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Microglia and astrocytes play essential roles in the central nervous system contributing
to many functions including homeostasis, immune response, blood–brain barrier
maintenance and synaptic support. Evidence has emerged from experimental models of
glial communication that microglia and astrocytes influence and coordinate each other
and their effects on the brain environment. However, due to the difference in glial cells
between humans and rodents, it is essential to confirm the relevance of these findings
in human brains. Here, we aim to review the current knowledge on microglia-astrocyte
crosstalk in humans, exploring novel methodological techniques used in health and
disease conditions. This will include an in-depth look at cell culture and iPSCs, post-
mortem studies, imaging and fluid biomarkers, genetics and transcriptomic data. In this
review, we will discuss the advantages and limitations of these methods, highlighting
the understanding these methods have brought the field on these cells communicative
abilities, and the knowledge gaps that remain.
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INTRODUCTION

Astrocytes and microglia, both types of glial cells, are key cells in the central nervous system (CNS),
maintaining homeostasis and supporting the function of neurons (Figure 1). The communication
between neurons and the glial cells is well recognized. However, crosstalk between astrocytes and
microglia is also an essential feature of a healthy CNS, and the breakdown of this communication
may be an important mechanism in neurodegenerative disorders. The study of glial communication
in humans remains a challenge due to the complexity, access, and function of the CNS. However,
tools have been developed in an attempt to overcome these difficulties, with some of them
specifically designed to explore glial cells.

Here we review examples in the literature of the current understanding of microglia and
astrocytes functions and their communication in the human brain that has been gained using some
of these tools, with a focus on Alzheimer’s disease (AD) and other neurodegenerative diseases.

The research discussed here will include genetic and transcriptomic studies which evaluate genes
and proteins expressed by glia and their relevance to disease. The functional studies reviewed look
at cultured human cells using primary isolated glial cells, or cells derived from human induced
pluripotent stem cells (iPSC). The stem cell model systems have been generated to closely mimic
the human environment whilst allowing cellular manipulation to improve our understanding of
their functions. For these characteristics, iPSCs have become the most utilized cell system in
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neurodegenerative disease (Table 1), used individually or in
co- or tri-culture systems to investigate cell cooperation and
coordination in what is known as the cerebral organoid.

Other studies have explored astrocytes and microglia in situ in
human brain tissue, through post-mortem immunohistochemical
studies to examine cells at a specific time in their real
environment. Finally, recent non-invasive techniques will be also
discussed which assess microglia/astrocyte activation in patients
during life, allowing temporal investigation of their activated
status via the use of brain imaging and fluid biomarkers (Table 1).

AN OVERVIEW

Microglia
Microglia are the resident immune cells of the CNS, accounting
for 10% of cells (Salter and Stevens, 2017). They are derived
from the yolk sac (Ginhoux et al., 2010), and during brain
development regulate neurogenesis (Cunningham et al., 2013),
promote neuronal survival (Ueno et al., 2013) and participate
in synaptic pruning, to ensure appropriate neuronal connections
are made and brain maturation occurs (Schafer et al., 2012).
Throughout adult life, they continue to interact with their
environment, contributing to synaptic communication and
ensuring cerebral homeostasis is maintained within the brain
by constantly surveying the surrounding parenchyma with their
finger-like processes (Boche et al., 2013). They have recently
been defined as a multifunctional housekeeping cell type (Cserép
et al., 2021). However, the exact function of microglia is still
somewhat unclear in human neurodegenerative disease, but
evidence supports a role for these cells in conditions such as
AD (Franco-Bocanegra et al., 2019b), Parkinson’s disease (PD)
(Lecours et al., 2018), and frontotemporal dementia (FTD)
(Hartnell et al., 2021).

Microglia have been considered to exist in two states referred
to as ‘resting’ or ‘activated.’ ‘Resting’ microglia were classed as
those that are highly ramified in their morphology with processes
allowing them to scan the microenvironment for foreign bodies
and neuronal injury (Boche et al., 2013). The term ‘resting’
was not accurate as the ramified microglia are highly dynamic
cells, as observed in the rodent brain (Nimmerjahn et al., 2005).
In the context of cerebral homeostatic changes (e.g., due to
infection, damage, or disease), the cells become ‘activated’ and
undergo morphological changes that include enlarged cell bodies
with thickening and shortening of their processes, leading to
a more amoeboid-like morphology and migration toward the
“anomaly” (Boche et al., 2013; Franco-Bocanegra et al., 2021).
In addition, the morphological modifications are associated with
the expression of inflammatory molecules in response to the
homeostatic disturbance of the micro-environment (Hanisch,
2002). Two types of microglial activation status were initially
considered and named M1 and M2. M1 was referred to as classic
activation where the cells expressed pro-inflammatory cytokines,
targeted foreign bodies, exhibiting antigen presentation markers
and performing phagocytosis (Mosser and Edwards, 2008). The
M2 status was known as alternate activation/wound healing.
Again, microglia in the M2 profile performed phagocytosis

but also promoted changes in the extracellular matrix as
a healing process and the profile was associated with the
expression of anti-inflammatory cytokines (Edwards et al., 2006).
This categorization, which was derived from the macrophages
in experimental conditions, is now disputed. Indeed, several
microglial populations have been detected cohabiting within the
same brain, with specific disease-associated microglial profiles
identified in experimental models (Boche and Gordon, 2021)
and conditions such as AD, associated with a mix of pro and
anti-inflammatory molecules expressed in the brain (Rakic et al.,
2018; Franco-Bocanegra et al., 2019a). However, consensus on the
number and functions of microglial populations and the presence
of disease-specific profiles as identified in models remains to be
established in humans.

Astrocytes
Astrocytes are a subset of glial cells which contribute to the
maintenance and regulation of neuronal function. These star-
shaped cells make up between 17 and 61% of the cells in
the human brain, depending on the area (von Bartheld et al.,
2016). Astrocytes have several functions within the healthy
CNS including neurotransmitter cycling, metabolic support of
neurons and maintenance of the blood–brain barrier (via their
roles in neuro-vascular coupling) (Sofroniew and Vinters, 2010).

Our current knowledge of astrocytes is mostly sourced from
studies in rodents; however, as with microglia, human astrocytes
differ quite markedly from those of rodents. For example,
differences were observed in calcium signaling functions and
transcriptome readouts between human and mouse astrocytes
(Zhang et al., 2016). There are several subclasses of astrocytes
(see Figure 2) the most numerous of which are protoplasmic
astrocytes, found in all mammals. These have a stellate
morphology and inhabit their own distinct domain in layers
II–VI of the gray matter never overlapping other astrocytes.
However, in humans, these astrocytes are three times larger with
more than ten times the number of projections than those of
rodents (Oberheim et al., 2009). There are also two distinct
subtypes of astrocytes found only in primates and humans
which reside in either layer I or layer VI and reach projections
down (or up) into the other cortical layers (Oberheim et al.,
2006). These interlaminar astrocytes have high expression of
CD44, GFAP (glial fibrillary astrocytic protein) and S100B (S100
calcium-binding protein B), but low expression of glutamate
processing markers excitatory amino acid transporter (EAAT)-
1 and EAAT2 and Glutamate Synthetase (Sosunov et al., 2014).
Similar transcriptional properties were also seen in the white
matter “fibrous astrocytes.”

Interest has increased in the role of astrocytes during disease,
particularly in their participation in the neuroinflammatory
processes. Changes in astrocyte morphology, function and
abundance (termed “astrogliosis”) have been observed in
human neurodegenerative disorders (Pekny and Pekna, 2014).
However, many studies used GFAP to monitor astrocyte
proliferation, and it is argued that the increased expression
may be related to upregulation in individual cells rather than
astrocytic proliferation (Perez-Nievas and Serrano-Pozo, 2018),
as observed in a study using the proliferating cell marker PCNA
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FIGURE 1 | Functional and morphological characteristics of microglia and astrocytes. AD, Alzheimer’s disease; PD, Parkinson’s disease; HD, Huntington’s disease;
MND, motor neuron disease; FTD, frontotemporal dementia; MS, multiple sclerosis. Microglia phenotypes have been disputed and may not reflect their functions.

TABLE 1 | Current methods available to study human glial cells.

Method Advantages Disadvantages

Genetics Identifies candidate genes and pathways relevant to disease. Requires confirmation of the cellular/biological implications.

Transcriptomics Identify specific cell-type pathways. Very large amount of data obtained.

Lack of consistency based on the source of the cells and technique used.

Primary culture Can study human cells independently of their environment. Cells may behave differently to in vivo.

Allows easy control of the cell environment. Challenging to obtain from humans.

iPSCs Minimally invasive. Derived cells may be different from astrocytes/microglia in vivo.

Sources directly from patients. Non -cerebral origin.

Retains some of the human specificities after re-differentiation. Challenging to maintain overtime.

Post-mortem Study of glial cells in situ. Provides a static, late-stage picture rather than dynamic image of the events.

Identification of several cell populations. Post-mortem delay

Tissue preservation for some methods.

High heterogeneity of the human population

PET Real time functional readout for a specific cell type. Low cell specificity.

Moderately invasive method. TSPO polymorphism affects binding.

Many ligands being developed. Requires injection of radioactive tracer. Expensive.

MRI Real time readout. Absence of cell specificity.

Non-invasive.

Biomarkers Temporal investigation. May not reflect brain inflammation.

Indicator of inflammatory status. Can be invasive for patients (lumbar puncture).

Potential for predictive readout. Link with glial cells unclear.

Can follow therapeutic effects in vivo.
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FIGURE 2 | GFAP+ stained astrocyte subtypes. (A) Protoplasmic astrocytes
of the gray matter. Note the lighter staining, showing less expression of GFAP.
(B) Darker stained fibrous astrocytes of the white matter. (C) Intralaminar
astrocytes stretching process from layer I–II to layers III and IV. (D) Varicose
projection astrocyte. Black arrows point to varicosities on the straight primary
process. White arrow points to faintly stained cell body. [Scale bar
(A,B) = 50 µm, (C) = 100 µm, (D) = 25 µm].

(Marlatt et al., 2014). Furthermore, studies using cell counts
of astrocytes – through Nissl staining (Pelvig et al., 2003)
or constitutive astrocyte markers in combination with GFAP
(Serrano-Pozo et al., 2013a) – showed no difference in cell
number in AD compared to control brains. Examples of GFAP
in a control brain and a brain with Pick’s disease are shown in
Figure 3.

Further to their increased GFAP expression during
neuroinflammation, astrocytes take on a neurotoxic phenotype
(A1) (Zamanian et al., 2012) which loses neuroprotective
abilities, leading to neuronal death. This A1 phenotype was
revealed in AD, Huntington’s disease (HD), motor neuron
disease (MND), and PD (Liddelow et al., 2017). However, the
idea that astrocytes become polarized to an A1 (neurotoxic) or
A2 (neuroprotective) phenotype upon activation from different
signals issued from microglia may be misleading. As with the
previous M1/M2 distinction in microglia (from which the field
has moved on) (Ransohoff, 2016), it seems that despite the
discovery of a 12 gene signature of A1 astrocytes (Liddelow et al.,
2017), intermediate or divergent transcriptomic states might
exist and even co-exist within the same brain (Escartin et al.,
2021). Other studies have also cast doubt on the polarization
of the astrocytic phenotype, showing that the transcriptomic
signature of disease-related astrocytes in AD (Grubman et al.,
2019; Zhou et al., 2020) or HD (Al-Dalahmah et al., 2020) did not
overlap with the one initially described by Liddelow et al. (2017).

FIGURE 3 | Expression of GFAP+ astrocytes. Astrocytes in control cases (A)
and Pick’s disease cases (B), with the latter showing darker staining and
greater cell number. Scale bars = 50 µm.

A phagocytic role for astrocytes has also be identified in
the humans. In AD, reactive astrocytes via their processes are
known to form clusters around amyloid plaques and APP-
containing dystrophic neurites (Gomez-Arboledas et al., 2018).
However, the number of astrocyte processes correlated with
the amount of plaque-associated neurites rather than plaque
size, suggesting that they are responding to neuronal damage
rather than the plaques per se (Serrano-Pozo et al., 2013b).
Using immunofluorescence, it was shown that GFAP+ processes
closely contact APP-containing neurites. Using transmission
electron microscopy, they observed that the astrocytes-neurites
association involved astrocytic phagocytosis with dystrophic
neurites internalized by reactive astrocytes (Gomez-Arboledas
et al., 2018). This supports that a dysfunction in astrocytes’
ability to carry out phagocytosis may contribute to the
progression of AD.

GENETICS AND TRANSCRIPTOMIC
STUDIES

Microglia
Genetic data has been invaluable in providing a greater
understanding of microglia and their function in neurological
conditions. Being derived from the early erythro-myeloid
progenitors in the yolk sac (Ginhoux et al., 2010), many genes
contribute to their differentiation and role as immune cells within
the CNS (Wurm et al., 2021). As aging occurs, microglial gene
expression changes and this might potentially explain why aging
is the major contributor to disease risk in neurodegenerative
conditions (Olah et al., 2020).

Genome-wide association studies (GWAS) allow the
identification of inherited genetic variants associated with
disease risk by testing an extremely large data set for important
genetic information. It was well established that the APOE
(apolipoprotein E) genotype was, with aging, an important
risk factor in developing AD (Saunders et al., 1993). There is
a protective APOE allele (ε2), a neutral allele (ε3), and a risk
allele (ε4). An individual who is homozygous for the ε4 allele
has an 8-12 times greater chance of developing AD (Genin et al.,
2011; Serrano-Pozo et al., 2015). Twenty years later, one GWAS
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study identified 11 novel genes associated with the risk of AD.
These included HLA-DRB5–DRB1, SORL1, PTK2B, SLC24A4,
ZCWPW1, CELF1, CASS4, and FERMT2 genes (Lambert et al.,
2013), highlighting the involvement of several immune genes.
Other GWAS studies have then focused on the association
between microglial genes and AD and found that TREM2, CD33,
CR1, and PLGC2 were all significant risk factors for the disease
and that they may alter the functionality of microglia (Malik
et al., 2015). Of note, from all GWAS studies in AD, the APOE
gene was still the strongest risk factor identified for this disease.
Triggering receptor expressed on myeloid cells 2 (TREM2) is of
particular interest as the identified genetic variant confers the
same magnitude of genetic risk as APOE (Guerreiro et al., 2013;
Jonsson et al., 2013). However, the TREM2 variant is present in
1% of the population when the APOE ε4 genotype associated
with AD is expressed by 30% of the population. There is evidence
for upregulation of TREM2 in AD (Perez et al., 2017), but its
exact role in this disease and its presence in human microglia
remains to be confirmed (Fahrenhold et al., 2018). GWAS studies
are crucial for discovering genetic risk factors linked to disease,
but they do not show the whole picture of which protein, cell
or process is involved. Therefore, to determine the function and
role of the gene/protein in particular circumstances, other tools
and techniques are usually necessary.

The development of the single-cell RNA sequencing
(scRNAseq) method has allowed the identification of different
microglial populations based on genetic expression. This is
a high-throughput technology (Svensson et al., 2018) that
can distinguish between microglia and other myeloid cell
populations (e.g., perivascular macrophages) using specific
microglial proteins such as the transmembrane protein
119 (TMEM119) (Bennett et al., 2016). This method, in
both mouse models and human brain samples, has re-
emphasized that microglial genes are highly associated with
neurodegenerative disease (Keren-Shaul et al., 2017; Olah et al.,
2020). A study using scRNAseq on human brain tissue including
mild cognitive impairment (MCI), AD or epilepsy patients,
identified 9 different microglial subpopulations with different
functionalities, including homeostasis, antigen presentation
and proliferation. Four of these subpopulations were similar to
the disease-associated microglia transcriptomic profiles defined
in experimental models (Olah et al., 2020). Another human
study identified seven different populations and did not find a
difference in the gene expression profiles of microglia, suggesting
an absence of specific AD-related microglial populations (Alsema
et al., 2020). The discrepancy between studies emphasizes the
challenges associated with this technology when used in the
human brain (Boche and Gordon, 2021), partly due to the small
number of microglia and the need to pool several brains together
leading to conditions being mixed. It also highlights the need
to confirm the experimental findings in humans to advance our
understanding of microglia.

Single-cell RNA sequencing has more recently challenged
the microglia activation classification groups, M1 and M2, with
results showing that these may be an oversimplification of the
roles of microglia. Evidence suggests a progressive switch in
gene expression that causes microglia to become activated, rather

than a distinct on or off mechanism. Also, it has been shown
that the progressive switch may be related to the proximity of
Aβ plaques in the context of AD (Keren-Shaul et al., 2017). In
experimental models, transcriptomics identified two main gene
clusters associated with microglia, these being a homeostatic
cluster given the term ‘M0,’ defined by P2ry12, Tmem119,
Cx3Cr1, and an inflammatory cluster termed ‘MGnD’ defined by
Ccl2, Csf1, and Apoe. The same study also reported that TREM2
induces the APOE pathway which then causes a switch between
M0 and MGnD microglial phenotypes, and thus targeting this
pathway could reinstate the homeostatic nature of microglia in
AD (Krasemann et al., 2017). Some of the microglial phenotypes
described from mouse brains have been confirmed in humans
(Boche and Gordon, 2021).

Lastly, single nucleus RNA sequencing (snRNAseq) has been
developed as an alternative method to scRNAseq to explore
transcriptomics in tissue where it is difficult to extract cells and
keep them intact. It also has the advantage of being performed
on frozen rather than fresh tissue and thus can make use of
archived, well-characterized cases. Using this methodology on
two brains, a total of five microglial clusters were identified with
the presence of microglia genes highly expressed in some of the
clusters such as the homeostatic gene P2Y12 in and C1QA. The
authors reported similar findings on microglia isolated from fresh
tissue from the same donors and concluded this to be proof
of the relevance of the snRNAseq method to study microglial
genes (Gerrits et al., 2020). Indeed, nuclei isolated from human
microglia can provide a substantial genetic map to investigate
important microglial genes. However, this has been challenged
by another study also comparing scRNAseq and snRNAseq on
microglia isolated from frozen biopsies. They observed that genes
associated with microglial activation identified in scRNAseq (e.g.,
APOE, SPP1, and CD74) were depleted in snRNAseq (Thrupp
et al., 2020), implying a low sensitivity of the method and
that microglial nuclei may not recapitulate the whole picture of
microglial activation. The different studies clearly demonstrated
the challenges associated with the study of microglia in humans.

Astrocytes
As with microglia, APOE is also an important gene when it
comes to astrocytes in the context of AD. Astrocytes are the
primary APOE expressing cells of the brain. In humans, APOE
ε4 carriers had similar numbers of GFAP+ astrocytes (either
reactive or resting) to other APOE genotypes (Serrano-Pozo et al.,
2011). Whilst similar in number, their function may be altered,
as in astrocytes derived from human iPSCs, an APOE ε4/ε4
genotype was found to cause a loss of neurotrophic function
(Zhao et al., 2017).

To uncover other genes in astrocytes that may be involved
in the pathological process in AD, transcriptomic studies
compared astrocyte genomes between control and AD brains.
Laser capture microdissection was utilized to isolate astrocytes
from post-mortem human tissue for their transcriptomes to be
analyzed using gene microarrays. This technique has allowed
the identification of several astrocytic genes including the
mitochondrial genes PITRM1-AS1 (pitrilysin metallopeptidase
1 antisense RNA1), an antisense copy of a gene known
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to degrade Aβ (Falkevall et al., 2006), NDUFA4L2 (NADH
dehydrogenase 1 alpha subcomplex, 4-like 2) which inhibits
respiratory complex 1 in mitochondria, and FASKD2 (fast kinase
domain-containing protein 2) involved in regulating apoptosis.
Other immune-related genes found to be different in AD
astrocytes were C3 (complement component 3), CLU (Clusterin)
and CD74 (cluster of differentiation 74) (Sekar et al., 2015).
Another study also reported changes in genes across several
functional pathways between early and late-stage AD. The main
differences were detected between the Braak stages 1–II vs.
Braak stages V–VI and were related to reductions in signaling
pathways related to insulin, MAPK (mitogen-activated protein
kinase), PI3K (phosphatidylinositol 3-kinase), and PKB (protein
kinase B). Furthermore, they revealed that many pathways in
astrocytes were also modified with respect to the APOE genotype
(Simpson et al., 2011).

HUMAN PRIMARY CELL CULTURES AND
INDUCED PLURIPOTENT STEM CELLS

Cell culture has been a commonly used method to study glial
cells and allows the control of the physiochemical environment
of the cell. However, it was argued that the representation of the
native/physiological environment of cells was limited in single-
cell culture model systems though there are ways of mimicking
in vivo systems in this in vitro method. Several glial cell lines
are commercially available, some of them derived from human
cells, but for cell lines to acquire the necessary properties to grow
in vitro, there is a loss of their specificity.

The culture of primary glial cells has the advantage of
being prepared from cells isolated directly from the brain
and hence provide more relevant findings than cell lines.
These cells are often sourced from rodent pups, and are not
representative of differentiated/mature cells and thus require
to be highly manipulated to mimic neurodegenerative diseases
associated with aging. In addition, human microglia and
astrocytes are known to be significantly distinct from those of
the rodents (Oberheim et al., 2009; Franco Bocanegra et al.,
2018). Therefore, primary human cell culture can provide
avenues to explore human cell physiology in health and
disease, although with similar limitations as for cell lines,
namely its simplicity and disconnection from the original cell
environment. Furthermore, primary cell culture from humans
is a particular challenge, as it requires either fetal cells (that
may not represent those in chronic disease), or cells collected
from adults during neurosurgical operations (that might not be
relevant to normal physiology or neurodegenerative diseases), or
cells isolated from post-mortem brains. Overall, primary human
cells are extremely challenging to obtain and involve complex
ethical considerations.

Induced pluripotent stem cells are a more accessible model in
which to study the behavior of human cells. Cells from the skin
and blood (Lowry et al., 2008) are sourced from an individual
and reprogrammed into embryonic stem cell-like cells (known as
iPSC cells) using the Yamanaka factors and have been generated
from a variety of differentiated cells (Takahashi and Yamanaka,

2006). iPSCs can be re-differentiated into any cell type and iPSC-
based methods are now widely used to study the physiopathology
of disease or as platforms in drug discovery with iPSCs banks
being established.

Microglial Cell Culture Models
Microglia derived from human iPSCs have been generated to
mimic physiological microglia (sourced from healthy donors)
or disease microglia (provided by patients). Microglial cells
derived from healthy human iPSCs were able to phagocytose
foreign particles, as previously observed in cell cultures, but
most importantly expressed microglial-specific markers such
as TMEM119. Furthermore, when microglial iPSCs were co-
cultured with neurons, the microglial signature was enhanced
and the microglial cells presented a ‘surveying behavior’ similar
to the process in physiological conditions. Lastly, when damage
was caused to the cell co-culture, the microglia reacted within
minutes to these stimuli by extending their processes to the
site of injury (Muffat et al., 2016), starting the inflammatory
process as expected (Nimmerjahn et al., 2005; Franco-Bocanegra
et al., 2019b). One study examined the consequences of the main
AD risk factor APOE ε4 on microglia. Interestingly, microglia
associated with this allele revealed a different morphology
compared to those associated with the APOE ε3 allele. APOE
ε4 microglia presented decreased process length and were fewer
in number (Lin et al., 2018), which might be associated with
decreased phagocytic capabilities, specifically phagocytosis of Aβ.
Furthermore, with the use of the CRISPR/Cas9 system, iPSCs
with the APOE ε4 allele were converted to the APOE ε3 allele
and this consequently caused a reduction in AD pathology
(Lin et al., 2018), suggesting that the role of APOE as a risk
factor for AD might be triggered by microglia. Interestingly, a
study observing the effect of TREM2 mutations on microglia
using human iPSCs, found that the missense mutations of this
gene caused microglia derived from these donors to express
less TREM2. This initiated a reduction in phagocytic capabilities
of the human iPSC derived microglia, suggesting that TREM2
missense mutations cause dysfunction in microglia (Garcia-
Reitboeck et al., 2018). Furthermore, using iPSCs derived from
individuals with a TREM2 mutation that causes FTD, it was
discovered that the mutant form of TREM2 could not be
processed by microglia, staying in its immature form, and was not
properly relocated to the plasma membrane of the cells. However,
it was shown that the microglia with this TREM2 mutation could
still respond to inflammatory stimuli (Brownjohn et al., 2018).
The recent combination of iPSCs based on identified risk factors
has highlighted potential microglial mechanisms in AD and other
dementias. One study was able to demonstrate that human iPSC
microglia recapitulated the ability to phagocytose Aβ and tau
both in vivo and in vitro. The cells were also able to release
cytokines when exposed to inflammatory stimuli and underwent
the same genetic changes from said stimuli as physiological
microglia would behave in human brain (Abud et al., 2017;
Garcia-Leon et al., 2020).

To attempt to closely recapitulate the microenvironment
of the human brain, multiple cerebral cell types have been
cultured together. One study developed a co-culture of
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embryonic iPSC-derived macrophages with iPSC-derived cortical
neurons. In this model, macrophage cells matured into
microglia, expressed microglia-specific markers such as P2Y
purinoreceptor 12 (P2RY12) and MER proto-oncogene tyrosine
kinase (MERTK), portrayed their phagocytic function, and were
ramified (Haenseler et al., 2017). It was also observed that the
iPSC-derived microglia were able to become activated, taking on
an amoeboid morphology and releasing inflammatory products.
The co-culture was stable for many weeks and microglia
expressed many genes associated with AD, such as TREM2,
APOE, APP, and PARK15 (Haenseler et al., 2017), making this an
effective tool for studying microglia in disease.

Using the opportunity to access brain tissue at the time of
the post-mortem examination, isolated microglia expressed
constitutive microglial markers such as CD11b, CD32, CD64,
CD68, and HLA-DR. Cells sourced from AD brains also
presented elevated pro-inflammatory molecules including
cytokines interleukin 6 (IL6), tumor necrosis factor-alpha
(TNFα), CCL3, CCL4, CXCL8, and M-CSF (macrophage colony-
stimulating factor) suggesting a greater inflammatory response
from microglia in AD (Lue et al., 2001). A study showed that it
was possible to distinguish microglia (CD11b++CD45dim) from
macrophages (CD11b++CD45high) using flow cytometry after
extraction from post-mortem brain tissue (Melief et al., 2012).
Upon LPS stimulation, microglia responded by upregulating
inflammatory markers (Melief et al., 2012) as seen in vivo
after ‘injury’ occurring in the human brain (Zrzavy et al., 2019).
Further analysis of this isolation method has shown the technique
to be extremely efficient, yielding up to 450,000 cells per gram
of brain tissue (Mizee et al., 2017). Examining the role microglia
play in the spread of tau in AD, primary human microglia were
isolated from post-mortem disease tissue and analyzed for tau
seeds. The study reported that Tau seeds were form of misfolded
tau protein and were thought to be the template from which
the spread of pathological tau occurs. Interestingly, the isolated
microglia contained the tau seeds and were able to further release
them into the surrounding media. This suggests that microglia
could uptake the tau via phagocytosis with the aim to remove
the toxic protein; however, this process does not appear to be
sufficient to neutralize the tau seed (Hopp et al., 2018).

It is assumed that as the cells are sourced directly from a
donor brain, they may better recapitulate the characteristics of
human microglia in vivo than microglia isolated from a rodent
brain or human iPSCs cultures. However, this process needs to
be improved as the microglial-specific markers were observed
to diminish over time in culture (Mizee et al., 2017), making
the technique less effective for long-term use without stability
improvements and thus less attractive for the study of chronic
neurodegenerative conditions.

Astrocytic Cell Culture Models
Astrocytes can also be successfully derived from human iPSCs,
through intermediate-stage neural progenitor cells (NPCs)
(Shaltouki et al., 2013; Tcw et al., 2017) or oligodendrocyte
progenitor cells (Jiang et al., 2013). Similarly to microglia,
astrocytes can be derived from healthy individuals’ iPSCs or

generated from patients with known genetic mutations to
understand familial diseases.

Deriving astrocytes from the iPSCs of a patient with
the PSEN1 M146L familial AD mutation created cells that
expressed normal astrocyte markers GFAP, S100B, EAAT1, and
Glutamine Synthetase (although cellular localization of the
former three markers was altered). These cells were atrophied,
with lower surface area and volume than those from the
control donor. However, regardless of the presence or absence of
the PSEN1 M146L genotype, iPSC-derived astrocytes expressed
the chemokines CXCL8 and CCL2, as well as tissue inhibitor
of metalloproteinases 2 (TIMP-2) (Jones et al., 2017). The
effect of APOE genotypes on iPSC-derived astrocytes was also
investigated, with the APOE ε4/ε4 astrocytes showing similar
morphologies and expression of the same astrocyte markers
and chemokines (with the addition of the upregulation of
CCL4 and CCL5) to the PSEN1 M146L astrocytes (Jones et al.,
2017). APOE ε4/ε4 astrocytes also showed evidence of increased
cholesterol synthesis and release and had impaired clearance
of oligomeric Aβ42 (Lin et al., 2018), and were less effective
in supporting neurons as illustrated by lower levels of synaptic
proteins in the co-culture (Zhao et al., 2017). Exacerbated
cytokine expression was also shown in another iPSC study (from
PSEN1 1E9 mutation patients) which also noted increased Aβ

pathology and Ca2+ release from the endoplasmic reticulum of
mutant cells (Oksanen et al., 2017). These results may suggest
an astrocyte contribution to AD through altered inflammatory
protein expression associated with an atrophic morphology.

To understand the activity of human astrocytes, iPSC-derived
cells were cultured under different conditions using signaling
factors to modify the astrocytes phenotypes to either mature or
reactive cells observed in vivo. Incubation with TNFα led to
increased expression of CXCL8, CCL5, and lipocalin 2 (LCN2)
(Roybon et al., 2013), and co-stimulation with TNFα and IL1β

increased CXCL8, CCL5, and LCN2, as well as Complement
C3 (a marker of A1 astrocytes) and IL6 (Hyvärinen et al.,
2019). Of note, these inflammatory molecules along with the
chemokines CXCL10, CCL2, and CXCL8 were also increased
in human primary fetal astrocytes after TNFα stimulation
(Croitoru-Lamoury et al., 2003; Meeuwsen et al., 2003). Since
TNFα is primarily released from activated microglia in the brain,
it reinforces the idea that microglial activation has consequences
on the astrocyte profiles. To look at astrocytic aging, cells derived
from NPCs from young (0.5–3 years) and older (42–56) donors
were compared. A more reactive phenotype was noted in older
derived astrocytes, which had larger surface areas and showed
higher intensities of two intermediate filament proteins, GFAP
and vimentin (Gatto et al., 2021).

Microglia/Astrocyte Co-cultures
To mimic the complexity of the human brain, a recent model
was developed encompassing human NPCs alongside human
microglia and astrocytes (Park et al., 2018). This revolutionary
system used a 3D microfluidic approach which allowed
the recapitulation of the cells natural microenvironment
by creating chemical gradients (Halldorsson et al., 2015).
For the first time in vitro, this 3D human tri-culture model
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was able to represent the kinetics of the pathophysiological
mechanism of key features of AD at the different stages
of the disease, with the presence of Aβ aggregation,
microglial activation and tau accumulation (Park et al.,
2018). The increased cytokine levels observed suggested
that microglia were being activated in response to and
migrated toward Aβ deposition and this was associated
with neuronal/neuritic damage. In addition, neurotoxic
activity, axonal cleavage and nitric oxide release were observed,
all consistent with inflammatory features of human AD
(Park et al., 2018).

POST-MORTEM STUDIES

Post-mortem examination remains the gold standard for the
diagnosis of neurodegenerative conditions and thus has been
essential in emphasizing the role of glial cells in disease.
However, this type of study only provides a ‘snapshot’ rather
than a temporal profile of the events, usually assessing the
state of the brain at the end stage of the disease. Occasionally
studies attempted to assess progression by designing cohorts
with a spread of neuropathological severity. However, since
obtaining post-mortem tissue can be problematic, this is not
always possible. Another challenging aspect of working with
human brains is the high number of cases required to achieve
statistical power and meaningful data due to human variability.
This contrasts with animal studies in which data are less varied
due to the animals being genetically identical, and thus require
a smaller number of animals, but they do not replicate the
complexity of human diseases. This emphasizes the need for
human comparison, and in the last 20 years, the establishment
of brain banks has facilitated the access of human tissue to
researchers (Gomez-Nicola and Boche, 2015; Hartnell et al.,
2021). This has been associated with the development of
antibodies specific to glial proteins, essential to the morphological
and functional identification of the cells allowing qualitative
and quantitative studies (Magaki et al., 2019) (Table 2). By
comparing control and disease brains, the effects of disease
on microglia and astrocyte number, morphology, and function
have been explored.

TABLE 2 | Most common microglia and astrocyte immunomarkers and
their functions.

Microglia Astrocyte

Iba1 – motility and migration GFAP – cytoskeletal protein

P2Y12 – motility Aldh1l1 – pan astrocyte marker
involved in folic acid metabolic process

CD68 – phagocytosis S100B – calcium binding protein

TMEM119 – microglial-specific marker
(unknown microglial function)

EAAT1/2 – glutamate transporters 1
and 2

HLA-DR – antigen presentation Glutamine Synthetase – enzyme that
contributes to the metabolic regulation
of glutamate

CD64 – high affinity binder of
monomeric IgG antibodies

Microglial Studies
Numerous post-mortem studies have been performed concerning
microglia in AD, and thus a few recent examples will be
described here to highlight our current knowledge. For example,
a systematic review conducted in 2017 demonstrated that the
markers CD68 and major histocompatibility complex (MHC
II), acknowledged as markers of microglial activation linked
to phagocytosis and antigen-presentation, respectively, were
increased, while the expression of CD11b (complement receptor
3) and ionized calcium-binding adapter molecule 1 (Iba1)
(Figure 4), associated to microglial motility (Franco-Bocanegra
et al., 2019b) were not different between the control and
AD cohorts. This was confirmed by quantification of cell
counts, which stated the number of microglial cells did not
differ between the cohorts, but their activation was increased
(Hopperton et al., 2018). This implies that microglia were
responding to the disease state by altering their functions
(becoming activated) rather than by increasing their numbers.
A study investigating microglial activation in the hippocampus
during the course of the disease described an abnormal
morphology of microglia in the late stage of AD. Microglial
morphology was characterized by the presence of fragmented
processes (known as dystrophic microglia), a decrease of the
cell arborization and of the cell numbers associated with
a decrease of the area of surveillance usually monitored
by microglia. These features were observed using Iba1 and
P2RY12 immunostaining and were consistent with the absence
of increased expression of several microglial genes (CD11b,
Iba1, TREM2, and CD33). The abnormal morphology was
interpreted as microglial degeneration, highlighting the presence
of dysfunctional microglia in AD, possibly as the result
of the accumulation of phosphorylated tau, the dominant
neuropathological hallmark in the hippocampus (Sanchez-Mejias
et al., 2016). Of note, both studies reported the absence of
increased cell number but the presence of different phenotypes
of microglia, differences maybe due to the immunomarkers used,
the brain area studied and/or the pathology presents, highlighting
the heterogeneity of the microglial populations and of their
responses in human AD.

Nevertheless, studying individual markers of microglial
functions does not capture the variation of microglial phenotypes

FIGURE 4 | Expression of Iba1+ microglia. Microglia in controls (A) and
Alzheimer’s disease (B). Cells in (B) appear to have thicker processes. Scale
bars = 50 µm.
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present in the brain, so one study used a combination
of seven microglia/macrophages markers (TMEM119, CD32,
CD74, CD163, CD206, P2Y12, and L-Ferritin) and the activated
marker (HLA-DR) to establish the functions of microglia in
non-pathological post-mortem brain tissue. HLA-DR was highly
co-labeled with CD32, CD163, and CD206 (Swanson et al.,
2020). CD32 is a Fc gamma receptor (FcγRII) involved in
phagocytic capabilities of microglia (Peress et al., 1993), while
CD163 (haptoglobin-hemoglobin complex receptor) and CD206
(mannose receptor) (Galea et al., 2005) are associated with
the alternate activation profile (Walker and Lue, 2015). This
study showed that microglia possess high heterogeneity in post-
mortem tissue, based on the high vs. low expression as done in
flow cytometer cell sorting. They detected different functional
groups including a microglial population defined as Iba1low/L-
Ferritinhigh associated with CD74 and HLA-DR expression and
defined as dysfunctional based on its overrepresentation in AD,
consistent with single-cell transcriptomic studies (Swanson et al.,
2020). The use of myeloid markers means that the findings
were not able to definitively be accounted for by microglia only,
implying the involvement of perivascular macrophages. Indeed,
as mentioned by the authors in their study (Swanson et al., 2020),
CD206 is specifically expressed by perivascular macrophages (De
Picker et al., 2021; Shtaya et al., 2021).

Another study examined the levels of Translocator Protein
(TSPO) in post-mortem brains. TSPO has been identified as a
positron emission tomography (PET) ligand to assess microglial
activation in patients in vivo (discussed further in the imaging
section) (Werry et al., 2019). Immunodetection of TSPO showed
that AD patients had significantly higher expression of the
protein, consistent with the increased signal observed in patients,
and interpreted as an increased amount of activated microglia in
AD. However, they also reported astrocytes, endothelial cells and
smooth muscle cells positive for TSPO staining and an absence of
a significant difference in TSPO expression between controls and
AD. Therefore, it was concluded that the TSPO function remains
to be fully understood (Gui et al., 2020).

A large-scale post-mortem study was conducted on 299
cases, where brain tissue was immunohistochemically
analyzed for different microglial phenotypic markers such
as CD68 (phagocytosis), HLA-DR (antigen presentation),
Iba1 (microglia motility), methionine sulfoxide reductase
(MSR-A – phagocytic marker specific to Aβ) and CD64 (FcγRI
with high affinity for immunoglobulins). The study revealed
that CD68, MSR-A, and CD64 were increased in relation to
cognitive decline in AD, whereas Iba1 was decreased in these
brains (Minett et al., 2016). This indicated that phagocytic
function was increased with worsening AD, highlighting
the microglial response to neurodegeneration. Of note, the
opposite relationship with Iba1 and cognition indicated that
microglia were less motile and thus less able to support neurons
and potentially to respond to a further insult as the disease
might be developed. Furthermore, the APOE ε4 (risk) allele
was associated with CD68, HLA-DR, and CD64 expression,
suggesting an exacerbated microglial response in presence of
ε4. In contrast, the protective APOE ε2 allele was associated
with microglial motility (Iba1), essential to the physiological

function of microglia (Minett et al., 2016). This study highlighted
the importance of microglial motility in the response to
homeostatic changes in keeping the brain healthy. Using the
same cohort, TREM2 immunostaining was performed and
interestingly, monocytes rather than microglia or perivascular
macrophages were immuno-labeled. This was in contrast
with the findings in experimental models and may highlight
another difference between rodents and human microglia
(Fahrenhold et al., 2018).

A limitation of human post-mortem studies compared to
animal models is the difficulty investigating changes in microglia
after disease manipulation. Therefore, access to post-mortem
tissue from patients involved in clinical trials should be a priority.
Indeed, access to the brains of AD patients immunized against
Aβ has allowed unique observations. For example, exploration
of microglial motility was performed using Iba1, P2Y12, CFL1,
and Coronin-1A (CORO1A) markers in association with Aβ and
tau (Franco-Bocanegra et al., 2019b). No difference in motility
markers was detected between controls and AD cases; while
in immunized AD cases, the homeostatic markers Iba1 and
P2Y12 were both increased. Interestingly, Aβ was associated
with Iba1 and P2Y12 in controls, but this association was
lost in AD and not restored in the immunized AD cases.
This suggested that microglia respond to Aβ deposition in
the healthy brain but then the cells became dysfunctional in
AD and that immunotherapy did not restore the physiological
conditions, despite the increased expression of both markers
(Franco-Bocanegra et al., 2019b).

In the last 5 years, numerous microglial markers have been
developed as heterogeneity of microglia within the same brain
has emerged from transcriptomics and animal models. The
development of novel methodologies to use post-mortem tissue
such as multiplex staining will bring key information on glial cells
in humans. A study investigating human microglia heterogeneity
used multiplex staining of 57 different markers to determine if
microglia within the same brain can have different phenotypes
and whether they were distinguishable from other mononuclear
cells. Microglia obtained from healthy donor brains had a
distinct phenotype from other myeloid cells, with TMEM119 and
P2Y12 being only and highly expressed by microglia (Böttcher
et al., 2019). Furthermore, using multiplexed single-cell mass
cytometry, microglia from the sub-ventricular zone and thalamus
of post-mortem brains had a marked difference in phenotype
compared to microglia from other brain regions, with an
increase in expression of CD11c, CD45, CD64, CD68, CD195,
CX3CR1, and HLA-DR, profile that they proposed reflected
an activated microglia phenotype (Böttcher et al., 2019). This
re-emphasized the heterogeneity of microglia within the same
brain in humans.

Astrocyte Studies
Several astrocytic proteins are considered constitutive markers
of astrocytes and are used to detect these cells in human tissue.
The most commonly used marker is GFAP, a major component
of the intermediate filament of the astrocyte cytoskeleton.
As such, it highlights extensive astrocytic processes (Waller
et al., 2016) throughout the cortex, staining all four subtypes
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of astrocytes in the human brain (Oberheim et al., 2009)
(Figure 2). The increased expression of GFAP is a feature
of several neurodegenerative disorders (Pelvig et al., 2003;
Schofield et al., 2003) and is thought to relate to reactive
astrocytosis (Escartin et al., 2021). However, it is contested as
to whether this is the consequence of increased astrocyte
number or increased GFAP expression in individual astrocytes
(Perez-Nievas and Serrano-Pozo, 2018). S100B and aldehyde
dehydrogenase (Aldh1l1) are astrocytic markers restricted to
the cell body in humans with the latter preferentially expressed
in gray matter astrocytes (Waller et al., 2016). Aldh1l1 and
GFAP were increased in AD, but in patients with dementia
with Lewy bodies (DLB), only an Aldh1l1 increase was
detected (Garcia-Esparcia et al., 2018), highlighting different
pathological mechanisms between the 2 most commons types of
dementia (rather than a common mechanism) with a different
astrocytic contribution.

Functional markers are now often used, mostly related
to glutamate processing. EAAT1 and 2 are excitatory amino
acid transporters responsible for the uptake of glutamate from
the synapse into astrocytes for cycling. These markers stain
extensive process trees of stellate astrocyte in the gray matter.
Glutamine synthetase is an enzyme in astrocytes that breaks
down glutamate into glutamine after uptake through the EAATs.
It primarily stains the astrocyte cell bodies but may also stain
the somatic end of the processes (Waller et al., 2016). Astrocytic
glutamate cycling may play an important role in mediating
the disconnection between pathology and dementia symptoms.
It has been shown that cognitively normal patients with AD
pathology have astrocytes with longer and thicker processes than
those with dementia (Kobayashi et al., 2018). Importantly, as
well as showing neurodegeneration, AD pathology patients with
dementia symptoms also show a reduction in EAAT2 expression
(Kobayashi et al., 2018).

Finally, as activated astrocytes possibly exist with
neuroprotective and neurotoxic phenotypes, it is important
to detect cells of these phenotypes with specific. As C3 was
upregulated in only A1 astrocytes (Liddelow et al., 2017), it
has been assumed to be a marker of this phenotype, although
this simplification is now disputed (Escartin et al., 2021).
Nevertheless, the presence of C3+/S100β+ cells was increased
in several neurodegenerative diseases including HD, AD, MND,
and PD (Liddelow et al., 2017). Another marker, guanylate
binding protein 2 (GBP2) is also considered to be indicative
of A1 astrocytes. Whilst both markers showed an increase
in Creutzfeldt-Jakob disease (CJD) cases, a disease associated
with severe astrogliosis, in controls, C3 displayed high non-
specific background staining in human tissue, whereas and
GBP2 was highly abundant in GFAP+ astrocytes in disease
tissue and was completely absent in control tissue (Hartmann
et al., 2019). The C3 staining highlights the challenges in
staining diffusible proteins compared to proteins located in
the cell compartment or at the cell membrane, thus GBP2
seems to be more suitable to identify polarized A1 astrocytes
in humans. Of note, the relationship between constitutive
and functional markers is important to consider as situations
exist where levels of the EAAT2 marker were unaltered, yet

the levels of a constitutive maker (Aldh1l1) were changed
(Garcia-Esparcia et al., 2018), which may actually represent
the proliferation of astrocytes, yet a downregulation of EAAT2
in each astrocyte. Thus, functional alterations in astrocytes
may be present in the condition but missed when viewing
markers independently.

IMAGING STUDIES

The most challenging aspect in the study of microglia and
astrocytes is that the cells are not visible during life. iPSC-derived
cells are taken out of the system in which they act and are usually
derived from non-cerebral cells, and cells studied post-mortem
are not dynamic. Therefore, methods have been developed to
non-invasively assess microglia and astrocyte activity in the
human brain through imaging techniques. This can be done via
PET imaging that involves the administration of a radioactive
PET ligand to patients which will cross the blood–brain barrier
and recognize specific receptors in the brain (Boche et al.,
2019). These radioactive ligands release gamma rays that are
detected by gamma cameras to show the signal of receptor-bound
ligands in 3-dimensions. These ligands bind to receptors whose
expression is related to the activation of microglia and astrocytes
and this can show the neuroinflammatory status of the brain
in vivo. Magnetic resonance imaging (MRI) is another method
in which neuroinflammation can be detected. Specialized MRI
techniques can show the diffusivity of water through tissue and
highlight areas of gliosis (where the flow of water is disrupted
by neuroinflammation). While MRI can be a good method
of visualizing neuroinflammation, PET imaging is the current
gold standard as a functional imaging technique to detect the
activation of specific cell types.

Microglial Imaging
The first PET ligand to identify microglia and neuroinflammation
is the translocator protein (18KDa) (TSPO) ligand, as
mentioned above. Initially, this molecule was called peripheral
benzodiazepine receptor (PBR) but later changed to suit its
structure and function more accurately (Papadopoulos et al.,
2006). There are many different TSPO ligands with their efficacy
constantly improved in terms of binding capabilities and half-life.
The ligand [11C]PK11195 was the first TSPO-PET ligand used to
identify microglia with findings showing its binding increased
in patients with AD compared to controls (Cagnin et al., 2001).
Limitations of PK11195 impeded its use, including short half-life,
a high signal to noise ratio meaning that non-specific binding
may occur (Werry et al., 2019).

The DPA family of TSPO ligands is a group of second-
generation PET ligands which have come to the forefront
of microglia research. These are fluorine-based with a longer
half-life and a better microglial specificity than the previously
used carbon-based ones like PK11195 (Werry et al., 2019).
However, the use of the second-generation ligands has been
hampered by the binding affinity linked to the single nucleotide
polymorphism (SNP) in the TSPO gene with no binding in the
presence of the rs6971 SNP, which affects 1/3 of Caucasians
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(Werry et al., 2019). Consequently, patients have to be screened
for TSPO polymorphism and analysis of TSPO binding affinity to
correct for this factor. Among these ligands, DPA-714 has shown
interesting results in the time course of AD. A study showed that
patients with a high initial DPA-714 binding presented a lower
level of microglial activation in the later stages of the disease.
Whereas, in patients with a low TSPO binding level in early AD,
microglial activation was later increased and had worse disease
severity (Hamelin et al., 2016). The authors proposed a protective
role of microglia early in the disease.

Since, the third generation of TSPO ligands has been designed
to counter the effects of the TSPO polymorphism, based on
improving the PK111-95. The [11C]ER176 ligand has so far
only been tested in healthy controls. This ligand has been
developed based on the incorporation of fluorine-18 to increase
the stability and thus facilitate the use of TSPO-ligands in the
clinical environment, but further work is required to assess its
benefit in a clinical environment.

Translocator Protein is not the only target for microglia PET
imaging. As it is currently unknown whether TSPO shows a
pro- or anti-inflammatory microglial phenotype, other ligands
are being developed in order to explore the inflammatory profile
of microglia. Two potential novel microglial PET ligands have
been suggested: the ionotropic P2X receptor P2X7, which is
expressed in microglia, macrophages and monocytes (Oliveira-
Giacomelli et al., 2021), and the metabotropic P2Y receptor
P2Y12, which is only expressed by microglia and considered
as a homeostatic marker (Beaino et al., 2017; Mildner et al.,
2017; Franco-Bocanegra et al., 2019b). Experimental studies have
observed P2Y12 expressed by anti-inflammatory microglia and
P2X7 by pro-inflammatory microglia. Also, binding of P2X7 PET
ligand was increased in multiple sclerosis (MS) active lesions,
whereas the signal of the P2Y12-PET ligand was decreased
in all MS lesions (active, chronic active and chronic inactive)
(Beaino et al., 2017). To our knowledge, the expressions have
not been tested in AD. Cannabinoid receptor type 2 (CBR2)
has been proposed as another potential target for PET tracers
of microglia (Núñez et al., 2004). However, [C11]NE40 (a CBR2
ligand) binding was lower in AD compared to controls and there
was no association between the ligand and Aβ plaques (Ahmad
et al., 2016), suggesting that this may not be a good target for the
identification of activated microglia in disease.

Magnetic resonance imaging has been less utilized than PET
to assess gliosis due to its lack of cell specificity. Of note,
it was recently suggested that iron associates with microglia
in AD, especially in dystrophic microglia defined as senescent
or dysfunctional (Streit et al., 2009), and microglia primed to
phagocytose Aβ (Kenkhuis et al., 2021). MRI is very sensitive to
iron (Zeineh et al., 2015) and therefore might be used to find
brain areas with microglial populations involved in AD.

Interestingly, a study using diffusion-weighted MRI built
a microstructural model of diffusion based on the ramified
morphology of glial cells. The model was tested on rats under
several conditions and the protocol was validated for glial
cells detection via the immuno-labeling of the brain rats for
microglia (Iba1) and astrocytes (GFAP). Interestingly, this novel
model appears not only to be able to distinguish between

microglia and astrocytes but also to assess the presence of
neurodegeneration. The model was then tested on six healthy
patients to evaluate reproducibility of the method as a proof-of-
concept. Similar patterns of microglial cell density were observed
within different regions as those reported in post-mortem tissue
(Garcia-Hernandez et al., 2021).

Magnetic resonance imaging has been widely used to assess
certain characteristics of AD, such as brain atrophy, but it remains
to be perfected for a precise and fully accurate detection of
activated glial cells and the development of novel mathematical
models are underway.

Astrocyte Imaging
As mentioned above TSPO has been commonly used as a target
for PET imaging of activated microglia. However, studies have
shown that TSPO is also expressed by other cerebral cells. In AD
PET studies, TSPO was increased in macrophages, endothelial
cells, vascular smooth muscle cells, and most notably reactive
astrocytes (Cosenza-Nashat et al., 2009; Gui et al., 2020). Indeed
TSPO appeared to be specifically upregulated in astrocytes and
microglia (Pannell et al., 2020), but interestingly, its expression
was not related to microglia, astrocytes, Aβ, tau neurofibrillary
tangles or cortical thickness in post-mortem AD (Gui et al., 2020).
This suggests that a TSPO-PET signal may not solely highlight
microglial changes, but also changes in astrocytes.

Astrocyte specific PET tracers have been developed and
most commonly target monoamine oxidase B (MAO-B), which
is upregulated in activated astrocytes (Ekblom et al., 1993).
A common tracer used to detect this protein is 11C-deuterium-
L-deprenyl (11C-DED) with the binding increased in AD vs.
controls (Santillo et al., 2011), supporting a role for these cells
in the disease. This study, however, did not take into account
disease severity. When looking at MCI patients with and without
amyloid pathology, as well as in AD patients and controls, levels
of 11C-DED were increased in cortical and subcortical regions of
MCI patients with amyloid pathology compared to control and
AD patients (Carter et al., 2012). Testing the 11C-DED tracer on
post-mortem tissue also revealed increased binding in brains with
tau pathology in Braak Stage I-II and reduced in brains with more
severe tau pathology (Gulyás et al., 2011). Findings from both
of these studies imply that astrocytes become activated early in
the development of AD, but that their activation is lessened as
the disease progresses, perhaps due to astrocytic cell pathology.
This has also been shown in autosomal dominant AD, where a
pre-symptomatic increase in 11C-DED was detected (Rodriguez-
Vieitez et al., 2016) along with a gradual decrease in astrocytosis
as Aβ deposition (measured by 11C-PiB) rose.

Other common targets developed for the detection of
astrocytosis by PET are the type-2 imidazoline receptors (I2Rs).
These receptors have previously been shown to be increased in
density in the brains of AD patients (Ruiz et al., 1993). The tracer
11C-BU99008 is a highly specific tracer for activated astrocytes
in the human brain (Tyacke et al., 2018) and its binding was
increased in MCI and AD patients in tandem with a decrease
in glucose metabolism (Fan et al., 2018). In PD, the pattern of
astrocyte activation appeared to be similar to that shown by
11C-DED in AD. There was an initial increase in 11C-BU99008
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detected in all cortical regions as well as in the brainstem
in early disease patients, but reductions compared to control
were found in moderate/advanced disease (Wilson et al., 2019),
re-enforcing the idea of astrocytes becoming dysfunctional as
the disease progresses. The mechanism behind the decline in
astrocytosis with disease severity is still unclear, but a strong
correlation between 11C-DED and 18F-fluorodeoxyglucose (18F-
FDG) a marker of glucose metabolism has been observed (Carter
et al., 2019), suggesting that the reduced metabolism in disease
may be related to astrocyte degeneration (Boche et al., 2019).

Magnetic resonance imaging mean water diffusivity (MD)
as measured using diffusion tensor imaging (DTI) may be
useful to non-invasively monitor neuroinflammation. In familial
AD, a negative association between MRI-MD and PET 11C-
DED signal was observed, suggesting a two-phase process,
in which neuroinflammation increases cortical thickness and
reduces MD through glial swelling, before the onset of
neurodegeneration thinning the cortex and increasing MD
(Vilaplana et al., 2020). Another specialized MRI measure of
diffusivity, known as diffusion basis spectrum imaging (DBSI),
is suggested to be representative of neuroinflammation. Using
this technique, it was shown that white matter diffusivity
decreased with increased tau and Aβ42 levels. This was
interpreted as increased white matter inflammation in response
to amyloid pathology and neurodegeneration (Wang et al.,
2019), consistent with astrocytes being more numerous in
white matter than gray matter and the concept of different
astrocyte populations.

Another non-invasive technique called proton magnetic
resonance spectroscopy (H-MRS) is useful to monitor astrocyte
function in vivo. H-MRS detects molecules, such as metabolites
and neurotransmitters, based on the unique proton and electron
signature of each molecule (Ford and Crewther, 2016). This
allows the monitoring of molecules involved in astrocytic
metabolism as they change during aging. Using this method, it
was found that in elderly patients, glutathione, an antioxidant
released by astrocytes to protect neurons (Wang and Cynader,
2000), was reduced – diminishing its neuroprotection (Emir et al.,
2011). Glutamate cycling components in astrocytes have also
been shown by H-MRS to be altered during development and
aging. Glutamate itself was detected at lower concentrations in
older brains, related to the loss of neurons (Kaiser et al., 2005).

Each of these different techniques of brain imaging brings
complementary information regarding the behavior of microglia
and astrocytes in alive patients. To get the fullest picture of
neuroinflammation in vivo it would be informative to combine,
if possible, microglia and astrocytes PET ligands.

BIOMARKER STUDIES

Biomarkers are often used to screen the neuroinflammatory
profile of the CNS. A common compartment used is the
cerebrospinal fluid (CSF), due to its relative accessibility. The
CSF is usually considered to mirror brain parenchyma; however,
this is debated. Plasma biomarkers have been developed but their
sensitivity makes them less reliable than the CSF biomarkers.

In AD, many biomarkers have been optimized based on
neuropathology including Aβ42, total and phosphorylated tau.
Recently, the focus has been on glial cells with the assessment of
several inflammatory markers in the blood or CSF to identify a
neuroinflammatory profile that could be used as a predictor of
AD, part of the AD diagnosis or to follow therapeutic effects.

Microglial Biomarkers
Several CSF biomarkers have been measured based on genetics or
related to microglial functions. One study showed that CSF levels
of TREM2 and CCL2 were positively associated with AD. Both
inflammatory compounds were also increased, albeit to a lesser
extent, in MCI patients, indicating that microglial activation
occurs early on and increases as the disease progresses. The
same study also observed an association between total tau and
the microglial markers indicating that microglial activation was
associated with tau rather than Aβ pathology in AD (Nordengen
et al., 2019). Another study on CSF TREM2, reported higher
levels of TREM2 in patients with dementia associated with a
slower increase of Aβ and lower tau levels (Ewers et al., 2020),
thus suggesting an initial neuroprotective effect of TREM2-
positive microglia. Of note, as the expression of TREM2 by
microglia remains debatable, with evidence suggesting that this
marker identifies monocytes rather than microglia (Fahrenhold
et al., 2018), with a role for the peripheral TREM2-positive
monocytes/macrophages in AD and therefore the role of the
systemic immune system in the development of AD cannot be
excluded (Rakic et al., 2018).

CD14 is a cofactor for toll-like receptors (TLRs) expressed
by macrophages and microglia that recognizes foreign bodies
in the CNS and induces the production of pro- and anti-
inflammatory cytokines (Pase et al., 2020). A mouse model
knock-out for CD14 showed the presence of a decreased number
of activated microglia and Aβ plaques (Reed-Geaghan et al.,
2010), highlighting the potential involvement of CD14 in the
inflammatory response in AD. In humans, CD14 levels were
increased in the CSF of patients with AD and PD (Yin et al.,
2009). In a larger cohort, CD14 was measured in plasma samples
taken at baseline and compared to samples collected during
a 10-year follow-up. The study found that increased CD14
baseline measurement gave a 12% increased risk of developing
dementia (Pase et al., 2020). Furthermore, higher levels of
CD14 were associated with MRI markers of increased brain
atrophy and cognitive decline (Pase et al., 2020). However,
it is not understood how the expression of CD14 in plasma
correlates with its expression in the CNS. Thus, further research
is required to assess whether CD14 may be an effective indicator
of neurodegenerative disease.

As microglia are the primary immune cell in the brain and
release pro- and anti-inflammatory cytokines, the cells represent
a good target for CSF biomarkers with IL1α a good candidate.
Indeed, its expression has been shown related to amyloid plaques
in MCI patients (Wang et al., 2015), increased in the CSF of MCI
patients and associated with the cognitive decline as measured
by the mini-mental state examination (MMSE) scores (Hu
et al., 2010). The pro-inflammatory cytokine TNFα is another
candidate as a potential biomarker as it is increased in CSF levels

Frontiers in Neuroscience | www.frontiersin.org 12 February 2022 | Volume 16 | Article 824888

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-824888 February 10, 2022 Time: 16:4 # 13

Garland et al. Microglia/Astrocyte Communication in Humans

in AD patients (Llano et al., 2012) and is associated with increased
cognitive decline in AD patients with systemic infection (Holmes
et al., 2009). Consequently, injection of etanercept, a TNFα

inhibitor, tested in a randomized double-blind phase 2 trial in 40
patients with mild to moderate AD showed promising trends and
was well-tolerated (Butchart et al., 2015).

Astrocyte Biomarkers
Cerebrospinal fluid biomarkers are also useful to assess astrocyte
function during the course of disease in humans. YKL40 (also
named Chitinase-3-like 1) is a glycoprotein, known to be secreted
by astrocytes, which has been used as a biomarker of astrocyte
activation. It was found elevated in the CSF of patients with
CJD and AD (Llorens et al., 2017), progressive supranuclear
palsy, corticobasal degeneration, and Pick’s Disease (Querol-
Vilaseca et al., 2017), but not in vascular dementia or PD.
Of note, there is debate as to the expression of YKL-40 in
microglia, with studies suggesting that the high levels seen in
microglia in vitro are not matched in vivo (Bonneh-Barkay
et al., 2012). Both previous CSF studies, however, confirmed the
astrocytic expression of YKL40 and noted no colocalization with
microglia or neurons. Regardless of whether microglial YKL40
expression contributes to the CSF levels, microglia are involved
in the induction of expression of YKL40 from astrocytes through
the release of IL1β and TNFα (Bonneh-Barkay et al., 2012).
Interestingly, YKL40 has been classified as an anti-inflammatory
protein (Rakic et al., 2018).

Being the most commonly used astrocyte marker, GFAP may
also be useful as a CSF biomarker of astrocyte activity. It is
detectible in the CSF of AD patients and is correlated with the
cognitive score assessed with the MMSE (Fukuyama et al., 2001).
It was also detected in the blood plasma of patients with AD with
GFAP being significantly increased in patients with a positive
amyloid PET status compared to those with negative amyloid
PET results (Thijssen et al., 2020). As the astrocytic marker S100B
also showed increases in early (Peskind et al., 2001) and more
advanced AD (Petzold et al., 2003), whilst findings related to
glutamine synthetase have been conflicting (Tumani et al., 1999;
Timmer et al., 2015).

The use of both biomarkers such as CSF markers and
neuroimaging markers (PET and MRI markers) in conjunction
with each other could provide a wider view of the microglial
profile in the brain and give better insight into the role these cells
play in neurodegeneration and disease.

MICROGLIA AND ASTROCYTE
COMMUNICATION

Microglia and astrocytes are key cells of the CNS, communicating
between themselves to coordinate their activities as well
as with the neurons to support them. The most studied
interactions between microglia and astrocytes in humans have
been investigated in pathological conditions where microglia
and astrocytes respond to the homeostatic changes, becoming
activated and altering their phenotype to enact a response. At
the initiation of this cascade of activation in the context of

AD, it is thought that pattern recognition receptors (PRRs)
such as TLRs are involved. Eleven TLRs are expressed in
humans (Kielian, 2006) with each recognizing specific pathogens
and/or damage activated molecular patterns (DAMPS/PAMPS).
Microglia robustly express a wide range of TLRs (Kielian,
2006) (Figure 5); whereas astrocytes preferentially express TLR3
receptors, with low TLR1, TLR4, TLR5, and TLR9 expression,
and absent expression of TLR2, TLR6, TLR7, TLR8, and TLR10
(Jack et al., 2005). One such ligand used experimentally is
lipopolysaccharide (LPS) which is expressed on the cell wall
of Gram-negative bacteria and binds to TLR4. The low level
of TLR4 expression in human astrocytes (Bsibsi et al., 2002;
Jack et al., 2005) may account for their lack of response to
LPS stimulation (Peterson et al., 1997). Another study using
human cultured cells (collected post-mortem) found that whilst
microglia expressed mRNA of TLRs 1–9, astrocytes only show
robust expression of TLR2 and TLR3 (Bsibsi et al., 2002).
This comparatively low expression of TLRs in astrocytes may
imply that they cannot directly respond to many pathogens and
require microglia to detect the pathogen and signal to astrocytes
to induce activation. This idea is in line with two studies
which showed that after LPS activation, only microglia and not
astrocytes release β-chemokines CCL2 (MCP-1), CCL3 (MIP-1α),
CCL4 (MIP-1β) (Peterson et al., 1997) and CCL5 (RANTES) (Hu
et al., 1999). Both studies showed that upon cytokine activation
(with IL1β or TNFα) but not LPS stimulation, astrocytes were
capable of releasing chemokines, suggesting that astrocytes were
incapable of responding to LPS. All of this suggests that microglia
may be more sensitive to pathogens than astrocytes and the
likely pattern of glial activation first requires microglial activation
in response to the pathogen before the signal of activation is
propagated to astrocytes via inflammatory cytokines.

As well as being activated, these cells also need to migrate to
the location of the insult. β-chemokines (mentioned above) are
important chemoattractant molecules that mediate cell motility.
As well as differences in their release of chemokines, microglia
and astrocytes also have different motile responses. Indeed,
CCL2, CCL3, and CCL4 added to media in chemotaxis chambers
lead to the migration of human microglia but not astrocytes
(Peterson et al., 1997). However, a contradictory study shows that
CCR2 [the receptor for CCL2 known to be expressed by microglia
(van der Meer et al., 2000)] was detected in human fetal astrocytes
and mediated their chemotaxis (Andjelkovic et al., 2002).

Changes to chemokine levels may have relevance to
neurodegenerative diseases with plasma CCL2 increased in MCI
and AD patients (Galimberti et al., 2006; Lee et al., 2018) and
correlated to memory decline (Bettcher et al., 2016, 2019). CCL4
expression was enriched in reactive astrocytes in AD brains
(Xia et al., 1998). However, due to the lack of a chemotactic
response in human astrocytes, astrocytes may use CCL4 to signal
to microglia, although it is unclear whether CCL4 has any
other effect. As both human microglia and astrocytes are known
to release IL1β and TNFα (Hanisch, 2002; Choi et al., 2014)
(Figure 5), it seems that both cells are capable of propagating the
activation signal to other glial cells to induce their chemotaxis.

The propagation of the inflammatory signal to astrocytes
may not always be beneficial to the CNS environment, with
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FIGURE 5 | Known communication pathway between microglia and astrocytes in the human brain in response to disease. Receptors (underlined) and the signaling
molecules (italic) are shown with the color of the arrow denoting the cell source (green = astrocytes, blue = microglia). The resulting phenotypic changes or
movements are shown by gray arrows (single or triple, respectively). As microglia become activated by PAMP/DAMP signaling via TLR receptors (both blue), they
become activated (gray arrow). Activated microglia release IL1β and TNFα which bind through IL1R and TNFR receptors to activate astrocytes and other microglial
cells. This signaling with the addition of C1q signaling on astrocytes leads to a neurotoxic phenotype, with a loss of neuroprotective functions. Activated astrocytes
release IL1β and TNFα to propagate a neuroinflammatory response. They also release ATP which binds to P2XR receptors on microglia, leading to extracellular
vesicle release. Activated astrocytes and microglia may also release chemokines (CCL2–CCL5) which bind to receptors on microglia (CCR1–CCR5) and stimulate
their chemotaxis toward the site of injury/pathogen. Inflammation is in part resolved by CD200 binding to CD200R on activated microglia, leading them to return to a
homeostatic phenotype.

exacerbated activation contributing to neurodegeneration rather
than protecting against it. Indeed, the neurotoxic phenotype (A1)
is a result of cytokine signals (TNFα+ IL1α+C1q) released from
activated microglia (Figure 5). Once this occurs, A1 astrocytes
lose their core functions of phagocytosis and are unable to aid in
neuronal survival. Whilst each of IL1α, TNFα, and C1q stimulate
the majority of genes in the A1 transcription profile, the three
cytokines are required to fully recapitulate the A1 transcriptome
(Liddelow et al., 2017), as in human iPSC astrocytes (Barbar
et al., 2020). The A1 profile was related to reductions in neuronal
support functions such as reduced glutamate uptake and reduced
phagocytosis. This shows another example of how microglia-
astrocyte communication plays an important role in the brain,
even in a negative way with A1 astrocyte activation by microglia
contributing to the worsening of neurodegenerative disease.

Microglia and astrocytes need to have a bidirectional
communication of inflammatory signals for efficient immune

response in the CNS. However, it is also important that there is
a ‘resetting’ mechanism for microglia back to their physiological
state. When microglia are in their homeostatic state, a molecule
known as CD200 is responsible for crosstalk between microglia
and other cells such as astrocytes and neurons. CD200 is a
glycoprotein expressed by many cells in the brain, but its receptor,
the CD200R, is only found on microglia and macrophages. This
makes the communication between microglia and other cell
types one-sided in this instance. When CD200 interacts with its
receptor on microglia, this instates the surveying/physiological
state (Szepesi et al., 2018) (Figure 5). Under normal conditions,
astrocytes do not express CD200, though its expression was
found to colocalize with GFAP in reactive astrocytes in multiple
sclerosis (Koning et al., 2009). It was observed that disturbances
in CD200 signaling occur in AD, with a decrease in the protein in
areas of the brain predominantly affected by the disease (Walker
et al., 2009). This could suggest that the inability of cells such
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as astrocytes to communicate an anti-inflammatory signal to
microglia may be a significant problem in AD and could be a
potential therapeutic target of inflammation.

Another mechanism in which astrocyte and microglia
communication is performed is through cholesterol, an
important factor of AD with ApoE (a cholesterol transport
protein) being the most important risk factor. Astrocytes are the
primary cell type responsible for the synthesis of cholesterol in
the brain (Pfrieger and Ungerer, 2011). Cholesterol levels are
relatively low in the brain in adulthood (Lavrnja et al., 2017),
compared to development where it is needed for the creation of
myelin. However, cholesterol remains an important molecule
in maintaining microglia as observed ex vivo (Bohlen et al.,
2017; Goshi et al., 2020), possibly as part of the cell membrane
maintenance. Additionally, cholesterol is an important factor
in the inflammatory microenvironment of the CNS. Its
accumulation can lead to the disruption of the phagocytic ability
of microglia. Also relevant to AD is that microglia derived
from patients with an APOE ε4/ε4 genotype show intracellular
and extracellular cholesterol accumulation (Lin et al., 2018).
A study reported that in human iPSC co-culture derived from
AD brains expressing the risk variant APOE ε4, the astrocytic
cells had abnormal cholesterol production capabilities with an
increased amount of stored lysosomal cholesterol but a decrease
in cholesterol released to microglia (TCW et al., 2019). Due
to the nature of microglia requiring cholesterol to maintain
homeostasis (Bohlen et al., 2017), this is an important finding.
Astrocytes in culture also produced more proinflammatory
cytokines which in turn will affect the brain environment (TCW
et al., 2019). These studies suggest that the astrocyte/microglial
cholesterol metabolism in the brain could be a key feature of
neurodegenerative disorders.

Communication via extracellular vesicles (EVs) has been more
recently established as a key process for cells in the CNS. They can
act as a signaling complex and also allow the transport of transfer
mRNA and other molecules that modulate cell function (Basso
and Bonetto, 2016). EVs are important mediators of microglia-
astrocyte crosstalk as they can be released and taken-up by both
cell types (Budnik et al., 2016; Dickens et al., 2017). Microglia
release EVs when their purinergic receptors (P2X7) come into
contact with high levels of ATP released from astrocytes (Bianco
et al., 2005) (Figure 5). These EVs have been shown to be released
from human primary astrocytes under normal conditions and
with IL1β treatment (You et al., 2020) and from microglia TNFα

or non-activated microglia (van den Broek et al., 2020). When
a neuronal injury occurs, astrocytes and microglia communicate
to release microglial EVs containing IL1β in order to survey the
parenchyma and to start an inflammatory response if needed to
respond to pathogens (Budnik et al., 2016).

To investigate the role of microglia/astrocyte communication
in the clearance of protein deposition, human iPSC-derived
microglia and astrocytes were co-cultured in the presence of
Aβ or α-synuclein (αSYN) fibrils. Firstly, it was observed that
microglia and astrocytes in co-culture had a greater ability to clear
the protein aggregates compared to single-cell cultures, Rostami
et al. (2021). This indicated synergy between the two cell types to
provide a better mechanism of clearance. Moreover, live imaging

analysis from the co-culture showed the appearance of novel
physical structures called nanotubes (tunneling Structures made
from cell membranes) keeping the astrocytes and microglia in
direct contact for effective communication (Rostami et al., 2021).
A previous study conducted by the same group gave evidence that
astrocytes were able to link via these structures to other astrocytes
(Rostami et al., 2017). This study confirms the existence of similar
structures that can also physically attach microglia to astrocytes.
These nanotubes allowed for intracellular αSYN to be passed
from one cell to another, in order for the fibrils to be broken
down and removed from the culture. Interestingly, when this
phenomenon occurred, the microglia were the cells that would
attract and clear the intracellular protein from the astrocytes,
not the other way around (Rostami et al., 2021), implying that
while astrocytes were capable of clearing pathological proteins,
microglia were the primary cells to induce degradation.

CONCLUSION

The importance of microglia/astrocyte crosstalk has recently
emerged as an important component of the neurodegenerative
aspect of AD. However, our current knowledge of
microglia/astrocyte communication is based on findings
obtained from experimental animal models. These models are
important as they allow the investigation and manipulation of
cells and cellular interactions within a complete living system.
However, to be relevant to the human condition, and particularly
in relation to human disease, the findings need to be confirmed
in humans. Whilst the investigation of active microglia/astrocyte
communication may be challenging in vivo, its consequences
may be measured by the presence of specific inflammatory
compounds in the CSF and blood samples as biomarkers or
in the brain using imaging techniques. Studies investigating
dynamic communication in human cells involve primary or
iPSC culture methods, which are perhaps the most useful
tool in confirming functions and phenotypes of these cells in
humans. Consequently, several pathways of communication
have emerged that merit further exploration in homeostasis and
disease conditions.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

FUNDING

EG and IH were supported by Alzheimer’s Research UK (ARUK-
Ph.D.2019-016 and ARUK-PG2018A-012, respectively).

ACKNOWLEDGMENTS

The authors would like to thank James A. R. Nicoll for his
comments on the manuscript.

Frontiers in Neuroscience | www.frontiersin.org 15 February 2022 | Volume 16 | Article 824888

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-824888 February 10, 2022 Time: 16:4 # 16

Garland et al. Microglia/Astrocyte Communication in Humans

REFERENCES
Abud, E. M., Ramirez, R. N., Martinez, E. S., Healy, L. M., Nguyen, C. H. H.,

Newman, S. A., et al. (2017). iPSC-derived human microglia-like cells to study
neurological diseases. Neuron 94, 278–293.e9. doi: 10.1016/j.neuron.2017.03.
042

Ahmad, R., Postnov, A., Bormans, G., Versijpt, J., Vandenbulcke, M., and Van
Laere, K. (2016). Decreased in vivo availability of the cannabinoid type 2
receptor in Alzheimer’s disease. Eur. J. Nucl. Med. Mol. Imaging 43, 2219–2227.
doi: 10.1007/s00259-016-3457-7

Al-Dalahmah, O., Sosunov, A. A., Shaik, A., Ofori, K., Liu, Y.,
Vonsattel, J. P., et al. (2020). Single-nucleus RNA-seq identifies
Huntington disease astrocyte states. Acta Neuropathol. Commun. 8:19.
doi: 10.1186/s40478-020-0880-6

Alsema, A. M., Jiang, Q., Kracht, L., Gerrits, E., Dubbelaar, M. L., Miedema, A., et al.
(2020). Profiling Microglia from Alzheimer’s disease donors and non-demented
elderly in acute human postmortem cortical tissue. Front. Mol. Neurosci. 13:134.
doi: 10.3389/fnmol.2020.00134

Andjelkovic, A. V., Song, L., Dzenko, K. A., Cong, H., and Pachter, J. S. (2002).
Functional expression of CCR2 by human fetal astrocytes. J. Neurosci. Res. 70,
219–231. doi: 10.1002/jnr.10372

Barbar, L., Jain, T., Zimmer, M., Kruglikov, I., Sadick, J. S., Wang,
M., et al. (2020). CD49f is a novel marker of functional and
reactive human iPSC-derived astrocytes. Neuron 107, 436–453.e12
doi: 10.1016/j.neuron.2020.05.014

Basso, M., and Bonetto, V. (2016). Extracellular vesicles and a novel form of
communication in the brain. Front. Neurosci. 10:127. doi: 10.3389/fnins.2016.
00127

Beaino, W., Janssen, B., Kooij, G., Van Der Pol, S. M. A., Van Het Hof, B.,
Van Horssen, J., et al. (2017). Purinergic receptors P2Y12R and P2X7R:
potential targets for PET imaging of microglia phenotypes in multiple sclerosis.
J. Neuroinflammation 14:259. doi: 10.1186/s12974-017-1034-z

Bennett, M. L., Bennett, F. C., Liddelow, S. A., Ajami, B., Zamanian, J. L., Fernhoff,
N. B., et al. (2016). New tools for studying microglia in the mouse and
human CNS. Proc. Natl. Acad. Sci. U.S.A. 113, E1738–E1746. doi: 10.1073/pnas.
1525528113

Bettcher, B. M., Fitch, R., Wynn, M. J., Lalli, M. A., Elofson, J., Jastrzab, L., et al.
(2016). MCP-1 and eotaxin-1 selectively and negatively associate with memory
in MCI and Alzheimer’s disease dementia phenotypes. Alzheimers Dement.
(Amst.) 3, 91–97. doi: 10.1016/j.dadm.2016.05.004

Bettcher, B. M., Neuhaus, J., Wynn, M. J., Elahi, F. M., Casaletto, K. B., Saloner, R.,
et al. (2019). Increases in a pro-inflammatory chemokine, MCP-1, are related
to decreases in memory over time. Front. Aging Neurosci. 11:25. doi: 10.3389/
fnagi.2019.00025

Bianco, F., Pravettoni, E., Colombo, A., Schenk, U., Moller, T., Matteoli, M., et al.
(2005). Astrocyte-derived ATP induces vesicle shedding and IL-1 beta release
from microglia. J. Immunol. 174, 7268–7277. doi: 10.4049/jimmunol.174.11.
7268

Boche, D., and Gordon, M. N. (2021). Diversity of transcriptomic microglial
phenotypes in aging and Alzheimer’s disease. Alzheimers Dement. doi: 10.1002/
alz.12389

Boche, D., Gerhard, A., Rodriguez-Vieitez, E., and Minc Faculty. (2019). Prospects
and challenges of imaging neuroinflammation beyond TSPO in Alzheimer’s
disease. Eur. J. Nucl. Med. Mol. Imaging 46, 2831–2847. doi: 10.1007/s00259-
019-04462-w

Boche, D., Perry, V. H., and Nicoll, V. A. R. (2013). Review: activation patterns
of microglia and their identification in the human brain. Neuropathol. Appl.
Neurobiol. 39, 3–18. doi: 10.1111/nan.12011

Bohlen, C. J., Bennett, F. C., Tucker, A. F., Collins, H. Y., Mulinyawe, S. B., and
Barres, B. A. (2017). Diverse requirements for microglial survival, specification,
and function revealed by defined-medium cultures. Neuron 94, 759–773.e8.
doi: 10.1016/j.neuron.2017.04.043

Bonneh-Barkay, D., Bissel, S. J., Kofler, J., Starkey, A., Wang, G., and Wiley, C. A.
(2012). Astrocyte and macrophage regulation of YKL-40 expression and cellular
response in neuroinflammation. Brain Pathol. 22, 530–546. doi: 10.1111/j.1750-
3639.2011.00550.x

Böttcher, C., Schlickeiser, S., Sneeboer, M. A. M., Kunkel, D., Knop, A., Paza,
E., et al. (2019). Human microglia regional heterogeneity and phenotypes

determined by multiplexed single-cell mass cytometry. Nat. Neurosci. 22, 78–90.
doi: 10.1038/s41593-018-0290-2

Brownjohn, P. W., Smith, J., Solanki, R., Lohmann, E., Houlden, H., Hardy, J., et al.
(2018). Functional studies of missense TREM2 mutations in human stem cell-
derived microglia. Stem Cell Rep. 10, 1294–1307. doi: 10.1016/j.stemcr.2018.03.
003

Bsibsi, M., Ravid, R., Gveric, D., and Van Noort, J. M. (2002). Broad expression of
Toll-like receptors in the human central nervous system. J. Neuropathol. Exp.
Neurol. 61, 1013–1021. doi: 10.1093/jnen/61.11.1013

Budnik, V., Ruiz-Canada, C., and Wendler, F. (2016). Extracellular vesicles round
off communication in the nervous system. Nat. Rev. Neurosci. 17, 160–172.
doi: 10.1038/nrn.2015.29

Butchart, J., Brook, L., Hopkins, V., Teeling, J., Püntener, U., Culliford, D., et al.
(2015). Etanercept in Alzheimer disease: a randomized, placebo-controlled,
double-blind, phase 2 trial. Neurology 84, 2161–2168. doi: 10.1212/wnl.
0000000000001617

Cagnin, A., Brooks, D. J., Kennedy, A. M., Gunn, R. N., Myers, R., Turkheimer,
F. E., et al. (2001). In-vivo measurement of activated microglia in dementia.
Lancet 358, 461–467. doi: 10.1016/s0140-6736(01)05625-2

Carter, S. F., Chiotis, K., Nordberg, A., and Rodriguez-Vieitez, E. (2019).
Longitudinal association between astrocyte function and glucose metabolism
in autosomal dominant Alzheimer’s disease. Eur. J. Nucl. Med. Mol. Imaging 46,
348–356. doi: 10.1007/s00259-018-4217-7

Carter, S. F., Schöll, M., Almkvist, O., Wall, A., Engler, H., Långström, B., et al.
(2012). Evidence for astrocytosis in prodromal Alzheimer disease provided
by 11C-Deuterium-L-Deprenyl: a multitracer PET paradigm combining 11C-
Pittsburgh compound B and 18F-FDG. J. Nucl. Med. 53:37. doi: 10.2967/
jnumed.110.087031

Choi, S. S., Lee, H. J., Lim, I., Satoh, J., and Kim, S. U. (2014). Human astrocytes:
secretome profiles of cytokines and chemokines. PLoS One 9:e92325. doi: 10.
1371/journal.pone.0092325

Cosenza-Nashat, M., Zhao, M. L., Suh, H. S., Morgan, J., Natividad, R., Morgello,
S., et al. (2009). Expression of the translocator protein of 18 kDa by microglia,
macrophages and astrocytes based on immunohistochemical localization in
abnormal human brain. Neuropathol. Appl. Neurobiol. 35, 306–328. doi: 10.
1111/j.1365-2990.2008.01006.x

Croitoru-Lamoury, J., Guillemin, G. J., Boussin, F. D., Mognetti, B., Gigout,
L. I., Chéret, A., et al. (2003). Expression of chemokines and their receptors
in human and simian astrocytes: evidence for a central role of TNF alpha
and IFN gamma in CXCR4 and CCR5 modulation. Glia 41, 354–370.
doi: 10.1002/glia.10181

Cserép, C., Pósfai, B., and Dénes, Á (2021). Shaping neuronal fate: functional
heterogeneity of direct microglia-neuron interactions. Neuron 109, 222–240.
doi: 10.1016/j.neuron.2020.11.007

Cunningham, C. L., Martínez-Cerdeño, V., and Noctor, S. C. (2013). Microglia
regulate the number of neural precursor cells in the developing cerebral cortex.
J. Neurosci. 33, 4216–4233. doi: 10.1523/jneurosci.3441-12.2013

De Picker, L. J., Victoriano, G. M., Richards, R., Gorvett, A. J., Lyons, S., Buckland,
G. R., et al. (2021). Immune environment of the brain in schizophrenia and
during the psychotic episode: a human post-mortem study. Brain Behav.
Immun. 97, 319–327. doi: 10.1016/j.bbi.2021.07.017

Dickens, A. M., Tovar, Y. R. L. B., Yoo, S. W., Trout, A. L., Bae, M., Kanmogne,
M., et al. (2017). Astrocyte-shed extracellular vesicles regulate the peripheral
leukocyte response to inflammatory brain lesions. Sci. Signal. 10:eaai7696. doi:
10.1126/scisignal.aai7696

Edwards, J. P., Zhang, X., Frauwirth, K. A., and Mosser, D. M. (2006). Biochemical
and functional characterization of three activated macrophage populations.
J. Leukoc. Biol. 80, 1298–1307. doi: 10.1189/jlb.0406249

Ekblom, J., Jossan, S. S., Bergström, M., Oreland, L., Walum, E., and Aquilonius,
S. M. (1993). Monoamine oxidase-B in astrocytes. Glia 8, 122–132. doi: 10.1002/
glia.440080208

Emir, U. E., Raatz, S., Mcpherson, S., Hodges, J. S., Torkelson, C., Tawfik, P., et al.
(2011). Noninvasive quantification of ascorbate and glutathione concentration
in the elderly human brain. NMR Biomed. 24, 888–894. doi: 10.1002/nbm.1646

Escartin, C., Galea, E., Lakatos, A., O’callaghan, J. P., Petzold, G. C.,
Serrano-Pozo, A., et al. (2021). Reactive astrocyte nomenclature,
definitions, and future directions. Nat. Neurosci. 24, 312–325.
doi: 10.1038/s41593-020-00783-4

Frontiers in Neuroscience | www.frontiersin.org 16 February 2022 | Volume 16 | Article 824888

https://doi.org/10.1016/j.neuron.2017.03.042
https://doi.org/10.1016/j.neuron.2017.03.042
https://doi.org/10.1007/s00259-016-3457-7
https://doi.org/10.1186/s40478-020-0880-6
https://doi.org/10.3389/fnmol.2020.00134
https://doi.org/10.1002/jnr.10372
https://doi.org/10.1016/j.neuron.2020.05.014
https://doi.org/10.3389/fnins.2016.00127
https://doi.org/10.3389/fnins.2016.00127
https://doi.org/10.1186/s12974-017-1034-z
https://doi.org/10.1073/pnas.1525528113
https://doi.org/10.1073/pnas.1525528113
https://doi.org/10.1016/j.dadm.2016.05.004
https://doi.org/10.3389/fnagi.2019.00025
https://doi.org/10.3389/fnagi.2019.00025
https://doi.org/10.4049/jimmunol.174.11.7268
https://doi.org/10.4049/jimmunol.174.11.7268
https://doi.org/10.1002/alz.12389
https://doi.org/10.1002/alz.12389
https://doi.org/10.1007/s00259-019-04462-w
https://doi.org/10.1007/s00259-019-04462-w
https://doi.org/10.1111/nan.12011
https://doi.org/10.1016/j.neuron.2017.04.043
https://doi.org/10.1111/j.1750-3639.2011.00550.x
https://doi.org/10.1111/j.1750-3639.2011.00550.x
https://doi.org/10.1038/s41593-018-0290-2
https://doi.org/10.1016/j.stemcr.2018.03.003
https://doi.org/10.1016/j.stemcr.2018.03.003
https://doi.org/10.1093/jnen/61.11.1013
https://doi.org/10.1038/nrn.2015.29
https://doi.org/10.1212/wnl.0000000000001617
https://doi.org/10.1212/wnl.0000000000001617
https://doi.org/10.1016/s0140-6736(01)05625-2
https://doi.org/10.1007/s00259-018-4217-7
https://doi.org/10.2967/jnumed.110.087031
https://doi.org/10.2967/jnumed.110.087031
https://doi.org/10.1371/journal.pone.0092325
https://doi.org/10.1371/journal.pone.0092325
https://doi.org/10.1111/j.1365-2990.2008.01006.x
https://doi.org/10.1111/j.1365-2990.2008.01006.x
https://doi.org/10.1002/glia.10181
https://doi.org/10.1016/j.neuron.2020.11.007
https://doi.org/10.1523/jneurosci.3441-12.2013
https://doi.org/10.1016/j.bbi.2021.07.017
https://doi.org/10.1126/scisignal.aai7696
https://doi.org/10.1126/scisignal.aai7696
https://doi.org/10.1189/jlb.0406249
https://doi.org/10.1002/glia.440080208
https://doi.org/10.1002/glia.440080208
https://doi.org/10.1002/nbm.1646
https://doi.org/10.1038/s41593-020-00783-4
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-824888 February 10, 2022 Time: 16:4 # 17

Garland et al. Microglia/Astrocyte Communication in Humans

Ewers, M., Biechele, G., Suarez-Calvet, M., Sacher, C., Blume, T., Morenas-
Rodriguez, E., et al. (2020). Higher CSF sTREM2 and microglia activation are
associated with slower rates of beta-amyloid accumulation. EMBO Mol. Med.
12:e12308. doi: 10.15252/emmm.202012308

Fahrenhold, M., Rakic, S., Classey, J., Brayne, C., Ince, P. G., Nicoll,
J. A. R., et al. (2018). TREM2 expression in the human brain:
a marker of monocyte recruitment? Brain Pathol. 28, 595–602.
doi: 10.1111/bpa.12564

Falkevall, A., Alikhani, N., Bhushan, S., Pavlov, P. F., Busch, K., Johnson, K. A.,
et al. (2006). Degradation of the amyloid β-protein by the novel mitochondrial
peptidasome, PreP∗?. J. Biol. Chem. 281, 29096–29104. doi: 10.1074/jbc.
M602532200

Fan, Z., Calsolaro, V., Mayers, J., Tyacke, R., Venkataraman, A., Femminella, G. D.,
et al. (2018). Relationship between astrocyte activation using [11C]BU99008
PET, glucose metabolim and amyloid in Alzheimer’s disease: a dementia
platform UK experimental study. Alzheimers Dement. 14:1640. doi: 10.1016/j.
jalz.2018.06.2999

Ford, T. C., and Crewther, D. P. (2016). A comprehensive review of the 1H-MRS
metabolite spectrum in autism spectrum disorder. Front. Mol. Neurosci. 9:14.
doi: 10.3389/fnmol.2016.00014

Franco Bocanegra, D. K., Nicoll, J. A. R., and Boche, D. (2018). Innate immunity in
Alzheimer’s disease: the relevance of animal models? J. Neural Transm. (Vienna)
125, 827–846. doi: 10.1007/s00702-017-1729-4

Franco-Bocanegra, D. K., Mcauley, C., Nicoll, J. A. R., and Boche, D.
(2019b). Molecular mechanisms of microglial motility: changes in ageing and
Alzheimer’s disease. Cells 8:639. doi: 10.3390/cells8060639

Franco-Bocanegra, D. K., George, B., Lau, L. C., Holmes, C., Nicoll, J. A. R., and
Boche, D. (2019a). Microglial motility in Alzheimer’s disease and after Aβ42
immunotherapy: a human post-mortem study. Acta Neuropathol. Commun.
7:174. doi: 10.1186/s40478-019-0828-x

Franco-Bocanegra, D. K., Gourari, Y., Mcauley, C., Chatelet, D. S., Johnston, D. A.,
Nicoll, J. A. R., et al. (2021). Microglial morphology in Alzheimer’s disease
and after Abeta immunotherapy. Sci. Rep. 11:15955. doi: 10.1038/s41598-021-
95535-0

Fukuyama, R., Izumoto, T., and Fushiki, S. (2001). The cerebrospinal fluid level of
glial fibrillary acidic protein is increased in cerebrospinal fluid from Alzheimer’s
disease patients and correlates with severity of dementia. Eur. Neurol. 46, 35–38.
doi: 10.1159/000050753

Galea, I., Palin, K., Newman, T. A., Van Rooijen, N., Perry, V. H., and
Boche, D. (2005). Mannose receptor expression specifically reveals perivascular
macrophages in normal, injured, and diseased mouse brain. Glia 49, 375–384.
doi: 10.1002/glia.20124

Galimberti, D., Fenoglio, C., Lovati, C., Venturelli, E., Guidi, I., Corrà, B., et al.
(2006). Serum MCP-1 levels are increased in mild cognitive impairment and
mild Alzheimer’s disease. Neurobiol. Aging 27, 1763–1768. doi: 10.1016/j.
neurobiolaging.2005.10.007

Garcia-Esparcia, P., Diaz-Lucena, D., Ainciburu, M., Torrejón-Escribano, B.,
Carmona, M., Llorens, F., et al. (2018). Glutamate Transporter GLT1 Expression
in Alzheimer disease and dementia with lewy bodies. Front. Aging Neurosci.
10:122. doi: 10.3389/fnagi.2018.00122

Garcia-Hernandez, R., Cerdán Cerdá, A., Carpena, A. T., Drakesmith,
M., Koller, K., Jones, D. K., et al. (2021). Mapping microglia and
astrocytes activation in vivo using diffusion MRI. bioRxiv [Preprint].
doi: 10.1101/2020.02.07.938910

Garcia-Leon, J. A., Caceres-Palomo, L., Sanchez-Mejias, E., Mejias-Ortega,
M., Nunez-Diaz, C., Fernandez-Valenzuela, J. J., et al. (2020). Human
pluripotent stem cell-derived neural cells as a relevant platform
for drug screening in Alzheimer’s disease. Int. J. Mol. Sci. 21:6867.
doi: 10.3390/ijms21186867

Garcia-Reitboeck, P., Phillips, A., Piers, T. M., Villegas-Llerena, C., Butler,
M., Mallach, A., et al. (2018). Human induced pluripotent stem cell-
derived microglia-like cells harboring TREM2 missense mutations
show specific deficits in phagocytosis. Cell Rep. 24, 2300–2311.
doi: 10.1016/j.celrep.2018.07.094

Gatto, N., Dos Santos Souza, C., Shaw, A. C., Bell, S. M., Myszczynska, M. A.,
Powers, S., et al. (2021). Directly converted astrocytes retain the ageing features
of the donor fibroblasts and elucidate the astrocytic contribution to human CNS
health and disease. Aging Cell 20:e13281. doi: 10.1111/acel.13281

Genin, E., Hannequin, D., Wallon, D., Sleegers, K., Hiltunen, M.,
Combarros, O., et al. (2011). APOE and Alzheimer disease: a major
gene with semi-dominant inheritance. Mol. Psychiatry 16, 903–907.
doi: 10.1038/mp.2011.52

Gerrits, E., Heng, Y., Boddeke, E., and Eggen, B. J. L. (2020). Transcriptional
profiling of microglia; current state of the art and future perspectives. Glia 68,
740–755. doi: 10.1002/glia.23767

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., et al. (2010).
Fate mapping analysis reveals that adult microglia derive from primitive
macrophages. Science 330, 841–845. doi: 10.1126/science.1194637

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

Gomez-Nicola, D., and Boche, D. (2015). Post-mortem analysis of
neuroinflammatory changes in human Alzheimer’s disease. Alzheimers
Res. Ther. 7:42. doi: 10.1186/s13195-015-0126-1

Goshi, N., Morgan, R. K., Lein, P. J., and Seker, E. (2020). A primary neural
cell culture model to study neuron, astrocyte, and microglia interactions in
neuroinflammation. J. Neuroinflammation 17:155. doi: 10.1186/s12974-020-
01819-z

Grubman, A., Chew, G., Ouyang, J. F., Sun, G., Choo, X. Y., Mclean, C., et al.
(2019). A single-cell atlas of entorhinal cortex from individuals with Alzheimer’s
disease reveals cell-type-specific gene expression regulation. Nat. Neurosci. 22,
2087–2097. doi: 10.1038/s41593-019-0539-4

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

Gui, Y., Marks, J. D., Das, S., Hyman, B. T., and Serrano-Pozo, A. (2020).
Characterization of the 18 kDa translocator protein (TSPO) expression in post-
mortem normal and Alzheimer’s disease brains. Brain Pathol. 30, 151–164.
doi: 10.1111/bpa.12763

Gulyás, B., Pavlova, E., Kása, P., Gulya, K., Bakota, L., Várszegi, S., et al. (2011).
Activated MAO-B in the brain of Alzheimer patients, demonstrated by [11C]-l-
deprenyl using whole hemisphere autoradiography. Neurochem. Int. 58, 60–68.
doi: 10.1016/j.neuint.2010.10.013

Haenseler, W., Sansom, S. N., Buchrieser, J., Newey, S. E., Moore, C. S.,
Nicholls, F. J., et al. (2017). A highly efficient human pluripotent stem cell
microglia model displays a neuronal-co-culture-specific expression profile and
inflammatory response. Stem Cell Rep. 8, 1727–1742. doi: 10.1016/j.stemcr.
2017.05.017

Halldorsson, S., Lucumi, E., Gomez-Sjoberg, R., and Fleming, R. M. T.
(2015). Advantages and challenges of microfluidic cell culture in
polydimethylsiloxane devices. Biosens. Bioelectron. 63, 218–231.
doi: 10.1016/j.bios.2014.07.029

Hamelin, L., Lagarde, J., Dorothée, G., Leroy, C., Labit, M., Comley, R. A., et al.
(2016). Early and protective microglial activation in Alzheimer’s disease: a
prospective study using 18F-DPA-714 PET imaging. Brain 139, 1252–1264.
doi: 10.1093/brain/aww017

Hanisch, U. K. (2002). Microglia as a source and target of cytokines. Glia 40,
140–155. doi: 10.1002/glia.10161

Hartmann, K., Sepulveda-Falla, D., Rose, I. V. L., Madore, C., Muth, C., Matschke,
J., et al. (2019). Complement 3+-astrocytes are highly abundant in prion
diseases, but their abolishment led to an accelerated disease course and early
dysregulation of microglia. Acta Neuropathol. Commun. 7:83. doi: 10.1186/
s40478-019-0735-1

Hartnell, I. J., Blum, D., Nicoll, J. A. R., Dorothee, G., and Boche, D. (2021). Glial
cells and adaptive immunity in frontotemporal dementia with tau pathology.
Brain 144, 724–745. doi: 10.1093/brain/awaa457

Holmes, C., Cunningham, C., Zotova, E., Woolford, J., Dean, C., Kerr, S., et al.
(2009). Systemic inflammation and disease progression in Alzheimer disease.
Neurology 73, 768–774. doi: 10.1212/WNL.0b013e3181b6bb95

Hopp, S. C., Lin, Y., Oakley, D., Roe, A. D., DeVos, S. L., Hanlon, D., et al. (2018).
The role of microglia in processing and spreading of bioactive tau seeds in
Alzheimer’s disease. J. Neuroinflammation 15:269. doi: 10.1186/s12974-018-
1309-z

Hopperton, K. E., Mohammad, D., Trepanier, M. O., Giuliano, V., and Bazinet,
R. P. (2018). Markers of microglia in post-mortem brain samples from patients

Frontiers in Neuroscience | www.frontiersin.org 17 February 2022 | Volume 16 | Article 824888

https://doi.org/10.15252/emmm.202012308
https://doi.org/10.1111/bpa.12564
https://doi.org/10.1074/jbc.M602532200
https://doi.org/10.1074/jbc.M602532200
https://doi.org/10.1016/j.jalz.2018.06.2999
https://doi.org/10.1016/j.jalz.2018.06.2999
https://doi.org/10.3389/fnmol.2016.00014
https://doi.org/10.1007/s00702-017-1729-4
https://doi.org/10.3390/cells8060639
https://doi.org/10.1186/s40478-019-0828-x
https://doi.org/10.1038/s41598-021-95535-0
https://doi.org/10.1038/s41598-021-95535-0
https://doi.org/10.1159/000050753
https://doi.org/10.1002/glia.20124
https://doi.org/10.1016/j.neurobiolaging.2005.10.007
https://doi.org/10.1016/j.neurobiolaging.2005.10.007
https://doi.org/10.3389/fnagi.2018.00122
https://doi.org/10.1101/2020.02.07.938910
https://doi.org/10.3390/ijms21186867
https://doi.org/10.1016/j.celrep.2018.07.094
https://doi.org/10.1111/acel.13281
https://doi.org/10.1038/mp.2011.52
https://doi.org/10.1002/glia.23767
https://doi.org/10.1126/science.1194637
https://doi.org/10.1002/glia.23270
https://doi.org/10.1186/s13195-015-0126-1
https://doi.org/10.1186/s12974-020-01819-z
https://doi.org/10.1186/s12974-020-01819-z
https://doi.org/10.1038/s41593-019-0539-4
https://doi.org/10.1056/NEJMoa1211851
https://doi.org/10.1111/bpa.12763
https://doi.org/10.1016/j.neuint.2010.10.013
https://doi.org/10.1016/j.stemcr.2017.05.017
https://doi.org/10.1016/j.stemcr.2017.05.017
https://doi.org/10.1016/j.bios.2014.07.029
https://doi.org/10.1093/brain/aww017
https://doi.org/10.1002/glia.10161
https://doi.org/10.1186/s40478-019-0735-1
https://doi.org/10.1186/s40478-019-0735-1
https://doi.org/10.1093/brain/awaa457
https://doi.org/10.1212/WNL.0b013e3181b6bb95
https://doi.org/10.1186/s12974-018-1309-z
https://doi.org/10.1186/s12974-018-1309-z
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-824888 February 10, 2022 Time: 16:4 # 18

Garland et al. Microglia/Astrocyte Communication in Humans

with Alzheimer’s disease: a systematic review. Mol. Psychiatry 23, 177–198.
doi: 10.1038/mp.2017.246

Hu, S., Chao, C. C., Ehrlich, L. C., Sheng, W. S., Sutton, R. L.,
Rockswold, G. L., et al. (1999). Inhibition of microglial cell RANTES
production by IL-10 and TGF-beta. J. Leukoc. Biol. 65, 815–821.
doi: 10.1002/jlb.65.6.815

Hu, W. T., Chen-Plotkin, A., Arnold, S. E., Grossman, M., Clark, C. M., Shaw,
L. M., et al. (2010). Novel CSF biomarkers for Alzheimer’s disease and mild
cognitive impairment. Acta Neuropathol. 119, 669–678. doi: 10.1007/s00401-
010-0667-0

Hyvärinen, T., Hagman, S., Ristola, M., Sukki, L., Veijula, K., Kreutzer, J.,
et al. (2019). Co-stimulation with IL-1β and TNF-α induces an inflammatory
reactive astrocyte phenotype with neurosupportive characteristics in a human
pluripotent stem cell model system. Sci. Rep. 9:16944. doi: 10.1038/s41598-019-
53414-9

Jack, C. S., Arbour, N., Manusow, J., Montgrain, V., Blain, M., Mccrea, E., et al.
(2005). TLR signaling tailors innate immune responses in human microglia and
astrocytes. J. Immunol. 175:4320. doi: 10.4049/jimmunol.175.7.4320

Jiang, P., Chen, C., Wang, R., Chechneva, O. V., Chung, S.-H., Rao, M. S., et al.
(2013). hESC-derived Olig2+ progenitors generate a subtype of astroglia with
protective effects against ischaemic brain injury. Nat. Commun. 4, 2196–2196.
doi: 10.1038/ncomms3196

Jones, V. C., Atkinson-Dell, R., Verkhratsky, A., and Mohamet, L. (2017). Aberrant
iPSC-derived human astrocytes in Alzheimer’s disease. Cell Death Dis. 8:e2696.
doi: 10.1038/cddis.2017.89

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

Kaiser, L. G., Schuff, N., Cashdollar, N., and Weiner, M. W. (2005). Age-related
glutamate and glutamine concentration changes in normal human brain: 1H
MR spectroscopy study at 4 T. Neurobiol. Aging 26, 665–672. doi: 10.1016/j.
neurobiolaging.2004.07.001

Kenkhuis, B., Somarakis, A., De Haan, L., Dzyubachyk, O., Me, I. J., De Miranda,
N., et al. (2021). Iron loading is a prominent feature of activated microglia in
Alzheimer’s disease patients. Acta Neuropathol. Commun. 9:27. doi: 10.1186/
s40478-021-01126-5

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

Kielian, T. (2006). Toll-like receptors in central nervous system glial
inflammation and homeostasis. J. Neurosci. Res. 83, 711–730.
doi: 10.1002/jnr.20767

Kobayashi, E., Nakano, M., Kubota, K., Himuro, N., Mizoguchi, S., Chikenji, T.,
et al. (2018). Activated forms of astrocytes with higher GLT-1 expression are
associated with cognitive normal subjects with Alzheimer pathology in human
brain. Sci. Rep. 8:1712. doi: 10.1038/s41598-018-19442-7

Koning, N., Swaab, D. F., Hoek, R. M., and Huitinga, I. (2009). Distribution of
the immune inhibitory molecules CD200 and CD200R in the normal central
nervous system and multiple sclerosis lesions suggests neuron-glia and glia-
glia interactions. J. Neuropathol. Exp. Neurol. 68, 159–167. doi: 10.1097/NEN.
0b013e3181964113

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

Lambert, J. C., Ibrahim-Verbaas, C. A., Harold, D., Naj, A. C., Sims, R.,
Bellenguez, C., et al. (2013). Meta-analysis of 74,046 individuals identifies 11
new susceptibility loci for Alzheimer’s disease. Nat. Genet. 45, 1452–1458. doi:
10.1038/ng.2802

Lavrnja, I., Smiljanic, K., Savic, D., Mladenovic-Djordjevic, A., Tesovic,
K., Kanazir, S., et al. (2017). Expression profiles of cholesterol
metabolism-related genes are altered during development of experimental
autoimmune encephalomyelitis in the rat spinal cord. Sci. Rep. 7:2702.
doi: 10.1038/s41598-017-02638-8

Lecours, C., Bordeleau, M., Cantin, L., Parent, M., Paolo, T. D., and Tremblay,
M. (2018). Microglial implication in Parkinson’s disease: loss of beneficial

physiological roles or gain of inflammatory functions? Front. Cell. Neurosci.
12:282. doi: 10.3389/fncel.2018.00282

Lee, W.-J., Liao, Y.-C., Wang, Y.-F., Lin, I. F., Wang, S.-J., and Fuh, J.-L. (2018).
Plasma MCP-1 and cognitive decline in patients with Alzheimer’s disease and
mild cognitive impairment: a two-year follow-up study. Sci. Rep. 8:1280. doi:
10.1038/s41598-018-19807-y

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

Lin, Y. T., Seo, J., Gao, F., Feldman, H. M., Wen, H. L., Penney, J., et al. (2018).
APOE4 causes widespread molecular and cellular alterations associated with
Alzheimer’s disease phenotypes in human iPSC-derived brain cell types. Neuron
98, 1141–1154.e7. doi: 10.1016/j.neuron.2018.05.008

Llano, D. A., Li, J., Waring, J. F., Ellis, T., Devanarayan, V., Witte, D. G., et al.
(2012). Cerebrospinal fluid cytokine dynamics differ between Alzheimer disease
patients and elderly controls. Alzheimer Dis. Assoc. Disord. 26, 322–328. doi:
10.1097/WAD.0b013e31823b2728

Llorens, F., Thüne, K., Tahir, W., Kanata, E., Diaz-Lucena, D.,
Xanthopoulos, K., et al. (2017). YKL-40 in the brain and cerebrospinal
fluid of neurodegenerative dementias. Mol. Neurodegener. 12:83.
doi: 10.1186/s13024-017-0226-4

Lowry, W. E., Richter, L., Yachechko, R., Pyle, A. D., Tchieu, J., Sridharan, R.,
et al. (2008). Generation of human induced pluripotent stem cells from dermal
fibroblasts. Proc. Natl. Acad. Sci. U.S.A. 105, 2883–2888. doi: 10.1073/pnas.
0711983105

Lue, L. F., Rydel, R., Brigham, E. F., Yang, L. B., Hampel, H., Murphy, G. M. Jr.,
et al. (2001). Inflammatory repertoire of Alzheimer’s disease and nondemented
elderly microglia in vitro. Glia 35, 72–79. doi: 10.1002/glia.1072

Magaki, S., Hojat, S. A., Wei, B., So, A., and Yong, W. H. (2019). An introduction to
the performance of immunohistochemistry. Methods Mol. Biol. 1897, 289–298.
doi: 10.1007/978-1-4939-8935-5_25

Malik, M., Parikh, I., Vasquez, J. B., Smith, C., Tai, L., Bu, G., et al. (2015).
Genetics ignite focus on microglial inflammation in Alzheimer’s disease. Mol.
Neurodegener. 10:52. doi: 10.1186/s13024-015-0048-1

Marlatt, M. W., Bauer, J., Aronica, E., Van Haastert, E. S., Hoozemans, J. J.,
Joels, M., et al. (2014). Proliferation in the Alzheimer hippocampus is due to
microglia, not astroglia, and occurs at sites of amyloid deposition. Neural Plast.
2014:693851. doi: 10.1155/2014/693851

Meeuwsen, S., Persoon-Deen, C., Bsibsi, M., Ravid, R., and Van Noort, J. M.
(2003). Cytokine, chemokine and growth factor gene profiling of cultured
human astrocytes after exposure to proinflammatory stimuli. Glia 43, 243–253.
doi: 10.1002/glia.10259

Melief, J., Koning, N., Schuurman, K. G., Van De Garde, M. D., Smolders, J., Hoek,
R. M., et al. (2012). Phenotyping primary human microglia: tight regulation of
LPS responsiveness. Glia 60, 1506–1517. doi: 10.1002/glia.22370

Mildner, A., Huang, H., Radke, J., Stenzel, W., and Priller, J. (2017). P2Y(12)
receptor is expressed on human microglia under physiological conditions
throughout development and is sensitive to neuroinflammatory diseases. Glia
65, 375–387. doi: 10.1002/glia.23097

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

Mizee, M. R., Miedema, S. S., Van Der Poel, M., Adelia, Schuurman, K. G., Van
Strien, M. E., et al. (2017). Isolation of primary microglia from the human post-
mortem brain: effects of ante- and post-mortem variables. Acta Neuropathol.
Commun. 5:16. doi: 10.1186/s40478-017-0418-8

Mosser, D. M., and Edwards, J. P. (2008). Exploring the full
spectrum of macrophage activation. Nat. Rev. Immunol. 8, 958–969.
doi: 10.1038/nri2448

Muffat, J., Li, Y., Yuan, B., Mitalipova, M., Omer, A., Corcoran, S., et al. (2016).
Efficient derivation of microglia-like cells from human pluripotent stem cells.
Nat. Med. 22, 1358–1367. doi: 10.1038/nm.4189

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science 308,
1314–1318. doi: 10.1126/science.1110647

Frontiers in Neuroscience | www.frontiersin.org 18 February 2022 | Volume 16 | Article 824888

https://doi.org/10.1038/mp.2017.246
https://doi.org/10.1002/jlb.65.6.815
https://doi.org/10.1007/s00401-010-0667-0
https://doi.org/10.1007/s00401-010-0667-0
https://doi.org/10.1038/s41598-019-53414-9
https://doi.org/10.1038/s41598-019-53414-9
https://doi.org/10.4049/jimmunol.175.7.4320
https://doi.org/10.1038/ncomms3196
https://doi.org/10.1038/cddis.2017.89
https://doi.org/10.1056/NEJMoa1211103
https://doi.org/10.1016/j.neurobiolaging.2004.07.001
https://doi.org/10.1016/j.neurobiolaging.2004.07.001
https://doi.org/10.1186/s40478-021-01126-5
https://doi.org/10.1186/s40478-021-01126-5
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1002/jnr.20767
https://doi.org/10.1038/s41598-018-19442-7
https://doi.org/10.1097/NEN.0b013e3181964113
https://doi.org/10.1097/NEN.0b013e3181964113
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1038/ng.2802
https://doi.org/10.1038/ng.2802
https://doi.org/10.1038/s41598-017-02638-8
https://doi.org/10.3389/fncel.2018.00282
https://doi.org/10.1038/s41598-018-19807-y
https://doi.org/10.1038/s41598-018-19807-y
https://doi.org/10.1038/nature21029
https://doi.org/10.1016/j.neuron.2018.05.008
https://doi.org/10.1097/WAD.0b013e31823b2728
https://doi.org/10.1097/WAD.0b013e31823b2728
https://doi.org/10.1186/s13024-017-0226-4
https://doi.org/10.1073/pnas.0711983105
https://doi.org/10.1073/pnas.0711983105
https://doi.org/10.1002/glia.1072
https://doi.org/10.1007/978-1-4939-8935-5_25
https://doi.org/10.1186/s13024-015-0048-1
https://doi.org/10.1155/2014/693851
https://doi.org/10.1002/glia.10259
https://doi.org/10.1002/glia.22370
https://doi.org/10.1002/glia.23097
https://doi.org/10.1186/s12974-016-0601-z
https://doi.org/10.1186/s40478-017-0418-8
https://doi.org/10.1038/nri2448
https://doi.org/10.1038/nm.4189
https://doi.org/10.1126/science.1110647
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-824888 February 10, 2022 Time: 16:4 # 19

Garland et al. Microglia/Astrocyte Communication in Humans

Nordengen, K., Kirsebom, B. E., Henjum, K., Selnes, P., Gisladottir, B.,
Wettergreen, M., et al. (2019). Glial activation and inflammation along the
Alzheimer’s disease continuum. J. Neuroinflammation 16:46. doi: 10.1186/
s12974-019-1399-2

Núñez, E., Benito, C., Pazos, M. R., Barbachano, A., Fajardo, O., González, S., et al.
(2004). Cannabinoid CB2 receptors are expressed by perivascular microglial
cells in the human brain: an immunohistochemical study. Synapse 53, 208–213.
doi: 10.1002/syn.20050

Oberheim, N. A., Takano, T., Han, X., He, W., Lin, J. H. C., Wang, F., et al. (2009).
Uniquely hominid features of adult human astrocytes. J. Neurosci. 29:3276.
doi: 10.1523/JNEUROSCI.4707-08.2009

Oberheim, N. A., Wang, X., Goldman, S., and Nedergaard, M. (2006). Astrocytic
complexity distinguishes the human brain. Trends Neurosci. 29, 547–553. doi:
10.1016/j.tins.2006.08.004

Oksanen, M., Petersen, A. J., Naumenko, N., Puttonen, K., Lehtonen, Š, Olivé,
M., et al. (2017). PSEN1 mutant iPSC-derived model reveals severe astrocyte
pathology in Alzheimer’s disease. Stem Cell Rep. 9, 1885–1897. doi: 10.1016/j.
stemcr.2017.10.016

Olah, M., Menon, V., Habib, N., Taga, M. F., Ma, Y., Yung, C. J.,
et al. (2020). Single cell RNA sequencing of human microglia uncovers
a subset associated with Alzheimer’s disease. Nat. Commun. 11:6129.
doi: 10.1038/s41467-020-19737-2

Oliveira-Giacomelli, Á, Petiz, L. L., Andrejew, R., Turrini, N., Silva, J. B.,
Sack, U., et al. (2021). Role of P2X7 receptors in immune responses during
neurodegeneration. Front. Cell Neurosci. 15:662935. doi: 10.3389/fncel.2021.
662935

Pannell, M., Economopoulos, V., Wilson, T. C., Kersemans, V., Isenegger, P. G.,
Larkin, J. R., et al. (2020). Imaging of translocator protein upregulation is
selective for pro-inflammatory polarized astrocytes and microglia. Glia 68,
280–297. doi: 10.1002/glia.23716

Papadopoulos, V., Baraldi, M., Guilarte, T. R., Knudsen, T. B., Lacapere, J. J.,
Lindemann, P., et al. (2006). Translocator protein (18kDa): new nomenclature
for the peripheral-type benzodiazepine receptor based on its structure and
molecular function. Trends Pharmacol. Sci. 27, 402–409. doi: 10.1016/j.tips.
2006.06.005

Park, J., Wetzel, I., Marriott, I., Dreau, D., D’avanzo, C., Kim, D. Y., et al.
(2018). A 3D human triculture system modeling neurodegeneration and
neuroinflammation in Alzheimer’s disease. Nat. Neurosci. 21, 941–951. doi:
10.1038/s41593-018-0175-4

Pase, M. P., Himali, J. J., Beiser, A. S., Decarli, C., Mcgrath, E. R., Satizabal,
C. L., et al. (2020). Association of CD14 with incident dementia and
markers of brain aging and injury. Neurology 94, e254–e266. doi: 10.1212/wnl.
0000000000008682

Pekny, M., and Pekna, M. (2014). Astrocyte Reactivity and Reactive Astrogliosis:
costs and Benefits. Physiol. Rev. 94, 1077–1098. doi: 10.1152/physrev.00041.
2013

Pelvig, D. P., Pakkenberg, H., Regeur, L., Oster, S., and Pakkenberg, B. (2003).
Neocortical glial cell numbers in Alzheimer’s disease. A stereological study.
Dement. Geriatr. Cogn. Disord. 16, 212–219. doi: 10.1159/000072805

Peress, N. S., Fleit, H. B., Perillo, E., Kuljis, R., and Pezzullo, C. (1993).
Identification of Fc gamma RI, II and III on normal human brain
ramified microglia and on microglia in senile plaques in Alzheimer’s disease.
J. Neuroimmunol. 48, 71–79. doi: 10.1016/0165-5728(93)90060-c

Perez, S. E., Nadeem, M., He, B., Miguel, J. C., Malek-Ahmadi, M. H., Chen, K.,
et al. (2017). Neocortical and hippocampal TREM2 protein levels during the
progression of Alzheimer’s disease. Neurobiol. Aging 54, 133–143. doi: 10.1016/
j.neurobiolaging.2017.02.012

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

Peskind, E. R., Griffin, W. S., Akama, K. T., Raskind, M. A., and Van Eldik, L. J.
(2001). Cerebrospinal fluid S100B is elevated in the earlier stages of Alzheimer’s
disease. Neurochem. Int. 39, 409–413. doi: 10.1016/s0197-0186(01)00048-1

Peterson, P. K., Hu, S., Salak-Johnson, J., Molitor, T. W., and Chao, C. C. (1997).
Differential production of and migratory response to beta chemokines by
human microglia and astrocytes. J. Infect. Dis. 175, 478–481. doi: 10.1093/infdis/
175.2.478

Petzold, A., Jenkins, R., Watt, H. C., Green, A. J., Thompson, E. J.,
Keir, G., et al. (2003). Cerebrospinal fluid S100B correlates with
brain atrophy in Alzheimer’s disease. Neurosci. Lett. 336, 167–170.
doi: 10.1016/s0304-3940(02)01257-0

Pfrieger, F. W., and Ungerer, N. (2011). Cholesterol metabolism
in neurons and astrocytes. Prog. Lipid Res. 50, 357–371.
doi: 10.1016/j.plipres.2011.06.002

Querol-Vilaseca, M., Colom-Cadena, M., Pegueroles, J., San Martín-
Paniello, C., Clarimon, J., Belbin, O., et al. (2017). YKL-40 (Chitinase
3-like I) is expressed in a subset of astrocytes in Alzheimer’s
disease and other tauopathies. J. Neuroinflammation 14, 118–118.
doi: 10.1186/s12974-017-0893-7

Rakic, S., Hung, Y. M. A., Smith, M., So, D., Tayler, H. M., Varney, W., et al.
(2018). Systemic infection modifies the neuroinflammatory response in late
stage Alzheimer’s disease. Acta Neuropathol. Commun. 6:88. doi: 10.1186/
s40478-018-0592-3

Ransohoff, R. M. (2016). A polarizing question: do M1 and M2 microglia exist?
Nat. Neurosci. 19, 987–991. doi: 10.1038/nn.4338

Reed-Geaghan, E. G., Reed, Q. W., Cramer, P. E., and Landreth, G. E. (2010).
Deletion of CD14 attenuates Alzheimer’s disease pathology by influencing
the brain’s inflammatory milieu. J. Neurosci. 30, 15369–15373. doi: 10.1523/
JNEUROSCI.2637-10.2010

Rodriguez-Vieitez, E., Saint-Aubert, L., Carter, S. F., Almkvist, O., Farid, K., Schöll,
M., et al. (2016). Diverging longitudinal changes in astrocytosis and amyloid
PET in autosomal dominant Alzheimer’s disease. Brain 139, 922–936. doi: 10.
1093/brain/awv404

Rostami, J., Holmqvist, S., Lindström, V., Sigvardson, J., Westermark, G. T.,
Ingelsson, M., et al. (2017). Human astrocytes transfer aggregated alpha-
synuclein via tunneling nanotubes. J. Neurosci. 37, 11835–11853. doi: 10.1523/
jneurosci.0983-17.2017

Rostami, J., Mothes, T., Kolahdouzan, M., Eriksson, O., Moslem, M., Bergström, J.,
et al. (2021). Crosstalk between astrocytes and microglia results in increased
degradation of α-synuclein and amyloid-β aggregates. J. Neuroinflammation
18:124. doi: 10.1186/s12974-021-02158-3

Roybon, L., Lamas, N. J., Garcia, A. D., Yang, E. J., Sattler, R., Lewis, V. J., et al.
(2013). Human stem cell-derived spinal cord astrocytes with defined mature or
reactive phenotypes. Cell Rep. 4, 1035–1048. doi: 10.1016/j.celrep.2013.06.021

Ruiz, J., Martín, I., Callado, L. F., Meana, J. J., Barturen, F., and García-Sevilla,
J. A. (1993). Non-adrenoceptor [3H]idazoxan binding sites (I2-imidazoline
sites) are increased in postmortem brain from patients with Alzheimer’s disease.
Neurosci. Lett. 160, 109–112. doi: 10.1016/0304-3940(93)90925-B

Salter, M. W., and Stevens, B. (2017). Microglia emerge as central players in brain
disease. Nat. Med. 23, 1018–1027. doi: 10.1038/nm.4397

Santillo, A. F., Gambini, J. P., Lannfelt, L., Långström, B., Ulla-Marja, L., Kilander,
L., et al. (2011). In vivo imaging of astrocytosis in Alzheimer’s disease: an 11C-
L-deuteriodeprenyl and PIB PET study. Eur. J. Nucl. Med. Mol. Imaging 38,
2202–2208. doi: 10.1007/s00259-011-1895-9

Saunders, A. M., Strittmatter, W. J., Schmechel, D., George-Hyslop, P. H., Pericak-
Vance, M. A., Joo, S. H., et al. (1993). Association of apolipoprotein E allele
epsilon 4 with late-onset familial and sporadic Alzheimer’s disease. Neurology
43, 1467–1472. doi: 10.1212/wnl.43.8.1467

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R.,
Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits in an
activity and complement-dependent manner. Neuron 74, 691–705. doi: 10.
1016/j.neuron.2012.03.026

Sanchez-Mejias, E., Navarro, V., Jimenez, S., Sanchez-Mico, M., Sanchez-Varo, E.,
Nunez-Diaz, C., et al. (2016). Soluble phospho-tau from Alzheimer’s disease
hippocampus drives microglial degeneration. Acta Neuropathol. 132, 897–916.
doi: 10.1007/s00401-016-1630-5

Schofield, E., Kersaitis, C., Shepherd, C. E., Kril, J. J., and Halliday, G. M. (2003).
Severity of gliosis in Pick’s disease and frontotemporal lobar degeneration: tau-
positive glia differentiate these disorders. Brain 126, 827–840. doi: 10.1093/
brain/awg085

Sekar, S., Mcdonald, J., Cuyugan, L., Aldrich, J., Kurdoglu, A., Adkins, J., et al.
(2015). Alzheimer’s disease is associated with altered expression of genes
involved in immune response and mitochondrial processes in astrocytes.
Neurobiol. Aging 36, 583–591. doi: 10.1016/j.neurobiolaging.2014.09.027

Frontiers in Neuroscience | www.frontiersin.org 19 February 2022 | Volume 16 | Article 824888

https://doi.org/10.1186/s12974-019-1399-2
https://doi.org/10.1186/s12974-019-1399-2
https://doi.org/10.1002/syn.20050
https://doi.org/10.1523/JNEUROSCI.4707-08.2009
https://doi.org/10.1016/j.tins.2006.08.004
https://doi.org/10.1016/j.tins.2006.08.004
https://doi.org/10.1016/j.stemcr.2017.10.016
https://doi.org/10.1016/j.stemcr.2017.10.016
https://doi.org/10.1038/s41467-020-19737-2
https://doi.org/10.3389/fncel.2021.662935
https://doi.org/10.3389/fncel.2021.662935
https://doi.org/10.1002/glia.23716
https://doi.org/10.1016/j.tips.2006.06.005
https://doi.org/10.1016/j.tips.2006.06.005
https://doi.org/10.1038/s41593-018-0175-4
https://doi.org/10.1038/s41593-018-0175-4
https://doi.org/10.1212/wnl.0000000000008682
https://doi.org/10.1212/wnl.0000000000008682
https://doi.org/10.1152/physrev.00041.2013
https://doi.org/10.1152/physrev.00041.2013
https://doi.org/10.1159/000072805
https://doi.org/10.1016/0165-5728(93)90060-c
https://doi.org/10.1016/j.neurobiolaging.2017.02.012
https://doi.org/10.1016/j.neurobiolaging.2017.02.012
https://doi.org/10.3389/fnagi.2018.00114
https://doi.org/10.3389/fnagi.2018.00114
https://doi.org/10.1016/s0197-0186(01)00048-1
https://doi.org/10.1093/infdis/175.2.478
https://doi.org/10.1093/infdis/175.2.478
https://doi.org/10.1016/s0304-3940(02)01257-0
https://doi.org/10.1016/j.plipres.2011.06.002
https://doi.org/10.1186/s12974-017-0893-7
https://doi.org/10.1186/s40478-018-0592-3
https://doi.org/10.1186/s40478-018-0592-3
https://doi.org/10.1038/nn.4338
https://doi.org/10.1523/JNEUROSCI.2637-10.2010
https://doi.org/10.1523/JNEUROSCI.2637-10.2010
https://doi.org/10.1093/brain/awv404
https://doi.org/10.1093/brain/awv404
https://doi.org/10.1523/jneurosci.0983-17.2017
https://doi.org/10.1523/jneurosci.0983-17.2017
https://doi.org/10.1186/s12974-021-02158-3
https://doi.org/10.1016/j.celrep.2013.06.021
https://doi.org/10.1016/0304-3940(93)90925-B
https://doi.org/10.1038/nm.4397
https://doi.org/10.1007/s00259-011-1895-9
https://doi.org/10.1212/wnl.43.8.1467
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1007/s00401-016-1630-5
https://doi.org/10.1093/brain/awg085
https://doi.org/10.1093/brain/awg085
https://doi.org/10.1016/j.neurobiolaging.2014.09.027
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-824888 February 10, 2022 Time: 16:4 # 20

Garland et al. Microglia/Astrocyte Communication in Humans

Serrano-Pozo, A., Gómez-Isla, T., Growdon, J. H., Frosch, M. P., and Hyman, B. T.
(2013a). A phenotypic change but not proliferation underlies glial responses in
Alzheimer disease. Am. J. Pathol. 182, 2332–2344. doi: 10.1016/j.ajpath.2013.02.
031

Serrano-Pozo, A., Mielke, M. L., Gómez-Isla, T., Betensky, R. A., Growdon, J. H.,
Frosch, M. P., et al. (2011). Reactive glia not only associates with plaques but
also parallels tangles in Alzheimer’s disease. Am. J. Pathol. 179, 1373–1384.
doi: 10.1016/j.ajpath.2011.05.047

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

Serrano-Pozo, A., Qian, J., Monsell, S. E., Betensky, R. A., and Hyman, B. T. (2015).
APOEε2 is associated with milder clinical and pathological Alzheimer disease.
Ann. Neurol. 77, 917–929. doi: 10.1002/ana.24369

Shaltouki, A., Peng, J., Liu, Q., Rao, M. S., and Zeng, X. (2013). Efficient generation
of astrocytes from human pluripotent stem cells in defined conditions. Stem
Cells 31, 941–952. doi: 10.1002/stem.1334

Shtaya, A., Bridges, L. R., Williams, R., Trippier, S., Zhang, L., Pereira, A. C., et al.
(2021). Innate Immune anti-inflammatory response in human spontaneous
intracerebral hemorrhage. Stroke 52, 3613–3623. doi: 10.1161/strokeaha.121.
034673

Simpson, J. E., Ince, P. G., Shaw, P. J., Heath, P. R., Raman, R., Garwood, C. J., et al.
(2011). Microarray analysis of the astrocyte transcriptome in the aging brain:
relationship to Alzheimer’s pathology and APOE genotype. Neurobiol. Aging
32, 1795–1807. doi: 10.1016/j.neurobiolaging.2011.04.013

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

Sosunov, A. A., Wu, X., Tsankova, N. M., Guilfoyle, E., Mckhann, G. M., and
Goldman, J. E. (2014). Phenotypic heterogeneity and plasticity of isocortical
and hippocampal astrocytes in the human brain. J. Neurosci. 34, 2285–2298.
doi: 10.1523/jneurosci.4037-13.2014

Streit, W. J., Braak, H., Xue, Q. S., and Bechmann, I. (2009). Dystrophic (senescent)
rather than activated microglial cells are associated with tau pathology and
likely precede neurodegeneration in Alzheimer’s disease. Acta Neuropathol. 118,
475–485. doi: 10.1007/s00401-009-0556-6

Svensson, V., Vento-Tormo, R., and Teichmann, S. A. (2018). Exponential scaling
of single-cell RNA-seq in the past decade. Nat. Protoc. 13, 599–604. doi: 10.1038/
nprot.2017.149

Swanson, M. E. V., Murray, H. C., Ryan, B., Faull, R. L. M., Dragunow, M., and
Curtis, M. A. (2020). Quantitative immunohistochemical analysis of myeloid
cell marker expression in human cortex captures microglia heterogeneity with
anatomical context. Sci. Rep. 10:11693. doi: 10.1038/s41598-020-68086-z

Szepesi, Z., Manouchehrian, O., Bachiller, S., and Deierborg, T. (2018).
Bidirectional microglia-neuron communication in health and disease. Front.
Cell. Neurosci. 12:323. doi: 10.3389/fncel.2018.00323

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126,
663–676. doi: 10.1016/j.cell.2006.07.024

TCW, J., Liang, S. A., Qian, L., Pipalia, N. H., Chao, M. J., Shi, Y., et al. (2019).
Cholesterol and matrisome pathways dysregulated in human APOE ε4 glia.
bioRxiv [Preprint]. doi: 10.1101/713362

Tcw, J., Wang, M., Pimenova, A. A., Bowles, K. R., Hartley, B. J., Lacin, E., et al.
(2017). An Efficient platform for astrocyte differentiation from human induced
pluripotent stem cells. Stem Cell Rep. 9, 600–614. doi: 10.1016/j.stemcr.2017.06.
018

Thijssen, E. H., Verberk, I. M. W., Stoops, E., Boxer, A. L., and Teunissen, C. E.
(2020). Amyloid, pTau, NfL, and GFAP as biomarkers for Alzheimer’s disease.
Alzheimers Dement 16:e038179. doi: 10.1002/alz.038179

Thrupp, N., Sala Frigerio, C., Wolfs, L., Skene, N. G., Fattorelli, N., Poovathingal, S.,
et al. (2020). Single-nucleus RNA-Seq is not suitable for detection of microglial
activation genes in humans. Cell Rep. 32:108189. doi: 10.1016/j.celrep.2020.
108189

Timmer, N. M., Herbert, M. K., Claassen, J. A. H. R., Kuiperij, H. B., and Verbeek,
M. M. (2015). Total glutamine synthetase levels in cerebrospinal fluid of
Alzheimer’s disease patients are unchanged. Neurobiol. Aging 36, 1271–1273.
doi: 10.1016/j.neurobiolaging.2014.12.010

Tumani, H., Shen, G., Peter, J. B., and Brück, W. (1999). Glutamine synthetase
in cerebrospinal fluid, serum, and brain: a diagnostic marker for Alzheimer
disease? Arch. Neurol. 56, 1241–1246. doi: 10.1001/archneur.56.10.1241

Tyacke, R. J., Myers, J. F. M., Venkataraman, A., Mick, I., Turton, S., Passchier, J.,
et al. (2018). Evaluation of (11)C-BU99008, a PET ligand for the imidazoline(2)
Binding site in human brain. J. Nucl. Med. 59, 1597–1602. doi: 10.2967/jnumed.
118.208009

Ueno, M., Fujita, Y., Tanaka, T., Nakamura, Y., Kikuta, J., Ishii, M., et al.
(2013). Layer V cortical neurons require microglial support for survival during
postnatal development. Nat. Neurosci. 16, 543–551. doi: 10.1038/nn.3358

van den Broek, B., Pintelon, I., Hamad, I., Kessels, S., Haidar, M., Hellings, N., et al.
(2020). Microglial derived extracellular vesicles activate autophagy and mediate
multi-target signaling to maintain cellular homeostasis. J. f Extracell. Vesicles
10:e12022. doi: 10.1002/jev2.12022
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