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stra t
Cellular aging occurs by 

the lifelong accumulation of 

oxidative damage leading to 

neuronal apoptosis, termed 

‘neurodegeneration’, and the 

functional defi cits of aging.  

Loss of visual function is one of 

the most important quality of 

life measures for older adults.  

We discuss recent clinical and 

laboratory advances in the 

neuroprotective treatment of 

the aging eye with particular 

emphasis on the three major 

ocular neurodegenerative 

conditions:  glaucoma, age-related 

macular degeneration (AMD), 

and diabetic retinopathy (DR).  

Intr u  n
Apoptosis, also known as 

programmed cell death, is a 

fundamental cellular signaling 

mechanism relevant to the proper 

function of a wide range of 

physiological processes from the 

single cell to the whole organism.  As 

cells age, however, they accumulate 

damage from multiple sources, 

oxidative damage being the main 

focus of current aging research.  A 

‘dysregulated’ cell must either 

be destroyed or reverted to the 

healthy state in order to preserve 

the proper function of tissues and 

even the whole organism.  The term 

‘neuroprotection’, the protection 

of nerve cells from acute or 

chronic damage, should thus not be 

interpreted to mean solely the support 

of failing cells but should include the 

restoration of normal physiology.  The 

goal of neuroprotection must be to 

prevent cell death by apoptosis or 

necrosis along with the correction 

of the physiology causing cellular 

pathology. 

The retina is an ideal target for 

neuroprotection.  Projected from the 

brain during development, the retina is 

exposed central nervous system (CNS) 

tissue that is more readily available for 

pharmacologic intervention than the 

remainder of the CNS.  The regulated 

control of chemical access to the eye 

by the blood-retina barrier and the 

concomitant immune privilege allow 

interventions prohibitive elsewhere 

due to side effects.

Aging is theorized to occur by 

accumulative damage to the normal 

function of the cell by reactive oxygen 

species (ROS), such as free radicals 

and hydroxyl radicals,1 often beginning 

as small synaptic changes but over 

time resulting in both synaptic and 

cellular dysfunction.  The retina is 

a high oxygen demand tissue due to 

the large amount of energy required 

to drive visual signal transduction.  

Oxygen saturation and vascularization 
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decrease towards the inner retinal layers, but compensatory 

neovascularization in response to ischemia interferes 

with visual function and is a distinct marker of retinal 

disease.2  The oxidative load created by normal visual signal 

transduction is counterbalanced by multiple antioxidant 

signaling systems, optimized and regulated to function in 

tandem.  The cellular redox potential is actively maintained 

by antioxidant cascades that converge on the mitochondria.  

The mitochondrion is the primary metabolic organelle, 

responsible for producing ATP by the classical glucose 

pathway, but mitochondria also regulate intracellular pH, 

cytosolic calcium concentrations, and control cellular 

signaling resulting in apoptosis through specifi c enzyme and 

cellular messenger pathways.3  The majority of intracellular 

ROS are generated as a byproduct of the mitochondrial 

respiratory chain through electron leakage from 

mitochondrial complex I and III leading to the production 

of superoxide (O
2

·-).4 Superoxide conversion to hydrogen 

peroxide (H
2
O

2
) is mediated by the scavenger enzymes 

superoxide dismutase (SOD), specifi cally the cytosolic 

Cu/Zn SOD1 and the mitochondrial matrix MnSOD2.4  

Hydrogen peroxide can react with reduced iron (Fe2+) to 

form the hydroxyl radical (.OH), a potent ROS, that binds 

proteins, catalyzes the formation of lipid peroxyl radicals, 

and mutates DNA bases by a cyclization reaction.4  Redox 

biochemistry and its clinical relevance have been recently 

reviewed by Valko and colleagues.4  

Neuroprotective approaches have shown great 

promise in in vitro and in vivo studies.  For instance, 

N-acylethanolamines (NAEs) are a class of signaling lipids 

endogenously expressed widely in the CNS5, including the 

retina.6  Several NAE species and NAE precursor molecules 

are up-regulated in response to chemical and traumatic 

insults, a cellular ability that decreases with age. This 

suggests a role in neuroprotection.5,7 

NAEs such as NAE 20:4 (arachidonylethanolamine; 

AEA) bind cannabinoid receptors (CB1 and CB2), 

coining the term ‘endocannabinoids’.5  However, recent 

experimental evidence indicates that the neuroprotective 

effects of NAEs are not mediated via the cannabinoid 

receptor system.7, 8  Several NAEs (NAE 16:0, NAE 12:0, 

and NAE 18:2) have been shown to reduce stroke volume 

and improve behavioral outcomes in the rat middle 

cerebral artery occlusion stroke model (See Figures 1, 2).7,9  

Inhibitors for CB1 and TRPV1 receptors did not affect 

neuroprotection, while the cannabinoid uptake inhibitor 

AM404 blocked NAE-mediated neuroprotection.7  Similar 

results were obtained from in vitro studies, which suggest 

that neuroprotection is mediated through an intracellular 
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mechanism, likely resulting in reduction of oxidative stress 

and glutamate excitotoxicity through the modulation 

of intracellular calcium homeostasis.8,10  Of particular 

relevance, NAE 18:2  has potent neuroprotective effects 

against glutamate cytotoxicity in ex vivo retinal explants 

(See Figures 3, 4).11

Non-cannabinoid acting NAEs, such as NAE 16:0 and 

NAE 18:2, lack the acute and long-term chronic side-

effects associated with cannabinoid use 6 and provide a safe 

alternative for neuroprotective approaches for disorders 

of the retina.  Additional in vivo studies are warranted to 

establish the feasibility of therapeutic intervention strategies 

involving NAEs in glaucoma and other neurodegenerative 

disorders of the eye.

Oxidative damage causes a profound dysregulation of 

cellular physiology and contributes to the pathophysiology 

of neurodegenerative disorders such as glaucoma, diabetic 

retinopathy (DR), and age-related macular degeneration 

(AMD).    The present review will discuss some recent 

advances in neuroprotective strategies developed to counter 

oxidative damage in these three major ophthalmic diseases.  

Glaucoma
Glaucoma is a neuropathy of the aging eye primarily 

characterized by increased intraocular pressure (IOP) and 

eventual loss of visual function by destruction of the optic 

nerve and retinal ganglion cells (RGCs); the most common 

form is primary open angle glaucoma. 12  It should be noted 

that a signifi cant minority of glaucoma patients present 

without increased IOP (i.e. normal tension glaucoma) 

and that glaucoma can also occur early in life or resulting 

from traumatic injury. However, IOP is the only clinically 

treatable modality and is the most predictive risk factor.12  

Debate exists over the causative role of IOP in disease 

progression, though the primary treatment endpoint for 

glaucoma remains the decrease of IOP by at least 25% 
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from the patient’s baseline untreated IOP.13  

The order of disease progression of glaucoma, 

whether the death of RGCs presage or result 

from the degeneration of the optic nerve is an 

interesting topic but beyond the scope of this 

review.12  

The canonical treatment for the reduction 

of IOP in the most common form of glaucoma, 

primary open angle glaucoma,13  remains 

the topical use of  receptor antagonists or 

prostaglandin analogues, fi rst separately but 

in combination if IOP does not decrease 

within one year following the initiation of 

treatment.14  Common alternate treatment 

modalities include carbonic anhydrase 

inhibitors or 2 adrenergic agonists.13,14 Many 

different treatment paradigms have been tested 

in recent years in an effort to preserve visual 

function by sustaining the RGCs.  Initially, 

the most promising drug in clinical trials 

was memantine, an N-methyl-D-aspartate 

(NMDA) channel antagonist with micromolar 

affi nity.  Memantine binds the open NMDA 

channel, blocking calcium entry to the cell or 

synapse, which should be neuroprotective in 

cases of glutamate excitotoxicity.15   Indeed, 

memantine is neuroprotective in laboratory 

tests with rodents16 but has failed to protect 

RGCs in primate studies.17,18  Memantine has 

been shown to alter structural parameters of 

the eye and retina,19  but these data are not 

not clearly linked to any measurable functional 

effects.  Repeated, expensive phase III clinical 

trials failed to fi nd an indication for memantine 

in neuroprotection of RGCs or the treatment 

of glaucoma.20  A related compound, bis(7)-

tacrine, has been discussed as a possible 

successor to memantine due to its improved 

effi cacy in laboratory tests of RGC survival but 

it has yet to reach clinical trials.21 

Recent studies have shown that the well-

known surgical and dental dye, methylene blue, 

has a unique mechanism of neuroprotection.  

In this novel mechanism of neuroprotection, 

methylene blue accepts electrons from NADH 

early in the mitochondrial electron transport 

complex and shuttles the electrons past 

complex I and III to cytochrome C.22  The 

methylene blue alternative pathway to the 
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electron transport chain reduced production 

of superoxide and free radicals in response 

to physiological oxidative stress induced by 

glutamate, ischemia, or electron transport 

complex specifi c inhibitors but not to direct 

chemical oxidation by hydrogen peroxide or 

glucose oxidase.22,23  The electron scavenging 

ability of methylene blue was neuroprotective 

in cultured rat RGCs exposed to mitochondria 

electron transport complex inhibitors rotenone 

and staurosporine.24  Methylene blue has yet 

to enter clinical trials for neuroprotection 

but its safety is known due to its past use as 

an antimalarial agent. Furthermore,  its high 

bioavailability from oral dosage makes it a 

potentially powerful systemic neuroprotectant.25

Direct control of the calcium fl ux into the 

cell by use of L-type calcium channel blockers 

may be neuroprotective in the retina.26  Though 

their clinical use is decreased due to systemic 

side effects, calcium channel blockers acting on 

the plasma membrane calcium channels decrease 

the cytosolic calcium concentration.  Elevation of 

cytosolic calcium is causative of many neuronal 

pathologies and leads to cellular dysregulation, 

oxidative stress, and apoptosis.27  In glaucoma, 

calcium channel blockers have an indication for 

the dilation of retinal blood vessels to increase 

fl uid drainage and decrease IOP.26   The  blocker 

nimodipine has been clinically demonstrated to 

have a positive effect on the visual fi eld 28, increase 

contrast sensitivity29, and prevent RGC loss by the 

inhibition of extracellular calcium infl ux.  Ex vivo 

studies of calcium channel blockers demonstrated 

that nimodipine, iganidipine, and lomerizine were 

neuroprotective against hypoxic insult in cultured 

RGCs.30  Previous clinical trials for calcium 

channel blockers in ophthalmology have rightfully 

focused their endpoints on the IOP and ocular 

blood fl ow, but clinical trials with neuroprotective 

endpoints, including relevant functional tests, for 

calcium channel antagonists would be required 

to correlate the promising laboratory data with 

clinical utility. 

A e elate  Macula  De e e a  o
Age-related macular degeneration AMD is a 

common, multifactorial eye disease caused by an 

interaction of lifetime accumulated retinal damage 

and potentially also by genetic factors.  Diagnostic 
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guidelines for the ‘dry’ form of AMD require identifi cation 

of intermediate to large deposits called drusen (>125 

microns), autofl uorescent lipofuscin granules, patchy loss 

of retinal pigment epithelium (RPE), and, in the aptly 

named ‘wet’ form of AMD, choroidal neovascularization.31  

AMD clinical pathology has been thoroughly described32 

and the genetic susceptibilities for AMD have recently 

been reviewed.33  The progressive neovascularization in 

wet AMD, which is observed in about 15% of all AMD 

cases, usually responds well to treatment with inhibitors of 

vascular endothelial growth factor (VEGF).31  Intravitreal 

injection of the corticosteroid triamcinolone acetonide 

has been proposed but confl icting reports on effi cacy, and 

frequent reports of side effects with only marginal reduction 

of vision loss, decrease its clinical utility.31,34 

Not surprisingly, since ‘aging’ is literally included in 

the name of the disease, cumulative lifetime oxidative 

stress is the presumptive mechanism of neurodegeneration.  

Completion of the Age-Related Eye Disease Study 

(AREDS) of dietary supplementation with antioxidants 

in AMD patients has yielded marginally positive results 

slowing disease progression after the intermediate stage, 

though longer trial endpoints (>5 years) will be needed 

to properly verify that claim.31  Polyphenol compounds 

of certain green teas and their extracts are potentially 

neuroprotective in the photoreceptor outer segment and 

RPE if delivered in the proper dosages, namely about two 

cups of green tea per day.35  Genetic knockdown of either 

cytosolic Cu/Zn SOD136 or mitochondrial MnSOD237 in 

mice increased markers of oxidative stress in the retina 

and recapitulated AMD phenotype with increased drusen, 

thickening of Bruch’s membrane, and degeneration of the 

RPE and photoreceptor layers.  Conversely, overexpression 

of MnSOD2 was neuroprotective against oxidative stress 

and decreased the AMD phenotype.38  Recent studies 

have described a novel signaling cycle where generation of 

ROS by cytoplasmic NADPH oxidase triggers increased 

superoxide production in the mitochondria beyond the 

saturation point of MnSOD2.39  Diffusion of superoxide 

to the cytosol activates NADPH oxidase to generate more 

ROS and promotes a vicious cycle of oxidative damage.39  

Relevant to both AMD and DR, increased activity of 

NADPH oxidase has been found to increase angiogenesis, 

vascular damage by leukocyte adhesion, and accumulation of 

advanced glycation end-products.35

Serotonin receptor 1A (5-HT1A) agonists have recently 

demonstrated neuroprotective properties in the retina 

although the mechanism is unclear.  Topical treatment with 

the 5-HT1A agonists 8-OH DPAT and AL-8309 prevented 

damage to the photoreceptor layer and RPE when applied 

prior to hydrogen peroxide treatment in vitro40 or 

phototoxic insult in vivo41, respectively.  Phototoxic damage 

proceeds from the singlet oxygen, superoxide, and hydrogen 

peroxide generated by blue light excitation of bisretinoids, 

compounds  in lipofuscin granules of the photoreceptor 

outer segment.42  The process of formation of lipofuscin 

granules is not clear but they seem to be photoreceptor 

outer segments incompletely digested by the RPE.35,42  

Serotonin agonists were also found to lessen the immune 

system aspect of drusen and lipofuscin deposition through 

a decrease in the recruitment of leukocytes, microglia, and 

certain proteins of the complement pathway.43

D a e  c e  o at
Diabetic Retinopathy (DR) is a common effect 

of diabetes with a 90% risk of onset within 25 years 

of diabetes diagnosis.44  Neurodegeneration in DR is 

presaged by vascular degeneration in response to both 

the metabolic abnormalities and systemic high glucose 

concentration encountered in diabetes.  Elevated blood 

glucose concentrations cause pericyte cell death, thi ckening 

of the capillary basement membrane, and accumulation 

of advanced glycation end-products.44  Hard, yellow 

exudates accumulate from epithelia proliferation at the site 

of pericyte loss which leads to decreased blood fl ow and 

patches of ischemic damage in the microvascular circuit 

and surrounding neuronal cells.  Ischemic lesions are the 

fi rst clinically detectable symptom of non-proliferative 

DR.44  The patient may advance to proliferative DR and 

more extensive damage caused by neovascularization, 

a compensatory response to the hypoxic conditions 

of non-proliferative DR.44  During neovascularization, 

fragile new blood vessels connecting to the vitreous are 

stimulated to grow but fail to survive, causing scaring in 

the vitreous body and often leading to very poor vision or 

even blindness.   Currently, the preferred treatment for 

DR is tight control of blood glucose but this often only 

delays retinal neurodegeneration.45  Further treatments 

vary by severity and stage of DR progression but both laser 

photocoagulation and vitrectomy are invasive although both 

have decent outcomes.45  Neovascularization can be slowed 

or blocked by inhibitors of VEGF.45  

Dietary supplementation with antioxidants such 

as trolox, N-acetyl cysteine, and vitamins E and C has 

been suggested for DR but, as in AMD, the clinical trial 

outcomes are not overly encouraging due to similar 

experimental design concerns.46  Green tea polyphenols 

such as (-)-epigallocatechin gallate are neuroprotective by 
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redox pathways in animal studies of the brain47 and retina.48  

However, green tea extracts have been demonstrated to 

increase glucose crosslinking49, a neurodegenerative effect 

of elevated blood glucose concentrations, therefore patients 

should be cautioned towards moderation in the use of 

green teas.  Dietary supplementation with zeaxanthin, a 

photosensitive carotenoid concentrated in the retina, has 

shown some effi cacy at preventing induction of VEGF 

and inhibition of the infl ammatory immune response to 

DR.50  Pharmacological neuroprotective treatments are 

possible in cases of DR but are retarded by patient non-

compliance with glucose control, therefore the presumptive 

neuroprotective strategy would likely require prior and 

ongoing correction of blood glucose.  

Co clus o
Retinal neuroprotection is a rapidly advancing fi eld, 

full of interesting challenges and therapeutic potential.  

Neuroprotective treatment must fi rst halt the apoptotic 

or necrotic death of post-mitotic cells and, in most cases, 

ideally arrest the advancement of disease.  The second goal 

of a neuroprotective treatment is the reversion of pathologic 

cellular function to the healthy physiologic state.  This 

second goal may be unattainable in some cases but often 

the inhibition of disease progression is contingent upon 

reversion to normal cellular function.  Novel treatments 

targeting newly discovered neuroprotective pathways 

will enter clinical trials in the coming years and patients’ 

lives will be improved by remission or correction of the 

pathologies of disease and aging. Neuroprotective strategies 

have been successful both in vitro and in vivo at halting 

or reversing damage to aged neurons.  Clinical trials with 

dietary antioxidant supplementation have not produced an 

indication for neurodegenerative disease likely due to the 

choice of study endpoints or independent variables such as 

patient lifestyle and disease stage.  Since retina pathologies 

tend to be multifactorial, neuroprotective treatments may 

be feasible as a component of treatment regimens that 

address multiple symptoms.  For example, in glaucoma, 

where pharmacologic treatments exist to lower IOP, 

neuroprotective compounds that address the degeneration 

of the optic nerve or death of RGCs  may aid in reversal of 

the multifactorial pathology. 

Patients should be advised of the risk of pro-oxidative 

behaviors such as excessive exercise51 or smoking.35  The 

advancements discussed above will begin or have begun 

the translation to the clinic but some precautions can 

be widely advised to use antioxidant supplementation 

with polyphenols, readily available in green teas, or 

dietary restriction, such as tight blood glucose control 

and general caloric restriction.  Antioxidant treatments 

for neuroprotection do involve some risk since many 

antioxidant compounds are capable of becoming pro-

oxidants at high concentrations.  Patients should be 

reminded of the carving in the lintel of the Delphic Temple 

of Apollo,    - “Nothing excessively,” that is still 

sage council.
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