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Reactive astrogliosis is a reaction of astrocytes to disturbed homeostasis in the central nervous system (CNS), accompanied by changes in astrocyte numbers, morphology, and function. Reactive astrocytes are important in the onset and progression of many neuropathologies, such as neurotrauma, stroke, and neurodegenerative diseases. Single-cell transcriptomics has revealed remarkable heterogeneity of reactive astrocytes, indicating their multifaceted functions in a whole spectrum of neuropathologies, with important temporal and spatial resolution, both in the brain and in the spinal cord. Interestingly, transcriptomic signatures of reactive astrocytes partially overlap between neurological diseases, suggesting shared and unique gene expression patterns in response to individual neuropathologies. In the era of single-cell transcriptomics, the number of new datasets steeply increases, and they often benefit from comparisons and integration with previously published work. Here, we provide an overview of reactive astrocyte populations defined by single-cell or single-nucleus transcriptomics across multiple neuropathologies, attempting to facilitate the search for relevant reference points and to improve the interpretability of new datasets containing cells with signatures of reactive astrocytes.
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1. Introduction

Astrocytes carry out functions essential for maintaining homeostasis in the CNS. They induce and control neuronal synapses, supply neurons with energy, and participate in neural plasticity mechanisms. Astrocytes also support the blood–brain barrier integrity and function and can react to cytokines circulating in the vascular system (Pekny and Pekna, 2014; Hasel and Liddelow, 2021; Lee et al., 2022). In disease or upon injury, astrocytes respond by reactive astrogliosis. This is characterized by increased expression of immune response genes and cytoskeletal and extracellular matrix (ECM) components, which is followed by morphological and functional changes (Wilhelmsson et al., 2006; Pekny et al., 2016; Escartin et al., 2021).

Reactive astrocytes are classically identified by hypertrophy of cellular processes and increased expression of the glial fibrillary acidic protein (GFAP) (Wilhelmsson et al., 2006; Hol and Pekny, 2015; Escartin et al., 2021). Although astrocytes show some common features in response to different pathological stimuli, their heterogeneity is far more complex and dynamic than previously thought (Stahlberg et al., 2011; Rusnakova et al., 2013; Orre et al., 2014; Pekny et al., 2019; Batiuk et al., 2020; Bayraktar et al., 2020; Gomes et al., 2020; Habib et al., 2020; Wheeler et al., 2020; Hasel et al., 2021; Sadick et al., 2022). We and others have recently cautioned against using a single or only a few selected marker genes to define astrocyte reactive states (Escartin et al., 2021). Instead, reactive populations of astrocytes should be defined considering multiple parameters, including gene expression, proteomics, morphology, and function. In addition, the astrocyte phenotype is determined by location in the CNS, disease pathogenesis and progression, co-morbidities, age, sex, and other sources of heterogeneity.

High-throughput single-cell and single-nucleus RNA sequencing (scRNA-seq/snRNA-seq), along with spatial transcriptomics, have been widely used to determine the diverse cellular composition of the CNS and to classify subsets of cells. These innovative technologies also allow for the determination of the diverse populations of cell types and cell states involved in the pathogenesis of brain disorders (Keren-Shaul et al., 2017; Habib et al., 2020; Kenigsbuch et al., 2022). The analysis of transcriptomic data often employs reference datasets, when annotating cellular clusters and uses data integration to increase resolution and identify concordances with previous studies (Stuart et al., 2019). The existing transcriptomic databases gather data obtained through various protocols from a wide range of specimens, allowing for the exploration of pre-processed data [e.g., PanglaoDB by Franzen et al. (2019)] or browsing through an easily accessible collection of references along with key metadata [e.g., single-cell studies database by Svensson et al. (2020)]. However, as the number of available datasets grows, it becomes important, albeit difficult, to search for relevant reference points.

Here, we present an overview of reactive astrocyte populations described in neurodegenerative diseases, acute injuries, and other pathological conditions using scRNA-seq and snRNA-seq technologies in rodents and humans. We summarize the key studies and the marker genes defining the populations of reactive astrocytes (Table 1, Supplementary Table 1) and identify the core of reactive astrocyte-associated genes that are repeatedly listed across datasets (Figure 1). We believe this compact resource will help to identify relevant reference datasets to study reactive astrocytes, and thereby contribute to a better understanding of astrocyte heterogeneity and function in disease.


TABLE 1 Gene signatures of selected populations of reactive astrocytes (mostly based on single-cell studies).
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FIGURE 1
 Recurrent marker genes of reactive astrocytes across CNS regions and pathologies in mice and humans. Genes indicated in the centers of the diagrams appeared in at least four of the studies listed in Table 1. All the references report at least one of the recurrent genes. References without overlap are not included in the diagrams. Note that the gene signatures of individual reactive populations are not exhaustive, and therefore, the presented gene overlap cannot be generalized as a complete list of reactive astrocyte markers. AD, Alzheimer's disease; CTE, chronic traumatic encephalopathy; EAE, experimental autoimmune encephalomyelitis; HD, Huntington's disease; MS, multiple sclerosis; PD, Parkinson's disease; SCI, spinal cord injury. Created with BioRender.com.




2. Neuroinflammation

Zamanian et al. (2012) provided a landmark transcriptomic study defining distinct states of reactive astrocytes emerging during neuroinflammation and ischemic stroke in mice injected with bacterial lipopolysaccharide (LPS) and in the middle cerebral artery occlusion (MCAO) model. Reactive astrocytes in both conditions upregulated intermediate filament proteins (known also as nanofilament proteins), ECM, and adhesion molecules, regulators of metal ion homeostasis, and components of immune response pathways. However, while LPS reactive astrocytes showed signs of an elevated immune response, MCAO astrocytes upregulated genes involved in metabolic activity and proliferation, presumably connected with post-stroke neuroplasticity responses.

Lipopolysaccharide and MCAO reactive astrocytes, occasionally still termed A1 and A2 (Liddelow et al., 2017; Escartin et al., 2021), have become perceived as detrimental/pro-inflammatory or beneficial/anti-inflammatory subtypes. A1-like astrocytes were found to be induced by the cytokine trio Il-1α, TNF, and C1q secreted by microglia and were identified in post-mortem samples from patients suffering from Alzheimer's disease (AD), Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS) (Liddelow et al., 2017; Guttenplan et al., 2020). Although such a binary division is now accepted as oversimplified and insufficient to encompass the real spectrum of reactive astrocyte heterogeneity (Escartin et al., 2021), these early experiments provided a useful point of reference for later studies.

Using single-cell transcriptomics, Leng et al. (2022) explored the heterogeneity of astrocytes derived from human-induced pluripotent stem cells (hiPSCs) treated by the cytokine trio used by Liddelow et al. (2017) and defined two clusters of neuroinflammation-induced reactive astrocytes. While the IL-1/IL-6-responsive astrocytes (IRAS1) were characterized by acute phase response genes, the TNF/IFN-responsive astrocytes (IRAS2) upregulated interferon signaling, indicating their specialized function. Using an integrative analysis, both signatures were identified in an MS mouse model (Wheeler et al., 2020), in hiPSC-derived astrocytes stimulated with cytokines (Barbar et al., 2020), and in a study by Hasel et al. (2021).

Hasel et al. (2021) addressed the astrocyte response in LPS-induced neuroinflammation in mice. A neuroinflammation-related fast-responding cluster was found almost exclusively in the LPS samples. As IRAS2, it was induced by IL1α, TNF, and C1q cytokines, regulated by Stat1 and Stat2, and showed differential expression of genes involved in the interferon response, antigen processing, and antigen presentation genes. Noteworthy, these astrocytes were localized close to blood vessels and around ventricles, suggesting their region-specific function, which cannot be observed in cell cultures (Leng et al., 2022). The signature of this cluster was found to be expressed also in models of AD (Habib et al., 2020; Zhou et al., 2020), MS (Wheeler et al., 2020), and stab wound injury (Zamboni et al., 2020). Another interesting cluster localized in the white matter (WM), was present in control and treated mice, and upon LPS treatment activated the expression of inflammatory genes. Together, these studies indicated that, in response to neuroinflammation, astrocytes form functionally and regionally diverse reactive populations.



3. Alzheimer's disease

The experimental neuroinflammation model provided valuable insights into astrocyte heterogeneity and predicted potentially higher complexity in neurodegenerative diseases. This has been confirmed by extensive AD research, as discussed in the following paragraphs. For a comprehensive overview of sc-/snRNA-seq AD studies without focus on astrocytes, refer to Cuevas-Diaz Duran et al. (2022) and Saura et al. (2022), or explore the scREAD database (Jiang et al., 2020).

In a key study defining astrocyte reactivity in AD, Habib et al. (2020) analyzed the hippocampus of the 5xFAD mouse using snRNA-seq. The authors identified two clusters of astrocytes with increased expression of Gfap, one of which was more abundant in 5xFAD samples. Accordingly, these were termed disease-associated astrocytes (DAAs). The DAAs partially shared the expression profile with Gfap-high astrocytes that were also present in the control samples, but the DAAs specifically upregulated genes related to endocytosis, complement, aging, and amyloid metabolism. Furthermore, the presence of homeostatic and intermediate populations suggested dynamic transitions of individual astrocyte states. DAA-like populations were also found in 5xFAD cortices and aged brains of mice and humans (Mathys et al., 2019), indicating that the signature is not specific to a single AD mouse model or brain region. These results were extended by Morabito et al. (2021), who detected Gfap-high and DAA signatures enriched among nuclei from prefrontal cortices of AD patients and using chromatin accessibility data, they identified FOSL2 as a potential regulator of the DAAs. Moreover, they found a corresponding cluster of GFAPhigh/CHI3L+ astrocytes proportionally increased in AD.

Zhou et al. (2020) noticed inter-species differences in astrocyte changes between the 5xFAD mouse model and the prefrontal cortex of AD patients. While only a limited transcriptional change was reported in mice, several astrocyte clusters differed in proportions between human controls and AD samples. Of note, different genotypes of the microglial receptor TREM2, a known AD risk factor (Wolfe et al., 2018), were found to not affect reactive astrogliosis. Another analysis of the hippocampus of the AD mouse models of amyloidosis (PS2APP) and amyloidosis combined with tauopathy (TauPS2APP) revealed the presence of reactive astrocytes (Lee et al., 2021). Their comparison across conditions showed comparable transcriptional changes not only in PS2APP and TauPS2APP but also in a Trem2 knockout, indicating that astrocytes respond similarly in different models of AD and in a TREM2-independent fashion.

Focusing on AD patient samples, three early studies investigated the entorhinal cortex—the site of early pathological changes (Grubman et al., 2019) and the prefrontal cortex (Mathys et al., 2019; Lau et al., 2020) affected later in the disease progression. Interestingly, populations of AD-associated astrocytes identified in individual studies showed overlapping gene signatures, illustrated by common upregulation of heat shock proteins, LINGO1 or RASGEF1B. These results highlighted conserved transcriptomic changes in different brain regions affected in the early and late AD pathogenesis. This has been confirmed by an independent study comparing the entorhinal cortex and the superior frontal gyrus within the prefrontal cortex of AD patients at different stages of the pathology, identifying GFAPhigh astrocytes in comparable abundance across regions and stages (Leng et al., 2021).

Using an improved enrichment strategy (based on LHX2+NeuN− sorting), Sadick et al. (2022) increased the astrocyte proportion from ≈ 15% of nuclei in previous studies (estimated by the authors) to over 50%, allowing for an in-depth analysis of AD prefrontal cortices. Interestingly, no cluster was identified as disease-related; instead, each showed individual changes in AD samples. The global transcriptomic alteration in all astrocytes was represented by pan-astrocytic differentially expressed genes. Furthermore, multiple clusters upregulated metallothioneins, heat shock proteins, and other previously reported reactivity-related genes. Thus, reactive astrocytes might not be limited to a single population, but rather originate in multiple homeostatic populations.

A similar conclusion was reached in a comprehensive study by Serrano-Pozo et al. (2022), who analyzed five brain regions consecutively affected during AD progression. The authors identified two reactive astrocyte clusters characterized by a reactive signature. Importantly, analyses of multiple intermediate clusters and trajectories supported the homeostatic origin of reactive astrocytes, as proposed earlier by Habib et al. (2020) and Sadick et al. (2022).



4. Other proteinopathies

Alzheimer's disease, PD, and Huntington's disease (HD) belong to neurodegenerative proteinopathies. PD and HD have also been analyzed with single-cell transcriptomics (Ma and Lim, 2021; Malla et al., 2021), but only a few studies have focused on astrocytes. Other proteinopathies with an important or causative role of astrocytes remain to be investigated, e.g., Alexander disease (Pajares et al., 2023).

In the midbrain of PD patients, Smajic et al. (2022) identified CD44high astrocytes, representing the terminal activated state in astrogliosis trajectory. Astrocytes originating in PD patients were enriched at the end of this activation trajectory, suggesting their role in PD-associated neuroinflammation. Al-Dalahmah et al. (2020) analyzed the cingulate cortex of patients suffering from HD and identified three HD clusters of astrocytes, expressing variable levels of metallothioneins and GFAP, possibly transitioning one into another. Interestingly, similarly to Habib et al. (2020), they also identified GFAP high astrocytes in controls, implying the existence of astrocyte heterogeneity even in healthy individuals. Collectively, these PD and HD studies together with the AD studies show the presence of similar reactive astrocyte populations across multiple disorders.



5. Multiple sclerosis

Although single-cell transcriptomic studies of MS have focused mainly on neurons, microglia, and oligodendrocytes (Falcao et al., 2018; Jakel et al., 2019; Schirmer et al., 2019), astrocyte heterogeneity has not remained unnoticed [reviewed in Lo et al. (2021)]. Using a model of experimental autoimmune encephalomyelitis (EAE), Wheeler et al. (2020) identified a population of astrocytes expressing pro-inflammatory genes. A similar population was also found in active WM lesions in MS patients. Due to high levels of the transcriptional regulator MAFG, this population was termed MAFG-driven astrocytes. Integration revealed the presence of MAFG astrocytes in other MS datasets, regardless of the CNS region analyzed (Lake et al., 2018; Jakel et al., 2019; Schirmer et al., 2019). Soon after, Hasel et al. (2021) and Leng et al. (2022) detected the signature of the neuroinflammatory populations of astrocytes in the dataset produced by Wheeler et al. (2020), showing a shared response of mouse and human astrocytes in experimental neuroinflammation and MS.

A follow-up study identified the LAMP1+TRAIL+ astrocyte population characterized by anti-inflammatory and pro-apoptotic properties, which was depleted in EAE samples (Sanmarco et al., 2021), and was proposed to act protectively. The impaired balance of MAFG and LAMP1+TRAIL+ astrocytes in EAE/MS may lead to outnumbering of the protective astrocytes by the pro-inflammatory population, likely exaggerating the inflammatory environment in the affected tissue.

Considering the spatial aspect of MS, Absinta et al. (2021) identified reactive astrocytes enriched in multiple areas around and within MS lesions, expressing heat shock proteins, cell death regulators, and mitochondrial genes. Another population of astrocytes inflamed in MS upregulated GFAP, APOE, VIM, and several A1 markers. It was found almost exclusively at the edges of chronic active lesions, showing that distinct reactive astrocytic populations arise in MS depending on lesion localization and its severity.



6. Neurotrauma and stroke

Neurotrauma and stroke represent another group of CNS disorders triggering substantial cellular heterogeneity that has been investigated by single-cell transcriptomics (Wilhelmsson et al., 2017; Moulson et al., 2021; Cao et al., 2022).

Shi et al. (2021) reported varying phagocytic properties of astrocytes in mouse models of hemorrhagic and ischemic strokes. Reactive astrocytes characterized by upregulated synapse pruning and lysosome-related processes were shown to be responsible for this difference. Although they were present in both conditions, their proportion decreased from 20% in ischemic to <2% in hemorrhagic mice, suggesting model-specific patterns in astrocyte reactivity. Another transcriptomic analysis of the early phases of ischemic stroke in mice identified a cluster of astrocytes enriched in MCAO samples (Ma et al., 2022). Interestingly, their transcriptional signature at 12 h and 24 h after stroke differed, transitioning from a state with upregulated oxidative phosphorylation and cell junction genes to a state defined by an increased immune and inflammatory response, implicating a dynamic nature of astrocyte reactivity in the early phases after the injury.

Zamboni et al. (2020) investigated the neurogenic potential of astrocytes in mouse somatosensory cortex subjected to stab wound injury. They identified a small cluster of reactive astrocytes expressing A1 and immune response genes. Importantly, trajectory analysis revealed the separation of the reactive and neurogenic branches, showing that they represent two independent and non-sequential states.

Two distinct clusters of reactive astrocytes were identified in a mouse model of spinal cord injury (SCI) (Li et al., 2022). Both were defined by an increased expression of Gfap, Vim, and Nes, but one cluster also expressed Mki67 at high levels, indicating that some reactive astrocytes are proliferative, peaking 3 days after the injury. The SCI in a rat model induced a reactive astrocyte population expressing immune response-related genes (Wang et al., 2021), such as Cd44, which has been associated with reactive astrocytes in neurodegeneration (Grubman et al., 2019; Lee et al., 2021; Leng et al., 2021; Smajic et al., 2022), and Spp1, which characterizes ischemia-induced astrocytes (Shi et al., 2021; Ma et al., 2022). Collectively, these represent examples of shared reactive signatures in different pathophysiological conditions and species.

The heterogeneity of reactive astrocytes has been investigated also in chronic traumatic encephalopathy (CTE), a tauopathy induced by repetitive head impacts (Chancellor et al., 2021). The authors identified two astrocyte populations enriched in CTE. While one population was characterized by genes associated with a dysfunctional metabolism, the other expressed genes associated with neuroinflammation and reactivity. In addition to CTE, traumatic brain injury can increase the risk of neurodegenerative diseases or induce post-traumatic epilepsy, with astrocytes playing a pivotal role in these secondary processes (Graham and Sharp, 2019; Small et al., 2022). The exact mechanisms remain to be elucidated, but the identification of astrocyte genes responsible for the onset of post-traumatic complications might largely contribute to the discovery of biomarkers for severity prediction, their modulation, and mitigation of deleterious consequences.



7. Inter-species comparison

Several single-cell transcriptomic studies indicate shared signatures of reactive astrocytes across neurological diseases, e.g., MS, AD, and neurotrauma (Hasel et al., 2021; Leng et al., 2022). Moreover, overlapping signatures were found in human and mouse reactive astrocytes by Habib et al. (2020) and Leng et al. (2022), while others also noticed inter-species differences (Zhou et al., 2020).

To characterize shared and distinct aspects of astrocyte reactivity across species, Li et al. (2021) compared the responses of mouse and human astrocytes to various pathological stimuli. While they found partial conservation of astrocyte gene expression, they also reported significant differences in the expression of genes involved in mitochondrial metabolism and defense response. Human astrocytes were susceptible to oxidative stress damage, which in mice was mitigated by efficient detoxification and mitochondrial resilience. Furthermore, in hypoxia, mouse astrocytes promoted neuronal growth and repair, representing an advantage in regeneration capacity. Human astrocytes, on the other hand, upregulated inflammatory response and antigen presentation upon stimulation with a TNFα and double-stranded RNA. Further comparison with AD and MS suggested that the inflammatory response of astrocytes is a common denominator in multiple neuropathologies.

While mouse models provide important insight into the biology of reactive astrocytes, inter-species differences must be considered when extrapolating mouse data to human neurological diseases.



8. Conclusion

We provided an overview of single-cell transcriptomic studies characterizing reactive astrocytes in various CNS diseases to facilitate the interpretation of new datasets and to improve our molecular understanding of reactive astrogliosis. There is a shared “reactive signature” in multiple pathologies, suggesting the existence of a “pan-reactive” expression program, which is partly conserved across species. Integration and meta-analyses are needed to understand the similarities and differences and to assess their translational potential. Genes expressed in reactive astrocytes were also found in other glial cells, including microglia and oligodendrocytes (Keren-Shaul et al., 2017; Wilhelmsson et al., 2017; Lee et al., 2021; Kaya et al., 2022; Kenigsbuch et al., 2022), implicating common activation mechanisms also across cell types. Future studies focusing on cellular populations will characterize context-specific formation and functions of reactive astrocytes and describe their interplay with other cell types. Large-scale analyses of single-cell datasets could then identify targets for interventions, facilitate the search for suitable drug candidates (Xu et al., 2021), and improve the treatment of acute and chronic CNS diseases.
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