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Abstract

:

Astrocytes provide trophic and metabolic support to neurons and modulate circuit formation during development. In addition, astrocytes help maintain neuronal homeostasis through neurovascular coupling, blood–brain barrier maintenance, clearance of metabolites and nonfunctional proteins via the glymphatic system, extracellular potassium buffering, and regulation of synaptic activity. Thus, astrocyte dysfunction may contribute to a myriad of neurological disorders. Indeed, astrocyte dysfunction during development has been implicated in Rett disease, Alexander’s disease, epilepsy, and autism, among other disorders. Numerous disease model mice have been established to investigate these diseases, but important preclinical findings on etiology and pathophysiology have not translated into clinical interventions. A multidisciplinary approach is required to elucidate the mechanism of these diseases because astrocyte dysfunction can result in altered neuronal connectivity, morphology, and activity. Recent progress in neuroimaging techniques has enabled noninvasive investigations of brain structure and function at multiple spatiotemporal scales, and these technologies are expected to facilitate the translation of preclinical findings to clinical studies and ultimately to clinical trials. Here, we review recent progress on astrocyte contributions to neurodevelopmental and neuropsychiatric disorders revealed using novel imaging techniques, from microscopy scale to mesoscopic scale.
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1. Introduction


The adult human brain contains roughly as many glial cells as neurons (84.6 ± 9.8 billion versus 86.1 ± 8.1 billion), and glial cells outnumber neurons by 3.76-fold in the cerebral cortex [1], underscoring their developmental and physiological importance. In mouse cortex, the ratio of astrocytes to neurons is even greater (8.4:1) across all regions of gray matter (GM) [2]. Astrocytes have multiple biological functions, including organization of the blood–brain barrier [3], clearance of metabolites [4], modulation of synaptic function to control NMDAR-dependent plasticity [5], and perisynaptic glutamate and potassium clearance [6]. Astrocyte dysfunction is implicated in numerous neurodevelopmental, neurodegenerative, and neuropsychiatric disorders such as Alexander’s disease [7], Rett syndrome [8,9,10,11], fragile X syndrome [12], epilepsy [13,14,15], and Huntington’s disease (HD) [16]. To understand the causes of these congenital diseases and create effective treatments, it is essential to fully elucidate the mechanisms of astrocyte development and the consequences of these developmental processes on brain structure and function. In the present review, we describe some of the latest technological advances in mesoscopic and microscopic imaging that are broadening our understanding of astrocyte development and the contributions of astrocyte dysfunction to neurodevelopmental and neuropsychiatric diseases.




2. Astrocyte Development in Cerebral Cortex


In the past three decades, technologies such as mouse transgenics, gene expression analyses, high-throughput single-cell DNA and RNA sequencing, and multiscale imaging analyses have vastly expanded our understanding of the development and functions of astrocytes. Morphological, lineage, and gene expression analyses, for example, have enabled the distinction of two distinct astrocyte subtypes, (1) protoplasmic and (2) fibrous [17], in rodents, as well as two further subclasses, (3) interlaminar astrocytes and (4) varicose-projection astrocytes, in humans [18,19]. Protoplasmic astrocytes are predominant in GM, whereas fibrous astrocytes are predominant in white matter (WM), and each type exhibits distinct functions tailored to the local environment [19,20]. Astrocytes pass through highly coordinated developmental stages, and it is expected that dysfunction during specific stages and in specific regions will result in a spectrum of developmental, behavioral, and cognitive abnormalities after birth. Therefore, it is critical to understand the processes governing astrocyte development at the genetic and molecular levels and how disruption of these processes can manifest in specific brain deficits. In this section, we describe the latest findings on when, where, and how astrocytes are produced and distributed in the developing cerebral cortex.



2.1. Spatial Origins and Heterogeneity of Astrocytes


In addition to the morphological subtyping described above, clustering has recently been used to classify subtypes using single-cell analysis. For example, astrocytes in adult mouse telencephalic and non-telencephalic regions can be divided into seven subtypes, with fibrous and protoplasmic astrocytes in the telencephalon reclassified as ACTE1 and ACTE2, respectively [21]. In the mammalian cerebral cortex, astrocytes are derived from radial glia cells located in the ventricular zone (VZ) and ventral forebrain during development [16,22,23,24,25]. There are two broad morphological subtypes of astrocytes, protoplasmic and fibrous, in the cerebral cortex, and each may have different functions that depend on distribution and gene expression profile [22]. Furthermore, subtype-specific dysfunction may lead to unique neurological deficits.



The developing cerebral cortex is organized into six neuronal layers distinguished by developmental order, neuronal subtype distribution, and circuit characteristics [26], and these layers are further subdivided into tangential compartments according to the thickness of the layer, each having a different functional circuit (termed “arealization”) [27]. Findings that astrocytes are nonrandomly distributed among radial layers and tangential cortical areas suggest the possibility of highly localized and specialized functions for these cells. Batiuk et al. distinguished five astrocyte subtypes (AST1-5) in cerebral cortex and hippocampus of postnatal day 56 (P56) mice by single-cell RNA sequencing of ACSA-2-PE immunolabeled cells [28], and they found that each subtype was differentially distributed within these brain regions. Similarly, Lanjakornsiripa et al. found layer-specific morphological differences among astrocyte populations between the cortical upper layer (UL) and deep layer (DL), such as distinct cell orientation, territorial volume, and arborization. Furthermore, RNA sequencing of manually dissected UL and DL indicated molecular and morphological differences between layers [29]. In Reeler and Dab1 KO mice, mutants in which the six-layer laminated structure of the cortex is abnormal, the morphological and molecular differences between UL and DL astrocytes were absent, suggesting that astrocyte phenotype distribution depends on the establishment of neuronal layer identity during development [29]. Bayraktar et al. established a large-area spatial transcriptomic map (LaST) displaying astrocyte layers in three regions of mouse cerebral cortex by immunohistochemical staining and single-molecule fluorescence in situ hybridization (smFISH) of 46 candidate astrocytic genes with further confirmation by single-cell RNA sequencing and spatial reconstruction analysis [30]. Importantly, this LaST map revealed multiple astrocyte subtypes with layer-specific distributions, as well as tangential differences among areas at the molecular level. Furthermore, the authors found that the identities of these astrocyte layers were established by postmitotic neuronal cues as suggested by the altered distributions in Reeler and Satb2 cKO mice. Analysis of Satb2 cKO mice also revealed that acquisition of superficial layer astrocyte identity required layer 4 neuronal identity, and that the spatial distribution of layer-specific astrocytes was inverted in Reeler mice concomitant with the change in neuron distribution [30].




2.2. Temporal Fate Specification of Astrocytes


In mice, cortical neurogenesis begins with the production Cajal–Retzius cells in the marginal zone and the subsequent development of first-born DL neurons around E11, followed sequentially by production of UL neurons until E16 and then gliogenesis [2,22,31]. Neurons first migrate along the processes of radial glial cells (RGCs) extending across the cortex, and both later-born neurons and astrocytes appear to be derived from RGCs. For instance, single RGCs isolated from the cortical VZ by fluorescence activated cell sorting and cultured to monitor clonal maturation differentiated into both neurons and astrocytes [32]. A lineage study of Thy1.2-Cre mice also suggested that astrocytes were generated from RGCs after neurogenesis [2]. Subsequent studies examined the timing and factors controlling the transition from neurogenesis to gliogenesis. Shen et al. examined the onset of gliogenesis from RGCs using the Mosaic analysis with double markers (MADM) system [33] and found that differentiation of cortical astrocytes from RGCs occurs between E16 and E17 in well-defined proportions, with 60% differentiating into intermediate astrocyte precursor cells (I-APCs), 25% differentiating into a mixture of I-APCs and intermediate oligodendrocyte precursor cells (I-OPCs), and 15% differentiating into I-OPCs. The I-APCs further divided two or three times at each location to amplify the number of astrocytes [33]. La Manno et al. established the developing mouse brain atlas from samples of E7 to E18 mouse brain to visualize the spatiotemporal molecular profile. Focusing on the astrocyte clusters in the mouse brain atlas, astrocyte marker genes (Gfap encoding the astrocyte-specific intermediate filament protein glial fibrillary acid protein, Agt encoding the angiotensin receptor, and Aqp4 encoding the aquaporin-4) were expressed around E15 concomitantly with Egfr, Dll1, Dll3, and Dll4 [34]. Di Bella et al. proposed a temporal competence model describing the molecular developmental trajectories from cortical stem cells to mature neurons and glia in mouse cortex between E10.5 and P4 based on scRNA-seq data and the transcriptional similarity of pseudotime-ordered cells [35]. This model posits that neurogenic factors promote a differentiation process in which the molecular identity of pyramidal neurons becomes more similar to that of astrocytes. This notion is consistent with the observation that apical progenitor cells have a common molecular identity with pyramidal neurons and astrocytes during early development [35]. These scRNA-seq findings further suggest that there are no strictly pre-committed progenitors in the developing mouse cortex, but it is still uncertain whether fate-restricted progenitors exist among cortical progenitors [36,37].




2.3. Molecular Mechanisms of the Transition from Neurogenesis to Gliogenesis


The transition from neurogenesis to gliogenesis is one of the key events during brain development, and several molecular signaling pathways regulating this process have been identified, such as janus kinase signal transducer and activator of transcription (JAK-STAT), phosphatidylinositol-3 kinase (PI3K), Notch, and Smad pathways [38,39,40,41], while extrinsic signals required for induction of astrocytic genes include epidermal growth factor, bone morphogenetic proteins, leukemia inhibitory factor, and ciliary neurotrophic factor (CNTF) [42,43,44,45,46]. In cultures of single neural progenitor cells, transition was associated with activation of chicken ovalbumin upstream promoter transcription factors I and II (COUP-TFI/II) [47]. More recently, zinc finger- and BTB domain-containing protein 20 (Zbtb20) was also implicated in the regulation of the neuron–glia transition, as dysregulated expression in vivo altered the time window for astrocyte production [48].



In addition to these genetic factors and signaling pathways, epigenetic cues are also important modulators of neuron–glia transition. Hirabayashi et al. found that the transcriptional repressor polycomb group complex (PcG) binds to and epigenetically suppresses the proneural gene encoding neurogenin-1 (Ngn1), promoting a neurogenic to astrogenic fate switch in the developing cortex [49]. In addition, knockout of the histone methyltransferase enhancer of Zeste homolog 2 (Ezh2), a component of polycomb repressive complex 2 (PRC2), accelerated the onset of gliogenesis in mice [50]. High-mobility group A (HMGA) proteins also contribute to the onset of gliogenesis by inhibiting chromatin remodeling [51]. Overexpression of HMGA2 increased the expression of insulin-like growth factor 2 mRNA binding protein 2 (IMP2), and IMP2 perturbation directly affected astrocytic differentiation, suggesting IMP2 as one potential stage-dependent regulator of cortical progenitor differentiation potential [52]. The Hes family BHLH transcription factor 5 (Hes5) also regulates the neurogenesis to gliogenesis transition in cortex by suppressing expression of Hmga1/2 [53]. Other potential regulators of gliogenesis include Ngn2, Mash [54], and HMGN [55]. Collectively, these epigenetic, genetic, and molecular signaling pathways appear to regulate the number and distribution of astrocytes and neurons in cortex. Thus, dysfunction or mutation in any one of these genes or processes may lead to astrocyte-associated neurological disease.





3. Functions of Astrocytes in Neurovascular Coupling and the Glymphatic System


One of the essential roles of astrocytes is the maintenance of the local conditions of extracellular ions, neurotransmitters, and harmful molecules such as amyloid-β via neurovascular coupling and glymphatic system. Astrocyte dysfunction during development may induce abnormalities in this system and, thus, result in several developmental diseases.



3.1. Functions of Astrocytes in Neurovascular Coupling


Neurovascular coupling is an essential mechanism for maintaining local metabolic homeostasis under changing levels of neuronal activity. Briefly, neurovascular coupling increases local arteriole blood flow (and, hence, the supply of glucose and oxygen) via vasodilation to meet the greater energy requirements conferred by neuronal activity, particularly to clear excess extracellular K+ and synaptic glutamate accumulated from action potential and excitatory postsynaptic potential generation (Figure 1). This mechanism requires robust chemical signaling among neurons, astrocytes, and blood vessel cells, and disruption of this coupling has been linked to age-related neuropsychiatric diseases [56,57,58,59,60,61].



Neurovascular coupling relies on the precise anatomic positioning of astrocyte processes on blood vessels, mainly arteries and arterioles, and within perisynaptic spaces [56,62]. The terminal processes on vessels, termed endfeet, cover about 99% of the vessel abluminal surface [63,64], and a single astrocyte contacts nearly 100,000 synapses in rodents and up to two million synapses in humans [65,66]. Therefore, a single astrocyte can sense the local rate of synaptic transmission and, in this way, modulate synaptic transmission [67] and neurovascular coupling [56] through reciprocal communication involving extracellular ions and various neurotransmitters, including glutamate [68]. The neurons, astrocytes, and arteriole region linked via these signals collectively form a neurovascular unit, and these units may function independently to regulate local metabolic conditions.



The vasodilation of cortical penetrating arterioles is strongly reduced by inhibition of cyclooxygenase-1 (COX-1), which is expressed in perivascular astrocytes, but not by inhibition of cyclooxygenase-2 (COX-2), which is expressed in neurons [69]. Glutamate released from presynaptic boutons activates astrocytic metabotropic glutamate receptor-5 (mGluR5), which increases intracellular Ca2+. Elevated Ca2+ in turn triggers the production of epoxyeicosatrienoic acids (EETs) via cytochrome P450 2C11 epoxygenase (CYP2C11) and prostaglandin E2 (PGE2) via COX1, which both induce vasodilation [61]. Elevated Ca2+ levels also induce potassium release from astrocytic endfeet through large conductance calcium-dependent potassium channels (BKCa), which activate inward-rectifier potassium channels (Kir4.1) on vascular smooth muscle cells, leading to membrane hyperpolarization, muscle relaxation, and vasodilation [70]. Glutamate in the perisynaptic space is also taken by astrocytes through the glutamate/Na+-cotransporter to synthesize adenosine triphosphate (ATP), which is subsequently released to stimulate purinergic receptors on neurons, resulting in vasodilation of pial arterioles [71]. The astrocytic Ca2+ signaling also leads to the production and release of nitric oxide (NO), a powerful vasodilator of parenchymal arterioles, via nitric oxide synthase in endfeet [72]. Conversely, production of 20-hydroxyeicosatetraenoic acid (20-HETE), a metabolite from arachidonic acid (AA) released from astrocytes via cytochrome P450 4A (CYP4A), constricts vascular smooth muscle cells [61,73,74]. Additionally, large elevations in astrocytic endfeet Ca2+ via other pathways induce vasoconstriction [75]. Astrocytes also communicate with neurons and other astrocytes via gap junctions, which are composed of hemi-channels that allow transcellular passage of molecules less than 1.2 kDa, including ATP, inositol 1,4,5-trisphosphate (IP3), and Ca2+ [76,77]. This neurovascular coupling forms the basis for functional magnetic resonance imaging (fMRI) as described below [78,79].



Neural and vascular cells have distinct embryonic origins, but the critical importance of neurovascular coupling implies that the time courses of proliferation, migration, and terminal differentiation must be tightly regulated. Astrocytes are also required for establishing proper blood vessel density, as inhibition of astrogliogenesis leads to a significant decrease in vessel density and branching in cortex [80]. A delay in the development of neurovascular coupling may have substantial effects on postnatal brain development, as coupling appears fully complete by about 2 weeks after birth in rodents [81]. While the developmental processes for establishing neurovascular coupling are not fully understood, emerging evidence suggests that maldevelopment of the vascular unit may be associated with neuropsychiatric disease.




3.2. Astrocytes and the Glymphatic System


In addition to neurovascular coupling, astrocytes mediate cerebral spinal fluid (CSF) and interstitial fluid (ISF) flow through the parenchyma and Virchow–Robin space (Figure 2) as part of the glymphatic system [82] that removes soluble proteins and metabolic end-products [4,83]. The astrocyte endfeet surround the basal lamina, which extends from the Virchow–Robin space, and regulate CSF influx via aquaporin-4 (AQP4). In addition to CSF influx, the astrocytes also regulate CSF efflux by enlarging the CSF-drained perivascular space. This CSF–ISF exchange is mediated by aquaporin-4 (AQP4) channels expressed at high density on astrocyte endfeet. These water-permeable channels are also involved in rapid astrocyte volume regulation [84,85]; thus, astrocyte volume changes can be used as a marker for glymphatic function. The glymphatic system may be regulated by the autonomic nervous system, as recent studies have linked glymphatic clearance of waste molecules with vagus nerve activity [86]. The perineural spaces surrounding the cranial nerves, including the vagus, are known to provide some level of CSF drainage to peripheral lymphatics [87]. Additionally, vagal nerve stimulation enhanced the CSF penetrance of a low-molecular-weight fluorescent tracer (TxRed-3kD) [88]. Vagal nerve stimulation triggers the release of acetylcholine [89,90], noradrenaline [91,92,93], and serotonin [93], among which noradrenaline appears to be a modulator of the glymphatic system [4]. The α2-adrenoceptor agonist dexmedetomidine [94] enhanced glymphatic transport [95], while elevated brain noradrenaline resulted in shrinkage of the extracellular volume fraction and a reduction in both CSF influx and brain ISF influx [96]. Locus coeruleus-derived noradrenaline was also found to increase blood–brain barrier (BBB) permeability, leading to augmentation of ISF secretion and enhanced glymphatic function [97]. Thus, evidence strongly suggests that noradrenaline regulates glymphatic system function, although the underlying mechanisms are uncertain and the effects appear bidirectional, necessitating further study. Loss of locus coeruleus neurons is observed in Alzheimer’s disease [97], suggesting that the accumulation of pathogenic amyloid-β, a hallmark of this disease, may be exacerbated by deficient glymphatic clearance due to impaired modulation by noradrenaline.





4. Neuropsychiatric Disease and Astrocyte Activity


Recent developmental studies have implicated astrocyte dysfunction in Alexander’s disease, Rett syndrome, fragile X mental retardation, and epilepsy [98].



4.1. Alexander’s Disease


Alexander’s disease is a rare demyelinating disorder caused by mutations in the gene encoding glial fibrillary acidic protein (GFAP), the major intermediate filament protein of astrocytes [7], and it is the only known astrocyte-specific disease. Patients are usually diagnosed at around 2 years of age on the basis of developmental delay and MRI abnormalities in WM, T2 hypo-intensities, and T1 hyperintensities in the periventricular rim, and abnormal T2 signals and swelling or atrophy in the basal ganglia and thalamus [99]. A few reports have also documented neuronal loss in the CA1 pyramidal layer of the hippocampus and in the striatum, although this is not a consistent finding [99]. Transgenic mice harboring a mutant human GFAP gene exhibited hypertrophic astrocytes, astrocytic overexpression of stress-associated small heat-shock proteins, and inclusion bodies identical histologically and antigenically to the thick, elongated, worm-like bundles termed Rosenthal fibers observed in Alexander’s disease patients [100]. Knock-in mice with GFAP-R76H and -R236H mutations also developed Rosenthal fibers in the hippocampus, corpus callosum, olfactory bulbs, subpial regions, and periventricular regions [101]. In addition, these mice exhibited GFAP accumulation, which is sometimes referred to as “GFAP toxicity” [102]. Although these transgenic animals have provided some insights into the histopathological manifestations of Alexander’s disease, the pathomechanisms underlying cognitive delay are still unclear.




4.2. Rett Syndrome


Rett syndrome is a progressive neurodevelopmental disorder almost exclusively afflicting females caused by loss of the transcriptional repressor methyl-CpG-binding protein 2 (MeCP2) [8]. Clinical symptoms include respiratory abnormalities and cognitive impairment. Mice lacking the MeCP2 gene also demonstrated respiratory abnormalities, cognitive impairment, seizures, scoliosis, and sleeping problems [98,103,104], consistent with the human symptom profile. MeCP2 is highly expressed in neurons and may be involved in the formation of synaptic contacts and activity-dependent neuronal gene expression [105]. Astrocytes also express MeCP2, and MeCP2 deficiency in astrocytes causes significant abnormalities in the regulation of brain derived neurotrophic factor (BDNF), a ubiquitous regulator of neuronal dendritic and synaptic plasticity, and of cytokine production, suggesting that this deficit may alter brain inflammatory function [8,9,10,11]. Thus, astrocytes may drive Rett syndrome pathology via inflammatory reactions and insufficient BDNF signaling.




4.3. Fragile X Mental Retardation


Fragile X syndrome is caused by loss-of-function mutations in FMR1, the gene encoding the translational repressor fragile X mental retardation protein (FMRP) [106], resulting in inherited cognitive impairment and an autistic phenotype [107,108]. Fragile X syndrome is also characterized by a wide array of behavioral and metabolic impairments [109]. Specific deletion of FMR1 in mouse astrocytes elevated spine density in the motor cortex and impaired motor skill learning in adulthood [12]. However, overexpression of FMRP in astrocytes was insufficient to completely rescue spinal and behavioral defects in Fmr1-KO mice, suggesting a joint astrocytic–neuronal contribution, whereby both astrocytes and neurons contribute to fragile X pathogenesis [12].




4.4. Epilepsy


Astrocytes regulate neuronal circuit formation, excitability, blood supply, and metabolism; therefore, disruption of any of these functions shifts the local excitatory–inhibitory balance, leading to epileptogenesis [13,14,15]. Investigations of brain specimens from patients with pharmacoresistant temporal lobe epilepsy and from epilepsy models have revealed alterations in the expression, localization, and function of astroglial K+ channels and water channels [110]. When gap junctions among astrocytes and neurons become uncoupled, K+ clearance is hindered, resulting in accumulation of extracellular K+ and concomitant neuronal hyperexcitability [14]. Neuronal degeneration due to injury or early-stage epilepsy can lead to the reactive transformation of astrocytes, and these reactive astrocytes have been shown to produce larger Ca2+ signals mediated by IP3R2 that contributes to epilepsy [15]. In addition, malfunction of glutamate transporters and the astrocytic glutamate-converting enzyme glutamine synthetase has been observed in epileptic tissue [110]. Impaired astrocytic glutamate clearance may arise in part due to abnormalities in metabotropic glutamate signaling [111]. For instance, astrocyte-specific conditional KO of mGluR5 slowed the rate of glutamate clearance via astrocytic glutamate transporters under high-frequency stimulation and increased the propensity for epileptogenesis [112]. Astrocyte-specific tuberous sclerosis complex 1 (Tsc1) conditional knockout mice also exhibited abnormal neuronal organization and seizures [113]. A model mouse with hippocampal astrocyte-specific Neo1 KO exhibited epileptiform spikes and elevated seizure susceptibility [114].





5. Microscopic Imaging of Astrocyte Development


Several neuropsychiatric diseases are associated with abnormalities in the morphology, distribution, number, and/or function of astrocytes; thus, high-resolution visualization of individual astrocytes and coupled populations is critical for elucidating the contributions of these cells to pathogenesis. Essential to reliable visualization is cell-specific labeling as astrocytes are relatively small and intermingled among larger neurons. There are two major methods for identifying astrocytes in brain: labeling of astrocyte-specific proteins and RNA by immunostaining and in situ hybridization, and transgenic expression of fluorescent proteins such as green fluorescent protein (GFP) under the control of astrocyte-specific promoters.



5.1. Labeling of Astrocyte-Specific Genes and Proteins


Astrocytes are frequently labeled with commercial antibodies against GFAP [115], S100b [116], aldehyde dehydrogenase 1 family member L1 (Aldh1l1) [117], Sox9 [118], Sox10, glutamate transporter 1 (GLT1), glutamate–aspartate transporter (GLAST) [119], and aquaporin-4 (AQP4) [120] among other proteins. Although immunostaining is easy and can even distinguish among astrocyte subtypes, some of these proteins are also expressed by other cell types such as oligodendrocytes (S100b) and neurons (GLT1, GLAST), whereas GFAP is undetectable in many hippocampal astrocytes [121]. Alternatively, detection of RNAs by in situ hybridization, in situ sequencing [122,123], smFISH [124,125], seqFISH [126], and osmFISH [127,128] can be used to identify astrocytes even if antibodies are unavailable for the protein product. However, RNA detection often cannot reveal cell morphology. Our knowledge of astrocyte gene expression patterns has benefited greatly in recent years from the development of RNA-seq technology. Furthermore, several online databases of astrocyte-specific gene expression are now available based on genome-wide transcriptome or proteome analyses [129].




5.2. Genetic Visualization Tools for Astrocytes


In 2012, Magavi et al. generated knock-in mice with a site-specific Cre recombinase linked to the Thy-1.2 gene and demonstrated that astrocytes outnumber neurons in mouse cerebral cortex by 8.4-fold [2]. Subsequently, Cre- and tamoxifen-induced CreER lines with promoters that allow astrocyte-specific expression, such as promoters for GFAP [130,131], Aldh1l1 [131,132], Slc1a3 [131,133,134], S100b [135], Slc6a11 [131], Gjb6 [134], and Fgfr3 [136], have been established. Other genetic tools now available include GFAP-Flpo [137], GFAP-tTA [138], and fluorescent proteins fused to astrocyte-specific proteins such as GFAP-eGFP [139] and Aldh1l1-eGFP [139,140].




5.3. Visualization Based on Somatic Transfection


Although stable cell and mouse lines are powerful tools for investigating the morphology, distribution, and function of astrocytes, establishing these lines is costly and time-consuming. Furthermore, these lines may differ in multiple ways from native astrocytes and wild-type mice. In contrast, infection of postnatal brain with adeno-associated viruses (AAVs) and delivery of transposon-based reporters to embryonic brain by electroporation are relatively efficient methods for labeling astrocyte-lineage cells in vivo (Figure 3) [141,142,143]. Fusing astroglial cell type-specific promoters to fluorescent proteins with piggyBac transposon can directly label targeted subpopulations permanently or within defined developmental phases [143], while recombinases driven by cell type-specific promoters can both efficiently label and alter the genome of astrocytes [144]. Hamabe-Horiike et al. revealed that the Gfa2-promoter labeled nearly 80% of astrocytes, the Plp1-promoter labeled nearly 96% of oligodendrocytes, and the Mbp-promoter labeled nearly 90% of oligodendrocytes at E15 electroporation, whereas the CAG-promoter labeled nearly 40% of neurons, 15% of astrocytes, and 8% of oligodendrocytes [143]. Thus, these results suggest that cell type-specific promoter approach is efficient to label astrocyte by in utero electroporation. Clavreul et al. used site-specific recombinase (Cre) electroporation to label astrocyte lineages in E15 embryos with multiple transposon-based fluorescent protein reporters called “MAGIC markers” [145]. Although this method labeled some neurons, astrocytes were labeled with multicolor combinations, permitting single-cell resolution [146]. This brainbow-based technique [147] combined with large-volume chromatic multiphoton serial microscopy (ChroMS) [148] successfully reveals clonal information. ChroMS relies on the integration of trichromatic two-photon excitation by wavelength mixing with automated serial block-face image acquisition, making multicolor imaging over >1 mm3 volumes possible [148]. The authors proposed that astrocyte clonal expansion and morphotype are determined in a nonordered manner within the local environment rather than by genetic predetermination. Another transposon-based glial-lineage tracing method called “StarTrack” has been used to reveal astroglial lineage behavior by color visualization. StarTrack, which is based on the piggyBac transposon system combined with astroglial-specific promoters such as those driving the expression of GFAP [149], NG2 [150], and Ubc [151], can provide up to 12 combinations by color-barcoded proteins with localization tags. These direct in utero electroporation of transposon-based plasmids can label astrocytes more efficiently than postnatal brain labeling methods, although neurons can still be labeled. It is also possible to label astrocytes via postnatal electroporation around P0–P1, the time of astrocyte production, although expression efficiency is not as high [51]. We recently developed an alternative strategy for integration-coupled gene expression called “iOn switch”, which suppresses episomal expression after transfection to directly detect genomic gene expression with conventional electroporation [152]. By suppressing episomal expression, iOn gene expression is as stable and permanent as target gene expression in transgenic animals; hence, this tool holds great potential for future long-term astrocyte imaging to assess lineage fate and contributions to disease. For example, when we electroporated iOnCAG∞RFP at the E13 mouse cortex and fixed brain at P10, astrocytes were successfully labeled, whereas CAG::GFP labeled only DL neurons, which produced approximately E13 cortical progenitors. The other strategy established based on the piggyBac transposon combined Cre/loxP system, clonal labeling of neural progenies (CLoNe), labels the promoter-specific neuronal subpopulations with the multiple fluorescent protein (XFP) combinations [153].



In contrast to embryonic brain labeling by somatic transfection of plasmids, which is mainly used for lineage and clonal analyses, astrocyte labeling using AAVs in the postnatal brain is applied mainly for functional analyses. For example, Takano et al. fused AAV with Split-TurboID and combined this well-known chemo-genetic tool with the neuronal hSyn1 promoter and astrocyte GfaABC1D promoter to collect proteins around synapses between neurons and astrocytes for proteome analysis. Results revealed that neuronal cell adhesion molecule (NRCAM) is highly enriched between neuron and astrocytes and involved in the formation of inhibitory synapses [154]. Furthermore, AAV can be combined with other genetic techniques, such as optogenetics and designer receptors exclusively activated by designer drugs, to investigate the functions of specific astrocytic proteins during development [155,156]. Several small molecule-based astrocyte markers, including sulforhodamine 101 (SR101) [157], b-Ala–Lys–Nε-AMCA [158], and 4-di-2-asp [159], have also been established for live cell imaging.



In summary, these visualization techniques have proven useful for functional analysis of astrocytes at both the cellular and the molecular levels, as well as for elucidating the interactions among astrocytes, neurons, and surrounding components. Methods using transgenic mice are limited to research for only mice. In contrast, somatic transfection and virus-derived visualization do not require genetically modified organisms and will, therefore, be essential for future research in other species, including primates and humans. Thus, these tools could provide fundamental insights into developmental disorders associated with astrocyte maldevelopment or dysfunction.





6. Potential Noninvasive and Mesoscopic Astrocyte Imaging Using MRI and Positron Emission Tomography (PET)


Most astrocytic signaling processes and functions, including the calcium oscillations, ion exchange, glutamate metabolism, and volume change, have so far been investigated using in vivo animal models or culture systems with various fluorescence labeling techniques, such as sulforhodamine101 [160] and genetically expressed Ca2+ indicators [161]. However, investigating astrocyte dysfunction in developmental disease patients requires “noninvasive brain imaging techniques”. MRI and PET are noninvasive techniques that have the advantages of providing insights on the function and structure of the whole brain at mesoscopic resolution (100–300 µm for rodents and 1–3 mm for humans). The challenges of noninvasive astrocyte imaging using MRI and PET have been described in previous studies. Here, we introduce several promising noninvasive approaches to measuring astrocyte activity in vivo (Figure 4).



6.1. Diffusion MRI


Diffusion MRI is exquisitely sensitive to changes in tissue microstructure, such as changes induced by cell swelling or shrinkage [162]. The “apparent diffusion coefficient” (ADC) was introduced along with the diffusion MRI to indicate the degree to which water diffusion is limited by structures within the brain [163] compared to normal Gaussian diffusion. This non-Gaussian diffusion is a highly sensitive indicator of pathological changes in brain microstructure resulting from tumor, stroke, or edema [164].



In addition to pathological changes, diffusion MRI appears sufficiently sensitive for physiological changes in astrocyte volume associated with neuronal activity. An early study using in vitro Aplysia Californica ganglia established a robust association among neuronal activity, subsequent cell volume change, and ADC [165,166], and several high-resolution diffusion MRI studies have supported the utility of ADC for detecting more subtle neuronal activation-induced changes in brain tissue microstructure using ex vivo hippocampal slices [167]. In the case of neuronal activity, this approach can induce transient neuronal and/or astrocyte volume increases that reduce the extracellular space (ECS) and decrease ADC (Figure 4A). The b-value is an artificial factor that reflects the strength and timing of the gradients to generate water diffusion-weighted images. Higher b-values (>1800 s/mm2) signify water diffusion within the smaller space involving ECS (Figure 4A).



Recently, we postulated that diffusion MRI can detect the astrocyte volume change because astrocytes undergo dramatic volume changes as a result of fluid flux associated with extracellular K+ release and subsequent activation of the astrocyte Na–K–Cl cotransporter (NKCC1), Kir4.1 inwardly rectifying potassium channel, and/or the Na+/K+ ATPase [168,169,170,171,172,173]. In addition, AQP4 activity may contribute to these volume changes by mediating ISF–CSF exchange [174]. Brain water mobility was decreased by AQP4 knockdown using RNA interference [175], and pharmacological blockade of AQP4 using 2-(nicotinamide)-1,3,4-thia-diazole (TGN-020) increased the ADC in several brain regions, including the hippocampus and cerebral cortex [176]. These results confirm that diffusion MRI signals can reflect changes in astrocyte volume under physiological conditions. Astrocytic volume changes are also observed in pathologic states. For instance, ischemia disturbs ionic homeostasis and induces the accumulation of neuroactive substances in the extracellular space, resulting in astrocyte swelling [177,178,179]. Astrocyte swelling is also observed during epilepsy, and the resulting reduction in extracellular space may exacerbate K+ and glutamate accumulation, leading to greater neuronal hyperexcitability and pathological firing [180,181]. Cortical spreading depression, a wave-like process characterized by loss of neuronal membrane potential and massive redistribution of intracellular and extracellular ions, including an increase in extracellular potassium, also reduced ADC [182]. Although the sensitivity of diffusion MRI to physiological and pathological astrocyte volume changes is well validated, the feasibility of diffusion MRI for clinical study of astrocyte dysfunction in neuropsychiatric disorders has not yet been tested.




6.2. Manganese-Enhanced MRI (MEMRI)


Recently, we examined the feasibility of imaging astrocytic calcium accumulation using manganese-enhanced MRI (MEMRI). Manganese is a chemical analog of Ca2+ and, thus, can enter neurons through Ca2+ channels and Na+/Ca2+ exchangers, thereby providing a measure of activity [183,184]. Astrocytes also express these calcium influx pathways, and several studies using MEMRI have found a link between Mn2+ accumulation and astrocytic activity mediated by glutamate synthetase, manganese superoxide dismutase, and calcium channels [185,186]. We developed a new MEMRI application for direct measurement of in vivo astrocyte–neuron interactions via hippocampal connexin 43 (Cx43) (Figure 4B) [187], a hemi-transmembrane channel that selectively passes Ca2+ between neurons and astrocytes. Manganese concentration in the hippocampus of Cx43 knockdown mice was enhanced compared to wild-type mice, and a pharmacological blocker of Cx43 also increased Mn2+ accumulation. These results indicate that in vivo Cx43-dependent functions of astrocytes under physiological and pathological conditions can be measured noninvasively using MEMRI. A significant potential limitation of MEMRI is manganese toxicity both to neurons [188,189] and to astrocytes [190]. However, MEMRI has already been investigated in humans using mangafodipir, an FDA-approved compound consisting of a Mn2+ chelator fused to the ligand fodipir [191,192]. This drug may provide new insights into neuron–astrocyte interactions in clinical trials. However, as image contrast depends on the release of Mn2+, there is still a risk of toxicity [193]; therefore, alternative manganese-based contrast agents are required for improved astrocytic labeling with greater safety.




6.3. Noninvasive Neuroimaging Techniques Using Neurovascular Coupling


fMRI exploits neurovascular coupling to monitor neuronal activity. When neurons are activated, the diameter of local blood vessels and the regional cerebral blood flow increase. Furthermore, the ratio of oxyhemoglobin to deoxyhemoglobin is altered due to changes in supply and consumption. An appropriate MR sequence sensitive to the magnetic susceptibility can detect these changes with relatively high temporal and spatial resolution. This is called a blood oxygenation level-dependent (BOLD) signal [194]. Functional ultrasound imaging (fUS) of the brain based on ultrafast Doppler can also measure local changes in cerebral blood volume related to neuronal activation and Ca2+ signaling [79,195]. In addition, resting-state fMRI can reveal the functional connectivity among anatomically separated regions by measuring the degree of synchronization of neuronal activity [196,197,198,199]. Neurovascular coupling observed by fMRI and fUS also reflects astrocytic activity as astrocytes are integral to neurovascular coupling. Furthermore, astrocytic Ca2+ signals are coupled to positive and negative BOLD fMRI signals in rats [200], and astrocyte activation evokes BOLD fMRI responses due to enhanced oxygen consumption [201]. Inhibition of AQP4 channels, which are abundantly expressed on perivascular astrocytic endfeet, and which function in the clearance of extracellular ions and metabolites, thus altering the BOLD response in the visual cortex to visual stimulation [176]. These imaging techniques are, therefore, potentially useful for examining the functional changes in astrocytes during development and the associations between astrocyte dysfunction and various neurological disorders.




6.4. PET


PET using tracers such as 11C-acetate, [11C]deuterium-l-deprenyl ([11C]DED), and other translocator proteins (TSPOs) is another widely employed imaging technique with potential applications for astroglial imaging in health and disease [202,203,204]. PET has an advantage for kinetic modeling and for measuring metabolism, but potentially harmful radioisotopes are required. The isotope 11C-acetate is metabolized in the tricarboxylic acid cycle; thus, consumption is a measure of oxidative metabolism. [11C]DED is an irreversible monoamine oxidase B (MAO-B) inhibitor. Astrocytes express elevated levels of MAO-B during activation; hence, this ligand can be employed as a biomarker for astrocytosis in conditions such as Alzheimer’s disease [205]. In autosomal-dominant Alzheimer’s disease carriers, astrocytosis as measured by [11C]DED was found to be initially high and then to decline, in contrast to the progressive increase in amyloid-β plaque load during disease progression, suggesting that astrocyte activation is restricted to the early stages of Alzheimer’s disease pathology [206]. The astroglial tracer BU99008, targeting imidazoline-2 binding sites (I2BS), has also been used to visualize reactive astrogliosis in postmortem AD brains [207]. In addition, activated astrocytes show upregulation of TSPOs, but measurement is hampered by TSPOs in cerebral blood vessels [203].





7. Conclusions and Perspective


In this review, we described mesoscopic and microscopic imaging techniques used to investigate the developmental lineages, functions, and structures of astrocytes. The vital functions of these cells during development and ongoing brain function suggests that dysfunction likely contributes to neurodevelopmental, neurological, and neuropsychiatric diseases. We posit that these techniques will facilitate the translation of preclinical research in animal models to human clinical research, possibly including clinical trials of interventions aimed at mitigating astrocytic dysfunction as disease treatments.







Author Contributions


T.K. and T.T. conceptualized, wrote, and prepared the review paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a Grant-in-Aid for Challenging Research (Exploratory) in Japan, grant number 21K19464 (T.T.), a Grant-in-Aid for Research Activity Start-up in Japan, grant number 20K22698 (T.T.), a Grant-in-Aid for Research Activity Start-up in Japan, grant number 20K22665 (T.K.), a Leading Initiative for Excellent Young Researchers (LEADER), grant number 2020L0019 (T.K.), and the Takeda Science Foundation (T.K.).




Acknowledgments


We thank C. Ohtaka-Maruyama for scientific discussions and comments on the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Azevedo, F.A.C.; Carvalho, L.R.B.; Grinberg, L.T.; Farfel, J.M.; Ferretti, R.E.L.; Leite, R.E.P.; Jacob Filho, W.; Lent, R.; Herculano-Houzel, S. Equal numbers of neuronal and nonneuronal cells make the human brain an isometrically scaled-up primate brain. J. Comp. Neurol. 2009, 513, 532–541. [Google Scholar] [CrossRef] [PubMed]

	



Magavi, S.; Friedmann, D.; Banks, G.; Stolfi, A.; Lois, C. Coincident generation of pyramidal neurons and protoplasmic astrocytes in neocortical columns. J. Neurosci. 2012, 32, 4762–4772. [Google Scholar] [CrossRef] [PubMed]

	



Schitine, C.; Nogaroli, L.; Costa, M.R.; Hedin-Pereira, C. Astrocyte heterogeneity in the brain: From development to disease. Front. Cell. Neurosci. 2015, 9, 76. [Google Scholar] [CrossRef] [PubMed]

	



Jessen, N.A.; Munk, A.S.F.; Lundgaard, I.; Nedergaard, M. The Glymphatic System: A Beginner’s Guide. Neurochem. Res. 2015, 40, 2583–2599. [Google Scholar] [CrossRef]

	



Henneberger, C.; Papouin, T.; Oliet, S.H.R.; Rusakov, D.A. Long-term potentiation depends on release of D-serine from astrocytes. Nature 2010, 463, 232–236. [Google Scholar] [CrossRef]

	



Oliet, S.H.; Piet, R.; Poulain, D.A. Control of glutamate clearance and synaptic efficacy by glial coverage of neurons. Science 2001, 292, 923–926. [Google Scholar] [CrossRef]

	



Sosunov, A.; Olabarria, M.; Goldman, J.E. Alexander disease: An astrocytopathy that produces a leukodystrophy. Brain Pathol. 2018, 28, 388–398. [Google Scholar] [CrossRef]

	



Maezawa, I.; Swanberg, S.; Harvey, D.; LaSalle, J.M.; Jin, L.-W. Rett syndrome astrocytes are abnormal and spread MeCP2 deficiency through gap junctions. J. Neurosci. 2009, 29, 5051–5061. [Google Scholar] [CrossRef]

	



Delépine, C.; Nectoux, J.; Letourneur, F.; Baud, V.; Chelly, J.; Billuart, P.; Bienvenu, T. Astrocyte Transcriptome from the Mecp2(308)-Truncated Mouse Model of Rett Syndrome. NeuroMolecular Med. 2015, 17, 353–363. [Google Scholar] [CrossRef]

	



Ehinger, Y.; Matagne, V.; Cunin, V.; Borloz, E.; Seve, M.; Bourgoin-Voillard, S.; Borges-Correia, A.; Villard, L.; Roux, J.-C. Analysis of Astroglial Secretomic Profile in the Mecp2-Deficient Male Mouse Model of Rett Syndrome. Int. J. Mol. Sci. 2021, 22, 4316. [Google Scholar] [CrossRef]

	



Jin, X.-R.; Chen, X.-S.; Xiao, L. MeCP2 Deficiency in Neuroglia: New Progress in the Pathogenesis of Rett Syndrome. Front. Mol. Neurosci. 2017, 10, 316. [Google Scholar] [CrossRef]

	



Hodges, J.L.; Yu, X.; Gilmore, A.; Bennett, H.; Tjia, M.; Perna, J.F.; Chen, C.-C.; Li, X.; Lu, J.; Zuo, Y. Astrocytic Contributions to Synaptic and Learning Abnormalities in a Mouse Model of Fragile X Syndrome. Biol. Psychiatry 2017, 82, 139–149. [Google Scholar] [CrossRef] [PubMed]

	



Verhoog, Q.P.; Holtman, L.; Aronica, E.; van Vliet, E.A. Astrocytes as Guardians of Neuronal Excitability: Mechanisms Underlying Epileptogenesis. Front. Neurol. 2020, 11, 591690. [Google Scholar] [CrossRef] [PubMed]

	



Onodera, M.; Meyer, J.; Furukawa, K.; Hiraoka, Y.; Aida, T.; Tanaka, K.; Tanaka, K.F.; Rose, C.R.; Matsui, K. Exacerbation of Epilepsy by Astrocyte Alkalization and Gap Junction Uncoupling. J. Neurosci. 2021, 41, 2106–2118. [Google Scholar] [CrossRef] [PubMed]

	



Sano, F.; Shigetomi, E.; Shinozaki, Y.; Tsuzukiyama, H.; Saito, K.; Mikoshiba, K.; Horiuchi, H.; Cheung, D.L.; Nabekura, J.; Sugita, K.; et al. Reactive astrocyte-driven epileptogenesis is induced by microglia initially activated following status epilepticus. JCI Insight 2021, 6, e135391. [Google Scholar] [CrossRef] [PubMed]

	



Molofsky, A.V.; Deneen, B. Astrocyte development: A Guide for the Perplexed. Glia 2015, 63, 1320–1329. [Google Scholar] [CrossRef]

	



Miller, R.H.; Raff, M.C. Fibrous and protoplasmic astrocytes are biochemically and developmentally distinct. J. Neurosci. 1984, 4, 585–592. [Google Scholar] [CrossRef]

	



Marín-Padilla, M. Prenatal development of fibrous (white matter), protoplasmic (gray matter), and layer I astrocytes in the human cerebral cortex: A Golgi study. J. Comp. Neurol. 1995, 357, 554–572. [Google Scholar] [CrossRef]

	



Oberheim, N.A.; Takano, T.; Han, X.; He, W.; Lin, J.H.C.; Wang, F.; Xu, Q.; Wyatt, J.D.; Pilcher, W.; Ojemann, J.G.; et al. Uniquely hominid features of adult human astrocytes. J. Neurosci. 2009, 29, 3276–3287. [Google Scholar] [CrossRef]

	



Kucukdereli, H.; Allen, N.J.; Lee, A.T.; Feng, A.; Ozlu, M.I.; Conatser, L.M.; Chakraborty, C.; Workman, G.; Weaver, M.; Sage, E.H.; et al. Control of excitatory CNS synaptogenesis by astrocyte-secreted proteins Hevin and SPARC. Proc. Natl. Acad. Sci. USA 2011, 108, E440–E449. [Google Scholar] [CrossRef]

	



Zeisel, A.; Hochgerner, H.; Lönnerberg, P.; Johnsson, A.; Memic, F.; van der Zwan, J.; Häring, M.; Braun, E.; Borm, L.E.; La Manno, G.; et al. Molecular Architecture of the Mouse Nervous System. Cell 2018, 174, 999–1014.e22. [Google Scholar] [CrossRef]

	



Bayraktar, O.A.; Fuentealba, L.C.; Alvarez-Buylla, A.; Rowitch, D.H. Astrocyte development and heterogeneity. Cold Spring Harb. Perspect. Biol. 2014, 7, a020362. [Google Scholar] [CrossRef]

	



Costa, M.R.; Bucholz, O.; Schroeder, T.; Götz, M. Late origin of glia-restricted progenitors in the developing mouse cerebral cortex. Cereb. Cortex 2009, 19 (Suppl. S1), i135–i143. [Google Scholar] [CrossRef]

	



Akdemir, E.S.; Huang, A.Y.-S.; Deneen, B. Astrocytogenesis: Where, when, and how. F1000Research 2020, 9, 233. [Google Scholar] [CrossRef]

	



Tabata, H. Diverse subtypes of astrocytes and their development during corticogenesis. Front. Neurosci. 2015, 9, 114. [Google Scholar] [CrossRef]

	



Greig, L.C.; Woodworth, M.B.; Galazo, M.J.; Padmanabhan, H.; Macklis, J.D. Molecular logic of neocortical projection neuron specification, development and diversity. Nat. Rev. Neurosci. 2013, 14, 755–769. [Google Scholar] [CrossRef] [PubMed]

	



O’Leary, D.D.M.; Chou, S.-J.; Sahara, S. Area patterning of the mammalian cortex. Neuron 2007, 56, 252–269. [Google Scholar] [CrossRef]

	



Batiuk, M.Y.; Martirosyan, A.; Wahis, J.; de Vin, F.; Marneffe, C.; Kusserow, C.; Koeppen, J.; Viana, J.F.; Oliveira, J.F.; Voet, T.; et al. Identification of region-specific astrocyte subtypes at single cell resolution. Nat. Commun. 2020, 11, 1220. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



Bayraktar, O.A.; Bartels, T.; Holmqvist, S.; Kleshchevnikov, V.; Martirosyan, A.; Polioudakis, D.; Ben Haim, L.; Young, A.M.H.; Batiuk, M.Y.; Prakash, K.; et al. Astrocyte layers in the mammalian cerebral cortex revealed by a single-cell in situ transcriptomic map. Nat. Neurosci. 2020, 23, 500–509. [Google Scholar] [CrossRef] [PubMed]

	



Kumamoto, T.; Toma, K.-I.; Gunadi; McKenna, W.L.; Kasukawa, T.; Katzman, S.; Chen, B.; Hanashima, C. Foxg1 coordinates the switch from nonradially to radially migrating glutamatergic subtypes in the neocortex through spatiotemporal repression. Cell Rep. 2013, 3, 931–945. [Google Scholar] [CrossRef]

	



Malatesta, P.; Hartfuss, E.; Götz, M. Isolation of radial glial cells by fluorescent-activated cell sorting reveals a neuronal lineage. Development 2000, 127, 5253–5263. [Google Scholar] [CrossRef] [PubMed]

	



Shen, Z.; Lin, Y.; Yang, J.; Jörg, D.J.; Peng, Y.; Zhang, X.; Xu, Y.; Hernandez, L.; Ma, J.; Simons, B.D.; et al. Distinct progenitor behavior underlying neocortical gliogenesis related to tumorigenesis. Cell Rep. 2021, 34, 108853. [Google Scholar] [CrossRef] [PubMed]

	



La Manno, G.; Siletti, K.; Furlan, A.; Gyllborg, D.; Vinsland, E.; Mossi Albiach, A.; Mattsson Langseth, C.; Khven, I.; Lederer, A.R.; Dratva, L.M.; et al. Molecular architecture of the developing mouse brain. Nature 2021, 596, 92–96. [Google Scholar] [CrossRef] [PubMed]

	



Di Bella, D.J.; Habibi, E.; Stickels, R.R.; Scalia, G.; Brown, J.; Yadollahpour, P.; Yang, S.M.; Abbate, C.; Biancalani, T.; Macosko, E.Z.; et al. Molecular logic of cellular diversification in the mouse cerebral cortex. Nature 2021, 595, 554–559. [Google Scholar] [CrossRef] [PubMed]

	



Llorca, A.; Ciceri, G.; Beattie, R.; Wong, F.K.; Diana, G.; Serafeimidou-Pouliou, E.; Fernández-Otero, M.; Streicher, C.; Arnold, S.J.; Meyer, M.; et al. A stochastic framework of neurogenesis underlies the assembly of neocortical cytoarchitecture. eLife 2019, 8, e51381. [Google Scholar] [CrossRef]

	



Franco, S.J.; Gil-Sanz, C.; Martinez-Garay, I.; Espinosa, A.; Harkins-Perry, S.R.; Ramos, C.; Müller, U. Fate-restricted neural progenitors in the mammalian cerebral cortex. Science 2012, 337, 746–749. [Google Scholar] [CrossRef]

	



Bonni, A.; Sun, Y.; Nadal-Vicens, M.; Bhatt, A.; Frank, D.A.; Rozovsky, I.; Stahl, N.; Yancopoulos, G.D.; Greenberg, M.E. Regulation of gliogenesis in the central nervous system by the JAK-STAT signaling pathway. Science 1997, 278, 477–483. [Google Scholar] [CrossRef]

	



Rajan, P.; McKay, R.D. Multiple routes to astrocytic differentiation in the CNS. J. Neurosci. 1998, 18, 3620–3629. [Google Scholar] [CrossRef]

	



Sanosaka, T.; Namihira, M.; Asano, H.; Kohyama, J.; Aisaki, K.; Igarashi, K.; Kanno, J.; Nakashima, K. Identification of genes that restrict astrocyte differentiation of midgestational neural precursor cells. Neuroscience 2008, 155, 780–788. [Google Scholar] [CrossRef]

	



Asano, H.; Aonuma, M.; Sanosaka, T.; Kohyama, J.; Namihira, M.; Nakashima, K. Astrocyte differentiation of neural precursor cells is enhanced by retinoic acid through a change in epigenetic modification. Stem Cells 2009, 27, 2744–2752. [Google Scholar] [CrossRef]

	



Viti, J.; Feathers, A.; Phillips, J.; Lillien, L. Epidermal growth factor receptors control competence to interpret leukemia inhibitory factor as an astrocyte inducer in developing cortex. J. Neurosci. 2003, 23, 3385–3393. [Google Scholar] [CrossRef]

	



Herrera, F.; Chen, Q.; Schubert, D. Synergistic effect of retinoic acid and cytokines on the regulation of glial fibrillary acidic protein expression. J. Biol. Chem. 2010, 285, 38915–38922. [Google Scholar] [CrossRef]

	



Bonaguidi, M.A.; McGuire, T.; Hu, M.; Kan, L.; Samanta, J.; Kessler, J.A. LIF and BMP signaling generate separate and discrete types of GFAP-expressing cells. Development 2005, 132, 5503–5514. [Google Scholar] [CrossRef]

	



Zhang, X.; Mennicke, C.V.; Xiao, G.; Beattie, R.; Haider, M.A.; Hippenmeyer, S.; Ghashghaei, H.T. Clonal Analysis of Gliogenesis in the Cerebral Cortex Reveals Stochastic Expansion of Glia and Cell Autonomous Responses to Egfr Dosage. Cells 2020, 9, 2662. [Google Scholar] [CrossRef]

	



Fu, Y.; Yang, M.; Yu, H.; Wang, Y.; Wu, X.; Yong, J.; Mao, Y.; Cui, Y.; Fan, X.; Wen, L.; et al. Heterogeneity of glial progenitor cells during the neurogenesis-to-gliogenesis switch in the developing human cerebral cortex. Cell Rep. 2021, 34, 108788. [Google Scholar] [CrossRef]

	



Naka, H.; Nakamura, S.; Shimazaki, T.; Okano, H. Requirement for COUP-TFI and II in the temporal specification of neural stem cells in CNS development. Nat. Neurosci. 2008, 11, 1014–1023. [Google Scholar] [CrossRef]

	



Nagao, M.; Ogata, T.; Sawada, Y.; Gotoh, Y. Zbtb20 promotes astrocytogenesis during neocortical development. Nat. Commun. 2016, 7, 11102. [Google Scholar] [CrossRef] [PubMed]

	



Hirabayashi, Y.; Suzki, N.; Tsuboi, M.; Endo, T.A.; Toyoda, T.; Shinga, J.; Koseki, H.; Vidal, M.; Gotoh, Y. Polycomb limits the neurogenic competence of neural precursor cells to promote astrogenic fate transition. Neuron 2009, 63, 600–613. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, J.D.; Sansom, S.N.; Smith, J.; Dobenecker, M.-W.; Tarakhovsky, A.; Livesey, F.J. Ezh2, the histone methyltransferase of PRC2, regulates the balance between self-renewal and differentiation in the cerebral cortex. Proc. Natl. Acad. Sci. USA 2010, 107, 15957–15962. [Google Scholar] [CrossRef] [PubMed]

	



Kishi, Y.; Fujii, Y.; Hirabayashi, Y.; Gotoh, Y. HMGA regulates the global chromatin state and neurogenic potential in neocortical precursor cells. Nat. Neurosci. 2012, 15, 1127–1133. [Google Scholar] [CrossRef] [PubMed]

	



Fujii, Y.; Kishi, Y.; Gotoh, Y. IMP2 regulates differentiation potentials of mouse neocortical neural precursor cells. Genes Cells 2013, 18, 79–89. [Google Scholar] [CrossRef] [PubMed]

	



Bansod, S.; Kageyama, R.; Ohtsuka, T. Hes5 regulates the transition timing of neurogenesis and gliogenesis in mammalian neocortical development. Development 2017, 144, 3156–3167. [Google Scholar] [CrossRef]

	



Nieto, M.; Schuurmans, C.; Britz, O.; Guillemot, F. Neural bHLH genes control the neuronal versus glial fate decision in cortical progenitors. Neuron 2001, 29, 401–413. [Google Scholar] [CrossRef]

	



Nagao, M.; Lanjakornsiripan, D.; Itoh, Y.; Kishi, Y.; Ogata, T.; Gotoh, Y. High mobility group nucleosome-binding family proteins promote astrocyte differentiation of neural precursor cells. Stem Cells 2014, 32, 2983–2997. [Google Scholar] [CrossRef]

	



Petzold, G.C.; Murthy, V.N. Role of astrocytes in neurovascular coupling. Neuron 2011, 71, 782–797. [Google Scholar] [CrossRef]

	



Cauli, B.; Hamel, E. Revisiting the role of neurons in neurovascular coupling. Front. Neuroenergetics 2010, 2, 9. [Google Scholar] [CrossRef]

	



Kaplan, L.; Chow, B.W.; Gu, C. Neuronal regulation of the blood-brain barrier and neurovascular coupling. Nat. Rev. Neurosci. 2020, 21, 416–432. [Google Scholar] [CrossRef] [PubMed]

	



Filosa, J.A.; Morrison, H.W.; Iddings, J.A.; Du, W.; Kim, K.J. Beyond neurovascular coupling, role of astrocytes in the regulation of vascular tone. Neuroscience 2016, 323, 96–109. [Google Scholar] [CrossRef] [PubMed]

	



Iadecola, C. Neurovascular regulation in the normal brain and in Alzheimer’s disease. Nat. Rev. Neurosci. 2004, 5, 347–360. [Google Scholar] [CrossRef]

	



MacVicar, B.A.; Newman, E.A. Astrocyte regulation of blood flow in the brain. Cold Spring Harb. Perspect. Biol. 2015, 7, a020388. [Google Scholar] [CrossRef]

	



Fernández-Klett, F.; Offenhauser, N.; Dirnagl, U.; Priller, J.; Lindauer, U. Pericytes in capillaries are contractile in vivo, but arterioles mediate functional hyperemia in the mouse brain. Proc. Natl. Acad. Sci. USA 2010, 107, 22290–22295. [Google Scholar] [CrossRef] [PubMed]

	



Iadecola, C.; Nedergaard, M. Glial regulation of the cerebral microvasculature. Nat. Neurosci. 2007, 10, 1369–1376. [Google Scholar] [CrossRef] [PubMed]

	



McCaslin, A.F.H.; Chen, B.R.; Radosevich, A.J.; Cauli, B.; Hillman, E.M.C. In vivo 3D morphology of astrocyte-vasculature interactions in the somatosensory cortex: Implications for neurovascular coupling. J. Cereb. Blood Flow Metab. 2011, 31, 795–806. [Google Scholar] [CrossRef] [PubMed]

	



Lamkin, E.R.; Heiman, M.G. Coordinated morphogenesis of neurons and glia. Curr. Opin. Neurobiol. 2017, 47, 58–64. [Google Scholar] [CrossRef] [PubMed]

	



Oberheim, N.A.; Wang, X.; Goldman, S.; Nedergaard, M. Astrocytic complexity distinguishes the human brain. Trends Neurosci. 2006, 29, 547–553. [Google Scholar] [CrossRef]

	



Perea, G.; Araque, A. GLIA modulates synaptic transmission. Brain Res. Rev. 2010, 63, 93–102. [Google Scholar] [CrossRef]

	



Mahmoud, S.; Gharagozloo, M.; Simard, C.; Gris, D. Astrocytes Maintain Glutamate Homeostasis in the CNS by Controlling the Balance between Glutamate Uptake and Release. Cells 2019, 8, 184. [Google Scholar] [CrossRef]

	



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]

	



Longden, T.A.; Nelson, M.T. Vascular inward rectifier K+ channels as external K+ sensors in the control of cerebral blood flow. Microcirculation 2015, 22, 183–196. [Google Scholar] [CrossRef]

	



Pelligrino, D.A.; Vetri, F.; Xu, H.-L. Purinergic mechanisms in gliovascular coupling. Semin. Cell Dev. Biol. 2011, 22, 229–236. [Google Scholar] [CrossRef]

	



Stobart, J.L.L.; Lu, L.; Anderson, H.D.I.; Mori, H.; Anderson, C.M. Astrocyte-induced cortical vasodilation is mediated by D-serine and endothelial nitric oxide synthase. Proc. Natl. Acad. Sci. USA 2013, 110, 3149–3154. [Google Scholar] [CrossRef]

	



Fan, F.; Roman, R.J. Effect of Cytochrome P450 Metabolites of Arachidonic Acid in Nephrology. J. Am. Soc. Nephrol. 2017, 28, 2845–2855. [Google Scholar] [CrossRef]

	



Lukaszewicz, K.M.; Lombard, J.H. Role of the CYP4A/20-HETE pathway in vascular dysfunction of the Dahl salt-sensitive rat. Clin. Sci. 2013, 124, 695–700. [Google Scholar] [CrossRef]

	



Girouard, H.; Bonev, A.D.; Hannah, R.M.; Meredith, A.; Aldrich, R.W.; Nelson, M.T. Astrocytic endfoot Ca2+ and BK channels determine both arteriolar dilation and constriction. Proc. Natl. Acad. Sci. USA 2010, 107, 3811–3816. [Google Scholar] [CrossRef] [PubMed]

	



Mayorquin, L.C.; Rodriguez, A.V.; Sutachan, J.-J.; Albarracín, S.L. Connexin-Mediated Functional and Metabolic Coupling Between Astrocytes and Neurons. Front. Mol. Neurosci. 2018, 11, 118. [Google Scholar] [CrossRef]

	



Batra, N.; Kar, R.; Jiang, J.X. Gap junctions and hemichannels in signal transmission, function and development of bone. Biochim. Biophys. Acta 2012, 1818, 1909–1918. [Google Scholar] [CrossRef] [PubMed]

	



Tsurugizawa, T.; Tamada, K.; Ono, N.; Karakawa, S.; Kodama, Y.; Debacker, C.; Hata, J.; Okano, H.; Kitamura, A.; Zalesky, A.; et al. Awake functional MRI detects neural circuit dysfunction in a mouse model of autism. Sci. Adv. 2020, 6, eaav4520. [Google Scholar] [CrossRef] [PubMed]

	



Boido, D.; Rungta, R.L.; Osmanski, B.-F.; Roche, M.; Tsurugizawa, T.; Le Bihan, D.; Ciobanu, L.; Charpak, S. Mesoscopic and microscopic imaging of sensory responses in the same animal. Nat. Commun. 2019, 10, 1110. [Google Scholar] [CrossRef] [PubMed]

	



Ma, S.; Kwon, H.J.; Huang, Z. A functional requirement for astroglia in promoting blood vessel development in the early postnatal brain. PLoS ONE 2012, 7, e48001. [Google Scholar] [CrossRef]

	



Zonta, M.; Angulo, M.C.; Gobbo, S.; Rosengarten, B.; Hossmann, K.-A.; Pozzan, T.; Carmignoto, G. Neuron-to-astrocyte signaling is central to the dynamic control of brain microcirculation. Nat. Neurosci. 2003, 6, 43–50. [Google Scholar] [CrossRef]

	



Iliff, J.J.; Wang, M.; Liao, Y.; Plogg, B.A.; Peng, W.; Gundersen, G.A.; Benveniste, H.; Vates, G.E.; Deane, R.; Goldman, S.A.; et al. A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid β. Sci. Transl. Med. 2012, 4, 147ra111. [Google Scholar] [CrossRef]

	



Benveniste, H.; Liu, X.; Koundal, S.; Sanggaard, S.; Lee, H.; Wardlaw, J. The Glymphatic System and Waste Clearance with Brain Aging: A Review. Gerontology 2019, 65, 106–119. [Google Scholar] [CrossRef] [PubMed]

	



Ikeshima-Kataoka, H. Neuroimmunological Implications of AQP4 in Astrocytes. Int. J. Mol. Sci. 2016, 17, 1306. [Google Scholar] [CrossRef] [PubMed]

	



Jorgačevski, J.; Zorec, R.; Potokar, M. Insights into Cell Surface Expression, Supramolecular Organization, and Functions of Aquaporin 4 Isoforms in Astrocytes. Cells 2020, 9, 2622. [Google Scholar] [CrossRef]

	



Natale, G.; Limanaqi, F.; Busceti, C.L.; Mastroiacovo, F.; Nicoletti, F.; Puglisi-Allegra, S.; Fornai, F. Glymphatic System as a Gateway to Connect Neurodegeneration from Periphery to CNS. Front. Neurosci. 2021, 15, 639140. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Q.; Ineichen, B.V.; Detmar, M.; Proulx, S.T. Outflow of cerebrospinal fluid is predominantly through lymphatic vessels and is reduced in aged mice. Nat. Commun. 2017, 8, 1434. [Google Scholar] [CrossRef]

	



Cheng, K.P.; Brodnick, S.K.; Blanz, S.L.; Zeng, W.; Kegel, J.; Pisaniello, J.A.; Ness, J.P.; Ross, E.; Nicolai, E.N.; Settell, M.L.; et al. Clinically-derived vagus nerve stimulation enhances cerebrospinal fluid penetrance. Brain Stimul. 2020, 13, 1024–1030. [Google Scholar] [CrossRef]

	



Das Graças Corsi-Zuelli, F.M.; Brognara, F.; da Silva Quirino, G.F.; Hiroki, C.H.; Fais, R.S.; Del-Ben, C.M.; Ulloa, L.; Salgado, H.C.; Kanashiro, A.; Loureiro, C.M. Neuroimmune Interactions in Schizophrenia: Focus on Vagus Nerve Stimulation and Activation of the Alpha-7 Nicotinic Acetylcholine Receptor. Front. Immunol. 2017, 8, 618. [Google Scholar] [CrossRef]

	



Meyers, E.C.; Kasliwal, N.; Solorzano, B.R.; Lai, E.; Bendale, G.; Berry, A.; Ganzer, P.D.; Romero-Ortega, M.; Rennaker, R.L., 2nd; Kilgard, M.P.; et al. Enhancing plasticity in central networks improves motor and sensory recovery after nerve damage. Nat. Commun. 2019, 10, 5782. [Google Scholar] [CrossRef]

	



Roosevelt, R.W.; Smith, D.C.; Clough, R.W.; Jensen, R.A.; Browning, R.A. Increased extracellular concentrations of norepinephrine in cortex and hippocampus following vagus nerve stimulation in the rat. Brain Res. 2006, 1119, 124–132. [Google Scholar] [CrossRef]

	



Follesa, P.; Biggio, F.; Gorini, G.; Caria, S.; Talani, G.; Dazzi, L.; Puligheddu, M.; Marrosu, F.; Biggio, G. Vagus nerve stimulation increases norepinephrine concentration and the gene expression of BDNF and bFGF in the rat brain. Brain Res. 2007, 1179, 28–34. [Google Scholar] [CrossRef]

	



Manta, S.; Dong, J.; Debonnel, G.; Blier, P. Enhancement of the function of rat serotonin and norepinephrine neurons by sustained vagus nerve stimulation. J. Psychiatry Neurosci. 2009, 34, 272–280. [Google Scholar]

	



Scheinin, H.; Virtanen, R.; MacDonald, E.; Lammintausta, R.; Scheinin, M. Medetomidine—A novel alpha 2-adrenoceptor agonist: A review of its pharmacodynamic effects. Prog. Neuropsychopharmacol. Biol. Psychiatry 1989, 13, 635–651. [Google Scholar] [CrossRef]

	



Benveniste, H.; Lee, H.; Ding, F.; Sun, Q.; Al-Bizri, E.; Makaryus, R.; Probst, S.; Nedergaard, M.; Stein, E.A.; Lu, H. Anesthesia with Dexmedetomidine and Low-dose Isoflurane Increases Solute Transport via the Glymphatic Pathway in Rat Brain When Compared with High-dose Isoflurane. Anesthesiology 2017, 127, 976–988. [Google Scholar] [CrossRef]

	



Xie, L.; Kang, H.; Xu, Q.; Chen, M.J.; Liao, Y.; Thiyagarajan, M.; O’Donnell, J.; Christensen, D.J.; Nicholson, C.; Iliff, J.J.; et al. Sleep drives metabolite clearance from the adult brain. Science 2013, 342, 373–377. [Google Scholar] [CrossRef]

	



Harik, S.I. Blood-brain barrier sodium/potassium pump: Modulation by central noradrenergic innervation. Proc. Natl. Acad. Sci. USA 1986, 83, 4067–4070. [Google Scholar] [CrossRef] [PubMed]

	



Molofsky, A.V.; Krencik, R.; Ullian, E.M.; Tsai, H.-H.; Deneen, B.; Richardson, W.D.; Barres, B.A.; Rowitch, D.H. Astrocytes and disease: A neurodevelopmental perspective. Genes Dev. 2012, 26, 891–907. [Google Scholar] [CrossRef] [PubMed]

	



Borrett, D.; Becker, L.E. Alexander’s disease. A disease of astrocytes. Brain 1985, 108 Pt 2, 367–385. [Google Scholar] [CrossRef] [PubMed]

	



Messing, A.; Head, M.W.; Galles, K.; Galbreath, E.J.; Goldman, J.E.; Brenner, M. Fatal encephalopathy with astrocyte inclusions in GFAP transgenic mice. Am. J. Pathol. 1998, 152, 391–398. [Google Scholar] [PubMed]

	



Hagemann, T.L.; Connor, J.X.; Messing, A. Alexander disease-associated glial fibrillary acidic protein mutations in mice induce Rosenthal fiber formation and a white matter stress response. J. Neurosci. 2006, 26, 11162–11173. [Google Scholar] [CrossRef]

	



Messing, A. Refining the concept of GFAP toxicity in Alexander disease. J. Neurodev. Disord. 2019, 11, 27. [Google Scholar] [CrossRef]

	



Giacometti, E.; Luikenhuis, S.; Beard, C.; Jaenisch, R. Partial rescue of MeCP2 deficiency by postnatal activation of MeCP2. Proc. Natl. Acad. Sci. USA 2007, 104, 1931–1936. [Google Scholar] [CrossRef] [PubMed]

	



Peron, A.; Canevini, M.P.; Ghelma, F.; Arancio, R.; Savini, M.N.; Vignoli, A. Phenotypes in adult patients with Rett syndrome: Results of a 13-year experience and insights into healthcare transition. J. Med. Genet. 2020. [Google Scholar] [CrossRef]

	



Luikenhuis, S.; Giacometti, E.; Beard, C.F.; Jaenisch, R. Expression of MeCP2 in postmitotic neurons rescues Rett syndrome in mice. Proc. Natl. Acad. Sci. USA 2004, 101, 6033–6038. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, A.; Winarni, T.I.; Cabal-Herrera, A.M.; Bacalman, S.; Gane, L.; Hagerman, P.; Tassone, F.; Hagerman, R. Elevated FMR1-mRNA and lowered FMRP—A double-hit mechanism for psychiatric features in men with FMR1 premutations. Transl. Psychiatry 2020, 10, 205. [Google Scholar] [CrossRef] [PubMed]

	



Saldarriaga, W.; Tassone, F.; González-Teshima, L.Y.; Forero-Forero, J.V.; Ayala-Zapata, S.; Hagerman, R. Fragile X syndrome. Colomb. Med. 2014, 45, 190–198. [Google Scholar] [CrossRef]

	



Sitzmann, A.F.; Hagelstrom, R.T.; Tassone, F.; Hagerman, R.J.; Butler, M.G. Rare FMR1 gene mutations causing fragile X syndrome: A review. Am. J. Med. Genet. A 2018, 176, 11–18. [Google Scholar] [CrossRef]

	



Dionne, O.; Corbin, F. A new strategy to uncover fragile X proteomic biomarkers using the nascent proteome of peripheral blood mononuclear cells (PBMCs). Sci. Rep. 2021, 11, 15148. [Google Scholar] [CrossRef]

	



Coulter, D.A.; Steinhäuser, C. Role of astrocytes in epilepsy. Cold Spring Harb. Perspect. Med. 2015, 5, a022434. [Google Scholar] [CrossRef]

	



Peterson, A.R.; Binder, D.K. Astrocyte Glutamate Uptake and Signaling as Novel Targets for Antiepileptogenic Therapy. Front. Neurol. 2020, 11, 1006. [Google Scholar] [CrossRef]

	



Umpierre, A.D.; West, P.J.; White, J.A.; Wilcox, K.S. Conditional Knock-out of mGluR5 from Astrocytes during Epilepsy Development Impairs High-Frequency Glutamate Uptake. J. Neurosci. 2019, 39, 727–742. [Google Scholar] [CrossRef]

	



Uhlmann, E.J.; Wong, M.; Baldwin, R.L.; Bajenaru, M.L.; Onda, H.; Kwiatkowski, D.J.; Yamada, K.; Gutmann, D.H. Astrocyte-specific TSC1 conditional knockout mice exhibit abnormal neuronal organization and seizures. Ann. Neurol. 2002, 52, 285–296. [Google Scholar] [CrossRef]

	



Sun, D.; Tan, Z.-B.; Sun, X.-D.; Liu, Z.-P.; Chen, W.-B.; Milibari, L.; Ren, X.; Yao, L.-L.; Lee, D.; Shen, C.; et al. Hippocampal astrocytic neogenin regulating glutamate uptake, a critical pathway for preventing epileptic response. Proc. Natl. Acad. Sci. USA 2021, 118, e2022921118. [Google Scholar] [CrossRef]

	



Pekny, M.; Johansson, C.B.; Eliasson, C.; Stakeberg, J.; Wallén, A.; Perlmann, T.; Lendahl, U.; Betsholtz, C.; Berthold, C.H.; Frisén, J. Abnormal reaction to central nervous system injury in mice lacking glial fibrillary acidic protein and vimentin. J. Cell Biol. 1999, 145, 503–514. [Google Scholar] [CrossRef]

	



Raponi, E.; Agenes, F.; Delphin, C.; Assard, N.; Baudier, J.; Legraverend, C.; Deloulme, J.-C. S100B expression defines a state in which GFAP-expressing cells lose their neural stem cell potential and acquire a more mature developmental stage. Glia 2007, 55, 165–177. [Google Scholar] [CrossRef] [PubMed]

	



Cahoy, J.D.; Emery, B.; Kaushal, A.; Foo, L.C.; Zamanian, J.L.; Christopherson, K.S.; Xing, Y.; Lubischer, J.L.; Krieg, P.A.; Krupenko, S.A.; et al. A transcriptome database for astrocytes, neurons, and oligodendrocytes: A new resource for understanding brain development and function. J. Neurosci. 2008, 28, 264–278. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Cornwell, A.; Li, J.; Peng, S.; Osorio, M.J.; Aalling, N.; Wang, S.; Benraiss, A.; Lou, N.; Goldman, S.A.; et al. SOX9 Is an Astrocyte-Specific Nuclear Marker in the Adult Brain Outside the Neurogenic Regions. J. Neurosci. 2017, 37, 4493–4507. [Google Scholar] [CrossRef] [PubMed]

	



Rothstein, J.D.; Martin, L.; Levey, A.I.; Dykes-Hoberg, M.; Jin, L.; Wu, D.; Nash, N.; Kuncl, R.W. Localization of neuronal and glial glutamate transporters. Neuron 1994, 13, 713–725. [Google Scholar] [CrossRef]

	



Nielsen, S.; Nagelhus, E.A.; Amiry-Moghaddam, M.; Bourque, C.; Agre, P.; Ottersen, O.P. Specialized membrane domains for water transport in glial cells: High-resolution immunogold cytochemistry of aquaporin-4 in rat brain. J. Neurosci. 1997, 17, 171–180. [Google Scholar] [CrossRef]

	



Bushong, E.A.; Martone, M.E.; Jones, Y.Z.; Ellisman, M.H. Protoplasmic astrocytes in CA1 stratum radiatum occupy separate anatomical domains. J. Neurosci. 2002, 22, 183–192. [Google Scholar] [CrossRef]

	



Ke, R.; Mignardi, M.; Pacureanu, A.; Svedlund, J.; Botling, J.; Wählby, C.; Nilsson, M. In situ sequencing for RNA analysis in preserved tissue and cells. Nat. Methods 2013, 10, 857–860. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Allen, W.E.; Wright, M.A.; Sylwestrak, E.L.; Samusik, N.; Vesuna, S.; Evans, K.; Liu, C.; Ramakrishnan, C.; Liu, J.; et al. Three-dimensional intact-tissue sequencing of single-cell transcriptional states. Science 2018, 361, eaat5691. [Google Scholar] [CrossRef] [PubMed]

	



Lubeck, E.; Cai, L. Single-cell systems biology by super-resolution imaging and combinatorial labeling. Nat. Methods 2012, 9, 743–748. [Google Scholar] [CrossRef] [PubMed]

	



Maynard, K.R.; Tippani, M.; Takahashi, Y.; Phan, B.N.; Hyde, T.M.; Jaffe, A.E.; Martinowich, K. dotdotdot: An automated approach to quantify multiplex single molecule fluorescent in situ hybridization (smFISH) images in complex tissues. Nucleic Acids Res. 2020, 48, e66. [Google Scholar] [CrossRef] [PubMed]

	



Shah, S.; Lubeck, E.; Zhou, W.; Cai, L. In Situ Transcription Profiling of Single Cells Reveals Spatial Organization of Cells in the Mouse Hippocampus. Neuron 2016, 92, 342–357. [Google Scholar] [CrossRef]

	



Codeluppi, S.; Borm, L.E.; Zeisel, A.; La Manno, G.; van Lunteren, J.A.; Svensson, C.I.; Linnarsson, S. Spatial organization of the somatosensory cortex revealed by osmFISH. Nat. Methods 2018, 15, 932–935. [Google Scholar] [CrossRef]

	



Park, J.; Choi, W.; Tiesmeyer, S.; Long, B.; Borm, L.E.; Garren, E.; Nguyen, T.N.; Tasic, B.; Codeluppi, S.; Graf, T.; et al. Cell segmentation-free inference of cell types from in situ transcriptomics data. Nat. Commun. 2021, 12, 3545. [Google Scholar] [CrossRef]

	



Yu, X.; Nagai, J.; Khakh, B.S. Improved tools to study astrocytes. Nat. Rev. Neurosci. 2020, 21, 121–138. [Google Scholar] [CrossRef]

	



Garcia, A.D.R.; Doan, N.B.; Imura, T.; Bush, T.G.; Sofroniew, M.V. GFAP-expressing progenitors are the principal source of constitutive neurogenesis in adult mouse forebrain. Nat. Neurosci. 2004, 7, 1233–1241. [Google Scholar] [CrossRef]

	



Srinivasan, R.; Lu, T.-Y.; Chai, H.; Xu, J.; Huang, B.S.; Golshani, P.; Coppola, G.; Khakh, B.S. New Transgenic Mouse Lines for Selectively Targeting Astrocytes and Studying Calcium Signals in Astrocyte Processes In Situ and In Vivo. Neuron 2016, 92, 1181–1195. [Google Scholar] [CrossRef]

	



Winchenbach, J.; Düking, T.; Berghoff, S.A.; Stumpf, S.K.; Hülsmann, S.; Nave, K.-A.; Saher, G. Inducible targeting of CNS astrocytes in Aldh1l1-CreERT2 BAC transgenic mice. F1000Research 2016, 5, 2934. [Google Scholar] [CrossRef]

	



Mori, T.; Tanaka, K.; Buffo, A.; Wurst, W.; Kühn, R.; Götz, M. Inducible gene deletion in astroglia and radial glia—A valuable tool for functional and lineage analysis. Glia 2006, 54, 21–34. [Google Scholar] [CrossRef] [PubMed]

	



Slezak, M.; Göritz, C.; Niemiec, A.; Frisén, J.; Chambon, P.; Metzger, D.; Pfrieger, F.W. Transgenic mice for conditional gene manipulation in astroglial cells. Glia 2007, 55, 1565–1576. [Google Scholar] [CrossRef]

	



Tanaka, M.; Yamaguchi, K.; Tatsukawa, T.; Nishioka, C.; Nishiyama, H.; Theis, M.; Willecke, K.; Itohara, S. Lack of Connexin43-mediated bergmann glial gap junctional coupling does not affect cerebellar long-term depression, motor coordination, or eyeblink conditioning. Front. Behav. Neurosci. 2008, 2, 1. [Google Scholar] [CrossRef] [PubMed]

	



Young, K.M.; Mitsumori, T.; Pringle, N.; Grist, M.; Kessaris, N.; Richardson, W.D. An Fgfr3-iCreER(T2) transgenic mouse line for studies of neural stem cells and astrocytes. Glia 2010, 58, 943–953. [Google Scholar] [CrossRef] [PubMed]

	



Hara, T.; Verma, I.M. Modeling Gliomas Using Two Recombinases. Cancer Res. 2019, 79, 3983–3991. [Google Scholar] [CrossRef]

	



Pascual, O.; Casper, K.B.; Kubera, C.; Zhang, J.; Revilla-Sanchez, R.; Sul, J.-Y.; Takano, H.; Moss, S.J.; McCarthy, K.; Haydon, P.G. Astrocytic purinergic signaling coordinates synaptic networks. Science 2005, 310, 113–116. [Google Scholar] [CrossRef]

	



Yang, Y.; Vidensky, S.; Jin, L.; Jie, C.; Lorenzini, I.; Frankl, M.; Rothstein, J.D. Molecular comparison of GLT1+ and ALDH1L1+ astrocytes in vivo in astroglial reporter mice. Glia 2011, 59, 200–207. [Google Scholar] [CrossRef] [PubMed]

	



Tien, A.-C.; Tsai, H.-H.; Molofsky, A.V.; McMahon, M.; Foo, L.C.; Kaul, A.; Dougherty, J.D.; Heintz, N.; Gutmann, D.H.; Barres, B.A.; et al. Regulated temporal-spatial astrocyte precursor cell proliferation involves BRAF signalling in mammalian spinal cord. Development 2012, 139, 2477–2487. [Google Scholar] [CrossRef]

	



Nagai, J.; Rajbhandari, A.K.; Gangwani, M.R.; Hachisuka, A.; Coppola, G.; Masmanidis, S.C.; Fanselow, M.S.; Khakh, B.S. Hyperactivity with Disrupted Attention by Activation of an Astrocyte Synaptogenic Cue. Cell 2019, 177, 1280–1292.e20. [Google Scholar] [CrossRef]

	



Yu, X.; Taylor, A.M.W.; Nagai, J.; Golshani, P.; Evans, C.J.; Coppola, G.; Khakh, B.S. Reducing Astrocyte Calcium Signaling In Vivo Alters Striatal Microcircuits and Causes Repetitive Behavior. Neuron 2018, 99, 1170–1187.e9. [Google Scholar] [CrossRef]

	



Hamabe-Horiike, T.; Kawasaki, K.; Sakashita, M.; Ishizu, C.; Yoshizaki, T.; Harada, S.-I.; Ogawa-Ochiai, K.; Shinmyo, Y.; Kawasaki, H. Glial cell type-specific gene expression in the mouse cerebrum using the piggyBac system and in utero electroporation. Sci. Rep. 2021, 11, 4864. [Google Scholar] [CrossRef]

	



Siddiqi, F.; Chen, F.; Aron, A.W.; Fiondella, C.G.; Patel, K.; LoTurco, J.J. Fate mapping by piggyBac transposase reveals that neocortical GLAST+ progenitors generate more astrocytes than Nestin+ progenitors in rat neocortex. Cereb. Cortex 2014, 24, 508–520. [Google Scholar] [CrossRef]

	



Loulier, K.; Barry, R.; Mahou, P.; Le Franc, Y.; Supatto, W.; Matho, K.S.; Ieng, S.; Fouquet, S.; Dupin, E.; Benosman, R.; et al. Multiplex cell and lineage tracking with combinatorial labels. Neuron 2014, 81, 505–520. [Google Scholar] [CrossRef] [PubMed]

	



Clavreul, S.; Abdeladim, L.; Hernández-Garzón, E.; Niculescu, D.; Durand, J.; Ieng, S.-H.; Barry, R.; Bonvento, G.; Beaurepaire, E.; Livet, J.; et al. Cortical astrocytes develop in a plastic manner at both clonal and cellular levels. Nat. Commun. 2019, 10, 4884. [Google Scholar] [CrossRef] [PubMed]

	



Livet, J.; Weissman, T.A.; Kang, H.; Draft, R.W.; Lu, J.; Bennis, R.A.; Sanes, J.R.; Lichtman, J.W. Transgenic strategies for combinatorial expression of fluorescent proteins in the nervous system. Nature 2007, 450, 56–62. [Google Scholar] [CrossRef] [PubMed]

	



Abdeladim, L.; Matho, K.S.; Clavreul, S.; Mahou, P.; Sintes, J.-M.; Solinas, X.; Arganda-Carreras, I.; Turney, S.G.; Lichtman, J.W.; Chessel, A.; et al. Multicolor multiscale brain imaging with chromatic multiphoton serial microscopy. Nat. Commun. 2019, 10, 1662. [Google Scholar] [CrossRef]

	



García-Marqués, J.; López-Mascaraque, L. Clonal identity determines astrocyte cortical heterogeneity. Cereb. Cortex 2013, 23, 1463–1472. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez-González, R.; Salvador, N.; López-Mascaraque, L. Unraveling the adult cell progeny of early postnatal progenitor cells. Sci. Rep. 2020, 10, 19058. [Google Scholar] [CrossRef] [PubMed]

	



Figueres-Oñate, M.; Sánchez-Villalón, M.; Sánchez-González, R.; López-Mascaraque, L. Lineage Tracing and Cell Potential of Postnatal Single Progenitor Cells In Vivo. Stem Cell Rep. 2019, 13, 700–712. [Google Scholar] [CrossRef]

	



Kumamoto, T.; Maurinot, F.; Barry-Martinet, R.; Vaslin, C.; Vandormael-Pournin, S.; Le, M.; Lerat, M.; Niculescu, D.; Cohen-Tannoudji, M.; Rebsam, A.; et al. Direct Readout of Neural Stem Cell Transgenesis with an Integration-Coupled Gene Expression Switch. Neuron 2020, 107, 617–630.e6. [Google Scholar] [CrossRef] [PubMed]

	



García-Moreno, F.; Vasistha, N.A.; Begbie, J.; Molnár, Z. CLoNe is a new method to target single progenitors and study their progeny in mouse and chick. Development 2014, 141, 1589–1598. [Google Scholar] [CrossRef] [PubMed]

	



Takano, T.; Wallace, J.T.; Baldwin, K.T.; Purkey, A.M.; Uezu, A.; Courtland, J.L.; Soderblom, E.J.; Shimogori, T.; Maness, P.F.; Eroglu, C.; et al. Chemico-genetic discovery of astrocytic control of inhibition in vivo. Nature 2020, 588, 296–302. [Google Scholar] [CrossRef] [PubMed]

	



Adamsky, A.; Kol, A.; Kreisel, T.; Doron, A.; Ozeri-Engelhard, N.; Melcer, T.; Refaeli, R.; Horn, H.; Regev, L.; Groysman, M.; et al. Astrocytic Activation Generates De Novo Neuronal Potentiation and Memory Enhancement. Cell 2018, 174, 59–71.e14. [Google Scholar] [CrossRef] [PubMed]

	



Beppu, K.; Sasaki, T.; Tanaka, K.F.; Yamanaka, A.; Fukazawa, Y.; Shigemoto, R.; Matsui, K. Optogenetic countering of glial acidosis suppresses glial glutamate release and ischemic brain damage. Neuron 2014, 81, 314–320. [Google Scholar] [CrossRef]

	



Nimmerjahn, A.; Kirchhoff, F.; Kerr, J.N.D.; Helmchen, F. Sulforhodamine 101 as a specific marker of astroglia in the neocortex in vivo. Nat. Methods 2004, 1, 31–37. [Google Scholar] [CrossRef]

	



Schulz, M.; Hamprecht, B.; Kleinkauf, H.; Bauer, K. Peptide uptake by astroglia-rich brain cultures. J. Neurochem. 1987, 49, 748–755. [Google Scholar] [CrossRef] [PubMed]

	



Preston, A.N.; Farr, J.D.; O’Neill, B.K.; Thompson, K.K.; Tsirka, S.E.; Laughlin, S.T. Visualizing the Brain’s Astrocytes with Diverse Chemical Scaffolds. ACS Chem. Biol. 2018, 13, 1493–1498. [Google Scholar] [CrossRef]

	



Rasmussen, R.; Nedergaard, M.; Petersen, N.C. Sulforhodamine 101, a widely used astrocyte marker, can induce cortical seizure-like activity at concentrations commonly used. Sci. Rep. 2016, 6, 30433. [Google Scholar] [CrossRef]

	



Shigetomi, E.; Patel, S.; Khakh, B.S. Probing the Complexities of Astrocyte Calcium Signaling. Trends Cell Biol. 2016, 26, 300–312. [Google Scholar] [CrossRef] [PubMed]

	



Le Bihan, D.; Iima, M. Diffusion Magnetic Resonance Imaging: What Water Tells Us about Biological Tissues. PLoS Biol. 2015, 13, e1002203. [Google Scholar] [CrossRef]

	



Le Bihan, D.; Breton, E.; Lallemand, D.; Grenier, P.; Cabanis, E.; Laval-Jeantet, M. MR imaging of intravoxel incoherent motions: Application to diffusion and perfusion in neurologic disorders. Radiology 1986, 161, 401–407. [Google Scholar] [CrossRef] [PubMed]

	



Le Bihan, D. Apparent diffusion coefficient and beyond: What diffusion MR imaging can tell us about tissue structure. Radiology 2013, 268, 318–322. [Google Scholar] [CrossRef] [PubMed]

	



Abe, Y.; Van Nguyen, K.; Tsurugizawa, T.; Ciobanu, L.; Le Bihan, D. Modulation of water diffusion by activation-induced neural cell swelling in Aplysia Californica. Sci. Rep. 2017, 7, 6178. [Google Scholar] [CrossRef]

	



Jelescu, I.O.; Ciobanu, L.; Geffroy, F.; Marquet, P.; Le Bihan, D. Effects of hypotonic stress and ouabain on the apparent diffusion coefficient of water at cellular and tissue levels in Aplysia. NMR Biomed. 2014, 27, 280–290. [Google Scholar] [CrossRef]

	



Flint, J.; Hansen, B.; Vestergaard-Poulsen, P.; Blackband, S.J. Diffusion weighted magnetic resonance imaging of neuronal activity in the hippocampal slice model. Neuroimage 2009, 46, 411–418. [Google Scholar] [CrossRef]

	



Walch, E.; Murphy, T.R.; Cuvelier, N.; Aldoghmi, M.; Morozova, C.; Donohue, J.; Young, G.; Samant, A.; Garcia, S.; Alvarez, C.; et al. Astrocyte-Selective Volume Increase in Elevated Extracellular Potassium Conditions Is Mediated by the Na+/K+ ATPase and Occurs Independently of Aquaporin 4. ASN Neuro 2020, 12, 1759091420967152. [Google Scholar] [CrossRef] [PubMed]

	



Jayakumar, A.R.; Norenberg, M.D. The Na-K-Cl Co-transporter in astrocyte swelling. Metab. Brain Dis. 2010, 25, 31–38. [Google Scholar] [CrossRef] [PubMed]

	



Murakami, S.; Kurachi, Y. Mechanisms of astrocytic K+ clearance and swelling under high extracellular K+ concentrations. J. Physiol. Sci. 2016, 66, 127–142. [Google Scholar] [CrossRef]

	



Nwaobi, S.E.; Cuddapah, V.A.; Patterson, K.C.; Randolph, A.C.; Olsen, M.L. The role of glial-specific Kir4.1 in normal and pathological states of the CNS. Acta Neuropathol. 2016, 132, 1–21. [Google Scholar] [CrossRef]

	



Florence, C.M.; Baillie, L.D.; Mulligan, S.J. Dynamic volume changes in astrocytes are an intrinsic phenomenon mediated by bicarbonate ion flux. PLoS ONE 2012, 7, e51124. [Google Scholar] [CrossRef]

	



Woo, J.; Jang, M.W.; Lee, J.; Koh, W.; Mikoshiba, K.; Lee, C.J. The molecular mechanism of synaptic activity-induced astrocytic volume transient. J. Physiol. 2020, 598, 4555–4572. [Google Scholar] [CrossRef]

	



Mestre, H.; Hablitz, L.M.; Xavier, A.L.; Feng, W.; Zou, W.; Pu, T.; Monai, H.; Murlidharan, G.; Castellanos Rivera, R.M.; Simon, M.J.; et al. Aquaporin-4-dependent glymphatic solute transport in the rodent brain. eLife 2018, 7, e40070. [Google Scholar] [CrossRef] [PubMed]

	



Badaut, J.; Ashwal, S.; Adami, A.; Tone, B.; Recker, R.; Spagnoli, D.; Ternon, B.; Obenaus, A. Brain water mobility decreases after astrocytic aquaporin-4 inhibition using RNA interference. J. Cereb. Blood Flow Metab. 2011, 31, 819–831. [Google Scholar] [CrossRef] [PubMed]

	



Komaki, Y.; Debacker, C.; Djemai, B.; Ciobanu, L.; Tsurugizawa, T.; Le Bihan, D. Differential effects of aquaporin-4 channel inhibition on BOLD fMRI and diffusion fMRI responses in mouse visual cortex. PLoS ONE 2020, 15, e0228759. [Google Scholar] [CrossRef]

	



Benesova, J.; Hock, M.; Butenko, O.; Prajerova, I.; Anderova, M.; Chvatal, A. Quantification of astrocyte volume changes during ischemia in situ reveals two populations of astrocytes in the cortex of GFAP/EGFP mice. J. Neurosci. Res. 2009, 87, 96–111. [Google Scholar] [CrossRef]

	



Morizawa, Y.M.; Hirayama, Y.; Ohno, N.; Shibata, S.; Shigetomi, E.; Sui, Y.; Nabekura, J.; Sato, K.; Okajima, F.; Takebayashi, H.; et al. Reactive astrocytes function as phagocytes after brain ischemia via ABCA1-mediated pathway. Nat. Commun. 2017, 8, 28. [Google Scholar] [CrossRef]

	



Li, L.; Lundkvist, A.; Andersson, D.; Wilhelmsson, U.; Nagai, N.; Pardo, A.C.; Nodin, C.; Ståhlberg, A.; Aprico, K.; Larsson, K.; et al. Protective role of reactive astrocytes in brain ischemia. J. Cereb. Blood Flow Metab. 2008, 28, 468–481. [Google Scholar] [CrossRef]

	



Murphy, T.R.; Binder, D.K.; Fiacco, T.A. Turning down the volume: Astrocyte volume change in the generation and termination of epileptic seizures. Neurobiol. Dis. 2017, 104, 24–32. [Google Scholar] [CrossRef] [PubMed]

	



Wetherington, J.; Serrano, G.; Dingledine, R. Astrocytes in the epileptic brain. Neuron 2008, 58, 168–178. [Google Scholar] [CrossRef]

	



Röther, J.; de Crespigny, A.J.; D’Arceuil, H.; Mosley, M.E. MR detection of cortical spreading depression immediately after focal ischemia in the rat. J. Cereb. Blood Flow Metab. 1996, 16, 214–220. [Google Scholar] [CrossRef] [PubMed]

	



Arimura, D.; Shinohara, K.; Takahashi, Y.; Sugimura, Y.K.; Sugimoto, M.; Tsurugizawa, T.; Marumo, K.; Kato, F. Primary Role of the Amygdala in Spontaneous Inflammatory Pain-Associated Activation of Pain Networks—A Chemogenetic Manganese-Enhanced MRI Approach. Front. Neural Circuits 2019, 13, 58. [Google Scholar] [CrossRef] [PubMed]

	



Silva, A.C.; Lee, J.H.; Aoki, I.; Koretsky, A.P. Manganese-enhanced magnetic resonance imaging (MEMRI): Methodological and practical considerations. NMR Biomed. 2004, 17, 532–543. [Google Scholar] [CrossRef] [PubMed]

	



Chan, K.C.; Zhou, I.Y.; Liu, S.S.; van der Merwe, Y.; Fan, S.-J.; Hung, V.K.; Chung, S.K.; Wu, W.-T.; So, K.-F.; Wu, E.X. Longitudinal Assessments of Normal and Perilesional Tissues in Focal Brain Ischemia and Partial Optic Nerve Injury with Manganese-enhanced MRI. Sci. Rep. 2017, 7, 43124. [Google Scholar] [CrossRef]

	



Erikson, K.M.; Aschner, M. Increased manganese uptake by primary astrocyte cultures with altered iron status is mediated primarily by divalent metal transporter. Neurotoxicology 2006, 27, 125–130. [Google Scholar] [CrossRef]

	



Droguerre, M.; Tsurugizawa, T.; Duchêne, A.; Portal, B.; Guiard, B.P.; Déglon, N.; Rouach, N.; Hamon, M.; Mouthon, F.; Ciobanu, L.; et al. A New Tool for In Vivo Study of Astrocyte Connexin 43 in Brain. Sci. Rep. 2019, 9, 18292. [Google Scholar] [CrossRef]

	



Morcillo, P.; Cordero, H.; Ijomone, O.M.; Ayodele, A.; Bornhorst, J.; Gunther, L.; Macaluso, F.P.; Bowman, A.B.; Aschner, M. Defective Mitochondrial Dynamics Underlie Manganese-Induced Neurotoxicity. Mol. Neurobiol. 2021, 58, 3270–3289. [Google Scholar] [CrossRef]

	



Harischandra, D.S.; Ghaisas, S.; Zenitsky, G.; Jin, H.; Kanthasamy, A.; Anantharam, V.; Kanthasamy, A.G. Manganese-Induced Neurotoxicity: New Insights into the Triad of Protein Misfolding, Mitochondrial Impairment, and Neuroinflammation. Front. Neurosci. 2019, 13, 654. [Google Scholar] [CrossRef]

	



Sarkar, S.; Malovic, E.; Harischandra, D.S.; Ngwa, H.A.; Ghosh, A.; Hogan, C.; Rokad, D.; Zenitsky, G.; Jin, H.; Anantharam, V.; et al. Manganese exposure induces neuroinflammation by impairing mitochondrial dynamics in astrocytes. Neurotoxicology 2018, 64, 204–218. [Google Scholar] [CrossRef]

	



Cloyd, R.; Vandsburger, M.; Abisambra, J.F. A new opportunity for MEMRI. Aging 2017, 9, 1855–1856. [Google Scholar] [CrossRef]

	



Cloyd, R.A.; Koren, S.A.; Abisambra, J.F. Manganese-Enhanced Magnetic Resonance Imaging: Overview and Central Nervous System Applications with a Focus on Neurodegeneration. Front. Aging Neurosci. 2018, 10, 403. [Google Scholar] [CrossRef]

	



Karlsson, J.O.G.; Kurz, T.; Flechsig, S.; Näsström, J.; Andersson, R.G. Superior therapeutic index of calmangafodipir in comparison to mangafodipir as a chemotherapy adjunct. Transl. Oncol. 2012, 5, 492–502. [Google Scholar] [CrossRef] [PubMed]

	



Ogawa, S.; Lee, T.M.; Kay, A.R.; Tank, D.W. Brain magnetic resonance imaging with contrast dependent on blood oxygenation. Proc. Natl. Acad. Sci. USA 1990, 87, 9868–9872. [Google Scholar] [CrossRef]

	



Macé, E.; Montaldo, G.; Cohen, I.; Baulac, M.; Fink, M.; Tanter, M. Functional ultrasound imaging of the brain. Nat. Methods 2011, 8, 662–664. [Google Scholar] [CrossRef] [PubMed]

	



Tsurugizawa, T.; Djemai, B.; Zalesky, A. The impact of fasting on resting state brain networks in mice. Sci. Rep. 2019, 9, 2976. [Google Scholar] [CrossRef] [PubMed]

	



Glerean, E.; Salmi, J.; Lahnakoski, J.M.; Jääskeläinen, I.P.; Sams, M. Functional magnetic resonance imaging phase synchronization as a measure of dynamic functional connectivity. Brain Connect. 2012, 2, 91–101. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Sobczak, F.; Chen, Y.; Jiang, Y.; Qian, C.; Lu, Z.; Ayata, C.; Logothetis, N.K.; Yu, X. Mapping optogenetically-driven single-vessel fMRI with concurrent neuronal calcium recordings in the rat hippocampus. Nat. Commun. 2019, 10, 5239. [Google Scholar] [CrossRef]

	



Nakamura, Y.; Nakamura, Y.; Pelosi, A.; Djemai, B.; Debacker, C.; Hervé, D.; Girault, J.-A.; Tsurugizawa, T. fMRI detects bilateral brain network activation following unilateral chemogenetic activation of direct striatal projection neurons. Neuroimage 2020, 220, 117079. [Google Scholar] [CrossRef]

	



Wang, M.; He, Y.; Sejnowski, T.J.; Yu, X. Brain-state dependent astrocytic Ca2+ signals are coupled to both positive and negative BOLD-fMRI signals. Proc. Natl. Acad. Sci. USA 2018, 115, E1647–E1656. [Google Scholar] [CrossRef]

	



Takata, N.; Sugiura, Y.; Yoshida, K.; Koizumi, M.; Hiroshi, N.; Honda, K.; Yano, R.; Komaki, Y.; Matsui, K.; Suematsu, M.; et al. Optogenetic astrocyte activation evokes BOLD fMRI response with oxygen consumption without neuronal activity modulation. Glia 2018, 66, 2013–2023. [Google Scholar] [CrossRef]

	



Duong, M.T.; Chen, Y.J.; Doot, R.K.; Young, A.J.; Lee, H.; Cai, J.; Pilania, A.; Wolk, D.A.; Nasrallah, I.M. Astrocyte activation imaging with 11C-acetate and amyloid PET in mild cognitive impairment due to Alzheimer pathology. Nucl. Med. Commun. 2021. [Google Scholar] [CrossRef]

	



Edison, P.; Donat, C.K.; Sastre, M. In vivo Imaging of Glial Activation in Alzheimer’s Disease. Front. Neurol. 2018, 9, 625. [Google Scholar] [CrossRef]

	



Ji, B.; Ono, M.; Yamasaki, T.; Fujinaga, M.; Zhang, M.-R.; Seki, C.; Aoki, I.; Kito, S.; Sawada, M.; Suhara, T.; et al. Detection of Alzheimer’s disease-related neuroinflammation by a PET ligand selective for glial versus vascular translocator protein. J. Cereb. Blood Flow Metab. 2021, 41, 2076–2089. [Google Scholar] [CrossRef] [PubMed]

	



Carter, S.F.; Schöll, M.; Almkvist, O.; Wall, A.; Engler, H.; Långström, B.; Nordberg, A. Evidence for astrocytosis in prodromal Alzheimer disease provided by 11C-deuterium-L-deprenyl: A multitracer PET paradigm combining 11C-Pittsburgh compound B and 18F-FDG. J. Nucl. Med. 2012, 53, 37–46. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Vieitez, E.; Carter, S.F.; Chiotis, K.; Saint-Aubert, L.; Leuzy, A.; Schöll, M.; Almkvist, O.; Wall, A.; Långström, B.; Nordberg, A. Comparison of Early-Phase 11C-Deuterium-l-Deprenyl and 11C-Pittsburgh Compound B PET for Assessing Brain Perfusion in Alzheimer Disease. J. Nucl. Med. 2016, 57, 1071–1077. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, A.; Koistinen, N.A.; Malarte, M.-L.; Nennesmo, I.; Ingelsson, M.; Ghetti, B.; Lemoine, L.; Nordberg, A. Astroglial tracer BU99008 detects multiple binding sites in Alzheimer’s disease brain. Mol. Psychiatry 2021, 1–15. [Google Scholar] [CrossRef]








[image: Ijms 22 10312 g001 550] 





Figure 1. Schematic figure of the neurovascular coupling. Astrocytes and neurons intimately regulate the vasodilation and vasoconstriction of arterioles. AA, arachidonic acid; COX-1, cyclooxygenase-1; CSF, cerebrospinal fluid; EET, epoxyeicosatrienoic acids; GluT, glutamate/Na+-cotransporter; GluR, glutamate receptor; 20-HETE, 20-hydroxyeicosatetraenoic acid; IP3, inositol 1,4,5-trisphosphate; ISF, interstitial flow; Kir4.1, inward-rectifier potassium channels; NO, nitrogen oxide; nNOS, neuronal nitric oxide synthase. 
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Figure 2. Schematic diagram of the glymphatic system. Astrocyte endfeet regulate the influx and efflux of CSF through aquaporin-4. This interstitial flow contributes to the clearance of waste, including amyloid-β and tau protein (red circles). AQP4, aquaporin-4; CSF, cerebrospinal fluid. 
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Figure 3. Transposon-based astrocyte visualization. Summary of genetic tools using piggyBac and Tol2 transposons. A summary of the plasmids and the timing of the experiments under investigation in the respective studies. 5′PB, 5′piggyBac terminal repeat; 3′PB, 3′piggyBac terminal repeat; 5′Tol2, 5′Tol2 terminal repeat; 3′Tol2, 3′Tol2 terminal repeat. XFPs denote each fluorescent protein included in the paper. 
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Figure 4. Possibility of astrocyte markers by diffusion MRI and MEMRI. (A) Non-Gaussian distribution of water diffusion depends on the extracellular space, which is altered by astrocyte volume change. ECS, extracellular space. Lower images are representative images of diffusion MRI with b = 50, 1000, and 1800 s/mm2, respectively. Images were acquired using an 11.7 T MRI system (Bruker, Germany). The b-value is an artificial factor that reflects the strength and timing of the gradients to generate water diffusion-weighted images. Higher b-values (>1800 s/mm2) signify water diffusion within the smaller space involving ECS. (B) Hypothesis of manganese accumulation in astrocytes via connexin 43 (Cx43). Lower images are representative images of MEMRI performed using an 11.7 T MRI system (Bruker, Germany). Scale bar indicates 1 mm. 
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