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Ischemic stroke refers to the disorder of blood supply of local brain tissue caused by various reasons. It has high morbidity and mortality worldwide. Astrocytes are the most abundant glial cells in the central nervous system (CNS). They are responsible for the homeostasis, nutrition, and protection of the CNS and play an essential role in many nervous system diseases’ physiological and pathological processes. After stroke injury, astrocytes are activated and play a protective role through the heterogeneous and gradual changes of their gene expression, morphology, proliferation, and function, that is, reactive astrocytes. However, the position of reactive astrocytes has always been a controversial topic. Many studies have shown that reactive astrocytes are a double-edged sword with both beneficial and harmful effects. It is worth noting that their different spatial and temporal expression determines astrocytes’ various functions. Here, we comprehensively review the different roles and mechanisms of astrocytes after ischemic stroke. In addition, the intracellular mechanism of astrocyte activation has also been involved. More importantly, due to the complex cascade reaction and action mechanism after ischemic stroke, the role of astrocytes is still difficult to define. Still, there is no doubt that astrocytes are one of the critical factors mediating the deterioration or improvement of ischemic stroke.
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INTRODUCTION

Stroke is divided into two categories: ischemic and hemorrhagic, characterized by high incidence rate, high disability rate, and high mortality rate. Ischemic stroke is one of the leading causes of death and disability worldwide (Stapf and Mohr, 2002), accounting for approximately 70% of the total stroke cases (Feigin et al., 2015). A series of cellular and molecular-related events caused by the sudden disconnection of blood flow and subsequent reperfusion are the main causes of ischemic injury. The blood flow in the ischemic core area will be seriously reduced (McLeod et al., 2015). The insufficient supply of adenosine triphosphate (ATP) leads to the disorder of the brain environment and many cell death (Lipton, 1999). Unless blood flow recovery is performed within a few hours after ischemia, the death zone will gradually spread to the penumbra (Hossmann, 2012). At present, the clinical treatment of stroke is still dominated by conventional thrombolysis (Vidale and Agostoni, 2017). Still, most patients do not receive rapid and effective treatment because of the short time window, contraindications, etc. Therefore, the research on the treatment strategy of ischemic stroke has been a hot topic globally.

Astrocytes, also known as astroglia, are named for their unique star-shaped appearance. According to astrocytes’ morphology and spatial organization, they can be classically divided into three categories: fibrous astrocytes located in white matter, protoplasmic astrocytes in gray matter, and radial astrocytes surrounding ventricles (Swanson et al., 2004). In this review, we will ignore the morphological and functional diversity and complexity of different types of astrocytes and use an umbrella term, astrocytes. Astrocytes are the most abundant type of glial cells in the mammalian central nervous system (CNS) (outnumber neurons) and can affect all parenchymal cells due to contact and interaction with them. Under physiological conditions, astrocytes are provided with many functions.

On the one hand, astrocytes can regulate ion homeostasis and metabolism. On the other hand, it can also handle the formation of synapses (Ullian et al., 2001, 2004; Eroglu and Barres, 2010) and the energy supply of neurons. Besides, astrocytes also play an essential role in releasing neurotransmitters through exocytosis and ion channels (Sahlender et al., 2014). More importantly, astrocytes can regulate the flow of blood in the brain (Zonta et al., 2003; Mulligan and MacVicar, 2004; Attwell et al., 2010) and the blood–brain barrier (BBB) (Liebner et al., 2011). When ischemic stroke and other injuries occur, astrocytes are activated. In the early stage of ischemic injury, astrocytes will undergo significant morphological and functional changes, namely reactive gliosis. Notably, astrocytes will initiate a series of mechanisms to deal with body damage during ischemia. Animal experiments have shown that Glial fibrillary acidic protein (GFAP) null mice have more severe cerebral blood flow reduction and infarction volume increase than WT mice after middle cerebral artery occlusion (Nawashiro et al., 2000).

It is worth noting that astrocytes are also involved in the process of inflammation and neurotoxicity, so they also have a series of adverse effects. For example, glial scar induced infarct area expansion and axonal growth inhibition. These characteristics provide a basis for the idea that astrocytes are a therapeutic strategy for ischemic stroke. In this article, based on the most recent experimental data and research advances, the mechanisms of astrocyte activation have been elucidated, and several significant functions of astrocytes have been addressed holistically. To summarize, this article allows a comprehensive understanding of the role of astrocytes in ischemic stroke and sheds new light on astrocytes as a therapeutic strategy for ischemic stroke.



THE CHANGES OF ASTROCYTES AFTER ISCHEMIA

Astrocytes are the most widely distributed type of cells in the mammalian brain, and also the largest type of glial cells. The number of astrocytes in the brain is about five times that of neurons. They continuously cover the entire CNS and can transmit information and maintain homeostasis (Sofroniew and Vinters, 2010). Astrocyte activation refers to the phenotypic transformation from resting state to reactive state (Sofroniew, 2009). The related changes of reactive astrocytes include hyperplasia (Li et al., 2014) and swelling (Swanson et al., 2004; Nedergaard and Dirnagl, 2005; Liu et al., 2014), and the increase of associated proteins such as GFAP, S100beta (Dagonnier et al., 2021), and vimentin. However, the peak time of GFAP in the serum of patients with brain injury is earlier, more specific and more sensitive (Senn et al., 2014). Therefore, the GFAP is considered a reliable marker of reactive astrocytes (Panickar and Norenberg, 2005). The proliferation of reactive astrocytes is also known as reactive gliosis. Reactive gliosis is a characteristic change in the morphology and function of astrocytes in many nervous system diseases (such as ischemic stroke, neurotrauma, and neurodegenerative diseases), which profoundly affects the process of disease progression and recovery. Many experiments have shown that it is closely related to the formation of glial scar (Sofroniew, 2015). However, reactive gliosis is not synonymous with scar formation, nor is it a consistent process. On the contrary, astrocyte proliferation is a delicate and gradual change of genes and cells.

Astrocytes vary with the severity of injury or distance from the lesion. Generally speaking, it is a dynamic process from swelling and proliferation to glial scar formation. Under physiological conditions, astrocytes cover the whole CNS in a continuous and almost non overlapping manner, and many astrocytes do not express detectable GFAP (Figure 1). When damage occurs and to a lesser extent, the expression of GFAP was upregulated and became detectable, and the cell bodies and processes of astrocytes became hypertrophic (Kajihara et al., 2001), but the boundaries of each astrocyte were clear and did not overlap. When the injury is serious, the expression of GFAP is significantly upregulated, the cell body of astrocytes are obviously hypertrophic, and a large number of proliferation and diffusion lead to the overlap between cells. Finally, proliferating astrocytes will form glial scars between damaged areas and healthy tissues, which can play different roles in the disease’s progress.
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FIGURE 1. Differences of astrocytes in different extent of injury. (A) Astrocytes in the resting state. Not all astrocytes express detectable levels of GFAP (Two cells in the middle of A). There are clear and definite boundaries between cells. Little or no proliferation. (B) Most astrocytes express detectable levels of GFAP when the injury occurs. The astrocyte soma swells and proliferation begins to appear (The cells with red nuclei represent proliferating astrocytes). (C) Swollen astrocytes start proliferating massively. The boundaries between cells are destroyed.


Next, the intracellular mechanism of activation and proliferation of astrocytes is discussed. Numerous studies have shown that microglia, the first barrier of the immune system, are the first cells to sense damage and respond (Nakajima and Kohsaka, 2004). The activation of astrocytes may be related to some inflammatory factors released by microglia, such as transforming growth factor-alpha (TGF-α), interleukin-6 (IL-6), leukemia inhibitory factor (LIF), and tumor necrosis factor-α (TNF-α) (Balasingam et al., 1994; Winter et al., 1995; Klein et al., 1997; Rabchevsky et al., 1998). In addition, dead neurons and endothelial cells are also involved in the activation of astrocytes. They mainly release cytokines to regulate the activation and proliferation of astrocytes. Here, we mainly introduce several signaling pathways and transcription factors closely related to astrocyte activation (Figure 2).
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FIGURE 2. The intracellular mechanisms related to astrocyte activation. After ischemic stroke, different types of cells promote astrocyte activation by secreting various factors, including activated microglia, dead neurons, endothelial cells, and other cells. These factors act by entering the cell via multiple pathways, such as the JAK/STAT3 pathway, the Olig2 pathway, TGF-β/The Smad pathway, and other pathways.



JAK/STAT3 Signaling Pathway

JAK/STAT3 is a key part of many signaling pathways regulating cell growth, differentiation, survival and pathogen resistance. This pathway involves gp130 receptor family, which helps regulate B cell differentiation, plasma cell generation and acute phase response. The related cytokines can bind to gp130 and activate Janus kinase (JAK), thus activating the pathway (Justicia et al., 2000; Xia et al., 2002). These cytokines are usually released by activated microglia, such as IL-1, IL-6, and TNF-α. A large number of studies have shown that the activation of astrocytes after ischemic stroke is closely related to JAK/STAT3 pathway (Ceyzériat et al., 2016). Neurotoxin mediated activation of STAT3 and increased expression of GFAP can be attenuated by inhibition of JAK/STAT3 signaling pathway (Sriram et al., 2004). Recent studies have demonstrated that JAK-STAT3 signaling pathway plays a crucial role in 17β-estradiol induced phenotypic transformation of reactive astrocytes. Exogenous 17β-estradiol administration completely rescued JAK/STAT3 pathway and astrocyte activation and proliferation (Wang et al., 2020). Consistent with previous results, reactive astrocyte proliferation and neuronal death induced by neurotoxicity are also regulated by JAK/STAT3 signaling pathway (O’Callaghan et al., 2014; Toral-Rios et al., 2020). These findings further confirm the vital role of JAK/STAT3 in inducing astrocyte activation and proliferation. Therefore, we can reasonably speculate that the classically activated microglia may activate this signaling pathway and finally cause the activation and proliferation of astrocytes (Buffo et al., 2010). Interestingly, recent studies have shown that ET-1 can also promote the proliferation of astrocytes after stroke through JAK/STAT3 signaling pathway (Cheng et al., 2019). The cytokines that activate this pathway need to be further explored and studied.



Olig2

In CNS, the Olig2 transcription factor is widely existed, which plays a critical role in the cellular homeostasis of developing, mature and injured brain by involving various mechanisms (Ono et al., 2009). The expression of Olig2 in astrocytes can be seen in different injury models (Buffo et al., 2005). Previous animal experiments have shown that the emergence of Olig2 progenitor cells precedes reactive astrocytes, and Olig2 will migrate to the cytoplasm at the first time after injury (Magnus et al., 2007). Subsequent in vitro studies showed that the shift of Olig2 was achieved through the upregulation of Notch-1. This translocation may mediate the differentiation of astrocytes. Consistent with the previous conclusion, at least part of reactive astrocytes are derived from Olig2 progenitor cells (Tatsumi et al., 2008). In addition, the deletion of the cortical Olig2 gene can lead to the decrease of reactive astrocyte proliferation (Marshall et al., 2005; Cai et al., 2007; Chen et al., 2008). All these experiments show that Olig2 plays an irreplaceable role in the activation of astrocytes. However, there is no data to support the upstream mechanism of Olig2 expression. It is worth noting that experiments have proved that fibroblast growth factor (FGF) can induce the expression of Olig2 (Gabay et al., 2003). Similarly, FGF2/epidermal growth factor (EGF) can cause the expression of Olig2 and the differentiation of astrocytes (Dromard et al., 2007). These data provide a possibility that the activation of astrocytes induced by Olig2 may be regulated by FGF2, EGF, and other transcription factors.



TGF-β/Smad Signaling Pathway

TGF-β/Smad signaling pathway signaling pathways are involved in many cellular processes, including cell growth, cell differentiation, apoptosis, cell homeostasis and other cellular functions (Budi et al., 2017). Transforming growth factor-β (TGF-β) and bone morphogenic protein (BMP) are two members of this signaling pathway. By stimulating their receptors, Smad family transcription factors in astrocytes can be activated. It has been proved that active BMP can activate Smad and promote the differentiation of astrocytes, and this effect can be eliminated by the inhibition of BMP (Fukuda et al., 2007). TGF-β can also regulate the differentiation of astrocytes (Sato, 2006; Sun et al., 2015; Li et al., 2017). Recent experiments have reached a similar conclusion that the continuous activation of signal pathway leads to the formation of abnormal glial scar, which can be reversed by the inhibition of this signaling pathway (Moon and Fawcett, 2001; Zhang et al., 2020). In addition, BMP can regulate cell composition by controlling the differentiation of neural stem cells, and ultimately regulate the phenotypic transformation of astrocytes (Xiao et al., 2010). In particular, chondroitin sulfate proteoglycan (CSPG), which is a component of extracellular matrix (ECM) of glial scar, is generally believed to hinder the growth of axons. By inhibiting TGF-β, the expression of glial scar and CSPG decreased significantly (Logan et al., 1994), which provides evidence for the involvement of TGF-β in the activation and proliferation of astrocytes (Susarla et al., 2011).



Other Ways

Adenosine triphosphate (ATP) is an important mediator of communication between neurons and glial cells, and plays an important role in maintaining the normal function of the CNS (Pascual et al., 2005; Lee et al., 2013). It has been shown that ATP can bind with P2 Purinergic receptor, activate STAT3 in astrocytes, and regulate the activation and function of astrocytes (Neary et al., 2005). The application of inhibitors to P2 Purinergic receptor can reduce the expression of STAT3 (Washburn and Neary, 2006). Furthermore, as a transcription factor induced by oxidative stress in cortical neurons, the specificity protein 1 (SP1) increases its activity after the damage of the CNS and regulates the survival of neurons (Ryu et al., 2003). Cyclin D1, the target gene of SP1, was found to regulate the activation of astrocytes (Zhu et al., 2007). The expression of cyclin D1 can be observed in reactive astrocytes after cerebral ischemia (Di Giovanni et al., 2005; Zhu et al., 2007). Interestingly, some studies have found that endothelin-1 (ET-1) can also induce astrocyte activation after brain injury (Koyama and Michinaga, 2012; Koyama, 2021). After the intervention with ET-1, the phosphorylation of SP1 and the activity of Cyclin D1 were increased. In addition, the proliferation of astrocytes induced by ET-1 would be reversed after the use of SP1 inhibitor (Michinaga et al., 2013). These evidences suggest that the activation and proliferation of astrocytes after brain damage are regulated by multiple pathways. Some other approaches and their specific mechanisms need to be studied in the future.



THE ROLE OF ACTIVATED ASTROCYTE IN ISCHEMIC STROKE

Astrocytes are activated after ischemic stroke and become reactive astrocytes. Reactive astrocytes often play different roles according to the type, degree, location of ischemia and different time points after injury. At present, there are many studies on the role of astrocytes after ischemic stroke. It is undeniable that the response of astrocytes to injury is designed to protect the nervous system, although there are some accompanying side effects. However, its function is still controversial. Next, we discuss several controversial functions of astrocytes after ischemic stroke.


The Positive Roles of Activated Astrocyte in Ischemic Stroke

As a mechanism to deal with the injury, reactive astrocytes have been proved to play a crucial role in many aspects of injury recovery. The discussion of the specific mechanism of these positive effects will help us reasonably develop new treatment strategies.


Alleviating Oxidative Stress

Under normal physiological conditions, reactive oxygen species (ROS) are produced in the brain, which can be eliminated by free radical scavengers such as catalase in cells to maintain the balance of free radicals in the body. However, under pathological conditions such as cerebral ischemia, reperfusion leads to the production of ROS (Mason et al., 2000). Then the homeostasis of ROS is broken, resulting in many free radicals accumulated in the body and then damage cell structure and human tissue, namely oxidative stress. ROS can damage nerve cells and vascular endothelial cells in a dangerous state. They activate the matrix metalloproteinase (MMP) system and lead to ECM degradation (del Zoppo, 2009). Glutathione (GSH) is an important antioxidant and free radical scavenger (Dringen, 2000). It participates in the redox reaction in vivo and can combine with peroxide and free radicals to reduce ROS toxicity (Dringen et al., 2015). Endogenous brain GSH is a crucial determinant to prevent the aggravation of ischemic injury (Mizui et al., 1992). Astrocytes are rich in GSH and GSH metabolism-related enzymes, which play a critical role in reducing oxidative stress toxicity (Griffin et al., 2005). Astrocytes can provide GSH directly to neurons and store nitric oxide (NO) into nitrosoglutathione in the cytoplasm, thus alleviating the oxidative stress injury of neurons. It has been proved that neurons co-cultured with astrocytes have a higher survival rate when injured by NO or hydrogen peroxide (Tanaka et al., 1999; Chen et al., 2001). In addition, neurons can synthesize GSH through astrocyte-derived cysteine (Wang and Cynader, 2000). Therefore, astrocytes can protect neurons from oxidative stress by synthesizing and releasing GSH. Experimental studies show that pyruvate can induce glial cells to upregulate GSH synthesis, thereby saving neurological function (Miao et al., 2011). In the animal model of ischemic stroke, intravenous dehydroascorbic acid can quickly enter the brain and convert into protective ascorbic acid in the brain, regulating ROS by upregulating GSH and other mechanisms (Spector, 2016).

More importantly, astrocytes themselves also have a set of antioxidant systems to cope with excessive ROS. First, astrocytes can convert oxidized GSH to reduced GSH via the pentose-phosphate pathway, thereby exerting the powerful antioxidant capacity of GSH. Moreover, Kelch-like enoyl-CoA hydratase-associated protein 1/nuclear factor erythroid two p45 subunit-related factor 2/antioxidant response element (Keap1/Nrf2/ARE) pathway has also been implicated in the regulation of oxidative stress in astrocytes. Under physiological conditions, Nrf2 binds to its adaptor protein Keap1 to form a heterodimer. The Keap1/Nrf2 complex is continuously degraded by ubiquitination, so the transcriptional activity of Nrf2 is inhibited. When ischemia occurs, the stimulation of ROS allows dissociation of the Keap1/Nrf2 complex, Nrf2 is released and translocates to the nucleus, where it binds to the ARE to regulate the transcriptional activity of antioxidant enzymes (Takahashi, 2021). The sulforaphane (classical Nrf2 activator) significantly increased GSH in astrocytes cultured in vitro (Takahashi et al., 2012).

Similarly, another pathway of astrocyte antioxidant capacity was found that adenosine monophosphate-activated kinase (AMPK) selectively regulates the expression of GCLM (glutamate-cysteine ligase regulatory subunit) in astrocytes via peroxisome proliferator-activated receptor-gamma coactivator-1α (PGC-1α) activation, which elevates GSH synthesis (Guo et al., 2018). However, the protective response brought about by such damage is short-lived and easily broken. This is also why, under the premise of possessing such a protective mechanism, the organism is still receiving further damage. Nevertheless, the inhibition or activation of relevant pathways can still be considered a therapeutic strategy.



Releasing Neurotrophic Factors

Neurotrophic factors are proteins that play an essential role in the development, survival and apoptosis of neurons. Astrocytes can release a variety of neurotrophic factors under normal physiological conditions, such as brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), glial cell line-derived neurotrophic factor (GDNF), ciliary neurotrophic factor (CNTF) and others (Ridet et al., 1997). Their expression will be increased after ischemia, which provides the nutrients needed for axon regeneration, promoting axon growth and nerve regeneration (Tokita et al., 2001). BDNF binds to high-affinity TrkB receptors and low-affinity p75NTR receptors to activate downstream signaling pathways, and plays a role in neuronal survival and apoptosis. Interestingly, astrocytes can respond to excessive BDNF signaling by secreting toxic NO (Colombo et al., 2012). In general, astrocyte-derived BDNF is beneficial to axonal myelination and neuronal function. Relevant experiments have proved that NGF is involved in the survival of neurons after early ischemic stroke (Lee et al., 1996).

What’s more, astrocyte-derived GDNF has been shown to have a positive effect on tight junction function and BBB permeability during neuroinflammation in vitro (Igarashi et al., 1999). CNTF is a single neurotrophic factor family and has been widely studied as an inducer of neuronal differentiation, survival and neurite growth. Accumulating experiments have proved that astrocyte-derived CNTF mediates neurogenesis in the subventricular areas after ischemic stroke (Kang et al., 2013; Jia et al., 2018). Besides, upregulation of Mesencephalic Astrocyte-Derived Neurotrophic Factor (MANF) and Cerebral Dopamine Neurotrophic Factor (CDNF) in astrocytes was observed in the experimental model of stroke, which alleviates the damage of endoplasmic reticulum stress (Shen et al., 2012; Cheng et al., 2013; Zhao et al., 2013). Given the positive effects of these neurotrophic factors after ischemic stroke, it is reasonable to enhance their expression by pharmacological treatment further to attenuate ischemic injury. Galectin-1 can regulate the proliferation of many cell types and plays a vital role after nervous system injury. Previous studies have shown that Galectin-1 can significantly enhance astrocytic BDNF expression and secretion, and that Galectin-1 intervention can reduce neuronal apoptosis and promote functional recovery (Qu et al., 2010). In addition, dexmedetomidine (Dex), an adrenergic receptor agonist, is commonly used as a drug for sedation and analgesia in pediatrics. An oxygen-glucose deprivation experimental model demonstrated that Dex could promote the expression of GDNF in astrocytes, thereby alleviating neurotoxicity (Yan et al., 2011).



Reducing Cerebral Edema

Cerebral edema after ischemic stroke is mainly divided into cytotoxic edema and angiogenic edema. In the early stage of ischemia, with hypoxia and lack of energy, a large amount of Na+ and H2O flow into the cells, resulting in cell swelling. With the development of cerebral ischemia, the BBB ruptures and plasma proteins leak into the extracellular space, resulting in angiogenic edema (Simard et al., 2007). Meanwhile, both neurotransmitter release and inflammatory responses can aggravate cerebral edema. Astrocytes are closely associated with the cerebral vasculature, and their critical role in the formation and clearance of brain edema has gradually been emphasized with the discovery of aquaporin-4 (AQP4). The AQP family regulates bidirectional water transport, and they share standard structural features: 6 transmembrane domains with intracellular carboxyl (c) and amino (n) termini (Ho et al., 2009). Among the known aquaporins, only aquaporin-1, AQP4, and aquaporin-9 are highly expressed in the CNS (Stokum et al., 2015). Among them, AQP4 localized to astrocyte endfeet is an extremely critical regulator of cerebral edema, which can immediately regulate the influx or efflux of water according to the osmotic gradient, thereby maintaining brain water content at an equilibrium.

Interestingly, the current study shows conflicting roles for AQP4 in post-ischemic cerebral edema. In several studies, knockout of the AQP4 gene was shown to reduce or prevent post-ischemic cerebral edema (Da and Verkman, 2004; Zhang et al., 2019). Consistent with the previous conclusions, the same results can be obtained by inhibiting the expression of AQP4 by different means (Cheng et al., 2018; Hao et al., 2021; Shi et al., 2021). These studies seem to suggest that AQP4 has a promoting effect on brain edema. However, this is because AQP4 is a key factor in regulating brain edema. Although AQP4 gene knockout improves brain edema, it also extinguishes the possibility of AQP participating in edema elimination, thus bringing a series of associated pathological injuries. Some studies support this view, AQP4 deficient mice show larger infarct volume and worse neurological function score after ischemia-reperfusion (Zeng et al., 2012). Similarly, AQP4 knockout mice had worse brain edema and clinical manifestations, including cortical freezing injury, brain abscess, brain tumor and hydrocephalus in the angiogenic edema model (Verkman et al., 2006; Papadopoulos and Verkman, 2007). In conclusion, AQP4 mediated astrocytes play an important role in improving cerebral edema after ischemic stroke. The unique advantage of AQP4 in regulating water transport determines its crucial position in cerebral edema. Its specific role should be judged according to different time and state after ischemia. The inhibition of AQP4 in the formation stage of edema and the activation in the elimination stage of edema will better reduce cerebral edema (Clément et al., 2020).



Protecting Neurons and Reducing Infarct Volume

Erythropoietin (EPO), initially found in fetal liver and adult kidney, can stimulate the production of red blood cells (Sasaki, 2003). More and more evidences show that EPO also exists in the central nervous system. Astrocytes are the primary source of EPO in the brain and can promote the Production of EPO during ischemia. The EPO interacts with erythropoietin receptor (EPOR) on neurons (Buemi et al., 2003), which also has a variety of functions, especially in the protection of the brain after ischemia (Nguyen et al., 2014; Mallet and Ryou, 2017). It was found that hypoxia inducible factor-1 (HIF-1) mediated the up regulation of Erythropoietin in the brain (Fandrey, 2004). Animal experiments have shown that hypoxia treatment for 1–6 h before middle cerebral artery occlusion can significantly reduce the infarct volume of mice. This is closely related to the upregulation of astrocyte derived EPO induced by HIF-1 (Bernaudin et al., 2002). Notably, the strong neuroprotective effect of Erythropoietin exists in all stages of ischemia. Administration of Erythropoietin 24 h before, during or 3 h after middle cerebral artery occlusion can reduce neuronal apoptosis and decrease the infarct volume by almost 75%. Even administration of Erythropoietin 6 h after occlusion has a partial protective effect (Brines, 2002; Larpthaveesarp et al., 2016). Consistent with previous conclusions, EPO treatment after cerebral ischemia can significantly reduce neuronal apoptosis and infarct volume in rats (Sirén et al., 2001; Zhao et al., 2015). Moreover, the experimental model in vitro showed that EPO secreted by astrocytes could activate EPOR on neurons and inhibit ischemia-induced neuronal apoptosis (Ruscher et al., 2002). The strong ability of astrocyte derived EPO is related to its close involvement in the cascade reaction after ischemic stroke, including reducing excitatory toxicity, oxidative stress and inflammatory response. In addition, EPO can also promote angiogenesis and maintain the integrity of BBB (Larpthaveesarp et al., 2016).



The Negative Roles of Activated Astrocyte in Ischemic Stroke

Although reactive astrocytes have many positive effects, they are usually unstable and even reversed in some cases. These changes are closely related to the progress of the disease. At least some of them occur when there is severe ischemia and hypoxia.


Induction of Excitotoxicity

When cerebral ischemia occurs, excitatory amino acids will be over released. The Glutamate (Glu) predominant excitotoxicity is a major cause of neuronal death after ischemic stroke (Choi, 1988). Glu uptake is a major function of astrocytes in the early stage of cerebral ischemia. This function is mainly realized by Na+-dependent glutamate transporters, which are located in astrocytes (Huang and Bergles, 2004) and originally cloned from rat brain (Ullensvang et al., 1997). Glutamate aspartate transporter (GLAST) and glutamate transporter-1 (GLT-1, also known as EAAT2) can reduce excitotoxicity by ingesting glutamate from extracellular space (Anderson and Swanson, 2000). In vitro experiments have demonstrated that glutamate concentrations need to increase nearly one hundred-fold to be neurotoxic in the presence of a large number of astrocytes (Rosenberg and Aizenman, 1989). This illustrates the robust capacity of astrocytes to take up glutamate. However, glutamate uptake by astrocytes requires consuming a large amount of energy, which is challenging to maintain during ischemic stroke. Therefore, the glutamate uptake capacity of astrocytes is often impaired or even reversed when the ischemic stroke is severe (Longuemare and Swanson, 1995; Leonova et al., 2001; Pajarillo et al., 2019). The pathway by which astrocytes release glutamate is primarily the reversal of glutamate transporters. Excessive glutamate will lead to elevated intracellular Na+ and Ca+, and a massive influx of Ca+ will lead to mitochondrial dysfunction, protease activation, accumulation of ROS and NO release, ultimately causing excitotoxicity and neuronal death (Kostandy, 2012).

Astrocyte glutamate transporter is dependent on Na+, and the destruction of Na+/K+ – ATPase (NKA) after ischemia leads to Na+ imbalance. Therefore, the operation mode of the transporter is reversed, resulting in a large amount of Glu release (Camacho and Massieu, 2006). Consistent with the previous conclusion, the imbalance of NKA caused by high extracellular concentrations of K+ also resulted in the reversal of glutamate uptake (Longuemare et al., 1999).

Likewise, the cystine-Glu transporter is one of the pathways for Glu release, which acts by importing cystine in exchange for Glu, and most cystine glutamate transporters are localized in glial cells of the brain (Pow, 2001). In addition, the purinergic P2X7 ion channel may provide another way for astrocytes to release Glu (Duan et al., 2003; Malarkey and Parpura, 2008). P2X receptors are cation selective ion channels that show amplified responses in low external divalent cation solutions. It can be detected in astrocytes in vitro and may be upregulated after injury (Franke et al., 2001). Besides, anion channels associated with cell swelling can also release Glu. When ischemia occurs, most cells will experience swelling. With the emergence of low permeability, they can cope with this increase in volume by opening volume-regulated anion channels. A large number of experimental results strongly show that the anion channel is one of the main contributors to the release of glutamate from cultured astrocytes (Kimelberg et al., 1990; Osei-Owusu et al., 2018). Interestingly, increasing evidence suggests that the hemichannels composed of connexin43 on the astrocyte membrane also mediates the release of Glu (Ye et al., 2003; Parpura et al., 2004; Abudara et al., 2018; Xing et al., 2019). Astrocytes using hemichannels inhibitors or from connexin43 knockout mice showed reduced Glu release (Ye et al., 2003; Spray et al., 2006). Although multiple mechanisms of glutamate release have been discovered, the contribution and timing of action remain to be investigated. However, excessive glutamate release after injury will certainly cause excitotoxicity.



Inducing an Excessive Inflammatory Response

Astrocytes are one of the important regulators of the immune response of the CNS. With the development of brain injury after ischemia, astrocytes can aggravate the inflammatory response by releasing a large number of inflammatory factors, promote the activation and infiltration of other inflammatory cells, and trigger a cascade of inflammatory response. There is already substantial evidence that microglia are major players in initiating inflammatory responses, but multiple cell populations including astrocytes also contribute to these changes (Buffo et al., 2010; Pál et al., 2012). Previous animal experiments have shown that a large amount of leaked adenosine 5’-triphosphate (ATP) after ischemia can activate P2Y1 receptor on astrocytes, then promote the production of proinflammatory cytokines through nuclear factor-kappa B (NF-κB) pathway, and finally aggravate the inflammatory response (Kuboyama et al., 2011). Cerebral ischemia can induce astrocytes to produce a large number of inflammatory factors, including IL-1, IL-4, IL-6, and TNF-α, which are involved in the occurrence and development of inflammatory response (Pál et al., 2012; Ruscher et al., 2012). The expression of IL-1 was upregulated after cerebral ischemia, especially IL-1β, which is a crucial factor involved in the inflammatory response, which can further activate microglia and aggravate ischemic injury (Liu and Chopp, 2016). Although many studies have shown that astrocytes can also reduce the inflammatory response, the stimulation from the microenvironment in neuroinflammation may change astrocytes’ activity from beneficial to harmful neural tissue (Colombo and Farina, 2016). It is worth noting that recent studies have found that reactive astrocytes have two subtypes: A1 and A2. A1 is induced by inflammatory factors secreted by classically activated microglia, and it completely loses its original protective function and becomes a pro-inflammatory state, which can quickly lead to neuronal death in various ways (Liddelow et al., 2017).



The Dual Role of Activated Astrocyte in Ischemic Stroke

Although the specific role of astrocytes is still controversial, there is no doubt that reactive astrocytes play an obvious dual role in some aspects, which is commonly known as the double-edged sword effect.


Astrocytes and Blood–Brain Barrier

The BBB is composed of astrocytes, vascular endothelial cells, tight junction, basement membrane, pericytes and T cells (Wevers and de Vries, 2016; Figure 3). BBB is a multicellular vascular structure that separates CNS from peripheral blood circulation. BBB mainly plays a barrier function, strictly controls the passage of molecules and ions, and protects the brain from the invasion of pathogens (Obermeier et al., 2013). The destruction of BBB after ischemic stroke (Arba et al., 2017) will lead to a series of pathological changes, such as vascular edema, the opening of tight junctions between endothelial cells, leukocyte infiltration and toxic molecules invading the brain. The role of astrocytes in the BBB in different physiological and pathological states has long been concerned (Abbott, 2002; Abbott et al., 2006). Astrocytes regulate the homeostasis and function of BBB mainly through derived factors (Figure 3).
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FIGURE 3. Schematic representation of the significant constituent structures of the blood–brain barrier (BBB). The BBB is a complex composed of astrocyte endfoot, vascular endothelial cells, tight junction, basement membrane, and pericytes. The astrocytes regulate the homeostasis and function of BBB mainly by transporting different derived factors through their endfoot.


In fact, it has been proved that astrocytes can regulate the permeability of BBB by secreting different factors. For example, astrocytes can secrete vascular endothelial growth factor (VEGF) to increase the permeability of BBB (Jiang et al., 2014a) and eventually lead to leukocyte extravasation when it is exposed to the pro-inflammatory cytokine IL-1β (Argaw et al., 2009, 2012). The VEGF mediated injury is likely caused by the downregulation of tight junction associated proteins in endothelial cells (Argaw et al., 2012). However, late administration of VEGF can significantly enhance the promotion of angiogenesis and improve neurological function during stroke recovery (Zhang et al., 2000). In addition, Astrocytes can release MMP to destroy endothelial tight junction associated proteins and some extracellular matrix molecules. Animal experiments of cerebral ischemia have shown that MMP make BBB open by degrading endothelial tight junction associated proteins, and MMP inhibitors can prevent this result (Asahi et al., 2001; Yang et al., 2007; Yang and Rosenberg, 2011; Zhang et al., 2018). Actually, astrocytes can produce NO to increase the permeability of BBB, which may be achieved through cyclic guanosine monophosphate pathway (Gu et al., 2012; Fu et al., 2014; Jiang et al., 2014b). The toxic damage caused by excitatory substances such as glutamate (Glu) is one of the important mechanisms of opening of BBB. The Glu released by astrocytes activates N-methyl-D-aspartate (NMDA) receptors on endothelial cells, thereby inducing vasodilation and increasing the permeability of BBB (Sharp et al., 2003; András et al., 2007; Liu et al., 2010; Lu et al., 2019). ET-1 is a member of endothelin family and is considered to be an endogenous long-acting vasoconstrictor. Similarly, astrocytes in cerebral ischemia model can produce ET-1. Overexpression of ET-1 can increase the permeability of BBB and aggravate brain injury (Lo et al., 2005; Hung et al., 2015).

Astrocytes can also produce some protective factors to maintain the normal function of BBB. Angiopoietin-1 (Ang-1) can inhibit endothelial cell apoptosis and reduce vascular atrophy and degeneration. Studies have shown that astrocytes can produce Ang-1 and protect BBB by increasing the expression of endothelial tight junction protein (Lee et al., 2003; Yu et al., 2012). Sonic hedgehog (SHH) is a glycoprotein mainly produced by astrocytes, endothelial cells and immune cells (Hill et al., 2021). It can protect endothelial cells and promote angiogenesis (Liu et al., 2018). The animal experiment of permanent middle cerebral artery occlusion (pMCAO) model shows that SHH can up regulate the expression of Ang-1, so as to reduce brain edema and maintain the permeability of BBB (Xia et al., 2013). In addition, Insulin-Like Growth Factor-1 (IGF-1) has been shown to promote cell proliferation and differentiation, protect neurons, and is mainly found in glial cells such as astrocytes (Pitt et al., 2017; Wrigley et al., 2017). Experimental studies have shown that IGF-1 can maintain the normal permeability of the BBB by stabilizing the microvascular cytoskeleton under ischemic conditions (Bake et al., 2019). Moreover, apolipoprotein E (APOE), as an important apolipoprotein in plasma, is mainly responsible for the transport, storage, and metabolism of various lipids (Marais, 2019). Astrocytes are a major source of APOE (Morikawa et al., 2005), and experiments have shown that loss of APOE decreases endothelial tight junction protein expression and thereby disrupts the BBB (Koyama, 2014). In addition to this, several studies have shown that astrocyte derived retinoic acid (RA) and glial derived neurotrophic factor (GDNF) are similarly involved in the maintenance of the normal function of the BBB through various mechanisms (Mizee et al., 2013; Xiao et al., 2014). BBB is a major difficulty in drug research and development, which excludes more than 98% of the small molecule neurotherapeutic drugs and almost all the large molecule drugs (Al-Ahmady, 2018). Astrocytes, as the key regulators of BBB permeability and the main participants of stress response after ischemic stroke, have been gradually recognized to play an irreplaceable role in the development of therapeutic strategies (Cohen and Dillin, 2008; Song et al., 2016).



Astrocytes and Ion Homeostasis

The maintenance of normal ion gradient between inside and outside cells is one of the necessary conditions to ensure cell survival and perform physiological processes. Brain metabolism is fast and lacks the glucose and oxygen needed reserves, so it is susceptible to ischemia. At the onset of ischemic stroke, a sudden decrease in cerebral blood flow leads to rapid depletion of the remaining energy source, and a severe energy shortage occurs in the ischemic core area, which will lead to the disruption of ion gradients, cell death and aggravating the ischemic injury. There are many kinds of ion channels in astrocytes, which can regulate the ion concentration inside and outside the cells, maintain the ion homeostasis and reduce the damage. Here, we mainly present the homeostatic regulation of Na+ and K+ mediated by Na+/K+-ATPase (NKA) and its underlying co-transporters.

In the resting state, astrocytes maintain ionic homeostasis with low Na+ and high K+, which is mainly achieved through the regulation of NKA. NKA is one of the most highly expressed proteins in astrocytes (Stoica et al., 2017). Thus, even in the resting state, inhibition of NKA leads to an immediate Na+ rise in cultured astrocytes (Rose and Ransom, 1996; Rose et al., 1998). Intracellular Na+ homeostasis is also dependent on intact energy metabolism as NKA requires ATP for function (Gerkau et al., 2017). At the time of ischemic stroke, significant Na+ elevations occur in the area of injury (Rossi et al., 2000). The large increase of intracellular Na+ may lead to the abnormality of the glutamate transporter, which will promote the excessive accumulation of Glu, resulting in excitotoxicity and cell death (Szatkowski and Attwell, 1994). When the intracellular Na+ is abnormally increased, the regulation of NKA is the main pathway but not the only one. Other Na+ associated transporters are involved, such as Na+/Ca2+ exchanger (NCX), Na+-HCO3– co-transporter (NBC), sodium-coupled neutral amino acid transporters 3 and 5 (SNAT3/5) and gamma-aminobutyric acid transporter (GAT). Their normal working mode is Na+ influx, however, this pattern reverses in accordance with ion gradients and membrane potential. Thus, they also emerged as regulators of Na+ efflux. NCX can exchange 3 Na+ for 1 Ca2+ and also mediates Na+ influx and efflux (Verkhratsky et al., 2018; Rose et al., 2020). Another transporter with reversal potential is NBC, which can regulate HCO3– in astrocytes (Chesler, 2003). In addition, the reversal of the working mode of some transporters has been proved to be related to the uptake of transmitters. GAT and glycine transporters (GlyTs) are suitable examples, both of which transport 2 Na+ and 1 Cl– with one molecule of Glu and gamma-aminobutyric acid (GABA) or glycine, respectively (Zhou and Danbolt, 2013). The transmembrane transport of Glu by astrocytes is mediated by SNAT3/5, co-transport 1 Na+ and reverse proton transport (Deitmer et al., 2003; Uwechue et al., 2012). Interestingly, in addition to the efflux of Na+ via these above transporters. Excessive intracellular Na+ can also be improved by Na+/Ca2+/Li+ exchanger (NCLX) absorbing Na+ into mitochondria (Palty et al., 2010). This suggests that mitochondria can act as Na+ storage, which is proved by the fact that the Na+ concentration of mitochondria in astrocytes is higher than that of surrounding cytoplasm (Ben-Kasus Nissim et al., 2017; Meyer et al., 2019). However, it is interesting to note that reverse operation of the NCX can also lead to Ca2+ overload and subsequently cell death (Boscia et al., 2016; Song et al., 2020). Therefore, not only do we need to understand the ionic gradients of transporter ions and the membrane potential of astrocytes to make clear the reversal mechanisms, but the corresponding ion overload caused by reversal is also a matter of concern.

During cerebral ischemia, the efflux of K+ from the cell increases due to damage to the cell membrane, which increases the extracellular K+ concentration, resulting in neuronal hyperexcitability and apoptosis (van Putten et al., 2021). Astrocytes can sense the increase of extracellular K+ concentration and regulate K+ through NKA uptake (Hertz et al., 2015; Larsen et al., 2016). In addition, K+ uptake by astrocytes involves Kir4.1 channel (Steinhäuser et al., 2012). Kir4.1 is inwardly rectifying the K+ channel, which is only expressed in glial cells and the highest in astrocytes (Olsen et al., 2015). In addition, the sodium-potassium-2 chloride-cotransporter 1 (NKCC1) can also mediate the K+ regulation of astrocytes when the K+ concentration outside the cells increases strongly. After uptake of K+ by astrocytes, they are released to the low K+ region through gap junction to buffer the K+ concentration level of extracellular fluid and restore the K+ concentration of extracellular fluid to a stable level. This process is also known as K+ spatial buffering (Kofuji and Newman, 2004). However, it should be noted that the long-term activation of NKCC1 will lead to a considerable accumulation of K+, Na+, and Cl–, which will cause the swelling of astrocytes (Su et al., 2002; Lenart et al., 2004).



The Dual Role of Glial Scar

Under normal physiological conditions, astrocytes can isolate and protect the CNS (Iliff et al., 2012; Nedergaard, 2013). After ischemic stroke, reactive astrocytes will migrate to the injury site. With the accumulation of time, a large number of reactive astrocytes gather at the edge of injury, and then combine with glycoprotein to form glial scar. The proliferation of reactive astrocytes and the formation of glial scar are considered to be related to fibroblast growth factor (FGF), epidermal growth factor (EGF), adenosine triphosphate (ATP), and endothelin-1 (Levison et al., 2000; Gadea et al., 2008; Neary and Zimmermann, 2009). The environment of neurons is full of a large number of toxic factors after ischemic stroke, such as ion overload, glutamate, free radicals and a large number of pro-inflammatory factors. Glial scar can isolate the injured part from the healthy tissue, prevent the spread of tissue damage, maintain the balance of ions and liquids in the healthy area, and provide nutritional support for the neurons around the glial scar in the injured area (Faulkner et al., 2004; Rolls et al., 2009; Sofroniew, 2009). Some experiments have shown that glial scar can repair BBB, prevent uncontrolled inflammatory reaction and limit cellular degeneration after injury (Bush et al., 1999). Moreover, a large number of studies have proved the key role of glial scar in nerve repair and protection. For example, the loss of scar can lead to the spread of inflammation (Burda and Sofroniew, 2014; Sofroniew, 2014), increase of injury area, more severe demyelination and neuron loss. Similarly, the recovery of clinical function is also limited (Myer et al., 2006). In addition, reactive astrocytes can secrete some immunomodulatory factors such as transforming growth factor-β (TGF-β), TNF-α, and proteoglycans such as chondroitin sulfate proteoglycans (CSPGs), thereby directly acting on immune cells (Chung and Benveniste, 1990). CSPG can regulate the migration and activation of dendritic cells, macrophages and other immune cells (Tham et al., 2010).

When ischemia occurs, fibroblasts will be activated along with astrocytes and constantly migrate to the injured area. A large number of fibroblasts gathered and began to proliferate and secrete ECMs such as collagen and fibronectin protein grafting, etc. In the late stage of ischemia, fibroblasts and extracellular matrix secreted by fibroblasts were not wholly removed, nor were they replaced by regenerated tissues. On the contrary, these cells gather in the lesion area and form fibrous scars (fibrous scars mature and coagulate over time but persist for a long time), the glial component of which is composed of reactive astrocytes (Fitch and Silver, 2008). Many experiments have shown that the formation of fibrous scars is an important reason to hinder axon growth (Yiu and He, 2006; Silver et al., 2014). In the late stage of ischemic stroke, the growth of axons will be significantly inhibited. This may be related to three reasons: myelin-related growth inhibitors (He and Koprivica, 2004), chemical repulsion directing molecules and highly sulfated proteoglycans (Liu et al., 2006)—especially CSPG, which are components of the ECM.



CONCLUSION AND PROSPECT

So far, most of the treatment strategies for ischemic stroke are aimed at neurons, and no significant progress has been made. Astrocytes are the most widely distributed cells in mammalian brain and the largest cells in glial cells, which are closely involved in all processes of ischemic stroke, although most functions are still controversial. Interestingly, astrocytes also have phagocytic function, which has been considered as the characteristic function of microglia (Fourgeaud et al., 2016). Reactive astrocyte proliferation is one of the classic pathological features of ischemic stroke, which has both advantages and disadvantages. We can reasonably speculate that evolution has chosen such an acute response to deal with the body damage, which ensures the repair of the damaged body at a certain cost. Notably, astrocytes have a dual role in ischemic stroke, where it participates in multiple emergency and repair processes in different ways. Some astrocyte derived factors have multiple or diametrically opposite properties. For example, astrocyte derived BDNF can promote neuronal survival under physiological conditions, but the abnormal up regulation of BDNF and its corresponding receptor Tyrosine Kinase receptor B will lead to excessive NO production and therefore mediates neurotoxicity (Linnerbauer et al., 2020). Glial scar can isolate the injured part from the healthy tissue, but the later glial scar will aggravate inflammation, inhibit axon growth and hinder the recovery of motor function. In view of the duality of astrocyte function and disease progression has a great relationship, inhibiting or promoting the proliferation of reactive astrocytes is clearly not a sensible therapeutic strategy. By contrast, we should first explore and clarify the timing and mechanism of astrocytes participating in ischemic stroke and then purposefully inhibit or promote the expression of some genes or factors derived of reactive astrocytes in specific stage. This could be a promising direction for targeted therapeutic strategies for astrocytes. However, the limitation of this strategy is that all aspects of astrocyte involvement are usually interactive, suggesting that any attempt to interfere with negative effects may also affect protective function. Therefore, the specific mechanism and time window of astrocytes need to be further explored.
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