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Abstract: Background: Retinal ganglion cell (RGC) degeneration is a major feature of glaucoma
pathology. Neuroprotective approaches that delay or halt the progression of RGC loss are needed to
prevent vision loss which can occur even after conventional medical or surgical treatments to lower
intraocular pressure.

Objective: The aim of this review was to examine the progress in genetics and cellular mechanisms
associated with endoplasmic reticulum (ER) stress, RGC dysfunction and cell death pathways in
glaucoma.

Materials and Methods: Here, we review the involvement of neurotrophins like brain derived neu-
rotrophic factor (BDNF) and its high affinity receptor tropomyosin receptor kinase (TtkB) in glau-
coma. The role of ER stress markers in human and animal retinas in health and disease conditions is
also discussed. Further, we analysed the literature highlighting genetic linkage in the context of
primary open angle glaucoma and suggested mechanistic insights into potential therapeutic options
relevant to glaucoma management.

Results: The literature review of the neurobiology underlying neurotrophin pathways, ER stress and
gene associations provide critical insights into association of RGCs death in glaucoma. Alteration in
signalling pathway is associated with increased risk of misfolded protein aggregation in ER promot-
ing RGC apoptosis. Several genes that are linked with neurotrophin signalling pathways have been
reported to be associated with glaucoma pathology.

Conclusion: Understanding genetic heterogeneity and involvement of neurotrophin biology in
glaucoma could help to understand the complex pathophysiology of glaucoma. Identification of
novel molecular targets will be critical for drug development and provide neuroprotection to the

RGCs and optic nerve.
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1. INTRODUCTION

Glaucoma is a neurodegenerative disease of the eye and
is the major cause of irreversible vision loss. It has been pro-
jected to affect approximately 60 million people by 2020,
translating to more than 8.4 million cases of irreversible
blindness worldwide [1]. The underlying pathological
mechanism associated with disease progression is still under
investigation, but evidence from both human and experimen-
tal models suggest that elevated intraocular pressure (IOP)
obstructs retrograde and anterograde axonal transport of neu-
rotrophins in retinal ganglion cells (RGCs) axons at the level
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of the optic nerve head (ONH) [2]. Genome-wide association
studies (GWAS) and other genomic analyses have success-
fully identified over 70 single nucleotide polymorphism
(SNPs) associated with primary open angle glaucoma
(POAG) [3]. The molecular basis of cell signalling pathways
and genetic risk factors can be studied together to understand
their contribution to this complex disease and could provide
cell signalling and gene regulatory based screening tests. In
this review, we summarize the recent advances in the neu-
rotrophin signalling pathways and genomics associations that
are identified in glaucoma (Fig. 1). Deprivation of nerve
growth factor (NGF) and other neurotrophic factors contrib-
utes to disease progression. A better understanding of the
gene linked molecular events is necessary to produce novel
therapeutic targeted treatment, which may give hope to pre-
serve vision.

©2018 Bentham Science Publishers
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Fig. (1). Schematic representation from brain to eye highlighting association of neurotrophins and genes in glaucoma (NGF, nerve growth
factor; TrkB, tropomyosin receptor kinase B; Shp2, SH2 domain containing protein tyrosine phosphatase; p7SNTR, p75 neurotrophin recep-
tor; ER, endoplasmic reticulum; IOP, intraocular pressure; NTF4, neurotrophin factor 4; BDNF, brain derived neurotrophic factor; MYOC,
myocilin; OPTN, optineurin; WDR36, WD repeat domain 36; TMCO1, transmembrane and coiled-coil domains 1).

2. NEUROTROPHIN ROLE IN RGCs

Neurotrophins play a key role in neuronal cell survival.
In healthy or normal conditions, RGCs can receive neurotro-
phin support from Muller cells [4] or retrograde axonal
transport from the brain directly. This has been visualized
using live-cell imaging in vitro [5]. Human and mouse adult
RGCs not only express Trk family receptors but also abun-
dantly express p75SNTR receptor during retinal development
[6]. The p75NTR receptor is predominantly expressed in
Miiller glial cells [6, 7]. The immature form of neurotrophin,
such as pro-NGF binding to p75SNTR leads to its activation
and programmed cell death via tumor necrosis factor-alpha
(TNFa) production in glial cells [8]. NGF binding to the
p75NTR receptor in the absence of TrkA has been suggested
to induce apoptosis in developing RGCs [9]. Lack of neu-
rotrophin support has been suggested as a reason for RGCs
degeneration and death in glaucoma [10]. A significant ques-
tion is where do neurotrophins originate, and how do neu-
rotrophins function upon engaging receptors on RGCs? Dif-
ferential activation of neurotrophin receptors can occur when
neurotrophins act at the axonal terminal or at the neuronal
cell body [11, 12]. Neurotrophins are also shown to transport
retrogradely from the superior colliculus (SC) in the central
nervous system (CNS). Retrograde transportation of neu-
rotrophin take place from SC to RGCs cell bodies. Studies in
rats demonstrated that acute IOP elevation inhibits the retro-

grade transport of brain-derived neurotrophic factor (BDNF)
from SC to the RGCs soma. Deprivation of BDNF to RGCs
contributes to the loss of visual signal [11]. NGF also dif-
fuses to presynaptic axon terminals of neurons such as the
cholinergic neurons where it binds its receptor TrkA, bring-
ing its dimerization, phosphorylation and the formation of an
extended complex of proteins involved in signalling path-
ways. These complexes are then internalized in part by
clathrin-coated membranes and moved to early endosomes
that are then retrogradely transported from axons to the cell
body through a dynein-microtubule based mechanism. When
the signalling endosome reaches the cell body, the signal is
communicated to the cytoplasm and the nucleus, triggering
gene expression. Lysosomes promote the degradation of this
signalling complex [13]. This model proposed for NGF may
well apply for other neurotrophins. Many studies have led to
the conclusion that BDNF is also locally synthesized in the
retina. The RGCs and neighbouring amacrine cells produce
BDNF that may act in a paracrine fashion. The RGCs them-
selves act in autocrine fashion and these neurons have been
shown to survive in absence of additional BDNF from the
brain and are able to express it in culture [14, 15]. Other neu-
rotrophic factors such as ciliary neurotrophic factor (CNTF)
and glial cell-line derived neurotrophic factor (GDNF) have
also been reported to be involved in RGCs maintenance and
survival [16, 17].
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3. NEUROTROPHINS DEPRIVATION THEORY IN
GLAUCOMA

Neurotrophins are transported to the retina by retrograde
manner. They are responsible for regulation of neuronal
growth, function and survival. The long-range retrograde
neurotrophin transportation is probably facilitated via en-
dosome signalling [18]. Neurotrophins bind to the Trk recep-
tors at axon terminals which is then taken up by cell body
retrogradely [19]. In glaucomatous conditions, due to high
IOP the retrograde transport is thought to be blocked at the
ONH region and RGCs fail to receive BDNF and TrkB sup-
port for survival [11, 20]. This deprivation causes an altera-
tion of axoplasmic transport of neurotrophins from target
neurons in the SC and lateral geniculate nucleus in the brain
[21]. RGCs seem to be especially dependent upon BDNF,
NT-4, CNTF, and GDNF [12, 22-24]. Pease and colleagues
(2000) demonstrated that experimental glaucoma induces
abnormal TrkB axonal distribution, focal accumulation of
TrkB and BDNF, increased levels of TrkB in ganglion cell
layer (GCL), and increased TrkB in glia [20]. The ability of
RGCs to survive in culture with the lack of exogenous
BDNF has also been demonstrated [15] suggesting that the
deprivation of extrinsic BDNF because of retrograde trans-
port interruption is not the only reason for RGCs death in
glaucoma. This is important because BDNF/ TrkB down-
stream signalling is involved in apoptosis inhibition and has
been shown to support survival of retinal explants and cul-
tures. It has also been shown to increase the rate of axonal
elongation but only when it is present in the axonal terminals
[25-27]. The presence of TrkB and BDNF in the all sub-
populations of the RGCs has been demonstrated in the retina
[14]. 1t is believed that neurotrophin deprivation in neurons
exerts stress and initiates apoptotic pathways with in the cell
through activated JNK which stimulates expression of BH-3-
containing proteins that facilitate the actions of a proapop-
totic proteins (BAX) causing mitochondrial dysfunction [28,
29]. In summary, neurotrophin deprivation induces cell death
and auxiliary therapy could therefore be a potential approach
in glaucoma treatment.

4. BDNF-TrkB SIGNALLING

There is evidence for the protective role of BDNF in
maintaining the survival of RGCs under conditionally in-
duced apoptosis like optic nerve injury or glaucoma [30]. In
regenerating RGCs neurons, BDNF initiates neuritogenesis
[31], and can repair damaged optic nerve and RGCs [30, 32].
Our recent studies have established the role of BDNF im-
pairment in structural, functional and molecular neurodegen-
erative changes in the inner retina that are exacerbated with
age and in glaucoma in BDNF"" mice [33]. TrkB activation
leads to an enhanced PI3K/Akt and Erk1/2 signalling in the
RGCs and Erkl1/2 appears to be responsible for promoting
the survival of RGCs [34, 35]. Previous studies have shown
that BDNF mediated TrkB signalling modulates glycogen
synthase kinase 33 (GSK3p) activity in retinoic acid differ-
entiated neuroblastoma, SH-SYSY cells [36]. BDNF binds to
the TrkB receptor to initiate multiple signalling cascades as
discussed above, including PI3K activation which in turn
leads to the stimulation of Ser/Thr kinase Akt [37]. Akt is a
major upstream regulator of GSK3p and regulates GSK3f3
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signalling by its phosphorylation at Ser’, thereby inactivating
it [38]. The active form of GSK3f (GSK3p phosphorylation)
inhibits collapsin response mediator protein-2 (CRMP-2)
binding to tubulin and promotes microtubule dynamics along
with regulating axonal transport and outgrowth in neurons.
In order to understand the mechanism of BDNF/ TrkB sig-
nalling in RGCs, we have demonstrated that activation of the
BDNF-TrkB signalling in PC-12 cell lines regulate GSK3f3
activity which is involved in cellular survival, cell fate de-
termination and proliferation [39]. BDNF knockdown in PC-
12 cell lines resulted in marked downregulation of GSK3f3
phosphorylation [39]. In addition, ONH of BDNF"" mice
illustrated reduced GSK3p phosphorylation with age [39].
Further studies to stimulate BDNF-TrkB signalling in RGCs
neuroprotection may lead to development of effective treat-
ment therapies for glaucoma.

5. GLIAL BDNF-TrkB SIGNALLING

BDNF-TrkB signalling promotes cell survival by the
activation of pro-survival pathways [8, 40]. Notably, the
expression of TrkB is relatively higher in inner retinal cells
like Miiller glial cells and RGCs as compared to the photore-
ceptor cells [8, 41, 42]. This suggests that the neuroprotective
roles of BDNF-TrkB signalling in the inner and outer retina
is different. Indeed, Kimura et al. (2016), reported a direct
neuroprotective action of glia on photoreceptor cells. BDNF
treated Muller glia cells in vitro show upregulated CNTF
levels, while upregulation of basic fibroblast growth factor
by glia protects the photoreceptor cells undergoing damage
[43]. BDNF-TrkB signalling in glial cells produces neuro-
protective effects. Two different TrkB knockout mice mod-
els were used to confirm the positive role of BDNF-TrkB
signalling in RGC survival. These models were TrkB*/*
mice crossed with GFAP-Cre mice to produce TrkB“*" KO
mice in which TrkB is selectively deleted from Muller glial
cells, and TrkB“™' KO mice that have TrkB deleted only
from the RGCs. In both of these mice models, a similar de-
gree of neuronal damage from glutamate neurotoxicity was
observed. Likewise, apoptosis in the photoreceptor cells in-
duced by methylnitrosourea (MNU), was augmented in
TrkBY"F KO mice. In addition, an optic nerve damage
model demonstrated that TrkB“™*" KO mice had a higher
percentage of RGC loss in comparison to the wild-type mice
[42, 43]. TrkB.T1 is the truncated isoform of TrkB receptor
and BDNF binding to this truncated isoform in Muller cells
demonstrated protection of photoreceptor cells against light-
induced damage [44]. Localization of BDNF and TrkB along
with other adaptor protein like Src homology 2 domain con-
taining (Shc) and phospholipase Cyl (PLC-yl) in the en-
dosomes potentially makes it possible for TrkB to be trans-
ported within the cell [45]. This could be a mechanism of
BDNF-TrkB translocation in the optic nerve axons. Taken
altogether, these studies highlight the neuroprotective role of
glial BDNF-TrkB signalling in retinal cells by activating the
downstream pro-survival cascades.

6. PHARMACOLOGICAL MODULATION OF TrkB

Even though BDNF is accepted to be neuroprotective in
RGCs, its impact on RGC survival has been observed to be
transient. While BDNF at first enhances RGC survival, it
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loses its protective effect over time [46]. On repeated TrkB
activation by higher doses or multiple applications, the
pathway becomes desensitized to BDNF. Considering differ-
ent caveats of BDNF, for example, its short half-life, cross-
reactions associated with the prolonged use or expanded
doses, and difficulty of delivery, the clinical prospect of util-
izing BDNF for neuroprotective therapy has been disap-
pointing [47].

There are not many natural or synthetic compounds that
can act as an agonist to the TrkB receptor and mimic the
function of BDNF with minimal side effects. For example,
TrkB agonist antibody 29D7 enhanced RGCs survival in
culture in a dose-dependent manner and enhanced the cAMP
elevation, consistent with prior observations on the ability of
cAMP to enhance the RGC response to BDNF for the sur-
vival and axon growth [48]. Hua ef al. (2010) also demon-
strated the ability of antibody 29D7 to enhance RGCs sur-
vival and regeneration in vivo after intravitreal injection of
29D7 antibody. The density of surviving RGCs was in-
creased by single antibody 29D7 injection but to a lesser
degree than in the BDNF-treated retinas [48].

We and others have shown that naturally occurring fla-
vonoid, 7,8-dihydroxyflavone (7,8-DHF) has potential to
activate the TrkB receptor extracellular domain (ECD) trig-
gering conformational changes in the receptor and stimulat-
ing phosphorylation of the TrkB receptor intracellular do-
main (ICD) which is critical for the tyrosine kinase activity
of the TrkB receptor and it’s downstream signalling events
[49-51]. The binding of 7,8-DHF and BDNF to TrkB recep-
tor is shown to be on two different sites. 7,8-DHF binds spe-
cifically to the ECD of the TrkB receptor and induces TrkB
phosphorylation at Tyr’">, Try’* and Tyr®'® in ICD in neu-
rons. In neuronal lysates, the BDNF-triggered phosphoryla-
tion activity of TrkB and in return TrkB was highly ubiquiti-
nated [52, 53]. In contrast, 7,8-DHF rapidly elicited TrkB
phosphorylation in the retinal ganglion cells [54]. Remarka-
bly, no TrkB ubiquitination was detected in 7,8-DHF in-
duced TrkB receptor activation [55]. Another small molecule
that mimics the neurotrophic activity of BDNF is deoxy-
gedunin which is a tetranortriterpenoid present in the Indian
neem tree (Azadirachta indica) [56]. Deoxygedunin also
binds to the ECD of TrkB and was shown to elicit strong
TrkB activation in hippocampal neurons of rat. Deoxy-
gedunin is also found to stimulate downstream signalling
activation of both Erk1/2 and Akt pathways in neuronal cul-
ture and prevent neurons from undergoing apoptosis [55, 57].

7. TrkB REGULATION BY
PHOSPHATASE Shp2

ENDOGENOUS

Protein tyrosine phosphatase (PTP) is the Src homology
2 (SH2) domain containing phosphatase Shp2 [58]. It is ex-
pressed ubiquitously and plays a key role in several cellular
signalling pathways affiliated with cell growth, differentia-
tion, mitotic cycle, metabolic control, transcription regula-
tion and cell migration, along with positive or negative regu-
latory role in TrkB receptor signalling and neural fate in ret-
ina [59-62]. Shp2 binds to tyrosine kinase receptors like
platelet-derived growth factor receptor (PDGFR) and epi-
dermal growth factor receptor (EGFR) via its SH2 domains
directly or indirectly [63]. In addition, Shp2 has been found

Current Neuropharmacology, 2018, Vol. 16, No. 7 1021

in the receptor complexes in which the Jak/Tyk family of
receptor-associated tyrosine kinases phosphorylate tyrosine
residues in response to stimulation with CNTF, leukemia
inhibitory factor, oncostatin M and interleukin-6 [64]. Shp2
acts either as an adaptor protein [65] or as a modulator of
tyrosine phosphorylation [63] in these signalling complexes.
It has also been shown that Shp2 acts as a mediator of
BDNF-activated signalling [66]. The presence of BDNF in
cerebral cortical neurons is suggested to promote the phos-
phorylation of Shp2 [54, 67, 68]. Although, Shp2 enhances
the survival effect of BDNF in these neurons [69], it also
acts as a negative regulator of BDNF-activated signalling
during neuronal excitotoxicity [66, 70]. Cai et al. (2011)
demonstrated that Shp2 is essential for the initiation of reti-
nal neurogenesis but is not crucial for tissue differentiation
[71]. However, Shp2 deletion in embryonic stages resulted in
retinal degenerative changes including optic nerve dystrophy
in mice, further explaining its role in retinal development.
Also, Shp2 mediated tyrosine dephosphorylation is reported
in Semaphorin-4D (Sema4D) induced axonal repulsion in
RGCs and hippocampus neurons [72, 73]. Shp2 has been
shown to be predominantly expressed in the inner retina in-
cluding ganglion cell layer (GCL), although it also regulates
photoreceptor differentiation and is suggested to protect the
outer retina indirectly through Muller glial cell involvement
[71, 74]. Studies in our group have demonstrated interaction
of TrkB with Shp2 is increased in the RGCs by 2-3 fold in
ON axotomy and microbead injected glaucoma animal mod-
els. Further, primary culture of rat RGCs showed high TrkB
and Shp2 interaction when subjected to glutamate excito-
toxic and hydrogen peroxide (H,0O,) induced oxidative stress
conditions [75]. Interestingly, increased dephosphorylation
of TrkB was observed in the RGC stress models in vivo. Not
much is known about how Shp2 regulation of TrkB activity
affects the RGC survival in healthy and disease conditions.
Therefore, Shp2 may serve as a potential target to explore
and understand the mechanisms of RGC death. It also offers
an opportunity to explore the potential for Shp2 gene therapy
as a therapeutic target in glaucoma conditions. Caveolins
(Cav) are integral membrane adaptor proteins that form the
principal components of the omega-shaped caveolar struc-
tures in the plasma membrane. The various form of cav are
caveolin-1 (cavl), caveolin-2 (cav2), and caveolin-3 (cav3).
These variants differ with respect to tissue distribution and
their specific function. Origin of ancestry is similar for cavl
and cav2 and is expressed in smooth muscle cells, neuronal
cells, endothelial cells, adipocytes and fibroblast in abun-
dance [76, 77]. Cav3 expression is predominantly limited to
muscle cells [76], but has also been identified in astroglial
cells, vegetative ganglion neurons etc [78, 79]. Cavl altera-
tions have been linked to retinal pathologies including dia-
betic retinopathy and glaucoma [80, 81] but its role in retinal
neuroprotection is still unknown. Recently, Reagan and col-
leagues (2016) demonstrated the neuroprotective role of cavl
in the retina. Cavl is involved in recruiting circulating leu-
kocytes during inflammation and these cytokines activate the
JAK/STAT pathway, which downregulates apoptotic factors
to prevent retinal neuronal death [82, 83].

Cavl is also shown to interact with toll-like receptors
(TLRs) in the retina that recognize and respond to patho-
genic stimuli and initiate pro-inflammatory cytokine re-
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Fig. (2). Schematic representation of the BDNF/ TrkB signalling in normal and glaucomatous conditions. The downstream cellular effects of
BDNF-TrkB complex in normal condition promote neuronal survival. Under glaucomatous stress, the downstream survival pathway ceases

and induces ER stress and promote cell apoptosis.

sponses. Cavl associates with TLRs and regulates TLR sig-
nalling [84]. Recently, we have shown molecular evidence
that Shp2-TrkB interaction in RGCs is mediated through
cav. Under ON axotomy and glaucomatous stress cavl and
cav3 undergo hyperphosphorylation and interact with Shp2
in the RGCs [75]. Cav may bind to the SH2 domain of Shp2
and thus diminish the auto-inhibition of Shp2 and enhance
its phosphatase activity [85]. There might be the possibility
of recruitment of Shp2 by cav acting as a signalling platform
and increase its proximity to TrkB receptor, thereby increas-
ing dephosphorylation of TrkB and influencing downstream
signalling (Fig. 2). Cavl” mice show an enhanced Erk1/2
phosphorylation in the hippocampus [86]. Consistent with
Cav-Shp2 interactions in the RGCs, previous studies also
that cavl undergoes hyper-phosphorylation in oxidative and
osmotic cellular stress in fibroblast cultures [87, 88]. Trabe-
cular Meshwork (TM) cell lines from POAG patients treated
with dexamethasone show a decline in cavl phosphorylation
[89], implicating that cav phosphorylation is affected by
glaucoma in the RGCs. Cav is also reported to play a critical
in Shp2 activation in astrocytes, retinal homeostasis, preser-
vation of blood retinal barrier permeability and outer retinal
functions [90-92].

8. APOPTOSIS IN RGCs

Ganglion cells undergo apoptosis in glaucoma leading to
progressive loss of vision - the loss of RGCs is the principal

endpoint in experimental glaucoma [93]. This mechanism of
cell death is controlled by gene modulation.

Pro-apoptotic factors can arise in the retina through vari-
ous mechanisms such as ischemia, inflammation, excitotox-
icity, oxidative stress and hyperglycemia [50, 94-98]. Recent
evidence suggests that abnormal protein aggregation induced
stress may lead to an unfolded protein response in the endo-
plasmic reticulum (ER) [99]. Furthermore, some of the ER
stress signalling proteins control cell fate either by activating
pro-apoptotic, Bcl2 or anti-apoptotic Bax molecules in re-
sponse to cell burden [100].

9. ER STRESS AND UNFOLDED PROTEIN RESPONSE

Intracellular synthesized protein is further processed by
the ER. Protein folding, maturation, and trafficking are some
of the important functions of this organelle. The folded
membranes of ER help the newly synthesized proteins to
undergo posttranslational modification and correctly fold in
their three-dimensional (3D) conformations. However, only
mature (correctly folded) proteins can be taken up by the
Golgi bodies for further targeting. ER is the major intracellu-
lar organelle that senses environmental changes, cellular
stresses, coordinates signalling pathways and controls cell
function/ survival [101]. Different pathological and physio-
logical conditions, nutrient scarcity, change in redox status
and viral infection can influence the ER ability to facilitate
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protein folding, resulting in unfolded or misfolded protein
accumulation in the ER lumen and consequently increased
ER stress. The unfolded proteins form insoluble protein ag-
gregates that are toxic to the cell. This has been reported in
neurodegenerative diseases like glaucoma, Parkinson’s dis-
ease and Alzheimer’s disease [102-105]. Within the cell, an
adaptive mechanism is activated that comprises various in-
tracellular signalling pathways to remove toxic proteins,
termed the unfolded protein response (UPR). UPR alleviates
ER stress by three different strategies; (1) through ER-
related molecular chaperons to stimulate re-folding of the
folding proteins; (2) inhibit mRNA translation so that no
more generation of unfolded proteins take place and (3)
stimulate the retrograde transport of the misfolded proteins
from the ER lumen into the cytosol for ubiquitination by
activation of ER-associated protein degradation (ERAD)
[106].

Recent research has shown that the ER stress is associ-
ated with neuronal cell death in neurodegenerative diseases
like glaucoma [107]. In an animal model of chronic glau-
coma and acute ON traumatic injury, an increase in ER
stress proteins in the RGCs was observed [108, 109]. In-
travitreal injection of N-methyl-D-aspartate (NMDA) given
in ischemic insult animal model resulted in increased ER
stress protein expression in the inner retinal cells like RGCs,
amacrine and microglia. Activation of Bip, ATF4, and
CHOP by tunicamycin or NMDA-induced apoptosis in
mouse primary RGCs also suggested an imperative role of
ER stress in neuronal cell death in the retina [110]. An antip-
sychotic drug, Valproate demonstrated neuroprotective ac-
tions in the ischemic retina from ER stress-induced apoptosis
by inhibiting histone deacetylase activity [111]. Neuronal ER
stress is emerging as a promising therapeutic target for glau-
coma and potentially for other neurodegeneration diseases.

10. SIGNALLING PATHWAYS OF ER STRESS-
ASSOCIATED APOPTOSIS

Cell death often occurs if ER stress is chronic and the
protein burden on ER is unable to fold the protein accurately
and perform necessary cellular function. The three-major
proteins involved in UPR are (1) protein kinase RNA (PKR)-
like ER kinase (PERK), (2) ATF6 and (3) IREla. Under
normal biological conditions, BiP, an ER local chaperon,
binds PERK and ATF6 which keeps these ER stress proteins
idle. Upon aggregation of ER misfolded proteins, BiP is set
free from these complexes and helps in folding of accumu-
lated proteins [112]. The function of PERK is to regulate
mRNA translation and to prevent the entry of newly formed
unfolded protein to the ER compartment already experienc-
ing stress. PERK phosphorylates the elongation initiation
factor 20 (eIF2a) and nuclear erythroid 2 p45-related factor 2
(NRF2). Phosphorylated elF2a stops polypeptide synthesis
and phosphorylated NRF2 induces oxidative stress through
cell reinforcement genes such as heme oxygenase 1 (HO-1)
[113-115]. Another transcription factor, ATF6 is taken up by
the Golgi apparatus upon UPR and cleaved into luminal do-
main by serine protease site-1, whereas site-2 protease
cleaves the N-terminal domain. The separated N-terminal
domain of ATF6 then moves into the nucleus and forms a
complex with ATF/cAMP response elements (CRE) and ER
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stress-response elements (ERSE-1). The ATF6-CRE-ERSE-
1 complex initiates transcription of BiP, Grp94 and CHOP
[116]. IREla promotes apoptosis by stimulating apoptotic-
signalling kinase-1 (ASK1) and downstream activation of
JNK and p38 MAPK [117]. Anti-apoptotic marker, Bcl-2
expression is downregulated and Bim upregulated on p38
MAPK activation (Fig. 2).

11. GENES ASSOCIATED WITH GLAUCOMA

A genetic association of POAG has been recognised for
decades with a family history commonly identified, although
the non-mendelian nature of inheritance indicates a multifac-
torial etiology that may again vary in different ethnicities
[118]. Variants in myocilin (MYOC) [119], optineurin
(OPTN) [120], WD repeat domain 36 (WDR36) [121], and
neurotrophin 4 (NTF4) [122] have previously been reported
as showing an association with POAG. Genome-wide asso-
ciation studies (GWAS) have recognized new loci in POAG
such as caveolin 1 or 2 (Cavl/Cav2) [123], transmembrane
and coiled-coil domain 1 (TMCO1) [124], ankyrin repeat
and SOCS-box containing 10 (ASB 10), susceptible loci-
TXNRD2, ATXN2, and FOXC1 [125]. New gene associa-
tions with glaucoma continue to be discovered in larger co-
horts of different ethnicities although there remains a need to
identify whether statistical differences observed in these
studies are translatable into clinical significance. Molecular
mechanisms to identify the potential roles of these genes will
be a significant step forward to understand the glaucoma
pathophysiology.

11.1. NTF4 and BDNF

Pasutto ef al. (2009) demonstrated the association of six-
heterozygous variants in NT-4 (C7_Y, E48 K, A88 V,
R90 _H, R206 W and R206 Q) with POAG in European
cohort [126]. In contrast to this study, subjects with Euro-
pean ancestry from the south-eastern United States showed
no association between coding variants in N7F4 gene and
POAG, moreover, variants R206. W and A88 V were also
reported in the control individuals [127]. Interestingly, Rao
et al. (2010) showed that these variants in NTF4 were not
associated in POAG in an Indian population [128]. A single
missense mutation, L113_S in one Chinese patient was
found to alter the NT-4 protein structure and disrupt the
binding and activity of the TrkB receptor but this could be a
rare case of NTF4 variant in POAG [129]. The composite
nature of the disease phenotype and enormous genetic het-
erogeneity suggests that NTF4 mutation alone is not suffi-
cient to explain glaucoma pathogenesis. A recent study in
167 Polish patients and 193 healthy individuals showed no
significant association between G196 A allele polymor-
phism of the BDNF gene and POAG [130] although dys-
regulation of BDNF at the biochemical level has been impli-
cated in the disease pathology.

11.2. Caveolin 1 and 2

Genome-wide association studies (GWAS) resulted in
discovery of variations in caveolin gene (cavl/ cav2) locus
that is associated with POAG [131]. The study on an Ice-
landic cohort, found that a variant rs4236601 A in cavl and
cav2 gene loci on chromosome 7q31 was associated with
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POAG. They also performed replication studies in multiple
cohorts from Europe and East Asian ancestry. Further stud-
ies on this SNP (rs4236601) in Iowa, USA involving 545
POAG patients and 297 control subjects detected no associa-
tion of the disease with this variation [132]. However, Wiggs
et al. further confirmed the association of cavl and cav2
SNP with POAG in another cohort of Caucasian US popula-
tion [123]. Both cavl and cav2 were reported to express in
glaucoma TM cell lines [89]. The recent study in cavl-/-
(cavl knockout) mice suggested a possible reduced aqueous
humour drainage outflow as demonstrated by slightly higher
IOP in these animals [133].

11.3. MYOC

MYOC gene was identified as the first gene associated
with POAG and found at locus GLCIA on chromosome
1g23 [134]. The MYOC gene was first studied in vitro in TM
as response of glucocorticoid-induced gene (TIGR) while
studying the effects of dexamethasone on TM cell cultures
[135]. This gene encodes myocilin protein and intracellular
accumulation of its mutant leads to a misfolded form that
increases the IOP [136]. Recently, a mutation C1456 T in
MYOC gene was identified in a Chinese family. Beta-1, 4-
galactosyltransferase 3 (B4GALT3) gene also showed muta-
tion at G322 A in this POAG family [137]. In a transgenic
mouse model of POAG, MYOC mutation Y437 H shows a
significant increase in IOP with abnormal extracellular ma-
trix accumulation that potentially reduces aqueous outflow
[136]. Likewise, MYOC mutant Q368 X and Y437 H were
shown to activate the IL-1/NF-kB pathway activity in culture
TM-1 cell line [138]. A meta-analysis within Caucasian
populations suggested a genetic association between MYOC
polymorphism and POAG [139].

11.4. OPTN

Optinuerin (OPTN) was shown to have protective role in
glaucoma progression in response to TM stress [104]. Recent
studies on OPTN mutation demonstrated that overexpression
of E50 K mutation triggers the apoptotic factors and im-
paired the mitochondrial dynamics (fusion and fission) in
retina of aged ES0_K™ mice as well as in the primary cul-
tured RGCs [141]. The aged transgenic mice with overex-
pression of E50_K OPTN demonstrated diffused retinal lay-
ers with thinner retina. In contrast, low expression of E50 K
OPTN in aged transgenic mice did not lead to changes in
retinal layer thickness [142]. Clinical examination of sub-
jects with glaucoma with E50_K OPTN mutation was stud-
ied in caucasian families. It was examined subjects with
E50 K mutation at a younger age had more advanced optic
disc cupping and smaller neuroretinal rim area and were
found to have NTG features that appeared to be more severe
than that in control subjects with NTG without this mutation
[143].

11.5. WDR36

The alterations in WDR36 alone are not sufficient to
cause POAG, notwithstanding, the relationship of WDR36
sequence variants with more severe disease in affected indi-
viduals [144]. WDR36 encodes protein thought to be in-
volved with T-cell activation and proliferation and in ribo-
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somal RNA processing [145]. The loss of WDR36 in zebraf-
ish line with viral insert wdr36"*“*™¢ showed reduction in
WDR36 protein and was found to activate p53 stress re-
sponse pathway without alteration in pro-apoptotic gene, bax
[121]. In contrast, variant of WDR36 D658 G mutation in
Australian families was reported to be a neutral variant for
glaucoma [146]. These studies were also supported by
WDR36 mutation variant (N355 S, A449T, R529 Q and
D658 G) may be only rare disease-causing gene in glau-
coma in German population [147]. In Japanese populations,
WDR36 was not reported as a major contributing factor to
POAG [148]. At the molecular level, expression studies in
yeast indicated that WDR36 sequence variants can produce
changes in cellular phenotype [149].

11.6. TMCOL1

TMCOI is highly expressed in the human TM, ciliary
body and retina [150]. The location of this gene is upstream
to the MYOC gene at chromosome 1q24.1. The function of
TMCOL is to encode transmembrane coiled domain protein
that localize in the Golgi apparatus, ER or mitochondria in
different cell types and this protein has been suggested to be
possibly involved in RGCs apoptosis [151]. Recent studies
in the Han Chinese population identified the SNP rs4656461
and 157555523 in TMCOI to be associated with POAG
[152]. In addition, a study in a Pakistani cohort (total 268
POAG npatients) confirmed that the SNP rs4656461 in
TMCOI was highly associated with POAG [153]. Further-
more, black South African and Saudi cohorts showed no
association of the TMCO! gene variants with POAG [124,
154]. GWAS studies and meta-analysis of >6,000 subjects of
European ancestry identified a significant association of
TMCOI variants with IOP changes (SNP rs7518099) [155].
Additional studies are needed to identify the effect of these
polymorphisms and mutations in populations with different
ethnicities and to match for age and gender differences.

12. THERAPEUTIC PROSPECTS IN GLAUCOMA

This section outlines various therapeutic prospects to
protect the retina in glaucoma by targeting neurotrophin sig-
nalling, apoptotic pathways and by modulating ER stress
response.

13. CAN NEUROTROPHIN THERAPY SCALE DOWN
RGC DAMAGE IN GLAUCOMA?

Neurotropic factor supplementation has been shown to
protect the RGCs in ocular hypertension (OHT) animal mod-
els via intravitreal injection of human recombinant BDNF
[156]. The disadvantage of using BDNF is that it requires
repeated intravitreal injections to achieve a recognizable
neuroprotective effect [157]. Ko and colleagues have shown
an increase in RGC protection after four intravitreal injec-
tions of BDNF therapy. BDNF enhances and prolongs RGCs
survival both in vivo [30, 158, 159] and in vitro [5, 25] after
optic nerve injury and axotomy. However, TrkB expression
in RGCs is down-regulated after axotomy, making the cells
less sensitive to the neuroprotective actions of BDNF. TrkB
gene transfer to RGCs coupled with intravitreal BDNF ad-
ministration significantly increased RGC survival after
axotomy [160]. The neuroprotective effects of BDNF can be
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enhanced by associative administration of other growth fac-
tors, for example, FGF2 and NT-3 [161, 162]. FGF2 admin-
istrated after ON injury increased BDNF and TrkB expres-
sion in RGCs [161].

Several other growth factors also have protective effects
on the RGCs. Recombinant CNTF intravitreal injections
exhibit neuroprotective effects in OHT animal model. A sin-
gle intravitreal injection of low dose CNTF (2 pg CNTF)
exerted a neuroprotective effect with 15% less RGC loss in 6
weeks [16]. This effect correlated with upregulation of
STAT3 in cells within the RGC layer and the inner nuclear
layer [163]. However, partial neuroprotective effect on the
RGCs upon exogenous administration of CNTF was reported
in ocular hypertension model [164]. While short-term advan-
tageous effects have been shown at times for single intraocu-
lar administrations of NGF, long-term neuroprotection in
glaucoma patients likely requires a sustained NGF supply.

Gene therapy techniques could be applied to neurotro-
phin factor supplementation to meet the requirements for
sustained delivery in glaucoma. By using viral vectors to
increase endogenous retinal production of select NGF(s), it
might be possible to reduce RGC damage over a long period.
For example, adenovirus (AdV) vector mediated over-
expression of BDNF in Miiller glial cells prolonged the sur-
vival of RGCs in a rat model of optic nerve transection
[165]. In another approach, repeated intravitreal injection of
AdV vector for GDNF delivery prior to optic nerve axotomy
lead to 125%-fold increase in RGC survival at 14 days post
axotomy [166]. However, the efficacy of AdV-mediated
gene transfer is limited by its relatively short duration of
expression and by the fact that AdV triggers significant in-
flammatory reactions. AdV has also been shown to be highly
immunogenic in clinical trials [167]. Alternatively, adeno-
associated virus (AAV), could be used and it has been shown
that these vectors do not integrate into the host genome.
AAV-FGF2 transduction of the retina protected RGCs in
models of optic nerve crush and excitotoxicity [168]. Martin
and colleagues (2003) used AAYV to transduce retinal cells in
the laser-induced OHT model of glaucoma [169]. They used
a hybrid promoter of cytomegalovirus (CMV), chicken [3-
actin (CAG) enhancer and the woodchuck hepatitis post-
transcriptional regulatory element (WPRE) to deliver BDNF
gene incorporated in an AAV viral vector. The promoter
could efficiently transduce more than 70,000 cells within the
RGC layer per eye. A single intravitreal injection of AAV-
BDNF gene therapy reduced the axonal loss in the ON from
52.3% to 32.3% four weeks after the laser induced experi-
mental model of glaucoma in rodents. Likewise, CNTF gene
therapy also promoted long term survival and regeneration of
rat RGCs after 7 weeks of ON crush [170]. Using a similar
vector, Leaver and colleagues (2006) showed increase in
RGC protection in retinas injected with CNTF compared to
viral vector containing no CNTF. However, a combination of
CNTF-BDNF had no significant improvement in RGC axon
survival in laser induced rat glaucoma model and the reason
for lack of improved effect was not clear [16]. Recent ad-
vances in recombinant AAV engineering have led to the de-
velopment of vectors that are less susceptible to ubiquitin-
mediated degradation and can be used for expression modu-
lation over a long period of time [171].
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14. TARGETING NEUROTROPHIN RECEPTORS IN
GLAUCOMA

NGF signalling pathways are often subject to complex
regulation and accordingly increase of neurotrophic factor
levels does not always benefit neuronal survival. In addition
to promoting cell survival via Trk family receptor, NGF can
bind to p75NTR receptor and trigger pro-apoptotic signals.
Indeed, it has been suggested that a cause of failure of NGF
in glaucoma may be related to over-activation of p75NTR
due to administration of a selective Trk family agonist [172].
In that capacity, design of modified receptor-defined ligands
as compared to naturally occurring neurotrophic factors, is
being investigated as an approach to achieve greater neuro-
protection. Lebrun-Julien et al. (2009) demonstrated that
combined TrkA activation and p75NTR inhibition in
p75NTR null mice was protective for survival of RGCs fol-
lowing optic nerve injury [173]. This study indicated that the
deleterious effects of p7SNTR in Muller cells may regulate
neuronal death by emancipating neurotoxins or indirectly by
diminishing their sympathetic functions. Also, p75NTR acti-
vation could attenuate the beneficial effects of BDNF deliv-
ery and inhibition of p75SNTR was shown to unmask a potent
neuroprotective effect of NGF [173]. BDNF combined with
CNS-specific leucine -rich repeat protein LINGO-1
(LINGO-1 negatively regulates p75SNTR signalling) antago-
nists have been found to promote long-term RGC survival in
a laser-induced OHT rat model [174]. Fu et al. demonstrated
that LINGO-1-TrkB receptor complex adversely controls
TrkB activation in the retina after OHT injury. Antibody-
1A7 or soluble LINGO-1 (LINGO-1-Fc) commonly used as
LINGO-1 antagonist, protected RGCs from death by activat-
ing the BDNF-TrkB signalling pathway in animal models of
OHT [175]. Alternatively, novel ligands which specifically
activate TrkB and not p75NTR might be of interest. A
monoclonal antibody and a natural flavonoid, 7,8-DHF
which specifically activates TrkB have shown RGC neuro-
protection in the optic nerve transection and OHT animal
models [48, 50]. In the light of these outcomes, it is likely
that selectively activating multiple Trk receptors while
blocking p75NTR using natural/synthetic receptor ligands
may exert more robust neuroprotective effect than just deliv-
ering the neurotrophic factors alone.

Our group has demonstrated that Shp2 interacts with the
TrkB receptor in RGCs and negatively affects its action in
ON transection and chronically elevated IOP rodent models.
The Shp2-TrkB binding is suggested to be mediated through
the adapter protein, caveolin. Under stress conditions, caveo-
lin isoforms 1 and 3 undergo hyperphosphorylation in RGCs
and further bind to Shp2 phosphatase. The increase in phos-
phatase activity of Shp2 in glaucomatous stress reduces
TrkB activity [75]. These proteins may be good candidates
for targeted gene therapy studies in glaucoma. Pernet ef al.,
(2005) used AAV to transduce RGCs with genes encoding
MEKI1, the upstream activator of Erk1/2. MEKI1 activation
induced in vivo phosphorylation of Erk1/2 in RGC bodies
and axons. A single injection of AAV encoding MEK1 gene
increased RGC survival at 2 weeks after axotomy [176]. In
addition, we have also shown the neuroprotective effect of
sphingosine-1-phosphate analogue fingolimod (FTY720) in
a chronic OHT animal model. Administration of FTY720
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reduced the loss of electrophysiological responses and pro-
tected against GCL and ON loss. It was observed that the
fingolimod effects were associated with increased activation
of Akt and Erk1/2. SIPR receptor expression was found to be
increased in the RGCs in experimental glaucomatous condi-
tion [177].

15. CROSS-TALK OF BDNF WITH VEGF

Vascular endothelial growth factor (VEGF) plays an im-
portant role both in physiological and pathological angio-
genesis. BDNF signalling is identified as potential proangio-
genic factor and stimulates VEGF expression through PI3K
pathway for promotion of endothelial cell survival in neuro-
blastoma cells [178, 179]. Similarly, VEGF, an angiogenic
factor, was also shown to stimulate axonal outgrowth from
dorsal root ganglia by acting as a neurotrophic factor [180].
Apart from its angiogenesis function, VEGF can also stimu-
late non-vascular cells such as Tenon’s fibroblasts, a target
for antifibrotic treatment in glaucoma filtration surgery
[181]. VEGF is usually released after retinal ischemia and
can further spread through the aqueous humor to the anterior
segment of the eye. The latter results in neovascularization
of the iris and angle, causing secondary closed angle glau-
coma [182]. Inhibition of VEGF signalling remains an im-
portant focus for the treatment of retinal and choroid neovas-
cularization and in retina edema. VEGF binds to both of its
receptor forms VEGFRI and VEGFR2. VEGFR1 may be
important in development by sequestering VEGF, preventing
its interaction with VEGFR2, which is responsible for endo-
thelial cell mitogenesis, survival and permeability [183].
Therapeutically targeting VEGF has been successful with
intravitreal injections of VEGF neutralising antibodies pre-
venting vision loss and salvaging visual activity in age-
related macular degeneration (AMD) patients [184]. Rani-
zumab therapy has been shown to protect against retinal
thickness loss and it improved visual acuity in patients with
diabetic macular edema [185]. VEGF also has neurogenic
and neuroprotective effects [186]. RGCs overexpressing
VEGF in transgenic mice were protected from axotomy-
induced degeneration [187]. It will be interesting to deter-
mine how neurotrophin factor signalling overlaps with angi-
ogenic factors and how manipulating one pathway would
affect the other [49].

16. INHIBITING APOPTOTIC PATHWAY IN THE
RGCs IN GLAUCOMA

Apoptosis is a programmed cell death that has essential
roles in physiological processes but also is a feature in the
pathophysiology of many diseases. Dkhissi et al. (1999) ob-
served DNA fragmentation using the terminal deoxynucleo-
tidyl transferase dUTP nick end labelling (TUNEL) method
in the GCL and INL in an avian glaucoma-like disorder
model [188]. The apoptosis in RGCs was also studied in
experimental glaucoma animal models by activation of the
tumor suppressor protein, p53, which functions to activate
the proapoptotic pathways [189]. Considering these observa-
tions, it was suggested that anti-apoptotic molecules may
preserve the phenotype damage of ON in glaucoma. Etaner-
cept, TNF-a inhibitor, when given intraperitoneally, blocked
the TNF-a activity in experimental OHT produced due to
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activation of microglia and reduced axonal degeneration and
loss of RGCs [190]. Clinically, a new therapy was investi-
gated in glaucoma using TNF-o antagonist as suppressors of
inflammation [190]. Furthermore, intravitreal injection of
second-generation tetracycline drug, minocycline, has been
shown to exhibit neuroprotection in experimental glaucoma
and optic nerve transection animal models. Minocycline in-
creased the expression of antiapoptotic gene Bel-2 and at the
same time decreased the expression of apoptotic gene Bax
[191]. Also, TNF-a, inhibitor of apoptosis protein (IAP1)
and Gadd450 was upregulated in retinas with optic nerve
transection [191]. Calcineurin inhibitor, FK506 when admin-
istered orally, showed RGC and ON protection from apopto-
sis by decreasing Bad dephosphorylation and inhibiting mi-
tochondrial cytochrome c release under experimentally in-
duced high IOP [192]. In addition, agents that alter the ex-
pression of endogenous anti-apoptotic proteins can also be
employed for neuroprotection function in injured ON. For
instance the use of brimonidine, an 02 adrenergic receptor
agonist decreases the level of Bcl-2 and also reduces mito-
chondrial-dependent apoptosis in RGCs of post-mortem eyes
from glaucoma individuals [193]. Similarly, suppressing
downstream signalling of pro-apoptotic pathways may in-
duce RGC neuroprotection. Indeed C-terminal binding pro-
tein 2 (CtBP2) was recently shown to be neuroprotective in
CNS injury in DBA/2J mice. Lentivirus mediated overex-
pression of CtBP2 in cultured RGCs subjected to L-
glutamate-induced apoptosis showed a decrease in expres-
sion of Bax and caspase-3 [194]. Cobalt chloride induced
hypoxia in primary rat RGCs treated with GABA receptor
agonist baclofen, prevented the RGC apoptosis through Akt
activation [195].

17. TARGETING ER STRESS MARKER PROTEINS
IN THE RGCs IN GLAUCOMA

Several studies have focussed on utilizing the therapeutic
application of synthetic chaperons to subdue ER retention of
the misfolded proteins, minimizing their generation and to
amend the ER folding capacity. UPR is triggered in ON
axotomy resulting in RGCs death. RGCs shown to have
upregulated CHOP in ON injury and promote neuronal apop-
tosis. CHOP knockout (KO) mice demonstrated increased
RGCs survival by 24% after two weeks of ON axotomy
[196]. Alternatively, the overexpression of XBP-1 in RGCs
was carried out using intravitreal AAV injection in WT and
CHOP KO mice [196]. AAV viral vector expressing XBP-1,
showed considerably increased RGCs survival in both WT
and transgenic mice. RGC survival was increased by 64% in
animals overexpressing XBP-1 whereas AAV-GFP control
mice demonstrated only 20% RGC survival. RGCs survival
was increased to 82% in transgenic mice (CHOP KO mice)
overexpressing XBP-1 following ON crush injury compared
to the wild type animals. Altogether, this experiment sug-
gested an opposite action of XBP-1 and CHOP in controlling
RGCs survival and apoptosis after ON injury [106, 109].
Recently, Nakano ef al. (2006) designed two novel com-
pounds KUS121 and KUS187 and treated PC12 cells with
these two substances. Both compounds induced mitrochon-
drial respiratory chain complex III and V inhibition by re-
ducing cellular ATP levels. CHOP expression was reduced
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Fig. (3). Downstream consequences of neurotrophin signalling pathway affecting gene function and ER stress marker is possibly implicated

in progression of RGCs axon damage in glaucoma.

in cultured PC12 cells upon treatment with these KUSs in-
hibitors. In vivo neuroprotective effects on RGCs were also
demonstrated by KUSs inhibitor treatment in mice in the ON
axotomy model as well as experimentally increased IOP
model. The rescue of RGCs in ON axotomy and high IOP
was associated with low expression levels of Grp78 or Bip
[197]. RGC death was also induced by the activation of
chemokines (CXCL10) and chemokines receptors such as
CXCR3. Experimentally induced ischemia and retinal stress
modulate the expression of CXCL10 and CXCR3. Upregula-
tion of chemokines and its receptor increases the expression of
Grp78, CHOP and ATF4 in RGCs [198]. However, when the
mice were treated with ER stress blockers 4-pheylybutyric acid
and taurousodeoxycholic [199], the chemokines expression
was attenuated by 61% and 43% respectively. Moreover, in
CXCR3 KO mice, the ER stress inhibitor did not transform
the expression of ER stress markers, suggesting that the
downstream event of CXCR3 activation is not associated
with ER stress [198]. It may therefore be essential to com-
prehend the dual biological functions of UPR signalling both
in survival and apoptosis before exploring therapeutic appli-
cation focusing ER stress.

18. BUILDING BRIDGES BETWEEN NEURO-
TROPHIN PATHWAY AND GENETICS RESEARCH
IN GLAUCOMA

The BDNF-TrkB signalling pathway has been implicated
as a mediator for survival, development and synaptic plastic-
ity of neurodegenerative neurons in POAG [200]. BDNF and
NGF serum levels are reduced in the early and moderate
glaucoma stages [201]. Mutation in OPTN has been ob-
served in POAG and amyotrophic lateral sclerosis (ALS) and
its deficiency leads to a reduced secretion of neurotrophic
factors [202]. OPTN in association with Tank binding kinase 1
(TBK1) gene are involved in neuroinflammation and auto-
phagy [203]. These two genes, OPTN and TBKI, are impor-
tant components of the pathway required for removal of
pathological ribonucleoprotein inclusions [203]. Depletion or
dysregulation of OPTN and TBKI may lead to protein ag-
gregates which is one of the main characteristics associated
with loss of neurons in neurodegenerative disorders like
ALS, Parkinson’s, Huntington’s and Alzheimer’s diseases
[204] (Fig. 3).
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Degradation of aggregated and misfolded proteins is the
critical pathway by which protein cellular homeostasis is
regulated in POAG. Ubiquitin-proteosome system (UPS) is
responsible for the elimination of misfolded or damaged pro-
teins (Fig. 3). RGCs and retinal pigment epithelium are rich
in ubiquitin [205]. The mutated form of OPTN (E50_K) that
causes glaucoma leads to malfunction of UPS [206] and
overexpression of wild type OPTN results in increased apop-
tosis in PC12 and RGCS5 cells [207]. On the other hand,
when PC12 cells transfected with wild-type and mutated
MYOC (P37_L) plasmid they showed inhibition in neurite
outgrowth and number [207]. When myocilin is overex-
pressed or mutated, the UPS function is compromised, and
autophagy is induced [208]. In human trabecular meshwork
line TM-1 mutant MYOC activate the IL-1/NF-kB inflamma-
tory stress response and the glaucoma marker SELE,
whereas the wild-type MYOC has anti-inflammatory activity
[138]. Mutations in OPTN are associated with NTG while
mutations in MYOC induce blockage of aqueous humor out-
flow [119], suggesting that alteration of the UPS system is
implicated in both NTG and POAG.

It will be important to integrate the role of system biol-
ogy and functional genomics to discover the exact role of
these cellular pathways. Glaucoma is clearly a complex dis-
ease with at least 70 loci identified so far which highlights
variance in POAG phenotype. There is a lack of functional
validation and detailed analysis of the in vivo function of
these genes. More experimental data based on the animal
models may help clarify this in the near future.

CONCLUSION

The detrimental effects of glaucoma can be prevented to
a certain extent if effective treatment can be provided at the
appropriate time. This disease involves optic nerve atrophy
and loss of RGCs and can occur even under normal IOP
conditions. The fate of RGCs is programmed by complex
interplay of several molecular signalling pathways that are
functioning simultaneously. RGC death can be triggered by
many acute and chronic insults such as neurotrophic factor
deprivation, synaptic dysfunction, protein-protein interac-
tion, gene dysregulation, neuronal stress due to ischemia/
hypoxia and excitotoxicity, activation of apoptotic pathways
and UPR under ER stress. Simulating neuroprotective en-
dogenous mechanisms has the potential to significantly
transform the equilibrium between the pro/apoptotic and the
pro/survival pathways, leading to a delay in RGCs death
with beneficial effects in glaucoma.
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