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Definition: Glaucoma, a neurodegenerative disease, has a varied pathogenesis scenario, including
elevated intraocular pressure (IOP), and hypoxic conditions in the retina. Consequently, degenerat-
ing optic axons at the optic nerve head are observed clinically when extensive damage has already
occurred. Following elevated IOP, changes in retinal ganglion cells lead to apoptosis immediately
followed by degeneration of their optic axons. Degradation of axons leads to cupping of the optic
nerve head and visual field losses. Here we emphasize that it is the retinal ganglion cells that are
initial targets of elevated IOP, and, together with hyperactivity of retinal astrocytes, create the is-
chemic conditions which represent the earliest sign in the pathogenesis of glaucoma.
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1. Introduction

Glaucoma is a group of progressive eye disorders that is characterized by damage to
the optic nerve head because of the breakdown of retinal ganglion cells and their axons
which merge to form the optic nerve. Glaucoma is the leading cause of irreversible blind-
ness, with more than 80 million people estimated to be affected by the disease worldwide.
This number is projected to exceed 110 million by 2040 [1].

Glaucoma is associated with numerous risk factors including, but not limited to, age,
gender, smoking history, race, and elevated intraocular pressure. Reports show a 36%
greater prevalence of glaucoma in males than in females [2]. Risk of developing glaucoma
has also been shown to increase with age [3]. Of individuals aged 40 years and above,
5.7% of Blacks have glaucoma whereas only 2.2% of white people do [4]. It is worth noting
that, perhaps due to lack of access to glaucoma screening and to treatment, glaucoma is
often undiagnosed. Previous reports have indicated that more than 50% of people with
glaucoma are undiagnosed [5,6]. In an effort to address this public health crisis, it is im-
portant to establish methods for screening patients for risk factors of glaucoma world-
wide.

Glaucoma is strongly associated with increased intraocular fluid pressure (IOP), as
the aqueous humor exerts increased force per area than usual on the internal surface of
the eye. This may occur in glaucoma because of blockages in the trabecular meshwork
(TM) of the eye, which normally functions to drain aqueous humor from the anterior
chamber. Poor drainage results in the accumulation of aqueous humor and causes IOP
elevation. Glaucomatous eyes with elevated intraocular pressure have been shown to ex-
hibit abnormalities in both the extracellular matrices of the retina and lamina cribrosa,
which result in decreased function of the optic nerve and therefore lower visual acuity [7].

2. Glaucoma Pathogenesis

It is uncertain whether apoptosis of retinal ganglion cells (RGC) occurs due to dys-
function of optic axons at the optic nerve head or if the optic nerve dysfunction is due to
RGC dysfunction and/or death. Does elevated IOP cause damage first at the RGC axons
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in the ONH or does the increase in pressure cause changes first in RGC somas leading to
apoptosis?

Elevated IOP causes changes locally in the eye, so it would logically follow that
retrobulbar areas would be less affected and would therefore show fewer changes. Exam-
inations of retrobulbar areas in elevated IOP models support this assumption and have
not shown similar extracellular accumulations that are seen in the eye [8].

Elevated IOP has been suspected to induce negative effects by the formation of a
hypoxic environment in the eye following a reduction in ocular blood flow (26). Glauco-
matous neurodegeneration is often preceded by a reduction of ocular perfusion due to
decreased blood flow. Additionally, not all patients with glaucoma have elevated intraoc-
ular pressure, exemplified by normal tension glaucoma. Ischemia and histopathological
glaucomatous abnormalities may occur in conditions of elevated IOP as well as in normal
IOP conditions [9]. The commonality in these conditions is the degeneration of retinal
ganglion cells.

Retinal ganglion cell somas are located in the inner surface of the retina. The axons
of RGCs then course through the retinal nerve fiber layer and converge at the optic disc,
where they bundle together to form the optic nerve. Studies on human patients have in-
dicated that RGC somas and their axons in the retinal nerve fiber layer face damage sim-
ultaneously [10,11]. These findings postulate that the retina is the primary site of injury in
glaucoma.

Conversely, early changes are often seen in the lamina cribrosa, a structure in the
optic nerve head that is responsible for supporting the axons exiting the eye. The lamina
cribrosa (LC), the mesh-like connective tissue in the optic nerve head, contains a mesh-
work of pores through which RGC nerve fibers pass through before converging to form
the optic nerve. Along the optic nerve, supportive glial cells are present to provide cellular
support for RGC axons and maintain communication between these cells. Astrocytes are
commonly found in these locations and maintain RGC axon health by functioning in the
extracellular space to maintain ion balances and, along with other maintenance functions,
remodel the extracellular environment. In glaucomatous eyes, astrocyte function around
the lamina cribrosa decreases which results in pathogenic remodeling of the extracellular
matrix. These abnormalities, including extracellular depositions of collagens and base-
ment membrane components, have been noted in pathologic studies of glaucomatous op-
tic nerve heads in humans and monkeys [12]. These abnormal depositions have been
found in laminar pores that were previously occupied by clusters of RGC axons [8]. The
accumulation of these depositions can be observed clinically as optic cupping when eval-
uating cup-to-disc ratio (CDR). CDR is often used as a measure of glaucoma progression.
A higher CDR occurs when the space taken up by the optic cup is a larger than normal
percentage of the optic disc area. Elevated CDR indicates that there is increased empty
space in the optic nerve head. While an elevated cup-to-disc ratio is often clinically ob-
served in the early stages of glaucoma, it should not be assumed that glaucoma pathogen-
esis occurs in the optic nerve head. Pathological changes in retinal layers may precede
ONH changes, but clinicians are currently limited in their ability to view retinal cell layers
at the level at which changes occur. The future development and implementation of clin-
ical tools to evaluate retinal cellular changes may provide further insight into glaucoma
disease onset.

The portion of the optic nerve head that is supported by the lamina cribrosa appears
to be particularly susceptible to changes in IOP. This area is unique as it is the only location
in the central nervous system where RGC axons do not have direct contact with local ca-
pillaries and therefore are heavily reliant on surrounding astrocytes for maintaining cel-
lular health [13]. Isolated samples of human ONH cells from the lamina cribrosa have
been demonstrated to express and secrete neurotrophic receptors, indicating one of their
roles in retinal ganglion cell support [14].

Mechanical disruption of the extracellular environment by increased IOP results in
astrocyte hypertrophy, thereby impeding the maintenance of RGC axon health and
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leaving these axons vulnerable. Quigley et al. evaluated the eyes of glaucoma patients and
found that axons were damaged in the lamina cribrosa. They concluded that the structural
integrity of the lamina cribrosa is a factor in predicting susceptibility to elevated IOP [15].
While lamina cribrosa abnormalities are certainly involved in the progression of glau-
coma, definitive evidence suggesting that the disease originates in the ONH is lacking.

Retinal ganglion cell axons in the glaucomatous ONH exhibit several abnormalities
which result in the degeneration of these axons. Studies have shown that in both animal
models and humans, RGC axons in the ONH exhibit swelling. This axonal swelling has
been proposed to represent the accumulation of transport vesicles, thereby demonstrating
the dysfunctional retrograde and anterograde transport occurring in the ONH axons
[15,16]. Inhibited transport may have many complications, including the prevention of
neurotrophic factors from reaching the RGCs. Retinal ganglion cell axons eventually syn-
apse on other neurons which release neurotrophic factor, indicating that the connection
between these neurons is stable and therefore maintains the health of the neuronal con-
nection. When such connections are disrupted, retinal ganglion cell axons and somas
begin to degenerate. Morgan et al. showed that of all RGC axons passing through the
lamina cribrosa, approximately 8-12% deviated to travel through a tight space between
the collagenous plates [17]. Therefore, these nerve fibers are more likely to be affected by
slight increases in pressure as a result of elevated IOP. Increased pressure could poten-
tially cause impaired neurotrophic transport to RGCs. However, there is conflicting evi-
dence regarding the effects of elevated IOP on axonal transport deficits in the ONH. Abbot
et al. evaluated axonal transport activity in rat glaucoma models after acute IOP exposure
and found that IOP elevation did not result in a significant axonal transport deficit or loss
of retinal ganglion cells [18]. Furthermore, normal function of signal transduction of RGCs
is not affected, as retinal ganglion cell soma produces both brain-derived neurotrophic
factor and TrkB receptors themselves [19].

3. Local Retinal Changes in Early Stages of Glaucoma

Elevated-IOP-induced damage is not mutually exclusive to the optic nerve head. As
previously discussed, intraocular pressure elevation induces cellular stress which results
in retinal astrocyte activation and hypertrophy. Using rat glaucoma models, we examined
the retinal localization of astrocytic hypertrophy following the experimental elevation of
IOP. Immunostaining of flat-mounted retinas was conducted using antibodies against
glial fibrillary acidic protein (anti-GFAP), an intermediate filament protein expressed in
astrocytes, to indicate the presence of normal and hypertrophied astrocytes (Figure 1).

Within 48 h of elevated IOP (25 mm of Hg: normal IOP being 15-16 mmHg), retinal
astrocytes begin to hypertrophy and their end feet on the blood vessels become increased
in number and size (Figure 1). This is a sign of hypoxia. Increased hypertrophy of astro-
cytes was observed parallel to the direction of optic axons. It is assumed that optic axons
are being choked by the astrocytic processes.

Significantly, it is worth noting that optic disc cupping occurs several weeks after
initial exposure to elevated IOP, but in the experimental animal model, we found that
astrocyte hypertrophy was observed within the first 24-48 h following IOP elevation. Fol-
lowing the elevation of IOP, several changes were observed within one week including
the hypertrophy of retinal astrocytes, overexpression of mutant superoxide dismutase,
and osmotic imbalance via aquaporin 4 overexpression. Additionally, one can observe the
increased presence of astrocytic end feet on the retinal vessels, indicating cellular stress.
Astrocytes begin releasing ATP in the presence of retinal metabolic stress thereby leading
to propagation of Ca++ waves and subsequent apoptosis.
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Figure 1. Flat mounted Rat retinas stained with antibodies against glia fibrillary acidic protein
(GFAP) at mid retinal positions showing labelled astrocytes. (A) Normal control retina. (B) 4 days
after elevation of IOP. (C) 7 days after IOP elevation. (A-C) were photographed at 40X objective.
(D) 7 days after IOP elevation same as in (C) except photographed at 10X objective. High levels of
GFAP expression and astrocytic hypertrophy appeared within 4 days after IOP elevation. In (D),
the stars point to spaces where bundles of optic axons navigate. Profusion of astrocytes are aligned
to the retinal ganglion cell axons.

As retinal ganglion cell somas face chronically elevated IOP and undergo stress-re-
lated changes, the health of their axons in the ONH will not be pertinent as the axons will
undoubtedly degenerate. This further supports the notion that glaucomatous neuro-
degeneration begins in the retina and spreads to the optic nerve head. It is not necessarily
astrocyte hypertrophy that is causing RGC axon death, but as shown, areas of high astro-
cyte density also contain large bundles of axons and strangulation remains a possibility.
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These results are supported by a study of astrocyte morphology in the early stages of
glaucoma. Astrocytes begin sprouting smaller processes that invade areas near retinal
ganglion cell axons [20].

How does increased intraocular pressure cause damage to retinal ganglion cells? In-
traocular pressure is maintained at about 10-20 mmHg above atmospheric pressure. Vi-
sion decline occurs when environmental exterior pressure changes during activities such
as air traveling and diving [21]. Transient receptor potential channel vanilloid 4 (TRPV4)
has been implicated in a glutamate excitotoxicity mechanism of glaucomatous neuro-
degeneration. TRPV4, a receptor that is expressed in both mammalian bipolar cells and
retinal ganglion cells, is sensitive to pressure changes. Pressure changes cause mechanical
membrane movement which induces the opening of the TRPV4-linked cation channel
[22]. On retinal bipolar cells, TRPV4-induced cation influx likely increases glutamate re-
lease onto retinal ganglion cell synapses. This is supported by a study of Ryskamp et al.,
which demonstrated that with sustained exposure of mouse retinas to TRPV4 agonists,
retinal ganglion cells exhibited dose-dependent apoptosis. Furthermore, studies have
shown that TRPV4 increases both the rate at which retinal ganglion cells fire and the min-
imum stimulation the RGC must receive in order to fire [22,23]. TRPV4-mediated gluta-
mate excitotoxicity of RGCs in response to elevated IOP provides another possible mech-
anism for glaucoma pathogenesis. Additionally, the pattern of vision loss in glaucoma
aligns well with this mechanism. In the early stages of glaucoma vision loss, peripheral
vision begins to worsen as a result of RGC death in the retinal periphery. Bipolar cells
releasing glutamate may induce excitotoxicity in RGCs. In the peripheral areas of the ret-
ina that correspond to peripheral vision, retinal ganglion cells receive convergent inputs
from several bipolar cells whereas there is less convergence of signals in the central retina
[24].

Glaucomatous degeneration can also be observed as the retinal nerve fiber layer de-
creases in thickness. RGC dysfunction and retinal nerve fiber layer thinning are directly
correlated with glaucomatous visual field defects [25]. Additionally, there is strong evi-
dence suggesting that retinal tissue is one of the first tissues to be affected by intraocular
pressure elevation. High-resolution angiograms have demonstrated that perfusion first
becomes impaired in the retina before occurring in surrounding areas such as the choroid.
Local perfusion, quantified as vascular area density, decreases first in the retina and
reaches a level 50% of baseline at only 60 mmHg, whereas choroid vascular area density
reaches 50% of baseline at 70 mmHg [26].

4. The Role of Dysfunctional Retinal Mitochondria in Glaucoma

The retina is one of the most metabolically active tissues in the human body, making
it particularly vulnerable when metabolic capacity and energy production are not ideal.
Increased intraocular pressure results in decreased retinal metabolic function, which
leaves RGC axons vulnerable and results in eventual apoptosis [27,28]. Retinal mitochon-
dria, key cellular organelles involved in the axonal energetic support, become defective in
glaucomatous models. Mitochondrial dysfunction is often attributed to the increased pro-
duction of reactive oxygen species which interact with local molecules, such as mitochon-
drial DNA and cellular proteins, to inflict damage. As reactive oxygen species (ROS) ac-
cumulate and overwhelm the antioxidant capacity of the cell, a state of oxidative stress
begins. Eventually, long-term exposure to oxidative stress induces apoptosis. Studies
have indicated a strong correlation between the elevation of intraocular pressure and ox-
idative stress in retinal ganglion cell mitochondria [28]. As intraocular pressure increases,
a correlative increase in the quantity of oxidatively damaged DNA and RNA in retinal
ganglion cells occurs [28]. This data implicates reactive oxygen species generation in the
pathogenesis of glaucomatous degeneration.

Munemasa et al. recently evaluated the role of thioredoxin, an antioxidant protein, in
glaucoma models. Thioredoxin proteins function as neuroprotective free radical scaven-
gers which neutralize ROS to prevent harmful oxidation of cellular components. The
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function of antioxidant proteins is inhibited by a protein called thioredoxin-interacting
protein (TXNIP), thereby preventing ROS neutralization [29]. Munemasa et al. noted in-
creased expression of TXNIP in glaucomatous retinas, indicating that glaucomatous reti-
nal cells are more vulnerable to ROS accumulation, and therefore more likely to be ex-
posed to oxidative stress [29]. With poor antioxidant defenses, the retinal ganglion cells’
redox state becomes irregular, and dysfunction ensues. Significantly, the upregulation of
mitochondrial and cytosolic thioredoxin proteins resulted in increased survival of retinal
ganglion cells affected by elevated intraocular pressure [29].

What is the role of oxidative stress in the onset of glaucoma? It is important to con-
sider possibilities such as the likelihood that disease origination occurs simultaneously in
the retina and ONH. Increased age, genetic background of glaucoma, and elevated IOP
are considered to be the leading risk factors for glaucoma [11]. Therefore, among individ-
uals of older age and individuals with familial history of glaucoma, it is expected that
oxidative stress levels are elevated in the retina [30]. In the aging retina, oxidative stress
is one of the main causes of local tissue stress and subsequent inflammation. Acute expo-
sure to oxidative stress results in the activation of normal inflammatory signaling but
chronic exposure results in a detrimental inflammatory response [31]. Local para-inflam-
mation, initially existing in a homeostatic role in the retina, becomes dysregulated in glau-
coma and has been linked to worsening trabecular meshwork dysfunction [32]. Abnormal
inflammatory signaling may also result in astrocyte activation and extracellular matrix
remodeling. Evidence suggests that abnormal depositions of proteins and remodeling of
the ECM result in increased stress in the endoplasmic reticulum of cells in the trabecular
meshwork (TM) [33]. These irregularities continue to worsen trabecular meshwork func-
tion and further contribute to TM blockages that cause elevated intraocular pressure.

It is critical to consider the significant role of astrocytes in glaucomatous neurodegen-
eration. As astrocytes continue to be activated as a result of dysregulated inflammatory
signaling, they are no longer able to perform vital functions on a regular basis. Astrocytic
activation may even cause direct harm to retinal ganglion cells through a glutamate exci-
totoxic mechanism. Studies have indicated that following astrocytic activation in glauco-
matous eyes, glutamate transporters and receptors that are responsible for clearing the
synaptic space become downregulated [34]. Subsequent poor glutamate removal from the
synapse may cause accumulation of the neurotransmitter on retinal ganglion cell den-
drites which normally receive glutamate from bipolar cells. Long-term exposure to gluta-
mate eventually causes apoptosis of these cells. Normal tension glaucoma, a variety of
glaucoma in which intraocular pressures are not elevated yet glaucomatous optic neurop-
athy occurs, may offer further insight into the role of astrocytes in disease progression.
Shinozaki et al. examined experimental knockout mice with deficient astrocyte transport-
ers and found that these mice had normal IOP levels, but demonstrated age-associated
retinal ganglion cell degeneration, thinning of retinal layers, axonal swelling, and im-
paired visual function [35]. This study indicates that glaucomatous neurodegeneration
and astrocyte defectivity may have a significant link. It is possible that astrocytic dysfunc-
tion is not involved in the pathogenesis of glaucoma but may heavily influence the rapid
neurodegenerative aspect of the disease. Astrocytic activation and abnormal activity, as
well as glial scarring in glaucoma, have been well documented. The similar activity of
astrocytes is also observed in many neurodegenerative diseases such as Alzheimer’s Dis-
ease and Multiple Sclerosis, hence further research is needed to explore the exact nature
of the role of astrocytes in glaucoma [35].

5. Priority Problems That Require Further Study

The exact mechanism by which elevated IOP induces glaucomatous degeneration re-
mains unclear. TRPV4 involvement offers a direct connection between the mechanical
change in environment and the resulting loss of neurons. Future studies should examine
the activation patterns of TRPV4 receptors and the time frame during which activation
begins. It is possible that TRPV4 activation and subsequent changes in membrane
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potential occur in the first few days of exposure to high intraocular pressure which would
further support the retina as ground-zero for glaucoma onset. Additionally, study of the
signaling pathways by which increased IOP induces opening of TRP channels may assist
in identification of therapeutic targets [21]. The biological response to elevated intraocular
pressure further exacerbates the worsening of retinal ganglion cell health. Therefore, con-
trol of the pressure-induced response will offer therapeutic value.
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