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Abstract
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Glial cells change their morphology, molecular signature, and functional events in response to neurodegenerative diseases
and injury in the brain and retina. This process is termed gliosis. Gliosis is context-dependent, based on the severity of the
diseases or damage, and can be protective or detrimental to neural functioning. Recent reports show that Damage-Associated
Molecular Patterns (DAMPs) are endogenous danger molecules that are released from damaged or dying cells associated with
gliosis. This article is focused on the pathological and protective role of extracellular, cytosolic, and nuclear DAMPs on gliosis.

Abbreviations: DAMPs: Damage-Associated Molecular
Patterns; BBB: Blood-Brain Barrier; BRB: Blood-Retinal
Barrier; NO: Nitric Oxide; TNF: Tumor Necrosis Factor; CNS:
Central Nervous System; LIF: Leukemia Inhibitory Factor;
AB: Amyloid-f3; UA: Uric Acid; HSPs: Heat-Shock Proteins;
RAGE: Receptor for Advanced Glycation End Products.

Introduction

Gliosis is the universal reaction by glia to the injury or
disease conditions in the brain and retina for sealing off the
injured tissue, promoting tissue integrity, and restricting
inflammation and neuronal death [1,2]. Major glial cells
that take part in this process are astrocytes, NG2-expressing
glial precursors, and microglia in the brain, and astrocytes,
Muller glia, and microglia in the retina [3-5]. It is regulated
by a large number of extracellular signals generated after
brain injury and retinal diseases. These molecules include
damage-associated molecular patterns (DAMPs) released
by the damaged or dead cells; molecules entering via leaky
blood-brain barrier (BBB) or blood-retinal barrier (BRB),
molecules released by infiltrating leukocytes, and molecules
released by reactive glia themselves [3,6,7]. The severity of
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the gliosis depends upon the quantity, type or combination,
and duration of these molecules [3]. Gliosis is a part of
coordinated multicellular innate and adaptive immune
responses to brain injury and retinal diseases.

DAPMs in Gliosis

DAMPs are endogenous danger molecules released from
the extracellular and intracellular space of the damaged
tissue or dead cells, which can capable of triggering and
perpetuating an immune response in the body. DAMPs can
interact with cells through multiple signaling pathways such
as the RAGE pathway, TLR-pathway, NLRP3 inflammasome
pathway, CD-14 dependent pathway, IL-R1/ST-2 signaling
pathway, CD-91 signaling pathway, and DNGR-1 signaling
pathway [6,7]. DAMPs could be similarly acting with glia
as the pathways are not deciphered in detail. The reactive
glia activated by DAMPs can further secret cytokines and
chemokines and play a significant role during inflammation.
Reactive Muller gliaplayimportantroleinneuroinflammation,
neurodegeneration, and vascular permeability by secreting
harmful factors, such as tumor necrosis factor (TNF), and
interleukin-1 (IL-1), nitric oxide (NO), ATP, Histones H3,
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and H4. The extracellular ATP and histones further act as
DAMP and activate P2X7R and TLR respectively leading
to neuroinflammation and neurodegeneration in retinal
diseases [2,7,8]. Whereas, the inflammatory markers may
activate other glial cells such as astrocytes and microglia
generatingavicious cycle ofinflammation and may play rolein
neurovascular damage in the retina [8]. Activated microglia/
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macrophage and astrocytes secret pro-inflammatory factors
including TNF-q, IL-6, IL-1a, IL-1f3, CCL-2, CCL-3, CCL-4, CCL-
5, CXCL-1, CXCl-2, CXCL-10, NO, and play important role in
neuroinflammation and degeneration, leukocyte infiltration,
and neuro-vascular damage in neuronal and retinal diseases
[4,9-11].

Figurel: The schematic representation of DAMPs in gliosis. The injured neuronal tissue and diseased retina produce
extracellular, cytosolic, and nuclear DAMPs, which activate glia (astrocyte, Muller glia, and microglia). The reactive glia
produces cytokines, chemokines, and DAMPs which can again activate glia to create a vicious cycle of neuroinflammation,
except decorin, an extracellular DAMPs which shows inhibitory effect on gliosis.

Extracellular DMPs and Gliosis

The extracellular DAMPs that play a pathological
or protective role in neuronal and retinal diseases are
decorin, biglycan, versican, aggrecan, phospacan, neurocan,
LMW hyaluronan, heparan sulfate, fibronectin, fibrinogen,
laminin, and tenascin-c [6,7]. Decorin is a small, leucine-
rich proteoglycan, that plays a protective role in retinal and
neuronal diseases [7,12]. It significantly inhibits gliotic scar
by acting on TGF-f in penetrating incisional wounds of the
rat brain and juvenile post-hemorrhagic communicating
hydrocephalus, as well as by inhibiting GFAP positive
astrocytes, laminin, fibronectin, and endothelin-1 expression
and microglia activation in the brain [12,13]. TGF-B is
strongly associated with astrogliosis, neuronal damage,
and pathogenesis of glaucoma. It is reported that decorin is
secreted by astrocytes naturally and the treatment of decorin
inhibits the secretion of TGF-fs and connective tissue growth
factor in human optic nerve astrocyte and optic nerve and
further reduces the expression of collagen and fibronectin
and play important role in the expression of ECM molecules.
It may be useful as a therapeutic for glaucoma [14]. Biglycan,
a small, leucine-rich chondroitin sulfate proteoglycan
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associated with retinal and neuronal diseases, though its
role in disease pathology and gliosis is not known [7,15]. Itis
reported that the biglycan expression significantly increases
at the sight of injury, especially in the extracellular space and
ED-1 positive cells [16]. Chondroitin sulfate proteoglycans
neurocan and phosphacan are expressed by reactive
astrocytes in the chronic central nervous system glial scar,
which indicated that phosphacan and neurocan are in areas
of gliosis may contribute to axonal regenerative failure
after central nervous system (CNS) injury [17]. In contrast,
brevican and versican are not expressed in the chronic
glial scar [17]. In spinal cord injury, all the chondroitin
sulfate proteoglycans neurocan, brevican, phosphacan, and
versican are significantly increased in the injury site with
co-localization of neurocan with GFAP indicating reactive
astrocyte as its source [18]. Also, the expression of versican
is significantly increased in reactive Muller glia of light-
induced retina degeneration model and advanced stage of
retina degeneration Rho-/-mouse model [2,19]. Astrocyte
is the source of aggrecan that plays important role in the
inhibition of neurite growth [20]. Also, the overexpression
of aggrecan in multiple sclerosis lesions and gliotic retina
of cadaveric proliferative vitreoretinopathy human eye is
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reported [10,21]. Aggrecan could play a regulatory role in
the activation of astrocytes. On the other hand, the microglia
not only co-localize with a perineuronal net but also secret
protease to degrade ECM molecules like aggrecan [22].
Hyaluronan is a major glycosaminoglycan of the extracellular
matrix,and may play a pathologic or protective function based
on its molecular weight. The LMW hyaluronan enhances
astrocyte proliferation and gliosis and neuroinflammation
whereas HMW hyaluronan inhibits glial scar formation
and neuroinflammation in the brain and spinal cord injury
[23,24]. It also involves liquefication of vitreous in diabetic
retinopathy and retinal detachment [7]. However, its role in
Muller gliosis and microglial activation is unknown. Heparan
sulfate proteoglycans play important role in cell adhesion, as
a binding site for proteases, and regulation of growth factors
such as basic fibroblast growth factor. Activated microglia
releases cathepsin S which in turn degrades heparan sulfate
proteoglycans by releasing heparan sulfate that could act as
a DAMP [25].

On the other hand, heparan sulfate may mediate its
regulatory role in various retinal and neuronal diseases like
age-related macular degeneration, glaucoma, and diabetic
retinopathy by interacting with various angiogenic growth
factors, including FGF, VEGF, TNF-a, TGF-b, and IFN-g [26].
In an injured brain and TGF-f treated cultured glia, the
sulfated heparan sulfate proteoglycan and syndecan-1
are significantly increased in astrocytes, suggesting
novel approaches to modulating scar formation [27].
Fibronectins are the glycoproteins involved in different
cellular functions including cell adhesion, chemotaxis, and
opsonization. The deposition of fibronectin and fibrinogen
is significantly increased in MS lesions and inflammatory
and non-inflammatory disorders of CNS [28]. Fibronectin is
synthesized by the astrocytes in normal conditions, and the
activated astrocyte is associated with fibronectin, laminin,
and collagen deposition during spinal cord injury [29,30].
The role of fibronectin in microglia activation has been
studied in a brain cryoinjury model in rats, and found that
at the injury site there is a significant increase in fibronectin
as well as activated microglia, macrophage, and astrocytes.
Interestingly, the fibronectin is co-localized with the ED-1
positive microglia. The results suggest that fibronectin is
extravasated into injured brain lesions via an impaired
blood-brain barrier and stimulated microglia/macrophage
activation, which modulates CNS inflammation after brain
injury [31].

Theidiopathicepiretinal membrane, a vision-threatening
condition, is termed epiretinal gliosis characterized by
reactive Miiller cell gliosis. Under TGF-f3 treatment the Muller
glia undergoes epithelial to mesenchymal transition with
a significant increase in fibronectin gene expression and
extracellular fibronectin deposition [32]. More interestingly,
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fibrinogen can also activate astrogliosis by promoting the
availability of active TGF-beta after vascular damage in central
nervous system injury [33]. The fibrinogen can induce a
rapid and sustained microglial response, microglia clustering
which is necessary for the development of axonal damage in
neuroinflammation in multiple sclerosis [34]. However, the
role of fibrinogen for Muller glia activation and vice versa
is not known. Laminin expression significantly increases
at the site of neuronal injury after astrogliosis and seems
to have beneficial to CNS repair. Laminin promotes axonal
growth, and laminin up-regulation after CNS injury has been
correlated with the transformation of ramified, bipolar/rod-
shaped microglia into amoeboid microglia [35,36]. The role
oflaminin on Muller gliosis is not known, however, Laminin-1
dysregulation results in retinal Muller glia cell migration.
Tenascin-C immunoreactivity was significantly higher with
the reactive astrogliosis in the hippocampus of epileptic
rats [37]. The loss of extracellular Tenascin-C lead to loss in
gliosis in an autoimmune glaucoma mouse model [38]. Also,
the activation of Tlr4 by Tenascin-C regulates chemotaxis,
phagocytosis, and proinflammatory cytokine production
in microglia [39]. Overall, the extracellular matrix DAMPs
are related to gliosis and the mechanism of action could be
studied in detail.

Cytosolic DAMPs and Gliosis

The cytosolic proteins such as leukemia inhibitory factor
(LIF), S100 proteins, uric acid, heat-shock proteins (HSP),
adenosine triphosphate (ATP), cyclophilin A, and amyloid-3
(AB) play a pathological or protective role in retinal and
neuronal diseases [6,7,11,40,41]. LIF is a pleiotropic cytokine
and a member of the GP-130 class of neuropoietic cytokines.
Itis significantly increased in the brain and spinal cord injury
[42]. The up-regulation of LIF is associated with astrocyte
and Muller gliosis and activation of microglia, survival, and
regeneration of injured peripheral neurons. LIF is also the
key mediator of inflammatory responses in the peripheral,
central nervous, and spinal cord injury systems [5,40,42].
The S100 proteins, a family of calcium-binding cytosolic
proteins plays dual effects on the neuron, pro-survival
at nanomolar concentration and inflammatory effects at
higher concentrations [43]. The chronic over-expression
of S100B leads to both astrogliosis and microgliosis in
the brain during Alzheimer’s disease and is involved in
the pathological progression of the disease by promoting
amyloidogenic amyloid precursor protein processing [11].
The pharmacological inhibition of S100B shows inhibition
of gliosis and neuronal loss in the Alzheimer’s disease
mouse model [43]. Interestingly S100 alone or S100 and
HSP27 lead to retinal gliosis and ganglionic cell loss in
the autoimmune glaucoma model [44]. Uric acid (UA), an
end product of purine metabolism, induces astrogliosis,
microgliosis, inflammation, and neurodegeneration in
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rat hippocampus, by activating TLR4/NFkB signaling
pathway [45]. NFkB inhibitor and TLR-4 knock-out mice
show significant amelioration of UA-induced hippocampal
inflammation and memory deficits in the rodent’s model. In
diabetic patients and STZ-induced rats, monosodium urate is
increased significantly as a byproduct of UA. Hypouricemic
drugs allopurinol treatment significantly inhibits gliosis in
STZ-induced DR rat retina, with inhibition of NLRP3, TLR-4,
and IL-1p expression indicating involvement of UA in retinal
gliosis via NLRP-3 signaling pathway. Heat-shock proteins
(HSPs) are highly conserved “stress proteins.” HSPs are
well known as intracellular molecular chaperones and also
participate in morphological development and apoptotic
processes [46].

The HSPs such as hsp27 and af-crystallin is highly
expressed by the activated astrocytes and of3-crystallin in
activated microglia in Alzheimer’s disease and Parkinson’s
disease, and are strongly associated with neurofibrillary
degeneration and dementia [41]. When HSP90, HSP70,
and HSP32 are administered externally to microglia cells,
they could induce the production of interleukin 6 and
tumor necrosis factor a and increase the phagocytosis and
clearance of AP peptides which indicated the regulatory role
of HSPs in microglia activation and neuroprotection [46].
There is a significant increase in HSP90, HSP70, and HSP27
in the activated Muller glia in proliferative vitreoretinopathy
human retina, ischemia-reperfusion injury rabbit retina, and
glaucomatous rat retina respectively [47-49]. The Muller
HSPs could be playing role in accommodation to stress in
the gliotic retina. ATP is a purine base that mediates almost
all physical responses such as glucose metabolism, muscle
contraction, biosynthesis, and molecular transfer within
the cell [6]. However, the extracellular ATP acts as DAMPs
and activates microglia and astrocytes, and induces a
neuroinflammatory response. The ATP shows concentration-
dependent activation of astrocytes in terms of cell
proliferation, stellation, shape remodeling, and underlying
actin and GFAP filament rearrangement [50].

The activated Muller glia releases ATP which indeed
induces overexpression of P2X7R in retinal ganglionic
cells resulting in ganglionic cell death. The intravitreal ATP
injection has also the similar result of P2X7R upregulation
and ganglionic cell death [8]. Cyclophilin A is a multifunctional
protein thatisinvolved in a variety of inflammatory situations.
The extracellular cyclophilin A significantly enhances
astroglia and microglia activation in the brain. Fragments
of cyclophilin A from scrapie-infected brains are a potent
stimulator of cytokine release by both microglia and astroglia
in vitro and treatment with Cyclosporin A (an inhibitor of
Cyclophilin A) or Cyclophilin A antibody can inhibit gliosis
and cytokines production by microglia and astroglia [51].
However, the role of cyclophilin A in Muller glia has not been
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studied yet. AS induced gliosis and inflammation with the
release of neurotoxic cytokines in Alzheimer’s diseases brain
and prominently contribute to the progression of the disease
[52]. The intravitreal injection of AP causes neurotoxicity
with a significant decrease in photoreceptors and ganglionic
cells and an increase in Muller cell gliosis [9]. The plasma
membrane, endoplasmic reticulum, and mitochondrial
DAMPs, though reported to play important role in retinal
and neuronal diseases, however, their role in gliosis is not
elucidated yet.

Nuclear DAMPs and Gliosis

The multiple nuclear DAMPs such as histone, HMGB-1,
HMG-N1, IL-1q, IL-33, DNA, and RNA are reported to involve
in neuronal and retinal diseases, however, only histones and
HMGB1 are reported to play important role in gliosis [6,7].
Histones are highly conserved, alkaline, positively charged
proteins located mainly in the nucleus. The nuclear histones
H2A,H2B, H3, and H4 form nucleosomes, and H1 and H5 form
linkers and they play important role in regulating nuclear
architecture. However, histones can also be released into
the extracellular space by both damaged and activated cells,
evincing significant toxic or pro-inflammatory activity both in
vivo and in vitro [53]. There is a significantincrease in histone
proteins (H3,H4) in the gliotic proliferative vitreopathy
retina as compared to the normal retina, and Muller glia
could be one of the main sources of enhanced extracellular
histones [47]. The histone H3 is found on the outer side of
the detached retina and is associated with photoreceptor
death in the rat model [54]. The overexpression of H1 in
the diabetic retina has been reported to cause gliosis and
promotes autophagy and neuronal cell death in the retina.
Histone H1 promotes autophagy by upregulating SIRT1 and
HDAC1 to maintain the deacetylation status of H4K16, leads
to upregulation of ATG proteins, then promotes autophagy
in the cultured retinal cell line [55]. The damaged brain also
secrets histone H1 to the extracellular space which activates
microglia and astrocytes and leads to neuronal cell death.
[56] In Alzheimer’s disease, the non-nuclear stone H1 is
found on the cell surface of neurons and activated astrocytes.
However, the mechanism of the molecular mechanism of
gliosis by histones is not known [57]. HMGB1, a member
of the HMG protein family, which is located in the cell
nucleus, has a critical function in DNA transcription and
regulation. When it is released to the extracellular space,
HMGB1 is known to induce inflammation by activating the
NF-kB pathway by binding to TLR2, TLR4, TLR9, and the
receptor for advanced glycation end products (RAGE) [6,58].
HMGB-1 expressions and release to extracellular space
are significantly enhanced in the ischemic brain resulting
in neuroinflammation. The extracellular HMGB-1 plays a
crucial role in microglia activation in ischemic brain as well
as in vitro cell culture, whereas the treatment with HMGB-
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1 antibody or HMGB shRNA significantly reduced microglia
inhibition and inflammation [59]. In diabetic retinopathy,
HMGB-1 plays an important role in vascular permeability
by inducing microglia and astrocyte activation. The
activated microglia and astrocytes secrete pro-inflammatory
cytokines after HMGB-1 treatment. Further, pericyte death
can be mediated by HMGB-1-induced cytotoxic activity of
glial cells, whereas HMGB-1 can directly mediate the death
of endothelial cells [4]. HMGB-1 treatment enhances STAT-
3 expression in Muller glia and plays a crucial role in VEGF
secretion by Muller glia and endothelial cell migration,
though there is no study found on the direct role of HMGB-
1 in Muller gliosis yet. Further, glycyrrhizin an HMGB-1
inhibitor attenuates the diabetes-induced upregulation of
pSTAT-3 in the retina and hence inhibits HMGB1-induced
VEGF secretion by Miiller cells and HRMEC migration [60].
HMGB-1 is reported to significantly enhanced expression in
aging astrocytes but is reduced in aging neurons. This finding
is correlated with the enhanced DNA damage and neuronal
cell death and enhanced proliferation of astrocytes with
aging suggesting its role in neuronal aging and degeneration
[61]. The circulating cell-free DNA significantly increases the
traumatic brain injury, however, it could be playing important
role in neurodegeneration and gliosis [62].

Conclusions

In recent years, much has been known about the role
of DAMPs in neuronal diseases and both brain and retinal
injury. Though the gliosis is important in neuronal injury,
inflammation, and degeneration, the basic understanding
of these DAMPs on gliosis is in the naive stage. In this
regard, understanding the implications of DAMP-mediated
neuroinflammation and neurodegeneration could provide
valuable knowledge in exploring possible diagnostic and
therapeutic approaches aimed at mitigating the progress of
neurodegenerative pathologies.
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