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Synapse loss is an early feature shared by many neurodegenerative diseases, and it represents the major correlate of cognitive impairment. Recent studies reveal that microglia and astrocytes play a major role in synapse elimination, contributing to network dysfunction associated with neurodegeneration. Excitatory and inhibitory activity can be affected by glia-mediated synapse loss, resulting in imbalanced synaptic transmission and subsequent synaptic dysfunction. Here, we review the recent literature on the contribution of glia to excitatory/inhibitory imbalance, in the context of the most common neurodegenerative disorders. A better understanding of the mechanisms underlying pathological synapse loss will be instrumental to design targeted therapeutic interventions, taking in account the emerging roles of microglia and astrocytes in synapse remodeling.
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INTRODUCTION

The prevalence of neurodegenerative disorders has been rapidly increasing over the past decades. These untreatable and often lethal conditions including Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS), affect over 100 million people worldwide (Prince et al., 2013; Browne et al., 2014; Baxter et al., 2015). Despite differences in age of onset and genetic risk factors associated with the disease, common pathophysiological features can be identified, including synaptic and glial dysfunction, as well as cognitive impairments. Synapse loss is an early occurring hallmark in many neurodegenerative disorders, which correlates best with the appearance and progression of cognitive decline (DeKosky and Scheff, 1990; Terry et al., 1991; Koffie et al., 2011; Spires-Jones and Hyman, 2014). Abnormal glial function is also recognized as an early pathological feature commonly observed in neurodegenerative disease (Verkhratsky et al., 2014). However, for a long time, the prevailing neuro-centric view of pathogenesis has led to the underestimation of key roles for non-neuronal cells in the brain, primarily glia, which were instead considered as mere bystanders or secondary responders in the pathological process. Only in the last decade, with the advent of new genetic, molecular and pharmacological tools, have significant steps forward been made towards our understanding of glial function, revealing a central role for these cells in disease (Verkhratsky et al., 2014).

From the Greek word “glue,” glia in the central nervous system (CNS) include three major cell subsets: astrocytes, microglia and oligodendrocytes. While the latter are mainly responsible for the formation of myelin and for providing metabolic support to axons (Baumann and Pham-Dinh, 2001; Simons and Nave, 2015), microglia and astrocytes cover a variety of functions, ranging from trophic support to refinement and coordination of neural networks (Reemst et al., 2016; Allen and Lyons, 2018). Microglia are the resident macrophages of the CNS and constitute about 10%–15% of all the brain cells. Historically, they have been regarded exclusively as innate immune cells, considered to be “activated” only during infection or injury. In the last decade, however, several new physiological roles for microglia have been described, revealing a much broader scenario for the multifaceted tasks performed by these cells (Tremblay et al., 2011; Sierra et al., 2014; Paolicelli and Ferretti, 2017). Astrocytes are the more abundant glial cell in the CNS; their processes closely enwrap synapses, and their role in regulating synaptogenesis, neurotransmitter recycling and synaptic transmission is well established (Parpura et al., 1994; Vesce et al., 1999; Panatier et al., 2011; Chever et al., 2016). In addition, they play key roles in maintaining the blood–brain barrier, providing trophic and metabolic support to neurons (Pellerin et al., 2007; Sofroniew and Vinters, 2010). Since the recent recognition of a role for glia in refining synaptic connections, intense investigations have been devoted to elucidate the molecular mechanisms of glia-meditated synapse elimination, particularly in the context of neurodegeneration. The majority of neurodegenerative disorders fall into the category of “proteinopathies,” because of the characteristic accumulation of toxic protein aggregates (Ross and Poirier, 2004; Soto and Pritzkow, 2018). In such diseases, pathological proteins often accumulate at the synapse (Koffie et al., 2009, 2012; Henstridge et al., 2018), thus causing synaptic dysfunction and likely rendering the synapses vulnerable and primed for removal (Walsh et al., 2002; Geracitano et al., 2003; Pieri et al., 2003; Shankar et al., 2007; Crimins et al., 2012). In the case of AD, for instance, amyloid β (Aβ) peptide accumulates at the synaptic site long before its extracellular aggregation in plaques, and it is associated with alterations in synaptic structures, both in mouse and in human studies (Gylys et al., 2004; Almeida et al., 2005; Sokolow et al., 2012; Takahashi et al., 2013).

Synapse elimination could occur via autonomous pathways within the damaged neuron, due to localized caspases or necrotic signals (Wishart et al., 2006; Ertürk et al., 2014) or via active non-cell-autonomous removal of synapses by surrounding glial cells (Hong et al., 2016; Vasek et al., 2016; Paolicelli et al., 2017). Evidence for either scenario or even a combination of both exists. In this review article, we will primarily focus on glial-dependent synapse loss and revise the recent literature providing evidence for glial contribution to excitatory-inhibitory network dysfunction in pathological states.

SYNAPSE REMODELING IN DEVELOPMENT AND DISEASE

The term synapse, from the Greek σνυάψις, meaning “conjunction,” refers to the physical point of contact between two neurons, and thus defines the anatomical site of information exchange between an axonal input and the recipient dendritic spine (Harris and Weinberg, 2012). Synapses are highly dynamic sub-cellular structures, as they can be rapidly formed or eliminated during plasticity-mediated processes (Engert and Bonhoeffer, 1999; Matsuzaki et al., 2001). They represent the structural basis of long-term potentiation (LTP), essential for memory formation (Matsuzaki et al., 2004). Evidence of the highly dynamic nature of synapses has been provided by advances in live imaging techniques, showing that dendritic spines rapidly appear and disappear as a result of experience-dependent plasticity upon sensory experience, and learning processes (Toni et al., 1999; Lendvai et al., 2000; Holtmaat and Svoboda, 2009; Fu et al., 2012). During early development, immature neural circuits undergo synaptic refinement, in which activity-dependent competition between synapses ultimately results in the elimination of inappropriate connections and brain plasticity, while strong synapses are reinforced (Penn et al., 1998; Lichtman and Colman, 2000; Hua and Smith, 2004; Torborg and Feller, 2005; Mikuni et al., 2013; Fields et al., 2014; Robin et al., 2018). Importantly, the proposed mechanism of the strongest “winning inputs” (Personius and Balice-Gordon, 2000) is consistent across a number of models, namely the neuromuscular junction (NMJ; Wang et al., 2014), the Purkinje fibers in the cerebellum (Mason and Gregory, 1984; Hashimoto and Kano, 2003; Kakegawa et al., 2015) and the retino-thalamic system (Hong and Chen, 2011), suggesting that activity-dependent remodeling of synapses is a conserved process across the central and peripheral nervous system. In vivo imaging studies recently showed that monocular deprivation (MD) increases dendritic spine elimination in the developing mouse visual cortex, with no effects on synapse formation (Zhou et al., 2017). Interestingly, binocular deprivation (BD), which entirely suppresses competition between the two eyes, failed to induce synapse elimination, and resulted by contrast in enlarged dendritic spine size (Zhou et al., 2017).

The high dynamic remodeling of synapses not only occurs during early developmental stages, but also persists across the entire lifespan (Peretti et al., 2015). Live imaging of cortical regions largely supports the experience-dependent plasticity of dendritic spines in the adult mouse brain (Xu et al., 2009; Yang and Zhou, 2009). In vivo imaging of the hippocampus, a highly plastic structure, has been made possible only recently, upon novel methods of cortical tissue resection (Pilz et al., 2016). Such studies have provided evidence for network plasticity with new spines formed and eliminated in the CA1 stratum radiatum, with an impressive-previously underscored- spine turnover of ~40% within 4 days (Gu et al., 2014; Pfeiffer et al., 2018).

While synapse elimination in the context of brain development and experience-dependent plasticity is a physiological process (Wolff and Missler, 1993; Kamiyama et al., 2006), its later and dysregulated occurrence is recognized as an early pathological feature of neurodegenerative diseases (DeKosky and Scheff, 1990; Henstridge et al., 2018). Indeed, one of the earliest hallmarks of neurodegeneration is the loss of presynaptic terminals and dendritic spines, which represents the major correlate of cognitive impairment (Terry et al., 1991; Scheff et al., 2006, 2014). Structural and functional alterations of synapses, culminating in synapse loss, are associated with sensory, motor, and cognitive impairments observed in a variety of neurodegenerative disorders, ranging from AD to motor neuron diseases (MND), and often precede clinical manifestations (Selkoe, 2002; Henstridge et al., 2018). Yet, the causes and the molecular mechanisms leading to pathological synapse loss have not been fully elucidated (Henstridge et al., 2016). On one hand, the regenerative capacity of synapses seems to be significantly reduced in the disease state, as shown in prion-infected and AD mouse models (Peretti et al., 2015); on the other hand, aberrant synaptic pruning or lack of trophic support by surrounding glia cells can contribute to the drastic reduction in synapse number.

CONTRIBUTION OF GLIA TO SYNAPSE ELIMINATION

Recent literature highlights glial cells as active participants in the process of neural circuits refinement (Figure 1). Microglia and astrocytes contribute to accurate network formation by directly pruning redundant synapses during early development, and thus shaping brain connectivity (Paolicelli et al., 2011; Chung et al., 2013; Hakim et al., 2014; Zhan et al., 2014; Risher et al., 2014; Filipello et al., 2018). In addition, glia can also act indirectly to induce effects on synaptic function, via the release of soluble modulators (Chung et al., 2015). Compelling evidence shows that synapse elimination by glia is important in the activity-dependent wiring of the brain, with microglia and astrocytes selectively removing the weaker synapses upon input competition (Schafer et al., 2012; Chung et al., 2013; Sipe et al., 2016; Yang et al., 2016). For example, the visual system is a well-characterized model for experience-dependent synaptic refinement (Wiesel and Hubel, 1963), and thus, the developing retino-thalamic system has been frequently used for studying competition of synaptic inputs, which project from the retinal ganglion cells (RGCs) to the relay neurons in the dorsal later geniculate nucleus (dLGN), and then to the primary visual cortex. This model has been influential in revealing that microglia are active players in experience-dependent remodeling of neural circuits (Tremblay et al., 2010; Schafer et al., 2012; Sipe et al., 2016). Sensory deprivation, by closure of one eye, during the visual critical period results in enhanced engulfment of synaptic terminals by microglia and astrocytes (Chung et al., 2013; Sipe et al., 2016), whereas BD, achieved by pharmacological blockade, drastically reduces astrocyte-mediated synaptic pruning, further confirming that active competition of synaptic inputs is required for glial-dependent synapse remodeling (Chung et al., 2013). Several pathways have been implicated in this process, including fractalkine signaling (Cx3cr1/Cx3cl1), DAP12/triggering receptor expressed on myeloid cells 2 (TREM2) signaling and the complement pathway for synapse elimination by microglia (Paolicelli et al., 2011; Schafer et al., 2012; Filipello et al., 2018), and MEGF10 and MERTK for astrocyte-mediated synapse engulfment (Chung et al., 2013). Dysfunctional regulation of such pathways or intrinsic defects in glia are possible causes for the pathological synaptic pruning observed in neurodegeneration. Indeed, a growing body of evidence indicates that glia-mediated synapse removal becomes dysregulated in aging and disease. A prominent hypothesis is that an increased activation of the complement cascade, associated with neurodegenerative disorders, enhances complement deposition on synaptic terminals, priming the synapses for removal and thus mediating aberrant synapse elimination. In support of this, distinct animal models of neurodegeneration (discussed below) exhibit upregulated levels of complement C3 and C1q, and subsequent synapse loss (Fonseca et al., 2004; Michailidou et al., 2015, 2017; Shi et al., 2015, 2017; Lui et al., 2016). Also, injection of Aβ peptide in wild-type mice was shown to increase the levels of complement molecules, and in turn to promote synapse engulfment by microglia (Hong et al., 2016). A consistent role for complement in opsonizing synapses for removal has been shown in ageing models, with complement C3-deficient mice protected from age-related hippocampal decline (Shi et al., 2015). Complement upregulation was also reported upon viral infection. However, while such increase is critical for mediating microglial removal of presynaptic terminals in the hippocampus of West Nile Virus (WNV) infected mice (Vasek et al., 2016), it appears dispensable in IFN-γ mediated microglial synaptic stripping upon lymphocytic choriomeningitis viral infection (Di Liberto et al., 2018). Type I IFN signaling instead mediates synapse elimination by microglia in a mouse model of systemic lupus erythematosous (SLE), an incurable autoimmune disease (Bialas et al., 2017).
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FIGURE 1. Glial control of synaptic homoeostasis. Synapses exists as tri- or even quad-partite structures with glial processes in direct contact with neuronal components. Glia play important roles in regulating efficient neurotransmitter release and clearance, as well as providing trophic factors to ensure healthy function. Furthermore, during development glia prune away excess synapses and by doing so, fine-tune the excitatory/inhibitory balance within developing neuronal networks.



Purinergic signaling also plays crucial roles in microglia-mediated synapse refinement. ATP is a major signaling molecule, that acts as a danger signal once released extracellularly and profoundly affects microglial function (George et al., 2015; Rodrigues et al., 2015). Microglial processes are rapidly directed towards sources of ATP through the activation of P2Y12 receptors (Davalos et al., 2005). Activity-dependent synapse remodeling in the developing mouse visual cortex has been shown to strongly rely on such purinergic pathways in microglia, as knockout mice exhibited defective ocular dominance plasticity (Sipe et al., 2016). In addition, calcium-mediated purinergic receptors regulate microglial phagocytoses during postnatal brain development (Sunkaria et al., 2016).

Microglia not only sense and respond to ATP, but they can also serve as a source of purines, which modulate synaptic plasticity, thus representing an alternative mechanism for microglia-induced synaptic refinement (George et al., 2016).

Also, intrinsic glia dysfunction caused by genetic mutations can lead to aberrant synapse elimination. Loss of progranulin was shown to promote synaptic pruning by microglia, in a C1q-dependent manner (Lui et al., 2016). We have reported evidence for enhanced synapse engulfment, in the motor/somatosensory cortex of mice selectively lacking microglial TDP-43 (Paolicelli et al., 2017).

Other immune-related molecules such as CD47, have been recently described to work as “spare me” signals, and to protect synapses from excessive microglia-mediated pruning (Lehrman et al., 2018).

An interesting aspect that warrants further investigation is the cross-talk between microglia and astrocytes. Collecting evidence indicates that microglia can modulate astrocytic function, and conversely astrocytes can regulate microglial phenotypes (Jha et al., 2018). Microglial derived ATP, for instance, acts through the astrocytic receptor P2Y1, thus modulating excitatory neurotransmission and providing neuroprotection (Pascual et al., 2012; Shinozaki et al., 2014). Microglia can also induce neurotoxic astrocytes through the release of C1q, tumor necrosis factor-α (TNF-α), and interleukin-1α (IL-1α) (Liddelow et al., 2017). Recent findings show that astrocytic NF-kB activation induce a Wnt-dependent microglial proliferation, identifying astrocytes as important regulator of microglial expansion (Ouali Alami et al., 2018). Astrocyte-mediated synapse elimination has been shown to occur soon after acute sleep deprivation, before microglia-mediated remodeling, which is engaged only subsequently, if sleep deprivation is prolonged for several hours (Bellesi et al., 2017). It is thus tempting to speculate that astrocytes and microglia can act together in coordination, to ensure efficient synapse remodeling. Fine-tuned communication between microglia and astrocytes is crucial for proper brain functioning. Thus, a better understanding of the cellular processes involved in this cross-talk will be essential to elucidate the role of glia in the diseased brain.

Lifestyle factors related to dementia, such as nutrition, sleep quality and stress, are heavily implicated in glia-mediated synapse loss and cognitive decline (Cope et al., 2018; Rajendran and Paolicelli, 2018). On the other hand, large-scale human genetic studies have identified glia-specific genes as genetic risk factor in a range of neurological conditions from autism (Voineagu et al., 2011) to AD (Karch and Goate, 2015; Gosselin et al., 2017). Taken together, all this evidence reveals glia as a common link between many of the world’s most impenetrable diseases.

IMBALANCE BETWEEN EXCITATION AND INHIBITION IN PATHOLOGICAL STATES

The balance between the excitatory and inhibitory control of synaptic activity needs to be tightly maintained to ensure proper functioning and plasticity of neural circuits (Hensch and Fagiolini, 2005; Harauzov et al., 2010). Pre-synaptic terminals of excitatory synapses release glutamate as their major neurotransmitter, and are thus defined glutamatergic. Glutamate is received at the post-synapse by the ionotropic [N-methyl-D-aspartate receptors (NMDARs) and 2-amino-3-3-hydroxy-5-methyl-isoxazol-4-yl propanoic acid receptors (AMPARs)] and metabotropic (mGluR) glutamate receptors. On the other hand, pre-synaptic terminals at inhibitory synapses primarily release γ-aminobutyric acid (GABA), and are thus defined GABAergic. GABA is post-synaptically received by ionotropic (GABAAR) and metabotropic (GABABR) GABA receptors. In terms of spatial organization, glutamatergic synapses are located almost exclusively on dendritic spines, whereas GABAergic synapses can be spread along the dendritic shaft, somata, and axon initial segments (Fritschy and Brünig, 2003; Penzes et al., 2011).

Excitatory neurons increase or decrease the accumulation of glutamate receptors at synaptic sites in response to changes in their own firing rates, through what has been defined as homeostatic synaptic scaling (Turrigiano et al., 1998; Turrigiano and Nelson, 2004; Turrigiano, 2008). The aim is to stabilize neuronal firing by adjusting its own synaptic strength to compensate for perturbations in surrounding neural activity (Ibata et al., 2008).

Network synchrony and oscillatory brain rhythms are promoted and controlled by the activity of inhibitory GABAergic interneurons across the entire lifespan, with important cross-talks with astrocytes modulating synaptic efficacy (Buzsáki et al., 2004; Klausberger and Somogyi, 2008; Perea et al., 2016; Sardinha et al., 2017; Mederos et al., 2018). Indeed, in the early stages of several brain disorders, impairment in inhibitory transmission combined with possible defects in homeostatic synaptic scaling at excitatory synapses might drastically compromise the excitation/ inhibition (E/I) balance (Palop and Mucke, 2016). Defective inhibition or aberrant excitation in brain development has been associated with severe alteration in the E/I ratio (observed in ASD for example) and considered to be causally linked to behavioral abnormalities (Rubenstein and Merzenich, 2003; Gao and Penzes, 2015; Nelson and Valakh, 2015). In support of this, modulation of prefrontal cortex E/I by optogenetics has recently been shown to rescue deficits in social behavior, in a mouse model of autism (Selimbeyoglu et al., 2017). Nevertheless, in other cases with memory alterations, selective changes of glutamatergic synaptic markers, have been reported without evident changes of GABAergic synaptic markers, in models of childhood epilepsy, diabetic encephalopathy and repeated stress, supporting the complexity of this topic (Cognato et al., 2010; Duarte et al., 2012; Canas et al., 2014; Kaster et al., 2015).

In neurodegeneration, such as in AD, network activities are altered even decades before clinical disease onset and are associated with diverse cognitive manifestations (Palop and Mucke, 2016). To date, the mechanisms and pathophysiological consequences of these alterations, which include activation and deactivation deficits of neural circuits, are poorly understood. Importantly, recent findings suggest that network activities can be experimentally or behaviorally manipulated to improve cognitive function in AD mouse models (Sanchez et al., 2012; Busche et al., 2015), and even in patients at risk of AD (Bakker et al., 2012, 2015). Overall, impairments in inhibitory connections, with consequent hyperexcitation, are emerging as potential mechanisms underlying cognitive dysfunction in several neurodegenerative diseases. On the other hand, selective increase in inhibition, via pharmacogenetic activation of parvalbumin interneurons, was recently shown to have beneficial effects, preventing stress-induced synapse loss in vivo (Chen et al., 2018).

Considering the complexity of our brain, it is easy to imagine that the fine-tuned balance between excitation and inhibition is not simply the net output of neuronal firing, but is rather the result of a highly regulated cross-talk amongst numerous cell types that are able to sense synaptic activity and to assist neurons to dynamically and appropriately adjust synapse strength and number. In this scenario, glial cells, such as astrocytes and microglia, which are known to closely interact with neural networks, can directly contribute to homeostatic synaptic scaling. Indeed, it has been proposed that glia participate directly in the homeostatic, activity-dependent regulation of synaptic connectivity through the release of TNF-α, a cytokine known to increase the cell surface expression of AMPA receptors (Stellwagen and Malenka, 2006). Similarly, several other molecules released by microglia and astrocytes might exert a direct regulation of plasticity by affecting receptor composition at the synapse, such as BDNF and IL1β (Parkhurst et al., 2013; Rizzo et al., 2018).

In addition to mechanisms mediated by release of soluble factors, it would be important to investigate whether refinement of synaptic connections by glial synaptic pruning also occurs to reinforce synaptic scaling. Growing evidence indicates that microglia are capable of sensing synaptic activity and act as key players in homeostatic regulation of neural firing (Li et al., 2012; Béchade et al., 2013; Ji et al., 2013). Lipopolysaccharide (LPS) injection in mice promotes transient but selective microglia-mediated removal of inhibitory synapses, which ultimately results in neuroprotection by suppressing inhibition and increasing synchronic neural firing (Chen et al., 2014). LPS-driven inflammation has profound effects on synaptic transmission (Pickering and O’Connor, 2007). Recent studies show that short-term LPS stimulation of microglia in spinal cord specifically decreases inhibitory glycinergic post-synaptic currents (Cantaut-Belarif et al., 2017). It is thus plausible to speculate that loss of excitatory synapses could be counteracted by microglia through removal of inhibitory inputs. On the other hand, astrocytes are much less motile, but their processes are more stably associated with synapses, and even considered a constant synaptic element, forming the so-called “tripartite synapse” (Araque et al., 1999). Interestingly, perturbations in astrocytic function lead to selective reduction in inhibitory, but not excitatory currents, as a consequence of rapid GABA depletion induced by downregulation of the glutamine synthetase enzyme (Ortinski et al., 2010).

Astrocytes also play critical roles in activity-dependent synapse elimination, as previously discussed. In the light of such observations, glia cells represent the perfect candidates for monitoring and eventually restoring E/I networks balance, through selective remodeling of excitatory or inhibitory inputs.

Overall, a dysregulated ratio between excitation and inhibition has significant implications in behavioral outputs associated with neurodevelopmental and neurodegenerative disorders, however the exact molecular and cellular processes at the origin of such dysfunction are yet to be elucidated. In the following paragraphs we will review the recent literature, highlighting possible links between glia-mediated synaptic remodeling and dysregulation of the E/I network balance in neurodegeneration.

ALZHEIMER’S DISEASE

AD is the most common cause of dementia in the elderly, and despite its increasing prevalence there are no effective treatments available. The rare familial form of AD involves mutations of the amyloid precursor protein gene (APP) and Presenilins 1 and 2 (PSEN1 and PSEN2), which cleave APP to form Aβ species (Hardy and Higgins, 1992; Chávez-Gutiérrez et al., 2012). Late-onset (LOAD), or sporadic AD accounts for more than 95% of the Alzheimer’s cases, but has no clear etiology. With ageing being the strongest risk factor, several genetic polymorphisms in various gene loci have been associated with increased AD risk, such the Apolipoprotein E4 (ApoE4) allele or the R47H mutation in Trem2 (Roses, 1996; Guerreiro et al., 2013; Jonsson et al., 2013). AD is characterized by deposition of extracellular Aβ plaques, intracellular neurofibrillary tau tangles (NFTs), and progressive neurodegeneration accompanied by cognitive decline (Spires-Jones and Hyman, 2014). Several studies have focused on the pathological role of Aβ oligomeric species as a major player in neuronal and network dysfunction at early stages of the disease progression, thus providing a broad range of causative mechanisms (Cleary et al., 2005; Shankar et al., 2008; Li et al., 2011). For instance, Aβ can cause E/I imbalance through disruption of fast-spiking GABAergic inputs (Ren et al., 2018). Mutations in the APP leading to increase in Aβ oligomerization (E693 Osaka mutation; Tomiyama et al., 2010) have also been shown to cause selective GABAergic depletion in recessive familial AD (Umeda et al., 2017). Many of the LOAD risk genes, including APOE and TREM2, involve the brain’s immune system and the majority of them are highly enriched in microglia (Gosselin et al., 2017), suggesting glial cells are causally implicated in the pathogenesis of AD, and thus might be important players in the E/I imbalance observed already in the early stages (Henstridge et al., 2019).

The microglial and astrocyte reactivity in AD and their physiological role in synaptic pruning has inspired a new wave of research into glial-mediated synapse loss in AD as a driver of network dysfunction (Serrano-Pozo et al., 2013; Rodriguez et al., 2014). Figure 2 summarizes the role of glia in mediating synaptic refinement in AD.
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FIGURE 2. Pathophysiology of Alzheimer’s disease (AD). The build-up of pathological amyloid and tau species leads to neurodegeneration via numerous autonomous and non-autonomous pathways. Glial cells release pro-inflammatory mediators and lose their ability to regulate glutamate homeostasis, leading to synaptic dysfunction. Furthermore, the synaptic accumulation of proteins from the complement system leads to glial-dependent synapse engulfment and loss.



Other immune cells, such as lymphocytes and neutrophils may play important roles in the onset and progression of AD, also interacting with resident glia cells (Town et al., 2005; Xie and Yang, 2015; Ferretti et al., 2016).

Microglia and Astrocytes in Synapse Loss in AD

It is well established that excitatory synapses are vulnerable in AD. Specifically, oligomeric Aβ (oAβ) not only induces synaptotoxicity but also synaptic weakening through prolonged long-term depression (LTD) and impaired LTP (Shankar et al., 2008; Li et al., 2009; Wu et al., 2010). In turn, glutamatergic signaling deficits in AD can range from NMDA and AMPAR internalization causing synaptic weakening (Zhang et al., 2003; Snyder et al., 2005) to NMDA-mediated glutamate excitotoxicity (Esposito et al., 2013). Recent reports suggest that other mechanisms of synapse dysfunction, such as the upregulation of adenosine A2A receptor might even occur before and independent of defective glutamate receptors, in a mouse model of AD (Viana da Silva et al., 2016).

Most studies demonstrating synapse loss by microglia have focused on the engulfment of pre- and post-synaptic markers, by co-localization approaches, with a preferential focus on excitatory synapses. The role of complement, in virtue of its role in mediating synaptic pruning during development, has been extensively investigated in the context of synapse elimination in AD. Indeed, in two amyloidopathy models of AD (Tg2576 and APP/PS1) crossed with C1q knockout mice, lack of C1q protected against synaptophysin loss in the hippocampus of aged mice (Fonseca et al., 2004). Similarly, more recent work has shown increased co-localization of C1q with excitatory post-synaptic densities-95 (PSD-95) in the J20 APP-overexpressing mouse model, as well as in transgenic APPsw/PSEN1DE9 mice, and also following injections of oAβ (Hong et al., 2016; Bie et al., 2019). Synaptotoxicity and LTP impairments induced by oAβ were also prevented in C1q knockout mice or upon administration of C1q neutralizing antibodies, suggesting C1q is critical for synaptic elimination (Hong et al., 2016; Bie et al., 2019). A proposed mechanism for C1q upregulation in hippocampal synapses is via metabotropic glutamate receptor signaling (mGluR1; Bie et al., 2019), which has been shown to be involved in synaptic LTD upon amyloid challenge (Chen et al., 2013). Overall, upregulation in complement molecules is associated with higher internalization of synaptic markers by microglia and with overall synaptic loss. In agreement with these outcomes, APP/PS1 mice lacking C3 showed a milder pro-inflammatory biochemical and morphological profile, reduced Aβ-associated microgliosis and astrogliosis, and greater levels of pre-synaptic (synaptophysin, VGLUT1) and excitatory post-synaptic (homer, PSD-95) markers compared to APP/PS1 mice expressing C3 normally (Shi et al., 2017). Importantly, C3 absence in 16-month-old APP/PS1 mice, spared cognitive deficits as shown by enhanced spatial memory. This suggests that in AD, healthy synapses that would not normally require physiological elimination may be aberrantly targeted by the complement system for elimination, partly eliciting the cognitive decline seen in AD.

Secretion of pro-inflammatory mediators by microglia is likely to occur concomitantly to phagocytosis, contributing to the AD-related synapse loss. Prolonged exposure to TNF-α in a triple transgenic AD-like model (3xTg) induced neuronal loss, microgliosis and upregulated C3 as well as intracellular Aβ levels (Janelsins et al., 2008). In the TgCRND8 AD mouse model, C3 was also upregulated in response to another potent pro-inflammatory cytokine, IFN-γ (Chakrabarty et al., 2010). Additionally, in culture assays, microglial IL-6 and nitric oxide (NO) have direct synaptotoxic effects on neurons (Azevedo et al., 2013). Therefore, microglia not only can directly mediate synapse elimination, but can also prime synapses for removal through released soluble factors.

The presence of the allele E4 for APOE (a major cholesterol carrier) is the strongest genetic risk factor influencing susceptibility to LOAD and it is associated with increased synapse loss (Koffie et al., 2009, 2012; Liu et al., 2013; Tzioras et al., 2018) as well as complement activation (McGeer et al., 1997). Transcriptomic studies have heavily implicated microglial APOE as a common facilitator of many AD-associated conditions, including amyloidosis, tauopathy, ageing and inflammation (Kang et al., 2018; Lin et al., 2018; Ulrich et al., 2018). Specifically, microglia close to Aβ plaques develop a disease associated phenotype and upregulate Apoe expression in a TREM2 dependent pathway (Keren-Shaul et al., 2017; Krasemann et al., 2017). APOE4 expressing mice also exhibit increased hippocampal gliosis and decreased levels of both synaptophysin and excitatory postsynaptic proteins (Zhu et al., 2012). Crossing APOE4 mice to the 5xFAD AD-like mouse model resulted in exacerbated Aβ-associated gliosis, presence of dystrophic neurites and IL-1β neuroinflammation (Rodriguez et al., 2014). Moreover, in human post mortem brains, the APOE4 genotype is associated with an increase in microglial markers of activation including CD68, MSR-A and CD64 and decrease in homeostatic Iba1 (Minett et al., 2016). It is, therefore, compelling to hypothesize that, in carriers of the APOE4 allele, microglia might be more prone to mediate pathological synapse loss.

Astrocytes and their many functions have been extensively studied in the context of AD (González-Reyes et al., 2017; Liddelow and Barres, 2017; Perez-Nievas and Serrano-Pozo, 2018), albeit their role in synapse loss is less clear. Both human and mouse studies have reported upregulation of reactive astrocyte signatures (GFAP) in the presence of an APOE4 allele (Overmyer et al., 1999; Ophir et al., 2003; Belinson and Michaelson, 2009; Shi et al., 2017). In a recent study, induced pluripotent stem cells from APOE4 AD patients were differentiated into astrocytes and were then genetically modified using CRISPR-Cas9 to generate an APOE3 genotype (Lin et al., 2018). This approach revealed that APOE4 to APOE3 conversion is sufficient to rescue the impaired phagocytic ability of astrocytes towards Aβ (Lin et al., 2018). Interestingly, and unexpectedly, an allele-dependent role for APOE was also shown in respect to mediating synapse elimination, with APOE2 enhancing and APOE4 decreasing the rate of synaptic pruning by astrocytes (Chung et al., 2016). This apparent controversy might be explained if we assume that homeostatic elimination of damaged synapses occurs constantly in the healthy brain. Thus, one could speculate that ApoE4 carrier would be impaired in such glia-mediated “homeostatic synapse remodeling.”

Only recently there was evidence of reactive astrocytes engulfing synapses in AD, with electron microscopy showing dystrophic VGLUT1-positive terminals being cleared by astrocytic endfeet in the hippocampus of APP/PS1 mice and in late stages of AD (Gomez-Arboledas et al., 2018). Whether this clearing mechanism is exacerbated in AD and contributes to excessive synaptic elimination is still under debate. The decreased phagocytic ability of reactive and APOE4-expressing astrocytes in development introduces new questions as to how these cells change in the context of AD and thus contribute to neurodegeneration.

Glia Implications in E/I Imbalance in AD

Mounting evidence from mouse model studies suggest that, in the amyloid-depositing brain, functional impairments of local neuronal circuits lead to disruption in the E/I balance, which then result in large-scale networks defects (Busche et al., 2008; Busche and Konnerth, 2016; Palop and Mucke, 2016). Loss of inhibitory interneurons results in impaired oscillatory rhythm (Ramos et al., 2006; Baglietto-Vargas et al., 2010; Verret et al., 2012) leading to epileptiform activity (Vossel et al., 2016) and network hyperexcitability (Brown et al., 2018) in a subset of AD patients. Some studies have reported reduction of inhibitory pre-synaptic VGAT and GAT1 peri-somatic terminals on pyramidal neurons close to plaques, both in AD post mortem cases and aged APP/PS1 mice (Garcia-Marin et al., 2009). Others have found no such loss of inhibitory synapses in neither the same APP/PS1 model nor AD cases at comparable pathological stages; conversely, excitatory VGLUT1 boutons were found to be significantly reduced (Mitew et al., 2013; Canas et al., 2014). In the same study, Aβ was also suggested to increase astrocyte GABA synthesis, highlighting a possible implication of astrocytes as a source of E/I imbalance in AD (Mitew et al., 2013). Microglia, too, may play an active role in compromising the equilibrium of excitatory vs. inhibitory synaptic transmission in AD, by promoting loss of selective synapses (i.e., glutamatergic vs. GABAergic). Evidence for microglia engulfing excitatory inputs in AD mouse models have been provided (Hong et al., 2016; Paolicelli et al., 2017), however, evidence for the engulfment of inhibitory connections is still lacking. Whether microglia can directly contribute to E/I imbalance in AD is currently under debate, and further studies are required to investigate this possibility. A clear implication of microglia in the AD brain has been recently underscored by the use of PET tracers in vivo, which are capable of specifically revealing the microglial component of neuroinflammation (Edison et al., 2018; Horti et al., 2019).

PARKINSON’S DISEASE

PD is a neurodegenerative disorder characterized by massive degeneration of nigro-striatal dopaminergic neurons, which leads to progressive motor and cognitive symptoms. It is the second most common neurodegenerative disease and affects 2%–3% of the population over the age of 65 years (Poewe et al., 2017). The general term “parkinsonism” refers to the ensemble of movement disorders defined by the appearance of bradykinesia, rigidity or tremor. Cognitive impairment, in addition, is an important non-motor symptom of PD, with a mean duration from clinical disease onset to dementia of about 10 years (Aarsland et al., 2011; Selnes et al., 2017). A key neuropathological hallmark of the PD brain is the abnormal deposition of intraneuronal (Lewy bodies) and intraneuritic (Lewy neurites) fibrillary aggregates, mainly composed of α-synuclein (α-syn) and referred to as Lewy pathology. α-syn inclusions, initially thought to be limited to the substantia nigra pars compacta of the striatum, have been associated with the primary cause of neuronal loss in PD (Desplats et al., 2009). However, post mortem brain examinations of patients affected by PD revealed that Lewy pathology is not only confined to the striatum, but also affects other well-defined brain regions, possibly following a progressive spreading pattern (Del Tredici et al., 2002; Beach et al., 2009; Colom-Cadena et al., 2017). Staging of Lewy pathology in PD was first proposed by Braak et al. (2003), based on histological examinations showing the anatomical caudo-rostral progression of disease over time. Accumulating in vitro and in vivo evidence indicates that α-syn can undergo toxic conformational changes, spread from cell to cell, and initiate the formation of pathological aggregates, in a prion-like manner (Kordower et al., 2008; Li et al., 2008; Luk et al., 2012; Masuda-Suzukake et al., 2013). Together with the progressive stages of the disease, these data are in support of the spreading hypothesis, according to which Lewy pathology arises in specific brain nuclei and spreads to other structures through synaptic connections (Recasens and Dehay, 2014).

Transgenic animal models with α-syn overexpression exhibit neuronal dysfunction in the absence of cell loss, indicating that disruptions of synaptic transmission occur as an initial event, preceding α-syn-induced neuronal cell death (Janezic et al., 2013; Phan et al., 2017). Experimental evidence in fact shows that synaptic dysfunction is caused by presynaptic accumulation of α-syn aggregates, which impair axonal transport by affecting key proteins governing synaptic vesicle release (Kramer and Schulz-Schaeffer, 2007; Bellucci et al., 2012; Anichtchik et al., 2013).

Early synaptic dysfunction in PD has been supported by genetic evidence, with recently identified mutations in genes involved in clathrin-dependent synaptic vesicle endocytosis (SVE), such as DNAJC6 (auxilin) and SYNJ-1 (synaptojanin 1), in patients with juvenile and early-onset atypical parkinsonism (Nguyen and Krainc, 2018). In these models, a central role for glia cell have been also proposed, although causative mechanisms still await further supportive evidence (Teismann et al., 2003).

Microglia and Astrocyte-Mediated Synapse Impairment in PD

Synapse loss in PD correlates with the pathological deposition of α-syn at the pre-synaptic site. Indeed, prolonged exposure to α-syn oligomers in hippocampal slices was shown to regulate synaptic transmission and impair LTP by activating NMDARs (Diógenes et al., 2012). Most of the studies aimed at elucidating the cellular basis of PD, have focused so far on mechanisms of neuronal dysfunction; however, PD-related genes are also expressed in astrocytes and microglia. Thus, it is likely that dysregulation of such genes may contribute to disease onset and progression via glia-mediated processes. Astrocytic roles in glucose metabolism are well described, and mutations in Parkin, PINK1, DJ-1 and LRKK2, associated with PD, have been shown to affect astrocytes function (Choi et al., 2013).

Parkin is a ubiquitin ligase largely implicated in PD, however its role in modulating glial specific function has just started to be unraveled. Recent studies show that parkin loss exacerbates inflammation and promotes survival of activated microglia by inhibiting necroptosis, thus contributing to chronic neuroinflammation (Dionísio et al., 2018), whereas in astrocytes it induces endoplasmic reticulum stress. Whether such effects can negatively impact on synaptic function and mediate synapse loss, however, remains to be elucidated. Similarly, novel evidence for DJ-1 modulation of glial function are emerging. DJ-1, encoded by PARK7 gene, is a ubiquitously-expressed multifunctional protein which regulates anti-oxidant and anti-apoptotic gene expression (Canet-Avilés et al., 2004). DJ-1 knockdown in astrocytes was shown to impair astrocyte-mediated neuroprotection in primary neurons (Mullett and Hinkle, 2009; Kim et al., 2016), whereas astrocytic over-expression of DJ-1 prevented oxidative stress and mitochondrial dysfunction, leading to enhanced neuronal survival in vitro and in vivo (De Miranda et al., 2018; Frøyset et al., 2018). On the other hand, DJ-1 has been also shown to modulate microglial function, with its deficiency impairing autophagy, reducing α-syn phagocytosis and inducing a constitutive pro-inflammatory activation (Meiser et al., 2016; Nash et al., 2017). Mutations in LRKK2, another multifunctional protein associated with late-onset familial PD, has been shown to affect basic glial function. For instance, pathogenic mutations impair lysosomal function in astrocytes (Henry et al., 2015), and attenuate motility in microglia, preventing efficient response to brain damage (Choi et al., 2015). Altogether, these findings support the implication of glial dysfunction in the synaptic impairment occurring in PD.

Glial Contribution to E/I Imbalance in PD

The pathophysiology of PD is characterized, among other features, by a prominent imbalance within striatal activity. Dopamine (DA) has excitatory effects on the projections from the striatum to the internal segment of globus pallidus (GP), defined as the direct pathway, acting through D1 receptors (D1Rs). The same neurotransmitter, however, exerts inhibitory effects on the projection from the striatum to the external segment of GP through D2Rs, or indirect pathway (Surmeier et al., 2007). Loss of DA, therefore, has complex consequences on multiple levels. Several studies in rodents, using both pathogenic 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) models, have shown that the progressive loss of striatal DA leads to a significant loss of glutamatergic synapses on medium spiny neurons (MSNs) of the dorsal striatum (Ingham et al., 1989; Zaja-Milatovic et al., 2005; Day et al., 2006), and that dendritic spines are decreased and enlarged specifically in the direct pathway neurons (Nishijima et al., 2014). Overall, the loss of dopaminergic input from the substantia nigra alters the equilibrium between excitatory and inhibitory control from the basal ganglia to the motor cortex.

Recent studies have highlighted the existence of subpopulations of astrocytes, with circuit-specific roles in the basal ganglia (Martín et al., 2015). Considering that both the direct and indirect pathways are fundamental for motor control, and are associated with motor deficits in PD and Huntington’s diseases, the selective regulation of specific synapses by astrocytes may be involved in the coordinated activity of these networks in the striatal function, therefore, pointing to astrocytes as central players in these disorders (Martín et al., 2015).

However, whether and how glia cells contribute to the E/I imbalance in PD remains elusive.

It has recently been proposed that microglia may compensate for dopaminergic neuron loss through selective elimination of glutamatergic synapses from the subthalamic nucleus (Aono et al., 2017). By using the 6-OHDA-induced experimental Parkinsonism rat model, the authors showed a specific increase of activated microglia in the substantia nigra pars reticulata (SNr), engulfing excitatory pre- and post-synaptic elements. These findings suggest that microglia may be involved in a negative feedback in the indirect pathway of the basal ganglia to compensate for the loss of dopaminergic neurons in PD pathology (Aono et al., 2017). A central role for astrocytes has also been proposed in the PD brain, based on the observation that loss of DA neurons in the substantia nigra is associated with increased density of activated astrocytes (Hirsch et al., 2006; Gomide and Chadi, 2005; McGeer and McGeer, 2008). Only recently, however, it has been shown that striatal astrocytes engulf dopaminergic debris in the 6-OHDA model (Morales et al., 2017). Interestingly, α-syn was observed within astrocytic processes already 4 h after 6-OHDA administration, whereas the amyloid precursor protein (APP), found at synapses and accumulated in bulb-like structures of degenerating axons, was never found inside astrocytes. These findings suggest a selective engulfment of synaptic terminals by astrocytes, rather than a non-specific clearance of cellular debris (Morales et al., 2017). The contribution of microglia and astrocytes to synapse loss observed in PD is summarized in Figure 3.
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FIGURE 3. Pathophysiology of Parkinson’s disease (PD). Anatomically, PD is characterized by a loss of striatal dopaminergic neurons. This can lead to disruption of excitatory and inhibitory circuits, resulting in the clinical motor symptoms. Loss of glutamatergic synapses is apparent in the striatum and aggregates of α-synuclein (α-syn) are observed in the brains of patients. Furthermore, evidence suggests α-syn accumulates at the synapse, where both astrocytes and microglia have been shown to engulf α-syn-containing synaptic material.



AMYOTROPHIC LATERAL SCLEROSIS (ALS)

ALS is caused by the breakdown of upper and lower motor neurons leading to the progressive weakness and atrophy of muscle, often resulting in respiratory failure and death within a few years of diagnosis. It is the most common form of MND, yet we still do not have a unifying theory of disease pathogenesis. Most cases (90%) are sporadic, with the remaining 10% due to known mutations in a growing number of disease-associated genes, such as c9orf72, SOD1, FUS and TDP-43 (Renton et al., 2014). Mounting evidence suggests that disconnection of the neuromuscular synapse occurs very early in the disease, with an initial toxic insult at the synapse, leading to disconnection of axons from their target cell, axonal breakdown and ultimately neuron death. This model led to the popular “dying back” hypothesis of disease progression (Frey et al., 2000; Fischer et al., 2004; Pun et al., 2006). This process has been described at both peripheral synapses at the NMJ and synapses in the CNS, however the toxic insult at either site has yet to be identified. An alternative theory is the “dying forward” hypothesis, which posits that breakdown of primary motor neurons in the brain leads to subsequent loss of secondary motor neurons in the periphery, and thus muscular denervation. Cortical hyperexcitability has been observed early in ALS brains using a number of imaging techniques and it is known that chronic hyperexcitability results in excitotoxicity, leading to motor neuron loss (Bae et al., 2013). In strong support of hyperexcitability as an important feature, the most widely prescribed drug for ALS, Riluzole, acts by dampening excitatory synaptic activity in the brain (Doble, 1996). Given the complex heterogeneity of ALS, it is likely that both dying forward and dying back processes occur in disease, however, regardless the nature of the predominant process, they ultimately converge on synaptic dysfunction. Cell autonomous and non-autonomous pathways have been studied in both pathogenic pathways, with glia strongly implicated in ALS progression.

Synaptic Alterations in ALS

ALS has historically been considered exclusively a motor neuron disease, with much of the early research focused on the central and peripheral components of the motor system. Recent studies, however, have revealed that ALS is a multi-system disorder, displaying striking genetic, pathological and clinical overlap with frontotemporal dementia (FTD; Ling et al., 2013). Approximately 15% of ALS cases receive a co-morbid diagnosis of FTD and another 30%–40% present with milder cognitive and behavioral changes, reminiscent of symptoms (Strong et al., 2017). Given that synapse loss is the strongest correlate with cognitive decline in AD (Terry et al., 1991), it is interesting to note that synapse loss also associates with cognitive decline in ALS (Henstridge et al., 2018), suggesting that synapse loss may be a common feature of cognitive change in diverse neurodegenerative diseases (Henstridge et al., 2016).

Betz cells are giant pyramidal neurons located in layer V of the primary motor cortex where they project mono-synaptically onto lower motor neurons within the spinal cord. They receive synaptic input primarily from the premotor cortex, which is important for the planning and execution of complex movement. Research has shown that synapses onto anatomically-normal Betz cells are dysmorphic in the brains of ALS patients (Sasaki and Iwata, 1999). Furthermore, diverse animal models of ALS have revealed a common feature of pre-symptomatic loss of cortical synapses (Qiu et al., 2014; Fogarty et al., 2015, 2016). Lower motor neurons within the spinal cord exhibit a lower density of axo-somatic synapses in ALS (Sasaki and Maruyama, 1994a, b), suggesting a disconnection between upper and lower motor neurons. At the periphery, loss of NMJ synapses represent one of the first anatomical changes in ALS models, occurring long before disease symptoms (Frey et al., 2000; Fischer et al., 2004; Pun et al., 2006). Collectively, these studies show that synaptic connections throughout the motor system are vulnerable early in disease.

Microglia-Dependent Loss of Central Synapses in ALS

Mutations in superoxide dismutase 1 (SOD1), an antioxidizing enzyme, are associated with ALS.

Animal models overexpressing human mutated SOD1, display pre-symptomatic changes to cortical motor neurons, resulting in intrinsic hyperexcitability (Saba et al., 2016) and an early loss of inhibitory interneurons (Clark et al., 2017). Thus, it appears in SOD1 animal models of ALS, both intrinsic hyperexcitability and decreased inhibitory control play a role in cortical pathophysiology. Recent human studies using novel neurophysiological techniques have also suggested that imbalance between intracortical excitatory and inhibitory systems leads to hyperexcitability (Van den Bos et al., 2018). Many diverse ALS models exhibit pre-symptomatic synapse loss. SOD1 models present with early spine loss in the motor cortex, which worsens with disease progression (Fogarty et al., 2015; Saba et al., 2016). Mice overexpressing mutated forms of two RNA-DNA binding proteins commonly associated with ALS display overt synaptic defects: TDP-43 A315T mice have progressive loss of spines from P60–P90 compared to wild type mice (Handley et al., 2017) and FUS R521G mice have a significantly lower density of mature spines in the cortex at P18 (Sephton et al., 2014). While cell autonomous changes can influence neuronal morphology, glial cells also have the ability to significantly influence both excitatory and inhibitory synaptic systems via the release of toxic mediators or by direct phagocytosis of neuronal compartments, as described above. The study of microgliosis in human ALS tissue has mostly been confined to post mortem studies, which tend to show an increase in microglia number (Kawamata et al., 1992; Brettschneider et al., 2012). However, some studies have shown increased microglial activity in live human ALS brain, using PET imaging (Turner et al., 2004; Zürcher et al., 2015). Microglial activation is consistently detected in the motor cortex however one study also detected an increase in the dorsolateral prefrontal cortex and thalamus (Turner et al., 2004). Interestingly, microgliosis appears to associate with disease severity (Turner et al., 2004; Brettschneider et al., 2012; Zürcher et al., 2015), with a recent study suggesting microgliosis is specifically associated with rapid disease progression (Gorter et al., 2018). Taking a data-driven approach, another recent work uncovered networks of genes that associate with motor neuron pathology in human ALS brain. The study found that most genes within the top scoring network, are expressed in microglia (Cooper-Knock et al., 2017). Furthermore, TREM2 levels in the cerebrospinal fluid (CSF) of ALS patients was higher than controls and TREM2 levels positively correlated with disease duration in late stage ALS (Cooper-Knock et al., 2017). This supports previous work which found an increased expression of TREM2 mRNA in human and SOD1 mouse spinal cord, and also implicated a rare variant in TREM2 (p.R47H) as a risk factor for developing ALS (Cady et al., 2014). Therefore, it is clear that microglia have an important role to play in ALS pathogenesis (Geloso et al., 2017), but what effect are microglia having on surrounding neurons? An intricate mouse study utilizing cell-type specific expression of mutant SOD1 G93A, placed microglia in a central role for mediating ALS progression. Removing mutant SOD1 from microglia, thus returning them to a wild-type state, had no effect on disease onset, but significantly slowed late stage progression (Boillée et al., 2006). This is supported by recent work (Frakes et al., 2014) showing that a toxic microglial gain of function exerts a pathological effect on neurons in ALS. Our recent work has uncovered a potential mechanism by which activated, inflammatory microglia may exert degenerative effects on neurons. TDP-43 is the main pathological hallmark of ALS, with protein aggregates found in almost 100% of ALS cases (Neumann et al., 2006; Ling et al., 2013). Debate surrounds whether this leads to a pathological loss of normal function or a toxic gain of function, however, when TDP-43 is specifically knocked-out of microglial cells in mice, we found that they convert to a hyper-phagocytic phenotype and ingest surrounding synapses (Paolicelli et al., 2017). This links TDP-43 pathology to microglial activation and synapse loss. In human ALS brain, the presence of TDP-43 pathology in the frontal cortex is associated with a higher burden of microglial activity as evidenced by increased CD68 expression (Brettschneider et al., 2012; Paolicelli et al., 2017). Furthermore, the presence of TDP-43 in the frontal cortex was associated with lower synapse number in one study (Henstridge et al., 2018) and cognitive impairment in another (Brettschneider et al., 2012). Taken together, these studies place TDP-43 pathology and activated microglia at the sites of synapse loss in the ALS brain, resulting in a breakdown of neuronal function and clinical manifestation of ALS.

The evidence above clearly states that synapse loss is a prominent feature in human ALS brain and in diverse ALS models. However, does a similar synaptic breakdown occur around lower motor neurons within the spinal cord? A number of early studies assessing synaptic coverage of spinal motor neurons in human post mortem tissue described synapse loss and altered morphology in remaining synapses (Matsumoto et al., 1994; Sasaki and Maruyama, 1994a, b; Ince et al., 1995). Similar findings are evident in the SOD1 G93A mouse model, with decreased synapses onto motor neurons in the spinal cord and decreased spine density of spinal motor neurons (Zang et al., 2005; Fogarty et al., 2017). In the same mouse model, another study found a decrease in total synapse number onto brainstem motor neurons that manifested as a small increase in excitatory synapses and a larger decrease of inhibitory terminals (Sunico et al., 2011). Taken together it is clear that synapses are lost in the brainstem and spinal cord in ALS. At approximately the same time as spines are being lost in the SOD1 G93A mouse model, microglia are proliferating in the rat SOD1 G93A model (Graber et al., 2010). However, to the best of our knowledge no studies to date have assessed whether microglia may be stripping synapses in the spinal cord.

A recent study has found that microglia in the spinal cord may play a neuroprotective role. When human TDP-43 was over-expressed exclusively in neurons, microgliosis in the spinal cord was mild, but when the TDP-43 was switched off with doxycycline treatment, microglia became inflamed, proliferated and selectively engulfed neuronally-derived TDP-43 (Spiller et al., 2018). This has been recently confirmed in a zebrafish model of human TDP-43 over-expression, in which microglia actively phagocytose degenerating spinal cord neurons expressing TDP-43 (Svahn et al., 2018). Taken together, these studies suggest that TDP-43 in stressed neurons may act as a signal to attract phagocytic microglia to clear away aggregated TDP-43. With this in mind, it is interesting to note that TDP-43 aggregates have been observed in human synapses (Henstridge et al., 2018) and may act as a microglial “eat me” signal in the same way complement appears to in AD.

Microglia can also exert indirect effects on neuronal and synaptic function by the release of numerous signaling molecules. There is a wealth of literature describing the increased expression of proinflammatory mediators in ALS models and patients, ranging from elevated blood levels of TNF-a in human blood to increased chemokine MCP-1 expression in SOD1 mouse models (reviewed in Philips and Robberecht, 2011). Many of these excreted molecules can directly affect neuronal physiology, such as NO, reactive oxygen species (ROS) and cytokines (Henkel et al., 2009), further supporting a role for microglia ALS-related synapse dysfunction.

Astrocyte-Dependent Loss of Central Synapses in ALS

Glutamate is the major excitatory neurotransmitter in the brain and its levels need to be tightly controlled at the synapse to prevent excitotoxicity. Astrocytes play a major role by actively taking up excess glutamate using glutamate transporters, EEAT1 and EEAT2 (also known as GLAST and GLT-1, respectively). In SOD1 models, GLT-1 levels decrease as disease progresses (Bruijn et al., 1997) and this finding is consistent in human ALS spinal cord and brain (Rothstein et al., 1995). These early studies suggest that a failure in astrocytic control of synaptic glutamate may result in excitotoxicity and network imbalance, supported by a study that knocked out glial GLT-1 using oligonucleotides and discovered that animals developed a progressive motor paralysis (Rothstein et al., 1996). Interestingly, crossing the SOD G93A mouse with an EAAT2 over-expressing mouse delayed axonal dystrophy and motor neuron loss but did not affect onset of paralysis or life span (Guo et al., 2003). Despite this less than positive outcome, a pharmacological approach (beta-lactam antibiotic, ceftriaxone) to stimulate GLT-1 expression in SOD1 G93A mice at symptom onset, led to delayed loss of muscle strength and body weight and prolonged life by 10 days (Rothstein et al., 2005). Ceftriaxone was tested in a recent clinical trial and provided some excitement after a successful Phase 2, however it failed to show clinical efficacy in Phase 3 (Cudkowicz et al., 2014). It was not determined if the drug affected EAAT2 expression or function in the participants, so further work is required to assess the value in targeting glial glutamate transporters in ALS. Astrocytes also play an important trophic role through the uptake of glucose from the blood stream, which they convert into lactate and pass to neurons for the generation of glutamate (Pellerin and Magistretti, 1994; Pellerin et al., 1998). Lactate is shuttled from the astrocyte to the neuron in a pathway requiring the glutamate transporters mentioned above, however pre-symptomatic SOD1 G93A mice have a significantly lower amount of lactate in spinal cord homogenates and a decreased expression of GLAST (Ferraiuolo et al., 2011). This suggests a disruption in the astrocyte-neuron lactate shuttle, potentially rendering the neurons hypometabolic.

Small heat shock proteins (HSPBs) are important chaperones that reduce protein misfolding and aid in misfolded protein degradation. A recent study has found that in human ALS spinal cord, rapidly progressing disease was associated with increased HSPB5 and HSPB8 in astrocytes (Gorter et al., 2018). Furthermore, a recent rat model with restricted mutant human TDP-43 (M337V) expression in astrocytes, displayed a progressive paralysis due to loss of motor neurons in the spinal cord (Tong et al., 2013). This strongly supports an important role for glia-derived toxicity in ALS. These studies suggest that astrocytes may become overwhelmed with misfolded protein stressors in ALS, which could affect their trophic support of neurons and synapses. While it is clear that astrocytes have an important role to play in the synaptic pathology of ALS, there are currently no studies that we are aware of showing astrocytic ingestion of synaptic terminals. It will be important to discover if astrocytes are restricted to indirect effects on synaptic dysfunction or whether they can physically strip synapses and dystrophic dendrites as observed in other diseases.

Cross-talk between astrocytes and microglia also appear to play a critical role in ALS pathogenesis. In the SOD1 G93A mouse, specific knock out of SOD1 G93A from astrocytes, thus reverting them back to wild-type, had no effect on ALS onset but significantly delayed microglial activation and slowed late-stage disease (Yamanaka et al., 2008). This suggests that in ALS not only do microglia and astrocytes affect neuronal physiology alone, they also regulate the function of one another. Figure 4 shows a schematic representation of microglial and astrocytic roles in synapse loss in ALS.
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FIGURE 4. Pathophysiology of amyotrophic lateral sclerosis (ALS). ALS is characterized by the breakdown of motor neurons in the motor cortex and spinal cord. Gliosis and cortical hyperexcitability are early features of the ALS brain and aggregates of TDP-43 are found in almost all patients. TDP-43 has been found at human synapses in ALS and the removal of TDP-43 from microglia leads to hyperphagocytic cells that engulf synapses. Microglia have been shown to engulf neuronally-derived TDP43. Interestingly, synapse loss is an early feature of ALS and observed in both the central and peripheral nervous systems.



Glia-Dependent Loss of Peripheral Synapses in ALS

The NMJ exists as a tripartite structure, consisting of the motor nerve ending, the postsynaptic muscle cell and non-myelinating perisynaptic Schwann cells (PSCs; Ko and Robitaille, 2015). These specialized glial cells are critical for the maintenance and remodeling of adult NMJs, actively phagocytosing damaged nerve terminals and guiding regenerating nerves to their correct target (Ko and Robitaille, 2015). Active uptake of degenerating axonal components by Schwann cells involves the initial formation of “axosomes,” aggregates of synaptic proteins and membrane fragments that are released by the axonal tip (Bishop et al., 2004). Phagocytic behavior of PSCs is induced by signals released from degenerating motor neuron axons, resulting in engulfment of synaptic terminals at the NMJ (Duregotti et al., 2015). Interestingly, in a toxin-induced neuropathy model, the toxic signals (H2O2, mitochondrial DNA and cytochrome C) are released from mitochondria within the degenerating motor nerves, supporting the role of mitochondrial dysfunction in ALS (Duregotti et al., 2015; Smith et al., 2017). Furthermore, the expression of numerous receptors and signaling molecules involved in regulating PSC activity is under the control of the RNA-binding protein TDP-43 (Narayanan et al., 2013), suggesting that TDP-43 dysfunction can significantly impact the activity of Schwann cells at the NMJ.

Given the important role of the complement system in synapse loss in AD, it is interesting to note that components of the complement system are found at the NMJ in SOD1 mouse models and human tissue (Heurich et al., 2011; Bahia El Idrissi et al., 2016). It will be interesting to discover if these proteins tag the synaptic terminals for engulfment, in a similar glial-dependent process as described in AD above. Paradoxically, a recent study has shown that C1q deletion exacerbates disease progression and synapse loss in a SOD1 mouse model, revealing that further study is required to understand the role of complement at peripheral synaptic function (Lobsiger et al., 2013).

While these intriguing studies provide a glimpse of the normal function of PSCs, little is known about their role in disease. For example, it would be important to know if disease-associated changes in PSC activity resulted in aberrant synapse loss or whether their trophic role is disrupted in disease, leading to pathogenic processes.

MULTIPLE SCLEROSIS

MS is an autoimmune disease characterized by oligodendroglial dysfunction (Kotter et al., 2006; Miron et al., 2013) and T-cell driven inflammation (Korn et al., 2007; Aggelakopoulou et al., 2016), resulting in demyelination of gray and white matter tracts. Loss of the myelin sheath makes axons less capable of propagating electrical signals to the synapse and renders them more vulnerable to degeneration. Typically, affected individuals present with motor deficits but signs of cognitive decline are also evident in some patients (Rao et al., 1991; Chiaravalloti and DeLuca, 2008). Due to the demyelinating nature of MS and because the white matter is myelin-rich, changes in the gray matter have been largely over-looked, particularly in respect to synapses. Dendritic cortical spine loss, independent of cortical demyelination and axon loss, has emerged as a pathological feature of some MS patients (Nistico et al., 2014; Jürgens et al., 2016), which may explain the cognitive deficits (Di Filippo et al., 2018). The role of microglia and astrocytes as active players in MS-associated synaptic stripping (Figure 5) has been implied by multiple post-mortem studies but quantitative and mechanistic evidence is still elusive.
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FIGURE 5. Pathophysiology of multiple sclerosis (MS). While myelin loss is a central feature of MS pathology, it is accompanied by neurodegeneration, gliosis and immune cell (B-cells and T-cells) infiltration. Release of pro-inflammatory mediators and disrupted glutamate handling by glial cells leads to a toxic neuronal milieu. Furthermore, there is evidence that microglia are involved in complement-dependent synapse engulfment.



Microglial and Astrocyte Contribution to Synapse Loss in MS

Hippocampal microgliosis is a common feature in MS models as well as in human post-mortem samples, highlighting microglia yet again as a potential driver of synaptic loss in disease. Primarily, there are fewer pre-synaptic terminals in demyelinated MS cases (MS-D) compared to myelinated (MS-M) and control cases in various regions of the hippocampus, including CA3 and CA1 (Michailidou et al., 2015). Moreover, the researchers found that the levels of C1q and C3 are increased in the MS-D cases, and have shown, but not quantified, activated microglia containing pre-synaptic elements, suggesting that complement molecules—once again—may act as a synapse removal tag. C3d-expressing microglial clusters are seen in chronic MS lesions rather than the acute phases of demyelination, indicating C3d may not play a role in the initial synaptic degeneration seen in MS-D. Moreover, in the gray matter of MS post-mortem cases, C1q-positive neurons show dysmorphic nuclei, typical of cell stress, when adjacent to activated microglia clusters (Watkins et al., 2016). Together, these studies suggest a model in which C1q may act as a tag for early synaptic engulfment in MS, while neuronal C3d is internalized by microglia during phagocytosis of degenerating neuronal and synaptic debris in later phases of the disease. In addition, other members of the classical complement cascade need to be considered. Specifically, administration of oligonucleotides against C6 partially rescued the synaptophysin depletion found in experimental autoimmune encephalomyelitis (EAE) mouse model for MS. Reduction in C6 also led to decreases in the levels of IL-1β, microgliosis, myelin damage, and C9 of the membrane attack complex (MAC; Michailidou et al., 2018). Interestingly, C9 showed a strong negative correlation to synaptophysin, meaning high levels of C9 correlate with lower levels of pre-synaptic terminals. Given that the MAC can activate subsequent pathological mediators like the NLRP3 inflammasome in microglia (Laudisi et al., 2013), which allows maturation and release of IL-1β (Jo et al., 2016), it makes sense that there are lowers levels of inflammation and gliosis when C6 is inhibited. Furthermore, it has been previously discussed in the context of AD that other pro-inflammatory cytokines secreted by microglia have synaptotoxic effects, providing an alternative pathway to non-contact dependent synapse loss. Astrocytes can also contribute to glutamate excitotoxicity in MS as they reduce the levels of their glutamate transporters, EAAT1 and EAAT2, in MS-D lesions (Dutta et al., 2011), allowing excess levels of glutamate to surround synapses.

E/I Imbalance in MS and Possible Implication of Glia

Evidence of E/I imbalance has been reported in MS animal models, particularly the EAE model. Electrophysiological experiments have shown decreased excitatory post-synaptic potentials (EPSPs) in the CA1 of the hippocampus and impaired LTP in EAE mice, leading to cognitive impairments mediated by IL-1β driven inflammation (Kim et al., 2012; Di Filippo et al., 2013). This functional impairment may arise due to the downregulation of GluN2B NMDAR subunits in EAE mice. In contrast, there is evidence for inflammation-associated increase of LTP and reduction of LTD in EAE mice, displaying overall circuit hyperexcitation (Nistico et al., 2014). In favor of this, a magnetic resonance spectroscopy study found increased levels of glutamate in demyelinated brain areas of MS patients (Srinivasan et al., 2005), implicating excitatory imbalance as a pathological substrate for myelin damage, preceding synapse loss (Dutta et al., 2011). Specifically, oligodendroglia are vulnerable to glutamate excitotoxicity as they express NMDARs (Pérez-Otaño et al., 2016) which are required for activity-dependent myelination and plasticity (Lundgaard et al., 2013). Therefore, initial hyperexcitability could result in oligodendroglial dysfunction and demyelination, ultimately rendering synapses weaker and more vulnerable to elimination, leading to later LTP impairments.

However, other studies have reported synapse reduction occurring independently of demyelination (Jürgens et al., 2016; Albert et al., 2017).

Researchers also found increased, rather than decreased, spine density in the somatosensory cortex of EAE mice, associated with increased VGLUT1 levels and disrupted PV+ interneuron connectivity (Potter et al., 2016). The altered excitatory-inhibitory balance in the cortex of these mice was associated with increased density of Iba1+ microglia, however no evidence of cause-effect was reported (Potter et al., 2016).

The synaptic terminals assessed in the above MS and EAE studies are exclusively pre-synaptic with no distinction of excitatory or inhibitory nature. Loss of inhibitory signaling causes E/I imbalance, which has already been described here in the context of dementias but applies to MS as well. Indeed, GABA levels are reduced in the CSF of patients with MS, indicating decreased inhibition (Manyam et al., 1980). More recently, RNA sequencing from gray matter of motor cortices in MS patients showed downregulation of multiple genes that are critical to interneuron function (Dutta et al., 2006). Namely, there was downregulation of GAD67, an enzyme required for GABA synthesis pre-synaptically, and of the GABA receptor subunits α1 and β3 which are essential for GABA function post-synaptically. Furthermore, parvalbumin (PV) and cholecystokinin (CCK) levels were found to be lower in MS than controls, with PV-positive interneurons reduced by 30% in MS gray matter (Dutta et al., 2006).

Reduction of axosomatic synaptic terminals was recently reported in the cerebellum of MS patients, associated with increased levels of reactive astrocytes and microglia, specifically in the dentate nucleus (Albert et al., 2017). In this study, ultrastructural examination by electron microscopy revealed evidence for astrocyte-mediated synaptic stripping (Albert et al., 2017).

Altogether, these findings point toward a consistent alteration in the E/I balance in MS and encourage further investigation to better elucidating the role of glia mediated-synapse loss.

CONCLUSION

Here, we have summarized the contributions of glial cells in some of the most common neurodegenerative diseases, highlighting evidence for their role in synapse remodeling. In disease, glia-mediated synaptic refinement likely represents an attempt to counteract network dysfunction occurring in the early stages of the disease. In this scenario, glia selectively remove excitatory or inhibitory connections in specific brain regions, to compensate for disease-associated changes in synaptic input. On the other hand, intrinsic dysfunction of glia cells, due for instance to genetic mutations, could also play a critical causative role in the pathogenesis of the diseases, acting as a primary trigger for E/I imbalance, by inducing excessive synaptic pruning (Figure 6). It is tempting to speculate that similar mechanisms could occur in response to shifts in E/I balance in the developing brain, where glia-mediated synaptic alterations may lead to long lasting structural and functional defects, thus promoting the risk of developing psychiatric disorders and depression later in life (Durieux et al., 2015; Rial et al., 2015). Thus, deeper insight into the process of synapse remodeling mediated by glia cells, both in physiological and pathological conditions, will be essential for designing effective therapeutics to prevent, or at least halt synapse elimination. Such therapeutic interventions include an attenuation of the microglial response in AD pathology. For example, in two separate models of AD, the APPswe/PS1 and the 5xFAD, inhibiting the colony stimulating factor-1 receptor (CSF1R) markedly reduced microglial proliferation, rescuing synapse loss and cognitive deficits (Olmos-Alonso et al., 2016; Spangenberg et al., 2016). Importantly, in neither of these studies did pharmacological inhibition of microglia influence Aβ-plaque load, suggesting that microglial activation in AD can be synaptotoxic, via non-Aβ mediated mechanisms. However, whether this synaptic and cognitive rescue was due to attenuating microglial driven inflammation is unclear. Microglial neurotoxic and synaptotoxic cytokine release in prodromal stages of the disease is likely to coincide with complement deposition and aberrant phagocytosis. Complement molecules deposited at synapses have been reported to be work as a powerful “eat me” signal in several distinct neurodegenerative disorders. However, synapse elimination in pathological contexts could also be seen as a beneficial process, at least in the initial stages, aimed at re-establishing the E/I balance. Critical information will be provided by clinical trials currently testing a humanized anti-C1q antibody in neurodegeneration, after its safety was recently proven in both animal models and human cohorts (Lansita et al., 2017).


[image: image]

FIGURE 6. Glial Influence on excitatory/inhibitory balance. Under physiological conditions, glial cells play important roles in the control of neuronal physiology, resulting in a well-controlled balance of excitatory/inhibitory neuronal networks. However, under pathological conditions as described in some of the diseases here, glial cells become hyperactive and damage surrounding neurons. This results in a dramatic tip of the balance depending on whether excitatory or inhibitory cells are disproportionally affected in the network.



Given that early synapse loss is a common phenotype in many neurodegenerative diseases, it raises the exciting possibility that a greater understanding of glia-mediated synapse loss may lead to a single therapeutic strategy that targets many of the world’s most devastating diseases.

AUTHOR CONTRIBUTIONS

CH, MT and RP revised the literature and wrote the manuscript.

FUNDING

This work was funded and supported by the University of Lausanne, the University of Edinburgh, Edinburgh Neuroscience, the UK Dementia Research Institute, Alzheimer’s Research UK, Alzheimer’s Society, the Medical Research Council, and by a Starting Grant from the European Research Council to RP (Grant 804949). CH is a member of the Euan Macdonald Centre and funded by MND Scotland. Figures were created with BioRender.

REFERENCES

Anichtchik, O., Calo, L., and Spillantini, M. G. (2013). Synaptic dysfunction in synucleinopathies. CNS Neurol Disord Drug Targets 12, 1094–1100. doi: 10.2174/18715273113129990114

Aarsland, D., Brønnick, K., and Fladby, T. (2011). Mild cognitive impairment in Parkinson’s disease. Curr. Neurol. Neurosci. Rep. 11, 371–378. doi: 10.1007/s11910-011-0203-1

Aggelakopoulou, M., Kourepini, E., Paschalidis, N., Simoes, D. C., Kalavrizioti, D., Dimisianos, N., et al. (2016). ERβ-dependent direct suppression of human and murine Th17 cells and treatment of established central nervous system autoimmunity by a neurosteroid. J. Immunol. 197, 2598–2609. doi: 10.4049/jimmunol.1601038

Albert, M., Barrantes-Freer, A., Lohrberg, M., Antel, J. P., Prineas, J. W., Palkovits, M., et al. (2017). Synaptic pathology in the cerebellar dentate nucleus in chronic multiple sclerosis. Brain Pathol. 27, 737–747. doi: 10.1111/bpa.12450

Allen, N. J., and Lyons, D. A. (2018). Glia as architects of central nervous system formation and function. Science 362, 181–185. doi: 10.1126/science.aat0473

Almeida, C. G., Tampellini, D., Takahashi, R. H., Greengard, P., Lin, M. T., Snyder, E. M., et al. (2005). β-amyloid accumulation in APP mutant neurons reduces PSD-95 and GluR1 in synapses. Neurobiol. Dis. 20, 187–198. doi: 10.1016/j.nbd.2005.02.008

Aono, H., Choudhury, M. E., Higaki, H., Miyanishi, K., Kigami, Y., Fujita, K., et al. (2017). Microglia may compensate for dopaminergic neuron loss in experimental Parkinsonism through selective elimination of glutamatergic synapses from the subthalamic nucleus. Glia 65, 1833–1847. doi: 10.1002/glia.23199

Araque, A., Parpura, V., Sanzgiri, R. P., and Haydon, P. G. (1999). Tripartite synapses: glia, the unacknowledged partner. Trends Neurosci. 22, 208–215. doi: 10.1016/s0166-2236(98)01349-6

Azevedo, E. P., Ledo, J. H., Barbosa, G., Sobrinho, M., Diniz, L., Fonseca, A. C., et al. (2013). Activated microglia mediate synapse loss and short-term memory deficits in a mouse model of transthyretin-related oculoleptomeningeal amyloidosis. Cell Death Dis. 4:e789. doi: 10.1038/cddis.2013.325

Bae, J. S., Simon, N. G., Menon, P., Vucic, S., and Kiernan, M. C. (2013). The puzzling case of hyperexcitability in amyotrophic lateral sclerosis. J. Clin. Neurol. 9, 65–74. doi: 10.3988/jcn.2013.9.2.65

Baglietto-Vargas, D., Moreno-Gonzalez, I., Sanchez-Varo, R., Jimenez, S., Trujillo-Estrada, L., Sanchez-Mejias, E., et al. (2010). Calretinin interneurons are early targets of extracellular amyloid-β pathology in PS1/AβPP Alzheimer mice hippocampus. J. Alzheimers Dis. 21, 119–132. doi: 10.3233/jad-2010-100066

Bahia El Idrissi, N., Bosch, S., Ramaglia, V., Aronica, E., Baas, F., and Troost, D. (2016). Complement activation at the motor end-plates in amyotrophic lateral sclerosis. J. Neuroinflammation 13:72. doi: 10.1186/s12974-016-0538-2

Bakker, A., Albert, M. S., Krauss, G., Speck, C. L., and Gallagher, M. (2015). Response of the medial temporal lobe network in amnestic mild cognitive impairment to therapeutic intervention assessed by fMRI and memory task performance. Neuroimage Clin. 7, 688–698. doi: 10.1016/j.nicl.2015.02.009

Bakker, A., Krauss, G. L., Albert, M. S., Speck, C. L., Jones, L. R., Stark, C. E., et al. (2012). Reduction of hippocampal hyperactivity improves cognition in amnestic mild cognitive impairment. Neuron 74, 467–474. doi: 10.1016/j.neuron.2012.03.023

Baumann, N., and Pham-Dinh, D. (2001). Biology of oligodendrocyte and myelin in the mammalian central nervous system. Physiol. Rev. 81, 871–927. doi: 10.1152/physrev.2001.81.2.871

Baxter, A. J., Brugha, T. S., Erskine, H. E., Scheurer, R. W., Vos, T., and Scott, J. G. (2015). The epidemiology and global burden of autism spectrum disorders. Psychol. Med. 45, 601–613. doi: 10.1017/S003329171400172X

Beach, T. G., Adler, C. H., Lue, L., Sue, L. I., Bachalakuri, J., Henry-Watson, J., et al. (2009). Unified staging system for Lewy body disorders: correlation with nigrostriatal degeneration, cognitive impairment and motor dysfunction. Acta Neuropathol. 117, 613–634. doi: 10.1007/s00401-009-0538-8

Béchade, C., Cantaut-Belarif, Y., and Bessis, A. (2013). Microglial control of neuronal activity. Front. Cell. Neurosci. 7:32. doi: 10.3389/fncel.2013.00032

Belinson, H., and Michaelson, D. M. (2009). ApoE4-dependent Aβ-mediated neurodegeneration is associated with inflammatory activation in the hippocampus but not the septum. J. Neural Transm. 116, 1427–1434. doi: 10.1007/s00702-009-0218-9

Bellesi, M., de Vivo, L., Chini, M., Gilli, F., Tononi, G., and Cirelli, C. (2017). Sleep loss promotes astrocytic phagocytosis and microglial activation in mouse cerebral cortex. J. Neurosci. 37, 5263–5273. doi: 10.1523/jneurosci.3981-16.2017

Bellucci, A., Zaltieri, M., Navarria, L., Grigoletto, J., Missale, C., and Spano, P. (2012). From α-synuclein to synaptic dysfunctions: new insights into the pathophysiology of Parkinson’s disease. Brain Res. 1476, 183–202. doi: 10.1016/j.brainres.2012.04.014

Bialas, A. R., Presumey, J., Das, A., van der Poel, C. E., Lapchak, P. H., Mesin, L., et al. (2017). Microglia-dependent synapse loss in type I interferon-mediated lupus. Nature 546, 539–543. doi: 10.1038/nature22821

Bie, B., Wu, J., Foss, J. F., and Naguib, M. (2019). Activation of mGluR1 mediates C1q-dependent microglial phagocytosis of glutamatergic synapses in Alzheimer’s rodent models. Mol. Neurobiol. doi: 10.1007/s12035-019-1467-8 [Epub ahead of print].

Bishop, D. L., Misgeld, T., Walsh, M. K., Gan, W. B., and Lichtman, J. W. (2004). Axon branch removal at developing synapses by axosome shedding. Neuron 44, 651–661. doi: 10.1016/j.neuron.2004.10.026

Boillée, S., Yamanaka, K., Lobsiger, C. S., Copeland, N. G., Jenkins, N. A., Kassiotis, G., et al. (2006). Onset and progression in inherited ALS determined by motor neurons and microglia. Science 312, 1389–1392. doi: 10.1126/science.1123511

Braak, H., Del Tredici, K., Rub, U., de Vos, R. A., Jansen Steur, E. N., and Braak, E. (2003). Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol. Aging 24, 197–211. doi: 10.1016/s0197-4580(02)00065-9

Brettschneider, J., Libon, D. J., Toledo, J. B., Xie, S. X., McCluskey, L., Elman, L., et al. (2012). Microglial activation and TDP-43 pathology correlate with executive dysfunction in amyotrophic lateral sclerosis. Acta Neuropathol. 123, 395–407. doi: 10.1007/s00401-011-0932-x

Brown, R., Lam, A. D., Gonzalez-Sulser, A., Ying, A., Jones, M., Chou, R. C., et al. (2018). Circadian and brain state modulation of network hyperexcitability in Alzheimer’s disease. eNeuro 5:ENEURO.0426-17.2018. doi: 10.1523/eneuro.0426-17.2018

Browne, P., Chandraratna, D., Angood, C., Tremlett, H., Baker, C., Taylor, B. V., et al. (2014). Atlas of multiple sclerosis 2013: a growing global problem with widespread inequity. Neurology 83, 1022–1024. doi: 10.1212/wnl.0000000000000768

Bruijn, L. I., Becher, M. W., Lee, M. K., Anderson, K. L., Jenkins, N. A., Copeland, N. G., et al. (1997). ALS-linked SOD1 mutant G85R mediates damage to astrocytes and promotes rapidly progressive disease with SOD1-containing inclusions. Neuron 18, 327–338. doi: 10.1016/s0896-6273(00)80272-x

Busche, M. A., Eichhoff, G., Adelsberger, H., Abramowski, D., Wiederhold, K. H., Haass, C., et al. (2008). Clusters of hyperactive neurons near amyloid plaques in a mouse model of Alzheimer’s disease. Science 321, 1686–1689. doi: 10.1126/science.1162844

Busche, M. A., Kekus, M., Adelsberger, H., Noda, T., Forstl, H., Nelken, I., et al. (2015). Rescue of long-range circuit dysfunction in Alzheimer’s disease models. Nat. Neurosci. 18, 1623–1630. doi: 10.1038/nn.4137

Busche, M. A., and Konnerth, A. (2016). Impairments of neural circuit function in Alzheimer’s disease. Philos. Trans. R. Soc. Lond. B Biol. Sci. 371:20150429. doi: 10.1098/rstb.2015.0429

Buzsáki, G., Geisler, C., Henze, D. A., and Wang, X. J. (2004). Interneuron diversity series: circuit complexity and axon wiring economy of cortical interneurons. Trends Neurosci. 27, 186–193. doi: 10.1016/j.tins.2004.02.007

Cady, J., Koval, E. D., Benitez, B. A., Zaidman, C., Jockel-Balsarotti, J., Allred, P., et al. (2014). TREM2 variant p.R47H as a risk factor for sporadic amyotrophic lateral sclerosis. JAMA Neurol. 71, 449–453. doi: 10.1001/jamaneurol.2013.6237

Canas, P. M., Simoes, A. P., Rodrigues, R. J., and Cunha, R. A. (2014). Predominant loss of glutamatergic terminal markers in a β-amyloid peptide model of Alzheimer’s disease. Neuropharmacology 76, 51–56. doi: 10.1016/j.neuropharm.2013.08.026

Canet-Avilés, R. M., Wilson, M. A., Miller, D. W., Ahmad, R., McLendon, C., Bandyopadhyay, S., et al. (2004). The Parkinson’s disease protein DJ-1 is neuroprotective due to cysteine-sulfinic acid-driven mitochondrial localization. Proc. Natl. Acad. Sci. U S A 101, 9103–9108. doi: 10.1073/pnas.0402959101

Cantaut-Belarif, Y., Antri, M., Pizzarelli, R., Colasse, S., Vaccari, I., Soares, S., et al. (2017). Microglia control the glycinergic but not the GABAergic synapses via prostaglandin E2 in the spinal cord. J. Cell Biol. 216, 2979–2989. doi: 10.1083/jcb.201607048

Chakrabarty, P., Ceballos-Diaz, C., Beccard, A., Janus, C., Dickson, D., Golde, T. E., et al. (2010). IFN-γ promotes complement expression and attenuates amyloid plaque deposition in amyloid β precursor protein transgenic mice. J. Immunol. 184, 5333–5343. doi: 10.4049/jimmunol.0903382

Chávez-Gutiérrez, L., Bammens, L., Benilova, I., Vandersteen, A., Benurwar, M., Borgers, M., et al. (2012). The mechanism of γ-Secretase dysfunction in familial Alzheimer disease. EMBO J. 31, 2261–2274. doi: 10.1038/emboj.2012.79

Chen, Z., Jalabi, W., Hu, W., Park, H. J., Gale, J. T., Kidd, G. J., et al. (2014). Microglial displacement of inhibitory synapses provides neuroprotection in the adult brain. Nat. Commun. 5:4486. doi: 10.1038/ncomms5486

Chen, X., Lin, R., Chang, L., Xu, S., Wei, X., Zhang, J., et al. (2013). Enhancement of long-term depression by soluble amyloid β protein in rat hippocampus is mediated by metabotropic glutamate receptor and involves activation of p38MAPK, STEP and caspase-3. Neuroscience 253, 435–443. doi: 10.1016/j.neuroscience.2013.08.054

Chen, C. C., Lu, J., Yang, R., Ding, J. B., and Zuo, Y. (2018). Selective activation of parvalbumin interneurons prevents stress-induced synapse loss and perceptual defects. Mol. Psychiatry 23, 1614–1625. doi: 10.1038/mp.2017.159

Chever, O., Dossi, E., Pannasch, U., Derangeon, M., and Rouach, N. (2016). Astroglial networks promote neuronal coordination. Sci. Signal. 9:ra6. doi: 10.1126/scisignal.aad3066

Chiaravalloti, N. D., and DeLuca, J. (2008). Cognitive impairment in multiple sclerosis. Lancet Neurol. 7, 1139–1151. doi: 10.1016/S1474-4422(08)70259-X

Choi, I., Kim, B., Byun, J. W., Baik, S. H., Huh, Y. H., Kim, J. H., et al. (2015). LRRK2 G2019S mutation attenuates microglial motility by inhibiting focal adhesion kinase. Nat. Commun. 6:8255. doi: 10.1038/ncomms9255

Choi, I., Kim, J., Jeong, H. K., Kim, B., Jou, I., Park, S. M., et al. (2013). PINK1 deficiency attenuates astrocyte proliferation through mitochondrial dysfunction, reduced AKT and increased p38 MAPK activation and downregulation of EGFR. Glia 61, 800–812. doi: 10.1002/glia.22475

Chung, W. S., Clarke, L. E., Wang, G. X., Stafford, B. K., Sher, A., Chakraborty, C., et al. (2013). Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways. Nature 504, 394–400. doi: 10.1038/nature12776

Chung, W.-S., Verghese, P. B., Chakraborty, C., Joung, J., Hyman, B. T., Ulrich, J. D., et al. (2016). Novel allele-dependent role for APOE in controlling the rate of synapse pruning by astrocytes. Proc. Natl. Acad. Sci. U S A 113, 10186–10191. doi: 10.1073/pnas.1609896113

Chung, W. S., Welsh, C. A., Barres, B. A., and Stevens, B. (2015). Do glia drive synaptic and cognitive impairment in disease? Nat. Neurosci. 18, 1539–1545. doi: 10.1038/nn.4142

Clark, R. M., Blizzard, C. A., Young, K. M., King, A. E., and Dickson, T. C. (2017). Calretinin and Neuropeptide Y interneurons are differentially altered in the motor cortex of the SOD1G93A mouse model of ALS. Sci. Rep. 7:44461. doi: 10.1038/srep44461

Cleary, J. P., Walsh, D. M., Hofmeister, J. J., Shankar, G. M., Kuskowski, M. A., Selkoe, D. J., et al. (2005). Natural oligomers of the amyloid-β protein specifically disrupt cognitive function. Nat. Neurosci. 8, 79–84. doi: 10.1038/nn1372

Cognato, G. P., Agostinho, P. M., Hockemeyer, J., Müller, C. E., Souza, D. O., and Cunha, R. A. (2010). Caffeine and an adenosine A2A receptor antagonist prevent memory impairment and synaptotoxicity in adult rats triggered by a convulsive episode in early life. J. Neurochem. 112, 453–462. doi: 10.1111/j.1471-4159.2009.06465.x

Colom-Cadena, M., Pegueroles, J., Herrmann, A. G., Henstridge, C. M., Muñoz, L., Querol-Vilaseca, M., et al. (2017). Synaptic phosphorylated α-synuclein in dementia with Lewy bodies. Brain 140, 3204–3214. doi: 10.1093/brain/awx275

Cooper-Knock, J., Green, C., Altschuler, G., Wei, W., Bury, J. J., Heath, P. R., et al. (2017). A data-driven approach links microglia to pathology and prognosis in amyotrophic lateral sclerosis. Acta Neuropathol. Commun. 5:23. doi: 10.1186/s40478-017-0424-x

Cope, E. C., LaMarca, E. A., Monari, P. K., Olson, L. B., Martinez, S., Zych, A. D., et al. (2018). Microglia play an active role in obesity-associated cognitive decline. J. Neurosci. 38, 8889–8904. doi: 10.1523/JNEUROSCI.0789-18.2018

Crimins, J. L., Rocher, A. B., and Luebke, J. I. (2012). Electrophysiological changes precede morphological changes to frontal cortical pyramidal neurons in the rTg4510 mouse model of progressive tauopathy. Acta Neuropathol. 124, 777–795. doi: 10.1007/s00401-012-1038-9

Cudkowicz, M. E., Titus, S., Kearney, M., Yu, H., Sherman, A., Schoenfeld, D., et al. (2014). Safety and efficacy of ceftriaxone for amyotrophic lateral sclerosis: a multi-stage, randomised, double-blind, placebo-controlled trial. Lancet Neurol. 13, 1083–1091. doi: 10.1016/s1474-4422(14)70222-4

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V., Zuo, Y., Jung, S., et al. (2005). ATP mediates rapid microglial response to local brain injury in vivo. Nat. Neurosci. 8, 752–758. doi: 10.1038/nn1472

Day, M., Wang, Z., Ding, J., An, X., Ingham, C. A., Shering, A. F., et al. (2006). Selective elimination of glutamatergic synapses on striatopallidal neurons in Parkinson disease models. Nat. Neurosci. 9, 251–259. doi: 10.1038/nn1632

De Miranda, B. R., Rocha, E. M., Bai, Q., El Ayadi, A., Hinkle, D., Burton, E. A., et al. (2018). Astrocyte-specific DJ-1 overexpression protects against rotenone-induced neurotoxicity in a rat model of Parkinson’s disease. Neurobiol. Dis. 115, 101–114. doi: 10.1016/j.nbd.2018.04.008

DeKosky, S. T., and Scheff, S. W. (1990). Synapse loss in frontal cortex biopsies in Alzheimer’s disease: correlation with cognitive severity. Ann. Neurol. 27, 457–464. doi: 10.1002/ana.410270502

Del Tredici, K., Rüb, U., De Vos, R. A., Bohl, J. R., and Braak, H. (2002). Where does parkinson disease pathology begin in the brain? J. Neuropathol. Exp. Neurol. 61, 413–426. doi: 10.1093/jnen/61.5.413

Desplats, P., Lee, H. J., Bae, E. J., Patrick, C., Rockenstein, E., Crews, L., et al. (2009). Inclusion formation and neuronal cell death through neuron-to-neuron transmission of α-synuclein. Proc. Natl. Acad. Sci. U S A 106, 13010–13015. doi: 10.1073/pnas.0903691106

Di Filippo, M., Chiasserini, D., Gardoni, F., Viviani, B., Tozzi, A., Giampà, C., et al. (2013). Effects of central and peripheral inflammation on hippocampal synaptic plasticity. Neurobiol. Dis. 52, 229–236. doi: 10.1016/j.nbd.2012.12.009

Di Filippo, M., Portaccio, E., Mancini, A., and Calabresi, P. (2018). Multiple sclerosis and cognition: synaptic failure and network dysfunction. Nat. Rev. Neurosci. 19, 599–609. doi: 10.1038/s41583-018-0053-9

Di Liberto, G., Pantelyushin, S., Kreutzfeldt, M., Page, N., Musardo, S., Coras, R., et al. (2018). Neurons under T cell attack coordinate phagocyte-mediated synaptic stripping. Cell 175, 458.e19–471.e19. doi: 10.1016/j.cell.2018.07.049

Diógenes, M. J., Dias, R. B., Rombo, D. M., Vicente Miranda, H., Maiolino, F., Guerreiro, P., et al. (2012). Extracellular α-synuclein oligomers modulate synaptic transmission and impair LTP via NMDA-receptor activation. J. Neurosci. 32, 11750–11762. doi: 10.1523/jneurosci.0234-12.2012

Dionísio, P. E. A., Oliveira, S. R., Amaral, J., and Rodrigues, C. M. P. (2018). Loss of microglial parkin inhibits necroptosis and contributes to neuroinflammation. Mol. Neurobiol. doi: 10.1007/s12035-018-1264-9 [Epub ahead of print].

Doble, A. (1996). The pharmacology and mechanism of action of riluzole. Neurology 47, S233–S241. doi: 10.1212/wnl.47.6_suppl_4.233s

Duarte, J. M., Agostinho, P. M., Carvalho, R. A., and Cunha, R. A. (2012). Caffeine consumption prevents diabetes-induced memory impairment and synaptotoxicity in the hippocampus of NONcZNO10/LTJ mice. PLoS One 7:e21899. doi: 10.1371/journal.pone.0021899

Duregotti, E., Negro, S., Scorzeto, M., Zornetta, I., Dickinson, B. C., Chang, C. J., et al. (2015). Mitochondrial alarmins released by degenerating motor axon terminals activate perisynaptic Schwann cells. Proc. Natl. Acad. Sci. U S A 112, E497–E505. doi: 10.1073/pnas.1417108112

Durieux, A. M., Fernandes, C., Murphy, D., Labouesse, M. A., Giovanoli, S., Meyer, U., et al. (2015). Targeting glia with N-acetylcysteine modulates brain glutamate and behaviors relevant to neurodevelopmental disorders in C57BL/6J mice. Front. Behav. Neurosci. 9:343. doi: 10.3389/fnbeh.2015.00343

Dutta, R., Chang, A., Doud, M. K., Kidd, G. J., Ribaudo, M. V., Young, E. A., et al. (2011). Demyelination causes synaptic alterations in hippocampi from multiple sclerosis patients. Ann. Neurol. 69, 445–454. doi: 10.1002/ana.22337

Dutta, R., McDonough, J., Yin, X., Peterson, J., Chang, A., Torres, T., et al. (2006). Mitochondrial dysfunction as a cause of axonal degeneration in multiple sclerosis patients. Ann. Neurol. 59, 478–489. doi: 10.1002/ana.20736

Edison, P., Donat, C. K., and Sastre, M. (2018). In vivo imaging of glial activation in Alzheimer’s disease. Front. Neurol. 9:625. doi: 10.3389/fneur.2018.00625

Engert, F., and Bonhoeffer, T. (1999). Dendritic spine changes associated with hippocampal long-term synaptic plasticity. Nature 399, 66–70. doi: 10.1038/19978

Ertürk, A., Wang, Y., and Sheng, M. (2014). Local pruning of dendrites and spines by caspase-3-dependent and proteasome-limited mechanisms. J. Neurosci. 34, 1672–1688. doi: 10.1523/jneurosci.3121-13.2014

Esposito, Z., Belli, L., Toniolo, S., Sancesario, G., Bianconi, C., and Martorana, A. (2013). Amyloid β, glutamate, excitotoxicity in Alzheimer’s disease: are we on the right track? CNS Neurosci. Ther. 19, 549–555. doi: 10.1111/cns.12095

Ferraiuolo, L., Higginbottom, A., Heath, P. R., Barber, S., Greenald, D., Kirby, J., et al. (2011). Dysregulation of astrocyte-motoneuron cross-talk in mutant superoxide dismutase 1-related amyotrophic lateral sclerosis. Brain 134, 2627–2641. doi: 10.1093/brain/awr193

Ferretti, M. T., Merlini, M., Spani, C., Gericke, C., Schweizer, N., Enzmann, G., et al. (2016). T-cell brain infiltration and immature antigen-presenting cells in transgenic models of Alzheimer’s disease-like cerebral amyloidosis. Brain Behav. Immun. 54, 211–225. doi: 10.1016/j.bbi.2016.02.009

Fields, R. D., Araque, A., Johansen-Berg, H., Lim, S. S., Lynch, G., Nave, K. A., et al. (2014). Glial biology in learning and cognition. Neuroscientist 20, 426–431. doi: 10.1177/1073858413504465

Filipello, F., Morini, R., Corradini, I., Zerbi, V., Canzi, A., Michalski, B., et al. (2018). The microglial innate immune receptor TREM2 is required for synapse elimination and normal brain connectivity. Immunity 48, 979.e8–991.e8. doi: 10.1016/j.immuni.2018.04.016

Fischer, L. R., Culver, D. G., Tennant, P., Davis, A. A., Wang, M., Castellano-Sanchez, A., et al. (2004). Amyotrophic lateral sclerosis is a distal axonopathy: evidence in mice and man. Exp. Neurol. 185, 232–240. doi: 10.1016/j.expneurol.2003.10.004

Fogarty, M. J., Mu, E. W., Noakes, P. G., Lavidis, N. A., and Bellingham, M. C. (2016). Marked changes in dendritic structure and spine density precede significant neuronal death in vulnerable cortical pyramidal neuron populations in the SOD1G93A mouse model of amyotrophic lateral sclerosis. Acta Neuropathol. Commun. 4:77. doi: 10.1186/s40478-016-0347-y

Fogarty, M. J., Mu, E. W. H., Lavidis, N. A., Noakes, P. G., and Bellingham, M. C. (2017). Motor areas show altered dendritic structure in an amyotrophic lateral sclerosis mouse model. Front. Neurosci. 11:609. doi: 10.3389/fnins.2017.00609

Fogarty, M. J., Noakes, P. G., and Bellingham, M. C. (2015). Motor cortex layer V pyramidal neurons exhibit dendritic regression, spine loss and increased synaptic excitation in the presymptomatic hSOD1G93A mouse model of amyotrophic lateral sclerosis. J. Neurosci. 35, 643–647. doi: 10.1523/jneurosci.3483-14.2015

Fonseca, M. I., Zhou, J., Botto, M., and Tenner, A. J. (2004). Absence of C1q leads to less neuropathology in transgenic mouse models of Alzheimer’s disease. J. Neurosci. 24, 6457–6465. doi: 10.1523/jneurosci.0901-04.2004

Frakes, A. E., Ferraiuolo, L., Haidet-Phillips, A. M., Schmelzer, L., Braun, L., Miranda, C., et al. (2014). Microglia induce motor neuron death via the classical NF-κB pathway in amyotrophic lateral sclerosis. Neuron 81, 1009–1023. doi: 10.1016/j.neuron.2014.01.013

Frey, D., Schneider, C., Xu, L., Borg, J., Spooren, W., and Caroni, P. (2000). Early and selective loss of neuromuscular synapse subtypes with low sprouting competence in motoneuron diseases. J. Neurosci. 20, 2534–2542. doi: 10.1523/jneurosci.20-07-02534.2000

Fritschy, J. M., and Brünig, I. (2003). Formation and plasticity of GABAergic synapses: physiological mechanisms and pathophysiological implications. Pharmacol. Ther. 98, 299–323. doi: 10.1016/s0163-7258(03)00037-8

Frøyset, A. K., Edson, A. J., Gharbi, N., Khan, E. A., Dondorp, D., Bai, Q., et al. (2018). Astroglial DJ-1 over-expression up-regulates proteins involved in redox regulation and is neuroprotective in vivo. Redox Biol. 16, 237–247. doi: 10.1016/j.redox.2018.02.010

Fu, M., Yu, X., Lu, J., and Zuo, Y. (2012). Repetitive motor learning induces coordinated formation of clustered dendritic spines in vivo. Nature 483, 92–95. doi: 10.1038/nature10844

Gao, R., and Penzes, P. (2015). Common mechanisms of excitatory and inhibitory imbalance in schizophrenia and autism spectrum disorders. Curr. Mol. Med. 15, 146–167. doi: 10.2174/1566524015666150303003028

Garcia-Marin, V., Blazquez-Llorca, L., Rodriguez, J. R., Boluda, S., Muntane, G., Ferrer, I., et al. (2009). Diminished perisomatic GABAergic terminals on cortical neurons adjacent to amyloid plaques. Front. Neuroanat. 3:28. doi: 10.3389/neuro.05.028.2009

Geloso, M. C., Corvino, V., Marchese, E., Serrano, A., Michetti, F., and D’Ambrosi, N. (2017). The dual role of microglia in ALS: mechanisms and therapeutic approaches. Front. Aging Neurosci. 9:242. doi: 10.3389/fnagi.2017.00242

George, J., Cunha, R. A., Mulle, C., and Amédée, T. (2016). Microglia-derived purines modulate mossy fibre synaptic transmission and plasticity through P2X4 and A1 receptors. Eur. J. Neurosci. 43, 1366–1378. doi: 10.1111/ejn.13191

George, J., Gonçalves, F. Q., Cristóvão, G., Rodrigues, L., Meyer Fernandes, J. R., Gonçalves, T., et al. (2015). Different danger signals differently impact on microglial proliferation through alterations of ATP release and extracellular metabolism. Glia 63, 1636–1645. doi: 10.1002/glia.22833

Geracitano, R., Paolucci, E., Prisco, S., Guatteo, E., Zona, C., Longone, P., et al. (2003). Altered long-term corticostriatal synaptic plasticity in transgenic mice overexpressing human CU/ZN superoxide dismutase (GLY93—>ALA) mutation. Neuroscience 118, 399–408. doi: 10.1016/s0306-4522(02)00809-6

Gomez-Arboledas, A., Davila, J. C., Sanchez-Mejias, E., Navarro, V., Nuñez-Diaz, C., Sanchez-Varo, R., et al. (2018). Phagocytic clearance of presynaptic dystrophies by reactive astrocytes in Alzheimer’s disease. Glia 66, 637–653. doi: 10.1002/glia.23270

Gomide, V., and Chadi, G. (2005). Glial bFGF and S100 immunoreactivities increase in ascending dopamine pathways following striatal 6-OHDA-induced partial lesion of the nigrostriatal system: a sterological analysis. Int. J. Neurosci. 115, 537–555. doi: 10.1080/00207450590521064

González-Reyes, R. E., Nava-Mesa, M. O., Vargas-Sánchez, K., Ariza-Salamanca, D., and Mora-Munoz, L. (2017). Involvement of astrocytes in Alzheimer’s disease from a neuroinflammatory and oxidative stress perspective. Front. Mol. Neurosci. 10:427. doi: 10.3389/fnmol.2017.00427

Gorter, R. P., Stephenson, J., Nutma, E., Anink, J., de Jonge, J. C., Baron, W., et al. (2018). Rapidly progressive amyotrophic lateral sclerosis is associated with microglial reactivity and small heat shock protein expression in reactive astrocytes. Neuropathol. Appl. Neurobiol. doi: 10.1111/nan.12525 [Epub ahead of print].

Gosselin, D., Skola, D., Coufal, N. G., Holtman, I. R., Schlachetzki, J. C. M., Sajti, E., et al. (2017). An environment-dependent transcriptional network specifies human microglia identity. Science 356:eaal3222. doi: 10.1126/science.aal3222

Graber, D. J., Hickey, W. F., and Harris, B. T. (2010). Progressive changes in microglia and macrophages in spinal cord and peripheral nerve in the transgenic rat model of amyotrophic lateral sclerosis. J. Neuroinflammation 7:8. doi: 10.1186/1742-2094-7-8

Gu, L., Kleiber, S., Schmid, L., Nebeling, F., Chamoun, M., Steffen, J., et al. (2014). Long-term in vivo imaging of dendritic spines in the hippocampus reveals structural plasticity. J. Neurosci. 34, 13948–13953. doi: 10.1523/JNEUROSCI.1464-14.2014

Guerreiro, R., Wojtas, A., Bras, J., Carrasquillo, M., Rogaeva, E., Majounie, E., et al. (2013). TREM2 variants in Alzheimer’s disease. N. Engl. J. Med. 368, 117–127. doi: 10.1056/NEJMoa1211851

Guo, H., Lai, L., Butchbach, M. E., Stockinger, M. P., Shan, X., Bishop, G. A., et al. (2003). Increased expression of the glial glutamate transporter EAAT2 modulates excitotoxicity and delays the onset but not the outcome of ALS in mice. Hum. Mol. Genet. 12, 2519–2532. doi: 10.1093/hmg/ddg267

Gylys, K. H., Fein, J. A., Yang, F., Wiley, D. J., Miller, C. A., and Cole, G. M. (2004). Synaptic changes in Alzheimer’s disease: increased amyloid-β and gliosis in surviving terminals is accompanied by decreased PSD-95 fluorescence. Am. J. Pathol. 165, 1809–1817. doi: 10.1016/S0002-9440(10)63436-0

Hakim, Y., Yaniv, S. P., and Schuldiner, O. (2014). Astrocytes play a key role in drosophila mushroom body axon pruning. PLoS One 9:e86178. doi: 10.1371/journal.pone.0086178

Handley, E. E., Pitman, K. A., Dawkins, E., Young, K. M., Clark, R. M., Jiang, T. C., et al. (2017). Synapse dysfunction of layer V pyramidal neurons precedes neurodegeneration in a mouse model of TDP-43 proteinopathies. Cereb. Cortex 27, 3630–3647. doi: 10.1093/cercor/bhw185

Harauzov, A., Spolidoro, M., DiCristo, G., De Pasquale, R., Cancedda, L., Pizzorusso, T., et al. (2010). Reducing intracortical inhibition in the adult visual cortex promotes ocular dominance plasticity. J. Neurosci. 30, 361–371. doi: 10.1523/JNEUROSCI.2233-09.2010

Hardy, J. A., and Higgins, G. A. (1992). Alzheimer’s disease: the amyloid cascade hypothesis. Science 256, 184–185. doi: 10.1126/science.1566067

Harris, K. M., and Weinberg, R. J. (2012). Ultrastructure of synapses in the mammalian brain. Cold Spring Harb. Perspect. Biol. 4:a005587. doi: 10.1101/cshperspect.a005587

Hashimoto, K., and Kano, M. (2003). Functional differentiation of multiple climbing fiber inputs during synapse elimination in the developing cerebellum. Neuron 38, 785–796. doi: 10.1016/s0896-6273(03)00298-8

Henkel, J. S., Beers, D. R., Zhao, W., and Appel, S. H. (2009). Microglia in ALS: the good, the bad and the resting. J. Neuroimmune Pharmacol. 4, 389–398. doi: 10.1007/s11481-009-9171-5

Henry, A. G., Aghamohammadzadeh, S., Samaroo, H., Chen, Y., Mou, K., Needle, E., et al. (2015). Pathogenic LRRK2 mutations, through increased kinase activity, produce enlarged lysosomes with reduced degradative capacity and increase ATP13A2 expression. Hum. Mol. Genet. 24, 6013–6028. doi: 10.1093/hmg/ddv314

Hensch, T. K., and Fagiolini, M. (2005). Excitatory-inhibitory balance and critical period plasticity in developing visual cortex. Prog. Brain Res. 147, 115–124. doi: 10.1016/s0079-6123(04)47009-5

Henstridge, C. M., Hyman, B. T., and Spires-Jones, T. L. (2019). Beyond the neuron-cellular interactions early in Alzheimer disease pathogenesis. Nat. Rev. Neurosci. 20, 94–108. doi: 10.1038/s41583-018-0113-1

Henstridge, C. M., Pickett, E., and Spires-Jones, T. L. (2016). Synaptic pathology: a shared mechanism in neurological disease. Ageing Res. Rev. 28, 72–84. doi: 10.1016/j.arr.2016.04.005

Henstridge, C. M., Sideris, D. I., Carroll, E., Rotariu, S., Salomonsson, S., Tzioras, M., et al. (2018). Synapse loss in the prefrontal cortex is associated with cognitive decline in amyotrophic lateral sclerosis. Acta Neuropathol. 135, 213–226. doi: 10.1007/s00401-017-1797-4

Heurich, B., El Idrissi, N. B., Donev, R. M., Petri, S., Claus, P., Neal, J., et al. (2011). Complement upregulation and activation on motor neurons and neuromuscular junction in the SOD1 G93A mouse model of familial amyotrophic lateral sclerosis. J. Neuroimmunol. 235, 104–109. doi: 10.1016/j.jneuroim.2011.03.011

Hirsch, E. C., Breidert, T., Rousselet, E., Hunot, S., Hartmann, A., and Michel, P. P. (2006). The role of glial reaction and inflammation in Parkinson’s disease. Ann. N Y Acad. Sci. 991, 214–228. doi: 10.1111/j.1749-6632.2003.tb07478.x

Holtmaat, A., and Svoboda, K. (2009). Experience-dependent structural synaptic plasticity in the mammalian brain. Nat. Rev. Neurosci. 10, 647–658. doi: 10.1038/nrn2699

Hong, S., Beja-Glasser, V. F., Nfonoyim, B. M., Frouin, A., Li, S., Ramakrishnan, S., et al. (2016). Complement and microglia mediate early synapse loss in Alzheimer mouse models. Science 352, 712–716. doi: 10.1126/science.aad8373

Hong, Y. K., and Chen, C. (2011). Wiring and rewiring of the retinogeniculate synapse. Curr. Opin. Neurobiol. 21, 228–237. doi: 10.1016/j.conb.2011.02.007

Horti, A. G., Naik, R., Foss, C. A., Minn, I., Misheneva, V., Du, Y., et al. (2019). PET imaging of microglia by targeting macrophage colony-stimulating factor 1 receptor (CSF1R). Proc. Natl. Acad. Sci. U S A 116, 1686–1691. doi: 10.1073/pnas.1812155116

Hua, J. Y., and Smith, S. J. (2004). Neural activity and the dynamics of central nervous system development. Nat. Neurosci. 7, 327–332. doi: 10.1038/nn1218

Ibata, K., Sun, Q., and Turrigiano, G. G. (2008). Rapid synaptic scaling induced by changes in postsynaptic firing. Neuron 57, 819–826. doi: 10.1016/j.neuron.2008.02.031

Ince, P. G., Slade, J., Chinnery, R. M., McKenzie, J., Royston, C., Roberts, G. W., et al. (1995). Quantitative study of synaptophysin immunoreactivity of cerebral cortex and spinal cord in motor neuron disease. J. Neuropathol. Exp. Neurol. 54, 673–679. doi: 10.1097/00005072-199509000-00009

Ingham, C. A., Hood, S. H., and Arbuthnott, G. W. (1989). Spine density on neostriatal neurones changes with 6-hydroxydopamine lesions and with age. Brain Res. 503, 334–338. doi: 10.1016/0006-8993(89)91686-7

Janelsins, M. C., Mastrangelo, M. A., Park, K. M., Sudol, K. L., Narrow, W. C., Oddo, S., et al. (2008). Chronic neuron-specific tumor necrosis factor-α expression enhances the local inflammatory environment ultimately leading to neuronal death in 3xTg-AD mice. Am. J. Pathol. 173, 1768–1782. doi: 10.2353/ajpath.2008.080528

Janezic, S., Threlfell, S., Dodson, P. D., Dowie, M. J., Taylor, T. N., Potgieter, D., et al. (2013). Deficits in dopaminergic transmission precede neuron loss and dysfunction in a new Parkinson model. Proc. Natl. Acad. Sci. U S A 110, E4016–E4025. doi: 10.1073/pnas.1309143110

Jha, M. K., Jo, M., Kim, J. H., and Suk, K. (2018). Microglia-astrocyte crosstalk: an intimate molecular conversation. Neuroscientist doi: 10.1177/1073858418783959 [Epub ahead of print].

Ji, K., Akgul, G., Wollmuth, L. P., and Tsirka, S. E. (2013). Microglia actively regulate the number of functional synapses. PLoS One 8:e56293. doi: 10.1371/journal.pone.0056293

Jo, E. K., Kim, J. K., Shin, D. M., and Sasakawa, C. (2016). Molecular mechanisms regulating NLRP3 inflammasome activation. Cell. Mol. Immunol. 13, 148–159. doi: 10.1038/cmi.2015.95

Jonsson, T., Stefansson, H., Steinberg, S., Jonsdottir, I., Jonsson, P. V., Snaedal, J., et al. (2013). Variant of TREM2 associated with the risk of Alzheimer’s disease. N. Engl. J. Med. 368, 107–116. doi: 10.1056/NEJMoa1211103

Jürgens, T., Jafari, M., Kreutzfeldt, M., Bahn, E., Brück, W., Kerschensteiner, M., et al. (2016). Reconstruction of single cortical projection neurons reveals primary spine loss in multiple sclerosis. Brain 139, 39–46. doi: 10.1093/brain/awv353

Kakegawa, W., Mitakidis, N., Miura, E., Abe, M., Matsuda, K., Takeo, Y. H., et al. (2015). Anterograde C1ql1 signaling is required in order to determine and maintain a single-winner climbing fiber in the mouse cerebellum. Neuron 85, 316–329. doi: 10.1016/j.neuron.2014.12.020

Kamiyama, T., Yoshioka, N., and Sakurai, M. (2006). Synapse elimination in the corticospinal projection during the early postnatal period. J. Neurophysiol. 95, 2304–2313. doi: 10.1152/jn.00295.2005

Kang, S. S., Ebbert, M. T. W., Baker, K. E., Cook, C., Wang, X., Sens, J. P., et al. (2018). Microglial translational profiling reveals a convergent APOE pathway from aging, amyloid and tau. J. Exp. Med. 215, 2235–2245. doi: 10.1084/jem.20180653

Karch, C. M., and Goate, A. M. (2015). Alzheimer’s disease risk genes and mechanisms of disease pathogenesis. Biol. Psychiatry 77, 43–51. doi: 10.1016/j.biopsych.2014.05.006

Kaster, M. P., Machado, N. J., Silva, H. B., Nunes, A., Ardais, A. P., Santana, M., et al. (2015). Caffeine acts through neuronal adenosine A2A receptors to prevent mood and memory dysfunction triggered by chronic stress. Proc. Natl. Acad. Sci. U S A 112, 7833–7838. doi: 10.1073/pnas.1423088112


Kawamata, T., Akiyama, H., Yamada, T., and McGeer, P. L. (1992). Immunologic reactions in amyotrophic lateral sclerosis brain and spinal cord tissue. Am. J. Pathol. 140, 691–707.


Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-Szternfeld, R., Ulland, T. K., et al. (2017). A unique microglia type associated with restricting development of Alzheimer’s disease. Cell 169, 1276–1290.e17. doi: 10.1016/j.cell.2017.05.018

Kim, J. M., Cha, S. H., Choi, Y. R., Jou, I., Joe, E. H., and Park, S. M. (2016). DJ-1 deficiency impairs glutamate uptake into astrocytes via the regulation of flotillin-1 and caveolin-1 expression. Sci. Rep. 6:28823. doi: 10.1038/srep28823

Kim, D. Y., Hao, J., Liu, R., Turner, G., Shi, F. D., and Rho, J. M. (2012). Inflammation-mediated memory dysfunction and effects of a ketogenic diet in a murine model of multiple sclerosis. PLoS One 7:e35476. doi: 10.1371/journal.pone.0035476

Klausberger, T., and Somogyi, P. (2008). Neuronal diversity and temporal dynamics: the unity of hippocampal circuit operations. Science 321, 53–57. doi: 10.1126/science.1149381

Ko, C. P., and Robitaille, R. (2015). Perisynaptic Schwann cells at the neuromuscular synapse: adaptable, multitasking glial cells. Cold Spring Harb. Perspect. Biol. 7:a020503. doi: 10.1101/cshperspect.a020503

Koffie, R. M., Hashimoto, T., Tai, H. C., Kay, K. R., Serrano-Pozo, A., Joyner, D., et al. (2012). Apolipoprotein E4 effects in Alzheimer’s disease are mediated by synaptotoxic oligomeric amyloid-β. Brain 135, 2155–2168. doi: 10.1093/brain/aws127

Koffie, R. M., Hyman, B. T., and Spires-Jones, T. L. (2011). Alzheimer’s disease: synapses gone cold. Mol. Neurodegener. 6:63. doi: 10.1186/1750-1326-6-63

Koffie, R. M., Meyer-Luehmann, M., Hashimoto, T., Adams, K. W., Mielke, M. L., Garcia-Alloza, M., et al. (2009). Oligomeric amyloid β associates with postsynaptic densities and correlates with excitatory synapse loss near senile plaques. Proc. Natl. Acad. Sci. U S A 106, 4012–4017. doi: 10.1073/pnas.0811698106

Kordower, J. H., Chu, Y., Hauser, R. A., Freeman, T. B., and Olanow, C. W. (2008). Lewy body-like pathology in long-term embryonic nigral transplants in Parkinson’s disease. Nat. Med. 14, 504–506. doi: 10.1038/nm1747

Korn, T., Reddy, J., Gao, W., Bettelli, E., Awasthi, A., Petersen, T. R., et al. (2007). Myelin-specific regulatory T cells accumulate in the CNS but fail to control autoimmune inflammation. Nat. Med. 13, 423–431. doi: 10.1038/nm1564

Kotter, M. R., Li, W. W., Zhao, C., and Franklin, R. J. (2006). Myelin impairs CNS remyelination by inhibiting oligodendrocyte precursor cell differentiation. J. Neurosci. 26, 328–332. doi: 10.1523/JNEUROSCI.2615-05.2006

Kramer, M. L., and Schulz-Schaeffer, W. J. (2007). Presynaptic α-synuclein aggregates, not Lewy bodies, cause neurodegeneration in dementia with Lewy bodies. J. Neurosci. 27, 1405–1410. doi: 10.1523/JNEUROSCI.4564-06.2007

Krasemann, S., Madore, C., Cialic, R., Baufeld, C., Calcagno, N., El Fatimy, R., et al. (2017). The TREM2-APOE pathway drives the transcriptional phenotype of dysfunctional microglia in neurodegenerative diseases. Immunity 47, 566–581.e9. doi: 10.1016/j.immuni.2017.08.008

Lansita, J. A., Mease, K. M., Qiu, H., Yednock, T., Sankaranarayanan, S., and Kramer, S. (2017). Nonclinical development of ANX005: a humanized anti-C1q antibody for treatment of autoimmune and neurodegenerative diseases. Int. J. Toxicol. 36, 449–462. doi: 10.1177/1091581817740873

Laudisi, F., Spreafico, R., Evrard, M., Hughes, T. R., Mandriani, B., Kandasamy, M., et al. (2013). Cutting edge: the NLRP3 inflammasome links complement-mediated inflammation and IL-1β release. J. Immunol. 191, 1006–1010. doi: 10.4049/jimmunol.1300489

Lehrman, E. K., Wilton, D. K., Litvina, E. Y., Welsh, C. A., Chang, S. T., Frouin, A., et al. (2018). CD47 protects synapses from excess microglia-mediated pruning during development. Neuron 100, 120–134.e6. doi: 10.1016/j.neuron.2018.09.017

Lendvai, B., Stern, E. A., Chen, B., and Svoboda, K. (2000). Experience-dependent plasticity of dendritic spines in the developing rat barrel cortex in vivo. Nature 404, 876–881. doi: 10.1038/35009107

Li, J. Y., Englund, E., Holton, J. L., Soulet, D., Hagell, P., Lees, A. J., et al. (2008). Lewy bodies in grafted neurons in subjects with Parkinson’s disease suggest host-to-graft disease propagation. Nat. Med. 14, 501–503. doi: 10.1038/nm1746

Li, S., Hong, S., Shepardson, N. E., Walsh, D. M., Shankar, G. M., and Selkoe, D. (2009). Soluble oligomers of amyloid β protein facilitate hippocampal long-term depression by disrupting neuronal glutamate uptake. Neuron 62, 788–801. doi: 10.1016/j.neuron.2009.05.012

Li, Y., Du, X. F., Liu, C. S., Wen, Z. L., and Du, J. L. (2012). Reciprocal regulation between resting microglial dynamics and neuronal activity in vivo. Dev. Cell 23, 1189–1202. doi: 10.1016/j.devcel.2012.10.027

Li, S., Jin, M., Koeglsperger, T., Shepardson, N. E., Shankar, G. M., and Selkoe, D. J. (2011). Soluble Aβ oligomers inhibit long-term potentiation through a mechanism involving excessive activation of extrasynaptic NR2B-containing NMDA receptors. J. Neurosci. 31, 6627–6638. doi: 10.1523/JNEUROSCI.0203-11.2011

Lichtman, J. W., and Colman, H. (2000). Synapse elimination and indelible memory. Neuron 25, 269–278. doi: 10.1016/s0896-6273(00)80893-4

Liddelow, S. A., and Barres, B. A. (2017). Reactive astrocytes: production, function and therapeutic potential. Immunity 46, 957–967. doi: 10.1016/j.immuni.2017.06.006

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J., Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541, 481–487. doi: 10.1038/nature21029

Lin, Y. T., Seo, J., Gao, F., Feldman, H. M., Wen, H. L., Penney, J., et al. (2018). APOE4 causes widespread molecular and cellular alterations associated with Alzheimer’s disease phenotypes in human iPSC-derived brain cell types. Neuron 98, 1141.e7–1154.e7. doi: 10.1016/j.neuron.2018.06.011

Ling, S. C., Polymenidou, M., and Cleveland, D. W. (2013). Converging mechanisms in ALS and FTD: disrupted RNA and protein homeostasis. Neuron 79, 416–438. doi: 10.1016/j.neuron.2013.07.033

Liu, C. C., Liu, C. C., Kanekiyo, T., Xu, H., and Bu, G. (2013). Apolipoprotein E and Alzheimer disease: risk, mechanisms and therapy. Nat. Rev. Neurol. 9, 106–118. doi: 10.1038/nrneurol.2012.263

Lobsiger, C. S., Boillée, S., Pozniak, C., Khan, A. M., McAlonis-Downes, M., Lewcock, J. W., et al. (2013). C1q induction and global complement pathway activation do not contribute to ALS toxicity in mutant SOD1 mice. Proc. Natl. Acad. Sci. U S A 110, E4385–E4392. doi: 10.1073/pnas.1318309110

Lui, H., Zhang, J., Makinson, S. R., Cahill, M. K., Kelley, K. W., Huang, H. Y., et al. (2016). Progranulin deficiency promotes circuit-specific synaptic pruning by microglia via complement activation. Cell 165, 921–935. doi: 10.1016/j.cell.2016.04.001

Luk, K. C., Kehm, V., Carroll, J., Zhang, B., O’Brien, P., Trojanowski, J. Q., et al. (2012). Pathological α-synuclein transmission initiates Parkinson-like neurodegeneration in nontransgenic mice. Science 338, 949–953. doi: 10.1126/science.1227157

Lundgaard, I., Luzhynskaya, A., Stockley, J. H., Wang, Z., Evans, K. A., Swire, M., et al. (2013). Neuregulin and BDNF induce a switch to NMDA receptor-dependent myelination by oligodendrocytes. PLoS Biol. 11:e1001743. doi: 10.1371/journal.pbio.1001743

Manyam, N. V., Katz, L., Hare, T. A., Gerber, J. C. III., Grossman, M. H. (1980). Levels of γ-aminobutyric acid in cerebrospinal fluid in various neurologic disorders. Arch. Neurol. 37, 352–355. doi: 10.1001/archneur.1980.00500550054006

Martín, R., Bajo-Grañeras, R., Moratalla, R., Perea, G., and Araque, A. (2015). Circuit-specific signaling in astrocyte-neuron networks in basal ganglia pathways. Science 349, 730–734. doi: 10.1126/science.aaa7945

Mason, C. A., and Gregory, E. (1984). Postnatal maturation of cerebellar mossy and climbing fibers: transient expression of dual features on single axons. J. Neurosci. 4, 1715–1735. doi: 10.1523/jneurosci.04-07-01715.1984

Masuda-Suzukake, M., Nonaka, T., Hosokawa, M., Oikawa, T., Arai, T., Akiyama, H., et al. (2013). Prion-like spreading of pathological α-synuclein in brain. Brain 136, 1128–1138. doi: 10.1093/brain/awt037

Matsumoto, S., Goto, S., Kusaka, H., Ito, H., and Imai, T. (1994). Synaptic pathology of spinal anterior horn cells in amyotrophic lateral sclerosis: an immunohistochemical study. J. Neurol. Sci. 125, 180–185. doi: 10.1016/0022-510x(94)90032-9

Matsuzaki, M., Ellis-Davies, G. C., Nemoto, T., Miyashita, Y., Iino, M., and Kasai, H. (2001). Dendritic spine geometry is critical for AMPA receptor expression in hippocampal CA1 pyramidal neurons. Nat. Neurosci. 4, 1086–1092. doi: 10.1038/nn736

Matsuzaki, M., Honkura, N., Ellis-Davies, G. C., and Kasai, H. (2004). Structural basis of long-term potentiation in single dendritic spines. Nature 429, 761–766. doi: 10.1038/nature02617

McGeer, P. L., and McGeer, E. G. (2008). Glial reactions in Parkinson’s disease. Mov. Disord. 23, 474–483. doi: 10.1002/mds.21751

McGeer, P. L., Walker, D. G., Pitas, R. E., Mahley, R. W., and McGeer, E. G. (1997). Apolipoprotein E4 (ApoE4) but not ApoE3 or ApoE2 potentiates β-amyloid protein activation of complement in vitro. Brain Res. 749, 135–138. doi: 10.1016/s0006-8993(96)01324-8

Mederos, S., González-Arias, C., and Perea, G. (2018). Astrocyte-neuron networks: a multilane highway of signaling for homeostatic brain function. Front. Synaptic Neurosci. 10:45. doi: 10.3389/fnsyn.2018.00045

Meiser, J., Delcambre, S., Wegner, A., Jäger, C., Ghelfi, J., d’Herouel, A. F., et al. (2016). Loss of DJ-1 impairs antioxidant response by altered glutamine and serine metabolism. Neurobiol. Dis. 89, 112–125. doi: 10.1016/j.nbd.2016.01.019

Michailidou, I., Jongejan, A., Vreijling, J. P., Georgakopoulou, T., de Wissel, M. B., Wolterman, R. A., et al. (2018). Systemic inhibition of the membrane attack complex impedes neuroinflammation in chronic relapsing experimental autoimmune encephalomyelitis. Acta Neuropathol. Commun. 6:36. doi: 10.1186/s40478-018-0536-y

Michailidou, I., Naessens, D. M., Hametner, S., Guldenaar, W., Kooi, E. J., Geurts, J. J., et al. (2017). Complement C3 on microglial clusters in multiple sclerosis occur in chronic but not acute disease: implication for disease pathogenesis. Glia 65, 264–277. doi: 10.1002/glia.23090

Michailidou, I., Willems, J. G., Kooi, E. J., van Eden, C., Gold, S. M., Geurts, J. J., et al. (2015). Complement C1q-C3-associated synaptic changes in multiple sclerosis hippocampus. Ann. Neurol. 77, 1007–1026. doi: 10.1002/ana.24398

Mikuni, T., Uesaka, N., Okuno, H., Hirai, H., Deisseroth, K., Bito, H., et al. (2013). Arc/Arg3.1 is a postsynaptic mediator of activity-dependent synapse elimination in the developing cerebellum. Neuron 78, 1024–1035. doi: 10.1016/j.neuron.2013.04.036

Minett, T., Classey, J., Matthews, F. E., Fahrenhold, M., Taga, M., Brayne, C., et al. (2016). Microglial immunophenotype in dementia with Alzheimer’s pathology. J. Neuroinflammation 13:135. doi: 10.1186/s12974-016-0601-z

Miron, V. E., Boyd, A., Zhao, J. W., Yuen, T. J., Ruckh, J. M., Shadrach, J. L., et al. (2013). M2 microglia and macrophages drive oligodendrocyte differentiation during CNS remyelination. Nat. Neurosci. 16, 1211–1218. doi: 10.1038/nn.3469

Mitew, S., Kirkcaldie, M. T., Dickson, T. C., and Vickers, J. C. (2013). Altered synapses and gliotransmission in Alzheimer’s disease and AD model mice. Neurobiol. Aging 34, 2341–2351. doi: 10.1016/j.neurobiolaging.2013.04.010

Morales, I., Sanchez, A., Rodriguez-Sabate, C., and Rodriguez, M. (2017). Striatal astrocytes engulf dopaminergic debris in Parkinson’s disease: a study in an animal model. PLoS One 12:e0185989. doi: 10.1371/journal.pone.0185989

Mullett, S. J., and Hinkle, D. A. (2009). DJ-1 knock-down in astrocytes impairs astrocyte-mediated neuroprotection against rotenone. Neurobiol. Dis. 33, 28–36. doi: 10.1016/j.nbd.2008.09.013

Narayanan, R. K., Mangelsdorf, M., Panwar, A., Butler, T. J., Noakes, P. G., and Wallace, R. H. (2013). Identification of RNA bound to the TDP-43 ribonucleoprotein complex in the adult mouse brain. Amyotroph. Lateral Scler. Frontotemporal Degener. 14, 252–260. doi: 10.3109/21678421.2012.734520

Nash, Y., Schmukler, E., Trudler, D., Pinkas-Kramarski, R., and Frenkel, D. (2017). DJ-1 deficiency impairs autophagy and reduces α-synuclein phagocytosis by microglia. J. Neurochem. 143, 584–594. doi: 10.1111/jnc.14222

Nelson, S. B., and Valakh, V. (2015). Excitatory/inhibitory balance and circuit homeostasis in autism spectrum disorders. Neuron 87, 684–698. doi: 10.1016/j.neuron.2015.07.033

Neumann, M., Sampathu, D. M., Kwong, L. K., Truax, A. C., Micsenyi, M. C., Chou, T. T., et al. (2006). Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Science 314, 130–133. doi: 10.1126/science.1134108

Nguyen, M., and Krainc, D. (2018). LRRK2 phosphorylation of auxilin mediates synaptic defects in dopaminergic neurons from patients with Parkinson’s disease. Proc. Natl. Acad. Sci. U S A 115, 5576–5581. doi: 10.1073/pnas.1717590115

Nishijima, H., Suzuki, S., Kon, T., Funamizu, Y., Ueno, T., Haga, R., et al. (2014). Morphologic changes of dendritic spines of striatal neurons in the levodopa-induced dyskinesia model. Mov. Disord. 29, 336–343. doi: 10.1002/mds.25826

Nistico, R., Mori, F., Feligioni, M., Nicoletti, F., and Centonze, D. (2014). Synaptic plasticity in multiple sclerosis and in experimental autoimmune encephalomyelitis. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130162. doi: 10.1098/rstb.2013.0162

Olmos-Alonso, A., Schetters, S. T., Sri, S., Askew, K., Mancuso, R., Vargas-Caballero, M., et al. (2016). Pharmacological targeting of CSF1R inhibits microglial proliferation and prevents the progression of Alzheimer’s-like pathology. Brain 139, 891–907. doi: 10.1093/brain/awv379

Ophir, G., Meilin, S., Efrati, M., Chapman, J., Karussis, D., Roses, A., et al. (2003). Human apoE3 but not apoE4 rescues impaired astrocyte activation in apoE null mice. Neurobiol. Dis. 12, 56–64. doi: 10.1016/s0969-9961(02)00005-0

Ortinski, P. I., Dong, J., Mungenast, A., Yue, C., Takano, H., Watson, D. J., et al. (2010). Selective induction of astrocytic gliosis generates deficits in neuronal inhibition. Nat. Neurosci. 13, 584–591. doi: 10.1038/nn.2535

Ouali Alami, N., Schurr, C., Olde Heuvel, F., Tang, L., Li, Q., Tasdogan, A., et al. (2018). NF-γB activation in astrocytes drives a stage-specific beneficial neuroimmunological response in ALS. EMBO J. 37:e98697. doi: 10.15252/embj.201798697

Overmyer, M., Helisalmi, S., Soininen, H., Laakso, M., Riekkinen, P. Sr., and Alafuzoff, I. (1999). Astrogliosis and the ApoE genotype. an immunohistochemical study of postmortem human brain tissue. Dement. Geriatr. Cogn. Disord. 10, 252–257. doi: 10.1159/000017128

Palop, J. J., and Mucke, L. (2016). Network abnormalities and interneuron dysfunction in Alzheimer disease. Nat. Rev. Neurosci. 17, 777–792. doi: 10.1038/nrn.2016.141

Panatier, A., Vallée, J., Haber, M., Murai, K. K., Lacaille, J. C., and Robitaille, R. (2011). Astrocytes are endogenous regulators of basal transmission at central synapses. Cell 146, 785–798. doi: 10.1016/j.cell.2011.07.022

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., et al. (2011). Synaptic pruning by microglia is necessary for normal brain development. Science 333, 1456–1458. doi: 10.1126/science.1202529

Paolicelli, R. C., and Ferretti, M. T. (2017). Function and dysfunction of microglia during brain development: consequences for synapses and neural circuits. Front. Syn. Neurosci. 9:9. doi: 10.3389/fnsyn.2017.00009

Paolicelli, R. C., Jawaid, A., Henstridge, C. M., Valeri, A., Merlini, M., Robinson, J. L., et al. (2017). TDP-43 depletion in microglia promotes amyloid clearance but also induces synapse loss. Neuron 95, 297.e6–308.e6. doi: 10.1016/j.neuron.2017.05.037

Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, J. R. III., and Lafaille, J. J., et al. (2013). Microglia promote learning-dependent synapse formation through brain-derived neurotrophic factor. Cell 155, 1596–1609. doi: 10.1016/j.cell.2013.11.030

Parpura, V., Basarsky, T. A., Liu, F., Jeftinija, K., Jeftinija, S., and Haydon, P. G. (1994). Glutamate-mediated astrocyte-neuron signalling. Nature 369, 744–747. doi: 10.1038/369744a0

Pascual, O., Ben Achour, S., Rostaing, P., Triller, A., and Bessis, A. (2012). Microglia activation triggers astrocyte-mediated modulation of excitatory neurotransmission. Proc. Natl. Acad. Sci. U S A 109, E197–E205. doi: 10.1073/pnas.1111098109

Pellerin, L., Bouzier-Sore, A. K., Aubert, A., Serres, S., Merle, M., Costalat, R., et al. (2007). Activity-dependent regulation of energy metabolism by astrocytes: an update. Glia 55, 1251–1262. doi: 10.1002/glia.20528

Pellerin, L., and Magistretti, P. J. (1994). Glutamate uptake into astrocytes stimulates aerobic glycolysis: a mechanism coupling neuronal activity to glucose utilization. Proc. Natl. Acad. Sci. U S A 91, 10625–10659. doi: 10.1073/pnas.91.22.10625

Pellerin, L., Pellegri, G., Bittar, P. G., Charnay, Y., Bouras, C., Martin, J. L., et al. (1998). Evidence supporting the existence of an activity-dependent astrocyte-neuron lactate shuttle. Dev. Neurosci. 20, 291–299. doi: 10.1159/000017324

Penn, A. A., Riquelme, P. A., Feller, M. B., and Shatz, C. J. (1998). Competition in retinogeniculate patterning driven by spontaneous activity. Science 279, 2108–2112. doi: 10.1126/science.279.5359.2108

Penzes, P., Cahill, M. E., Jones, K. A., VanLeeuwen, J. E., and Woolfrey, K. M. (2011). Dendritic spine pathology in neuropsychiatric disorders. Nat. Neurosci. 14, 285–293. doi: 10.1038/nn.2741

Perea, G., Gómez, R., Mederos, S., Covelo, A., Ballesteros, J. J., Schlosser, L., et al. (2016). Activity-dependent switch of GABAergic inhibition into glutamatergic excitation in astrocyte-neuron networks. Elife 5:e20362. doi: 10.7554/eLife.20362

Peretti, D., Bastide, A., Radford, H., Verity, N., Molloy, C., Martin, M. G., et al. (2015). RBM3 mediates structural plasticity and protective effects of cooling in neurodegeneration. Nature 518, 236–239. doi: 10.1038/nature14142

Perez-Nievas, B. G., and Serrano-Pozo, A. (2018). deciphering the astrocyte reaction in Alzheimer’s disease. Front. Aging Neurosci. 10:114. doi: 10.3389/fnagi.2018.00114

Pérez-Otaño, I., Larsen, R. S., and Wesseling, J. F. (2016). Emerging roles of GluN3-containing NMDA receptors in the CNS. Nat. Rev. Neurosci. 17, 623–635. doi: 10.1038/nrn.2016.92

Personius, K. E., and Balice-Gordon, R. J. (2000). Activity-dependent editing of neuromuscular synaptic connections. Brain Res. Bull. 53, 513–522. doi: 10.1016/s0361-9230(00)00384-1

Pfeiffer, T., Poll, S., Bancelin, S., Angibaud, J., Inavalli, V. K., Keppler, K., et al. (2018). Chronic 2P-STED imaging reveals high turnover of dendritic spines in the hippocampus in vivo. Elife 7:e34700. doi: 10.7554/elife.34700

Phan, J. A., Stokholm, K., Zareba-Paslawska, J., Jakobsen, S., Vang, K., Gjedde, A., et al. (2017). Early synaptic dysfunction induced by α-synuclein in a rat model of Parkinson’s disease. Sci. Rep. 7:6363. doi: 10.1038/s41598-017-06724-9

Philips, T., and Robberecht, W. (2011). Neuroinflammation in amyotrophic lateral sclerosis: role of glial activation in motor neuron disease. Lancet Neurol. 10, 253–263. doi: 10.1016/s1474-4422(11)70015-1

Pickering, M., and O’Connor, J. J. (2007). Pro-inflammatory cytokines and their effects in the dentate gyrus. Prog. Brain Res. 163, 339–354. doi: 10.1016/s0079-6123(07)63020-9

Pieri, M., Albo, F., Gaetti, C., Spalloni, A., Bengtson, C. P., Longone, P., et al. (2003). Altered excitability of motor neurons in a transgenic mouse model of familial amyotrophic lateral sclerosis. Neurosci. Lett. 351, 153–156. doi: 10.1016/j.neulet.2003.07.010

Pilz, G. A., Carta, S., Stäuble, A., Ayaz, A., Jessberger, S., and Helmchen, F. (2016). Functional imaging of dentate granule cells in the adult mouse hippocampus. J. Neurosci. 36, 7407–7414. doi: 10.1523/JNEUROSCI.3065-15.2016

Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P., Volkmann, J., et al. (2017). Parkinson disease. Nat. Rev. Dis. Primers 3:17013. doi: 10.1038/nrdp.2017.13

Potter, L. E., Paylor, J. W., Suh, J. S., Tenorio, G., Caliaperumal, J., Colbourne, F., et al. (2016). Altered excitatory-inhibitory balance within somatosensory cortex is associated with enhanced plasticity and pain sensitivity in a mouse model of multiple sclerosis. J. Neuroinflammation 13:142. doi: 10.1186/s12974-016-0609-4

Prince, M., Bryce, R., Albanese, E., Wimo, A., Ribeiro, W., and Ferri, C. P. (2013). The global prevalence of dementia: a systematic review and metaanalysis. Alzheimers Dement. 9, 63.e2–75.e2. doi: 10.1016/j.jalz.2012.11.007

Pun, S., Santos, A. F., Saxena, S., Xu, L., and Caroni, P. (2006). Selective vulnerability and pruning of phasic motoneuron axons in motoneuron disease alleviated by CNTF. Nat. Neurosci. 9, 408–419. doi: 10.1038/nn1653

Qiu, H., Lee, S., Shang, Y., Wang, W. Y., Au, K. F., Kamiya, S., et al. (2014). ALS-associated mutation FUS-R521C causes DNA damage and RNA splicing defects. J. Clin. Invest. 124, 981–999. doi: 10.1172/jci72723

Rajendran, L., and Paolicelli, R. C. (2018). Microglia-mediated synapse loss in Alzheimer’s disease. J. Neurosci. 38, 2911–2919. doi: 10.1523/JNEUROSCI.1136-17.2017

Ramos, B., Baglietto-Vargas, D., del Rio, J. C., Moreno-Gonzalez, I., Santa-Maria, C., Jimenez, S., et al. (2006). Early neuropathology of somatostatin/NPY GABAergic cells in the hippocampus of a PS1×APP transgenic model of Alzheimer’s disease. Neurobiol. Aging 27, 1658–1672. doi: 10.1016/j.neurobiolaging.2005.09.022

Rao, S. M., Leo, G. J., Bernardin, L., and Unverzagt, F. (1991). Cognitive dysfunction in multiple sclerosis. I. Frequency, patterns, and prediction. Neurology 41, 685–691. doi: 10.1212/wnl.41.5.685

Recasens, A., and Dehay, B. (2014). α-synuclein spreading in Parkinson’s disease. Front. Neuroanat. 8:159. doi: 10.3389/fnana.2014.00159

Reemst, K., Noctor, S. C., Lucassen, P. J., and Hol, E. M. (2016). The indispensable roles of microglia and astrocytes during brain development. Front. Hum. Neurosci. 10:566. doi: 10.3389/fnhum.2016.00566

Ren, S. Q., Yao, W., Yan, J. Z., Jin, C., Yin, J. J., Yuan, J., et al. (2018). Amyloid β causes excitation/inhibition imbalance through dopamine receptor 1-dependent disruption of fast-spiking GABAergic input in anterior cingulate cortex. Sci. Rep. 8:302. doi: 10.1038/s41598-017-18729-5

Renton, A. E., Chio, A., and Traynor, B. J. (2014). State of play in amyotrophic lateral sclerosis genetics. Nat. Neurosci. 17, 17–23. doi: 10.1038/nn.3584

Rial, D., Lemos, C., Pinheiro, H., Duarte, J. M., Gonçalves, F. Q., Real, J. I., et al. (2015). Depression as a glial-based synaptic dysfunction. Front. Cell. Neurosci. 9:521. doi: 10.3389/fncel.2015.00521

Risher, W. C., Patel, S., Kim, I. H., Uezu, A., Bhagat, S., Wilton, D. K., et al. (2014). Astrocytes refine cortical connectivity at dendritic spines. Elife 3:e04047. doi: 10.7554/eLife.04047

Rizzo, F. R., Musella, A., De Vito, F., Fresegna, D., Bullitta, S., Vanni, V., et al. (2018). Tumor necrosis factor and interleukin-1β modulate synaptic plasticity during neuroinflammation. Neural Plast. 2018:8430123. doi: 10.1155/2018/8430123

Robin, L. M., Oliveira da Cruz, J. F., Langlais, V. C., Martin-Fernandez, M., Metna-Laurent, M., Busquets-Garcia, A., et al. (2018). Astroglial CB1 receptors determine synaptic D-serine availability to enable recognition memory. Neuron 98, 935.e5–944.e5. doi: 10.1016/j.neuron.2018.04.034

Rodrigues, R. J., Tomé, A. R., and Cunha, R. A. (2015). ATP as a multi-target danger signal in the brain. Front. Neurosci. 9:148. doi: 10.3389/fnins.2015.00148

Rodriguez, G. A., Tai, L. M., LaDu, M. J., and Rebeck, G. W. (2014). Human APOE4 increases microglia reactivity at Aβ plaques in a mouse model of Aβ deposition. J. Neuroinflammation 11:111. doi: 10.1186/1742-2094-11-111

Roses, A. D. (1996). Apolipoprotein E alleles as risk factors in Alzheimer’s disease. Annu. Rev. Med. 47, 387–400. doi: 10.1146/annurev.med.47.1.387

Ross, C. A., and Poirier, M. A. (2004). Protein aggregation and neurodegenerative disease. Nat. Med. 10, S10–S17. doi: 10.1038/nm1066

Rothstein, J. D., Dykes-Hoberg, M., Pardo, C. A., Bristol, L. A., Jin, L., Kuncl, R. W., et al. (1996). Knockout of glutamate transporters reveals a major role for astroglial transport in excitotoxicity and clearance of glutamate. Neuron 16, 675–686. doi: 10.1016/s0896-6273(00)80086-0

Rothstein, J. D., Patel, S., Regan, M. R., Haenggeli, C., Huang, Y. H., Bergles, D. E., et al. (2005). β-lactam antibiotics offer neuroprotection by increasing glutamate transporter expression. Nature 433, 73–77. doi: 10.1038/nature03180

Rothstein, J. D., Van Kammen, M., Levey, A. I., Martin, L. J., and Kuncl, R. W. (1995). Selective loss of glial glutamate transporter GLT-1 in amyotrophic lateral sclerosis. Ann. Neurol. 38, 73–84. doi: 10.1002/ana.410380114

Rubenstein, J. L., and Merzenich, M. M. (2003). Model of autism: increased ratio of excitation/inhibition in key neural systems. Genes Brain Behav. 2, 255–267. doi: 10.1034/j.1601-183x.2003.00037.x

Saba, L., Viscomi, M. T., Caioli, S., Pignataro, A., Bisicchia, E., Pieri, M., et al. (2016). Altered functionality, morphology, and vesicular glutamate transporter expression of cortical motor neurons from a presymptomatic mouse model of amyotrophic lateral sclerosis. Cereb. Cortex 26, 1512–1528. doi: 10.1093/cercor/bhu317

Sanchez, P. E., Zhu, L., Verret, L., Vossel, K. A., Orr, A. G., Cirrito, J. R., et al. (2012). Levetiracetam suppresses neuronal network dysfunction and reverses synaptic and cognitive deficits in an Alzheimer’s disease model. Proc. Natl. Acad. Sci. U S A 109, E2895–E2903. doi: 10.1073/pnas.1121081109

Sardinha, V. M., Guerra-Gomes, S., Caetano, I., Tavares, G., Martins, M., Reis, J. S., et al. (2017). Astrocytic signaling supports hippocampal-prefrontal theta synchronization and cognitive function. Glia 65, 1944–1960. doi: 10.1002/glia.23205

Sasaki, S., and Iwata, M. (1999). Ultrastructural change of synapses of Betz cells in patients with amyotrophic lateral sclerosis. Neurosci. Lett. 268, 29–32. doi: 10.1016/s0304-3940(99)00374-2

Sasaki, S., and Maruyama, S. (1994a). Decreased synaptophysin immunoreactivity of the anterior horns in motor neuron disease. Acta Neuropathol. 87, 125–128. doi: 10.1007/bf00296180

Sasaki, S., and Maruyama, S. (1994b). Synapse loss in anterior horn neurons in amyotrophic lateral sclerosis. Acta Neuropathol. 88, 222–227. doi: 10.1007/s004010050153

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R., Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits in an activity and complement-dependent manner. Neuron 74, 691–705. doi: 10.1016/j.neuron.2012.03.026

Scheff, S. W., Neltner, J. H., and Nelson, P. T. (2014). Is synaptic loss a unique hallmark of Alzheimer’s disease? Biochem. Pharmacol. 88, 517–528. doi: 10.1016/j.bcp.2013.12.028

Scheff, S. W., Price, D. A., Schmitt, F. A., and Mufson, E. J. (2006). Hippocampal synaptic loss in early Alzheimer’s disease and mild cognitive impairment. Neurobiol. Aging 27, 1372–1384. doi: 10.1016/j.neurobiolaging.2005.09.012

Selimbeyoglu, A., Kim, C. K., Inoue, M., Lee, S. Y., Hong, A. S. O., Kauvar, I., et al. (2017). Modulation of prefrontal cortex excitation/inhibition balance rescues social behavior in CNTNAP2-deficient mice. Sci. Transl. Med. 9:eaah6733. doi: 10.1126/scitranslmed.aah6733

Selkoe, D. J. (2002). Alzheimer’s disease is a synaptic failure. Science 298, 789–791. doi: 10.1126/science.1074069

Selnes, P., Stav, A. L., Johansen, K. K., Bjørnerud, A., Coello, C., Auning, E., et al. (2017). Impaired synaptic function is linked to cognition in Parkinson’s disease. Ann. Clin. Transl. Neurol. 4, 700–713. doi: 10.1002/acn3.446

Sephton, C. F., Tang, A. A., Kulkarni, A., West, J., Brooks, M., Stubblefield, J. J., et al. (2014). Activity-dependent FUS dysregulation disrupts synaptic homeostasis. Proc. Natl. Acad. Sci. U S A 111, E4769–E4778. doi: 10.1073/pnas.1406162111

Serrano-Pozo, A., Muzikansky, A., Gomez-Isla, T., Growdon, J. H., Betensky, R. A., Frosch, M. P., et al. (2013). Differential relationships of reactive astrocytes and microglia to fibrillar amyloid deposits in Alzheimer disease. J. Neuropathol. Exp. Neurol. 72, 462–471. doi: 10.1097/nen.0b013e3182933788

Shankar, G. M., Bloodgood, B. L., Townsend, M., Walsh, D. M., Selkoe, D. J., and Sabatini, B. L. (2007). Natural oligomers of the Alzheimer amyloid-β protein induce reversible synapse loss by modulating an NMDA-type glutamate receptor-dependent signaling pathway. J. Neurosci. 27, 2866–2875. doi: 10.1523/JNEUROSCI.4970-06.2007

Shankar, G. M., Li, S., Mehta, T. H., Garcia-Munoz, A., Shepardson, N. E., Smith, I., et al. (2008). Amyloid-β protein dimers isolated directly from Alzheimer’s brains impair synaptic plasticity and memory. Nat. Med. 14, 837–842. doi: 10.1038/nm1782

Shi, Q., Chowdhury, S., Ma, R., Le, K. X., Hong, S., Caldarone, B. J., et al. (2017). Complement C3 deficiency protects against neurodegeneration in aged plaque-rich APP/PS1 mice. Sci. Transl. Med. 9:eaaf6295. doi: 10.1126/scitranslmed.aaf6295

Shi, Q., Colodner, K. J., Matousek, S. B., Merry, K., Hong, S., Kenison, J. E., et al. (2015). Complement C3-deficient mice fail to display age-related hippocampal decline. J. Neurosci. 35, 13029–13042. doi: 10.1523/JNEUROSCI.1698-15.2015

Shi, Y., Yamada, K., Liddelow, S. A., Smith, S. T., Zhao, L., Luo, W., et al. (2017). ApoE4 markedly exacerbates tau-mediated neurodegeneration in a mouse model of tauopathy. Nature 549, 523–527. doi: 10.1038/nature24016

Shinozaki, Y., Nomura, M., Iwatsuki, K., Moriyama, Y., Gachet, C., and Koizumi, S. (2014). Microglia trigger astrocyte-mediated neuroprotection via purinergic gliotransmission. Sci. Rep. 4:4329. doi: 10.1038/srep04329

Sierra, A., Tremblay, M. E., and Wake, H. (2014). Never-resting microglia: physiological roles in the healthy brain and pathological implications. Front. Cell. Neurosci. 8:240. doi: 10.3389/fncel.2014.00240

Simons, M., and Nave, K. A. (2015). Oligodendrocytes: myelination and axonal support. Cold Spring Harb. Perspect. Biol. 8:a020479. doi: 10.1101/cshperspect.a020479

Sipe, G. O., Lowery, R. L., Tremblay, M. È., Kelly, E. A., Lamantia, C. E., and Majewska, A. K. (2016). Microglial P2Y12 is necessary for synaptic plasticity in mouse visual cortex. Nat. Commun. 7:10905. doi: 10.1038/ncomms10905

Smith, E. F., Shaw, P. J., and De Vos, K. J. (2017). The role of mitochondria in amyotrophic lateral sclerosis. Neurosci. Lett. doi: 10.1016/j.neulet.2017.06.052 [Epub ahead of print].

Snyder, E. M., Nong, Y., Almeida, C. G., Paul, S., Moran, T., Choi, E. Y., et al. (2005). Regulation of NMDA receptor trafficking by amyloid-β. Nat. Neurosci. 8, 1051–1058. doi: 10.1038/nn1503

Sofroniew, M. V., and Vinters, H. V. (2010). Astrocytes: biology and pathology. Acta Neuropathol. 119, 7–35. doi: 10.1007/s00401-009-0619-8

Sokolow, S., Henkins, K. M., Bilousova, T., Miller, C. A., Vinters, H. V., Poon, W., et al. (2012). AD synapses contain abundant Aβ monomer and multiple soluble oligomers, including a 56-kDa assembly. Neurobiol. Aging 33, 1545–1555. doi: 10.1016/j.neurobiolaging.2011.05.011

Soto, C., and Pritzkow, S. (2018). Protein misfolding, aggregation, and conformational strains in neurodegenerative diseases. Nat. Neurosci. 21, 1332–1340. doi: 10.1038/s41593-018-0235-9

Spangenberg, E. E., Lee, R. J., Najafi, A. R., Rice, R. A., Elmore, M. R., Blurton-Jones, M., et al. (2016). Eliminating microglia in Alzheimer’s mice prevents neuronal loss without modulating amyloid-β pathology. Brain 139, 1265–1281. doi: 10.1093/brain/aww016

Spiller, K. J., Restrepo, C. R., Khan, T., Dominique, M. A., Fang, T. C., Canter, R. G., et al. (2018). Microglia-mediated recovery from ALS-relevant motor neuron degeneration in a mouse model of TDP-43 proteinopathy. Nat. Neurosci. 21, 329–340. doi: 10.1038/s41593-018-0083-7

Spires-Jones, T. L., and Hyman, B. T. (2014). The intersection of amyloid β and tau at synapses in Alzheimer’s disease. Neuron 82, 756–771. doi: 10.1016/j.neuron.2014.05.004

Srinivasan, R., Sailasuta, N., Hurd, R., Nelson, S., and Pelletier, D. (2005). Evidence of elevated glutamate in multiple sclerosis using magnetic resonance spectroscopy at 3 T. Brain 128, 1016–1025. doi: 10.1093/brain/awh467

Stellwagen, D., and Malenka, R. C. (2006). Synaptic scaling mediated by glial TNF-α. Nature 440, 1054–1059. doi: 10.1038/nature04671

Strong, M. J., Abrahams, S., Goldstein, L. H., Woolley, S., McLaughlin, P., Snowden, J., et al. (2017). Amyotrophic lateral sclerosis—frontotemporal spectrum disorder (ALS-FTSD): revised diagnostic criteria. Amyotroph. Lateral Scler. Frontotemporal. Degener. 18, 153–174. doi: 10.1080/21678421.2016.1267768

Sunico, C. R., Domínguez, G., García-Verdugo, J. M., Osta, R., Montero, F., and Moreno-Lopez, B. (2011). Reduction in the motoneuron inhibitory/excitatory synaptic ratio in an early-symptomatic mouse model of amyotrophic lateral sclerosis. Brain Pathol. 21, 1–15. doi: 10.1111/j.1750-3639.2010.00417.x

Sunkaria, A., Bhardwaj, S., Halder, A., Yadav, A., and Sandhir, R. (2016). Migration and phagocytic ability of activated microglia during post-natal development is mediated by calcium-dependent purinergic signalling. Mol. Neurobiol. 53, 944–954. doi: 10.1007/s12035-014-9064-3

Surmeier, D. J., Ding, J., Day, M., Wang, Z., and Shen, W. (2007). D1 and D2 dopamine-receptor modulation of striatal glutamatergic signaling in striatal medium spiny neurons. Trends Neurosci. 30, 228–235. doi: 10.1016/j.tins.2007.03.008

Svahn, A. J., Don, E. K., Badrock, A. P., Cole, N. J., Graeber, M. B., Yerbury, J. J., et al. (2018). Nucleo-cytoplasmic transport of TDP-43 studied in real time: impaired microglia function leads to axonal spreading of TDP-43 in degenerating motor neurons. Acta Neuropathol. 136, 445–459. doi: 10.1007/s00401-018-1875-2

Takahashi, R. H., Capetillo-Zarate, E., Lin, M. T., Milner, T. A., and Gouras, G. K. (2013). Accumulation of intraneuronal β-amyloid 42 peptides is associated with early changes in microtubule-associated protein 2 in neurites and synapses. PLoS One 8:e51965. doi: 10.1371/journal.pone.0051965

Teismann, P., Tieu, K., Cohen, O., Choi, D. K., Wu, D. C., Marks, D., et al. (2003). Pathogenic role of glial cells in Parkinson’s disease. Mov. Disord. 18, 121–129. doi: 10.1002/mds.10332

Tremblay, M. È., Lowery, R. L., and Majewska, A. K. (2010). Microglial interactions with synapses are modulated by visual experience. PLoS Biol. 8:e1000527. doi: 10.1371/journal.pbio.1000527

Terry, R. D., Masliah, E., Salmon, D. P., Butters, N., DeTeresa, R., Hill, R., et al. (1991). Physical basis of cognitive alterations in Alzheimer’s disease: synapse loss is the major correlate of cognitive impairment. Ann. Neurol. 30, 572–580. doi: 10.1002/ana.410300410

Tomiyama, T., Matsuyama, S., Iso, H., Umeda, T., Takuma, H., Ohnishi, K., et al. (2010). A mouse model of amyloid β oligomers: their contribution to synaptic alteration, abnormal tau phosphorylation, glial activation, and neuronal loss in vivo. J. Neurosci. 30, 4845–4856. doi: 10.1523/JNEUROSCI.5825-09.2010

Tong, J., Huang, C., Bi, F., Wu, Q., Huang, B., Liu, X., et al. (2013). Expression of ALS-linked TDP-43 mutant in astrocytes causes non-cell-autonomous motor neuron death in rats. EMBO J. 32, 1917–1926. doi: 10.1038/emboj.2013.122

Toni, N., Buchs, P. A., Nikonenko, I., Bron, C. R., and Muller, D. (1999). LTP promotes formation of multiple spine synapses between a single axon terminal and a dendrite. Nature 402, 421–425. doi: 10.1038/46574

Torborg, C. L., and Feller, M. B. (2005). Spontaneous patterned retinal activity and the refinement of retinal projections. Prog. Neurobiol. 76, 213–235. doi: 10.1016/j.pneurobio.2005.09.002

Town, T., Tan, J., Flavell, R. A., and Mullan, M. (2005). T-cells in Alzheimer’s disease. Neuromolecular Med. 7, 255–264. doi: 10.1385/NMM:7:3:255

Tremblay, M. È., Stevens, B., Sierra, A., Wake, H., Bessis, A., and Nimmerjahn, A. (2011). The role of microglia in the healthy brain. J. Neurosci. 31, 16064–16069. doi: 10.1523/JNEUROSCI.4158-11.2011

Turner, M. R., Cagnin, A., Turkheimer, F. E., Miller, C. C., Shaw, C. E., Brooks, D. J., et al. (2004). Evidence of widespread cerebral microglial activation in amyotrophic lateral sclerosis: an [11C](R)-PK11195 positron emission tomography study. Neurobiol. Dis. 15, 601–609. doi: 10.1016/j.nbd.2003.12.012

Turrigiano, G. G. (2008). The self-tuning neuron: synaptic scaling of excitatory synapses. Cell 135, 422–435. doi: 10.1016/j.cell.2008.10.008

Turrigiano, G. G., Leslie, K. R., Desai, N. S., Rutherford, L. C., and Nelson, S. B. (1998). Activity-dependent scaling of quantal amplitude in neocortical neurons. Nature 391, 892–896. doi: 10.1038/36103

Turrigiano, G. G., and Nelson, S. B. (2004). Homeostatic plasticity in the developing nervous system. Nat. Rev. Neurosci. 5, 97–107. doi: 10.1038/nrn1327

Tzioras, M., Davies, C., Newman, A., Jackson, R., and Spires-Jones, T. (2018). Invited Review: APOE at the interface of inflammation, neurodegeneration and pathological protein spread in Alzheimer’s disease. Neuropathol. Appl. Neurobiol. doi: 10.1111/nan.12529 [Epub ahead of print].

Ulrich, J. D., Ulland, T. K., Mahan, T. E., Nyström, S., Nilsson, K. P., Song, W. M., et al. (2018). ApoE facilitates the microglial response to amyloid plaque pathology. J. Exp. Med. 215, 1047–1058. doi: 10.1084/jem.20171265

Umeda, T., Kimura, T., Yoshida, K., Takao, K., Fujita, Y., Matsuyama, S., et al. (2017). Mutation-induced loss of APP function causes GABAergic depletion in recessive familial Alzheimer’s disease: analysis of Osaka mutation-knockin mice. Acta Neuropathol. Commun. 5:59. doi: 10.1186/s40478-017-0461-5

Van den Bos, M. A. J., Higashihara, M., Geevasinga, N., Menon, P., Kiernan, M. C., and Vucic, S. (2018). Imbalance of cortical facilitatory and inhibitory circuits underlies hyperexcitability in ALS. Neurology 91, e1669–e1676. doi: 10.1212/wnl.0000000000006438

Vasek, M. J., Garber, C., Dorsey, D., Durrant, D. M., Bollman, B., Soung, A., et al. (2016). A complement-microglial axis drives synapse loss during virus-induced memory impairment. Nature 534, 538–543. doi: 10.1038/nature18283

Verkhratsky, A., Parpura, V., Pekna, M., Pekny, M., and Sofroniew, M. (2014). Glia in the pathogenesis of neurodegenerative diseases. Biochem. Soc. Trans. 42, 1291–1301. doi: 10.1042/bst20140107

Verret, L., Mann, E. O., Hang, G. B., Barth, A. M., Cobos, I., Ho, K., et al. (2012). Inhibitory interneuron deficit links altered network activity and cognitive dysfunction in Alzheimer model. Cell 149, 708–721. doi: 10.1016/j.cell.2012.02.046

Vesce, S., Bezzi, P., and Volterra, A. (1999). The active role of astrocytes in synaptic transmission. Cell. Mol. Life Sci. 56, 991–1000. doi: 10.1007/s000180050488

Viana da Silva, S., Haberl, M. G., Zhang, P., Bethge, P., Lemos, C., Gonçalves, N., et al. (2016). Early synaptic deficits in the APP/PS1 mouse model of Alzheimer’s disease involve neuronal adenosine A2A receptors. Nat. Commun. 7:11915. doi: 10.1038/ncomms11915

Voineagu, I., Wang, X., Johnston, P., Lowe, J. K., Tian, Y., Horvath, S., et al. (2011). Transcriptomic analysis of autistic brain reveals convergent molecular pathology. Nature 474, 380–384. doi: 10.1038/nature10110

Vossel, K. A., Ranasinghe, K. G., Beagle, A. J., Mizuiri, D., Honma, S. M., Dowling, A. F., et al. (2016). Incidence and impact of subclinical epileptiform activity in Alzheimer’s disease. Ann. Neurol. 80, 858–870. doi: 10.1002/ana.24794

Walsh, D. M., Klyubin, I., Fadeeva, J. V., Cullen, W. K., Anwyl, R., Wolfe, M. S., et al. (2002). Naturally secreted oligomers of amyloid β protein potently inhibit hippocampal long-term potentiation in vivo. Nature 416, 535–539. doi: 10.1038/416535a

Wang, J. Y., Chen, F., Fu, X. Q., Ding, C. S., Zhou, L., Zhang, X. H., et al. (2014). Caspase-3 cleavage of dishevelled induces elimination of postsynaptic structures. Dev. Cell 28, 670–684. doi: 10.1016/j.devcel.2014.02.009

Watkins, L. M., Neal, J. W., Loveless, S., Michailidou, I., Ramaglia, V., Rees, M. I., et al. (2016). Complement is activated in progressive multiple sclerosis cortical grey matter lesions. J. Neuroinflammation 13:161. doi: 10.1186/s12974-016-0611-x

Wiesel, T. N., and Hubel, D. H. (1963). Effects of visual deprivation on morphology and physiology of cells in the cats lateral geniculate body. J. Neurophysiol. 26, 978–993. doi: 10.1152/jn.1963.26.6.978

Wishart, T. M., Parson, S. H., and Gillingwater, T. H. (2006). Synaptic vulnerability in neurodegenerative disease. J. Neuropathol. Exp. Neurol. 65, 733–739. doi: 10.1097/01.jnen.0000228202.35163.c4


Wolff, J. R., and Missler, M. (1993). Synaptic remodelling and elimination as integral processes of synaptogenesis. APMIS Suppl. 40, 9–23.


Wu, H. Y., Hudry, E., Hashimoto, T., Kuchibhotla, K., Rozkalne, A., Fan, Z., et al. (2010). Amyloid β induces the morphological neurodegenerative triad of spine loss, dendritic simplification, and neuritic dystrophies through calcineurin activation. J. Neurosci. 30, 2636–2649. doi: 10.1523/JNEUROSCI.4456-09.2010

Xie, L., and Yang, S. H. (2015). Interaction of astrocytes and T cells in physiological and pathological conditions. Brain Res. 1623, 63–73. doi: 10.1016/j.brainres.2015.03.026

Xu, T., Yu, X., Perlik, A. J., Tobin, W. F., Zweig, J. A., Tennant, K., et al. (2009). Rapid formation and selective stabilization of synapses for enduring motor memories. Nature 462, 915–919. doi: 10.1038/nature08389

Yamanaka, K., Chun, S. J., Boillee, S., Fujimori-Tonou, N., Yamashita, H., Gutmann, D. H., et al. (2008). Astrocytes as determinants of disease progression in inherited amyotrophic lateral sclerosis. Nat. Neurosci. 11, 251–253. doi: 10.1038/nn2047

Yang, J., Yang, H., Liu, Y., Li, X., Qin, L., Lou, H., et al. (2016). Astrocytes contribute to synapse elimination via type 2 inositol 1,4,5-trisphosphate receptor-dependent release of ATP. Elife 5:e15043. doi: 10.7554/eLife.15043

Yang, Y., and Zhou, Q. (2009). Spine modifications associated with long-term potentiation. Neuroscientist 15, 464–476. doi: 10.1177/1073858409340800

Zaja-Milatovic, S., Milatovic, D., Schantz, A. M., Zhang, J., Montine, K. S., Samii, A., et al. (2005). Dendritic degeneration in neostriatal medium spiny neurons in Parkinson disease. Neurology 64, 545–547. doi: 10.1212/01.wnl.0000150591.33787.a4

Zang, D. W., Lopes, E. C., and Cheema, S. S. (2005). Loss of synaptophysin-positive boutons on lumbar motor neurons innervating the medial gastrocnemius muscle of the SOD1G93A G1H transgenic mouse model of ALS. J. Neurosci. Res. 79, 694–699. doi: 10.1002/jnr.20379

Zhan, Y., Paolicelli, R. C., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani, F., et al. (2014). Deficient neuron-microglia signaling results in impaired functional brain connectivity and social behavior. Nat. Neurosci. 17, 400–406. doi: 10.1038/nn.3641

Zhang, J. M., Wang, H. K., Ye, C. Q., Ge, W., Chen, Y., Jiang, Z. L., et al. (2003). ATP released by astrocytes mediates glutamatergic activity-dependent heterosynaptic suppression. Neuron 40, 971–982. doi: 10.1016/s0896-6273(03)00717-7

Zhou, Y., Lai, B., and Gan, W. B. (2017). Monocular deprivation induces dendritic spine elimination in the developing mouse visual cortex. Sci. Rep. 7:4977. doi: 10.1038/s41598-017-05337-6

Zhu, Y., Nwabuisi-Heath, E., Dumanis, S. B., Tai, L. M., Yu, C., Rebeck, G. W., et al. (2012). APOE genotype alters glial activation and loss of synaptic markers in mice. Glia 60, 559–569. doi: 10.1002/glia.22289

Zürcher, N. R., Loggia, M. L., Lawson, R., Chonde, D. B., Izquierdo-Garcia, D., Yasek, J. E., et al. (2015). Increased in vivo glial activation in patients with amyotrophic lateral sclerosis: assessed with [11C]-PBR28. Neuroimage Clin. 7, 409–414. doi: 10.1016/j.nicl.2015.01.009

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Henstridge, Tzioras and Paolicelli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fncel-13-00063-g004.gif
Amyotrophic Lateral  oegenerating

Neuron

Sclerosis )

Pathological Changes
© Notor neuron death

© Synapse loss both in CNS and PNS  Astrocyte
o Microgliosis

o Early cortical hyperexcitability

© Glia-dependent synapse engulfment

Oligodendrocyte

Activated
Microglia

Synapse Engulfment

Endfect i Current Knowledge

© TDP-43 found in human synapses

© Lack of TDP-43 in microglia increases
phagocytosis of synapses

® Astrocytic failure to maintain glutamate balance

@ Lacking mechanism for glial involvement

Presynapse |

csynase

Actvated
Microgla






OPS/images/fncel-13-00063-g005.gif
Multiple Sclerosis >

Neuron

Pathological Changes

© Loss of myelin sheath
© Autoimmune response

(T and B cell activation)
o Gliosis

@ Release of pro-inflammatory
mediators - neuroinflammation

®Disrupted synaptic glutamate
handiing - excitoto

Activated
Microglia

Astroeytic

Endteet Current Knowledge
? ! e Complement tagging of synapses
Presnamse | o Ljttle evidence of microglia phagocytosing

postsyna
H pre-synapses
© Robust human data is lacking

Actvated,
Microgla

§ Conpierert |






OPS/images/fncel-13-00063-g002.gif
Alzheimer's disease Pegereratine

Neuron

Pathological Changes

© AB plagues and tau tangles

© Gliosis

© Release of pro-inflammatory
mediators - neuroinflammation

© Disrupted synaptic glutamate
handiing - excitotoxicity

© Glia-dependent synapse
engulfment

Astrocyte

Oligodendrocyte

Activated
Microglia

Synapse Engulfment

Aswocytic
Endect

Current Knowledge

© Complement-dependent
© Microglia phagocytose pre and/or post synapse
© Astrocytes phagocytose presynapse

Acthted © Robust human data is lacking

1 Microgla





OPS/images/fncel-13-00063-g003.gif
Parkinson's disease Peerering

Neuron

Pathological Changes

® Loss of dopaminergic neurons

© a-synuclein aggregates

o Loss of striatal glutamatergic
synapses

o Excitatory and inhibitory circuits
affected by loss of dopaminergic
neurons

Oligodendrocyte

Activated
Microglia

Synapse Engulfment

Endteet Current Knowledge

© a-synuclein present pre-synaptically

© Evidence for astrocytes engulfing dopaminergic
neuron debris containing a-synuclein

@ csnn | @ Microglia in PD models engulfing pre- and

© ammge!  poSt-synaptic excitatory elements
™% @ Robust human data is lacking

: Presynapse

——

1 Activated
| Microgia






OPS/images/fncel-13-00063-g006.gif
Physiology

Excitation Inhibition

*

/ :/,?{? :

Astrocyte Microglia
Pathology
Excitation Inhibition

<
PO

Activated Activated
Astrocyte Microalia





OPS/images/crossmark.jpg





OPS/images/fncel-13-00063-g001.gif
Homeostasis

Physiological mechanisms

© Neurotransmitter release

© Glutamate exchange

© Excitation/inhibition balance

© Synapse pruning in development

Astrocyte Oligodendrocyte

Microglia

.;mmawc endleell
o

postsynapse.

ﬁtM

Glial cell





OPS/images/cover.jpg
, frontiers
In Cellular Neuroscience

Glial Contribution to Excitatory
and Inhibitory Synapse Loss in
Neurodegeneration









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





