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Abstract: Although different regions of the brain are dedicated to specific functions, the intra- and
inter-regional heterogeneity of astrocytes and microglia in these regions has not yet been fully
understood. Recently, an advancement in various technologies, such as single-cell RNA sequencing,
has allowed for the discovery of astrocytes and microglia with distinct molecular fingerprints and
varying functions in the brain. In addition, the regional heterogeneity of astrocytes and microglia
exhibits different functions in several situations, such as aging and neurodegenerative diseases.
Therefore, investigating the region-specific astrocytes and microglia is important in understanding
the overall function of the brain. In this review, we summarize up-to-date research on various intra-
and inter-regional heterogeneities of astrocytes and microglia, and provide information on how they
can be applied to aging and neurodegenerative diseases.
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1. Introduction

Astrocytes and microglia are major types of glial cells that support the homeostasis
of neurons through various functions [1,2]. Astrocytes, which are the largest subclass of
glial cells, participate in the formation of the blood-brain barrier (BBB), regulate blood
flow as part of the cerebral vascular system, and mediate synapse formation, as well as
their transmission [3—6]. In the case of microglia, which are the dominant immune cells
of the central nervous system (CNS), they are critical for brain homeostasis, inflammatory
response, neurodevelopment, and neurogenesis [2,7-9]. Customarily, both astrocytes and
microglia have been thought to be a homogeneous population with a similar function
throughout the brain region. Interestingly, with the development of RNA sequencing tech-
niques, the heterogeneity of astrocytes and microglia has received pinnacle attention [10,11].
Numerous past studies showed that both astrocytes and microglia display either morpho-
logical or functional heterogeneity [12-14]. For instance, while some astrocytes, such as
protoplasmic astrocytes, have complex and fine processes, others, such as fibrous astrocytes,
have relatively simple and coarse processes [15]. In the case of microglia, functionally dif-
ferent populations of activated microglia with a continuum of phenotypes have been found
under disease conditions [16]. On the other hand, the regional differences of astrocytes and
microglia have started to gain attention only very recently.

The regional heterogeneity of astrocytes and microglia in the brain refers to their het-
erogeneity within the same brain region (intraregional heterogeneity) or the heterogeneity
among different regions (inter-regional heterogeneity) [17]. Recent studies have shown
that regionally distinct subpopulations of astrocytes and microglia are associated with
aging and various neurodegenerative diseases [18]. In fact, the hallmarks of aging and
neurodegenerative diseases, such as region-specific neurodegeneration or cortical volume
decrease, have been found to be associated with the regional heterogeneity of astrocytes and
microglia. Likewise, studies on the regional heterogeneity of astrocytes and microglia are
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critical in understanding the pathology of diseases and the brain as a whole. Although the
functional heterogeneity of other glial cells, such as oligodendrocytes and ependymal cell,
has been studied [19,20], only little is known about their regional distribution [21-23]. Thus,
in this review, we summarize and focus on recent studies about the regional heterogeneity
of astrocytes and microglial functions in the cortex, hippocampus, cerebellum, and other
brain regions. Additionally, we provide insights on how the regional heterogeneity of
astrocytes and microglia could be implicated in aging and neurodegenerative diseases.

2. Intra- and Inter-Regional Heterogeneity of Cortex-Specific Astrocytes and Microglia

The cortex is the largest part of the brain that is associated with higher-level processes,
such as memory, motivation, and consciousness [24]. It also contains different functional
regions dedicated to specific functions of our body, such as the somatosensory cortex
and motor cortex that governs sensation and voluntary movement [25]. This functional
and regional heterogeneity within the cortex led researchers to investigate the regional
heterogeneity of astrocytes and microglia.

2.1. Cortex-Specific Astrocytes and Their Function

The cerebral cortex consists of six neuronal layers, each with different functions and
connections of neural input and output. Numerous previous studies have reported that
different neurons are present at each cortical layers [26-29], but in the case of astrocytes, only
a small number of studies has demonstrated their heterogeneity in the cortical layers [30-32].
A recent study reported that astrocytes present in the mouse somatosensory cortex have a
layer-specific morphology and molecular functions [30]. They showed that the morphology
of the astrocytes in cortical layer 2/3 (L2/3) has a greater process arborization than that of
the astrocytes in L6 [30]. Additionally, the cell orientation from the pia mater was different
between L2/3 astrocytes and L6 astrocytes [30]. Not only that, astrocytes in L2/3 regulate
more synapse ensheathment than astrocytes in L6 (Figure 1A) [30]. Furthermore, astrocytes
from six cortical layers were largely divided into two regions, upper-layer astrocytes (ULAs,
L2/3, and L4) and deep-layer astrocytes (DLAs, L5, and L6), and their gene expressions
were analyzed through RNA sequencing [30]. Although most of the previously reported
markers of astrocytes were expressed similarly in both regions, some of the genes from
two regions showed significant differences [30]. For example, while the expression of
fibroblast growth factor receptor 3 (Fgfr3), which is a negative regulator of the glial fibrillary
acidic protein (Gfap) [33], chordin-like 1 (Chrdi1), and lymphoid enhancer binding factor
1 (Lefl) were elevated in ULAs, the level of Gfap, inhibitor of differentiation-1 (Id1), and
chemokine receptor 7 (Cxcr7) were upregulated in DLAs [30]. Consistent with these results,
a recent study also showed a functional heterogeneity of astrocytes found in different
cortical layers [34]. Through a gene ontology (GO) analysis, the astrocytes found in the
middle cortical layers (L2/3 and L4) were found to have functions related to the “steroid
metabolic process” and “lipid metabolic process”, while the astrocytes in L5 and L6 were
found to participate in the “cellular response to hormone stimulus” [34]. Altogether, the
morphology, gene expression, and functions of astrocytes vary depending on their resident
cortical layers.
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Figure 1. Intraregional heterogeneity of astrocytes and microglia in cortical layer. (A) Cortical
layer 2/3 (L2/3) astrocytes (blue) have distinct characteristics when compared to L6 astrocytes.
L2/3 astrocytes have greater process arborization and synapse ensheathment than the L6 astrocytes,
leading to greater synaptic regulation. The molecular features of upper-layer astrocytes (ULAs,
orange box) and deep-layer astrocytes (DLAs, green box) are shown. (B) Microglia (pink) in different
cortical layers also show diverse responses to demyelination and remyelination. When demyelination
is induced with cuprizone, a copper chelator, the microglia in L5 show increased phagocytosis,
while L2/3 microglia remain at steady state. On the other hand, the L.2/3 microglia display hyper-
ramification under remyelination, while L5 microglia remain at steady state. Chrdl1: chordin-like 1;
Lefl: lymphoid enhancer binding factor 1; Fgfr3: fibroblast growth factor receptor 3; Id1: inhibitor of
differentiation-1; Cxcr7: chemokine receptor 7; Gfap: glial fibrillary acidic protein.

Another recent study revealed that the cortical astrocytes form a distinct layer system
that is different from the six neuronal layers [31]. The gray matter astrocytes from L2 to L6
were able to be classified into three layers: superficial, mid, and deep astrocyte layers [31].
Astrocytes from L1 and deep L6 were excluded because they showed characteristics of
white matter astrocytes [31,35]. Each layer of gray matter astrocytes was characterized by
the elevated expression of Chrdll, SUMO-conjugating enzyme 1 (Scel), and interleukin
33 (II-33), respectively [31]. The astrocytes in the superficial layer that highly expressed
Chrdl1, which increases the level of synaptic GluA2 AMPA («-amino-3-hydroxy-5-methyl-
4 isoxazolepropionic acid) receptors, control the synapse maturation and plasticity [36].
In accordance with this study, a recent report found astrocytes with similar molecular
fingerprints in cortical layers [34]. Similar to astrocytes in the superficial layer, the Chrdl1*
astrocytes were found in middle cortical layers (L2/3 and L4) [34]. These astrocytes
also showed a high expression of the solute carrier family 7 member 10 (Slc7a10) and
glutamate ionotropic receptor AMPA-type subunit 2 (Gria2), which are important genes in
glutamatergic neurotransmission [34]. On the other hand, II-33* astrocytes were found in
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L5 and L6, and were enriched with the gamma-aminobutyric acid type A receptor subunit
gamma 1 (Gabrg1), an important gene for GABAergic neurotransmission. These molecular
features seen in layer-specific astrocytes show a correlation to the types of neurons that
comprise each cortical layer. Just like the middle cortical layer astrocytes that participate
in glutamatergic neurotransmission, the dominant types of neurons in L2/3 and L4 are
the excitatory stellate cells and pyramidal cells [37,38]. On the other hand, L5 and L6
contain more somatostatin® interneurons that mediate GABAergic inhibitory signaling,
which shows a correlation to astrocytes in L5 and L6 that are enriched with Gabrg1 [39].
Furthermore, the formation of the astrocyte layer is affected by the neuronal cortical
layer [30,31]. When the formation of the neuronal cortical layer was disturbed in special AT-
rich sequence-binding protein 2 (Satb2), Reeler, and disabled-1 (Dabl) mutant mice [40-42],
the layer-specific heterogeneity of astrocyte was also changed [30,31]. This means that
the formation of the neuronal cortical layer during the brain development is critical in
the formation of different morphologies and molecular functions of the cortex-specific
astrocytes [30,31].

Cortex-specific astrocytes also have different characteristics depending on the func-
tional areas of the cortex, as it did in the neuronal cortical layer. In a recent paper, the gene
expression of astrocytes was different among the somatosensory cortex (SC), visual cortex
(VC), and motor cortex (MC) of an adult mouse [43]. In the case of MC and VC astrocytes,
the number of upregulated genes was higher than the other cortical astrocytes, while SC
astrocytes showed the least region-specific gene expression [43]. The expression of the
genes related to synaptic regulation also appeared differently among the functional regions
of the cortex [43]. While VC astrocytes highly expressed genes such as Gfap and comple-
ment cascade components, MC astrocytes were enriched with genes related to synapse
elimination or synaptic transmission, such as multiple EGF-like domains 10 (Megf10) and
inwardly rectifying potassium channel (Kir4.1) [43].

2.2. Cortex-Specific Microglia and Their Function

Similar to astrocytes, microglia also show regional heterogeneity within and among
the cortical regions. Although there have been some controversies on their heterogene-
ity [44], recent developments in the genetic analysis through single-cell RNA sequencing
revealed the existence of cortex-specific microglia, both during development and in the
adult human brain [10]. A recent study observed the regional heterogeneity of microglia in
a developing human brain [45]. The single-cell RNA sequencing of microglia from 19 hu-
man embryo yolk sacs and head tissues revealed that there were 19 different microglial
clusters [45]. Out of 19 clusters, the cortex-specific C7 cluster was considered “neuronal
gene-enriched microglia”, as they showed an elevated expression of stathmin-2 (STMN2),
SRY-box transcription factor 11 (SOX11), and tubulin beta 2A class Ila (TUBB2A) [45]. These
microtubule-related genes in microglia are important for the ramification of the microglial
processes, which are necessary for microglia—neuron crosstalk during neurogenesis [46,47].
The ramified microglia, which are the homeostatic microglia, are known to remove apop-
totic neurons [48], or produce growth factors such as insulin-like growth factor 1 (IGF-1)
and the brain-derived neurotrophic factor (BDNF), which could promote neurogenesis [49].
Li et al. (2022) further showed that the cortex-specific microglia were enriched with neu-
ronal differentiation 2 (NEUROD?2) and neuronal differentiation 6 (NEUROD®6), which
are important factors in brain development and neurogenesis, respectively [50-52]. The
enrichment of these neuronal genes implicates that these microglia would be necessary for
cortex-specific development and neurogenesis.

Another recent study also revealed cortex-specific microglia in the adult human
brain [53]. Lopes et al. (2022) isolated microglia from four different regions of postmortem
brains that were donated by 115 donors. The transcriptome analysis of these isolated
microglia revealed that the microglia from two cortical regions, the medial frontal gyrus
(MFG) and superior temporal gyrus (STG), were significantly different from the microglia
in the subventricular zone (SVZ) and thalamus [53]. When the microglial populations
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were divided into clusters, the two cortical microglia belonged to cluster 1, which was
enriched with genes related to homeostatic microglia [53]. The microglia in the MFG and
STG showed a strong expression of the purinergic receptor P2Y1, (P2RY12), which is an
important gene for the extension of microglial processes [54], and CD36 and mannose
receptor C-type 1 (MRC1), which are genes important for microglial phagocytosis [55,56].
The elevated expression of such genes implicated that the microglial phagocytic function is
enhanced in cortex-specific microglia. The phagocytic function of microglia is an important
factor for microglia—neuron crosstalk during synaptic engulfment or pruning [57], which
actively happens in the cortex of children and juveniles, throughout to adults [58].

In the case of mice, since the cerebral cortex makes up 77% of the rodent brain mass [59],
the regional heterogeneity of microglia within the cortex of mice seems inevitable. One
study showed that various subtypes of microglia reside within different cortical layers of
the mouse brain [60]. When Roufagalas et al. (2021) induced demyelination in the cortical
region of a mouse brain using cuprizone, a copper chelator that induces the selective
apoptosis of oligodendrocytes followed by the activation of microglia [61], microglia from
different cortical layers showed distinguishable responses. The subset of microglia from L5
responded earliest to demyelination by demonstrating increased phagocytic activity [60].
However, the microglia from L2/3 remained steady during demyelination, but became
hyper-ramified during remyelination. These facts imply their differential functions in tissue
recovery (Figure 1B) [62]. In addition, apart from the cortical layer, the deeper part of the
cortex has its own specific microglia population that carries out different mitochondrial
and oxidative functions [63]. Altogether, these studies implicate that distinguishable
subpopulations of cortex-specific microglia exist among different cortical layers.

3. Intra- and Inter-Regional Heterogeneity of Hippocampus-Specific Astrocytes
and Microglia

The hippocampus, which is located in the temporal lobe of the brain, is part of the
limbic system that mainly regulates learning and memory [64]. Although the size of
the hippocampus is relatively small when compared to the cortex, its structure shows
high complexity consisting of different regions, such as CA1~3, the dentate gyrus, and
subgranular zone (SGZ) [65]. Each region of the hippocampus is dedicated to a specific
function, such as memory consolidation in CA1, contextual fear memory in the dentate
gyrus, and adult neurogenesis in the SGZ [66-68]. Recently, distinct subpopulations of
astrocytes and microglia were found in a specific location of the hippocampus, participating
in different functions.

3.1. Hippocampus-Specific Astrocytes and Their Functions

Not only does the hippocampus contain a large number of synaptic connections be-
tween numerous neurons and single astrocytes [69], it also shows a synaptic plasticity
that is actively regulated by both microglia and astrocytes [70,71]. Therefore, it is widely
reported that hippocampus-specific astrocytes have functions related to synaptic plastic-
ity [72]. Huang et al. (2020) showed that nuclear factor I-A (NFIA), a transcription factor, is
required to maintain astrocyte function in the hippocampus, but not in the cortex or olfac-
tory bulb [73]. NFIA is a switch that changes neurogenic competency to glial competency,
where NFIA-induced astrocytes further regulate synaptogenesis and neuroprotection [74].
NFIA is also found in astrocytes from multiple brain regions [69,75]. However, in a mouse
with astrocyte-specific NFIA deficiency, astrocytes at the CA1 region of the hippocampus
displayed a drastically reduced morphological complexity, decreased number of major
branches, shortened total process length, and diminished Ca?* activity, while astrocytes in
the cortex, olfactory bulb, and brainstem showed only mild changes [73]. The reason for
this difference is that the expression of another NFI family member varies depending on
the brain region [73]. For example, in the case of olfactory bulb-specific astrocytes, they
react less sensitively to NFIA deficiency, because NFIB could compensate the deficiency
by regulating NFIA signaling [73]. In the hippocampus, synaptic plasticity needs to occur
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constantly to regulate memory consolidation [76]. This may be why hippocampus-specific
astrocytes react more sensitively to NFIA signaling, as the hippocampus requires fine
adjustments of synaptic plasticity during memory consolidation.

The hippocampus is densely innervated by serotonergic fibers [77], and stimulations
of serotonergic neurons have been found to enhance the rate of learning [78]. According
to a recent study, serotonin (5-HT) released by serotonergic neurons activates “5-HT4R-
Ga13-RhoA signaling” in astrocytes [79]. The signaling increases the RhoA-dependent
filamentous actin assembly, which changes the morphology of the astrocytes [79]. As-
trocytes regulate the synaptic function through the ensheathment of numerous neuronal
synapses [80]. That is, when the morphology of astrocytes changes, the synaptic circuits
associated with them are also affected. Therefore, the modification of astrocyte morphology
due to “5-HT4R-G13-RhoA signaling” could adjust the excitatory synaptic circuits. The
expression of 5-HT4R is greater in the hippocampus-specific astrocytes than in the astro-
cytes from other brain regions [43]. Since serotonergic systems have multiple effects on
learning and memory [81], it can be assumed that 5-HT-sensitive astrocytes, which adjust
the synaptic plasticity in response to 5-HT, are highly present in the hippocampus.

Another study observed astrocytes from the cortex and hippocampus using single-cell
RNA sequencing and RNAscope to determine the regional heterogeneity of astrocytes [34].
The single-cell RNA sequencing data of astrocytes from the cortex and hippocampus of
56-day-old postnatal mice showed that there were five different astrocyte subtypes (AST)
in the cortex and hippocampus [34]. Among them, the hippocampus-specific AST4 was
localized largely in the SGZ located at dentate gyrus, and they highly expressed genes
associated with cell fate specification (Ascl1) [82], and morphogenesis and differentiation
(Frzb) [83], which are related to adult neurogenesis [68]. These data hypothesized that
Frzb*Ascl1*Slc1a3* AST4 represents a population of hippocampal neural stem cells or
progenitor cells, which may be a subtype of astrocytes that participate in the SGZ-specific
neurogenesis (Figure 2A) [84].

3.2. Hippocampus-Specific Microglia and Their Function

Since the hippocampus participates in specific functions of the brain, as previously
discussed [66-68], the microglia that keep the homeostasis of the hippocampus should
also have definite characteristics. Lawson et al. (1990) first suggested the existence of
hippocampus-specific microglia, and since then, recent studies have supported its fea-
tures [85,86]. As previously discussed, the hippocampus is a hub for adult neurogenesis
that is crucial in maintaining healthy neurons in the brain [87]. One group recently demon-
strated that a specific subpopulation of microglia in the hippocampus is crucial to adult
neurogenesis during stressful conditions [88]. Under chronic mild stress, microglia with
an elevated expression of arginase 1 (Arg1) are critical in maintaining the hippocampal
neurogenesis and stress resistance [88]. The hippocampus-specific Arg1* microglia are
induced by interleukin 4 (IL-4) signaling, which in turn provokes BDNF-dependent neuro-
genesis [88]. The microglial BDNF is a critical factor of microglia—neuron crosstalk during
different brain functions, as it binds to the neuronal tropomyosin-related kinase B (TrkB)
receptor [89,90]. Thus, the existence of hippocampus-specific Arg1* microglia would be
necessary to maintain healthy neurogenesis in the hippocampus.

Likewise, a unique population of resting microglia was found in the CA3 region of
the hippocampus. The CA3 region of the hippocampus has extensive internal synaptic
connections when compared to other regions of the hippocampus, which demands the
precise regulation of synaptic activity [91]. Interestingly, CA3-specific 5D4 keratan sulfate
epitope-positive (5D4*) microglia were found to regulate synaptic activity in the CA3
region [92]. 5D4" microglia were highly populated in the CA3 region of the hippocampus,
making direct contact with synaptic boutons of CA3 hippocampal neurons [92]. This 5D4*
microglia may increase synaptic activity, as the previous study showed that direct contact
between resting microglia and a synapse increases the synaptic activity [93]. Additionally,
CA3-specific 5D4* microglia showed an increased expression of interleukin-13 (IL-1p) and
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purinergic receptor P2Y1y (P2Y2R). Microglial IL-13 and P2Y1; are known to be important
in the regulation of synaptic plasticity by either inducing synaptic loss or regulating neu-
ronal excitability [94-96]. This implicates that CA3-specific 5D4* microglia communicate
with neurons to specifically regulate synaptic activity in the CA3 region of the hippocampus
(Figure 2B).

(A) SGZ niche (B) CA3
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Figure 2. An example of hippocampus-specific astrocytes and microglia. (A) Adult neurogenesis in
subgranular zone (SGZ) of hippocampal dentate gyrus (DG) is initiated when self-proliferate SGZ
astrocyte (B, blue) divides into intermediate precursor cell (D, orange), which further differentiates
into granule neurons (G, green). Batiuk et al. (2020) recently found that a specific subtype of astrocyte
(AST4), which highly expressed genes associated with adult neurogenesis, was localized in SGZ. They
hypothesized that AST4 may be the neural stem cell that participates in adult neurogenesis. (B) A
specific subpopulation of microglia (pink) exists in CA3 region of hippocampus. 5D4 keratan sulfate
epitope-positive (5D4") microglia makes direct contacts with synaptic boutons of CA3 hippocampal
neurons (green), thereby increasing the synaptic activity. CA3-specific 5D4* microglia also highly
express purinergic receptor P2Y1, (P2Y1,R), which is known to regulate synaptic plasticity.

A genetic analysis using a recent single-cell RNA sequencing technique also revealed
a subpopulation of microglia with distinct profiles in the hippocampus [97]. Through
analyzing the patterns of microglial genes using BioLayout Express®P [98], three major
clusters of genes were found in adult mouse microglia [97]. While different clusters of
genes represented other regions of the brain, such as the cortex or cerebellum, the genes
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in cluster two were highly expressed in hippocampus-specific microglia [97]. Through a
GO analysis, a great number of genes were found to be associated with the ‘generation
of energy’ and ‘oxidative phosphorylation’ [97]. Specifically, peroxisome proliferator-
activated receptor gamma (Pparg) and superoxide dismutase 1 (Sod1) were highly expressed
in hippocampus-specific microglia [97]. PPAR-y is an important factor that mediates the
microglial activation [99]. A previous study showed that PPAR-y activation in microglia
could attenuate axonal injury [100]. Furthermore, microglial PPAR-y may be important
for bidirectional microglia—neuron crosstalk, as PPAR-y can regulate glycoprotein CD200
expression on neurons [101], which, in turn, interacts with the CD200 receptor found
only on microglia [102,103]. In the case of SOD1, SOD1 released by microglia is known to
mediate neuroprotection under neurotoxic environments [104]. Together, these studies infer
that the hippocampus-specific microglia found by Grabert et al. (2016) may communicate
with neurons under situations that require neuroprotection.

4. Intra- and Inter-Regional Heterogeneity of Cerebellum-Specific Astrocytes
and Microglia

The cerebellum, which is a major structure of the hindbrain, is located below the
temporal lobe [105]. The cerebellum, which generates motor-related outputs and func-
tions [106], is well-known for having distinct characteristics when compared to other brain
regions [107]. For instance, the Purkinje cell (PC) is a unique type of neurons located
in the cerebellar cortex that mediate output signaling from the cerebellum to other re-
gions [108,109]. As such, a unique subpopulation of astrocytes and microglia would also
be present in the cerebellum.

4.1. Cerebellum-Specific Astrocytes and Their Functions

Cerebellum-specific astrocytes have unique characteristics unlike astrocytes from
other brain regions. Nearly all synapses present in the cerebellum are ensheathed through
astrocytic processes [110], while in the cortex and hippocampus, only approximately 50% or
less synapses are ensheathed by astrocytes [111]. There is also intraregional heterogeneity in
cerebellum-specific astrocytes, which could be largely divided into three types. Bergmann
glia (BG) and velate astrocytes (VAs) exist in the cerebellar cortex, while fibrous astrocytes
reside in the cerebellar white matter [112]. They have different morphologies, expressions of
marker genes, and molecular functions [113]. For example, the cell body of BG, which is the
most representative type of cerebellum-specific astrocytes, is located in the Purkinje layer,
while its processes that ensheath PC dendrites and synapses are located in the molecular
layer [114]. BG also adjust the migration of granule cells in early development [115],
while interacting with PCs to regulate their maturation and the homeostasis of extracellular
glutamate and other neurotransmitters in PC synapses during maturity as an adult [116,117].
Unlike BG, protoplasmic VAs with mossy fiber are located in the granular layer [117,118].
Although the exact function of VAs is yet to be known, it is assumed that they would
be involved in regulating the function of granule cells, because they form a sheath with
granule cells [119]. On the other hand, white matter astrocytes show a very low Kir4.1
expression, adjust myelination, and engage in glutamate homeostasis (Figure 3A) [114,118].
Interestingly, the intraregional heterogeneity of astrocytes in the cerebellum is generated
by an extrinsic cue, a sonic hedgehog (Shh) signaling expressed by mature neurons [114].
When the patched 2 receptor (Ptch2) of BG is heavily exposed to Shh produced by the
mature PC, it maintains a high level of the AMPA receptor GluA1, GluA4, glial high-affinity
glutamate transporter (GLAST), and a low level of water channel aquaporin 4 (AQP4) [114].
On the other hand, in the case of Vas, the expression of Ptch2 is low, and, thus, they are
less affected by Shh, thereby maintaining the gene expression opposite to that of BG [114].
Furthermore, it was confirmed that activating Shh signaling on VAs changed its gene
expression to be more like that of BG [114]. Therefore, the gene expression of certain
astrocytes present in the cerebellum is not due to an intrinsic factor, but is caused by a
neuronal cue [120].
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Figure 3. Intra- and inter-regional heterogeneity of cerebellum-specific astrocytes and microglia.
(A) Three types of cerebellum-specific astrocytes are found in different layers of cerebellar cortex
and white matter. Bergmann glia, which interact with Purkinje cells, are located in the molecular
and Purkinje layer, while velate astrocytes are located in the granular layer. Fibrous astrocytes
that regulate myelination and glutamate homeostasis are located in the white matter of cerebel-
lum. (B) Cerebellum-specific microglia have distinct characteristics when compared to the cortical
microglia. Morphology-wise, the cerebellum-specific microglia have smaller soma area, larger cy-
toplasm area, and lower ramification, mimicking amoeboid-like morphology. Functional-wise, the
cerebellum-specific microglia show greater immune response and debris-clearance. MHC II, major
histocompatibility complex II.

4.2. Cerebellum-Specific Microglia and Their Functions

Different studies have also revealed that distinct populations of microglia might exist
in the cerebellum. When Lawson et al. (1990) first found the heterogeneity of microglia,
a significantly lower expression of F4/80 and morphological difference was observed in
the cerebellum-specific microglia. In accordance with this finding, a recent study also
showed morphological differences between cerebellum-specific microglia and microglia
from the striatum, hippocampus, or cortex [121]. The cerebellum-specific microglia showed
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a smaller soma area, larger cytoplasm area, and lower ramification complexity, show-
ing amoeboid-like morphology [121]. When the microglial transcriptome was analyzed
with single-cell RNA sequencing, microglia in the cerebellum also showed very distinct
profiles [97]. Cerebellum-specific microglia showed a high expression of C-type lectins,
which are a group of proteins that recognize carbohydrates in a calcium-dependent man-
ner [122], and a major histocompatibility complex class II (MHC II), a protein involved
in antigen processing [97,123]. Accompanying the fact that these proteins participate in
immune-related function [124-126], the GO analysis also demonstrated that genes with an
increased cerebellum-specific microglia were related to the ‘immune response’ and ‘defense
response’ [97]. Last, but not least, cerebellum-specific microglia displayed a disparate clear-
ance phenotype when compared to microglia from other regions [127]. Cerebellum-specific
microglia showed an increased expression of CD68 when compared to microglia in the
striatum, which indicates an enhanced phagocytic activity in cerebellum-specific microglia
(Figure 3B) [127-129].

5. Intra- and Inter-Regional Heterogeneity of Astrocytes and Microglia in Other
Brain Regions

Apart from the cortex, hippocampus, and cerebellum, there are many other regions
of the brain with specific functions. These other regions of the brain also have distinct
characteristics and functions, which would require a unique population of astrocytes
and microglia. Few recent studies focused on these subpopulations of astrocytes in the
hypothalamus and thalamus, and microglia in the SVZ.

5.1. Hypothalamus-Specific Astrocytes and Their Functions

The hypothalamus senses the glucose level through hypothalamic glucose-sensing
neurons [130] and further controls insulin sensitivity, glucose tolerance, and glucose produc-
tion and uptake [131]. Hypothalamus-specific astrocytes are also involved in the glucose
metabolism. A recent study revealed that hypothalamic astrocytes control the sensation
and uptake of glucose across the BBB [132]. A hypothalamus-specific knockout of astro-
cytic insulin receptors (IRs) or postnatal ablation of IRs in GLAST-expressing cells altered
astrocytes morphology and their several functions, such as circuit connectivity [132].

Another study showed that hypothalamus-specific astrocytes also expressed higher
levels of synapse-modifying genes [43]. For example, secreted protein acidic and rich in
cysteine (Sparc), which antagonizes synaptogenic functions of Hevin [133], was expressed
higher in hypothalamus-specific astrocytes than that of the cortex [43]. Not only that,
hypothalamus-specific astrocytes had 748 upregulated genes when compared to cortical
astrocytes [43]. As a result of analyzing the overall function of upregulated genes through
the GO analysis, it was found that hypothalamus-specific astrocytes highly expressed genes
related to the “lipid and lipoprotein metabolism” [43].

5.2. Thalamus-Specific Astrocytes and Their Functions

Some studies have revealed that there are two subpopulations of astrocytes in the
thalamus, that either express or lack the AMPA receptor (AMPAR) [134]. The function
of thalamus-specific astrocyte changes depending on the existence of AMPAR [134]. The
AMPAR-bearing astrocytes could lower the Kir current more than that of AMPAR-deficient
astrocytes [134]. Interestingly, apart from thalamus-specific astrocytes, hippocampus-
specific astrocytes show no AMPAR currents at all [135], while neocortex-specific astrocytes
exhibit small AMPAR currents [136].

5.3. Subventricular Zone-Specific Microglia and Their Functions

Adult neurogenesis has been extensively studied over the years since its first discovery,
which was more than 50 years ago [137-139]. Along with the hippocampus, the SVZ is
a well-known niche for adult neurogenesis [140-142]. Due to its specific function in
the brain, recent studies showed that a particular subpopulation of microglia might be
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involved in SVZ-specific neurogenesis [53,143,144]. One study demonstrated that microglia
with a discrete morphology, such as having an amoeboid-like form and shorter branches,
mediate SVZ neurogenesis [143]. They revealed that microglia had a lower expression
of purinergic receptors, and showed decreased responses to ATP [143]. The depletion
of such microglia in the SVZ impeded the survival and migration of neuroblasts, and,
thus, the neurogenesis [143]. Additionally, the latest genetic analysis of microglial genes
from a human postmortem brain showed that transcriptomes of SVZ-specific microglia
were different from those in the cortical regions [53]. When the microglial population
was divided into clusters, the microglia from the SVZ belonged to cluster four, which
were enriched with genes related to hormonal signaling and interferon responses [53].
Specifically, interleukin-10 (IL-10) and clusterin (CLU), which are important factors in
adult neurogenesis [145,146], were highly upregulated in SVZ microglia [53]. As such, the
regional heterogeneity of microglia exists in the SVZ, accompanying the adult neurogenesis.

6. Could Regional Heterogeneity of Astrocytes and Microglia Be Implied in Aging?

Compared to a young brain, a normally aging brain shows various hallmarks, such as
increased inflammation, the dysregulation of energy metabolism, and impaired lysosome
function [147]. Additionally, the overall cortical volume is known to be decreased in nor-
mally aging brains. However, the degree of the hallmarks is shown differently among brain
regions [147-150]. Since astrocytes and microglia are important mediators of aging hall-
marks, their regional heterogeneity may affect the regional specificity of aging hallmarks.

6.1. Implication of Regional Heterogeneity of Astrocytes in Aging

One study observed region-specific changes of astrocytes in an aging brain by compar-
ing astrocyte transcriptomes from mouse brains of 4 months (adult) and 2 years (aging)
of age [43]. Astrocyte mRNAs were isolated using the RiboTag technique [151], and were
then analyzed through single-cell RNA sequencing [43]. The following four regions of the
brain were observed: the VC, MC, cerebellum, and hypothalamus. The overall trend in the
aging brain displayed an increase in the immune pathway, consistent to previously found
hallmarks of aging brains [43,147]. For example, the complement cascade, which is part of
the immune system, was upregulated in astrocytes from all four regions of the brain [43].
This shows that astrocytes are also involved in the general increase in the aging-mediated
immune pathway [43]. There were also region-specific changes in astrocytes in relation to
the hallmarks of the aging brain [43]. Most of the genes related to cholesterol synthesis
were mainly decreased in astrocytes from an aged hypothalamus [43]. Cholesterol is a
structural component of the cellular membrane and plays an important role in maintain-
ing the neuronal functions, such as synaptic vesicle formation, neurotransmission, and
synapse formation [152]. Interestingly, locally produced cholesterol in the brain is very
important, as the cholesterol cannot cross the BBB [153,154]. The cholesterol is synthesized
by a master transcription factor, sterol regulation element-binding protein 2 (SREBP2) [155].
Generally, SREBP2 is highly expressed in astrocytes [155]. A large amount of cholesterol
produced through SREBP2 forms a complex with apolipoprotein E (APOE) lipoprotein
and moves to neurons to perform various functions [153]. However, in the astrocytes
of an aging hypothalamus, the expressions of several target genes of SREBP2, such as
3-hydroxy-3-methylglutaryl-CoA reduction (Hmgcr), were significantly lowered [43]. Since
hypothalamic neurons are important in regulating the energy homeostasis and stress
response, the depletion of cholesterol in these hypothalamic neurons increases the risk
of neurodegenerative diseases [156,157]. Therefore, promoting cholesterol synthesis in
hypothalamus-specific astrocytes in the aging brain may prevent the degeneration of hy-
pothalamic neurons, thereby lowering the risk of neurodegenerative diseases. Furthermore
the genes related to synapse modification showed varying patterns of up- or downregula-
tion by each brain region [43]. For example, transforming growth factor beta 2 (Tg¢fb2) was
increased in the cerebellum of the aging brain, but was decreased in MC [43]. Altogether,
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region-specific hallmarks seen in aging brains are likely to be affected by regional the
heterogeneity of astrocytes.

Boisvert et al. (2018) also confirmed that changes in astrocytic genes induced by aging
were similar to the changes seen in reactive astrocytes, depending on the region. For exam-
ple, the serpin family A member 3 (Serpina3n), which is an anti-chymotrypsin that is highly
expressed by inflammation and nerve injury [158], was found to be upregulated in reactive
astrocytes [159]. Similarly, astrocytic Serpina3n was also observed to be upregulated about
four-folds higher in the VC region of the aging brain. Gfap, which is used as a marker for
the gliosis of reactive astrocytes that appear in neurodegenerative diseases [160], is also
upregulated in the aging brain. According to another similar study, the expressions of
reactive astrocytic genes were also different among brain regions [161]. Through aging, the
hippocampus and striatum, which are the regions that are most vulnerable to neurodegen-
eration, actually showed a higher activation of genes related to astrocyte reactivity [161,162].
Therefore, since aging and various neurodegenerative diseases have a similar impact on
astrocytes [163], it seems inevitable to study them together.

6.2. Implication of Regional Heterogeneity of Microglia in Aging

Microglial heterogeneity is known to be at its greatest during the development of
the brain [10]. Over the course of time, microglial heterogeneity tends to drop and their
characteristics tend to show more uniformity [10,97]. However, a few studies demonstrated
that microglial heterogeneity might show different responses to aging across the brain
regions. When the microglial heterogeneity of the cortex, hippocampus, and cerebellum was
compared at different ages (4 months, 12 months, and 22 months), the overall heterogeneity
significantly dropped in the cortex and hippocampus [97]. The hippocampus-specific
microglia lost their specificity and showed cortex-specific microglia-like characteristics by
22 months of age [97]. However, the cerebellum-specific microglia maintained their distinct
characteristics even at 22 months of age [97], which implicates that the effect of aging is
regionally different. The genetic analysis of microglial transcriptome also revealed a similar
phenomenon, where most regions of the brain showed a similar transcriptomic change
by aging, except for the SVZ [53]. While the expression of MRCI was downregulated
in microglia from the cortex and thalamus, it was specifically upregulated in the SVZ
microglial transcriptome [53]. This change in microglia seems to be correlated to the general
hallmarks of aging. Previous reports showed that MRC1 is a critical factor in regulating the
microglial phagocytosis [56]. Interestingly, phagocytosis dysfunction is one of the hallmarks
seen in microglia of the aging brain [164]. Thus, a decrease in the expression of MRC1 across
the brain region correlates to the decrease in the phagocytic function of microglia across
the brain region. However, the increase in MRC1 expression in SVZ-specific microglia
may be associated with neurogenesis that actively happens in the SVZ [140-142]. In the
aged brain, the level of interferon gamma (IFN-vy) is increased in the SVZ, and further
activates microglia [165]. IFN-y-activated microglia show an increase in the expression
of MRC1 [166], and further participate in neurogenesis [167]. Altogether, these studies
implicate that although aging might have a uniform effect on microglial heterogeneity,
some regions might respond differently, maintaining their regional heterogeneity.

7. Could Regional Heterogeneity of Astrocytes and Microglia Be Applied in
Neurodegenerative Diseases?

In various neurodegenerative diseases, different symptoms, such as memory loss, anx-
iety, and mood disorders, are caused by neuronal death [168]. Neuronal death in the brain
occurs in nonuniform patterns among the brain regions, causing previously mentioned
symptoms of neurodegenerative diseases [169]. This nonuniformity in neurodegeneration
could be explained by the regional heterogeneity of astrocytes and microglia, as they have
a critical role in neurodegeneration [170,171]. Here, we described how the regional het-
erogeneity of astrocytes and microglia affect the regional neurodegeneration often seen in
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Alzheimer’s disease and Parkinson’s disease and other neurodegenerative diseases, such
as amyotrophic lateral sclerosis and leukoencephalopathy.

7.1. Regional Heterogeneity of Astrocytes and Microglia in Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disease where neuronal death caused
by amyloid 3 (Af3) plaques and tau-containing neurofibrillary tangles (NFTs) leads to cog-
nitive dysfunction [172]. Similar to other neurodegenerative diseases, the magnitude
of degeneration in AD varies among different brain regions [173]. For example, the en-
torhinal cortex and hippocampus are most affected during AD, while the cerebellum
shows relatively less defects [174]. One of the causes of this regional difference is the
regional heterogeneity of astrocytes. One recent study demonstrated that the synapto-
genic potential of astrocytes varies from region to region, so the effects of the disease
are also different [112,175]. The quantification of specific pre- and postsynaptic proteins
(synaptophysin/PSD-95) in neurons cultured with astrocyte-conditioned media from the
cerebral cortex, hippocampus, midbrain, and cerebellum showed that cerebellum-specific
astrocytes exhibited a higher synaptogenic potential than astrocytes from the other three
brain regions [175]. Therefore, it can be assumed that the influence of Af plaques that
cause synaptic degeneration would occur relatively less in the cerebellum than in other
brain regions (Figure 4) [176]. The regional difference in the degree of neurodegeneration
may also be affected by the accumulation of Af plaques. Af3 plaques are known to cause
the chronic activation of microglia [177]. Chronically activated microglia secrete proin-
flammatory cytokines, such as interleukin -1ec (IL-1ct), tumor necrosis factor-a (TNF«),
and complement component 1q (C1q), which further activate nearby astrocytes [178,179].
Thus, in AD, reactive astrocytes with different gene expressions, morphologies, and molec-
ular functions are induced by the extrinsic cues from activated microglia. For example,
complement component 3 (C3) is highly upregulated in reactive astrocytes and causes ex-
cessive immune responses [178]. Additionally, functions related to synapse formation and
synapse phagocytosis seen in normal astrocytes are decreased in reactive astrocytes [178].
Furthermore, reactive astrocytes induce the degeneration of neurons and oligodendrocytes
through the secretion of gamma-aminobutyric acid (GABA), TNF-«, nitric oxide (NO),
lipocalin 2 (LCN2), and excessive fatty acid [180-182]. Since a previous study showed that
the accumulation of Ap plaques in the cerebellum happens significantly less than that in
the cortex and hippocampus [183], the induction of reactive astrocytes by microglia would
be lower in the cerebellum, which correlates to relatively less neurodegeneration in the
cerebellum [174]. In this sense, inhibiting the level of microglial cytokines that induce
reactive astrocytes may prevent reactive astrocyte-mediated neurodegeneration in other
brain areas. In fact, one recent study reported that the transition from normal astrocytes
to reactive astrocytes can be repressed through the inhibition of microglial cytokines by
increasing the activity of the Glucagon-like peptide-1 receptor (GLP-1R) [184]. Thus, using
the GLP-1R agonist, like NLY-01 used in the previous study, could potentially ameliorate
the reactive astrocyte-mediated neurodegeneration [184]. Altogether, depending on the
regional heterogeneity of astrocytes, the pathological symptoms may vary from region to
region in the brain.
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Figure 4. Regional heterogeneity of astrocytes and microglia during Alzheimer’s disease. During
Alzheimer’s disease (AD), the volume of cerebral cortex and hippocampus tends to decrease due to
neurodegeneration, while the volume of cerebellum shows minor changes (shown through dotted
line). This discrepancy in the degree of neurodegeneration between cortex/hippocampus and
cerebellum comes from the differences in the population of astrocytes and microglia in three regions.
While the cortex/hippocampus-specific astrocytes (orange) show basal synaptogenic potential, the
cerebellum-specific astrocytes (blue) show greater synaptogenic potential, which might prevent
synaptic degeneration by amyloid 3 plaque (Ap plaque, brown). With microglia, the number of
homeostatic microglia (pink) with neuroprotective effect decreases in cortex and hippocampus,
while the number does not change in the cerebellum. In addition, the disease-associated microglia
(DAM, purple) with neurotoxic effect are only found in the cortex and hippocampus and not in the
cerebellum. Thus, the degeneration of neuron happens at a greater degree in cortex and hippocampus
when compared to cerebellum. CTX: cerebral cortex; HP: hippocampus; CB: cerebellum; 1: increased.

Region-specific astrocytes may also be induced by the region-specific pathogenesis of
AD. NFTs, formed by the accumulation of hyper-phosphorylated tau, are initiated in the
entorhinal cortex and gradually spread to the hippocampus and other regions of the cor-
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tex [185]. This pathological spreading pattern is closely related to the cognitive decline that
appears in AD [186]. The cause of the accumulation of tau involves various mechanisms,
one of which is the autophagy-lysosomal pathway [187-189]. If the lysosomal pathway
is defected by aging, the aberrant tau cannot be degraded, resulting in the accumulation
of tau [188,190,191]. The accumulated tau in neurons spread trans-synaptically among
neurons [192]. In the case of astrocytes, they uptake tau located in the synapse when
synapse degradation occurs [193]. When the tau uptake occurs, the expression of the tran-
scription factor EB (TFEB) increases in the astrocyte [194]. This implicates that astrocytes
in the entorhinal cortex would show an increased expression of TFEB. In fact, one study
revealed that astrocytes in the entorhinal cortex of AD patients showed an upregulated
expression of TFEB [191]. TFEB is the master regulator of lysosomal biogenesis, which
further promotes the uptake and clearance of extracellular tau [194]. Martini-Stoica et al.
(2018) used AAV-GFAP-TFEB to increase the expression of TFEB astrocytes specifically
in the PS19 tauopathy mouse model and observed the tau pathology. As a result, the
engulfment of phospho-tau by astrocyte was increased, reducing tau pathology and gliosis
in the mouse hippocampus [194]. NFTs are characterized by region-specific discovery
rather than brain-wide accumulation during the early disease stages [185]. Therefore, if
the TFEB expression of astrocytes present in the entorhinal cortex could be adjusted, the
spread of tau onto the hippocampus and other regions of the cortex could be suppressed to
some extent.

Previous research has revealed that characteristics of microglia, including their mor-
phology, density, and activation status, are significantly changed during AD [195-197].
However, whether that change occurs differently among the brain regions still needs to be
determined. Recently, a specific subpopulation of microglia has been observed in the brain
of 5xFAD mice, a mouse model of AD [198]. This subpopulation of microglia, which are
called disease-associated microglia (DAM), showed an increased expression of triggering
receptor expressed on myeloid cells 2 (TREM2) and APOE [198]. Interestingly, a previous
study also revealed that DAM were specifically found in the cortex and hippocampus
and not in the cerebellum [198]. The regional heterogeneity of DAM is likely due to the
region-specific environmental cues that induce DAM. The transition from homeostatic
microglia to DAM during AD occurs in a two-step process by environmental cues [199].
Homeostatic microglia pass through intermediate stage one DAM before the transition
into stage two DAM [200]. Although the transition from homeostatic microglia to stage
one DAM is currently unknown, the transition from stage one DAM to stage two DAM is
known to be caused by TREM2 signaling [199]. Under disease conditions, different ligands
of TREM2, such as Af plaques, activate TREM2 signaling in stage one DAM [201]. The
activated TREM2 signaling sustains the microglial activation of stage one DAM through
prosurvival pathways, such as 3-catenin and mTOR pathways, and further induces the
transition to stage two DAM [202,203]. Since AP plaques show a region-specific deposi-
tion [204], the TREM2 signaling that induces DAM would also happen regionally. This
regional heterogeneity of DAM may be the reason why the cortex and hippocampus show
more a severe neurodegeneration than the cerebellum during AD. Although the func-
tion of DAM is still controversial [199], recent studies focused on the detrimental role of
DAM during AD [205-207]. The increased expression of TREM2 and APOE in DAM is
associated with neurodegenerative phenotypes, such as the release of proinflammatory
cytokines [206,208]. Thus, the regional heterogeneity of neurodegenerative microglia could
be associated with the regional heterogeneity of AD pathology, although further research
needs to be conducted (Figure 4). Some scientists also see proinflammatory DAM as poten-
tial therapeutic targets of AD [207]. The proteins related to proinflammatory DAM were
increased in the brains of AD patients and showed a positive correlation to the progression
of AD [207]. Thus, when the induction of pro-inflammatory DAM was inhibited by the
suppression of TREM2 signaling through the ShK-223 peptide, the clearance of A plaques
was increased in the AD mouse model [207]. Additionally, when the number of DAM
was reduced by the treatment of colony-stimulating factor 1 receptor (CSF1R) inhibitor,
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amyloid-related pathology was ameliorated, further confirming the therapeutic relevance
of proinflammatory DAM in AD [209].

7.2. Regional Heterogeneity of Astrocytes and Microglia in Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disease that occurs when the dopamin-
ergic (DA) neurons of the substantia nigra pars compacta (SN) selectively die by «-
synuclein-rich Lewy bodies [210,211]. It is not fully understood why the defect occurs
only in the SN, but it may be the result of the regional heterogeneity of astrocytes. Astro-
cytes in the ventral tegmental area (VTA), located right around the SN, express growth
differentiation factor 15 (GDF15) about 230-fold higher than astrocytes in the SN [212].
These GDF15-expressing astrocytes exhibited the neuroprotection of both rat midbrain
and iPSC-derived DA neurons through activating the extracellular signal-regulated kinase
(ERK) and protein kinase B (AKT) pathway [212-215]. Therefore, it can be assumed that
a-synuclein aggregation induces greater DA neuronal cell death in the SN than the VTA, as
VTA-specific astrocytes show a greater GDF15-induced neuroprotection while SN-specific
astrocytes show less neuroprotection (Figure 5).

With microglia, a specific subtype of microglial population was found in the nigros-
triatal pathway, which could be relevant to the progression of PD [216]. Through a GO
analysis, the midbrain-specific microglia from a healthy mouse brain showed an immune-
alerted phenotype, such as an increased expression in inflammatory markers [216]. The
transcriptome profiles of these microglia were rather similar to that of reactive microglia
often seen during chronic inflammation [216,217]. This may be the reason why the neurons
in the midbrain are more susceptible to degeneration, as the reactive microglia found in
chronic inflammation tend to have a neurotoxic effect [218]. More importantly, the midbrain-
specific microglia were enriched with Toll-like receptor 4 (TLR4) [216], which is a receptor
known to uptake o-synuclein and further activate microglia [219]. Previously, the activation
of microglia through the uptake of a-synuclein by TLR4 was found to be important in
neurodegeneration during PD, as the activated microglia tend to release proinflammatory
cytokines, such as TNF-o and interleukin-6 (IL-6) [220,221]. A lack of TLR4 in a mouse
model of PD showed significantly less microglial activation, and, thus, the attenuation
of neurodegeneration [220]. Having an elevated expression of TLR4 would indicate that
midbrain-specific microglia are more sensitive to x-synuclein compared to microglia from
other brain regions, which may be the reason behind the significant neurodegeneration in
the nigrostriatal pathway during PD (Figure 5).

7.3. Regional Heterogeneity of Astrocytes and Microglia in Other Neurodegenerative Diseases

Amyotrophic lateral sclerosis (ALS) is a disease where the degeneration of upper
and lower motor neurons in the motor cortex and spinal cord causes defects in motor
control [222]. Recent studies showed that a transcriptomically distinct population of astro-
cytes with a neurotoxic phenotype was found in the corticospinal tract of somatic nervous
systems in both an ALS mouse model and patients [223]. The astrocytes in the corticospinal
tract showed an increased level of connexin 43 (Cx43) and high-mobility group box protein
1 (HMGB1) and a reduced level of glutamate transporter-1 (GLT-1), which are associated
with neurotoxic effects [224-226]. Especially, an increase in the level of HMGB1 could
activate the Toll-like receptor/receptor for advanced glycation end-products (TLR/RAGE)
signaling pathways, which further promotes inflammation and motor neuron degener-
ation [227]. Furthermore, a decreased level of GLT-1 in astrocytes implies a disruption
in the glutamate uptake, which may lead to neurodegeneration induced by glutamate
excitotoxicity [228]. In this sense, increasing the level of GLI-1 in corticospinal astrocytes in
ALS patients could be a potential therapeutic treatment. In fact, a previous report showed
that the treatment of an ALS mice model with 3-Lactam antibiotics increased the expression
and activity of GLT-1, attenuated motor defects, and further increased the survival of these
mice [229].
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Figure 5. Implication of astrocytic and microglial regional heterogeneity in Parkinson’s disease.
Substantia nigra (SN)-specific degeneration of dopaminergic neuron during Parkinson’s disease (PD)
could be explained by the regional heterogeneity of astrocytes and microglia. The midbrain-specific
microglia (pink) tend to show immune-alerted phenotype, highly expressing Toll-like receptor 4
(TLR4). Once the microglia uptakes o-synuclein through TLR4, it releases different pro-inflammatory
cytokines, such as tumor necrosis factor-oc (TNF-o) and interleukin-6 (IL-6) that are toxic to neuron.
In ventral tegmental area (VTA), astrocytes (blue, left panel) release significant amount of growth
differentiation factor 15 (GDF15), which binds to GFRAL/RET complex (GDNF-family receptor
o-like/rearranged during transfection) and causes its activation. The activated GFRAL/RET complex
then further activates extracellular signal-regulated kinase (ERK) and protein kinase B (AKT) signaling
pathways that mediate neuroprotection. On the other hand, astrocytes in SN (blue, right panel) release
significantly less (230-fold) GDF15. This results in less activation of ERK and AKT signaling and,
thus, less neuroprotection.

The intraregional heterogeneity of microglia was seen in the cortical layers of patients
diagnosed with hereditary diffuse leukoencephalopathy with spheroids (HDLS) [230].
HDLS is a disease caused by mutations in the CSFIR gene, often described by white matter
degeneration [231,232]. Interestingly, the number and activity of microglia in the frontal
cortex of HDLS patients did not increase, unlike the phenotypes seen in microglia from other
disease controls [230]. However, the microglia in L3 and L4 of the frontal cortex showed a
uniform morphology and distribution, while the microglia in L5 and L6 and underlying
white matter showed an uneven distribution, displaying an intraregional heterogeneity
of microglia in human cortical layers [230]. The affected microglia in L5 and L6 and
underlying white matter could be the reason behind the white matter degeneration during
HDLS. Additionally, this heterogeneity could be due to the CSFIR signaling in microglia.
CSF1R is a cell-surface receptor that mediates important signaling pathways associated
with survival, maintenance, and the proliferation of microglia [233,234]. Previous reports
showed that ligands of CSF1R, CSF-1, and interleukin-34 (IL-34), showed region-specific
expression [235]. While the CSF-1 is largely expressed in the cerebellum, IL-34 is dominantly
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expressed in the cortex. As such, the ligands of CSF1R could be differentially expressed
among the cortical layers, mediating different responses under HDLS conditions.

8. Conclusions

Astrocytes and microglia with distinct molecular signatures, morphology, and func-
tions exist across different regions of the brain. In many cases, this regional heterogeneity
of astrocytes and microglia is induced by environmental cues. Interestingly, particular
subpopulations of astrocytes and microglia are associated with different region-specific
hallmarks of aging. Some of them are also involved in the pathogenesis and regional defects
of different neurodegenerative diseases. Despite the fact that the regional heterogeneity of
astrocytes and microglia broadens the understanding of the brain, more precise research
must be conducted to fully understand them. Many of the studies conducted involved a
genetic analysis performed through single-cell RNA sequencing. Although the competency
of the method has been checked through numerous past studies, it could be critical in the
future to confirm the molecular features through in vivo studies. Additionally, a majority
of the studies utilize different mice models of neurodegenerative diseases that only mimic
the pathologies of actual diseases. Thus, the regional heterogeneity of astrocytes and mi-
croglia should be analyzed in actual human patients. Lastly, the difference in the regional
heterogeneity of astrocytes and microglia between males and females must be analyzed in
the future.

Author Contributions: Conceptualization, J.L., SW.K. and K.-T.K,; validation, J.L. and SWK.;
writing—original draft, J.L. and S.W.K.; writing—review and editing, J.L., SSW.K. and K.-T.K.; super-
vision, K.-T.K,; investigation, ].L. and S.-W.K,; visualization, J.L. and S.-W.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was carried out with the support of the “Cooperative Research Program for
Agriculture Science and Technology Development (PJ01640202)” funded by the Rural Development
Administration of the Republic of Korea.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gee, ].R,; Keller, ].N. Astrocytes: Regulation of brain homeostasis via apolipoprotein E. Int. ]. Biochem. Cell Biol. 2005, 37,
1145-1150. [CrossRef]

2. Li, Q.; Barres, B.A. Microglia and macrophages in brain homeostasis and disease. Nat. Rev. Immunol. 2018, 18, 225-242. [CrossRef]

3. Sofroniew, M.V,; Vinters, H.V. Astrocytes: Biology and pathology. Acta Neuropathol. 2010, 119, 7-35. [CrossRef]

4. MacVicar, B.A.; Newman, E.A. Astrocyte regulation of blood flow in the brain. Cold Spring Harb. Perspect. Biol. 2015, 7, a020388.
[CrossRef]

5. Chung, W.-S,; Allen, N.J.; Eroglu, C. Astrocytes Control Synapse Formation, Function, and Elimination. Cold Spring Harb. Perspect.
Biol. 2015, 7, a020370. [CrossRef]

6. Dallérac, G.; Chever, O.; Rouach, N. How do astrocytes shape synaptic transmission? Insights from electrophysiology. Front. Cell.
Neurosci. 2013, 7, 159. [CrossRef]

7. Voet, S.; Prinz, M.; van Loo, G. Microglia in Central Nervous System Inflammation and Multiple Sclerosis Pathology. Trends Mol.
Med. 2019, 25, 112-123. [CrossRef]

8.  Cowan, M,; Petri, W.A. Microglia: Inmune Regulators of Neurodevelopment. Front. Immunol. 2018, 9, 2576. [CrossRef]

9.  Sato, K. Effects of Microglia on Neurogenesis. Glia 2015, 63, 1394-1405. [CrossRef]

10. Masuda, T.; Sankowski, R.; Staszewski, O.; Prinz, M. Microglia Heterogeneity in the Single-Cell Era. Cell Rep. 2020, 30, 1271-1281.
[CrossRef]

11.  Khakh, B.S.; Deneen, B. The Emerging Nature of Astrocyte Diversity. Annu. Rev. Neurosci. 2019, 42, 187-207. [CrossRef]

12.  Matyash, V.; Kettenmann, H. Heterogeneity in astrocyte morphology and physiology. Brain Res. Rev. 2010, 63, 2-10. [CrossRef]

13.  Xin, W.; Bonci, A. Functional Astrocyte Heterogeneity and Implications for Their Role in Shaping Neurotransmission. Front. Cell.

Neurosci. 2018, 12, 141. [CrossRef]


http://doi.org/10.1016/j.biocel.2004.10.004
http://doi.org/10.1038/nri.2017.125
http://doi.org/10.1007/s00401-009-0619-8
http://doi.org/10.1101/cshperspect.a020388
http://doi.org/10.1101/cshperspect.a020370
http://doi.org/10.3389/fncel.2013.00159
http://doi.org/10.1016/j.molmed.2018.11.005
http://doi.org/10.3389/fimmu.2018.02576
http://doi.org/10.1002/glia.22858
http://doi.org/10.1016/j.celrep.2020.01.010
http://doi.org/10.1146/annurev-neuro-070918-050443
http://doi.org/10.1016/j.brainresrev.2009.12.001
http://doi.org/10.3389/fncel.2018.00141

Cells 2022, 11, 1902 19 of 27

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Tan, Y.-L.; Yuan, Y,; Tian, L. Microglial regional heterogeneity and its role in the brain. Mol. Psychiatry 2020, 25, 351-367. [CrossRef]
Oberheim, N.A.; Goldman, S.A.; Nedergaard, M. Heterogeneity of astrocytic form and function. Methods Mol. Biol. 2012, 814,
23-45. [CrossRef]

Guo, S.; Wang, H.; Yin, Y. Microglia Polarization from M1 to M2 in Neurodegenerative Diseases. Front. Aging Neurosci. 2022,
14, 815347. [CrossRef]

Haim, L.B.; Rowitch, D.H. Functional diversity of astrocytes in neural circuit regulation. Nat. Rev. Neurosci. 2017, 18, 31-41.
[CrossRef]

Matias, I.; Morgado, J.; Gomes, EC.A. Astrocyte Heterogeneity: Impact to Brain Aging and Disease. Front. Aging Neurosci. 2019,
11, 59. [CrossRef]

Hayashi, C.; Suzuki, N. Heterogeneity of Oligodendrocytes and Their Precursor Cells. Adv. Exp. Med. Biol. 2019, 1190, 53-62.
[CrossRef]

Bostrand, S.M.K,; Williams, A. Oligodendroglial Heterogeneity in Neuropsychiatric Disease. Life 2021, 11, 125. [CrossRef]
Floriddia, E.M.; Lourenco, T.; Zhang, S.; van Bruggen, D.; Hilscher, M.M.; Kukanja, P.; Gongalves dos Santos, ].P.; Altinkok, M.;
Yokota, C.; Llorens-Bobadilla, E.; et al. Distinct oligodendrocyte populations have spatial preference and different responses to
spinal cord injury. Nat. Commun. 2020, 11, 5860. [CrossRef]

Sherafat, A.; Pfeiffer, F.; Nishiyama, A. Shaping of Regional Differences in Oligodendrocyte Dynamics by Regional Heterogeneity
of the Pericellular Microenvironment. Front. Cell. Neurosci. 2021, 15, 337. [CrossRef]

MacDonald, A.; Lu, B.; Caron, M.; Caporicci-Dinucci, N.; Hatrock, D.; Petrecca, K.; Bourque, G.; Stratton, J.A. Single Cell
Transcriptomics of Ependymal Cells Across Age, Region and Species Reveals Cilia-Related and Metal Ion Regulatory Roles as
Major Conserved Ependymal Cell Functions. Front. Cell. Neurosci. 2021, 15, 268. [CrossRef]

Shipp, S. Structure and function of the cerebral cortex. Curr. Biol. 2007, 17, R443-R449. [CrossRef]

Javed, K.; Reddy, V.; Lui, F. Neuroanatomy, Cerebral Cortex; StatPearls Publishing LLC.: Tampa, FL, USA, 2022.

Molyneaux, B.J.; Arlotta, P.; Menezes, ].R.L.; Macklis, ].D. Neuronal subtype specification in the cerebral cortex. Nat. Rev. Neurosci.
2007, 8, 427-437. [CrossRef]

Naka, A.; Adesnik, H. Inhibitory Circuits in Cortical Layer 5. Front. Neural Circuits 2016, 10, 35. [CrossRef]

Hage, T.A.; Bosma-Moody, A.; Baker, C.A.; Kratz, M.B.; Campagnola, L.; Jarsky, T.; Zeng, H.; Murphy, G.J. Synaptic connectivity
to L2/3 of primary visual cortex measured by two-photon optogenetic stimulation. eLife 2022, 11, €71103. [CrossRef]

Kim, E.J.; Juavinett, A.L.; Kyubwa, E.M.; Jacobs, M.W.; Callaway, E.M. Three Types of Cortical Layer 5 Neurons That Differ in
Brain-wide Connectivity and Function. Neuron 2015, 88, 1253-1267. [CrossRef]

Lanjakornsiripan, D.; Pior, B.-].; Kawaguchi, D.; Furutachi, S.; Tahara, T.; Katsuyama, Y.; Suzuki, Y.; Fukazawa, Y.; Gotoh, Y.
Layer-specific morphological and molecular differences in neocortical astrocytes and their dependence on neuronal layers. Nat.
Commun. 2018, 9, 1623. [CrossRef]

Bayraktar, O.A; Bartels, T.; Holmqvist, S.; Kleshchevnikov, V.; Martirosyan, A.; Polioudakis, D.; Ben Haim, L.; Young, AM.H.;
Batiuk, M.Y.; Prakash, K,; et al. Astrocyte layers in the mammalian cerebral cortex revealed by a single-cell in situ transcriptomic
map. Nat. Neurosci. 2020, 23, 500-509. [CrossRef]

Takata, N.; Hirase, H. Cortical layer 1 and layer 2/3 astrocytes exhibit distinct calcium dynamics in vivo. PLoS ONE 2008, 3, e2525.
[CrossRef]

Kang, W.; Balordi, F,; Su, N.; Chen, L.; Fishell, G.; Hébert, ].M. Astrocyte activation is suppressed in both normal and injured
brain by FGF signaling. Proc. Natl. Acad. Sci. USA 2014, 111, E2987-E2995. [CrossRef]

Batiuk, M.Y.; Martirosyan, A.; Wahis, J.; de Vin, F.; Marneffe, C.; Kusserow, C.; Koeppen, J.; Viana, J.F; Oliveira, ].F.; Voet, T.; et al.
Identification of region-specific astrocyte subtypes at single cell resolution. Nat. Commun. 2020, 11, 1220. [CrossRef]

Sosunov, A.A.; Wu, X; Tsankova, N.M.; Guilfoyle, E.; McKhann, G.M.; Goldman, J.E. Phenotypic Heterogeneity and Plasticity of
Isocortical and Hippocampal Astrocytes in the Human Brain. J. Neurosci. 2014, 34, 2285. [CrossRef]

Blanco-Suarez, E.; Liu, T.-F.; Kopelevich, A.; Allen, N.J. Astrocyte-Secreted Chordin-like 1 Drives Synapse Maturation and Limits
Plasticity by Increasing Synaptic GluA2 AMPA Receptors. Neuron 2018, 100, 1116-1132.e13. [CrossRef]

Rowland, D.C.; Obenhaus, H.A.; Skyteen, E.R.; Zhang, Q.; Kentros, C.G.; Moser, E.I.; Moser, M.-B. Functional properties of
stellate cells in medial entorhinal cortex layer II. eLife 2018, 7, e36664. [CrossRef]

Hof, PR.; Sherwood, C.C. 3.08-The evolution of neuron classes in the neocortex of mammals. In Evolution of Nervous Systems;
Kaas, ].H., Ed.; Academic Press: Oxford, UK, 2007; pp. 113-124.

Fazzari, P.; Mortimer, N.; Yabut, O.; Vogt, D.; Pla, R. Cortical distribution of GABAergic interneurons is determined by migration
time and brain size. Development 2020, 147, 1-11. [CrossRef]

Alcamo, E.A ; Chirivella, L.; Dautzenberg, M.; Dobreva, G.; Farifias, I.; Grosschedl, R.; McConnell, S.K. Satb2 Regulates Callosal
Projection Neuron Identity in the Developing Cerebral Cortex. Neuron 2008, 57, 364-377. [CrossRef]

Hartfuss, E.; Forster, E.; Bock, H.H.; Hack, M.A.; Leprince, P.; Luque, ].M.; Herz, J.; Frotscher, M.; Go6tz, M. Reelin signaling
directly affects radial glia morphology and biochemical maturation. Development 2003, 130, 4597-4609. [CrossRef]

Imai, H.; Shoji, H.; Ogata, M.; Kagawa, Y.; Owada, Y.; Miyakawa, T.; Sakimura, K.; Terashima, T.; Katsuyama, Y. Dorsal Forebrain-
Specific Deficiency of Reelin-Dab1 Signal Causes Behavioral Abnormalities Related to Psychiatric Disorders. Cereb. Cortex 2016,
27,3485-3501. [CrossRef]


http://doi.org/10.1038/s41380-019-0609-8
http://doi.org/10.1007/978-1-61779-452-0_3
http://doi.org/10.3389/fnagi.2022.815347
http://doi.org/10.1038/nrn.2016.159
http://doi.org/10.3389/fnagi.2019.00059
http://doi.org/10.1007/978-981-32-9636-7_5
http://doi.org/10.3390/life11020125
http://doi.org/10.1038/s41467-020-19453-x
http://doi.org/10.3389/fncel.2021.721376
http://doi.org/10.3389/fncel.2021.703951
http://doi.org/10.1016/j.cub.2007.03.044
http://doi.org/10.1038/nrn2151
http://doi.org/10.3389/fncir.2016.00035
http://doi.org/10.7554/eLife.71103
http://doi.org/10.1016/j.neuron.2015.11.002
http://doi.org/10.1038/s41467-018-03940-3
http://doi.org/10.1038/s41593-020-0602-1
http://doi.org/10.1371/journal.pone.0002525
http://doi.org/10.1073/pnas.1320401111
http://doi.org/10.1038/s41467-019-14198-8
http://doi.org/10.1523/JNEUROSCI.4037-13.2014
http://doi.org/10.1016/j.neuron.2018.09.043
http://doi.org/10.7554/eLife.36664
http://doi.org/10.1242/dev.185033
http://doi.org/10.1016/j.neuron.2007.12.012
http://doi.org/10.1242/dev.00654
http://doi.org/10.1093/cercor/bhv334

Cells 2022, 11, 1902 20 of 27

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

Boisvert, M.M.; Erikson, G.A.; Shokhirev, M.N.; Allen, N.J. The Aging Astrocyte Transcriptome from Multiple Regions of the
Mouse Brain. Cell Rep. 2018, 22, 269-285. [CrossRef]

Li, Q.; Cheng, Z.; Zhou, L.; Darmanis, S.; Neff, N.E.; Okamoto, J.; Gulati, G.; Bennett, M.L.; Sun, L.O.; Clarke, L.E.; et al.
Developmental Heterogeneity of Microglia and Brain Myeloid Cells Revealed by Deep Single-Cell RNA Sequencing. Neuron
2019, 101, 207-223.e210. [CrossRef]

Li, Y; Li, Z,; Yang, M.; Wang, F,; Zhang, Y,; Li, R;; Li, Q.; Gong, Y.; Wang, B.; Fan, B.; et al. Decoding the temporal and regional
specification of microglia in the developing human brain. Cell Stem Cell 2022, 29, 620-634.e6. [CrossRef]

Weigel, M.; Wang, L.; Fu, M.-m. Microtubule organization and dynamics in oligodendrocytes, astrocytes, and microglia. Dev.
Neurobiol. 2021, 81, 310-320. [CrossRef]

Gemma, C.; Bachstetter, A. The role of microglia in adult hippocampal neurogenesis. Front. Cell. Neurosci. 2013, 7,229. [CrossRef]
Sierra, A.; Encinas, ].M.; Deudero, ].J.; Chancey, ].H.; Enikolopov, G.; Overstreet-Wadiche, L.S.; Tsirka, S.E.; Maletic-Savatic,
M. Microglia shape adult hippocampal neurogenesis through apoptosis-coupled phagocytosis. Cell Stem Cell 2010, 7, 483-495.
[CrossRef]

Ziv, Y.; Schwartz, M. Inmune-based regulation of adult neurogenesis: Implications for learning and memory. Brain Behav. Immun.
2008, 22, 167-176. [CrossRef]

Olson, J.M.; Asakura, A.; Snider, L.; Hawkes, R.; Strand, A.; Stoeck, J.; Hallahan, A.; Pritchard, J.; Tapscott, S.J. NeuroD2 is
necessary for development and survival of central nervous system neurons. Dev. Biol. 2001, 234, 174-187. [CrossRef]

Tutukova, S.; Tarabykin, V.; Hernandez-Miranda, L.R. The Role of Neurod Genes in Brain Development, Function, and Disease.
Front. Mol. Neurosci. 2021, 14, 662774. [CrossRef]

Uittenbogaard, M.; Baxter, K.K.; Chiaramello, A. NeuroD6 genomic signature bridging neuronal differentiation to survival via
the molecular chaperone network. J. Neurosci. Res. 2010, 88, 33-54. [CrossRef]

Lopes, K.d.P; Snijders, G.J.L.; Humphrey, J.; Allan, A.; Sneeboer, M.A.M.; Navarro, E.; Schilder, B.M.; Vialle, R.A.; Parks, M.;
Missall, R.; et al. Genetic analysis of the human microglial transcriptome across brain regions, aging and disease pathologies. Nat.
Genet. 2022, 54, 4-17. [CrossRef]

Goémez Morillas, A.; Besson, V.C.; Lerouet, D. Microglia and Neuroinflammation: What Place for P2RY12? Int. J. Mol. Sci. 2021,
22,1636. [CrossRef]

Dobri, A.-M.; Dudau, M.; Enciu, A.-M.; Hinescu, M.E. CD36 in Alzheimer’s Disease: An Overview of Molecular Mechanisms and
Therapeutic Targeting. Neuroscience 2021, 453, 301-311. [CrossRef]

von Ehr, A.; Attaai, A.; Neidert, N.; Potru, P.S.; Ru3, T.; Zoller, T.; Spittau, B. Inhibition of Microglial TGF( Signaling Increases
Expression of Mrcl. Front. Cell. Neurosci. 2020, 14, 66. [CrossRef]

Jay, T.R.; von Saucken, V.E.; Mufoz, B.; Codocedo, ].F.; Atwood, B.K.; Lamb, B.T.; Landreth, G.E. TREM2 is required for microglial
instruction of astrocytic synaptic engulfment in neurodevelopment. Glia 2019, 67, 1873-1892. [CrossRef]

Mallya, A.P.; Wang, H.-D.; Lee, H.N.R,; Deutch, A.Y. Microglial Pruning of Synapses in the Prefrontal Cortex During Adolescence.
Cereb. Cortex 2018, 29, 1634-1643. [CrossRef]

Herculano-Houzel, S. The human brain in numbers: A linearly scaled-up primate brain. Front. Hum. Neurosci. 2009, 3, 31.
[CrossRef]

Roufagalas, I.; Avloniti, M.; Fortosi, A.; Xingi, E.; Thomaidou, D.; Probert, L.; Kyrargyri, V. Novel cell-based analysis reveals
region-dependent changes in microglial dynamics in grey matter in a cuprizone model of demyelination. Neurobiol. Dis. 2021,
157,105449. [CrossRef]

Zhan, J.; Mann, T.; Joost, S.; Behrangi, N.; Frank, M.; Kipp, M. The Cuprizone Model: Dos and Do Nots. Cells 2020, 9, 843.
[CrossRef]

Choi, S.; Guo, L.; Cordeiro, M.F. Retinal and Brain Microglia in Multiple Sclerosis and Neurodegeneration. Cells 2021, 10, 1507.
[CrossRef]

De Biase, L.M.; Schuebel, K.E.; Fusfeld, Z.H.; Jair, K.; Hawes, I.A.; Cimbro, R.; Zhang, H.Y.; Liu, Q.R.; Shen, H.; Xi, Z.X,; et al. Local
Cues Establish and Maintain Region-Specific Phenotypes of Basal Ganglia Microglia. Neuron 2017, 95, 341-356.€346. [CrossRef]
Bird, C.M.; Burgess, N. The hippocampus and memory: Insights from spatial processing. Nat. Rev. Neurosci. 2008, 9, 182-194.
[CrossRef]

Destrieux, C.; Bourry, D.; Velut, S. Surgical anatomy of the hippocampus. Neurochirurgie 2013, 59, 149-158. [CrossRef]

Bartsch, T.; Dohring, J.; Rohr, A ; Jansen, O.; Deuschl, G. CA1 neurons in the human hippocampus are critical for autobiographical
memory, mental time travel, and autonoetic consciousness. Proc. Natl. Acad. Sci. USA 2011, 108, 17562-17567. [CrossRef]
Bernier, B.E.; Lacagnina, A.F; Ayoub, A.; Shue, F; Zemelman, B.V.; Krasne, F.B.; Drew, M.R. Dentate Gyrus Contributes to
Retrieval as well as Encoding: Evidence from Context Fear Conditioning, Recall, and Extinction. J. Neurosci. 2017, 37, 6359.
[CrossRef]

Gongalves, ].T.; Schafer, S.T.; Gage, EH. Adult Neurogenesis in the Hippocampus: From Stem Cells to Behavior. Cell 2016, 167,
897-914. [CrossRef]

Chai, H.; Diaz-Castro, B.; Shigetomi, E.; Monte, E.; Octeau, J.C.; Yu, X.; Cohn, W.; Rajendran, P.S.; Vondriska, T.M.; Whitelegge,
J.P; et al. Neural Circuit-Specialized Astrocytes: Transcriptomic, Proteomic, Morphological, and Functional Evidence. Neuron
2017, 95, 531-549.e539. [CrossRef]


http://doi.org/10.1016/j.celrep.2017.12.039
http://doi.org/10.1016/j.neuron.2018.12.006
http://doi.org/10.1016/j.stem.2022.02.004
http://doi.org/10.1002/dneu.22753
http://doi.org/10.3389/fncel.2013.00229
http://doi.org/10.1016/j.stem.2010.08.014
http://doi.org/10.1016/j.bbi.2007.08.006
http://doi.org/10.1006/dbio.2001.0245
http://doi.org/10.3389/fnmol.2021.662774
http://doi.org/10.1002/jnr.22182
http://doi.org/10.1038/s41588-021-00976-y
http://doi.org/10.3390/ijms22041636
http://doi.org/10.1016/j.neuroscience.2020.11.003
http://doi.org/10.3389/fncel.2020.00066
http://doi.org/10.1002/glia.23664
http://doi.org/10.1093/cercor/bhy061
http://doi.org/10.3389/neuro.09.031.2009
http://doi.org/10.1016/j.nbd.2021.105449
http://doi.org/10.3390/cells9040843
http://doi.org/10.3390/cells10061507
http://doi.org/10.1016/j.neuron.2017.06.020
http://doi.org/10.1038/nrn2335
http://doi.org/10.1016/j.neuchi.2013.08.003
http://doi.org/10.1073/pnas.1110266108
http://doi.org/10.1523/JNEUROSCI.3029-16.2017
http://doi.org/10.1016/j.cell.2016.10.021
http://doi.org/10.1016/j.neuron.2017.06.029

Cells 2022, 11, 1902 21 of 27

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Ota, Y.; Zanetti, A.T.; Hallock, R.M. The Role of Astrocytes in the Regulation of Synaptic Plasticity and Memory Formation. Neural
Plast. 2013, 2013, 185463. [CrossRef]

Tremblay, M.-E.; Majewska, A.K. A role for microglia in synaptic plasticity? Commun. Integr. Biol. 2011, 4, 220-222. [CrossRef]
Perez-Catalan, N.A.; Doe, C.Q.; Ackerman, S.D. The role of astrocyte-mediated plasticity in neural circuit development and
function. Neural Dev. 2021, 16, 1. [CrossRef]

Huang, A.Y.-S.; Woo, ].; Sardar, D.; Lozzi, B.; Bosquez Huerta, N.A ; Lin, C.-C.J.; Felice, D.; Jain, A.; Paulucci-Holthauzen, A.;
Deneen, B. Region-Specific Transcriptional Control of Astrocyte Function Oversees Local Circuit Activities. Neuron 2020, 106,
992-1008.€1009. [CrossRef] [PubMed]

Tchieu, J.; Calder, E.L.; Guttikonda, S.R.; Gutzwiller, E.M.; Aromolaran, K.A.; Steinbeck, J.A.; Goldstein, P.A.; Studer, L. NFIA is a
gliogenic switch enabling rapid derivation of functional human astrocytes from pluripotent stem cells. Nat. Biotechnol. 2019, 37,
267-275. [CrossRef] [PubMed]

John Lin, C.-C; Yu, K.; Hatcher, A.; Huang, T.-W.; Lee, HK.; Carlson, ]J.; Weston, M.C.; Chen, E; Zhang, Y.; Zhu, W,; et al.
Identification of diverse astrocyte populations and their malignant analogs. Nat. Neurosci. 2017, 20, 396—405. [CrossRef] [PubMed]
Attardo, A.; Fitzgerald, ].E.; Schnitzer, M.J]. Impermanence of dendritic spines in live adult CA1 hippocampus. Nature 2015, 523,
592-596. [CrossRef]

Dale, E.; Pehrson, A.L.; Jeyarajah, T.; Li, Y,; Leiser, S.C.; Smagin, G.; Olsen, C.K.; Sanchez, C. Effects of serotonin in the
hippocampus: How SSRIs and multimodal antidepressants might regulate pyramidal cell function. CNS Spectr. 2016, 21, 143-161.
[CrossRef]

ligaya, K.; Fonseca, M.S.; Murakami, M.; Mainen, Z.E.,; Dayan, P. An effect of serotonergic stimulation on learning rates for
rewards apparent after long intertrial intervals. Nat. Commun. 2018, 9, 2477. [CrossRef]

Miiller, EE.; Schade, S.K.; Cherkas, V.; Stopper, L.; Breithausen, B.; Minge, D.; Varbanov, H.; Wahl-Schott, C.; Antoniuk, S.;
Domingos, C.; et al. Serotonin receptor 4 regulates hippocampal astrocyte morphology and function. Glia 2021, 69, 872-889.
[CrossRef]

Khakh, B.S.; Sofroniew, M.V. Diversity of astrocyte functions and phenotypes in neural circuits. Nat. Neurosci. 2015, 18, 942-952.
[CrossRef]

Meneses, A. Serotonin, neural markers, and memory. Front. Pharmacol. 2015, 6, 143. [CrossRef]

Ando, T,; Kato, R.; Honda, H. Identification of an early cell fate regulator by detecting dynamics in transcriptional heterogeneity
and co-regulation during astrocyte differentiation. Npj Syst. Biol. Appl. 2019, 5, 18. [CrossRef]

Ortiz-Matamoros, A.; Salcedo-Tello, P.; Avila-Mufioz, E.; Zepeda, A.; Arias, C. Role of wnt signaling in the control of adult
hippocampal functioning in health and disease: Therapeutic implications. Curr. Neuropharmacol. 2013, 11, 465-476. [CrossRef]
[PubMed]

Gonzalez-Perez, O.; Quifiones-Hinojosa, A. Astrocytes as neural stem cells in the adult brain. ]. Stem Cells 2012, 7, 181-188.
[PubMed]

Lawson, L.J.; Perry, V.H.; Dri, P.; Gordon, S. Heterogeneity in the distribution and morphology of microglia in the normal adult
mouse brain. Neuroscience 1990, 39, 151-170. [CrossRef]

Salamanca, L.; Mechawar, N.; Murai, K K,; Balling, R.; Bouvier, D.S.; Skupin, A. MIC-MAC: An automated pipeline for high-
throughput characterization and classification of three-dimensional microglia morphologies in mouse and human postmortem
brain samples. Glia 2019, 67, 1496-1509. [CrossRef]

Toda, T.; Parylak, S.L.; Linker, S.B.; Gage, FH. The role of adult hippocampal neurogenesis in brain health and disease. Mol.
Psychiatry 2019, 24, 67-87. [CrossRef]

Zhang, ].; Rong, P; Zhang, L.; He, H.; Zhou, T.; Fan, Y.; Mo, L.; Zhao, Q.; Han, Y,; Li, S.; et al. IL4-driven microglia modulate stress
resilience through BDNF-dependent neurogenesis. Sci. Adv. 2021, 7, eabb9888. [CrossRef]

Coull, J.A.; Beggs, S.; Boudreau, D.; Boivin, D.; Tsuda, M.; Inoue, K.; Gravel, C.; Salter, M.W.; De Koninck, Y. BDNF from microglia
causes the shift in neuronal anion gradient underlying neuropathic pain. Nature 2005, 438, 1017-1021. [CrossRef]

Parkhurst, C.N.; Yang, G.; Ninan, I; Savas, ].N.; Yates, ].R., 3rd; Lafaille, ].J.; Hempstead, B.L.; Littman, D.R.; Gan, W.B. Microglia
promote learning-dependent synapse formation through brain-derived neurotrophic factor. Cell 2013, 155, 1596-1609. [CrossRef]
Cherubini, E.; Miles, R. The CA3 region of the hippocampus: How is it? What is it for? How does it do it? Front. Cell. Neurosci.
2015, 9, 19. [CrossRef]

Ohgomori, T.; linuma, K.; Yamada, J.; Jinno, S. A unique subtype of ramified microglia associated with synapses in the rat
hippocampus. Eur. J. Neurosci. 2021, 54, 4740-4754. [CrossRef]

Akiyoshi, R.; Wake, H.; Kato, D.; Horiuchi, H.; Ono, R.; Ikegami, A.; Haruwaka, K.; Omori, T.; Tachibana, Y.; Moorhouse, A ] ;
et al. Microglia Enhance Synapse Activity to Promote Local Network Synchronization. Eneuro 2018, 5, 1-13. [CrossRef]

Sipe, G.O.; Lowery, R.L.; Tremblay, M.E,; Kelly, E.A.; Lamantia, C.E.; Majewska, A K. Microglial P2Y12 is necessary for synaptic
plasticity in mouse visual cortex. Nat. Commun. 2016, 7, 10905. [CrossRef]

Sheppard, O.; Coleman, M.P.; Durrant, C.S. Lipopolysaccharide-induced neuroinflammation induces presynaptic disruption
through a direct action on brain tissue involving microglia-derived interleukin 1 beta. J. Neuroinflammation 2019, 16, 106. [CrossRef]
[PubMed]

Peng, J.; Liu, Y.; Umpierre, A.D.; Xie, M.; Tian, D.-S.; Richardson, J.R.; Wu, L.-J. Microglial P2Y12 receptor regulates ventral
hippocampal CA1 neuronal excitability and innate fear in mice. Mol. Brain 2019, 12, 71. [CrossRef]


http://doi.org/10.1155/2013/185463
http://doi.org/10.4161/cib.4.2.14506
http://doi.org/10.1186/s13064-020-00151-9
http://doi.org/10.1016/j.neuron.2020.03.025
http://www.ncbi.nlm.nih.gov/pubmed/32320644
http://doi.org/10.1038/s41587-019-0035-0
http://www.ncbi.nlm.nih.gov/pubmed/30804533
http://doi.org/10.1038/nn.4493
http://www.ncbi.nlm.nih.gov/pubmed/28166219
http://doi.org/10.1038/nature14467
http://doi.org/10.1017/S1092852915000425
http://doi.org/10.1038/s41467-018-04840-2
http://doi.org/10.1002/glia.23933
http://doi.org/10.1038/nn.4043
http://doi.org/10.3389/fphar.2015.00143
http://doi.org/10.1038/s41540-019-0095-2
http://doi.org/10.2174/1570159X11311050001
http://www.ncbi.nlm.nih.gov/pubmed/24403870
http://www.ncbi.nlm.nih.gov/pubmed/23619383
http://doi.org/10.1016/0306-4522(90)90229-W
http://doi.org/10.1002/glia.23623
http://doi.org/10.1038/s41380-018-0036-2
http://doi.org/10.1126/sciadv.abb9888
http://doi.org/10.1038/nature04223
http://doi.org/10.1016/j.cell.2013.11.030
http://doi.org/10.3389/fncel.2015.00019
http://doi.org/10.1111/ejn.15330
http://doi.org/10.1523/ENEURO.0088-18.2018
http://doi.org/10.1038/ncomms10905
http://doi.org/10.1186/s12974-019-1490-8
http://www.ncbi.nlm.nih.gov/pubmed/31103036
http://doi.org/10.1186/s13041-019-0492-x

Cells 2022, 11, 1902 22 of 27

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

118.

119.

120.
121.

122.

123.

Grabert, K.; Michoel, T.; Karavolos, M.H.; Clohisey, S.; Baillie, ].K.; Stevens, M.P,; Freeman, T.C.; Summers, K.M.; McColl, B.W.
Microglial brain region—dependent diversity and selective regional sensitivities to aging. Nat. Neurosci. 2016, 19, 504-516.
[CrossRef]

Theocharidis, A.; van Dongen, S.; Enright, A.].; Freeman, T.C. Network visualization and analysis of gene expression data using
BioLayout Express3D. Nat. Protoc. 2009, 4, 1535-1550. [CrossRef]

Bernardo, A.; Minghetti, L. PPAR-gamma agonists as regulators of microglial activation and brain inflammation. Curr. Pharm.
Des. 2006, 12, 93-109. [CrossRef]

Wen, L.; You, W.; Wang, H.; Meng, Y.; Feng, J.; Yang, X. Polarization of Microglia to the M2 Phenotype in a Peroxisome
Proliferator-Activated Receptor Gamma-Dependent Manner Attenuates Axonal Injury Induced by Traumatic Brain Injury in
Mice. |. Neurotrauma 2018, 35, 2330-2340. [CrossRef]

Dentesano, G.; Serratosa, J.; Tusell, ].M.; Ramon, P.; Valente, T.; Saura, J.; Sola, C. CD200R1 and CD200 expression are regulated by
PPAR-v in activated glial cells. Glia 2014, 62, 982-998. [CrossRef]

Hernangomez, M.; Mestre, L.; Correa, FG.; Loria, F.; Mecha, M; Iiiigo, PM.; Docagne, F.; Williams, R.O.; Borrell, J.; Guaza, C.
CD200-CD200R1 interaction contributes to neuroprotective effects of anandamide on experimentally induced inflammation. Glia
2012, 60, 1437-1450. [CrossRef]

Biber, K.; Neumann, H.; Inoue, K.; Boddeke, H.W.G.M. Neuronal ‘On” and ‘Off” signals control microglia. Trends Neurosci. 2007,
30, 596-602. [CrossRef]

Polazzi, E.; Mengoni, I.; Caprini, M.; Pefia-Altamira, E.; Kurtys, E.; Monti, B. Copper-Zinc Superoxide Dismutase (SOD1) Is
Released by Microglial Cells and Confers Neuroprotection against 6-OHDA Neurotoxicity. Neurosignals 2013, 21, 112-128.
[CrossRef]

Schmahmann, J.D. A brief history of the cerebellum. In Essentials of Cerebellum and Cerebellar Disorders: A Primer for Graduate
Students; Gruol, D.L., Koibuchi, N., Manto, M., Molinari, M., Schmahmann, J.D., Shen, Y., Eds.; Springer International Publishing:
Cham, Switzerland, 2016; pp. 5-20.

Apps, R.; Garwicz, M. Anatomical and physiological foundations of cerebellar information processing. Nat. Rev. Neurosci. 2005, 6,
297-311. [CrossRef]

De Zeeuw, C.I; Lisberger, S.G.; Raymond, J.L. Diversity and dynamism in the cerebellum. Nat. Neurosci. 2021, 24, 160-167.
[CrossRef]

Cook, A.A; Fields, E.; Watt, A.]. Losing the Beat: Contribution of Purkinje Cell Firing Dysfunction to Disease, and Its Reversal.
Neuroscience 2021, 462, 247-261. [CrossRef]

Cerminara, N.L.; Lang, E.J.; Sillitoe, R.V.; Apps, R. Redefining the cerebellar cortex as an assembly of non-uniform Purkinje cell
microcircuits. Nat. Rev. Neurosci. 2015, 16, 79-93. [CrossRef]

Lippman, J.J.; Lordkipanidze, T.; Buell, M.E.; Yoon, S.O.; Dunaevsky, A. Morphogenesis and regulation of Bergmann glial
processes during Purkinje cell dendritic spine ensheathment and synaptogenesis. Glia 2008, 56, 1463-1477. [CrossRef]

Witcher, M.R,; Park, Y.D.; Lee, M.R.; Sharma, S.; Harris, K.M.; Kirov, S.A. Three-dimensional relationships between perisynaptic
astroglia and human hippocampal synapses. Glia 2010, 58, 572-587. [CrossRef]

Araujo, A.P.B.; Carpi-Santos, R.; Gomes, F.C.A. The Role of Astrocytes in the Development of the Cerebellum. Cerebellum 2019, 18,
1017-1035. [CrossRef]

Cerrato, V.; Parmigiani, E.; Figueres-Ofiate, M.; Betizeau, M.; Aprato, J.; Nanavaty, I.; Berchialla, P.; Luzzati, F; de’Sperati,
C.; Lopez-Mascaraque, L.; et al. Multiple origins and modularity in the spatiotemporal emergence of cerebellar astrocyte
heterogeneity. PLoS Biol. 2018, 16, e2005513. [CrossRef]

Farmer, W.T.; Abrahamsson, T.; Chierzi, S.; Lui, C.; Zaelzer, C.; Jones, E.V,; Bally, B.P; Chen, G.G.; Théroux, J.E; Peng, |.; et al.
Neurons diversify astrocytes in the adult brain through sonic hedgehog signaling. Science 2016, 351, 849-854. [CrossRef]

Xu, H.; Yang, Y.; Tang, X.; Zhao, M.; Liang, F.; Xu, P.; Hou, B.; Xing, Y.; Bao, X.; Fan, X. Bergmann glia function in granule cell
migration during cerebellum development. Mol. Neurobiol. 2013, 47, 833-844. [CrossRef]

Buffo, A.; Rossi, E. Origin, lineage and function of cerebellar glia. Prog. Neurobiol. 2013, 109, 42-63. [CrossRef]

Hoogland, T.M.; Kuhn, B. Recent Developments in the Understanding of Astrocyte Function in the Cerebellum In Vivo. Cerebellum
2010, 9, 264-271. [CrossRef]

Tang, X.; Taniguchi, K.; Kofuji, P. Heterogeneity of Kir4.1 channel expression in glia revealed by mouse transgenesis. Glia 2009, 57,
1706-1715. [CrossRef]

Chan-Palay, V.; Palay, S.L. The form of velate astrocytes in the cerebellar cortex of monkey and rat: High voltage electron
microscopy of rapid Golgi preparations. Z. Fiir Anat. Und Entwickl. 1972, 138, 1-19. [CrossRef]

Farmer, W.T.; Murai, K. Resolving Astrocyte Heterogeneity in the CNS. Front. Cell. Neurosci. 2017, 11, 300. [CrossRef]

Stowell, R.D.; Wong, E.L.; Batchelor, H.N.; Mendes, M.S.; Lamantia, C.E.; Whitelaw, B.S.; Majewska, A K. Cerebellar microglia are
dynamically unique and survey Purkinje neurons in vivo. Dev. Neurobiol. 2018, 78, 627-644. [CrossRef]

Brown, G.D.; Willment, J.A.; Whitehead, L. C-type lectins in immunity and homeostasis. Nat. Rev. Immunol. 2018, 18, 374-389.
[CrossRef]

Holling, T.M.; Schooten, E.; van Den Elsen, PJ. Function and regulation of MHC class II molecules in T-lymphocytes: Of mice and
men. Hum. Immunol. 2004, 65, 282-290. [CrossRef]


http://doi.org/10.1038/nn.4222
http://doi.org/10.1038/nprot.2009.177
http://doi.org/10.2174/138161206780574579
http://doi.org/10.1089/neu.2017.5540
http://doi.org/10.1002/glia.22656
http://doi.org/10.1002/glia.22366
http://doi.org/10.1016/j.tins.2007.08.007
http://doi.org/10.1159/000337115
http://doi.org/10.1038/nrn1646
http://doi.org/10.1038/s41593-020-00754-9
http://doi.org/10.1016/j.neuroscience.2020.06.008
http://doi.org/10.1038/nrn3886
http://doi.org/10.1002/glia.20712
http://doi.org/10.1002/glia.20946
http://doi.org/10.1007/s12311-019-01046-0
http://doi.org/10.1371/journal.pbio.2005513
http://doi.org/10.1126/science.aab3103
http://doi.org/10.1007/s12035-013-8405-y
http://doi.org/10.1016/j.pneurobio.2013.08.001
http://doi.org/10.1007/s12311-009-0139-z
http://doi.org/10.1002/glia.20882
http://doi.org/10.1007/BF00519921
http://doi.org/10.3389/fncel.2017.00300
http://doi.org/10.1002/dneu.22572
http://doi.org/10.1038/s41577-018-0004-8
http://doi.org/10.1016/j.humimm.2004.01.005

Cells 2022, 11, 1902 23 of 27

124.

125.
126.

127.

128.

129.
130.
131.
132.
133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.
151.

Harms, A.S.; Cao, S.; Rowse, A.L.; Thome, A.D.; Li, X.; Mangieri, L.R.; Cron, R.Q.; Shacka, ].J.; Raman, C.; Standaert, D.G. MHCII
Is Required for a-Synuclein-Induced Activation of Microglia, CD4 T Cell Proliferation, and Dopaminergic Neurodegeneration. J.
Neurosci. 2013, 33, 9592. [CrossRef]

Siew, J.J.; Chern, Y. Microglial Lectins in Health and Neurological Diseases. Front. Mol. Neurosci. 2018, 11, 158. [CrossRef]

De Blasio, D.; Fumagalli, S.; Longhi, L.; Orsini, F; Palmioli, A.; Stravalaci, M.; Vegliante, G.; Zanier, E.R.; Bernardi, A.; Gobbi, M.;
et al. Pharmacological inhibition of mannose-binding lectin ameliorates neurobehavioral dysfunction following experimental
traumatic brain injury. J. Cereb. Blood Flow Metab. 2017, 37, 938-950. [CrossRef]

Ayata, P; Badimon, A.; Strasburger, H.].; Duff, M.K.; Montgomery, S.E.; Loh, Y.-H.E.; Ebert, A.; Pimenova, A.A.; Ramirez, BR,;
Chan, A.T,; et al. Epigenetic regulation of brain region-specific microglia clearance activity. Nat. Neurosci. 2018, 21, 1049-1060.
[CrossRef]

Waller, R.; Baxter, L.; Fillingham, D.J.; Coelho, S.; Pozo, ] M.; Mozumder, M.; Frangi, A.E,; Ince, P.G.; Simpson, ]J.E.; Highley, ] .R.
Iba-1-/CD68+ microglia are a prominent feature of age-associated deep subcortical white matter lesions. PLoS ONE 2019, 14,
€0210888. [CrossRef]

Perego, C.; Fumagalli, S.; De Simoni, M.G. Temporal pattern of expression and colocalization of microglia/macrophage phenotype
markers following brain ischemic injury in mice. J. Neuroinflammation 2011, 8, 174. [CrossRef]

Routh, V.H. Glucose Sensing Neurons in the Ventromedial Hypothalamus. Sensors 2010, 10, 9002-9025. [CrossRef]

Yoon, N.A_; Diano, S. Hypothalamic glucose-sensing mechanisms. Diabetologia 2021, 64, 985-993. [CrossRef]

Garcia-Caceres, C.; Quarta, C.; Varela, L.; Gao, Y.; Gruber, T.; Legutko, B.; Jastroch, M.; Johansson, P.; Ninkovic, J.; Yi, C.-X,; et al.
Astrocytic Insulin Signaling Couples Brain Glucose Uptake with Nutrient Availability. Cell 2016, 166, 867-880. [CrossRef]
Morel, L.; Chiang, M.S.R.; Higashimori, H.; Shoneye, T.; Iyer, L.K.; Yelick, J.; Tai, A.; Yang, Y. Molecular and Functional Properties
of Regional Astrocytes in the Adult Brain. J. Neurosci. 2017, 37, 8706. [CrossRef]

Hoft, S.; Griemsmann, S.; Seifert, G.; Steinhduser, C. Heterogeneity in expression of functional ionotropic glutamate and GABA
receptors in astrocytes across brain regions: Insights from the thalamus. Philos. Trans. R Soc. Lond. B Biol. Sci. 2014, 369, 20130602.
[CrossRef] [PubMed]

Matthias, K.; Kirchhoff, F,; Seifert, G.; Hiittmann, K.; Matyash, M.; Kettenmann, H.; Steinhaduser, C. Segregated Expression of
AMPA-Type Glutamate Receptors and Glutamate Transporters Defines Distinct Astrocyte Populations in the Mouse Hippocampus.
J. Neurosci. 2003, 23, 1750. [CrossRef] [PubMed]

Lalo, U.; Pankratov, Y.; Kirchhoff, F.; North, R.A.; Verkhratsky, A. NMDA Receptors Mediate Neuron-to-Glia Signaling in Mouse
Cortical Astrocytes. J. Neurosci. 2006, 26, 2673. [CrossRef] [PubMed]

Altman, J. Are new neurons formed in the brains of adult mammals? Science 1962, 135, 1127-1128. [CrossRef]

Altman, J.; Das, G.D. Autoradiographic and histological evidence of postnatal hippocampal neurogenesis in rats. . Comp. Neurol.
1965, 124, 319-335. [CrossRef]

Kaplan, M.S.; Hinds, J.W. Neurogenesis in the adult rat: Electron microscopic analysis of light radioautographs. Science 1977, 197,
1092-1094. [CrossRef]

Ponti, G.; Obernier, K.; Alvarez-Buylla, A. Lineage progression from stem cells to new neurons in the adult brain ventricular-
subventricular zone. Cell Cycle 2013, 12, 1649-1650. [CrossRef]

Jurkowski, M.P,; Bettio, L.; Woo, E.K,; Patten, A.; Yau, S.-Y.; Gil-Mohapel, J. Beyond the Hippocampus and the SVZ: Adult
Neurogenesis Throughout the Brain. Front. Cell. Neurosci. 2020, 14, 576444. [CrossRef]

Kempermann, G.; Song, H.; Gage, F.H. Neurogenesis in the Adult Hippocampus. Cold Spring Harb. Perspect Biol. 2015, 7, a018812.
[CrossRef]

Ribeiro Xavier, A.L.; Kress, B.T.; Goldman, S.A.; Lacerda de Menezes, J.R.; Nedergaard, M. A Distinct Population of Microglia
Supports Adult Neurogenesis in the Subventricular Zone. J. Neurosci. 2015, 35, 11848. [CrossRef]

Hohsfield, L.A.; Najafi, A.R.; Ghorbanian, Y.; Soni, N.; Crapser, J.; Figueroa Velez, D.X,; Jiang, S.; Royer, S.E.; Kim, S.J;
Henningfield, C.M.; et al. Subventricular zone/white matter microglia reconstitute the empty adult microglial niche in a dynamic
wave. Elife 2021, 10, 1-39. [CrossRef]

Pereira, L.; Font-Nieves, M.; Van den Haute, C.; Baekelandt, V.; Planas, A.M.; Pozas, E. IL-10 regulates adult neurogenesis by
modulating ERK and STATS3 activity. Front. Cell. Neurosci. 2015, 9, 57. [CrossRef]

De Miguel, Z.; Khoury, N.; Betley, M.].; Lehallier, B.; Willoughby, D.; Olsson, N.; Yang, A.C.; Hahn, O.; Lu, N.; Vest, R.T.; et al.
Exercise plasma boosts memory and dampens brain inflammation via clusterin. Nature 2021, 600, 494-499. [CrossRef]

Mattson, M.P,; Arumugam, T.V. Hallmarks of Brain Aging: Adaptive and Pathological Modification by Metabolic States. Cell
Metab. 2018, 27, 1176-1199. [CrossRef]

Lemaitre, H.; Goldman, A.L.; Sambataro, F.; Verchinski, B.A.; Meyer-Lindenberg, A.; Weinberger, D.R.; Mattay, V.S. Normal age-
related brain morphometric changes: Nonuniformity across cortical thickness, surface area and gray matter volume? Neurobiol.
Aging 2012, 33, 617.e1-617.€9. [CrossRef]

Wang, M.; Gamo, N.J.; Yang, Y.; Jin, L.E.; Wang, X.-].; Laubach, M.; Mazer, ]J.A.; Lee, D.; Arnsten, A.F.T. Neuronal basis of
age-related working memory decline. Nature 2011, 476, 210-213. [CrossRef]

Samson, R.D.; Barnes, C.A. Impact of aging brain circuits on cognition. Eur. J. Neurosci. 2013, 37, 1903-1915. [CrossRef]

Sanz, E.; Yang, L.; Su, T.; Morris, D.R.; McKnight, G.S.; Amieux, P.S. Cell-type-specific isolation of ribosome-associated mRNA
from complex tissues. Proc. Natl. Acad. Sci. USA 2009, 106, 13939-13944. [CrossRef]


http://doi.org/10.1523/JNEUROSCI.5610-12.2013
http://doi.org/10.3389/fnmol.2018.00158
http://doi.org/10.1177/0271678X16647397
http://doi.org/10.1038/s41593-018-0192-3
http://doi.org/10.1371/journal.pone.0210888
http://doi.org/10.1186/1742-2094-8-174
http://doi.org/10.3390/s101009002
http://doi.org/10.1007/s00125-021-05395-6
http://doi.org/10.1016/j.cell.2016.07.028
http://doi.org/10.1523/JNEUROSCI.3956-16.2017
http://doi.org/10.1098/rstb.2013.0602
http://www.ncbi.nlm.nih.gov/pubmed/25225096
http://doi.org/10.1523/JNEUROSCI.23-05-01750.2003
http://www.ncbi.nlm.nih.gov/pubmed/12629179
http://doi.org/10.1523/JNEUROSCI.4689-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16525046
http://doi.org/10.1126/science.135.3509.1127
http://doi.org/10.1002/cne.901240303
http://doi.org/10.1126/science.887941
http://doi.org/10.4161/cc.24984
http://doi.org/10.3389/fncel.2020.576444
http://doi.org/10.1101/cshperspect.a018812
http://doi.org/10.1523/JNEUROSCI.1217-15.2015
http://doi.org/10.7554/eLife.66738
http://doi.org/10.3389/fncel.2015.00057
http://doi.org/10.1038/s41586-021-04183-x
http://doi.org/10.1016/j.cmet.2018.05.011
http://doi.org/10.1016/j.neurobiolaging.2010.07.013
http://doi.org/10.1038/nature10243
http://doi.org/10.1111/ejn.12183
http://doi.org/10.1073/pnas.0907143106

Cells 2022, 11, 1902 24 of 27

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.
171.

172.

173.

174.

175.

176.
177.

178.

179.

180.

181.

Idriss, A.A.; Hu, Y.; Sun, Q,; Jia, L.; Jia, Y.; Omer, N.A.; Abobaker, H.; Zhao, R. Prenatal betaine exposure modulates hypothalamic
expression of cholesterol metabolic genes in cockerels through modifications of DNA methylation. Poult. Sci. 2017, 96, 1715-1724.
[CrossRef]

Palmer, A.L.; Ousman, S.S. Astrocytes and Aging. Front. Aging Neurosci. 2018, 10, 337. [CrossRef]

Zhang, J.; Liu, Q. Cholesterol metabolism and homeostasis in the brain. Protein Cell 2015, 6, 254-264. [CrossRef]

Pfrieger, EW.; Ungerer, N. Cholesterol metabolism in neurons and astrocytes. Prog. Lipid Res. 2011, 50, 357-371. [CrossRef]
Fukui, K.; Ferris, H.A.; Kahn, C.R. Effect of cholesterol reduction on receptor signaling in neurons. J. Biol. Chem. 2015, 290,
26383-26392. [CrossRef]

Naseem, S.M.; Heald, F.P. Cytotoxicity of cholesterol oxides and their effects on cholesterol metabolism in cultured human aortic
smooth muscle cells. Biochem. Int. 1987, 14, 71-84.

Takamiya, A.; Takeda, M.; Yoshida, A.; Kiyama, H. Inflammation induces serine protease inhibitor 3 expression in the rat pineal
gland. Neuroscience 2002, 113, 387-394. [CrossRef]

Zamanian, J.L.; Xu, L.; Foo, L.C.; Nouri, N.; Zhou, L.; Giffard, R.G.; Barres, B.A. Genomic Analysis of Reactive Astrogliosis. J.
Neurosci. 2012, 32, 6391. [CrossRef]

Yang, Z.; Wang, K.K. Glial fibrillary acidic protein: From intermediate filament assembly and gliosis to neurobiomarker. Trends
Neurosci. 2015, 38, 364-374. [CrossRef]

Clarke, L.E.; Liddelow, S.A.; Chakraborty, C.; Miinch, A.E.; Heiman, M.; Barres, B.A. Normal aging induces Al-like astrocyte
reactivity. Proc. Natl. Acad. Sci. USA 2018, 115, E1896-E1905. [CrossRef]

Pandya, V.A,; Patani, R. Region-specific vulnerability in neurodegeneration: Lessons from normal ageing. Ageing Res. Rev. 2021,
67,101311. [CrossRef]

Hou, Y.; Dan, X.; Babbar, M.; Wei, Y.; Hasselbalch, S.G.; Croteau, D.L.; Bohr, V.A. Ageing as a risk factor for neurodegenerative
disease. Nat. Rev. Neurol. 2019, 15, 565-581. [CrossRef]

Li, W. Phagocyte dysfunction, tissue aging and degeneration. Ageing Res. Rev. 2013, 12, 1005-1012. [CrossRef] [PubMed]
Dulken, B.W.; Buckley, M.T.; Navarro Negredo, P.; Saligrama, N.; Cayrol, R.; Leeman, D.S.; George, B.M.; Boutet, S.C.; Hebestreit,
K.; Pluvinage, J.V.; et al. Single-cell analysis reveals T cell infiltration in old neurogenic niches. Nature 2019, 571, 205-210.
[CrossRef] [PubMed]

Colton, C.A. Heterogeneity of Microglial Activation in the Innate Inmune Response in the Brain. ]. Neuroimmune Pharmacol. 2009,
4,399-418. [CrossRef]

Butovsky, O.; Ziv, Y.; Schwartz, A.; Landa, G.; Talpalar, A.E.; Pluchino, S.; Martino, G.; Schwartz, M. Microglia activated by IL-4 or
IFN-gamma differentially induce neurogenesis and oligodendrogenesis from adult stem/progenitor cells. Mol. Cell Neurosci.
2006, 31, 149-160. [CrossRef]

Gan, L.; Cookson, M.R; Petrucelli, L.; La Spada, A.R. Converging pathways in neurodegeneration, from genetics to mechanisms.
Nat. Neurosci. 2018, 21, 1300-1309. [CrossRef] [PubMed]

Katsuno, M.; Sahashi, K.; Iguchi, Y.; Hashizume, A. Preclinical progression of neurodegenerative diseases. Nagoya J. Med. Sci.
2018, 80, 289-298. [CrossRef]

Phatnani, H.; Maniatis, T. Astrocytes in neurodegenerative disease. Cold Spring Harb. Perspect. Biol. 2015, 7, a020628. [CrossRef]
Hickman, S.; Izzy, S.; Sen, P.; Morsett, L.; El Khoury, J. Microglia in neurodegeneration. Nat. Neurosci. 2018, 21, 1359-1369.
[CrossRef]

Knopman, D.S.; Amieva, H.; Petersen, R.C.; Chételat, G.; Holtzman, D.M.; Hyman, B.T.; Nixon, R.A.; Jones, D.T. Alzheimer
disease. Nat. Rev. Dis. Primers 2021, 7, 33. [CrossRef]

Dugger, B.N.; Dickson, D.W. Pathology of Neurodegenerative Diseases. Cold Spring Harb. Perspect. Biol. 2017, 9, a028035.
[CrossRef]

Xu, J.; Patassini, S.; Rustogi, N.; Riba-Garcia, I.; Hale, B.D.; Phillips, A.M.; Waldvogel, H.; Haines, R.; Bradbury, P,; Stevens,
A.; et al. Regional protein expression in human Alzheimer’s brain correlates with disease severity. Commun. Biol. 2019, 2, 43.
[CrossRef]

Buosi, A.S.; Matias, I.; Araujo, A.P.B.; Batista, C.; Gomes, F.C.A. Heterogeneity in Synaptogenic Profile of Astrocytes from Different
Brain Regions. Mol. Neurobiol. 2018, 55, 751-762. [CrossRef] [PubMed]

Arendt, T. Synaptic degeneration in Alzheimer’s disease. Acta Neuropathol. 2009, 118, 167-179. [CrossRef] [PubMed]

Jana, M.; Palencia, C.A.; Pahan, K. Fibrillar amyloid-beta peptides activate microglia via TLR2: Implications for Alzheimer’s
disease. J. Immunol. 2008, 181, 7254-7262. [CrossRef] [PubMed]

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

Zhang, G.; Wang, Z.; Hu, H.; Zhao, M.; Sun, L. Microglia in Alzheimer’s Disease: A Target for Therapeutic Intervention. Front.
Cell Neurosci. 2021, 15, 749587. [CrossRef]

Bi, F; Huang, C.; Tong, ].; Qiu, G.; Huang, B.; Wu, Q.; Li, F; Xu, Z.; Bowser, R.; Xia, X.-G; et al. Reactive astrocytes secrete lcn2 to
promote neuron death. Proc. Natl. Acad. Sci. USA 2013, 110, 4069-4074. [CrossRef]

Guttenplan, K.A.; Weigel, M.K,; Prakash, P.; Wijewardhane, P.R.; Hasel, P; Rufen-Blanchette, U.; Miinch, A.E; Blum, J.A.; Fine, | ;
Neal, M.C; et al. Neurotoxic reactive astrocytes induce cell death via saturated lipids. Nature 2021, 599, 102-107. [CrossRef]


http://doi.org/10.3382/ps/pew437
http://doi.org/10.3389/fnagi.2018.00337
http://doi.org/10.1007/s13238-014-0131-3
http://doi.org/10.1016/j.plipres.2011.06.002
http://doi.org/10.1074/jbc.M115.664367
http://doi.org/10.1016/S0306-4522(02)00198-7
http://doi.org/10.1523/JNEUROSCI.6221-11.2012
http://doi.org/10.1016/j.tins.2015.04.003
http://doi.org/10.1073/pnas.1800165115
http://doi.org/10.1016/j.arr.2021.101311
http://doi.org/10.1038/s41582-019-0244-7
http://doi.org/10.1016/j.arr.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23748186
http://doi.org/10.1038/s41586-019-1362-5
http://www.ncbi.nlm.nih.gov/pubmed/31270459
http://doi.org/10.1007/s11481-009-9164-4
http://doi.org/10.1016/j.mcn.2005.10.006
http://doi.org/10.1038/s41593-018-0237-7
http://www.ncbi.nlm.nih.gov/pubmed/30258237
http://doi.org/10.18999/nagjms.80.3.289
http://doi.org/10.1101/cshperspect.a020628
http://doi.org/10.1038/s41593-018-0242-x
http://doi.org/10.1038/s41572-021-00269-y
http://doi.org/10.1101/cshperspect.a028035
http://doi.org/10.1038/s42003-018-0254-9
http://doi.org/10.1007/s12035-016-0343-z
http://www.ncbi.nlm.nih.gov/pubmed/28050794
http://doi.org/10.1007/s00401-009-0536-x
http://www.ncbi.nlm.nih.gov/pubmed/19390859
http://doi.org/10.4049/jimmunol.181.10.7254
http://www.ncbi.nlm.nih.gov/pubmed/18981147
http://doi.org/10.1038/nature21029
http://www.ncbi.nlm.nih.gov/pubmed/28099414
http://doi.org/10.3389/fncel.2021.749587
http://doi.org/10.1073/pnas.1218497110
http://doi.org/10.1038/s41586-021-03960-y

Cells 2022, 11, 1902 25 of 27

182.
183.

184.

185.

186.

187.

188.
189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Li, K; Li, J.; Zheng, J.; Qin, S. Reactive Astrocytes in Neurodegenerative Diseases. Aging Dis. 2019, 10, 664-675. [CrossRef]
Macdonald, IL.R.; DeBay, D.R.; Reid, G.A.; O’Leary, T.P; Jollymore, C.T.; Mawko, G.; Burrell, S.; Martin, E.; Bowen, C.V.; Brown,
R.E; et al. Early detection of cerebral glucose uptake changes in the 5XFAD mouse. Curr. Alzheimer Res. 2014, 11, 450-460.
[CrossRef]

Park, ].-S.; Kam, T.-I; Lee, S.; Park, H.; Oh, Y.; Kwon, S.-H.; Song, J.-J.; Kim, D.; Kim, H.; Jhaldiyal, A.; et al. Blocking microglial
activation of reactive astrocytes is neuroprotective in models of Alzheimer’s disease. Acta Neuropathol. Commun. 2021, 9, 78.
[CrossRef] [PubMed]

Braak, H.; Braak, E. Staging of alzheimer’s disease-related neurofibrillary changes. Neurobiol. Aging 1995, 16, 271-278. [CrossRef]
Grober, E.; Dickson, D.; Sliwinski, M.].; Buschke, H.; Katz, M.; Crystal, H.; Lipton, R.B. Memory and mental status correlates of
modified Braak staging. Neurobiol. Aging 1999, 20, 573-579. [CrossRef]

Aman, Y.; Schmauck-Medina, T.; Hansen, M.; Morimoto, R.I.; Simon, A.K.; Bjedov, I.; Palikaras, K.; Simonsen, A.; Johansen, T.;
Tavernarakis, N.; et al. Autophagy in healthy aging and disease. Nat. Aging 2021, 1, 634-650. [CrossRef] [PubMed]

Cuervo, A.M,; Dice, ].F. When lysosomes get oldss. Exp. Gerontol. 2000, 35, 119-131. [CrossRef]

Zhang, W.; Xu, C.; Sun, J.; Shen, H.M.; Wang, ].; Yang, C. Impairment of the autophagy-lysosomal pathway in Alzheimer’s
diseases: Pathogenic mechanisms and therapeutic potential. Acta Pharm. Sin. B 2022, 12, 1019-1040. [CrossRef]

Wolfe, D.M,; Lee, ].-h.; Kumar, A.; Lee, S.; Orenstein, S.J.; Nixon, R.A. Autophagy failure in Alzheimer’s disease and the role of
defective lysosomal acidification. Eur. ]. Neurosci. 2013, 37, 1949-1961. [CrossRef]

Grubman, A.; Chew, G.; Ouyang, ].F; Sun, G.; Choo, X.Y.; McLean, C.; Simmons, R.K.; Buckberry, S.; Vargas-Landin, D.B.;
Poppe, D.; et al. A single-cell atlas of entorhinal cortex from individuals with Alzheimer’s disease reveals cell-type-specific gene
expression regulation. Nat. Neurosci. 2019, 22, 2087-2097. [CrossRef]

Wu, ].W.; Hussaini, S.A.; Bastille, LM.; Rodriguez, G.A.; Mrejeru, A,; Rilett, K.; Sanders, D.W.; Cook, C.; Fu, H.; Boonen, R A.C.M,;
et al. Neuronal activity enhances tau propagation and tau pathology in vivo. Nat. Neurosci. 2016, 19, 1085-1092. [CrossRef]

de Calignon, A.; Polydoro, M.; Suarez-Calvet, M.; William, C.; Adamowicz, D.H.; Kopeikina, K.J.; Pitstick, R.; Sahara, N.; Ashe,
K.H.; Carlson, G.A; et al. Propagation of Tau Pathology in a Model of Early Alzheimer’s Disease. Neuron 2012, 73, 685-697.
[CrossRef]

Martini-Stoica, H.; Cole, A.L.; Swartzlander, D.B.; Chen, F; Wan, Y.-W.; Bajaj, L.; Bader, D.A.; Lee, VM.Y,; Trojanowski, J.Q.; Liu,
Z.; et al. TFEB enhances astroglial uptake of extracellular tau species and reduces tau spreading. J. Exp. Med. 2018, 215, 2355-2377.
[CrossRef]

Tejera, D.; Heneka, M.T. Microglia in neurodegenerative disorders. In Microglia: Methods and Protocols; Garaschuk, O., Verkhratsky,
A., Eds.; Springer: New York, NY, USA, 2019; pp. 57-67.

Bartels, T.; De Schepper, S.; Hong, S. Microglia modulate neurodegeneration in Alzheimer’s and Parkinson’s diseases. Science
2020, 370, 66—69. [CrossRef] [PubMed]

Streit, W.J.; Khoshbouei, H.; Bechmann, I. The Role of Microglia in Sporadic Alzheimer’s Disease. |. Alzheimers Dis. 2021, 79,
961-968. [CrossRef] [PubMed]

Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, TK,; David, E.; Baruch, K.; Lara-
Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 2017,
169, 1276-1290.e1217. [CrossRef]

Deczkowska, A.; Keren-Shaul, H.; Weiner, A.; Colonna, M.; Schwartz, M.; Amit, I. Disease-Associated Microglia: A Universal
Immune Sensor of Neurodegeneration. Cell 2018, 173, 1073-1081. [CrossRef] [PubMed]

Friedman, B.A.; Srinivasan, K.; Ayalon, G.; Meilandt, W.J.; Lin, H.; Huntley, M.A.; Cao, Y.; Lee, S.-H.; Haddick, P.C.G.; Ngu, H,;
et al. Diverse Brain Myeloid Expression Profiles Reveal Distinct Microglial Activation States and Aspects of Alzheimer’s Disease
Not Evident in Mouse Models. Cell Rep. 2018, 22, 832-847. [CrossRef] [PubMed]

Konishi, H.; Kiyama, H. Microglial TREM2/DAP12 Signaling: A Double-Edged Sword in Neural Diseases. Front. Cell. Neurosci.
2018, 12, 206. [CrossRef]

Otero, K.; Turnbull, I.R; Poliani, P.L.; Vermi, W.; Cerutti, E.; Aoshi, T.; Tassi, I.; Takai, T.; Stanley, S.L.; Miller, M.; et al. Macrophage
colony-stimulating factor induces the proliferation and survival of macrophages via a pathway involving DAP12 and (3-catenin.
Nat. Immunol. 2009, 10, 734-743. [CrossRef]

Ulland, TK.; Song, WM.; Huang, S.C.; Ulrich, ].D.; Sergushichev, A.; Beatty, W.L.; Loboda, A.A.; Zhou, Y.; Cairns, N.J.; Kambal, A ;
et al. TREM2 Maintains Microglial Metabolic Fitness in Alzheimer’s Disease. Cell 2017, 170, 649-663.e613. [CrossRef] [PubMed]
Koychev, I.; Hofer, M.; Friedman, N. Correlation of Alzheimer Disease Neuropathologic Staging with Amyloid and Tau
Scintigraphic Imaging Biomarkers. J. Nucl. Med. 2020, 61, 1413. [CrossRef]

Sobue, A.; Komine, O.; Hara, Y.; Endo, F.; Mizoguchi, H.; Watanabe, S.; Murayama, S.; Saito, T.; Saido, T.C.; Sahara, N.; et al.
Microglial gene signature reveals loss of homeostatic microglia associated with neurodegeneration of Alzheimer’s disease. Acta
Neuropathol. Commun. 2021, 9, 1. [CrossRef]

Krasemann, S.; Madore, C.; Cialic, R.; Baufeld, C.; Calcagno, N.; El Fatimy, R.; Beckers, L.; O’Loughlin, E.; Xu, Y.; Fanek, Z; et al.
The TREM2-APOE Pathway Drives the Transcriptional Phenotype of Dysfunctional Microglia in Neurodegenerative Diseases.
Immunity 2017, 47, 566-581.e569. [CrossRef]


http://doi.org/10.14336/AD.2018.0720
http://doi.org/10.2174/1567205011666140505111354
http://doi.org/10.1186/s40478-021-01180-z
http://www.ncbi.nlm.nih.gov/pubmed/33902708
http://doi.org/10.1016/0197-4580(95)00021-6
http://doi.org/10.1016/S0197-4580(99)00063-9
http://doi.org/10.1038/s43587-021-00098-4
http://www.ncbi.nlm.nih.gov/pubmed/34901876
http://doi.org/10.1016/S0531-5565(00)00075-9
http://doi.org/10.1016/j.apsb.2022.01.008
http://doi.org/10.1111/ejn.12169
http://doi.org/10.1038/s41593-019-0539-4
http://doi.org/10.1038/nn.4328
http://doi.org/10.1016/j.neuron.2011.11.033
http://doi.org/10.1084/jem.20172158
http://doi.org/10.1126/science.abb8587
http://www.ncbi.nlm.nih.gov/pubmed/33004513
http://doi.org/10.3233/JAD-201248
http://www.ncbi.nlm.nih.gov/pubmed/33361603
http://doi.org/10.1016/j.cell.2017.05.018
http://doi.org/10.1016/j.cell.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29775591
http://doi.org/10.1016/j.celrep.2017.12.066
http://www.ncbi.nlm.nih.gov/pubmed/29346778
http://doi.org/10.3389/fncel.2018.00206
http://doi.org/10.1038/ni.1744
http://doi.org/10.1016/j.cell.2017.07.023
http://www.ncbi.nlm.nih.gov/pubmed/28802038
http://doi.org/10.2967/jnumed.119.230458
http://doi.org/10.1186/s40478-020-01099-x
http://doi.org/10.1016/j.immuni.2017.08.008

Cells 2022, 11, 1902 26 of 27

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

Rangaraju, S.; Dammer, E.B.; Raza, S.A.; Rathakrishnan, P.; Xiao, H.; Gao, T.; Duong, D.M.; Pennington, M.W.; Lah, J.J.; Seyfried,
N.T; et al. Identification and therapeutic modulation of a pro-inflammatory subset of disease-associated-microglia in Alzheimer’s
disease. Mol. Neurodegener. 2018, 13, 24. [CrossRef]

Gratuze, M,; Leyns, C.E.G.; Holtzman, D.M. New insights into the role of TREM2 in Alzheimer’s disease. Mol. Neurodegener.
2018, 13, 66. [CrossRef]

Hu, Y,; Fryatt, G.L.; Ghorbani, M.; Obst, ].; Menassa, D.A.; Martin-Estebane, M.; Muntslag, T.A.O.; Olmos-Alonso, A.; Guerrero-
Carrasco, M.; Thomas, D.; et al. Replicative senescence dictates the emergence of disease-associated microglia and contributes to
AP pathology. Cell Rep. 2021, 35, 109228. [CrossRef]

Dauer, W.; Przedborski, S. Parkinson’s Disease: Mechanisms and Models. Neuron 2003, 39, 889-909. [CrossRef]

Hirsch, E.; Graybiel, A.M.; Agid, Y.A. Melanized dopaminergic neurons are differentially susceptible to degeneration in
Parkinson’s disease. Nature 1988, 334, 345-348. [CrossRef]

Kostuk, E-W.; Cai, J.; Iacovitti, L. Subregional differences in astrocytes underlie selective neurodegeneration or protection in
Parkinson’s disease models in culture. Glia 2019, 67, 1542-1557. [CrossRef]

Mullican, S.E.; Rangwala, S.M. Uniting GDF15 and GFRAL: Therapeutic Opportunities in Obesity and Beyond. Trends Endocrinol.
Metab. 2018, 29, 560-570. [CrossRef]

Chen, S.; Liu, Y.; Rong, X.; Li, Y,; Zhou, ].; Lu, L. Neuroprotective Role of the PI3 Kinase/ Akt Signaling Pathway in Zebrafish.
Front. Endocrinol. 2017, 8, 21. [CrossRef]

Naoi, M.; Shamoto-Nagai, M.; Maruyama, W. Neuroprotection of multifunctional phytochemicals as novel therapeutic strategy
for neurodegenerative disorders: Antiapoptotic and antiamyloidogenic activities by modulation of cellular signal pathways.
Future Neurol. 2019, 14, FNL9. [CrossRef]

Uriarte Huarte, O.; Kyriakis, D.; Heurtaux, T.; Pires-Afonso, Y.; Grzyb, K.; Halder, R.; Buttini, M.; Skupin, A.; Mittelbronn, M.;
Michelucci, A. Single-Cell Transcriptomics and In Situ Morphological Analyses Reveal Microglia Heterogeneity Across the
Nigrostriatal Pathway. Front. Immunol. 2021, 12, 639613. [CrossRef] [PubMed]

Kwon, H.S.; Koh, S.-H. Neuroinflammation in neurodegenerative disorders: The roles of microglia and astrocytes. Transl.
Neurodegener. 2020, 9, 42. [CrossRef]

Muzio, L.; Viotti, A.; Martino, G. Microglia in Neuroinflammation and Neurodegeneration: From Understanding to Therapy.
Front. Neurosci. 2021, 15, 742065. [CrossRef]

Fellner, L.; Irschick, R.; Schanda, K.; Reindl, M.; Klimaschewski, L.; Poewe, W.; Wenning, G.K.; Stefanova, N. Toll-like receptor 4 is
required for a-synuclein dependent activation of microglia and astroglia. Glia 2013, 61, 349-360. [CrossRef]

Noelker, C.; Morel, L.; Lescot, T.; Osterloh, A.; Alvarez-Fischer, D.; Breloer, M.; Henze, C.; Depboylu, C.; Skrzydelski, D.; Michel,
PP, et al. Toll like receptor 4 mediates cell death in a mouse MPTP model of Parkinson disease. Sci. Rep. 2013, 3, 1393. [CrossRef]
Fiebich, B.L.; Batista, C.R.A.; Saliba, S.W.; Yousif, N.M.; de Oliveira, A.C.P. Role of Microglia TLRs in Neurodegeneration. Front.
Cell. Neurosci. 2018, 12, 329. [CrossRef]

Vaz, S.H,; Pinto, S.; Sebastiao, A.M.; Brites, D. Astrocytes in Amyotrophic Lateral Sclerosis. In Amyotrophic Lateral Sclerosis; Araki,
T., Ed.; Exon publications: Brisbane, Australia, 2021.

Miller, S.J.; Zhang, P.-w.; Glatzer, J.; Rothstein, ].D. Astroglial transcriptome dysregulation in early disease of an ALS mutant
SOD1 mouse model. . Neurogenet. 2017, 31, 37-48. [CrossRef]

Diaz-Amarilla, P; Olivera-Bravo, S.; Trias, E.; Cragnolini, A.; Martinez-Palma, L.; Cassina, P.; Beckman, J.; Barbeito, L. Phenotypi-
cally aberrant astrocytes that promote motoneuron damage in a model of inherited amyotrophic lateral sclerosis. Proc. Natl. Acad.
Sci. USA 2011, 108, 18126-18131. [CrossRef]

Gomes, C.; Cunha, C.; Nascimento, F; Ribeiro, ].A.; Vaz, A.R; Brites, D. Cortical Neurotoxic Astrocytes with Early ALS Pathology
and miR-146a Deficit Replicate Gliosis Markers of Symptomatic SOD1G93A Mouse Model. Mol. Neurobiol. 2019, 56, 2137-2158.
[CrossRef]

Gomes, C.; Sequeira, C.; Barbosa, M.; Cunha, C.; Vaz, A.R.; Brites, D. Astrocyte regional diversity in ALS includes distinct aberrant
phenotypes with common and causal pathological processes. Exp. Cell Res. 2020, 395, 112209. [CrossRef]

Casula, M.; Iyer, A.M.; Spliet, W.G.; Anink, J.J.; Steentjes, K.; Sta, M.; Troost, D.; Aronica, E. Toll-like receptor signaling in
amyotrophic lateral sclerosis spinal cord tissue. Neuroscience 2011, 179, 233-243. [CrossRef]

Pajarillo, E.; Rizor, A.; Lee, J.; Aschner, M.; Lee, E. The role of astrocytic glutamate transporters GLT-1 and GLAST in neurological
disorders: Potential targets for neurotherapeutics. Neuropharmacology 2019, 161, 107559. [CrossRef]

Rothstein, ].D.; Patel, S.; Regan, M.R.; Haenggeli, C.; Huang, Y.H.; Bergles, D.E.; Jin, L.; Dykes Hoberg, M.; Vidensky, S.; Chung,
D.S,; et al. B-Lactam antibiotics offer neuroprotection by increasing glutamate transporter expression. Nature 2005, 433, 73-77.
[CrossRef]

Tada, M.; Konno, T.; Tada, M.; Tezuka, T.; Miura, T.; Mezaki, N.; Okazaki, K.-i.; Arakawa, M.; Itoh, K.; Yamamoto, T.; et al.
Characteristic microglial features in patients with hereditary diffuse leukoencephalopathy with spheroids. Ann. Neurol. 2016, 80,
554-565. [CrossRef]

Axelsson, R.; Royttd, M.; Sourander, P.; Akesson, H.O.; Andersen, O. Hereditary diffuse leucoencephalopathy with spheroids.
Acta Psychiatr. Scand. Suppl. 1984, 314, 1-65.

Han, J.; Sarlus, H.; Wszolek, Z K.; Karrenbauer, V.D.; Harris, R.A. Microglial replacement therapy: A potential therapeutic strategy
for incurable CSF1R-related leukoencephalopathy. Acta Neuropathol. Commun. 2020, 8, 217. [CrossRef]


http://doi.org/10.1186/s13024-018-0254-8
http://doi.org/10.1186/s13024-018-0298-9
http://doi.org/10.1016/j.celrep.2021.109228
http://doi.org/10.1016/S0896-6273(03)00568-3
http://doi.org/10.1038/334345a0
http://doi.org/10.1002/glia.23627
http://doi.org/10.1016/j.tem.2018.05.002
http://doi.org/10.3389/fendo.2017.00021
http://doi.org/10.2217/fnl-2018-0028
http://doi.org/10.3389/fimmu.2021.639613
http://www.ncbi.nlm.nih.gov/pubmed/33854507
http://doi.org/10.1186/s40035-020-00221-2
http://doi.org/10.3389/fnins.2021.742065
http://doi.org/10.1002/glia.22437
http://doi.org/10.1038/srep01393
http://doi.org/10.3389/fncel.2018.00329
http://doi.org/10.1080/01677063.2016.1260128
http://doi.org/10.1073/pnas.1110689108
http://doi.org/10.1007/s12035-018-1220-8
http://doi.org/10.1016/j.yexcr.2020.112209
http://doi.org/10.1016/j.neuroscience.2011.02.001
http://doi.org/10.1016/j.neuropharm.2019.03.002
http://doi.org/10.1038/nature03180
http://doi.org/10.1002/ana.24754
http://doi.org/10.1186/s40478-020-01093-3

Cells 2022, 11, 1902 27 of 27

233. Han, J.; Harris, R.A.; Zhang, X.-M. An updated assessment of microglia depletion: Current concepts and future directions. Mol.
Brain 2017, 10, 25. [CrossRef]

234. Han, J.; Zhu, K.; Zhang, X.-M.; Harris, R.A. Enforced microglial depletion and repopulation as a promising strategy for the
treatment of neurological disorders. Glia 2019, 67, 217-231. [CrossRef]

235. Kana, V.; Desland, F.A.; Casanova-Acebes, M.; Ayata, P.; Badimon, A.; Nabel, E.; Yamamuro, K.; Sneeboer, M.; Tan, L.-L.; Flanigan,
M.E; et al. CSF-1 controls cerebellar microglia and is required for motor function and social interaction. J. Exp. Med. 2019, 216,
2265-2281. [CrossRef]


http://doi.org/10.1186/s13041-017-0307-x
http://doi.org/10.1002/glia.23529
http://doi.org/10.1084/jem.20182037

	Introduction 
	Intra- and Inter-Regional Heterogeneity of Cortex-Specific Astrocytes and Microglia 
	Cortex-Specific Astrocytes and Their Function 
	Cortex-Specific Microglia and Their Function 

	Intra- and Inter-Regional Heterogeneity of Hippocampus-Specific Astrocytes and Microglia 
	Hippocampus-Specific Astrocytes and Their Functions 
	Hippocampus-Specific Microglia and Their Function 

	Intra- and Inter-Regional Heterogeneity of Cerebellum-Specific Astrocytes and Microglia 
	Cerebellum-Specific Astrocytes and Their Functions 
	Cerebellum-Specific Microglia and Their Functions 

	Intra- and Inter-Regional Heterogeneity of Astrocytes and Microglia in Other Brain Regions 
	Hypothalamus-Specific Astrocytes and Their Functions 
	Thalamus-Specific Astrocytes and Their Functions 
	Subventricular Zone-Specific Microglia and Their Functions 

	Could Regional Heterogeneity of Astrocytes and Microglia Be Implied in Aging? 
	Implication of Regional Heterogeneity of Astrocytes in Aging 
	Implication of Regional Heterogeneity of Microglia in Aging 

	Could Regional Heterogeneity of Astrocytes and Microglia Be Applied in Neurodegenerative Diseases? 
	Regional Heterogeneity of Astrocytes and Microglia in Alzheimer’s Disease 
	Regional Heterogeneity of Astrocytes and Microglia in Parkinson’s Disease 
	Regional Heterogeneity of Astrocytes and Microglia in Other Neurodegenerative Diseases 

	Conclusions 
	References

