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Abstract

:

Astrocyte dysfunctions have been consistently observed in patients affected with depression and other psychiatric illnesses. Although over the years our understanding of these changes, their origin, and their consequences on behavior and neuronal function has deepened, many aspects of the role of astroglial dysfunction in major depressive disorder (MDD) and post-traumatic stress disorder (PTSD) remain unknown. In this review, we summarize the known astroglial dysfunctions associated with MDD and PTSD, highlight the impact of chronic stress on specific astroglial functions, and how astroglial dysfunctions are implicated in the expression of depressive- and anxiety-like behaviors, focusing on behavioral consequences of astroglial manipulation on emotion-related and fear-learning behaviors. We also offer a glance at potential astroglial functions that can be targeted for potential antidepressant treatment.
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1. Introduction


Astroglia cells are the most populous glial subtype in the CNS. They are named for their star-shaped appearance consisting of a central soma with numerous protruding perisynaptic astrocytic processes and end feet that contact blood vessels [1,2]. Before the turn of the 19th century, astroglia was considered a homogenous cell type that performed a supportive and structural “glue” role in the CNS [3]. However, it is now understood that astrocytes are an extremely heterogeneous population of cells that have diverse roles, including blood/brain homeostatic maintenance, ion–water homeostasis, synapse development, and neurotransmitter metabolism and regulation of neurotransmission as part of the tripartite synapse [4] (Figure 1). Indeed, within a brain region and between brain regions, this class of neuroglial cells are highly heterogeneous in morphology and are unified by their common origin and functions [5,6,7]. The astroglial functions and subtypes can vary significantly based on the size, morphology, and transcriptomic profile. However, they maintain ~850 consistent genes, with functions related to metabolism, cholesterol biosynthesis, and neurotransmitter uptake and biosynthesis [6,8].



Astrocytes can generally be divided into two subpopulations: protoplasmic and fibrous. Protoplasmic astrocytes are located throughout the gray matter and have a morphological pattern of uniformly distributed stem branches, with many finely branching processes that envelop synapses [9,10]. They typically express S100 calcium-binding protein B (S100B) and/or glial fibrillary acidic protein (GFAP) [7]. Interestingly, S100B in gray matter is specific to astrocytes, but in white matter, it can also be found in myelinating oligodendrocytes [11]. On the other hand, GFAP is specific to astrocytes [12] and is found in both gray and white matter, with significantly higher levels in white-matter astrocytes [13]. This makes GFAP a more specific marker or promotor (compared to S100B) to investigate or manipulate astroglia for research.



Further defining astroglia into reactive and non-reactive astrocytes has been an area of debate in the study of the astroglial changes associated with psychiatric disorders. It is generally understood that healthy astroglia, regardless of CNS region or population subtype, can become reactive depending on sudden external influences, including stress exposure producing diverse molecular effectors [14,15]. Reactive astrocytes can be further divided into two subtypes: the neurotoxic (A1) and neuroprotective phenotypes (A2) [14]. However, the evidence differentiating A1 and A2 astrocytes is mixed and likely does not encompass the true heterogeneity of reactive astrocytes and requires further research to establish evidence for phenotype-specific markers [14,16]. For this reason, the current research investigating astroglial dysfunctions associated with stress-related illnesses often does not distinguish between these two subgroups. Instead, the focus has mostly been on understanding the overall GFAP- and S100B-astroglia dysfunctions.



Given the diverse role of astroglial cells (Figure 1), it is understandable that their dysfunction can cause havoc in the brain and has been implicated in the pathology of several brain-related illnesses, including psychiatric disorders such as major depressive disorder (MDD) and post-traumatic stress disorder (PTSD) [17,18,19,20,21,22]. Stress is one of the major risk factors and environmental influences in these mood disorders [23]. In this review, we probe the effects of stress on astroglia and delve into astroglial deficits in mood disorders in humans, with a focus on MDD and PTSD. We also expand on the potential mechanisms involved, based on research using chronic stress rodent models. We further summarize the findings, examining the effects of astrocyte manipulations concentrating on studies by specifically investigating the emotion-related behaviors and mechanisms that suggest that targeting astroglia is a valid avenue for treatment.




2. Astroglia Are Affected by Stress


Stress is a major factor in the development of mood disorders [23], and chronic exposure increases the allostatic load and challenges the homeostatic/allostatic capability of brain cells [24,25,26]. Since astroglia are critical mediators of brain homeostasis and are one of the first points of contact for many peripheral signals of stress and inflammation, such as corticosteroids and glucocorticoids (GCs), they are highly affected by chronic stress exposure [19,27,28]. To better understand this phenomenon, it is pivotal to first describe the direct effects of stress on the CNS.



The main response to stress occurs via the activation of the hypothalamic–pituitary–adrenal (HPA) axis. During stress conditions, corticotropin-releasing factor (CRF) activates the HPA axis and initiates a cascade of events that culminate in the release of GCs, particularly corticosterone in rodents and cortisol in humans [29,30]. GCs initiate a cellular stress response through binding to GC receptors (GR) and have epigenetic effects on gene transcription [31]. The dysfunction of this GC pathway can increase an individual’s vulnerability to stress [29]. Interestingly, recent work showed that astrocytes are much more sensitive to stress than neurons, as astroglia display higher expression of GRs [32]. The position of the astroglial endfeet at the Virchow–Robin space makes astrocytes a primary bridge between peripheral corticosteroids/GC and the CNS [33], thus highlighting their importance in the mediation of the effects of stress.



Further studies implicating astrocytes as the bridge between stress and stress response have investigated microRNAs (miRNAs) as an avenue for stress regulation [34,35]. miRNAs are short, non-coding, post-transcriptional regulator sequences of RNA that control the expression of protein-coding genes for cellular proliferation, differentiation, immune response, and apoptosis [36]. They are pivotal to stress response, given that they can target multiple transcripts at once. However, in the presence of homeostatic collapse, the biogenesis of miRNA and, therefore, transcription can be disrupted, making the cell more susceptible to stress [35]. These miRNAs are also present in extracellular vesicles (EVs), one avenue for intercellular communication. Interestingly, some miRNA in the EVs secreted by astrocytes are up- or downregulated in stress conditions. This has led to postulations that astrocytic release miRNAs in EVs modulate neurogenesis and synaptogenesis in stress conditions [34]. Indeed, recent work in rodent stress models shows that miRNA in astroglial-released EVSs regulate dendritic complexity [37]. It should be noted that miRNA in astroglial-released EVs can also be potentially neuroprotective in other disease models [38,39,40].




3. Astroglial Dysfunction in Mood Disorders


MDD is a severe mental health disorder, with symptoms including feelings of helplessness/worthlessness, and anhedonia, a pivotal symptom of diagnosis [41]. MDD is often comorbid with anxiety symptoms [42,43,44,45]. On the other hand, PTSD is an anxiety disorder with an onset characterized by the presence of a sudden, extreme, traumatic, relatively acute, stressor. PTSD is accompanied by mood symptoms that include negative feelings, loss of interest in pleasurable activities, hyper-arousal, and cognitive dysregulation [41]. Astroglial dysfunctions are reported in both disorders and may be linked to the shared symptomology. In this section, we will outline the extensive findings supporting the critical role of astroglial dysfunction in MDD and the relatively less extensive but relevant research in PTSD.



3.1. Evidence of Astroglial Dysfunction in MDD


Astroglial dysfunctions in MDD have been consistently reported in human MDD post-mortem patients [18,19,27,46] (Figure 2). The first studies used Nissl staining to identify glia, including astroglia, based on their morphology and described reduction in MDD brains [47,48,49,50]. These findings were then later confirmed using GFAP as an astroglial marker, reporting reductions in GFAP+ astroglia number in the prefrontal cortex (PFC), the white matter of the anterior cingulate cortex (ACC), the hilus region of the hippocampus, and the amygdala in patients with MDD [18,46,48,51,52,53]. However, there are some exceptions. Indeed, some post-mortem MDD studies reported no change in astrocyte density in the orbitofrontal cortex or CA1 or CA2/3 regions of the hippocampus and increased GFAP+ astroglia density in the PFC of MDD patients over 60 years of age [54,55,56]. MDD post-mortem studies have also shown significantly lower GFAP mRNA and protein levels in areas of the PFC [57,58,59,60,61] (Figure 2). In addition to alterations in the GFAP astroglia number or GFAP expression in CNS, patients with MDD also had reduced coverage of blood vessels by astroglial endfeet [62] and increased levels of GFAP protein in the cerebrospinal fluid (CSF) [63]. As GFAP is a cytoarchitectural protein, together, these studies suggest that MDD is associated with GFAP astroglia loss or atrophy in several brain regions.



Changes in the S100B astroglia were also reported in MDD. Indeed, post-mortem studies showed a reduced transcription of S100B in the PFC of MDD suicide completers [46,64] and a reduction in S100B+ cell density in the CA1 region of the hippocampus of MDD brains [65]. Although some studies described peripheral changes in serum S100B in MDD patients, this was not systematically found in MDD or across psychiatric disorders [65,66,67,68]. Although controversial results were reported between MDD severity and plasma/CSF S100B levels in different clinical studies [69,70,71], a meta-analysis showed significantly positive correlations between MDD severity and plasma/CSF S100B levels [67]. Moreover, high baseline S100B in serum was associated with a greater response to antidepressant treatment [72]. These findings suggest that S100B could also be a potential peripheral biomarker for stress-related mood disorders or treatment response [68,73]. However, this statement has to be taken with caution, as both increased and decreased levels were reported in MDD.



It is important to mention that other levels of glial markers were reported to be altered in the periphery. For example, glial-derived neurotrophic factor (GDNF) is reduced in the blood samples of remitted patients with MDD compared to healthy controls [74]. Interestingly, GDNF is mainly synthesized and secreted from neurons in a healthy brain, but during an insult or immune response, its de novo synthesis occurs in glial cells [75]. GDNF is typically upregulated in response to CNS damage to help mediate the growth, differentiation, or survival of neurons [76]. Therefore, one can speculate that a reduction of GDNF indicates a lack of neuroprotective capabilities in the astrocytes of patients with MDD, but this hypothesis must be examined.



Several genes and proteins that are key to astroglial function were reported to be altered in the brains of MDD patients. For example, reductions of aquaporin 4 (AQP4), the predominant water channel of the CNS involved in the coverage of blood vessels by astrocytic endfeet, were described in the orbitofrontal cortex from MDD patients [62]. Another example, MDD post-mortem studies have consistently reported reductions in gene and protein expression of Cx43 and Cx30 (two astrocytic gap-junction proteins) in the dorsolateral PFC, orbitofrontal cortex, and locus coeruleus [58,77,78] (Figure 2). As astrocytes communicate with one another via gap junctions and hemichannels that are permeable to small molecules, including calcium (Ca2+), inositol 1,4,5-trisphosphate, sodium, potassium, and reactive oxygen species [79,80], reductions of these proteins can be detrimental to astroglial signaling and neuronal function [81,82].



Another key astrocytic protein change described in MDD brains is the reduction of PFC glutamate transporters, such as the excitatory amino-acid transporter 2 (EAAT2) [57,58] (Figure 1). Indeed, one of the most important roles astrocytes play at the synapse is the reuptake and recycling of neurotransmitters at the synaptic cleft [3,83,84]. Astrocytes are primarily responsible for the reuptake of the excitatory neurotransmitter glutamate via the EAAT1 (also known as glutamate aspartate transporter (GLAST) in mice) and EAAT2 (also known as glutamate transport 1 (GLT1) in mice) [85]. EAAT2/GLT1 transport accounts for over 90% of the reuptake of glutamate from the synaptic cleft to prevent glutamate-induced excitotoxicity [86,87] and for the recycling of glutamate via astrocyte-specific glutamine synthetase [86,87]. Reduced mRNA and protein expression of astrocyte-specific glutamine synthetase (GS), EAAT1, and EAAT2 has been observed in MDD post-mortem studies [57,58,88] (Figure 2). In line with these findings, studies have also reported a significant increase in glutamate levels in the PFC of MDD patients [89,90,91,92] (Figure 2). These changes are associated with decreased glutamatergic (NMDA and AMPA) receptor subunits, their anchor protein PSD95 [93], and metabotropic receptors in PFC, cingulate cortex, thalamus, hippocampus, and other cortical regions [94]. These data suggest a contribution of the observed astroglia pathology in the glutamatergic dysfunction associated with MDD, which is still not fully understood.



Astrocytes also regulate the activity of gamma-aminobutyric acid (GABA)-ergic neurons, since glutamine, the precursor of GABA, is provided by astrocytes via the glutamate–glutamine cycle [86,95]. In GABAergic neurons, glutamine is converted into GABA in the presence of glutamic acid decarboxylase and then released into the synaptic cleft. Astrocytes also reuptake the excess GABA from the synaptic cleft via the sodium- and chloride-dependent GABA transporter 1/3 (GAT1/3) [85]. After reuptake, GABA is reconverted into glutamate via the tricarboxylic acid (TCA) cycle and is further transported to GABAergic neurons for GABA synthesis (referred to as the glutamine-GABA cycle) [96]. Astrocytes can also synthesize GABA via putrescine, which is initiated by either diamine oxidase or monoamine oxidase-B (MAO-B) [95]. Interestingly, GABAergic dysfunctions have been reported in MDD patients with decreased GABA levels in the plasma, CSF, and cerebral cortex, and changes in the expression of GABAA receptors subunit genes were reported [97,98,99,100,101,102,103,104]. Altogether, these observations suggest that astroglial dysfunctions could contribute to the GABAergic deficits associated with MDD. However, the potential relationship between these changes and the link to the expression of the symptoms remains unclear; thus, this is an important point for further study.



Finally, numerous studies have described the glucose metabolic dysfunction in depressed patients being centralized in the PFC and hippocampus [105,106,107,108,109]. Considering astroglia’s unique anatomical location, the ability to take up glucose directly from capillaries [105,106], and the greater glucose utilization compared to neurons [107], it was suggested that astroglial functional impairment may contribute to the glucose metabolism changes observed using positron emission tomography (PET) imaging [108] and to the described reductions associated with MDD found using this approach [109,110,111]. Together, this suggests that the astroglial dysfunction would be detrimental to glutamatergic, GABAergic neurons, and, most probably, all neural cell populations, therefore playing a major role in the brain activity changes associated with MDD.




3.2. Evidence of Astroglial Dysfunction in PTSD


As aforementioned, astrocyte dysfunction has also been speculated to play a role in PTSD pathology, but the clinical literature is sparse, mostly because of limited access to the brains of patients with PTSD for post-mortem investigation. This hypothesis is primarily based on rodent model findings; however, indirect evidence exists. Indeed, a recent PET-imaging study showed that the reduction binding of a ligand selective of the enzyme MAO-B in patients with PTSD and attributed these changes to reduced astroglial density [112]. Indeed, recent works suggest that MAOA-B ligand binding could be an in vivo biomarker of astroglial density. This is based on the fact that MAO-B is a monoamine-metabolizing enzyme located primarily in astrocytes (and in monoaminergic neurons) and that increased MAOA-B ligand binding was reported in conditions with increased astrogliosis [112]. Interestingly the reductions in MAO-B ligand binging that were found were greater in PTSD patients with comorbid depression [112]. Genome-wide association studies (GWAS) have also noted alterations in the levels of several genes preferentially expressed in glutamatergic, GABAergic neurons, and astrocytes associated with PTSD [113]. Similarly, a recent single-nucleus RNA-sequencing study, investigating the cell-type-specific transcriptomic alterations in dorsolateral PFC astrocytes and excitatory and inhibitory neurons, identified differentially regulated genes in astroglia that were specific to PTSD compared to MDD samples [114]. Astrocyte dysfunction in PTSD is still an emerging area of investigation. Comparative post-mortem brain studies specifically examining astroglial dysfunction should be conducted to validate these findings and investigate them further. This is particularly important given the ample evidence discussed in the next section regarding the astroglial dysfunctions found in animal models of stress that are relevant to both MDD and PTSD research.





4. Astroglial Changes in Animal Models of Stress


Chronic stress exposure has often been used in rodents to model cellular and behavioral features relevant to MDD pathology and symptomology. Models of stress in rodents can include genetic models, surgical models such as bulbectomy, chronic restraint stress (CRS), social stress such as social defeat, and chronic variable stress (CVS) such as unpredictable chronic mild stress (UCMS) [115,116,117]. In these models, chronic stress induces cellular alterations in neuronal and non-neuronal cell populations that are similar to those observed in MDD [19,98,118,119]. Regarding astroglia, chronic stress was shown to reduce PFC GFAP expression or GFAP+ astrocyte number [118,119,120,121,122] and astrocyte morphology complexity [123]. Similar reductions in GFAP expression or GFAP cell number were reported in the hippocampus [119,120,124,125,126,127,128,129], as well as GFAP cell atrophy [130,131]. Few studies, however, found no changes or increased GFAP in this brain region [121,132]. A recent study investigating astrocytes at the network level confirmed astroglial atrophy following chronic stress exposure and demonstrated an impairment of the strength of astrocyte syncytial coupling within the hippocampus and PFC [133]. Chronic stress in rodents also causes astroglial changes in other brain regions, such as the amygdala, but the data are inconsistent [119,120,130,131,133]. Similar inconsistent results were reported with S100B+ cell density or expression [133,134].



Animals exposed to chronic stress also show changes in the expression of the key astroglial genes associated with astroglial plasticity and synaptic formation, as well as decreased growth-factor expression and the suppression of associated signaling pathways [135]. Many protein dysregulations in rodent chronic stress models parallel those seen in MDD brains. GLT1/EAAT2 has especially been found to be downregulated in the periaqueductal gray matter [136], PFC [137,138], and hippocampus [139,140], but some studies reported no changes or increased expression level following chronic stress [141,142,143]. Additional changes include a reduction of glucocorticoid receptor (GR) expression in astrocytes [32] and significant decreases in Cx43 gap-junction function and expression in the PFC [144,145], as summarized in [27]. Others have also reported decreased gliotransmitter release, such as reduced astrocyte-derived ATP in mice subjected to chronic social defeat [146] or increased tonic GABA inhibition in the PFCs of rats subjected to stress, which have been attributed to the regulation of astrocytic release of GABA [147].



Similar changes were reported in rodent models relevant to PTSD, which include inescapable electric foot shock, aversive sensory stimulation (predator odor), and prolonged single-stress exposure [148]. In these models, reduced GFAP or GLT1 expression was described in the hippocampus [149,150,151,152]. Decreased GFAP+ astroglial density in the PFC [149] and hippocampus [152], as well as GFAP+ astrocyte cell-body atrophy and process thinning also being reported [153,154]. It should be noted that some studies report increased GFAP astrocytes following social isolation [153] or footshock exposure [152,155], but the inconsistency in the reported findings may be attributed to the type of acute stress model used or the interval between the stress exposure and the astroglial measurement.




5. Effect of Astrocyte Manipulations on Emotion-Related Behavior


Rodent experimentation has been instrumental in testing the “direct” or “causal” involvement of astroglia and astroglial dysfunction in the development of anxiety- and depressive-like behavior. Indeed, attempts were made to mimic the behavioral effects of chronic stress models by manipulating astrocytes or the expression of key astroglial proteins shown to be affected by stress (Figure 3). The first studies that investigated the specific role of astroglia on behavior used cell-ablation approaches through pharmacological means to determine if there was a causal relationship between astrocyte reductions and emotion- or cognition-related behaviors [118,156]. Indeed, infusion of non-specific gliotoxins in the PFC was reported to induce depressive-like deficits [118] and impair cognitive flexibility [156]. This was confirmed in several studies [143,157,158,159,160,161]. More recently, we showed that selective GFAP cell loss in the PFC induces anhedonia-like behavior [162]. It was also shown that intracerebral infusion of the GLT-1 inhibitor, dihydrokainic acid (DHK), induces anhedonia-like behaviors [163] and cognitive impairment [164]. PFC infusion of another inhibitor targeting both GLAST and GLT1 was shown to induce anxiety-like behavior [165]. These results were confirmed by studies showing that GLAST and GLT1 knockdowns in the PFC induced depressive-like behavior [166]. It is important to mention that some studies have demonstrated the upregulation of GLT1 in stress conditions [167,168,169] and that an acute pharmacological blockade of GLT1 may have antidepressant-like effects [168,170], but again, the variability in the stress paradigm used, length of the stress exposure, or kinetics of pharmacological interventions may be factors in the variable observations.



The involvement of astroglial regulation of emotion-related behaviors was also demonstrated through astroglia-specific gene or protein manipulations. To cite a few examples, GR knockout in the GFAP+ astrocytes of the PFC was shown to be sufficient to induce depressive-like behaviors, and restoring GR expression prevented these deficits [32]. The astroglial potassium channel (Kir4.1, an ATP-sensitive inward rectifier potassium channel 10) in the lateral habenula was also reported to regulate depressive-like behaviors [171]. Overexpression of Cx43 in the hippocampus prevented depressive-like behaviors and spatial memory deficits induced by maternal separation stress [172]. Together, these findings support the idea that astroglial dysfunctions in various brain regions may contribute to the development of emotion-related behaviors and cognitive impairment associated with stress.



With recent advances in cell- and region-specific viral and genetic targeting or cell activity monitoring, the investigation of the consequences of astroglial-specific manipulations and/or the effects of specific interventions on astrocyte activity has yielded new insights into the role of astrocytes in the modulation of emotion-related behavior. Most of these studies capitalized on the fact that astroglial activity changes rely on fluctuations in intercellular Ca2+ concentrations [173,174]. Using Ca2+ imaging in vivo, it was shown that the activity of hippocampal astrocytes is increased in anxiogenic conditions and that optogenetic activation of these cells is sufficient to induce anxiety [175]. Oppositely, hippocampal GFAP+ astroglial activation was sufficient to reduce stress-enhanced fear learning [176]. In a similar context, specific knockdown of the Ca2+ channel Orai1 in astrocytes, which downregulated genes in inflammation and metabolism, as well as reduced cellular metabolites and ATP production, was shown to blunt lipopolysaccharide-induced depressive-like behaviors, such as anhedonia and learned helplessness [177]. It was also found that mice deficient in inositol triphosphate type 2 receptors (IP3R2), a receptor known to diminish Ca2+ fluctuations in astroglia, have disrupted astrocytic excitability, impaired gliotransmitter release, and altered startle response [178]; however, IP3R2 conditional knockout mice display no major anxiety or cognitive deficits [179]. Several other studies have investigated the involvement of changes in astroglial activity on memory or fear learning. Indeed, Delacorte et al. [180] demonstrated that L-alpha-amino-adipic acid (gliotoxin)-induced glial loss and, inversely, chemogenetic modulation of PFC GFAP+ astrocytes, using a designer receptor exclusively activated by designer drugs (DREADD) approach, were able to alter recognition-memory performance in a novel object-recognition task (Figure 3). Similarly, DREADD-mediated activation of astrocytes in the CA1 region of the hippocampus increases neuronal activity, triggers the induction of long-term potentiation (LTP), and improves performance in T-maze and hippocampal-dependent memory tests, such as contextual fear learning [181,182]. Oppositely, it was shown that the activation of the Gi pathway in CA1 hippocampal astrocytes impaired retrieval in contextual fear-learning tasks and that this was due to deficient astrocytic modulation of the circuit connecting CA1 neurons to ACC neurons [183]. Consistent with this, enhanced LTP in synapses and improved memory performance were observed following optogenetic activation of the CA1 hippocampal astrocytes using melanopsin [184]. Interestingly, a recent study using a fiber photometry Ca2+ imaging technique to measure neuronal and astroglial activity simultaneously and similar CA1 optogenetic manipulations involved neuronal–astrocytic coupling as a shared mechanism, enabling both natural and artificially induced memory retrieval and the behavioral expression of fear [185]. The same group also showed that basolateral amygdala astrocytes robustly responded to footshock during contextual fear acquisition, and their activity remained elevated in comparison to control animals. But, they found no change in the astrocytic activity and/or freezing behavior following chemogenetic inhibition of the basolateral amygdala neurons [186]. Other recent work using chemogenetic activation to increase GFAP+ astroglia activity in the amygdala showed that astroglial activation reduced fear-related anxiety behavior through the mechanisms of disrupted fear-memory consolidation and decreased contextual memory [187]. Altogether, these studies highlight the important role of astroglia in anxiety and fear-memory regulation, key dimensions of impaired PTSD.



Most of the aforementioned studies focused on acute or short-term manipulations of astroglial activity, but a few have investigated the effects of chronic activation in chronic stress or chronic stress-like conditions. Indeed, in a recent study, our lab recently demonstrated that anhedonia-like deficits were observed following selective ablation of PFC GFAP+ astrocytes using a diphtheria-toxin (DT) receptor-expressing virus and DT injection [162] (Figure 3). Importantly, the selective PFC GFAP+ cell depletion induced anhedonia-like deficits within 2–3 days, which is a behavior usually observed following weeks of chronic stress exposure. Conversely, chronic enhancement of GFAP+ astroglia activity in the PFC reversed chronic stress-induced anhedonia-like deficits [162]. Note that, in this study, we showed no effect of the GFAP cell ablation or activation on anxiety-like behaviors, which may oppose the findings previously discussed, where optogenetics or acute chemogenetics were employed. A concomitant recent study by González-Arias et al. [188] investigated PFC GFAP+ cell activity in juvenile mice subjected to chronic corticosterone treatment and showed impairments of astroglial activity during tests measuring anxiety or social interaction deficits that were reversed in mice by chronic chemogenetic enhancement of GFAP+ cell activity. Another study used chronic chemogenetic activation to investigate astroglial modulation of alcohol consumption [189]. This is relevant considering the greater glial loss reported in MDD patients with co-morbid alcohol-use disorder compared to the MDD-only cohort [61] and the bidirectional link between MDD and alcoholism [190,191]. In this context, it was shown that PFC astroglial ablation, impairment of astroglial communication through gap-junction [192], or modulation of astroglial activity [189] was associated with increased ethanol consumption and intoxication effects. Altogether, these studies involve chronic astroglial dysfunctions in anhedonia, anxiety, and alcohol consumption, all behavioral features strongly associated with chronic stress and MDD.



Because of the limited tools and approaches to manipulate astroglia in adult animals, in particular chronically, most of the studies have used the DREADD approach or single-gene manipulations using viruses focused on GFAP+ cell populations. As they employ the GFAP promotor for cell targeting, further research should also investigate the potential implication of other astroglial subpopulations. Nevertheless, these studies showed that the changes observed following artificial impairment of GFAP+ cell function are reminiscent of the changes induced by chronic stress, and oppositely, enhancing GFAP+ cell function can prevent or reverse the effects of stress. This demonstrates GFAP+ astrocytes in different brain regions, and the resulting changes occurring in the neighboring neurons and synapses can regulate emotion- and cognition-related behaviors. However, the specific consequences of these astroglial changes on the surrounding neuronal function and how these changes affect behavior remain unclear. Future studies should focus on identifying the neuronal consequences of astroglial dysfunction, as this line of investigation may yield new neuronal and astroglial targets for antidepressant development.




6. Targeting Astrocytes for Treatment


The idea of targeting astroglia for antidepressant development has grown over the years [18,193,194,195,196,197]. However, it is important to first mention that enhanced astroglial function is observed following treatment with classical antidepressants, such as selective serotonin reuptake inhibitors (SSRIs) and tricyclic antidepressants (TCAs), and may, in part, contribute to their action. This is not surprising, as astroglia express several serotonergic receptors and MAOs [198] that, when activated trigger cellular cascades known to be involved in mood regulation. For example, brain-derived neurotrophic factor (BDNF) is a neurotrophic factor shown to be key in the behavioral and neuroplastic action of classical or rapid-acting antidepressant treatments, such as ketamine [199,200,201]. BDNF is also released by the astroglia, and several in vitro studies reported astroglial release of BDNF following SSRI or TCA exposure [202,203,204]. In addition, SSRIs increase astroglial glucose uptake and metabolism [202] Cx43 expression [205] and ATP gliotransmission [206], mechanisms that were shown to alter emotion-related behaviors.



There is also more direct evidence that some classical antidepressants may partially depend on enhancing astroglial function to exert their action. Indeed, it was shown that the behavioral antidepressant effects of fluoxetine in animals subjected to chronic stress are blunted in aquaporin-4 knockout mice [207]. Similarly, gap-junction blockade in the PFC, which can induce anhedonia- and anxiety-like behavior in animals [145], was shown to prevent fluoxetine antidepressant action [208]. In addition, GLT1 or GLAST knockdowns in the PFC have been shown to induce depressive-like deficits [209]. These transporters were implicated in the antidepressant action of ketamine [210,211,212,213], deep brain stimulation [140,157], fluoxetine [140], and others [160]. The fact that some antidepressant treatments require key astroglial proteins or functions to exert their behavioral effects suggests that some antidepressants may prevent astroglial loss/dysfunction induced by chronic stress. This is supported by data collected from rodents, which show blunted chronic stress-induced astroglial density reduction following fluoxetine treatment [124], and from humans, where no significant decrease in astroglial density was found in treated MDD patients [52]. However, this may need to be systematically tested for a few antidepressants of each class, as it was shown that fluoxetine treatment can reverse the chronic stress-induced GFAP reductions [124], but not citalopram [126]. Interestingly, recent work suggested that the fast-acting properties of some antidepressants may coincide with the reversal of chronic stress effects on the astroglial density or function [214] or rely on astroglia for their long-lasting effects [214,215]



As evidence of the beneficial effects of enhancing key astroglial functions on emotion-related effects is growing, interest in targeting astroglia for treatment is rising. Less advanced avenues of investigation for antidepressant development include drugs that promote endogenous ATP release from astrocytes [146] or glutamine supplementation, which can reverse stress-induced depressive-like behaviors [137]. One line of research showing promise for antidepressant development relies on targeting astroglial glutamate transport. Indeed, several drugs can increase GLT1 (or GLAST) expression or activity and have antidepressant-like effects in rodents, including ceftriaxone [a beta-lactam antibiotic] [216], riluzole [a Na+ channel blocker] [217,218], guanosine [a guanine-based purine] [219,220], and harmine [a beta-carboline alkaloid] [221,222], further supporting astroglial GLT1 as a potential antidepressant target. However, it is important to mention that the requirement of astroglia or GLT1 for the antidepressant activity of these drugs was not directly tested using, for example, KO or viral approaches. These drugs are not specific to GLT1 and may exert their antidepressant actions through other (or additional) cellular mechanisms, e.g., by increasing BDNF and its pathways (riluzole, ceftriaxone, and harmine) [222,223,224], inducing neuro/synapogenesis [131,225], GABA modulation (harmine) [226,227] or the regulation of Akt, NFKB, or mTOR signaling cascades (ceftriaxone, guanosine) [228,229]. In addition, interest in some of these non-specific drugs as antidepressants, in particular, riluzole, is further mitigated by a double-blind placebo-controlled study showing no benefit of riluzole augmentation in MDD patients [230,231], which opposed several open-label studies reporting potential antidepressant effects for riluzole [232,233]. Similar negative results were reported in a PTSD trial, albeit some beneficial effects were found on hyperarousal [234]. Guanosine, harmine, and ceftriaxone have not yet been tested in clinical settings in patients with MDD or PTSD, but rodent research supports potential antidepressant action in rodent models, which is relevant for both disorders [219,221,235]. Importantly, while riluzole, ceftriaxone, and harmine were shown to require chronic administration for antidepressant action, guanosine has rapid-acting antidepressant-like properties similar to ketamine and was shown to potentiate ketamine’s effects on GLT1 and GS activity [229,236]. Again, the requirement of GLT1/astroglia for the guanosine antidepressant action needs to be demonstrated, as the rapid-acting antidepressant effects of ketamine were shown to be independent of GLT1 [215]. Altogether, these findings support targeting GLT1 as a viable avenue for the treatment of MDD and PTSD, but the development of selective compounds is crucially needed [237]. Such drugs would be relevant for the treatment of many illnesses, as glutamate spillover is a common feature of several mood disorders, addiction, and neurodegenerative diseases [91,92].




7. Conclusions


In this review, we offered a snapshot of the current literature outlining the connections between astroglial deficits in mood disorders and stress in both preclinical and clinical research. We also detailed major findings supporting astroglia as a key partner in the regulation of emotion-related behaviors and highlighted future areas of research for investigating novel antidepressants that target astrocytes. With the recent progress in adapting optical, genetic, and biochemical techniques to investigate astroglia, we predict that future research will yield a better understanding of the molecular mechanisms underlying astroglial dysfunctions and their contribution to the maladaptive neuronal and synaptic changes associated with mood disorders, as these are necessary steps to devise ways to target astroglia for the treatment of stress-related illnesses.
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Figure 1. Key functions of astroglial cells. Astroglia play an important role in synaptic maintenance, reuptake of neurotransmitters from the post-synaptic space, recycling of GABA and glutamate, cell–cell communication, the formation of the perivascular space, etc. In this figure, we highlight the select functions and molecules we mention in the review. Abbreviations: AMPA receptor: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, AQ4: aquaporin 4, ATP: adenosine triphosphate, EAAT 2: excitatory amino acid transporter 2 in human or GLT1: glial glutamate transporter 1 in rodent, EAAT1: excitatory amino acid transporter 1 in human or GLAST: L-glutamate/L-aspartate transporter 1 in rodent, GABA: gamma-aminobutyric acid, GR: glucocorticoid receptor, mGluR: metabotropic glutamate receptor, NMDA receptor: N-methyl-D-aspartate receptor, ROS: reactive oxygen species, VGAT: vesicular GABA transporter. 
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Figure 2. Astroglial dysfunctions in the PFCs of patients with MDD, highlighting similarity with rodent chronic stress models. Abbreviations: EAAT 2: excitatory amino acid transporter 2, GLT1: glial glutamate transporter 1, GFAP: glial fibrillary acidic protein, Cx30 or Cx43: Connexin 30 or 43. 
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Figure 3. Schematic representation of the key findings related to the behavioral effects of experimental astroglial manipulations, with a special focus on emotion-related behaviors relevant to MDD and PTSD pathologies. Abbreviations: GLT1: glial glutamate transporter 1, GS: glutamine synthetase, PFC: prefrontal cortex. 
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