

  ijms-21-09039




ijms-21-09039







Int. J. Mol. Sci. 2020, 21(23), 9039; doi:10.3390/ijms21239039




Review



Rethinking Intellectual Disability from Neuro- to Astro-Pathology



Álvaro Fernández-Blanco 1[image: Orcid] and Mara Dierssen 1,2,3,*





1



Centre for Genomic Regulation (CRG), The Barcelona Institute of Science and Technology, Dr. Aiguader 88, 08003 Barcelona, Spain






2



Universitat Pompeu Fabra (UPF), Dr. Aiguader 88, 08003 Barcelona, Spain






3



Centro de Investigación Biomédica en Red de Enfermedades Raras (CIBERER), 28029 Madrid, Spain









*



Correspondence: mara.dierssen@crg.eu; Tel.: +34-933160140







Received: 30 October 2020 / Accepted: 25 November 2020 / Published: 27 November 2020



Abstract

:

Neurodevelopmental disorders arise from genetic and/or from environmental factors and are characterized by different degrees of intellectual disability. The mechanisms that govern important processes sustaining learning and memory, which are severely affected in intellectual disability, have classically been thought to be exclusively under neuronal control. However, this vision has recently evolved into a more integrative conception in which astroglia, rather than just acting as metabolic supply and structural anchoring for neurons, interact at distinct levels modulating neuronal communication and possibly also cognitive processes. Recently, genetic tools have made it possible to specifically manipulate astrocyte activity unraveling novel functions that involve astrocytes in memory function in the healthy brain. However, astrocyte manipulation has also underscored potential mechanisms by which dysfunctional astrocytes could contribute to memory deficits in several neurodevelopmental disorders revealing new pathogenic mechanisms in intellectual disability. Here, we review the current knowledge about astrocyte dysfunction that might contribute to learning and memory impairment in neurodevelopmental disorders, with special focus on Fragile X syndrome and Down syndrome.






Keywords:


astrocytes; neurodevelopmental disorders; memory deficits; Fragile X syndrome; Down syndrome












1. Introduction


Neurodevelopmental disorders are multifaceted conditions characterized by different degrees of intellectual disability and impairment in communication (verbal and non-verbal) and motor skills, among others. Intellectual disability is defined by an overall intelligence quotient below average and deficits in adaptive behaviors, with an early onset during childhood [1,2]. These disorders arise from genetic alterations and/or environmental factors that influence how the brain develops and have short and long-term consequences on cognition, social interaction, and behavior.



Traditionally, neurodevelopmental disorders such as Down syndrome (DS), Fragile X syndrome (FXS), or Rett syndrome have been considered as synaptopathies [3,4,5], characterized by neuronal alterations important for learning and memory, including abnormalities in dendritic architecture [6,7], with changes in the complexity of dendritic arborizations [7], and in spine number [6,7,8,9,10,11,12], shape and length [7,10,13], reflecting more immature spines [10,14]. These changes are accompanied by impaired synaptogenesis [15,16,17], alterations in synaptic transmission and broad deficits in synaptic plasticity [18,19,20,21], as revealed by mouse models for these syndromes.



Synaptic plasticity and, specifically, changes in the strength of synaptic connectivity of neurons that are activated at the time of learning are thought to be the basis of memory formation [22,23]. However, the alteration of the neuronal component does not completely explain the synaptic alterations and neurophysiological changes nor the behavioral and memory deficits observed in these neurodevelopmental disorders. This is possibly the reason why strategies that focused on restoring neuronal dendritic abnormalities, impaired synaptic plasticity, and different imbalances in neurotransmission only showed partial recoveries in the memory deficits associated with intellectual disability both in mouse models [9,24] and in humans [24,25,26]. Thus, we need to consider alternative mechanisms that may contribute to memory pathology.



Lately, the discovery of unique astroglial features that include roles in synaptic plasticity and memory function has broadened and refurbished the conception of brain function in health and disease. Recent reports underscoring the astrocyte capability to modulate neuronal circuit activity and to potentiate synapses [27,28] have led to consider that astrocytes are both necessary [29,30,31] and sufficient [28] for memory function. Moreover, studies on intellectual disabilities have recently uncovered potential contributions of astrocytes to their pathophysiology [16,32,33,34].



In fact, increasing body of evidence suggests that changes in astrocyte physiology and morphology might be involved in Alzheimer’s disease, FXS, or DS, among others [35,36,37,38,39]. In these pathological conditions, astrocytes modify their function and exhibit some common pathological features including an increase in the number and size of astrocytes together with increased expression of astroglial proteins such as S100 calcium-binding protein β (S100β) [40,41,42,43], a calcium binding protein coded by a HSA21 gene, and the glial fibrillary acidic protein GFAP [36,43,44,45], the main intermediate filament proteins of mature astrocytes. In fact, these pathophysiological changes in astrocytes have been linked with reduced neuronal activity [41], spine defects [14,32,34], and impaired memory performance [33,46,47,48].



In this review, we present the currently available data that state the involvement of astrocytes in synaptic transmission and in memory function both in the healthy and in the diseased brain. Given the emerging role of astrocytes in synaptic transmission, we propose specific mechanisms that may explain astrocyte dysfunction in neurodevelopmental disorders and can contribute, at least to some extent, to the memory deficits associated with these brain disorders. Specifically, we describe the main astroglial alterations in FXS and DS and propose new lines of research that may help to better understand the role of astrocytes in memory dysfunction.




2. Astrocyte Function in the Healthy Brain


Astrocytes are star-shaped cells whose function has been classically restricted to maintain brain homeostasis and to support neurons from a metabolic and structural perspective. Beyond these classical functions, astrocytes also play a role in synaptic physiology due to the expression of an extensive number of functional neurotransmitter receptors that allow them to sense different types of neurotransmitters [49,50]. Astrocytes are also able to release several neurotransmitters and neuromodulators, such as glutamate, GABA, ATP/adenosine and D-serine, to the synaptic cleft [51,52], through intracellular calcium concentration changes, so-called calcium oscillations [27,53,54]. This process, termed gliotransmission, has been extensively studied, as it influences synaptic physiology and potentiates or depresses synapses both in the short and long-term [27,28,55]. For this reason, it is widely accepted that astrocytes are an integral component of the synapse (tripartite synapse [56]) that, hand in hand with neurons, shape the synaptic transmission in the brain. However, the mechanisms by which astrocytes mediate these structural and functional responses have been a subject of intense debate [52,57,58].



Perisynaptic astrocytic processes (PAPs) containing neurotransmitter receptors embrace the synaptic cleft, isolating synapses in the tridimensional space. Taking into consideration that those fine astrocyte processes are covering around 60% of postsynaptic dendritic spines in the mature hippocampus [59], and that a single astrocyte can enwrap from 10,000 to 100,000 synapses [60], their potential to influence and shape synaptic transmission is gigantic. In addition, PAPs are remarkably dynamic, being as plastic as their neuronal counterparts due to their capability to change morphology, volume, and motility in response to specific neuronal activity patterns within minutes [61,62,63]. This astrocyte–synapse interplay is fundamental for neural transmission but also for other important processes related to cognitive function, such as spine maturation [62,64,65] and structural and functional synaptic plasticity by means of secreted molecules, such as thrombospondins [32,34,66], or by direct physical contact with synapses [62]. In fact, dendritic protrusions that are in contact with PAPs are typically more mature and stable than those present in the “bipartite synapses” [62].




3. Astrocyte Involvement in Learning and Memory in the Healthy Brain


The dynamic nature of astrocyte–synapse interactions is believed to sculpt and shape neuronal networks not only during neurodevelopment but also in adult stages. The prominent astroglial role in synaptic physiology suggests an astroglial involvement in memory function. Animal studies focused on functional neuron–astrocyte cross-talk have unraveled that the bidirectional communication between neurons and astrocytes is important for neuronal plasticity [28,31] and, more specifically, for memory function [28,29,30,31]. Recently, genetic tools such as chemogenetics and optogenetics have made it possible to specifically manipulate astrocytes in the brain, which may help understanding how astrocyte dysfunction may negatively impact memory function in neurodevelopmental disorders.



One of the first evidences supporting astrocytes involvement in memory processes came from transgenic mice overexpressing S100β [48]. Specifically, upregulation of S100β mRNA and protein levels in astrocytes led to impaired long-term potentiation (LTP) and exacerbated long-term depression (LTD) in hippocampal pyramidal neurons. These alterations in neuronal physiology were accompanied by a significant impairment in performance of the Morris water maze navigation test, a hippocampal-dependent task. Conversely, S100β-null mice showed enhanced LTP accompanied by enhanced spatial memory in the Morris water maze test and in contextual fear-conditioning [67]. Interestingly, exogenous application of S100β reversed the enhanced LTP of S100β-null mice, suggesting that astrocyte-secreted S100β can also influence neuronal activity. In fact, S100β has Ca2+ binding properties that reduce extracellular Ca2+ concentration and affect the neuronal firing pattern [68]. S100β also influences neuronal excitability since intracellular upregulation of S100β protein concentration increases astrocyte calcium oscillations and has been related with reduced neuronal excitability [41]. Indeed, the effects of S100β are concentration-dependent: while low concentrations have protective brain effects and promote the development and maturation of the central nervous system [69], high S100β concentrations are toxic, promote proinflammatory responses [70], and have detrimental consequences for neurons that include apoptotic cell death [71].



More recent studies that manipulated astroglial activity in a more mechanistic and time-constrained manner have demonstrated the astrocyte involvement in memory function [28,29,30,31]. For example, transgenic mice that allowed the selective expression of tetanus toxin (TeNTΔ1) in astrocytes resulted in the abolishment of the Ca2+ dependent neurotransmitter release and impaired, in vivo, the gamma oscillations in the hippocampus [30]. This fact has far-reaching implications since gamma rhythms are related with several cognitive processes such as attention, learning, and different types of memory [72]. Remarkably, the temporal blockade of astrocyte vesicular release by TeNT expression resulted in impaired recognition memory, while restoring the astrocyte capability to release gliotransmitters rescued these memory deficits. This study elegantly demonstrated in a very mechanistic manner that gliotransmission is necessary for particular types of memory and placed the astrocyte as a sophisticated and intricate player in memory function. However, it also left several open questions: How do astrocytes participate in learning? Can astrocytes play a role in the acquisition, consolidation, storage, and recall of memories?



Part of these questions were answered in a recent study in which astrocytes were selectively activated in the CA1 region of the hippocampus during memory acquisition, either by chemogenetics (GFAP-hM3Dq) or by optogenetics (GFAP-OptoGq) before (but not after) learning [28]. Astrocyte activation before learning resulted in memory enhancement of fear conditioning that was accompanied by an increase in the recruitment of active neurons during memory acquisition. This would suggest that more neurons support this particular memory in this particular brain region. Despite this study suggests that astrocyte activation might be important for memory acquisition, it does not prove whether astrocytes are activated in physiological conditions in the brain during memory operations.



Other studies specifically abolished astrocyte activity and/or signaling. For example, pharmacological inhibition of L-lactate production in astrocytes prevented long-term potentiation of CA3-CA1 synapses, in vivo, and impaired long-term episodic memory [31]. L-lactate is produced by astrocytes, and its transport from astrocytes to neurons is important for neuronal metabolism. This study suggests that astrocyte-neuron lactate transport is involved in long-term memory formation and for late-LTP. Another study that specifically activated the Gi pathway in astrocytes before learning, impaired remote (yet not the recent) memory recall [29]. G protein-coupled receptors play key roles in intercellular signaling in the brain [73]. While they inhibit neuronal activity, their effects are opposite in astrocytes, rising intracellular Ca2+ levels and promoting glutamate release [74]. Since recent-to-remote memory transition depends on the activation and recruitment of cortical regions such as the anterior cingulate cortex (ACC) [75,76,77], the authors activated the Gi pathway in CA1 astrocytes by GFAP-hM4Di designer receptor [29]. Interestingly, even though both CA1 and the ACC are important for recent and remote memories, Gi pathway activation in astrocytes by clozapine N-oxide, an hM4Di agonist, prevented neuronal activation (assessed by c-Fos expression) in the ACC but not in CA1. This suggests that astrocytes would modulate the functional connectivity between neurons in a projection-specific manner. As such, CA1 astrocytes would distinguish between distinct CA1 pyramidal neurons according to their projection target and would distinctively modulate their activity. It is noteworthy to mention that the manipulation (either activation [28] or inactivation [29]) of astrocyte activity with designer drugs itself, did not interfere with memory recall suggesting that astrocyte activity is necessary during memory acquisition but not for recent or remote memory recall.



In view of the recent discoveries involving astrocytes in memory function, one would consider that astrocyte dysfunction in any cognitive disorder might interfere with learning and memory. In the following section, we have selected the most relevant mechanisms by which astrocytes could impact and contribute to memory deficits in neurodevelopmental disorders, focusing on FXS and DS.




4. Astrocyte Dysfunction in Neurodevelopmental Disorders


The involvement of astroglia in the pathophysiology of several cognitive disorders is supported by evidence that report that numerous glial genes are misregulated in neurodevelopmental disorders [40,78]. The proteins encoded by these genes play important roles in the brain, including their involvement in cell cycle progression, neuronal differentiation, and repairing the neuronal damage. Together with these genetic alterations, astrocytes also display aberrant morphology [42,79] and physiology [41] that have been directly shown to contribute not only to synaptic defects and changes in neuronal excitability [41] but also to neuronal survival [80,81].



It is frequent to detect different degrees of astrocyte reactivity (or astrogliosis) in many brain disorders [36,42,79]. The term astrogliosis refers to changes at the molecular, cellular, and functional level that appear as a response to brain damage or in genetic brain disorders [82]. The changes in astroglial function vary depending on the severity of the lesion or the genetic alteration and have repercussions on adjacent neurons. In general, astrogliosis involves morphological and physiological alterations, such as an increase in the number and size of the astrocytes, and changes in the expression of astroglial proteins (GFAP and S100β) [82]. Astrogliosis promotes, together with peripheral macrophages and microglia, an adaptive state that helps facing the origin of the brain insult (infection, hemorrhage, genetic disturbance, etc.) by phagocytizing external factors, eliminating toxic neuronal debris, and/or promoting neuronal survival [82,83,84]. However, in cognitive disorders such as DS, FXS, or Alzheimer’s disease, astrocytes are in a chronic “reactive state” (or abnormal astrogliosis), a continuous dysfunctional mode that can be maladaptive and contribute to the progression of neurodegeneration of these brain disorders [42,85].



Given the role of astrocytes in the regulation of synaptic function, it is not surprising that changes in astrocyte activity, protein secretion, deregulation in gene expression, or modification in the astroglial membrane channel composition that occur in neurodevelopmental disorders might impair synaptic transmission and, therefore, memory function. In the next section, we review some of the most relevant studies demonstrating that astrocytes are involved in the synaptic pathology in DS and FXS, the two most common genetic forms of intellectual disability.



4.1. Astrocyte Pathology in Fragile X Syndrome (FXS)


FXS is a genetic condition caused by an expansion of the CGG triplet within the fragile X mental retardation 1 gene (FMR1) that leads to its transcriptional silencing. FMR1 is located in the X chromosome and encodes for the mRNA binding protein Fragile X Mental Retardation Protein 1 (FMRP) that regulates protein synthesis. The absence of FMRP interferes with brain development and contributes to FXS pathophysiology [86,87]. Several lines of evidence suggest that astroglia might also contribute to synaptic function impairment and memory deficits of individuals with FXS [16,32,33]. However, studies on astrocyte pathology in FXS are sparse and inconsistent: one group reports no astrogliosis seen in post-mortem brains of persons with FXS [88] while other describes a gliosis in the CA4 hippocampal region of two postmortem FXS brains [89].



One of the most commonly used mouse models for the study of FXS is the Fmr1 knock-out (KO) that recapitulates most of the neuronal alterations and the phenotypical traits of FXS [90]. This model lacks the expression of FMRP protein in neurons and astrocytes being thus an interesting tool to uncover the role of astrocyte in FXS. It is still unclear, however, whether FMRP protein has similar or different functions when expressed in neurons or in astrocytes. In FXS, the FMRP protein regulates metabotropic glutamate receptor 5 (mGluR5) expression in astrocytes, but not in neurons. In Fmr1 KO astrocytes, the absence of FMRP leads to a downregulation of mGluR5 that leads to reduced expression of glutamate transporter 1 (GLT-1) and, subsequently, to decreased glutamate uptake in astrocytes [91] (Figure 1). Increased mGluR5 signaling has been long proposed to account for the syndromic features and the cognitive deficits in FXS [92,93]. In fact, the acute and chronic pharmacological inhibition of mGluR5 in adult Fmr1 KO mice restores dendritic alterations including aberrant dendritic morphology, increases protein synthesis, and rescues memory deficits associated with FXS [94,95]. As mentioned, mGluR5 is upregulated in neurons [96] but downregulated in astrocytes [91]. Thus, the contribution of mGluR5 dysregulation to FXS pathophysiology is more complex than expected. mGluR5 activation has been associated with a form of synaptic depression, called mGluR5-mediated LTD resulting from the internalization of surface-expressed α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) as a response to mGluR5 activation in neurons [97,98]. This is accompanied by reduced presynaptic release of glutamate [99] that, overall, leads to an exaggerated LTD in Fmr1 KO mice [100]. Conversely, mGluR5 downregulation in Fmr1 KO astrocytes has been associated with lower astroglial GLT-1 levels [91]. This might contribute to reduced glutamate reuptake and, therefore, to increased extracellular glutamate levels which subsequently might activate mGluR5 receptors in postsynaptic neurons, thus promoting mGluR5-mediated LTD.



Interestingly, increased GFAP expression, a marker of astrocyte activation, has been reported in the cortex, hippocampus, and striatum of Fmr1 KO mice [101], suggesting a reactive gliosis in these particular brain regions. In general, increased GFAP expression is accompanied by an increase in the number of astrocytes [82]. Nevertheless, there is only one description of persistent astrogliosis (increased GFAP and S100β expression) in the cerebellum of Fmr1 KO mice [102], but no systematic quantification of the astroglial number has been performed in FXS. Complementary to these data, astrocyte physiology was also reported to be altered in a mouse model with a gain-of-function of the premutation CGG (preCGG) repeat within the FMR1 gene. preCGG knock-in mice showed increased and asynchronous calcium activity that was explained by increased glutamate levels in the extracellular space due to reduced expression of glutamate transporters such as the glutamate-aspartate transporter 1 (GLAST-1) and GLT-1 in astrocytes [103].



In cellular FXS models, control hippocampal neurons grown in co-culture with FXS astrocytes, showed aberrant dendritic morphology and decreased expression of synaptic markers (PSD-95) [103]. Conversely, when co-cultured with control astrocytes, hippocampal FXS neurons developed normally. These dendritic alterations were explained by a reduction in the expression of thrombospondin (TSP-1) in Fmr1 KO mice astrocytes [32]. TSP-1 is synthesized and secreted by astrocytes [104], promoting synaptogenesis [66] and neurite outgrowth [105] both during the neurodevelopment [106] and in the adult brain [107]. Interestingly, both culturing Fmr1 KO hippocampal neurons with astrocyte-conditioned media of FMRP-expressing (control) astrocytes and the exogenous application of TSP-1, prevented dendritic spine defects in Fmr1 KO neurons. This indicates that astrocyte-secreted TSP-1 is a potent modulator of dendritic morphology and that reduced TSP-1 in FXS astrocytes would contribute to dendritic alterations in FXS neurons.



In agreement with these results, an astrocyte-specific Fmr1 KO mouse model shows similar dendritic and cognitive alterations than Fmr1 KO mice [33]. However, restoring FMRP expression specifically in Fmr1 KO astrocytes was not sufficient to restore dendritic and learning deficits associated with FXS suggesting that astrocyte dysfunction does not completely account for FXS pathophysiology.




4.2. Astrocyte Pathology in Down Syndrome


DS is the most prevalent cause of intellectual disability of genetic origin. It is due to the presence of a third copy of HSA21, which results in deregulated gene expression leading to altered brain function. DS brain manifestations include changes in the volume and connectivity of certain brain regions such as the cerebral cortex, cerebellum, and hippocampus [108,109], and neuroarchitectural alterations such as spine dysgenesis [14,110], decreased spine density [8,9], and dendritic atrophy [7]. These alterations may deeply perturb information processing in structures related to cognitive functions such as hippocampus and cortex [110] and are assumed to underlie some cognitive impairments in DS, ranging from learning difficulties to spatial memory deficits [111].



In DS, there is an increased number of astrocytes [42,85,112] (Figure 2). In post-mortem brains of individuals with DS, astrocytes are more abundant, bigger, and express more astroglial markers (S100β, GFAP) than age-matched controls [42,112]. Similar observations were reported in Ts65Dn, a partial trisomic mouse model for DS [113]. Nevertheless, there are some discrepancies that suggest that GFAP is reduced in particular brain areas [114,115]. DS fetuses have a higher percentage of cells with astrocytic phenotype in the hippocampus [116], thus indicating a shift from neurogenesis to gliogenesis. This neurogenic-to-gliogenic switch was confirmed in induced pluripotent stem cells (iPSCs) from monozygotic twins discordant for trisomy 21 in which a shift towards the astroglial phenotype was detected in the transcriptional signature of DS-iPSC-derived cells, as shown by the increased expression of GFAP, S100β, and Vimentin [117]. HSA21 genes, such as the Dual specificity tyrosine-phosphorylation-regulated kinase 1A (DYRK1A), may play a role through the activation of the astrogliogenic transcription factor signal transducer and activator of transcription (STAT) that subsequently induces precocious astrogliogenesis by switching the neural progenitor fate towards the astroglial phenotype [118]. These findings suggest that gene expression deregulation in DS, and specifically changes in the DYRK1A-STAT signaling pathway, control the onset of the gliogenic switch and favor the neural progenitor cell fate towards astrogliogenesis.



The increased astrocyte number [42,85,112] is accompanied by a reduction in the neuronal population [116,119], due to impaired proliferation [116,120] and increased apoptosis [116,121]. This implies that the neuron to glia ratio would be reduced in DS, which could have profound implications. In fact, astrocytes are distributed in non-overlapping synaptic territories in the tridimensional space, which allows to modulate the synaptic transmission of several neurons at a time. These separated anatomical domains, called synaptic islands [122], are particularly relevant, as they might prevent the redundancy of different astrocytes controlling the same or neighboring synapses. In the DS scenario, astrocytes are increased both in number and in volume while neuronal numbers are reduced. These physical changes may not only affect how neurons and astrocytes are distributed and positioned in the tridimensional space but would also determine how many neurons a single astrocyte contacts. As a consequence, the astrocyte-associated area of influence would be affected, with probable consequences on neuronal communication. We speculate that the changes in the tridimensional arrangement could lead to a synaptic island overlap, promoting a misregulation and redundancy in the astroglial control of synaptic transmission.



In DS, astrocytosis is maintained throughout life and is accompanied by an immature astroglial phenotype with decreased interlaminar processes [123]. Moreover, astroglial physiology is altered, as shown by the increased spontaneous calcium oscillations in DS astrocytes [41]. This may impact neuronal function, since intracellular calcium transients in astrocytes induce the release of gliotransmitters. In fact, DS-iPSCs-derived astrocytes exhibited increased calcium activity, which was shown to subsequently reduce the excitability of co-cultured neurons [41]. The increase of calcium oscillations was attributed to S100β overexpression, since normalization of S100β expression restored calcium activity to control levels [41]. Interestingly, the reduction of evoked field potentials in DS iPSCs co-cultured neurons was prevented by blocking the A1 adenosine receptor (A1R) with 8-Cyclopentyl-1,3-dipropyl xanthine (DPCPX, a potent A1R antagonist). This would suggest that either A1R is overexpressed in neurons—a fact that to the best of our knowledge has not yet been described. A second possible explanation would be that increased adenosine concentration driven by the hydrolysis of an excess of ATP released consequent to the astrocyte hyperactivity would activate neuronal A1Rs. Adenosine has been shown to activate A1R in neighboring synapses [124,125] and A1R activation inhibits glutamate release [126,127], consistent with the reduced glutamate levels in DS that lead to an excitatory/inhibitory imbalance [128,129,130]. Specifically, the levels of glutamate are reduced in several brain regions including the parahippocampal gyrus [128] in the hippocampus [129] and in peripheral tissues [130], which could produce an overall reduction in the neuronal activity. These reduced glutamate levels could also be explained by the increased expression of the glutamate transporter GLAST-1 in DS astrocytes leading to a higher glutamate uptake compared to control astroglia [131]. Conversely, the levels of GLT-1 were preserved in DS astrocytes.



Although there is still some controversy, it seems that in DS, there is also an increased inhibition [132,133,134], since blocking GABAA receptors restores LTP deficits in Ts65Dn mice [135], while excitation is preserved [132] or slightly reduced [136]. Some studies suggested that the number of excitatory synapses would be reduced [136], while inhibitory synapses would be preserved [136]. In DS, there is an upregulation of mGluR5 both in fetal and adult DS brains [137] and this mGluR5 upregulation is astrocyte-specific [137]. However, no mechanistic studies associating mGluR5 with synaptic alterations either at the structural or functional level have been performed in mouse models for DS. Nevertheless, the deregulation of mGluR5 signaling in neurons and/or astrocytes can ultimately lead to alterations in the astrocyte–synapse cross-talk that is essential for synaptic transmission and contribute, at least to some extent, to the memory deficits associated with DS.



Interestingly, and similar to the FXS scenario, the co-culture of rat hippocampal neurons that were grown on top of human DS astrocytes showed reduced levels of TSP-1 (around 60% lower compared to WT astrocytes) which led to a reduction in the neuron spine number and more immature (filopodia) spines compared to neurons cultured with control astrocytes [14,34]. Conversely, the addition of TSP-1 in co-cultures of neurons and DS astrocytes restored the alterations in the dendritic spines, suggesting that TSP-1 dysfunction in DS contributes to aberrant dendritic morphology.



Studies focusing on astrocyte pathology on DS are scarce and limited and very few have explored in detail the mechanisms by which astrocytes could contribute to synaptic alterations in DS. Thus, exploring the mechanisms that might lead to astrocyte–synapse communication such as mGluR5 signaling, purinergic transmission, or deficits in TSP-1 secretion can provide new levels of understanding about the contribution of astrocyte dysfunction to memory deficits in DS.





5. Astrocytic Phenotypes in DS and FXS: Same Players for Different Phenotypes?


Neurodevelopmental disorders are among the most complex medical conditions, in terms of pathophysiological mechanisms and possible treatments. Most of them lead to intellectual disability, including both cognitive and behavioral impairments that have been traditionally ascribed to neuronal defects. In the last 20 years, astrocytes have emerged as key players in neurotransmission, helping to address longstanding questions in the intellectual disability field with an entirely novel perspective. Astrocytes also hold great promises for cognitive and behavioral repair.



Given that FXS and DS are the most preeminent neurodevelopmental disorders associated with intellectual disability, we have centered our review in those disorders, and on the astrocyte alterations that may impair fundamental mechanisms required for memory function including neuronal communication and synaptic function. Interestingly, we found several studies in FXS and in DS indicating that these disorders share deficits in astrocyte structure, gene expression, and/or function. How those may contribute to the different intellectual disability profiles in FXS and DS is still unexplored, as are also other mechanisms by which astrocytes could contribute to memory deficits.



Interestingly, while there is a lifelong astrocytosis in DS [85], this phenotype is not detected in FXS. One of the most important but also mysterious features of the astrocyte–neuron communication is the existence of so-called synaptic islands. Between 50% and 60% of hippocampal synapses are engulfed by extensive astrocytic ensheathment that prevents spillover and spatially isolates individual synapses from each other and from the extra-synaptic space [59,122]. However, the study of these non-overlapping astroglial domains have not been explored neither in FXS nor in DS. This is particularly relevant because it can provide new levels of understanding about how neurons and astrocytes interact in the tridimensional space and how astrocyte–synapse cross-talk varies over time. In the DS scenario, the decreased neuron to astrocyte ratio would imply that the astroglial domains would be disturbed. The increased number and volume of astrocytes would lead either to smaller astroglial domains or to overlapping synaptic islands and, therefore, the boundaries between astroglial domains would be more diffuse.



However, due to the dynamic nature of astrocytes, which are remarkably motile and can engage and disengage from synapses spontaneously or in response to physiological (or pathological) stimuli [61,62,63], these synaptic islands are expected to change over time. Thus, even though no substantial changes in astrocyte number or volume have been described in FXS that might indicate changes in the neuron to astrocyte ratio, it could happen that the dynamics of the extensive astrocytes processes in FXS might vary, thus changing the defined astroglial locations in which astrocytes modulate a specific number of synapses. Likewise, this hypothetical shift in the motility of the astroglial domains might also produce that the well-established boundaries between synaptic islands become more diffuse, as in DS, leading to dysregulation of synaptic transmission in FXS.



In both DS and FXS, even though no direct conclusions can be extracted, one would expect that synaptic transmission would be affected somehow, probably by adding some redundancy in the system since more astrocytes would be in charge of controlling a similar number of synapses or because the different astroglial topology would modify the synaptic astroglial coverage that is important for synaptic transmission.



Furthermore, the scope of the astroglial contribution to synaptic alterations in neurodevelopmental disorders also includes other important players such as proteins related with the neurotransmitter and ionic homeostasis such as glutamate transporters (GLT-1 and GLAST-1), glutamine synthetase, aquaporins, potassium channels, and lactate transporters. How specific alterations in these proteins might contribute to memory deficits in FXS and DS might include changes in neuron excitability due to impaired astrocyte–synapse cross-talk. The study of these alterations can provide invaluable clues to comprehend the molecular basis of intellectual disability in these brain disorders. For example, differences in glutamate transporters such as GLT-1 and GLAST-1 modifies the glutamate levels [91] that influence neuronal activity. In FXS, reduced GLT-1 and GLAST-1 increase glutamate levels [91,103] lead possibly to a depression of the synaptic transmission by mGluR5-mediated LTD, or are causative, at least to some extent, for the hyperexcitability that has been widely described in FXS [138,139,140]. Conversely, in DS, GLAST-1 is overexpressed in astrocytes and leads to an increased astroglial glutamate uptake [131], which reduces the available glutamate in the extracellular space and probably reduces neuronal activity. As such, changes in the expression of several receptors such as mGluR5, which are downregulated in FXS astrocytes [91] and upregulated both in FXS neurons [96] and in DS astrocytes [141] can affect how neurons and astrocytes interact at the synaptic level. In neurons, mGluR5 is functionally coupled to N-methyl-D-aspartic acid receptors (NMDAR) by means of a protein scaffold constituted by Homer isoforms and Shank, among others [142,143]. In fact, mGluR5 activation has been shown to enhance NMDAR function [144,145] but also to promote mGluR5-dependent LTD [146], and these differences are probably due to different patterns of incoming glutamatergic signals in the postsynaptic neuron. Despite the well-known roles of mGluR5 in synaptic plasticity in neurons [147,148], very few studies have studied the contribution of astroglial mGluR5 signaling to the synaptic transmission either in FXS or in DS. Unraveling differential roles of mGluR5 in neurons and astrocytes in FXS would help to better dissect and elucidate the potential mechanistic interactions between neurons and astrocytes associated with mGluR5 dysfunction. Correspondingly, in DS, the investigation of mGluR5 function both in neurons and astrocytes would help to better understand the dysfunctional cross-talk in the tripartite synapse. In DS, mGluR5 is upregulated in astrocytes [141] (and probably in neurons [137]), yet no mechanistic studies have demonstrated the potential implications of mGluR5 dysfunction, neither in neurons nor in astrocytes.



Other important contributors to the intellectual disability phenotype would involve impairments in spine maturation and synaptogenesis not only during neurodevelopment but also in adult stages, as seen by the TSP-1 downregulation also in FXS and in DS [14,32,34]. Taking into consideration that the formation of new synapses and the strengthening of the existing ones is indispensable for memory function [22,23], these astrocyte-driven dendritic deficits that hamper synaptic function might have profound implications for the establishment of specific connectivity maps that support memories over time both in FXS and DS. Thus, strategies targeting TSP-1 deficits both in FXS and in DS can provide new lines of investigation to tackle dendritic alterations that are believed to contribute to memory deficits associated with these brain disorders.



Another interesting approach that could shed light into the astroglial contribution to memory deficits could be the restoration of epigenetic mechanisms that deregulate gene expression. For instance, in FXS hypermethylation of CGG triplets avoid FMRP expression in neurons [149,150]. In DS, there is a hypermethylation that represses gene expression in certain chromosomes [151,152,153] together with a hypoacetylation described in Ts65Dn hippocampus [154], a mouse model of DS, that would promote, in general, an downregulation of several memory-related genes. Recently, it has been possible to specifically edit the epigenetic footprints in a gene-specific manner. In fact, the demethylation of CGG repeats in iPSCs-derived FXS neurons induces an active chromatin state and restores most of the dendritic alterations to WT levels [150]. However, this approach has not been directed yet to restore genetic alterations due to epigenetic imbalance in the astroglial population. For instance, it could be interesting to restore GFAP and/or S100β expression in DS in which these genes are upregulated in order to see potential recoveries at the synaptic level and, possibly, also in cognition.




6. Astrocyte Involvement in Memory Pathology in Neurodevelopmental Disorders: A Look into the Future


In conclusion, our review shows that, to date, only few studies have specifically targeted the astrocytes involved in the cognitive and behavioral deficits associated with intellectual disability. Nevertheless, all the alterations detected in FXS and DS at the synaptic level in which astrocytes are involved, suggest that their perturbation has a detrimental effect on these disorders, and we propose specific models that would explain these alterations in FXS and in DS.



This is an exciting time for astrocyte research since we are beginning to understand unique and fascinating astroglial features that go beyond the outdated “neurocentric” vision. Shortly, and every time more frequently, we will hear about new discoveries that involve the astrocytes in different brain functions such as attention, sleep, executive functions, social behavior, and in several types of memory since we are now able to manipulate the astrocyte activity while mice undergo different tasks in a very time-constrained manner. However, more importantly, we may envisage that astrocytes could become a promising target for new treatments for a number of brain disorders.
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Abbreviations




	DS
	Down syndrome



	FXS
	Fragile X syndrome



	S100β
	S100 calcium-binding protein β



	HSA21
	Homo Sapiens Autosome 21



	GFAP
	Glial Fibrillary Acidic Protein



	GABA
	Gamma aminobutyric acid



	ATP
	Adenosine triphosphate



	PAP
	Perisynaptic astrocytic process



	LTP
	Long-term potentiation



	LTD
	Long-term depression



	TeNT
	Tetanus Neurotoxin



	hM3Dq
	human Gq-coupled M3 muscarinic receptor



	CA1
	Cornu Ammonis 1



	CA3
	Cornu Ammonis 3



	ACC
	Anterior Cingulate Cortex



	FMR1
	fragile X mental retardation 1



	FMRP
	Fragile X Mental Retardation Protein



	CA4
	Cornu Ammonis 4



	KO
	Knock-out



	mGluR5
	Metabotropic Glutamate Receptor 5



	GLT-1
	Glutamate Transporter 1



	GLAST-1
	Glutamate Aspartate Transporter 1



	TSP-1
	Thrombospondin-1



	iPSC
	Induced pluripotent stem cells



	YRK1A
	Dual-specificity tyrosine phosphorylation-regulated kinase-1



	STAT
	Signal Transducer and Activator of Transcription



	NPC
	Neural Progenitor Cell



	A1R
	Adenosine 1 Receptor



	DPCPX
	8-Cyclopentyl-1,3-dipropyl xanthine
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Figure 1. Schematic representation illustrating the astrocyte-synapse alterations in Fragile X syndrome (FXS). (1) Astrocyte number is preserved. (2) Reduced astrocyte secreted thrombospondin (TSP-1) prevents spine maturation resulting in more abundant filopodia (immature) spines. (3) Increased S100 calcium-binding protein β (S100β) and GFAP expression has been described in astrocytes. However, this altered expression has not been directly linked with their activity or function. (4) Fragile X Mental Retardation Protein (FMRP) absence in FXS astrocytes leads to metabotropic glutamate receptor 5 (mGluR5) downregulation in astrocytes (yet not in neurons) that negatively regulates glutamate transporter 1 (GLT-1) expression. Impaired glutamate transport due to decreased astrocyte glutamate-aspartate transporter 1 (GLAST-1) and GLT-1 expression increases extracellular glutamate levels (5) and astroglial calcium oscillations (6). This excess of glutamate might activate the postsynaptic mGluR5, which is overexpressed in neurons. (7) mGluR5 and FMRP oppositely regulate mRNA translation at the synapse: mGluR5 promotes it and FMRP prevents it. Therefore, increased mGluR5 expression and lack of FMRP in FXS leads to a disbalance in protein expression levels that account for many of the syndromic features of FXS including an α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) internalization that leads to an exaggerated mGluR5-mediated long-term depression (LTD) that is reported in Fmr1 knock-out (KO) mice. 
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Figure 2. Schematic representation illustrating the astrocyte-synapse alterations in DS. (1) Astrocyte number and volume is increased in DS. (2) Reduced astrocyte secreted TSP-1 prevents spine maturation resulting in more frequent filopodia (immature) spines. (3) Increased S100β and GFAP expression has been described in astrocytes. S100β upregulation has been linked with increased astrocyte calcium oscillations (4). Increased astrocyte activity leads to adenosine triphosphate (ATP) release to the synaptic cleft (5) that is hydrolyzed to adenosine and activates A1 adenosine receptors (A1R) (6). A1R activation prevents glutamate release from the presynaptic terminal and, consequently (7) depresses synaptic transmission (8). Even though mGluR5 is upregulated in astrocytes (and probably in neurons), no mechanistic studies have been performed to uncover the contribution of mGluR5 to DS pathophysiology. (9) Reduced glutamate concentrations can be contributed by increased expression of the glutamate transporter GLAST-1 that leads to increased astroglial glutamate uptake. 
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