytes. Acta Neuropathol. 2013, 126, 711–724. [Google Scholar] [CrossRef] [PubMed]

	



Brambilla, R.; Persaud, T.; Hu, X.; Karmally, S.; Shestopalov, V.I.; Dvoriantchikova, G.; Ivanov, D.; Nathanson, L.; Barnum, S.R.; Bethea, J.R. Transgenic inhibition of astroglial NF-kappa B improves functional outcome in experimental autoimmune encephalomyelitis by suppressing chronic central nervous system inflammation. J. Immunol. 2009, 182, 2628–2640. [Google Scholar] [CrossRef] [PubMed]

	



Raasch, J.; Zeller, N.; van Loo, G.; Merkler, D.; Mildner, A.; Erny, D.; Knobeloch, K.P.; Bethea, J.R.; Waisman, A.; Knust, M.; et al. IkappaB kinase 2 determines oligodendrocyte loss by non-cell-autonomous activation of NF-kappaB in the central nervous system. Brain J. Neurol. 2011, 134, 1184–1198. [Google Scholar] [CrossRef] [PubMed]

	



Van Loo, G.; De Lorenzi, R.; Schmidt, H.; Huth, M.; Mildner, A.; Schmidt-Supprian, M.; Lassmann, H.; Prinz, M.R.; Pasparakis, M. Inhibition of transcription factor NFkappaB in the central nervous system ameliorates autoimmune encephalomyelitis in mice. Nat. Immunol. 2006, 7, 954–961. [Google Scholar] [CrossRef]

	



Ponath, G.; Lincoln, M.R.; Levine-Ritterman, M.; Park, C.; Dahlawi, S.; Mubarak, M.; Sumida, T.; Airas, L.; Zhang, S.; Isitan, C.; et al. Enhanced astrocyte responses are driven by a genetic risk allele associated with multiple sclerosis. Nat. Commun. 2018, 9, 5337. [Google Scholar] [CrossRef]

	



Herrmann, J.E.; Imura, T.; Song, B.; Qi, J.; Ao, Y.; Nguyen, T.K.; Korsak, R.A.; Takeda, K.; Akira, S.; Sofroniew, M.V. STAT3 is a critical regulator of astrogliosis and scar formation after spinal cord injury. J. Neurosci. 2008, 28, 7231–7243. [Google Scholar] [CrossRef]

	



Sriram, K.; Benkovic, S.A.; Hebert., M.A.; Miller, D.B.; O’Callaghan, J.P. Induction of gp130-related cytokines and activation of JAK2/STAT3 pathway in astrocytes precedes up-regulation of glial fibrillary acidic protein in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of neurodegeneration: Key signaling pathway for astrogliosis in vivo? J. Biol. Chem. 2004, 279, 19936–19947. [Google Scholar]

	



Laug, D.; Huang, T.W.; Huerta, N.A.B.; Huang, A.Y.; Sardar, D.; Ortiz-Guzman, J.; Carlson, J.C.; Arenkiel, B.R.; Kuo, C.T.; Mohila, C.A.; et al. Nuclear factor I-A regulates diverse reactive astrocyte responses after CNS injury. J. Clin. Investig. 2019, 129, 4408–4418. [Google Scholar] [CrossRef]

	



Kang, W.; Hebert, J.M. Signaling pathways in reactive astrocytes, a genetic perspective. Mol. Neurobiol 2011, 43, 147–154. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, M.A.; Ao, Y.; Sofroniew, M.V. Heterogeneity of reactive astrocytes. Neurosci Lett. 2014, 565, 23–29. [Google Scholar] [CrossRef] [PubMed]

	



Liddelow, S.A.; Barres, B.A. Reactive astrocytes: Production, function, and therapeutic potential. Immunity 2017, 46, 957–967. [Google Scholar] [CrossRef]

	



Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.S.; Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481–487. [Google Scholar] [CrossRef] [PubMed]

	



Matias, I.; Morgado, J.; Gomes, F.C.A. Astrocyte Heterogeneity: Impact to Brain Aging and Disease. Front. Aging Neurosci. 2019, 11, 59. [Google Scholar] [CrossRef] [PubMed]

	



Pekny, M.; Pekna, M.; Messing, A.; Steinhäuser, C.; Lee, J.M.; Parpura, V.; Hol, E.M.; Sofroniew, M.V.; Verkhratsky, A. Astrocytes: A central element in neurological diseases. Acta Neuropathol. 2016, 131, 323–345. [Google Scholar] [CrossRef] [PubMed]

	



Escartin, C.; Galea, E.; Lakatos, A.; O’Callaghan, J.P.; Petzold, G.C.; Serrano-Pozo, A.; Steinhäuser, C.; Volterra, A.; Carmignoto, G.; Agarwal, A.; et al. Reactive astrocyte nomenclature, definitions, and future directions. Nat. Neurosci. 2021, 24, 312–325. [Google Scholar] [CrossRef] [PubMed]

	



Wheeler, M.A.; Clark, I.C.; Tjon, E.C.; Li, Z.; Zandee, S.E.J.; Couturier, C.P.; Watson, B.R.; Scalisi, G.; Alkwai, S.; Rothhammer, V.; et al. MAFG-driven astrocytes promote CNS inflammation. Nature 2020, 578, 593–599. [Google Scholar] [CrossRef]

	



Castro Dias, M.; Mapunda, J.A.; Vladymyrov, M.; Engelhardt, B. Structure and Junctional Complexes of Endothelial, Epithelial and Glial Brain Barriers. Int. J. Mol. Sci. 2019, 20, 5372. [Google Scholar] [CrossRef]

	



Spencer, J.I.; Bell, J.S.; DeLuca, G.C. Vascular pathology in multiple sclerosis: Reframing pathogenesis around the blood-brain barrier. J. Neurol. Neurosurg. Psychiatry 2018, 89, 42–52. [Google Scholar] [CrossRef]

	



Wolburg, H.; Wolburg-Buchholz, K.; Kraus, J.; Rascher-Eggstein, G.; Liebner, S.; Hamm, S.; Duffner, F.; Grote, E.H.; Risau, W.; Engelhardt, B. Localization of claudin-3 in tight junctions of the blood-brain barrier is selectively lost during experimental autoimmune encephalomyelitis and human glioblastoma multiforme. Acta Neuropathol. 2003, 105, 586–592. [Google Scholar] [CrossRef]

	



Minagar, A.; Alexander, J.S. Blood-brain barrier disruption in multiple sclerosis. Mult. Scler. J. 2003, 9, 540–549. [Google Scholar] [CrossRef] [PubMed]

	



Yi, W.; Schlüter, D.; Wang, X. Astrocytes in multiple sclerosis and experimental autoimmune encephalomyelitis: Star-shaped cells illuminating the darkness of CNS autoimmunity. Brain Behav. Immun. 2019, 80, 10–24. [Google Scholar] [CrossRef]

	



Didier, N.; Romero, I.A.; Créminon, C.; Wijkhuisen, A.; Grassi, J.; Mabondzo, A. Secretion of interleukin-1beta by astrocytes mediates endothelin-1 and tumor necrosis factor-alpha effects on human brain microvascular endothelial cell permeability. J. Neurochem. 2003, 86, 246–254. [Google Scholar] [CrossRef] [PubMed]

	



Thiel, V.E.; Audus, K.L. Nitric oxide and blood-brain barrier integrity. Antioxid. Redox Signal. 2001, 3, 273–278. [Google Scholar] [CrossRef]

	



Stamatovic, S.M.; Johnson, A.M.; Keep, R.F.; Andjelkovic, A.V. Junctional proteins of the blood-brain barrier: New insights into function and dysfunction. Tissue Barriers 2016, 4, e1154641. [Google Scholar] [CrossRef] [PubMed]

	



Stamatovic, S.M.; Keep, R.F.; Wang, M.M.; Jankovic, I.; Andjelkovic, A.V. Caveolae-mediated internalization of occludin and claudin-5 during CCL2-induced tight junction remodeling in brain endothelial cells. J. Biol. Chem. 2009, 284, 19053–19066. [Google Scholar] [CrossRef]

	



Chapouly, C.; Tadesse Argaw, A.; Horng, S.; Castro, K.; Zhang, J.; Asp, L.; Loo, H.; Laitman, B.M.; Mariani, J.N.; Straus Farber, R.; et al. Astrocytic TYMP and VEGFA drive blood-brain barrier opening in inflammatory central nervous system lesions. Brain 2015, 138, 1548–1567. [Google Scholar] [CrossRef] [PubMed]

	



Wosik, K.; Cayrol, R.; Dodelet-Devillers, A.; Berthelet, F.; Bernard, M.; Moumdjian, R.; Bouthillier, A.; Reudelhuber, T.L.; Prat, A. Angiotensin II controls occludin function and is required for blood brain barrier maintenance: Relevance to multiple sclerosis. J. Neurosci. 2007, 27, 9032–9042. [Google Scholar] [CrossRef]

	



Eilam, R.; Segal, M.; Malach, R.; Sela, M.; Arnon, R.; Aharoni, R. Astrocyte disruption of neurovascular communication is linked to cortical damage in an animal model of multiple sclerosis. Glia 2018, 66, 1098–1117. [Google Scholar] [CrossRef]

	



Agrawal, S.; Anderson, P.; Durbeej, M.; van Rooijen, N.; Ivars, F.; Opdenakker, G.; Sorokin, L.M. Dystroglycan is selectively cleaved at the parenchymal basement membrane at sites of leukocyte extravasation in experimental autoimmune encephalomyelitis. J. Exp. Med. 2006, 203, 1007–1019. [Google Scholar] [CrossRef] [PubMed]

	



Rafałowska, J.; Krajewski, S.; Dolińska, E.; Dziewulska, D. Does damage of perivascular astrocytes in multiple sclerosis plaques participate in blood-brain barrier permeability? Neuropatol. Pol. 1992, 30, 73–80. [Google Scholar]

	



Prineas, J.W.; Lee, S. Multiple Sclerosis: Destruction and Regeneration of Astrocytes in Acute Lesions. J. Neuropathol. Exp. Neurol. 2019, 78, 140–156. [Google Scholar] [CrossRef] [PubMed]

	



Kim, R.Y.; Hoffman, A.S.; Itoh, N.; Ao, Y.; Spence, R.; Sofroniew, M.V.; Voskuhl, R.R. Astrocyte CCL2 sustains immune cell infiltration in chronic experimental autoimmune encephalomyelitis. J. Neuroimmunol. 2014, 274, 53–61. [Google Scholar] [CrossRef] [PubMed]

	



Ambrosini, E.; Columba-Cabezas, S.; Serafini, B.; Muscella, A.; Aloisi, F. Astrocytes are the major intracerebral source of macrophage inflammatory protein-3alpha/CCL20 in relapsing experimental autoimmune encephalomyelitis and in vitro. Glia 2003, 41, 290–300. [Google Scholar] [CrossRef]

	



Ko, E.M.; Ma, J.H.; Guo, F.; Miers, L.; Lee, E.; Bannerman, P.; Burns, T.; Ko, D.; Sohn, J.; Soulika, A.M.; et al. Deletion of astroglial CXCL10 delays clinical onset but does not affect progressive axon loss in a murine autoimmune multiple sclerosis model. J. Neuroinflamm. 2014, 11, 105. [Google Scholar]

	



McCandless, E.E.; Piccio, L.; Woerner, B.M.; Schmidt, R.E.; Rubin, J.B.; Cross, A.H.; Klein, R.S. Pathological expression of CXCL12 at the blood-brain barrier correlates with severity of multiple sclerosis. Am. J. Pathol. 2008, 172, 799–808. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Zhang, X.; Mu, L.; Zhang, M.; Gao, Z.; Zhang, J.; Yao, X.; Liu, C.; Wang, G.; Wang, D.; et al. t-PA acts as a cytokine to regulate lymphocyte-endothelium adhesion in experimental autoimmune encephalomyelitis. Clin. Immunol. 2014, 152, 90–100. [Google Scholar] [CrossRef]

	



Watson, C.; Whittaker, S.; Smith, N.; Vora, A.J.; Dumonde, D.C.; Brown, K.A. IL-6 acts on endothelial cells to preferentially increase their adherence for lymphocytes. Clin. Exp. Immunol. 1996, 105, 112–119. [Google Scholar] [CrossRef]

	



Boulay, A.C.; Mazeraud, A.; Cisternino, S.; Saubaméa, B.; Mailly, P.; Jourdren, L.; Blugeon, C.; Mignon, V.; Smirnova, M.; Cavallo, A.; et al. Immune quiescence of the brain is set by astroglial connexin 43. J. Neurosci. 2015, 35, 4427–4439. [Google Scholar] [CrossRef] [PubMed]

	



Masaki, K.; Suzuki, S.O.; Matsushita, T.; Matsuoka, T.; Imamura, S.; Yamasaki, R.; Suzuki, M.; Suenaga, T.; Iwaki, T.; Kira, J. Connexin 43 astrocytopathy linked to rapidly progressive multiple sclerosis and neuromyelitis optica. PLoS ONE 2013, 8, e72919. [Google Scholar]

	



Zeinstra, E.; Wilczak, N.; Streefland, C.; De Keyser, J. Astrocytes in chronic active multiple sclerosis plaques express MHC class II molecules. Neuroreport 2000, 11, 89–91. [Google Scholar] [CrossRef]

	



Höftberger, R.; Aboul-Enein, F.; Brueck, W.; Lucchinetti, C.; Rodriguez, M.; Schmidbauer, M.; Jellinger, K.; Lassmann, H. Expression of major histocompatibility complex class I molecules on the different cell types in multiple sclerosis lesions. Brain Pathol. 2004, 14, 43–50. [Google Scholar] [CrossRef]

	



Soos, J.M.; Morrow, J.; Ashley, T.A.; Szente, B.E.; Bikoff, E.K.; Zamvil, S.S. Astrocytes express elements of the class II endocytic pathway and process central nervous system autoantigen for presentation to encephalitogenic T cells. J. Immunol. 1998, 161, 5959–5966. [Google Scholar] [CrossRef]

	



Tan, L.; Gordon, K.B.; Mueller, J.P.; Matis, L.A.; Miller, S.D. Presentation of proteolipid protein epitopes and B7-1-dependent activation of encephalitogenic T cells by IFN-gamma-activated SJL/J astrocytes. J. Immunol. 1998, 160, 4271–4279. [Google Scholar] [PubMed]

	



Kort, J.J.; Kawamura, K.; Fugger, L.; Weissert, R.; Forsthuber, T.G. Efficient presentation of myelin oligodendrocyte glycoprotein peptides but not protein by astrocytes from HLA-DR2 and HLA-DR4 transgenic mice. J. Neuroimmunol. 2006, 173, 23–34. [Google Scholar] [CrossRef]

	



Cross, A.H.; Ku, G. Astrocytes and central nervous system endothelial cells do not express B7-1 (CD80) or B7-2 (CD86) immunoreactivity during experimental autoimmune encephalomyelitis. J. Neuroimmunol. 2000, 110, 76–82. [Google Scholar] [CrossRef]

	



Satoh, J.; Lee, Y.B.; Kim, S.U. T-cell costimulatory molecules B7-1 (CD80) and B7-2 (CD86) are expressed in human microglia but not in astrocytes in culture. Brain Res. 1995, 704, 92–96. [Google Scholar] [CrossRef]

	



Zeinstra, E.; Wilczak, N.; De Keyser, J. Reactive astrocytes in chronic active lesions of multiple sclerosis express co-stimulatory molecules B7-1 and B7-2. J. Neuroimmunol. 2003, 135, 166–171. [Google Scholar] [CrossRef]

	



Beurel, E.; Harrington, L.E.; Buchser, W.; Lemmon, V.; Jope, R.S. Astrocytes modulate the polarization of CD4+ T cells to Th1 cells. PLoS ONE 2014, 9, e86257. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.Q.; Carl, J.W., Jr.; Joshi, P.S.; RayChaudhury, A.; Pu, X.A.; Shi, F.D.; Bai, X.F. CD24 on the resident cells of the central nervous system enhances experimental autoimmune encephalomyelitis. J. Immunol. 2007, 178, 6227–6235. [Google Scholar] [CrossRef] [PubMed]

	



Miljkovic, D.; Momcilovic, M.; Stojanovic, I.; Stosic-Grujicic, S.; Ramic, Z.; Mostarica-Stojkovic, M. Astrocytes stimulate interleukin-17 and interferon-gamma production in vitro. J. Neurosci. Res. 2007, 85, 3598–3606. [Google Scholar] [CrossRef]

	



Saikali, P.; Antel, J.P.; Pittet, C.L.; Newcombe, J.; Arbour, N. Contribution of astrocyte-derived IL-15 to CD8 T cell effector functions in multiple sclerosis. J. Immunol. 2010, 185, 5693–5703. [Google Scholar] [CrossRef] [PubMed]

	



Armitage, R.J.; Macduff, B.M.; Eisenman, J.; Paxton, R.; Grabstein, K.H. IL-15 has stimulatory activity for the induction of B cell. J. Immunol. 1995, 154, 483–490. [Google Scholar] [PubMed]

	



Krumbholz, M.; Theil, D.; Derfuss, T.; Rosenwald, A.; Schrader, F.; Monoranu, C.M.; Kalled, S.L.; Hess, D.M.; Serafini, B.; Aloisi, F.; et al. BAFF is produced by astrocytes and up-regulated in multiple sclerosis lesions and primary central nervous system lymphoma. J. Exp. Med. 2005, 201, 195–200. [Google Scholar] [CrossRef] [PubMed]

	



Touil, H.; Kobert, A.; Lebeurrier, N.; Rieger, A.; Saikali, P.; Lambert, C.; Fawaz, L.; Moore, C.S.; Prat, A.; Gommerman, J.; et al. Human central nervous system astrocytes support survival and activation of B cells: Implications for MS pathogenesis. J. Neuroinflammation 2018, 15, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Plant, S.R.; Arnett, H.A.; Ting, J.P. Astroglial-derived lymphotoxin-alpha exacerbates inflammation and demyelination, but not remyelination. Glia 2005, 49, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Savarin, C.; Hinton, D.R.; Valentin-Torres, A.; Chen, Z.; Trapp, B.D.; Bergmann, C.C.; Stohlman, S.A. Astrocyte response to IFN-γ limits IL-6-mediated microglia activation and progressive autoimmune encephalomyelitis. J. Neuroinflammation 2015, 12, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Haider, L.; Fischer, M.T.; Frischer, J.M.; Bauer, J.; Höftberger, R.; Botond, G.; Esterbauer, H.; Binder, C.J.; Witztum, J.L.; Lassmann, H. Oxidative damage in multiple sclerosis lesions. Brain 2011, 134, 1914–1924. [Google Scholar] [CrossRef]

	



Lan, M.; Tang, X.; Zhang, J.; Yao, Z. Insights in pathogenesis of multiple sclerosis: Nitric oxide may induce mitochondrial dysfunction of oligodendrocytes. Rev. Neurosci. 2018, 29, 39–53. [Google Scholar] [CrossRef]

	



Ghasemi, M.; Fatemi, A. Pathologic role of glial nitric oxide in adult and pediatric neuroinflammatory diseases. Neurosci. Biobehav. Rev. 2014, 45, 168–182. [Google Scholar] [CrossRef]

	



Liu, J.S.; Zhao, M.L.; Brosnan, C.F.; Lee, S.C. Expression of inducible nitric oxide synthase and nitrotyrosine in multiple sclerosis lesions. Am. J. Pathol. 2001, 158, 2057–2066. [Google Scholar] [CrossRef]

	



Lee, S.C.; Dickson, D.W.; Liu, W.; Brosnan, C.F. Induction of nitric oxide synthase activity in human astrocytes by interleukin-1 beta and interferon-gamma. J. Neuroimmunol. 1993, 46, 19–24. [Google Scholar] [CrossRef]

	



Trajkovic, V.; Stosic-Grujicic, S.; Samardzic, T.; Markovic, M.; Miljkovic, D.; Ramic, Z.; Mostarica Stojkovic, M. Interleukin-17 stimulates inducible nitric oxide synthase activation in rodent astrocytes. J. Neuroimmunol. 2001, 119, 183–191. [Google Scholar] [CrossRef]

	



Colombo, E.; Cordiglieri, C.; Melli, G.; Newcombe, J.; Krumbholz, M.; Parada, L.F.; Medico, E.; Hohlfeld, R.; Meinl, E.; Farina, C. Stimulation of the neurotrophin receptor TrkB on astrocytes drives nitric oxide production and neurodegeneration. J. Exp. Med. 2012, 209, 521–535. [Google Scholar] [CrossRef]

	



Ohgoh, M.; Hanada, T.; Smith, T.; Hashimoto, T.; Ueno, M.; Yamanishi, Y.; Watanabe, M.; Nishizawa, Y. Altered expression of glutamate transporters in experimental autoimmune encephalomyelitis. J. Neuroimmunol. 2002, 125, 170–178. [Google Scholar] [CrossRef]

	



Hardin-Pouzet, H.; Krakowski, M.; Bourbonnière, L.; Didier-Bazes, M.; Tran, E.; Owens, T. Glutamate metabolism is down-regulated in astrocytes during experimental allergic encephalomyelitis. Glia 1997, 20, 79–85. [Google Scholar] [CrossRef]

	



Jin, J.; Smith, M.D.; Kersbergen, C.J.; Kam, T.I.; Viswanathan, M.; Martin, K.; Dawson, T.M.; Dawson, V.L.; Zack, D.J.; Whartenby, K.; et al. Glial pathology and retinal neurotoxicity in the anterior visual pathway in experimental autoimmune encephalomyelitis. Acta Neuropathol. Commun. 2019, 7, 125. [Google Scholar] [CrossRef] [PubMed]

	



Prajeeth, C.K.; Kronisch, J.; Khorooshi, R.; Knier, B.; Toft-Hansen, H.; Gudi, V.; Floess, S.; Huehn, J.; Owens, T.; Korn, T.; et al. Effectors of Th1 and Th17 cells act on astrocytes and augment their neuroinflammatory properties. J. Neuroinflammation 2017, 14, 1–14. [Google Scholar] [CrossRef]

	



Pekny, M.; Pekna, M. Astrocyte reactivity and reactive astrogliosis: Costs and benefits. Physiol. Rev. 2014, 94, 1077–1098. [Google Scholar] [CrossRef]

	



Sofroniew, M.V.; Vinters, H.V. Astrocytes: Biology and pathology. Acta Neuropathol. 2010, 119, 7–35. [Google Scholar] [CrossRef]

	



Lassmann, H.; Brück, W.; Lucchinetti, C.F. The immunopathology of multiple sclerosis: An overview. Brain Pathol. 2007, 17, 210–218. [Google Scholar] [CrossRef]

	



Baumann, N.; Pham-Dinh, D. Biology of oligodendrocyte and myelin in the mammalian central nervous system. Physiol. Rev. 2001, 81, 871–927. [Google Scholar] [CrossRef]

	



Bannerman, P.; Hahn, A.; Soulika, A.; Gallo, V.; Pleasure, D. Astrogliosis in EAE spinal cord derivation from radial glia and relationships to oligodendroglia. Glia 2007, 55, 57–64. [Google Scholar] [CrossRef]

	



Back, S.A.; Tuohy, T.M.; Chen, H.; Wallingford, N.; Craig, A.; Struve., J.; Luo, N.L.; Banine, F.; Liu, Y.; Chang, A.; et al. Hyaluronan accumulates in demyelinated lesions and inhibits oligodendrocyte progenitor maturation. Nat. Med. 2005, 11, 966–972. [Google Scholar] [CrossRef] [PubMed]

	



Lau, L.W.; Keough, M.B.; Haylock-Jacobs, S.; Cua, R.; Döring, A.; Sloka, S.; Stirling, D.P.; Rivest, S.; Yong, V.W. Chondroitin sulfate proteoglycans in demyelinated lesions impair remyelination. Ann. Neurol. 2012, 72, 419–432. [Google Scholar] [CrossRef]

	



Stoffels, J.M.; de Jonge, J.C.; Stancic, M.; Nomden, A.; van Strien, M.E.; Ma, D.; Sisková, Z.; Maier, O.; Ffrench-Constant, C.; Franklin, R.J.; et al. Fibronectin aggregation in multiple sclerosis lesions impairs remyelination. Brain 2013, 136, 116–131. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.X.; Flint, N.C.; Murtie, J.C.; Le, T.Q.; Armstrong, R.C. Retroviral lineage analysis of fibroblast growth factor receptor signaling in FGF2 inhibition of oligodendrocyte progenitor differentiation. Glia 2006, 54, 578–590. [Google Scholar] [CrossRef] [PubMed]

	



Bonora, M.; De Marchi, E.; Patergnani, S.; Suski, J.M.; Celsi, F.; Bononi, A.; Giorgi, C.; Marchi, S.; Rimessi, A.; Duszyński, J.; et al. Tumor necrosis factor-α impairs oligodendroglial differentiation through a mitochondria-dependent process. Cell Death Differ. 2014, 21, 1198–1208. [Google Scholar] [CrossRef]

	



Petković, F.; Campbell, I.L.; Gonzalez, B.; Castellano, B. Astrocyte-targeted production of interleukin-6 reduces astroglial and microglial activation in the cuprizone demyelination model: Implications for myelin clearance and oligodendrocyte maturation. Glia 2016, 64, 2104–2119. [Google Scholar] [CrossRef]

	



Kim, S.; Steelman, A.J.; Koito, H.; Li, J. Astrocytes promote TNF-mediated toxicity to oligodendrocyte precursors. J. Neurochem. 2011, 116, 53–66. [Google Scholar] [CrossRef]

	



Su, Z.; Yuan, Y.; Chen, J.; Zhu, Y.; Qiu, Y.; Zhu, F.; Huang, A.; He, C. Reactive astrocytes inhibit the survival and differentiation of oligodendrocyte precursor cells by secreted TNF-α. J. Neurotrauma 2011, 28, 1089–1100. [Google Scholar] [CrossRef]

	



Li, W.; Maeda, Y.; Ming, X.; Cook, S.; Chapin, J.; Husar, W.; Dowling, P. Apoptotic death following Fas activation in human oligodendrocyte hybrid cultures. J. Neurosci. Res. 2002, 69, 189–196. [Google Scholar] [CrossRef] [PubMed]

	



Shields, D.C.; Schaecher, K.E.; Saido, T.C.; Banik, N.L. A putative mechanism of demyelination in multiple sclerosis by a proteolytic enzyme, calpain. Proc. Natl. Acad. Sci. USA 1999, 96, 11486–11491. [Google Scholar] [CrossRef] [PubMed]

	



Itoh, N.; Itoh, Y.; Tassoni, A.; Ren, E.; Kaito, M.; Ohno, A.; Ao, Y.; Farkhondeh, V.; Johnsonbaugh, H.; Burda, J.; et al. Cell-specific and region-specific transcriptomics in the multiple sclerosis model: Focus on astrocytes. Proc. Natl. Acad. Sci. USA 2018, 115, E302–E309. [Google Scholar] [CrossRef]

	



Voskuhl, R.R.; Peterson, R.S.; Song, B.; Ao, Y.; Morales, L.B.; Tiwari-Woodruff, S.; Sofroniew, M.V. Reactive astrocytes form scar-like perivascular barriers to leukocytes during adaptive immune inflammation of the CNS. J. Neurosci. 2009, 29, 11511–11522. [Google Scholar] [CrossRef] [PubMed]

	



Liberto, C.M.; Albrecht, P.J.; Herx, L.M.; Yong, V.W.; Levison, S.W. Pro-regenerative properties of cytokine-activated astrocytes. J. Neurochem. 2004, 89, 1092–1100. [Google Scholar] [CrossRef]

	



Bylicky, M.A.; Mueller, G.P.; Day, R.M. Mechanisms of Endogenous Neuroprotective Effects of Astrocytes in Brain Injury. Oxid. Med. Cell Longev. 2018, 2018, 6501031. [Google Scholar] [CrossRef] [PubMed]

	



Mizee, M.R.; Nijland, P.G.; van der Pol, S.M.; Drexhage, J.A.; van Het Hof, B.; Mebius, R.; van der Valk, P.; van Horssen, J.; Reijerkerk, A.; de Vries, H.E. Astrocyte-derived retinoic acid: A novel regulator of blood-brain barrier function in multiple sclerosis. Acta Neuropathol. 2014, 128, 691–703. [Google Scholar] [CrossRef]

	



Pagenstecher, A.; Stalder, A.K.; Kincaid, C.L.; Shapiro, S.D.; Campbell, I.L. Differential expression of matrix metalloproteinase and tissue inhibitor of matrix metalloproteinase genes in the mouse central nervous system in normal and inflammatory states. Am. J. Pathol. 1998, 152, 152–741. [Google Scholar]

	



Yun, H.M.; Park, K.R.; Kim, E.C.; Hong, J.T. PRDX6 controls multiple sclerosis by suppressing inflammation and blood brain barrier disruption. Oncotarget 2015, 6, 20875–20884. [Google Scholar] [CrossRef]

	



lvarez, J.I.; Dodelet-Devillers, A.; Kebir, H.; Ifergan, I.; Fabre, P.J.; Terouz, S.; Sabbagh, M.; Wosik, K.; Bourbonnière, L.; Bernard, M.; et al. The Hedgehog pathway promotes blood-brain barrier integrity and CNS immune quiescence. Science 2011, 334, 1727–1731. [Google Scholar] [CrossRef]

	



Aloisi, F.; Ria, F.; Penna, G.; Adorini, L. Microglia are more efficient than astrocytes in antigen processing and in Th1 but not Th2 cell activation. J. Immunol. 1998, 160, 4671–4680. [Google Scholar]

	



Hulshof, S.; Montagne, L.; De Groot, C.J.; Van Der Valk, P. Cellular localization and expression patterns of interleukin-10, interleukin-4, and their receptors in multiple sclerosis lesions. Glia 2002, 38, 24–35. [Google Scholar] [CrossRef]

	



Aharoni, R.; Kayhan, B.; Eilam, R.; Sela, M.; Arnon, R. Glatiramer acetate-specific T cells in the brain express T helper 2/3 cytokines and brain-derived neurotrophic factor in situ. Proc. Natl. Acad. Sci. USA 2003, 100, 14157–14162. [Google Scholar] [CrossRef] [PubMed]

	



Lalive, P.H.; Kreutzfeldt, M.; Devergne, O.; Metz, I.; Bruck, W.; Merkler, D.; Pot, C. Increased interleukin-27 cytokine expression in the central nervous system of multiple sclerosis patients. J. Neuroinflamm. 2017, 14, 144. [Google Scholar] [CrossRef]

	



Gimsa, U.; ØRen, A.; Pandiyan, P.; Teichmann, D.; Bechmann, I.; Nitsch, R. Brunner-Weinzierl MC. Astrocytes protect the CNS: Antigen-specific T helper cell responses are inhibited by astrocyte-induced upregulation of CTLA-4 (CD152). J. Mol. Med. 2004, 82, 364–372. [Google Scholar] [CrossRef] [PubMed]

	



Trajkovic, V.; Vuckovic, O.; Stosic-Grujicic, S.; Miljkovic, D.; Popadic, D.; Markovic, M.; Bumbasirevic, V.; Backovic, A.; Cvetkovic, I.; Harhaji, L.; et al. Astrocyte-induced regulatory T cells mitigate CNS autoimmunity. Glia 2004, 47, 168–179. [Google Scholar] [CrossRef]

	



Koning, N.; Swaab, D.F.; Hoek, R.M.; Huitinga, I. Distribution of the immune inhibitory molecules CD200 and CD200R in the normal central nervous system and multiple sclerosis lesions suggests neuron-glia and glia-glia interactions. J. Neuropathol. Exp. Neurol. 2009, 68, 159–167. [Google Scholar] [CrossRef]

	



Wang, X.; Mulas, F.; Yi, W.; Brunn, A.; Nishanth, G.; Just, S.; Waisman, A.; Bruck, W.; Deckert, M.; Schluter, D. OTUB1 inhibits CNS autoimmunity by preventing IFN-gamma-induced hyperactivation of astrocytes. EMBO J. 2019, 38, e100947. [Google Scholar]

	



Hindinger, C.; Bergmann, C.C.; Hinton, D.R.; Phares, T.W.; Parra, G.I.; Hussain, S.; Savarin, C.; Atkinson, R.D.; Stohlman, S.A. IFN-γ signaling to astrocytes protects from autoimmune mediated neurological disability. PLoS ONE 2012, 7, e42088. [Google Scholar] [CrossRef] [PubMed]

	



Kohji, T.; Tanuma, N.; Aikawa, Y.; Kawazoe, Y.; Suzuki, Y.; Kohyama, K.; Matsumoto, Y. Interaction between apoptotic cells and reactive brain cells in the central nervous system of rats with autoimmune encephalomyelitis. J. Neuroimmunol. 1998, 82, 168–174. [Google Scholar] [CrossRef]

	



Steelman, A.J.; Smith, R., 3rd; Welsh, C.J.; Li, J. Galectin-9 protein is up-regulated in astrocytes by tumor necrosis factor and promotes encephalitogenic T-cell apoptosis. J. Biol. Chem. 2013, 288, 23776–23787. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Haroon, F.; Karray, S.; Martina, D.; Schluter, D. Astrocytic Fas ligand expression is required to induce T-cell apoptosis and recovery from experimental autoimmune encephalomyelitis. Eur. J. Immunol. 2013, 43, 115–124. [Google Scholar] [CrossRef] [PubMed]

	



Hara, H.; Nanri, Y.; Tabata, E.; Mitsutake, S.; Tabira, T. Identification of astrocytederived immune suppressor factor that induces apoptosis of autoreactive T cells. J. Neuroimmunol. 2011, 233, 135–146. [Google Scholar] [CrossRef]

	



Xiao, B.G.; Xu, L.Y.; Yang, J.S.; Huang, Y.M.; Link, H. An alternative pathway of nitric oxide production by rat astrocytes requires specific antigen and T cell contact. Neurosci. Lett. 2000, 283, 53–56. [Google Scholar] [CrossRef]

	



Filipello, F.; Pozzi, D.; Proietti, M.; Romagnani, A.; Mazzitelli, S.; Matteoli, M.; Verderio, C.; Grassi, F. Ectonucleotidase activity and immunosuppression in astrocyte-CD4 T cell bidirectional signaling. Oncotarget 2016, 7, 5143–5156. [Google Scholar] [CrossRef] [PubMed]

	



Van Horssen, J.; Schreibelt, G.; Drexhage, J.; Hazes, T.; Dijkstra, C.D.; van der Valk, P.; de Vries, H.E. Severe oxidative damage in multiple sclerosis lesions coincides with enhanced antioxidant enzyme expression. Free Radic. Biol. Med. 2008, 45, 1729–1737. [Google Scholar] [CrossRef]

	



Van Horssen, J.; Schreibelt, G.; Bö, L.; Montagne, L.; Drukarch, B.; van Muiswinkel, F.L.; de Vries, H.E. NAD(P)H:quinone oxidoreductase 1 expression in multiple sclerosis lesions. Free Radic. Biol Med. 2006, 41, 311–317. [Google Scholar] [CrossRef]

	



Voigt, D.; Scheidt, U.; Derfuss, T.; Brück, W.; Junker, A. Expression of the Antioxidative Enzyme Peroxiredoxin 2 in Multiple Sclerosis Lesions in Relation to Inflammation. Int. J. Mol. Sci. 2017, 18, 760. [Google Scholar] [CrossRef] [PubMed]

	



Van Horssen, J.; Drexhage, J.A.; Flor, T.; Gerritsen, W.; van der Valk, P.; de Vries, H.E. Nrf2 and DJ1 are consistently upregulated in inflammatory multiple sclerosis lesions. Free Radic. Biol. Med. 2010, 49, 1283–1289. [Google Scholar] [CrossRef] [PubMed]

	



Nijland, P.G.; Witte, M.E.; van het Hof, B.; van der Pol, S.; Bauer, J.; Lassmann, H.; van der Valk, P.; de Vries, H.E.; van Horssen, J. Astroglial PGC-1alpha increases mitochondrial antioxidant capacity and suppresses inflammation: Implications for multiple sclerosis. Acta Neuropathol. Commun. 2014, 2, 170. [Google Scholar] [CrossRef]

	



Linnerbauer, M.; Rothhammer, V. Protective Functions of Reactive Astrocytes Following Central Nervous System Insult. Front. Immunol. 2020, 11, 2571. [Google Scholar] [CrossRef] [PubMed]

	



Brambilla, R. The contribution of astrocytes to the neuroinflammatory response in multiple sclerosis and experimental autoimmune encephalomyelitis. Acta Neuropathol. 2019, 137, 757–783. [Google Scholar] [CrossRef] [PubMed]

	



Linker, R.A.; Lee, D.-H.; Demir, S.; Wiese, S.; Kruse, N.; Siglienti, I.; Gerhardt, E.; Neumann, H.; Sendtner, M.L.; Lühder, F.; et al. Functional role of brain-derived neurotrophic factor in neuroprotective autoimmunity: Therapeutic implications in a model of multiple sclerosis. Brain 2010, 133, 2248–2263. [Google Scholar] [CrossRef] [PubMed]

	



Fulmer, C.G.; VonDran, M.W.; Stillman, A.A.; Huang, Y.; Hempstead, B.L.; Dreyfus, C.F. Astrocyte-derived BDNF supports myelin protein synthesis after cuprizone-induced demyelination. J. Neurosci. 2014, 34, 8186–8196. [Google Scholar] [CrossRef]

	



Stadelmann, C.; Kerschensteiner, M.; Misgeld, T.; Bruck, W.; Hohlfeld, R.; Lassmann, H. BDNF and gp145trkB in multiple sclerosis brain lesions: Neuroprotective interactions between immune and neuronal cells? Brain 2002, 125, 75–85. [Google Scholar] [CrossRef] [PubMed]

	



Lee, D.H.; Geyer, E.; Flach, A.C.; Jung, K.; Gold, R.; Flügel, A.; Linker, R.A.; Lühder, F. Central nervous system rather than immune cell-derived BDNF mediates axonal protective effects early in autoimmune demyelination. Acta Neuropathol. 2012, 123, 247–258. [Google Scholar] [CrossRef]

	



Dutta, R.; McDonough, J.; Chang, A.; Swamy, L.; Siu, A.; Kidd, G.J.; Rudick, R.; Mirnics, K.; Trapp, B.D. Activation of the ciliary neurotrophic factor (CNTF) signalling pathway in cortical neurons of multiple sclerosis patients. Brain 2007, 130, 2566–2576. [Google Scholar] [CrossRef]

	



Linker, R.A.; Mäurer, M.; Gaupp, S.; Martini, R.; Holtmann, B.; Giess, R.; Rieckmann, P.; Lassmann, H.; Toyka, K.V.; Sendtner, M.; et al. CNTF is a major protective factor in demyelinating CNS disease: A neurotrophic cytokine as modulator in neuroinflammation. Nat. Med. 2002, 8, 620–624. [Google Scholar] [CrossRef] [PubMed]

	



Albrecht, P.J.; Murtie, J.C.; Ness, J.K.; Redwine, J.M.; Enterline, J.R.; Armstrong, R.C.; Levison, S.W. Astrocytes produce CNTF during the remyelination phase of viral-induced spinal cord demyelination to stimulate FGF-2 production. Neurobiol. Dis. 2003, 13, 89–101. [Google Scholar] [CrossRef]

	



Gaughwin, P.M.; Caldwell, M.A.; Anderson, J.M.; Schwiening, C.J.; Fawcett, J.W.; Compston, D.A.; Chandran, S. Astrocytes promote neurogenesis from oligodendrocyte precursor cells. Eur. J. Neurosci. 2006, 23, 945–956. [Google Scholar] [CrossRef]

	



Messersmith, D.J.; Murtie, J.C.; Le, T.Q.; Frost, E.E.; Armstrong, R.C. Fibroblast growth factor 2 (FGF2) and FGF receptor expression in an experimental demyelinating disease with extensive remyelination. J. Neurosci. Res. 2000, 62, 241–256. [Google Scholar] [CrossRef]

	



Azin, M.; Mirnajafi-Zadeh, J.; Javan, M. Fibroblast growth factor-2 enhanced the recruitment of progenitor cells and myelin repair in experimental demyelination of rat hippocampal formations. Cell J. 2015, 17, 540–546. [Google Scholar]

	



Zhang, Y.; Taveggia, C.; Melendez-Vasquez, C.; Einheber, S.; Raine, C.S.; Salzer, J.L.; Brosnan, C.F.; John, G.R. Interleukin-11 potentiates oligodendrocyte survival and maturation, and myelin formation. J. Neurosci. 2006, 26, 12174–12185. [Google Scholar] [CrossRef]

	



Gabel, S.; Koncina, E.; Dorban, G.; Heurtaux, T.; Birck, C.; Glaab, E.; Michelucci, A.; Heuschling, P.; Grandbarbe, L. Inflammation Promotes a Conversion of Astrocytes into Neural Progenitor Cells via NF-κB Activation. Mol. Neurobiol. 2016, 53, 5041–5055. [Google Scholar] [CrossRef]

	



Guo, A.C.; Chu, T.; Liu, X.Q.; Su, H.X.; Wu, W.T. Reactivated astrocytes as a possible source of oligodendrocyte precursors for remyelination in remitting phase of experimental autoimmune encephalomyelitis rats. Am. J. Transl. Res. 2016, 8, 5637–5645. [Google Scholar] [PubMed]

	



Skripuletz, T.; Hackstette, D.; Bauer, K.; Gudi, V.; Pul, R.; Voss, E.; Berger, K.; Kipp, M.; Baumgärtner, W.; Stangel, M. Astrocytes regulate myelin clearance through recruitment of microglia during cupri-zone-induced demyelination. Brain 2013, 136, 147–167. [Google Scholar] [CrossRef]

	



Ponath, G.; Ramanan, S.; Mubarak, M.; Housley, W.; Lee, S.; Sahinkaya, F.R.; Vortmeyer, A.; Raine, C.S.; Pitt, D. Myelin phagocytosis by astrocytes after myelin damage promotes lesion pathology. Brain 2017, 140, 399–413. [Google Scholar] [CrossRef] [PubMed]

	



Talbott, J.F.; Loy, D.N.; Liu, Y.; Qiu, M.S.; Bunge, M.B.; Rao, M.S.; Whittemore, S.R. Endogenous Nkx2.2+/Olig2+ oligodendrocyte precursor cells fail to remyelinate the demyelinated adult rat spinal cord in the absence of astrocytes. Exp. Neurol. 2005, 192, 11–24. [Google Scholar] [CrossRef] [PubMed]

	



Franklin, R.J.; Crang, A.J.; Blakemore, W.F. Transplanted type-1 astrocytes facilitate repair of demyelinating lesions by host oligodendrocytes in adult rat spinal cord. J. Neurocytol. 1991, 20, 420–430. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, M.A.; Burda, J.E.; Ren, Y.; Ao, Y.; O’Shea, T.M.; Kawaguchi, R.; Coppola, G.; Khakh, B.S.; Deming, T.J.; Sofroniew, M.V. Astrocyte scar formation aids central nervous system axon regeneration. Nature 2016, 532, 195–200. [Google Scholar] [CrossRef]

	



Wahis, J.; Hennes, M.; Arckens, L.; Holt, M.G. Star power: The emerging role of astrocytes as neuronal partners during cortical plasticity. Curr. Opin. Neurobiol. 2020, 67, 174–182. [Google Scholar] [CrossRef]

	



Aharoni, R.; Arnon, R.; Eilam, R. Neurogenesis and neuroprotection induced by peripheral immunomodulatory treatment of experimental autoimmune encephalomyelitis. J. Neurosci. 2005, 25, 8217–8228. [Google Scholar] [CrossRef]

	



Song, H.; Stevens, C.F.; Gage, F.H. Astroglia induce neurogenesis from adult neural stem cells. Nature 2002, 417, 39–44. [Google Scholar] [CrossRef]

	



Nakayama, T.; Momoki-Soga, T.; Inoue, N. Astrocyte-derived factors instruct differentiation of embryonic stem cells into neurons. Neurosci. Res. 2003, 46, 241–249. [Google Scholar] [CrossRef]

	



Zawadzka, M.; Rivers, L.E.; Fancy, S.P.; Zhao, C.; Tripathi, R.; Jamen, F.; Young, K.; Goncharevich, A.; Pohl, H.; Rizzi, M.; et al. CNS-resident glial progenitor/stem cells produce Schwann cells as well as oligodendrocytes during repair of CNS demyelination. Cell Stem Cell. 2010, 6, 578–590. [Google Scholar] [CrossRef] [PubMed]

	



Sirko, S.; von Holst, A.; Wizenmann, A.; Götz, M.; Faissner, A. Chondroitin sulfate glycosaminoglycans control proliferation, radial glia cell differentiation and neurogenesis in neural stem/progenitor cells. Development 2007, 134, 2727–2738. [Google Scholar] [CrossRef] [PubMed]

	



Kriegstein, A.; Alvarez-Buylla, A. The glial nature of embryonic and adult neural stem cells. Annu. Rev. Neurosci. 2009, 32, 149–184. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.X.; Lisi, L.; Russo, C.D.; Polak, P.E.; Sharp, A.; Weinberg, G.; Kalinin, S.; Feinstein, D.L. The anti-inflammatory effects of dimethyl fumarate in astrocytes involve glutathione and haem oxygenase-1. ASN Neuro 2011, 3, 75–84. [Google Scholar] [CrossRef] [PubMed]

	



Brennan, M.S.; Matos, M.F.; Richter, K.E.; Li, B.; Scannevin, R.H. The NRF2 transcriptional target, OSGIN1, contributes to monomethyl fumarate-mediated cytoprotection in human astrocytes. Sci. Rep. 2017, 7, 42054. [Google Scholar] [CrossRef]

	



Rothhammer, V.; Kenison, J.E.; Tjon, E.; Takenaka, M.C.; de Lima, K.A.; Borucki, D.M.; Chao, C.C.; Wilz, A.; Blain, M.; Healy, L.; et al. Sphingosine 1-phosphate receptor modulation suppresses pathogenic astrocyte activation and chronic progressive CNS inflammation. Proc. Natl. Acad. Sci. USA 2017, 114, 2012–2017. [Google Scholar] [CrossRef]

	



Thöne, J.; Linker, R.A. Laquinimod in the treatment of multiple sclerosis: A review of the data so far. Drug Des. Dev. Ther. 2016, 10, 1111–1118. [Google Scholar] [CrossRef]

	



Qin, H.; Niyongere, S.A.; Lee, S.J.; Baker, B.J.; Benveniste, E.N. Expression and functional significance of SOCS-1 and SOCS-3 in astrocytes. J. Immunol. 2008, 181, 3167–3176. [Google Scholar] [CrossRef]

	



Li, Q.Q.; Burt, D.R.; Bever, C.T. Glatiramer acetate inhibition of tumor necrosis factor-alpha-induced RANTES expression and release from U-251 MG human astrocytic cells. J. Neurochem. 2001, 77, 1208–1217. [Google Scholar] [CrossRef] [PubMed]

	



Planas-Fontánez, T.M.; Dreyfus, C.F.; Saitta, K.S. Reactive Astrocytes as Therapeutic Targets for Brain Degenerative Diseases: Roles Played by Metabotropic Glutamate Receptors. Neurochem. Res. 2020, 45, 541–550. [Google Scholar] [CrossRef] [PubMed]

	



Rothhammer, V.; Borucki, D.M.; Tjon, E.C.; Takenaka, M.C.; Chao, C.C.; Ardura-Fabregat, A.; de Lima, K.A.; Gutiérrez-Vázquez, C.; Hewson, P.; Staszewski, O.; et al. Microglial control of astrocytes in response to microbial metabolites. Nature 2018, 557, 724–728. [Google Scholar] [CrossRef] [PubMed]

	



Chao, C.C.; Gutiérrez-Vázquez, C.; Rothhammer, V.; Mayo, L.; Wheeler, M.A.; Tjon, E.C.; Zandee, S.E.J.; Blain, M.; de Lima, K.A.; Takenaka, M.C.; et al. Metabolic Control of Astrocyte Pathogenic Activity via cPLA2-MAVS. Cell 2019, 179, 1483–1498. [Google Scholar] [CrossRef] [PubMed]

	



Sanmarco, L.M.; Wheeler, M.A.; Gutiérrez-Vázquez, C.; Polonio, C.M.; Linnerbauer, M.; Pinho-Ribeiro, F.A.; Li, Z.; Giovannoni, F.; Batterman, K.V.; Scalisi, G.; et al. Gut-licensed IFNγ+ NK cells drive LAMP1+TRAIL+ anti-inflammatory astrocytes. Nature 2021, 590, 473–479. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 05904 g001 550] 





Figure 1. Astrogliosis in the somatosensory cortex of an EAE-induced mouse in comparison to a naïve mouse. Immunohistochemical staining for GFAP, 15 days after EAE-induction. 
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Figure 2. Astrocyte expression of GM-CSF and its receptor (subunit α) GM-CSFRα. Representative immunohistochemical images from the somatosensory cortex (layer 4). (A) GM-CSF expression and (B) GM-CSFRα expression by GFAP expressing astrocytes in EAE-affected mice, but not in naïve mice. Reprinted with permission from Eilam et al. (2018). Copyright Year 2021, John Wiley and Sons. 
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Figure 3. Reactive astrocytes detach from the perivascular vicinity and lose the endfeet coverage around the blood vessels (BV). Immunohistochemical depiction of the neurovascular unit in the motor and somatosensory cortex (layer IV). The lumen of the microvessels is visualized by its FITC-dextran content, astrocytes by GFAP expression, neurons by NeuN expression, and overall cell nuclei by Hoechst staining. Representative images from naïve and EAE mice, 21 days after EAE induction. (A) Longitudinal sections along blood vessels and (B) cross sections of penetrating blood vessels. Arrows indicate location of astroglial cell bodies. (C) Quantification of the distances between individual astrocytic cell bodies and their neighboring blood vessels. * p < 0.05. Adapted with permission from ref. [71]. Glia 2018, 66, 1098-1117. Copyright Year 2021, John Wiley and Sons. 
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Figure 4. Loss of astrocytic confinement to the neuronal boundaries under inflammation. Representative images from layer IV of naïve and EAE mice, 21 days after EAE induction. (A) Left column: dark field illumination of the barrel field area. Middle column: reconstruction of the astrocyte processes performed by manually drawing their branches from GFAP-stained astrocytes. Clear gaps in astrocyte distribution at the barrel boundaries are visible in naïve, but not in EAE mice. Right column: images of astrocytes at high magnification stained with GFAP. (B) Schematic drawing of the barrel field, and an example of lines drawn at the septa centers or the barrel cores. (C) Quantitative analysis of astrocyte processes crossing the line drawing at the septal and barrel cores. * p < 0.001; NS, not significant. Adapted with permission from ref. [71]. Glia 2018, 66, 1098–1117. Copyright Year 2021, John Wiley and Sons. 
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