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Abstract: The deterioration of neurons in Alzheimer’s disease (AD) arises from genetic, immunologic,
and cellular factors inside the cortex. The traditional consensus of the amyloid-beta (Aβ)
paradigm as a singular cause of AD has been under revision, with the accumulation of exploding
neurobiological evidence. Among the multifaceted casualties of AD, the involvement of glia gains
significance for its dynamic contribution to neurons, either in a neuroprotective or neurotoxic
fashion. Basically, microglia and astrocytes contribute to neuronal sustainability by releasing
neuroprotective cytokines, maintaining an adequate amount of glutamate in the synapse, and pruning
excessive synaptic terminals. Such beneficial effects divert to the other detrimental cascade in
chronic neuroinflammatory conditions. In this change, there are new discoveries of specific cytokines,
microRNAs, and complementary factors. Previously unknown mechanisms of ion channels such as
Kv1.3, Kir2.1, and HCN are also elucidated in the activation of microglia. The activation of glia is
responsible for the excitotoxicity through the overflow of glutamate transmitter via mGluRs expressed
on the membrane, which can lead to synaptic malfunction and engulfment. The communication
between microglia and astrocytes is mediated through exosomes as well as cytokines, where numerous
pieces of genetic information are transferred in the form of microRNAs. The new findings tell us
that the neuronal environment in the AD condition is a far more complicated and dynamically
interacting space. The identification of each molecule in the milieu and cellular communication
would contribute to a better understanding of AD in the neurobiological perspective, consequently
suggesting a possible therapeutic clue.
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microRNA; mGluR; complementary system; exosome; glutamate; excitotoxicity; ion channel; synapse

1. Introduction

As the lifespan of the modern population continues to increase, dementia becomes a central
concern in public health incurring a bewildering amount of spending for the treatment. The recognized
traits of dementia encompass malfunction of memory formation and recall, rational reasoning, and
stereotaxic movements, commonly found in senile people. Among various outcomes of dementia,
Alzheimer’s disease (AD) is the most common type, comprising more than 50% of cases [1]. The cause
of AD can be either hereditary or sporadic occurrence by a myriad of corresponding genes and
environmental factors [2]. Regardless of the origin of onset, the consequence results in neuronal death
due to pathogenic protein plaque accumulation, namely, amyloid-beta (Aβ). The generation of Aβ1–42

trimmed from amyloid precursor protein (APP) by β-secretase produces plaque formation in the cortex
precipitating on neurons and glia [3]. Intracellularly, neurofibrillary tau protein is entangled through
the breakdown of microtubules, eventually leading to the destruction of neurons [4]. External as well
as internal plaque accumulations are considered primary causes of AD development so that most of
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the therapeutic strategies have been focused on removing plaque accumulation. After decades of
research, however, most AD therapy candidates have failed to revert the symptom, even though they
can faithfully remove Aβ plaque accumulation in the cortex [5]. This seemingly disappointing result
recalls a new paradigm of the concept in regard to the main cause of AD. Recently, many research
groups have proposed a more sophisticated interplay of inflammatory and immunologic agents in
conjunction with astrocytes and microglia (Figure 1). New evidence reveals that Aβ functions as just
one of the causal factors over the course of a cascade of events in neuronal deterioration.
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Figure 1. The interplay between neurons and glia in various conditions. Neuroprotective functions
of activated microglia are the elimination of Aβ plaque, release of neuroprotective cytokines,
and synapse pruning. However, when it turns into a neurotoxic way, it causes hyperactivation
of synapse engulfment, the release of neurotoxic factors, and the involvement of tau pathology.
Microglia and astrocytes can reciprocally activate each other either in the neuroprotective or
neurotoxic pathway. Not only cytokines or toxins but also microRNAs can modulate the functional
conversion of glia. Some ion channel expressions also contribute to the modification. NO—nitric
oxide; TNF—tumor necrosis factor; IL—interleukin; LPS—lipopolysaccharides; INF—interferon;
IGF—insulin growth factor; BDNF—human brain-derived neurotrophic factor; VEGF—vascular
endothelial growth factor; Kv—voltage-gated potassium channels; Kir—inward-rectifier potassium
channels; HCN—hyperpolarization-activated cyclic nucleotide-gated channels. NO—nitric oxide;
TNF—tumor necrosis factor; IL—interleukin; LPS—lipopolysaccharides; INF—interferon; IGF—insulin
growth factor; BDNF—human brain-derived neurotrophic factor; VEGF—vascular endothelial
growth factor; Kv—voltage-gated potassium channels; Kir—inward-rectifier potassium channels;
HCN—hyperpolarization-activated cyclic nucleotide-gated channels.

In this review, we discuss the latest progress in the study of neuroinflammatory interactions in
AD progression. Memory impairment as the most outstanding symptom of AD can be understood
in the aspect of synaptic loss, which accounts for the pathological turnover of glia and its following
engulfment of synapses. In glial activation, various cytokines, complements, microRNAs, receptors,
and ion channels are synergistically involved in the cortical milieu, influencing detrimental effects
on neurons.



Int. J. Mol. Sci. 2020, 21, 6676 3 of 15

2. Dynamic Display of Microglia Polarization in Neurodegeneration

Maintenance of Neuroprotective Effect of Microglia in Neurodevelopment and Mild Inflammatory Condition

As a surveilling agent in the central nervous system (CNS), microglia stand in a central part of the
CNS immune system. In cooperation with the complementary system, it engulfs pathologic protein
entanglements, as well as damaged cellular components, and organic toxins to maintain immunological
homeostasis. During the procedure, it can sense exogenous particles by specific receptors expressed
on the membrane surface such as scavenger receptors (SR-AI/II), CD36, Fc receptors, RAGE (receptor
for advanced glycosylation end products), TLRs (toll-like receptors), TREM2, and complement
receptors [6–9]. Particularly in the AD case, it can eliminate Aβ plaques through phagocytosis with
apoE lipoprotein at the early stage of disease progression. TREM2, a membrane receptor expressed
in microglia, can recognize apoE encircling Aβ plaques leading to phagocytosis [10,11]. Likewise,
the chemokine receptor, CX3CR1, in microglia could modulate its phenotype to produce a microglial
barrier by opsonizing Aβ plaques, resulting in a less neurotoxic Aβ form [12].

With the phagocytic role, it can act as a key player in neural development through synaptic
pruning [13]. Microglia secrete several synaptogenic factors such as brain-derived neurotrophic factor
(BDNF), interleukin 10 (IL-10), and interleukin 1β (IL-1β) [14,15]. In the early neural development
stage, an excess of dendritic spines and immature synapses builds unorganized brain circuitry [16].
To construct efficient synaptic circuitry, microglia eliminate such redundant synapses via crosstalk
with other glial cells [16,17].

Microglial synaptic pruning has been mostly explained in terms of complement proteins such
as C1q and CR3 [18]. Recently, complementary-independent synaptic pruning of microglia has also
been suggested with the result that CR3 deletion still represents the synaptic pruning effect [19]. Some
current studies show that microglia could selectively engulf supernumerary synapses in response to
phosphatidylserine (PS), so-called “eat me” signals released from neurons. On the contrary, it bypasses
engulfment when transmembrane immunoglobulin CD47 is expressed in neurons as a “don’t eat me‘
signal [20,21].

3. Complement Pathway of Microglia in the Detrimental Effect during AD Progression

As AD progresses, however, those beneficial effects turn into adverse outcomes when the microglia
become overstimulated by increasing harmful neuroinflammatory factors. Now, it is recognized for the
adverse roles in AD progression such as secretion of neurotoxic factors, synapse engulfment, and even
tau pathology exacerbation [22–26]. Recently, many studies indicate the activated microglia as a
culprit of neuronal synaptic loss, causing long-term potentiation (LTP) impairment and neural circuit
disintegration [27]. In normal brain development, the classical complement pathway between neurons
and microglia plays a crucial role in constructing local neuronal circuitry through the synapse pruning
process [13]. While C1q and C3 are highly expressed at the axon terminal, complement receptor
3 (CR3) in the microglial surface recognizes them to engulf the synapses by phagocytosis [28,29].
However, in AD progression, stimulated microglia produce an excessive amount of C1q, then self-
activatethrough CR3 interaction [30]. Thus, microglia initiate hyper-neuroinflammation, resulting
in neuronal damage deepening the disease pathology [31]. In a toxic environment, inflammatory
elements like lipopolysaccharide (LPS), Aβ oligomers, and tau entanglement can even more activate
microglia through the complement cascade [32]. For example, the activated microglia in presence of
inflammatory components (Aβ, LPS, and tau) release a sialidase, the enzyme removing a sialic acid
residue in the terminal region of sugar chains of glycoproteins or glycolipids expressed in the microglia
cell surface. Once desialylated, CR3-mediated phagocytic activity of microglia becomes enhanced [32].
Likewise, microglia install various mechanisms of self-stimulation, actively destroying synapses.

Meanwhile, activated microglia fall into two different polarized states, namely the classical
M1 and the alternative M2 phenotype, with almost opposite functions [33]. The M1 phenotype
mediates neuroinflammatory cascade, while M2 exerts neuroprotective enrollment. The induction to
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M1 phenotype is initiated through exaggerated immune stimulation by neuroinflammatory mediators,
lipopolysaccharides (LPSs), and interferon γ (INF-γ), secreting pro-inflammatory factors like nitric
oxide (NO), TNF-α, IL-6, and IL-1β [33,34]. On the contrary, other types of interleukins such as IL-4
and IL-13 transform microglia into M2-type releasing neuroprotective cytokines such as IL-10, IL-33,
TGF-β, and IGF-1 [35–38]. Given the characteristic of transitional activation under a different impetus,
microglia have the freedom to stand on either side of neurological consequences depending on the
environmental condition. Once the balance is weighted on M1 conversion, it cascades into further
neuronal deterioration in the presence of tau proteins, not to mention external Aβ oligomers.

Like the pathological conversion of Aβ, hyperphosphorylated tau oligomer causes microtubule
collapse then forms neurofibrillary tangle (NFT), leading to brain atrophy and cognitive decline [39].
Previous studies have demonstrated that microglia instigates tau pathology in diverse ways, inducing
tau aggregation by proinflammatory cytokine release [40–42] and spreading hyperphosphorylated tau
oligomers or NFT through exosome secretion [43,44]. Interestingly, a lot of evidence addresses the
strong correlation between the complement pathway and tau pathology. In the human AD brain and
tauopathy mouse model, C1q levels were positively correlated with tau aggregation, and C3-C3aR1
expressions were increased proportional to the progression of tau pathology harming the cognitive
function [45,46]. Since microglia likely phagocytose C1q-tagged synapses leading to synapse loss,
tau entanglements induce accumulation of C1q at the synapse [45]. Once the complement cascade is
initiated by the activation of C1q, C3-C3aR1 signaling can exacerbate tau pathology through the signal
transducer and activator of transcription 3 (STAT3) pathway inducing neuroinflammation [46]. Thus,
inhibition of the complement pathway can be suggested for reduction in tauopathy. For example, C5a
receptors (C5aR) were closely involved in NFTs in human brains and C5aR antagonists decrease tau
pathology in the AD mouse model [47,48]. An increase in membrane-attack complex (MAC) formation
led to increased tau pathology and neuronal loss [49]. Overexpression of C3 inhibitor protein sCrry or
deletion of C3aR were also found to decrease tauopathy [46,49]. On the other hand, other studies have
illustrated that microglia contribute to elimination of tau deposits by phagocytosis [50–52]. The role of
the CX3CR1 signaling pathway of microglia has been demonstrated as a key factor to phagocytose tau
entanglements [53]. In normal neuronal development, cytokine CX3CL1 (fractalkine) expressed by
neurons binds to CX3CR1 of microglia maintaining resting state, inhibiting pro-inflammatory cytokine
release [54]. In the AD condition, on the other hand, tau directly binds to CX3CR1 provoking microglia,
which is related to tau internalization by microglia [53].

In the most recent studies, two different groups demonstrated that microglia are not the agitators
of tau aggregation. They suggest, however, different results when it comes to tau deposits and its
clearance dependent on microglial activation. Zhu et al. show the involvement of microglia in
tau pathology over the disease progression using hTau mice in normal conditions of microglia [55].
Interestingly, microglia remained in homeostatic status throughout the whole life span of hTau mice
without any disease-associated gene expression or functional phenotype change of microglia. Even the
reduction in the number of microglia did not increase tau entanglements, questioning the active
involvement of microglia in reducing tau pathology exacerbation [55]. In the other study, Lynn et al.
used Thy1-hTau.P301S (PS) mice to evaluate the interaction between tau aggregation and microglial
activation [56]. They showed that pTau aggregation predated activation of microglia in the cortex,
which provoked microglial phenotype change such as morphological dystrophy, homeostatic marker
loss, and lysosomal swelling. With lysosomal swelling of microglia, pTau oligomers and postsynaptic
structures like dendritic spines were observed in the microglial lysosome, proving that activated
microglia truly phagocytosed the pathological form of tau oligomers as well as engulfed synapses.
They concluded that the microglia were activated by pTau aggregation and conducted the traditional
surveilling role in AD progression [56]. Thus, the functional characterization of microglial activation
with phosphorylated tau oligomer still remains elusive.
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4. The Physiological Perspective of Microglial Activation

Several ion channels are involved in a functional change of microglia in physiological and
pathological conditions. Even though microglia are considered as non-excitatory cells, manipulating
neuronal excitability via control of discrete ion channels and their related proteins could affect AD
pathogenesis [57,58]. In addition, expressions of ion channels in microglia are notably dependent
on the functional state of cells [59]. For instance, the LPS-caused neurotoxic conversion to M1
microglia induces high current densities of Kv1.3 with no current of Kir2.1 in the presence of IL-4,
while neuroprotective M2 polarization leads to the immense current of Kir2.1 with no Kv1.3 current [60].
Besides, various research has shed light on ion channels (e.g., Kv1.3, Kir2.1, SK3, KCNN3, KCNN4,
KCa3.1 channels) associated with microglial functions, including activation, migration, phagocytosis,
and cytokine secretion [59–65]. Notwithstanding these findings, the individual mechanisms of each
ion channel regarding microglial functions and its intracellular cascades are still poorly known.

Nevertheless, several studies revealed the mechanisms of the neurotoxic effects of activated
microglia through specific ion channels and intracellular cascades. Glutamate hypersecretion from
microglia in the ablation of Rhoa clearly demonstrated synaptic loss, leading to LTP impairment
and memory loss, and eventually, neuronal cell death [66–68]. Rhoa, as one of the GTPase family
regulating cytoskeleton reorganization in microglia, inhibits Src activation, which decreases Tnf
production [69,70]. In a normal condition, the regulation prevents neuron from glutamate excitotoxicity
triggered by Tnf elevation. Indeed, the Rhoa knockdown (Rhoafl/fl:Cx3cr1CreER+) study demonstrated
amyloidogenic processing of APP with the abundant accumulation of Aβ1–40 and Aβ1–42 peptides in
the mutant brain with significant neurite damage of primary hippocampal neurons, reduction in LTP
formation in the hippocampal slice, and memory deficit in behavior tests. Interestingly, pathogenic
Aβ peptide accumulations conversely affect microglia activation and its detrimental progression in
AD. For example, a tiny amount of application of Aβ1–42 oligomers in microglia showed a decrease in
Rhoa activity and a following increase in Src activity. This observation could be found in APP/PS1
mice, where Rhoa activity of microglia was attenuated in the presence of abundant pathogenic Aβ

peptide [68].
Some ion channels are also involved in the physiological activation of microglia. Among them,

the synergistic effect of Kv1.3 and P2X4 has been well characterized [71]. Previously, purinergic receptors
expressed in microglia were recognized for inflammatory response in ischemia or pain conditions.
In this study, Kv1.3 regulates the resting membrane potential against the abrupt voltage change caused
by calcium introduction through P2X4. This novel finding addresses the sophisticated interplay between
different types of ion channels expressed in microglia for the functional stability of microglia activation.
This can give an important clue for the activation mechanism of microglia [71]. Other ion channels
recently discovered for their involvements in microglial activation are the hyperpolarization-activated
cyclic nucleotide-gated (HCN) and Kv7/KCNQ channels. According to the calcium response to
pharmacological agents, the HCN current is responsible for the inflammatory activation of microglia
without phagocytic capacity, while Kv7/KCNQ is to the migratory function [72].

5. Paradoxical Functions of Astrocytes in Alzheimer Disease

5.1. Versatility of Effective Astrocyte Functions According to Environmental Changes

In response to the neuronal deterioration of AD, the feedback mechanism of cortical cells to
restore the damage initiates morphological and functional changes of neurons, even reprogramming
neuronal proliferation [73]. At the early stage, glia undergo significant modifications in favor of
neurons, contrary to the later stage when they become overstimulated and harmful to neurons in
hyperinflammatory reactions. During this period, gliosis is markedly increased with reactive astrocytes
around Aβ plaques undertaking a series of phenotypic and functional changes [74]. There are, however,
paradoxical functions of astrocytes depending on the neuronal environment—either beneficial or
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detrimental effects on neighboring neurons [3,75]. For example, it can release neuroprotective agents
such as BDNF, VEGF, and bFGF, or neuroinflammatory factors including IL-1β, TNF-α, and NO [74].

Reactive astrocytes can be classified into A1 and A2 types with counteracting functions. In neuronal
damage, A1 astrocytes release neurotoxins that induce rapid death of neurons and oligodendrocytes [76].
The damage of oligodendrocytes can further deteriorate neurodegeneration by spreading tau or
alpha-synuclein aggregates throughout the cortical network [26,77].

Normally, the brain has a rehabilitating mechanism in response to damage like any other organs
orchestrated by numerous cells and signaling molecules for the neuronal repair. In this sense, A2
astrocytes induce the release of multiple neurotrophic factors and cytokines to repair the damaged
synapses in order to promote neuronal survival and regrowth. The neurotrophic factors or cytokines for
that purpose encompass brain-derived neurotrophic factor (BDNF), cardiotrophin-like cytokine factor 1
(CLCF1), interleukin-6 (IL-6), and GDF15, as well as thrombospondins. Furthermore, A2 astrocytes also
release neurotransmitters called gliotransmitters such as glutamate, GABA, ATP, and neuromodulators
like d-serine and kynurenic acid [3]. At the same time, it prevents excitotoxicity by uptaking remnants
of glutamate in the synaptic cleft [78].

5.2. Cellular Interactions of Reactivate Astrocytes with Neurons and Microglia through Various Cytokines,
Complements, and Exosomes

In the complicated cellular environment of the cortex, various cytokines determine the functional
nature of astrocytes, which also release specific cytokines to modify neurons or other glial cells. In the
abundance of INF-γ, IL-1β, IL-6, and TNFα, astrocytes become activated producing ROS and NO
through induction of the NFκB pathway, whereas IL-4 and IL-13 result in the opposite consequence [79].
As neurodegeneration progresses beyond the phagocytic capacity of glia, their neuroprotective effects
run into the other extreme. In the activation of hyperstimulated A1 astrocyte, there is reciprocal
communication between M1 microglia and A1 astrocyte. During the activation of the M1 macrophage,
it releases proinflammatory factors such as TNF-α, IL-1 β, IL-6, and ROS [80]. They can provoke
inflammatory cascades in the neighboring neurons as well as astrocytes. Once activated, A1 astrocytes
accelerate complement cascades to cause neuronal death [76].

During the synaptic engulfment, glial cells communicate with each other through various
cytokines for the most efficient synaptic rearrangement. For example, transforming growth factor β
(TGF-β) released from astrocyte promotes C1q expression in neurons that is recognized by microglial
complement receptor C3, thus pruning weak synapses by microglia [81]. In recent years, the effect
of interleukin-33 (IL-33) from astrocytes has been well introduced for its influence on synaptic
engulfment [82]. In normal development, IL-33 expressed from astrocyte contributes to the control of
the number of synapses and efficient arborization when it activates nuclear factor kappa B (NF-κB)
signaling inside neurons expressing its obligate receptor, IL1RL1 (ST2). It can also activate microglial
polarization to the M2 type through the IL-33/ST2 signaling pathway [83]. Another cytokine from
IL-1β expressed from microglia can trigger A1 stimulation through the same NF-κB signaling inducing
an inflammatory amplification loop [84].

In terms of the synaptic loss by activated astrocytes, an interesting finding shows that
phosphorylated protein kinase R-like endoplasmic reticulum kinase (PERK-P) activation in astrocytes
leads to the unfolded protein (UPR)-reactivity state. At this stage, the active astrocytes produce
different secretomes, reducing protein synthesis for synapse formation, resulting in the synaptic loss
found in AD [85].

Like microglia, astrocytes also actively participate in complement signaling during the pathogenesis
of AD. Previously, both neurons and glia are known to express complement proteins obscuring the
understanding of signaling crosstalk. According to the study of Hong et al., astrocytes primarily
express C3 under physiological conditions [86]. Aβ accumulation in the environment stimulates
NF-kB in the astrocytes, resulting in C3 overproduction which activates C3aR in neurons and
microglia. The C3aR activation causes a reduction in the opsonizing capacity of Aβ by microglia and
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cognitive defects. These adverse conditions are reversed by C3aR inhibition, suggesting a potential
therapeutic development.

With the advancement of sorting technology of biological components even in nanoscale,
exosomes of about nm diameter are found to involve various roles in neurogenesis as well as
neurodegeneration. Most brain cells can release exosomes with their specific effects on target
cells. Exosomes derived from astrocytes containing miRNAs also induce microglial activation [87].
For example, MiR-873a-5p from astrocyte exosomes initiates microglial M2 type conversion and reduces
the production of pro-inflammatory factors by inhibiting the phosphorylation of ERK and the NF-kB
signaling pathway [87,88].

During brain development, astrocyte-derived exosomes contribute significantly to axon
development, synaptic, and dendritic pruning. For example, the transfer of miR-26a-5p into neurons
through Aldolase C containing exosomes from astrocytes modulates neuronal morphogenesis and
prunes excessive dendrites of developing hippocampal neurons [89,90]. In neuroinflammation, TNFα
and IL-1β activate astrocyte, increasing the amount of miR-125a-5p and miR-16-5p in exosomes.
When these miRNAs reach neurons, NTKR3 and its downstream effector Bcl2 are downregulated,
resulting in reduction in dendritic growth, spike rates, and burst activity [91].

From the analysis of astrocyte-derived exosomes (ADE) in AD patients, it is noteworthy to
recognize the higher level of complement factors like C1q, C4b, C3d, factor B, factor D, Bb, C3b,
and C5b–C9 terminal complement complex (TCC) [92]. The neurotoxic effect of ADE is evident with the
overlap of Aβ plaque density and C3/4 fragments staining in the post mortem human brain [93]. At the
cellular level, C3b is delivered to neuronal surface membranes by ADEs initiating microglial cytotoxic
attacks damaging neurons. It can also promote the generation of C5b–C9 TCC further exacerbating
neuronal degeneration.

6. Receptor and Ion Channel Expressions in Astrocyte Contributing to Neuronal Stimulation

Metabotropic glutamate receptors (mGluRs) are highly expressed in the early developing
hippocampus and cortex for neuronal development involved in synaptic plasticity and neuronal
network construction [94]. As G-protein coupled receptors (GPCRs), they are categorized into three
groups based on the signal transduction pathways and pharmacological profiles [95]. Group I contains
mGluR1 and mGluR5, Gq-coupled receptors, resulting in the activation of phospholipase C (PLC),
hydrolysis of phosphoinositides, release of calcium, and activation of protein kinase C (PKC) [96].
Group II (mGluR2, 3) and Group III (mGluR4, 6, 7, 8) are all Gi-coupled receptors, which are negatively
coupled to adenylate cyclase [97] (Table 1).

Table 1. Group of metabotropic glutamate receptors expressed in glia.

Groups Subtypes G-protein Intracellular
Signaling Function Location

mGluR1 Postsynaptic
forebrain/midbrain

Group I
mGluR5

Gq

PLC↑
PKC↑

Ca release ↑
Adenylate
cyclase ↑

LTP
facilatation

Astrocyte,
postsynaptic forebrain,

midbrain

mGluR2 Pre/postsynaptic
forebrainGroup II

mGluR3
Gi

Adenylate
cyclase↓

LTD
facilitation LTP

inhibition
Astrocyte,

postsynaptic forebrain

mGluR4 Pre/postsynaptic
cerebellum

mGluR6 Postsynaptic, retina
mGluR7 Pre/postsynaptic

Group III

mGluR8

Gi
Adenylate
cyclase↓

cGMP-PDE↓

LTD
facilitation

LTP
inhibition Pre/postsynaptic, spinal

cord
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In astrocytes, mostly mGluR3 and mGluR5 are expressed exhibiting not only as a calcium sensor
but also a synaptic glutamate gauge [98,99]. Since mGluR3 and mGluR5 can be activated either by a
surplus of synaptic glutamate or by glutamate released from the astrocyte itself, the overexpression
could play a feedback pathway lowering glutamate release from the reactive astrocyte [100,101].
The activation of mGluR3 inhibits voltage-gated calcium entry into the astrocyte, at the same time
activating MAPK and IP3 kinase pathways inducing neuroprotection. In the case of mGluR5,
the intracellular signaling can regulate IP3-dependent calcium entry, increasing glutamate release
from the astrocytes, which strengthens tripartite synapse consolidation in the hippocampus [102].
Even though the in vivo studies of mGluRs in AD are quite limited, it is interesting to note that Aβ

increases expression of mGluR5 in an AD model [96]. mGluR3 and mGluR5 in A2 astrocytes can also
increase synthesis and release of BDNF, which is a ubiquitous neurotrophic factor with a major role in
neuronal plasticity, synapse formation, and long-term potentiation [103].

Various ion channels are also expressed in astrocytes contributing to its activation or settlement.
Some potassium channels expressed in astrocyte membranes noticeably take part in the functional
modulation of neurons by maintaining electrochemical gradients in the environment. In the case of
Kir 4.1, it enables extracellular K+ homeostasis by uptaking excessive K+ often elevated in synaptic
clefts [104]. By this way, it can maintain astrocyte resting membrane potential and cell volume, even
facilitating glutamate uptake. Not only does it have the K+ buffering effect, but it also controls
brain-derived neurotrophic factor (BDNF) expression in astrocytes [105]. BDNF is a neurotrophic
factor affecting neuronal plasticity and synapse formation so its attenuation of expression by Kir 4.1
has significant consequences in astrocyte functions.

Calcium-activated large-conductance K+ channels (BK channels) in astrocytes are activated by
the integrated neurons through glutamate receptor activation in the end foot of astrocytes following
calcium influx [106]. BK channel activation elevates extracellular K+, which activates smooth muscle
cells (SMCs) Kir channels, resulting in membrane hyperpolarization, decrease in calcium influx,
and eventually, vasodilation. In this regard, BK channel activation by therapeutic agents could
attenuate symptoms in ischemia-derived dementia or AD.

7. Discussion

With the advance of paradigm changes in the understanding of cause and progression of AD,
it has become clear that not only Aβ, but also other environmental factors initiate as well as facilitate
disease progression. In the AD neuronal environment, there are numerous floating neurotransmitters,
cytokines, and signaling molecules on top of hazardous Aβ plaques and NTFs. These components
interact primarily with neurons and at the same time, with glia. In the last decade, extensive research
has been conducted to elucidate the interaction, intervention, and outcome of these cells affecting the
survivability of neurons.

Microglia, as primary immune cells in the brain, patrol inside the cortex and hippocampus to
prevent potential damages caused by both external and internal toxins. The behavior of microglia
follows a similar pattern as macrophages react to inflammatory components from the initial recognition
of epitopes, adhesion, and fusion to target proteins, all the way to lysogenic digestion. During the
neurodevelopmental stage, neurons and microvessels are intermingled in a bundle form, then gradually
separated from each other in the postnatal stage. From then on, neurons are situated in a very exclusive
space well secluded from any other body system, owing to the blood–brain barrier (BBB), only nourished
in cerebrospinal fluid (CSF). This meticulously controlled condition can provide a hygienic environment
to brain cells immune to bacteria, acidity, inflammatory agents, and other harmful substances circulating
in the other part of the body. Occasionally, however, there could be incidents of BBB breakdown and
following infections like viral meningitis, multiple sclerosis (MS), and neuromyelitis. This type of
endothelial cell damage in the brain is quite rare in normal circumstances, but the loosening of its tight
junction and loss of elasticity often occur in old age. This kind of environmental factor is one of the
main reasons for AD onset in addition to hereditary genetic defects.
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No matter what the cause is, the infected or degenerated brain initiates self-rehabilitating
mechanisms through the innate immune system and anti-inflammatory cascade. During this period,
key immune players are recruited, presumably microglia as the most recognized. With strong
phagocytic function, it tries to thwart toxic substances, including Aβ and NFT in the case of AD
brain. It can not only directly phagocytose the pathologic Aβ oligomers but also encircle the protein
entanglements segregating from neurons. At this point, it also releases neuroprotective cytokines
and exosomes actively communicating with neurons and astrocytes, further drawing full benefit
for neuronal sustainability. In addition to that, microglia also control neurotransmitter release like
glutamate, preventing excitotoxicity. In the recent study introduced in this review, the glutamate
release feedback mechanism has been characterized in terms of Rhoa activation. Once activated inside
microglia, it can inhibit the downstream signaling cascades like Src and Tnf, eventually decreasing
glutamate release.

Likewise, astrocytes also contribute to neuronal survival and protection, especially at the early
stages of AD. By releasing cytokines, neurotrophic factors, and gliotransmitters, it can promote neuronal
survival and regrowth. Same as microglia, it also regulates the amount of glutamate in the synaptic
cleft by moderately releasing or uptaking the surplus with the help of mGluRs. The interaction
with microglia is particularly recognizable in the synaptic pruning or engulfment. There are several
cytokines for the interactions between them, among which IL-33 affects microglia polarization change
into M2 type through the IL-33/ST2 signaling pathway. With this synergistic effect, they maintain
favorable conditions for neurons with adequate amounts of cytokines and neurotransmitters for ideal
synapse formations.

Unfortunately, the beneficial roles of microglia and astrocyte take a turn to the opposite
extreme when neuroinflammation or immune reaction becomes chronic, similar to macrophages
becoming cytotoxic in chronic inflammation. At a certain point, which is not clear yet, they become
hyperstimulated, conveying pathologic Aβ oligomers or NFT into neighboring neurons packaged in
APOE4 or exosomes. In addition, excitotoxicity is escalated by some ion channel activations like Kv1.3
and P2X4 in microglia, and Piezo 1 and L-type VGCC in astrocytes. Such channel activations lead to
the continuous activation of glia releasing abundant glutamate into synapses, causing excitotoxicity
and excessive synaptic engulfment. However, this conversion from beneficial to detrimental roles
can be reversible. Even though there is a vast amount of descriptive knowledge in genetic and
morphologic changes during the conversion, no clear answers have been suggested yet for the
underlying mechanism. Gleaning from studies so far, a possible scenario can be raised in settling the
threshold for the conversion point in the aspect of cellular lysogenic capacity. When glia reach their
limit of phagocytic capacity, they still continue to maintain the phagocytosis function over neurotoxins
beyond the intrinsic lysogenic capacity. Consequently, it could have gone through genetic modification,
ending in the reactive form—the so-called M1 type. In addition, the undigested neurotoxins could
be sputtered out in the milieu of neuronal environment, which can be uptaken by neurons leading
to intracellular NFT formation, synaptic malfunction, uncontrolled release of neurotransmitters,
and eventually, neuronal death.

The real facet of AD onset and progression has been gradually revealed after decades of studies
not only about Aβ and neuron interactions but also about more profound understandings of neuronal
environmental factors and glial interactions. With the introduction of novel technologies like single
cell RNA seq, exosome purification, and high-resolution imaging, we can reach reality one step closer.
The lessons learned in recent years of studies indicate that not only a simple neurotoxin like Aβ or
NFT, but also numerous other molecules present in the brain and glial interactions, are involved in
neurodegeneration. These novel understandings can be well applied to the development of effective
therapeutic treatments.

Funding: This manuscript is funded by Hanyang University research grant (201500000000138) and by the Ministry
of Trade, Industry and Energy (MOTIE) and Korea Institute for Advancement of Technology (KIAT) through the
International Cooperative R&D program (Project No. P0006305).



Int. J. Mol. Sci. 2020, 21, 6676 10 of 15

Acknowledgments: We give our deep appreciation to Nina Iscovitz for the proof reading of the whole manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Bekris, L.M.; Yu, C.-E.; Bird, T.D.; Tsuang, D.W. Genetics of Alzheimer disease. J. Geriatr. Psychiatry Neurol.
2010, 23, 213–227. [CrossRef] [PubMed]

2. Dorszewska, J.; Prendecki, M.; Oczkowska, A.; Dezor, M.; Kozubski, W. Molecular basis of familial and
sporadic Alzheimer’s disease. Curr. Alzheimer Res. 2016, 13, 952–963. [CrossRef] [PubMed]

3. Frost, G.; Li, Y.-M. The role of astrocytes in amyloid production and Alzheimer’s disease. Open Biol. 2017, 7,
170228. [CrossRef] [PubMed]

4. Mandelkow, E.-M.; Mandelkow, E.-M.; Mandelkow, E. Biochemistry and Cell Biology of Tau Protein in
Neurofibrillary Degeneration. Cold Spring Harb. Perspect. Med. 2012, 2, a006247. [CrossRef]

5. Yoon, S.-S.; Ahnjo, S.-M. Mechanisms of Amyloid-β Peptide Clearance: Potential Therapeutic Targets for
Alzheimer’s Disease. Biomol. Ther. 2012, 20, 245–255. [CrossRef]

6. Crehan, H.; Hardy, J.; Pocock, J.M. Microglia, Alzheimer’s Disease, and Complement. Int. J. Alzheimer’s Dis.
2012, 2012, 1–10. [CrossRef]

7. Lue, L.-F.; Walker, D.G.; Brachova, L.; Beach, T.G.; Rogers, J.; Schmidt, A.M.; Stern, D.M.; Du Yan, S.
Involvement of Microglial Receptor for Advanced Glycation Endproducts (RAGE) in Alzheimer’s Disease:
Identification of a Cellular Activation Mechanism. Exp. Neurol. 2001, 171, 29–45. [CrossRef]

8. Moore, K.J.; El Khoury, J.; Medeiros, L.A.; Terada, K.; Geula, C.; Luster, A.D.; Freeman, M.W. A CD36-initiated
Signaling Cascade Mediates Inflammatory Effects of β-Amyloid. J. Biol. Chem. 2002, 277, 47373–47379.
[CrossRef]

9. Zheng, H.; Jia, L.; Liu, C.-C.; Rong, Z.; Zhong, L.; Yang, L.; Chen, X.-F.; Fryer, J.D.; Wang, X.; Zhang, Y.-W.;
et al. TREM2 Promotes Microglial Survival by Activating Wnt/β-Catenin Pathway. J. Neurosci. 2017, 37,
1772–1784. [CrossRef]

10. Atagi, Y.; Liu, C.-C.; Painter, M.M.; Chen, X.-F.; Verbeeck, C.; Zheng, H.; Li, X.; Rademakers, R.; Kang, S.S.;
Xu, H.; et al. Apolipoprotein E Is a Ligand for Triggering Receptor Expressed on Myeloid Cells 2 (TREM2). J.
Biol. Chem. 2015, 290, 26043–26050. [CrossRef]

11. Yeh, F.L.; Hansen, D.V.; Sheng, M. TREM2, Microglia, and Neurodegenerative Diseases. Trends Mol. Med.
2017, 23, 512–533. [CrossRef] [PubMed]

12. Condello, C.; Yuan, P.; Schain, A.; Grutzendler, J. Microglia constitute a barrier that prevents neurotoxic
protofibrillar Aβ42 hotspots around plaques. Nat. Commun. 2015, 6, 6176. [CrossRef] [PubMed]

13. Ullian, E. Control of Synapse Number by Glia. Science 2001, 291, 657–661. [CrossRef]
14. Werneburg, S.; Feinberg, P.A.; Johnson, K.M.; Schafer, D.P. A microglia-cytokine axis to modulate synaptic

connectivity and function. Curr. Opin. Neurobiol. 2017, 47, 138–145. [CrossRef] [PubMed]
15. Lim, S.-H.; Park, E.; You, B.; Jung, Y.; Park, A.-R.; Park, S.G.; Lee, J.-R. Neuronal Synapse Formation Induced

by Microglia and Interleukin 10. PLoS ONE 2013, 8, e81218. [CrossRef]
16. Paolicelli, R.C.; Bolasco, G.; Pagani, F.; Maggi, L.; Scianni, M.; Panzanelli, P.; Giustetto, M.; Ferreira, T.A.;

Guiducci, E.; Dumas, L.; et al. Synaptic Pruning by Microglia Is Necessary for Normal Brain Development.
Science 2011, 333, 1456–1458. [CrossRef]

17. Jha, M.K.; Jo, M.; Kim, J.-H.; Suk, K. Microglia-Astrocyte Crosstalk: An Intimate Molecular Conversation.
Neuroscientist 2018, 25, 227–240. [CrossRef]

18. Schafer, D.P.; Lehrman, E.K.; Kautzman, A.G.; Koyama, R.; Mardinly, A.R.; Yamasaki, R.; Ransohoff, R.M.;
Greenberg, M.E.; Barres, B.A.; Stevens, B. Microglia Sculpt Postnatal Neural Circuits in an Activity and
Complement-Dependent Manner. Neuron 2012, 74, 691–705. [CrossRef]

19. Weinhard, L.; Di Bartolomei, G.; Bolasco, G.; Machado, P.; Schieber, N.L.; Neniskyte, U.; Exiga, M.;
Vadisiute, A.; Raggioli, A.; Schertel, A.; et al. Microglia remodel synapses by presynaptic trogocytosis and
spine head filopodia induction. Nat. Commun. 2018, 9, 1228. [CrossRef]

http://dx.doi.org/10.1177/0891988710383571
http://www.ncbi.nlm.nih.gov/pubmed/21045163
http://dx.doi.org/10.2174/1567205013666160314150501
http://www.ncbi.nlm.nih.gov/pubmed/26971934
http://dx.doi.org/10.1098/rsob.170228
http://www.ncbi.nlm.nih.gov/pubmed/29237809
http://dx.doi.org/10.1101/cshperspect.a006247
http://dx.doi.org/10.4062/biomolther.2012.20.3.245
http://dx.doi.org/10.1155/2012/983640
http://dx.doi.org/10.1006/exnr.2001.7732
http://dx.doi.org/10.1074/jbc.M208788200
http://dx.doi.org/10.1523/JNEUROSCI.2459-16.2017
http://dx.doi.org/10.1074/jbc.M115.679043
http://dx.doi.org/10.1016/j.molmed.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28442216
http://dx.doi.org/10.1038/ncomms7176
http://www.ncbi.nlm.nih.gov/pubmed/25630253
http://dx.doi.org/10.1126/science.291.5504.657
http://dx.doi.org/10.1016/j.conb.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29096242
http://dx.doi.org/10.1371/journal.pone.0081218
http://dx.doi.org/10.1126/science.1202529
http://dx.doi.org/10.1177/1073858418783959
http://dx.doi.org/10.1016/j.neuron.2012.03.026
http://dx.doi.org/10.1038/s41467-018-03566-5


Int. J. Mol. Sci. 2020, 21, 6676 11 of 15

20. Scott-Hewitt, N.; Perrucci, F.; Morini, R.; Erreni, M.; Mahoney, M.; Witkowska, A.; Carey, A.; Faggiani, E.;
Schuetz, L.T.; Mason, S.; et al. Local externalization of phosphatidylserine mediates developmental synaptic
pruning by microglia. EMBO J. 2020, 10. [CrossRef]

21. Lehrman, E.K.; Wilton, D.K.; Litvina, E.Y.; Welsh, C.A.; Chang, S.T.; Frouin, A.; Walker, A.J.; Heller, M.D.;
Umemori, H.; Chen, C.; et al. CD47 Protects Synapses from Excess Microglia-Mediated Pruning during
Development. Neuron 2018, 100, 120–134. [CrossRef] [PubMed]

22. Wu, Y.; Dissing-Olesen, L.; MacVicar, B.A.; Stevens, B. Microglia: Dynamic Mediators of Synapse Development
and Plasticity. Trends Immunol. 2015, 36, 605–613. [CrossRef] [PubMed]

23. Spangenberg, E.E.; Green, K.N. Inflammation in Alzheimer’s disease: Lessons learned from
microglia-depletion models. Brain Behav. Immun. 2016, 61, 1–11. [CrossRef] [PubMed]

24. Colonna, M.; Butovsky, O. Microglia Function in the Central Nervous System During Health and
Neurodegeneration. Annu. Rev. Immunol. 2017, 35, 441–468. [CrossRef] [PubMed]

25. Leyns, C.E.G.; Holtzman, D.M. Glial contributions to neurodegeneration in tauopathies. Mol. Neurodegener.
2017, 12, 50. [CrossRef]

26. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.;
Münch, A.E.; Chung, W.-S.; Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated
microglia. Nature 2017, 541, 481–487. [CrossRef]

27. Lee, E.; Chung, W.-S. Glial Control of Synapse Number in Healthy and Diseased Brain. Front. Cell. Neurosci.
2019, 13, 42. [CrossRef]

28. Stevens, B.; Allen, N.J.; Vazquez, L.E.; Howell, G.R.; Christopherson, K.S.; Nouri, N.; Micheva, K.D.;
Mehalow, A.K.; Huberman, A.D.; Stafford, B.; et al. The Classical Complement Cascade Mediates CNS
Synapse Elimination. Cell 2007, 131, 1164–1178. [CrossRef]

29. Stephan, A.H.; Barres, B.A.; Stevens, B. The Complement System: An Unexpected Role in Synaptic Pruning
During Development and Disease. Annu. Rev. Neurosci. 2012, 35, 369–389. [CrossRef]

30. Fonseca, M.I.; Chu, S.-H.; Hernandez, M.X.; Fang, M.J.; Modarresi, L.; Selvan, P.; MacGregor, G.R.; Tenner, A.J.
Cell-specific deletion of C1qa identifies microglia as the dominant source of C1q in mouse brain. J.
Neuroinflamm. 2017, 14, 48. [CrossRef]

31. Vilalta, A.; Brown, G.C. Neurophagy, the phagocytosis of live neurons and synapses by glia, contributes to
brain development and disease. FEBS J. 2017, 285, 3566–3575. [CrossRef] [PubMed]

32. Brown, G.C.; Puigdellívol, M.; Brown, G.C. Activated microglia desialylate their surface, stimulating
complement receptor 3-mediated phagocytosis of neurons. Glia 2019, 68, 989–998. [CrossRef]

33. Orihuela, R.; McPherson, C.A.; Harry, G.J. Microglial M1/M2 polarization and metabolic states. Br. J.
Pharmacol. 2015, 173, 649–665. [CrossRef] [PubMed]

34. Ponomarev, E.D.; Maresz, K.; Tan, Y.; Dittel, B.N. CNS-Derived Interleukin-4 Is Essential for the Regulation
of Autoimmune Inflammation and Induces a State of Alternative Activation in Microglial Cells. J. Neurosci.
2007, 27, 10714–10721. [CrossRef] [PubMed]

35. Mosser, D.M. The many faces of macrophage activation. J. Leukoc. Biol. 2003, 73, 209–212. [CrossRef]
36. Edwards, J.P.; Zhang, X.; Frauwirth, K.A.; Mosser, D.M. Biochemical and functional characterization of three

activated macrophage populations. J. Leukoc. Biol. 2006, 80, 1298–1307. [CrossRef]
37. Mosser, D.M.; Edwards, J.P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 2008,

8, 958–969. [CrossRef]
38. Tang, Y.; Le, W. Differential Roles of M1 and M2 Microglia in Neurodegenerative Diseases. Mol. Neurobiol.

2015, 53, 1181–1194. [CrossRef]
39. Nelson, P.T.; Alafuzoff, I.; Bigio, E.H.; Bouras, C.; Braak, H.; Cairns, N.J.; Castellani, R.J.; Crain, B.J.; Davies, P.;

Del Tredici, K.; et al. Correlation of Alzheimer Disease Neuropathologic Changes With Cognitive Status: A
Review of the Literature. J. Neuropathol. Exp. Neurol. 2012, 71, 362–381. [CrossRef]

40. Li, J.-W.; Zong, Y.; Cao, X.-P.; Tan, L.; Tan, L. Microglial priming in Alzheimer’s disease. Ann. Transl. Med.
2018, 6, 176. [CrossRef]

41. Gorlovoy, P.; Larionov, S.; Pham, T.T.H.; Neumann, H. Accumulation of tau induced in neurites by microglial
proinflammatory mediators. FASEB J. 2009, 23, 2502–2513. [CrossRef] [PubMed]

42. Bhaskar, K.; Konerth, M.; Kokiko-Cochran, O.N.; Cardona, A.E.; Ransohoff, R.M.; Lamb, B.T. Regulation of
Tau Pathology by the Microglial Fractalkine Receptor. Neuron 2010, 68, 19–31. [CrossRef] [PubMed]

http://dx.doi.org/10.15252/embj.2020105380
http://dx.doi.org/10.1016/j.neuron.2018.09.017
http://www.ncbi.nlm.nih.gov/pubmed/30308165
http://dx.doi.org/10.1016/j.it.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26431938
http://dx.doi.org/10.1016/j.bbi.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/27395435
http://dx.doi.org/10.1146/annurev-immunol-051116-052358
http://www.ncbi.nlm.nih.gov/pubmed/28226226
http://dx.doi.org/10.1186/s13024-017-0192-x
http://dx.doi.org/10.1038/nature21029
http://dx.doi.org/10.3389/fncel.2019.00042
http://dx.doi.org/10.1016/j.cell.2007.10.036
http://dx.doi.org/10.1146/annurev-neuro-061010-113810
http://dx.doi.org/10.1186/s12974-017-0814-9
http://dx.doi.org/10.1111/febs.14323
http://www.ncbi.nlm.nih.gov/pubmed/29125686
http://dx.doi.org/10.1002/glia.23757
http://dx.doi.org/10.1111/bph.13139
http://www.ncbi.nlm.nih.gov/pubmed/25800044
http://dx.doi.org/10.1523/JNEUROSCI.1922-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17913905
http://dx.doi.org/10.1189/jlb.0602325
http://dx.doi.org/10.1189/jlb.0406249
http://dx.doi.org/10.1038/nri2448
http://dx.doi.org/10.1007/s12035-014-9070-5
http://dx.doi.org/10.1097/NEN.0b013e31825018f7
http://dx.doi.org/10.21037/atm.2018.04.22
http://dx.doi.org/10.1096/fj.08-123877
http://www.ncbi.nlm.nih.gov/pubmed/19289607
http://dx.doi.org/10.1016/j.neuron.2010.08.023
http://www.ncbi.nlm.nih.gov/pubmed/20920788


Int. J. Mol. Sci. 2020, 21, 6676 12 of 15

43. Asai, H.; Ikezu, S.; Tsunoda, S.; Medalla, M.; Luebke, J.I.; Haydar, T.F.; Wolozin, B.; Butovsky, O.; Kügler, S.;
Ikezu, T. Depletion of microglia and inhibition of exosome synthesis halt tau propagation. Nat. Neurosci.
2015, 18, 1584–1593. [CrossRef] [PubMed]

44. Hopp, S.C.; Lin, Y.; Oakley, D.H.; Roe, A.D.; Devos, S.L.; Hanlon, D.; Hyman, B.T. The role of microglia
in processing and spreading of bioactive tau seeds in Alzheimer’s disease. J. Neuroinflamm. 2018, 15, 269.
[CrossRef] [PubMed]

45. Dejanovic, B.; Huntley, M.A.; De Mazière, A.; Meilandt, W.J.; Wu, T.; Srinivasan, K.; Jiang, Z.; Gandham, V.;
Friedman, B.; Ngu, H.; et al. Changes in the Synaptic Proteome in Tauopathy and Rescue of Tau-Induced
Synapse Loss by C1q Antibodies. Neuron 2018, 100, 1322–1336. [CrossRef] [PubMed]

46. Litvinchuk, A.; Wan, Y.-W.; Swartzlander, D.B.; Chen, F.; Cole, A.; Propson, N.E.; Wang, Q.; Zhang, B.; Liu, Z.;
Zheng, H. Complement C3aR Inactivation Attenuates Tau Pathology and Reverses an Immune Network
Deregulated in Tauopathy Models and Alzheimer’s Disease. Neuron 2018, 100, 1337–1353. [CrossRef]

47. Fonseca, M.I.; McGuire, S.O.; Counts, S.E.; Tenner, A.J. Complement activation fragment C5a receptors, CD88
and C5L2, are associated with neurofibrillary pathology. J. Neuroinflamm. 2013, 10, 25. [CrossRef]

48. Fonseca, M.I.; Ager, R.R.; Chu, S.-H.; Yazan, O.; Sanderson, S.D.; LaFerla, F.M.; Taylor, S.M.; Woodruff, T.M.;
Tenner, A.J. Treatment with a C5aR antagonist decreases pathology and enhances behavioral performance in
murine models of Alzheimer’s disease. J. Immunol. 2009, 183, 1375–1383. [CrossRef]

49. Britschgi, M.; Takeda-Uchimura, Y.; Rockenstein, E.; Johns, H.; Masliah, E.; Wyss-Coray, T. Deficiency of
terminal complement pathway inhibitor promotes neuronal tau pathology and degeneration in mice. J.
Neuroinflamm. 2012, 9, 220. [CrossRef]

50. Majerova, P.; Zilkova, M.; Kazmerova, Z.; Kovac, A.; Paholikova, K.; Kovacech, B.; Zilka, N.; Novak, M.
Microglia display modest phagocytic capacity for extracellular tau oligomers. J. Neuroinflamm. 2014, 11, 161.
[CrossRef]

51. Luo, W.; Liu, W.; Hu, X.; Hanna, M.; Caravaca, A.S.; Paul, S.M. Microglial internalization and degradation
of pathological tau is enhanced by an anti-tau monoclonal antibody. Sci. Rep. 2015, 5, 11161. [CrossRef]
[PubMed]

52. Bolós, M.; Llorens-Martín, M.; Jurado-Arjona, J.; Hernandez, F.; Rábano, A.; Ávila, J. Direct Evidence of
Internalization of Tau by Microglia In Vitro and In Vivo. J. Alzheimer’s Dis. 2015, 50, 77–87. [CrossRef]

53. Bolós, M.; Llorens-Martín, M.; Perea, J.R.; Jurado-Arjona, J.; Rábano, A.; Hernandez, F.; Ávila, J. Absence
of CX3CR1 impairs the internalization of Tau by microglia. Mol. Neurodegener. 2017, 12, 1–14. [CrossRef]
[PubMed]

54. Biber, K.P.H.; Neumann, H.; Inoue, K.; Boddeke, H.W. Neuronal ‘On’ and ‘Off’ signals control microglia.
Trends Neurosci. 2007, 30, 596–602. [CrossRef] [PubMed]

55. Zhu, K.; Pieber, M.; Han, J.; Blomgren, K.; Zhang, X.-M.; Harris, R.A.; Lund, H. Absence of microglia or
presence of peripherally-derived macrophages does not affect tau pathology in young or old hTau mice. Glia
2020, 68, 1466–1478. [CrossRef] [PubMed]

56. Van Olst, L.; Verhaege, D.; Franssen, M.; Kamermans, A.; Roucourt, B.; Carmans, S.; Ytebrouck, E.; Van Der
Pol, S.M.; Wever, D.; Popovic, M.; et al. Microglial activation arises after aggregation of phosphorylated-tau
in a neuron-specific P301S tauopathy mouse model. Neurobiol. Aging 2020, 89, 89–98. [CrossRef]

57. Palop, J.J.; Chin, J.; Roberson, E.D.; Wang, J.; Thwin, M.T.; Bien-Ly, N.; Yoo, J.; Ho, K.O.; Yu, G.-Q.; Kreitzer, A.;
et al. Aberrant Excitatory Neuronal Activity and Compensatory Remodeling of Inhibitory Hippocampal
Circuits in Mouse Models of Alzheimer’s Disease. Neuron 2007, 55, 697–711. [CrossRef]

58. Frazzini, V.; Guarnieri, S.; Bomba, M.; Navarra, R.; Morabito, C.; Mariggiò, M.A.; Sensi, S.L. Altered Kv2.1
functioning promotes increased excitability in hippocampal neurons of an Alzheimer’s disease mouse model.
Cell Death Dis. 2016, 7, e2100. [CrossRef]

59. Kettenmann, H.; Hanisch, U.-K.; Noda, M.; Verkhratsky, A. Physiology of Microglia. Physiol. Rev. 2011, 91,
461–553. [CrossRef]

60. Nguyen, H.M.; Grössinger, E.M.; Horiuchi, M.; Davis, K.W.; Jin, L.; Wulff, H.; Wulff, H. Differential Kv1.3,
KCa3.1, and Kir2.1 expression in “classically” and “alternatively” activated microglia. Glia 2016, 65, 106–121.
[CrossRef]

61. Franchini, L.; Levi, G.; Visentin, S. Inwardly rectifying K+ channels influence Ca2+ entry due to nucleotide
receptor activation in microglia. Cell Calcium 2004, 35, 449–459. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nn.4132
http://www.ncbi.nlm.nih.gov/pubmed/26436904
http://dx.doi.org/10.1186/s12974-018-1309-z
http://www.ncbi.nlm.nih.gov/pubmed/30227881
http://dx.doi.org/10.1016/j.neuron.2018.10.014
http://www.ncbi.nlm.nih.gov/pubmed/30392797
http://dx.doi.org/10.1016/j.neuron.2018.10.031
http://dx.doi.org/10.1186/1742-2094-10-25
http://dx.doi.org/10.4049/jimmunol.0901005
http://dx.doi.org/10.1186/1742-2094-9-220
http://dx.doi.org/10.1186/s12974-014-0161-z
http://dx.doi.org/10.1038/srep11161
http://www.ncbi.nlm.nih.gov/pubmed/26057852
http://dx.doi.org/10.3233/JAD-150704
http://dx.doi.org/10.1186/s13024-017-0200-1
http://www.ncbi.nlm.nih.gov/pubmed/28810892
http://dx.doi.org/10.1016/j.tins.2007.08.007
http://www.ncbi.nlm.nih.gov/pubmed/17950926
http://dx.doi.org/10.1002/glia.23794
http://www.ncbi.nlm.nih.gov/pubmed/32039516
http://dx.doi.org/10.1016/j.neurobiolaging.2020.01.003
http://dx.doi.org/10.1016/j.neuron.2007.07.025
http://dx.doi.org/10.1038/cddis.2016.18
http://dx.doi.org/10.1152/physrev.00011.2010
http://dx.doi.org/10.1002/glia.23078
http://dx.doi.org/10.1016/j.ceca.2003.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15003854


Int. J. Mol. Sci. 2020, 21, 6676 13 of 15

62. Pannasch, U.; Färber, K.; Nolte, C.; Blonski, M.; Chiu, S.Y.; Messing, A.; Kettenmann, H. The potassium
channels Kv1.5 and Kv1.3 modulate distinct functions of microglia. Mol. Cell. Neurosci. 2006, 33, 401–411.
[CrossRef] [PubMed]

63. Kaushal, V.; Koeberle, P.D.; Wang, Y.; Schlichter, L.C. The Ca2+-Activated K+ Channel KCNN4/KCa3.1
Contributes to Microglia Activation and Nitric Oxide-Dependent Neurodegeneration. J. Neurosci. 2007, 27,
234–244. [CrossRef] [PubMed]

64. Stebbing, M.J.; Cottee, J.M.; Rana, I. The Role of Ion Channels in Microglial Activation and Proliferation—A
Complex Interplay between Ligand-Gated Ion Channels, K+ Channels, and Intracellular Ca2+. Front.
Immunol. 2015, 6. [CrossRef]

65. Schlichter, L.C.; Kaushal, V.; Moxon-Emre, I.; Sivagnanam, V.; Vincent, C. The Ca2+ activated SK3 channel is
expressed in microglia in the rat striatum and contributes to microglia-mediated neurotoxicity in vitro. J.
Neuroinflamm. 2010, 7, 4. [CrossRef]

66. Maezawa, I.; Jin, L.-W. Rett Syndrome Microglia Damage Dendrites and Synapses by the Elevated Release of
Glutamate. J. Neurosci. 2010, 30, 5346–5356. [CrossRef]

67. Takeuchi, H.; Jin, S.; Wang, J.; Zhang, G.; Kawanokuchi, J.; Kuno, R.; Sonobe, Y.; Mizuno, T.; Suzumura, A.
Tumor Necrosis Factor-α Induces Neurotoxicity via Glutamate Release from Hemichannels of Activated
Microglia in an Autocrine Manner. J. Biol. Chem. 2006, 281, 21362–21368. [CrossRef]

68. Socodato, R.; Portugal, C.C.; Canedo, T.; Rodrigues, A.; Almeida, T.O.; Henriques, J.F.; Vaz, S.H.; Magalhães, J.;
Silva, C.M.; Baptista, F.I.; et al. Microglia Dysfunction Caused by the Loss of Rhoa Disrupts Neuronal
Physiology and Leads to Neurodegeneration. Cell Rep. 2020, 31, 107796. [CrossRef]

69. Bustelo, X.; Sauzeau, V.; Berenjeno, I.M. GTP-binding proteins of the Rho/Rac family: Regulation, effectors
and functions in vivo. BioEssays 2007, 29, 356–370. [CrossRef]

70. Block, M.L.; Zecca, L.; Hong, J.-S. Microglia-mediated neurotoxicity: Uncovering the molecular mechanisms.
Nat. Rev. Neurosci. 2007, 8, 57–69. [CrossRef]

71. Nguyen, H.M.; Di Lucente, J.; Chen, Y.-J.; Cui, Y.; Ibrahim, R.H.; Pennington, M.W.; Jin, L.-W.; Maezawa, I.;
Wulff, H. Biophysical basis for Kv1.3 regulation of membrane potential changes induced by P2X4-mediated
calcium entry in microglia. Glia 2020. [CrossRef] [PubMed]

72. Vay, S.U.; Flitsch, L.J.; Rabenstein, M.; Monière, H.; Jakovcevski, I.; Andjus, P.; Bijelic, D.; Blaschke, S.;
Walter, H.L.; Fink, G.R.; et al. The impact of hyperpolarization-activated cyclic nucleotide-gated (HCN) and
voltage-gated potassium KCNQ/Kv7 channels on primary microglia function. J. Neuroinflamm. 2020, 17,
1–17. [CrossRef] [PubMed]

73. Matejuk, A.; Ransohoff, R.M. Crosstalk Between Astrocytes and Microglia: An Overview. Front. Immunol.
2020, 11. [CrossRef] [PubMed]

74. Li, K.; Li, J.; Zheng, J.; Qin, S. Reactive Astrocytes in Neurodegenerative Diseases. Aging Dis. 2019, 10,
664–675. [CrossRef]

75. Rosa, J.M.; Farré-Alins, V.; Navarrete, M.; Palomino-Antolin, A.; Fernandez-Lopez, E.; Narros-Fernandez, P.;
Egea, J. Microglia-to-astrocyte communication modulates synaptic and cerebrovascular functions following
traumatic brain injury. bioRxiv 2020. [CrossRef]

76. Li, T.; Chen, X.; Zhang, C.; Zhang, Y.; Yao, W. An update on reactive astrocytes in chronic pain. J. Neuroinflamm.
2019, 16, 140. [CrossRef]

77. Li, Q.; Haney, M.S. The role of glia in protein aggregation. Neurobiol. Dis. 2020, 143, 105015. [CrossRef]
78. Asanuma, M.; Okumura-Torigoe, N.; Miyazaki, I.; Murakami, S.; Kitamura, Y.; Sendo, T. Region-Specific

Neuroprotective Features of Astrocytes against Oxidative Stress Induced by 6-Hydroxydopamine. Int. J.
Mol. Sci. 2019, 20, 598. [CrossRef]

79. Sofroniew, M.V. Multiple Roles for Astrocytes as Effectors of Cytokines and Inflammatory Mediators.
Neuroscientist 2013, 20, 160–172. [CrossRef]

80. Murray, P.J.; Allen, J.E.; Biswas, S.K.; Fisher, E.A.; Gilroy, D.W.; Goerdt, S.; Gordon, S.; Hamilton, J.A.;
Ivashkiv, L.B.; Lawrence, T.; et al. Macrophage Activation and Polarization: Nomenclature and Experimental
Guidelines. Immunity 2014, 41, 14–20. [CrossRef]

81. Bialas, A.R.; Stevens, B. TGF-β signaling regulates neuronal C1q expression and developmental synaptic
refinement. Nat. Neurosci. 2013, 16, 1773–1782. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.mcn.2006.08.009
http://www.ncbi.nlm.nih.gov/pubmed/17055293
http://dx.doi.org/10.1523/JNEUROSCI.3593-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17202491
http://dx.doi.org/10.3389/fimmu.2015.00497
http://dx.doi.org/10.1186/1742-2094-7-4
http://dx.doi.org/10.1523/JNEUROSCI.5966-09.2010
http://dx.doi.org/10.1074/jbc.M600504200
http://dx.doi.org/10.1016/j.celrep.2020.107796
http://dx.doi.org/10.1002/bies.20558
http://dx.doi.org/10.1038/nrn2038
http://dx.doi.org/10.1002/glia.23847
http://www.ncbi.nlm.nih.gov/pubmed/32525239
http://dx.doi.org/10.1186/s12974-020-01779-4
http://www.ncbi.nlm.nih.gov/pubmed/32248813
http://dx.doi.org/10.3389/fimmu.2020.01416
http://www.ncbi.nlm.nih.gov/pubmed/32765501
http://dx.doi.org/10.14336/AD.2018.0720
http://dx.doi.org/10.1101/2020.03.01.972158
http://dx.doi.org/10.1186/s12974-019-1524-2
http://dx.doi.org/10.1016/j.nbd.2020.105015
http://dx.doi.org/10.3390/ijms20030598
http://dx.doi.org/10.1177/1073858413504466
http://dx.doi.org/10.1016/j.immuni.2014.06.008
http://dx.doi.org/10.1038/nn.3560
http://www.ncbi.nlm.nih.gov/pubmed/24162655


Int. J. Mol. Sci. 2020, 21, 6676 14 of 15

82. Vainchtein, I.D.; Chin, G.; Cho, F.S.; Kelley, K.W.; Miller, J.G.; Chien, E.C.; Liddelow, S.A.; Nguyen, P.T.;
Nakao-Inoue, H.; Dorman, L.C.; et al. Astrocyte-derived interleukin-33 promotes microglial synapse
engulfment and neural circuit development. Science 2018, 359, 1269–1273. [CrossRef] [PubMed]

83. Saresella, M.; Marventano, I.; Piancone, F.; La Rosa, F.; Galimberti, D.; Fenoglio, C.; Scarpini, E.; Clerici, M.
IL-33 and its decoy sST2 in patients with Alzheimer’s disease and mild cognitive impairment. J. Neuroinflamm.
2020, 17, 174. [CrossRef] [PubMed]

84. Cunningham, C.; Dunne, A.; Rodriguez, A.B.L. Astrocytes: Heterogeneous and Dynamic Phenotypes in
Neurodegeneration and Innate Immunity. Neuroscientist 2018, 25, 455–474. [CrossRef]

85. Smith, H.L.; Freeman, O.J.; Butcher, A.J.; Holmqvist, S.; Humoud, I.; Schätzl, T.; Hughes, D.T.; Verity, N.C.;
Swinden, D.P.; Hayes, J.; et al. Astrocyte Unfolded Protein Response Induces a Specific Reactivity State that
Causes Non-Cell-Autonomous Neuronal Degeneration. Neuron 2020, 105, 855–866. [CrossRef]

86. Lian, H.; Litvinchuk, A.; Chiang, A.C.-A.; Aithmitti, N.; Jankowsky, J.L.; Zheng, H. Astrocyte-Microglia
Cross Talk through Complement Activation Modulates Amyloid Pathology in Mouse Models of Alzheimer’s
Disease. J. Neurosci. 2016, 36, 577–589. [CrossRef]

87. Long, X.; Yao, X.; Jiang, Q.; Yang, Y.; He, X.; Tian, W.; Zhao, K.; Zhang, H. Astrocyte-derived exosomes
enriched with miR-873a-5p inhibit neuroinflammation via microglia phenotype modulation after traumatic
brain injury. J. Neuroinflammation 2020, 17, 89. [CrossRef]

88. Panaro, M.A.; Benameur, T.; Porro, C. Extracellular Vesicles miRNA Cargo for Microglia Polarization in
Traumatic Brain Injury. Biomolecules 2020, 10, 901. [CrossRef]

89. Luarte, A.; Henzi, R.; Fernández, A.; Gaete, D.; Cisternas, P.; Pizarro, M.; Batiz, L.F.; Villalobos, I.;
Masalleras, M.; Vergara, R.; et al. Astrocyte-Derived Small Extracellular Vesicles Regulate Dendritic
Complexity through miR-26a-5p Activity. Cells 2020, 9. [CrossRef]

90. Sandoval, M.; Luarte, A.; Herrera-Molina, R.; Varas-Godoy, M.; Santibáñez, M.; Rubio, F.J.; Smit, A.B.;
Gundelfinger, E.D.; Li, K.W.; Smalla, K.H.; et al. The glycolytic enzyme aldolase C is up-regulated in rat
forebrain microsomes and in the cerebrospinal fluid after repetitive fluoxetine treatment. Brain Res. 2013,
1520, 1–14. [CrossRef]

91. Chaudhuri, A.D.; Dastgheyb, R.M.; Yoo, S.-W.; Trout, A.; Talbot Jr, C.C.; Hao, H.; Witwer, K.W.; Haughey, N.J.
TNFα and IL-1β modify the miRNA cargo of astrocyte shed extracellular vesicles to regulate neurotrophic
signaling in neurons. Cell Death Disease 2018, 9, 363. [CrossRef] [PubMed]

92. Goetzl, E.J.; Schwartz, J.B.; Abner, E.L.; Jicha, G.A.; Kapogiannis, D. High complement levels in
astrocyte-derived exosomes of Alzheimer disease. Ann. Neurol. 2018, 83, 544–552. [CrossRef]

93. Zanjani, H.S.; Finch, C.E.; Kemper, C.; Atkinson, J.; McKeel, D.; Morris, J.C.; Price, J.L. Complement Activation
in Very Early Alzheimer Disease. Alzheimer Dis. Assoc. Disord. 2005, 19, 55–66. [CrossRef]

94. Bellozi, P.M.Q.; Gomes, G.F.; Da Silva, M.C.M.; Lima, I.V.D.A.; Batista, C.R. Álvares; Junior, W.D.O.C.; Dória,
J.G.; Vieira, Érica, L.M.; Vieira, R.P.; De Freitas, R.P.; et al. A positive allosteric modulator of mGluR5
promotes neuroprotective effects in mouse models of Alzheimer’s disease. Neuropharmacology 2019, 160,
107785. [CrossRef] [PubMed]

95. Crupi, R.; Impellizzeri, D.; Cuzzocrea, S. Role of Metabotropic Glutamate Receptors in Neurological Disorders.
Front. Mol. Neurosci. 2019, 12, 20. [CrossRef] [PubMed]

96. Planas-Fontánez, T.M.; Dreyfus, C.F.; Saitta, K.S. Reactive Astrocytes as Therapeutic Targets for Brain
Degenerative Diseases: Roles Played by Metabotropic Glutamate Receptors. Neurochem. Res. 2020, 45,
541–550. [CrossRef] [PubMed]

97. Ribeiro, F.M.; Vieira, L.B.; Pires, R.G.; Olmo, R.P.; Ferguson, S.S.G. Metabotropic glutamate receptors and
neurodegenerative diseases. Pharmacol. Res. 2017, 115, 179–191. [CrossRef]

98. Mattson, M.P. Glutamate and neurotrophic factors in neuronal plasticity and disease. Ann. N. Y. Acad. Sci.
2008, 1144, 97–112. [CrossRef]

99. Vanzulli, I.; Butt, A.M. mGluR5 protect astrocytes from ischemic damage in postnatal CNS white matter. Cell
Calcium 2015, 58, 423–430. [CrossRef]

100. Lan, M.J.; McLoughlin, G.A.; Griffin, J.L.; Tsang, T.M.; Huang, J.T.J.; Yuan, P.; Manji, H.; Holmes, E.; Bahn, S.
Metabonomic analysis identifies molecular changes associated with the pathophysiology and drug treatment
of bipolar disorder. Mol. Psychiatry 2008, 14, 269–279. [CrossRef]

101. Hammen, C.L. Stress and Depression. Annu. Rev. Clin. Psychol. 2005, 1, 293–319. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.aal3589
http://www.ncbi.nlm.nih.gov/pubmed/29420261
http://dx.doi.org/10.1186/s12974-020-01806-4
http://www.ncbi.nlm.nih.gov/pubmed/32505187
http://dx.doi.org/10.1177/1073858418809941
http://dx.doi.org/10.1016/j.neuron.2019.12.014
http://dx.doi.org/10.1523/JNEUROSCI.2117-15.2016
http://dx.doi.org/10.1186/s12974-020-01761-0
http://dx.doi.org/10.3390/biom10060901
http://dx.doi.org/10.3390/cells9040930
http://dx.doi.org/10.1016/j.brainres.2013.04.049
http://dx.doi.org/10.1038/s41419-018-0369-4
http://www.ncbi.nlm.nih.gov/pubmed/29507357
http://dx.doi.org/10.1002/ana.25172
http://dx.doi.org/10.1097/01.wad.0000165506.60370.94
http://dx.doi.org/10.1016/j.neuropharm.2019.107785
http://www.ncbi.nlm.nih.gov/pubmed/31541651
http://dx.doi.org/10.3389/fnmol.2019.00020
http://www.ncbi.nlm.nih.gov/pubmed/30800054
http://dx.doi.org/10.1007/s11064-020-02968-6
http://www.ncbi.nlm.nih.gov/pubmed/31983009
http://dx.doi.org/10.1016/j.phrs.2016.11.013
http://dx.doi.org/10.1196/annals.1418.005
http://dx.doi.org/10.1016/j.ceca.2015.06.010
http://dx.doi.org/10.1038/sj.mp.4002130
http://dx.doi.org/10.1146/annurev.clinpsy.1.102803.143938
http://www.ncbi.nlm.nih.gov/pubmed/17716090


Int. J. Mol. Sci. 2020, 21, 6676 15 of 15

102. Shih, J.; Liu, L.; Mason, A.; Higashimori, H.; Donmez, G. Loss of SIRT4 decreases GLT-1-dependent glutamate
uptake and increases sensitivity to kainic acid. J. Neurochem. 2014, 131, 573–581. [CrossRef] [PubMed]

103. Jean, Y.Y.; Lercher, L.D.; Dreyfus, C.F. Glutamate elicits release of BDNF from basal forebrain astrocytes
in a process dependent on metabotropic receptors and the PLC pathway. Neuron Glia Biol. 2008, 4, 35–42.
[CrossRef] [PubMed]

104. Poopalasundaram, S.; Knott, C.; Shamotienko, O.G.; Foran, P.G.; Dolly, J.O.; Ghiani, C.A.; Gallo, V.; Wilkin, G.P.
Glial heterogeneity in expression of the inwardly rectifying K(+) channel, Kir4.1, in adult rat CNS. Glia 2000,
30, 362–372. [CrossRef]

105. Ohno, Y.; Kinboshi, M.; Shimizu, S. Inwardly Rectifying Potassium Channel Kir4.1 as a Novel Modulator of
BDNF Expression in Astrocytes. Int. J. Mol. Sci. 2018, 19, 3313. [CrossRef] [PubMed]

106. Filosa, J.; Bonev, A.D.; Straub, S.V.; Meredith, A.L.; Wilkerson, M.K.; Aldrich, R.W.; Nelson, M.T. Local
potassium signaling couples neuronal activity to vasodilation in the brain. Nat. Neurosci. 2006, 9, 1397–1403.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/jnc.12942
http://www.ncbi.nlm.nih.gov/pubmed/25196144
http://dx.doi.org/10.1017/S1740925X09000052
http://www.ncbi.nlm.nih.gov/pubmed/19267952
http://dx.doi.org/10.1002/(SICI)1098-1136(200006)30:4&lt;362::AID-GLIA50&gt;3.0.CO;2-4
http://dx.doi.org/10.3390/ijms19113313
http://www.ncbi.nlm.nih.gov/pubmed/30356026
http://dx.doi.org/10.1038/nn1779
http://www.ncbi.nlm.nih.gov/pubmed/17013381
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Dynamic Display of Microglia Polarization in Neurodegeneration 
	Complement Pathway of Microglia in the Detrimental Effect during AD Progression 
	The Physiological Perspective of Microglial Activation 
	Paradoxical Functions of Astrocytes in Alzheimer Disease 
	Versatility of Effective Astrocyte Functions According to Environmental Changes 
	Cellular Interactions of Reactivate Astrocytes with Neurons and Microglia through Various Cytokines, Complements, and Exosomes 

	Receptor and Ion Channel Expressions in Astrocyte Contributing to Neuronal Stimulation 
	Discussion 
	References

