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Abstract Astrocytic activation is a cellular response to
disturbances of the central nervous system (CNS). Recent
advances in cellular and molecular biology have demon-
strated the remarkable changes in molecular signaling,
morphology, and metabolism that occur during astrocyte
activation. Based on these studies, it has become clear that
the astrocyte activation process is regulated by a variety
of signaling pathways, which result in metabolic support,
wound healing and scar formation. While normal astro-
cyte activation pathways drive homeostasis and/or repair
in the CNS, dysregulation of these pathways can lead to
astrocyte abnormalities, including glioma formation with
similar phenotypes as reactive astrocytes. We review the
principle pathways responsible for astrocytic activation, as
well as their potential contribution to tumor formation in
the CNS.
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Introduction

Astrocytes are the most abundant non-neural cells in the
central nervous system (CNS). They form elaborate con-
nections with surrounding neurons, other nervous system
cells, and blood vessels [1]. Astrocytes are electrically
unexcitable and have been considered supportive struc-
tures of the CNS. However, recent advances of cellular
and molecular biology have revealed numerous impor-
tant biologic functions of astrocytes [2]. These functions
include (1) maintaining a metabolic homeostasis in the
CNS through release of key metabolites such as lactate and
glutamine [3, 4], (2) reuptake of toxic substances in extra-
cellular milieu, such as glutamate and glycine [5], (3) sta-
bilization and regulation of vascular structures [6], and (4)
modulation of synaptic transmission through the release of
glial transmitters [5, 6].

Aside from their established homeostatic and metabolic
functions, astrocytes can also exhibit reactive and prolifera-
tive phenotypes when exposed to CNS pathology. Based on
their response and appearance, Fromann and colleagues [1]
first described astrocytes in a multiple sclerosis specimen
as “reactive astrocytes”. Since that time, reactive changes
in astrocytes have been identified in virtually every type
of CNS pathology. Consequently, these astrocytic changes
have generally been considered a universal, non-specific
response to stimuli in the CNS. However, recent evidence
indicates that reactive astrocytic changes are the result of
precise molecular and cellular changes regulated by key
signaling molecules [7-9].

We are now beginning to understand that the prolifera-
tion, migration, and morphogenesis of reactive astrocytes
provide remarkable beneficial effects and assists in the
functional recovery of the CNS [10, 11]. Here, we review
the critical molecular mechanisms that initiate normal
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astrocytic activation. We also discuss the dysregulation of
these signaling pathways in the context of CNS neoplasia.

Morphologic characteristics astrocytes
Normal astrocytes

“Astrocyte” derives from the Greek word “astron”, which
is descriptive of the cell’s star-shaped appearance. Since
the late 19th century, astrocytes have been categorized into
two subtypes, reflective of their morphology and anatomic
location. These include protoplasmic astrocytes and fibrous
astrocytes. Protoplasmic astrocytes are the most common
astrocytes in the CNS. They typically exhibit a radial shape
with 5-10 primary branches and several smaller processes
or “end-feet” [12]. Fibrous astrocytes are less complicated
in morphology and are mainly located in white matter fiber
tracts. The morphology and function of astrocytes varies in
location as well as the microenvironment.

The stellate morphology of astrocytes is commonly
illustrated by glial fibrillary acidic protein (GFAP) staining
[13]. A better understanding of astrocytic morphology has
been provided by recent advancements that demonstrate the
complex detail of the fine astrocytic processes. Structural
changes of astrocytic end-feet can occur within minutes
in response to a variety of stimuli such as changes in neu-
ronal activity, ischemic damage, and traumatic injury [1].
Changes in end-feet can include gliding of lamellipodia-like
end-feet and process extension/retraction [14].

Astrocyte end-feet form critical contacts with adjacent
blood vessels and other CNS cellular components (Fig. 1).
Peri-vascular astrocytic end-feet are crucial components
for the blood-brain barrier, which modulate vessel dilation/
contraction through the release of cytokines such as PGE2
[15, 16]. Several recent discoveries have shown that astrocytes
establish distinct boundaries with one another resulting in little
overlap in the spatial domains of neighboring processes [17].
This organizational pattern suggests that astrocytes organize
brain activity in focal units composed of neurons, astrocytes,
and blood vessels by way of metabolic support and the release
of cytokines, growth factors, and gliotransmitters [5].

Immunomodulation is another essential biologic func-
tion of astrocyte. Astrocytes express several essential cell
surface proteins such as major histocompatibility complex
(MHC) antigen, adhesion molecule ICAM-1 and possible
costimulatory molecules such as B7 and CD40 [18]. The
presence of these important molecules indicates that astro-
cytes participate in immunomodulation of the CNS, likely
as antigen presenting cells. Indeed, it has been shown that
astrocytes can mediate T helper cell responses in the CNS
[19]. Additionally, astrocytes modulate immune response
in the CNS through the secretion of cytokine/chemokines
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Fig. 1 Primary functions of astrocytes in the quiescent stage. Astro-
cytes establish contact inhibition with other brain cells by gap junc-
tion, integrin, and cadherin-mediated mechanisms. They modulate
CNS homeostasis by releasing growth factors, gliotransmitters, and
cytokines. Astrocytes efficiently uptake glutamate (Glu) released
from pre-synaptic neurons through glutamate transporters on plasma
membrane. Internalized Glu is mainly involved in glutamine (Gln)
production catalyzed by glutamine synthetase (GS), and released
for neuronal use. Glu can also be utilized in the TCA cycle as well
as induction of intracellular calcium signaling ([Ca**]). Addition-
ally, astrocytes take up glucose (Glc) from the blood and transport its
metabolite lactate (Lac) to the neuron

such as interleukins, TNF-a, TGF-, GM-CSF, M-CSF, and
G-CSF, in order to regulate the extent and intensity of the
immune response [20]. Although the role of astrocytes in
CNS immunomodulation has not yet been fully elucidated,
it is likely that astrocytes modulate the immune response
when the blood brain barrier (BBB) is compromised in
cases like traumatic brain injury.

Reactive astrocytes

Cellular activation is a common phenomenon by which
astrocytes become reactive as a result of various CNS dis-
turbances. The activation process is controlled by a variety
of signaling pathways (Fig. 2). During cellular activation
to the injury, astrocytes exhibit remarkable morphologic
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Fig. 2 Molecular mechanisms involved in astrocytic activation.
Abnormalities in existing contact inhibition such as disruption of
the cadherin/B-catenin complex results in stabilization and activa-
tion of B-catenin as a transcription factor. Astrocytes express many
cytokine/growth factor receptors on the plasma membrane during
activation, such as TGF- receptor, IL-6/CNTF receptor, EGFR and
FGFR. Ligand binding of these receptors triggers different signaling
transduction and eventually affects gene transcription in the nucleus.
Elevated Rho GTPase activity in reactive astrocytes results in robust
mobilization cytoskeleton remodeling and therefore leads to cell
migration and tissue penetration. Finally, hypoxic insult leads to the
stabilization and activation of HIFa, which when translocated into the
nucleus mediates gene transcription related to metabolism, migration,
and proliferation

changes, including increases in the number and length of
their primary radial branches. Upregulation of interfillament
expression (i.e., GFAP, nestin and vimentin) contributes to
cellular hypertrophy and morphologic changes of reactive
astrocytes. The extent and duration of astrocyte activation
depends on the type and intensity of CNS stimuli, ranging
from mild, transient morphologic changes to astrogliosis
and scar formation [1, 7]. Minimal astrocytic activation
does not interfere with the established astrocytic territories
or their metabolic functions, physiologic functions of astro-
cytes can be largely preserved during activation after mild
injury [21]. The involvement of reactive astrocytes in CNS
diseases has been summarized in several major reviews [22].
In this paper, we specifically focus on the potential relation-
ship between reactive astrocytes and tumor formation.

Astrocytomas

Astrocytomas are the most common primary neoplasms of
the CNS. The neoplastic cells in these tumors share many

similar biologic and morphologic features with reactive
astrocytes, including growth factor receptor expression,
and remarkable migration and cell proliferation. Moreo-
ver, astrocytomas share the same signaling pathways that
drive astrocyte activation. The molecular mechanisms for
astrocytic activation may not only initiate tumorigenesis
of gliomas but also involve malignant phenotypes such as
enhanced proliferation and migration.

The cellular origin of astrocytomas has long been
debated. Recent discoveries have elucidated that a glioma
stem cell population is important for tumorigenesis and
chemoresistance [23-25]. Additionally, neural stem cells
and progenitor cells are also likely involved in tumor for-
mation [26]. However, it has long been overlooked that
normal astrocytes withhold intrinsic capacities to regain
proliferative status after development. Reactive astrocytes
exhibit enhanced migration through proteolysis of extracel-
lular matrix, which is similar to the migratory and penetra-
tive phenotypes of high-grade gliomas [27]. Furthermore,
cellular dedifferentiation is commonly seen during astro-
cytic activation, which is characterized by expression of
important stem cell markers such as nestin, vimentin, and
sox2. Cellular activation also gives astrocytes the capacity
of anchorage-independent growth, an important character-
istic seen in the tumor-initiating cells of high-grade glio-
mas (Fig. 3) [28, 29].

Mechanisms of activation and tumorigenesis
Disruption of contact inhibition

Contact inhibition is a natural process that arrests the
growth and expansion of cells when they come into contact
with each other. Contact inhibition between astrocytes lim-
its their process extension and migration and, consequently,
establishes a spatial territory that excludes other astrocytes
[17]. A key molecular mechanism for establishing contact
inhibition between astrocytes is adherent junctions that are
composed of cadherin and B-catenin [30].

Cadherins are a family of transmembrane proteins that
play a critical role in calcium-dependent cell-cell adhesion.
While the extracellular domains of cadherins from adjacent
cells form physical interactions, their intracellular domains
assemble with a/B-catenin and interact with the intracellu-
lar cytoskeleton [31]. This multi-protein complex not only
serves as a physically stable connection between cells, but
also arrests B-catenin on the plasma membrane and quenches
its activity as a transcription factor. As a transcription factor,
B-catenin initiates a subset of genes that mediate cell prolif-
eration and differentiation. While the activity of B-catenin is
crucial for establishing dorsal/ventral and anterior/posterior
axes during embryogenesis, p-catenin is stabilized on the
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Fig. 3 Regulation and dysregu- A
lation of astrocytic activation.
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a Astrocytic activation is

a tightly regulated cellular
response. Cellular migration
and proliferation are com-
monly seen during activation.
Dysregulated activation is
commonly seen in various types
of CNS neoplasms. b Aggres-
sive phenotype of cell activa-

tion in astrocytomas. Tumor
stromal cells in astrocytomas B
exhibit similar phenotypes as
reactive astrocytes, including
mobilization of GFAP/Nestin,

cell migration, tissue penetra- Normal
tion and proliferation. Molecu-
lar mechanisms of cellular
activation such as f-catenin are
commonly dysregulated in these Grade ll
tumor cells. Adapted from Yang
etal. (2012) [28]
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plasma membrane and rarely translocates into the nucleus
in adulthood [32].

During cell activation, cadherin and P-catenin com-
plexes serve as an important signal for loss of contact inhi-
bition. Abnormalities in the CNS result in changes to the
astrocytic plasma membrane, which result in the disruption
of the integrity of cadherin/catenin complex. p-catenin is
rapidly released from the plasma membrane, resulting in
its accumulation in the cytoplasm and nucleus [28]. Cel-
lular injury also concomitantly induces Cdc42-mediated
activation of Par6-PKCt. This results in inactivation of
GSK-38 via Ser9 phosphorylation, which also contributes
to enhanced B-catenin activation by reducing its degrada-
tion [33].

Several key components of B-catenin signaling such as
Wnt and Fzd-1 are upregulated during CNS injury. These
proteins initiate the canonical B-catenin signaling pathway
and further inhibit GSK3p. This results in the accumulation
and transcriptional activation of B-catenin [34]. B-catenin
translocated to the nucleus recruits its cofactors LEF or TCF
and initiates gene transcription for migration, proliferation,
and differentiation of reactive astrocytes (the distinction of
these pathways has yet to be elicited). f-catenin initiates a
phenotype of reactive astrocytes by mediating transcription
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of key regulatory genes, which includes EGFR, MMPs,
Sox2, cyclin D1, etc. [28].

The emergence of B-catenin activity in reactive astro-
cytes in adulthood suggests that cell proliferation and dif-
ferentiation capacities are maintained in multi-functional
proteins. They serve as molecular sensors to abnormalities
of the CNS and signal damage to the nucleus and other cel-
lular compartments to initiate activation. Dysregulation of
the p-catenin pathway in astrocytes inevitably affects cell
growth, proliferation, and possibly tumor transformation.
For example, mutations in the gene that encodes adeno-
matous polyposis coli (APC), an important component in
Axin/GSK3p/APC complex for P-catenin degradation,
results in Turcot syndrome.

Turcot syndrome is characterized by the development
of adenomatous polyposis, colorectal cancer, glioblastoma,
and medulloblastoma. B-catenin escapes from degradation
and results in loss of cell-cell contact inhibition. This results
in increased cellular proliferation [35]. Upregulation of
the key molecules in the Wnt/B-catenin pathway has been
identified in astrocytomas in different pathologic grades
[36-38]. Furthermore, glioma-derived tumor stem cells pos-
sess robust B-catenin signaling, which further confirms the
importance of B-catenin in glioma tumorigenesis [28, 39].
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Modulation of integrin-extracellular matrix (ECM)
interactions

In addition to the cadherin/B-catenin complex, the integrin
family also contributes to the establishment of contact inhi-
bition in the CNS [30]. Integrins are transmembrane, non-
covalently linked aff heterodimers. They are located on the
cell surface and interact with a variety of ECM components,
including fibronectin, laminin, collagen, tenascin, vitron-
ectin, and thrombospondin [40, 41]. Integrins have been
found to be important in forming transmembrane connec-
tions between the ECM and cytoskeleton, as well as initiat-
ing intracellular signals when processing additional kinase
activity. Integrins are essential for vasculogenesis in the
CNS during development [42]. In adulthood, integrins are
expressed at the astrocyte—vascular interface and maintain
a permeable barrier in cerebral microvasculature [43-45].

Rearrangements of the integrin network are commonly
seen during CNS disturbances. The expression and assem-
bly of integrins are immediately altered during astrocytic
activation. For example, cerebral ischemic injury results
in decreased integrin expression. Integrins in astrocytic
end-feet are withdrawn during ischemia, which results in
increased vascular permeability [46]. Genetic silencing of
integrin B1 in astrocytes elicits partial cell activation, sug-
gesting integrins not only passively form cell contact but
also are capable of inducing cellular activation during CNS
injury [47].

In contrast to their role of forming structural connec-
tions in the quiescent stage, integrins exhibit transmem-
brane receptor activity during activation, mediating Cdc42-
dependent cell polarity, and migration via PKCt, which is
the initial step of cell migration and wound healing [48].
Nevertheless, ligand binding to integrin activates talin-
mediated oligomerization of focal adhesion kinase (FAK).
Autophosphorylation of FAK results in a subset of second-
ary signal transduction pathways such as PI3K and Akt, and
eventually modulates focal adhesion, cell migration, and
survival [49]. These pathways are presumably related to the
initiation of cellular activation and re-establishment of cell-
cell contact during recovery [50-52].

Integrins are up-regulated in gliomas and expression lev-
els correlate with the pathologic grade of the tumor [53].
These findings suggest that integrins exert an oncogenic
effect in brain tumor formation. Exploited integrin signaling
is related to tumor formation by inducing reactive pheno-
types such as cellular proliferation and migration [53, 54].
Moreover, integrins indirectly contribute to tumorigenesis
by activating other oncogene/mitogens such as hypoxia-
inducible factors (HIFs) by way of focal adhesion kinase
[55]. Dysfunction of integrin signaling not only affects
tumor cell proliferation and survival but also contributes
to the establishment of a tumor microenvironment through

inducing angiogenesis and recruitment of pericytes, mye-
loid cells, and other precursor cells [56, 57].

Basement membrane invasion precedes meningeal dis-
semination and metastasis of glioma cells. Paulus and Tonn
[40] identified that integrins are necessary in basement
membrane invasion of glioma cells, based on the interaction
of integrin and laminin [58]. These findings underscore the
role that integrins play in the penetrative growth of glioma
cells. Recent studies have identified the co-expression of
integrin a6 with conventional cancer stem cell (CSC) mark-
ers in the perivascular region of glioblastoma multiforme
(GBM). Tumor-derived integrin a6 was also found to be
essential for the self-renewal, proliferation, and tumorigen-
esis of glioma stem cells [59]. Taken together, integrin sign-
aling appears to have significant importance in brain tumor
formation, establishment of the tumor microenvironment
and metastasis.

Gap junctions establish astrocyte networks and
synchronous activation

Gap junctions connect the cytoplasm of adjacent cells. Both
neurons and astrocytes express hexameric connexin proteins,
which dimerize to form transmembrane pores with neigh-
boring cells of their own type. These connections establish
electrically and metabolically connected networks of cells
[7]. Hemichannels also exist in which hexameric connexins
or pannexins are not coupled to a pair but instead are exposed
to the extracellular environment. Though these channels are
non-selective, permeable and potentially harmful, their role
in ischemic injury is not clear. For example, dying cells of
the ischemic core may propagate necrotic or apoptotic sig-
nals through these channels, which are beneficial for their
own survival but detrimental for the receiving healthy cells.
Conversely, gap junctions allow healthy cells to contribute
ions and pro-survival signals [60, 61]. Studies antagonizing
gap junctions have resulted in mixed responses, however,
connexin antagonists are notably nonspecific [62].

Connexin Cx43 has been shown to induce contact inhibi-
tion of cells without affecting their log phase growth rates
[63]. Glioma cells transfected with Cx43 demonstrated cell
growth suppression with a concomitant increase in MFG-
ES8 (milk fat globule epidermal growth factor 8), a protein
involved in integrin binding. Interestingly, MFG-E8 is a
ligand for avfB5 integrin receptors. Inhibition of this recep-
tor has been the topic of a randomized phase II study for
patients with GBM recurrence [64].

Cell surface receptors initiate activation via secondary
signal transduction

In addition to the molecular mechanisms of cell—cell con-
tact disruption, cytokines and chemokines are also capable
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of initiating astrocytic reactivation. While these factors are
commonly absent in the quiescent CNS, they are robustly
expressed and released during astrocytic activation [65].
Signaling by these molecules either initiates or maintains
the activation and differentiation of astrocytes.

Epidermal growth factor receptor (EGFR) is a transmem-
brane receptor that exhibits intrinsic tyrosine kinase activ-
ity. While this potent mitogen receptor is normally unde-
tectable in the mature CNS, it is substantially enhanced
during mechanical injury or ischemia [66]. Ligand binding
to EGFR causes receptor phosphorylation and activation of
several important signaling pathways such as PI3K, Akt, and
mTOR [67]. These molecular signals subsequently change
cell morphology and motility, as well as re-organization of
global gene expression [68]. Dysregulation of EGFR sign-
aling is a very common phenomenon in gliomas. The gene
encoding EGFR is frequently mutated, amplified, and/or
rearranged in malignant astrocytomas, leading to the acti-
vation of downstream kinases in a similar manner as astro-
cyte activation. Alternatively, loss of endogenous inhibitory
mechanisms (such as microRNA-7) leads to dysregulation
of the EGFR pathway, which eventually causes failure of
growth control and tumor manifestation. Nevertheless, EGF
is an essential factor to maintain the self-renewal of glioma
stem cells in vitro, suggesting EGFR signals are important
in the stem cell population of GBMs.

Signal transducer and activator of transcription 3 (Stat3)
is a common downstream transcription factor for various
growth factors and cytokine receptors, including interleu-
kin-6 receptor, CNTF receptor, and leukemia inhibitory
factor. Phosphorylation of Stat3 is significantly increased
in astrocytes shortly after CNS injury, indicating that Stat3-
related signaling contributes to the activation of astrocytes.
This has been confirmed by loss-of-function studies, show-
ing that silencing STAT3 in astrocytes abolishes astrocyte
reactivation in spinal cord injury. This leads to failure
of wound healing and reduced neuronal functions [69].
Genetic investigations have shown that Stat3 directly binds
to the promoter region of GFAP and mediates cytoskeleton
mobilization and cell activation [70]. Widespread inflamma-
tion has also been identified in Stat3-deficient mice. This
is likely due to failure of reactive astrocytes to establish a
permeability barrier without Stat3 that leads to infiltration
of myeloid components from cerebral vasculature [44].
Constitutive activation of Stat3 is related to tumor forma-
tion, possibly through initiating reactive phenotypes such as
enhanced cell migration and cytoskeleton expression. IL-6
and Stat3 activation are commonly detected in malignant
gliomas, unlike normal brain tissue [71]. The importance
of Stat3 signaling in tumorigenesis has been shown in Mut3
mice (GFAP-cre; NflloxP/4-; Trp53—/4-), which sponta-
neously develop gliomas. Inoculation of these mice with
cytomegalovirus (CMV), an activator of the PDGF-B/Stat3
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signaling pathway induces spontaneous tumor development
[72]. Our previous findings also indicate that CNTF recep-
tor o, an activator of Stat3 signaling, is uniquely expressed
in high-grade gliomas and their CSCs [73]. It is helpful for
the survival of CSC, triggering cellular differentiation and
likely related to tumor heterogeneity in malignant glioma.

Mechanical disruption or ischemic damage of astro-
cytes results in the release of adenosine triphosphate (ATP).
This leads to autocrine and paracrine signaling through the
P2X and P2Y purine family of receptors [74]. Downstream
effects of this pathway include astrocyte—astrocyte increases
in intracellular [Ca®*], microglial chemotaxis, as well as
pro-inflammatory and anti-apoptotic gene upregulation. The
activation of the purine receptors results in astrocyte prolif-
eration. Specifically, GFAP, inflammatory markers (IL-18,
IL-6, IL-8, TNFa) and anti-apoptotic genes (Bcl-2, Bel-X| )
have increased expression levels upon exposure to extracel-
lular ATP. This mitogenic response is mediated by an extra-
cellular signal-regulated protein kinase (ERK) pathway [75,
76]. When cultured on a deformable SILASTIC membrane
and exposed to reversible stretch injury, ERK activation is
observed and correlates with the magnitude of injury [77].
This calcium-dependent signaling pathway secondary to
extracellular ATP and purinergic receptor activation may be
a key inciting event in astrocyte activation following injury.

Receptor for advanced glycation end products (RAGE)
is a multi-ligand receptor of the immunoglobulin superfam-
ily involved in inflammation, nephropathy, neurodegen-
eration, and cancer. RAGE mediates a variety of signaling
pathways, including ERK1/2, Akt, p38 MAPK, and JNK.
Additionally, RAGE has recently been found to regulate cell
motility via RhoA/ROCK, cdc42, and Src kinase pathways
[78-80]. Several recent studies revealed a possible role of
RAGE in astrocytic activation, via high-mobility group box
1 (HMGB-1). Ischemic injury results in release of HMGB-1
from the neuronal nucleus, which consequently induces
astrocytic expression of TNF-a and MMP9 [81-83]. Addi-
tionally, S100B also affects astrocytic function via a RAGE
pathway, which induces glial activation [84].

RAGE signaling mediates transcription of transcrip-
tion factors such as NF-kB, which are key regulatory ele-
ments that control cell proliferation, survival, migration,
and invasion. Additionally, RAGE can be activated under
stress conditions like hypoxia [85]. This strongly suggests
that a dysregulation in RAGE signaling will lead to neoplas-
tic transformation. Indeed, several studies have shown that
RAGE signaling is related to colon, prostate, pancreatic,
and lung cancers. Inhibition of RAGE signaling by ligand
or receptor targeting effectively limits tumor growth and
metastasis [86, 87]. Additionally, RAGE results in modula-
tion of the cancer microenvironment by affecting leukocyte,
endothelial cell, and fibroblast [88]. Although the potential
role of RAGE in glioma is still not fully understood, its
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involvement in establishing an aggressive cellular pheno-
type suggests that RAGE signaling plays a role in glioma
formation. Further investigation is necessary to understand
RAGE signaling biology and potential therapeutic targets.

Cytoskeleton mobilization

During cell activation, reactive astrocytes undergo remark-
able morphologic changes dependent on the severity of the
injury. These include hypertrophy, hyperplasia, migration,
and/or changes in cellular processes. Cytoskeleton mobili-
zation plays an important role in the establishment of these
morphologic changes in astrocytes. Specifically, loss-of-
function studies have shown that mice lacking GFAP and
vimentin expression exhibit failure in cellular activation
and worse outcomes after CNS injury, which confirms the
importance of mobilization of cytoskeletons during cell
activation [89].

Jak-stat signaling is a key regulatory mechanism in
cytoskeleton mobilization in reactive astrocytes. While
astrocyte-specific knock out of STAT3 results in minimal
changes in brain development, it hinders hypertrophy and
scar formation after spinal cord injury and impairs the
wound healing process and functional recovery [90]. It
may be the case that Jak-stat and Smad translocate into the
nucleus and recruit cofactor p300/CBP, which initiates gene
expression (i.e., GFAP) for astrocytic activation [91]. More-
over, the small GTPases of Rho subfamily and Rho kinase
(ROCK) are related to the regulation of cellular polarity and
migration in reactive astrocytes, possibly through regulation
of F-actin and focal adhesion complexes [92].

Abnormalities in the regulation of cytoskeleton have
been identified in various types of tumors. For example,
Rho family members have been identified in astrocytomas
and melanomas. Activation of Rho or Rac is associated with
the proliferative and migratory phenotype of glioma cells.
Dysregulation of rac destabilizes focal adhesions and leads
to the migratory phenotype of glioma cells. This is likely
a result of lamellipodia formation and membrane ruffles in
tumor cells. Abnormalities of cytoskeleton regulators such
as Rho and ROCK enhance glioma cell migratory pheno-
type, which results in the local spread of high-grade gliomas
[93]. The importance of cytoskeleton regulation has been
underscored by inhibition of Rho kinase, which results in
down-regulation of VEGF and MMPs expression by glioma
cells, and reduces the migration of adjacent endothelial cells
and angiogenesis. Thus, Rho kinase may play a key role in
establishing a tumor microenvironment [94].

Ischemic injury induces astrocytic activation

The CNS is the most sensitive organ to tissue oxygen con-
centration. Ischemic insults result in rapid and irreversible

neuronal damage. In contrast to neurons, astrocytes are more
resistant to hypoxia and are protective in the early stages of
ischemia [95, 96]. A widespread astrocytic activation has
been identified shortly after ischemic injury, which may
limit the damage caused by ischemia and reactive oxygen
species [97, 98]. Mice lacking GFAP and vimentin expres-
sion are incapable of astrocytic activation. These mice are
extremely vulnerable to ischemic damage and are unable to
limit the region of infarction, which underscores the benefi-
cial effect of astrocyte activation in ischemia.

Several molecular mechanisms can explain the protec-
tive function of reactive astrocytes. For example, activated
astrocytes express additional glutamate transporters such as
GLT-1, which efficiently take up extracellular glutamate and
reduce glutamate-associated excitotoxicity during ischemia
[99]. Endothelin-3 reduces the conductance of gap junctions
in astrocytes, which further reduces the extent of ischemic
injury. Silencing cyclin D1 results in a loss of prolifera-
tive astrocytes during ischemia, which exacerbates hypoxic
damage of neurons, further confirming the protective role
of reactive astrocytes in ischemia. Additionally, reactive
astrocytes express cytokines such as Epo, IL-1a, TNFa, and
IL-6, which have been shown to reduce the ischemic impact
to brain.

HIFs are transcriptional factors that initiate gene expres-
sion during the adaptive response to low ambient oxygen
(02). Structurally, HIFs are composed of o and f subunits.
HIFB is constitutively expressed, whereas HIF-a subunit is
activated when oxygen concentration changes. HIF-associ-
ated signaling is important in astrocytic reactivation during
ischemic injury in the CNS [100]. Heterodimerization of
HIF-a and P subunits exerts gene transcriptions related to
cellular metabolism, proliferation, and survival, which have
neuroprotective effects. HIFs induce robust gene expres-
sion of EPO, VEGF, and GLUT-1 during ischemic injury
[101-103].

The paracrine signaling of EPO has been found to be
critical for neuronal protection in vivo and in vitro, through
activation of subsequent JAK2, PI3K, and NF-kB pathways
[101, 104, 105]. Additionally, reactive astrocytes stabilize
microvascular endothelial cells through VEGF, implicating
HIF activation in reactive astrocytes as a regulator of cere-
bral vessel structure and microenvironment during ischemic
injury [106]. However, HIF-associated iNOS expression
is detrimental to neurons both during ischemia and post-
ischemia, possibly through the release of nitric oxide and
peroxynitrite [107, 108]. Pharmacologic targeting of these
damaging agents could be of great importance to antagonize
ischemic damage.

HIFs also mediate potent gene transcription related to
tumorigenesis [109]. Stabilization and activation of HIF
signaling establishes a pseudohypoxic state and leads to
a proliferative phenotype similar to reactive astrocytes.
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Hypoxia upregulates important stem cell factors such as
OCT4, NANOG, and c-Myc. Additionally, HIFs contribute
to the modulation of the tumor microenvironment, possibly
through secretion of growth factors such as EPO and VEGF
as described above [110, 111]. Recent discoveries demon-
strate that HIFs signaling has been found crucial for the self-
renewal, proliferation, and survival of the stem cell popu-
lation in gliomas [112, 113]. Finally, mutations of IDH1/2
genes are related to the pathogenesis of gliomas. These
mutations reduce the availability of a-ketoglutarate, restrict-
ing HIF-1a hydroxylation and activating glycolysis, which
leads to a Warburg effect and carcinogenesis [114-116].

Outlook and perspectives

Increasing evidence suggests that several key molecular
pathways tightly control cellular activation of astrocytes.
These molecular mechanisms not only contribute to the
transition from the quiescent to the activated stage but also
determine the duration and extent of cellular response, glio-
sis, and scar formation. The activation of astrocytes is ben-
eficial to the repair of CNS injury and rearrangement of cel-
lular connections during wound healing. Nevertheless, many
of these same molecular pathways have been identified to
be constitutively active in gliomas, suggesting that dysfunc-
tion of the same cellular activation pathways may contribute
to the formation of brain tumors. Moreover, glioma cells
exhibit many of the phenotypes that have been seen in acti-
vated astrocytes, including morphologic changes, cell pro-
liferation, and penetrative migration. Better understanding
and modulation of these normal and dysfunctional astrocyte
activation pathways could be of great importance in limiting
and/or treating gliomas.
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