
Summary. Astrocytes, the most abundant glial cells in
the central nervous system (CNS), have numerous
integral roles in all CNS functions. They are essential for
synaptic transmission and support neurons by providing
metabolic substrates, secreting growth factors and
regulating extracellular concentrations of ions and
neurotransmitters. Astrocytes respond to CNS insults
through reactive astrogliosis, in which they go through
many functional and molecular changes. In
neuroinflammatory conditions reactive astrocytes exert
both beneficial and detrimental functions, depending on
the context and heterogeneity of astrocytic populations.
In this review we profile astrocytic diversity in the
context of neuroinflammation; with a specific focus on
multiple sclerosis (MS) and its best-described animal
model experimental autoimmune encephalomyelitis
(EAE). We characterize two main subtypes,
protoplasmic and fibrous astrocytes and describe the role
of intermediate filaments in the physiology and
pathology of these cells. Additionally, we outline a
variety of markers that are emerging as important in
investigating astrocytic biology in both physiological
conditions and neuroinflammation.
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Introduction

Astrocytes are the most abundant and heterogeneous
cells of the mammalian CNS that contribute to the
physical and metabolic support to the neurons
(Sofroniew and Vinters, 2010). Therefore, astrocytes'
innate ability to protect neurons appears to be a
promising therapeutic target during neurodegeneration
(Liu et al., 2017). Based on cell morphology and
anatomical location, two main types have been

documented. Fibrous astrocytes reside in the white
matter, display many elongated fiber-like processes
along with myelinated fibers, whereas star-shape
protoplasmic astrocytes occupy the gray matter, creating
extensive contacts with neurons and blood vessels (Nair
et al., 2008; Correale and Farez, 2015). During
neuroinflammation, astrocytes have significant roles,
and their response to danger signals may be beneficial or
detrimental depending on the stimuli from the inflamed
environment (Colombo and Farina, 2016). In terms of
acute neuroinflammation, astrocytes can hinder their
dysfunction and restrict the dissemination of cytotoxic
inflammation (Sofroniew, 2015). However, astrocytes
are exposed to a variety of danger signals during chronic
neuroinflammation, leading to their increased astrocyte
reactivity that contributes to glial scar formation,
demyelination, and neurodegeneration in MS/EAE
(Liddelow et al., 2017; Wheeler and Quintana, 2018).
These reactive astrocytes display considerable
heterogeneity at numerous levels (Anderson et al.,
2014), including region-specific gene expression (Itoh et
al., 2018), cell morphology, signaling, and function
(Sofroniew, 2015). It was recently proposed that reactive
astrocytes exist in two different states upon
neuroinflammation, with neurotoxic and neuroprotective
reactive phenotype capabilities (Liddelow and Barres,
2017). The subtype of reactive astrocytes, referred to as
A1, possesses the ability to damage neurons and
oligodendrocytes, while neuroprotective A2 reactive
astrocytes may promote neuron survival and tissue repair
(Liddelow et al., 2017). 
Origin and development

From their discovery to the present day, the point of
view towards astrocytes has evolved from being
considered as a homogeneous population of cells simply
representing structural support to CNS, to a
heterogeneous population with a multitude of functions
such as the following: active participation in the
neuronal activity by modulating synaptic transmission;
neurotransmitter trafficking; production of
gliotransmitters; monitoring blood-brain barrier and
regional blood flow; energy and antioxidant reservoir for
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neurons; repairment of injured nervous system and many
others (Khakh and Sofroniew, 2015; Burda et al., 2016).
It became apparent that astrocytes display heterogeneity
at multiple levels, concerning their morphology,
molecular signature, function, and anatomical location.
Since these properties are intertwined, determining
astrocyte functional diversity represents the ultimate
challenge. However, as experimental techniques in this
field become more technically sophisticated, some
problems are slowly being elucidated. Thus, the
development of astrocytes might be the foundation of
their future heterogeneity in adulthood (Clarke et al.,
2021; Ben Haim and Rowitch, 2017). Since the theme of
astrogenesis has been extensively covered elsewhere
(Chaboub and Deneen, 2012; Bayraktar et al., 2014;
Molofsky and Deneen, 2015), in this segment, we will
briefly discuss the relationship between embryonic
patterning and generation of different astrocyte subtypes.
Astrocytes share the same origin as neurons and
oligodendrocytes, so they are assumed to follow similar
developmental stages (neural stem cell specification,
migration, proliferation, and differentiation) and spatial
and temporal patterning principles. However, unlike
neurons and oligodendrocytes, they retain mitotic
potential, and their differential endpoint is dynamic in
the adult form (Chaboub and Deneen, 2012). It all starts
in the ectoderm, which develops into the neuronal tube
(NT), whose wall consists of neuroepithelial cells, with
cell bodies located around the tube lumen, in the
ventricular zone (VZ), and processes sent towards the
pial surface. Neuroepithelial cells give rise to primary
neural stem cells - radial glial cells (RGCs) that retain
apicobasal orientation and have neurogenic and
gliogenic potential. Factors (intrinsic and extrinsic)
favoring the production of neurons are the first ones to
dominate, which means that neurogenesis precedes
gliogenesis (Deneen et al., 2006). The root of neuronal
diversity lies in the developmental patterning program,
enabling progenitor cells to arrange in region-specific
compartments. Thus, neuroepithelial cells will receive
external signals in the form of following morphogenic
proteins: bone morphogenetic proteins (BMPs), wingless
(WNT) proteins, and Sonic Hedgehog (SHH) (Jessell,
2000). Gradual concentration of these proteins along a
dorsoventral axis in developing spinal cord (BMP and
WNT decreasing, SHH increasing) will induce either
activation or inhibition of homeodomain and basic
Helix-Loop-Helix transcription factors (such as
members of the following families: Nkx, Pax, Dbx,
Olig2), resulting in different combinations of their
expression (Muroyama et al., 2005; Hochstim et al.,
2008). Each combination will be specific for a certain
population of progenitor cells, reflected in the spinal
cord's segmental organization and formation of ventral
progenitor domains (p0-most dorsal, p1, p2, pMN and
p3-most ventral). From domains p0-p3, three distinct
types of ventral interneurons (V0, V1, V2, and V3) will
arise, while pMN will produce motor neurons. In the
murine embryonic spinal cord, gliogenic input comes

around E12.5, from transcription factors Sox9 and NFIA
(Deneen et al., 2006; Kang et al., 2012). Upon gliogenic
switch, RGCs in domains p1-p3 will generate three
distinct types of ventral white matter astrocytes (VA1-
VA3), p0 will produce protoplasmatic and fibrous
astrocytes, while progenitors in pMN will produce
oligodendrocytes. Astrogenesis does not co-occur in the
dorsal and ventral segment of the spinal cord; thus,
dorsal astrogenesis follows after ventral. Interestingly,
gliogenic progenitors will use a similar combinatorial
system, like in the case of neuronal diversification,
consisting of homeodomain patterning proteins (Pax6,
Nkx6.1), but now to produce different subtypes of
astrocytes (Hochstim et al., 2008). The first wave of
astrocyte proliferation occurs in VZ, where RGSs will
asymmetrically divide and produce intermediate
astrocyte precursors (IAP) (Tien et al., 2012). These
astrocyte precursors will migrate along with the
processes of RGCs to their final destination. In the spinal
cord that would not be so far away from their progenitor
domains in VZ. Upon arriving at their location, IAPs
divide symmetrically (second wave of proliferation), to
generate more astrocytes, which then fully maturate
(Tien et al., 2012). VA1-VA3 astrocytes position along
dorsoventral axes of ventral white matter in a manner
that corresponds to the dorsoventral arrangement of their
progenitors' domains along VZ. Each of these astrocyte
subtypes is identified based on the expression of specific
markers: Slit1 and Reelin (Hochstim et al., 2008).
Furthermore, this astrocyte heterogeneity established by
intrinsic mechanisms early during development, in later
stages might further upgrade by extrinsic signals coming
from local neuronal circuits. Compared to the spinal
cord, gliogenic switch in the mouse cortex comes later,
around E16-18, also characterized by two periods of
astrocyte proliferation (Ge et al., 2012). According to a
3D imaging study of cortical astrocyte clones, it seems
that astrocyte precursors colonize the neocortex in a non-
ordered manner, and their heterogeneity is guided mostly
by environmental factors (Clavreul et al., 2019). The
recent large-area spatial transcriptomic study revealed
that the mouse cortical gray matter contains three layers
of astrocytes (superficial, mid, and deep) distinctive
from the six neuronal layers (Bayraktar et al., 2020).
These astrocytic domains are established early in
postnatal development and maintained into the adult
stage (Bayraktar et al., 2020). Therefore, it is plausible
that CNS overall applies multiple strategies in the
development of astrocyte functional heterogeneity across
different regions, covering the spectrum from a
combination of embryonic patterning and environmental
cues to extrinsic signals solely. 

It is crucial to determine the developmental and
mature markers of astrocytes to follow the processes of
astrogenesis mentioned earlier. Markers used to label
astrocyte precursors are Glast, FGFR3, and FABP7
(Owada et al., 1996; Shibata et al., 1997; Hartfuss et al.,
2001; Pringle et al., 2003). However, these markers are
not exclusive for astrocyte lineage since they label
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oligodendrocyte or neuronal precursors, too (Anthony et
al., 2004). Regarding mature markers of astrocytes, there
is myriad of them: GFAP, S100b, Aldh1L1, CD44, Glt1,
GS, AQp4, and Ascgb1, whose features will be
addressed later in the text.
Intermediate filament characterization in astrocytes

Intermediate filaments represent the main
constituents of the cytoskeleton. These filaments are
comprised of a huge family of proteins and spread
through the cytoplasm and inner nuclear membrane.
Their major role is to maintain the stability of the cells
and tissues (Bott and Winckler, 2020). There are 6
known classes of intermediate filaments. 
Glial fibrillary acidic protein (GFAP)

Glial fibrillary acidic protein (GFAP)(molecular
weight 55kDa) is a typical cytoskeletal intermediate
filament (IF) protein that provides mechanical support to
the astrocytes in physiological conditions (Pekny et al.,
2016). Regardless of their heterogeneity, astrocytes
respond to different stimuli by increasing GFAP
expression, which leads to the reorganization of the
cytoskeletal network (Eng, 1985; Gomes et al., 1999).
The existence of different isoforms further enhances the
complexity of the astrocytic cytoskeleton. In addition to
two IF proteins - vimentin and nestin (Hol and Pekny,
2015), astrocytes express ten different GFAP isoforms
(Kamphuis et al., 2012). It was previously shown that
GFAP splice variants influence astrocytes' shape and
characteristics in physiological and pathological
conditions (Middeldorp and Hol, 2011; Moeton et al.,
2016b). 

It has been proposed that an aberrant IF system is
more detrimental to a cell than the complete absence of
IFs (Eliasson et al., 1999). Indeed, expression of GFAP
appears not to be a prerequisite for the development
and/or tissue distribution of astrocytes in the CNS, and
the loss of GFAP IFs is not compensated by the up-
regulation of other intermediate filament proteins, such
as vimentin (Aquino et al., 1988). GFAP-negative mice
displayed post-traumatic reactive gliosis, which suggests
that GFAP up-regulation, a hallmark of reactive gliosis,
is not an obligatory requirement for this process (Pekny
et al., 1995; Hol and Pekny, 2015).

GFAP isoforms
The most abundant GFAP isoform is a GFAP-α, a

canonical isoform found in CNS (Boyd et al., 2012). The
other GFAP isoforms are made from alternative splicing
at 3' or 5’ ends of its pre mRNA (Boyd et al., 2012). The
first alternative spliced form was recognized in the rat
and termed GFAP-δ (Condorelli et al., 1999), while its
human homologue was entitled GFAP-ε (Nielsen et al.,
2002). It was confirmed that Schwann cells express the
GFAP-β transcript (Jessen et al., 1984). Additional three

splice variants GFAPΔEx6, GFAPΔ164, and
GFAPΔ135 were found in the human brain and have
been implicated in Alzheimer`s disease and epilepsy
(Boer et al., 2010; Kamphuis et al., 2012) Also, GFAP-ζ
(zeta) was detected in the mouse developing brain, while
γ-transcript for GFAP was identified in mouse spleen
(Zelenika et al., 1995). GFAP-κ is involved in
maintenance of rigidity and stability of GFAP
(Blechingberg et al., 2007). Altogether, the role of these
isoforms is ambiguous; among them, it seems that only
GFAPδ influences astrocyte cytoskeleton in the CNS
(Moeton et al., 2016b).

GFAP-δ was first described in rat primary astrocyte
cultures (Condorelli et al., 1999). It is expressed in
proliferating neurogenic astrocytes of the developing
human and mouse brain (Middeldorp et al., 2010;
Mamber et al., 2012; Thomsen et al., 2013). The
expression of this GFAP isoform was found in several
neurodegenerative disorders, including vanishing white
matter disease (Bugiani et al., 2011) and epilepsy
(Martinian et al.,  2009; Miyahara et al.,  2011).
Likewise, GFAP-δ is overexpressed in different glial
tumors (Andreiuolo et al., 2009; Choi et al., 2009;
Stassen et al., 2017). It was suggested that GFAP-δ has
a substantial impact on the astrocyte cytoskeleton,
affecting cell adhesion, morphology, and motility
(Martinian et al., 2009; Moeton et al., 2016b). In
humans, GFAP-δ expression is associated with neuronal
stem cells and immature astrocytes, with an ability to
self-renew (Middeldorp et al., 2010), while in the
developing and adult mouse brain, GFAP-δ is not a
preferential neural stem cell marker (Mamber et al.,
2012). The ability of GFAP-δ to alter the cytoskeleton
of astrocytes indicates its capacity to affect IFs to form
heterodimers with other cytoskeleton proteins or to
influence organelle or vesicle position and trafficking
(Moeton et al., 2016b). Neurogenesis decreases during
MS, but still, GFAP-δ expressing astrocytes are found
in the narrow subventricular zone in MS, pointing to its
neurogenic potential (Tepavcevic et al., 2011). The
predominant expression of GFAP-δ was shown in
disassembled astrocytes in vanishing white matter
disease (Bugiani et al., 2011), where these astrocytes
display an anomalous IF network. Similarly,
dysfunctional astrocytes occur in Alexander's disease,
which involves immense myelin loss due to
heterozygous mutations in the GFAP gene, followed by
extensive reactive astrogliosis (Perng et al., 2008;
Sosunov et al., 2017). Specifically, it was reported that
GFAP-δ transcript mutation leads to aberrant GFAP-
associated filamentous cytoskeletal network
(Melchionda et al., 2013), pointing to the importance of
GFAP-δ in proper IF assembly astrocytes. 

To date, it is unknown how does high GFAP-δ
expression influences whole astrocyte network, but it
seems dependent on GFAP-δ/GFAP-α ratio (Nielsen and
Jørgensen, 2004). Previous studies by other authors
(Roelofs et al., 2005) reported that GFAP-δ expression
causes a collapse of IFs near the nucleus, when GFAP-
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δ/GFAP-α ratio reaches a critical level (Blechingberg et
al., 2007; Moeton et al., 2016a). Hence, it should be
highlighted that for normal astrocytic functions, both the
quality and quantity of GFAP isoforms are needed.
Vimentin

Vimentin (molecular weight 57kDa) belongs to a
class III intermediate filament protein. Vimentin
intermediate filaments are generally present in
mesenchymal cells, or cells that contain a distinct
nucleus, and predominately expressed in developing
embryo and in cells (Franke and Moll, 1987; Clarke and
Allan, 2002). The main role of vimentin is to preserve
the integrity of the cell and stabilize cytoskeleton
interactions, thus providing endurance after the cell
injury. Also, it is associated with cell migration and
signaling (Ivaska et al., 2007; Battaglia et al., 2018). It
was shown that vimentin deficient mice show atypical
astrocyte morphology that leads to cognitive impairment
and compromised motor coordination (Colucci-Guyon et
al., 1999; Wilhelmsson et al., 2004). Also, it was
reported that vimentin secreted from astrocytes might
induce axonal growth (Teshigawara et al., 2013), while
activated macrophages secrete vimentin into the
extracellular space with a bactericidal effect (Mor-
Vaknin et al., 2003). Although it was reported that
vimentin expression in adult CNS is low, its expression
in the white matter of the rat spinal cord was observed
(Jakovljevic et al., 2019). The re-expression of vimentin
is seen subsequent to the neuroinflammation or injury of
the CNS (Pekny et al., 2016).
Nestin

Nestin (molecular weight ~ 176 kDa) belongs to a
type VI intermediate filament protein. It was detected in
the multipotent stem/progenitor cells of the central
nervous system, mainly in immature neurons, immature
oligodendrocytes, in astrocytes of the developing brain
and neuronal precursors (Schmidt-Kastner and Humpel,
2002; Cahoy et al., 2008; Bott et al., 2019), though its
expression was proved in non-neuronal tissue (Sejersen
and Lendahl, 1993; Kachinsky et al., 1995). In the adult
brain, nestin is down-regulated in neurons and astrocytes
(Bernal and Arranz, 2018; Bott et al., 2019), except for
radial glia (Gubert et al., 2009). In the adult brain, nestin
is detected in the subependymal cells of the lateral
ventricle, and in the subgranular cells of the dentate
gyrus, parts of the CNS known to contain neural
stem/progenitor cells (Gonzalez-Perez, 2012). It appears
that mature astrocytes fail to express nestin
immunoreactivity (Bott et al., 2019). However, the
presence of nestin is seen in white matter astrocytes,
presented with only a few fibers in the rodent spinal cord
(Jakovljevic et al., 2017). Nestin is rapidly up-regulated
in response to an injury. In general, nestin was barely
expressed in the adult CNS, but induction of nestin is
used as a typical marker of reactive astrocytes (Pekny et

al., 2016; Krishnasamy et al., 2017).
Astrocytes in homeostasis

Astrocytes have a multitude of essential roles in the
healthy CNS. Their active role in synaptic transmission
has long been recognized and formulated in the concept
of the tripartite synapse (Araque et al., 1999). Astrocytic
processes envelop neuronal synapses and release
neuroactive molecules such as glutamate, adenosine,
ATP, D-serine, and GABA, directly influencing synaptic
activity. Even though astrocytes are not excitable cells in
a classic manner, and do not generate electrical signals
across the plasma membrane-like neurons, they increase
intracellular Ca2+ concentrations in response to certain
stimuli, which is their form of electrical excitability
(Perea et al., 2009). In addition to this active role via
gliotransmission, astrocytes also influence the formation
and pruning of the synapses during development, along
with synaptic remodeling and pruning in adult CNS
(Ullian et al., 2001; Sofroniew and Vinters, 2010). These
cells are traditionally known for their supportive role for
neurons; they synthesize metabolic substrates such as
glycogen, sterols, and lipoproteins (Göritz et al., 2002;
Brown and Ransom, 2007; Wang and Bordey, 2008). In
hypoglycemic conditions and periods of intense neuronal
activity, astrocytes break down glycogen and produce
lactate in order to provide energy for neurons (Brown
and Ransom, 2007). They also provide trophic support
for neurons and support neuronal survival and neurite
outgrowth, by secreting growth factors such as nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), hepatocyte growth factor (HGF), activity-
dependent neurotrophic factor (ADNF), fibroblast
growth factor-2 (FGF-2), ciliary neurotrophic factor
(CNTF) and leukemia inhibitory factor (LIF) (Kıray et
al., 2016). Furthermore, they regulate extracellular
concentrations of ions and neurotransmitters and
maintain fluid and pH homeostasis in the synaptic cleft.
To this end, astrocytic processes have many aquaporin 4
(AQP4) water channels, transporters, and channels for
the uptake of K+, as well as for proton shuttling.
Astrocytes also have transporters for uptake of
neurotransmitters such as glutamate, GABA, and
glycine, which enables their clearance from the synaptic
space (Wang and Bordey, 2008; Sofroniew and Vinters,
2010). They are involved in the formation and
maintenance of the blood-brain barrier (BBB) (Abbott et
al., 2006) and regulation of cerebral blood flow (Koehler
et al., 2009; Marina et al., 2020). Astrocytes are also
important for myelination and promote maturation and
differentiation of oligodendrocyte precursor cells (OPCs)
by secreting growth factors including platelet-derived
growth factor (PDGF), LIF, CNTF, neurotrophin-3,
neurotrophin-4 and insulin-like growth factor 1 (IGF1)
(Salem et al., 2016). In recent years, astrocytes have
been recognized as a part of the glymphatic system, a
functional waste clearance system in the CNS that also
helps distribute glucose, amino acids, lipids, growth
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factors, and neuromodulators throughout the CNS.
Astrocytes are involved in the formation of this system
of perivascular tunnels through which compounds are
distributed, and toxic waste products are removed
(Jessen et al., 2015).
Astrocytes in neuroinflammation

The roles of astrocytes during MS/EAE are
emerging. Astrocytes are very dynamic cells in both
physiological and pathological settings. Reactive
astrogliosis with accumulations of hypertrophic
astrocytes expressing IF proteins, such as GFAP, nestin,
and vimentin, represents a prominent feature of MS/EAE
(Guo et al., 2011). These IFs proteins are fundamental
constituents of the cytoskeleton affecting morphology
and driving numerous processes, including proliferation
and motility. Furthermore, it was reported that GFAP
isoforms might influence astrocytic function
(Middeldorp and Hol, 2011). It is well-known that
astrocyte heterogeneity in terms of morphology and
physiology may influence the glial propensity to respond
differently to inflammatory stimuli and affects the
disease outcome (Colombo and Farina, 2016).
Specifically, reactive astrogliosis may be detrimental to
neuronal recovery; however, the astrocytic scar may
restrict inflammation to the CNS and possibly induce
neuroprotection (Sofroniew, 2015). It was hypothesized
that the beneficial effects of reactive astrogliosis are
found in the acute state of diseases, such as in our EAE
model. In MS, abundant GFAP-α expressing astrocytes
are usually scattered around demyelinating foci,
although a negligible number of these astrocytes express
GFAP-δ (Hochstim et al., 2008). Previously, it was
postulated that GFAP isoforms might have different
functional roles, including modulation of the volume and
cellular location of IFs in astrocytes (Hochstim et al.,
2008; Chaboub and Deneen, 2012).

It is well-known that immature astrocytes express
nestin and vimentin, whereas the only vimentin is found
in GFAP mature astrocytes (Middeldorp et al., 2010).
Previously, we and others reported that vimentin
expression in astrocytes declines with the withdrawal of
inflammation, preserving its expression in reactive
astrocytes at the end of EAE (Aquino et al., 1988;
Lavrnja et al., 2012). Astrocytes are attached to the
blood vessels through unambiguously resilient glial
processes. The interaction between astrocytes and
vessels is found to be crucial for maturation (Ulfig et al.,
1999; Li et al., 2019). During pathological conditions,
astrocytes and vessels lose contact, leading to the
destabilization of the cytoskeleton and re-expression of
nestin and vimentin in the formation of hypertrophy of
the astrocytes (Sofroniew and Vinters, 2010).

Prompt up-regulation of nestin/vimentin was
observed in reactive astrocytes of the adult rodent brain
after injury, ischemia, and seizures (Bernal and Arranz,
2018). It is accepted that nestin and vimentin expression
in reactive astrocytes has a role in stabilizing the

growing cytoskeleton. Indeed, nestin protein expression
was up-regulated at the peak of disease and was mainly
localized in astrocytes around inflammatory infiltrates,
where the axons are most affected (Lavrnja et al., 2009).
This may indicate that they belong to neural stem cells,
with a role to maintain microtubules that are often
disturbed when neurons are insulted (Hendrickson et al.,
2011). It is known that in proliferating cells, nestin has a
crucial role in the co-assembly of IFs that contributes to
astrocytic IF network reorganization and preferential
formation of heterodimers with vimentin (Chou et al.,
2003). Nestin expression increases toward the end of the
disease, implying that the recovery from EAE is related
to the increased number of progenitor cells in the spinal
cord (Jakovljevic et al., 2017). 

Inflammation is an integral part of all pathologies of
the CNS, whether it is the cause or an effect of the
dysregulation. In injuries and infections of the CNS and
other neurological diseases where the integrity of the
BBB is disrupted, the main sources of inflammatory
events are circulating bone marrow-derived leukocytes.
However, resident CNS cells such as microglia and
astrocytes have been shown to be fundamental in
inflammatory processes (Sofroniew, 2015). Both
microglia and astrocytes can have pro-inflammatory and
anti-inflammatory functions, and thus be either
detrimental or beneficial in neuroinflammation,
depending on the underlying signaling mechanisms and
complex intercellular interactions (Gertig and Hanisch,
2014; González et al., 2014; Klein and Hunter, 2017;
Liddelow and Barres, 2017).

Astrocytes respond to all forms of CNS insults with
a range of molecular and functional changes, a process
termed astrogliosis. Sofroniew (Sofroniew, 2009)
postulated the major characteristics of this process,
describing astrogliosis as a spectrum of changes in
astrocytes that develop after disruption of CNS
homeostasis, however big or small. The extent of these
changes corresponds to the severity of the insult and can
include changes in molecular expression, cellular
hypertrophy, and in extreme cases, the proliferation of
astrocytes and formation of the glial scar. Specific
signaling molecules regulate these changes in a context-
specific process. They can lead to both gain and loss of
astrocytic function and pro-inflammatory, as well as
anti-inflammatory events (Sofroniew, 2009).
Astrogliosis has many features in the injured CNS.
Depending on the extent of CNS disruption, reactive
astrocytes can secrete neurotrophins to support injured
neurons (Lee et al., 1998; Ikeda et al., 2001),
phagocytize synapses and clear debris and dead cells
(Chung et al., 2013; Tasdemir-Yilmaz and Freeman,
2014), form the glial scar to enclose the damaged area,
halt inflammation and help axon regeneration
(Sofroniew and Vinters, 2010; Anderson et al., 2016)
and can also be involved in the restoration of a
compromised BBB (Bush et al., 1999; Michinaga and
Koyama, 2019). These beneficial functions of reactive
astrocytes were confirmed in animal studies where
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genetic ablation of reactive astrocytes or some of their
transporters and signaling molecules leads to increased
inflammation or neurodegeneration (Rothstein et al.,
1996; Bush et al., 1999; Faulkner et al., 2004;
Drögemüller et al., 2008; Herrmann et al., 2008; Voskuhl
et al., 2009; Wanner et al., 2013). However, animal
models also showed detrimental effects of astrogliosis
and its potential to exacerbate inflammation and inhibit
axon regeneration and neuronal repair (Silver and Miller,
2004; Brambilla et al., 2009; Spence et al., 2011).
Studies on astrogliosis show that this is a complex and
context-specific process that can improve or impede the
CNS's health and homeostasis.
Beneficial roles of astrocytes in CNS insults

In severe disruptions of the CNS reactive astrocytes
form glial scars that act as neuroprotective barriers that
restrict migration of leukocytes and other inflammatory
cells or infectious agents (Bush et al., 1999; Faulkner et
al., 2004; Toft-Hansen et al., 2011). Ablation of dividing
reactive astrocytes led to more significant cortical
degeneration after moderate traumatic brain injury
(Myer et al., 2006) and widespread tissue disruption and
degeneration after spinal cord injury (Faulkner et al.,
2004), showing that the glial scar is necessary for the
constraint of the injury and to halt the spread of damage
to the adjacent tissue. Studies analyzing signaling
mechanisms that regulate astrocyte reactivity showed
that deletion of signal transducer and activator of
transcription 3 (STAT3) led to widespread infiltration of
inflammatory cells and neural disruption, pointing to
STAT3 as a crucial regulator of reactive astrocytes and
their anti-inflammatory functions after various insults of
the CNS (Okada et al., 2006; Herrmann et al., 2008).

Reactive astrocytes up-regulate the expression of
several neuroprotective molecules. They produce
neurotrophic factors such as ciliary neurotrophic factor
(CNTF) (Lee et al., 1998) and brain-derived neurotrophic
factor (BDNF) (Ikeda et al., 2001) that support neuronal
survival. Glutamate transporters such as GLAST and
GLT-1 are up-regulated on reactive astrocytes, and
through this mechanism, the healthy neurons are
protected from excitotoxicity (Rothstein et al., 1996).
Retinoic acid derived from astrocytes has been
implicated in anti-inflammatory astrocytic functions, by
attenuating oxidative stress and protecting BBB function
(Mizee et al., 2014). Astrocytes also produce glutathione,
which helps neurons combat oxidative stress and protect
them from nitric oxide toxicity (Chen et al., 2001).
Further, they produce molecules that have anti-
inflammatory effects on microglia and monocytes (Min
et al., 2006; Kostianovsky et al., 2008). Even though
reactive astrocytes are known for their production of
chondroitin sulfate proteoglycans (CSPGs), a major
inhibitory component of the glial scar that presents an
obstacle for neurite outgrowth (Dow et al., 1994;
Canning et al., 1996), they also produce laminin (Frisén
et al., 1995) and fibronectin (Tom et al., 2004),

extracellular matrix molecules that are permissive and
supportive for neurite growth.

Another molecular mechanism that astrocytes use to
limit neuroinflammation is through transforming growth
factor-beta (TGFβ) signaling. TGFβ is an anti-
inflammatory and neuroprotective cytokine that is up-
regulated in CNS insults and has been shown to limit
inflammation and reduce neuronal damage after stroke
and in Toxoplasma infection of the CNS (Cekanaviciute
et al., 2014a,b).

Estrogens have also been shown to have a role in
mediating neuroprotection by signaling through ERα on
astrocytes and leading to decreased expression of the
pro-inflammatory chemokines CCL2 and CCL7 by
astrocytes in EAE (Tiwari-Woodruff et al., 2007; Spence
et al., 2011, 2013).
Detrimental roles of astrocytes in CNS insults

Even though astrogliosis has many beneficial
functions, as previously described, reactive astrocytes
can also have many harmful effects on neurons and
surrounding tissue, depending on the specific context of
the CNS insult. The characteristic detrimental effect of
the formation of the glial scar is its inhibitory impact on
axon regeneration (Silver and Miller, 2004). Besides,
reactive astrocytes produce pro-inflammatory cytokines,
chemokines, growth factors, and reactive oxygen
species. Pro-inflammatory cytokines, among which
astrocytes produce TNF-α, IL-1β, IL-6, IL-12, IL-15,
IL-17, and IL-23, exacerbate inflammation in the CNS
(Jensen et al., 2013). Chemokines that astrocytes
produce are also numerous and include CCL2, CCL5,
CXCL1, CXCL9, CXCL10, CXCL12, which have a role
in recruiting diverse leukocytes, such as monocytes,
macrophages, neutrophils, T and B cells (Meeuwsen et
al., 2003; Jensen et al., 2013). The inflammatory
environment is further aggravated by the production of
NO and other reactive oxygen species (Swanson et al.,
2004). Additionally, astrocytes release vascular
endothelial growth factor, VEGF-A, which leads to BBB
disruption and promotes leukocyte extravasation (Argaw
et al., 2009, 2012). Astrocytes also express adhesive
molecules, including vascular cell adhesion molecule 1
(VCAM-1) that appears to be important for T cell entry
into the CNS parenchyma (Gimenez et al., 2004). These
cells can cause cytotoxic edema after trauma and stroke
through water channel aquaporin-4 (AQP4) (Zador et al.,
2009).

Studies using transgenic animal models implicated
nuclear factor-κB (NF-κB) and suppressor of cytokine
signaling 3 (SOCS3) as the main transcriptional
regulators in astrocytes that exert pro-inflammatory
functions (Brambilla et al., 2005, 2009; Okada et al.,
2006). Inactivation of astroglial NF-κB in transgenic
mice led to decreased expression of pro-inflammatory
cytokines, chemokines, and CSPGs in the glial scar and
conclusively to improved recovery after spinal cord
injury (Brambilla et al., 2005). Similarly, inhibition of
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NF-κB in the EAE model decreased the expression of
pro-inflammatory genes, activated neuroprotective
mechanisms, and advanced functional recovery
(Brambilla et al., 2009). Act1 signaling in astrocytes
leads to activation of IL-17, which is critical for
leukocyte recruitment in EAE (Kang et al., 2010). 
A1 and A2 subsets of reactive astrocytes

Recently, dual roles of reactive astrocytes have been
explained and described in the context of two subset
populations: A1 and A2 astrocytes (Liddelow et al.,
2017). Neuroinflammatory conditions such as LPS
stimulation induce A1 astrocytes that can exacerbate the
disease, secrete neurotoxins, and lead to the death of
neurons and oligodendrocytes. In contrast, A2 astrocytes
are induced by ischemia and promote neuronal survival
and tissue repair (Zamanian et al., 2012; Liddelow and
Barres, 2017). The terminology is analogous to M1 and
M2 denotations that are used to describe activation states
of macrophages and microglia, even though it is
becoming widely accepted that both macrophages and
microglia display more than two polarization states
(Gertig and Hanisch, 2014; Martinez and Gordon, 2014;
Ransohoff, 2016). In neuroinflammation, activated
microglia induces the A1 profile of astrocytes by
secreting IL-1α, TNF, and complement component 1q
(C1q). In addition to being neurotoxic, A1 astrocytes
lose many necessary functions such as the ability to
promote neuronal survival and outgrowth,
synaptogenesis, and phagocytosis. The presence of A1
astrocytes has been shown in neurodegenerative
diseases, including multiple sclerosis, amyotrophic
lateral sclerosis, Parkinson's, Alzheimer's, and
Huntington's disease (Liddelow et al., 2017). Their
induction has also been shown in normal aging,
implicating them in age-related cognitive decline (Clarke
et al., 2018). Transcriptome analysis showed that both
types of astrocytes up-regulate a specific set of genes
(Clarke et al., 2018). A1 up-regulated genes are harmful
to synapses, while A2 up-regulated neurotrophic factors
and thrombospondins promote synapse repair.
Complement 3 (C3), complement factor B (CFB), and
myxovirus (influenza virus) resistance gene MX
dynamin Like GTPase 1 (MX1) were found to be
characteristic for the A1 subtype and can be used as
markers for these reactive astrocytes. For the A2
subtype, S100 calcium-binding protein A10 (S100A10)
was found to be a specific marker (Liddelow et al.,
2017). There is an indication that these subtypes are not
fixed and could be interchangeable, thus opening a
window for therapeutic opportunity. Milk fat globule
epidermal growth factor 8 (MFG‐E8) was shown to have
a regulatory role on A1/A2 conversion through
downregulation of nuclear factor‐κB and upregulation of
PI3K‐Akt (Xu et al., 2018).

In light of this classification of reactive astrocytes, it
can be hypothesized that these cells' detrimental roles
can be attributed to A1 type, while beneficial roles are

associated with A2 activation. Indeed, astrocytes are
neuroprotective after an ischemic event in the CNS,
which has now been associated with A2 activation
(Takano et al., 2009, Becerra-Calixto and Cardona-
Gómez, 2017). Studies also suggest that in the A2
subtype, the activated transcription factor is the
neuroprotective STAT3, while A1 is characterized by
activation of the pro-inflammatory NF-κB pathway (Xu
et al., 2018). However, the A1/A2 classification may not
be sufficient to explain the complexity of astrocyte
heterogeneity and reactivity. Additionally, not enough is
known about subtypes of reactive astrocytes, and the
presence of multiple activation states cannot be excluded
(Liddelow et al., 2017).

Since astrocytes are regarded as main regulators of
physiological and biophysical functions in the CNS, we
will focus on this review on regional differences of these
cells in rodents. Specifically, we will profile a regional
and developmental influence of astrocytes in the brain
and spinal cord, and how these cells respond to
neuroinflammation. Also, we will review potential
astrocyte markers in the healthy and injured CNS.
Heterogeneity of astrocytes

Astrocytes are an extremely heterogeneous group of
cells that differ between regions of the CNS, but also
within these regions, termed as local heterogeneity. The
most apparent regional differences are in the
morphology, molecular expression, and functionality of
the protoplasmic and fibrous astrocytes of the gray and
white matter (Hewett, 2009; Miller, 2018). However,
protoplasmic astrocytes are also diverse between
different regions of the gray matter. For example,
astrocytes in the hippocampus and Bergmann glia in the
cerebellum express high levels of GFAP, unlike
protoplasmic astrocytes of the cerebral cortex and
striatum (Hewett, 2009). Differences have also been
shown in the expression of other molecules, as well as in
their functionality (Xu et al., 2018). Local heterogeneity
within the same CNS regions, for example, in the
expression of glutamate transporters, receptors, and ion
channels, is presumably important to allow astrocytes to
perform different functions to care for their environment
(Miller, 2018). Astrocytes in the mouse somatosensory
cortex were shown to have layer-specific differences in
morphology and molecular expression. This is in
accordance with the hypothesis that there are different
subpopulations of astrocytes in different cortical layers,
tailored to the needs of diverse neuronal populations
(Lanjakornsiripan et al., 2018). John Lin and colleagues
recently used fluorescence-activated cell sorting (FACS)
to analyze astrocytes and found five distinct
subpopulations that show broad molecular diversity and
different roles in synaptogenesis (John Lin et al., 2017).
It is still a matter of debate whether astrocyte diversity is
a consequence of different astrocyte lineages, the
divergence of differentiated astrocytes, or a combination
of both; thus, astrocyte heterogeneity is an ongoing field
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of research (Hewett, 2009). Diversity of astrocytes
includes the existence of several subtypes, based on
differences related to their origin or morphology, gene
expression, or cell plasticity due to injury (Zhang and
Barres, 2010).

Further, astrocytes differ in biophysical
characteristics, including ion channel expression of
calcium signaling (Olsen et al., 2015; Pestana et al.,
2020). In the rodent brain and spinal cord, different
astrocyte populations were observed in grey and white
matter based on gross morphology; we divide them into
protoplasmatic and fibrous astrocytes, respectively
(Westergard and Rothstein, 2020). In addition, various
subtypes of astrocytes in rodents include Müller glia in
the retina, Bergmann glia of the cerebellum, tanycytes at
the base of the third ventricle, velate glia, ependymal
glia, perivascular glia, pituicytes in the neurohypophysis,
and cribrosocytes at the optic nerve head (Emsley and
Macklis, 2006). The existence of interlaminar astrocytes,
varicose projection astrocytes, and polarized astrocytes
was found in the human brain (Colombo and Reisin,
2004; Oberheim et al., 2006, 2009). Interlaminar
astrocytes are located in the primate cortices. They do
not form exclusive domain organizations; however, these
cells spread straight, with a few branches, processes to
the gray matter (Oberheim et al., 2006).

Similarly, varicose projection astrocytes extend long,
straight processes with numerous varicosities, to the
neuropil or vasculature (Oberheim et al., 2009).
Polarized astrocytes are found to be sporadically present
in deep cortical layers in the vicinity of the white matter.
These cells are unipolar, and their processes display
small bead-like varicosities that project away from the
white matter (Oberheim et al., 2009). 

The major role of the blood-brain barrier and
blood–spinal cord barrier is to prevent infiltration of
toxic circulating molecules and cells into the CNS
(Zlokovic, 2011). These barriers are not the same in all
brain/spinal cord regions. The density of capillaries is
higher in GM than in WM (Wilhelm et al., 2016). The
differences in the BBB properties differ in the gray and
white matter, most likely due to the protoplasmatic or
fibrous astrocyte properties. In that regard, we will
discuss these two major subtypes of astrocytes.

Protoplasmic astrocytes

Protoplasmic astrocytes are confined primarily to
gray matter. These cells are among the most complex
cells of the CNS in terms of structure and function.
Previously, it was reported that protoplasmic astrocytes
support neuronal and synaptic functions (Fig. 1A) (Allen
and Eroglu, 2017). Interestingly, in rodents, a single
astrocyte domain contacts up to 100,000 synapses, while
a human astrocyte covers approximately 2,000,000
synapses (Bushong et al., 2002; Oberheim et al., 2009;
Allen and Eroglu, 2017). Protoplasmic astrocytes have a
lot of organelles (a number of rough endoplasmic
reticulum cisternae and a medium-sized Golgi apparatus)
and cytoplasm and are endowed with ample short and
thick processes. The nucleus of a protoplasmic astrocyte
is large, ellipsoid, with chromatin that is very finely
dispersed (Sofroniew and Vinters, 2010). Between the
numerous, branched processes of protoplasmic
astrocytes, various intercellular junctions mediate ion
exchange between these stellate cells (Allen and Eroglu,
2017) (Table 1, Fig. 1A,C). In humans, these cells are
abundantly present in deep cortical layers, with cell
bodies around 10 μm in diameter and ample processes
50 μm in length. However, human astrocytes are 3 fold
larger and have more than 10 times ramified processes
compared to rodent astrocytes (Allen and Eroglu, 2017).
Also, gene studies on human astrocyte cells imply a
different expression profile than in their rodent
counterparts (Zhang et al., 2016). In the brain, some of
these processes contact end-feet to blood capillary
establishing perivascular end-feet, while protoplasmatic
astrocytes that send processes to the pial surface form
the glial limiting membrane, part of the blood-brain
barrier (Fig. 1F,G).

In contrast, fibrous astrocytes in the spinal cord
contribute to forming glia limitans (Fig. 1E,G). The
arborization of adjacent protoplasmic astrocytes outlines
distinct territorial domains and occupies non-
overlapping domain organizations Fig. 1C,F (Sofroniew
and Vinters, 2010). In general, protoplasmatic astrocytes
show insignificant GFAP expression; however, it can be
stained using pan astrocytic markers like ALDH1L1,
GS, and Cx43. In addition, Cx30, Acsbg1, and EAAT2
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Table 1.

Protoplasmatic  astrocytes Fibrous  astrocytes

Located in gray matter Located in white matter
Considerable amount in the CNS Fewer in number in the CNS 
Star-shaped Relatively straight 
Cytoplasm is granular (more organelles, less filaments) Cytoplasm is less granular (less organelles, more filaments) 
Cytoplasmic processes have short, branched and bushy processes Cytoplasmic processes have long, unbranched, thin processes
Processes end-feet encircle neuronal bodies and synapses Processes end-feet envelop Ranvier`s node and oligodedroglia.
Some of the processes are attached to the neighboring capillaries forming vascular end-feet The long processes have vascular feet that enfold the capillaries
Metabolic mediators for the neurons Repair damaged tissue



275
Astrocyte diversity in neuroinflammation

Fig. 1. Protoplasmatic and fibrous
astrocytes in healthy spinal cord and
brain. Protoplasmic astrocytes are in
direct contact with blood vessels
through a specific cellular compartment
called the end-foot and ensheet (end-
sheet? end-feet?) neuronal synapses
through their f ine perisynaptic
processes (A). Fibrous astrocytes are
associated with myelinated axonal
tracts and are in contact with the nodes
of Ranvier (B). The typical star-shaped
protoplasmatic phenotype of astrocytes
in the gray matter in the healthy spinal
cord (C) and brain (F). Elongated,
unbranched fibrous astrocytes in the
white matter of spinal cord (E) and
brain (D). Fibrous astrocytes in the
spinal cord (E, G), while in the brain,
protoplasmatic astrocytes (D, G)
contribute to forming glia limitans.



have a higher expression in this subtype.
Fibrous astrocytes

Other subtypes of astrocytes that reside in the white
matter are fibrous astrocytes. They are linked to the
myelinated axonal tracts and form intimate contact with
the Ranvier's nodes (Fig. 1A). Morphologically, fibrous
astrocytes are endowed with fewer, but long, relatively
straight and unbranched, thin processes parallel with
axons (Table 1, Fig. 1B,D). These processes are highly
intermingled, thereby exhibiting overlapping domains.
Nonetheless, neighboring cells are equidistant
(Sofroniew and Vinters, 2010). The cytoplasm is less
granular and contains only a few organelles, while the
nucleus is spherical, with a dotted appearance. Previous
studies point to white matter astrocytes as a generator of
Ca2+ signals, which are mainly transmitted via
purinergic receptors (Franke et al., 2012), as a response
to neurotransmitters or/and axonal activity (Lecca et al.,
2012). In general, it is established that electrically active
axons may release neurotransmitters alongside and not
just at synapses. Thus, it is accepted that neuronal
support and synaptic formation, maintenance, and
plasticity is the general astroglial function (Hamilton et
al., 2008; Franke et al., 2012). It is plausible to think that
interaction between fibrous astrocyte processes and the
node of Ranvier might buffer the concentration of Na+
and K+ ions. Indeed, due to neuronal excitability,
astrocytes through Kv channel expression play a
regulatory role in K+ clearance (Bélanger and

Magistretti, 2009).
Additionally, previously it was shown the expression

of Kv1.3 and Kv1.5 on fibrous astrocytes in the rodent
spinal cord (Bozic et al., 2018, 2019). The specific role
of fibrous astrocytes is to provide metabolic support to
the neurons, although their particular functions remain
unclear (Sica et al., 2016). However, their function was
associated with blood vessels and neuronal activity (Sica
et al., 2016). Similar to the protoplasmic astrocytes, the
fibrous astrocytes send processes in the white matter to
the pial surface, where they form a portion of glia
limitans (Lavrnja et al., 2012). Fibrous astrocytes are
stained more intensely with GFAP compared to the
protoplasmic astrocyte (Oberheim et al., 2009; Lavrnja
et al., 2012). During EAE, the protoplasmic and fibrous
astrocytes are activated during EAE (Lavrnja et al.,
2012); however, in the demyelination areas, only fibrous
astrocytes are selectively injured (Jukkola et al., 2013). 
Astrocyte markers

Generally, to clarify the specific developmental
origin and functional properties of protoplasmatic and
fibrous astrocytes, additional research is needed. The
detailed description of the markers is as follows:

Glial fibrillary acidic protein (GFAP)
GFAP (molecular weight 50kDa) is a protein

encoded by the GFAP gene. It belongs to class-III
intermediate filament, usually found in the mature and
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Table 2. Potential astrocyte markers in health and neuroinflammation during MS/EAE.

Astrocyte
marker

Fibrous astrocyte Protoplasmatic
astrocyte Nuclear expression Cytoplasmatic expression

Reference
healthy MS/EAE healthy MS/EAE healthy MS/EAE

Cell body Cell processes
healthy MS/EAE healthy MS/EAE

GFAP +++ ++ + ++ ++ ++ ++ ++ Guo et al., 2011; Lavrnja et al., 2012;
Jukkola et al., 2013

S100β ++ +++ + + ++ + Petzold et al., 2002; Barateiro et al.,
2016; Zhang et al., 2019

ALDH1L1 + ++ +++ Cahoy et al., 2008; Waller et al., 2016;
Yoon et al., 2017

CD44 +++ +++ + ++ ++ Girgrah et al., 1991; Chang et al., 2012;
Dzwonek and Wilczynski, 2015

GLAST/
EAAT1 +++ +++ ++ +++ ++ Swanson et al., 1997; Vallejo-Illarramendi

et al., 2006; Köhler et al., 2019
GLT1/
EAAT2 + + ++ ++ +++ +++ ++ Maragakis et al., 2004, Vallejo-Illarramendi et

al., 2006, Köhler et al., 2019
Glutamine
synthetase +++ ++ + + ++ ++ + Waller et al., 2016; Jakovljevic et al.,

2019; Zhang et al., 2019
Aquaporin
4 + ++ ++ + + ++ ++ Rash et al., 1998; Jukkola et al., 2013;

Jakovljevic et al., 2019
Connexin
30 +++ ++ Nagy et al., 1999; Fang et al., 2018;

Sánchez et al., 2020
Connexin
43 ++ ++ ++ Brand-Schieber et al., 2005; Roscoe et

al., 2007; Sánchez et al., 2020
Sox9 ++ + + Stolt et al., 2003; Sun and Cornwell, 2017
Lipidosin + + ++ ++ + + ++ Song et al., 2007; Cahoy et al., 2008

+++: strong expression, ++: medium expression, +: low expression.



developing astrocytes in the CNS (Sofroniew and
Vinters, 2010), non-myelinating Schwann cells in the
PNS (Jessen and Mirsky, 2019), enteric glial cells
(Sullivan, 2014), in radial glia and ependymal cells,
which are derived from radial glia in the developing
brain (Liu et al., 2006). It is regarded as the standard
marker of mature astrocytes. On the contrary, several
analyses have revealed that not all the astrocytes express
GFAP. The higher GFAP expression was recorded in
fibrous astrocytes, while negligible expression was
found in the gray matter in protoplasmatic astrocytes. It
was suggested that GFAP expression might be so low
within a subset of cells, because it is fundamentally
undetectable (Walz, 2000), and only ∼15% of the total
volume of an astrocyte is stained (Bushong et al., 2002;
Oberheim et al., 2006). In contrast, the accurate
astrocyte morphology remains challenging to
differentiate among various astrocyte subtypes.
Technical reasons may underlie this issue. Fixation
procedures of the CNS tissue may result in inconsistency
in the immunohistological detection of GFAP (Walz,
2000). Namely, GFAP antibodies only recognize the
cytoskeleton, leaving the soluble subunits unstained, and
provide a false negative result with regard to of GFAP
expression in the cell (Sillevis Smitt et al., 1993). In
addition, GFAP primarily delineates astrocyte processes,
which prevents visualization of the entire cell.
Conversely, neuroinflammation, or trauma-induced brain
injury, leads to the formation of reactive gliosis, which is
characterized by an increase in GFAP immunoreactivity
(Sofroniew, 2015). It is interesting to note that a GFAP
level is higher in astrocytes that reside in the developing
and adult spinal cord in comparison to the astrocytes
from the brain. Accordingly, GFAP reactivity in the
spinal cord is more pronounced than in the brain due to
inflammatory or toxin-induced demyelination (Lavrnja
et al., 2012; Yoon et al., 2017).

Vimentin 
During CNS development, vimentin (molecular

weight: 57kDa) expression gradually decreases in
astrocytes to undetectable levels, while GFAP levels
increases. However, in Bergmann glia, Müller glia,
radial glia and a subset of cortical the expression of
vimentin in astrocytes continues in the adult CNS,
pointing its functional role (Potokar et al., 2020).
Generally, the expression of the cytoskeletal filament
marker vimentin has been linked with immature as well
as with reactive astrocytes (Hol and Pekny, 2015). In
nonreactive astrocytes, GFAP and vimentin (low to
intermediate levels) are main components of IFs. The
low level of vimentin expression in astrocytes are
needed for normal IFs formation, since in astrocytes
lacking vimentin, IFs form more compact bundles when
compared to control (de Pablo et al., 2019). The levels of
vimentin expression in hypertrophic reactive astrocytes
increases during neuroinflammation and neuro-
degeneration, as it was shown in animal models of brain

injury, multiple sclerosis etc. (Peković et al., 2005;
Voskuhl et al., 2009; Lavrnja et al., 2012, 2015).
However, its expression is prominent in A2 reactive
astrocytes, while GFAP is upregulated in both the A1
and A2 reactive astrocytes (Liddelow et al., 2017). In
spinal cord of EAE animals, vimentin staining was
observed in ependymal cells of central canal (Guo et al.,
2011). Further, long and thin processes of
immunopositive vimentin staining were found
throughout white matter during EAE (Guo et al., 2011;
Lavrnja et al., 2012; Jakovljevic et al., 2019). In gray
matter of spinal cord, the low level expression of
vimentin was found in deep gray matter around central
canal (Guo et al., 2011; Savic et al., 2012), implying that
gray matter consistency was altered during EAE
(Huizinga et al., 2008).

S100β
S100β protein (molecular weight 10.7 kDa) belongs

to an S100 protein family characterized by their calcium-
dependent biological effects and is highly expressed in
the brain, especially in astrocytes, and is one of the most
abundant soluble proteins in the human brain,
constituting 0.5% of them. However, S100β has been
shown to label astrocytes, but it is also expressed by
oligodendrocytes, their progenitors, and neurons
(Hachem et al., 2005). It is commonly used as a marker
for mature astrocytes. Expression of S100β was seen in
all regions of the brain and spinal cord, where it
occupies the nucleus and part of the cytoplasm and
processes (Waller et al., 2016; Zhang et al., 2019). In
addition, S100β fails to express in astrocytes of the
germinal zones (Raponi et al., 2007). Although the exact
physiological function of S100β is unknown, it has been
attributed to play a crucial role in cell-cell interaction,
cell cycle regulation, cytoskeleton organization, and
scavenging of toxic substances (ROS, COX-2,
cytokines, and other inflammatory markers) at the BBB.
Also, intracellular S100β is considered to stimulate cell
proliferation, migration, along with inhibition of
apoptosis and differentiation (Donato et al., 2009). In
astrocytes, extracellular S100β is known to regulate their
response to inflammation in a receptor for advanced
glycation end products (RAGE) dependent manner
(Bongarzone et al., 2017). At high concentrations of
S100β in the extracellular milieu, it actively takes part in
the pathological condition in neurodegenerative diseases
(Michetti et al., 2019), where it can be used as a
biomarker of cell damage in the nervous system
(Michetti et al., 2012, 2019). During MS, it has been
shown that S100β levels correlate to the severity of the
disease (Michetti et al., 2012). Indeed, around active and
chronic demyelinating foci in the white and gray matter
during MS, increased expression of S100 β was noticed
(Petzold et al., 2002; Barateiro et al., 2016). A recent
study proposes S100β as a potential therapeutic target in
MS, where blocking this protein during EAE a
significant amelioration of clinical symptoms occurs (Di
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Sante et al., 2020).
ALDH1L1
Aldehyde dehydrogenase 1 family, member L1

(ALDH1L1) (molecular weight 99kDa) is found to be
expressed in rodent astrocytes (Neymeyer et al., 1997).
ALDH1L1, also known as 10- formyltetrahydrofolate
dehydrogenase is a folate metabolizing enzyme, with a
role in various reactions, including de novo nucleotide
biosynthesis and the regeneration of methionine,
influencing growth and division of the cells (Krupenko,
2009; Horita and Krupenko, 2017). It was reported that
ALDH1L1 stains all astrocytes within the brain,
preferably cortical astrocytes, while, as mention above,
GFAP was predominantly expressed in the white matter
astrocytes (Waller et al., 2016). GFAP staining delineates
mainly processes, while ALDH1L1 immunoreactivity
was restricted to the cell body (Waller et al., 2016). It
was suggested that using ALDH1L1 antibody pure
astrocytic cultures can be established with FACS
analysis (Cahoy et al., 2008), presenting this protein as a
highly specific, astrocytic marker. However, it was
reported that ALDH1L1 might co-localize
oligodendrocyte (Zhang et al., 2019). Astrocyte marker
ALDH1L1 occurs earlier during development in the
spinal cord astrocytes than in the brain (Yoon et al.,
2017); the decrease in ALDH1L1 expression was still
accompanied by the maturation of spinal cord astrocytes
(Yang et al., 2011). During demyelination, increases in
ALDH1L1 were equally increased throughout CNS
(Yoon et al., 2017). In active lesions in MS, it was
reported that ALDH1L1 expression is increased (Ludwin
et al., 2016). However, no specific changes in
ALDH1L1 expression in reactive astrocytes associated
with brain injury, aging, and/or neurodegenerative
disease was observed (Yang et al., 2011).

CD44
CD44 (molecular weight: 85-90 kDa protein) is a

cell surface glycoprotein and cell adhesion molecule. As
a ubiquitous molecule, CD44 is expressed in various
types of lymphoid cells and CNS cells, including
astrocytes. In humans, astrocytes that express CD44
might be divided in two populations. Namely, one
population presents astrocytes with long processes that
are CD44+, where these processes finished on blood
vessels. The second population comprises mixed
phenotypes of star-shaped cells with tiny processes and
cells with elongated processes lacking branches (Sosunov
et al., 2014). In rodent astrocytes, the staining by CD44
was found to be expressed only in long, un-branched,
pial-based, fibrous-like astrocytes in white matter, while
in gray matter CD44 was lacking from protoplasmatic
astrocytes (Chang et al., 2012; Dzwonek and Wilczynski,
2015). It is assumed that CD44 recognizes astrocyte-
restricted precursor cells (Liu et al., 2004). Also, it was
suggested that CD44 influences alternation in the shape

of astrocytes (Dzwonek and Wilczynski, 2015).
Previously, it was reported that CD44 is upregulated in
hypertrophic astrocytes in the vicinity of demyelination
foci in MS (Girgrah et al., 1991). The finding that CD44
deletion can lead to the increased severity of EAE
implies that CD44 has a role in limiting inflammation
(Flynn et al., 2013).

EAAT1 or GLAST
Excitatory amino acid transporter 1 (EAAT1 or

sodium-dependent glutamate-aspartate transporter
GLAST) (molecular weight: ~ 60kDa, GLAST/EAAT1)
is the main glutamate transporter in astrocytes, where it
was involved in the control of glutamate concentration
and neuronal migration (Šerý et al., 2015).
GLAST/EAAT1 is abundantly present in the cerebellar
cortex, Muller cells of the retina, cerebellum, and
tanycytes in the circumventricular organs. Also, its
expression was confirmed at the mammalian
neuromuscular junction and in the choroid plexus (Šerý
et al., 2015). In the adult CNS, GLAST/EAAT1 has a
role in the glutamate clearance from the extracellular
space, preventing excitotoxicity. Since the highest level
of GLAST/EAAT1 was found in the white matter
astrocytes, its leading role is to protect neurons (Köhler
et al., 2019). It was shown that GLAST/EAAT1 is found
in astrocytes in the vicinity of excitatory synapses
(Murphy-Royal et al., 2017). The main localization of
GLAST/EAAT1 was observed in astrocytes' cell bodies
(Swanson et al., 1997) and the extending delicate
processes of astrocytes (Waller et al., 2016).

EAAT2 or GLT1
Excitatory amino acid transporter 2 (EAAT2 or

glutamate transporter 1/GLT1) (molecular weight: ~ 62
kDa) is another glutamate transporter found to be
expressed in astrocytes late in development, associated
with the migration and maturation of neurons (Holmseth
et al., 2009; Gegelashvili and Bjerrum, 2019). The main
function of this transporter is the clearance of the
glutamate. GLT1/EAAT2 shows robust expression and
specificity in astrocytes compared to GFAP (Lovatt et
al., 2007); however, it is downregulated in the diseases
associated with reactive gliosis (Verkhratsky et al., 2016;
Dorsett et al., 2017). In the adult brain, GLT1/EAAT2 is
expressed in protoplasmatic and fibrous astrocytes. The
dominant expression of GLT1/EAAT2is reported in the
gray matter astrocytes (Maragakis et al., 2004), while its
expression is lower in the white matter astrocytes
(Köhler et al., 2019). In rodent spinal cord,
GLAST/EAAT1 and GLT1/ EAAT2 are abundantly
expressed, mainly on their cell bodies (Regan et al.,
2007) and thin processes (Rothstein et al., 1996). The
expression of GLAST/EAAT1 and GLT1/ EAAT2 is
increased during EAE and MS. However, their
expression was observed in microglia and
oligodendrocytes, so using these antibodies as markers
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for astrocytes is questionable (Vallejo-Illarramendi et al.,
2006; Mitosek-Szewczyk et al., 2008).

Glutamine synthetase
Glutamine synthetase (GS) (molecular weight 45

kDa) is accepted as a classical astrocyte marker. Its
presence was proved in the brain primarily in astrocytes
in the retina in Muller cells, Bergmann glia, and
tanycytes. It was reported that GS mRNA is found early
in the development in the brain and increases its
expression during maturation of astrocytes (Mearow et
al., 1989). GS stain high and low GFAP expressing
astrocytes. These cells support neurons using glutamate
as a neurotransmitter (Anlauf and Derouiche, 2013).
This enzyme, as a glutamate catabolizing enzyme, has a
role in synthesizing glutamine, using ammonium and
glutamate (Suárez et al., 2002). Since GS is involved in
the Glutamate-Glutamine cycle, its main role is to
prevent excitotoxicity in the neurons (Rose et al., 2013).
In the rat spinal cord, GS expression was confined to the
astrocytes, oligodendrocytes, and microglia (Cammer,
1990), where GS expression was lower than GFAP
levels (Patel et al., 1985). It was shown that GS staining
was found in the astrocyte cell body and thick processes
(Waller et al., 2016). GS expression was higher in
fibrous astrocytes when compared to the protoplasmatic
astrocytes in the rodent spinal cord. Accordingly, in
fibrous astrocytes, GS staining is uniformly distributed
throughout the cytoplasm, however their processes and
vascular end-feet are heavily stained (Jakovljevic et al.,
2019). The dense GS staining in gray matter is attributed
to the oligodendrocytes (Anlauf and Derouiche, 2013).
However, the expression of GS was reported in
protoplasmic astrocytes of the murine hippocampus
(Zhang et al., 2019). During the inflammatory-induced
demyelination, GS expression was associated with the
neuroprotective phenotype of astrocytes (A2)
(Jakovljevic et al., 2019).

Aquaporin 4
Aquaporin 4 (AQP4)(molecular weight: 48kDa), is

another important marker for astrocytes, representing a
water-selective channel protein responsible for the
transport of water. It is abundantly present at the end-feet
of astrocytes, where it regulates water transport through
the blood-brain barrier, along with extracellular K+
clearance. In addition, AQP4 is involved in the clearance
of interstitial fluids having an important role in the brain
glymphatic system (Mestre et al., 2018). In the rodent
brain, a smaller amount of fibrous astrocytes expressed
AQP4 in comparison to a stronger expression in
protoplasmic astrocytes, found to be localized to the
perivascular endfeet (Rash et al., 1998; Abbott et al.,
2006). In MS, the expression of AQP4 is up-regulated in
demyelinating lesions and in normal-appearing white
matter (Masaki et al., 2013). During EAE, in the spinal
cord, AQP4 is highly expressed in the fibrous astrocytes,

while its expression in protoplasmatic astrocytes is
limited and concentrated in the astrocytic endfeet
(Jukkola et al., 2013).

Gap junction alpha-1 protein or Connexin 30 and 43
(Cx30/Cx43)

It was established that astrocytes express Cx30 and
43 (the numbers relate to their molecular weight),
where the most abundantly expressed connexin is
Cx43. During development, low-level Cx43 expression
was found in radial glia, which increases postnatally,
mainly in astrocytes. The expression of connexins at
astrocyte endfeet maintains the integrity of the blood-
brain barrier (Abbott et al., 2006). There are observed
differences in the expression of Cx30 and 43 in fibrous
and protoplasmatic astrocytes, because of their
different coupling properties. Namely, protoplasmatic
astrocytes are more coupled by gap junctions than
fibrous astrocytes; thus, Cx 30 and 43 are not spread
equally in these astrocytic subpopulations (Nagy et al.,
1999). It was found that protoplasmic astrocytes
strongly express Cx30 and 43. In general, the fibrous
astrocytes express Cx43, while Cx30 expression is
absent. However, when Cx43 is lacking in white matter
astrocytes, the expression in Cx 30 is up-regulated
(Sánchez et al., 2020). Indeed, recently, it was reported
that Cx30 deficiency provokes some increase of
protoplasmatic astrocytic processes in the spinal cord
with concomitant reduction of Cx43 expression fibrous
astrocytes (Fang et al., 2018). It is important to note
that modification of Cx expression has been described
in brain tumors and several neurodegenerative diseases,
including Alzheimer’s, Huntington’s, and Parkinson’s
disease (Sánchez et al. ,  2020). In MS and MS-
associated diseases (neuromyelitis optica and Balo's
disease), Cx43 loss in astrocytes was observed (Masaki
et al., 2013). In the spinal cord in animals afflicted with
EAE, alternation in Cx43 was recorded (Brand-
Schieber et al., 2005), and the decrease was noted in
the vicinity of inflammatory infiltrates (Roscoe et al.,
2007).

Sox9 
Sox9 (SRY-Box Transcription Factor 9)(molecular

weight: 56kDa) is a member of the high mobility group
box (HMG-box) family of transcription factors (Batiuk
et al., 2020). It was shown that gene and protein Sox9
expression is conveyed exclusively by astrocytes in the
adult murine brain (Lovatt et al., 2007). SOX9 is
primarily found in the nucleus and specifically labels
astrocytes outside of the neurogenic regions (Sun et al.,
2017). Due to its localization, it was proposed that
SOX9 could be a useful marker to evaluate astrocytes in
various pathologies (Yu et al., 2020). During
development, Sox9 has role specification of both
astrocytes and oligodendrocyte lineage cells (Tatsumi et
al., 2018). In the adult brain, Sox9 might be a useful
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marker in gray matter astrocyte diversification (Stolt et
al., 2003). It was found that Sox9 did not modify its
expression during aging; however, it was up-regulated in
reactive astrocytes in mouse models of ALS and stroke
(Sun et al., 2017). Also, Sox9 is up-regulated after spinal
cord injury (Xia and Zhu, 2015). In general, Sox9 might
be a useful marker in the identification of astrocytes,
particularly in settings where astrocytes lose their
domain organization.

Acyl CoA synthetase bubblegum family member 1
(Acsbg1 or Lipidosin) 

Lipidosin (molecular weight:80kDa) is a protein
with long-chain fatty acid-activating enzymes expressed
in the brain, adrenal gland, and gonads. In the brain,
lipidosin is expressed postnatally and is abundantly
present in the astrocytic cytoplasm (Cahoy et al., 2008).
Also, lipidosin staining was confirmed in the end-foot
processes near blood vessels and thick processes
adjacent to the neuropil (Song et al., 2007). After brain
injury, the levels of lipidosin are increased (Wu et al.,
2012). It was described that lipidosin shows higher
expression in protoplasmic astrocytes in comparison to
fibrous astrocytes. Since lipidosin expression in
astrocytes is higher around remyelination areas, it was
proposed to have a role in the recovery of myelin (Song
et al., 2007).
Astrocytes in MS pathology

MS is a chronic neurological disease characterized
by excessive inflammation, demyelination, and axonal
degeneration, leading to serious neurological disturbance
(Bjelobaba et al., 2017). It is accepted that the main
inflammatory culprits in MS pathology are myelin
reactive immune cells from the periphery that migrate to
the CNS and cause demyelinating lesions and axon
damage. However, the immune response by resident
CNS cells has also been recognized as a crucial
component of inflammatory injury to oligodendrocytes
and axons. Indeed, reactive astrocytes have been found
in and around demyelinating lesions, and it is now
known that these cells have complex roles in MS
pathology (Correale and Farez, 2015).

It  was previously believed that the role of
astrocytes in lesion pathology comes mainly after the
inflammatory stage, in the formation of the glial scar.
However, it is now known that astrocytes are involved
early in the initiation of the lesion formation, as well
as in the chronic phases of the lesion pathology, even
after the acute inflammation has subsided and immune
cells have withdrawn (Ponath et al., 2018). Their
number, morphology, and degree of reactivity are
heterogeneous and depend on the stage of the disease,
how far or close they are from the lesion and whether
they are positioned in the white or gray matter.
Astrocytes appear to be activated and hypertrophic
even at the early stages of the disease, before lesion

formation. In active lesions,  astrocytes are
characterized by hypertrophic cell bodies, reduced
number of processes that appear swollen, large nuclei,
and elevated expression of GFAP and other
intermediate fi laments (Ludwin et  al . ,  2016;
Brambilla, 2019). They are associated with T cells and
oligodendrocytes, which they ingest (Ludwin et al.,
2016). It was demonstrated that astrocytes in active
lesions contain myelin debris and that this uptake of
myelin was an early event, followed by activation of
NF-κB, secretion of pro-inflammatory cytokines and
chemokines and recruitment of inflammatory cells
(Ponath et al., 2017). Reactive astrocytes within
lesions that are in close contact with vasculature also
show hypertrophic cell bodies, damaged end-feet, and
dissociated gap junctions, causing BBB disruption and
entry of immune cells into the CNS (Brosnan and
Raine, 2013).

Additionally, they express VEGF, promoting
angiogenesis in the acute lesion (Ludwin et al., 2016).
Reactive astrocytes have also been found in the normal-
appearing white and gray matter that is adjacent to the
lesions, suggesting their role in early lesion development
(Ponath et al., 2017, 2018). In chronic inactive lesions,
astrocytes with elevated GFAP levels and differing
degrees of reactivity can be found (Ludwin et al., 2016). 

Astrocytes directly influence lesion development by
secreting chemokines such as CCL2, CCL5, CXCL8,
CXCL10, and CXCL12, which attract immune cells
from the periphery and microglia to the lesion site.
Furthermore, by secreting pro-inflammatory cytokines,
reactive oxygen and nitrogen species, as well as
glutamate and ATP, astrocytes have an immediate toxic
effect on oligodendrocytes and axons (Correale and
Farez, 2015). In MS, normal functions of astrocytes are
disrupted, including the uptake of glutamate, which
leads to increased extracellular concentrations of
glutamate that are damaging to neurons and
oligodendrocytes (Matute et al., 1997). TNF-α decreases
the expression of glutamate transporter GLAST in
astrocytes, causing reduced glutamate intake and
contributing to excitotoxicity (Korn et al., 2005).

In MS, as in other CNS insults, astrocytes form the
glial scar, as evidenced in tissue from MS patients and
animals with EAE (Holley et al., 2003). The function of
the glial scar is to limit the further entry of leukocytes in
the CNS and stop the spread of damage to the
neighboring tissue (Voskuhl et al., 2009; Correale and
Farez, 2015) . Deletion of the glycoprotein 130 (gp130)
in astrocytes, IL-6 receptor, led to apoptosis of
astrocytes in inflammatory lesions, which caused further
infiltration of T cells and more severe EAE pathology
(Haroon et al., 2011). However, apart from valuable
functions, glial scar also has an inhibitory effect on axon
regeneration and remyelination. It is characterized by the
massive production of inhibitory CSPGs (Lau et al.,
2012), FGF-2 that prevents maturation of OPCs and
consequently restricts remyelination (Goddard et al.,
1999), and ephrins that induce the collapse of the axonal
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growth cone (Wahl et al., 2000). 
In summary, astrogliosis is an early and persistent

component of MS pathology that appears to be a good
indicator of disease progression (Brambilla, 2019).
Considering that astrocytes have dual roles in the
pathogenesis of the disease, the net effect of their actions
will depend on the stage of the disease, distance from the
lesion, degree of reactivity, and their interactions with
other cells involved in the process (Williams et al., 2007).
Roles of astrocytes in myelination and remyelination

Astrocytes have an important role in proliferation
and maturation of OPC, by producing key growth factors
for this process, including PDGF, BDNF, LIF, CNTF,
neurotrophin-3, neurotrophin-4 and IGF1 (Salem et al.,
2016). Astrocytes also control molecular cues that
regulate oligodendrocyte production (Traiffort et al.,
2020). For example, in the optic nerve astrocytes express
the multiligand megalin receptor that binds Sonic
Hedgehog (Shh), which is important for proliferation
and migration of the OPCs during the development of
the optic nerve (Ortega et al., 2012). They also provide
crucial metabolic support, by supplying lactate,
important as an energy source, but also as a precursor in
lipid biosynthesis. The critical component of myelin is
cholesterol, which cannot pass the BBB and is
synthesized in the CNS by astrocytes and
oligodendrocytes. Cholesterol produced by astrocytes is
transported to oligodendrocytes via apolipoprotein E
(ApoE) and ATP-binding cassette transporter ABCA1
(Traiffort et al., 2020). The availability of cholesterol for
oligodendrocytes appears to be a rate-limiting factor for
myelination (Liu et al., 2010). In relation to this, the
cholesterol synthesis pathway was found to be down-
regulated in astrocytes in EAE, and cholesterol
homeostasis seems to be a novel treatment target (Itoh et
al., 2018). Astrocytes also provide SREB cleavage
activating protein (SCAP), which is crucial in lipid
production (Nutma et al., 2020).

Furthermore, GFAP appears to be important for
white matter integrity, since GFAP knockout mice
exhibit abnormal myelination (Liedtke et al., 1996).
Additionally, deletion of oligodendrocytic Cx47 and
astrocytic Cx30, which are important for gap junctional
communication between astrocytes and oligo-
dendrocytes, caused serious myelin pathology (Tress et
al., 2012). The search to depict all the molecular
mechanisms through which astrocytes contribute to
myelination is still ongoing; however, it is clear that
astrocytes have many crucial roles in this process
(Nutma et al., 2020).

In demyelinating diseases, such as MS, the damaged
myelin sheath is one of the components that inhibit
remyelination (Kotter et al., 2006). Astrocytes contribute
to the clearance of myelin debris by recruiting microglia
to the damaged areas, and ablation of astrocytes inhibits
regeneration of oligodendrocytes and myelin (Skripuletz
et al., 2013). However, they were also directly involved
in myelin phagocytosis, as astrocytes in active lesions

were shown to contain myelin debris. Myelin uptake by
astrocytes appears to be an early event followed by
activation of NF-κB, secretion of chemokines, and
recruitment of immune cells (Ponath et al., 2017). For
remyelination to be successful, the OPCs need to
migrate to the injury site, differentiate and mature into
oligodendrocytes. Astrocytes play critical roles in this
process, and it was shown that remyelination is not
carried out if they are absent (Talbott et al., 2005).
Astrocytes support oligodendrocytes in remyelination by
producing CNTF, BDNF, LIF, and other growth factors
(Butzkueven et al., 2002; Albrecht et al., 2003;
Miyamoto et al., 2015). They also produce anti-
inflammatory IL-4 that indirectly protects
oligodendrocytes from NO by inhibiting NF-κB
activation, which leads to the downregulation of iNOS
(Paintlia et al., 2006).

Nevertheless, remyelination fails in chronic MS
lesions, and astrocytes' destructive functions are a part of
this process. They secrete pro-inflammatory cytokines
that lead to apoptosis of oligodendrocytes, e.g., TNF-α,
which was found in fibrous astrocytes in active MS
lesions (Selmaj et al., 1991). Astrocytes also express
endothelin-1that inhibits remyelination through Notch
activation (Hammond et al., 2014). CSPGs that
astrocytes produce in the glial scar also have an
inhibitory effect for remyelination, and their degradation
leads to an improvement in remyelination (Lau et al.,
2012). Specifically, CSPGs inhibit outgrowth and
differentiation of OPCs, while treatment with
chondroitinase ABC reversed this effect in vitro (Siebert
and Osterhout, 2011). Furthermore, a novel inhibitor of
CSPG synthesis rescued OPCs process outgrowth in
vitro and improved remyelination in mice with focal
demyelination (Keough et al., 2016).

Taken together, these studies point to the dual and
complex role of astrocytes, on the one hand, necessary
for myelination, yet their functions in remyelination can
be both beneficial and detrimental. This could also be a
consequence of their heterogeneity and the existence of
different subtypes in MS lesions. Indeed, Haindl and
colleagues found an A1 subtype in active lesions, while
A2 was present in remyelination (Haindl et al., 2019).
Thus, finding approaches that inhibit detrimental actions
of astrocytes and simultaneously stimulating their
beneficial roles could be the needed therapeutic strategy
for the treatment of MS and other neurological diseases.
The characterization of astrocytes must involve
multipoint features to define better cell types that include
morphology and protein and gene profiling with
methods that involve the determination of functional
properties.
Acknowledgements. This work was supported by the Science Fund of
the Republic of Serbia, Grant No. 6359853, Serbian Science and
Diaspora Collaboration Program: Knowledge Exchange Vouchers -
miREA and the Ministry of Education, Science and Technological
Development, Republic of Serbia, contract No. 451-03-9/2021-
14/200007.

281
Astrocyte diversity in neuroinflammation



References

Abbott N.J., Rönnbäck L. and Hansson E. (2006). Astrocyte-endothelial
interactions at the blood-brain barrier. Nat. Rev. Neurosci. 7, 41-53.

Albrecht P.J., Murtie J.C., Ness J.K., Redwine J.M., Enterline J.R.,
Armstrong R.C. and Levison S.W. (2003). Astrocytes produce cntf
during the remyelination phase of viral-induced spinal cord
demyelination to stimulate FGF-2 production. Neurobiol. Dis. 13, 89-
101.

Allen N.J. and Eroglu C. (2017). Cell biology of astrocyte-synapse
interactions. Neuron 96, 697-708.

Anderson M.A., Ao Y. and Sofroniew M.V. (2014). Heterogeneity of
reactive astrocytes. Neurosci. Lett. 565, 23-29.

Anderson M.A., Burda J.E., Ren Y., Ao Y., O'Shea T.M., Kawaguchi R.,
Coppola G., Khakh B.S., Deming T.J. and Sofroniew M.V. (2016).
Astrocyte scar formation aids central nervous system axon
regeneration. Nature 532, 195-200.

Andreiuolo F., Junier M.P., Hol E.M., Miquel C., Chimelli L., Leonard N.,
Chneiweiss H., Daumas-Duport C. and Varlet P. (2009). GFAPdelta
immunostaining improves visualization of normal and pathologic
astrocytic heterogeneity. Neuropathology 29, 31-39.

Anlauf E. and Derouiche A. (2013). Glutamine synthetase as an
astrocytic marker: Its cell type and vesicle localization. Front.
Endocrinol. 4, 144

Anthony T.E., Klein C., Fishell G. and Heintz N. (2004). Radial glia
serve as neuronal progenitors in all regions of the central nervous
system. Neuron 41, 881-890.

Aquino D.A., Chiu F.C., Brosnan C.F. and Norton W.T. (1988). Glial
fibrillary acidic protein increases in the spinal cord of lewis rats with
acute experimental autoimmune encephalomyelitis. J. Neurochem.
51, 1085-1096.

Araque A., Parpura V., Sanzgiri R.P. and Haydon P.G. (1999). Tripartite
synapses: Glia, the unacknowledged partner. Trends Neurosci. 22,
208-215.

Argaw A.T., Gurfein B.T., Zhang Y., Zameer A. and John G.R. (2009).
VEGF-mediated disruption of endothelial CLN-5 promotes blood-
brain barrier breakdown. Proc. Natl. Acad. Sci. USA 106, 1977-
1982.

Argaw A.T., Asp L., Zhang J., Navrazhina K., Pham T., Mariani J.N.,
Mahase S., Dutta D.J., Seto J., Kramer E.G., Ferrara N., Sofroniew
M.V. and John G.R. (2012). Astrocyte-derived vegf-a drives blood-
brain barrier disruption in cns inflammatory disease. J. Clin. Invest
122, 2454-2468.

Barateiro A., Afonso V., Santos G., Cerqueira J.J., Brites D., van
Horssen J. and Fernandes A. (2016). S100b as a potential
biomarker and therapeutic target in multiple sclerosis. Mol.
Neurobiol. 53, 3976-3991.

Batiuk M.Y., Martirosyan A., Wahis J., de Vin F., Marneffe C., Kusserow
C., Koeppen J., Viana J.F., Oliveira J.F., Voet T., Ponting C.P.,
Belgard T.G. and Holt M.G. (2020). Identification of region-specific
astrocyte subtypes at single cell resolution. Nat. Commun. 11, 1220.

Battaglia R.A., Delic S., Herrmann H. and Snider N.T. (2018). Vimentin
on the move: new developments in cell migration. F1000Res 7,
F1000 Faculty Rev-1796.

Bayraktar O.A., Fuentealba L.C., Alvarez-Buylla A. and Rowitch D.H.
(2014). Astrocyte development and heterogeneity. Cold Spring
Harb. Perspect. Biol. 7, a020362.

Bayraktar O.A., Bartels T., Holmqvist S., Kleshchevnikov V.,
Martirosyan A., Polioudakis D., Ben Haim L., Young A.M.H., Batiuk

M.Y., Prakash K., Brown A., Roberts K., Paredes M.F., Kawaguchi
R., Stockley J.H., Sabeur K., Chang S.M., Huang E., Hutchinson P.,
Ullian E.M., Hemberg M., Coppola G., Holt M.G., Geschwind D.H.
and Rowitch D.H. (2020). Astrocyte layers in the mammalian
cerebral cortex revealed by a single-cell in situ transcriptomic map.
Nature Neurosci. 23, 500-509.

Becerra-Calixto A. and Cardona-Gómez G.P. (2017). The role of
astrocytes in neuroprotection after brain stroke: Potential in cell
therapy. Front. Mol. Neurosci. 10, 88.

Bélanger M. and Magistretti P.J. (2009). The role of astroglia in
neuroprotection. Dialogues Clin. Neurosci. 11, 281-295.

Ben Haim L. and Rowitch D.H. (2017). Functional diversity of astrocytes
in neural circuit regulation. Nature reviews. Neuroscience 18, 31-41.

Bernal A. and Arranz L. (2018). Nestin-expressing progenitor cells:
Function, identity and therapeutic implications. Cell Mol. Life Sci. 75,
2177-2195.

Bjelobaba I., Savic D. and Lavrnja I. (2017). Multiple sclerosis and
neuroinflammation: The overview of current and prospective
therapies. Curr. Pharm. Des. 23, 693-730.

Blechingberg J., Holm I.E., Nielsen K.B., Jensen T.H., Jørgensen A.L.
and Nielsen A.L. (2007). Identification and characterization of
GFAPκ, a novel glial fibrillary acidic protein isoform. Glia 55, 497-
507.

Boer K., Middeldorp J., Spliet W.G., Razavi F., van Rijen P.C., Baayen
J.C., Hol E.M. and Aronica E. (2010). Immunohistochemical
characterization of the out-of frame splice variants GFAP
delta164/deltaexon 6 in focal lesions associated with chronic
epilepsy. Epilepsy Res. 90, 99-109.

Bongarzone S., Savickas V., Luzi F. and Gee A.D. (2017). Targeting the
receptor for advanced glycation endproducts (rage): A medicinal
chemistry perspective. J. Med. Chem. 60, 7213-7232.

Bott C.J. and Winckler B. (2020). Intermediate filaments in developing
neurons: Beyond structure. Cytoskeleton 77, 110-128.

Bott C.J., Johnson C.G., Yap C.C., Dwyer N.D., Litwa K.A. and Winckler
B. (2019). Nestin in immature embryonic neurons affects axon
growth cone morphology and semaphorin3a sensitivity. Mol. Biol.
Cell 30, 1214-1229.

Boyd S.E., Nair B., Ng S.W., Keith J.M. and Orian J.M. (2012).
Computational characterization of 3' splice variants in the GFAP
isoform family. PloS one 7, e33565.

Bozic I., Tesovic K., Laketa D., Adzic M., Jakovljevic M., Bjelobaba I.,
Savic D., Nedeljkovic N., Pekovic S. and Lavrnja I. (2018). Voltage
gated potassium channel kv1.3 is upregulated on activated
astrocytes in experimental autoimmune encephalomyelitis.
Neurochem. Res. 43, 1020-1034.

Bozic I., Savic D., Milosevic A., Janjic M., Laketa D., Tesovic K.,
Bjelobaba I., Jakovljevic M., Nedeljkovic N., Pekovic S. and Lavrnja
I. (2019). The potassium channel kv1.5 expression alters during
experimental autoimmune encephalomyelitis. Neurochem. Res. 44,
2733-2745.

Brambil la R. (2019). The contribution of astrocytes to the
neuroinflammatory response in multiple sclerosis and experimental
autoimmune encephalomyelitis. Acta Neuropathol. 137, 757-783.

Brambilla R., Bracchi-Ricard V., Hu W.H., Frydel B., Bramwell A.,
Karmally S., Green E.J. and Bethea J.R. (2005). Inhibition of
astroglial nuclear factor kappab reduces inflammation and improves
functional recovery after spinal cord injury. J. Exp. Med. 202, 145-
156.

Brambilla R., Persaud T., Hu X., Karmally S., Shestopalov V.I.,

282
Astrocyte diversity in neuroinflammation



Dvoriantchikova G., Ivanov D., Nathanson L., Barnum S.R. and
Bethea J.R. (2009). Transgenic inhibition of astroglial nf-kappa b
improves functional outcome in experimental autoimmune
encephalomyelitis by suppressing chronic central nervous system
inflammation. J. Immunol. 182, 2628-2640.

Brand-Schieber E., Werner P., Iacobas D.A., Iacobas S., Beelitz M.,
Lowery S.L., Spray D.C. and Scemes E. (2005). Connexin43, the
major gap junction protein of astrocytes, is down-regulated in
inflamed white matter in an animal model of multiple sclerosis. J.
Neurosci. Res. 80, 798-808.

Brosnan C.F. and Raine C.S. (2013). The astrocyte in multiple sclerosis
revisited. Glia 61, 453-465.

Brown A.M. and Ransom B.R. (2007). Astrocyte glycogen and brain
energy metabolism. Glia 55, 1263-1271.

Bugiani M., Boor I., van Kollenburg B., Postma N., Polder E., van Berkel
C., van Kesteren R.E., Windrem M.S., Hol E.M., Scheper G.C.,
Goldman S.A. and van der Knaap M.S. (2011). Defective glial
maturation in vanishing white matter disease. J. Neuropathol. Exp.
Neurol. 70, 69-82.

Burda J.E., Bernstein A.M. and Sofroniew M.V. (2016). Astrocyte roles
in traumatic brain injury. Exp. Neurol. 275 Pt 3, 305-315.

Bush T.G., Puvanachandra N., Horner C.H., Polito A., Ostenfeld T.,
Svendsen C.N., Mucke L., Johnson M.H. and Sofroniew M.V.
(1999). Leukocyte infiltration, neuronal degeneration, and neurite
outgrowth after ablation of scar-forming, reactive astrocytes in adult
transgenic mice. Neuron 23, 297-308.

Bushong E.A., Martone M.E., Jones Y.Z. and Ellisman M.H. (2002).
Protoplasmic astrocytes in CA1 stratum radiatum occupy separate
anatomical domains. J. Neurosci. 22, 183-192.

Butzkueven H., Zhang J.G., Soilu-Hanninen M., Hochrein H., Chionh F.,
Shipham K.A., Emery B., Turnley A.M., Petratos S., Ernst M.,
Bartlett P.F. and Kilpatrick T.J. (2002). LIF receptor signaling limits
immune-mediated demyelination by enhancing oligodendrocyte
survival. Nat. Med. 8, 613-619.

Cahoy J.D., Emery B., Kaushal A., Foo L.C., Zamanian J.L.,
Christopherson K.S., Xing Y., Lubischer J.L., Krieg P.A., Krupenko
S.A., Thompson W.J. and Barres B.A. (2008). A transcriptome
database for astrocytes, neurons, and oligodendrocytes: A new
resource for understanding brain development and function. J.
Neurosci. 28, 264-278.

Cammer W. (1990). Glutamine synthetase in the central nervous system
is not confined to astrocytes. J. Neuroimmunol. 26, 173-178.

Canning D.R., Höke A., Malemud C.J. and Silver J. (1996). A potent
inhibitor of neurite outgrowth that predominates in the extracellular
matrix of reactive astrocytes. Int. J. Dev. Neurosci. 14, 153-175.

Cekanaviciute E., Fathali N., Doyle K.P., Williams A.M., Han J. and
Buckwalter M.S. (2014a). Astrocytic transforming growth factor-beta
signaling reduces subacute neuroinflammation after stroke in mice.
Glia 62, 1227-1240.

Cekanaviciute E., Dietrich H.K., Axtell R.C., Williams A.M., Egusquiza
R., Wai K.M., Koshy A.A. and Buckwalter M.S. (2014b). Astrocytic
TGF-β signaling limits inflammation and reduces neuronal damage
during central nervous system toxoplasma infection. J. Immunol.
193, 139-149.

Chaboub L.S. and Deneen B. (2012). Developmental origins of
astrocyte heterogeneity: The final frontier of CNS development. Dev.
Neurosci. 34, 379-388.

Chang A., Staugaitis S.M., Dutta R., Batt C.E., Easley K.E., Chomyk
A.M., Yong V.W., Fox R.J., Kidd G.J. and Trapp B.D. (2012).

Cortical remyelination: A new target for repair therapies in multiple
sclerosis. Ann. Neurol. 72, 918-926.

Chen Y., Vartiainen N.E., Ying W., Chan P.H., Koistinaho J. and
Swanson R.A. (2001). Astrocytes protect neurons from nitric oxide
toxicity by a glutathione-dependent mechanism. J. Neurochem. 77,
1601-1610.

Choi K.C., Kwak S.E., Kim J.E., Sheen S.H. and Kang T.C. (2009).
Enhanced glial fibrillary acidic protein-delta expression in human
astrocytic tumor. Neurosci. Lett. 463, 182-187.

Chou Y.H., Khuon S., Herrmann H. and Goldman R.D. (2003). Nestin
promotes the phosphorylation-dependent disassembly of vimentin
intermediate filaments during mitosis. Mol. Biol. Cell 14, 1468-1478.

Chung W.S., Clarke L.E., Wang G.X., Stafford B.K., Sher A.,
Chakraborty C., Joung J., Foo L.C., Thompson A., Chen C., Smith
S.J. and Barres B.A. (2013). Astrocytes mediate synapse elimination
through MEGF10 and MERTK pathways. Nature 504, 394-400.

Clarke B.E., Taha D.M., Tyzack G.E. and Patani R. (2021). Regionally
encoded functional heterogeneity of astrocytes in health and
disease: A perspective. Glia 1, 20-27

Clarke E.J. and Allan V. (2002). Intermediate filaments: Vimentin moves
in. Curr. Biol. 12, R596-598.

Clarke L.E., Liddelow S.A., Chakraborty C., Münch A.E., Heiman M. and
Barres B.A. (2018). Normal aging induces A1-like astrocyte
reactivity. Proc. Natl. Acad. Sci. USA 115, E1896-e1905.

Clavreul S., Abdeladim L., Hernández-Garzón E., Niculescu D., Durand
J., Ieng S.H., Barry R., Bonvento G., Beaurepaire E., Livet J. and
Loulier K. (2019). Cortical astrocytes develop in a plastic manner at
both clonal and cellular levels. Nat. Commun. 10, 4884.

Colombo E. and Farina C. (2016). Astrocytes: Key regulators of
neuroinflammation. Trends Immunol. 37, 608-620.

Colombo J.A. and Reisin H.D. (2004). Interlaminar astroglia of the
cerebral cortex: A marker of the primate brain. Brain Res. 1006, 126-
131.

Colucci-Guyon E., Giménez Y.R.M., Maurice T., Babinet C. and Privat
A. (1999). Cerebellar defect and impaired motor coordination in mice
lacking vimentin. Glia 25, 33-43.

Condorelli D.F., Nicoletti V.G., Barresi V., Conticello S.G., Caruso A.,
Tendi E.A. and Giuffrida Stella A.M. (1999). Structural features of
the rat gfap gene and identification of a novel alternative transcript.
J. Neurosci. Res. 56, 219-228.

Correale J. and Farez M.F. (2015). The role of astrocytes in multiple
sclerosis progression. Front. Neurol. 6, 180.

de Pablo Y., Marasek P., Pozo-Rodrigálvarez A., Wilhelmsson U.,
Inagaki M., Pekna M. and Pekny M. (2019). Vimentin
phosphorylation is required for normal cell division of immature
astrocytes. Cells 8, 1016.

Deneen B., Ho R., Lukaszewicz A., Hochstim C.J., Gronostajski R.M.
and Anderson D.J. (2006). The transcription factor NFIA controls the
onset of gliogenesis in the developing spinal cord. Neuron. 52, 953-
968.

Di Sante G., Amadio S., Sampaolese B., Clementi M.E., Valentini M.,
Volonté C., Casalbore P., Ria F. and Michetti F. (2020). The S100B
inhibitor pentamidine ameliorates clinical score and neuropathology
of relapsing—remitting multiple sclerosis mouse model. Cells 9, 748.

Donato R., Sorci G., Riuzzi F., Arcuri C., Bianchi R., Brozzi F., Tubaro
C. and Giambanco I. (2009). S100B's double life: Intracellular
regulator and extracellular signal. Biochim. Biophys. Acta 1793,
1008-1022.

Dorsett C.R., McGuire J.L., DePasquale E.A.K., Gardner A.E., Floyd

283
Astrocyte diversity in neuroinflammation



C.L. and McCullumsmith R.E. (2017). Glutamate neurotransmission
in rodent models of traumatic brain injury. J. Neurotrauma 34, 263-
272.

Dow K.E., Ethell D.W., Steeves J.D. and Riopelle R.J. (1994). Molecular
correlates of spinal cord repair in the embryonic chick: Heparan
sulfate and chondroitin sulfate proteoglycans. Exp. Neurol. 128, 233-
238.

Drögemüller K., Helmuth U., Brunn A., Sakowicz-Burkiewicz M.,
Gutmann D.H., Mueller W., Deckert M. and Schlüter D. (2008).
Astrocyte gp130 expression is critical for the control of toxoplasma
encephalitis. J. Immunol. 181, 2683-2693.

Dzwonek J. and Wilczynski G.M. (2015). CD44: Molecular interactions,
signaling and functions in the nervous system. Front. Cell. Neurosci.
9, 175.

Eliasson C., Sahlgren C., Berthold C.H., Stakeberg J., Celis J.E.,
Betsholtz C., Eriksson J.E. and Pekny M. (1999). Intermediate
filament protein partnership in astrocytes. J. Biol. Chem. 274,
23996-24006.

Emsley J.G. and Macklis J.D. (2006). Astroglial heterogeneity closely
reflects the neuronal-defined anatomy of the adult murine CNS.
Neuron Glia Biol. 2, 175-186.

Eng L.F. (1985). Glial fibrillary acidic protein (GFAP): The major protein
of glial intermediate filaments in differentiated astrocytes. J.
Neuroimmunol. 8, 203-214.

Fang M., Yamasaki R., Li G., Masaki K., Yamaguchi H., Fujita A., Isobe
N. and Kira J.-i. (2018). Connexin 30 deficiency attenuates chronic
but not acute phases of experimental autoimmune
encephalomyelitis through induction of neuroprotective microglia.
Front. Immunol. 9, 2588.

Faulkner J.R., Herrmann J.E., Woo M.J., Tansey K.E., Doan N.B. and
Sofroniew M.V. (2004). Reactive astrocytes protect tissue and
preserve function after spinal cord injury. J. Neurosci. 24, 2143-
2155.

Flynn K.M., Michaud M. and Madri J.A. (2013). CD44 deficiency
contributes to enhanced experimental autoimmune
encephalomyelitis: A role in immune cells and vascular cells of the
blood-brain barrier. Am. J. Pathol. 182, 1322-1336.

Franke H., Verkhratsky A., Burnstock G. and Il les P. (2012).
Pathophysiology of astroglial purinergic signalling. Purinergic Signal
8, 629-657.

Franke W.W. and Moll R. (1987). Cytoskeletal components of lymphoid
organs. I. Synthesis of cytokeratins 8 and 18 and desmin in
subpopulations of extrafollicular reticulum cells of human lymph
nodes, tonsils, and spleen. Differentiation 36, 145-163.

Frisén J., Haegerstrand A., Risling M., Fried K., Johansson C.B.,
Hammarberg H., Elde R., Hökfelt T. and Cullheim S. (1995). Spinal
axons in central nervous system scar tissue are closely related to
laminin-immunoreactive astrocytes. Neuroscience 65, 293-304.

Ge W.P., Miyawaki A., Gage F.H., Jan Y.N. and Jan L.Y. (2012). Local
generation of glia is a major astrocyte source in postnatal cortex.
Nature 484, 376-380.

Gegelashvili G. and Bjerrum O.J. (2019). Glutamate transport system as
a key constituent of glutamosome: Molecular pathology and
pharmacological modulation in chronic pain. Neuropharmacology
161, 107623.

Gertig U. and Hanisch U.K. (2014). Microglial diversity by responses
and responders. Front. Cell Neurosci. 8, 101.

Gimenez M.A., Sim J.E. and Russell J.H. (2004). TNFR1-dependent
VCAM-1 expression by astrocytes exposes the cns to destructive

inflammation. J. Neuroimmunol. 151, 116-125.
Girgrah N., Letarte M., Becker L.E., Cruz T.F., Theriault E. and

Moscarello M.A. (1991). Localization of the CD44 glycoprotein to
fibrous astrocytes in normal white matter and to reactive astrocytes
in active lesions in multiple sclerosis. J. Neuropathol. Exp. Neurol.
50, 779-792.

Goddard D.R., Berry M. and Butt A.M. (1999). In vivo actions of
fibroblast growth factor-2 and insulin-like growth factor-I on
oligodendrocyte development and myelination in the central nervous
system. J. Neurosci. Res. 57, 74-85.

Gomes F.C., Paulin D. and Moura Neto V. (1999). Glial fibrillary acidic
protein (GFAP): Modulation by growth factors and its implication in
astrocyte differentiation. Braz. J. Med. Biol. Res. 32, 619-631.

Gonzalez-Perez O. (2012). Neural stem cells in the adult human brain.
Biol. Biomed. Rep. 2, 59-69.

González H., Elgueta D., Montoya A. and Pacheco R. (2014).
Neuroimmune regulation of microglial activity involved in
neuroinflammation and neurodegenerative diseases. J.
Neuroimmunol. 274, 1-13.

Göritz C., Mauch D.H., Nägler K. and Pfrieger F.W. (2002). Role of glia-
derived cholesterol in synaptogenesis: New revelations in the
synapse-glia affair. J. Physiol. Paris 96, 257-263.

Gubert F., Zaverucha-do-Valle C., Pimentel-Coelho P.M., Mendez-Otero
R. and Santiago M.F. (2009). Radial glia-like cells persist in the adult
rat brain. Brain Res. 1258, 43-52.

Guo F., Maeda Y., Ma J., Delgado M., Sohn J., Miers L., Ko E.M.,
Bannerman P., Xu J., Wang Y., Zhou C., Takebayashi H. and
Pleasure D. (2011). Macroglial plasticity and the origins of reactive
astroglia in experimental autoimmune encephalomyelitis. J.
Neurosci. 31, 11914-11928.

Hachem S., Aguirre A., Vives V., Marks A., Gallo V. and Legraverend C.
(2005). Spatial and temporal expression of s100b in cells of
oligodendrocyte lineage. Glia 51, 81-97.

Haindl M.T., Köck U., Zeitelhofer-Adzemovic M., Fazekas F. and
Hochmeister S. (2019). The formation of a glial scar does not
prohibit remyelination in an animal model of multiple sclerosis. Glia
67, 467-481.

Hamilton N., Vayro S., Kirchhoff F., Verkhratsky A., Robbins J., Gorecki
D.C. and Butt A.M. (2008). Mechanisms of ATP- and glutamate-
mediated calcium signaling in white matter astrocytes. Glia 56, 734-
749.

Hammond T.R., Gadea A., Dupree J., Kerninon C., Nait-Oumesmar B.,
Aguirre A. and Gallo V. (2014). Astrocyte-derived endothelin-1
inhibits remyelination through notch activation. Neuron 81, 1442.

Haroon F., Drögemüller K., Händel U., Brunn A., Reinhold D., Nishanth
G., Mueller W., Trautwein C., Ernst M., Deckert M. and Schlüter D.
(2011). Gp130-dependent astrocytic survival is critical for the control
of autoimmune central nervous system inflammation. J. Immunol.
186, 6521-6531.

Hartfuss E., Galli R., Heins N. and Götz M. (2001). Characterization of
cns precursor subtypes and radial glia. Dev. Biol. 229, 15-30.

Hendrickson M.L., Rao A.J., Demerdash O.N. and Kalil R.E. (2011).
Expression of nestin by neural cells in the adult rat and human brain.
PLoS One 6, e18535.

Herrmann J.E., Imura T., Song B., Qi J., Ao Y., Nguyen T.K., Korsak
R.A., Takeda K., Akira S. and Sofroniew M.V. (2008). STAT3 is a
critical regulator of astrogliosis and scar formation after spinal cord
injury. J. Neurosci. 28, 7231-7243.

Hewett J.A. (2009). Determinants of regional and local diversity within

284
Astrocyte diversity in neuroinflammation



the astroglial lineage of the normal central nervous system. J.
Neurochem. 110, 1717-1736.

Hochstim C., Deneen B., Lukaszewicz A., Zhou Q. and Anderson D.J.
(2008). Identification of positionally distinct astrocyte subtypes
whose identities are specified by a homeodomain code. Cell 133,
510-522.

Hol E.M. and Pekny M. (2015). Glial fibrillary acidic protein (GFAP) and
the astrocyte intermediate filament system in diseases of the central
nervous system. Curr. Opin. Cell Biol. 32, 121-130.

Holley J.E., Gveric D., Newcombe J., Cuzner M.L. and Gutowski N.J.
(2003). Astrocyte characterization in the multiple sclerosis glial scar.
Neuropathol. Appl. Neurobiol. 29, 434-444.

Holmseth S., Scott H.A., Real K., Lehre K.P., Leergaard T.B., Bjaalie
J.G. and Danbolt N.C. (2009). The concentrations and distributions
of three c-terminal variants of the GLT1 (EAAT2; slc1a2) glutamate
transporter protein in rat brain tissue suggest differential regulation.
Neuroscience 162, 1055-1071.

Horita D.A. and Krupenko S.A. (2017). Modeling of interactions between
functional domains of ALDH1L1. Chem. Biol. Interact. 276, 23-30.

Huizinga R., Gerritsen W., Heijmans N. and Amor S. (2008). Axonal loss
and gray matter pathology as a direct result of autoimmunity to
neurofilaments. Neurobiol. Dis. 32.

Ikeda O., Murakami M., Ino H., Yamazaki M., Nemoto T., Koda M.,
Nakayama C. and Moriya H. (2001). Acute up-regulation of brain-
derived neurotrophic factor expression resulting from experimentally
induced injury in the rat spinal cord. Acta Neuropathol. 102, 239-
245.

Itoh N., Itoh Y., Tassoni A., Ren E., Kaito M., Ohno A., Ao Y.,
Farkhondeh V., Johnsonbaugh H., Burda J., Sofroniew M.V. and
Voskuhl R.R. (2018). Cell-specif ic and region-specif ic
transcriptomics in the multiple sclerosis model: Focus on astrocytes.
Proc. Natl. Acad. Sci. USA 115, E302-e309.

Ivaska J., Pallari H.M., Nevo J. and Eriksson J.E. (2007). Novel
functions of vimentin in cell adhesion, migration, and signaling. Exp.
Cell Res. 313, 2050-2062.

Jakovljevic M., Lavrnja I., Bozic I., Savic D., Bjelobaba I., Pekovic S.,
Sevigny J., Nedeljkovic N. and Laketa D. (2017). Down-regulation of
NTPDase2 and ADP-sensitive P2 purinoceptors correlate with
severity of symptoms during experimental autoimmune
encephalomyelitis. Front. Cell Neurosci. 11, 333.

Jakovljevic M., Lavrnja I., Bozic I., Milosevic A., Bjelobaba I., Savic D.,
Sévigny J., Pekovic S., Nedeljkovic N. and Laketa D. (2019).
Induction of NTPDase1/CD39 by reactive microglia and
macrophages is associated with the functional state during eae.
Front. Neurosci. 13, 410.

Jensen C.J., Massie A. and De Keyser J. (2013). Immune players in the
CNS: The astrocyte. J. Neuroimmune Pharmacol. 8, 824-839.

Jessell T.M. (2000). Neuronal specification in the spinal cord: Inductive
signals and transcriptional codes. Nat. Reviews. Genetics 1, 20-29.

Jessen K.R. and Mirsky R. (2019). Schwann cell precursors; multipotent
glial cells in embryonic nerves. Front. Mol. Neurosci. 12, 69.

Jessen K.R., Thorpe R. and Mirsky R. (1984). Molecular identity,
distribution and heterogeneity of glial fibrillary acidic protein: An
immunoblotting and immunohistochemical study of schwann cells,
satellite cells, enteric glia and astrocytes. J. Neurocytol. 13, 187-
200.

Jessen N.A., Munk A.S., Lundgaard I. and Nedergaard M. (2015). The
glymphatic system: A beginner's guide. Neurochem. Res. 40, 2583-
2599.

John Lin C.C., Yu K., Hatcher A., Huang T.W., Lee H.K., Carlson J.,
Weston M.C., Chen F., Zhang Y., Zhu W., Mohila C.A., Ahmed N.,
Patel A.J., Arenkiel B.R., Noebels J.L., Creighton C.J. and Deneen
B. (2017). Identification of diverse astrocyte populations and their
malignant analogs. Nat. Neurosci. 20, 396-405.

Jukkola P., Guerrero T., Gray V. and Gu C. (2013). Astrocytes
differentially respond to inflammatory autoimmune insults and
imbalances of neural activity. Acta Neuropathol. Commun. 1, 70.

Kachinsky A.M., Dominov J.A. and Miller J.B. (1995). Intermediate
filaments in cardiac myogenesis: Nestin in the developing mouse
heart. J. Histochem. Cytochem. 43, 843-847.

Kamphuis W., Mamber C., Moeton M., Kooijman L., Sluijs J.A., Jansen
A.H., Verveer M., de Groot L.R., Smith V.D., Rangarajan S.,
Rodriguez J.J., Orre M. and Hol E.M. (2012). GFAP isoforms in adult
mouse brain with a focus on neurogenic astrocytes and reactive
astrogliosis in mouse models of alzheimer disease. PLoS One 7,
e42823.

Kang P., Lee H.K., Glasgow S.M., Finley M., Donti T., Gaber Z.B.,
Graham B.H., Foster A.E., Novitch B.G., Gronostajski R.M. and
Deneen B. (2012). Sox9 and NFIA coordinate a transcriptional
regulatory cascade during the initiation of gliogenesis. Neuron 74,
79-94.

Kang Z., Altuntas C.Z., Gulen M.F., Liu C., Giltiay N., Qin H., Liu L.,
Qian W., Ransohoff R.M., Bergmann C., Stohlman S., Tuohy V.K.
and Li X. (2010). Astrocyte-restricted ablation of interleukin-17-
induced Act1-mediated signaling ameliorates autoimmune
encephalomyelitis. Immunity 32, 414-425.

Keough M.B., Rogers J.A., Zhang P., Jensen S.K., Stephenson E.L.,
Chen T., Hurlbert M.G., Lau L.W., Rawji K.S., Plemel J.R., Koch M.,
Ling C.C. and Yong V.W. (2016). An inhibitor of chondroitin sulfate
proteoglycan synthesis promotes central nervous system
remyelination. Nat. Commun. 7, 11312.

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

Kıray H., Lindsay S.L., Hosseinzadeh S. and Barnett S.C. (2016). The
multifaceted role of astrocytes in regulating myelination. Exp.
Neurol. 283, 541-549.

Klein R.S. and Hunter C.A. (2017). Protective and pathological immunity
during central nervous system infections. Immunity 46, 891-909.

Koehler R.C., Roman R.J. and Harder D.R. (2009). Astrocytes and the
regulation of cerebral blood flow. Trends Neurosci. 32, 160-169.

Köhler S., Winkler U. and Hirrlinger J. (2019). Heterogeneity of
astrocytes in grey and white matter. Neurochem. Res. 46, 3-4.

Korn T., Magnus T. and Jung S. (2005). Autoantigen specific T cells
inhibit glutamate uptake in astrocytes by decreasing expression of
astrocytic glutamate transporter GLAST: A mechanism mediated by
tumor necrosis factor-alpha. FASEB J. 19, 1878-1880.

Kostianovsky A.M., Maier L.M., Anderson R.C., Bruce J.N. and
Anderson D.E. (2008). Astrocytic regulation of human
monocytic/microglial activation. J. Immunol. 181, 5425-5432.

Kotter M.R., Li W.W., Zhao C. and Franklin R.J. (2006). Myelin impairs
cns remyelination by inhibiting oligodendrocyte precursor cell
differentiation. J. Neurosci. 26, 328-332.

Krishnasamy S., Weng Y.-C., Thammisetty S.S., Phaneuf D.,
Lalancette-Hebert M. and Kriz J. (2017). Molecular imaging of nestin
in neuroinflammatory conditions reveals marked signal induction in
activated microglia. J. Neuroinflammation 14, 45-45.

Krupenko S.A. (2009). FDH: An aldehyde dehydrogenase fusion
enzyme in folate metabolism. Chem. Biol. Interactions 178, 84-93.

285
Astrocyte diversity in neuroinflammation



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

Lau L.W., Keough M.B., Haylock-Jacobs S., Cua R., Döring A., Sloka
S., Stirling D.P., Rivest S. and Yong V.W. (2012). Chondroitin
sulfate proteoglycans in demyelinated lesions impair remyelination.
Ann. Neurol. 72, 419-432.

Lavrnja I., Bjelobaba I., Stojiljkovic M., Pekovic S., Mostarica-Stojkovic
M., Stosic-Grujicic S. and Nedeljkovic N. (2009). Time-course
changes in ectonucleotidase activities during experimental
autoimmune encephalomyelitis. Neurochem. Int. 55, 193-198.

Lavrnja I., Savic D., Bjelobaba I., Dacic S., Bozic I., Parabucki A.,
Nedeljkovic N., Pekovic S., Rakic L. and Stojiljkovic M. (2012). The
effect of r ibavirin on reactive astrogliosis in experimental
autoimmune encephalomyelitis. J. Pharmacol. Sci. 119, 221-232.

Lavrnja I., Parabucki A. and Brkic P. (2015). Repetitive hyperbaric
oxygenation attenuates reactive astrogliosis and suppresses
expression of inflammatory mediators in the rat model of brain injury.
Mediators Inflamm. 2015, 498405.

Lecca D., Ceruti S., Fumagalli M. and Abbracchio M.P. (2012).
Purinergic trophic signalling in glial cells: Functional effects and
modulation of cell proliferation, differentiation, and death. Purinergic
Signal 8, 539-557.

Lee M.Y., Kim C.J., Shin S.L., Moon S.H. and Chun M.H. (1998).
Increased ciliary neurotrophic factor expression in reactive
astrocytes following spinal cord injury in the rat. Neurosci. Lett. 255,
79-82.

Li J., Khankan R.R., Caneda C., Godoy M.I., Haney M.S., Krawczyk
M.C., Bassik M.C., Sloan S.A. and Zhang Y. (2019). Astrocyte-to-
astrocyte contact and a positive feedback loop of growth factor
signaling regulate astrocyte maturation. Glia 67, 1571-1597.

Liddelow S.A. and Barres B.A. (2017). Reactive astrocytes: Production,
function, and therapeutic potential. Immunity 46, 957-967.

Liddelow S.A., Guttenplan K.A., Clarke L.E., Bennett F.C., Bohlen C.J.,
Schirmer L., Bennett M.L., Munch A.E., Chung W.S., Peterson T.C.,
Wilton D.K., Frouin A., Napier B.A., Panicker N., Kumar M.,
Buckwalter M.S., Rowitch D.H., Dawson V.L., Dawson T.M.,
Stevens B. and Barres B.A. (2017). Neurotoxic reactive astrocytes
are induced by activated microglia. Nature 541, 481-487.

Liedtke W., Edelmann W., Bieri P.L., Chiu F.C., Cowan N.J.,
Kucherlapati R. and Raine C.S. (1996). GFAP is necessary for the
integrity of cns white matter architecture and long-term maintenance
of myelination. Neuron 17, 607-615.

Liu Y., Han S.S., Wu Y., Tuohy T.M., Xue H., Cai J., Back S.A.,
Sherman L.S., Fischer I. and Rao M.S. (2004). CD44 expression
identifies astrocyte-restricted precursor cells. Dev. Biol. 276, 31-46.

Liu X., Bolteus A.J., Balkin D.M., Henschel O. and Bordey A. (2006).
GFAP-expressing cells in the postnatal subventricular zone display
a unique glial phenotype intermediate between radial glia and
astrocytes. Glia 54, 394-410.

Liu J.P., Tang Y., Zhou S., Toh B.H., McLean C. and Li H. (2010).
Cholesterol involvement in the pathogenesis of neurodegenerative
diseases. Mol. Cell Neurosci. 43, 33-42.

Liu B., Teschemacher A.G. and Kasparov S. (2017). Neuroprotective
potential of astroglia. J. Neurosci. Res. 95, 2126-2139.

Lovatt D., Sonnewald U., Waagepetersen H.S., Schousboe A., He W.,
Lin J.H., Han X., Takano T., Wang S., Sim F.J., Goldman S.A. and
Nedergaard M. (2007). The transcriptome and metabolic gene

signature of protoplasmic astrocytes in the adult murine cortex. J.
Neurosci. 27, 12255-12266.

Ludwin S.K., Rao V., Moore C.S. and Antel J.P. (2016). Astrocytes in
multiple sclerosis. Mult. Scler. 22, 1114-1124.

Mamber C., Kamphuis W., Haring N.L., Peprah N., Middeldorp J. and
Hol E.M. (2012). GFAPdelta expression in glia of the developmental
and adolescent mouse brain. PLoS One 7, e52659.

Maragakis N.J., Dietrich J., Wong V., Xue H., Mayer-Proschel M., Rao
M.S. and Rothstein J.D. (2004). Glutamate transporter expression
and function in human glial progenitors. Glia 45, 133-143.

Marina N., Christie I.N., Korsak A. and Doronin M. (2020). Astrocytes
monitor cerebral perfusion and control systemic circulation to
maintain brain blood flow. Nat. Commun. 11, 131.

Martinez F.O. and Gordon S. (2014). The M1 and M2 paradigm of
macrophage activation: Time for reassessment. F1000 Prime Rep.
6, 13.

Martinian L., Boer K., Middeldorp J., Hol E.M., Sisodiya S.M., Squier W.,
Aronica E. and Thom M. (2009). Expression patterns of glial fibrillary
acidic protein (GFAP)-delta in epilepsy-associated lesional
pathologies. Neuropathol. Appl. Neurobiol. 35, 394-405.

Masaki K., Suzuki S.O., Matsushita T., Matsuoka T., Imamura S.,
Yamasaki R., Suzuki M., Suenaga T., Iwaki T. and Kira J. (2013).
Connexin 43 astrocytopathy linked to rapidly progressive multiple
sclerosis and neuromyelitis optica. PLoS One 8, e72919.

Matute C., Sánchez-Gómez M.V., Martínez-Millán L. and Miledi R.
(1997). Glutamate receptor-mediated toxicity in optic nerve
oligodendrocytes. Proc. Natl. Acad. Sci. USA 94, 8830-8835.

Mearow K.M., Mill J.F. and Vitkovic L. (1989). The ontogeny and
localization of glutamine synthetase gene expression in rat brain.
Brain research. Mol. Brain Res. 6, 223-232.

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

Melchionda L., Fang M., Wang H., Fugnanesi V., Morbin M., Liu X., Li
W., Ceccherini I., Farina L., Savoiardo M., D'Adamo P., Zhang J.,
Costa A., Ravaglia S., Ghezzi D. and Zeviani M. (2013). Adult-onset
alexander disease, associated with a mutation in an alternative
GFAP transcript, may be phenotypically modulated by a non-neutral
hdac6 variant. Orphanet J. Rare Dis. 8, 66.

Mestre H., Hablitz L.M., Xavier A.L., Feng W., Zou W., Pu T., Monai H.,
Murlidharan G., Castellanos-Rivera R.M., Simon M.J., Pike M.M.,
Plá V., Du T., Kress B.T., Wang X., Plog B.A., Thrane A.S.,
Lundgaard I., Abe Y., Yasui M., Thomas J.H., Xiao M., Hirase H.,
Asokan A., Iliff J.J. and Nedergaard M. (2018). Aquaporin-4-
dependent glymphatic solute transport in the rodent brain. Elife 7,
e40070. 

Michetti F., Corvino V., Geloso M.C., Lattanzi W., Bernardini C., Serpero
L. and Gazzolo D. (2012). The S100B protein in biological fluids:
More than a lifelong biomarker of brain distress. J. Neurochem. 120,
644-659.

Michetti F., D'Ambrosi N., Toesca A., Puglisi M.A., Serrano A.,
Marchese E., Corvino V. and Geloso M.C. (2019). The S100B story:
From biomarker to active factor in neural injury. J. Neurochem. 148,
168-187.

Michinaga S. and Koyama Y. (2019). Dual roles of astrocyte-derived
factors in regulation of blood-brain barrier function after brain
damage. Int. J. Mol. Sci 20, 571

Middeldorp J. and Hol E.M. (2011). GFAP in health and disease. Prog.

286
Astrocyte diversity in neuroinflammation



Neurobiol. 93, 421-443.
Middeldorp J., Boer K., Sluijs J.A., De Filippis L., Encha-Razavi F.,

Vescovi A.L., Swaab D.F., Aronica E. and Hol E.M. (2010).
GFAPdelta in radial glia and subventricular zone progenitors in the
developing human cortex. Development 137, 313-321.

Miller S.J. (2018). Astrocyte heterogeneity in the adult central nervous
system. Front. Cell Neurosci. 12, 401.

Min K.J., Yang M.S., Kim S.U., Jou I. and Joe E.H. (2006). Astrocytes
induce hemeoxygenase-1 expression in microglia: A feasible
mechanism for preventing excessive brain inflammation. J.
Neurosci. 26, 1880-1887.

Mitosek-Szewczyk K., Sulkowski G., Stelmasiak Z. and Struzyńska L.
(2008). Expression of glutamate transporters GLT-1 and GLAST in
different regions of rat brain during the course of experimental
autoimmune encephalomyelitis. Neuroscience 155, 45-52.

Miyahara H., Ryufuku M., Fu Y.J., Kitaura H., Murakami H., Masuda H.,
Kameyama S., Takahashi H. and Kakita A. (2011). Balloon cells in
the dentate gyrus in hippocampal sclerosis associated with non-
herpetic acute limbic encephalitis. Seizure 20, 87-89.

Miyamoto N., Maki T., Shindo A., Liang A.C., Maeda M., Egawa N., Itoh
K., Lo E.K., Lok J., Ihara M. and Arai K. (2015). Astrocytes promote
oligodendrogenesis after white matter damage via brain-derived
neurotrophic factor. J. Neurosci. 35, 14002-14008.

Mizee M.R., Nijland P.G., van der Pol S.M., Drexhage J.A., van Het Hof
B., Mebius R., van der Valk P., van Horssen J., Reijerkerk A. and de
Vries H.E. (2014). Astrocyte-derived retinoic acid: A novel regulator
of blood-brain barrier function in multiple sclerosis. Acta
Neuropathol. 128, 691-703.

Moeton M., Stassen O.M.J.A., Sluijs J.A., van der Meer V.W.N., Kluivers
L.J., van Hoorn H., Schmidt T., Reits E.A.J., van Strien M.E. and Hol
E.M. (2016a). GFAP isoforms control intermediate filament network
dynamics, cell morphology, and focal adhesions. Cell. Mol. Life Sci.
73, 4101-4120.

Moeton M., Stassen O.M.J.A., Sluijs J.A., van der Meer V.W.N., Kluivers
L.J., van Hoorn H., Schmidt T., Reits E.A.J., van Strien M.E. and Hol
E.M. (2016b). GFAP isoforms control intermediate filament network
dynamics, cell morphology, and focal adhesions. Cell. Mol. Life Sci.
73, 4101-4120.

Molofsky A.V. and Deneen B. (2015). Astrocyte development: A guide
for the perplexed. Glia 63, 1320-1329.

Mor-Vaknin N., Punturieri A., Sitwala K. and Markovitz D.M. (2003).
Vimentin is secreted by activated macrophages. Nat. Cell Biol. 5,
59-63.

Muroyama Y., Fujiwara Y., Orkin S.H. and Rowitch D.H. (2005).
Specification of astrocytes by bhlh protein scl in a restricted region
of the neural tube. Nature 438, 360-363.

Murphy-Royal C., Dupuis J., Groc L. and Oliet S.H.R. (2017). Astroglial
glutamate transporters in the brain: Regulating neurotransmitter
homeostasis and synaptic transmission. J. Neurosci. Res. 95, 2140-
2151.

Myer D.J., Gurkoff G.G., Lee S.M., Hovda D.A. and Sofroniew M.V.
(2006). Essential protective roles of reactive astrocytes in traumatic
brain injury. Brain 129, 2761-2772.

Nagy J.I., Patel D., Ochalski P.A. and Stelmack G.L. (1999).
Connexin30 in rodent, cat and human brain: Selective expression in
gray matter astrocytes, co-localization with connexin43 at gap
junctions and late developmental appearance. Neuroscience 88,
447-468.

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.

Neymeyer V., Tephly T.R. and Miller M.W. (1997). Folate and 10-
formyltetrahydrofolate dehydrogenase (FDH) expression in the
central nervous system of the mature rat. Brain Res. 766, 195-204.

Nielsen A.L. and Jørgensen A.L. (2004). Self-assembly of the
cytoskeletal glial fibrillary acidic protein is inhibited by an isoform-
specific c terminus. J. Biol. Chem. 279, 41537-41545.

Nielsen A.L., Holm I.E., Johansen M., Bonven B., Jørgensen P. and
Jørgensen A.L. (2002). A new splice variant of glial fibrillary acidic
protein, gfap epsilon, interacts with the presenilin proteins. J. Biol.
Chem. 277, 29983-29991.

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.

Oberheim N.A., Wang X., Goldman S. and Nedergaard M. (2006).
Astrocytic complexity distinguishes the human brain. Trends in
Neurosciences 29, 547-553.

Oberheim N.A., Takano T., Han X., He W., Lin J.H.C., Wang F., Xu Q.,
Wyatt J.D., Pilcher W., Ojemann J.G., Ransom B.R., Goldman S.A.
and Nedergaard M. (2009). Uniquely hominid features of adult
human astrocytes. J. Neurosci. 29, 3276.

Okada S., Nakamura M., Katoh H., Miyao T., Shimazaki T., Ishii K.,
Yamane J., Yoshimura A., Iwamoto Y., Toyama Y. and Okano H.
(2006). Conditional ablation of Stat3 or Socs3 discloses a dual role
for reactive astrocytes after spinal cord injury. Nat. Med. 12, 829-
834.

Olsen M.L., Khakh B.S., Skatchkov S.N., Zhou M., Lee C.J. and Rouach
N. (2015). New insights on astrocyte ion channels: Critical for
homeostasis and neuron-glia signaling. J. Neurosci. 35, 13827.

Ortega M.C., Cases O., Merchán P., Kozyraki R., Clemente D. and de
Castro F. (2012). Megalin mediates the influence of sonic hedgehog
on oligodendrocyte precursor cell migration and proliferation during
development. Glia 60, 851-866.

Owada Y., Yoshimoto T. and Kondo H. (1996). Spatio-temporally
differential expression of genes for three members of fatty acid
binding proteins in developing and mature rat brains. J. Chem.
Neuroanat. 12, 113-122.

Paintlia A.S., Paintlia M.K., Singh I. and Singh A.K. (2006). Il-4-induced
peroxisome proliferator-activated receptor gamma activation inhibits
NF-kappaB trans activation in central nervous system (CNS) glial
cells and protects oligodendrocyte progenitors under
neuroinflammatory disease conditions: Implication for CNS-
demyelinating diseases. J. Immunol. 176, 4385-4398.

Patel A.J., Weir M.D., Hunt A., Tahourdin C.S.M. and Thomas D.G.T.
(1985). Distribution of glutamine synthetase and glial fibrillary acidic
protein and correlation of glutamine synthetase with glutamate
decarboxylase in different regions of the rat central nervous system.
Brain Res. 331, 1-9.

Pekny M., Levéen P., Pekna M., Eliasson C., Berthold C.H.,
Westermark B. and Betsholtz C. (1995). Mice lacking glial fibrillary
acidic protein display astrocytes devoid of intermediate filaments but
develop and reproduce normally. EMBO J. 14, 1590-1598.

Pekny M., Pekna M., Messing A., Steinhauser C., Lee J.M., Parpura V.,
Hol E.M., Sofroniew M.V. and Verkhratsky A. (2016). Astrocytes: A
central element in neurological diseases. Acta Neuropathol. 131,
323-345.

Peković S., Filipović R., Subasić S., Lavrnja I., Stojkov D., Nedeljković
N., Rakić L. and Stojiljković M. (2005). Downregulation of glial

287
Astrocyte diversity in neuroinflammation



scarring after brain injury: The effect of purine nucleoside analogue
ribavirin. Ann. NY Acad. Sci. 1048, 296-310.

Perea G., Navarrete M. and Araque A. (2009). Tripartite synapses:
Astrocytes process and control synaptic information. Trends
Neurosci. 32, 421-431.

Perng M.D., Wen S.F., Gibbon T., Middeldorp J., Sluijs J., Hol E.M. and
Quinlan R.A. (2008). Glial fibrillary acidic protein filaments can
tolerate the incorporation of assembly-compromised GFAP-delta,
but with consequences for filament organization and alphab-
crystallin association. Mol. Biol. Cell 19, 4521-4533.

Pestana F., Edwards-Faret G., Belgard T.G., Martirosyan A. and Holt
M.G. (2020). No longer underappreciated: The emerging concept of
astrocyte heterogeneity in neuroscience. Brain Sci. 10, 168.

Petzold A., Eikelenboom M.J., Gveric D., Keir G., Chapman M., Lazeron
R.H.C., Cuzner M.L., Polman C.H., Uitdehaag B.M.J., Thompson
E.J. and Giovannoni G. (2002). Markers for different glial cell
responses in multiple sclerosis: Clinical and pathological
correlations. Brain 125, 1462-1473.

Ponath G., Park C. and Pitt D. (2018). The role of astrocytes in multiple
sclerosis. Front. Immunol. 9, 217.

Ponath G., Ramanan S., Mubarak M., Housley W., Lee S., Sahinkaya
F.R., Vortmeyer A., Raine C.S. and Pitt D. (2017). Myelin
phagocytosis by astrocytes after myelin damage promotes lesion
pathology. Brain 140, 399-413.

Potokar M., Morita M. and Wiche G. (2020). The diversity of
intermediate filaments in astrocytes. Cells 9, 1604.

Pringle N.P., Yu W.-P., Howell M., Colvin J.S., Ornitz D.M. and
Richardson W.D. (2003). FGFR3 expression by astrocytes and their
precursors: Evidence that astrocytes and oligodendrocytes originate
in distinct neuroepithelial domains. Development 130, 93-102.

Ransohoff R.M. (2016). A polarizing question: Do M1 and M2 microglia
exist?. Nat. Neurosci. 19, 987-991.

Raponi E., Agenes F., Delphin C., Assard N., Baudier J., Legraverend
C. and Deloulme J.-C. (2007). S100B expression defines a state in
which GFAP-expressing cells lose their neural stem cell potential
and acquire a more mature developmental stage. Glia 55, 165-177.

Rash J.E., Yasumura T., Hudson C.S., Agre P. and Nielsen S. (1998).
Direct immunogold labeling of aquaporin-4 in square arrays of
astrocyte and ependymocyte plasma membranes in rat brain and
spinal cord. Proc. Nat. Acad. Sci. USA 95, 11981-11986.

Regan M.R., Huang Y.H., Kim Y.S., Dykes-Hoberg M.I., Jin L., Watkins
A.M., Bergles D.E. and Rothstein J.D. (2007). Variations in promoter
activity reveal a differential expression and physiology of glutamate
transporters by glia in the developing and mature CNS. J. Neurosci.
27, 6607-6619.

Roelofs R.F., Fischer D.F., Houtman S.H., Sluijs J.A., Van Haren W.,
Van Leeuwen F.W. and Hol E.M. (2005). Adult human
subventricular, subgranular, and subpial zones contain astrocytes
with a specialized intermediate filament cytoskeleton. Glia 52, 289-
300.

Roscoe W.A., Messersmith E., Meyer-Franke A., Wipke B. and Karlik
S.J. (2007). Connexin 43 gap junction proteins are up-regulated in
remyelinating spinal cord. J. Neurosci Res. 85, 945-953.

Rose C.F., Verkhratsky A. and Parpura V. (2013). Astrocyte glutamine
synthetase: Pivotal in health and disease. Biochem. Soc. Trans. 41,
1518-1524.

Rothstein J.D., Dykes-Hoberg M., Pardo C.A., Bristol L.A., Jin L., Kuncl
R.W., Kanai Y., Hediger M.A., Wang Y., Schielke J.P. and Welty
D.F. (1996). Knockout of glutamate transporters reveals a major role

for astroglial transport in excitotoxicity and clearance of glutamate.
Neuron 16, 675-686.

Salem N.A., Assaf N., Ismail M.F., Khadrawy Y.A. and Samy M. (2016).
Ozone therapy in ethidium bromide-induced demyelination in rats:
Possible protective effect. Cell. Mol. Neurobiol. 36, 943-954.

Sánchez O.F., Rodríguez A.V., Velasco-España J.M. and Murillo L.C.
(2020). Role of connexins 30, 36, and 43 in brain tumors,
neurodegenerative diseases, and neuroprotection. Cells 9, 846.

Savic D., Lavrnja I, Dacic S., Bjebobaba I., Nedeljkovic N., Pekovic S.,
Stojiljkovic M. (2012). Combined treatment with ribavirin and
tiazofurin attenuates response of glial cells in experimental
autoimmune encephalomyelitis. Arch. Biol. Sci. 64, 843-850.

Schmidt-Kastner R. and Humpel C. (2002). Nestin expression persists
in astrocytes of organotypic slice cultures from rat cortex. Int. J. Dev.
Neurosci. 20, 29-38.

Sejersen T. and Lendahl U. (1993). Transient expression of the
intermediate filament nestin during skeletal muscle development. J.
Cell Sci. 106, 1291-1300.

Selmaj K., Raine C.S., Cannella B. and Brosnan C.F. (1991).
Identification of lymphotoxin and tumor necrosis factor in multiple
sclerosis lesions. J. Clin. Invest. 87, 949-954.

Šerý O., Sultana N., Kashem M.A., Pow D.V. and Balcar V.J. (2015).
GLAST but not least--distribution, function, genetics and epigenetics
of l-glutamate transport in brain--focus on GLAST/EAAT1.
Neurochem. Res. 40, 2461-2472.

Shibata T., Yamada K., Watanabe M., Ikenaka K., Wada K., Tanaka K.
and Inoue Y. (1997). Glutamate transporter GLAST is expressed in
the radial glia–astrocyte lineage of developing mouse spinal cord. J.
Neurosci. 17, 9212-9219.

Sica R.E., Caccuri R., Quarracino C. and Capani F. (2016). Are
astrocytes executive cells within the central nervous system?
Arquivos de Neuro-Psiquiatria 74, 671-678.

Siebert J.R. and Osterhout D.J. (2011). The inhibitory effects of
chondroit in sulfate proteoglycans on oligodendrocytes. J.
Neurochem. 119, 176-188.

Sillevis Smitt P.A., van der Loos C., Vianney de Jong J.M. and Troost D.
(1993). Tissue fixation methods alter the immunohistochemical
demonstrability of neurofilament proteins, synaptophysin, and glial
fibrillary acidic protein in human cerebellum. Acta Histochem. 95, 13-
21.

Silver J. and Miller J.H. (2004). Regeneration beyond the glial scar. Nat.
Rev. Neurosci. 5, 146-156.

Skripuletz T., Hackstette D., Bauer K., Gudi V., Pul R., Voss E., Berger
K., Kipp M., Baumgartner W. and Stangel M. (2013). Astrocytes
regulate myelin clearance through recruitment of microglia during
cuprizone-induced demyelination. Brain 136, 147-167.

Sofroniew M.V. (2009). Molecular dissection of reactive astrogliosis and
glial scar formation. Trends Neurosci. 32, 638-647.

Sofroniew M.V. (2015). Astrocyte barriers to neurotoxic inflammation.
Nat. Rev. Neurosci. 16, 249-263.

Sofroniew M.V. and Vinters H.V. (2010). Astrocytes: Biology and
pathology. Acta Neuropathol. 119, 7-35.

Song S.Y., Kato C., Adachi E., Moriya-Sato A., Inagawa-Ogashiwa M.,
Umeda R. and Hashimoto N. (2007). Expression of an acyl-CoA
synthetase, lipidosin, in astrocytes of the murine brain and its up-
regulation during remyelination following cuprizone-induced
demyelination. J. Neurosci. Res. 85, 3586-3597.

Sosunov A.A., McKhann G.M., 2nd and Goldman J.E. (2017). The origin
of Rosenthal fibers and their contributions to astrocyte pathology in

288
Astrocyte diversity in neuroinflammation



alexander disease. Acta Neuropathol. Commun 5, 27.
Sosunov A.A., Wu X., Tsankova N.M., Guilfoyle E., McKhann G.M. and

Goldman J.E. (2014). Phenotypic heterogeneity and plasticity of
isocortical and hippocampal astrocytes in the human brain. J.
Neurosci. 34, 2285.

Spence R.D., Hamby M.E., Umeda E., Itoh N., Du S., Wisdom A.J., Cao
Y., Bondar G., Lam J., Ao Y., Sandoval F., Suriany S., Sofroniew
M.V. and Voskuhl R.R. (2011). Neuroprotection mediated through
estrogen receptor-alpha in astrocytes. Proc. Natl. Acad. Sci. USA
108, 8867-8872.

Spence R.D., Wisdom A.J., Cao Y., Hill H.M., Mongerson C.R.,
Stapornkul B., Itoh N., Sofroniew M.V. and Voskuhl R.R. (2013).
Estrogen mediates neuroprotection and anti-inflammatory effects
during eae through erα signaling on astrocytes but not through erβ
signaling on astrocytes or neurons. J. Neurosci. 33, 10924-10933.

Stassen O.M.J.A., van Bodegraven E.J., Giuliani F., Moeton M., Kanski
R., Sluijs J.A., van Strien M.E., Kamphuis W., Robe P.A.J. and Hol
E.M. (2017). GFAPδ/GFAPα ratio directs astrocytoma gene
expression towards a more malignant profile. Oncotarget 8, 88104-
88121.

Stolt C.C., Lommes P., Sock E., Chaboissier M.-C., Schedl A. and
Wegner M. (2003). The Sox9 transcription factor determines glial
fate choice in the developing spinal cord. Genes Dev. 17, 1677-
1689.

Suárez I., Bodega G. and Fernández B. (2002). Glutamine synthetase in
brain: Effect of ammonia. Neurochem. Int. 41, 123-142.

Sullivan S.M. (2014). GFAP variants in health and disease: Stars of the
brain... and gut. J. Neurochem. 130, 729-732.

Sun W. and Cornwell A., Li J., Peng S., Osorio M.J., Aalling N., Wang
S., Benraiss A., Lou N., Goldman S.A. and Nedergaard M. (2017).
Sox9 is an astrocyte-specific nuclear marker in the adult brain
outside the neurogenic regions. J. Neurosci. 37, 4493-4507.

Swanson R.A., Liu J., Miller J.W., Rothstein J.D., Farrell K., Stein B.A.
and Longuemare M.C. (1997). Neuronal regulation of glutamate
transporter subtype expression in astrocytes. J. Neurosci. 17, 932-
940.

Swanson R.A., Ying W. and Kauppinen T.M. (2004). Astrocyte
influences on ischemic neuronal death. Curr. Mol. Med. 4, 193-205.

Takano T., Oberheim N., Cotrina M.L. and Nedergaard M. (2009).
Astrocytes and ischemic injury. Stroke 40, S8-12.

Talbott J.F., Loy D.N., Liu Y., Qiu M.S., Bunge M.B., Rao M.S. and
Whittemore S.R. (2005). Endogenous Nkx2.2+/Olig2+
oligodendrocyte precursor cells fail to remyelinate the demyelinated
adult rat spinal cord in the absence of astrocytes. Exp. Neurol. 192,
11-24.

Tasdemir-Yilmaz O.E. and Freeman M.R. (2014). Astrocytes engage
unique molecular programs to engulf pruned neuronal debris from
distinct subsets of neurons. Genes Dev. 28, 20-33.

Tatsumi K., Isonishi A., Yamasaki M., Kawabe Y., Morita-Takemura S.,
Nakahara K., Terada Y., Shinjo T., Okuda H., Tanaka T. and
Wanaka A. (2018). Olig2-lineage astrocytes: A distinct subtype of
astrocytes that differs from gfap astrocytes. Front. Neuroanatomy
12.

Tepavcevic V., Lazarini F., Alfaro-Cervello C., Kerninon C., Yoshikawa
K., Garcia-Verdugo J.M., Lledo P.M., Nait-Oumesmar B. and Baron-
Van Evercooren A. (2011). Inflammation-induced subventricular
zone dysfunction leads to olfactory deficits in a targeted mouse
model of multiple sclerosis. J. Clin. Invest. 121, 4722-4734.

Teshigawara K., Kuboyama T., Shigyo M., Nagata A., Sugimoto K.,

Matsuya Y. and Tohda C. (2013). A novel compound, denosomin,
ameliorates spinal cord injury via axonal growth associated with
astrocyte-secreted vimentin. Br. J. Pharmacol. 168, 903-919.

Thomsen R., Daugaard T.F., Holm I.E. and Nielsen A.L. (2013).
Alternative mrna splicing from the glial fibrillary acidic protein (gfap)
gene generates isoforms with distinct subcellular mrna localization
patterns in astrocytes. PLoS One 8, e72110.

Tien A.C., Tsai H.H., Molofsky A.V., McMahon M., Foo L.C., Kaul A.,
Dougherty J.D., Heintz N., Gutmann D.H., Barres B.A. and Rowitch
D.H. (2012). Regulated temporal-spatial astrocyte precursor cell
proliferation involves braf signalling in mammalian spinal cord.
Development 139, 2477-2487.

Tiwari-Woodruff S., Morales L.B., Lee R. and Voskuhl R.R. (2007).
Differential neuroprotective and antiinflammatory effects of estrogen
receptor (er)alpha and erbeta ligand treatment. Proc. Natl. Acad.
Sci. USA 104, 14813-14818.

Toft-Hansen H., Füchtbauer L. and Owens T. (2011). Inhibition of
reactive astrocytosis in established experimental autoimmune
encephalomyelitis favors infiltration by myeloid cells over t cells and
enhances severity of disease. Glia 59, 166-176.

Tom V.J., Doller C.M., Malouf A.T. and Silver J. (2004). Astrocyte-
associated fibronectin is critical for axonal regeneration in adult
white matter. J. Neurosci. 24, 9282-9290.

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.

Tress O., Maglione M., May D., Pivneva T., Richter N., Seyfarth J.,
Binder S., Zlomuzica A., Seifert G., Theis M., Dere E., Kettenmann
H. and Willecke K. (2012). Panglial gap junctional communication is
essential for maintenance of myelin in the CNS. J. Neurosci. 32,
7499-7518.

Ulfig N., Neudörfer F. and Bohl J. (1999). Distribution patterns of
vimentin-immunoreactive structures in the human prosencephalon
during the second half of gestation. J. Anat. 195, 87-100.

Ullian E.M., Sapperstein S.K., Christopherson K.S. and Barres B.A.
(2001). Control of synapse number by glia. Science 291, 657-661.

Vallejo-Illarramendi A., Domercq M., Pérez-Cerdá F., Ravid R. and
Matute C. (2006). Increased expression and function of glutamate
transporters in multiple sclerosis. Neurobiol. Dis. 21, 154-164.

Verkhratsky A., Steardo L., Parpura V. and Montana V. (2016).
Translational potential of astrocytes in brain disorders. Prog.
Neurobiol. 144, 188-205.

Voskuhl R.R., Peterson R.S., Song B., Ao Y., Morales L.B., Tiwari-
Woodruff S. and Sofroniew M.V. (2009). Reactive astrocytes form
scar-like perivascular barriers to leukocytes during adaptive immune
inflammation of the CNS. J. Neurosci. 29, 11511-11522.

Wahl S., Barth H., Ciossek T., Aktories K. and Mueller B.K. (2000).
Ephrin-A5 induces collapse of growth cones by activating rho and
rho kinase. J. Cell Biol. 149, 263-270.

Waller R., Woodroofe M.N., Wharton S.B., Ince P.G., Francese S.,
Heath P.R., Cudzich-Madry A., Thomas R.H., Rounding N.,
Sharrack B. and Simpson J.E. (2016). Gene expression profiling of
the astrocyte transcriptome in multiple sclerosis normal appearing
white matter reveals a neuroprotective role. J. Neuroimmunol. 299,
139-146.

Walz W. (2000). Controversy surrounding the existence of discrete
functional classes of astrocytes in adult gray matter. Glia 31, 95-103.

Wang D.D. and Bordey A. (2008). The astrocyte odyssey. Prog.
Neurobiol. 86, 342-367.

289
Astrocyte diversity in neuroinflammation



Wanner I.B., Anderson M.A., Song B., Levine J., Fernandez A., Gray-
Thompson Z., Ao Y. and Sofroniew M.V. (2013). Glial scar borders
are formed by newly proliferated, elongated astrocytes that interact
to corral inflammatory and fibrotic cells via stat3-dependent
mechanisms after spinal cord injury. J. Neurosci. 33, 12870-12886.

Westergard T. and Rothstein J.D. (2020). Astrocyte diversity: Current
insights and future directions. Neurochem. Res. 45, 1298-1305.

Wheeler M.A. and Quintana F.J. (2018). Regulation of astrocyte
functions in multiple sclerosis. Cold Spring Harb Perspect Med. 9,
a029009.

Wilhelm I., Nyúl-Tóth Á., Suciu M., Hermenean A. and Krizbai I.A.
(2016). Heterogeneity of the blood-brain barrier. Tissue Barriers 4,
e1143544.

Wilhelmsson U., Li L., Pekna M., Berthold C.H., Blom S., Eliasson C.,
Renner O., Bushong E., Ellisman M., Morgan T.E. and Pekny M.
(2004). Absence of glial fibrillary acidic protein and vimentin
prevents hypertrophy of astrocytic processes and improves post-
traumatic regeneration. J. Neurosci. 24, 5016-5021.

Williams A., Piaton G. and Lubetzki C. (2007). Astrocytes--friends or
foes in multiple sclerosis? Glia 55, 1300-1312.

Wu P., Zhao Y., Haidacher S.J., Wang E., Parsley M.O., Gao J.,
Sadygov R.G., Starkey J.M., Luxon B.A., Spratt H., DeWitt D.S.,
Prough D.S. and Denner L. (2012). Detection of structural and
metabolic changes in traumatically injured hippocampus by
quantitative differential proteomics. J. Neurotrauma 30, 775-788.

Xia M. and Zhu Y. (2015). The regulation of Sox2 and Sox9 stimulated
by ATP in spinal cord astrocytes. J. Mol. Neurosci. 55, 131-
140.

Xu X., Zhang A., Zhu Y., He W., Di W., Fang Y. and Shi X. (2018).
MFG-E8 reverses microglial-induced neurotoxic astrocyte (A1) via
NF-κB and PI3K-Akt pathways. J. Cell Physiol. 234, 904-914.

Yang Y., Vidensky S., Jin L., Jie C., Lorenzini I., Frankl M. and
Rothstein J.D. (2011). Molecular comparison of GLT1+ and
ADH1L1+ astrocytes in vivo in astroglial reporter mice. Glia 59, 200-
207.

Yoon H., Walters G., Paulsen A.R. and Scarisbrick I.A. (2017).
Astrocyte heterogeneity across the brain and spinal cord occurs
developmentally, in adulthood and in response to demyelination.
PLoS One 12, e0180697.

Yu X., Nagai J. and Khakh B.S. (2020). Improved tools to study
astrocytes. Nat. Rev. Neurosci. 21, 121-138.

Zador Z., Stiver S., Wang V. and Manley G.T. (2009). Role of
aquaporin-4 in cerebral edema and stroke. Handb Exp. Pharmacol.
190, 159-170.

Zamanian J.L., Xu L., Foo L.C., Nouri N., Zhou L., Giffard R.G. and
Barres B.A. (2012). Genomic analysis of reactive astrogliosis. J.
Neurosci. 32, 6391-6410.

Zelenika D., Grima B., Brenner M. and Pessac B. (1995). A novel glial
fibrillary acidic protein mrna lacking exon 1. Mol. Brain Res. 30, 251-
258.

Zhang Y. and Barres B.A. (2010). Astrocyte heterogeneity: An
underappreciated topic in neurobiology. Curr. Opinion Neurobiol. 20,
588-594.

Zhang Z., Ma Z., Zou W., Guo H., Liu M., Ma Y. and Zhang L. (2019).
The appropriate marker for astrocytes: Comparing the distribution
and expression of three astrocytic markers in different mouse
cerebral regions. BioMed Res. Int. 2019, 9605265.

Zlokovic B.V. (2011). Neurovascular pathways to neurodegeneration in
alzheimer's disease and other disorders. Nat. Rev. Neurosci. 12,
723-738.

Accepted November 23, 2020

290
Astrocyte diversity in neuroinflammation


