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Abstract: The neuroinflammatory hypothesis of Alzheimer’s disease (AD) was proposed more than
30 years ago. The involvement of the two main types of glial cells microglia and astrocytes, in neu-
roinflammation, was suggested early on. In this review, we highlight that the exact contributions of
reactive glia to AD pathogenesis remain difficult to define, likely due to the heterogeneity of glia
populations and alterations in their activation states through the stages of AD progression. In the
case of microglia, it is becoming apparent that both beneficially and adversely activated cell popula-
tions can be identified at various stages of AD, which could be selectively targeted to either limit
their damaging actions or enhance beneficial functions. In the case of astrocytes, less information is
available about potential subpopulations of reactive cells; it also remains elusive whether astrocytes
contribute to the neuropathology of AD by mainly gaining neurotoxic functions or losing their
ability to support neurons due to astrocyte damage. We identify L-type calcium channel blocker,
nimodipine, as a candidate drug for AD, which potentially targets both astrocytes and microglia. It
has already shown consistent beneficial effects in basic experimental and clinical studies. We also
highlight the recent evidence linking peripheral inflammation and neuroinflammation. Several
chronic systemic inflammatory diseases, such as obesity, type 2 diabetes mellitus, and periodontitis,
can cause immune priming or adverse activation of glia, thus exacerbating neuroinflammation and
increasing risk or facilitating the progression of AD. Therefore, reducing peripheral inflammation is

a potentially effective strategy for lowering AD prevalence.

Keywords: Neurodegenerative diseases, microglia, astrocytes, neurotoxicity, systemic inflammation, neuroprotective drugs,

L-type calcium channel blockers.

1. NEUROINFLAMMATORY HYPOTHESIS OF
ALZHEIMER'’S DISEASE

The hypothesis proposing neuroinflammation as one of
the key mechanisms of Alzheimer’s disease (AD) patho-
genesis was introduced more than 30 years ago. Since then,
neuroinflammation research has become a major field of
neuroscience. The initial support for the neuroinflammatory
hypothesis of AD came from immunohistochemical studies
demonstrating reactive microglia and astrocytes in brain ar-
eas known to exhibit the two main biochemical markers of
AD pathology: amyloid plaques and neurofibrillary tangles.
Reactive phenotypes of microglia and astrocytes were defined
by upregulated expression of the major histocompatibility
complex (MHC) class II protein human leukocyte antigen
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(HLA)-DR and glial fibrillary acidic protein (GFAP), respec-
tively. Reactive microglia were also shown to have altered
amoeboid-shaped morphology and to be phagocytic [1, 2].
Subsequent biochemical and molecular biology studies dis-
covered upregulated expression of inflammatory cytokines
and complement activation in AD brain tissue as markers of
neuroimmune responses. Epidemiological research identified
a reduced risk of AD in chronic users of anti-inflammatory
drugs [3-5]. Early in vitro studies demonstrated that micro-
glia and other macrophages could be activated by synthetic
human amyloid-f peptides (Ap), leading to secretion of cyto-
toxins and neuronal cell death [6, 7]. Even though such ob-
servations implied that the reactive microglia seen in AD
tissues could represent Af-activated cells that contribute to
neurodegeneration [3], this hypothesis was not universally
accepted. An alternative view of microglia in AD was that
these cells merely alter their phenotype in response to neu-
ronal loss without actively contributing to the disease pa-
thology [8]. More recently, it has become clear that the con-
tribution of microglia to AD pathogenesis is very complex,
involving both protective and deleterious actions, which
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most likely depend on the activation states of microglia as
well as the stage of the disease process [9, 10].

Significant support for the neuroinflammatory hypothesis
and active role of microglia in AD was provided by genome-
wide association studies, which identified several inflamma-
tion-linked genes as risk factors for the late-onset form of
AD [11]. All these factors have low to moderate effect sizes.
Unlike the genes linked to the early-onset familial AD cases,
which are inherited in an autosomal dominant fashion, none
of these risk factors alone can accurately predict the devel-
opment of AD; however, if multiple factors are present, they
may have a cumulative effect on disease susceptibility. The
most prominent examples of genes potentially linked to in-
flammatory processes in AD include TREM2 (triggering
receptor expressed on myeloid cells 2), CD33 (SIGLEC-3,
sialic acid-binding Ig-like lectin 3), CR1 (complement recep-
tor 1), PLCG2 (phospholipase C gamma 2), and INPP5D
(inositol polyphosphate-5-phosphatase D). In the central
nervous system (CNS) these genes are expressed mainly by
microglia, which implicates them as key players in AD
pathogenesis [12]. TREM2, in particular, has become a focus
of intense research due to its ability to regulate the phago-
cytic activity of microglia, even though its expression by
human microglia is still controversial. While human micro-
glia from AD brains have upregulated TREM2 mRNA ex-
pression [13], this increase cannot be readily confirmed at
the protein level [14, 15]. For example, an extensive immu-
nohistochemistry study involving 299 post-mortem cases
(including 83 with AD pathology) shows that most microglia
do not express TREM2 protein in the human brain [16],
while a study on 11 AD cases reported TREM2 immunore-
active microglia associated with plaques [17]. Furthermore,
the fact that monocytes recruited to the human brain express
high TREM2 protein levels may indicate the contribution of
the peripheral inflammatory conditions, such as metabolic
syndrome and periodontitis, to the onset and progression of
AD (see section 4 below) [14, 16].

Initially, it was only possible to investigate glial cell in-
volvement in AD by studying human post-mortem tissues, in
vitro cell and tissue systems, or animal models; however,
advances in positron emission tomography (PET) imaging
using ligands that bind to the mitochondrial translocator pro-
tein (TSPO) have enabled in vivo imaging of microglia acti-
vation in clinical studies. These studies have confirmed dis-
ease-specific anatomical distribution of reactive microglia in
the brains of patients with probable AD as well as demon-
strated that it is possible to detect activated microglia at very
early stages of AD [18, 19]. These new imaging techniques
could provide new insights into the early stages and clinical
progression of neuroimmunopathology in AD patients.

2. CELLULAR MECHANISMS OF
INFLAMMATION: MICROGLIA

NEURO-

2.1. Microglia Origin and Physiological Functions

Microglia are the most prevalent professional immune
cells in a healthy human brain. They have been considered
the CNS resident macrophages belonging to the mononu-
clear phagocyte system [20]. Recent tracing studies have
challenged this long-established view by demonstrating that
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microglia are an ontogenetically distinct population of
mononuclear phagocytes that are not derived from hema-
topoietic stem cells but originate from yolk sac progenitors
at the early stages of embryogenesis [21, 22]. The central
role of microglia in CNS immune defense and various brain
pathologies, including infection, trauma, and autoimmune or
neurodegenerative diseases, has long been recognized; how-
ever, these cells also perform essential support functions in
the physiological processes of CNS development, matura-
tion, maintenance, and decline [23]. Microglia populate the
embryonic brain very early, which allows them to contribute
to key neurodevelopmental processes, such as neurogenesis,
oligodendrogenesis, myelinogenesis, vascularization, and
establishment of brain cytoarchitecture [24, 25]. Microglia
have been shown to regulate numbers of neurons and neural
precursors through two opposing mechanisms: 1) support of
cell proliferation and survival by secreting growth factors,
such as insulin-like growth factor-1 (IGF-1), glial cell line-
derived neurotrophic factor (GDNF), and granulocyte-
macrophage colony-stimulating factor (GM-CSF) [23, 26,
27]; and 2) elimination of neurons by phagocytosing these
cells through the process termed neurophagy, or by promot-
ing the death of unwanted cells through secretion of reactive
oxygen species and other cytotoxins [28]. Microglia can also
exert opposing effects on synapses: they have been shown to
provide trophic support to newly established neuronal con-
nections as well as participate in synaptic elimination by the
mechanism termed synaptic pruning [29]. The latter involves
phagocytosis of synapses primarily mediated by microglia
complement receptor 3 (CR3) recognizing inactive synapses
marked with complement proteins Clq and C3 [30, 31]. Mi-
croglia are also essential for vascular remodelling during
CNS maturation and help maintain vasculature in the adult
brain [32, 33].

2.2. Microglia Heterogeneity

To fulfill diverse physiological functions during various
developmental stages and within different brain environ-
ments, microglia must change their function and morphol-
ogy. Our understanding of this process has advanced signifi-
cantly over the last thirty years; the initial descriptions of the
two-state microglia (resting or activated) have evolved due
to 1) recent observations that “resting” microglia are in con-
stant motion, actively sampling their surrounding environ-
ment; and 2) recognition that there are multiple activation
states of microglia characterized by distinct morphological
features and functional parameters. Microglia phenotype and
functions depend on their anatomical location, the proximity
of synapses and apoptotic cells, and age and sex of the ani-
mal [34]. For example, the initial reports demonstrating re-
gion-specific morphology and density of microglia in the
murine brain [35] were followed by studies identifying dif-
ferences in cell surface protein expression in microglia from
different brain regions [36]. These observations have re-
cently been supplemented by studies documenting differ-
ences in RNA expression profiles in microglia populations
isolated from several mouse brain regions and across the
animal life span [37, 38], as well as through single-cell se-
quencing of microglia and myeloid cells from mouse brains
[39]. Our understanding of microglia heterogeneity is mainly
based on studies with murine cells and tissues; however,
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recent investigations of microglia extracted from human
post-mortem brain tissues indicate brain region-specific pro-
tein and gene expression of microglia [40, 41] as well as age-
associated changes in human microglia gene expression [42].
Heterogeneity within the human microglia population and
brain region-specific expression of microglia phenotypic
markers have also been documented by studying single cells
[43, 44].

Microglia most likely acquire diverse functional and
morphological phenotypes in response to environmental cues
that are brain-region specific and vary between different de-
velopmental stages. Microglia express a range of cell surface
receptors that interact selectively with diverse CNS mole-
cules, including catecholamines (norepinephrine and dopa-
mine), excitatory amino acids (glutamate), nucleotides (ade-
nine di- and tri-phosphates), neuropeptides (substance P and
vasoactive intestinal peptide), hormones (corticotropin-
releasing hormone), and growth factors (nerve growth factor
and GDNF) [26, 45]. In addition, direct contact with other
cells has been proposed as one of the mechanisms regulating
microglia functions; for example, the interaction between
CD200 expressed on neurons and CD200 receptor
(CD200R) on microglia is considered critical for regulating
microglia functions [46].

Immune activation of microglia can be induced and regu-
lated by a broad set of cytokines and chemokines, including
several interleukins (IL), fractalkine, tumor necrosis factor
(TNF)-a, and chemokine (C-C motif) ligand 2 (CCL2). Mi-
croglia also express pattern-recognition receptors (PRRs),
such as receptor for advanced glycation end products
(RAGE), nucleotide-binding oligomerization domain- like
receptors (NLRs), and toll-like receptors (TLRs) 2 and 4,
which interact with damage-associated molecular patterns
(DAMPs) and resolution-associated molecular patterns
(RAMPs) released from dying and damaged cells [47-50].
High-mobility group box 1 (HMGBI1) is likely the most
studied DAMP in the context of microglia activation; it is a
non-histone DNA binding nuclear protein, which can be pas-
sively released from dying cells or actively secreted from
various cell types by several different pathways. HMGBI1
activates microglia TLR4 and RAGE [51-53]. Several mito-
chondrial proteins, including cytochrome C and mitochon-
drial transcription factor A (TFAM), once released extracel-
lularly, have also been shown to regulate select microglia
immune functions [54-56].

2.3. Microglia Activation in AD

The original description of reactive microglia in cortical
structures of AD brains included observations of swollen,
phagocytosing cells that stained intensely with antibodies
against HLA-DR protein [1]. Since these reactive microglia
congregated around senile plaques, it was hypothesized first
and later demonstrated experimentally that microglia are
activated by AP, which is the main constituent of the
plaques. It was hypothesized that microglia in AD brains are
adversely activated, which leads to the secretion of pro-
inflammatory mediators and neurotoxins partially responsi-
ble for the excessive death of neurons observed in AD [4, 9,
57]. Intense research efforts were launched aimed at pin-
pointing the receptors, mediating the interaction of microglia
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with AP, and identifying the neurotoxin(s) released by acti-
vated microglia in AD brains (see section 2.4. below). More
than a dozen distinct microglia receptors have now been
shown to interact with different forms of AP (e.g., Ap1-40,
AB1-42) at various aggregation states; they include several
scavenger receptors (scavenger receptor A-1, SCARA-1;
scavenger receptor B-1, SCARB-1; CD36; RAGE), toll-like
receptors (TLR2; TLR4) and the G protein-coupled receptors
(formyl peptide receptor 2, FPR2; chemokine-like receptor
1, CMKLR1). Functionally, binding of AP to these receptors
induces secretion of inflammatory mediators, changes in cell
morphology, and/or uptake of AB [58, 59].

As mentioned above, the adversely activated amoeboid
microglia, often forming clusters around amyloid plaques,
were initially contrasted to resting cells, which displayed
ramified morphology with thin, highly branched processes.
Resting microglia were shown to form a tile-like network
evenly covering the CNS parenchyma without touching each
other or overlapping. This initial concept of on-off activation
states of microglia was later challenged by observations
demonstrating resting microglia surveying and sampling
CNS environment actively by extending and retracting their
processes and touching neighbouring cells, including other
microglia, astrocytes, and neurons, as well as blood vessels;
thus, the term “resting” has been replaced with “surveying”
or “homeostatic” when describing microglia in their highly
ramified state [9, 60-62].

With regard to microglia activation, it is now apparent
that more than one activation state exists [63]. Advances in
immunohistochemistry, molecular biology, and single-cell
characterization techniques have identified numerous novel
activation markers of microglia beside the classical HLA-DR
upregulation, including F4/80, CD68, CD45, and ionised
calcium-binding adapter molecule 1 (IBA1), also known as
the allograft inflammatory factor-1 (AIF-1) [33]. Based on
already introduced activation phenotypes of peripheral
macrophages [64], the M1/M2 polarization axis was pro-
posed for microglia. The classical pro-inflammatory M1 ac-
tivation phenotype is induced by such potent immune stimuli
as lipopolysaccharide (LPS) and interferon (IFN)-y, while
the alternative, anti-inflammatory/resolution M2 activation
phenotype is induced by IL-4 and IL-10 [65]. The M1/M2
microglia activation phenotypes are characterized by par-
tially overlapping sets of cell surface markers and secretory
products. The list of microglia M1/M2 polarization markers
has been growing steadily [66, 67], which, combined with
more detailed functional studies, has led to the identification
of several subtypes of the M2 activation phenotype [68]. It is
also becoming apparent that microglia shift their activation
states and acquire intermediate phenotypes along the M1/M2
polarization axis [69].

Recent studies considering multiple molecular markers
have identified additional microglia functional and pheno-
typic states that do not align well with the M1/M2 polariza-
tion axis. For example, disease-associated microglia (DAM)
have been identified in AD model mice brains and human
post-mortem AD brain tissues. These cells accumulate
around amyloid plaques and display enhanced phagocytic
activity internalizing AP, thus potentially restricting neu-
rodegeneration [70]. Another distinct subtype of microglia



Glia-driven Neuroinflammation and Systemic Inflammation in Alzheimer’s Disease

v AB

v Tau

v’ Cytokines
v DAMPs
v RAMPs

( Glial activation }

Inflammatory signal
transduction via
“classical routes”

plus
leptomeninges

v Gain of neurotoxic glia function

v Loss of homeostatic glia function

A v" Heterogeneity of glial populations

v Altered glial activation states with
disease progression

Current Neuropharmacology, 2021, Vol. 19, No. 7 911

[ Neuroinflammation }

'’

“Driving force”

v

[Systemic ianammationW Cm— [Alzheimer’s disease}

¥' Periodontitis
v" Obesity
v’ Type 2 diabetes mellitus

comorbidity

Fig. (1). A schematic diagram showing links between systemic inflammation, glial activation, and neuroinflammation contributing to the
pathogenetic mechanism of Alzheimer’s disease. AP, amyloid-f peptides; DAMPs, damage-associated molecular patterns; RAMPs, resolu-
tion-associated molecular patterns. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

has been termed proliferative-region associated microglia
(PAM). These cells, which appear transiently in regions of
developing white matter and are essential for phagocytosis of
the large number of oligodendrocytes that die during the
process of myelination, share a characteristic gene signature
with DAM [39]. It has been suggested that this subset of
microglia can be specifically targeted in neurodegenerative
diseases, including AD [63, 70].

Studies with AD model mice and post-mortem human
AD brain tissues have identified microglia exhibiting both
M1 and M2 phenotypes [68, 69]. In the hippocampus of the
double-transgenic PS1M'“**“/APP">'S- mouse model of AD, a
switch of microglia from M2 to M1 phenotype was demon-
strated as the disease pathology progressed [71]. The pres-
ence of M1 microglia in the late stages of AD is consistent
with the original hypothesis of these cells having adverse
effects on CNS homeostasis due to secretion of pro-
inflammatory cytokines and cytotoxins. The presence of M2
microglia at early stages of AD, as well as the appearance of
DAM, indicate the protective role these cells may have,
which is aimed at phagocytosing AP deposits and degrading
extracellular AP by secreting several different proteases [72].
Interestingly, microglia committed to a pro-inflammatory
response have lower phagocytic capacity because pro-
inflammatory cytokines downregulate their phagocytic
activity [73].

The various activation states and phenotypes of microglia
in AD are most likely induced and regulated by a combina-
tion of physiological mediators (see 2.3.) and AD-specific
stimuli. As discussed above, microglia recognize AP, but
depending on its aggregation state, functional consequences
of this interaction could be very different; thus, the oli-
gomeric AP is a stronger inducer of M1 phenotype than the
fibrillar form of AP [74], while microglia surrounding amy-
loid plaques generally manifest M2 phenotype, including
enhanced phagocytic capacity [71]. It has also been sug-
gested that molecules associated with the amyloid plaque,
including complement proteins and chromogranin A, regulate
microglia activation and facilitate AB phagocytosis [49, 75].

Due to increased cellular injury and necrosis, AD brain
tissue most likely has elevated levels of various DAMPs and
RAMPs, which activate microglial PRRs. While the majority
of these molecules (DAMPs) are believed to induce pro-
inflammatory activation of microglia, some of them
(RAMPs) have also been suggested to downregulate micro-
glia and other mononuclear phagocytes facilitating the reso-
lution of inflammation [48, 49, 54, 76, 77]. Since the blood-
brain barrier (BBB) becomes compromised in AD, periph-
eral inflammatory mediators typically not present in the
brain parenchyma, such as fibrinogen and immunoglobulins,
could enter the brain tissue and modulate microglia activa-
tion state [78-80]. Recent studies have also highlighted pe-
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ripheral hormones, like insulin, incretins, and steroids, as well
as gut bacteria metabolites, as candidate regulators of microglia
activation (see section 4 below and [26, 78, 81-87]).

2.4. Adverse Effects of Microglia in AD

Even though a broad range of protective functions of
microglia in AD has been identified, their adverse contribu-
tion to the AD pathology, especially during the mid- to late-
stages of the disease process, is likely [10, 58]. In addition to
the data obtained by using animal models, strong support to
this conclusion comes from clinical imaging studies showing
a high correlation between activated microglia and cognitive
decline in AD subjects [88]. The most studied aspect of the
adverse activation of microglia is their ability to secrete neu-
rotoxins, including glutamate, quinolinic acid, reactive oxy-
gen, and nitrogen species, as well as a range of proteases
capable of killing neurons directly [28, 89, 90]. It is impor-
tant to note that significant species differences exist between
murine and human microglia, with the latter, for example,
unable to produce high levels of nitric oxide, implicated as
one of the key neurotoxins of murine microglia [23]. Other
direct mechanisms of microglia-induced neurodegeneration
include the recently discovered phagocytosis of stressed, but
live neurons and complement-dependent stripping of den-
dritic spines by overactivated microglia [10, 91].

Microglia can also cause neuronal injury indirectly. A
combination of IL-1a, TNF-a, and Clq secreted by activated
microglia has been recently shown to transform astrocytes
into a neurotoxic Al phenotype, which is also observed in
AD brains [92]. It is well established that the classical M1
activation phenotype of microglia is characterized by in-
creased secretion of IL-1p, IL-6, TNF-a, and chemokine (C-
X-C motif) ligand 1 (CXCLI1), which recruit and activate
other microglia and astrocytes; thus, microglia could cooper-
ate with astrocytes to mediate neurotoxicity. Microglia have
also been implicated as one of the key cellular sources of the
amyloid plaques in AD tissues [93]; depleting microglia with
a selective colony-stimulating factor 1 receptor (CSF1R)
inhibitor demonstrated that they could be critical for the ini-
tiation of AP aggregation [94]. Microglia can also convert
AP aggregates they have internalized into neurotoxic species
that are subsequently released extracellularly with microglial
microvesicles [95]. Studies using a mouse model expressing
mutant tau protein, the main component of the neurofibril-
lary tangles seen in AD, have shown that microglia depletion
limits the spread of tau deposits across the brain; thus, mi-
croglia can contribute to AD pathology through uptake and
exosomal release of tau [96].

3. CELLULAR MECHANISMS OF
INFLAMMATION: ASTROCYTES

NEURO-

3.1. Physiological Functions of Astrocytes

Astrocytes are the most abundant glial cell type in the
mammalian CNS and constitute up to 50% of its volume
[97]. The existence of astrocytes was first inferred by
Virchow, in the mid-nineteenth century, with his observation
of a type of connective tissue that contains cellular elements
in the human brain. The term astrocyte was introduced by
Lenhossek in 1895 and was greatly popularized by Cajal,
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who developed gold and mercury chloride (sublimate) stain-
ing techniques to label glial filaments and astrocyte end-feet
[98]. Astrocytes have traditionally been thought to form a
homogenous cell population and function as passive house-
keepers to preserve the optimal microenvironment in the
CNS. However, evidence is emerging that astrocytes are
highly heterogeneous in form and function regardless of
whether the cells are in the homeostatic or activated state
[99, 100]. Moreover, astrocytes are active players demon-
strating remarkable adaptive plasticity essential for the func-
tional maintenance of the CNS in development and aging
[98]. The key physiological functions of astrocytes include:
1) regulating normal functions of the BBB [101]; 2) supply-
ing energy-carrying molecules to neurons; 3) secreting neu-
rotrophic factors, antioxidant molecules, including glu-
tathione, and synaptic activity modulators; 4) forming tripar-
tite synapse to regulate synaptic function and plasticity with
preservation of the extracellular balance of ions and neuro-
transmitters, such as glutamate and gamma-aminobutyric
acid (GABA); 5) mediating glymphatic drainage of toxic
metabolites out of the CNS during sleep [102], and 6) con-
tributing to the CNS innate immunity [103]. Considering the
link between astrocytes and AD pathology, it is noteworthy
that astrocytes participate in the clearance of the interstitial
solute AP out of the brain parenchyma by glymphatic drain-
age [102]. Astrocytes also phagocytose and degrade AP. This
astrocyte ability is apolipoprotein E (ApoE) dependent [104]
and is more prominent in young compared to aged individu-
als [105, 106]. Recently, astrocytes have also shown to en-
gulf synapses by using a phagocytic mechanism that is inde-
pendent of Clq but involves the phagocytic receptors multi-
ple epidermal growth factors (EGF)-like domains 10
(MEGF10) and MER tyrosine kinase (MERTK) [30, 107].
Phagocytosis of apoptotic cells, tissue debris, and synapses
by both microglia and astrocytes are clearly essential during
CNS development when excessive numbers of cells appear,
many of which need to be eliminated. Recent evidence, how-
ever, indicates that phagocytic processes continue to be criti-
cal for CNS homeostasis throughout adulthood, for example,
by supporting hippocampal neurogenesis [32]. The astrocyte
functions mentioned above are crucial for the homeostasis
and physiology of the CNS. Accordingly, impairment of
astrocyte functions contributes to AD pathophysiology.

3.2. Dysfunction of Astrocytes in AD

Along with activated/reactive astrocytes, damaged astro-
cytes have been identified in post-mortem AD brain tissues
[108]. Although the exact AD-specific features of astrocyte
damage and subsequent astrocyte dysfunction remain un-
known, several possible mechanisms have been postulated.
For example, it has been observed that extracellular Ap trig-
gers elevation of intracellular calcium ([Ca2+]i) in astrocytes.
A is preferentially incorporated into astrocyte membranes,
which have higher cholesterol content compared to neuronal
membranes. This leads to the formation of Ca2+-permeable
channels allowing Ca*" influx from the extracellular space
[109]. A resulting increase in [Ca’']; causes mitochondrial
depolarization and astrocyte damage [110]. Increased [Ca™'];
also leads to the release of glutamate from astrocytes [111]
and activation of nicotinamide adenine dinucleotide phos-
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phate (NADPH)-dependent oxidase, resulting in astrocyte
production of the oxygen free radical superoxide [110]. Glu-
tamate and free radicals, in excess, are potentially toxic to
neighboring cells, including neurons.

It is likely that damage caused to astrocytes by the mi-
croenvironment in AD brains leads to their compromised or
even lost physiological functions. It is also plausible that the
compromise/loss of normal astrocyte functions directed at
protecting and supporting neurons contributes to neurode-
generation occurring in AD. For instance, impaired uptake
and conversion of glutamate into glutamine, using astrocyte-
specific glutamate transporters and glutamine synthase, re-
spectively, have been shown to elevate extracellular gluta-
mate levels up to excitotoxic levels [98, 112]. In addition,
the inability of astrocytes to phagocytose and degrade Ap,
and to facilitate the clearance of interstitial Ap from the brain
parenchyma, can exacerbate the neurodegenerative pathol-
ogy of AD and accelerate its progression.

3.2.1. Activated Astrocytes in AD

The presence of activated astrocytes, also referred to as
reactive astrocytes or astrogliosis [99], in affected brain re-
gions is a highly reproducible immunohistochemical finding
in post-mortem brains from patients with common neurode-
generative diseases, such as AD [1, 113], Parkinson’s dis-
ease (PD) [113], amyotrophic lateral sclerosis (ALS) [114,
115], and multiple sclerosis (MS) [113]. Specifically, in AD,
activated astrocytes are gathered around the periphery of the
AP plaques, and their processes surround and invade the
plaques [1, 113]. Activated astrocytes are characterized by
cellular hypertrophy (i.e., hypertrophy of soma and main
processes) and a marked increase in immunoreactivity for
GFAP, S100B, and vimentin. A post-mortem quantitative
immunohistochemistry study has demonstrated that the rela-
tive proportion of AP plaques colocalized with GFAP im-
munoreactivity in the absence of dystrophic neurites in-
creases in mild AD but significantly decreases in severe AD
[116]. This observation indicates that astrocyte activation
may be an early and contributory event in the AD pathology
rather than merely a response to neuronal death [116]. While
astrocyte activation is not limited to AD, Perez-Nievas and
Serrano-Pozo postulate that the relationship between acti-
vated astrocytes and the typical hallmarks of pathology, es-
pecially AP plaques, in AD is more intimate compared to
astrocyte interaction with pathological structures in other
neurodegenerative diseases [117]. It is also plausible that in
the AD brain, not all astrocytes are uniformly activated since
a seminal population-based neuropathology study showed
that increased immunoreactivity for GFAP did not correlate
with either AB or tau immunoreactivity [118]. This finding
indicates that astrocytes are activated through complex inter-
actions with not only AP and tau but also with other patho-
logical factors in AD brains. Several such “alternative patho-
logical factors” have been identified in the AD brain.

The proinflammatory cytokine IFN-y is one such alterna-
tive pathological factor. IFN-y is predominantly secreted by
the professional antigen-presenting cells, T cells, and natural
killer (NK) cells, and it exerts antimicrobial, anti-tumor, and
immunoregulatory effects [119]. While in the normal brain
T-cell traffic across the BBB is minimal, and IFN-y is gener-
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ally undetectable, post-mortem studies have shown the infil-
tration of both T cells and NK cells in the human AD brain
[120, 121]. In addition, it has been demonstrated that the
cerebrospinal fluid levels of IFN-y in AD subjects are sig-
nificantly higher than those in healthy age-matched subjects
[122]. A post-mortem genetic association study has shown
upregulation of IFN-y in the brains of AD patients who carry
the R47H TREM? variant [123]. It remains elusive whether
astrocytes under neuropathological conditions lose neuro-
supportive functions or gain neurotoxic functions. Our pre-
vious in vitro studies showed that adult human astrocytes
became potently neurotoxic when activated by IFN-y through
secreting soluble neurotoxins [124]. Using post-mortem
brain tissues, we showed sharp upregulation of the IFN-y
receptor on activated astrocytes in areas affected by AD, PD,
ALS, and MS [124]. We also demonstrated that the IFN-y-
induced neurotoxicity of astrocytes was mediated by signal
transducer and activator of transcription (STAT) 3 phos-
phorylation at tyrosine-705 residue (Tyr705) [125]. The drugs
capable of inhibiting the STAT3 phosphorylation attenuated
this neurotoxicity [125-127] (see sections 3.2.2 and 3.3 below).

Another pathological factor causing astrocyte activation
in AD is reactive microglia. Activated microglia have been
implied to play a pivotal role in directing the fate of astro-
cytes to become neurotoxic. Liddelow et al. demonstrated
that activated microglia induced neurotoxic astrocytes,
termed Al astrocytes, by secreting IL-1a, TNF-a, and Clq.
Together, these three factors were both necessary and suffi-
cient to induce the Al astrocyte phenotype in rodents with
systemic inflammation, which was induced by intraperito-
neal injection of lipopolysaccharide [92]. Their finding of
microglia-induced A1l astrocytes is consistent with a post-
mortem quantitative neuropathological study, which demon-
strated that microglia activation preceded astrocyte activa-
tion in the AD pathogenesis [128]. On the other hand, it has
been implied that astrocyte activation occurs in the early
stage of the disease [116, 129]. Al astrocytes can be identi-
fied by the expression of complement component C3, and
they cause neuronal death by secreting soluble neurotoxins.
Importantly, Al astrocytes are abundant in several neurode-
generative disorders, namely AD, PD, ALS, MS, and
Huntington’s disease [92]. A1l astrocytes and their neurotox-
icity have also been observed in transgenic mice overex-
pressing both human tau and human ApoE4 [130] during
normal aging [131] and in mice intrastriatally injected with
preformed fibrils of a-synuclein [132]. It appears that IFN-y-
activated astrocytes are not identical to Al astrocytes since
the latter are induced by different stimuli, which originate
from different cell types (i.e., T cell/NK cell vs microglia).
However, due to the similarity of their neurotoxic character-
istics, the gene expression profiles of IFN-y-activated astro-
cytes and A1 astrocytes may be comparable.

Analogous to imaging microglia activation in vivo, ad-
vances in PET technology have also enabled the detection of
astrocyte activation in the living human brain. Since the
early 1990s, the majority of PET studies to detect neuroin-
flammation in the brains of AD patients have aimed to visu-
alize microglia activation as measured by increased binding
of radioactive tracers, such as "C-PK11195 and 11C-PBR28,
to the 18-kDa TSPO. Relatively fewer PET studies have fo-
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cused on detecting astrocyte activation in the human brain.
In AD, activated astrocytes express high levels of mono-
amine oxidase-B (MAO-B), which is localized on the outer
mitochondrial membrane and catalyzes the oxidative deami-
nation of catecholamine neurotransmitters [133]. At present,
the only well-established radioligand available for PET im-
aging of astrogliosis is ''C-deuterium-L-deprenyl (''C-DED),
which binds specifically to MAO-B. Since 2009, when the
first study using ''C-DED was performed in AD patients
[134], several other PET studies have demonstrated a sig-
nificantly higher ''C-DED retention in AD compared to
healthy control brains [129, 135]. For example, Carter et al.
showed that ''C-DED retention was increased in ''C-Pittsburgh
compound-positive (a marker of amyloid plaques) patients
with mild cognitive impairment relative to healthy controls
and even AD patients [129]. Their finding indicates that as-
trogliosis occurs in the earlier prodromal stages of AD.

3.2.2. Astrocyte Neurotoxicity and STAT3 in AD

The Janus kinase (JAK)-STAT cascade is one of the piv-
otal signaling pathways mediating neuroinflammation. Spe-
cifically, the JAK/STAT3 pathway is activated by extracellu-
lar cytokines, including IFN-y. Although multiple signaling
cascades are involved in astrocyte activation, the JAK/STAT3
cascade has been regarded as the key regulator of astrocyte
activation in several different neuropathological conditions
[99, 136, 137]. A recent study demonstrated that the im-
munoreactivity for STAT3 was increased in the nuclei of
GFAP- and vimentin-immunopositive astrocytes in the APP-
swe/PS1dE9 and 3xTg mouse models of AD [136]. The
STATS3 activation is also considered as a putative marker for
the activity of neuroinflammatory conditions, such as MS
[138] and chronic inflammatory demyelinating polyradicu-
loneuropathy [139].

Interestingly, astrocyte activation mediated by the same
STAT3 pathway has different effects on specific disease
neuropathologies. Thus, STAT3 signaling in activated astro-
cytes has been implicated in neurotoxicity observed in
mouse models of AD [140] and hypoxia [141] but has also
been associated with neuroprotective effects in mouse mod-
els of spinal cord injury [142]. In line with the involvement
of the STAT3 pathway in the activated astrocytes exerting
neurotoxicity in AD, our previous in vitro studies have
shown that activated STAT3 with phosphorylation at Tyr705
mediates the neurotoxicity of adult human astrocytes stimu-
lated with IFN-y [125-127, 143].

It is well known that the biological characteristics and
functions, including gene expression, of glial cells show fun-
damental differences between species and are age-dependent
[144]. For instance, fetal glial cells are not immunologically
developed compared to adult glia [145]. In addition, the IFN-
v receptor is expressed on astrocytes, but not on microglia, in
the adult human brain, while the receptor is expressed on
microglia, but not on astrocytes, in the adult rodent brain
[144, 146]. Accordingly, studies using primary cultures of
adult human glial cells are of prime importance to maximize
the relevance of experimental research to clinical applica-
tions and to decipher the basis of the neuropathologies in the
aged human brains affected by neurodegenerative diseases,
including AD.
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3.3. Therapeutic Molecules Inhibiting Astrocyte Neuro-
toxicity

Using primary cultures of adult human astrocytes, we
have previously demonstrated that several compounds with
anti-inflammatory potential significantly reduce the neuro-
toxicity of IFN-y-activated astrocytes. They include the pre-
clinically studied STAT3 inhibitors [125], as well as the
clinically used L-type calcium channel blockers (CCBs) ni-
modipine and verapamil [126], the histone deacetylase
(HDAC) inhibitor suberoylanilide hydroxamic acid (SAHA)
[127], and the proton pump inhibitors lansoprazole and ome-
prazole [143]. All these compounds attenuate phosphoryla-
tion of STAT3 at Tyr705, but not STATI, in IFN-y-activated
astrocytes without affecting their viability at the concentra-
tions tested. While these compounds show robust anti-
neurotoxic effects by inhibiting astrocyte activation in vitro,
the following sections summarize their activity in AD re-
ported by clinical and epidemiological studies. Of the com-
pounds discussed, nimodipine currently appears to be the
strongest candidate as a novel therapeutic and/or preventive
drug for AD, showing consistent beneficial effects in both
experimental and clinical studies.

3.3.1. L-type Calcium Channel Blockers (CCBs)

It is well known that hypertension in midlife is a major
risk factor for the development of all types of dementia [147,
148]. Several observational studies have reported the benefi-
cial effect of antihypertensive treatment in preventing cogni-
tive decline; however, randomized controlled trials (RCTs)
have produced controversial results (reviewed in [148]).
Clinical trials to determine the effects of L-type CCBs on
dementia have mainly tested dihydropyridine molecules that
were originally developed for the treatment of hypertension.
Specifically, nimodipine seems to be the most tested dihy-
dropyridine molecule. A Cochrane review updated in 2010
analyzed 15 double-blind RCTs from 1985 to 2005, involv-
ing 2492 subjects in total. This systematic review concluded
that nimodipine (90 mg/day for 12 weeks) had significant
efficacy in treating dementia compared to placebo, with
similar benefits for AD and vascular dementia [149]. Since
the lipophilic CCBs penetrate the BBB effectively, the bene-
ficial effect of nimodipine in AD could be attributed to its
anti-neurotoxic effects via inhibition of both astrocyte [126]
and microglia activation [126, 150], rather than its antihyper-
tensive effects. Contradicting data were obtained by a pro-
spective cohort study (n=1092) with a long follow-up period
(up to 19 years), which indicated that neither dihydropyri-
dine-type nor non-dihydropyridine-type CCBs, including
verapamil, significantly reduced the risk of AD [151].

3.3.2. Histone Deacetylase (HDAC) Inhibitors

While accumulating evidence indicates that HDAC in-
hibitors have the potential to ameliorate AD pathology, there
is discordance in their effectiveness between experimental
studies and clinical trials. Specifically, HDAC inhibitors
have shown to decrease tau phosphorylation and accumula-
tion and to improve cognitive memory performance in sev-
eral different transgenic mice models of AD [152, 153]. To
our knowledge, four RCTs have investigated the efficacy of
valproate, the most-prescribed HDAC inhibitor in clinical
psychiatry, on behavioral and psychological symptoms of
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dementia (BPSD) and cognitive function of individuals who
meet clinical criteria for probable or possible AD (n=391 in
total) [154-157]. It is noteworthy that all four RCTs con-
cluded that valproate did not significantly improve BPSD or
slow cognitive decline of AD patients. Using magnetic reso-
nance imaging (MRI), one of these trials demonstrated that
valproate even accelerated brain atrophy of AD patients
[154].

SAHA, also known as vorinostat, was the first HDAC
inhibitor approved by the United States Food and Drug Ad-
ministration (FDA) in 2006 as an anti-lymphoma drug.
SAHA inhibits various subclasses of HDAC [158] and at-
tenuates the neurotoxicity of adult human astrocytes in vitro
[127]. A phase 1 clinical trial has been initiated to determine
the tolerable doses of SAHA in patients with mild AD [159].

3.3.3. Proton Pump Inhibitors (PPIs)

Currently, there is no consensus on the effects of PPIs on
AD risk, owing to controversial results from several observa-
tional studies. Zhang et al. performed a meta-analysis on six
prospective cohort studies and found that the use of PPIs was
a risk factor for dementia, including AD (hazard ratio,
HR=1.29; 95% confidence interval, CI=1.12-1.49) [160]. On
the other hand, Li ef al. conducted a meta-analysis on six
prospective cohort studies and observed no statistical asso-
ciation between the use of PPIs and increased risk of demen-
tia or AD [161]. Interestingly, there were five cohort studies
that overlapped between these two meta-analyses. An addi-
tional meta-analysis made by Song et al., which included
five case-control studies and five cohort studies, concluded
that PPI usage did not increase the risk of dementia or AD
[162]. Several observational studies even reported a negative
correlation between PPI usage and the risk of dementia or
AD [163-165]. These inconsistencies may stem from the
variations in methods of assessment of PPI usage, the criteria
used to diagnose dementia, the cohort type, the number of
subjects, the follow-up duration, and controlling for vari-
ables across the studies. Well-designed RCTs are therefore
warranted to further evaluate exact relationships between the
use of PPIs and AD risk/progression.

4. SYSTEMIC
NEUROINFLAMMATION

INFLAMMATION &

Systemic inflammation caused by, for example, infection
or chronic inflammatory diseases leads to increased release
of pro-inflammatory mediators from peripheral organs into
the bloodstream [166]. Crosstalk between systemic inflam-
mation and neuroinflammation has become a well-accepted
concept. Enhanced transduction of the peripheral inflamma-
tory signals into the CNS can induce microglia-driven neuro-
immune responses [167, 168]. This interplay can manifest as
“sickness behavior” characterized by a set of clinical symp-
toms similar to those of major depression, including loss of
appetite, sleep disturbance, reduced physical activity, and
decreased social interest [169, 170].

4.1. Communication between Systemic Inflammation and
Neuroinflammation

Several routes of transduction of the systemic inflamma-
tory signals into the brain have been postulated [167, 168].
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Of these, the brain vasculature, and BBB in particular, is
considered to play prominent roles. Intact BBB is not freely
permeable to cells and large biomolecules; thus, it tightly
regulates the movement of peripheral molecules and immune
cells into the brain parenchyma. While certain molecules can
freely cross the BBB either transcellularly or paracellularly,
there are several additional routes of immune signaling from
the periphery into CNS. First, certain inflammatory media-
tors can be transferred into the brain parenchyma by specific
transporters (e.g., [L-1a, IL-1p, TNF-a) [171]. Second, tran-
scytosis of inflammatory mediators across endothelial cells
(ECs) has been reported (e.g., TNF-a, chemokines CCL2 and
CCLS5) [172, 173]. Third, certain molecules interact with the
receptors on the luminal surface of ECs (on the “blood” side
of cells), inducing release of inflammatory mediators into the
brain parenchyma (e.g., adiponectin-induced secretion of
cytokines) [174]. Fourth, the -circumventricular organs
(CVOs), specialized brain structures lining the third and the
fourth ventricles in which capillaries lack continuous BBB,
can be involved. These structures allow interaction of micro-
glia and astrocytes with circulating inflammatory cytokines,
including IL-18 and TNF-a [175]. Fifth, the autonomic
nervous system route involves direct stimulation of vagus
nerve afferents by inflammatory mediators, such as IL-1j,
which stimulates the hypothalamic—pituitary—adrenal (HPA)
axis and induces illness symptoms [176, 177]. All these
pathways could ultimately lead to an increase of pro-
inflammatory cytokines in the brain, as well as microglia
activation [169, 178].

Our previous studies indicate that, in addition to the
above five “classical” routes, the leptomeninges can serve as
an alternative site of communication between the periphery
and the resident microglia of the brain [179, 180]. Lepto-
meningeal cells cover the surface of the brain and spinal
cord, forming the cerebrospinal fluid-blood barrier. Lepto-
meningeal cells express TLR4, which can be activated by
circulating LPS, triggering the release of pro-inflammatory
cytokines into the brain parenchyma. Similarly, leptomenin-
geal cells can be activated by systemically circulating cyto-
kines to produce and release inflammatory mediators into the
brain parenchyma. The pro-inflammatory mediators released
from leptomeningeal cells subsequently activate microglia to
evoke neuroinflammation. Accordingly, the leptomeninges
could be critical for the transduction of the peripheral in-
flammatory signals into the CNS, leading to modulation of
neuroinflammatory responses [179, 180].

4.2. Impacts of Lifestyle-related Systemic Inflammation
on Neuroinflammation

Lifestyle-related diseases, including obesity, type 2 dia-
betes mellitus (T2DM), and periodontitis, are characterized
by a common feature of chronic, low-grade systemic in-
flammation. Studies on subjects without dementia demon-
strate that systemic inflammation is associated with cogni-
tive decline [181] and reduced hippocampal volume [182,
183]; therefore, the onset of neuroinflammatory processes
due to systemic inflammation can be considered an impor-
tant causal mechanism in cognitive decline. For example,
considerable evidence points to increased systemic inflam-
mation as a risk factor for developing AD, and neuroinflam-
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matory mechanisms can be at least partially responsible for
this link [184].

Metabolic syndrome is a cluster of conditions, which
includes obesity, lipid abnormalities, high blood sugar, and
increased blood pressure. It is associated with an increased
risk of T2DM, stroke, and heart disease. The systemic in-
flammation accompanying metabolic syndrome, obesity and
T2DM can cause BBB breakdown and glia activation lead-
ing to neuroinflammation and neuron death, which are the
key elements of several different neurodegenerative diseases,
including AD. Neuroinflammation is observed in normal
animals after a high-fat diet, as well as in genetic animal
models of metabolic syndromes, such as obese Zucker rats
[185-187]. A high-fat diet is associated with glia activation
and chronic increase of inflammatory mediators in the CNS
[188, 189]. Interestingly, the hippocampus and the cortex,
brain regions implicated in cognitive processing, learning,
and memory, are particularly vulnerable to inflammation
caused by obesity [187]. In animal models of obesity, glial
cells acquire reactive phenotype in a brain region-specific
manner [190]. The disruption of BBB by systemic inflamma-
tion in obesity/T2DM can be caused by several different
mechanisms, including modification of tight junctions, endo-
thelial damage, and changes in astrocyte end-feet [191].

The role of gut and its microbiota in the regulation of
normal cognitive functions is increasingly recognized. One
of the possible mechanisms responsible for this link often
termed the “gut-brain axis”, is the interaction between fac-
tors produced by gut microbiota and microglia [192]. Recent
studies demonstrate that the gut microbiota plays a pivotal
role in regulating microglia maturation and function [192,
193]. The genes that regulate cell activation and immune
system defense pathways, including MapkS8, IL-1a, Ly86,
Jak3, and Statl, are downregulated in microglia from adult
germ-free mice; such an immature gene expression profile
contributes to an abnormal response of these animals to LPS
challenge [83]. Interestingly, it has been proposed that ma-
nipulation of gut microbiota composition can be used to
modulate neuroinflammation; for example, consumption of
prebiotics, probiotics, and synbiotics has been shown to re-
store cognition in obese, insulin resistant rodents, leading to
improved hippocampal plasticity and decreased microglia
activation [194].

Periodontitis is a common chronic oral inflammatory
disease, which leads to the upregulation of systemic inflam-
matory mediators. Periodontitis is known to exacerbate pe-
ripheral diseases, including T2DM. Its impact on neurode-
generative diseases has been suggested but is less understood
[166]. The available evidence linking periodontitis and AD
includes studies showing impaired oral health in AD patients
and data indicating that uncontrolled periodontal disease
triggers or exacerbates neuroinflammation, possibly leading
to AD [195]. Several constituents of periodontal pathogens,
including LPS and gingipain from Porphyromonas gin-
givalis, have been found in the post-mortem brain tissues
from AD patients [196, 197]. We have recently demonstrated
that chronic systemic exposure of mice to LPS from P. gin-
givalis induces microglia-dependent neuroinflammation and
AD-like pathological changes, including intracellular accu-
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mulation of AP in neurons and impairment of learning and
memory by the time these animals reach middle age [198].
Cerebrovascular accumulation of AP after P. gingivalis in-
fection is mediated by upregulated
receptor for glycation end products (RAGE) in cerebral ECs
[199]. Interestingly, AP production is induced in the inflam-
matory macrophages from the gingival tissues of patients
with periodontitis [200]. Periodontitis can also lead to altered
gut microbiota composition with a subsequent switch in the
gut immune profile to the pro-inflammatory Thl7 causing
exacerbation of systemic inflammatory responses [201].

Clinical studies also support a causal link between perio-
dontitis and AD. Prospective cohort studies show that IgG
antibody levels to periodontitis bacteria, such as P. gin-
givalis, Tannerella forsythia, and Treponema denticola (the
so-called “red complex”), are significantly increased in sera
of individuals who are diagnosed with AD several years
later, compared to normal control subjects. In addition, a
recent meta-analysis concludes that periodontitis is signifi-
cantly associated with an increased risk of AD (odds ratio,
OR 1.69, 95% CI 1.21-2.35) [202]. The same study demon-
strates an even stronger association between severe forms of
periodontitis and AD (OR 2.98, 95% CI 1.58-5.62). The
above observations indicate that periodontitis may contribute
to the increased risk of AD and to the progression of this
disease [203, 204].

4.3. Systemic Inflammation and Age-dependent Neuroin-
flammation

Chronic systemic inflammation has an age-dependent
effect on microglia activation status. Perry (2004) introduced
the concept of “primed microglia,” which, similar to acti-
vated cells, are characterized by shortened processes and
increased expression of cell surface antigens; however, un-
like the classically activated microglia, primed cells do not
secrete inflammatory cytokines [205]. It is plausible that
primed microglia are not only a result of systemic inflamma-
tion, but they also are sensitized to respond excessively to
peripheral inflammatory signals, which can provoke exag-
gerated neuroinflammation.

Starting from middle age (~50 and older for humans), the
brain undergoes significant structural and functional
changes, including its response to peripheral inflammatory
stimuli [206]. We show that chronic systemic inflammation
caused by adjuvant arthritis (AA) in young rats induces mi-
croglia activation, characterized by the production of anti-
inflammatory mediators, including IL-10 and transforming
growth factor-1 (TGF-B1). In contrast, AA in middle-aged
rats leads to activated microglia that produce pro-
inflammatory mediators, including IL-18 and prostaglandin
E, (PGE,) [207]. This study demonstrates significant age
dependence of microglia responses to chronic systemic in-
flammation. Chronic systemic exposure to LPS from P. gin-
givalis is associated with increased microglia production of
IL-1P in middle-aged mice but not in young animals. In ad-
dition, only mice middle-aged experience decline in learning
and memory [198]. The long-term potentiation (LTP) in neu-
rons provides the functional basis for learning and memory.
It has been possible to demonstrate that chronic AA signifi-
cantly impairs hippocampal LTP in middle-aged rats but not
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in young animals [208]. Since systemic administration of
minocycline, a well-known inhibitor of microglia activation,
significantly restores the impaired LTP in middle-aged rats
with AA, glia-mediated neuroinflammation has been sug-
gested as the mechanistic link between chronic peripheral
inflammation and cognitive impairment [208].

It can be concluded that systemic inflammation affects
the onset and progression of neurodegenerative diseases,
including AD, by initiating and promoting several neuroin-
flammatory mechanisms, including inflammatory priming
and adverse activation of glia (see Fig. 1). Therefore,
preventing and reducing systemic inflammation could be
beneficial for AD and other neurodegenerative diseases
driven by neuroinflammatory processes.

CONCLUSION

Both microglia and astrocytes support a broad range of
physiological processes throughout the development, matu-
ration, and decline of the CNS. Glia facilitates CNS cell pro-
liferation and survival by releasing specific growth factors,
but they also promote the death of unwanted cells through
the secretion of cytotoxins. Microglia and astrocyte popula-
tions within the brain are heterogeneous, reflecting brain
region specificity of their functions as well as changes in the
pathophysiological status of the CNS. With onset of patho-
logical processes, such as neurodegenerative disorders, both
types of glial cells undergo phenotypic changes in brain re-
gions affected by the disease processes. While significant
recent advances have been made in our understanding of the
various phenotypes of reactive glia, such as M1/M2 and
A1/A2 axes for microglia and astrocytes, respectively, it
remains to be determined conclusively whether the loss of
trophic support by glia or their excessive release of cytotox-
ins is the critical factor contributing to the degeneration of
neurons associated with CNS diseases. In AD, it has been
demonstrated that glial heterogeneity and phenotypes evolve
as the disease progresses. These complex, brain region- and
disease stage-specific transformations in glial phenotype and
function require further studies. Since most of this evidence
has been collected using animal models of AD, and given the
increasingly recognized differences between glia from dif-
ferent species, further studies of glial contribution to AD
pathology using human-specific models and clinical ap-
proaches are essential. Development and application of mi-
croglia- and astrocyte-specific PET tracers that recognize
different reactive phenotypes may provide new, clinically
relevant information.

Recent evidence also indicates that systemic inflamma-
tion can regulate neuroinflammatory processes in an age-
dependent manner. There have been considerable advances
in our understanding of the routes of immune communica-
tion between the periphery and CNS. Modulation of neuroin-
flammation is one of the possible mechanisms linking pe-
ripheral immune processes and diseases with altered risk and
progression of AD. Therefore, it may be possible to regulate
glial cell phenotype and activation status through peripheral
immune interventions or by adjusting gut microbiota compo-
sition. Overall, further phenotypic and functional characteri-
zation of glial cell subpopulations in AD brains and mecha-
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nisms of glia regulation by peripheral immune signals could
lead to the identification of novel pharmacological targets
and therapeutic approaches for controlling immune functions
of glia in a disease stage-specific manner.
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