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Abstract

Purpose Glaucoma is the leading cause of blindness

in humans, affecting 2% of the population. This

disorder can be classified into various types including

primary, secondary, glaucoma with angle closure and

with open angle. The prevalence of distinct types of

glaucoma differs for each particular region of the

world. One of the most common types of this disease is

primary open-angle glaucoma (POAG), which is a

complex inherited disorder characterized by progres-

sive retinal ganglion cell death, optic nerve head

excavation and visual field loss. Nowadays, POAG is

considered an optic neuropathy, while intraocular

pressure is proposed to play a fundamental role in its

pathophysiology and especially in optic disk damage.

However, the exact mechanism of optic nerve head

damage remains a topic of debate. This literature

review aims to bring together the information on the

pathophysiology of primary open-angle glaucoma,

particularly focusing on neuroinflammatory mecha-

nisms leading to the death of the retinal ganglion cell.

Methods A literature search was done on PubMed

using key words including primary open-angle glau-

coma, retinal ganglion cells, Müller cells, glutamate,

glial cells, ischemia, hypoxia, exitotoxicity, neuroin-

flammation, axotomy and neurotrophic factors. The

literature was reviewed to collect the information

published about the pathophysiologic mechanisms of

RGC death in the POAG, from a neuroinflammatory

and neurotoxicity perspective.

Results Proposed mechanisms for glaucomatous

damage are a result of pressure in RGC followed by

ischemia, hypoxia of the ONH, and consequently

death due to glutamate-induced excitotoxicity, depri-

vation of energy and oxygen, increase in levels of

inflammatory mediators and alteration of trophic

factors flow. These events lead to blockage of

anterograde and retrograde axonal transport with

ensuing axotomy and eventually blindness.

Conclusions The damage to ganglion cells and

eventually glaucomatous injury can occur via various

mechanisms including baric trauma, ischemia and

impact of metabolic toxins, which triggers an inflam-

matory process and secondary degeneration in the

ONH.
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123

Int Ophthalmol (2019) 39:259–271

https://doi.org/10.1007/s10792-017-0795-9(0123456789().,-volV)(0123456789().,-volV)

http://crossmark.crossref.org/dialog/?doi=10.1007/s10792-017-0795-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10792-017-0795-9&amp;domain=pdf
https://doi.org/10.1007/s10792-017-0795-9


Keywords Glaucoma � Retinal ganglion cells � Cell
death � Glutamate � Intraocular pressure �
Neuroinflammation

Introduction

The primary open-glaucoma is a progressive optic

neuropathy characterized by changes in the optic

nerve and associated visual field defects [1]. This

pathological condition produces gradual apoptotic

death of retinal ganglion cells (RGCs).

Previously, the importance of intraocular pressure

(IOP) in disease progression was confirmed [2]. IOP

represents the primary risk factor for developing

glaucoma. It is widely known that both the incidence

and progression of glaucoma can be controlled by

decreasing intraocular pressure [2, 3]. The impact of

IOP on the pathogenesis of glaucoma is generally

explained by two principal complementary to each

other theories: vascular (indirect) and mechanical

(direct) [4]. According to vascular theory, increase in

IOP leads to the compression of capillaries resulting in

impaired blood flow to optic nerve head (ONH) and,

ultimately, in chronic ischemic injury of optic nerve.

This, however, cannot explain why patients often

develop glaucoma while their IOP is within normal

parameters [5]. It is when the mechanical theory

contributes to the overall picture. The above-men-

tioned theory attributes the development of glauco-

matous optic neuropathy to direct compression of

axonal fibers of RGCs [4]. As these axons pass through

lamina cribrosa when exiting the eye, the latter

thought to be the primary site for axonal injury [6].

Therefore, it was postulated that alterations in lamina

cribrosa structure lead to differential susceptibility to

IOP-induced damage [7, 8]. The histological data

showing compaction and fusion of the layers of the

lamina cribrosa, in addition to loss of axons, glial cells

and capillary vessels at an early stage of glaucomatous

damage support this hypothesis [9–12].

Compression of axonal fibers may lead to morbid

changes at biochemical level. As an example,

impaired axoplasmic transport from the lateral genic-

ulate nucleus to the retina in glaucoma results in a

reduction in the distribution of neurotrophins such as

brain-derived neurotrophic factor (BDNF) and fibrob-

last growth factor (FGF) [6] (Fig. 1). This in turn leads

to the lack of trophic support to RGC bodies and their

axons undergoing pressure-related injury [4].

Among other biochemical alterations reported in

the literature overexpression of transforming growth

factor b2 (TGF-b2) particularly stands out. TGF-b2
causes fibrosis in the trabecular meshwork, preventing

the drainage of the aqueous humor, resulting in an

increase in IOP and consequent death of RGCs [13].

Neuronal damage leads to accumulation of various

types of substances including free radicals, potassium

and calcium ions and excitatory amino acids in the

extracellular space. Buildup of molecules such as

glutamate induces damage to neighboring RGCs

creating a vicious circle of chronic neurotoxicity that

resolves in marked cell death [14].

The pattern and progression of visual field loss due

to RGCs death vary among glaucoma patients,

suggesting certain variability in the magnitude of the

mechanism responsible for cell loss. In experimental

models of glaucoma, it was observed that not all RGCs

die simultaneously [15]. Moreover, the estimation of

ganglion cells’ death rate is proportional to the

magnitude of the damage produced [16].

The reason for the initiation of ganglion cell death

in glaucoma involves several molecular pathways, and

several explanatory theories based on different exper-

imental models of glaucoma have been proposed [17].

Here we will review some of these theories such as

ones attributing RGCs death to hypoxia, chronic

intermittent ischemia, excitotoxicity, defective axon

transport and the presence of trophic factors. This

review aims to compile published experimental and

clinical data that explain the pathophysiological

mechanisms of RGC death in primary open-angle

glaucoma.

Hypoxia

Increased IOP is not the only factor responsible for

damage to retinal cells, but an important causative

agent of glaucoma as in some cases it is sufficient to

induce the symptoms [18], making it one of the key

risk factors for this disease and for related RGCs death

[1, 3, 19].

RGCs have been shown to have a selective

susceptibility to IOP increase [20]; however, the exact

underlying mechanisms of selective loss of RGCs are

yet to be elucidated [21]. Several authors suggest that

260 Int Ophthalmol (2019) 39:259–271

123



multifactorial vascular insufficiency of the ONH plays

an important role in the pathogenesis of glaucomatous

optic neuropathy [22]. The main source of blood

supply to the ONH is the posterior ciliary artery

through the choroid and the short posterior ciliary

arteries [22]. In this way, the outermost layers of the

retina receive oxygen from the choroidal circulation,

whereas the inner layers of the retina receive oxygen

from the retinal circulation [23].

An alteration in the quality or quantity of blood

supply in the capillaries of the ONH could influence

the increase in IOP [1]. Among the factors which can

affect the perfusion of ONH are poor vascular

autoregulation, local vasospasm and mechanical com-

pression of the microvasculature in the lamina cribrosa

[24]. If one of these occurs, the tissues in the ONH

could suffer from hypoxia due to altered local supply

of oxygen [24] (Fig. 1).

Research on the human optic nerve reveals that

there are certain portions in the nerve structure that

have greater mitochondrial demands for energy

production (ATP) [22]. Each subcellular component

of RGC such as dendrites, cell body, non-myelinated

axons (including intraocular and ONH) and myeli-

nated axons (including intraorbital and intracranial)

presents different energetic demands, associated with

its structure, function and extracellular environment

[22]. These differences are due to the uneven distri-

bution of mitochondria, ATP production and oxygen

pressure. The ATP gradients will guide mitochondrial

movement, increasing the concentration gradients of

oxygen, glucose and pH in the different regions of the

neuron. Thus, RGC bodies and axons located near

superficial retinal vessels have a high oxygen pressure,

which influences the higher production of ATP,

proportional to oxygen distribution and consumption

[25, 26].

The mitochondrial activity is markedly higher in

the unmyelinated regions [17] with mitochondria

being mainly concentrated in the laminar and prelam-

inar regions of lamina cribrosa [6]. Unmyelinated

nerve fibers exit the eye via lamina cribrosa and

Fig. 1 Increased intraocular pressure leads to damage to the

optic nerve head. Increased pressure in the lamina cribrosa from

the optic nerve triggers an alteration in the choroidal,

anterograde and retrograde obstruction of axonal transport in

the ONH, where the axons leave the eye. This reduces the

transmission of trophic signals such as brain-derived neu-

rotrophic factor (BNDF) and nerve growth factor (NGF) from

terminal axons to neuronal cell bodies, as well as the transport of

nutrients and oxygen to the layers of the retina that produce

hypoxia and ischemia. Non-myelinated RGCs axons are highly

active and energy dependent, which correlates with a high

number of mitochondria in this segment of the optic nerve.

Changes in energy supply cause an alteration in the axoplasmic

flow from the lateral geniculate nucleus and the superior

colliculus to the RGCs, contributing to the reduction in

neurotrophins and axon damage. Müller cells can be neuropro-

tective after injury due to the release of neurotrophic factors,

such as BDNF, but depending on the time course of the injure

can participate in inflammatory processes
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become myelinated on its posterior side [10]. In cases

of hypoxia, generated by IOP, the optic nerve in the

lamina cribrosa may be at a greater risk due to the

alteration in the ATP production and delay in energy

transport between the myelinated and non-myelinated

axons [27].

It is commonly known that ganglion cells are

loaded with glutamate that can be increasingly

released in the extracellular space due to cellular

injury [1]. Excess of glutamate in the intercellular

medium causes cell damage and cellular death due to

its excitotoxic effect [4, 28]. Neuronal loss results in

activation of glial cells. Astrocytes may aggravate the

damage of ganglion cells and microglia as they can

alter ionic homeostasis or prevent the communication

of information to regions outside the retina on the

ONH [1]. In unmyelinated ONH, astrocytes are

predominant glial cell type providing axonal support

[29]. In glaucomatous lamina cribrosa, astroglial cells

were shown to undergomorphological changes similar

to the ones during inflammatory response in the CNS

[30]. Reactive astrocytes release pro-inflammatory

factors (such as nitric oxide, prostaglandins, cytoki-

nes) and gliotransmitters including glutamate which

can aggravate the condition of RGCs [1]. Moreover, as

astrocytes participate in the formation of blood-retinal

barrier their activation leads to dysregulation and

increased vascular permeability [31, 32] and ulti-

mately a distortion of blood-retinal barrier [33].

Another type of glial cell altered under hypoxic

conditions is Müller cells. These cells are found in

retina where they perform an important role in

regulating retinal metabolism. Müller cells functions

include metabolism of glucose, vascular regulation,

ion exchange and control of neurotransmitter level

[33]. Under hypoxic conditions, activity of Müller

cells is weakened due to changes in energy demand,

which contributes to a slow growth in the concentra-

tions of glutamate in the extracellular environment

[1, 34]. The cytotoxic effect of a small increase in

glutamate concentration does not generate toxicity for

healthy retinal neurons, but does so for RGCs [1].

Ischemia

Retinal pigment epithelium is a simple layer of

pigmented cells located between the neural retina

and the choroids [35]. This region is responsible for

the formation of blood-retinal barrier that is mainly

constituted by endothelial cells. Tight junctions

between the cells of pigment epithelium and vascular

endothelium control transport of liquids and solutes

through the barrier, as well as prevent the entry of

toxic molecules and components circulating in plasma

into retina [35]. Therefore, damage to the pigment

epithelium of the retina can cause alterations in the

mechanisms of retinal and choroidal circulation,

modifying the permeability of the blood-retinal barrier

causing accumulation of toxins in the retina [36].

Choroid provides vascularization of retina sustain-

ing the pigment epithelium and photoreceptors. A

reduction in parasympathetic activity often seen in

patients with glaucoma causes the decrease in

choroidal blood flow leading to retinal ischemia

[37]. In addition to producing photoreceptor damage

and visual field loss, ischemia can induce auto-reactive

compensatory vasodilation in the retinal vessels [38].

Nitric oxide (NO) is the main mediator of vasodila-

tion. It is involved in a number of physiological and

pathological processes in the retina [4]. There are three

existing isoforms of nitric oxide synthase (NOS)

differing in their origin: neuronal (nNOS), inducible

(iNOS) and endothelial (eNOS). IOP elevation results

in an increase in endothelial constitutive NOS

(ecNOS) expression in the lamina cribrosa after 12 h

of IOP elevation [39]. An increase in the expression of

ecNOS in the ONH endothelium is related to glial cell

damage, axonal delay as a compensatory mechanism,

which increases local levels of ATP, and subsequent

metabolic disturbances [40].

Several studies have shown that patients with

glaucoma present an overexpression of the iNOS and

eNOS enzymes in astrocytes of the optic nerve

[41, 42]. Meanwhile iNOS has a very potent neuro-

toxic effect and is thought to be involved in the death

of ganglion cells in glaucoma [43], some authors

suggest that overexpression of eNOS would have

neuroprotective effect mediating a rise in blood flow in

the ONH [41]. Astrocytes and other glial cells could

also cause the death of ganglion cells in glaucoma by

producing glutamate and tumor necrosis factor alpha

(TNF-a) and influencing blood flow to the optic nerve,

as has been documented experimentally [44].

Increases in nNOS have also been observed, following

ischemia-induced pressure rise by occlusion of blood

vessels [45].
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In glaucoma, there is degeneration of RGCs and

their axons in the optic nerve [46], which can be

induced by elevated IOP generating axonal loss. These

damages are associated with disruption of neu-

rotrophic factor, glial activation, tumor necrosis factor

release, increased oxidative stress, mitochondrial

dysfunction and immune system deregulation

[47, 48] (Fig. 2).

Microglial activation is a common feature of

various neurodegenerative diseases including glau-

coma. Under glaucomatous conditions, microglia is

overactivated by increased IOP and upon activation

can trigger neurotoxicity in the CNS and induce

inflammatory response in the retina by producing

proinflammatory factors such as interleukin 1b (IL-

1b) [49]. IL-1b is a part of the innate immune response

in the CNS, and its production is controlled tightly.

Toll-like receptors (TLRs) and nod-like receptors

(NLRs) are two key pattern recognition receptors

(PRRs) essential at the onset of the innate immune

response [50]. TLR4 has been shown to play a central

role in retinal lesions and CNS ischemia. Neuronal

death after ischemic injury activates intense inflam-

matory response, which triggers TLR4 signaling and

induces the transcriptional activation of pro-IL-1b,
which is then proteolytically processed through

Fig. 2 Müller cells remove the excess of extracellular gluta-

mate from the retinal tissue prevent it from spreading beyond the

synaptic region. Glutamate (Glu) is synthesized in neurons from

local precursors such as glutamine (Gln), which is released by

glial cells as astrocytes and Müller cells. Once released,

glutamine is absorbed at the presynaptic terminals and is

metabolized into glutamate by the enzyme glutaminase.

Glutamate is released at presynaptic termination into extracel-

lular medium and neighboring glial cells capture excess

glutamate through excitatory amino acid transporters (EAATs)

and glutamate aspartate transporter (GLAST). Uptaken gluta-

mate is transformed into glutamine by the glutamine synthetase,

which is further transported back to neurons as a precursor for

glutamate synthesis. Overstimulation of AMPA receptors

(AMPAR) permits the influx of Na? ions and the efflux of K?

ions and the increase in glutamate release mediating glutamate

excitotoxicity and contributing to sensitization of NMDA

receptors, as it facilitates the extrusion of magnesiummolecules.

The increase in IOP and stimulation of AMPA and NMDA

receptors intensifies entry of extracellular calcium into ganglion

cells. Calcium entry leads to calpain activation which cleaves

calcineurin. Calcineurin initiates apoptosis in RGCs through the

dephosphorylation of the pro-apoptotic protein Bcl-2-associated

death promoter (BAD) that induces cell death stimulating the

release of cytochrome C from mitochondria. Calcium also

activates calmodulin inducing the NOS expression and the

production of reactive oxygen species (ROS). After IOP

elevation, astrocytes and other glial cells could also cause the

death of ganglion cells in glaucoma by producing nitric oxide

(NO), tumor necrosis factor alpha (TNFa), transforming growth

factor b (TGF-b), interleukin 1 beta (IL-1b) and glutamate,

influencing blood flow to the optic nerve causing neurotoxicity

and inflammation
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inflammasome activation [51]. In a murine model,

retinal ischemia induced by rise in IOP was shown to

directly increase TLR4 expression that in turn trig-

gered caspase-8 signaling that activated the NLRP1-

type receptor family and IL-1b production [52].

It was observed that in an early phase of acute

glaucoma IOP-induced ischemia did not significantly

stimulate the activation of caspase-3, thus suggesting

that the inflammatory response of caspase-8 may be

responsible for the death of RGCs in glaucoma [50].

Hence, those results demonstrate that caspase-8 is a

key link between TLR4 and inflammasomes in the

processing of IL-1b and this pathway contributes to

the induced death of RGCs. Targeted inhibition of

TLR4 and caspase-8 signaling significantly attenuates

retinal ischemic damage and death of ganglion cells by

regulating inflammasome activation and IL-1b pro-

duction [50].

The optic nerve experiences a chronic ischemic

injury associated with IOP, which leads to loss of

axons, glial cells and capillaries. Damage to the retina

or the ONH could potentially activate retinal astro-

cytes [53]. Recurrent injury of the ONH and constant

inflammatory process could cause astrocytic reactivity

in the region [54] or depolarization of astroglial cells

leading to a propagation of optic nerve depression

causing changes in the voltage of ganglion cells and

photoreceptors [55]. Ischemia can prone astrocytes to

trigger disruptions in axoplasmic transport and induce

biochemical changes in lamina cribrosa and alter-

ations in the cellular matrix. Furthermore, under

ischemic conditions astrocytes tend to release poten-

tially toxic for surrounding neurons compounds such

as nitric oxide, TNFa, TGF-b and glutamate. All these

changes may contribute to glaucomatous neuropathy

[29].

Ischemia and ocular trauma may result in a release

of glutamate from necrotic cells and/or a failure of

ionic homeostasis and the initiation of the depolariza-

tion-induced excitotoxicity cascade [45]. Therefore,

RGCs do not only suffer from initial ischemic insult,

but surviving neurons may subsequently be damaged

by excessive levels of extracellular glutamate and

excitotoxicity. This additional damage is often

referred to as secondary degeneration and has been a

focus of neuroprotective strategies. Excitotoxic dam-

age causes an increase in intracellular calcium, which

activates NOS. Nitric oxide (NO) combines with

superoxide forming highly reactive species of

peroxynitrite that causes DNA breakage and oxidative

stress. In addition, NO binds to guanylyl cyclase

producing cyclic GMP which also leads to cell death

[4].

Excess of glutamate in the extracellular medium

during ischemic processes increases calcium intake.

Calcium activates caspases which are normally pre-

sent in inactive form under physiological conditions.

Caspases generate a cascade of reactions activating the

proteases necessary for initiation of apoptosis. The

type of caspase activated in this process appears to be

different depending on a cell type. For instance, the

expression of caspase-3 is upregulated mainly in the

inner nuclear layer and in the outer nuclear layer of the

retina [56]. Caspase-3 activation precedes the appear-

ance of cells with fragmented DNA in these layers.

Other authors have described the presence of caspase-

1 in the outer nuclear layer after ischemia [57].

However, in the same experimental model, it was

shown that beside caspase-3 activation in the inner

layers of the retina ischemia also induced a 55-kDa

Serine/threonine-protein kinase N1 (PKN) cleavage

fragment [58]. The molecular size of the fragment

corresponds to molecular size of the constitutively

active fragment of PKN which appearance depends on

the duration of reperfusion and is related to cell death.

Therefore, inhibition of caspase-3 reduces the expres-

sion of PKN and decreases cell death in the retina [58].

Excitotoxicity

Astrocytes and Müller cells form the macroglia cells

of the retina, which are responsible for supporting the

neuronal functions. Astrocytes are found in the

vicinity of nerve fibers and RGCs to regulate retinal

vascularization and maintain the retinal endothelial

barrier [59–62]. Müller cells interact with neurons and

are responsible for maintaining the metabolic func-

tions of neurons. Müller cells supply the neurons with

trophic substances, remove metabolic wastes and

maintain the osmotic and homeostatic regulation of

the neuronal environment [59–62].

After several periods of IOP elevation, astrocytes in

the vicinity of the lamina cribrosa close to the ONH

undergo morphological changes as the decrease in

their expression of Glial fibrillary acidic protein

(GFAP) [63]. Despite this, astrocytes are considerably

more resistant to metabolic changes and extended
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periods of hypoxia and ischemia than neurons [22]. In

the cases of glaucoma, astrocytes can increase GFAP

expression, presenting morphological changes in

astrogliosis, hypertrophy and hyperproliferation as

an indicator of retinal stress, contributing to retinal

degeneration associated with axonal loss of RGC and

remodeling of the ONH [64]. Homeostasis is affected

by decreased expression in carbonic anhydrase and

potassium channels, affecting the base acid regulation

system and osmotic balance [28, 65–69].

Müller cells are neuroprotective under physiolog-

ical conditions, but may fail in this function under

pathological stimulation and instead contribute to

neuronal degeneration. Usually the Müller cells

remove the extracellular glutamate from the retinal

tissue prevent it from spreading beyond the synaptic

region. The main transporter for glutamate uptake in

Müller cells is glutamate aspartate transporter

(GLAST) [65]. Glutamate is synthesized in neurons

from local precursors. Themost common precursor for

glutamate synthesis is glutamine released by glial cells

as astrocytes and Müller cells. Once released, glu-

tamine is absorbed at the presynaptic terminals and is

metabolized into glutamate by the mitochondrial

enzyme glutaminase. In addition, glutamate can be

synthesized by transamination of the Krebs cycle

intermediate a-ketoglutarate and metabolization of

glucose by neurons in Krebs cycle. Glutamate is

released at presynaptic termination into extracellular

medium, and neighboring glial cells are able to capture

excess glutamate through excitatory amino acid

transporters (EAATs). Glutamate that was uptaken is

transformed into glutamine by the glutamine syn-

thetase, which is further transported back to neurons as

a precursor for glutamate synthesis (Fig. 2).

In glaucoma, the decrease in GLAST expression

leads to glutamate excitotoxicity, neuronal death in the

retinal tissue and degeneration of the photoreceptors

[21, 28, 70, 71]. Studies have shown that subcutaneous

injections of glutamate lead to severe destruction of

the inner layers of retina, especially of the ganglion

cell layer [72]. More recently, it has been suggested

that the glutamic and aspartic amino acids are key

mediators of lesions in the CNS and, therefore, of the

optic nerve and retina. Elevation of the aforemen-

tioned amino acids in the vitreous plays an important

role in the pathogenesis of glaucoma due to their

excitotoxic effect [73].

The excitotoxic action of glutamate is mainly

mediated by the overstimulation of the NMDA

receptor at postsynaptic terminations. Elevated levels

of glutamate alter this receptor and initiate a cascade

of events that finally leads to apoptosis of RGCs. In

addition, overstimulation of AMPA receptors

(AMPAR) may also play a role in glutamate-mediated

excitotoxicity. They permit the influx of Na? ions and

the efflux of K? ions and the increase in glutamate

release. In an acute phase of neuronal trauma, sodium

entering the cell causes edema. Depending on the

severity of the damage, the cell can recover or lose its

function and die. Later, augmentation of calcium

influx alters calcium homeostasis, hereby initiating a

wide variety of biochemical reactions [4]. Addition-

ally, activation of the AMPA receptor contributes to

sensitization of NMDA receptors, as it facilitates the

extrusion of magnesium molecules. Concomitant with

activation of ionotropic receptors activation of meta-

botropic receptors may also produce a surge of

calcium in the extracellular space by facilitating the

release of intracellular deposits of this ion [74].

Calcium activates catabolic enzymes, phospholi-

pases, superoxides, free radicals and kinases, causing

further release of extra glutamate. Consequently,

chronic neurotoxicity in glaucoma gives rise to

marked cell death due to interruption of calcium

homeostasis [4]. The increase in IOP intensifies entry

of extracellular calcium into ganglion cells. Calcium

entry leads to calpain activation, which is a cysteine

protease that cleaves calcineurin. Calcineurin initiates

apoptosis in RGCs through the dephosphorylation of

the pro-apoptotic protein Bcl-2-associated death pro-

moter (BAD) that induces cell death stimulating the

release of cytochrome C from mitochondria [75]

(Fig. 2).

It was previously shown that glutamate or NMDA

inhibitors are capable of impeding apoptosis of the

ganglion cells [4]. Studies conducted with the use of

animal models describe the effect of intravitreal

injection of different doses of N-methyl-D-aspartic

acid (NMDA) and inhibitors of p38 and PI3K [76].

Introducing NMDA led to apoptotic death of RGCs.

Prior to this, there was a significant increase in p38 and

Akt concentrations in the ganglion cell layer and in the

inner nuclear layer of retina. Thus, it was concluded

that p38 MAP kinase pathway is pro-apoptotic,

whereas the PI-3 kinase-Akt pathway is antiapoptotic

in RGC death induced by NMDA [76].
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The growth in intracellular calcium concentration

also stimulates the activation of the calmodulin-

dependent NOS. The colossal entry of calcium into

the mitochondria causes formation of a pore in the

internal mitochondrial membrane and therefore leads

to a failure in the electrochemical potential, decrease

in ATP levels and an increase in reactive oxygen

species (ROS) [77]. ROS activate caspases, phospho-

lipases, proteases and endonucleases, as well as NOS.

ATP deficiency hinders the function of ATP-depen-

dent pumps located in the cytoplasmic membrane,

causing a massive inflow of water and Na? ions

leading to cellular swelling or death from necrosis.

Damage to mitochondria and DNA induces the

activation of genes responsible for apoptosis. Cell

death triggers the release of various neurotoxic

substances that can initiate apoptosis in previously

undamaged cells, a process known as secondary

degeneration. Therefore, any damage can be propa-

gated beyond its original extent by secondary degen-

eration [4].

Axotomy

Several studies indicate that glaucoma is a disease

occurring only in the white matter and that the loss of

RGCs bodies is due to retrograde degeneration

[78–80]. The ONH is accompanied by a progressive

disappearance of RGC axons leading to a loss of

around 80% at 4 weeks [81] that finally causes a

progressive loss of axons, leading to blindness. Precise

mechanism of axotomy-induced cell death is still

unclear; however, there is evidence that it is of an

apoptotic nature [78].

Apoptosis is controlled by the caspase family of

cysteine proteases. Caspases are represented by starter

caspases (caspase-2, caspase-8, caspase-9, caspase-

10); effector caspases (caspase-3, caspase-6, caspase-

7) and cytokine-processing caspases (caspase-1, cas-

pase-4, caspase-5, caspase-11, caspase-12, caspase-

13, caspase-14). It is recognized that after optic nerve

axotomy in rats, mRNA levels of the pro-apoptotic

proteins Bcl-2 and Bcl-XL are decreased [82]. Also,

both caspase-3 and caspase-9 appear to be involved in

apoptotic death of RGCs in this model [83, 84]. In

addition, it has been demonstrated that cytochrome c

levels are upregulated at day one after axotomy

reaching a maximum at 3 days and decreasing

thereafter [85], highlighting their role in RGCs

apoptotic death.

The apoptosis of ganglion cell bodies in patients

with glaucoma is consistent with retrograde degener-

ation following axonal injury and consistent with

theories of vascular, mechanical and target trophic

factor [4, 86]. It was observed that RGCs in glaucoma

with increased IOP exhibit obstruction of orthograde

and retrograde axonal transport at the ONH, where

their axons exit the eye [8, 10]. This possibly inhibits

the transmission of trophic signals from axon termi-

nals to neuronal cell bodies [78]. It has been suggested

that optic nerve-axotomized RGCs die because of

deprivation of neurotrophic factors from the superior

colliculus. The neurotrophin BDNF and NGF are also

involved in the reduction in RGCs apoptosis rates after

axotomy [87–89]. The protective effect of BDNF is

due to reduction in activity of caspase-9 and caspase-3

in a PI3K-dependent mechanism [90]. In addition,

PI3K pathway can be activated by insulin-like growth

factor 1 (IGF1) protecting the ganglion cells in an

axotomy model of glaucoma [91].

Some studies have shown that p38a activation in

RGCs occurs early after axotomy and plays an

important role in apoptosis [92]. Inhibition of p38

MAP kinase activity can ameliorate glutamate-related

RGC apoptosis in vitro and axotomy-induced RGC

death in vivo [92]. Other studies have reported that

abnormal activation of glutamate receptors and high

levels of intraocular glutamate are related to RGC

apoptosis after optic nerve axotomy [93–95]. The

inhibition of AMPA/kainate receptors attenuates the

RGCs death more effectively than inhibition of

NMDA receptors [4], indicating participation of this

type of receptors in the apoptotic response.

Deregulation of calcium homeostasis can lead to

degeneration of axons [96, 97]. In a murine model of

optic nerve damage, the activation of calpain con-

tributes to the early intra-axonal damage and subse-

quent axonal degeneration [98]. The calpain alters the

retrograde transport and the dephosphorylation of

neurofilaments in axons, eventually causing their loss

[98, 99].

Trophic factors

Trophic factors are endogenously secreted proteins

that act in an autocrine and/or paracrine way
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influencing vital cellular processes and thus maintain-

ing cellular homeostasis. In the eye, principal sites of

expression of these molecules are retinal pigment

epithelium (RPE) and Müller cells. The main para-

crine targets of the secreted trophic factors are

photoreceptors and choriocapillaris. Glaucoma is

characterized by aberrant function and/or eventual

death of RPE cells, photoreceptors, choriocapillaris

and mainly RGCs [100].

Previous research described that administration of

BDNF into the vitreous produces activation of two

signaling pathways leading to cell survival: theMAPK

and the PI3K/Akt pathways. Following administration

of BDNF, MAPK is phosphorylated in ganglion and

Müller cells, whereas Akt is only activated in ganglion

cells. Hence, it seems that the cooperation of the two

pathways is necessary for the neuroprotective effect of

BDNF to occur [101].

TGF-b is involved in paracrine signaling and can be
found in various tissue types. Typically, all cell types

have receptors for TGF-b1 on their surface. At the

ocular level, however, TGF-b2 has greater signifi-

cance. TGF-b2 helps corneal healing and preserves

immune privilege in the anterior segment [102]. Under

glaucomatous conditions, overexpression of TGF-b2
can lead to fibrosis, increased production and deposi-

tion of extracellular matrix proteins in trabecular

meshwork cells, hereby blocking the outflow of

aqueous humor. Patients with glaucoma have

increased levels of TGF-b2 in the aqueous humor

compared to healthy controls [13].

TGF-b increases production and remodeling of

extracellular matrix through the canonical SMAD

pathway, as well as through mitogen-activated kinase

(MAP) and Rho-GTPase/Rho kinase pathways

[102, 103]. RhoA activates Rho kinase, thus leading

to phosphorylation of myosin light-chain (MLC). This

suggests that Rho pathway-mediated rigidity of

trabecular meshwork and alterations of extracellular

matrix are possibly involved in the decrease in flow of

aqueous humor and ultimately in IOP growth [103].

In addition to Smad and Rho-GTPase pathways,

TGF-b also activates the MAP kinase pathway by

phosphorylation TGF-b II receptor. This pathway

induces IL-6 and SPARC expression [104].

Conclusion

RGC damage present in open-angle glaucoma can be

caused by various mechanisms including baric trauma

and ischemia, followed by inflammatory process and

excitotoxicity which in turn affect axonal transport

and induce degeneration of the ONH.

Ischemic damage, caused by rupture of the blood-

retinal barrier or due to alterations in the mechanisms

of retinal and choroidal circulation, is capable of

inducing chronicity of the disease. In these situations,

damaged neurons can release glutamate and/or induce

a failure of ionic homeostasis, causing the onset of the

cascade of excitotoxicity and consequently death of

ganglion cells.

In each patient, the degree of impact and combi-

nation of diverse pathological mechanisms may vary

greatly. Nevertheless, knowing the exact pathophys-

iological mechanisms of primary open-angle glau-

coma might shift the existing treatment paradigm from

solely focusing on decreasing IOP to giving thorough

protection to the optic nerve and ganglion cells against

apoptosis. The understanding of the involved mech-

anisms will point out ways to protect the eye against

the disease.

Acknowledgements We would like to Acknowledge to the

Editorial Universidad ECCI.

Compliance with ethical standards

Conflict of interest All authors certify that they have no

affiliation with or involvement in any organization or entity with

any financial interest (such as honoraria; educational grants;

participation in speakers’ bureaus; membership, employment,

consultancies, stock ownership, or other equity interest; and

expert testimony or patent-licensing arrangements), or non-fi-

nancial interest (such as personal or professional relationships,

affiliations, knowledge or beliefs) in the subject matter or

materials discussed in this manuscript.

Ethical approval This article does not contain any studies

with human participants and animals performed directly by any

of the authors.

Informed consent As this article does not contain any studies

with human participants, the concept of informed consent is not

applicable.

Int Ophthalmol (2019) 39:259–271 267

123



References

1. Osborne NN, Melena J, Chidlow G, Wood JP (2001) A

hypothesis to explain ganglion cell death caused by vas-

cular insults at the optic nerve head: possible implication

for the treatment of glaucoma. Br J Ophthalmol

85(10):1252–1259

2. Heijl A, Leske MC, Bengtsson B, Hyman L, Bengtsson B,

Hussein M, Early Manifest Glaucoma Trial G (2002)

Reduction of intraocular pressure and glaucoma progres-

sion: results from the EarlyManifest Glaucoma Trial. Arch

Ophthalmol 120(10):1268–1279

3. Jonas JB, Aung T, Bourne RR, Bron AM, Ritch R, Panda-

Jonas S (2017) Glaucoma. Lancet. https://doi.org/10.1016/

S0140-6736(17)31469-1

4. Casson RJ (2006) Possible role of excitotoxicity in the

pathogenesis of glaucoma. Clin Exp Ophthalmol

34(1):54–63. https://doi.org/10.1111/j.1442-9071.2006.

01146.x

5. Anderson DR, Drance SM, Schulzer M, Collaborative

Normal-Tension Glaucoma Study G (2003) Factors that

predict the benefit of lowering intraocular pressure in

normal tension glaucoma. Am J Ophthalmol

136(5):820–829

6. Quigley HA,McKinnon SJ, Zack DJ, PeaseME, Kerrigan-

Baumrind LA, Kerrigan DF, Mitchell RS (2000) Retro-

grade axonal transport of BDNF in retinal ganglion cells is

blocked by acute IOP elevation in rats. Investig Ophthal-

mol Vis Sci 41(11):3460–3466

7. Abe RY, Gracitelli CP, Diniz-Filho A, Tatham AJ,

Medeiros FA (2015) Lamina cribrosa in glaucoma: diag-

nosis and monitoring. Curr Ophthalmol Rep 3(2):74–84.

https://doi.org/10.1007/s40135-015-0067-7

8. Anderson DR, Hendrickson A (1974) Effect of intraocular

pressure on rapid axoplasmic transport in monkey optic

nerve. Investig Ophthalmol 13(10):771–783

9. Bellezza AJ, Rintalan CJ, Thompson HW, Downs JC, Hart

RT, Burgoyne CF (2003) Deformation of the lamina cri-

brosa and anterior scleral canal wall in early experimental

glaucoma. Investig Ophthalmol Vis Sci 44(2):623–637

10. Quigley HA, Addicks EM, Green WR, Maumenee AE

(1981) Optic nerve damage in human glaucoma. II. The

site of injury and susceptibility to damage. Arch Oph-

thalmol 99(4):635–649

11. Quigley HA, Hohman RM, Addicks EM, Massof RW,

Green WR (1983) Morphologic changes in the lamina

cribrosa correlated with neural loss in open-angle glau-

coma. Am J Ophthalmol 95(5):673–691

12. Yang H, Downs JC, Girkin C, Sakata L, Bellezza A,

Thompson H, Burgoyne CF (2007) 3-D histomorphometry

of the normal and early glaucomatous monkey optic nerve

head: lamina cribrosa and peripapillary scleral position

and thickness. Investig Ophthalmol Vis Sci

48(10):4597–4607. https://doi.org/10.1167/iovs.07-0349

13. Ozcan AA, Ozdemir N, Canataroglu A (2004) The aque-

ous levels of TGF-beta2 in patients with glaucoma. Int

Ophthalmol 25(1):19–22

14. Naskar R, Dreyer EB (2001) New horizons in neuropro-

tection. Surv Ophthalmol 45(suppl 3):S250–S255 (dis-
cussion S273–S256)

15. Morrison JC, Moore CG, Deppmeier LM, Gold BG,

Meshul CK, Johnson EC (1997) A rat model of chronic

pressure-induced optic nerve damage. Exp Eye Res

64(1):85–96. https://doi.org/10.1006/exer.1996.0184

16. Garcia-Valenzuela E, Shareef S, Walsh J, Sharma SC

(1995) Programmed cell death of retinal ganglion cells

during experimental glaucoma. Exp Eye Res 61(1):33–44

17. Almasieh M, Wilson AM, Morquette B, Cueva Vargas JL,

Di Polo A (2012) The molecular basis of retinal ganglion

cell death in glaucoma. Prog Retin Eye Res

31(2):152–181. https://doi.org/10.1016/j.preteyeres.2011.

11.002

18. Klein BE, Klein R, Sponsel WE, Franke T, Cantor LB,

Martone J, Menage MJ (1992) Prevalence of glaucoma.

The beaver dam eye study. Ophthalmology

99(10):1499–1504

19. Flammer J, Orgul S, Costa VP, Orzalesi N, Krieglstein

GK, Serra LM, Renard JP, Stefansson E (2002) The impact

of ocular blood flow in glaucoma. Prog Retin Eye Res

21(4):359–393

20. Bui BV, Edmunds B, Cioffi GA, Fortune B (2005) The

gradient of retinal functional changes during acute

intraocular pressure elevation. Investig Ophthalmol Vis

Sci 46(1):202–213. https://doi.org/10.1167/iovs.04-0421

21. Holcombe DJ, Lengefeld N, Gole GA, Barnett NL (2008)

The effects of acute intraocular pressure elevation on rat

retinal glutamate transport. Acta Ophthalmol

86(4):408–414. https://doi.org/10.1111/j.1600-0420.2007.

01052.x

22. Yu DY, Cringle SJ, Balaratnasingam C, Morgan WH, Yu

PK, Su EN (2013) Retinal ganglion cells: energetics,

compartmentation, axonal transport, cytoskeletons and

vulnerability. Prog Retin Eye Res 36:217–246. https://doi.

org/10.1016/j.preteyeres.2013.07.001

23. Yu DY, Cringle SJ, Alder VA, Su EN (1994) Intraretinal

oxygen distribution in rats as a function of systemic blood

pressure. Am J Physiol 267(6 Pt 2):H2498–H2507

24. Chang EE, Goldberg JL (2012) Glaucoma 2.0: neuropro-

tection, neuroregeneration, neuroenhancement. Ophthal-

mology 119(5):979–986. https://doi.org/10.1016/j.ophtha.

2011.11.003

25. Bereiter-Hahn J, Voth M (1994) Dynamics of mitochon-

dria in living cells: shape changes, dislocations, fusion, and

fission of mitochondria. Microsc Res Tech 27(3):198–219.

https://doi.org/10.1002/jemt.1070270303

26. Yu DY, Cringle SJ (2001) Oxygen distribution and con-

sumption within the retina in vascularised and avascular

retinas and in animal models of retinal disease. Prog Retin

Eye Res 20(2):175–208

27. Andrews RM, Griffiths PG, Johnson MA, Turnbull DM

(1999) Histochemical localisation of mitochondrial

enzyme activity in human optic nerve and retina. Br J

Ophthalmol 83(2):231–235

28. Delyfer MN, Forster V, Neveux N, Picaud S, Leveillard T,

Sahel JA (2005) Evidence for glutamate-mediated exci-

totoxic mechanisms during photoreceptor degeneration in

the rd1 mouse retina. Mol Vis 11:688–696

29. Hernandez MR (2000) The optic nerve head in glaucoma:

role of astrocytes in tissue remodeling. Prog Retin Eye Res

19(3):297–321

268 Int Ophthalmol (2019) 39:259–271

123

https://doi.org/10.1016/S0140-6736(17)31469-1
https://doi.org/10.1016/S0140-6736(17)31469-1
https://doi.org/10.1111/j.1442-9071.2006.01146.x
https://doi.org/10.1111/j.1442-9071.2006.01146.x
https://doi.org/10.1007/s40135-015-0067-7
https://doi.org/10.1167/iovs.07-0349
https://doi.org/10.1006/exer.1996.0184
https://doi.org/10.1016/j.preteyeres.2011.11.002
https://doi.org/10.1016/j.preteyeres.2011.11.002
https://doi.org/10.1167/iovs.04-0421
https://doi.org/10.1111/j.1600-0420.2007.01052.x
https://doi.org/10.1111/j.1600-0420.2007.01052.x
https://doi.org/10.1016/j.preteyeres.2013.07.001
https://doi.org/10.1016/j.preteyeres.2013.07.001
https://doi.org/10.1016/j.ophtha.2011.11.003
https://doi.org/10.1016/j.ophtha.2011.11.003
https://doi.org/10.1002/jemt.1070270303


30. Varela HJ, Hernandez MR (1997) Astrocyte responses in

human optic nerve head with primary open-angle glau-

coma. J Glaucoma 6(5):303–313

31. Plange N, Bienert M, Remky A, Arend KO (2012) Optic

disc fluorescein leakage and intraocular pressure in pri-

mary open-angle glaucoma. Curr Eye Res 37(6):508–512.

https://doi.org/10.3109/02713683.2012.665122

32. Yao H, Wang T, Deng J, Liu D, Li X, Deng J (2014) The

development of blood-retinal barrier during the interaction

of astrocytes with vascular wall cells. Neural Regen Res

9(10):1047–1054. https://doi.org/10.4103/1673-5374.

133169

33. Chong RS, Martin KR (2015) Glial cell interactions and

glaucoma. Curr Opin Ophthalmol 26(2):73–77. https://doi.

org/10.1097/ICU.0000000000000125

34. Newman E, Reichenbach A (1996) The Muller cell: a

functional element of the retina. Trends Neurosci

19(8):307–312

35. Simo R, Villarroel M, Corraliza L, Hernandez C, Garcia-

Ramirez M (2010) The retinal pigment epithelium:

something more than a constituent of the blood-retinal

barrier—implications for the pathogenesis of diabetic

retinopathy. J Biomed Biotechnol 2010:190724. https://

doi.org/10.1155/2010/190724

36. Strauss O (2005) The retinal pigment epithelium in visual

function. Physiol Rev 85(3):845–881. https://doi.org/10.

1152/physrev.00021.2004

37. Gugleta K, Orgul S, Hasler PW, Picornell T, Gherghel D,

Flammer J (2003) Choroidal vascular reaction to hand-grip

stress in subjects with vasospasm and its relevance in

glaucoma. Investig Ophthalmol Vis Sci 44(4):1573–1580

38. Chung HS, Harris A, Evans DW, Kagemann L, Garzozi

HJ, Martin B (1999) Vascular aspects in the pathophysi-

ology of glaucomatous optic neuropathy. Surv Ophthalmol

43(Suppl 1):S43–S50

39. Balaratnasingam C, Ye L, Morgan WH, Bass L, Cringle

SJ, Yu DY (2009) Protective role of endothelial nitric

oxide synthase following pressure-induced insult to the

optic nerve. Brain Res 1263:155–164. https://doi.org/10.

1016/j.brainres.2009.01.031

40. Kawai Y, Yokoyama Y, Kaidoh M, Ohhashi T (2010)

Shear stress-induced ATP-mediated endothelial constitu-

tive nitric oxide synthase expression in human lymphatic

endothelial cells. Am J Physiol Cell Physiol 298(3):C647–

C655. https://doi.org/10.1152/ajpcell.00249.2009

41. Neufeld AH, Hernandez MR, Gonzalez M (1997) Nitric

oxide synthase in the human glaucomatous optic nerve

head. Arch Ophthalmol 115(4):497–503

42. Liu B, Neufeld AH (2000) Expression of nitric oxide

synthase-2 (NOS-2) in reactive astrocytes of the human

glaucomatous optic nerve head. Glia 30(2):178–186

43. Kaufman PL (1999) Nitric-oxide synthase and neurode-

generation/neuroprotection. Proc Natl Acad Sci USA

96(17):9455–9456

44. Osborne NN (2010) Mitochondria: their role in ganglion

cell death and survival in primary open angle glaucoma.

Exp Eye Res 90(6):750–757. https://doi.org/10.1016/j.

exer.2010.03.008

45. Kobayashi M, Kuroiwa T, Shimokawa R, Okeda R,

Tokoro T (2000) Nitric oxide synthase expression in

ischemic rat retinas. Jpn J Ophthalmol 44(3):235–244

46. Adalbert R, Coleman MP (2013) Review: axon pathology

in age-related neurodegenerative disorders. Neuropathol

Appl Neurobiol 39(2):90–108. https://doi.org/10.1111/j.

1365-2990.2012.01308.x

47. Munemasa Y, Kitaoka Y (2012) Molecular mechanisms of

retinal ganglion cell degeneration in glaucoma and future

prospects for cell body and axonal protection. Front Cell

Neurosci 6:60. https://doi.org/10.3389/fncel.2012.00060

48. Nickells RW, Howell GR, Soto I, John SW (2012) Under

pressure: cellular and molecular responses during glau-

coma, a common neurodegeneration with axonopathy.

Annu Rev Neurosci 35:153–179. https://doi.org/10.1146/

annurev.neuro.051508.135728

49. Ousman SS, Kubes P (2012) Immune surveillance in the

central nervous system. Nat Neurosci 15(8):1096–1101.

https://doi.org/10.1038/nn.3161

50. Chi W, Li F, Chen H, Wang Y, Zhu Y, Yang X, Zhu J, Wu

F, Ouyang H, Ge J, Weinreb RN, Zhang K, Zhuo Y (2014)

Caspase-8 promotes NLRP1/NLRP3 inflammasome acti-

vation and IL-1beta production in acute glaucoma. Proc

Natl Acad Sci USA 111(30):11181–11186. https://doi.org/

10.1073/pnas.1402819111

51. Schroder K, Tschopp J (2010) The inflammasomes. Cell

140(6):821–832. https://doi.org/10.1016/j.cell.2010.01.

040

52. Crowder RN, El-Deiry WS (2012) Caspase-8 regulation of

TRAIL-mediated cell death. Exp Oncol 34(3):160–164

53. Innocenti B, Parpura V, Haydon PG (2000) Imaging

extracellular waves of glutamate during calcium signaling

in cultured astrocytes. J Neurosci Off J Soc Neurosci

20(5):1800–1808

54. Voloboueva LA, Suh SW, Swanson RA, Giffard RG

(2007) Inhibition of mitochondrial function in astrocytes:

implications for neuroprotection. J Neurochem

102(4):1383–1394. https://doi.org/10.1111/j.1471-4159.

2007.4634.x

55. Martins-Ferreira H, Nedergaard M, Nicholson C (2000)

Perspectives on spreading depression. Brain Res Brain Res

Rev 32(1):215–234

56. Singh M, Savitz SI, Hoque R, Gupta G, Roth S, Rosen-

baum PS, Rosenbaum DM (2001) Cell-specific caspase

expression by different neuronal phenotypes in transient

retinal ischemia. J Neurochem 77(2):466–475

57. Katai N, Yoshimura N (1999) Apoptotic retinal neuronal

death by ischemia-reperfusion is executed by two distinct
caspase family proteases. Investig Ophthalmol Vis Sci

40(11):2697–2705

58. Sumioka K, Shirai Y, Sakai N, Hashimoto T, Tanaka C,

Yamamoto M, Takahashi M, Ono Y, Saito N (2000)

Induction of a 55-kDa PKN cleavage product by ischemia/

reperfusion model in the rat retina. Investig Ophthalmol

Vis Sci 41(1):29–35

59. Bringmann A, Pannicke T, Grosche J, Francke M,

Wiedemann P, Skatchkov SN, Osborne NN, Reichenbach

A (2006) Muller cells in the healthy and diseased retina.

Prog Retin Eye Res 25(4):397–424. https://doi.org/10.

1016/j.preteyeres.2006.05.003

60. Bringmann A, Wiedemann P (2012) Muller glial cells in

retinal disease. Ophthalmologica 227(1):1–19. https://doi.

org/10.1159/000328979

Int Ophthalmol (2019) 39:259–271 269

123

https://doi.org/10.3109/02713683.2012.665122
https://doi.org/10.4103/1673-5374.133169
https://doi.org/10.4103/1673-5374.133169
https://doi.org/10.1097/ICU.0000000000000125
https://doi.org/10.1097/ICU.0000000000000125
https://doi.org/10.1155/2010/190724
https://doi.org/10.1155/2010/190724
https://doi.org/10.1152/physrev.00021.2004
https://doi.org/10.1152/physrev.00021.2004
https://doi.org/10.1016/j.brainres.2009.01.031
https://doi.org/10.1016/j.brainres.2009.01.031
https://doi.org/10.1152/ajpcell.00249.2009
https://doi.org/10.1016/j.exer.2010.03.008
https://doi.org/10.1016/j.exer.2010.03.008
https://doi.org/10.1111/j.1365-2990.2012.01308.x
https://doi.org/10.1111/j.1365-2990.2012.01308.x
https://doi.org/10.3389/fncel.2012.00060
https://doi.org/10.1146/annurev.neuro.051508.135728
https://doi.org/10.1146/annurev.neuro.051508.135728
https://doi.org/10.1038/nn.3161
https://doi.org/10.1073/pnas.1402819111
https://doi.org/10.1073/pnas.1402819111
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1111/j.1471-4159.2007.4634.x
https://doi.org/10.1111/j.1471-4159.2007.4634.x
https://doi.org/10.1016/j.preteyeres.2006.05.003
https://doi.org/10.1016/j.preteyeres.2006.05.003
https://doi.org/10.1159/000328979
https://doi.org/10.1159/000328979


61. Provis JM (2001) Development of the primate retinal

vasculature. Prog Retin Eye Res 20(6):799–821

62. Stone J, Itin A, Alon T, Pe’er J, Gnessin H, Chan-Ling T,

Keshet E (1995) Development of retinal vasculature is

mediated by hypoxia-induced vascular endothelial growth

factor (VEGF) expression by neuroglia. J Neurosci Off J

Soc Neurosci 15(7 Pt 1):4738–4747

63. Balaratnasingam C, MorganWH, Bass L, Ye L, McKnight

C, Cringle SJ, Yu DY (2008) Elevated pressure induced

astrocyte damage in the optic nerve. Brain Res

1244:142–154. https://doi.org/10.1016/j.brainres.2008.09.

044

64. Prasanna G, Krishnamoorthy R, Yorio T (2011)

Endothelin, astrocytes and glaucoma. Exp Eye Res

93(2):170–177. https://doi.org/10.1016/j.exer.2010.09.

006

65. Bringmann A, Iandiev I, Pannicke T, Wurm A, Hollborn

M, Wiedemann P, Osborne NN, Reichenbach A (2009)

Cellular signaling and factors involved in Muller cell

gliosis: neuroprotective and detrimental effects. Prog

Retin Eye Res 28(6):423–451. https://doi.org/10.1016/j.

preteyeres.2009.07.001

66. Bringmann A, Reichenbach A, Wiedemann P (2004)

Pathomechanisms of cystoid macular edema. Ophthalmic

Res 36(5):241–249. https://doi.org/10.1159/000081203

67. Francke M, Pannicke T, Biedermann B, Faude F, Wiede-

mann P, Reichenbach A, Reichelt W (1997) Loss of

inwardly rectifying potassium currents by human retinal

glial cells in diseases of the eye. Glia 20(3):210–218

68. Lewis GP, Fisher SK (2003) Up-regulation of glial fibril-

lary acidic protein in response to retinal injury: its potential

role in glial remodeling and a comparison to vimentin

expression. Int Rev Cytol 230:263–290

69. Lu YB, Franze K, Seifert G, Steinhauser C, Kirchhoff F,

Wolburg H, Guck J, Janmey P, Wei EQ, Kas J, Reichen-

bach A (2006) Viscoelastic properties of individual glial

cells and neurons in the CNS. Proc Natl Acad Sci USA

103(47):17759–17764. https://doi.org/10.1073/pnas.

0606150103

70. Ambati J, Chalam KV, Chawla DK, D’Angio CT, Guillet

EG, Rose SJ, Vanderlinde RE, Ambati BK (1997) Ele-

vated gamma-aminobutyric acid, glutamate, and vascular

endothelial growth factor levels in the vitreous of patients

with proliferative diabetic retinopathy. Arch Ophthalmol

115(9):1161–1166

71. Naskar R, Vorwerk CK, Dreyer EB (2000) Concurrent

downregulation of a glutamate transporter and receptor in

glaucoma. Investig Ophthalmol Vis Sci 41(7):1940–1944

72. Lucas DR, Newhouse JP (1957) The toxic effect of sodium
L-glutamate on the inner layers of the retina. AMA Arch

Ophthalmol 58(2):193–201

73. Asensio Sanchez VM, Corral Azor A, Aguirre Aragon B,

De Paz Garcia M (2002) Amino acid concentrations in the

vitreous body in control subjects. Archivos de la Sociedad

Espanola de Oftalmologia 77(11):611–616

74. Choi DW (1988) Calcium-mediated neurotoxicity: rela-

tionship to specific channel types and role in ischemic

damage. Trends Neurosci 11(10):465–469

75. Huang W, Fileta J, Rawe I, Qu J, Grosskreutz CL (2010)

Calpain activation in experimental glaucoma. Investig

Ophthalmol Vis Sci 51(6):3049–3054. https://doi.org/10.

1167/iovs.09-4364

76. Manabe S, Lipton SA (2003) Divergent NMDA signals

leading to proapoptotic and antiapoptotic pathways in the

rat retina. Investig Ophthalmol Vis Sci 44(1):385–392

77. Dorado C, Rugerio C, Rivas S (2003) Estrés oxidativo y

neurodegeneración. Revista de la Facultad de Medicina

46(6):229–235

78. Quigley HA, Nickells RW, Kerrigan LA, Pease ME,

Thibault DJ, Zack DJ (1995) Retinal ganglion cell death in

experimental glaucoma and after axotomy occurs by

apoptosis. Investig Ophthalmol Vis Sci 36(5):774–786

79. Soto I, Oglesby E, Buckingham BP, Son JL, Roberson ED,

Steele MR, Inman DM, Vetter ML, Horner PJ, Marsh-

Armstrong N (2008) Retinal ganglion cells downregulate

gene expression and lose their axons within the optic nerve

head in a mouse glaucoma model. J Neurosci Off J Soc

Neurosci 28(2):548–561. https://doi.org/10.1523/

JNEUROSCI.3714-07.2008

80. Vidal-Sanz M, Valiente-Soriano FJ, Ortin-Martinez A,

Nadal-Nicolas FM, Jimenez-Lopez M, Salinas-Navarro

M, Alarcon-Martinez L, Garcia-Ayuso D, Aviles-Tri-

gueros M, Agudo-Barriuso M, Villegas-Perez MP (2015)

Retinal neurodegeneration in experimental glaucoma.

Prog Brain Res 220:1–35. https://doi.org/10.1016/bs.pbr.

2015.04.008

81. Dai C, Khaw PT, Yin ZQ, Li D, Raisman G, Li Y (2012)

Structural basis of glaucoma: the fortified astrocytes of the

optic nerve head are the target of raised intraocular pres-

sure. Glia 60(1):13–28. https://doi.org/10.1002/glia.21242

82. Chaudhary P, Ahmed F, Quebada P, Sharma SC (1999)

Caspase inhibitors block the retinal ganglion cell death

following optic nerve transection. Brain Res Mol Brain

Res 67(1):36–45

83. Kermer P, Ankerhold R, Klocker N, Krajewski S, Reed JC,

BahrM (2000) Caspase-9: involvement in secondary death

of axotomized rat retinal ganglion cells in vivo. Brain Res

Mol Brain Res 85(1–2):144–150

84. Kermer P, Klocker N, Labes M, Thomsen S, Srinivasan A,

Bahr M (1999) Activation of caspase-3 in axotomized rat

retinal ganglion cells in vivo. FEBS Lett 453(3):361–364

85. Cheung ZH, Yip HK, Wu W, So KF (2003) Axotomy

induces cytochrome c release in retinal ganglion cells.

NeuroReport 14(2):279–282. https://doi.org/10.1097/01.

wnr.0000054968.99678.b2

86. Quigley HA (1999) Neuronal death in glaucoma. Prog

Retin Eye Res 18(1):39–57

87. Klocker N, Braunling F, Isenmann S, Bahr M (1997)

In vivo neurotrophic effects of GDNF on axotomized

retinal ganglion cells. NeuroReport 8(16):3439–3442

88. Mey J, Thanos S (1993) Intravitreal injections of neu-

rotrophic factors support the survival of axotomized retinal

ganglion cells in adult rats in vivo. Brain Res

602(2):304–317

89. Peinado-Ramon P, SalvadorM, Villegas-Perez MP, Vidal-

Sanz M (1996) Effects of axotomy and intraocular

administration of NT-4, NT-3, and brain-derived neu-

rotrophic factor on the survival of adult rat retinal ganglion

cells. A quantitative in vivo study. Investig Ophthalmol

Vis Sci 37(4):489–500

270 Int Ophthalmol (2019) 39:259–271

123

https://doi.org/10.1016/j.brainres.2008.09.044
https://doi.org/10.1016/j.brainres.2008.09.044
https://doi.org/10.1016/j.exer.2010.09.006
https://doi.org/10.1016/j.exer.2010.09.006
https://doi.org/10.1016/j.preteyeres.2009.07.001
https://doi.org/10.1016/j.preteyeres.2009.07.001
https://doi.org/10.1159/000081203
https://doi.org/10.1073/pnas.0606150103
https://doi.org/10.1073/pnas.0606150103
https://doi.org/10.1167/iovs.09-4364
https://doi.org/10.1167/iovs.09-4364
https://doi.org/10.1523/JNEUROSCI.3714-07.2008
https://doi.org/10.1523/JNEUROSCI.3714-07.2008
https://doi.org/10.1016/bs.pbr.2015.04.008
https://doi.org/10.1016/bs.pbr.2015.04.008
https://doi.org/10.1002/glia.21242
https://doi.org/10.1097/01.wnr.0000054968.99678.b2
https://doi.org/10.1097/01.wnr.0000054968.99678.b2


90. Klocker N, Kermer P, Weishaupt JH, Labes M, Ankerhold

R, Bahr M (2000) Brain-derived neurotrophic factor-me-

diated neuroprotection of adult rat retinal ganglion cells

in vivo does not exclusively depend on phosphatidyl-

inositol-30-kinase/protein kinase B signaling. J Neurosci

Off J Soc Neurosci 20(18):6962–6967

91. Liao R, Yan F, Zeng Z, Farhan M, Little P, Quirion R,

Srivastava LK, Zheng W (2016) Amiodarone-induced

retinal neuronal cell apoptosis attenuated by IGF-1 via

counter regulation of the PI3 k/Akt/FoxO3a pathway. Mol

Neurobiol. https://doi.org/10.1007/s12035-016-0211-x

92. Kikuchi M, Tenneti L, Lipton SA (2000) Role of p38

mitogen-activated protein kinase in axotomy-induced

apoptosis of rat retinal ganglion cells. J Neurosci Off J Soc

Neurosci 20(13):5037–5044

93. Russelakis-Carneiro M, Silveira LC, Perry VH (1996)

Factors affecting the survival of cat retinal ganglion cells

after optic nerve injury. J Neurocytol 25(6):393–402

94. Yoles E, Muller S, Schwartz M (1997) NMDA-receptor

antagonist protects neurons from secondary degeneration

after partial optic nerve crush. J Neurotrauma

14(9):665–675. https://doi.org/10.1089/neu.1997.14.665

95. Yoles E, Schwartz M (1998) Elevation of intraocular

glutamate levels in rats with partial lesion of the optic

nerve. Arch Ophthalmol 116(7):906–910

96. Stys PK (2005) General mechanisms of axonal damage

and its prevention. J Neurol Sci 233(1–2):3–13. https://doi.

org/10.1016/j.jns.2005.03.031

97. Whitmore AV, Libby RT, John SW (2005) Glaucoma:

thinking in new ways-a role for autonomous axonal self-

destruction and other compartmentalised processes? Prog

Retin Eye Res 24(6):639–662. https://doi.org/10.1016/j.

preteyeres.2005.04.004

98. Ryu M, Yasuda M, Shi D, Shanab AY, Watanabe R,

Himori N, Omodaka K, Yokoyama Y, Takano J, Saido T,

Nakazawa T (2012) Critical role of calpain in axonal

damage-induced retinal ganglion cell death. J Neurosci

Res 90(4):802–815. https://doi.org/10.1002/jnr.22800

99. Stys PK, Jiang Q (2002) Calpain-dependent neurofilament

breakdown in anoxic and ischemic rat central axons.

Neurosci Lett 328(2):150–154

100. Takai Y, Tanito M, Ohira A (2012) Multiplex cytokine

analysis of aqueous humor in eyes with primary open-

angle glaucoma, exfoliation glaucoma, and cataract.

Investig Ophthalmol Vis Sci 53(1):241–247. https://doi.

org/10.1167/iovs.11-8434

101. Nakazawa T, Tamai M, Mori N (2002) Brain-derived

neurotrophic factor prevents axotomized retinal ganglion

cell death through MAPK and PI3 K signaling pathways.

Investig Ophthalmol Vis Sci 43(10):3319–3326

102. Pervan CL (2017) Smad-independent TGF-beta2 signaling

pathways in human trabecular meshwork cells. Exp Eye

Res 158:137–145. https://doi.org/10.1016/j.exer.2016.07.

012

103. Pattabiraman PP, Rao PV (2010) Mechanistic basis of Rho

GTPase-induced extracellular matrix synthesis in trabec-

ular meshwork cells. Am J Physiol Cell Physiol

298(3):C749–C763. https://doi.org/10.1152/ajpcell.00317.

2009

104. Gauthier AC, Liu J (2017) Epigenetics and signaling

pathways in glaucoma. Biomed Res Int 2017:5712341.

https://doi.org/10.1155/2017/5712341

Int Ophthalmol (2019) 39:259–271 271

123

https://doi.org/10.1007/s12035-016-0211-x
https://doi.org/10.1089/neu.1997.14.665
https://doi.org/10.1016/j.jns.2005.03.031
https://doi.org/10.1016/j.jns.2005.03.031
https://doi.org/10.1016/j.preteyeres.2005.04.004
https://doi.org/10.1016/j.preteyeres.2005.04.004
https://doi.org/10.1002/jnr.22800
https://doi.org/10.1167/iovs.11-8434
https://doi.org/10.1167/iovs.11-8434
https://doi.org/10.1016/j.exer.2016.07.012
https://doi.org/10.1016/j.exer.2016.07.012
https://doi.org/10.1152/ajpcell.00317.2009
https://doi.org/10.1152/ajpcell.00317.2009
https://doi.org/10.1155/2017/5712341

	Pathophysiology of primary open-angle glaucoma from a neuroinflammatory and neurotoxicity perspective: a review of the literature
	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Hypoxia
	Ischemia
	Excitotoxicity
	Axotomy
	Trophic factors
	Conclusion
	Acknowledgements
	References




