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Astrocytes play vital roles in the central nervous system, contributing significantly
to both its normal functioning and pathological conditions. While their
involvement in various diseases is increasingly recognized, their exact role
in demyelinating lesions remains uncertain. Astrocytes have the potential to
influence demyelination positively or negatively. They can produce and release
inflammatory molecules that modulate the activation and movement of other
immune cells. Moreover, they can aid in the clearance of myelin debris through
phagocytosis and facilitate the recruitment and differentiation of oligodendrocyte
precursor cells, thereby promoting axonal remyelination. However, excessive or
prolonged astrocyte phagocytosis can exacerbate demyelination and lead to
neurological impairments. This review provides an overview of the involvement
of astrocytes in various demyelinating diseases, emphasizing the underlying
mechanisms that contribute to demyelination. Additionally, we discuss the
interactions between oligodendrocytes, oligodendrocyte precursor cells and
astrocytes as therapeutic options to support myelin regeneration. Furthermore,
we explore the role of astrocytes in repairing synaptic dysfunction, which is also
a crucial pathological process in these disorders.

astrocytes, demyelination, Remyelination, oligodendrocytes, oligodendrocyte precursor
cells

Distribution of astrocytes

Astrocytes are the dominant and most diverse cell type in the mammalian central nervous
system (CNS), accounting for 20%-40% of all glial cells (Rowitch and Kriegstein, 2010).
Astrocytes are named from their star-shaped appearance, with numerous long and branched
processes radiating from their cell bodies to occupy the interstitial spaces between neuronal
cells, thereby supporting and separating neurons. Astrocytes can be classified into two main
types according to the number of glial filaments and the shape of their processes. Fibrous
astrocytes, also known as spider cells, are prevalent in the cortex of the brain and spinal cord.
They have thin and sparsely branched processes and a high concentration of glial filaments in
the cytoplasm. In contrast, protoplasmic astrocytes are abundant in gray matter with thick and

01 frontiersin.org


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2023.1233762%EF%BB%BF&domain=pdf&date_stamp=2023-09-01
https://www.frontiersin.org/articles/10.3389/fncel.2023.1233762/full
https://www.frontiersin.org/articles/10.3389/fncel.2023.1233762/full
https://www.frontiersin.org/articles/10.3389/fncel.2023.1233762/full
https://www.frontiersin.org/articles/10.3389/fncel.2023.1233762/full
mailto:zhutao5@126.com
mailto:yang.cne.yang@gmail.com
https://doi.org/10.3389/fncel.2023.1233762
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2023.1233762

Tanetal.

densely branched processes (Freeman and Rowitch, 2013). In addition
to these two types, there are some specialized types, such as Bergmann
glia in the cerebellum, Miiller cells in the retina (also termed as radial
glia), pituicytes in the pituitary gland, and tanycytes in the median
eminence and other areas (Misson et al., 1988).

Functions of astrocytes in CNS
function

Astrocytes fulfill vital functions in the CNS. They regulate blood-
brain barrier (BBB) endothelial cells to prevent harmful substance
entry (Figley and Stroman, 2011). Additionally, Nutrient supply, ion
balance maintenance, and potassium buffering prevent neuronal
overactivity (Walz, 2000; Bélanger et al., 2011; Czech-Damal et al,,
2014; Yang et al., 2014; Bronzuoli et al., 2017). Astrocytes adjust
cerebral blood flow based on neuronal activity (Diaz-Castro et al.,
2023). They influence neurotransmitter metabolism and release,
impacting signal transmission (Fiacco et al., 2009; Xie et al., 2022).
Additionally, astrocytes guide neural migration, differentiation,
growth, and synapse formation, ensuring CNS homeostasis (Freitag
etal., 2023).

Astrocytes contribute to myelination processes (Barnett and
Linington, 2013). They secrete factors promoting oligodendrocyte
differentiation and myelination (Sharma et al., 2010). Metabolic
regulation supplies energy and nutrients to oligodendrocytes (Weber
and Barros, 2015). Astrocytes also safeguard oligodendrocytes and
myelin via BBB participation (Hu et al., 2023). Depending on their
subtype and environment, astrocytes can exacerbate inflammation
and demyelination (Wheeler et al., 2020; Xia et al., 2020; Hg et al,,
2022; Sen et al., 2022; Wan et al., 2022).

In CNS diseases like stroke, Parkinson’s, and Alzheimerss,
astrocytes impact demyelination. Stroke-triggered astrocyte-mediated
excitotoxicity worsens demyelination (Belov Kirdajova et al., 2020).
PD and AD also exhibit myelin disruption, impacting cognitive and
motor functions (Chen etal., 2021; Han et al., 2022). Oligodendrocytes
and oligodendrocyte precursor cells (OPCs) are crucial for
remyelination (Duncan et al., 2018). Oligodendrocytes maintain
myelin and efficient signal conduction (Bradl and Lassmann, 2010;
Simons and Nave, 2016), while OPCs respond to demyelination by
activation, migration, and differentiation (Simons and Nave, 2016;
Kuhnetal, 2019; Xia et al., 2020). This review explores astrocytes’ role
in demyelination diseases and their impact on OPCs, oligodendrocytes,
and synaptic repair.

Role of astrocytes in dem?/elination in
traumatic brain injury (TBI)

TBI is characterized by brain damage caused by external forces and
is closely associated with demyelination, where the protective sheath
around nerve fibers is lost (Table 1). The mechanisms behind this
process are multifaceted. One of the key mechanisms is that physical
trauma can cause direct breakage, crushing, or tearing of axons and
myelin sheaths, causing myelin impairment (Shi et al., 2015). TBI can
also expose neural antigens, originally hidden behind the BBB, to the
immune system, such as myelin basic protein and neuron-specific
enolase, which can induce autoimmune responses, causing
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autoimmune demyelination (Ying et al., 2018; Needham et al., 2021).
Reduced blood flow to the brain caused by TBI can lead to vasospasm
or thrombosis, thus causing ischemia and hypoxia of axons and myelin
sheaths (Logsdon et al., 2015). The process can trigger a cascade of
pathophysiological changes, such as energy metabolism disorders,
intracellular calcium overload, and free radical production, resulting
in myelin dysfunction or necrosis (Logsdon et al., 2015; Shi et al., 2015).
Furthermore, TBI can activate the immune and inflammation
responses, leading to infiltration and release of inflammatory cells and
mediators ultimately causing inflammatory demyelination (Simon
et al,, 2017; Ying et al., 2018; Linnerbauer et al., 2020). Specifically,
activated astrocytes release pro-inflammatory cytokines (like TNF-q,
IL-1p), chemokines, nitric oxide, danger-associated molecular patterns,
matrix metalloproteinase-9, IL-33 and S100B (Kabadi et al., 2015;
Jassam et al., 2017; Wicher et al., 2017; Selvaraj et al., 2019), fostering
an inflammatory cascade and attracting toxic microglia to damage
myelin. Moreover, microRNAs (miRs) have gained attention due to
their regulatory effects on inflammation-mediated demyelination.
MiR155, predominantly expressed in activated astrocytes, contributes
to a self-perpetuating cycle of brain inflammation (Korotkov et al.,
2020). These mechanisms are not yet fully understood, further detailed
exploration is necessary before the clinical therapeutic application.
Additionally, TBI-induced oxidative stress can damage myelin.
Astrocytes are involved in maintaining brain redox balance, but TBI may
overwhelm antioxidant defense, resulting in demyelination. The hypoxia-
inducible factor-lae (HIF-lar) signaling pathway is implicated in
TBI-related demyelination (Arias et al., 2023). Activated HIF-1a in
astrocytes can influence energy metabolism and oxidative stress,
affecting myelin integrity (Chen et al., 2020). Studies have suggested that
the activation of HIF-1a in astrocytes promotes lactate production and
release, while a reduction in fatty acid synthesis in oligodendrocytes leads
to demyelination (Dimas et al., 2019; Afridietal., 2020; Hou et al,, 2023).

Role of astrocytes in demyelination in
stroke

Stroke, stemming from ruptured or blocked brain blood vessels,
results in brain tissue ischemia or hypoxia (Table 1). Besides
inflammation and myelin disruption, other mechanisms underlie
astrocytes’ role in post-stroke demyelination. Firstly, stroke induces
oxidative stress and apoptosis, damaging myelin-associated cells like
oligodendrocytes and OPCs (Mifsud et al., 2014; Spaas et al., 2021).
Additionally, reduced neurotrophic factors like brain-derived
neurotrophic factor (BDNF), nerve growth factor (NGF), and insulin-
like growth factor (IGF), impair myelin regeneration (Rodriguez-
Frutos et al., 2016; Wang et al., 2018).

Secondly, astrocytes worsen neuronal and myelin damage through
free radicals release, apoptotic signals, axonal growth inhibition, and
remyelination hindrance (Chen et al., 2020; Reid and Kuipers, 2021;
Li L. etal, 2022). Elevated reactive oxygen species (ROS) and nitric
oxide (NO) levels after stroke contribute to cellular component
deterioration, exacerbating neuronal and myelin damage (Kiray et al,,
20165 Li L. et al, 2022). Apoptotic signals like TNF-a, Fas ligand
(FasL) and IL-1p trigger apoptotic cascades, promoting neuronal and
myelin damage directly, or by inducing apoptosis in neurons and
oligodendrocytes, further exacerbating myelin damage (Qin et al,,
2022). Additionally, post-stroke activated astrocytes release excessive
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TABLE 1 The etiology of demyelination in various CNS disorders and the involvement of astrocytes in these processes.

Disorders

Risk factors

Symptoms

Causes of

10.3389/fncel.2023.1233762

Role of astrocytes in

Traumatic Brain Injury
(TBI)

Traffic accidents, athletic
competitions (falls), military

service (war injuries)

Mild TBI: headaches,
confusion, dizziness,
behavioral or mood
alterations, memory
impairment, concentration,
etc.

Moderate or severe TBI:
symptoms in mild TBI and
additional indications like
repeated vomiting or nausea,
seizures or convulsions,
inability to rouse from sleep,
limb weakness or numbness,

coordination loss, irritability.

demyelination

Physical injury, disturbed energy
metabolism, excessive intracellular
calcium, generation of free radicals,
activation of the inflammatory

response.

demyelination

Exacerbation of demyelination by
releasing inflammatory factors
(such as IL-33, s100b), microRNAs,

and other substances.

Stroke

Hypertension, coronary
heart disease, diabetes, age,
gender, race, lifestyle
(smoking, unhealthy diet,
obesity, excessive alcohol

consumption)

Speech impairment, facial or
limb numbness, visual
disturbances in one or both
eyes, headaches, gait
difficulties.

Oxidative stress, inflammation and
apoptosis, altering the expression of
neurotransmitters and neurotrophic

factors.

Secretion of neurotrophic factors,
antioxidants, and anti-
inflammatory substances
promoting remyelination. Secretion
of inflammatory factors and other
substances facilitating
demyelination. LCN2 triggers the

generation of reactive astrocytes.

Parkinson’s disease (PD)

Occupational exposure
(pesticides, herbicides),
dairy intake, age, alcohol

consumption, TBI

Tremor, limb stiffness,
reduced motor function, gait
abnormalities, cognitive
dysfunction depressive
conditions, and anxiety

disorders.

Misfolded alpha-synuclein
(a-synuclein) forming Lewy bodies.

Iron deposition.

Maintaining iron homeostasis in
brain cells, enabling the
accumulation of iron in
dopaminergic neurons. Secretion of
neurotrophic factors to reduce

neuronal iron accumulation.

Alzheimer’s disease (AD)

Hypertension, diabetes,
depression, age, sleep
deprivation, gender,

smoking

Memory impairment, aphasia,
function loss, recognition
loss, visuospatial skill
impairment, executive
dysfunction, and alterations

in personality and behavior.

Amyloid p (Ap) binds directly to
myelin, inducing oxidative stress,
immune cells activation, and
suppression of OPCs differentiation.
Oxidative stress and excitotoxicity
caused by AP, tau protein, iron
overload, and mitochondrial

dysfunction.

Involving in the metabolism and
clearance of Ap, secretion of pro-
inflammatory substances, such as
IL-1p and TNF-a, regulating energy
metabolism between neurons and
oligodendrocytes, disruption of

interactions between neurons and

oligodendrocytes.

amounts

of glutamate,

triggering

excitotoxicity,

neuron

superoxide dismutase, combatting oxidative stress and preventing

overstimulation, and myelin damage (Belov Kirdajova et al., 2020).
Thirdly, reactive astrocytes form a glial scar around the lesion site
post-stroke, inhibiting axonal regeneration and remyelination
(Wheeler et al.,, 2019). Scar formation involves the Janus kinase/signal
transducer and activator of transcription (JAK/STAT), mitogen-
activated protein kinase (MAPK), and transforming growth factor-
beta (TGF-B) pathways (Choudhury and Ding, 2016; Zhang et al.,
2018; Xu et al, 2020). Recent research suggests stroke-triggered
reactive astrocytes overexpress lipocalin 2 (LCN2), binding to
low-density lipoprotein receptor-related protein 1 (LRP1), activating
phagocytosis and inducing astrocytes to phagocytose myelin
fragments, causing demyelinating lesions (Wan et al., 2022).
Conversely, astrocytes shield neurons and myelin by releasing
neurotrophic factors like BDNF, NGF and IGF for neuronal survival
and axonal growth. They secrete antioxidants like glutathione and
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neuronal and myelin damage (Wang et al,, 2018; Chen et al., 2020; Zhu
etal,, 2022). Astrocytes also release anti-inflammatory factors (IL-10,
TGF-), cubing inflammation and promoting a conducive
environment for neuronal and myelin repair (Burmeister and
Marriott, 2018; Giovannoni and Quintana, 2020). Moreover,
astrocytes facilitate extracellular matrix remodeling through secreting
metalloproteinases (MMP) inhibitors, growth factors, and chondroitin
sulfate proteoglycans (CSPGs) to provide a supportive environment
for axonal growth (Cunningham et al., 2005; Lau et al,, 2013; Hemati-
Gourabietal, 2022; Li L. et al., 2022). Astrocytes also provide trophic
support to oligodendrocytes and OPCs, offering energy substrates and
growth factors to enhance cell survival for effective axon myelination
(Hibbits et al., 2012; Madadi et al., 2019; Tognatta et al., 2020). Overall,
the intricate astrocyte-stroke-induced demyelination relationship
underscores potential therapeutic avenues for neurological recovery.
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Role of astrocytes in demyelination in
Parkinson'’s disease (PD)

PD, characterized mainly by the loss of dopaminergic neurons in
the substantia nigra and motor dysfunction, involves astrocytes in
demyelination and neurodegenerative changes (Table 1) (Alcacer
etal, 2017). One of the key mechanisms involves inflammation and
reactive gliosis. Activated astrocytes release pro-inflammatory
cytokines, contributing to neuroinflammation and the recruitment of
immune cells like microglia, disrupting the integrity of myelin sheaths
and exacerbating neuronal damage (Saijo et al., 2009; Qian et al., 2020;
Zhang et al, 2022; Lawrence et al, 2023). During the immune
dysregulation and the reactive gliosis environment in PD, the normal
supportive functions to neurons and oligodendrocytes of astrocytes
may be impaired, further contributing to the loss of myelin integrity
(Haas et al., 2016; Troncoso-Escudero et al., 2018).

PD’s astrocytic mitochondrial dysfunction leads to energy deficits,
oxidative stress, and myelin damage (Dias et al., 2013; Subramaniam
and Chesselet, 2013; Bantle et al, 2021). Imbalanced glutamate
neurotransmission results in excitotoxicity-induced myelin damage if
astrocytic glutamate regulation falters (Mahmoud et al., 2019; Satarker
et al,, 2022). Furthermore, alpha-synuclein pathology, characterized
by protein aggregation in PD, can affect astrocytes and impair protein
clearance mechanisms, leading to the release of toxic molecules and
potential demyelination (Valdinocci et al., 2017; Zhang et al., 2022;
Calabresi et al., 2023). Reduced neurotrophic factors also impact
myelination and contribute to demyelination in PD (Nasrolahi et al,
2018). Nevertheless, the accumulation of astrocyte-derived ROS in PD
induces astrocytic apoptosis, thus impairing myelin integrity support
(Bantle et al,, 2021; Ding et al., 2021).

Astrocytes’ involvement in iron and copper metabolism influences
PD. They maintain brain iron balance, uptaking and storing excess
iron in ferritin, releasing it as needed (Porras and Rouault, 2022).
Astrocytes also transport iron to neurons, crucial in iron-demanding
areas like the substantia nigra affected in PD (Booth et al., 2017;
Reinert et al., 2019; Foley et al., 2022). Similarly, astrocytes are
involved in copper metabolism. They regulate copper uptake, storage,
and distribution (Dringen et al, 2013). Copper is a cofactor for
various enzymes, including those involved in dopamine metabolism,
which is particularly relevant to PD since dopamine plays a crucial
role in the brain’s movement control centers (Montes et al., 2014).
Studies highlight iron/copper accumulation, oxidative stress, protein
aggregation, mitochondrial dysfunction, and neuronal death interplay
in PD pathology (Montes et al., 2014). Altered iron and copper
metabolism may indirectly contribute to demyelination in PD. Their
precise influence, along with astrocyte interactions, and demyelination
in PD, necessitates further study. Specifics of astrocyte-driven PD
demyelination within iron/copper metabolism remain unclear,
requiring extensive exploration.

Role of astrocytes in demyelination in
Alzheimer's disease (AD)

AD, a neurodegenerative disease marked by progressive memory
loss and cognitive decline, impacts white matter alongside grey matter
(Table 1). White matter loss and demyelination, indicative of its
progression, stem from the malfunctioning of oligodendrocytes and
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myelin-forming glial cells (Chen et al., 2021). Demyelination in AD
involves varied pathways. Firstly, the accumulation of amyloid beta
(Ap), a hallmark pathological marker of AD, can directly impact
oligodendrocytes and myelin by binding to myelin, inducing oxidative
stress, activating immune cells, and inhibiting OPCs differentiation
(Chen et al, 2021; Han et al, 2022). Astrocytes-involved AP
metabolism and clearance can also affect myelin stability and function
(Chen et al,, 2021). Secondly, oxidative stress in AD results from Ap,
tau protein, iron overload, and mitochondrial dysfunction, disrupting
myelin structure and function through lipid oxidation, DNA damage,
and inflammation (Nunomura et al, 2006; Wang et al, 2014;
Simunkova et al., 2019; Llanos-Gonzélez et al., 2020). Moreover,
excitotoxicity, caused by overstimulation of neuronal N-methyl-D-
aspartic acid (NMDA) receptors, also contributes to demyelination in
AD by increasing ROS production, activating calcium-dependent
proteases, and inducing autophagy (Zhang et al., 2020; Chen
etal., 2021).

AD-linked astrocyte reactivity varies (Brandebura et al., 2023).
For instance, reactive astrocytes can also release pro-inflammatory
factors, leading to apoptosis or activation of oligodendrocytes, and
subsequent myelin damage and shedding in AD (Shi et al,, 2017; Chen
et al., 2021). Additionally, reactive astrocytes produce hydrogen
peroxide (H,0O,), leading to amyloid plaques, neuronal death, brain
atrophy, and cognitive impairment in AD (Chun et al, 2020;
Brandebura et al., 2023). Reducing reactive astrocytes or removing
H,O, mitigates AD-related neurodegeneration and demyelination
(Chun et al, 2020). Finally, in addition to influencing energy
metabolism in oligodendrocytes (Chen et al., 2021), astrocytes can
alter their morphology and function, such as hypertrophy,
proliferation, gene expression changes, disrupting neuron-
oligodendrocyte interactions, ultimately affecting myelin integrity and
repair (Shi et al., 2017).

In summary, astrocytes’ involvement in AD-related demyelination
spans AP metabolism, inflammation, energy metabolism, and altered
morphology and function. Comprehending these mechanisms is
crucial for developing targeted therapeutic strategies to preserve
myelin integrity and alleviate neurodegeneration in AD.

Influence of astrocytes on OPCs

OPCs, specialized glial cells responsive to synaptic activity,
significantly shape brain plasticity (Ge et al., 2006; Birey et al., 2017).
Their interaction with astrocytes is essential for myelination and CNS
stability. Disruption here can hinder remyelination and exacerbate
demyelinating diseases (Hu et al., 2023). For instance, in demyelinating
diseases like MS, reactive astrocytes become inflammatory, secreting
cytokines and chemokines that impede OPC function and myelination
(Nair et al., 2008). Inflammatory demyelination in MS also involves
autoimmune mechanisms, where autoantibodies target aquaporin 4
(AQP-4) on astrocytes, triggering complement-mediated astrocyte
lysis (Sofroniew, 2015).

Astrocytes promote OPCs proliferation and differentiation via ATP
releasing (Nguyen et al,, 2010; Yang et al., 2023). They also release
growth factors and cytokines like platelet-derived growth factor (PDGF)
and fibroblast growth factor (FGF) that guide OPC proliferation and
differentiation (Cui and Almazan, 2007; Li D. et al.,, 2022). PDGF binds
to its receptor, PDGFRa, triggering pathways (like PI3K/Akt and
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MAPK/ERK) that spur OPC proliferation (Li D. et al.,, 2022). Similarly,
FGF influences OPC expansion through FGFR signaling (like Ras/
MAPK pathway) (Linnerbauer and Rothhammer, 2020). Astrocytes’
cytokines, including Sema3a/6a, detach OPCs from blood vessels and
facilitate OPCs differentiation (Su et al., 2023), while also aiding OPCs
migration and localization by secreting fatty acid binding protein 7
(FABP7?) (Lovejoy and Krauzlis, 2010). Furthermore, the canonical Wnt
pathway was initially characterized as inhibitory for OPC differentiation,
countered by a positive regulator afterward (Fancy et al., 2009; Soomro
et al,, 2018). Therefore, astrocyte-derived Wnt activators, crucial for
neurovascular unit and neurogenesis, might delicately balance OPC
differentiation regulation (Episcopo et al., 2011; Guérit et al., 2021).

On the other hand, astrocytes have the potential to inhibit OPC
differentiation. As shown in Figure 1, for instance, the release of
inflammation/immune factors (like TNF-q, interferon-gamma,
CXCL2 and CXCL10) can prevent OPC development (Nutma et al.,
2020; Traiffort et al., 2020). Astrocyte-derived Endothelin-1 also
impedes OPC differentiation and myelinating by Notch activation,
binding to Notch-1 receptor on OPC via induction of Jagged-1
expression in reactive astrocytes (Hammond et al., 2014). Moreover,
astrocytes may curb OPC proliferation by secreting CH3L1, which
binds to the CRTH2 receptor, triggering lipid apoptosis (Li et al.,
2018). Therefore, enhancing astrocytes’ protective ability over OPCs
by targeting these pathways could promote myelin regeneration.

In addition, astrocytes express guidance cues like chemokine,
Ephrins, and Semaphorins that influence OPC migration and
positioning during development and remyelination (Miron et al.,
2011; Sanchez-Mendoza et al,, 2013; Nutma et al., 2020). During
remyelination, recruitment of OPCs to the lesion area occurs via
astrocyte chemokine signalling of IL-1f and CCL2 (Nutma et al,,
2020). Ephrins bind to Eph kinases on OPCs, guiding their movement
and signaling bidirectionally during myelin repair (Yang et al., 2018).
Similarly, Semaphorin signaling through receptors like Plexins and
Neuropilins control OPC migration and positioning within the CNS
(Carulli et al., 2021). Finally yet importantly, astrocytes provide
metabolic support to OPCs by supplying lactate, lipids, and growth
factors (Kiray et al., 2016; Nutma et al., 2020). Lactate is vital for OPC
maturation, transported through monocarboxylate transporters
(MCTs). Lipids, essential for myelin synthesis, are supplied to
oligodendrocytes via lipid-rich droplets. Growth factors like insulin-
like growth factor-1 (IGF-1), glial cell-derived neurotrophic factor
(GDNF), and BDNF released by astrocytes promote oligodendrocyte
survival and myelination (Kiray et al., 2016; Nutma et al., 2020).

In summary, astrocytes wield significant influence over OPCs,
impacting signaling pathways crucial for OPC proliferation,
differentiation, migration, positioning, and metabolism. Disruptions,
especially amid reactive astrocytes and inflammation, can hinder
remyelination and worsen demyelinating disorders. Grasping these
complex signaling pathways is crucial for designing targeted therapies
to promote remyelination and safeguard myelin integrity in
demyelinating diseases.

Astrocyte-oligodendrocyte crosstalk:
balancing myelination

The dynamic interplay between astrocytes and oligodendrocytes
is pivotal for CNS health (Figure 1B). Astrocytes are crucial for
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regulating the maturation and remyelination through diverse
mechanisms. Firstly, astrocytes boost oligodendrocyte proliferation
and differentiation through growth factors, including FGF, IGF-1, and
PDGE These mitogens enhance oligodendrocyte survival and
myelination (Kiray et al., 2016; Nutma et al, 2020). Secondly,
neurotrophic factors (like BDNE, GDNE CNTF) released by
astrocytes, further bolster oligodendrocyte function and remyelination
post-demyelination (Miyamoto et al., 2015; Nutma et al., 2020).
Thirdly, astrocytes are key regulators of the extracellular environment,
vital for ion and water balance crucial to oligodendrocyte health.
Disruption here can lead to osmotic stress and impaired
oligodendrocyte function (Sofroniew and Vinters, 2010).

Yet, in demyelination, astrocytes can exacerbate disease
progression. Jagged1-rich reactive astrocytes inhibit oligodendrocyte
maturation and myelin formation via Notch activation (Seifert et al.,
2007; Hammond et al., 2014; Zhou et al., 2022). Inflammation-driven
reactive astrocytes release pro-inflammatory cytokines, impacting
oligodendrocyte survival (Nutma et al., 2020). They may hinder
remyelination and contribute to scar formation, thwarting myelin
regeneration. Astrocytes induce oligodendrocyte apoptosis via
neurotoxic factors like TNF-«, FasL and glutamate, curtailing myelin
regeneration (Linnerbauer et al, 2020). Additionally, astrocytes
secrete Semaphorin 3a/6a, binding to Plexin receptors on
oligodendrocytes, repelling them from blood vessels and hindering
differentiation (Breunig et al., 2011). They also compete with
oligodendrocytes for BBB junctions, heightening CNS inflammation
(Lovejoy and Krauzlis, 2010; Horng et al., 2017; Kadry et al., 2020).
Besides, neurotoxic reactive astrocytes, mediated by saturated lipids
in APOE and APOQJ lipoparticles, drive oligodendrocytes’ death
probably via the harmful free fatty acids and very-long-chain fatty
acid acyl chains (Guttenplan et al., 2021).

Oligodendrocytes reciprocate by influencing astrocytes’ calcium
signaling and metabolism through ATP, adenosine, and glutamate
release (Cakir et al., 2007; Takano et al., 2020). Specific molecules,
such as N-cadherin, facilitate their interaction, crucial for nervous
system development, myelin restoration, and cognitive functions
(Linnerbauer et al., 2020; Chen et al, 2023). Boosting astrocyte
protection of oligodendrocytes along these pathways emerges as a
promising therapeutic avenue for myelin regeneration.

Astrocytes in synaptic repair

Astrocytes orchestrate synaptic function through various
mechanisms, as depicted in Figure 1C. During development,
astrocytes sculpt synaptic connections, releasing molecules like
transforming TGF-p, EphA4 controlling synaptic stability and
potentially also synapse elimination and refinement (Chung et al.,
2015; Shan et al., 2021). Astrocytes also play a fundamental role by
clearing excess neurotransmitters like glutamate, GABA, and
dopamine from the synaptic cleft. Glutamate removal is mediated by
high-affinity transporters EAAT1 and EAAT?2, ensuring proper
neurotransmission, preventing excitotoxicity and supporting synaptic
plasticity (Malik and Willnow, 2019; Pajarillo et al., 2019; Satarker
etal, 2022). Additionally, astrocytes influence NMDA-type glutamate
receptors by releasing co-agonists D-serine and glycine, shaping
synaptic plasticity and facilitating long-term potentiation (LTP)
(Panatier et al., 2006; Skowronska et al., 2019).
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The impact of astrocytes on oligodendrocyte precursor cells (OPCs) and oligodendrocytes, as well as their role in synaptic repair. (A) Astrocytes promote
OPC proliferation and differentiation by releasing ATP, PDGF, and FGF. Cytokines Sema3a/6a detach OPCs from blood vessels, facilitate differentiation, and
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FIGURE 1 (Continued)

attract OPCs to inflammatory areas through chemokines, promoting myelin formation. In addition, astrocytes express Ephrins and Semaphorins, as well as
IL-1p and CCL2 to guide OPCs to the lesion during remyelination. (B) Astrocytes secrete various factors that stimulate oligodendrocyte differentiation and
proliferation, including FGF, IGF-1 and PDGF. Oligodendrocytes affect calcium signaling and astrocyte metabolism by releasing ATP, adenosine, and
glutamate. Astrocytes can also induce oligodendrocyte apoptosis, impairing myelin regeneration and leading to neuronal death. (C) Astrocytes regulate
synaptic transmission by removing excessive glutamate through glutamate transporters (EAAT1 and EAAT2). They modulate NMDA receptors with co-
agonists and release purinergic substances (ATP and adenosine), impacting the balance between excitatory and inhibitory inputs to neurons.

Astrocytes further balance synaptic strength and timing by
releasing purinergic substances ATP and adenosine. These signals
modulate excitatory and inhibitory inputs to neurons, finely tuning
synaptic dynamics (Boddum et al., 2016; Matos et al., 2018; Liu et al,
2021). Astrocytes also foster synaptic growth, secreting growth factors
that promote neuronal survival and differentiation (Pascual and
Guerri, 2007; Ma et al., 2012; Chiareli et al., 2021). Working alongside
microglia, they oversee synaptic pruning, crucial for refining neural
circuits (Cakir et al., 2007; Shan et al., 2020; Takano et al., 2020).

In addition, astrocytes actively regulate extracellular potassium levels
within the brain (Cheung et al., 2015). This is particularly crucial during
periods of heightened synaptic activity when excessive potassium ions
accumulate within the synaptic cleft (Cheung et al., 2015). Through
inward-rectifying potassium channels (Kir4.1), astrocytes efficiently
remove excess potassium (Hertz et al., 2013; Kuray et al,, 2016). This
meticulous regulation helps maintain optimal potassium levels for
precise synaptic transmission and plasticity (Kiray et al., 2016).

These mechanisms showcase astrocytes’ indispensable role in
sustaining synaptic health, fostering plasticity, and promoting neural
recovery. Targeting astrocyte-mediated pathways holds the potential
for addressing synaptic-related disorders and advancing neurological
treatments. A comprehensive understanding of astrocyte contributions
promises groundbreaking insights into brain dynamics and innovative
approaches to synaptic dysregulation.

Conclusion and outlook

In conclusion, astrocytes play a multifaceted role in demyelinating
diseases, either promoting remyelination or exacerbating myelin
disruption through inflammatory responses. Emerging therapeutic
strategies target reactive astrocytes in various CNS disorders. Notably,
bumetanide and VEGF inhibitors show promise for traumatic brain
injury (TBI) (Michinaga and Koyama, 2021), while monoamine
oxidase B (MAO-B) inhibitors and A2A receptor antagonists hold
potential for AD (Sanmarco et al., 2021; Nam et al., 2023). Innovative
approaches, including spinal cord injury treatment with synthetic
nanoparticles, highlight astrocyte-focused interventions (Wang et al.,
2008; Nance et al., 2015; Zhang et al., 2016).

Advanced technologies, such as transgenic techniques, in vivo
imaging, optogenetics, chemogenetics, in situ sequencing, and
single-cell RNA sequencing (scRNA-seq), have unveiled specific
astrocytic molecules influencing various diseases. These molecules
offer therapeutic targets for neurological and neuropsychiatric
disorders. However, crucial challenges persist. Establishing
correlations between transcriptionally defined astrocyte
subpopulations and real-time neuronal activity, behavior, and disease
characteristics remains pivotal. Understanding unique and shared
roles of astrocytes across diseases, their distribution in the CNS, and

common pathogenic mechanisms is essential. Addressing these

Frontiers in Cellular Neuroscience

questions is critical for harnessing astrocyte-mediated pathways for
targeted therapies.

The intricate role of astrocytes and their interactions in health and
disease underscores their potential as viable therapeutic targets for a
broad spectrum of neurological and neuropsychiatric disorders.
Future research should focus on unraveling astrocyte-specific
mechanisms, clarifying their contributions to disease progression, and
developing precise interventions to preserve myelin integrity and
restore CNS function. By unlocking the full potential of astrocyte-
targeted strategies, we pave the way for innovative treatments and
transformative insights into the

complex landscape of

demyelinating diseases.

Author contributions

TZ and YY: conceptualization. RT, RH, and CS: literature retrieving
and writing—original draft preparation. HT, TZ, and YY: writing—
review and editing, and making changes as suggested by reviewers. DY:
visualization. TZ: supervision. YY: project administration. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by grants from the National Natural
Science Foundation of China (Nos. 82001310, 82301482).

Acknowledgments

We would like to acknowledge the use of Biorender (BioRender,
URL:
representations in this paper.

www.biorender.com) for creating high-quality visual

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.

frontiersin.org


https://doi.org/10.3389/fncel.2023.1233762
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
http://www.biorender.com

Tanetal.

References

Afridi, R., Kim, J.-H., Rahman, M. H., and Suk, K. (2020). Metabolic regulation of glial
phenotypes: implications in neuron-glia interactions and neurological disorders. Front.
Cell. Neurosci. 14:20. doi: 10.3389/fncel.2020.00020

Alcacer, C., Andreoli, L., Sebastianutto, L, Jakobsson, J., Fieblinger, T., and Cenci, M. A.
(2017). Chemogenetic stimulation of striatal projection neurons modulates responses
to Parkinson’s disease therapy. J. Clin. Invest. 127, 720-734. doi: 10.1172/JCI90132

Arias, C., Sepulveda, P, Castillo, R. L., and Salazar, L. A. (2023). Relationship between
hypoxic and immune pathways activation in the progression of neuroinflammation: role
of HIF-1a and Th17 cells. Int. J. Mol. Sci. 24:3073. doi: 10.3390/ijms24043073

Bantle, C. M., Hirst, W. D., Weihofen, A., and Shlevkov, E. (2021). Mitochondrial
dysfunction in astrocytes: a role in Parkinson’s disease? Front. Cell Dev. Biol. 8:608026.
doi: 10.3389/fcell.2020.608026

Barnett, S. C., and Linington, C. (2013). Myelination: do astrocytes play a role?
Neuroscientist 19, 442-450. doi: 10.1177/1073858412465655

Bélanger, M., Allaman, I., and Magistretti, P. J. (2011). Brain energy metabolism: focus
on astrocyte-neuron metabolic cooperation. Cell Metab. 14, 724-738. doi: 10.1016/j.
cmet.2011.08.016

Belov Kirdajova, D., Kriska, J., Tureckova, J., and Anderova, M. (2020). Ischemia-
triggered glutamate excitotoxicity from the perspective of glial cells. Front. Cell. Neurosci.
14:51. doi: 10.3389/fncel.2020.00051

Birey, E, Kokkosis, A. G., and Aguirre, A. (2017). Oligodendroglia-lineage cells in
brain plasticity, homeostasis and psychiatric disorders. Curr. Opin. Neurobiol. 47,
93-103. doi: 10.1016/j.conb.2017.09.016

Boddum, K., Jensen, T. P, Magloire, V., Kristiansen, U., Rusakov, D. A., Pavlov, L, et al.
(2016). Astrocytic GABA transporter activity modulates excitatory neurotransmission.
Nat. Commun. 7:13572. doi: 10.1038/ncomms13572

Booth, H. D. E., Hirst, W. D., and Wade-Martins, R. (2017). The role of astrocyte
dysfunction in Parkinson’s disease pathogenesis. Trends Neurosci. 40, 358-370. doi:
10.1016/j.tins.2017.04.001

Bradl, M., and Lassmann, H. (2010). Oligodendrocytes: biology and pathology. Acta
Neuropathol. 119, 37-53. doi: 10.1007/s00401-009-0601-5

Brandebura, A. N., Paumier, A., Onur, T. S., and Allen, N. J. (2023). Astrocyte
contribution to dysfunction, risk and progression in neurodegenerative disorders. Nat.
Rev. Neurosci. 24, 23-39. doi: 10.1038/s41583-022-00641-1

Breunig, J. J., Haydar, T. E, and Rakic, P. (2011). Neural stem cells: historical
perspective and future prospects. Neuron 70, 614-625. doi: 10.1016/j.neuron.201
1.05.005

Bronzuoli, M. R., Facchinetti, R., Steardo, L., and Scuderi, C. (2017). Astrocyte: An
innovative approach for Alzheimer’s disease therapy. Curr. Pharm. Des. 23, 4979-4989.
doi: 10.2174/1381612823666170710163411

Burmeister, A. R., and Marriott, I. (2018). The interleukin-10 family of cytokines and
their role in the CNS. Front. Cell. Neurosci. 12:458. doi: 10.3389/fncel.2018.00458

Cakir, T., Alsan, S., Saybasili, H., Akin, A., and Ulgen, K. O. (2007). Reconstruction and
flux analysis of coupling between metabolic pathways of astrocytes and neurons:
application to cerebral hypoxia. Theor. Biol. Med. Model. 4:48. doi: 10.1186/1742-4682-4-48

Calabresi, P., Mechelli, A., Natale, G., Volpicelli-Daley, L., Di Lazzaro, G., and
Ghiglieri, V. (2023). Alpha-synuclein in Parkinson’s disease and other synucleinopathies:
from overt neurodegeneration back to early synaptic dysfunction. Cell Death Dis. 14:176.
doi: 10.1038/s41419-023-05672-9

Carulli, D., de Winter, E, and Verhaagen, J. (2021). Semaphorins in adult nervous
system plasticity and disease. Front. Synaptic. Neurosci. 13:672891. doi: 10.3389/
fnsyn.2021.672891

Chen, Y.-H,, Jin, S.-Y,, Yang, J.-M., and Gao, T.-M. (2023). The memory orchestra:
contribution of astrocytes. Neurosci. Bull. 39, 409-424. doi: 10.1007/s12264-023-01024-x

Chen, J.-E, Liu, K., Hu, B,, Li, R.-R., Xin, W,, Chen, H,, et al. (2021). Enhancing myelin
renewal reverses cognitive dysfunction in a murine model of Alzheimer’s disease.
Neuron 109, 2292-2307.e5. doi: 10.1016/j.neuron.2021.05.012

Chen, Y, Qin, C., Huang, J., Tang, X, Liu, C., Huang, K., et al. (2020). The role of
astrocytes in oxidative stress of central nervous system: a mixed blessing. Cell Prolif.
53:€12781. doi: 10.1111/cpr.12781

Cheung, G., Sibille, J., Zapata, J., and Rouach, N. (2015). Activity-dependent plasticity
of astroglial potassium and glutamate clearance. Neural Plast. 2015:109106. doi:
10.1155/2015/109106

Chiareli, R. A., Carvalho, G. A., Marques, B. L., Mota, L. S., Oliveira-Lima, O. C.,
Gomes, R. M., et al. (2021). The role of astrocytes in the neurorepair process. Front Cell.
Dev. Biol. 9:665795. doi: 10.3389/fcell.2021.665795

Choudhury, G. R., and Ding, S. (2016). Reactive astrocytes and therapeutic
potential in focal ischemic stroke. Neurobiol. Dis. 85, 234-244. doi: 10.1016/j.
nbd.2015.05.003

Chun, H., Im, H., Kang, Y. ], Kim, Y., Shin, J. H., Won, W., et al. (2020). Severe reactive
astrocytes precipitate pathological hallmarks of Alzheimer’s disease via H202-
production. Nat. Neurosci. 23, 1555-1566. doi: 10.1038/s41593-020-00735-y

Frontiers in Cellular Neuroscience

10.3389/fncel.2023.1233762

Chung, W.-S., Allen, N. J., and Eroglu, C. (2015). Astrocytes control synapse
formation, function, and elimination. Cold Spring Harb. Perspect. Biol. 7:a020370. doi:
10.1101/cshperspect.a020370

Cui, Q-L., and Almazan, G. (2007). IGF-I-induced oligodendrocyte progenitor
proliferation requires PI3K/Akt, MEK/ERK, and Src-like tyrosine kinases. J. Neurochem.
100, 1480-1493. doi: 10.1111/j.1471-4159.2006.04329.x

Cunningham, L. A., Wetzel, M., and Rosenberg, G. A. (2005). Multiple roles for MMPs
and TIMPs in cerebral ischemia. Glia 50, 329-339. doi: 10.1002/glia.20169

Czech-Damal, N. U, Geiseler, S. J., Hoff, M. L. M., Schliep, R., Ramirez, J.-M.,
Folkow, L. P, et al. (2014). The role of glycogen, glucose and lactate in neuronal activity
during hypoxia in the hooded seal (Cystophora Cristata) brain. Neuroscience 275,
374-383. doi: 10.1016/j.neuroscience.2014.06.024

Dias, V., Junn, E., and Mouradian, M. M. (2013). The role of oxidative stress in
Parkinson’s disease. J. Parkinsons Dis. 3, 461-491. doi: 10.3233/JPD-130230

Diaz-Castro, B., Robel, S., and Mishra, A. (2023). Astrocyte endfeet in brain function
and pathology: open questions. Annu. Rev. Neurosci. 46, 101-121. doi: 10.1146/annurev-
neuro-091922-031205

Dimas, P,, Montani, L., Pereira, J. A., Moreno, D., Trotzmdiller, M., Gerber, J., et al.
(2019). CNS myelination and remyelination depend on fatty acid synthesis by
oligodendrocytes. elife 8:e44702. doi: 10.7554/eLife.44702

Ding, Z.-B., Song, L.-J., Wang, Q., Kumar, G., Yan, Y.-Q,, and Ma, C.-G. (2021).
Astrocytes: a double-edged sword in neurodegenerative diseases. Neural Regen. Res. 16,
1702-1710. doi: 10.4103/1673-5374.306064

Dringen, R., Scheiber, I. F, and Mercer, J. E B. (2013). Copper metabolism of
astrocytes. Front. Aging Neurosci. 5:9. doi: 10.3389/fnagi.2013.00009

Duncan, L. D,, Radcliff, A. B., Heidari, M., Kidd, G., August, B. K., and Wierenga, L. A.
(2018). The adult oligodendrocyte can participate in remyelination. Proc. Natl. Acad. Sci.
115, E11807-E11816. doi: 10.1073/pnas.1808064115

Fancy, S. P. J., Baranzini, S. E., Zhao, C., Yuk, D.-L, Irvine, K.-A., Kaing, S., et al.
(2009). Dysregulation of the Wnt pathway inhibits timely myelination and remyelination
in the mammalian CNS. Genes Dev. 23, 1571-1585. doi: 10.1101/gad.1806309

Fiacco, T. A., Agulhon, C., and McCarthy, K. D. (2009). Sorting out astrocyte
physiology from pharmacology. Annu. Rev. Pharmacol. Toxicol. 49, 151-174. doi:
10.1146/annurev.pharmtox.011008.145602

Figley, C. R., and Stroman, P. W. (2011). The role(s) of astrocytes and astrocyte activity
in neurometabolism, neurovascular coupling, and the production of functional
neuroimaging signals. Eur. J. Neurosci. 33, 577-588. doi: 10.1111/j.1460-956
8.2010.07584.x

Foley, P. B., Hare, D. J., and Double, K. L. (2022). A brief history of brain iron
accumulation in Parkinson disease and related disorders. J. Neural Transm. (Vienna)
129, 505-520. doi: 10.1007/s00702-022-02505-5

Freeman, M. R., and Rowitch, D. H. (2013). Evolving concepts of gliogenesis: a look
way back and ahead to the next 25 years. Neuron 80:613. doi: 10.1016/j.
neuron.2013.10.034

Freitag, K., Eede, P, Ivanov, A, Sterczyk, N., Schneeberger, S., Borodina, T., et al.
(2023). Diverse but unique astrocytic phenotypes during embryonic stem cell
differentiation, culturing and development. Commun. Biol. 6, 1-12. doi: 10.1038/
$42003-023-04410-3

Ge, W.-P, Yang, X.-]., Zhang, Z., Wang, H.-K,, Shen, W., Deng, Q.-D., et al. (2006).
Long-term potentiation of neuron-glia synapses mediated by Ca2+-permeable AMPA
receptors. Science 312, 1533-1537. doi: 10.1126/science.1124669

Giovannoni, F, and Quintana, E. J. (2020). The role of astrocytes in CNS inflammation.
Trends Immunol. 41, 805-819. doi: 10.1016/}.it.2020.07.007

Guérit, S., Fidan, E., Macas, J., Czupalla, C. J., Figueiredo, R., Vijikumar, A., et al.
(2021). Astrocyte-derived Wnt growth factors are required for endothelial blood-brain
barrier maintenance. Prog. Neurobiol. 199:101937. doi: 10.1016/j.pneurobio.2020.101937

Guttenplan, K. A., Weigel, M. K., Prakash, P., Wijewardhane, P. R., Hasel, P,
Rufen-Blanchette, U,, et al. (2021). Neurotoxic reactive astrocytes induce cell death via
saturated lipids. Nature 599, 102-107. doi: 10.1038/541586-021-03960-y

Haas, S. J.-P, Zhou, X., Machado, V., Wree, A., Krieglstein, K., and Spittau, B. (2016).
Expression of Tgfpl and inflammatory markers in the 6-hydroxydopamine mouse
model of Parkinson’s disease. Front. Mol. Neurosci. 9:7. doi: 10.3389/fnmol.2016.00007

Hammond, T. R,, Gadea, A., Dupree, J., Kerninon, C., Nait-Oumesmar, B., Aguirre, A.,
et al. (2014). Astrocyte-derived endothelin-1 inhibits remyelination through notch
activation. Neuron 81, 588-602. doi: 10.1016/j.neuron.2013.11.015

Han, S., Gim, Y,, Jang, E.-H., and Hur, E.-M. (2022). Functions and dysfunctions of
oligodendrocytes in neurodegenerative diseases. Front. Cell. Neurosci. 16:1083159. doi:
10.3389/fncel.2022.1083159

Hemati-Gourabi, M., Cao, T., Romprey, M. K., and Chen, M. (2022). Capacity of
astrocytes to promote axon growth in the injured mammalian central nervous system.
Front. Neurosci. 16:955598. doi: 10.3389/fnins.2022.955598

Hertz, L., Xu, J., Song, D, Yan, E., Gu, L., and Peng, L. (2013). Astrocytic and neuronal
accumulation of elevated extracellular K+ with a 2/3 K+/Na+ flux ratio—consequences

frontiersin.org


https://doi.org/10.3389/fncel.2023.1233762
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fncel.2020.00020
https://doi.org/10.1172/JCI90132
https://doi.org/10.3390/ijms24043073
https://doi.org/10.3389/fcell.2020.608026
https://doi.org/10.1177/1073858412465655
https://doi.org/10.1016/j.cmet.2011.08.016
https://doi.org/10.1016/j.cmet.2011.08.016
https://doi.org/10.3389/fncel.2020.00051
https://doi.org/10.1016/j.conb.2017.09.016
https://doi.org/10.1038/ncomms13572
https://doi.org/10.1016/j.tins.2017.04.001
https://doi.org/10.1007/s00401-009-0601-5
https://doi.org/10.1038/s41583-022-00641-1
https://doi.org/10.1016/j.neuron.2011.05.005
https://doi.org/10.1016/j.neuron.2011.05.005
https://doi.org/10.2174/1381612823666170710163411
https://doi.org/10.3389/fncel.2018.00458
https://doi.org/10.1186/1742-4682-4-48
https://doi.org/10.1038/s41419-023-05672-9
https://doi.org/10.3389/fnsyn.2021.672891
https://doi.org/10.3389/fnsyn.2021.672891
https://doi.org/10.1007/s12264-023-01024-x
https://doi.org/10.1016/j.neuron.2021.05.012
https://doi.org/10.1111/cpr.12781
https://doi.org/10.1155/2015/109106
https://doi.org/10.3389/fcell.2021.665795
https://doi.org/10.1016/j.nbd.2015.05.003
https://doi.org/10.1016/j.nbd.2015.05.003
https://doi.org/10.1038/s41593-020-00735-y
https://doi.org/10.1101/cshperspect.a020370
https://doi.org/10.1111/j.1471-4159.2006.04329.x
https://doi.org/10.1002/glia.20169
https://doi.org/10.1016/j.neuroscience.2014.06.024
https://doi.org/10.3233/JPD-130230
https://doi.org/10.1146/annurev-neuro-091922-031205
https://doi.org/10.1146/annurev-neuro-091922-031205
https://doi.org/10.7554/eLife.44702
https://doi.org/10.4103/1673-5374.306064
https://doi.org/10.3389/fnagi.2013.00009
https://doi.org/10.1073/pnas.1808064115
https://doi.org/10.1101/gad.1806309
https://doi.org/10.1146/annurev.pharmtox.011008.145602
https://doi.org/10.1111/j.1460-9568.2010.07584.x
https://doi.org/10.1111/j.1460-9568.2010.07584.x
https://doi.org/10.1007/s00702-022-02505-5
https://doi.org/10.1016/j.neuron.2013.10.034
https://doi.org/10.1016/j.neuron.2013.10.034
https://doi.org/10.1038/s42003-023-04410-3
https://doi.org/10.1038/s42003-023-04410-3
https://doi.org/10.1126/science.1124669
https://doi.org/10.1016/j.it.2020.07.007
https://doi.org/10.1016/j.pneurobio.2020.101937
https://doi.org/10.1038/s41586-021-03960-y
https://doi.org/10.3389/fnmol.2016.00007
https://doi.org/10.1016/j.neuron.2013.11.015
https://doi.org/10.3389/fncel.2022.1083159
https://doi.org/10.3389/fnins.2022.955598

Tanetal.

for energy metabolism, osmolarity and higher brain function. Front. Comput. Neurosci.
7:114. doi: 10.3389/fncom.2013.00114

Hg, L., Ma, W, and Fj, Q. (2022). Function and therapeutic value of astrocytes in
neurological diseases. Nat. Rev. Drug Discov. 21, 339-358. doi: 10.1038/
541573-022-00390-x

Hibbits, N., Yoshino, J., Le, T. Q., and Armstrong, R. C. (2012). Astrogliosis during
acute and chronic cuprizone demyelination and implications for remyelination. ASN
Neuro 4, 393-408. doi: 10.1042/AN20120062

Horng, S., Therattil, A., Moyon, S., Gordon, A., Kim, K., Argaw, A. T, et al. (2017).
Astrocytic tight junctions control inflammatory CNS lesion pathogenesis. J. Clin.
Investig. 127, 3136-3151. doi: 10.1172/JCI91301

Hou, J., Zhou, Y., Cai, Z., Terekhova, M., Swain, A., Andhey, P. S,, et al. (2023).
Transcriptomic atlas and interaction networks of brain cells in mouse CNS
demyelination and remyelination. Cell Rep. 42:112293. doi: 10.1016/j.celrep.2023.1
12293

Hu, X., Yu, G,, Liao, X, and Xiao, L. (2023). Interactions between astrocytes and
oligodendroglia in myelin development and related brain diseases. Neurosci. Bull. 39,
541-552. doi: 10.1007/s12264-022-00981-z

Jassam, Y. N., Izzy, S., Whalen, M., McGavern, D. B., and El Khoury, J. (2017).
Neuroimmunology of traumatic brain injury: time for a paradigm shift. Neuron 95,
1246-1265. doi: 10.1016/j.neuron.2017.07.010

Kabadi, S. V., Stoica, B. A., Zimmer, D. B., Afanador, L., Dufty, K. B., Loane, D. ], et al.
(2015). S100B inhibition reduces behavioral and pathologic changes in experimental
traumatic brain injury. J. Cereb. Blood Flow Metab. 35, 2010-2020. doi: 10.1038/
jcbfm.2015.165

Kadry, H., Noorani, B., and Cucullo, L. (2020). A blood-brain barrier overview on
structure, function, impairment, and biomarkers of integrity. Fluids Barriers CNS 17:69.
doi: 10.1186/512987-020-00230-3

Kiray, H,, Lindsay, S. L., Hosseinzadeh, S., and Barnett, S. C. (2016). The multifaceted
role of astrocytes in regulating myelination. Exp. Neurol. 283, 541-549. doi: 10.1016/j.
expneurol.2016.03.009

Korotkov, A., Puhakka, N., Gupta, S. D., Vuokila, N., Broekaart, D. W. M., Anink, J. J.,
etal. (2020). Increased expression of MiR142 and MiR155 in glial and immune cells after
traumatic brain injury may contribute to neuroinflammation via astrocyte activation.
Brain Pathol. 30, 897-912. doi: 10.1111/bpa.12865

Kuhn, S., Gritti, L., Crooks, D., and Dombrowski, Y. (2019). Oligodendrocytes in
development, myelin generation and beyond. Cells 8:1424. doi: 10.3390/cells8111424

LEpiscopo, E, Tirolo, C., Testa, N., Caniglia, S., Morale, M. C., Cossetti, C., et al.
(2011). Reactive astrocytes and Wnt/B-catenin signaling link nigrostriatal injury to
repair in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of Parkinson’s disease.
Neurobiol. Dis. 41, 508-527. doi: 10.1016/j.nbd.2010.10.023

Lau, L. W,, Cua, R., Keough, M. B., Haylock-Jacobs, S., and Yong, V. W. (2013).
Pathophysiology of the brain extracellular matrix: a new target for remyelination. Nat.
Rev. Neurosci. 14, 722-729. doi: 10.1038/nrn3550

Lawrence, J. M., Schardien, K., Wigdahl, B., and Nonnemacher, M. R. (2023). Roles
of neuropathology-associated reactive astrocytes: a systematic review. Acta Neuropathol.
Commun. 11:42. doi: 10.1186/s40478-023-01526-9

Li, D., Huang, L.-T,, Zhang, C., Li, Q., and Wang, J.-H. (2022). Insights into the role of
platelet-derived growth factors: implications for Parkinson’s disease pathogenesis and
treatment. Front. Aging Neurosci. 14:890509. doi: 10.3389/fnagi.2022.890509

Li, L., Tian, E., Chen, X., Chao, J., Klein, J., Qu, Q., et al. (2018). GFAP mutations in
astrocytes impair oligodendrocyte progenitor proliferation and myelination in a human
IPSC model of Alexander disease. Cell Stem Cell 23, 239-251.e6. doi: 10.1016/j.
stem.2018.07.009

Li, L., Zhou, J., Han, L., Wu, X, Shi, Y., Cui, W,, et al. (2022). The specific role of reactive
astrocytes in stroke. Front. Cell. Neurosci. 16:850866. doi: 10.3389/fncel.2022.850866

Linnerbauer, M., and Rothhammer, V. (2020). Protective functions of reactive
astrocytes following central nervous system insult. Front. Immunol. 11:573256. doi:
10.3389/fimmu.2020.573256

Linnerbauer, M., Wheeler, M. A., and Quintana, F. J. (2020). Astrocyte crosstalk in
CNS inflammation. Neuron 108, 608-622. doi: 10.1016/j.neuron.2020.08.012

Liu, X,, Ying, J., Wang, X., Zheng, Q., Zhao, T., Yoon, S., et al. (2021). Astrocytes in
neural circuits: key factors in synaptic regulation and potential targets for
neurodevelopmental disorders. Front. Mol. Neurosci. 14:729273. doi: 10.3389/
fnmol.2021.729273

Llanos-Gonzalez, E., Henares-Chavarino, A. A., Pedrero-Prieto, C. M.,
Garcia-Carpintero, S., Frontinan-Rubio, J., Sancho-Bielsa, E. J., et al. (2020). Interplay
between mitochondrial oxidative disorders and proteostasis in Alzheimer’s disease.
Front. Neurosci. 13:1444. doi: 10.3389/fnins.2019.01444

Logsdon, A. E, Lucke-Wold, B. P,, Turner, R. C., Huber, J. D., Rosen, C. L., and
Simpkins, J. W. (2015). Role of microvascular disruption in brain damage from traumatic
brain injury. Compr. Physiol. 5, 1147-1160. doi: 10.1002/cphy.c140057

Lovejoy, L. P, and Krauzlis, R. J. (2010). Inactivation of primate superior colliculus
impairs covert selection of signals for perceptual judgments. Nat. Neurosci. 13, 261-266.
doi: 10.1038/nn.2470

Frontiers in Cellular Neuroscience

10.3389/fncel.2023.1233762

Ma, H., Yu, B,, Kong, L., Zhang, Y., and Shi, Y. (2012). Neural stem cells over-
expressing brain-derived neurotrophic factor (BDNF) stimulate synaptic protein
expression and promote functional recovery following transplantation in rat model
of traumatic brain injury. Neurochem. Res. 37, 69-83. doi: 10.1007/
s11064-011-0584-1

Madadi, S., Pasbakhsh, P, Tahmasebi, F, Mortezaece, K., Khanehzad, M.,
Boroujeni, E B, et al. (2019). Astrocyte ablation induced by La-aminoadipate (L-AAA)
potentiates remyelination in a cuprizone demyelinating mouse model. Metab. Brain Dis.
34, 593-603. doi: 10.1007/s11011-019-0385-9

Mahmoud, S., Gharagozloo, M., Simard, C., and Gris, D. (2019). Astrocytes maintain
glutamate homeostasis in the CNS by controlling the balance between glutamate uptake
and release. Cells 8:184. doi: 10.3390/cells8020184

Malik, A. R., and Willnow, T. E. (2019). Excitatory amino acid transporters in
physiology and disorders of the central nervous system. Int. J. Mol. Sci. 20:5671. doi:
10.3390/ijms20225671

Matos, M., Bosson, A., Riebe, I, Reynell, C., Vallée, J., Laplante, I, et al. (2018).
Astrocytes detect and upregulate transmission at inhibitory synapses of somatostatin
interneurons onto pyramidal cells. Nat. Commun. 9:4254. doi: 10.1038/
541467-018-06731-y

Michinaga, S., and Koyama, Y. (2021). Pathophysiological responses and roles of
astrocytes in traumatic brain injury. Int. J. Mol. Sci. 22:6418. doi: 10.3390/
ijms22126418

Mifsud, G., Zammit, C., Muscat, R., Di Giovanni, G., and Valentino, M. (2014).
Oligodendrocyte pathophysiology and treatment strategies in cerebral ischemia. CNS
Neurosci. Ther. 20, 603-612. doi: 10.1111/cns.12263

Miron, V. E., Kuhlmann, T., and Antel, J. P. (2011). Cells of the oligodendroglial
lineage, myelination, and remyelination. Biochim. Biophys. Acta (BBA) - Mol. Basis Dis.
1812, 184-193. doi: 10.1016/j.bbadis.2010.09.010

Misson, J. P, Edwards, M. A., Yamamoto, M., and Caviness, V. S. (1988). Identification
of radial glial cells within the developing murine central nervous system: studies based
upon a new immunohistochemical marker. Brain Res. Dev. Brain Res. 44, 95-108. doi:
10.1016/0165-3806(88)90121-6

Miyamoto, N., Maki, T,, Shindo, A., Liang, A. C., Maeda, M., Egawa, N., et al. (2015).
Astrocytes promote oligodendrogenesis after white matter damage via brain-derived
neurotrophic factor. J. Neurosci. 35, 14002-14008. doi: 10.1523/JNEUROSCI.1592-15.2015

Montes, S., Rivera-Mancia, S., Diaz-Ruiz, A., Tristan-Lopez, L., and Rios, C. (2014).
Copper and copper proteins in Parkinsons disease. Oxidative Med. Cell. Longev.
2014:147251. doi: 10.1155/2014/147251

Nair, A., Frederick, T. J., and Miller, S. D. (2008). Astrocytes in multiple sclerosis: a product
of their environment. Cell. Mol. Life Sci. 65, 2702-2720. doi: 10.1007/s00018-008-8059-5

Nam, M.-H., Ko, H. Y,, Kim, D,, Lee, S., Park, Y. M., Hyeon, S. ], et al. (2023).
Visualizing reactive astrocyte-neuron interaction in Alzheimer’s disease using
11C-acetate and 18F-FDG. Brain 146, 2957-2974. doi: 10.1093/brain/awad037

Nance, E., Porambo, M., Zhang, F, Mishra, M. K., Buelow, M., Getzenberg, R., et al.
(2015). Systemic dendrimer-drug treatment of ischemia-induced neonatal white matter
injury. J. Control. Release 214, 112-120. doi: 10.1016/j.jconrel.2015.07.009

Nasrolahi, A., Mahmoudj, J., Akbarzadeh, A., Karimipour, M., Sadigh-Eteghad, S.,
Salehi, R., et al. (2018). Neurotrophic factors hold promise for the future of Parkinson’s
disease treatment: is there a light at the end of the tunnel? Rev. Neurosci. 29, 475-489.
doi: 10.1515/revneuro-2017-0040

Needham, E. ., Stoevesandt, O., Thelin, E. P, Zetterberg, H., Zanier, E. R., Al Nimer, F,
et al. (2021). Complex autoantibody responses occur following moderate to severe
traumatic brain injury. J. Immunol. 207, 90-100. doi: 10.4049/jimmunol.2001309

Nguyen, Q.-T,, Schroeder, L. E, Mank, M., Muller, A., Taylor, P,, Griesbeck, O., et al.
(2010). An in vivo biosensor for neurotransmitter release and in situ receptor activity.
Nat. Neurosci. 13, 127-132. doi: 10.1038/nn.2469

Nunomura, A., Castellani, R. J., Zhu, X., Moreira, P. L, Perry, G., and Smith, M. A.
(2006). Involvement of oxidative stress in Alzheimer disease. J. Neuropathol. Exp. Neurol.
65, 631-641. doi: 10.1097/01.jnen.0000228136.58062.bf

Nutma, E., van Gent, D., Amor, S., and Peferoen, L. A. N. (2020). Astrocyte and
oligodendrocyte cross-talk in the central nervous system. Cells 9:600. doi: 10.3390/
cells9030600

Pajarillo, E., Rizor, A, Lee, J., Aschner, M., and Leea, E. (2019). The role of astrocytic
glutamate transporters GLT-1 and GLAST in neurological disorders: potential targets
for  neurotherapeutics.  Neuropharmacology =~ 161:107559.  doi: ~ 10.1016/j.
neuropharm.2019.03.002

Panatier, A., Theodosis, D. T., Mothet, J.-P,, Touquet, B., Pollegioni, L., Poulain, D. A.,
et al. (2006). Glia-derived D-serine controls NMDA receptor activity and synaptic
memory. Cells 125, 775-784. doi: 10.1016/j.cell.2006.02.051

Pascual, M., and Guerri, C. (2007). The peptide NAP promotes neuronal growth and
differentiation through extracellular signal-regulated protein kinase and Akt pathways,
and protects neurons co-cultured with astrocytes damaged by ethanol. J. Neurochem.
103, 557-568. doi: 10.1111/j.1471-4159.2007.04761.x

Porras, C. A., and Rouault, T. A. (2022). Iron homeostasis in the CNS: an overview of
the pathological consequences of iron metabolism disruption. Int. J. Mol. Sci. 23:4490.
doi: 10.3390/ijms23094490

frontiersin.org


https://doi.org/10.3389/fncel.2023.1233762
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fncom.2013.00114
https://doi.org/10.1038/s41573-022-00390-x
https://doi.org/10.1038/s41573-022-00390-x
https://doi.org/10.1042/AN20120062
https://doi.org/10.1172/JCI91301
https://doi.org/10.1016/j.celrep.2023.112293
https://doi.org/10.1016/j.celrep.2023.112293
https://doi.org/10.1007/s12264-022-00981-z
https://doi.org/10.1016/j.neuron.2017.07.010
https://doi.org/10.1038/jcbfm.2015.165
https://doi.org/10.1038/jcbfm.2015.165
https://doi.org/10.1186/s12987-020-00230-3
https://doi.org/10.1016/j.expneurol.2016.03.009
https://doi.org/10.1016/j.expneurol.2016.03.009
https://doi.org/10.1111/bpa.12865
https://doi.org/10.3390/cells8111424
https://doi.org/10.1016/j.nbd.2010.10.023
https://doi.org/10.1038/nrn3550
https://doi.org/10.1186/s40478-023-01526-9
https://doi.org/10.3389/fnagi.2022.890509
https://doi.org/10.1016/j.stem.2018.07.009
https://doi.org/10.1016/j.stem.2018.07.009
https://doi.org/10.3389/fncel.2022.850866
https://doi.org/10.3389/fimmu.2020.573256
https://doi.org/10.1016/j.neuron.2020.08.012
https://doi.org/10.3389/fnmol.2021.729273
https://doi.org/10.3389/fnmol.2021.729273
https://doi.org/10.3389/fnins.2019.01444
https://doi.org/10.1002/cphy.c140057
https://doi.org/10.1038/nn.2470
https://doi.org/10.1007/s11064-011-0584-1
https://doi.org/10.1007/s11064-011-0584-1
https://doi.org/10.1007/s11011-019-0385-9
https://doi.org/10.3390/cells8020184
https://doi.org/10.3390/ijms20225671
https://doi.org/10.1038/s41467-018-06731-y
https://doi.org/10.1038/s41467-018-06731-y
https://doi.org/10.3390/ijms22126418
https://doi.org/10.3390/ijms22126418
https://doi.org/10.1111/cns.12263
https://doi.org/10.1016/j.bbadis.2010.09.010
https://doi.org/10.1016/0165-3806(88)90121-6
https://doi.org/10.1523/JNEUROSCI.1592-15.2015
https://doi.org/10.1155/2014/147251
https://doi.org/10.1007/s00018-008-8059-5
https://doi.org/10.1093/brain/awad037
https://doi.org/10.1016/j.jconrel.2015.07.009
https://doi.org/10.1515/revneuro-2017-0040
https://doi.org/10.4049/jimmunol.2001309
https://doi.org/10.1038/nn.2469
https://doi.org/10.1097/01.jnen.0000228136.58062.bf
https://doi.org/10.3390/cells9030600
https://doi.org/10.3390/cells9030600
https://doi.org/10.1016/j.neuropharm.2019.03.002
https://doi.org/10.1016/j.neuropharm.2019.03.002
https://doi.org/10.1016/j.cell.2006.02.051
https://doi.org/10.1111/j.1471-4159.2007.04761.x
https://doi.org/10.3390/ijms23094490

Tanetal.

Qian, H., Kang, X., Hu, J., Zhang, D., Liang, Z., Meng, F, et al. (2020). Reversing
Parkinson disease model with in situ converted nigral neurons. Nature 582, 550-556.
doi: 10.1038/s41586-020-2388-4

Qin, C, Yang, S., Chu, Y.-H., Zhang, H., Pang, X.-W,, Chen, L., et al. (2022).
Signaling pathways involved in ischemic stroke: molecular mechanisms and
therapeutic interventions. Sig. Transduct. Target. Ther. 7, 1-29. doi: 10.1038/
$41392-022-01064-1

Reid, J. K., and Kuipers, H. FE (2021). She Doesn't even go Here: the role of
inflammatory astrocytes in CNS disorders. Front. Cell. Neurosci. 15:704884. doi:
10.3389/fncel.2021.704884

Reinert, A., Morawski, M., Seeger, J., Arendt, T.,, and Reinert, T. (2019). Iron
concentrations in neurons and glial cells with estimates on ferritin concentrations. BMC
Neurosci. 20:25. doi: 10.1186/512868-019-0507-7

Rodriguez-Frutos, B., Otero-Ortega, L., Ramos-Cejudo, J., Martinez-Sanchez, P.,
Barahona-Sanz, 1., Navarro-Hernanz, T., et al. (2016). Enhanced brain-derived
neurotrophic factor delivery by ultrasound and microbubbles promotes white matter
repair after stroke. Biomaterials 100, 41-52. doi: 10.1016/j.biomaterials.2016.05.028

Rowitch, D. H., and Kriegstein, A. R. (2010). Developmental genetics of vertebrate
glial-cell specification. Nature 468, 214-222. doi: 10.1038/nature09611

Saijo, K., Winner, B., Carson, C. T., Collier, J. G., Boyer, L., Rosenfeld, M. G., et al.
(2009). A Nurrl/CoREST pathway in microglia and astrocytes protects dopaminergic
neurons from inflammation-induced death. Cells 137, 47-59. doi: 10.1016/j.
cell.2009.01.038

Sanchez-Mendoza, E., Bellver-Landete, V., Merino, J. J., Gonzdlez, M. P,
Martinez-Murillo, R., and Oset-Gasque, M. J. (2013). Review: could neurotransmitters
influence neurogenesis and neurorepair after stroke?: Neurotransmitters and post-
ischaemic neurogenesis. Neuropathol. Appl. Neurobiol. 39, 722-735. doi: 10.1111/
nan.12082

Sanmarco, L. M., Wheeler, M. A., Gutiérrez-Vizquez, C., Polonio, C. M.,
Linnerbauer, M., Pinho-Ribeiro, E A., et al. (2021). Gut-licensed IFNy+ NK cells drive
LAMPI1+TRAIL+ anti-inflammatory astrocytes. Nature 590, 473-479. doi: 10.1038/
$41586-020-03116-4

Satarker, S., Bojja, S. L., Gurram, P. C., Mudgal, J., Arora, D., and Nampoothiri, M.
(2022). Astrocytic glutamatergic transmission and its implications in neurodegenerative
disorders. Cells 11:1139. doi: 10.3390/cells11071139

Seifert, T., Bauer, J., Weissert, R., Fazekas, E, and Storch, M. K. (2007). Notch1 and its
ligand Jagged1 are present in remyelination in a T-cell- and antibody-mediated model
of inflammatory demyelination. Acta Neuropathol. 113, 195-203. doi: 10.1007/
s00401-006-0170-9

Selvaraj, P, Wen, ., Tanaka, M., and Zhang, Y. (2019). Therapeutic effect of a novel
fatty acid amide hydrolase inhibitor PF04457845 in the repetitive closed head injury
mouse model. J. Neurotrauma 36, 1655-1669. doi: 10.1089/neu.2018.6226

Sen, M. K., Mahns, D. A., Coorssen, J. R, and Shortland, P. J. (2022). The roles of
microglia and astrocytes in phagocytosis and myelination: insights from the cuprizone
model of multiple sclerosis. Glia 70, 1215-1250. doi: 10.1002/glia.24148

Shan, C.-M., Bao, K., Diedrich, J., Chen, X., Lu, C., Yates, J. R., et al. (2020). The INO80
complex regulates epigenetic inheritance of heterochromatin. Cell Rep. 33:108561. doi:
10.1016/j.celrep.2020.108561

Shan, L., Zhang, T, Fan, K., Cai, W,, and Liu, H. (2021). Astrocyte-neuron signaling
in synaptogenesis. Front Cell Dev Biol. 9:680301. doi: 10.3389/fcell.2021.680301

Sharma, R., Fischer, M.-T., Bauer, J., Felts, P. A., Smith, K. J., Misu, T, et al. (2010).
Inflammation induced by innate immunity in the central nervous system leads to
primary astrocyte dysfunction followed by demyelination. Acta Neuropathol. 120,
223-236. doi: 10.1007/s00401-010-0704-z

Shi, H., Hu, X,, Leak, R. K., Shi, Y., An, C,, Suenaga, J., et al. (2015). Demyelination as
a rational therapeutic target for ischemic or traumatic brain injury. Exp. Neurol. 272,
17-25. doi: 10.1016/j.expneurol.2015.03.017

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

Simon, D. W.,, McGeachy, M., Bayir, H.,, Clark, R. S. B.,, Loane, D. J., and
Kochanek, P. M. (2017). Neuroinflammation in the evolution of secondary injury, repair,
and chronic neurodegeneration after traumatic brain injury. Nat. Rev. Neurol. 13,
171-191. doi: 10.1038/nrneurol.2017.13

Simons, M., and Nave, K.-A. (2016). Oligodendrocytes: myelination and axonal
support. Cold Spring Harb. Perspect. Biol. 8:a020479. doi: 10.1101/cshperspect.
2020479

Simunkova, M., Alwasel, S. H., Alhazza, 1. M., Jomova, K., Kollar, V., Rusko, M., et al.
(2019). Management of oxidative stress and other pathologies in Alzheimer’s disease.
Arch. Toxicol. 93,2491-2513. doi: 10.1007/s00204-019-02538-y

Skowronska, K., Obara-Michlewska, M., Zielinska, M., and Albrecht, J. (2019). NMDA
receptors in astrocytes: in search for roles in neurotransmission and astrocytic
homeostasis. Int. . Mol. Sci. 20:309. doi: 10.3390/ijms20020309

Sofroniew, M. V. (2015). Astrogliosis. Cold Spring Harb Perspect Biol 7:a020420. doi:
10.1101/cshperspect.a020420

Frontiers in Cellular Neuroscience

10

10.3389/fncel.2023.1233762

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

Soomro, S. H,, Jie, J., and Fu, H. (2018). Oligodendrocytes development and Wnt
signaling pathway. IJHA 1, 17-35. doi: 10.14302/issn.2577-2279.ijha-18-2407

Spaas, J., van Veggel, L., Schepers, M., Tiane, A., van Horssen, J., Wilson, D. M., et al.
(2021). Oxidative stress and impaired oligodendrocyte precursor cell differentiation in
neurological disorders. Cell. Mol. Life Sci. 78, 4615-4637. doi: 10.1007/
s00018-021-03802-0

Su, Y., Wang, X,, Yang, Y., Chen, L., Xia, W, Hoi, K. K,, et al. (2023). Astrocyte endfoot
formation controls the termination of oligodendrocyte precursor cell perivascular
migration during development. Neuron 111, 190-201.e8. doi: 10.1016/j.
neuron.2022.10.032

Subramaniam, S. R., and Chesselet, M.-F. (2013). Mitochondrial dysfunction and
oxidative stress in Parkinson’s disease. Prog. Neurobiol. 0, 17-32. doi: 10.1016/j.
pneurobio.2013.04.004

Takano, T., Wallace, J. T, Baldwin, K. T., Purkey, A. M., Uezu, A., Courtland, J. L., et al.
(2020). Chemico-genetic discovery of astrocytic control of inhibition in vivo. Nature
588, 296-302. doi: 10.1038/s41586-020-2926-0

Tognatta, R., Karl, M. T., Fyffe-Maricich, S. L., Popratiloff, A., Garrison, E. D,,
Schenck, J. K., et al. (2020). Astrocytes are required for oligodendrocyte survival and
maintenance of myelin compaction and integrity. Front. Cell. Neurosci. 14:74. doi:
10.3389/fncel.2020.00074

Traiffort, E., Kassoussi, A., Zahaf, A., and Laouarem, Y. (2020). Astrocytes and
microglia as major players of myelin production in normal and pathological conditions.
Front. Cell. Neurosci. 14:79. doi: 10.3389/fncel.2020.00079

Troncoso-Escudero, P, Parra, A., Nassif, M., and Vidal, R. L. (2018). Outside in:
unraveling the role of neuroinflammation in the progression of Parkinson’s disease.
Front. Neurol. 9:860. doi: 10.3389/fneur.2018.00860

Valdinocci, D., Radford, R. A. W, Siow, S. M., Chung, R. S., and Pountney, D. L.
(2017). Potential modes of intercellular a-synuclein transmission. Int. J. Mol. Sci. 18:469.
doi: 10.3390/ijms18020469

Walz, W. (2000). Role of astrocytes in the clearance of excess extracellular potassium.
Neurochem. Int. 36, 291-300. doi: 10.1016/S0197-0186(99)00137-0

Wan, T., Zhu, W, Zhao, Y., Zhang, X., Ye, R., Zuo, M., et al. (2022). Astrocytic
phagocytosis contributes to demyelination after focal cortical ischemia in mice. Nat.
Commun. 13:1134. doi: 10.1038/s41467-022-28777-9

Wang, X., Wang, W,, Li, L., Perry, G., Lee, H., and Zhu, X. (2014). Oxidative stress and
mitochondrial dysfunction in Alzheimer’s disease. Biochim. Biophys. Acta 1842,
1240-1247. doi: 10.1016/j.bbadis.2013.10.015

Wang, Y.-C., Wu, Y.-T., Huang, H.-Y,, Lin, H.-L, Lo, L.-W,, Tzeng, S.-E, et al. (2008).
Sustained intraspinal delivery of neurotrophic factor encapsulated in biodegradable
nanoparticles following contusive spinal cord injury. Biomaterials 29, 4546-4553. doi:
10.1016/j.biomaterials.2008.07.050

Wang, X., Xuan, W,, Zhu, Z.-Y,, Li, Y., Zhu, H., Zhu, L,, et al. (2018). The evolving role
of neuro-immune interaction in brain repair after cerebral ischemic stroke. CNS
Neurosci. Ther. 24, 1100-1114. doi: 10.1111/cns.13077

Weber, B., and Barros, L. E. (2015). The astrocyte: powerhouse and recycling
center. Cold Spring Harb. Perspect. Biol. 7:a020396. doi: 10.1101/cshperspect.
2020396

Wheeler, M. A, Clark, I. C,, Tjon, E. C,, Li, Z., Zandee, S. E. J., Couturier, C. P, et al.
(2020). MAFG-driven astrocytes promote CNS inflammation. Nature 578, 593-599. doi:
10.1038/s41586-020-1999-0

Wheeler, M. A., Jaronen, M., Covacu, R., Zandee, S. E. J., Scalisi, G,
Rothhammer, V., et al. (2019). Environmental control of astrocyte pathogenic
activities in CNS inflammation. Cells 176, 581-596.e18. doi: 10.1016/j.
cell.2018.12.012

Wicher, G., Wallenquist, U,, Lei, Y., Enoksson, M., Li, X., Fuchs, B., et al. (2017).
Interleukin-33 promotes recruitment of microglia/macrophages in response to
traumatic brain injury. J. Neurotrauma 34, 3173-3182. doi: 10.1089/neu.2016.4900

Xia, C.-Y., Xu, J.-K., Pan, C.-H., Lian, W.-W,, Yan, Y., Ma, B.-Z., et al. (2020).
Connexins in oligodendrocytes and astrocytes: possible factors for demyelination in
multiple sclerosis. Neurochem. Int. 136:104731. doi: 10.1016/j.neuint.2020.104731

Xie, Y., Kuan, A. T., Wang, W,, Herbert, Z. T., Mosto, O., Olukoya, O,, et al. (2022).
Astrocyte-neuron crosstalk through hedgehog signaling mediates cortical synapse
development. Cell Rep. 38:110416. doi: 10.1016/j.celrep.2022.110416

Xu, S., Lu, J., Shao, A., Zhang, J. H., and Zhang, J. (2020). Glial cells: role of the
immune response in ischemic stroke. Front. Immunol. 11:294. doi: 10.3389/
fimmu.2020.00294

Yang, J., Ruchti, E., Petit, J.-M., Jourdain, P, Grenningloh, G., Allaman, L, et al. (2014).

Lactate promotes plasticity gene expression by potentiating NMDA signaling in
neurons. Proc. Natl. Acad. Sci. USA 111, 12228-12233. doi: 10.1073/pnas.1322912111

Yang, J.-S., Wei, H.-X., Chen, P-P, and Wu, G. (2018). Roles of Eph/Ephrin
bidirectional signaling in central nervous system injury and recovery. Exp. Ther. Med.
15,2219-2227. doi: 10.3892/etm.2018.5702

frontiersin.org


https://doi.org/10.3389/fncel.2023.1233762
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41586-020-2388-4
https://doi.org/10.1038/s41392-022-01064-1
https://doi.org/10.1038/s41392-022-01064-1
https://doi.org/10.3389/fncel.2021.704884
https://doi.org/10.1186/s12868-019-0507-7
https://doi.org/10.1016/j.biomaterials.2016.05.028
https://doi.org/10.1038/nature09611
https://doi.org/10.1016/j.cell.2009.01.038
https://doi.org/10.1016/j.cell.2009.01.038
https://doi.org/10.1111/nan.12082
https://doi.org/10.1111/nan.12082
https://doi.org/10.1038/s41586-020-03116-4
https://doi.org/10.1038/s41586-020-03116-4
https://doi.org/10.3390/cells11071139
https://doi.org/10.1007/s00401-006-0170-9
https://doi.org/10.1007/s00401-006-0170-9
https://doi.org/10.1089/neu.2018.6226
https://doi.org/10.1002/glia.24148
https://doi.org/10.1016/j.celrep.2020.108561
https://doi.org/10.3389/fcell.2021.680301
https://doi.org/10.1007/s00401-010-0704-z
https://doi.org/10.1016/j.expneurol.2015.03.017
https://doi.org/10.1038/nature24016
https://doi.org/10.1038/nrneurol.2017.13
https://doi.org/10.1101/cshperspect.a020479
https://doi.org/10.1101/cshperspect.a020479
https://doi.org/10.1007/s00204-019-02538-y
https://doi.org/10.3390/ijms20020309
https://doi.org/10.1101/cshperspect.a020420
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.14302/issn.2577-2279.ijha-18-2407
https://doi.org/10.1007/s00018-021-03802-0
https://doi.org/10.1007/s00018-021-03802-0
https://doi.org/10.1016/j.neuron.2022.10.032
https://doi.org/10.1016/j.neuron.2022.10.032
https://doi.org/10.1016/j.pneurobio.2013.04.004
https://doi.org/10.1016/j.pneurobio.2013.04.004
https://doi.org/10.1038/s41586-020-2926-0
https://doi.org/10.3389/fncel.2020.00074
https://doi.org/10.3389/fncel.2020.00079
https://doi.org/10.3389/fneur.2018.00860
https://doi.org/10.3390/ijms18020469
https://doi.org/10.1016/S0197-0186(99)00137-0
https://doi.org/10.1038/s41467-022-28777-9
https://doi.org/10.1016/j.bbadis.2013.10.015
https://doi.org/10.1016/j.biomaterials.2008.07.050
https://doi.org/10.1111/cns.13077
https://doi.org/10.1101/cshperspect.a020396
https://doi.org/10.1101/cshperspect.a020396
https://doi.org/10.1038/s41586-020-1999-0
https://doi.org/10.1016/j.cell.2018.12.012
https://doi.org/10.1016/j.cell.2018.12.012
https://doi.org/10.1089/neu.2016.4900
https://doi.org/10.1016/j.neuint.2020.104731
https://doi.org/10.1016/j.celrep.2022.110416
https://doi.org/10.3389/fimmu.2020.00294
https://doi.org/10.3389/fimmu.2020.00294
https://doi.org/10.1073/pnas.1322912111
https://doi.org/10.3892/etm.2018.5702

Tanetal.

Yang, L.-X,, Yao, Y.-Y,, Yang, J.-R., Cheng, H.-L., Zhu, X.-]., and Zhang, Z.-]. (2023).
Sphingosine 1-phosphate receptor 1 regulates blood-brain barrier permeability in
epileptic mice. Neural Regen. Res. 18, 1763-1769. doi: 10.4103/1673-5374.360263

Ying, Z., Pan, C,, Shao, T., Liu, L., Li, L., Guo, D,, et al. (2018). Mixed lineage kinase
domain-like protein MLKL breaks down myelin following nerve injury. Mol. Cell 72,
457-468.¢5. doi: 10.1016/j.molcel.2018.09.011

Zhang, F, Lin, Y.-A., Kannan, S., and Kannan, R. M. (2016). Targeting specific cells in
the brain with nanomedicines for CNS therapies. J. Control. Release 240, 212-226. doi:
10.1016/j.jconrel.2015.12.013

Zhang, X., Wang, R., Hu, D.,, Sun, X., Fujioka, H., Lundberg, K., et al. (2020).
Oligodendroglial glycolytic stress triggers inflammasome activation and neuropathology
in Alzheimer’s disease. Sci. Adv. 6:eabb8680. doi: 10.1126/sciadv.abb8680

Frontiers in Cellular Neuroscience

11

10.3389/fncel.2023.1233762

Zhang, R., Wu, Y, Xie, E, Zhong, Y., Wang, Y., Xu, M, et al. (2018). RGMa mediates
reactive astrogliosis and glial scar formation through TGFp1/Smad2/3 signaling after
stroke. Cell Death Differ. 25, 1503-1516. doi: 10.1038/541418-018-0058-y

Zhang, X., Zhang, R., Nisa Awan, M. U,, and Bai, J. (2022). The mechanism and
function of glia in Parkinson’s disease. Front. Cell. Neurosci. 16:903469. doi: 10.3389/
fncel.2022.903469

Zhou, B., Lin, W, Long, Y., Yang, Y., Zhang, H., Wu, K., et al. (2022). Notch signaling

pathway: architecture, disease, and therapeutics. Signal Transduct. Target. Ther. 7:95. doi:
10.1038/541392-022-00934-y

Zhu, G., Wang, X., Chen, L., Lenahan, C., Fu, Z., Fang, Y,, et al. (2022). Crosstalk
between the oxidative stress and glia cells after stroke: from mechanism to therapies.
Front. Immunol. 13:852416. doi: 10.3389/fimmu.2022.852416

frontiersin.org


https://doi.org/10.3389/fncel.2023.1233762
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.4103/1673-5374.360263
https://doi.org/10.1016/j.molcel.2018.09.011
https://doi.org/10.1016/j.jconrel.2015.12.013
https://doi.org/10.1126/sciadv.abb8680
https://doi.org/10.1038/s41418-018-0058-y
https://doi.org/10.3389/fncel.2022.903469
https://doi.org/10.3389/fncel.2022.903469
https://doi.org/10.1038/s41392-022-00934-y
https://doi.org/10.3389/fimmu.2022.852416

	The role and potential therapeutic targets of astrocytes in central nervous system demyelinating diseases
	Distribution of astrocytes
	Functions of astrocytes in CNS function
	Role of astrocytes in demyelination in traumatic brain injury (TBI)
	Role of astrocytes in demyelination in stroke
	Role of astrocytes in demyelination in Parkinson’s disease (PD)
	Role of astrocytes in demyelination in Alzheimer’s disease (AD)
	Influence of astrocytes on OPCs
	Astrocyte-oligodendrocyte crosstalk: balancing myelination
	Astrocytes in synaptic repair
	Conclusion and outlook
	Author contributions

	References

