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Abstract

Activation of astrocytes during spinal cord injury (SCI) is accompanied by changes in their morphology and functional activity, possibly
having severity-, localization-, and time-dependent features. The understanding of the role of reactive astrocytes has undergone significant
changes over the last decades, and new data are still emerging to assess the diversity of functional manifestations of reactive cells. This
review discusses the current understanding of astrocyte behavior, possible manifestations of their negative and positive roles in SCI, and
the prospects for using various methods of directed polarization of astrocytes to improve post-traumatic outcomes. Despite the existing

difficulties regarding the disclosure of the complex cascade of molecular changes of reactive astrocytes in different posttraumatic periods,

researchers do not give up hope for the development of astrocyte-targeted methods that could reduce the severity of secondary injury by

regulating the negative effects of these cells.
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1. Introduction

Spinal cord injury (SCI) results in the formation of
a glial scar that contributes to maintaining the structural
integrity of neural tissue during the acute period of in-
jury. However, the importance of the formed physical bar-
rier, mainly mediated by reactive astrocytes and perivascu-
lar/meningeal fibroblasts, is worth considering during the
chronic period of SCI.

Astrocytes are the most abundant cell type in adult
neural tissue and are indispensable for maintaining nor-
mal health and function of the central nervous system
(CNS) [1,2]. In response to neurotrauma, neurodegenera-
tion, or infection, astrocyte activation occurs, accompanied
by changes in gene expression and consequent morphology
and function of these cells [3,4]. Summarizing previously
obtained data, it was found that reactive astrocytes are capa-
ble of both negative effects, such as increased neuroinflam-
mation and inhibition of axon growth, and positive effects,
including neuroprotection and participation in the restora-
tion of the blood—brain barrier [5,6]. This finding confirms
the heterogeneity of reactive astrocytes, which is associated
with various specific environmental signals that affect them
[7]. In this regard, similar to microglia, several polarization
variants are distinguished for astrocytes, leading to the for-
mation of Al (proinflammatory) and A2 phenotypes (anti-
inflammatory/neuroprotective). It should be noted that sev-
eral researchers recommend avoiding binary terms when
describing cell phenotypes because the classification of re-

active astrocytes should take into account multiple criteria,
including transcriptome, proteome, morphology, and spe-
cific cellular functions, as well as their impact on patho-
logical characteristics [8]. It is also worth emphasizing the
importance of using multivariate data to detect differences
in astrocyte phenotypes since the A1 and A2 transcriptomes
of astrocytes may represent only two variants among many
[9]. However, the classification of astrocyte phenotypes
into Al and A2 is still used in scientific research, perhaps
to facilitate understanding of the bidirectional functions of
these cells after activation. We are aware of the heterogene-
ity of the astrocyte cell population, but when quoting other
people’s works, we allow the use of terms used by other au-
thors with the most complete description of the molecular
and morphological changes found in these cells.

Polarization of reactive astrocytes towards the A1 phe-
notype shows increased expression of many cascade genes
of the complement system, such as Clr, Cls, C3, and C4
[10], as well as the induction of pro-inflammatory factors
IL-153, TNF-a, and NO [11]. This subtype of reactive as-
trocytes has been found to be induced by classically acti-
vated microglia cells (M1 phenotype). Pro-inflammatory
microglia, through the secretion of cytokines like IL-1c,
IL-15, TNF-«, and Clq, are involved in the induction of as-
trocyte polarization toward the A1 phenotype. A co-culture
of astrocytes or reactive A1l astrocytes with retinal ganglion
cells (RGCs) was performed, and their viability was sub-
sequently assessed. As a result, RGCs were found to die
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rapidly when grown in a medium containing higher con-
centrations of factors secreted by Al astrocytes. These re-
sults indicate that A1 astrocytes begin to secrete a soluble
neurotoxin that leads to the death of neurons and oligoden-
drocytes [12]. Not only do A1 astrocytes lose their function
of maintaining synapses, but they also lose their ability to
negatively impact them through the activation of comple-
ment cascade genes and the induction of NF-xB signaling
[13,14]. Thus, the A1 phenotype of astrocytes is character-
ized as neurotoxic, capable of influencing the development
of pathological processes in the CNS [15].

Modulation of astrocytes toward the A2 phenotype
leads to the secretion of cardiotrophin-like cytokine factor
(CLCF1), hypoxia-inducible factor (HIF), IL-6, IL-10, and
thrombospondins by these cells, promoting neuronal sur-
vival and growth [10]. A2 reactive astrocytes are present
during glial scar formation because the borders of the glial
scar are formed by newly proliferating elongated astrocytes
via STAT3 signaling. Specific to A2 astrocytes is Empl, a
high expression of which was observed in the acute phase of
brain damage against the background of the destruction of
the blood-brain barrier [16]. Some researchers are inclined
to distinguish a separate population of synaptogenic astro-
cytes capable of forming more functional synapses when
co-cultured with neurons. This population of astrocytes ap-
pears to be largely absent from the intact adult spinal cord
[17]. Howeuver, it is not known whether the synaptogenic
potential in other subpopulations of astrocytes can be en-
hanced against the background of neuropathology [18].

Recent studies have shown that astrocytes located in
different areas of the brain and spinal cord have been found
to respond to pathological processes and change their phe-
notype differently [19-24]. These results indicate the rel-
evance of studies aimed at establishing qualitative and dy-
namic shifts in astrocyte populations, including in SCI, to
reveal their role in disease progression, search for thera-
peutic targets, and determine the most favorable period for
therapeutic action. Despite a long period of research into
post-traumatic processes in the spinal cord and the discov-
ery of most, but probably not all, mechanisms of astrocyte
activation that mediate certain effects, severity- and time-
dependent approaches have not been developed to modu-
late the protective potential of these cells. In our opinion,
the development of gentle, step-by-step, targeted therapies,
including those aimed at astrocytes, in SCI is becoming in-
creasingly relevant compared to debates about the inconsis-
tency of the binary system of cell phenotypes. Our review
is aimed at improving the understanding of the role of re-
active astrocytes in connection with the emergence of new
data on the diversity of their functional manifestations in
SCI, as well as revealing the possible prospects for using
various methods of targeted polarization of these cells to
improve post-traumatic outcomes.

2. Astrocytes in Spinal Cord Injury

The process of the development of posttraumatic reac-
tions includes two phases: primary and secondary. Primary
trauma is defined as mechanical damage to the spinal cord,
most often caused by the consequences of the fracture or
dislocation of vertebrae with their displacement towards the
spinal canal. This period is directly related to the compres-
sion of the spinal cord and acute disruption of its blood sup-
ply, leading to changes such as cell death by necrosis and
edema of nerve tissue, culminating in secondary ischemia.
Secondary spinal cord injury occurs as a consequence of
the primary and lasts for several weeks or months. This pe-
riod is characterized by the development of inflammatory
processes, activation of astrocytes and microglia, glial scar
formation, and disruption of axonal connections [25].

One of the main pathological signs of spinal cord in-
jury is reactive astrogliosis, characterized by significant
morphological and functional changes in astrocytes after
SCI. The severity of the injury, the progression period of the
disease, and the distance from the site of injury are factors
that determine the degree of astrocyte reactivity and possi-
bly their polarization. It was noted earlier that astrogliosis
can be categorized into several degrees, ranging from mod-
erate changes in the morphology and phenotype of astro-
cytes to pronounced proliferation of these cells [26].

A chronology of the transformation of astrocytes
forming the glial scar after SCI can be distinguished. Within
a few hours after SCI, there is activation and hypertrophy
of astrocytes, with increased expression of glial fibrillary
acidic protein (GFAP). However, morphologically, most re-
active astrocytes do not differ from normal ones. During
the 3—5 day period following SCI, there is a rapid prolifera-
tion of astrocytes. This proliferation is characterized by the
extension of elongated outgrowths perpendicular to the area
of damage, corresponding to the transformation of these as-
trocytes into scar-forming cells. After two weeks, astrocyte
proliferation ceases, and their phenotypic changes are likely
complete. The outgrowths become more parallel and over-
lap with each other [27].

It is important to note that there are two types of as-
trocytes (protoplasmic and fibrous). Protoplasmic astro-
cytes are located in the gray matter and have short, strongly
branching outgrowths that form a network around neurons
and synapses, supporting their structure and function. On
the other hand, fibrous astrocytes are located in the white
matter, larger in size, and have long ramifications that ac-
company nerve fibers. The classification mentioned above
does not overlap with the terminology of A1/A2 astrocytes.
However, some studies have linked the reactivity of astro-
cytes in SCI with their morphology and localization.

Taking as a basis the basic signs of astrocyte activa-
tion, including complex three-dimensional morphometry of
astrocytes, it was shown that the increased expression of Al
astrocyte markers (C3 and Serpingl) and downregulation
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of A2 astrocyte markers (SphK1 and tm4sfl) are accom-
panied by changes in cell volume, surface area, filament
length, glial branches, and cell body density decreasing in
terms of the astrocyte shell [28]. This has shown a cor-
relation of morphologic parameters with markers Al and
A2. However, how these morphological changes in A1/A2
astrocytes ultimately affect their deleterious or beneficial
functions remains unclear.

Many researchers have noted the dual role of the glial
scar and the astrocytes that make up it. In terms of posi-
tive properties, it is important to note that the glial scar acts
as a physical barrier to prevent the spread of inflammation
and degenerative processes during the acute period of SCI.
In addition, astrocytes absorb excess glutamate, the release
of which into the extracellular environment is one of the
early consequences of SCI, thereby reducing its excitotoxic
effects on the microenvironment [29]. Reactive astrocytes
have been shown to potentially promote tissue regeneration
as they enhance the expression of FGF-2 and S1004 in the
injured spinal cord. In addition, there are studies suggest-
ing that removal of the glial scar does not promote spinal
cord regeneration [30]. Thus, to date, it is not excluded that
astrocyte activation is necessary to minimize the severity of
SCI [31].

Astrocytes have a key function in homeostatic regu-
lation, which includes buffering ions and controlling neu-
rotransmitters [32]. The disruption of this function in as-
trocytes plays a crucial role in the process of secondary
injury in SCI. Due to their highly negative resting mem-
brane potential and low membrane resistance, astrocytes
are ideally suited to regulate KT levels in nervous tis-
sue. Various potassium channels in astrocytes, such as
TREK-1 and Kir4.1, have been demonstrated. Studies on
TREK-1 knock-out mice have shown increased reactive as-
trogliosis and production of chondroitin sulfate proteogly-
cans (CSPGs), as well as decreased GLT-1 expression [33].
Hyperalgesia and altered firing patterns of neurons in the
dorsal spinal cord were observed when Kir4.1 was knocked
down in spinal astrocytes [34]. Kir4.1 channels are typi-
cally concentrated in perivascular endings and perisynaptic
outgrowths of astrocytes at the cell level [35]. These astro-
cytes play a crucial role in maintaining the spatial isolation
of synaptic transmission through glutamate transporters,
thereby preserving the specificity of signal transduction.
The Ca(2)-activated K+ channel KCa3.1 plays an impor-
tant role; blocking it pharmacologically or knocking it out
leads to a decrease in reactive astrogliosis, which improves
tissue protection and locomotor recovery after SCI [36,37].

Under physiological conditions, astrocytes exhibit
both spontanecous and receptor-activated Ca(2%) signals
[38]. This calcium signaling plays a crucial role in en-
abling bidirectional communication between neurons and
astrocytes at the synapse [39]. It has been suggested that
Ca(2%) has a damaging effect on white matter in SCI, which
may be partially mediated by potential-dependent L- and
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N-type Ca(2™)-channels on periaxonal astrocytes. These
channels are involved in the posttraumatic impairment of
axonal conduction [40]. A recent study demonstrated that
upregulation of the non-selective cation channel TRPC6 in-
hibits astrocyte activation and proliferation after SCI in rats
by suppressing AQP4 expression [40].

Currently, there is no direct evidence linking potential-
dependent Na™ channels to action potential initiation in as-
trocytes. However, it is believed that these channels play a
crucial role in astrocyte function, particularly in maintain-
ing ion homeostasis, regulating neurotransmitters, and reac-
tive astrogliosis [35]. Na™ accumulation-induced depolar-
ization of the cell membrane can result in neuronal death by
releasing glutamate into the presynaptic region. Research
has demonstrated that after SCI, there is an occurrence of
glutamate release at an excitotoxic level into the extracel-
lular space [41]. The vast majority of functional uptake of
extracellular glutamate after SCI is carried out by astrocytic
glutamate transporters. Studies have shown that decreased
expression of the astrocyte glutamate transporter (GLT-1)
in heterozygous mice (GLT14-/—) leads to worsened func-
tional outcomes, increased apoptosis, and neuronal loss fol-
lowing SCI [42]. However, overexpression of GLT-1 in
astrocytes via virus mediation also increased lesion size,
neuronal damage, and respiratory impairment after cervical
SCI [43]. Therefore, it can be concluded that overactivation
of glutamate receptors may have diffuse and nonspecific ef-
fects on nervous tissue.

As researchers note, along with its protective function,
the glial scar also plays a negative role in the pathological
processes of SCI. The glial scar and the reactive astrocytes
that comprise it secrete inhibitory proteins that prevent
functional recovery. Among the main factors mentioned
are CSPGs, whose expression is increased by reactive astro-
cytes. In selectively isolated in sifu using laser microdissec-
tion and immunohistochemistry, astrocytes also showed a
high level of CSPG expression [4]. Some studies show that
chronic SCI astrocytes characterized by increased expres-
sion of the Sox9 gene exhibit lower expression of CSPG-
related genes than scar-forming astrocytes [44]. Recently,
evidence for enhanced expression of CSPG4 by protoplas-
mic astrocytes, including in the region of their perisynaptic
outgrowths, has been reported during acute and chronic pe-
riods of rat SCI not only in the epicenter of the injury, but
also in the area remote from the lesion epicenter [45]. How-
ever, there has been no conclusive evidence that enhancing
astrocyte expression of CSPG4 has an inhibitory effect on
axon growth. Therefore, whether the astrocytic component
of the glial scar can be considered an inhibitory mechanism
in SCI is still controversial.

Research on astrocyte behavior in SCI is still ongo-
ing, with the hope that the knowledge gained could be ap-
plied to more effective therapies in the future. Since the
glial scar plays a dual role, new therapies should attenuate
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Paracrine

regulation:
neurons, microglia,
endothelial cells

Cytokines:
IL-1B, IL-10, IL-6

Growth factors:
NGF, Neurotrophins,
EGF, IGF-1

Fig. 1. Astrocyte signaling pathways determining reactivity and polarization of astrocytes. The most significant signaling pathways
that regulate astrocyte polarization include JAK-STAT3, TGF-/3/Smad, HMGB1/TLR4/NF-£B, and PI3K/Akt/mTOR. The TGF-/3/Smad

signaling pathway determines astrogliosis, while the other three pathways determine both astrogliosis and polarization towards A1l as-

trocytes. P indicates phosphorylation. TLR, toll-like receptor; RTK, receptor tyrosine kinase.

its inhibitory role while preserving its beneficial functions.
To this end, novel approaches are being developed that tar-
get the various processes that regulate astrocyte function.

3. Signaling Pathways that Regulate
Astrocyte Polarization

3.1 STAT3

Various signaling pathways have been implicated in
the regulation of reactive astrogliosis and astrocyte polar-
ization (Fig. 1), which will be discussed below. Activation
of STAT3 in astrocytes through phosphorylation by Janus
kinases has been demonstrated in various disease models
associated with astrogliosis, including SCI [46,47]. STAT3
is considered a major component of the JAK-STAT3 signal-
ing pathway, and its activation is a key prerequisite for as-
trocytic scar formation after SCI [48]. In mice with STAT3
knockout (GFAP-STAT3-CKO mice), no glial scar forma-
tion was observed after SCI: astrocytes near the lesion were
dispersed without sealing off the damaged areas, which in-
creased tissue infiltration by inflammatory cells [46].

STAT3 is also crucial in astrocyte differentiation and
is essential for astrocyte maturation [49]. Recent studies
show that STAT3 mediates the switch of astrocyte pheno-
types upon activation. Lcn2/JAK2-STAT3 signaling was
found to be involved in the activation of neurotoxic M1
microglia and Al astrocytes during the acute and suba-
cute periods after TCM [50]. STAT3 hyperphosphoryla-
tion has been reported to be induced in astrocytes with re-
duced IL-10 (IL-10tm1/tm1) by lipopolysaccharides (LPS),
which was accompanied by an increased propensity for as-
trocyte polarization towards the Al phenotype [51]. In the
SCI model, activation of the Notch-STAT3 axis was also
found to induce a phenotypic switch of astrocytes to type
Al and its neurotoxic effects [52]. However, some studies
have shown that astrocytic STAT3 can also induce polariza-
tion toward the A2 phenotype of astrocytes. For example,
STAT3-mediated (possibly A2) scar-forming reactive astro-
cytes were found to promote axon regeneration in an SCI
model [53]. Ma et al. [54] showed that astrocytic STAT3
may be involved in the A2 astrocyte formation induced by
prokineticin 2 in a model of subarachnoid hemorrhage. Su
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et al. [55] demonstrated that miR-21 regulates the polar-
ization of reactive astrocytes by targeting STAT3, as shown
in a model of ischemic spinal cord injury. This experiment
established that astrocytes, via STAT3-Gpc6 and STAT3-
GNDF signaling, can promote synapse formation and nerve
growth, and miR-21 may become a key SCI-targeting ther-
apy molecule in the future.

3.2 TGF-

In addition to STAT3, TGF-{ signaling can also con-
tribute to reactive astrogliosis. Astrocytes have TGF-/ re-
ceptors and can synthesize TGF-/3, which acts on these
cells in both autocrine and paracrine ways. When the
blood—brain barrier is disrupted, blood components such
as fibrinogen, immunoglobulins, and other high molecu-
lar weight proteins can penetrate and accumulate in astro-
cytes, activating TGF-f signaling. Blood fibrinogen acti-
vates TGF-/3/Smad signaling after SCI, leading to reactive
astrogliosis and affecting the heterogeneity of astrocytes
[56]. However, blocking TGF-{ signaling has been shown
to attenuate glial scar formation.

Scientific data increasingly support the participation
of TGF-{ in regulating processes such as apoptosis, inflam-
mation, and scarring after SCI [57-59]. Restricting TGF-/3
expression by astrocytes after SCI promotes axonal regen-
eration and neurological recovery [60]. During the subacute
phase of SCI, microRNA-21 regulates reactive astrogliosis
through TGF-$ signaling. MicroRNA-21 and TGF-/ are
important regulators of astrogliosis. MicroRNA-21 can af-
fect astrocyte release, proliferation, and apoptosis, promot-
ing recovery from injury both in vivo and in vitro [61].

3.3 NF-xkB

Nuclear transcription factor-xB (NF-xB) plays a cen-
tral role in most inflammatory responses and can be ac-
tivated by stimuli associated with damage, subsequently
increasing the expression of pro-inflammatory cytokines
[62,63]. In a study by Brambilla ef al. [64], it was shown
that reducing the inflammatory response induced by NF-
kB activation can be achieved by inhibiting this signal-
ing in astrocytes, resulting in improved functional recov-
ery after SCI. This improvement is mediated by enhanced
axon preservation, sprouting, and stimulation of spinal cord
regeneration. In addition to reducing inflammation, inhi-
bition of NF-xB activation in astrocytes significantly de-
creases the presence of CSPGs at the epicenter of injury
and in the white matter near SCI [65]. In a recent study, as-
taxanthin, a fat-soluble carotenoid with anti-inflammatory
effects, was shown to inhibit signaling pathways such as
HMGB1/TLR4/NF-xB, reducing spinal cord edema and as-
trocyte activation [66]. The administration of the TLR9 an-
tagonist (oligodeoxynucleotide 2088) via intrathecal injec-
tion resulted in a decrease in the number of proliferating
astrocytes both rostral and caudal to the lesion border. This
effect is believed to be due to the prevention of activation
of the Erk/MAPK signaling pathway in these cells [67].
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A recent study demonstrated that the LPS-induced
proinflammatory response is attenuated in mouse astro-
cytes by the addition of non-metabolizable 2-deoxyglucose
in culture [68]. This suggests that astrocytic glycolysis
is a target for limiting NF-xB-mediated inflammation. In
transgenic mice with astrocytes deficient in IxB kinase
2, inactivation of astrocytic NF-xB inhibited the increase
induced by exposure to MnCl2 and 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) in Al astrocytes ex-
pressing C3 [69]. These results suggest that astrocytic NF-
kB activation can contribute to the acquisition of an Al
phenotype by astrocytes and play a critical role in astrocyte-
mediated neuroinflammation.

Heat shock factor 1 (HSF1)-mediated inactivation of
NF-xB was found to be involved in suppressing the expres-
sion of C3, a protein characteristic of the A1 phenotype of
astrocytes. As an important transcription factor, HSF1, to-
gether with its inducible protein HSP70, has been shown
to exert anti-inflammatory effects, regulating NF-xB activ-
ity either by reducing the degradation of the IxB protein
[70] or by inhibiting the nuclear binding activity of NF-xB
[63]. IGF-I signaling has also been found to contribute to
the inhibition of NF-xB signaling in reactive astrocytes by
recruiting calcineurin and PPAR~ (peroxisome proliferator-
activated receptor-) to activate [xB and prevent Foxo3 ac-
tivation [71]. The possibility of inhibiting C3 production in
A1l astrocytes was confirmed later in a study by Xu et al.
[72], where injections of the NF-xB inhibitor pyrrolidine
dithiocarbamate were made.

3.4 PI3K/Akt/mTOR

Evidence suggests that the activation of the
PI3K/Akt/mTOR signaling pathway is involved in glial
scar formation after SCI. Given that PTEN negatively reg-
ulates the PI3K/Akt/mTOR pathway, it was hypothesized
that increasing PTEN expression in the spinal cord would
contribute to a positive effect after SCI [73]. Another
study demonstrated the role of miR-17 in regulating the
PI3K/Akt/mTOR signaling pathway by affecting PTEN. It
has been shown that the reduction of glial scar formation
after SCI can be achieved by either inhibiting miR-17 or
increasing PTEN expression [74].

4. Different Approaches to Astrocyte
Modulation

4.1 Photobiomodulation

Photobiomodulation (PBM) is a treatment that em-
ploys low-intensity laser irradiation to activate positive bi-
ological processes in cells and tissues. In an in vitro experi-
ment using primary astrocytes stimulated with conditioned
medium from macrophages, researchers found that photo-
biomodulation inhibited astrocyte proliferation and the ex-
pression of genes related to their activation and pSTAT3 sig-
naling [75] (Table 1, Ref. [12,75-88]).
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Table 1. Different approaches to modulation of astrocytes in vitro and in vivo.

Protocol details

Source of astrocytes (in

vitro study)

Modulator, type of injection Polarization/activation

Other reported effects Reference

Photobiomodulation

Rats, clip-
compression SCI

Brain of neonatal rats

PBM, 810 nm diode laser beam Attenuation of Al astrocyte activation;

Promotion A2 astrocyte activation

In vivo | TNF-a, IL-6, Wang et al. [76], 2021
IL-18, iNOS, LCN2

1bFGF, TGF-8

Female BALB/c mice,
clip-compression SCI

Cerebral cortex of
1-3-day-old juvenile
BALB/c mice

PBM, 810 nm diode laser beam Reduces the activation of astrocyte;

Inhibits the astrocyte proliferation

In vivo |the secretion of Sun et al. [75], 2020
CSPG in the para-epicenter
area, number of M1;
recovery of motor function
In vitro | gfap, nestin, ctnnb],

mmp2, axin2; pSTAT3

Cytokines
N/A Brain of rats or mice II-1a: (3 ng mL 1), TNF (30 ng mL™1), Induce A1 astrocytes Liddelow et al. [12],2017
Clq (400 ng mL™1)
N/A Cerebral cortices of Recombinant mouse IL-18 (100 ng/mL Astrocyte conversion to the Al 1C3d, H2-T23, FkbpS u Hou et al. [77], 2020

newborn mice

and 500 ng/mL, R&D Systems, USA) phenotype

ligpl
JEmpl1, S100a10 u Cd109

Gene therapy

C57BL/6] mice, clip-
compression SCI

Brains of neonatal
C57BL/6J) mice

AAV-L1 or AAV-GFP (3 x 107
transducing units in 1 pL)

Reduced proliferation of astrocytes

In vivo JGFAP, NG2
TNumb

In vitro |migration of

Chen et al. [79], 2007

astrocytes

Rat, contusion SCI

Spinal cord of 3-day-old

rat

LV-p27kipl or LV-GFP (3 x 107
transducing units in 1 pL)

Attenuation of reactive astrogliosis,
inhibition of astrocyte proliferation

In vivo [CDK4, cyclin D1,
GFAP, NG2

In vitro |migration of

Chen et al. [80], 2016

astrocytes

WT mice, cerebral
cortex

N/A

NeuroD1 (1.5 uL) Attenuation of Al astrocyte activation

JGFAP, Len2, Gbp2,
Serpingl
JTNFa, IL-18

Jneuroinflammation

Zhang et al. [78], 2020
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Table 1. Continued.

Protocol details

Source of astrocytes (in
vitro study)

Modulator, type of injection

Polarization/activation

Other reported effects

Reference

Other approaches

Mice,

compression SCI

clip-

Spinal cord of
13-day-old C57BL/6J
mouse embryos

NG (six 0.250 pL/0.025 mg/mL
injections), NG-Cy5 loaded with
Rolipram (nanogel 0.025 mg/mL), or free
Rolipram (0.7 mg/mL)

Neuronal preservation and the reduced

activation of astrocytes

In vitro | Len2 w iNOS

Vismara et al. [81], 2020

Rat, contusion SCI

Spinal cord of newborn
Sprague-Dawley rats

Intraperitoneal injection of 100 pL of 20
mg/kg 17-AAG

To reduce the number of A1 astrocytes

In vivo [number of reactive
astrocytes
Jexpression of complement

component C3

Li et al. [82], 2021

Mice, contusion SCI

Brains of neonatal mice

miR-NCOE-Exos, miR-124-3pOE-Exos,

miR-NCKD-Exos, miR-124-3pKD-Exos

(200 pg of exosome protein precipitated
in 200 pL of PBS)

Inhibition of astrocyte Al activation

Inhibition of microglia M1 activation

Jiang et al. [83], 2020

Rat, contusion SCI

Brains of 1-3-day-old
neonatal

Sprague-Dawley rats

Injection of 10 mg/mL ginsenoside Rgl
(10 mL/kg body weight)

Transdifferentiation of reactive astrocytes
into neuron-like cells

In vivo | C3, GFAP;
TMAP2, NeuN,
NEURODI, Mytll, TUJ1, SYNI;
llesion cavity volume; repair of

motor function

Shen et al. [84], 2023

Mice,
compression SCI

clip-

The BV2 microglial cell

line

Intraperitoneally injected with
parthenolide (2 mg/kg)

Decrease in A1l astrocyte number

In vivo [ CSPG, reduction in the
number of microglia and
macrophages
In vitro tanti-inflammatory cytokines
(TGF-B, IL-10, and IL-13),
Jpro-inflammatory cytokines
(TNF-a, IL-13, and IL-6)

Gaojian et al. [85], 2020

Genetically modified
mice, dorsal hemi-

crush model SCI

N/A

Tamoxifen (75 mg/kg)

LZK overexpression enhances

astrogliosis and scar formation

Activation of STAT3 and
upregulation of Sox9

Chen et al. [86], 2018

Mice, contusion SCI

Mice, contusion SCI

Nec-1 (7.8 mg/kg)

Attenuates astrocyte death, rescues the
neurotrophic function of astrocytes

In vivo [RIP3, MLKL, HMGBI

Fan et al. [87], 2016

Rat, contusion SCI

N/A

Nec-1

Reduces ERS in neuron, astrocyte, and
microglia

JCHOP, GRP78, XBP1

Wang et al. [88], 2017

PBM, photobiomodulation; N/A, not available; WT, wild type; AAV, adeno-associated viruses; LV, lentiviral vectors; NG, nanogel; LZK, leucine zipper-bearing kinase; ERS, endoplasmic reticulum stress; Nec-1,

necrostatin-1; CDK, cyclin-dependent kinase. |: decrease; 1: increase.
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Similar results were obtained in vivo, showing that photo-
biomodulation reduces astrocyte activation and chondroitin
sulfate proteoglycan (CSPG) secretion in the para-epicenter
area after SCI, promoting the recovery of motor function
[75]. Other authors demonstrated that the regulation of as-
trocyte activation through photobiomodulation may be due
to a decrease in the number of Al astrocytes in the region
of the epicenter of injury and their polarization towards a
neuroprotective A2 phenotype. The mechanism mediat-
ing these changes, as suggested by the authors, may be re-
lated to the regulation of NF-xB, Notch, JAK2-STAT3, and
PI3K-Akt signaling pathways, which are crucial for astro-
cyte activation, and the increased expression level of basic
fibroblast growth factor (bFGF) and TGF-Z by these cells
[76].

4.2 Cytokines

The phenotypic transformation of astrocytes is associ-
ated with changes in the microenvironment, in which some
cytokines predominantly secreted by activated microglia
are key regulators of the above process [7,12]. IL-1a, TNF,
and Clq are secreted predominantly by activated microglia
and can induce astrocyte polarization towards the A1 phe-
notype in vitro. Using single, double, or triple knock-
out mice for IL-1a, TNF, or Clqa, researchers found that
Al astrocyte reactivity was reduced in single (IL-la—/—,
TNF—/—, or Clga—/—) and double (IL-1a—/—/TNF—/—)
knockout mice, while triple knockout mice did not exhibit
the indicated astrocyte reactivity in the background of sys-
temic LPS injection. The authors also observed similar ef-
fects of IL-1a, TNF, and Clq on Al transformation dur-
ing normal aging [23]. A recent study showed that primary
mouse astrocytes treated with exogenous IL-18 in culture
showed increased expression of A1 astrocyte markers (C3d,
H2-T23, Fkbp5, and ligpl) and decreased expression of
A2 astrocyte markers (Empl, S100a10, and Cd109) [77].
Therefore, the authors suggested that IL-18 may act as a
novel inducer of A1-responsive astrocytes in addition to IL-
la, TNF, and Clq.

Although the pro-inflammatory cytokine IL-1/ plays
a significant role in neuroinflammation, [12] reported that
IL-17 from a conditioned medium with LPS-activated mi-
croglia was unable to induce the expression of astrocyte A1l
phenotype transcripts. Similarly, Hou et al. [77] also found
that the level of astrocyte A1 marker C3d did not increase
when IL-13 was added to astrocyte culture. However, dur-
ing the same period, Zhang et al. [51] showed that IL-173
had the ability to increase Al- and A2-specific transcripts
in astrocyte culture. In an in vivo model of IL-1/3-induced
white matter damage in newborn mice, astrocytes had in-
creased A2 reactivity [89]. These results are controversial,
and further studies are needed to determine the role of IL-
153, including dose-dependent effects, in the polarization in
different experimental models.

IL-10 is a pivotal cytokine predominantly secreted
by astrocytes and microglia, playing a crucial role in sup-
pressing excessive inflammatory responses and promoting
neuroprotection against various CNS injuries [90-93]. In
both normal and pathological conditions, IL-10 receptor
(IL-10R) expression has been detected in microglia, astro-
cytes, oligodendrocytes, and even neurons. Studies have
demonstrated increased astrocyte immunoreactivity in the
SCI area of IL-10 knockout mice, leading to enhanced sec-
ondary inflammatory processes [94]. Conversely, IL-10 ad-
ministration has been observed to decrease the production
of anti-inflammatory cytokines, suppress microglia and as-
trocyte activation, and reduce leukocyte infiltration [95].
IL-10 stimulates activated astrocytes to produce TGF-£, re-
sulting in decreased microglia activation and reduced pro-
duction of proinflammatory cytokines [96].

Given the above, it is essential to note that cytokines
serve as potential tools for multidirectional modulation of
functional rearrangements in reactive astrocytes following
SCI. However, planned studies should carefully consider
possible side effects and systemic reactions to cytokine ad-
ministration, aiming to create targeted drugs that focus on
signaling pathways regulating astrocyte activity.

4.3 Genetic Approaches

The application of genetic engineering approaches to
modulate the phenotype of astrocytes appears to be highly
relevant and promising. In a recent study, the neuronal tran-
scription factor NeuroD1 was ectopically expressed in re-
active astrocytes in the area of cortical damage in wild-type
mice using adeno-associated viruses of serotype 9. It was
observed that against the background of transduction in re-
active astrocytes, the level of expression of markers char-
acteristic of the A1 phenotype, namely GFAP, Lcn2, Gbp2,
and Serpingl, was reduced. Additionally, the release of
toxic cytokines such as TNFa and IL-15, contributing to
neuroinflammation, was decreased. Genetic engineering-
mediated differentiation of astrocytes into neurons showed
the possibility of restoring the proportion of these cells in
the area of injury, thereby improving the glial landscape
[78].

There is evidence that by employing an AAV vector to
express the cell adhesion molecule L1 in the injured spinal
cord of mice, researchers observed a specific reduction in
NG2 and GFAP expression in astrocytes, accompanied by
improved motor function and enhanced 5-HT axon reinner-
vation [79]. The lentiviral vector-mediated expression of
the cyclin-dependent kinase (CDK) inhibitor p27kipl was
used to reduce astrocytic reactivity and improve the local
microenvironment in the injured rat spinal cord [80]. An-
other study revealed that direct gene therapy using AdV-
GDNF left GFAP expression unaffected, indicating a po-
tentially positive outcome. Additionally, SI00B expres-
sion increased in the dorsal root entry zone (DREZ) due
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to S100B+ Schwann cell migration, and AQP4 expression
rose in the ventral funiculus (VF), suggesting specific phe-
notypic characteristics in white matter [97].

In general, these results confirm the possibility of us-
ing genetic engineering to modulate the phenotype of as-
trocytes and improve neurological functions. However,
we should not forget about the heterogeneity of astrocytes
and the different efficiency of their transduction in separate
brain regions. Additionally, the possibility of transduction
of various cell types other than astrocytes should be taken
into account when using viral vectors. In this regard, the
search for specific promoters for genetically targeted astro-
cytes in different regions of the CNS seems most promising
[98—100]. However, if we are not talking about astrocyte
transdifferentiation, the question remains open as to how
significant a change in the expression of one or two genes
can lead to the modulation of astrocyte functions.

4.4 Other Approaches

Polymeric nanoparticles have a wide range of ap-
plications and significant advantages in drug delivery.
Rolipram, an anti-inflammatory drug that acts on the NF-
kB signaling pathway in astrocytes, has been encapsulated
in a nanogel. This formulation has been found to limit the
expression of pro-inflammatory molecules, including Lcn2
and iNOS, in astrocytes of the Al phenotype, thereby re-
ducing the inflammatory response [81].

Heat shock transcription factor 1 (HSF1) also plays a
crucial role in controlling the inflammatory response. Tis-
sue damage or environmental stressors, such as elevated
temperature or oxidative reactions, can lead to an increase
in HSF1 expression. This increase inhibits the activity of
MAPKSs and NF-x£B, which regulate the expression of C3,
a key marker of the neurotoxic Al phenotype of astrocytes
[82]. In a recent study, scientists discovered that neuron-
derived exosomes can block the activation of A1 astrocytes,
resulting in a decrease in C3 and GFAP expression. This ef-
fect is achieved by regulating the PI3K/AKT/NF-xB signal-
ing cascade, promoting functional recovery after SCI, both
in vitro and in vivo [83].

In a recent study, it was found that the use of Rgl
ginsenoside can directly modulate reactive astrocytes into
neuron-like cells in vitro. The mechanism of this process
may proceed by blocking the Notch/Stat3 signaling path-
way. In this sense, the application of Rgl ginsenoside dur-
ing SCI promoted the recovery of motor function in rats
and reduced the area of damage in in vivo experiments [84].
Parthenolide treatment following SCI significantly reduced
cavity volume, disrupted astrocytic scar formation marked
by GFAP staining, and lowered total chondroitin sulfate
proteoglycan (CSPG) levels. Notably, parthenolide admin-
istration significantly decreased the A1 astrocyte number at
the lesion area, indicating its potential to modulate astrocyte
phenotypes after SCI [85].
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In another study, SCI was found to induce the ex-
pression of leucine kinase (LZK) in astrocytes. Scientists
deleted the Lzk gene in the astrocytes of a group of injured
mice, which resulted in decreased reactivity of these cells
and increased the area of spinal cord injury. However, over-
expression of the Lzk gene in astrocytes of another group
of injured mice led to the activation of these cells against
the background of damage and reduction of glial scarring.
Overexpression of the Lzk gene in astrocytes of uninjured
mice also promoted the activation of these cells. The above-
mentioned confirms that LZK is an important positive reg-
ulator of astrocyte reactivity and glial scar formation after
SCI [86].

It was found that after SCI, reactive astrocytes undergo
RIP3/MLKL-mediated necroptosis. Astrocyte necroptosis
can also be induced by microglia cells through TLR/MyD88
signaling. A study by Fan ef al. [87] showed that inhibiting
the necroptosis process via necrostatin-1 (Nec-1) in astro-
cytes may be useful in preventing secondary damage during
SCI. The use of Nec-1 after SCI in mice not only prevented
astrocyte death but also promoted the preservation of their
neurotrophic function, which, in turn, rescued the survival
of neighboring neurons. Another study also demonstrated
that Nec-1 has the ability to reduce endoplasmic reticulum
stress (ERS) in astrocytes, neurons, and microglia. Nec-
1 use in SCI was found to reduce ultrastructural damage
to the endoplasmic reticulum and mitochondria, as well as
suppress the expression of genes (CHOP, GRP78, XBPI)
and proteins encoded by them [88].

Thus, to modulate astrocyte reactivity and enhance
their neuroprotective potential, various approaches aimed
at different aspects of cell viability (proinflammatory sig-
naling pathways, programmed cell death, etc.) are used.
However, more in-depth studies in this area are required
to confirm the possibility of translating these approaches
into clinical conditions, taking into account the period and
severity of neurological discase.

5. Conclusions

Recently, new data about astrocyte heterogeneity both
across and within CNS regions, including healthy and af-
fected nervous tissue, have increasingly appeared [101,
102]. The aforesaid seems to be one of the breakthroughs
in modern neuroscience, but it complicates the process of
interpreting the obtained data and the search for effective
modulators for astrocyte directional polarization into sig-
nificantly enhanced protective properties. There is still no
answer to the question of what set of molecules expressed
by astrocytes in different post-traumatic periods could re-
duce the severity of secondary damage, contributing to the
restoration of lost functions. It should be taken into ac-
count that the set of molecules may simultaneously include
cytokines that canonically have multidirectional action, in-
cluding pro- and anti-inflammatory effects. Thus, we still
have a long stage of accumulating new data obtained in lab-


https://www.imrpress.com

oratories in different parts of the world to create a unified
picture that can help in the development of effective thera-
peutic approaches targeting astrocytes.

Author Contributions

AB and OT contributed to the investigation and writ-

ing of the original draft. AR contributed to the formal anal-
ysis, reviewing, and editing of the manuscript. AB visu-
alization. YM performed the conceptualization, methodol-
ogy, supervision and funding acquisition. All authors con-
tributed to editorial changes in the manuscript. All authors
read and approved the final manuscript. All authors have
participated sufficiently in the work and agreed to be ac-
countable for all aspects of the work.

Ethics Approval and Consent to Participate

Not applicable.

Acknowledgment

Kazan Federal University was supported by Strategic

Academic Leadership Program (PRIORITY-2030).

Funding

This study was funded by a grant from the Russian

Science Foundation Ne 23-75-10041, https://rscf.ru/en/pro
ject/23-75-10041/ (to YM).

Conflict of Interest

The authors declare no conflict of interest.

References

(1]

(2]

(3]

(4]

[3]

(6]
(7]

(8]

10

Pellerin L, Bouzier-Sore AK, Aubert A, Serres S, Merle M,
Costalat R, et al. Activity-dependent regulation of energy
metabolism by astrocytes: an update. Glia. 2007; 55: 1251—
1262.

Phatnani H, Maniatis T. Astrocytes in neurodegenerative dis-
ease. Cold Spring Harbor Perspectives in Biology. 2015; 7:
a020628.

Wilhelmsson U, Bushong EA, Price DL, Smarr BL, Phung V,
Terada M, et al. Redefining the concept of reactive astrocytes as
cells that remain within their unique domains upon reaction to
injury. Proceedings of the National Academy of Sciences of the
United States of America. 2006; 103: 17513-17518.

Hara M, Kobayakawa K, Ohkawa Y, Kumamaru H, Yokota K,
Saito T, et al. Interaction of reactive astrocytes with type I col-
lagen induces astrocytic scar formation through the integrin-
N-cadherin pathway after spinal cord injury. Nature Medicine.
2017; 23: 818-828.

Kang W, Hébert JM. Signaling pathways in reactive astrocytes,
a genetic perspective. Molecular Neurobiology. 2011; 43: 147—
154.

Sofroniew MV. Astrogliosis. Cold Spring Harbor Perspectives
in Biology. 2014; 7: a020420.

Liddelow SA, Marsh SE, Stevens B. Microglia and Astrocytes
in Disease: Dynamic Duo or Partners in Crime? Trends in Im-
munology. 2020; 41: 820-835.

Escartin C, Galea E, Lakatos A, O’Callaghan JP, Petzold GC,
Serrano-Pozo A, et al. Reactive astrocyte nomenclature, defi-

[10]

[11]

[12]

[13]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

nitions, and future directions. Nature Neuroscience. 2021; 24:
312-325.

Henrik Heiland D, Ravi VM, Behringer SP, Frenking JH, Wurm
J, Joseph K, et al. Tumor-associated reactive astrocytes aid the
evolution of immunosuppressive environment in glioblastoma.
Nature Communications. 2019; 10: 2541.

Liu LR, Liu JC, Bao JS, Bai QQ, Wang GQ. Interaction of Mi-
croglia and Astrocytes in the Neurovascular Unit. Frontiers in
Immunology. 2020; 11: 1024.

Kwon HS, Koh SH. Neuroinflammation in neurodegenerative
disorders: the roles of microglia and astrocytes. Translational
Neurodegeneration. 2020; 9: 42.

Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen
CJ, Schirmer L, et al. Neurotoxic reactive astrocytes are induced
by activated microglia. Nature. 2017; 541: 481-487.

Wanner 1B, Anderson MA, Song B, Levine J, Fernandez A,
Gray-Thompson Z, et al. Glial scar borders are formed by newly
proliferated, elongated astrocytes that interact to corral inflam-
matory and fibrotic cells via STAT3-dependent mechanisms af-
ter spinal cord injury. The Journal of Neuroscience: the Offi-
cial Journal of the Society for Neuroscience. 2013; 33: 12870—
12886.

Liddelow SA, Barres BA. Reactive Astrocytes: Production,
Function, and Therapeutic Potential. Immunity. 2017; 46: 957—
967.

Giovannoni F, Quintana FJ. The Role of Astrocytes in CNS In-
flammation. Trends in Immunology. 2020; 41: 805-819.
Khodadadei F, Arshad R, Morales DM, Gluski J, Marupudi NI,
McAllister JP 2nd, et al. The effect of Al and A2 reactive as-
trocyte expression on hydrocephalus shunt failure. Fluids and
Barriers of the CNS. 2022; 19: 78.

John Lin CC, Yu K, Hatcher A, Huang TW, Lee HK, Carlson
J, et al. Identification of diverse astrocyte populations and their
malignant analogs. Nature Neuroscience. 2017; 20: 396-405.
Allahyari RV, Heinsinger NM, Hwang D, Jaffe DA, Rasouli J,
Shiers S, et al. Response of Astrocyte Subpopulations Following
Spinal Cord Injury. Cells. 2022; 11: 721.

Fujita A, Yamaguchi H, Yamasaki R, Cui Y, Matsuoka Y, Ya-
mada K1, et al. Connexin 30 deficiency attenuates A2 astrocyte
responses and induces severe neurodegeneration in a 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride Parkinson’s
disease animal model. Journal of Neuroinflammation. 2018; 15:
227.

Izrael M, Slutsky SG, Revel M. Rising Stars: Astrocytes as a
Therapeutic Target for ALS Disease. Frontiers in Neuroscience.
2020; 14: 824.

King A, Szekely B, Calapkulu E, Ali H, Rios F, Jones S,
et al. The Increased Densities, But Different Distributions, of
Both C3 and S100A 10 Immunopositive Astrocyte-Like Cells in
Alzheimer’s Disease Brains Suggest Possible Roles for Both A1l
and A2 Astrocytes in the Disease Pathogenesis. Brain Sciences.
2020; 10: 503.

Sarkar S, Biswas SC. Astrocyte subtype-specific approach to
Alzheimer’s disease treatment. Neurochemistry International.
2021; 145: 104956.

Clarke LE, Liddelow SA, Chakraborty C, Miinch AE, Heiman
M, Barres BA. Normal aging induces Al-like astrocyte reac-
tivity. Proceedings of the National Academy of Sciences of the
United States of America. 2018; 115: E1896-E1905.

Acioglu C, Li L, Elkabes S. Contribution of astrocytes to
neuropathology of neurodegenerative diseases. Brain Research.
2021; 1758: 147291.

Schwab JM, Zhang Y, Kopp MA, Brommer B, Popovich PG.
The paradox of chronic neuroinflammation, systemic immune
suppression, autoimmunity after traumatic chronic spinal cord
injury. Experimental Neurology. 2014; 258: 121-129.

&% IMR Press


https://rscf.ru/en/project/23-75-10041/
https://rscf.ru/en/project/23-75-10041/
https://www.imrpress.com

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Karimi-Abdolrezaee S, Billakanti R. Reactive astrogliosis after
spinal cord injury-beneficial and detrimental effects. Molecular
Neurobiology. 2012; 46: 251-264.

Yang T, Dai Y, Chen G, Cui S. Dissecting the Dual Role of the
Glial Scar and Scar-Forming Astrocytes in Spinal Cord Injury.
Frontiers in Cellular Neuroscience. 2020; 14: 78.

Althammer F, Ferreira-Neto HC, Rubaharan M, Roy RK, Patel
AA, Murphy A, et al. Three-dimensional morphometric analysis
reveals time-dependent structural changes in microglia and as-
trocytes in the central amygdala and hypothalamic paraventric-
ular nucleus of heart failure rats. Journal of Neuroinflammation.
2020; 17: 221.

Li X, Li M, Tian L, Chen J, Liu R, Ning B. Reactive Astroglio-
sis: Implications in Spinal Cord Injury Progression and Ther-
apy. Oxidative Medicine and Cellular Longevity. 2020; 2020:
9494352.

Anderson MA, Burda JE, Ren Y, Ao Y, O’Shea TM, Kawaguchi
R, et al. Astrocyte scar formation aids central nervous system
axon regeneration. Nature. 2016; 532: 195-200.

Okada S, Hara M, Kobayakawa K, Matsumoto Y, Nakashima
Y. Astrocyte reactivity and astrogliosis after spinal cord injury.
Neuroscience Research. 2018; 126: 39-43.

McNeill J, Rudyk C, Hildebrand ME, Salmaso N. Ion Chan-
nels and Electrophysiological Properties of Astrocytes: Implica-
tions for Emergent Stimulation Technologies. Frontiers in Cel-
Iular Neuroscience. 2021; 15: 644126.

Fang Y, Huang X, Wan Y, Tian H, Tian Y, Wang W, et al. De-
ficiency of TREK-1 potassium channel exacerbates secondary
injury following spinal cord injury in mice. Journal of Neuro-
chemistry. 2017; 141: 236-246.

OuM, Chen Y, Liu J, Zhang D, Yang Y, Shen J, et al. Spinal as-
trocytic MeCP2 regulates Kir4.1 for the maintenance of chronic
hyperalgesia in neuropathic pain. Progress in Neurobiology.
2023; 224: 102436.

Verkhratsky A, Nedergaard M. Physiology of Astroglia. Physi-
ological Reviews. 2018; 98: 239-389.

Bouhy D, Ghasemlou N, Lively S, Redensek A, Rathore KI,
Schlichter LC, et al. Inhibition of the Ca**-dependent K* chan-
nel, KCNN4/KCa3.1, improves tissue protection and locomotor
recovery after spinal cord injury. The Journal of Neuroscience:
the Official Journal of the Society for Neuroscience. 2011; 31:
16298-16308.

Yu Z, Yu P, Chen H, Geller HM. Targeted inhibition of
KCa3.1 attenuates TGF-8-induced reactive astrogliosis through
the Smad2/3 signaling pathway. Journal of Neurochemistry.
2014; 130: 41-49.

Shigetomi E, Saito K, Sano F, Koizumi S. Aberrant Calcium
Signals in Reactive Astrocytes: A Key Process in Neurological
Disorders. International Journal of Molecular Sciences. 2019;
20: 996.

Allen NJ, Eroglu C. Cell Biology of Astrocyte-Synapse Interac-
tions. Neuron. 2017; 96: 697-708.

Agrawal SK, Nashmi R, Fehlings MG. Role of L- and N-type
calcium channels in the pathophysiology of traumatic spinal
cord white matter injury. Neuroscience. 2000; 99: 179-188.
Liu WM, Wu JY, Li FC, Chen QX. Ion channel blockers and
spinal cord injury. Journal of Neuroscience Research. 2011; 89:
791-801.

Lepore AC, O’Donnell J, Kim AS, Yang EJ, Tuteja A, Haidet-
Phillips A, et al. Reduction in expression of the astrocyte glu-
tamate transporter, GLT1, worsens functional and histological
outcomes following traumatic spinal cord injury. Glia. 2011; 59:
1996-2005.

Li K, Nicaise C, Sannie D, Hala TJ, Javed E, Parker JL, ef al.
Overexpression of the astrocyte glutamate transporter GLT1 ex-
acerbates phrenic motor neuron degeneration, diaphragm com-

&% IMR Press

[44]

[45

[t

[46]

[47

—

[48

[l

[49]

[50]

[51

—

[52]

[53

—

[54]

[55]

[56

[

[57]

[58]

promise, and forelimb motor dysfunction following cervical
contusion spinal cord injury. The Journal of Neuroscience: the
Official Journal of the Society for Neuroscience. 2014; 34:
7622-7638.

Tamaru T, Kobayakawa K, Saiwai H, Konno D, Kijima K,
Yoshizaki S, et al. Glial scar survives until the chronic phase by
recruiting scar-forming astrocytes after spinal cord injury. Ex-
perimental Neurology. 2023; 359: 114264.

Kabdesh IM, Mukhamedshina YO, Arkhipova SS, Sabirov DK,
Kuznecov MS, Vyshtakalyuk AB, ef al. Cellular and Molecular
Gradients in the Ventral Horns With Increasing Distance From
the Injury Site After Spinal Cord Contusion. Frontiers in Cellular
Neuroscience. 2022; 16: 817752.

Herrmann JE, Imura T, Song B, Qi J, Ao Y, Nguyen TK, et al.
STATS3 is a critical regulator of astrogliosis and scar formation
after spinal cord injury. The Journal of Neuroscience: the Offi-
cial Journal of the Society for Neuroscience. 2008; 28: 7231—
7243.

Okada S, Nakamura M, Katoh H, Miyao T, Shimazaki T, Ishii K,
et al. Conditional ablation of Stat3 or Socs3 discloses a dual role
for reactive astrocytes after spinal cord injury. Nature Medicine.
2006; 12: 829-834.

Villarino AV, Kanno Y, O’Shea JJ. Mechanisms and conse-
quences of Jak-STAT signaling in the immune system. Nature
Immunology. 2017; 18: 374-384.

Hong S, Song MR. STAT3 but not STAT1 is required for astro-
cyte differentiation. PLoS ONE. 2014; 9: e¢86851.

Wang X, Li X, Zuo X, Liang Z, Ding T, Li K, et al. Photo-
biomodulation inhibits the activation of neurotoxic microglia
and astrocytes by inhibiting Len2/JAK2-STAT3 crosstalk after
spinal cord injury in male rats. Journal of Neuroinflammation.
2021; 18: 256.

Zhang HY, Wang Y, He Y, Wang T, Huang XH, Zhao CM, et al.
Al astrocytes contribute to murine depression-like behavior and
cognitive dysfunction, which can be alleviated by IL-10 or flu-
orocitrate treatment. Journal of Neuroinflammation. 2020; 17:
200.

Qian D, Li L, Rong Y, Liu W, Wang Q, Zhou Z, et al. Block-
ing Notch signal pathway suppresses the activation of neurotoxic
Al astrocytes after spinal cord injury. Cell Cycle (Georgetown,
Tex.). 2019; 18: 3010-3029.

Renault-Mihara F, Mukaino M, Shinozaki M, Kumamaru H,
Kawase S, Baudoux M, et al. Regulation of RhoA by STAT3
coordinates glial scar formation. The Journal of Cell Biology.
2017; 216: 2533-2550.

MaM, Li H, WuJ, Zhang Y, Shen H, Li X, et al. Roles of Proki-
neticin 2 in Subarachnoid Hemorrhage-Induced Early Brain In-
jury via Regulation of Phenotype Polarization in Astrocytes.
Molecular Neurobiology. 2020; 57: 3744-3758.

Su Y, Chen Z, Du H, Liu R, Wang W, Li H, et al. Silencing
miR-21 induces polarization of astrocytes to the A2 phenotype
and improves the formation of synapses by targeting glypican 6
via the signal transducer and activator of transcription-3 pathway
after acute ischemic spinal cord injury. FASEB Journal: Official
Publication of the Federation of American Societies for Experi-
mental Biology. 2019; 33: 10859-10871.

Schachtrup C, Ryu JK, Helmrick MJ, Vagena E, Galanakis DK,
Degen JL, et al. Fibrinogen triggers astrocyte scar formation
by promoting the availability of active TGF-beta after vascular
damage. The Journal of Neuroscience: the Official Journal of
the Society for Neuroscience. 2010; 30: 5843—-5854.

Zhu R, Zhu X, Zhu Y, Wang Z, He X, Wu Z, et al. Immunomod-
ulatory Layered Double Hydroxide Nanoparticles Enable Neu-
rogenesis by Targeting Transforming Growth Factor-/3 Receptor
2. ACS Nano. 2021; 15: 2812-2830.

Han T, Song P, Wu Z, Xiang X, Liu Y, Wang Y, ef al. MSC se-

11


https://www.imrpress.com

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

12

creted extracellular vesicles carrying TGF-beta upregulate Smad
6 expression and promote the regrowth of neurons in spinal cord
injured rats. Stem Cell Reviews and Reports. 2022; 18: 1078—
1096.

Jin Z, Tian L, Zhang Y, Zhang X, Kang J, Dong H, ef al. Api-
genin inhibits fibrous scar formation after acute spinal cord in-
jury through TGF3/SMADs signaling pathway. CNS Neuro-
science & Therapeutics. 2022; 28: 1883—1894.

Chen WF, Chen CH, Chen NF, Sung CS, Wen ZH. Neuroprotec-
tive Effects of Direct Intrathecal Administration of Granulocyte
Colony-Stimulating Factor in Rats with Spinal Cord Injury. CNS
Neuroscience & Therapeutics. 2015; 21: 698-707.

Liu R, Wang W, Wang S, Xie W, Li H, Ning B. microRNA-
21 regulates astrocytic reaction post-acute phase of spinal cord
injury through modulating TGF-3 signaling. Aging. 2018; 10:
1474-1488.

Baltimore D. NF-kB is 25. Nature Immunology. 2011; 12: 683—
685.

Lian H, Litvinchuk A, Chiang ACA, Aithmitti N, Jankowsky JL,
Zheng H. Astrocyte-Microglia Cross Talk through Complement
Activation Modulates Amyloid Pathology in Mouse Models of
Alzheimer’s Disease. The Journal of Neuroscience: the Official
Journal of the Society for Neuroscience. 2016; 36: 577-589.
Brambilla R, Bracchi-Ricard V, Hu WH, Frydel B, Bramwell
A, Karmally S, et al. Inhibition of astroglial nuclear factor kap-
paB reduces inflammation and improves functional recovery af-
ter spinal cord injury. The Journal of Experimental Medicine.
2005; 202: 145-156.

Brambilla R, Hurtado A, Persaud T, Esham K, Pearse DD,
Oudega M, et al. Transgenic inhibition of astroglial NF-kappa B
leads to increased axonal sparing and sprouting following spinal
cord injury. Journal of Neurochemistry. 2009; 110: 765-778.
Abbaszadeh F, Jorjani M, Joghataei MT, Raminfard S, Mehrabi
S. Astaxanthin ameliorates spinal cord edema and astrocyte
activation via suppression of HMGBI1/TLR4/NF-kB signal-
ing pathway in a rat model of spinal cord injury. Naunyn-
Schmiedeberg’s Archives of Pharmacology. 2023; 396: 3075—
3086.

Li L, Ni L, Eugenin EA, Heary RF, Elkabes S. Toll-like receptor
9 antagonism modulates astrocyte function and preserves prox-
imal axons following spinal cord injury. Brain, Behavior, and
Immunity. 2019; 80: 328-343.

Robb JL, Hammad NA, Weightman Potter PG, Chilton JK, Beall
C, Ellacott KLJ. The metabolic response to inflammation in as-
trocytes is regulated by nuclear factor-kappa B signaling. Glia.
2020; 68: 2246-2263.

Hammond SL, Bantle CM, Popichak KA, Wright KA, Thomp-
son D, Forero C, et al. NF-kB Signaling in Astrocytes Modulates
Brain Inflammation and Neuronal Injury Following Sequential
Exposure to Manganese and MPTP During Development and
Aging. Toxicological Sciences: an Official Journal of the Soci-
ety of Toxicology. 2020; 177: 506-520.

Wirth D, Bureau F, Melotte D, Christians E, Gustin P. Evidence
for a role of heat shock factor 1 in inhibition of NF-kappaB
pathway during heat shock response-mediated lung protection.
American Journal of Physiology. Lung Cellular and Molecular
Physiology. 2004; 287: L953-L961.

Fernandez AM, Jimenez S, Mecha M, Davila D, Guaza C, Vi-
torica J, et al. Regulation of the phosphatase calcineurin by
insulin-like growth factor I unveils a key role of astrocytes in
Alzheimer’s pathology. Molecular Psychiatry. 2012; 17: 705—
718.

Xu X, Zhang A, Zhu Y, He W, Di W, Fang Y, et al. MFG-E8 re-
verses microglial-induced neurotoxic astrocyte (A1) via NF-kB
and PI3K-Akt pathways. Journal of Cellular Physiology. 2018;
234: 904-914.

(73]

[74

[l

[75

[t

[76

[

[77]

[78

=

[79]

[80

=

[81

—

(82]

[83

—

[84]

[85

—

[86]

[87]

[88]

Chen CH, Sung CS, Huang SY, Feng CW, Hung HC, Yang SN,
et al. The role of the PI3K/Akt/mTOR pathway in glial scar for-
mation following spinal cord injury. Experimental Neurology.
2016; 278: 27-41.

Luan Y, Chen M, Zhou L. MiR-17 targets PTEN and facil-
itates glial scar formation after spinal cord injuries via the
PI3K/Akt/mTOR pathway. Brain Research Bulletin. 2017; 128:
68-75.

Sun J, Zhang J, Li K, Zheng Q, Song J, Liang Z, et al. Photo-
biomodulation Therapy Inhibit the Activation and Secretory of
Astrocytes by Altering Macrophage Polarization. Cellular and
Molecular Neurobiology. 2020; 40: 141-152.

Wang X, Zhang Z, Zhu Z, Liang Z, Zuo X, Ju C, et al. Pho-
tobiomodulation Promotes Repair Following Spinal Cord In-
jury by Regulating the Transformation of A1/A2 Reactive As-
trocytes. Frontiers in Neuroscience. 2021; 15: 768262.

Hou B, Zhang Y, Liang P, He Y, Peng B, Liu W, et al. Inhibi-
tion of the NLRP3-inflammasome prevents cognitive deficits in
experimental autoimmune encephalomyelitis mice via the alter-
ation of astrocyte phenotype. Cell Death & Disease. 2020; 11:
377.

Zhang L, Lei Z, Guo Z, Pei Z, Chen Y, Zhang F, et al. Develop-
ment of Neuroregenerative Gene Therapy to Reverse Glial Scar
Tissue Back to Neuron-Enriched Tissue. Frontiers in Cellular
Neuroscience. 2020; 14: 594170.

Chen J, Wu J, Apostolova I, Skup M, Irintchev A, Kiigler S,
et al. Adeno-associated virus-mediated L1 expression promotes
functional recovery after spinal cord injury. Brain: a Journal of
Neurology. 2007; 130: 954-969.

Chen MH, Liu YH, Xu H, Xu DW, Wang CN, Wang Y, et
al. Lentiviral Vector-Mediated p27**! Expression Facilitates
Recovery After Spinal Cord Injury. Molecular Neurobiology.
2016; 53: 6043—-6056.

Vismara I, Papa S, Veneruso V, Mauri E, Mariani A, De Paola M,
et al. Selective Modulation of A1 Astrocytes by Drug-Loaded
Nano-Structured Gel in Spinal Cord Injury. ACS Nano. 2020;
14: 360-371.

LiL,LiY, He B, Li H, Ji H, Wang Y, et al. HSF1 is involved
in suppressing A1 phenotype conversion of astrocytes following
spinal cord injury in rats. Journal of Neuroinflammation. 2021;
18: 205.

Jiang D, Gong F, Ge X, Lv C, Huang C, Feng S, et al. Neuron-
derived exosomes-transmitted miR-124-3p protect traumatically
injured spinal cord by suppressing the activation of neurotoxic
microglia and astrocytes. Journal of Nanobiotechnology. 2020;
18: 105.

Shen K, Wu D, Sun B, Zhu Y, Wang H, Zou W, ef al. Ginseno-
side Rgl promotes astrocyte-to-neuron transdifferentiation in rat
and its possible mechanism. CNS Neuroscience & Therapeutics.
2023;29: 256-269.

Gaojian T, Dingfei Q, Linwei L, Xiaowei W, Zheng Z, Wei L,
et al. Parthenolide promotes the repair of spinal cord injury by
modulating M1/M2 polarization via the NF-kB and STAT 1/3
signaling pathway. Cell Death Discovery. 2020; 6: 97.

Chen M, Geoffroy CG, Meves JM, Narang A, Li Y, Nguyen
MT, et al. Leucine Zipper-Bearing Kinase Is a Critical Regula-
tor of Astrocyte Reactivity in the Adult Mammalian CNS. Cell
Reports. 2018; 22: 3587-3597.

Fan H, Zhang K, Shan L, Kuang F, Chen K, Zhu K, ef al. Re-
active astrocytes undergo M1 microglia/macrohpages-induced
necroptosis in spinal cord injury. Molecular Neurodegeneration.
2016; 11: 14.

Wang S, Wu J, Zeng YZ, Wu SS, Deng GR, Chen ZD, et al.
Necrostatin-1 Mitigates Endoplasmic Reticulum Stress After
Spinal Cord Injury. Neurochemical Research. 2017; 42: 3548—
3558.

&% IMR Press


https://www.imrpress.com

[89] Shiow LR, Favrais G, Schirmer L, Schang AL, Cipriani S, An-
dres C, et al. Reactive astrocyte COX2-PGE2 production in-
hibits oligodendrocyte maturation in neonatal white matter in-
jury. Glia. 2017; 65: 2024-2037.

[90] Banchereau J, Pascual V, O’Garra A. From IL-2 to IL-37: the
expanding spectrum of anti-inflammatory cytokines. Nature Im-
munology. 2012; 13: 925-931.

[91] Almolda B, de Labra C, Barrera I, Gruart A, Delgado-Garcia JM,
Villacampa N, et al. Alterations in microglial phenotype and hip-
pocampal neuronal function in transgenic mice with astrocyte-
targeted production of interleukin-10. Brain, Behavior, and Im-
munity. 2015; 45: 80-97.

[92] Villacampa N, Almolda B, Vilella A, Campbell IL, Gonzalez
B, Castellano B. Astrocyte-targeted production of IL-10 induces
changes in microglial reactivity and reduces motor neuron death
after facial nerve axotomy. Glia. 2015; 63: 1166—-1184.

[93] Recasens M, Shrivastava K, Almolda B, Gonzalez B, Castel-
lano B. Astrocyte-targeted IL-10 production decreases pro-
liferation and induces a downregulation of activated mi-
croglia/macrophages after PPT. Glia. 2019; 67: 741-758.

[94] Genovese T, Esposito E, Mazzon E, Di Paola R, Caminiti R, Bra-
manti P, ef al. Absence of endogenous interleukin-10 enhances
secondary inflammatory process after spinal cord compression
injury in mice. Journal of Neurochemistry. 2009; 108: 1360—
1372.

[95] Shanaki-Bavarsad M, Almolda B, Gonzalez B, Castellano B.
Astrocyte-targeted Overproduction of IL-10 Reduces Neurode-
generation after TBI. Experimental Neurobiology. 2022; 31:
173-195.

[96] Norden DM, Fenn AM, Dugan A, Godbout JP. TGFg produced

&% IMR Press

by IL-10 redirected astrocytes attenuates microglial activation.
Glia. 2014; 62: 881-895.

[97] Mukhamedshina YO, Shaymardanova GF, Garanina EE, Sala-
futdinov II, Rizvanov AA, Islamov RR, et al. Adenoviral vec-
tor carrying glial cell-derived neurotrophic factor for direct gene
therapy in comparison with human umbilical cord blood cell-
mediated therapy of spinal cord injury in rat. Spinal Cord. 2016;
54: 347-359.

[98] Koh W, Park YM, Lee SE, Lee CJ. AAV-Mediated Astrocyte-
Specific Gene Expression under Human ALDH1L1 Promoter in
Mouse Thalamus. Experimental Neurobiology. 2017; 26: 350—
361.

[99] Griffin JM, Fackelmeier B, Fong DM, Mouravlev A, Young D,
O’Carroll SJ. Astrocyte-selective AAV gene therapy through the
endogenous GFAP promoter results in robust transduction in the
rat spinal cord following injury. Gene Therapy. 2019; 26: 198—
210.

[100] Borodinova AA, Balaban PM, Bezprozvanny IB, Salmina AB,
Vlasova OL. Genetic Constructs for the Control of Astrocytes’
Activity. Cells. 2021; 10: 1600.

[101] HouJ, BiH, Ge Q, Teng H, Wan G, Yu B, et al. Heterogeneity
analysis of astrocytes following spinal cord injury at single-cell
resolution. FASEB Journal: Official Publication of the Federa-
tion of American Societies for Experimental Biology. 2022; 36:
€22442.

[102] Qian Z, Qin J, Lai Y, Zhang C, Zhang X. Large-Scale Integra-
tion of Single-Cell RNA-Seq Data Reveals Astrocyte Diversity
and Transcriptomic Modules across Six Central Nervous System
Disorders. Biomolecules. 2023; 13: 692.

13


https://www.imrpress.com

	1. Introduction 
	2. Astrocytes in Spinal Cord Injury
	3. Signaling Pathways that Regulate Astrocyte Polarization
	3.1 STAT3
	3.2 TGF-
	3.3 NF-B
	3.4 PI3K/Akt/mTOR

	4. Different Approaches to Astrocyte Modulation
	4.1 Photobiomodulation
	4.2 Cytokines
	4.3 Genetic Approaches
	4.4 Other Approaches

	5. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

