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Microglia are immune cells within the central nervous system (CNS)
closely linked to brain health and neurodegenerative diseases such as
Alzheimer’s disease and Parkinson'’s disease. In response to changes in the
surrounding environment, microglia activate and change their state and
function. Several factors, example for circadian rhythm disruption and the
development of neurodegenerative diseases, influence microglia activation.
In this review, we explore microglia’s function and the associated neural
mechanisms. We elucidate that circadian rhythms are essential factors
influencing microglia activation and function. Circadian rhythm disruption
affects microglia activation and, consequently, neurodegenerative diseases.
In addition, we found that abnormal microglia activation is a common
feature of neurodegenerative diseases and an essential factor of disease
development. Here we highlight the importance of microglia activation in
neurodegenerative diseases. Targeting microglia for neurodegenerative
disease treatment is a promising direction. We introduce the progress
of methods targeting microglia for the treatment of neurodegenerative
diseases and summarize the progress of drugs developed with microglia
as targets, hoping to provide new ideas for treating neurodegenerative
diseases.

KEYWORDS

microglia, central nervous system, neurodegenerative diseases, circadian rhythms,
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1 Introduction

Microglia are intrinsic immune cells of the central nervous system (CNS) that
maintain CNS homeostasis. Microglia are derived from macrophages produced during
hematopoiesis in the yolk sac and begin to invade the neuroepithelium at E8.5. In humans,
microglia prerequisites invade the brain at the original base at approximately 4.5-5.5
gestational weeks (Paolicelli et al., 2022).

Microglia can be activated morphologically and functionally. Activated microglia are
phagocytic and can act as macrophages-like to engulf cellular debris, damaged tissue, and
apoptotic neurons. In addition, activated microglia release pro-inflammatory cytokines
and proteases to mediate inflammatory responses and even cause neuronal damage.
Microglia are categorized into several different states due to differences in the
microenvironment or stimuli in which they are activated. The common ones are
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disease-associated microglia (DAM), axon-associated microglia
(ATM), human Alzheimer’s disease microglia (HAM) and glioma-
associated microglia (GAM).

Microglia are involved in neurodevelopment and disease
development. Common neurodegenerative diseases include
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis,
multiple sclerosis, and Huntington’s disease. Microglia are intimately
involved in the onset and progression of neurodegenerative diseases.
Changes in microglia phagocytosis, activation phenotyping, cellular
regulatory factors, and alterations in coding genes that regulate their
activity are reflected in the course of different CNS diseases.

This review summarizes the functions played by microglia in the
CNS and the effects of circadian rhythms on microglia function and
activation. And abnormal activation of microglia in the development
of neurodevelopment and disease. In addition, this review summarizes

the progress of research targeting microglia to treat CNS diseases.

2 The role of microglia in the central
nervous system

2.1 Microglia maintain central nervous
system homeostasis

Microglia are derived from the brain’s mesoderm and innate
immune cells of the central nervous system involved in
neurodevelopment and disease onset (Ormel et al., 2018). Genetic
data indicate that microglia are key to brain health and disease
(Deczkowska et al., 2018). Microglia can support neurogenesis by
pruning synapses and ensuring proper neuronal circuitry in the
developing brain (Schafer et al., 2012). Microglia are dispensable for
myelin development, but they regulate the growth and maintain the
integrity of CNS myelin (McNamara et al., 2023). Microglia can also
influence the development and remodelling of the choroidal system
of the central nervous system (Li et al., 2022). In the brain of a healthy
adult, microglia can monitor highly branching processes throughout
the central nervous system (Kyrargyri et al., 2019) and complete a test
of the entire brain parenchyma every 24h (Nimmerjahn et al., 2005).
Microglia also have functions similar to macrophages to avoid brain
injury and disease by engulfing damaged tissue and apoptotic neurons
(Sierra et al,, 2010). In addition, it can secrete cytokines and cytokine
receptors and remove protein aggregates and cellular debris. Microglia
play an important role in maintaining CNS homeostasis. Furthermore,
microglia can resist both infectious and non-infectious damage (Prinz
etal, 2019; Waltl and Kalinke, 2022). With the development of single-
cell sequencing technology and genomics techniques such as
genomics, transcriptomics, metabolomics, and epigenomics,
researchers have entered a new stage in studying cell classification and
function. In the future, historical technologies should have a bigger
stage to play a crucial role in studying microglia functions and their
mechanisms of action in diseases (Figure 1).

2.2 Activation and dynamic
characterization of microglia

In previous studies, researchers have widely categorized the state
of microglia into two groups: microglia under steady-state conditions
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and microglia that change in response to environmental signals. The
former are called resting microglia, and the latter are called activated
microglia. Activated microglia are widely categorized into type M1
(classically activated) and type M2 (optionally activated), with type
M1 microglia being pro-inflammatory and neurotoxic and type M2
microglia being anti-inflammatory and neuroprotective (Paolicelli
et al.,, 2022). Microglia are considered to be one of the active cells of
the central nervous system. It has a range of surface receptors that
detect changes in the surrounding environment. Thus, the microglia
state is dynamic. Two-photon imaging shows that it extends and
contracts at an average speed of about 1.5 pm/min, never truly resting
(Nimmerjahn et al., 2005). In 2022, a large international team of
microglia experts reached a consensus opinion against the broad and
simple division of microglia into resting and activated states (Paolicelli
etal., 2022).

With the widespread use of single-cell technology, research has
identified microglia with several different states and phenotypes.
These phenotypes can coexist and have functions that change
throughout development, health, injury, and disease. In the healthy
adult brain, the distribution of microglia is homogeneous, and a
transcriptional continuum exists across CNS regions (Masuda
et al, 2019). When a pathological environment is present,
microglia switch their gene expression in response to peripheral
changes, shifting to an activated state. Microglia are critical players
in many neurogenic and neurodegenerative diseases. The
morphological and gene expression characteristics of microglia
vary in individuals with different diseases. Several microglia
phenotypes have received extensive attention and research, such as
DAM, ATM, HAM and GAM. DAM has received particular
attention as it is one of the early identified microglia disease states.
DAM is associated with phagocytosis, lysosomal, and lipid
metabolism pathways and has been found in a variety of
neurodegenerative disorders, such as AD and amyotrophic lateral
sclerosis (ALS; You et al., 2023).

2.3 Neural mechanisms associated with
microglia

Microglia are widely distributed in the brain and spinal cord.
Microglia have a role in protecting synapses from synaptic loss and
dysfunction. For example, pathologic AP or tau accumulating at
synapses can upregulate component 1q (Clq) in microglia and
promote complement activation and subsequent microglia
phagocytosis at synapses. However, as the disease progresses,
microglia become dysfunctional, and abnormal phagocytosis occurs,
damaging neurons. This phenomenon may be specific in that
microglia target specific synapses for clearance. For example, in the
mouse hippocampus, a key damage sensor for microglia, expressed on
myeloid cells 2 (TREM2), is involved in synaptic development. One
ligand for TREM2 is phosphatidylserine (Ptdser), which is exposed
outside the neuronal membrane. Thus, microglia TREM2 may sense
damaged synapses in AD via PtdSer signaling (Zhong et al., 2023).

Neurodegenerative diseases vary in the extent of brain regions
affected by microglia activation. Alzheimer’s disease occurs
predominantly in the hippocampus, and it has been shown that
activation of microglia and release of proinflammatory cytokines
in patients reduces synaptic proteins in the hippocampus (Meng
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FIGURE 1
The multiple functions of microglia. (1) Microglia engulf damaged tissue and apoptotic neurons; (2) microglia can prune synapses to form proper
neuronal circuits; (3) microglia regulate the growth and maintain the integrity of myelin in the central nervous system; (4) microglia secrete cytokines
and cytokine receptors and remove protein aggregates and cellular debris; (5) microglia monitor highly branching processes throughout the CNS,
completing a test of the entire brain parenchyma every 24 h.

etal., 2023). The onset region of Parkinson’s disease is concentrated
in the midbrain. In the early 1980s, McGeer observed an infiltration
of activated microglia in the substantia nigra (SN) of the
postmortem PD brain (McGeer et al., 1988). Results from a single-
cell sequencing study of the human midbrain showed that patients
with Parkinson’s disease had the most significant increase in nigral
microglia. In addition, melanin idiopathic Parkinson’s disease
microglia were more altered in shape, suggesting an activated state
of microglia (Smaji¢ et al., 2022). Widespread distribution of
activated microglia in the brains of patients with ALS has been
observed in the motor cortex, anterior frontal lobe, thalamus, and
pons, among other areas. However, some regions are affected by
microglia activation in various neurodegenerative diseases.
Abnormal microglia activation and function alter neurogenesis in
the dentate gyrus of the hippocampus, which in turn has
implications for a variety of neurodegenerative diseases, including
amyotrophic lateral sclerosis (ALS), Huntington’s chorea (HD),
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Parkinson’s disease (PD), Lewy body dementia (LBD), and
frontotemporal dementia (FTD) (Terreros-Roncal et al., 2021).
There needs to be more studies on microglia’s activation and
functioning regions in neurodegenerative diseases. Moreover, the
areas described in the existing studies are relatively limited, and there
needs to be more overall description and systematic analysis of
microglia activation and functioning regions in each
neurodegenerative disease. Future studies could analyze the 3D spatial
location of microglia using techniques such as spatial transcriptomes.
This will spatially depict information such as microglia activity
in the

microenvironment, which will help search for new targets for

trajectories and molecular characterization disease
microglia therapy.

In neurodegenerative diseases, microglia activation is mediated
by multiple complex signaling pathways (Czapski and Strosznajder,
2021). In mice injected with lipopolysaccharide (LPS) to mimic an

inflammatory state, the mice exhibit behavioral abnormalities of glial
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activation. Three days after injection, hippocampal glial cells are
transiently activated, and the expression of CD68, a marker of
microglia phagocytosis, is upregulated. Transient glial cell activation
affects neuronal activity and behavior during the acute response
phase. Ultimately, it causes systemic inflammation in mice, resulting
in short-term memory deficits upon recovery (Morimoto et al., 2023).
Pretreatment with low-dose LPS reduced the expression of
pro-inflammatory mediators, inhibited microglia activation, and
suppressed depressive-like behaviors when mice were re-stimulated
with high doses of LPS (Yu et al., 2023).

Disruption of metal homeostasis alters the permeability of the
blood-brain barrier, allowing for increased translocation of
metals from the blood to the brain, which may exacerbate
oxidative stress, and an imbalance in oxidative stress triggers a
pro-inflammatory response in microglia, leading to cytokine
production, which in turn affects neuronal viability and myelin
production (de Oliveira et al., 2023). The cuprizone (CPZ) toxin
model is commonly used to study demyelination in multiple
sclerosis CPZ is a copper chelator that chelates copper cofactor-
dependent mitochondrial enzymes in the respiratory chain. This
causes mitochondrial dysfunction, leading to oxidative stress,
which induces oligodendrocyte apoptosis. In toxin therapy,
oligodendrocytes increase, microglia and astrocytes activate, and
demyelination becomes evident. The activated microglia engulf
the myelin sheath, causing extensive and severe axonal damage
and microgliosis. Recent studies have found that the Tryptophan-
Kynurenine Metabolic System is inhibited in animal models of
CPZ (Polydk et al., 2023). Dysregulation of TRP-KYN metabolism
is strongly associated with the neurodegenerative process, mainly
through microglia activation. In treatment, researchers have
observed a significant reduction of 3-hydoxykynurenine (3-HK)
in brain tissue associated with microglia activity. Some studies
have also reported a significant reduction in serum levels of 3-HK
in patients with schizophrenia, as well as a reduction in 3-HK
plasma levels in patients with major depressive disorder. These
phenomena may be related to microglia activation (Cakmak
et al.,, 2022).

Fear, stress, and depression induce the development of
neurodegenerative diseases (Tanaka and Chen, 2023). These factors
can induce the activation of microglia. Fear induces an elevated heart
rate response, and the Neurovisceral Integration Model of Fear
(NVI-f) proposes that high levels of cognitive structures (i.e., the
prefrontal cortex of the brain) affect the amygdala and the
hippocampus, generating a neurovisceral response by controlling the
projections of cardiac behavior. Impairment of these high-level
cognitive structures leads to the development of different psychiatric
disorders (Battaglia et al., 2023). Neuroglial cells can be activated by
stress and infections (Saijo and Glass, 2011). Especially when subjected
to psychosocial stress, the activation of microglia in the amygdala and
the paraventricular nucleus is consistently elevated (Calcia et al.,
2016). Bright light therapy is an effective method of influencing the
circadian rhythms of healthy adults, but previous studies in dementia
patients have had mixed results. However, recent studies have shown
that ambient bright light therapy does not improve resting-activity
rhythms in patients with dementia (Kolberg et al., 2021). Diminished
interleukin-6 circadian rhythms predict inhibitory symptoms and are
modulated by amygdala emotional hyporesponsiveness and gene-
stress interactions (Hakamata et al., 2023).
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3 Circadian rhythms and microglia
activation

3.1 Circadian rhythms affect microglia
activation

Microglia function is regulated by circadian rhythm. Hayashi et al.
found that the morphology of isolated microglia in the mouse cerebral
cortex changed in response to circadian rhythms. These morphological
changes were associated with protein expression cycles and the
induction of purinergic receptors (Hayashi, 2013; Martinez-Tapia
et al,, 2020). Interestingly, Barahona et al. used inhibitors to deplete
microglia and found that their neuronal network’s cortical daytime
gene expression rhythm remained intact (Barahona et al., 2022). The
most recent study used the CSF1R inhibitor PLX3397 to deplete 95%
of microglia in the mouse brain and analyzed its effects on
spontaneous behaviour in mice. They found that microglia depletion
did not alter the circadian rhythm of mouse behavior (Matsui
etal., 2023).

Circadian rhythms affect the activation of microglia and are
closely related to the development of neuroinflammation. Microglia
activation significantly alters the period and amplitude of their
molecular biological clocks. The circadian rhythm in Bmall knockout
mice is wholly lost (Brécier et al, 2023). The expression of
inflammation and metabolism-related genes is significantly reduced
in microglia isolated from them (Wang et al, 2020). The BV2
microglial biological clock substantially inhibits the expression of the
enzyme NADPH Oxidase Isoform 2 (NOX2), which maintains a
functional biological clock. NOX2 also reduces ROS and inflammatory
cytokine levels and activates microglia into a pro-inflammatory state
(Muthukumarasamy et al., 2023). The circadian biological clock
protein Rev-erba deficiency leads to spontaneous microglia activation,
increased microglia NF-kB signaling, and neuronal injury (Griffin
etal., 2019). Overactivation of microglia is thought to be an essential
contributor to the development of acute neurological diseases.
Lipopolysaccharide activates microglia and produces cytotoxic species
such as pro-inflammatory factors, causing cellular damage. Melatonin
promotes the expression of the nuclear transcription factor Nrf2 by
promoting the expression of TAZ. This results in elevated Fox O1
expression, increased GSH levels, and decreased ROS levels, alleviating
mouse microglia’s inflammatory response.

3.2 Aging affects the circadian rhythm of
microglia

Aging affects the circadian rhythm of microglia and causes
abnormalities in microglia function. During aging, microglia show
regional heterogeneity (Grabert et al., 2016). Disturbed microglia
development can cause neurodevelopmental deficits (Kwon, 2022).
The number of microglia decreases markedly, and microglia depletion
disrupts the circadian rhythmicity of brain tissues (Choudhury et al.,
2021). Aging results in diminished circadian rhythms in microglia.
One study found that the cytokines TNFa and IL-1p mRNA rhythm
more strongly in the microglia of young rats. Microglia isolated from
the hippocampus of aged rats express aberrant Perl and Per2 rhythms
(Fonken et al., 2016). In the aging brain, lipid droplets accumulate in
senescent microglia, a phenomenon that also occurs in the presence
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of impaired metabolism (Marschallinger et al., 2020). Such microglia
are abnormally phagocytosed and produce high levels of reactive
oxygen species and secrete proinflammatory cytokines, which have
been linked to the pathogenesis of neurodegenerative diseases. In
addition, the connection between these senescent microglia that
disrupt the blood-brain barrier (Montagne et al., 2015) and affect
neurogenesis (Wu et al., 2013), which is found to be disrupted in
Alzheimer’s patients after death, could be a direction for further
research. Microglia Phagocytosis declines in senescent cells (Pluvinage
etal, 2019) and may be defective in neurodegenerative diseases.

3.3 Circadian rhythm abnormalities and
neurodegenerative diseases

Circadian rhythm disruption is one of the hallmarks of advanced
AD, and there is also a variety of evidence suggesting that circadian
rhythm disruption may be an influential factor in the pathogenesis of
AD. Circadian regulation can contribute to AD progression through
signaling molecules and pathways, such as the hypothalamic-
pituitary—adrenal (HPA) axis- a significant mediator of stress. Among
these, cortisol levels exhibit circadian fluctuations and have been
observed to be elevated and dysregulated in patients with AD (Phan
and Malkani, 2019). In the brain, circadian disruption leads to
increased microglia activation and proinflammatory cytokine
production, which results in neurogenesis deficits and reduced
hippocampal synaptic proteins, ultimately impairing cognitive
function (Meng et al, 2023). Insomnia-induced disruptions in
circadian rhythms induce microglia activation in mices cerebral
cortex (Phan and Malkani, 2019). Thus, circadian rhythm
abnormalities contribute to microglia activation and further promote
AD disease progression.

Circadian dysfunction is one of the most common symptoms of
Parkinson’s, and the mechanism of circadian rhythm action in PD is
closely linked to microglia. BMALL is an essential circadian regulator,
and inactivation of brain and muscle arnt-like 1 (BMALI1) in PD
model mice leads to marked motor dysfunction, loss of dopamine
neurons in the dense substantia nigra, and reduction of dopamine
transmitters, and allows for increased activation of microglia in the
striatum In amyloid precursor protein knock-in model rats, the
CLOCK/BMALL transcriptional negative feedback loop in microglia
is impaired, and activation of the circadian clock gene Rev-erba
promotes inflammatory cytokine expression and cognitive deficits. It
has also been shown that Rev-erba deficiency exacerbates 6-OHDA-
induced dopaminergic neurodegenerative disease, which is associated
with the proliferation of microglia in the substantia nigra (Kou et al.,
2022). Patients with PD have significantly reduced levels of circulating
melatonin (MLT), and it has been demonstrated that MLT can
ameliorate neuroinflammation by

inhibiting signaling and

transcriptional activation  (Li
etal., 2022).

Circadian rhythms also influence disease progression in ALS and

activator-associated microglial

MS. In ALS transgenic mice, circadian dysregulation accelerates
disease onset and progression, demonstrating functional deficits,
weight loss, and increased loss of motor neurons in the spinal cord.
Expression of clock genes is altered, and the circadian rhythm-
regulated gene Fus, which usually has daytime oscillatory expression,
shows reduced oscillations (Zhang et al., 2018). Circadian rhythms
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play a crucial role in the pathology of multiple sclerosis, and groups
with disrupted circadian rhythms, such as shift workers, are more
likely to develop multiple sclerosis. Worsening of MS symptoms has
been associated with melatonin, and although there are no
abnormalities of melatonin-secreting circadian rhythms in patients
with MS. However, lower levels of melatonin secretion have been
associated with longer duration of MS relapses (Marin et al., 2017;
Kern et al., 2019). However, the effect of circadian rhythms on disease
progression by influencing microglia activation has not been reported
in ALS and MS.

Huntington’s disease presents clinically with circadian rhythm
disorders and sleep disturbances. In a documented study evaluating
circadian rhythms in HD patients, nocturnal activity was increased
in HD patients compared to controls (Hurelbrink et al., 2005). There
was a delay in melatonin secretion in HD patients, which was more
excellent as the disease progressed. Cortisol rhythms in patients with
advanced HD showed phase advancement, increased amplitude, and
increased median compared with healthy controls. Studies related to
circadian rhythms have also been performed in animal models and
have found a strong correlation between daytime resting activity
cycle disruption and disease progression. Circadian rhythm
disturbances in transgenic animal models of HD have also been
correlated with gene dosage and are most prominent in animals that
are homozygous for the HD-associated mutation (Nassan and
Videnovic, 2022). One study found that mice treated with
mesenchymal stem cells (MSC) in the R6/2 model of Huntington’s
disease exhibited attenuated circadian rhythm disruption. Compared
to the vector-treated group that exhibited reduced lbal expression
and altered microglia morphology, MSC treatment restored this
change (Yu-Taeger et al., 2019).

Microglia have circadian rhythmicity, which is ensured by a
combination of circadian core proteins and multiple circadian
regulatory pathways. Dysregulation of circadian rhythms causes
abnormal microglia activation and affects disease progression. Studies
focus on using artificial light to regulate circadian rhythms and
thereby treat disease. However, no studies have focused on regulating
the abnormal activation of microglia caused by circadian rhythms to
halt disease progression or reverse the disease process. Future research
could delve deeper into the essential proteins or signaling pathways
affecting microglia circadian rhythms and use this to find therapeutic
targets for neurodegenerative diseases.

4 Abnormal microglia activation is a
common feature of
neurodegenerative diseases

Microglia play an essential role in the development of
neurodegenerative diseases. Microglia play an active role in
maintaining the stability of the central nervous system under normal
conditions. However, when infection occurs, the part of the microglia
shifts. In the onset of Parkinson’s disease and Huntington’s disease,
microglia produce negative effects. Interestingly, in Alzheimer’s
disease, amyotrophic lateral sclerosis, and multiple sclerosis, microglia
have a dual effect. Microglia all exhibit activation abnormalities in
neurodegenerative diseases, some of which are associated with gene
mutations that regulate their activation or protein misfolding.
Abnormal microglia activation is manifested in several ways, including
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abnormal numbers of microglia, altered function, and induction
of neuroinflammation.

4.1 Microglia and Alzheimer’s disease

AD is a persistent neurological disorder that manifests in
progressively more severe memory and cognitive impairment,
characterized by amyloid-f (Ap) plaque formation, neuronal cell
death (Fakhoury, 2018; Shi et al., 2019; Tan et al., 2021) and microglia
activation. Activated microglia not only directly mediate the central
immune response but are also involved in the pathological changes of
AD, including AP aggregation, tau protein phosphorylation, synaptic
stripping, neuronal loss, and decreased memory function.

Microglia exhibit a dual role in AD. On the one hand, DAM
phenotype microglia lose some of their beneficial functions and
exhibit a deleterious phenotype in AD disease development. DAM is
the characteristic microglial cell phenotype of AD and surrounds
plaques at the site of disease (Nimmerjahn et al., 2005). Genome-wide
analysis has revealed that the genes APOE4, TREM2, and CD33 have
unique expression patterns in DAM (Krasemann et al., 2017; Shi et al.,
2019; Zhang et al., 2023). This subtype shift is characterised by the
downregulation of homeostatic genes such as Tmem119 and P2ry12
and the upregulation of DAM factors (Lpl, Ccl6, Clec7a, and Cst7).
This shift implies that the cell has the required capacity to dispose of
neurotoxic substances (Keren-Shaul et al., 2017; Deczkowska et al.,
2018). However, microglia generated from mutations or A
stimulation will lose their beneficial functions, such as phagocytosis
by DAMP or pathogen-associated molecular patterns (PAMPs). At the
same time, these microglia exhibit deleterious phenotypes, such as the
release of large amounts of neurotoxins, and progressively fail to
accomplish AP clearance (Block and Hong, 2005). A recent study by
Ennerfelt et al. described a neuroprotective microglia response driven
by the signalling molecule spleen tyrosine kinase (SYK) in a model of
AD disease (Ennerfelt et al., 2022; Ennerfelt and Lukens, 2023). They
demonstrated that SYK is critically involved in the acquisition of
DAM in neurodegenerative diseases and that the disruption of this
key signalling hub in microglia disruption leads to significant defects
in microglia activation, including defective Ap phagocytosis and
delayed proliferation in response to AD-related neuropathology. These
studies demonstrate that enhanced SYK activation can provide a
robust strategy to enhance Ap control in mouse models of AD (Wang
et al.,, 2022). These studies have revealed a role for SYK in the
phenotypic transformation of microglia, but knowledge of key
signalling molecules associated with transformation still needs to
be improved. An in-depth study of the mechanisms of microglia
transformation may provide new therapeutic approaches.

On the other hand, microglia exert neuroprotective effects
through TREM2 receptors and CD33 receptors. The neuroprotective
role of microglia is important in the study of degenerative diseases,
particularly their ability to capture and phagocytose neurotoxic
substances (Condello et al, 2018). According to recent studies,
microglia contain and phagocytose Af and dead cells through the
TREM2 receptor to limit the neurotoxicity produced in these
pathological areas (Wang et al.,, 2015; Kim et al., 2017). TREM 2 is a
transmembrane glycoprotein considered a protective factor in AD. It
is a microglial cell AP receptor. Its transactivation is associated with
the formation of Ap plaques leading to AD (Colonna and Wang, 2016;
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Zhao et al., 2018). TREM 2 acts in combination with phospholipids
and apolipoprotein E (APOE) during AP accumulation to regulate the
proliferation, survival, and phagocytosis of associated apoptotic cells
(Takahashi et al., 2005; Yeh et al., 2017). Trem2 mutations lead to
impaired A clearance by microglia (Zhao et al., 2018). Trem2 also
negatively regulates inflammation (Thion et al., 2018; Zhou et al,,
2020). A decrease in TREM 2 interferes with immune defences,
leading to the accumulation of neurotoxic inflammatory factors and
thus accelerating the deterioration of AD patients (Colonna and
Butovsky, 2017). An increase in TREM 2 can lead to an increase in the
accumulation of neurotoxic inflammatory factors. In addition, results
from preclinical studies suggest that TREM 2-related microglia
activation can have beneficial effects on tau hyperphosphorylation
(Jiang et al., 2014; Leyns et al., 2019) and AP phagocytosis (Yeh et al.,
2016; Parhizkar et al., 2019), and these studies demonstrate that
TREM 2 may be of research value in AD treatment. On the other
hand, CD33 receptors can inhibit microglia phagocytosis of Af
(Griciuc et al., 2013), which also has a high correlation with AD risk.
In addition, recent studies demonstrate that the downregulation of
microglia P2Y12 receptors is closely associated with tau, which may
be a sensitive indicator of neurodegenerative processes associated with
Alzheimer’s disease (Maeda et al., 2021).

Excessive activation or loss of control of microglia can lead to
deleterious effects of inflammatory molecules on AD-associated
astrocytes (Hansen et al., 2018). Studies have shown that AP exposure
induces the production of inflammatory cytokines that mediate the
interaction between astrocytes and microglia (Elangovan and
Holsinger, 2020). Excessive activation and proliferation of microglia
in the vicinity of amyloid-p plaques has been observed and is
associated with AP formation in AD. In addition, observations by
Alves et al. showed that phosphorylated tau is located near microglia
(Alves et al., 2019) and that NLRP 3 inflammasome activation in
microglia contributes to tau pathology in AD (Lempriere, 2020). Shi
et al. showed that microglia-derived cytokines in TE 4 mice could lead
to Al astrocyte activation and neuronal damage (Shi et al., 2017).
Grimaldi et al. reported that activation of microglia-derived IL-1f and
extracellular Ap in the retina of AD patients triggered Al astrocytes
(Grimaldi et al., 2019). Other studies have shown that APOE is the
major cholesterol transporter protein in neurons and that this protein
affects APP transcription and AP secretion in neurons (Huang et al.,
2017). In tauopathy mice, APOE 4 deficiency can be neuroprotective
in tau-mediated neurodegeneration (Shi et al., 2017). In one study, it
was mentioned that microglia depletion inhibited the promotion of
tau pathology, whereas the increase in Ap was closely associated with
APOE 4. In addition, a review article described the importance of
anti-APOE 4 immunotherapy in the therapeutic approach to AD
(Williams et al., 2020). These results suggest that APOE-dependent
neurodegeneration in AD can be driven by microglia. Therefore,
inhibition of microglia APOE 4 may be a valuable therapeutic
approach in AD.

4.2 Microglia and Parkinson’s disease

PD is the second most common worldwide degenerative disease
of the central nervous system, occurring mostly in the elderly. It is
characterized by bradykinesia, resting tremor and progressive rigidity
as the main clinical features (Isooka et al., 2021). The main
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pathological feature of Parkinson’s disease is the death of dopaminergic
neurons in the nigrostriatal system resulting in a significant decrease
in dopamine released into the striatum. As the disease progresses,
patients develop characteristic motor symptoms, cognitive decline,
and sleep disturbances, among other neurologically related symptoms
(Ho, 2019).

A critical causal factor in Parkinson’s disease is the abnormal
activation of microglia due to gene mutations that regulate microglia
activity. The genes encoding a-synuclein, LRRK2, PRKN, and DJ-1,
which regulate microglia activity, play a role as genetic factors in the
development of Parkinson’s disease. It was shown that injection of
a-synuclein into the SN region of Parkinson’s disease model animals
triggered microglia activation. Moreover, it was found that a-synuclein
could further activate TLR, mediate nigrostriatal damage, and activate
NLRP3 inflammatory vesicles and subsequent pathways that enhanced
neuroinflammation and neurological damage. Studies have shown
that pathogenic a-synaptic nuclear proteins promote the disease
process in Parkinson’s disease (Dutta et al., 2021; Pike et al., 2021; Liu
etal, 2022; Zhu et al., 2022). a-synuclein is a crucial protein involved
in PD. It can act as a DAMP, leading to chronic inflammation and
exacerbating neuronal dysfunction and loss by activating Toll-like
receptors (TLRs). Inflammation occurs when microglia are activated
and exert their phagocytosis to promote a-synuclein clearance
(Basurco et al,, 2023). In addition, microglia activation promotes
a-synuclein aggregation and influences a-synuclein translocation in
the brain.

Parkinsons disease-associated LRRK2 mutations enhance
neuroinflammatory responses, increasing dopaminergic neuron loss
and motor deficits. Experiments have shown that the knockdown of
the LRRK2 gene in LRRK2 (R1441G) transgenic mice inhibits the
conversion of microglia to a proinflammatory phenotype (Magistrelli
et al, 2022; Zhang et al., 2022). Microglia-specific regulatory
chromatin regions regulate LRRK2 expression in the human frontal
cortex and substantiate these results in a human-induced pluripotent
stem cell-derived microglia model (Langston et al., 2022). After
stimulation of LRRK2 R1441G transgenic mice using LPS, LRRK2
levels were significantly elevated in microglia. However, it was found
that mRNA levels were not upregulated, which may be related to post-
translational modifications. Microglia activation after LPS stimulation
released more pro-inflammatory cytokines TNF-«, IL-1p, and IL-6
and anti-inflammatory cytokine IL-10 (Gillardon et al.,, 2012).

The PRKN gene encodes a mutated parkin protein expression
inherited in an autosomal recessive manner and is usually an
important genetic causative factor in early-onset familial Parkinson’s
disease (Magistrelli et al., 2022). Loss of function of the parkin protein
may cause abnormal mitochondrial Autophagy, and the release of
inflammation-associated components in damaged mitochondria leads
to activation of NLRP3 inflammatory vesicles and activation of the
inflammatory response (Giorgi et al., 2021). In postmortem midbrain
with the PRKN mutation, not only was dysregulation of mitochondrial
DNA homeostasis confirmed but activated microglia and expression
of proinflammatory cytokines were detected (Jennings et al., 2022;
Wasner et al., 2022).

Mutations in the DJ-1 gene, which encodes a Parkinson’s disease-
associated deglycosidase, are associated with early-onset Parkinson’s
disease. DJ-1 has now been found to inhibit the transcription of genes
mediating inflammation-related genes, thereby reducing microglia
activation. DJ-1-deficient microglia leads to a further increase in
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inflammatory cytokine release. Thus, abnormal DJ-1 function leads to
accelerated disease progression in Parkinson’s disease (Sliter et al.,
2018; Neves et al., 2022; Pap et al., 2022; Figure 2).

Current clinical treatments cannot completely treat PD and
reverse the disease process of PD. However, with the study of
neuroinflammation and microglia activation, new therapeutic
approaches for Parkinson’s disease, such as anti-inflammatory therapy
(Ren et al,, 2018; Grotemeyer et al., 2022), treatment targeting
microglia polarisation (Calvello et al., 2017; Wang et al., 2019; Porro
etal, 2020), and treatment targeting microglia activation (Fenster and
Eisen, 2017; Liu et al,, 2022; Wang et al., 2022), can be explored
through anti-inflammation and immunomodulation.

4.3 Microglia and amyotrophic lateral
sclerosis

ALS is a fatal neurodegenerative disease of the central nervous
system that is difficult to recognize in its early stages (Feldman et al.,
2022). ALS is sporadic, and its incidence rises with age, being highest
between the ages of 60-79 years. The standardized global incidence of
amyotrophic crural lateral sclerosis from the meta-analysis was only
1.68 cases per 100,000 person-years but varied by region. In
populations of predominantly European descent, such as Europe and
North America, the incidence rate is slightly higher than the global
average, ranging from 1.71 per 100,000 to 1.89 per 100,000, and may
even be higher in population-based studies (Marin et al., 2017; Kern
etal., 2019).

ALS manifests as a combination of upper and lower motor neuron
dysfunction affecting the medulla oblongata, cervical, thoracic, or
lumbar spine. This dysfunction results in weakness of the muscles of
the face, tongue, or distal upper or lower extremity muscles. This, in
turn, leads to difficulty in limb movement, swallowing, speaking, and
even breathing. Patients have a variety of clinical presentations. 85%
of patients experience a focal episode in one body part, progressing
over time to the same area on the opposite side and then to adjacent
areas. There is a lack of effective treatments for ALS, and death
typically occurs within 2-4 years of diagnosis of respiratory failure.
Disease mortality is high, with a five-year survival rate of only 10%
(Hardiman et al., 2017; Feldman et al., 2022). While existing reports
have shown that multiple factors contribute to the development of
ALS (Geevasinga et al., 2016), the factors that contribute to disease
progression in ALS are not fully understood. Microglia play a crucial
role in ALS disease pathogenesis.

Abnormal activation of microglia causes neuroinflammation to
occur. Neuroinflammation and immune imbalance are essential
contributors to the pathogenesis of ALS. Neuroinflammation in ALS
is characterized by infiltration of lymphocytes and macrophages,
activation of microglia and astrocytes, and involvement of
complement. The process of immune imbalance involves infiltrating
peripheral lymphocytes into the central nervous system and
interacting with various immune cells, which produce different
immune effects at different stages of the disease (Liu and Wang, 2017).
In a normal organism, secretions from microglia distributed in the
central nervous system are essential for the survival of neuronal cells,
and microglia are involved in detecting and removing pathogens
during the body’s immune response. Moreover, once ALS lesions
occur, microglia possess the ability to damage and kill neurons.
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Genes that affect Parkinson'’s disease. (1) a-synuclein can activate TLR and thus cause nigrostriatal damage. It also activates NLRP3 inflammatory
vesicles, leading to enhanced neuroinflammation and nerve damage; (2) mutations in the LRRK2 gene enhance the neuroinflammatory response,
thereby increasing dopaminergic neuron loss and motor deficits; (3) the PRKN gene encodes parkin protein and parkin protein deficiency causes
abnormal mitochondrial autophagy, which leads to NLRP3 inflammatory vesicles activation and activation of inflammatory response; (4) DJ-1 gene can
inhibit the transcription of genes mediating inflammation-related genes thereby decreasing microglia activation.

Microglia activation causes persistent neuroinflammation, which
leads to the development of neurodegenerative lesions (Hickman
et al,, 2018). Neuronal abnormalities in the pathogenesis of ALS are
associated with a decrease in microglia trophic factor secretion and
the release of inflammatory factors. Microglia activation can
be mediated by misfolded proteins, such as superoxide dismutase 1
(SOD1), which is associated with ALS after mutation, but not
associated with wild-type SOD1 (Urushitani et al., 2006). Mutant
SODL1 is secreted from neurons and astrocytes via chromogranin A
and B-mediated pathways (Ezzi et al., 2007) and then efficiently
activates microglia via CD14/TLR2/TLR4 and other pathways,
subsequently inducing motor neuron injury.

In conclusion, in ALS patients, microglia can cause neuronal
cell damage due to their abnormal secretory function on the one
hand. On the other hand, the continuous activation of microglia
can cause persistent neuroinflammation, which may lead to
neurodegenerative lesions.
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4.4 Microglia and multiple sclerosis

Multiple sclerosis (MS) is one of the most common central neuro
demyelinating diseases (Leray et al., 2016), with a higher prevalence
in women than men. The pathogenesis of MS is related to an impaired
immune response (Dalakas, 2006). The impaired immune response
leads to inflammatory cells invading the brain and spinal cord,
resulting in CNS demyelinated areas. Inflammatory and degenerative
processes destroy neurons, axons, synapses, and glial cells (O’Connor
et al,, 2001; Rudnicka et al.,, 2015; Werneburg et al., 2020). And
microglia play an important role in these pathological processes.

Microglia have a dual role in the pathogenesis of MS, including
both positive and negative effects (Tsouki and Williams, 2021).
According to the study, microglia undergo phagocytosis and removal
of myelin debris in through TREM-2, CX 3CR 11 and CD 36, which
produce inhibitory effects (Lampron et al., 2015; Dong et al., 2021;
Yong, 2022). On the other hand, microglia can secrete many growth
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factors that help restore the demyelinated areas that have occurred to
their original state (Yong, 2022). Microglia exert anti-inflammatory
and immunomodulatory effects through cytokines (IL-4, IL-10,
TGF-f, and others) (Ponomarev et al., 2007; Brendecke and Prinz,
2015). The involvement of factors secreted by microglia in the survival,
proliferation, differentiation (transglutaminase, brain-derived
neurotrophic factor, insulin-like growth factor-1) and myelin
formation (neuro-cilia-1) of oligodendrocyte precursor cells (OPCs)
can be demonstrated in animal models or tissue cultures (Miron et al.,
2013; Lloyd and Miron, 2019; Sherafat et al., 2021). Researchers have
found that in MS, microglia are protective against toxins that promote
pathogenic processes.

In terms of adverse effects, many compounds secreted by
microglia in experimental tissue culture studies showed neurotoxic
effects, such as myelencephalon-specific protease (Scarisbrick et al.,
2002; Takeuchi, 2010; Mishra et al., 2014). Microglia also secrete other
compounds with cytotoxic effects, including pro-inflammatory
cytokines (IFN-y, TNF-a, IL-6, IL-12) (Merson et al., 2010; Jiang et al.,
2014). It has been shown that microglia can destroy oligodendrocyte
progenitors through TNF-a induces oligodendrocyte death and thus
destroys oligodendrocyte progenitors, while IFN-y affects neuronal
destruction (van Horssen et al., 2012; Mishra et al., 2014; Moore et al.,
2015). Microglia negatively affect oxidative stress by damaging
mitochondria, elevating NADPH oxidase and nitric oxide synthase,
mediating ferrous recycling, and downregulating antioxidant enzymes
(Bagnato et al., 2011; Haider et al., 2011; Urrutia et al., 2013; Giles
etal., 2018).

Thus, changes in microglia status are involved in mitochondrial
dysfunction and impaired regeneration in the CNS, thereby affecting
the pathogenesis of neurodegenerative diseases (Lodygin et al., 2013;
Liddelow et al., 2017; Dong and Yong, 2019). Conversely, microglia
cause alterations in specific cell types through secreted cytokines that
ultimately lead to injury (Elfawy and Das, 2019). Studies have shown
that in MS lesions, microglia contribute to the development of
neurodegenerative diseases through the release of TNF-a and IL-1 3,
contributing to the generation of neurotoxic C3-positive astrocytes.
These astrocytes destroy oligodendrocytes and neuroglia (Elfawy and
Das, 2019). Microglia also interact with T cells, causing their abnormal
activation, which can have deleterious effects (Jiang et al., 2020;
Absinta et al., 2021; Wang et al, 2021). Microglia also secrete
chemokines, such as growth factors that negatively affect MS
(Rothhammer et al., 2018).

Currently, the treatment of MS focuses on modulating the CNS’s
inflammatory process. OPCs are pluripotent cells in the CNS that can
differentiate into mature oligodendrocytes and act in myelin
regeneration (Cignarella et al., 2020). In MS, OPCs are damaged
during differentiation into mature oligodendrocytes, which leads to
the onset of myelin debris deposition. In contrast, phagocytosis of
microglia plays a key role in clearing the deposited myelin debris
(Cignarella et al., 2020). In addition, microglia can promote myelin
regeneration by secreting regenerative factors (Voet et al., 2019). This
opens up opportunities for new therapeutic possibilities (Figure 3).

4.5 Microglia and Huntington'’s disease

(HD) is
neurodegenerative disorder caused by an increase in the length of

Huntington’s  disease an autosomal dominant
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CAG repeats in the Huntington gene (Ajitkumar and De Jesus, 2023).
It is characterised by degeneration of striatal neurons leading to
neuropsychiatric symptoms, motor deficits, and progressive cognitive
impairment (Sayed et al., 2020; Stoker et al., 2022). HD is a fatal and
progressive disease with an incidence of 4-10 cases per 100,000 people
in Western populations and a mean age of onset of 40 years. However,
it has been shown that a higher age of onset leads to a shorter survival
(Langbehn, 2022). Patients exhibit uncontrolled movements of the
arms, legs, and upper body (Subbarayan et al., 2022). Thirty-seven
percent of patients experience phenotypic shifts and progressive loss
of the ability to speak, move, think, and swallow as the disease
progresses, culminating in death (Tanner et al., 2018). The disease has
been shown to cause a significant increase in the number of patients
who die.

In HD, abnormal activation of microglia is reflected in the number
of microglia. Gene expression, microglia activation, and subsequent
neuroinflammation are now considered critical features of HD and are
closely associated with the development of HD (Saitgareeva et al.,
2020). Expression of mHtt in microglia induces cell-autonomous
increases in proinflammatory gene expression and neurotoxic effects
on wild-type neurons (Lois et al., 2018). Striatal atrophy (caudate
nucleus, nucleus accumbens, and pallidum) is a neuropathological
feature of HD. A study noted that the number of activated microglia
in the striatum and cortex directly correlated with the degree of
neuronal loss. Microglia were closely associated with pyramidal
that
neuroinflammatory changes (Sapp et al., 2001). Previously, Palpagama

neurons, suggesting degenerating neurons induce
et al. described the role of activated microglial cell-derived
inflammatory cytokines, ROS and quinolinic acid on neuronal death
in HD (Lopez-Sanchez et al., 2020). One study found that microglia
activation is an early change in HD, occurring before the onset of
symptoms (Politis et al., 2015).

It has also been shown that microglia depletion in animal models
ameliorates extracellular matrix changes and reduces striatal volume
(Sayed et al., 2020). Microglia depletion in the R6/2 mouse model of
HD prevents motor and cognitive deficits and reduces astrocyte
proliferation (Petkau et al., 2019). However, selective deletion or
expression of mHtt in microglia only in BACHD mice did not alter
the phenotype in any way (Di Pardo et al., 2020). Treating human
microglia with the longevity-associated BPIFB4 variant SV40 induced
an anti-inflammatory effect of M2 polarization and prevented motor
dysfunction and mHtt aggregation in R6/2 mice (Pawelec et al., 2020).

Targeting microglia as a therapeutic site for HD is a promising
therapeutic direction. CX3CL1 is an essential new factor in HD
pathogenesis and survival. Significantly reduced CX3CL1 gene
expression in the nucleus accumbens has been observed in HD
patients and mouse models. This leads to an increase in microglia-
mediated synaptic pruning, resulting in dysfunctional striatal synaptic
plasticity (Subbarayan et al., 2022). Thus, increasing CX3CL1 gene
expression and affecting the function of microglia synapses may be a
novel therapeutic strategy for HD. Galactose lectin —3 (Gal3) is a
lectin that is upregulated in the plasma and brain of HD patients and
mice, and their plasma Gal3 levels correlate with disease severity.
Knockdown of Gal3 inhibited inflammation, reduced mHTT
aggregation, improved motor dysfunction, and increased survival in
HD mice. These findings suggest that Gal3 may be a novel target for
the treatment of HD by inhibiting neuroinflammation, reducing
mHTT aggregation, attenuating motor dysfunction, and improving
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Microglia have a dual role in the pathogenesis of MS. (1) Positive role — microglia exert inhibitory effects through TREM-2, CX 3CR 11, and CD 36 for
phagocytosis and removal of myelin debris; in addition, microglia can secrete many growth factors to help restore the demyelinated areas that have
already occurred; microglia can also exert anti-inflammatory and Immunomodulatory effects. (2) Negative effects — microglia secrete neurotoxic
compounds such as myelencephalon-specific protease; microglia secrete cytotoxic substances such as pro-inflammatory cytokines (IFN-y, TNF-a,
IL-6, IL-12). Microglia can destroy oligodendrocyte progenitors by inducing oligodendrocyte death through TNF-a, while IFN-y has an impact on
neuronal destruction; microglia can also cause changes in specific cell types through secreted cytokines, ultimately leading to injury; moreover,
microglia can cause damage to mitochondria, elevate NADPH oxidase and nitric oxide synthase, as well as downregulating antioxidant enzymes.

survival in HD mice (Siew et al., 2019). There are no drugs against
microglia for the treatment of HD, but CX3CLIl and Gal3 are
extremely promising new targets.

5 Targeting microglia for the
treatment of CNS disorders

5.1 Targeting microglia is an important
direction in the treatment of
neurodegenerative diseases

Because microglia play a phagocytic role in the central nervous
system, it is thought to be a key factor in triggering
neuroinflammatory responses (Kwon, 2022). Therefore, using
microglia as therapeutic targets is a common approach for treating
degenerative diseases of the central nervous system, such as
Alzheimer’s disease, Parkinson’s disease, and amyotrophic crural
lateral sclerosis (Hickman et al., 2018).
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It has long been thought that the brain is an immune-privileged
site where activated microglia are suppressed (Fenster and Eisen,
2017). Based on this, the first generation of therapies targeting
microglia for neurological diseases was proposed, with
immunosuppressive and anti-inflammatory drugs suppressing
activated microglia (Kwon, 2022). Activated microglia produce factors
associated with neuroinflammation, such as pro-inflammatory
cytokines, chemokines and cytotoxic substances, and therefore the use
of drugs targeting activated microglia may alleviate neurodegenerative
diseases caused by inflammation. Non-steroidal anti-inflammatory
drugs have been used in the clinical trial phase in various neurological
disorders, but no clear efficacy has been reported. Clinical trials of
anti-inflammatory drugs such as ceftriaxone, minocycline,
erythropoietin, and valproic acid have not yielded effective results in
neuroinflammatory ALS (Petrov et al., 2017). Some studies have
shown that NSAIDs can prevent AD, with ibuprofen having the best
effect (Vlad et al., 2008). However, ibuprofen has no role in the disease
progression and treatment of AD (Jaturapatporn et al., 2012). Ren

et al. performed a response meta-analysis and found that NSAIDs did
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not alter PD progression (Ren et al., 2018). Although no reports of
effective treatment have been found, this may be related to the design
of clinical treatment regimens and too rapid disease progression. From
a precision medicine perspective, O’Bryant found that it was possible
to select treatments for patients more sensitive to NSAID therapy and
use biomarkers to observe changes in neuroinflammation as the
disease progresses in anticipation of optimising treatment outcomes
(O’Bryant et al., 2018). In addition, several pharmaceutical companies
have turned their attention to treating neurodegenerative diseases by
modulating inflammation. Canakinumab (Dhimolea, 2010) from
Novartis focuses on IL-1p to treat mild cognitive impairment and
Alzheimer’s by inhibiting the inflammatory response. Denali’s drug
DNL788, which targets RIPKI1, is currently in Phase II
(NCT05237284), promising to treat ALS and MS. Minocycline is a
tetracycline antibiotic. It produces anti-inflammatory effects by
inhibiting inducible NO synthase, IL-1p-converting enzyme, and
microglia activation (Elewa et al., 2006). A team of researchers is
hoping to use small doses of interleukin-2 for immunomodulation to
treat early AD in a clinical trial that has progressed to phase II
(NCT05468073).

There is growing evidence that activated microglia differ according
to their living microenvironment and can be classified into two
polarised states: the M1 phenotype and the M2 phenotype (Michell-
Robinson et al., 2015; Wang et al., 2021), which are mutually exclusive
and may cause degenerative diseases of the central nervous system.
The limitations of the classification of activated microglia were broken
with the introduction of new microglia markers by Bennett et al.
(2016) and Butovsky and Weiner (2018). Microglia fine-tune their
functions according to microenvironmental, region-specific, and
sex-dependent factors throughout the disease process (Chiu et al.,
2013). Second-generation therapeutic approaches hope to treat CNS
disorders by converting the M1 phenotype to the M2 phenotype or by
improving the M2 phenotype. Dexmedetomidine is an a-2 adrenergic
receptor agonist that promotes M2 polarization by inhibiting ERK1/2
signalling (Qiu et al., 2020). For example, human umbilical cord MSCs
attenuate schizophrenic behaviour through IL-10 inhibition of
activated microglia in mice (Yoo and Kwon, 2022). Mesenchymal stem
cells (MSC) and their releasing factors convert M1-polarized microglia
to an M2 phenotype via TGF-f or CX3CLI via LPS (Noh et al., 2016).
In multiple sclerosis, currently approved pharmacological approaches
such as glatiramer acetate, interferon-f, fingolimod, or dimethyl
fumarate may mediate microglia phenotypes from M1 to M2
polarization in part by converting neuroprotection (Giunti et al.,
2014). Vitamin D can convert M1 to M2 polarised state (Boontanrart
et al.,, 2016). The drug AL003, jointly developed by Alector and
AbbVie, hopes to influence microglia activation by modulating genetic
factors and cell surface receptors. Studies using MSCs in ALS and
multiple sclerosis are examples of clinical trials targeting microglia
phenotype conversion (Giunti et al., 2014; Oh et al., 2018).

Third-generation therapeutic approaches, based on the fact that
microglia have multiple phenotypes and heterogeneity, no longer
focus on altering the phenotype of microglia but more on their
function (Kwon, 2022). Microglia serve as immune cells of the central
nervous system, and phagocytosis of tissues is an important function
of them. With age, microglia phagocytosis declines, and a tendency to
synaptic pruning occurs (Deczkowska et al., 2018; Rawji et al., 2020).
TREM2, a gene associated with microglia phagocytosis, is a risk factor
for AD (Guerreiro et al., 2013). TREM2 deficiency prevents neuronal
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loss (Leyns et al., 2017). Third-generation therapeutic approaches
hope to design drugs to control microglia phagocytosis by studying
their phagocytic mechanisms in conjunction with impaired
phagocytosis and disease progression drugs to control their phagocytic
function. Gantenerumab is a human 1gG1 monoclonal antibody with
a high affinity for Ap that promotes phagocytosis of aggregated Ap by
microglia. The drug has been in clinical trials since 2007
(NCT00531804). AL002 is an antibody against TREM2 developed by
Alector. The drug promotes TREM2 activation, activating microglia
to phagocytose A, slowing AD progression. The drug was first
successfully tested in clinical trials in 2018 (NCT03635047) (Wang
etal., 2020). It is currently in Phase II clinical trials (NCT05744401).
A team of researchers has developed the nanostructured drug
PALRGT around targeting and precisely regulating the function of
microglia. The drug enables microglia to phagocytose and remove
myelin debris and ameliorate neuroinflammation, ultimately
promoting the regeneration of myelin sheaths. The drug was explored
in the neurodegenerative disease MS, and its ability to promote
phagocytosis was validated (Shen et al., 2022).

Furthermore, recent studies have shown that microglia depletion
and regeneration can be used to treat CNS disorders. Newly generated
microglia can replace activated microglia to prevent microglia-
mediated chronic inflammation and can be used to repair CNS injury
(Yao et al., 2016). Methods currently used to deplete microglia in vivo
include clodronate liposomes, genetic models, and CSF1R inhibitors.
However, reducing microglia may have a dual impact on CNS
degenerative diseases, traumatic diseases and defects (Shi et al., 2022).

Single-cell sequencing of microglia has shown that specific
isoforms are associated with CNS disorders (Krasemann et al., 2017;
Marschallinger et al., 2020). Microglia DAM isoforms are present in
both mouse models of AD expressing five human familial AD gene
mutations and mouse models of ALS (Keren-Shaul et al., 2017). Fifth-
generation therapeutic approaches hope to investigate specific
isoforms for treating CNS disorders due to the lack of subtypes for
treating CNS disorders that occur due to the lack of subtypes.

In neurodegenerative diseases, microglia activation is broadly
similar to that of the region in which the disease occurs (McGeer et al.,
1988). However, there are some regions where microglia activation is
observed in multiple disease occurrences, such as the dentate gyrus of
the hippocampus (Terreros-Roncal et al., 2021). In the future, the
relative location of microglia in disease can be analyzed using spatial
transcriptomics. Not only will it be possible to learn where microglia
function, but also the mechanisms by which microglia interact with
other molecules and the pathways in which they are involved. Thus,
exploring the spatial location of microglia could help explore new
targets for microglia in the treatment of neurodegenerative diseases
(Figure 4).

5.2 Drugs targeting microglia

Drugs that use microglia as a target to treat neurodegenerative
diseases are still in the experimental stage, and no drug has yet been
applied to clinical treatment (Table 1). Several well-known
pharmaceutical companies have begun to develop drugs that target
microglia. The drug AL002, developed by Alector (NCT05744401),
the drug DNL919, developed by Denali (NCT05450549), and the drug

VGL101, developed by Vigil Neuroscience (NCT05677659), all target
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Approaches to targeting microglia for the treatment of neurodegenerative diseases. The first category inhibits activated microglia through the use of
immunosuppressive or anti-inflammatory drugs; the second category of approaches looks to use drugs to alter the microglia phenotype; the third
category focuses on microglia phagocytosis. With the development of histology, other functions could be focused on in the future; the fourth
category of approaches focuses on the depletion and regeneration of microglia; the fifth category of approaches is an extension of the second
category. Single-cell sequencing helps to observe more detailed cellular phenotypes, and the fifth category of approaches targets specific phenotypes
of microglia; and the sixth category of approaches can focus on the spatial transcriptome and 3D location of microglia, which is a new direction. MSC,
mesenchymal stem cells; M1, M1 microglia; M2, M2 microglia; DAM, Disease-Associated Microglia. NSAIDs were reported in 2008 to help prevent AD,
but the idea for the treatment was proposed earlier than 2008 (Vlad et al., 2008). 2004 was the year in which glatiramer acetate could promote the
phenotypic transformation of microglia in MS (Kim et al., 2004). Gantenerumab was first tested in a clinical trial in 2007 (NCT00531804). In 2016,

de novo microglia could replace activated microglia to prevent inflammation and repair CNS damage (Kern et al., 2019). In 2017, DAM was discovered

DAM*

Specific subtype

Depletion i .
i Spatial position 2
Regeneration W

Depletion method:
Clodronate liposomes
Genetic models

CSF1R inhibitors

TREM2 for the treatment of Alzheimer’s disease. AL002 is a TREM2
agonistic antibody that activates microglia by promoting the activation
of TREM2 and induces their value-addition, promoting phagocytosis
of AP and delaying the emergence and progression of Alzheimer’s
disease. Alcobra’s MGO1CI (AL014), which can also be used to treat
Alzheimer’s disease, targets MS4A4A as a therapeutic target
(NCT02126995). Gantenerumab, developed by Roche can bind to
aggregated A proteins and degrade amyloid deposits by recruiting
microglia and activated macrophages. Gantenerumab is an FDA
breakthrough therapy for Alzheimers disease (NCT04592341/
NCT03443973/NCT03444870/NCT05256134/NCT04339413/
NCT04374253/NCT02051608). Drugs such as Canakinumab
(ACZ885) (NCT04795466), AL002, and VGLI01 are progressing
faster, with studies moving into clinical phase II. While drugs such as
AL003 (NCT03822208), DNL919 (NCT05450549), and ABBV-0805
(NCT04127695) are currently in clinical phase one.

In 2017, the first small molecule LRRK2 inhibitor, DNL201,
entered clinical trials (NCT03710707) and demonstrated inhibition of
LRRK?2 kinase activity in healthy volunteers in a Phase I trial. In 2022,
Matthew et al. systematically evaluated the cascade of DNL201 in
treating PD in both basic research and clinical Phase I and found that
a safe dose could correct lysosomal dysfunction in PD patients
(Jennings et al., 2022). However, it is unlikely that DNL201 could
restore damaged or dead dopamine-producing neurons and thus
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reverse symptoms in PD patients. In addition, researchers at Denali
evaluated the efficacy of the DNL151 small molecule drug. They found
that DNL151 also inhibits LRRK2 and lasts longer in the bloodstream
than DNL201, which may reduce the frequency with which patients
must take the drug. As a result, clinical trials of DNL201 were stopped
at this stage. In August 2023, DNL151 has completed Phase III clinical
trials (NCT05418673).

In February 2017, AbbVie initiated 2 Phase II clinical research
programs to evaluate the potential of an experimental anti-tau
monoclonal antibody drug, ABBV-8E12, for the treatment of early AD
(NCT02880956) and progressive supranuclear palsy (PSP)
(NCT02985879). These two neurodegenerative diseases are very
similar, with pathology characterized by increased Tau in the brain.
However, in 2019, ABBV-8E12 failed miserably in Phase II of
PSP. Similarly, Biogen announced that its anti-Tau antibody,
Gosuranemab, failed to meet its primary endpoint in TANGO, a Phase
II clinical study in AD, and that there was no therapeutic benefit of
Gosuranemab compared to placebo. Gosuranemab clinical
development was then terminated. The lack of success in developing
these drugs illustrates the dilemma of developing drugs targeting Tau,
and the Tau protein hypothesis needs to be supported by more
research results.

Clinical trials require that patients are fully informed of all
information relevant to them, that consent is obtained, and that
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TABLE 1 Drug for neurodegenerative diseases developed for microglia.

10.3389/fnins.2023.1308345

Drug candidate Target Disease Phase NCT

Canakinumab (ACZ885) IL-1p Mild cognitive impairment, Alzheimer’s I NCT04795466

AL002 TREM2 Alzheimer’s disease I NCT05744401

DNL919 TREM2 Alzheimer’s disease I NCT05450549

VGL101 TREM2 Alzheimer’s disease, Adult-onset leukoencephalopathy | 1I NCT05677659

with axonal spheroids and pigmented glia

MGO1CI (AL014) MS4A4A Alzheimer’s disease Preclinical NCT02126995

AL003 SIGLEC-3/CD33 | Alzheimer’s disease Paused after Phase I NCT03822208

JNJ-40346527 CSF1R Alzheimer’s disease I NCT04121208

DNL151 LRRK2 Parkinson’s disease 111 NCT05418673

DNL201 LRRK2 Parkinson’s disease Paused after Phase I NCT03710707

BIIB094 LRRK2 Parkinson’s disease I NCT03976349

ABBV-0805 a-Synuclein Parkinson’s disease I NCT04127695

ABBV-8E12 Tau Alzheimer’s disease Paused after Phase II = NCT02880956

Elezanumab RGMa Multiple Sclerosis I NCT03737812/NCT03737851

SAR443820 (DNL788) RIPK1 Amyotrophic Lateral Sclerosis, Multiple Sclerosis I NCT05237284/NCT05630547

Gantenerumab Amyloid-p Alzheimer’s disease III NCT04592341/NCT03443973/
NCT03444870/NCT05256134/
NCT04339413/NCT 04374253/
NCT02051608

participation is voluntary. If healthy volunteers are needed during the
trial phase, they are informed of all potential risks and the program,
and voluntary participation is ensured. Data obtained during the trial,
observable phenomena, and the effects and side effects of the drug
should be recorded objectively, and the trial should be terminated
promptly if it is found to be harmful to the participants. When animals
are used as test subjects, animal welfare should be protected following
relevant regulations. Drug developers should not violate the welfare
of animals or intentionally engage in behaviors that are harmful to
clinical trial participants due to the need for profit.

Currently, drugs targeting microglia for treating neurodegenerative
diseases fall into five main categories. The first category inhibits
activated microglia through immunosuppressive or anti-inflammatory
drugs, thereby reducing the production of pro-inflammatory factors,
chemokines, and cytotoxic substances. This approach was proposed
before researchers fully understood the brain’s immune makeup, but
it is still valid. The second class of drugs is based on microglia having
pro-inflammatory and anti-inflammatory phenotypes upon
activation. Targeting them from a pro-inflammatory to an anti-
inflammatory phenotype with drugs can alleviate or treat the disease.
Although the dichotomous categorization of microglia is no longer
recommended, targeting microglia phenotypic transformation to treat
disease could be helpful. There are also current clinical trial cases
targeting this form of treatment. The third class of drugs focuses more
on the phagocytosis of microglia than on their phenotype. It is hoped
that drugs can be designed to control their phagocytosis and remove
unfavorable tissue or debris from the disease promptly. The fourth
class of drugs was proposed with the rapid advances in single-cell
sequencing to give therapeutic approaches by targeting specific
microglia subtypes associated with the disease. The fifth class of drugs
focuses on the depletion and regeneration of microglia, hoping to use
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newborn microglia instead of activated ones for disease prevention
and treatment. No drugs targeting microglia for treating CNS
disorders are currently available for treating a wide range of patients,
but some are in clinical trials. Unfortunately, some of these drugs have
been discontinued due to unsuccessful development or the discovery
of better alternatives. The root cause of such incidents is still that
microglia-related hypotheses still need to be proved by sufficient
evidence, or there are still unfulfilled doubts about the studies related
to drug development. Microglia play a crucial role in
neurodegenerative diseases, so there is great potential for drug
development and therapy targeting microglia. However, this still
needs to be supported by many relevant research results to be obtained
by researchers in the future. Future research could focus on where
microglia play a role in disease, and design targeted drugs. Researchers
could also use histological approaches to focus on new classifications
or functions of microglia, targeting specific functions to exploit or

block them.

6 Discussion

This study reviews the effects of microglia activation on the
neurodegenerative diseases of AD, PD, ALS, MS, and HD. We describe
the function of microglia and the neural mechanisms associated with
them. We elucidate that circadian rhythms are essential factors
influencing microglia activation and function. Circadian rhythm
disruption affects microglia activation and, thus, neurodegenerative
diseases. In addition, we found that abnormal microglia activation is
a common feature of neurodegenerative diseases and is an integral
part of disease development. Therefore, targeting microglia to treat
CNS diseases is a therapeutic option. This paper presents approaches
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targeting microglia for treating neurodegenerative diseases and
summarizes the progress of drugs developed by targeting microglia.

Microglia are intrinsic immune cells of the CNS that maintain
CNS homeostasis. Microglia are actively involved in neural
development. Microglia have a variety of functions, including pruning
synapses, regulating myelin growth, phagocytosis, and surveillance.
These functions allow microglia to be involved in the development of
neurodegenerative diseases. One study analyzed 443 brains of humans
who were healthy or had AD using single-nucleus RNA-sequencing
(snRNA-seq) and Assay for Transposase Accessible Chromatin with
high-throughput sequencing (snATAC-seq) methods. They found 12
clusters of microglia in them. The microglia were differentiated based
on characteristically expressed genes and function. These microglia
were categorized as neurotransmitter receptor-associated, lipid-
processing-associated, unfolded protein-associated, and glycolytic
state (Sun et al., 2023). Future studies of the functions and roles of
microglia in neurodegenerative disorders can be done in the context
of applying genomics, transcriptomics, metabolomics, and
epigenomics approaches. With the development of sequencing
technology, histological analysis can identify new microglia classes,
thus uncovering new functions and roles of microglia. In addition,
applying histologic methods to construct disease-related microglia
maps can help elucidate further the pathways and specific mechanisms
by which microglia play their roles.

The regions where microglia accumulate to play their roles after
activation are roughly the same as the regions where neurodegenerative
diseases develop. However, there are also regions where microglia
activation is observed in a wide range of disease onset, such as the
hippocampal dentate gyrus. In the future, more spatial transcriptomic
analyses of microglia in disease could clarify the 3D spatial location
of different phenotypes of microglia activation and onset of action in
disease. This will spatially map the trajectories of microglia activity
and their molecular characterization in the disease microenvironment,
contributing to the quest for new targets for microglia therapy.

Microglia activate into different cellular states in response to
changes in the surrounding environment, resulting in different
morphologies and functions. Activated microglia are phagocytic and
can act like macrophages to engulf cellular debris, damaged tissue, and
apoptotic neurons. In addition, activated microglia release
pro-inflammatory cytokines and proteases to mediate inflammatory
responses and even cause neuronal damage. In the article, we discuss
the new classification of microglia. With the rapid development of
single-cell technology, the broad and straightforward dichotomous
classification can no longer rigorously account for many problems. So,
a more detailed classification method has emerged to categorize and
name microglia based on their morphological and gene expression
characteristics. DAM, HAM, GAM, and other microglia have been
extensively studied. This shows that the classification can be more
detailed with the advancement of research methods. However, the
results of previous studies using the M1/M2 classification are still
relevant. Future studies could look at the relationship between disease-
related specific phenotypes of microglia and disease progression. For
example, DAM is a microglia specific to AD, and DAM demonstrates
explicitly the characteristics of AD development. In-depth study of
DAM and search for therapeutic breakthroughs in specific cell types.

Circadian rhythms are one of the essential factors affecting
microglia activation. Circadian rhythms regulate the morphological
changes and functions of microglia. Circadian rhythms affect
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microglia activation and further influence the progression of
neurodegenerative diseases. In the article, the progress related to
AD, PD, and HD is described, and circadian rhythm abnormalities
are not only an influential factor in the development of these
diseases but also manifested in the aftermath of the disease, such
as sleep abnormalities or disrupted circadian rhythms. Therefore,
subsequent studies could focus on the molecules or signaling
pathways associated with circadian rhythm abnormalities in
microglia in diseases. Altering the patient’s state by modulating the
expression of molecules or mediating the relevant pathways. One
study has reported the circadian transcriptome of 64 tissues,
including 22 brain regions in the primate baboon. The same gene
is expressed in different locations with different circadian rhythms
(Mure et al., 2018). When studying specific diseases, one should
focus on the regions involved in developing the disease. In
the of
neurodegenerative diseases, treatments that correct the patient’s

mediating critical  role circadian rhythms in
erroneous circadian rhythms, such as the administration of
artificial light or the consumption of melatonin to adjust sleep, may
be considered.

Abnormal microglia activation is a common feature of
neurodegenerative diseases, and microglia play a positive role in
maintaining CNS stability in normal conditions. However, when
disease occurs, microglia hurt some diseases. In other diseases,
however, microglia coexist in various states and exhibit both
negative and positive effects. Microglia play a crucial role in
neurodegenerative diseases, and therefore, targeting microglia for
neurodegenerative diseases is an excellent therapeutic direction.
This article summarizes five microglia-targeted therapeutic
approaches and describes the corresponding clinical trials and
drug advances. Unfortunately, there are no drugs already on the
market for patient treatment. However, a variety of drugs have
entered clinical trials. Drugs such as DNL201 were terminated
from development due to factors such as clinical trial failure or
better alternatives. Therefore, increasing research on microglia-
related mechanisms in neurodegenerative diseases is fundamental
and essential for drug development. The multiple mechanisms of
action of microglia in neurodegenerative diseases mentioned in the
text could be the target of future research on targeted drugs.
However, more research support is needed to realize their
transition to drugs. Whether therapeutic outcomes can be achieved
by altering microglia activity, function, or number also needs to
be further explored in future studies. There may be differences in
the effects of drugs developed against microglia for prevention
before disease onset, for early disease development, and for use in
advanced disease, all of which need to gain the attention
of researchers.

This article provides a more comprehensive overview of advances
in microglia activation and therapeutics for neurodegenerative
diseases, emphasizing the effects of circadian rhythms on them.
However, the effects of aging on microglia are not described in depth.
Regarding neurodegenerative diseases, there are many related states
of microglia. This paper describes the role of DAM phenotype in
AD. However, the various disease-associated phenotypes are not
comprehensively and systematically described. Existing drugs
developed by targeting microglia mostly select popular proteins of
diseases. However, not focused on disease treatment by altering the
circadian rhythm of microglia, which is an objective new direction.
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7 Conclusion

This article reviews the functions of microglia, the factors influencing
activation, and the impact on neurodegenerative diseases. Recent research
advances are summarized, and, as a result, it is concluded that microglia
as a target for treating CNS disorders is of great value and rich in
theoretical support and feasibility. We summarize here the existing
research progress on microglia-targeted approaches and drugs for treating
neurodegenerative diseases. It is hoped that it will be of reference and
enlightening significance for developing future neurodegenerative drugs.
Circadian rhythms can influence microglia activation and thus disease
progression, but there are no relevant drugs designed. This could be a
concern to think about in future studies. I hope this paper can provide
new ideas for the treatment of CNS diseases.

Author contributions

YX: Writing - original draft, Conceptualization, Resources, Data
curation, Writing - review & editing. WG: Writing - review & editing,
Data curation, Supervision, Conceptualization, Investigation. YS: Writing
- review & editing, Funding acquisition, Supervision, Conceptualization.
MW: Supervision, Conceptualization, Writing — review & editing.

References

Absinta, M., Maric, D., Gharagozloo, M., Garton, T., Smith, M. D,, Jin, J,, et al. (2021).
A lymphocyte-microglia-astrocyte axis in chronic active multiple sclerosis. Nature 597,
709-714. doi: 10.1038/s41586-021-03892-7

Ajitkumar, A., and De Jesus, O. (2023). “Huntington disease” in StatPearls. Eds.
Mikayla B. Brown and Enad Haddad (Treasure Island (FL): StatPearls Publishing).

Alves, M., Kenny, A., de Leo, G., Beamer, E. H,, and Engel, T. (2019). Tau
phosphorylation in a mouse model of temporal lobe epilepsy. Front. Aging Neurosci.
11:308. doi: 10.3389/fnagi.2019.00308

Bagnato, F, Hametner, S., Yao, B., van Gelderen, P, Merkle, H., Cantor, E K,, et al.
(2011). Tracking iron in multiple sclerosis: a combined imaging and histopathological
study at 7 tesla. Brain 134, 3602-3615. doi: 10.1093/brain/awr278

Barahona, R. A., Morabito, S., Vivek, S., and Green, K. N. (2022). Cortical diurnal
rhythms remain intact with microglial depletion. Sci Rep 12:114. doi: 10.1038/
$41598-021-04079-w

Basurco, L., Abellanas, M. A., Ayerra, L., Conde, E., Vinueza-Gavilanes, R., Luquin, E.,
et al. (2023). Microglia and astrocyte activation is region-dependent in the a-synuclein
mouse model of Parkinson’s disease. Glia 71, 571-587. doi: 10.1002/glia.24295

Battaglia, S., Nazzi, C., and Thayer, J. F. (2023). Heart’s tale of trauma: fear-conditioned
heart rate changes in post-traumatic stress disorder. Acta Psychiatr. Scand. 148, 463-466.
doi: 10.1111/acps.13602

Bennett, M. L., Bennett, E. 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. 113, E1738-E1746. doi: 10.1073/pnas.1525528113

Block, M. L., and Hong, J.-S. (2005). Microglia and inflammation-mediated
neurodegeneration: multiple triggers with a common mechanism. Prog. Neurobiol. 76,
77-98. doi: 10.1016/j.pneurobio.2005.06.004

Boontanrart, M., Hall, S. D., Spanier, J. A., Hayes, C. E., and Olson, J. K. (2016).
Vitamin D3 alters microglia immune activation by an IL-10 dependent SOCS3
mechanism. J. Neuroimmunol. 292, 126-136. doi: 10.1016/j.jneuroim.2016.01.015

Brécier, A., Li, V. W,, Smith, C. S., Halievski, K., and Ghasemlou, N. (2023). Circadian
rhythms and glial cells of the central nervous system. Biol. Rev. 98, 520-539. doi:
10.1111/brv.12917

Brendecke, S. M., and Prinz, M. (2015). Do not judge a cell by its cover—diversity of
CNS resident, adjoining and infiltrating myeloid cells in inflammation. Semin.
Immunopathol. 37, 591-605. doi: 10.1007/s00281-015-0520-6

Butovsky, O., and Weiner, H. L. (2018). Microglial signatures and their role in health
and disease. Nat. Rev. Neurosci. 19, 622-635. doi: 10.1038/s41583-018-0057-5

Cakmak, J. D, Liu, L., Poirier, S. E., Schaefer, B., Poolacherla, R., Burhan, A. M., et al.
(2022). The functional and structural associations of aberrant microglial activity in major
depressive disorder. J. Psychiatry Neurosci. 47, E197-E208. doi: 10.1503/jpn.210124

Frontiers in Neuroscience

15

10.3389/fnins.2023.1308345

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The
Fundamental Research Funds for the Central Universities of Central
South University (CX20230376).

Conflict of interest

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

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Calcia, M. A., Bonsall, D. R., Bloomfield, P. S., Selvaraj, S., Barichello, T., and
Howes, O. D. (2016). Stress and neuroinflammation: a systematic review of the effects
of stress on microglia and the implications for mental illness. Psychopharmacology 233,
1637-1650. doi: 10.1007/s00213-016-4218-9

Calvello, R., Cianciulli, A., Nicolardi, G., de Nuccio, E, Giannotti, L., Salvatore, R.,
etal. (2017). Vitamin D treatment attenuates Neuroinflammation and dopaminergic
neurodegeneration in an animal model of Parkinson’s disease, shifting M1 to M2
microglia responses. J. Neuroimmune Pharmacol. 12, 327-339. doi: 10.1007/
s11481-016-9720-7

Chiu, I. M., Morimoto, E. T. A., Goodarzi, H., Liao, ]. T., O’Keeffe, S., Phatnani, H. P,
etal. (2013). A neurodegeneration-specific gene-expression signature of acutely isolated
microglia from an amyotrophic lateral sclerosis mouse model. Cell Rep. 4, 385-401. doi:
10.1016/j.celrep.2013.06.018

Choudhury, M. E., Miyanishi, K., Takeda, H., and Tanaka, J. (2021). Microglia and the
aging brain: are geriatric microglia linked to poor sleep quality? Int. J. Mol. Sci. 22:7824.
doi: 10.3390/ijms22157824

Cignarella, F, Filipello, E, Bollman, B., Cantoni, C., Locca, A., Mikesell, R., et al.
(2020). TREM2 activation on microglia promotes myelin debris clearance and
remyelination in a model of multiple sclerosis. Acta Neuropathol. 140, 513-534. doi:
10.1007/s00401-020-02193-z

Colonna, M., and Butovsky, O. (2017). Microglia function in the central nervous
system during health and neurodegeneration. Annu. Rev. Immunol. 35, 441-468. doi:
10.1146/annurev-immunol-051116-052358

Colonna, M., and Wang, Y. (2016). TREM2 variants: new keys to decipher Alzheimer
disease pathogenesis. Nat. Rev. Neurosci. 17, 201-207. doi: 10.1038/nrn.2016.7

Condello, C., Yuan, P, and Grutzendler, J. (2018). Microglia-mediated
neuroprotection, TREM2, and Alzheimer’s disease: evidence from optical imaging. Biol.
Psychiatry 83, 377-387. doi: 10.1016/j.biopsych.2017.10.007

Czapski, G. A., and Strosznajder, J. B. (2021). Glutamate and GABA in microglia-
neuron cross-talk in Alzheimer’s disease. Int. . Mol. Sci. 22:11677. doi: 10.3390/
ijms222111677

Dalakas, M. C. (2006). B cells in the pathophysiology of autoimmune neurological
disorders: a credible therapeutic target. Pharmacol. Ther. 112, 57-70. doi: 10.1016/j.
pharmthera.2006.03.005

de Oliveira, M., Santinelli, F. B., Lisboa-Filho, P. N., and Barbieri, E A. (2023). The
blood concentration of metallic nanoparticles is related to cognitive performance in
people with multiple sclerosis: An exploratory analysis. Biomedicine 11:1819. doi:
10.3390/biomedicines11071819

Deczkowska, A., Amit, I, and Schwartz, M. (2018). Microglial immune checkpoint
mechanisms. Nat. Neurosci. 21, 779-786. doi: 10.1038/s41593-018-0145-x

frontiersin.org


https://doi.org/10.3389/fnins.2023.1308345
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41586-021-03892-7
https://doi.org/10.3389/fnagi.2019.00308
https://doi.org/10.1093/brain/awr278
https://doi.org/10.1038/s41598-021-04079-w
https://doi.org/10.1038/s41598-021-04079-w
https://doi.org/10.1002/glia.24295
https://doi.org/10.1111/acps.13602
https://doi.org/10.1073/pnas.1525528113
https://doi.org/10.1016/j.pneurobio.2005.06.004
https://doi.org/10.1016/j.jneuroim.2016.01.015
https://doi.org/10.1111/brv.12917
https://doi.org/10.1007/s00281-015-0520-6
https://doi.org/10.1038/s41583-018-0057-5
https://doi.org/10.1503/jpn.210124
https://doi.org/10.1007/s00213-016-4218-9
https://doi.org/10.1007/s11481-016-9720-7
https://doi.org/10.1007/s11481-016-9720-7
https://doi.org/10.1016/j.celrep.2013.06.018
https://doi.org/10.3390/ijms22157824
https://doi.org/10.1007/s00401-020-02193-z
https://doi.org/10.1146/annurev-immunol-051116-052358
https://doi.org/10.1038/nrn.2016.7
https://doi.org/10.1016/j.biopsych.2017.10.007
https://doi.org/10.3390/ijms222111677
https://doi.org/10.3390/ijms222111677
https://doi.org/10.1016/j.pharmthera.2006.03.005
https://doi.org/10.1016/j.pharmthera.2006.03.005
https://doi.org/10.3390/biomedicines11071819
https://doi.org/10.1038/s41593-018-0145-x

Xu et al.

Deczkowska, A., Keren-Shaul, H., Weiner, A., Colonna, M., Schwartz, M., and Amit, 1.
(2018). Disease-associated microglia: a universal immune sensor of neurodegeneration.
Cells 173, 1073-1081. doi: 10.1016/j.cell.2018.05.003

Dhimolea, E. (2010). Canakinumab. MAbs 2, 3-13. doi: 10.4161/mabs.2.1.10328

Di Pardo, A., Ciaglia, E., Cattaneo, M., Maciag, A., Montella, E, Lopardo, V,, et al.
(2020). The longevity-associated variant of BPIFB4 improves a CXCR4-mediated
striatum-microglia crosstalk preventing disease progression in a mouse model of
Huntington’s disease. Cell Death Dis. 11:546. doi: 10.1038/s41419-020-02754-w

Dong, Y., D’Mello, C., Pinsky, W., Lozinski, B. M., Kaushik, D. K., Ghorbani, S., et al.
(2021). Oxidized phosphatidylcholines found in multiple sclerosis lesions mediate
neurodegeneration and are neutralized by microglia. Nat. Neurosci. 24, 489-503. doi:
10.1038/s41593-021-00801-z

Dong, Y., and Yong, V. W. (2019). When encephalitogenic T cells collaborate with
microglia in multiple sclerosis. Nat. Rev. Neurol. 15, 704-717. doi: 10.1038/
541582-019-0253-6

Dutta, D., Jana, M., Majumder, M., Mondal, S., Roy, A., and Pahan, K. (2021). Selective
targeting of the TLR2/MyD88/NF-kB pathway reduces a-synuclein spreading in vitro
and in vivo. Nat. Commun. 12:5382. doi: 10.1038/s41467-021-25767-1

Elangovan, S., and Holsinger, R. M. D. (2020). Cyclical amyloid beta-astrocyte activity
induces oxidative stress in Alzheimer’s disease. Biochimie 171-172, 38-42. doi: 10.1016/j.
biochi.2020.02.003

Elewa, H. F, Hilali, H., Hess, D. C., Machado, L. S., and Fagan, S. C. (2006).
Minocycline for short-term neuroprotection. Pharmacotherapy: the journal of human
pharmacology and drug. Therapy 26, 515-521. doi: 10.1592/phco.26.4.515

Elfawy, H. A, and Das, B. (2019). Crosstalk between mitochondrial dysfunction,
oxidative stress, and age related neurodegenerative disease: etiologies and therapeutic
strategies. Life Sci. 218, 165-184. doi: 10.1016/j.1fs.2018.12.029

Ennerfelt, H., Frost, E. L., Shapiro, D. A., Holliday, C., Zengeler, K. E., Voithofer, G.,
etal. (2022). SYK coordinates neuroprotective microglial responses in neurodegenerative
disease. Cells 185, 4135-4152.e22. doi: 10.1016/j.cell.2022.09.030

Ennerfelt, H., and Lukens, J. R. (2023). Microglia rely on SYK signalling to mount
neuroprotective responses in models of Alzheimer’s disease and multiple sclerosis. Clin.
Transl. Med. 13:e1178. doi: 10.1002/ctm2.1178

Ezzi, S. A., Urushitani, M., and Julien, J.-P. (2007). Wild-type superoxide dismutase
acquires binding and toxic properties of ALS-linked mutant forms through oxidation.
J. Neurochem. 102, 170-178. doi: 10.1111/j.1471-4159.2007.04531.x

Fakhoury, M. (2018). Microglia and astrocytes in Alzheimer’s disease: implications for
therapy. Curr. Neuropharmacol. 16, 508-518. doi: 10.2174/1570159X15666170720095240

Feldman, E. L., Goutman, S. A., Petri, S., Mazzini, L., Savelieff, M. G., Shaw, P. ]., et al.
(2022). Amyotrophic lateral sclerosis. Lancet 400, 1363-1380. doi: 10.1016/
S0140-6736(22)01272-7

Fenster, R. J., and Eisen, J. L. (2017). Checking the Brain’s immune privilege: evolving
theories of brain-immune interactions. Biol. Psychiatry 81, e7-e9. doi: 10.1016/j.
biopsych.2016.10.027

Fonken, L. K., Kitt, M. M., Gaudet, A. D., Barrientos, R. M., Watkins, L. R., and
Maier, S. E (2016). Diminished circadian rhythms in hippocampal microglia may
contribute to age-related neuroinflammatory sensitization. Neurobiol. Aging 47,
102-112. doi: 10.1016/j.neurobiolaging.2016.07.019

Geevasinga, N., Menon, P, Ozdinler, P. H., Kiernan, M. C., and Vucic, S. (2016).
Pathophysiological and diagnostic implications of cortical dysfunction in ALS. Nat. Rev.
Neurol. 12, 651-661. doi: 10.1038/nrneurol.2016.140

Giles, D. A., Washnock-Schmid, J. M., Duncker, P. C., Dahlawi, S., Ponath, G., Pitt, D.,
et al. (2018). Myeloid cell plasticity in the evolution of central nervous system
autoimmunity. Ann. Neurol. 83, 131-141. doi: 10.1002/ana.25128

Gillardon, E, Schmid, R., and Draheim, H. (2012). Parkinson’s disease-linked leucine-
rich repeat kinase 2(R1441G) mutation increases proinflammatory cytokine release
from activated primary microglial cells and resultant neurotoxicity. Neuroscience 208,
41-48. doi: 10.1016/j.neuroscience.2012.02.001

Giorgi, C., Bouhamida, E., Danese, A., Previati, M., Pinton, P, and Patergnani, S.
(2021). Relevance of autophagy and Mitophagy dynamics and markers in
neurodegenerative diseases. Biomedicine 9:149. doi: 10.3390/biomedicines9020149

Giunti, D., Parodi, B., Cordano, C., Uccelli, A., and Kerlero de Rosbo, N. (2014). Can
we switch microglia’s phenotype to foster neuroprotection? Focus on multiple sclerosis.
Immunology 141, 328-339. doi: 10.1111/imm.12177

Grabert, K., Michoel, T,, Karavolos, M. H., Clohisey, S., Baillie, J. K., Stevens, M. P,
et al. (2016). Microglial brain region—dependent diversity and selective regional
sensitivities to aging. Nat. Neurosci. 19, 504-516. doi: 10.1038/nn.4222

Griciug, A., Serrano-Pozo, A., Parrado, A. R., Lesinski, A. N., Asselin, C. N., Mullin, K.,
et al. (2013). Alzheimer’s disease risk gene CD33 inhibits microglial uptake of amyloid
beta. Neuron 78, 631-643. doi: 10.1016/j.neuron.2013.04.014

Griffin, P, Dimitry, J. M., Sheehan, P. W, Lananna, B. V., Guo, C., Robinette, M. L.,
etal. (2019). Circadian clock protein rev-erba regulates neuroinflammation. Proc. Natl.
Acad. Sci. 116, 5102-5107. doi: 10.1073/pnas.1812405116

Grimaldi, A., Pediconi, N., Oieni, E, Pizzarelli, R., Rosito, M., Giubettini, M., et al.
(2019). Neuroinflammatory processes, Al astrocyte activation and protein aggregation

Frontiers in Neuroscience

10.3389/fnins.2023.1308345

in the retina of Alzheimer’s disease patients, possible biomarkers for early diagnosis.
Front. Neurosci. 13:925. doi: 10.3389/fnins.2019.00925

Grotemeyer, A., McFleder, R. L., Wu, J., Wischhusen, J., and Ip, C. W. (2022).
Neuroinflammation in Parkinson’s disease - putative Pathomechanisms and targets for
disease-modification. Front. Immunol. 13:878771. doi: 10.3389/fimmu.2022.878771

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/NEJMoal211851

Haider, L., Fischer, M. T., Frischer, J. M., Bauer, J., Hoftberger, R., Botond, G., et al.
(2011). Oxidative damage in multiple sclerosis lesions. Brain 134, 1914-1924. doi:
10.1093/brain/awr128

Hakamata, Y., Hori, H., Mizukami, S., Izawa, S., Yoshida, F, Moriguchi, Y., et al.
(2023). Blunted diurnal interleukin-6 rhythm is associated with amygdala emotional
hyporeactivity and depression: a modulating role of gene-stressor interactions. Front.
Psych. 14:1196235. doi: 10.3389/fpsyt.2023.1196235

Hansen, D. V,, Hanson, J. E., and Sheng, M. (2018). Microglia in Alzheimer’s disease.
J. Cell Biol. 217, 459-472. doi: 10.1083/jcb.201709069

Hardiman, O., al-Chalabi, A., Chio, A., Corr, E. M., Logroscino, G., Robberecht, W.,
etal. (2017). Amyotrophic lateral sclerosis. Nat. Rev. Dis. Primers. 3:17071. doi: 10.1038/
nrdp.2017.71

Hayashi, Y. (2013). Diurnal spatial rearrangement of microglial processes through the
rhythmic expression of P2Y12 receptors. J Neurol Disord 1:2. doi:
10.4172/2329-6895.1000120

Hickman, S., Izzy, S., Sen, P, Morsett, L., and El Khoury, J. (2018). Microglia in
neurodegeneration. Nat. Neurosci. 21, 1359-1369. doi: 10.1038/s41593-018-0242-x

Ho, M. S. (2019). Microglia in Parkinson’s disease. Adv. Exp. Med. Biol. 1175, 335-353.
doi: 10.1007/978-981-13-9913-8_13

Huang, Y.-W. A,, Zhou, B., Wernig, M., and Siidhof, T. C. (2017). ApoE2, ApoE3, and
ApoE4 differentially stimulate APP transcription and AP secretion. Cells 168,
427-441.e21. doi: 10.1016/j.cell.2016.12.044

Hurelbrink, C. B., Lewis, S. J. G., and Barker, R. A. (2005). The use of the Actiwatch-
Neurologica system to objectively assess the involuntary movements and sleep-wake
activity in patients with mild-moderate Huntington’s disease. J. Neurol. 252, 642-647.
doi: 10.1007/500415-005-0709-z

Isooka, N., Miyazaki, I., and Asanuma, M. (2021). Glial cells as possible targets of
neuroprotection through neurotrophic and Antioxidative molecules in the central and
enteric nervous Systems in Parkinson’s disease. Acta Med. Okayama 75, 549-556. doi:
10.18926/AMO/62767

Jaturapatporn, D., Isaac, M., McCleery, ., and Tabet, N. (2012). Aspirin, steroidal and
non-steroidal anti-inflammatory drugs for the treatment of Alzheimer’s disease.
Cochrane Database Syst Rev 2:CD006378. doi: 10.1002/14651858.CD006378.pub2

Jennings, D., Huntwork-Rodriguez, S., Henry, A. G., Sasaki, J. C., Meisner, R., Diaz, D.,
et al. (2022). Preclinical and clinical evaluation of the LRRK2 inhibitor DNL201 for
Parkinson’s disease. Sci. Transl. Med. 14:eabj2658. doi: 10.1126/scitranslmed.abj2658

Jiang, D., Chen, E X., Zhou, H., Lu, Y. Y,, Tan, H., Yu, S. J., et al. (2020). Bioenergetic
crosstalk between mesenchymal stem cells and various ocular cells through the
intercellular trafficking of mitochondria. Theranostics 10, 7260-7272. doi: 10.7150/
thno.46332

Jiang, Z., Jiang, J. X., and Zhang, G.-X. (2014). Macrophages: a double-edged sword
in experimental autoimmune encephalomyelitis. Immunol. Lett. 160, 17-22. doi:
10.1016/j.imlet.2014.03.006

Jiang, T., Tan, L., Zhu, X. C., Zhang, Q. Q,, Cao, L., Tan, M. S, et al. (2014).
Upregulation of TREM2 ameliorates neuropathology and rescues spatial cognitive
impairment in a transgenic mouse model of Alzheimer’s disease.
Neuropsychopharmacology 39, 2949-2962. doi: 10.1038/npp.2014.164

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 Alzheimers disease. Cells 169, 1276-1290.e17. doi: 10.1016/j.
cell.2017.05.018

Kern, S., Geiger, M., Paucke, M., Kistner, A., Akgiin, K., and Ziemssen, T. (2019).
Clinical relevance of circadian melatonin release in relapsing-remitting multiple
sclerosis. J. Mol. Med. (Berl) 97, 1547-1555. doi: 10.1007/s00109-019-01821-w

Kim, H. ], Ifergan, I, Antel, ]. P, Seguin, R., Duddy, M., Lapierre, Y., et al. (2004). Type
2 monocyte and microglia differentiation mediated by glatiramer acetate therapy in
patients with multiple sclerosis. J. Immunol. 172, 7144-7153. doi: 10.4049/
jimmunol.172.11.7144

Kim, S.-M., Mun, B. R,, Lee, S. ], Joh, Y., Lee, H. Y., Ji, K. Y,, et al. (2017). TREM2
promotes AP phagocytosis by upregulating C/EBPa-dependent CD36 expression in
microglia. Sci. Rep. 7:11118. doi: 10.1038/541598-017-11634-x

Kolberg, E., Pallesen, S., Hjetland, G. J., Nordhus, I. H., and Flo-Groeneboom, E.
(2021). The effect of bright light treatment on rest-activity rhythms in people with
dementia: a 24-week cluster randomized controlled trial. Clocks & Sleep 3, 449-464. doi:
10.3390/clockssleep3030032

Kou, L., Chi, X., Sun, Y., Han, C., Wan, E, Hu, J., et al. (2022). The circadian clock
protein rev-erba provides neuroprotection and attenuates neuroinflammation against

frontiersin.org


https://doi.org/10.3389/fnins.2023.1308345
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.4161/mabs.2.1.10328
https://doi.org/10.1038/s41419-020-02754-w
https://doi.org/10.1038/s41593-021-00801-z
https://doi.org/10.1038/s41582-019-0253-6
https://doi.org/10.1038/s41582-019-0253-6
https://doi.org/10.1038/s41467-021-25767-1
https://doi.org/10.1016/j.biochi.2020.02.003
https://doi.org/10.1016/j.biochi.2020.02.003
https://doi.org/10.1592/phco.26.4.515
https://doi.org/10.1016/j.lfs.2018.12.029
https://doi.org/10.1016/j.cell.2022.09.030
https://doi.org/10.1002/ctm2.1178
https://doi.org/10.1111/j.1471-4159.2007.04531.x
https://doi.org/10.2174/1570159X15666170720095240
https://doi.org/10.1016/S0140-6736(22)01272-7
https://doi.org/10.1016/S0140-6736(22)01272-7
https://doi.org/10.1016/j.biopsych.2016.10.027
https://doi.org/10.1016/j.biopsych.2016.10.027
https://doi.org/10.1016/j.neurobiolaging.2016.07.019
https://doi.org/10.1038/nrneurol.2016.140
https://doi.org/10.1002/ana.25128
https://doi.org/10.1016/j.neuroscience.2012.02.001
https://doi.org/10.3390/biomedicines9020149
https://doi.org/10.1111/imm.12177
https://doi.org/10.1038/nn.4222
https://doi.org/10.1016/j.neuron.2013.04.014
https://doi.org/10.1073/pnas.1812405116
https://doi.org/10.3389/fnins.2019.00925
https://doi.org/10.3389/fimmu.2022.878771
https://doi.org/10.1056/NEJMoa1211851
https://doi.org/10.1093/brain/awr128
https://doi.org/10.3389/fpsyt.2023.1196235
https://doi.org/10.1083/jcb.201709069
https://doi.org/10.1038/nrdp.2017.71
https://doi.org/10.1038/nrdp.2017.71
https://doi.org/10.4172/2329-6895.1000120
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.1007/978-981-13-9913-8_13
https://doi.org/10.1016/j.cell.2016.12.044
https://doi.org/10.1007/s00415-005-0709-z
https://doi.org/10.18926/AMO/62767
https://doi.org/10.1002/14651858.CD006378.pub2
https://doi.org/10.1126/scitranslmed.abj2658
https://doi.org/10.7150/thno.46332
https://doi.org/10.7150/thno.46332
https://doi.org/10.1016/j.imlet.2014.03.006
https://doi.org/10.1038/npp.2014.164
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1007/s00109-019-01821-w
https://doi.org/10.4049/jimmunol.172.11.7144
https://doi.org/10.4049/jimmunol.172.11.7144
https://doi.org/10.1038/s41598-017-11634-x
https://doi.org/10.3390/clockssleep3030032

Xu et al.

Parkinson’s disease via the microglial NLRP3 inflammasome. J. Neuroinflammation
19:133. doi: 10.1186/s12974-022-02494-y

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.€9. doi:
10.1016/j.immuni.2017.08.008

Kwon, M.-S. (2022). Advanced therapeutic strategies targeting microglia: beyond
neuroinflammation. Arch. Pharm. Res. 45, 618-630. doi: 10.1007/s12272-022-01406-1

Kyrargyri, V., Attwell, D., Jolivet, R. B., and Madry, C. (2019). Analysis of signaling
mechanisms regulating microglial process movement. Methods Mol. Biol. 2034, 191-205.
doi: 10.1007/978-1-4939-9658-2_14

Lampron, A., Larochelle, A., Laflamme, N., Préfontaine, P, Plante, M. M.,
Sanchez, M. G, et al. (2015). Inefficient clearance of myelin debris by microglia impairs
remyelinating processes. J. Exp. Med. 212, 481-495. doi: 10.1084/jem.20141656

Langbehn, D. R. (2022). Longer CAG repeat length is associated with shorter survival
after disease onset in Huntington disease. Am. J. Hum. Genet. 109, 172-179. doi:
10.1016/j.ajhg.2021.12.002

Langston, R. G., Beilina, A., Reed, X., Kaganovich, A., Singleton, A. B,
Blauwendraat, C., et al. (2022). Association of a common genetic variant with Parkinson’s
disease is mediated by microglia. Sci. Transl. Med. 14:eabp8869. doi: 10.1126/
scitranslmed.abp8869

Lempriere, S. (2020). NLRP3 inflammasome activation implicated in tau pathology.
Nat. Rev. Neurol. 16:4. doi: 10.1038/s41582-019-0299-5

Leray, E., Moreau, T., Fromont, A., and Edan, G. (2016). Epidemiology of multiple
sclerosis. Rev. Neurol. (Paris) 172, 3-13. doi: 10.1016/j.neurol.2015.10.006

Leyns, C. E. G., Gratuze, M., Narasimhan, S., Jain, N., Koscal, L. J., Jiang, H., et al.
(2019). TREM2 function impedes tau seeding in neuritic plaques. Nat. Neurosci. 22,
1217-1222. doi: 10.1038/s41593-019-0433-0

Leyns, C. E. G., Ulrich, J. D,, Finn, M. B., Stewart, E. R, Koscal, L. J., Remolina
Serrano, J., et al. (2017). TREM2 deficiency attenuates neuroinflammation and protects
against neurodegeneration in a mouse model of tauopathy. Proc. Natl. Acad. Sci. 114,
11524-11529. doi: 10.1073/pnas.1710311114

Li, N,, Deng, M., Hu, G,, Li, N,, Yuan, H., and Zhou, Y. (2022). New insights into
microglial mechanisms of memory impairment in Alzheimer’s disease. Biomol. Ther.
12:1722. doi: 10.3390/biom12111722

Li, J., Liu, H., Wang, X,, Xia, Y., Huang, J., Wang, T, et al. (2022). Melatonin
ameliorates Parkinson’s disease via regulating microglia polarization in a RORa-
dependent pathway. NPJ Parkinsons Dis. 8, 1-12. doi: 10.1038/s41531-022-00352-5

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

Liu, T.-W.,, Chen, C.-M.,, and Chang, K.-H. (2022). Biomarker of Neuroinflammation
in Parkinson’s disease. Int. J. Mol. Sci. 23:4148. doi: 10.3390/ijms23084148

Liu, J., and Wang, E. (2017). Role of Neuroinflammation in amyotrophic lateral
sclerosis: cellular mechanisms and therapeutic implications. Front. Immunol. 8:1005. doi:
10.3389/fimmu.2017.01005

Liu, X., Yu, H., Chen, B., Friedman, V., Mu, L., Kelly, T. J., et al. (2022). CB2 agonist
GW842166x protected against 6-OHDA-induced Anxiogenic- and depressive-related
behaviors in mice. Biomedicine 10:1776. doi: 10.3390/biomedicines10081776

Lloyd, A. E, and Miron, V. E. (2019). The pro-remyelination properties of microglia
in the central nervous system. Nat. Rev. Neurol. 15, 447-458. doi: 10.1038/
541582-019-0184-2

Lodygin, D., Odoardi, E, Schliger, C., Korner, H., Kitz, A., Nosov, M., et al. (2013). A
combination of fluorescent NFAT and H2B sensors uncovers dynamics of T cell
activation in real time during CNS autoimmunity. Nat. Med. 19, 784-790. doi: 10.1038/
nm.3182

Lois, C., Gonzélez, I., Izquierdo-Garcia, D., Ziircher, N. R., Wilkens, P,
Loggia, M. L., et al. (2018). Neuroinflammation in Huntington’s disease: new
insights with 11C-PBR28 PET/MRI. ACS Chem. Neurosci. 9, 2563-2571. doi:
10.1021/acschemneuro.8b00072

Lopez-Sanchez, C., Garcia-Martinez, V., Poejo, J., Garcia-Lopez, V., Salazar, J., and
Gutierrez-Merino, C. (2020). Early reactive Al astrocytes induction by the
neurotoxin 3-Nitropropionic acid in rat brain. Int. J. Mol. Sci. 21:3609. doi: 10.3390/
ijms21103609

Maeda, J., Minamihisamatsu, T., Shimojo, M., Zhou, X., Ono, M., Matsuba, Y., et al.
(2021). Distinct microglial response against Alzheimer’s amyloid and tau pathologies
characterized by P2Y12 receptor. Brain. Communications 3:fcab011. doi: 10.1093/
braincomms/fcab011

Magistrelli, L., Contaldi, E., Vignaroli, E,, Gallo, S., Colombatto, E, Cantello, R., et al.
(2022). Immune response modifications in the genetic forms of Parkinson’s disease: what
do we know? Int. J. Mol. Sci. 23:3476. doi: 10.3390/ijms23073476

Marin, B., Boumédiene, E, Logroscino, G., Couratier, P, Babron, M. C,
Leutenegger, A. L., etal. (2017). Variation in worldwide incidence of amyotrophic lateral
sclerosis: a meta-analysis. Int. J. Epidemiol. 46, 57-74. doi: 10.1093/ije/dyw061

Frontiers in Neuroscience

17

10.3389/fnins.2023.1308345

Marschallinger, J., Iram, T., Zardeneta, M., Lee, S. E., Lehallier, B., Haney, M. S., et al.
(2020). Lipid-droplet-accumulating microglia represent a dysfunctional and
proinflammatory state in the aging brain. Nat. Neurosci. 23, 194-208. doi: 10.1038/
541593-019-0566-1

Martinez-Tapia, R. J., Chavarria, A., and Navarro, L. (2020). Differences in diurnal
variation of immune responses in microglia and macrophages: review and perspectives.
Cell. Mol. Neurobiol. 40, 301-309. doi: 10.1007/s10571-019-00736-x

Masuda, T., Sankowski, R., Staszewski, O., Béttcher, C., Amann, L., Sagar, N., et al.
(2019). Spatial and temporal heterogeneity of mouse and human microglia at single-cell
resolution. Nature 566, 388-392. doi: 10.1038/541586-019-0924-x

Matsui, F, Yamaguchi, S. T., Kobayashi, R., Ito, S., Nagashima, S., Zhou, Z., et al.
(2023). Ablation of microglia does not alter circadian rhythm of locomotor activity. Mol.
Brain 16:34. doi: 10.1186/s13041-023-01021-1

McGeer, P. L., Itagaki, S., Boyes, B. E., and McGeer, E. G. (1988). Reactive microglia
are positive for HLA-DR in the substantia nigra of Parkinson’s and Alzheimer’s disease
brains. Neurology 38, 1285-1291. doi: 10.1212/WNL.38.8.1285

McNamara, N. B, Munro, D. A. D., Bestard-Cuche, N., Uyeda, A., Bogie, J. E. J.,
Hoffmann, A, et al. (2023). Microglia regulate central nervous system myelin growth
and integrity. Nature 613, 120-129. doi: 10.1038/s41586-022-05534-y

Meng, D., Yang, M., Zhang, H., Zhang, L., Song, H., Liu, Y,, et al. (2023). Microglia
activation mediates circadian rhythm disruption-induced cognitive impairment in mice.
J. Neuroimmunol. 379:578102. doi: 10.1016/j.jneuroim.2023.578102

Merson, T. D., Binder, M. D., and Kilpatrick, T. J. (2010). Role of cytokines as
mediators and regulators of microglial activity in inflammatory demyelination of the
CNS. NeuroMolecular Med. 12, 99-132. doi: 10.1007/s12017-010-8112-z

Michell-Robinson, M. A., Touil, H., Healy, L. M., Owen, D. R, Durafourt, B. A.,
Bar-Or, A, et al. (2015). Roles of microglia in brain development, tissue maintenance
and repair. Brain 138, 1138-1159. doi: 10.1093/brain/awv066

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

Mishra, M. K., Wang, J., Keough, M. B., Fan, Y,, Silva, C,, Sloka, S., et al. (2014).
Laquinimod reduces neuroaxonal injury through inhibiting microglial activation. Ann.
Clin. Transl. Neurol. 1, 409-422. doi: 10.1002/acn3.67

Montagne, A., Barnes, S. R., Sweeney, M. D., Halliday, M. R,, Sagare, A. P,, Zhao, Z.,
etal. (2015). Blood-brain barrier breakdown in the aging human Hippocampus. Neuron
85, 296-302. doi: 10.1016/j.neuron.2014.12.032

Moore, C. S., Cui, Q. L., Warsi, N. M., Durafourt, B. A., Zorko, N., Owen, D. R, et al.
(2015). Direct and indirect effects of immune and central nervous system-resident cells
on human oligodendrocyte progenitor cell differentiation. J. Immunol. 194, 761-772.
doi: 10.4049/jimmunol.1401156

Morimoto, K., Watanuki, S., Eguchi, R, Kitano, T., and Otsuguro, K. (2023). Short-
term memory impairment following recovery from systemic inflammation induced by
lipopolysaccharide in mice. Front. Neurosci. 17:1273039. doi: 10.3389/fnins.2023.1273039

Mure, L. S, le, H. D., Benegiamo, G., Chang, M. W,, Rios, L, Jillani, N., et al. (2018).
Diurnal transcriptome atlas of a primate across major neural and peripheral tissues.
Science 359:eaa00318. doi: 10.1126/science.aa00318

Muthukumarasamy, 1., Buel, S. M., Hurley, J. M., and Dordick, J. S. (2023). NOX2
inhibition enables retention of the circadian clock in BV2 microglia and primary
macrophages. Front. Immunol. 14:1106515. doi: 10.3389/fimmu.2023.1106515

Nassan, M., and Videnovic, A. (2022). Circadian rhythms in neurodegenerative
disorders. Nat. Rev. Neurol. 18, 7-24. doi: 10.1038/s41582-021-00577-7

Neves, M., Graos, M., Anjo, S. I, and Manadas, B. (2022). Modulation of signaling
pathways by DJ-1: An updated overview. Redox Biol. 51:102283. doi: 10.1016/j.
redox.2022.102283

Nimmerjahn, A., Kirchhoff, E, 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

Noh, M. Y,, Lim, S. M., Oh, K. W,, Cho, K. A,, Park, J., Kim, K. S,, et al. (2016).
Mesenchymal stem cells modulate the functional properties of microglia via TGF-f
secretion. Stem Cells Transl. Med. 5, 1538-1549. doi: 10.5966/sctm.2015-0217

O’Bryant, S. E., Zhang, F, Johnson, L. A., Hall, J., Edwards, M., Grammas, P, et al.
(2018). A precision medicine model for targeted NSAID therapy in Alzheimer’s disease.
J. Alzheimers Dis. 66, 97-104. doi: 10.3233/JAD-180619

O’Connor, K. C,, Bar-Or, A., and Hafler, D. A. (2001). The neuroimmunology of
multiple sclerosis: possible roles of T and B lymphocytes in immunopathogenesis. J. Clin.
Immunol. 21, 81-92. doi: 10.1023/A:1011064007686

Oh, K.-W,, Noh, M. Y., Kwon, M. S., Kim, H. Y., Oh, S. I, Park, J., et al. (2018).
Repeated intrathecal mesenchymal stem cells for amyotrophic lateral sclerosis. Ann.
Neurol. 84, 361-373. doi: 10.1002/ana.25302

Ormel, P. R., Vieira de S4, R., van Bodegraven, E. J., Karst, H., Harschnitz, O.,
Sneeboer, M. A. M., et al. (2018). Microglia innately develop within cerebral organoids.
Nat. Commun. 9:4167. doi: 10.1038/s41467-018-06684-2

frontiersin.org


https://doi.org/10.3389/fnins.2023.1308345
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/s12974-022-02494-y
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1007/s12272-022-01406-1
https://doi.org/10.1007/978-1-4939-9658-2_14
https://doi.org/10.1084/jem.20141656
https://doi.org/10.1016/j.ajhg.2021.12.002
https://doi.org/10.1126/scitranslmed.abp8869
https://doi.org/10.1126/scitranslmed.abp8869
https://doi.org/10.1038/s41582-019-0299-5
https://doi.org/10.1016/j.neurol.2015.10.006
https://doi.org/10.1038/s41593-019-0433-0
https://doi.org/10.1073/pnas.1710311114
https://doi.org/10.3390/biom12111722
https://doi.org/10.1038/s41531-022-00352-5
https://doi.org/10.1038/nature21029
https://doi.org/10.3390/ijms23084148
https://doi.org/10.3389/fimmu.2017.01005
https://doi.org/10.3390/biomedicines10081776
https://doi.org/10.1038/s41582-019-0184-2
https://doi.org/10.1038/s41582-019-0184-2
https://doi.org/10.1038/nm.3182
https://doi.org/10.1038/nm.3182
https://doi.org/10.1021/acschemneuro.8b00072
https://doi.org/10.3390/ijms21103609
https://doi.org/10.3390/ijms21103609
https://doi.org/10.1093/braincomms/fcab011
https://doi.org/10.1093/braincomms/fcab011
https://doi.org/10.3390/ijms23073476
https://doi.org/10.1093/ije/dyw061
https://doi.org/10.1038/s41593-019-0566-1
https://doi.org/10.1038/s41593-019-0566-1
https://doi.org/10.1007/s10571-019-00736-x
https://doi.org/10.1038/s41586-019-0924-x
https://doi.org/10.1186/s13041-023-01021-1
https://doi.org/10.1212/WNL.38.8.1285
https://doi.org/10.1038/s41586-022-05534-y
https://doi.org/10.1016/j.jneuroim.2023.578102
https://doi.org/10.1007/s12017-010-8112-z
https://doi.org/10.1093/brain/awv066
https://doi.org/10.1038/nn.3469
https://doi.org/10.1002/acn3.67
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.4049/jimmunol.1401156
https://doi.org/10.3389/fnins.2023.1273039
https://doi.org/10.1126/science.aao0318
https://doi.org/10.3389/fimmu.2023.1106515
https://doi.org/10.1038/s41582-021-00577-7
https://doi.org/10.1016/j.redox.2022.102283
https://doi.org/10.1016/j.redox.2022.102283
https://doi.org/10.1126/science.1110647
https://doi.org/10.5966/sctm.2015-0217
https://doi.org/10.3233/JAD-180619
https://doi.org/10.1023/A:1011064007686
https://doi.org/10.1002/ana.25302
https://doi.org/10.1038/s41467-018-06684-2

Xu et al.

Paolicelli, R. C,, Sierra, A., Stevens, B., Tremblay, M. E., Aguzzi, A., Ajami, B., et al.
(2022). Microglia states and nomenclature: a field at its crossroads. Neuron 110,
3458-3483. doi: 10.1016/j.neuron.2022.10.020

Pap, D., Veres-Székely, A., Szebeni, B., and Vannay, A. (2022). PARK7/DJ-1 as a
therapeutic target in gut-brain Axis diseases. Int. J. Mol. Sci. 23:6626. doi: 10.3390/
ijms23126626

Parhizkar, S., Arzberger, T., Brendel, M., Kleinberger, G., Deussing, M., Focke, C., et al.
(2019). Loss of TREM2 function increases amyloid seeding but reduces plaque-
associated ApoE. Nat. Neurosci. 22, 191-204. doi: 10.1038/s41593-018-0296-9

Pawelec, P, Ziemka-Nalecz, M., Sypecka, J., and Zalewska, T. (2020). The impact of
the CX3CL1/CX3CR1 Axis in neurological disorders. Cells 9:2277. doi: 10.3390/
cells9102277

Petkau, T. L., Hill, A., Connolly, C., Lu, G., Wagner, P.,, Kosior, N., et al. (2019). Mutant
huntingtin expression in microglia is neither required nor sufficient to cause the
Huntington’s disease-like phenotype in BACHD mice. Hum. Mol. Genet. 28, 1661-1670.
doi: 10.1093/hmg/ddz009

Petrov, D., Mansfield, C., Moussy, A., and Hermine, O. (2017). ALS clinical trials
review: 20 years of failure. Are we any closer to registering a new treatment? Front. Aging
Neurosci. 9:68. doi: 10.3389/fnagi.2017.00068

Phan, T. X., and Malkani, R. G. (2019). Sleep and circadian rhythm disruption and
stress intersect in Alzheimer’s disease. Neurobiology of Stress 10:100133. doi: 10.1016/j.
ynstr.2018.10.001

Pike, A. E, Varanita, T., Herrebout, M. A. C,, Plug, B. C., Kole, J., Musters, R. ]. P, et al.
(2021). a-Synuclein evokes NLRP3 inflammasome-mediated IL-1p secretion from
primary human microglia. Glia 69, 1413-1428. doi: 10.1002/glia.23970

Pluvinage, J. V., Haney, M. S., Smith, B. A. H,, Sun, J,, Iram, T., Bonanno, L., et al.
(2019). CD22 blockade restores homeostatic microglial phagocytosis in ageing brains.
Nature 568, 187-192. doi: 10.1038/s41586-019-1088-4

Politis, M., Lahiri, N., Niccolini, E, Su, P, Wu, K., Giannetti, P,, et al. (2015). Increased
central microglial activation associated with peripheral cytokine levels in premanifest
Huntington’s disease gene carriers. Neurobiol. Dis. 83, 115-121. doi: 10.1016/j.
nbd.2015.08.011

Polyék, H., Galla, Z., Nénasi, N., Cseh, E. K., Rajda, C., Veres, G., et al. (2023). The
tryptophan-kynurenine metabolic system is suppressed in Cuprizone-induced model of
demyelination simulating progressive multiple sclerosis. Biomedicine 11:945. doi:
10.3390/biomedicines11030945

Ponomarev, E. D., Maresz, K., Tan, Y., and Dittel, B. N. (2007). CNS-derived
interleukin-4 is essential for the regulation of autoimmune inflammation and induces a
state of alternative activation in microglial cells. J. Neurosci. 27, 10714-10721. doi:
10.1523/JNEUROSCI.1922-07.2007

Porro, C., Cianciulli, A., and Panaro, M. A. (2020). The regulatory role of IL-10 in
neurodegenerative diseases. Biomol. Ther. 10:1017. doi: 10.3390/biom10071017

Prinz, M., Jung, S., and Priller, J. (2019). Microglia biology: one century of evolving
concepts. Cells 179, 292-311. doi: 10.1016/j.cell.2019.08.053

Qiu, Z., Lu, P,, Wang, K., Zhao, X., Li, Q., Wen, J,, et al. (2020). Dexmedetomidine
inhibits Neuroinflammation by altering microglial M1/M2 polarization through MAPK/
ERK pathway. Neurochem. Res. 45, 345-353. doi: 10.1007/s11064-019-02922-1

Rawji, K. S., Young, A. M. H., Ghosh, T., Michaels, N. J., Mirzaei, R., Kappen, J., et al.
(2020). Niacin-mediated rejuvenation of macrophage/microglia enhances remyelination
of the aging central nervous system. Acta Neuropathol. 139, 893-909. doi: 10.1007/
s00401-020-02129-7

Ren, L., Yi, J., Yang, J., Li, P, Cheng, X., and Mao, P. (2018). Nonsteroidal anti-
inflammatory drugs use and risk of Parkinson disease: a dose-response meta-analysis.
Medicine 97:€12172. doi: 10.1097/MD.0000000000012172

Rothhammer, V., Borucki, D. M., Tjon, E. C., Takenaka, M. C., Chao, C. C,,
Ardura-Fabregat, A., et al. (2018). Microglial control of astrocytes in response to
microbial metabolites. Nature 557, 724-728. doi: 10.1038/s41586-018-0119-x

Rudnicka, J., Czerwiec, M., Grywalska, E., Siwicka-Gieroba, D., Walankiewicz, M.,
Grafka, A., et al. (2015). Influence of fingolimod on basic lymphocyte subsets frequencies
in the peripheral blood of multiple sclerosis patients - preliminary study. Cent Eur J
Immunol 40, 354-359. doi: 10.5114/ceji.2015.54599

Saijo, K., and Glass, C. K. (2011). Microglial cell origin and phenotypes in health and
disease. Nat. Rev. Immunol. 11, 775-787. doi: 10.1038/nri3086

Saitgareeva, A. R., Bulygin, K. V,, Gareev, I E, Beylerli, O. A., and Akhmadeeva, L. R.
(2020). The role of microglia in the development of neurodegeneration. Neurol. Sci. 41,
3609-3615. doi: 10.1007/s10072-020-04468-5

Sapp, E., Kegel, K. B., Aronin, N., Hashikawa, T., Uchiyama, Y., Tohyama, K., et al.
(2001). Early and progressive accumulation of reactive microglia in the Huntington
disease brain. J. Neuropathol. Exp. Neurol. 60, 161-172. doi: 10.1093/jnen/60.2.161

Sayed, N. H,, Fathy, N., Kortam, M. A., Rabie, M. A., Mohamed, A. F, and Kamel, A. S.
(2020). Vildagliptin attenuates Huntington’s disease through activation of GLP-1
receptor/PI3K/Akt/BDNF  pathway in 3-Nitropropionic acid rat model.
Neurotherapeutics 17, 252-268. doi: 10.1007/s13311-019-00805-5

Scarisbrick, I. A., Blaber, S. I, Lucchinetti, C. E, Genain, C. P, Blaber, M., and
Rodriguez, M. (2002). Activity of a newly identified serine protease in CNS
demyelination. Brain 125, 1283-1296. doi: 10.1093/brain/awf142

Frontiers in Neuroscience

18

10.3389/fnins.2023.1308345

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

Shen, S., Cheng, X., Zhou, L., Zhao, Y., Wang, H., Zhang, J., et al. (2022). Neutrophil
Nanovesicle protects against experimental autoimmune encephalomyelitis through enhancing
myelin clearance by microglia. ACS Naro 16, 18886-18897. doi: 10.1021/acsnano.2c07798

Sherafat, A., Pfeiffer, F, Reiss, A. M., Wood, W. M., and Nishiyama, A. (2021).
Microglial neuropilin-1 promotes oligodendrocyte expansion during development and
remyelination by trans-activating platelet-derived growth factor receptor. Nat. Commun.
12:2265. doi: 10.1038/s41467-021-22532-2

Shi, Y., Manis, M., Long, J., Wang, K., Sullivan, P. M., Remolina Serrano, J., et al.
(2019). Microglia drive APOE-dependent neurodegeneration in a tauopathy mouse
model. J. Exp. Med. 216, 2546-2561. doi: 10.1084/jem.20190980

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

Shi, W, Zhang, J., Shang, Z., Zhang, Y, Xia, Y., Fu, H., et al. (2022). Restorative therapy
using microglial depletion and repopulation for central nervous system injuries and
diseases. Front. Immunol. 13:969127. doi: 10.3389/fimmu.2022.969127

Sierra, A., Encinas, J. M., Deudero, J. J. P, Chancey, J. H. Enikolopov, G,
Overstreet-Wadiche, L. S, et al. (2010). Microglia shape adult hippocampal neurogenesis
through apoptosis-coupled phagocytosis. Cell Stem Cell 7, 483-495. doi: 10.1016/j.
stem.2010.08.014

Siew, J. J., Chen, H. M., Chen, H. Y., Chen, H. L., Chen, C. M., Soong, B. W, et al.
(2019). Galectin-3 is required for the microglia-mediated brain inflammation in a model
of Huntington’s disease. Nat. Commun. 10:3473. doi: 10.1038/s41467-019-11441-0

Sliter, D. A., Martinez, J., Hao, L., Chen, X., Sun, N., Fischer, T. D., et al. (2018). Parkin
and PINK1 mitigate STING-induced inflammation. Nature 561, 258-262. doi: 10.1038/
s41586-018-0448-9

Smaji¢, S., Prada-Medina, C. A., Landoulsi, Z., Ghelfi, J., Delcambre, S., Dietrich, C.,
et al. (2022). Single-cell sequencing of human midbrain reveals glial activation and a
Parkinson-specific neuronal state. Brain 145, 964-978. doi: 10.1093/brain/awab446

Stoker, T. B., Mason, S. L., Greenland, J. C., Holden, S. T., Santini, H., and Barker, R. A.
(2022). Huntington’s disease: diagnosis and management. Pract. Neurol. 22, 32-41. doi:
10.1136/practneurol-2021-003074

Subbarayan, M. S., Joly-Amado, A., Bickford, P. C., and Nash, K. R. (2022). CX3CL1/
CX3CRI signaling targets for the treatment of neurodegenerative diseases. Pharmacol.
Ther. 231:107989. doi: 10.1016/j.pharmthera.2021.107989

Sun, N., Victor, M. B, Park, Y. P, Xiong, X., Scannail, A. N, Leary, N., et al. (2023).
Human microglial state dynamics in Alzheimer’s disease progression. Cells 186,
4386-4403.€29. doi: 10.1016/j.cell.2023.08.037

Takahashi, K., Rochford, C. D. P,, and Neumann, H. (2005). Clearance of apoptotic
neurons without inflammation by microglial triggering receptor expressed on myeloid
cells-2. J. Exp. Med. 201, 647-657. doi: 10.1084/jem.20041611

Takeuchi, H. (2010). Neurotoxicity by microglia: mechanisms and potential therapeutic
strategy. Clin Exp Neuroimmunol 1, 12-21. doi: 10.1111/j.1759-1961.2009.00001.x

Tan, Y., Zheng, Y., Xu, D., Sun, Z., Yang, H., and Yin, Q. (2021). Galectin-3: a key
player in microglia-mediated neuroinflammation and Alzheimer’s disease. Cell Biosci.
11:78. doi: 10.1186/s13578-021-00592-7

Tanaka, M., and Chen, C. (2023). Editorial: towards a mechanistic understanding of
depression, anxiety, and their comorbidity: perspectives from cognitive neuroscience.
Front. Behav. Neurosci. 17:1268156. doi: 10.3389/fnbeh.2023.1268156

Tanner, C., Marder, K., Eberly, S., Biglan, K., Oakes, D., Shoulson, I, et al. (2018). Selected
health and lifestyle factors, cytosine-adenine-guanine status, and phenoconversion in
Huntington’s disease. Mov. Disord. 33, 472-478. doi: 10.1002/mds.27239

Terreros-Roncal, J., Moreno-Jiménez, E. P,, Flor-Garcia, M., Rodriguez-Moreno, C. B.,
Trinchero, M. E, Cafini, F, et al. (2021). Impact of neurodegenerative diseases on human
adult hippocampal neurogenesis. Science 374, 1106-1113. doi: 10.1126/science.abl5163

Thion, M. S., Ginhoux, E, and Garel, S. (2018). Microglia and early brain development:
An intimate journey. Science 362, 185-189. doi: 10.1126/science.aat0474

Tsouki, E, and Williams, A. (2021). Multifaceted involvement of microglia in gray
matter pathology in multiple sclerosis. Stemn Cells 39, 993-1007. doi: 10.1002/stem.3374

Urrutia, P, Aguirre, P, Esparza, A., Tapia, V., Mena, N. P, Arredondo, M., et al. (2013).
Inflammation alters the expression of DMT1, FPN1 and hepcidin, and it causes iron
accumulation in central nervous system cells. J. Neurochem. 126, 541-549. doi: 10.1111/
jnc.12244

Urushitani, M., Sik, A., Sakurai, T., Nukina, N., Takahashi, R., and Julien, J. P. (2006).
Chromogranin-mediated secretion of mutant superoxide dismutase proteins linked to
amyotrophic lateral sclerosis. Nat. Neurosci. 9, 108-118. doi: 10.1038/nn1603

van Horssen, J., Singh, S., van der Pol, S., Kipp, M., Lim, J. L., Peferoen, L., et al. (2012).
Clusters of activated microglia in normal-appearing white matter show signs of innate
immune activation. J. Neuroinflammation 9:156. doi: 10.1186/1742-2094-9-156

Vlad, S. C., Miller, D. R., Kowall, N. W,, and Felson, D. T. (2008). Protective effects of
NSAIDs on the development of Alzheimer disease. Neurology 70, 1672-1677. doi:
10.1212/01.wnl.0000311269.57716.63

frontiersin.org


https://doi.org/10.3389/fnins.2023.1308345
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neuron.2022.10.020
https://doi.org/10.3390/ijms23126626
https://doi.org/10.3390/ijms23126626
https://doi.org/10.1038/s41593-018-0296-9
https://doi.org/10.3390/cells9102277
https://doi.org/10.3390/cells9102277
https://doi.org/10.1093/hmg/ddz009
https://doi.org/10.3389/fnagi.2017.00068
https://doi.org/10.1016/j.ynstr.2018.10.001
https://doi.org/10.1016/j.ynstr.2018.10.001
https://doi.org/10.1002/glia.23970
https://doi.org/10.1038/s41586-019-1088-4
https://doi.org/10.1016/j.nbd.2015.08.011
https://doi.org/10.1016/j.nbd.2015.08.011
https://doi.org/10.3390/biomedicines11030945
https://doi.org/10.1523/JNEUROSCI.1922-07.2007
https://doi.org/10.3390/biom10071017
https://doi.org/10.1016/j.cell.2019.08.053
https://doi.org/10.1007/s11064-019-02922-1
https://doi.org/10.1007/s00401-020-02129-7
https://doi.org/10.1007/s00401-020-02129-7
https://doi.org/10.1097/MD.0000000000012172
https://doi.org/10.1038/s41586-018-0119-x
https://doi.org/10.5114/ceji.2015.54599
https://doi.org/10.1038/nri3086
https://doi.org/10.1007/s10072-020-04468-5
https://doi.org/10.1093/jnen/60.2.161
https://doi.org/10.1007/s13311-019-00805-5
https://doi.org/10.1093/brain/awf142
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1021/acsnano.2c07798
https://doi.org/10.1038/s41467-021-22532-2
https://doi.org/10.1084/jem.20190980
https://doi.org/10.1038/nature24016
https://doi.org/10.3389/fimmu.2022.969127
https://doi.org/10.1016/j.stem.2010.08.014
https://doi.org/10.1016/j.stem.2010.08.014
https://doi.org/10.1038/s41467-019-11441-0
https://doi.org/10.1038/s41586-018-0448-9
https://doi.org/10.1038/s41586-018-0448-9
https://doi.org/10.1093/brain/awab446
https://doi.org/10.1136/practneurol-2021-003074
https://doi.org/10.1016/j.pharmthera.2021.107989
https://doi.org/10.1016/j.cell.2023.08.037
https://doi.org/10.1084/jem.20041611
https://doi.org/10.1111/j.1759-1961.2009.00001.x
https://doi.org/10.1186/s13578-021-00592-7
https://doi.org/10.3389/fnbeh.2023.1268156
https://doi.org/10.1002/mds.27239
https://doi.org/10.1126/science.abl5163
https://doi.org/10.1126/science.aat0474
https://doi.org/10.1002/stem.3374
https://doi.org/10.1111/jnc.12244
https://doi.org/10.1111/jnc.12244
https://doi.org/10.1038/nn1603
https://doi.org/10.1186/1742-2094-9-156
https://doi.org/10.1212/01.wnl.0000311269.57716.63

Xu et al.

Voet, S., Prinz, M., and van Loo, G. (2019). Microglia in central nervous system
inflammation and multiple sclerosis pathology. Trends Mol. Med. 25, 112-123. doi:
10.1016/j.molmed.2018.11.005

Waltl, I, and Kalinke, U. (2022). Beneficial and detrimental functions of microglia
during viral encephalitis. Trends Neurosci. 45, 158-170. doi: 10.1016/j.tins.2021.11.004

Wang, Y., Cella, M., Mallinson, K., Ulrich, J. D., Young, K. L., Robinette, M. L., et al.
(2015). TREM2 lipid sensing sustains the microglial response in an Alzheimer’s disease
model. Cells 160, 1061-1071. doi: 10.1016/j.cell.2015.01.049

Wang, B., Huang, M., Shang, D, Yan, X., Zhao, B., and Zhang, X. (2021). Mitochondrial
behavior in axon degeneration and regeneration. Front. Aging Neurosci. 13:650038. doi:
10.3389/fnagi.2021.650038

Wang, S., Mustafa, M., Yuede, C. M., Salazar, S. V., Kong, P, Long, H,, et al. (2020).
Anti-human TREM2 induces microglia proliferation and reduces pathology in an
Alzheimer’s disease model. J. Exp. Med. 217:€20200785. doi: 10.1084/jem.20200785

Wang, T, Shi, C, Luo, H., Zheng, H., Fan, L, Tang, M., et al. (2022).
Neuroinflammation in Parkinson’s disease: triggers, mechanisms, and immunotherapies.
Neuroscientist 28, 364-381. doi: 10.1177/1073858421991066

Wang, S., Sudan, R,, Peng, V., Zhou, Y,, du, S., Yuede, C. M., et al. (2022). TREM2
drives microglia response to amyloid-f via SYK-dependent and -independent pathways.
Cells 185, 4153-4169.e19. doi: 10.1016/j.cell.2022.09.033

Wang, J., Wang, J., Wang, J., Yang, B., Weng, Q., and He, Q. (2019). Targeting microglia
and macrophages: a potential treatment strategy for multiple sclerosis. Front. Pharmacol.
10:286. doi: 10.3389/fphar.2019.00286

Wang, X.-L., Wolff; S. E. C., Korpel, N., Milanova, I., Sandu, C., Rensen, P. C. N, et al.
(2020). Deficiency of the circadian clock gene Bmall reduces microglial
immunometabolism. Front. Immunol. 11:586399. doi: 10.3389/fimmu.2020.586399

Wang, Q., Yao, H., Liu, W,, Ya, B,, Cheng, H., Xing, Z., et al. (2021). Microglia
polarization in Alzheimer’s disease: mechanisms and a potential therapeutic target.
Front. Aging Neurosci. 13:772717. doi: 10.3389/fnagi.2021.772717

Wasner, K., Smajic, S., Ghelfi, J., Delcambre, S., Prada-Medina, C. A., Knappe, E., et al.
(2022). Parkin deficiency impairs mitochondrial DNA dynamics and propagates
inflammation. Mov. Disord. 37, 1405-1415. doi: 10.1002/mds.29025

Werneburg, S., Jung, J., Kunjamma, R. B., Ha, S.-K,, Luciano, N. J., Willis, C. M., et al. (2020).
Targeted complement inhibition at synapses prevents microglial synaptic engulfment and
synapse loss in demyelinating disease. Immunity 52, 167-182.e7. doi: 10.1016/j.
immuni.2019.12.004

Williams, T., Borchelt, D. R., and Chakrabarty, P. (2020). Therapeutic approaches
targeting apolipoprotein E function in Alzheimer’s disease. Mol. Neurodegener. 15:8. doi:
10.1186/513024-020-0358-9

Wu, M. D., Montgomery, S. L., Rivera-Escalera, E, Olschowka, J. A., and
O’Banion, M. K. (2013). Sustained IL-1p expression impairs adult hippocampal
neurogenesis independent of IL-1 signaling in nestin+ neural precursor cells. Brain
Behav. Immun. 32, 9-18. doi: 10.1016/j.bbi.2013.03.003

Frontiers in Neuroscience

19

10.3389/fnins.2023.1308345

Yao, Y., Echeverry, S., Shi, X. Q. Yang, M., Yang, Q. Z., Wang, G. Y, et al. (2016).
Dynamics of spinal microglia repopulation following an acute depletion. Sci. Rep.
6:22839. doi: 10.1038/srep22839

Yeh, E L., Hansen, D. V,, and Sheng, M. (2017). TREM2, microglia, and neurodegenerative
diseases. Trends Mol. Med. 23, 512-533. doi: 10.1016/j.molmed.2017.03.008

Yeh, E L., Wang, Y., Tom, I, Gonzalez, L. C., and Sheng, M. (2016). TREM2 binds to
apolipoproteins, including APOE and CLU/APO]J, and thereby facilitates uptake of
amyloid-Beta by microglia. Neuron 91, 328-340. doi: 10.1016/j.neuron.2016.06.015

Yong, V. W. (2022). Microglia in multiple sclerosis: protectors turn destroyers. Neuron
110, 3534-3548. doi: 10.1016/j.neuron.2022.06.023

Yoo, H.-J., and Kwon, M.-S. (2022). Aged microglia in neurodegenerative diseases:
microglia lifespan and culture methods. Front. Aging Neurosci. 13:766267. doi: 10.3389/
fnagi.2021.766267

You, J., Youssef, M. M. M., Santos, J. R, Lee, J., and Park, J. (2023). Microglia and
astrocytes in amyotrophic lateral sclerosis: disease-associated states, pathological roles,
and therapeutic potential. Biology 12:1307. doi: 10.3390/biology12101307

Yu, H, Kan, J, Tang, M., Zhu, Y., and Hu, B. (2023). Lipopolysaccharide

preconditioning restricts microglial Overactivation and alleviates inflammation-induced
depressive-like behavior in mice. Brain Sci. 13:549. doi: 10.3390/brainscil3040549

Yu-Taeger, L., Stricker-Shaver, J., Arnold, K., Bambynek-Dziuk, P., Novati, A.,
Singer, E., et al. (2019). Intranasal Administration of Mesenchymal Stem Cells
Ameliorates the abnormal dopamine transmission system and inflammatory reaction
in the R6/2 mouse model of Huntington disease. Cells 8:595. doi: 10.3390/cells8060595

Zhang, T, Jiang, X., Xu, M., Wang, H,, Sang, X, Qin, M., et al. (2018). Sleep and
circadian abnormalities precede cognitive deficits in R521C FUS knockin rats. Neurobiol.
Aging 72, 159-170. doi: 10.1016/j.neurobiolaging.2018.08.025

Zhang, M., Li, C., Ren, J., Wang, H., Yi, E, Wu, J,, et al. (2022). The double-faceted role
of leucine-rich repeat kinase 2 in the Immunopathogenesis of Parkinson’s disease. Front.
Aging Neurosci. 14:909303. doi: 10.3389/fnagi.2022.909303

Zhang, L., Wang, Y., Liu, T., Mao, Y., and Peng, B. (2023). Novel microglia-based

therapeutic approaches to neurodegenerative disorders. Neurosci. Bull. 39, 491-502. doi:
10.1007/s12264-022-01013-6

Zhao, Y., Wu, X, Li, X, Jiang, L. L., Gui, X,, Liu, Y., et al. (2018). TREM2 is a receptor
for B-amyloid that mediates microglial function. Neuron 97, 1023-1031.e7. doi:
10.1016/j.neuron.2018.01.031

Zhong, L., Sheng, X., Wang, W, Li, Y., Zhuo, R., Wang, K., et al. (2023). TREM2 receptor
protects against complement-mediated synaptic loss by binding to complement C1q during
neurodegeneration. Immunity 56, 1794-1808.e8. doi: 10.1016/j.immuni.2023.06.016

Zhou, Y., Chen, Y,, Xu, C., Zhang, H., and Lin, C. (2020). TLR4 targeting as a
promising therapeutic strategy for Alzheimer disease treatment. Front. Neurosci.
14:602508. doi: 10.3389/fnins.2020.602508

Zhu, B., Yin, D., Zhao, H., and Zhang, L. (2022). The immunology of Parkinson’s
disease. Semin. Immunopathol. 44, 659-672. doi: 10.1007/s00281-022-00947-3

frontiersin.org


https://doi.org/10.3389/fnins.2023.1308345
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.molmed.2018.11.005
https://doi.org/10.1016/j.tins.2021.11.004
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.3389/fnagi.2021.650038
https://doi.org/10.1084/jem.20200785
https://doi.org/10.1177/1073858421991066
https://doi.org/10.1016/j.cell.2022.09.033
https://doi.org/10.3389/fphar.2019.00286
https://doi.org/10.3389/fimmu.2020.586399
https://doi.org/10.3389/fnagi.2021.772717
https://doi.org/10.1002/mds.29025
https://doi.org/10.1016/j.immuni.2019.12.004
https://doi.org/10.1016/j.immuni.2019.12.004
https://doi.org/10.1186/s13024-020-0358-9
https://doi.org/10.1016/j.bbi.2013.03.003
https://doi.org/10.1038/srep22839
https://doi.org/10.1016/j.molmed.2017.03.008
https://doi.org/10.1016/j.neuron.2016.06.015
https://doi.org/10.1016/j.neuron.2022.06.023
https://doi.org/10.3389/fnagi.2021.766267
https://doi.org/10.3389/fnagi.2021.766267
https://doi.org/10.3390/biology12101307
https://doi.org/10.3390/brainsci13040549
https://doi.org/10.3390/cells8060595
https://doi.org/10.1016/j.neurobiolaging.2018.08.025
https://doi.org/10.3389/fnagi.2022.909303
https://doi.org/10.1007/s12264-022-01013-6
https://doi.org/10.1016/j.neuron.2018.01.031
https://doi.org/10.1016/j.immuni.2023.06.016
https://doi.org/10.3389/fnins.2020.602508
https://doi.org/10.1007/s00281-022-00947-3

	New insight on microglia activation in neurodegenerative diseases and therapeutics
	1 Introduction
	2 The role of microglia in the central nervous system
	2.1 Microglia maintain central nervous system homeostasis
	2.2 Activation and dynamic characterization of microglia
	2.3 Neural mechanisms associated with microglia

	3 Circadian rhythms and microglia activation
	3.1 Circadian rhythms affect microglia activation
	3.2 Aging affects the circadian rhythm of microglia
	3.3 Circadian rhythm abnormalities and neurodegenerative diseases

	4 Abnormal microglia activation is a common feature of neurodegenerative diseases
	4.1 Microglia and Alzheimer’s disease
	4.2 Microglia and Parkinson’s disease
	4.3 Microglia and amyotrophic lateral sclerosis
	4.4 Microglia and multiple sclerosis
	4.5 Microglia and Huntington’s disease

	5 Targeting microglia for the treatment of CNS disorders
	5.1 Targeting microglia is an important direction in the treatment of neurodegenerative diseases
	5.2 Drugs targeting microglia

	6 Discussion
	7 Conclusion
	Author contributions

	References

