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INTRODUCTION

Glaucoma is a group of diseases with progressive
loss of the neuroretinal rim at the optic nerve that causes
a characteristic degenerative optic neuropathy. About 3.5
percent of the world population ages 40 to 80 has glau-
coma [1]. In fact, glaucoma is one of the leading causes
of blindness in the world, second only to cataracts [2]. 

Patients with mild to moderate glaucoma are often
asymptomatic. They may experience gradual loss of pe-
ripheral and/or central vision as the disease advances.
With the exception of acute angle closure glaucoma,
glaucoma can often be hard to notice until damage has
already occurred. For this reason, people are encour-
aged to get routine eye exams, especially if they have
any of the known glaucoma risk factors, such as a pos-
itive family history; Black, Hispanic, or Asian ancestry;
a history of ocular trauma and myopia; diabetes; hy-
pertension; or long-term corticosteroid use. Suspicion
for glaucoma is increased in patients with high intraoc-
ular pressure (IOP), visual field defects, and an enlarged
cup-to-disk ratio of the optic nerve. Larger cup-to-disk
ratio can be a result of optic nerve neuroretinal rim thin-

ning secondary to destruction of retinal ganglion cell
(RGC) axons, vasculature, and glia [3]. Fundoscopic
exams may also reveal hemorrhages on the optic nerve
disc in glaucoma patients [4].

Glaucoma has traditionally been considered a dis-
ease of the eye, but recent research has linked it to de-
generation of the central nervous system (CNS).
Glaucoma-associated neurodegeneration has been noted
in the intracranial optic nerves, lateral geniculate nucleus
(LGN), and visual cortex of primates and humans [5-7]. 

One case study compared the brain of a glaucoma
patient with a superior visual field defect to three brains
of age-matched controls without neurological or ocular
disease [7]. Tissue samples from the LGN at autopsy
showed shrunken neurons with smaller nuclei and more
globoid cytoplasm in both the magnocellular and parvo-
cellular layers in the glaucoma patient compared to the
controls. In addition, cortical ribbon thickness under the
calcarine sulcus was diminished, and optic nerve tissue
was heavily atrophied. Another study demonstrated de-
creased cell density in the magnocellular layer in glau-
coma patients compared to healthy controls [8]. These
studies indicate that the effects of glaucoma can extend
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REVIEW

Glaucoma is the principal cause of irreversible blindness in the world. The disease leads to progressive
optic nerve degeneration with a gradual loss of retinal ganglion cells. Neurodegeneration in glaucoma ex-
tends beyond the eye into the lateral geniculate nucleus and visual cortex, and the disease even shares some
characteristics with other central nervous system degenerative disorders. Glaucoma destroys neurons
through oxidative stress, impairment in axonal transport, neuroinflammation, and excitotoxicity. Au-
tophagy may promote or inhibit disease progression. Currently, lowering intraocular pressure is the only
way proven to delay glaucoma advancement. However, many new therapies are being developed, including
antioxidants, adenosine receptor antagonists, Rho-pathway inhibitors, stem cell therapy, and neurotrophic
factors. These therapies focus on neuroprotection, and they may eventually halt glaucoma progression or
reverse the process of the disease itself.
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beyond the eye into areas that process visual information
within the brain.

Although glaucoma is predicted to affect more pa-
tients as the world population grows and the average lifes-
pan increases [1], the mechanism of the development and
progression of this neurodegenerative disease is still
largely unknown. Currently, IOP is the only modifiable
risk factor for glaucoma and essentially the center of treat-
ment. However, with recent increased understanding of
the neurodegenerative process in glaucoma, neuroprotec-
tive treatment has been proposed as a different approach
to improve our management of this condition.

MECHANISMS OF GLAUCOMATOUS
NEURODEGENERATION

Primary open angle glaucoma and the MYOC gene

Primary open angle glaucoma (POAG) is the most-
common subtype of glaucoma. This multifactorial dis-
ease is usually chronic, slowly progressive, and
characterized by decreased aqueous humor outflow and
subsequent optic nerve damage without any identifiable
etiology. Risk of POAG increases with advanced age,
African-American race, myopia, low diastolic perfusion
pressures, and thinner corneas [3,9]. In contrast to most
other types of glaucoma, POAG can occur with either
elevated or normal IOP. 

The cause of POAG can be directly linked to genet-
ics in a small proportion of patients. Mutations in the
MYOC gene account for about 4 percent of adult-onset and
10 percent of juvenile-onset POAG [10,11]. The MYOC
gene codes for myocilin, a protein with an unknown func-
tion made by the ciliary body and trabecular meshwork
(TM) [12,13]. Patients with the MYOC mutation secrete
less myocilin, which instead accumulates in the cells of
the TM. This poisons the TM cells, destroying the outflow
pathway for aqueous humor, leading to higher IOP and
optic nerve damage [14].

Normal-tension glaucoma and optic nerve ischemia

POAG that occurs with a normal IOP (10-21 mmHg)
is called normal-tension glaucoma (NTG), or low-pres-
sure glaucoma, which happens in about 50 percent of un-
diagnosed glaucoma cases [15]. The cause of optic nerve
damage is still unclear in patients with NTG as their IOPs
are never observed being elevated. Patients with NTG are
more likely to have had an episode of major shock or
chronic low blood pressure than those with elevated IOP
[16]. This suggests that optic nerve ischemia may con-
tribute to NTG development. A cohort study indicated that
silent cerebral infarct is associated with a higher risk of
NTG visual field progression [17]. Patients with NTG
may have a lower probability of developing blindness in
their affected eye compared to those with increased IOP,
possibly due to a slower disease progression rate [18,19].
Even though the pathophysiology of NTG is not fully un-

derstood, lowering IOP still has beneficial effects and re-
mains the primary treatment strategy in these patients [20].

Oxidative stress, axonal transport impairment,
and neuroinflammation 

In addition to possible chronic nerve ischemia related
to hypovolemia, optic nerve damage can be mediated by
many other factors. Increased IOP may compress the
blood supply to the nerve [21-23]. As the nerve becomes
more hypoxic, mitochondria are damaged, leading to re-
active oxygen species formation and cellular stress [24].
Furthermore, a high IOP impedes axonal transport, pre-
venting the RGCs from receiving essential neurotrophic
factors such as brain-derived neurotrophic factor (BDNF)
[25,26]. The excess pressure also stimulates microglial
cells in the optic nerve head to release pro-inflammatory
cytokines including tumor necrosis factor-alpha (TNF-α),
which are toxic to RGC axons [27]. Microglia also release
C1q, a protein that starts the complement cascade, which
is increased in glaucoma [28]. In fact, minocycline- or
chemokine receptor CX3CR1-induced suppression of mi-
croglia increased survival of RGCs, further implicating
these immune cells in the pathogenesis of glaucoma [29].

Excitotoxicity

Glaucoma may be mediated by excitotoxicity
through disruptions in glutamate transport. OPTN is a
gene that encodes Optineurin, a protein involved in con-
trolling glutamate receptor signaling [30]. This gene is
often mutated in POAG, especially NTG [30]. Excessive
glutamate overactivates N-Methyl-D-aspartate (NMDA)
receptors, which especially affects RGCs in human and
animal models [30]. Overstimulation of the NMDA re-
ceptors allows for an influx of too much calcium, caus-
ing apoptosis of the cells involved. 

Autophagy

Autophagy also plays a role in glaucoma develop-
ment. Autophagy is the process by which a cell recycles
misfolded proteins or compromised organelles in order
to increase cell survival [31]. It is an important response
to cellular stress, including starvation, hypoxia, and ox-
idative damage [31]. Autophagic markers have been
shown to increase in conditions of optic nerve damage
such as glaucoma [32]. However, many studies provide
conflicting evidence on whether this response is injuri-
ous or protective [32-36]. Further research is warranted
to determine if treatments for glaucoma should aim to
stimulate or inhibit autophagy.

Glaucoma and other neurodegenerative diseases

As a neurodegenerative disease, glaucoma shares
similarities with other conditions in this category, such as
Alzheimer’s disease (AD), mixed dementia, Hunting-
ton’s Disease, Amyotropic Lateral Sclerosis, and Parkin-
son’s disease (PD). Glaucoma, like all of these diseases,
becomes more common with age, progresses slowly and
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insidiously, and carries a genetic predisposition [37].
Caspases that are activated in AD are likewise turned on
in RGCs if the optic nerve is transected [38]. Rat mod-
els of glaucoma have activated caspase-3, which creates
amyloid-beta by splitting amyloid precursor protein [38].
Amyloid-beta is toxic to neurons, and it may play a role
in RGC death. This is essentially the same mechanism
of Alzheimer amyloid plaque build-up in the brain. In
fact, a retrospective study found that patients with POAG
were more likely to develop AD than patients without
POAG [39]. Glaucoma was positively associated with
mixed dementia in a study of 1,168 geriatric patients
[40]. In addition, PD patients were more likely to have
glaucoma than their age- and sex-matched controls [41].
Interestingly, PD patients may or may not have decreased
retinal nerve fiber layer thickness, but they still show vi-
sual field defects similar to those of glaucoma patients
[42,43]. This growing group of studies provides evidence
that age-related vision and memory deficits may be more
related than previously thought.

NEUROPROTECTION IN GLAUCOMA
TREATMENT

IOP-lowering drugs

As the only treatment proven effective for glaucoma,
IOP reduction itself can be neuroprotective for the optic
nerves by decreasing the oxidative stress, axon transport
impairment, and neuroinflammation associated with IOP
elevation. The five classes of drugs that treat glaucoma
by lowering IOP include prostaglandin analogues, beta-
blockers, alpha agonists, carbonic anhydrase inhibitors,
and cholinergic agents [44]. A meta-analysis study of 28
randomized clinical trials found that out of eight glau-
coma drugs, bimatoprost (prostaglandin analog) lowered
IOP the most at the peak, followed by travoprost, la-
tanoprost, brimonidine (alpha agonist), timolol (beta-
blocker), dorzolamide (carbonic anhydrase inhibitor),
betaxolol, and brinzolamide [45].

Prostaglandin analogues are generally considered
first-line because they are efficacious without many sys-
temic side effects [46]. They work by increasing the out-
flow of aqueous humor, especially through the uveoscleral
pathway [47]. However, these drugs are associated with
ocular adnexal side effects, such as upper lid ptosis, leva-
tor dysfunction, and lower lid retraction [48]. They may
also darken iris color and increase eyelash length [49,50].
Since some of these effects may impair visual function,
they should be carefully monitored. 

Beta-blockers decrease IOP by reducing aqueous
humor synthesis in the ciliary epithelium. Although ef-
fective, they tend to constrict the airways and cause brady-
cardia, so they should be avoided in patients with asthma
or decompensated heart failure [44]. Punctal occlusion
after application of beta-blocker eye drops can help reduce
systemic absorption. 

Alpha-adrenergic agonists also decrease the pro-
duction of aqueous humor. Epinephrine is a nonselective
alpha-agonist that causes vasoconstriction of the ciliary
body through alpha-1 effects, reducing aqueous humor
synthesis. Its effect on alpha-2 receptors further de-
creases synthesis and also increases aqueous humor out-
flow through the uveoscleral pathway. Selective alpha-2
adrenergic agonists, such as brimonidine, may have an
extra neuroprotective effect on RGCs through a mecha-
nism other than IOP reduction. Brimonidine decreases
NMDA receptor function and intracellular calcium by re-
ducing cyclic adenosine monophosphate creation [51].
This dampens the glutamate excitotoxicity involved in
glaucoma. In a clinical trial, low-pressure glaucoma pa-
tients treated with brimonidine were less likely to have
progressive visual field loss than those treated with tim-
olol (a beta-blocker), even though IOP decreases were
similar in both treatment groups [52]. This may be be-
cause brimonidine both decreases aqueous humor pro-
duction and increases its outflow or because it promotes
optic nerve health independent of its capacity for IOP re-
duction [53-55]. The proposed neuroprotective potential
of alpha-2 adrenergic agonists may benefit patients with
and without increased IOP. 

Additional IOP-lowering drugs include choli-
nomimetics, such as pilocarpine, and carbonic anhydrase
inhibitors, including acetazolamide. Cholinomimetics act
by contracting the ciliary muscle, which opens the TM,
increasing the outflow of aqueous humor. Carbonic anhy-
drase inhibitors decrease production of aqueous humor.
Some medications consist of drugs from two different
classes, further reducing IOP.

Antioxidants

Since glaucoma is partially mediated by an increase
in reactive oxygen species, antioxidant therapies have
been proposed to help treat this disease. Acute ocular hy-
pertension has been shown to reduce retinal glutathione
in guinea pigs [56]. Glutathione is an antioxidant produced
in the body that neutralizes destructive free radicals. The
antioxidant Vitamin E increased the glutathione levels in
the guinea pigs and protected their retinas from damage
[56]. Other antioxidants, like Coenzyme Q10, alpha-lipoic
acid, superoxide dismutase, and Ginkgo biloba leaf ex-
tract also decreased RGC loss in rat models of glaucoma
[57]. Coenzyme Q10 decreased superoxide dismutase-2
and heme oxygenase-1 expression in glaucomatous mice,
increasing RGC survival [58]. Ginkgo biloba leaf extract
was suggested to slow visual field loss in patients with
NTG over four years [59]. Further studies are needed to
confirm beneficial effects in humans and compare antiox-
idants with more established drugs, but antioxidants ap-
pear to be promising therapeutics for glaucoma.

Adenosine receptor antagonists

Adenosine is a neuromodulator that can induce in-
flammation and activate microglia through the A2A receptor
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subtype [60]. Consequently, A2A receptor antagonists are
protective in many neuroinflammatory disorders, such as
AD and PD [61]. An in vitro study showed that these drugs
also prevented microglia activation and neuroinflammation
in retinal cultures exposed to elevated hydrostatic pressure,
preserving RGCs [60]. In rats, an A2A receptor antagonist
injected into the hippocampus successfully controlled the
neuroinflammation induced by lipopolysaccharide, which
activates microglia [62]. It also decreased apoptosis in the
rat hippocampus induced by staurosporine [63]. The anti-in-
flammatory effects of adenosine receptor antagonists make
these drugs potentially useful in many neurodegenerative
conditions, including glaucoma.

Nicotinic acetylcholine agonists

Nicotine and acetylcholine (ACh) both have neuro-
protective effects on the retinas of pigs and rats [64,65].
They are agonists of nicotinic ACh receptors, which block
glutamate-induced excitotoxicity [64]. When the nicotinic
ACh agonist PNU-282987 was injected into the eyes of
rats an hour before an NaCl injection was used to induce
glaucomatous change, the rats had significantly less RGC
loss compared to control rats [66]. Nicotinic Ach agonists
also play a large role in related neuroinflammatory dis-
eases, such as AD and PD [67]. For example, administra-
tion of nicotine or nicotinic agonists to patients with AD
improved attention and memory [68,69]. Nicotine may
even decrease the chance of developing AD or PD [70].
This suggests that agonists of the nicotinic ACh receptors
may reduce neurodegeneration in a variety of neuroin-
flammatory disorders.

Rho-pathway inhibitors

Rho is a cytoplasmic GTP-binding molecule that acti-
vates Rho-associated coiled-coil containing protein kinase
(ROCK) in many different cells [71]. This activation leads
to changes in cell morphology and motility, but it also
causes inflammation, axon retraction, and growth cone col-
lapse in neurons [71]. Myelin-associated molecules in the
CNS activate the Rho-ROCK pathway, preventing mature
CNS neurons from regenerating damaged axons. In glau-
coma, ROCK is upregulated in conjunction with NMDA
and glutamate excitotoxicity [72]. Drugs that inhibit ROCK,
especially when used in conjunction with ciliary neu-
rotrophic factor, have been shown to increase neurite out-
growth in RGCs, leading to axon regeneration [73]. This
neuroprotective effect of Rho-pathway inhibitors makes
them yet another candidate for glaucoma therapy.

Stem cell therapy

Since glaucoma is a disease of neurodegeneration, fu-
ture treatment strategies could focus on regenerating lost
tissue. Stem cell therapy has already been used in clinical
trials for retinal diseases, as the eye is easy to access and
relatively few cells need to be replaced [74]. In glaucoma,
stem cells would replenish the RGCs that died in the optic
nerve. They would need to travel down this structure and

successfully connect to the LGN [75]. Although still chal-
lenging, it has been shown that neural progenitor cells
transplanted intravitreally in a mouse model were able to
migrate to the inner retinal layer within three weeks. These
cells started to display morphology consistent with RGCs
in response to daily injections of retinoic acid [76]. Reti-
nal progenitor cells from newborn mice grafted into adult
mice with degenerating retinas have even been shown to
restore some light-mediated behavior in the recipients
[77]. Stem cell therapy for ocular disease is a relatively
new field still being studied in animals, but continued
progress may eventually lead to cell-based therapies for
glaucoma patients.

Neurotrophic factors

Even if transplanted cells cannot replace the degen-
erated RGCs, they can still secrete neurotrophic factors
that promote the survival of the remaining neurons. Mes-
enchymal stem cells injected into the vitreous body of rats
prolonged RGC survival by secreting platelet-derived
growth factor [78]. They can also be modified to secrete
BDNF, another neuroprotective agent [79]. Olfactory en-
sheathing cells also secrete many neurotrophic factors that
can protect RGCs [75]. When transplanted into a rat optic
nerve sheath and combined with intravitreal injections of
recombinant human glial cell line-derived neurotrophic
factor, these cells helped regenerate the axons of a dam-
aged optic nerve [80]. Other neurotrophic factors, such as
fibroblast growth factor-2, ciliary neurotrophic factor, neu-
rotrophin 3, neurotrophin 4, nerve growth factor, and in-
terleukin-10 have all been found to be neuroprotective in
RGCs [81]. There is no cure for glaucoma, but these de-
veloping therapies show that disease reversal may even-
tually be possible.

CONCLUSIONS AND OUTLOOK 
Glaucoma remains an important cause of progressive

blindness that affects many people worldwide. Although it
is defined primarily by optic nerve damage, the disease
extends to the retina, LGN, and the occipital cortex. Neu-
rodegeneration occurs through increased IOP and optic
nerve ischemia, which causes oxidative stress, impair-
ments in axonal transport, neuroinflammation, excitotox-
icity, and autophagy. 

Like many other neurodegenerative diseases, the
prevalence of glaucoma increases with age. As life ex-
pectancy continues to escalate, especially in the western
world, we can expect these diseases to affect our society
with increasing severity. This will add even more burden
to our health care system and economy, especially since
there is no cure for these conditions. Our current treat-
ments for glaucoma focus on lowering IOP, but they can
only slow disease progression. Therapies in development
emphasize neuroprotection, with the eventual goal of stop-
ping the disease and even restoring function through the
regeneration of neural tissue. Because glaucoma shares

76 Gauthier et al.: Neurodegeneration and Neuroprotection in Glaucoma



similarities with many other degenerative diseases of the
CNS, the progress made in this field may one day also be
applied to these conditions.
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