Cronicon
O P EN

A C C ESS

EC OPHTHALMOLOGY
Review Article

Pathogenesis of Elevated Intraocular Pressure and Glaucoma-Related
Retinal and Optic Nerve Degeneration: Diverse Mitigation
Strategies and Treatment Modalities
Najam A Sharif1-8
1

Department of Surgery and Cancer, Imperial College of Science and Technology, St. Mary’s Campus, London (UK)

2

Singapore Eye Research Institute (SERI), Singapore

3

SingHealth, Duke-National University of Singapore Medical School, Singapore

4

Department of Pharmacology and Neuroscience, University of North Texas Health Sciences Center, Fort Worth, Texas (USA)

5

Department of Pharmacy Sciences, Creighton University, Omaha, Nebraska USA)

6

Department of Pharmaceutical Sciences, College of Pharmacy and Health Sciences, Texas Southern University, Houston, Texas (USA)

7

Global Alliances and External Research, Ophthalmology Innovation Center, Santen Inc., Emeryville, CA (USA)

8

University College London, Institute of Ophthalmology, London (UK)

*Corresponding Author: Najam A Sharif, Ophthalmology Innovation Center, Santen Inc USA, 6401 Hollis St. (Suite 125), Emeryville, CA

94608 (USA).

Received: April 26, 2022; Published: May 31, 2022

Abstract
Millions of patients bear witness to the devasting effects of the progressive atrophic loss of retinal ganglion cell (RGC) axons

within the optic nerve and the subsequent death of RGCs that eventually robs them of their sight due to ocular hypertension (OHT)/

glaucoma. Although a slowly progressing disease, this glaucomatous optic neuropathy (GON) often results from undiagnosed and
untreated chronically elevated intraocular pressure (IOP) or OHT. Since many glaucoma patients without OHT also experience visual

impairment and eventual blindness, it is now accepted that many pathogenic mechanisms and factors at the front and back of the eye

conspire to cause GON. This review addresses such elements of neuroinflammation, aberrant immune responses, oxidative stress,

neuronal and nerve terminal retraction and pruning, and RGC apoptosis. Furthermore, it describes means to help overcome the
deleterious events connected with OHT and GON ranging from pharmaceutical, nutraceutical, electroceutical, gene-therapy, photoelectric dye and device utilization perspectives.
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Introduction
Glaucoma constitutes a set of optic nerve/retinal diseases whose common denominator is serious visual impairment caused by reti-

nal ganglion cell (RGC) death and the atrophy of their axons which form the optic nerve that connects the retina to the brain [1-5]. Much

research has revealed that primary open-angle glaucoma (POAG) and primary angle-closure glaucoma (PACG) are the predominant
forms of these glaucomatous optic neuropathies (GONs). The hallmark risk factors for the glaucoma-induced visual field loss include

elevated intraocular pressure (IOP) or ocular hypertension (OHT) [6,7], advancing age, family history [8], low intracranial fluid pres-

sure (ICFP) [9-12], African-American/Latino ancestry, and low blood perfusion of the retina [13,14]. In POAG patients, the cornealiridial-angle (CIA) in the anterior chamber of the eye is normal and is open for the aqueous humor to flow towards the drainage system

Citation: Najam A Sharif. “Pathogenesis of Elevated Intraocular Pressure and Glaucoma-Related Retinal and Optic Nerve
Degeneration: Diverse Mitigation Strategies and Treatment Modalities”. EC Ophthalmology 13.6 (2022): 43-67.

Pathogenesis of Elevated Intraocular Pressure and Glaucoma-Related Retinal and Optic Nerve Degeneration: Diverse Mitigation
Strategies and Treatment Modalities
44

(trabecular meshwork [TM] and Schlemm’s canal [SC]) [15] (Figure 1A and 1B). Patients with PACG generally have very narrow or closed
CIAs that cause an increase in IOP [16,17]. It is sobering to contemplate that close to 80 million adults aged 40 - 80 live with POAG and

PACG, and that ~112 million are projected to be diagnosed with these GONs by 2040 [18,19]. Many millions more in countries like Japan
and Singapore lose sight or are afflicted with poor vision even though their IOPs are considered to be in the normal range (14 - 21 mm Hg;
“normotensive glaucoma” [NTG]) [20,21].

Etiology and pathological aspects of ocular hypertension (OHT)
As illustrated in Figure 1B, the AQH is formed by the ciliary bodies and it provides nutrients and oxygen (whilst removing waste

products) to the tissues lining the ANC of the eye [22]. Normally, equal volumes of AQH are produced and drained from the ANC (via the
TM and SC) to maintain a steady IOP. This helps retain the shape of the eyeball, and the clear AQH allows light to reach the retina unobstructed. Due to the aging process with accompanied oxidative stress [23,24], increased stiffness of TM [25-27], aberrant increase in AQH

transforming growth factor-beta (TGFβ2) levels [28-31] and the resultant deposition of extracellular matrix (ECM) [32-35], formation

of cross-linked actin/collagen fibers [36,37], and non-clearance of accumulated cellular debris due to impaired autophagic mechanisms
[38,39], altered biomechanics [40] and lowered phagocytic activity of TM cells, demise of some TM cells [41-44], and energy depletion

[24,45,46], causes the occlusion of the AQH drainage system [33]. The SC is of endothelial/vascular origin [26,40,47,48], directly connected with TM, is similarly impacted by the afore-mentioned deleterious factors and pathologies. And, since the AQH continues to be
formed by the ciliary bodies and added to the ANC (22; Figure 1 and 2), and with increasing AQH flow resistance at the TM/SC interface

[33], the IOP slowly rises and this physical pressure radiates throughout the eyeball, gravely destabilizing homeostasis in the front and
back of the eye (Figure 3).

Figure 1: Figure 1A depicts the high-level anatomy of the human eye which is further highlighted to show the anterior
chamber (ANC) of the eye in Fig. 1B which displays the location of the structures producing AQH and its removal from the ANC.
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Figure 2: This pictorial shows the AQH production by the ciliary body non-pigmented epithelial cells (NPE) and its drainage.
The site of action of different classes of drugs that inhibit AQH generation or promote AQH egress via the conventional TM/SC
pathway or via the unconventional uveoscleral pathway in order to reduce IOP are indicated. * denotes that these compounds
also stimulate conventional outflow of AQH in addition to their actions on the uveoscleral pathway.

The transmitted physical pressure due to raised IOP stretches, deforms, distorts and damages the delicate optic nerve head [ONH]

region [49-52] and the fenestrated spongey lamina cribosa [LC; 53-56] tissue where the RGC axons gather to begin the formation of the

optic nerve at the back of the eye (Figure 3). The optic nerves from each eye then cross over the optic chiasm to innervate the contralateral nuclei of the thalamus (lateral geniculate nuclei [LGN]) and superior colliculus (SPC) in the brain, from where arise connections that

reach the visual cortex. Although the brain decodes and helps us perceive the world around us, the whole visual process begins at the
front of the eye, when light enters the cornea and impacts the back of the retina to trigger the biochemical and eventually the electrical
signals sent via the optic nerves to the brain. As can be imagined the shear amount of information transmitted by the RGCs down the optic

nerve and its decoding and generation of images by the brain in 3-D requires an enormous amount of energy and computational power.
Predictably, both the retina and the brain are the most energy utilizing organs in the body and thus vulnerable to nutrient deprivation as
happens during GON.

OHT-Induced pathology at ONH/LC in Back of the eye
GON is a multifaceted disease and is illustrated in Fig. 3 to indicate that even though IOP elevation can be a major trigger, there are

many other vulnerable sites in the eye-brain axis where damaging chemicals, forces and events can act to exacerbate the pathology within

the eye, optic nerve and brain to diminish visual health and vitality. However, in POAG/PACG, the elevated IOP in the ANC of the eye in-

duces local inflammation [57-66] and microglial activation [51,67-72] at the retinal ONH/LC and close to RGCs due to locally released

matrix metalloproteinases [54,73-75], cytokines [58,76-80], endothelin [81-83], ATP [78,84], nitric oxide [50,85], and glutamate [86,87]
which diminish the ECM support and cause extra-synaptic toxicity of the RGC axons and damage to their myelin sheath over time (Figure
Citation: Najam A Sharif. “Pathogenesis of Elevated Intraocular Pressure and Glaucoma-Related Retinal and Optic Nerve
Degeneration: Diverse Mitigation Strategies and Treatment Modalities”. EC Ophthalmology 13.6 (2022): 43-67.

Pathogenesis of Elevated Intraocular Pressure and Glaucoma-Related Retinal and Optic Nerve Degeneration: Diverse Mitigation
Strategies and Treatment Modalities
46

3 and 4). Such remodeling of the ONH/LC results in bending and constriction [88-90] of the RGC axons and retinal blood vessels, thereby

reducing axonal flow [91-95] of brain-derived neurotrophic factors and mitochondria to the RGC somas and causing ischemia of the retina

(Figure 3 and 4). The resultant oxidative stress, trophic factor and energy deprivation, and hypoxia causes astrocytic redistribution in

the optic nerve and LGN [96-98], immune cell migration from the retinal blood vessels into the retina and optic nerve [99,100; Figure 5],
the activated microglia to release harmful cytokines, NO, and promote the products of the activated complement system to be deposited
not only in the retina [100-102] but also in the optic nerve tracts and in brain structures [99,103,104] associated with visual information

handling. Such destructive signals trigger RGC apoptosis, dendritic and axonal pruning/retraction [99,105-107] and ultimately loss of
retinal connections to the LGN [108-111] and SPC and onwards to the visual cortex (Figure 3 to 6) [98,112,113]. Chronically elevated IOP

sustains the inflammatory, oxidative and immunological attacks [114] on the RGCs and their axons such that over decades of absorbing

such insults the afflicted patient finally notices visual impairment (e.g. dark patches in visual field, loss of peripheral vision) [115]. By this

time, 30 - 40% of the original RGCs and their connections to the LGN/SPC via their axons are destroyed and cannot be recovered (Figure
6). The patient now requires rapid diagnoses and treatment to slow down the progression of GON since there’s almost an exponential

relationship between advancing age and vision loss after 40-years of age if a suitable IOP-reducing regimen is not started after the initial
diagnosis of glaucoma. Since the normotensive glaucoma patients’ vision loss has a similar trajectory and natural history to the above

series of detrimental factors and events, it is believed that their RGCs and axons are perhaps super-sensitive to even slight changes in IOP
or to IOP spikes/fluctuations [116-118], or to dysregulation of ICFP, or to reduced ocular blood flow and/or to the inflammation/immune
responses [100,102,103,119,120] that occur at the ONH/LC/LGN levels. Additionally, since there are multiple types of TM cells in the
conventional AQH drainage structure [121-123], and many types of RGCs [124,125] with varying degrees of susceptibilities and tolerance

to chemical, oxidative and mechanical insults [126], the NTG patients may be more prone to losing their RGCs and to optic nerve damage

due to torsion of the ONH structures causing local inflammation and which reduces blood flow, interrupts delivery of neurotrophins and

mitochondria to the RGC somas [127-130]. Ultimately, such pathologies induce widespread thalamic and visual cortical reorganization
that results in visuomotor disturbances [131]. Early in the glaucomatous condition, the visual cortical centers compensate for loss of
retinal-brain connections [132,133], but with increasing RGC death and axonopathy, visual impairment accelerates and the neural plasticity is overcome resulting in peripheral vision loss. Over time this can progress to blindness.

Figure 3: The numerous sites and the multitude of factors and events that occur in the eye-brain visual axis to induce damage and
dysfunction as during chronic OHT/POAG-induced GON are shown. Many of the harmful factors detrimentally affecting the back-of-the-eye
(BOTE) components can occur without elevated IOP due to individual variations in susceptibility of their RGCs/interneurons/RGC axons to
damage resulting in optic nerve dysfunction. This is particular true in patients whose IOP’s are in the normal range (NTG patients).
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Figure 4: Events associated with elevated IOP-induced bulging of the eyeball (Figure 4A), damage to the ONH/LC region of the
BOTE are depicted (Figures 4B, 4C). OHT induces inflammation and tissue remodeling to destroy RGCs and their axons thereby
thinning the optic nerve and causing excavation of the optic disc resulting in an increase of the cup-to-disc ratio and
bending of the retinal blood vessels (Figure 4C) to cause retinal ischemia.

Figure 5: This figure displays the resident and migrating astroglia/microglia in the retina after increased permeability of the
choroidal vasculature in chronic OHT/POAG/PACG/NTG. The latter events, in concert with activated microglia releasing
damaging cytokines and NO, promote activation of Toll-like inflammatory receptors and the deposition of complement. All the
aforementioned factors induce apoptosis of RGCs and damage the optic nerve.
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Figure 6: The many harmful agents and their effects in causing RGC axonopathy, RGC death and loss of optic nerve connections
to the thalamic nuclei and other brain structures due to chronic OHT and various forms of glaucoma are illustrated here in fine detail.

Current treatment options for POAG/PACG/NTG
Since IOP is recognized as the only biomarker which can be modulated to help patients suffering from all types of glaucoma, drug

discovery efforts have centered around finding pharmaceuticals to either slow down AQH production (inflow inhibitors) or to enhance
outflow of AQH from the ANC (Figure 1B, Figure 2). Indeed, several clinical trials have demonstrated a causal relationship between

elevated IOP and visual field loss [e.g. 134-140], and conversely that lowering of IOP reverses the LC displacement [141] and reverses
the RGC dysfunction [142], with structure/function correlation being validated [6,109,143-145]. Consequently, several topical ocularly

delivered AQH inflow inhibitors, conventional TM/SC outflow promoters, and stimulators of AQH egress via the uveoscleral pathway

have been discovered and introduced into medical management of glaucoma (Table 1; Figure 2). First-line ocular hypotensive drugs approved by several health authorities around the world are agonists of FP-prostaglandin receptors (e.g. latanoprost, travoprost, tafluprost,
bimatoprost) [138,146,147] and EP2-receptors (omidenepag isopropyl ester) [148-155] that induce ciliary muscle remodeling to cause

enhanced outflow of the AQH via the uveoscleral pathway [147,156], and which also activate TM/SC outflow pathways [147,149,157],

thus lowering the IOP. Approved conventional outflow stimulators of AQH include muscarinic receptor agonists (pilocarpine; carbachol)
and rho kinase inhibitors (ripasudil; netarsudil). Examples of health agency approved AQH inflow inhibitors include beta-adrenergic

antagonists (timolol; betaxolol), carbonic anhydrase inhibitors (dorzolamide; brinzolamide), alpha-2 adrenergic agonists (brimonidine;
apraclonidine) (Table 1). A conjugate of an NO-donor and an FP-PG receptor agonist (latanoprostene bunod) whose components utilize

both outflow mechanisms to lower IOP [158-160]. Due to unacceptable side-effects, insufficient efficacy or short duration of action of
existing drugs and combination products, researchers have sought next generation of drugs and devices to lower and control IOP. Some
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new strategically positioned drug candidates have been reported in recent years but are in early-stage of experimental preclinical characterization and development [e.g. 161-165] (Table 1).
Compound Classes

Pharmacological Agent / Drug

Reported or Potential Mode(s) of Action

Conventional Outflow
(TM/SC) Stimulators
Muscarinic
Agonists

receptor Pilocarpine; Carbachol ; Acecledine;

(mostly M1 receptor
agonists)

Inhibitors of chloride Ethacrynic acid; Ticrynafen; Indacrinone
transport

Kinase inhibitors

Contract ciliary muscle /TM to promote outflow of AQH
via the TM-SC pathway
Inhibition of Na+-K+-Cl--transporter activity in the TM
changes cell shape & volume and thus AQH efflux is increased

Rho kinase (ROCK) inhibitors: Netarsudil; Modification of actomyosin contractility that leads to
Ripasudil (K115); Y-27632; Y-39983; AMA- changes in actin cytoskeleton of TM (relaxation) and
0076; H-7; ML-9; Chelerythrine;
this leads to AQH efflux.
LIM-K inhibitor.

Myosin-II ATPase inhibitor: Blebbistatin.
Marine macrolids

Src kinase inhibitor

Latrunculins A and B; Bumetanide; Swin- Promote sequestration of actin monomers and dimers
holide
in TM; cause cell TM shape change and thus AH efflux

Guanylate cyclase acti- Natriuretic peptides: ANP; CNP; TAK-639
vators
NO Donors

sodium nitroprusside; Hydralazine; 3-morpholinosyndnonimine;
(S)-nitroso-acetylpenicillamine; NCX-125

Soluble guanylate cyclase activators
YC-1; BAY-58-2667; IWP-953.
κ-opioid receptor ago- Bremazocine; dynorphin
nists

Cannabinoid receptor WIN55212-2; CP55940; SR141716A
agonists

FP-class
agonists

Type-A and type-B receptor activation leads to cGMP
production, TM relaxation and AQH efflux via TM

Release natriuretic peptides and thus raise cGMP in TM
leading to its relaxation & thus AQH efflux
Receptor stimulation opens BKC-channels and relaxes
TM which then causes AQH efflux via TM and SC

PG-receptor Latanoprost ; Travoprost ; Tafluprost ; Bima- Some clinical evidence of promoting conventional outtoprost ; Unoprostone isopropyl ester
flow in addition to UVS outflow
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Serotonin-2
antagonists

receptor Ketanserin and its analogs; BVT-28949

Releasers of MMP & FP-class PGs (see above); and
AP-1
t-butylhydroquinone (t-BHQ);
β-naphthoflavone;

Unknown and unverifiable mechanism(s) of action
(may block beta-adrenergic receptors indirectly?)

Local production of MMPs; ECM degradation; stimulation of AQH efflux via TM

Uveoslceral (UVSC)
Outflow Stimulators
(via gaps in CM fiber
bundles and scleral
tissue)

FP-class
agonists

PG-receptor Latanoprost ; Travoprost ; Tafluprost ; Bima- FP receptor activation in CM causes release of MMPs
toprost ; Unoprostone isopropyl ester
that breakdown ECM (“clog”) around CM bundles and
within sclera thus causing UVS outflow of AQH

EP2- and EP4- PG-re- Omidenepag Isopropyl (DE-117); Butaprost; Receptor activation increases cAMP that relaxes CM
ceptor agonists
AL-6598; ONO-AE1-259-01; PF-04217329 ; & TM; EP2 agonists also cause release of MMPs that
PF-04475270
breakdown ECM (“clog”) around CM bundles and within sclera thus causing UVSC outflow of AQH

Serotonin-2 (5HT2) re- (R)-DOI; α-methyl-5HT; AL-34662
ceptor agonists
Bradykinin B2-receptor Bradykinin; FR-190997; BKA278
agonists

Contraction / relaxation of CM and TM by activation of
5HT2 receptors. May also release MMPs and/or PGs or
other local mediators that promote CM remodeling and
thus promote UVS outflow
B2-receptor activation causes PI hydrolysis production
of IPs and DAG; cause PG release and release of MMPs
that digest ECM and this promote UVS outflow in cynomolgus monkey; conventional outflow also stimulated
in isolated bovine /porcine anterior eye segments.

Dual activity PGs, and FP/EP3 receptor agonist (ONO-954)- Sepeta- Promotes UVSC outflow.
conjugated compounds prost
Inhibits inflow and stimulates outflow (TM and UVSC).
AL-6598 (DP/EP2 receptor agonist)
Latanoprostene bunod (latanoprost-NO donor conjugate)

Promotes UVSC and TM outflow.

Inflow inhibitors

(reduce AQH production)
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β-adrenergic
nists

antago- Timolol; Betaxolol; Levobetaxolol; Levobuno- Block β-adrenergic receptors in the ciliary process, delol; Metipranolol
crease cAMP generation and thus decrease AQH formation

β-adrenergic receptor SYL-040012; siRNA (Bamosiran)
silencer

Down-regulates endogenous β-adrenergic receptors
and their signaling

Carbonic anhydrase in- Dorzolamide; Brinzolamide
hibitors (CAIs)

Inhibit ciliary process CA-II and CA-IV and thus reduce
bicarbonate production that in turn reduces AQH generation

Na+-K+-ATPase inhibi- Ouabain; Digoxin analogs
tors

Ciliary process Na+-K+-ATPase inhibited leading to inhibition of AQH production

α2-adrenergic agonists Brimonidine ; Apraclonidine; Clonidine

Intracellular cAMP reduced in CP that decreases AQH
generation; may also prevent NE release.
Brimonidine also promotes TM outflow

Chloride channels in- 5-nitro-2-(3-phenylpropylamino)-benzoate Ion flux of CP NPE cells causes reduction of AQH formahibitors
(NPPB)
tion

Dopamine
agonists

receptor PD-128907; CHF-1035; CHF-1024; SDZ GLC- Inhibit release of NE & prevent AQH production; may
756; (S)-(-)-3-hydroxyphenyl)-N-n-propylpi- also release natriuretic peptides
peridine (3-PPP)

Aquaporin Inhibitors

Various aromatic sulfonamides and dihydro- Inhibit release of NE & prevent AQH production
benzofurans

Additional IOP-lowering agents

Mas receptor stimula- DIZE via ACE-2 activation.
tor

Prevent ECM (including TGFβ) accumulation (outflow
stimulation ?)

Angiotensin-II recepCS-088
tor antagonists

Various mechanisms of action; not robust IOP-lowering

Ca2+-channel inhibitors Lomerazine; Nivaldipine; Nifedipine; Nimo- Enhance retinal blood flow; some may lower IOP; work
dipine; Verapamil; Brovincamine; Iganidipine well in normal tension glaucoma patients

Alpha-adrenergic re- Oxymetazoline; 5-methylurapidil; Ketanserin Work mostly via outflow mechanism but this needs to
ceptor antagonists
be defined.

(DP/EP2
Other prostaglandin AL-6598
receptor
agonist); These work through multiple mechanisms of action inreceptor agonists
AGN192093
(TP
receptor
agonist); volving cAMP production, Ca2+ mobilization leading to
BW245C (DP receptor agonist); Sulprosto- relaxation / contraction of ciliary muscles/ TM
ne (EP3 receptor agonist)
PG-conjugates
Combination products

Combination of NO-cGMP production and FP-receptor
Latanoprostene Bunod (NO donor coupled to activation
latanoprost)

Brinzolamide-brimonidine;
Brinzolamide- Complementary mechanisms of action encompassing
brimonidine; Dorzolamide-Timolol-Brimoni- inflow-outflow inhibition, and inflow-uveoscleral outdine; Travoprost-brimonidine; Bimatoprost- flow inhibition.
brimonidine; Tafluprost- Timolol

Table 1: Pharmaceutical Agents that Lower and Control IOP in Various Mammals and their
Mode of Action (Clinically Approved Drugs and Experimental Compounds).
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Patients who are recalcitrant to the initially indicated topical ocular medications are switched to other drugs or are prescribed fixed-

dose combination products to help reduce their IOPs [166,167]. Unfortunately, if the OHT/glaucoma patients fail to adequately respond

to drugs to decrease their IOPs, they become candidates for laser and/or surgical treatment [168-170] to lower their IOPs towards the
target normal pressures. Other options for such glaucoma patients are the implantation of AQH drainage tubes or AQH microshunts [171174] to remove the excess fluid from the ANC. Some of the latter are shown in figure 7 to 10. These microshunts, especially the Preserflo

microshunt, reduce the IOPs even below the 13 - 14 mmHg mark and maintain the IOPs close to the normal levels for several years with
minimal chronic hypotony [174].

Figure 7: This set of figures shows the location of the implanted Preserflo® AQH microshunt within the ANC of the eye to help
drain some AQH (Figures 7A, and B) to lower and control IOP for several years (Figure 7C) without causing chronic hypotony.
Microshunts like Preserflo® are able to reduce and maintain the IOPs in such glaucoma/OHT patients down to the target pressures
and below over an extended period of time. Such technologies are significantly reducing the number of topical ocular medications
that such patients need to slow down the progression of their GON.

Figure 8: The ability of electrical stimulation via ocular exposure to high-contrast images in rats after optic nerve crush
process (Figure 8A) to promote protection of and regeneration of RGC axons (Figure 8B) is shown. Note that this regenerative
process was enhanced when mTOR signaling pathway was genetically induced and the rats exposed to high-contrast visual
stimulation process (additive effect) (Figure 8B).

Citation: Najam A Sharif. “Pathogenesis of Elevated Intraocular Pressure and Glaucoma-Related Retinal and Optic Nerve
Degeneration: Diverse Mitigation Strategies and Treatment Modalities”. EC Ophthalmology 13.6 (2022): 43-67.

Pathogenesis of Elevated Intraocular Pressure and Glaucoma-Related Retinal and Optic Nerve Degeneration: Diverse Mitigation
Strategies and Treatment Modalities
53

Figure 9: A pictorial depiction of the many positive effects of transcorneal or transorbital electrical stimulation is presented to
show the involvement of many different retinal cell-types mediating such protective and regenerative processes at a macrolevel.

Figure 10: This figure shows the intracellular molecular factors, events and signaling pathways that promote
neuroprotection and regeneration of RGC axons after electrical stimulation of the eye.
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As a first step, since NTG patients and others whose IOPs are adequately controlled continue to experience declining visual acuity,

deteriorating contrast sensitivity and overall vision loss, further IOP reductions are recommended. As often is the case, the GON condition
still continues to worsen for most glaucoma patients due to several factors that are independent of IOP including oxidative stress due to

poor retinal blood circulation, neuroinflammation, excitotoxicity due to Ca2+-overloading of cells by glutamate and/or endothelin receptor activation. It has therefore necessitated consideration of additional means to help directly protect the RGCs and their axons, and such

paradigms have been dubbed “neuroprotection” or “neuroprotective therapies”. Much success has been recorded finding such agents

through testing candidates in isolated cultured RGCs and surrogate neurons subjected to chemical, mechanical and nutrient/growth
factor-deprivation insults [4,5,175-183] in an effort to recapitulate molecular/cellular conditions that RGCs and their axons experience
in vivo in GON. Indeed, many such drug candidates representing anti-oxidants, anti-inflammatory agents, anti-neurotoxins, Ca2+-channel

blockers, neurotrophins, etc have been identified and their in vivo efficacy confirmed in various animal models of acute and chronically
elevated IOP and GON [4,5,175-183]. Sadly, none have proven effective in glaucoma patients in a reproducible manner thus far due to

many reasons including issues of drug formulation and delivery, lack of ability to maintain high enough concentration of the drug at the

target site over a protracted period of time, and most importantly because glaucoma is a multifactorial disease and most likely requires
a combinatorial treatment approach. Therefore, animal models subjected to multiple insults need to be generated and drugs tested for
efficacy before advancing to clinical studies. In this manner the multifactorial aspects of GON can be better represented.

Again, even though genetic techniques have been successfully demonstrated to deliver suitable neuroprotective growth factors in

animal models to protect RGCs [177,178], and various other protective agents like: 1). nutraceutical (e.g. Curcumin; Coenzyme Q; Alpha

lipoic acid; Goji berries; Reservatrol; Quercetin; Flavonoids; Polyunsaturated fatty acids; [178-183]); 2). electroceutical treatments (e.g.
electrical stimulation of cultured cells; transcorneal or transorbital electrical stimulation in animals and humans; releasing neurotrophins
and upregulating neuronal survival genes to promote axonal regeneration; [184-187]; 3). optogenetic prosthesis and use of photoelectric

dyes/photo-pharmacologic vision restoration [188-192] have yielded promising results, successful translation and approval by health

authorities of these important advances to the human conditions are eagerly awaited. One exciting set of clinical data that bears watching
and that requires replication in other research laboratories/clinics is the finding that dietary supplementation with nicotinamide (vitamin B3) appears to slow down progression of GON damage to preserve eyesight in OHT/POAG patients [193] which mirrors the effects

observed in animal models of glaucoma [194,195]. We hope that more efficacious treatment modalities including designer antibodies
[196,197], health agency approvable drug cocktails and/or combinatorial therapies [187], gene-therapies [176,177], induced pluripotent
stem cells [198-201] and stem cell/organoid-derived secretomes and exosomes [202-207], microRNAs [208,209], cell-transplantation

therapies [210-214], therapeutic strategies involving mitochondrial/endoplasmic reticulum rescue [215-224], complement-directed and

other types of therapies and strategies [225-246] become available in the near future to help preserve sight of millions of glaucoma patients worldwide.

Conclusions

Chronic OHT and POAG/PACG cause damage to the optic nerve and the associated RGCs which results in progressive visual impair-

ment with loss of peripheral vision. If left undiagnosed and untreated the patient may ultimately experience irreversible blindness. Use
of topically dosed ocular hypotensive drugs alone or in combination with AQH drainage microshunts can slow down the progression of

GON. As IOP-independent mechanisms including neuroinflammatory and immunogenic factors prevail in glaucoma patients, especially in
NTG patients, future mitigation strategies should encompass neuroprotective agents that in principle could directly protect and/or rescue

dying RGCs and their axons, and promote their rejuvenation and regeneration. The ability to re-connect the retina to the brain and thus re-

innervate and re-activate the visual pathways in patients who have lost some of their eyesight is eagerly awaited. The rate technologies are
being developed, tested and introduced into medical therapies is indeed a very enlightening and humbling experience, and there cannot
be a more noble quest to give back sight to those who are partially or sadly totally blind and to preserve their eyesight for years to come.
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