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Glaucoma is a neurodegenerative disease and a worldwide leading cause of irreversible vision loss. In the last decades,

high efforts have been made to develop novel treatments effective in inducing protection and/or recovery of neural

function in glaucoma, including neurotrophic factors (NTFs). These approaches have shown encouraging data in

preclinical setting; however, the challenge of sustained, targeted delivery to the retina and optic nerve still prevents the

clinical translation.
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1. Introduction

Glaucoma is a chronic and progressive optic neuropathy, characterized by degeneration of retinal ganglion cells (RGCs)

and axons. It affects more than 60 million people worldwide, causing legal blindness in more than 10% of cases . The

only available treatments for glaucoma are effective in lowering intraocular pressure (IOP) and therefore in halting or

slowing the disease progression . Currently, treatments able to recover retinal and neural function are not available for

clinical use. In the last decades, encouraging perspectives in glaucoma treatment have emerged, and ongoing research is

focusing on the study of novel molecules with neuroprotective and/or neuroregenerative activity . To date, only

glutamate N-methyl-D-aspartate (NMDA) receptor antagonist memantine and α - agonist brimonidine have reached large

scale randomized controlled trials (RCTs), although results on their potential neuroprotective effects have not proven

decisive .

Several preclinical studies have demonstrated that topical or intravitreal neurotrophic factors (NTFs) are able to prevent,

slow, or reverse RGC death in animal models of experimental glaucoma . In fact, it has been demonstrated that

the deprivation of intrinsic growth factors promotes apoptotic ganglion cell death in chronic course, and that the

administration of exogenous neurotrophic agents has the potential to establish survival permissive conditions .

Neurotrophins (NTs) are key modulators of multiple signaling pathways essential for neuronal survival and differentiation

of central and peripheral nervous systems, as well as for synaptic plasticity and axonal regeneration . The family

of NTs consists of nerve growth factor (NGF), brain-derived neurotrophic factor (BNDF), neurotrophin 3 (NT3), and

neurotrophin 4/5 (NT4/5). The glial cell-derived neurotrophic factor (GDNF) family and the neuropoietic cytokines have

also been shown to regulate development and maintenance of neuronal cells .

Currently, clinical use of NTFs in glaucoma has been hindered by the difficulty to provide enough evidence of a safe,

steady, controlled in vivo delivery to RGCs. Therefore, the potential of neuronal survivals might be further enhanced from

advancement in intraocular delivery devices, enabling sustained drug release to the retina and optic nerve and improved

safety profile.

2. Neuroprotection: Insights on Biochemical Pathways and Treatment
Opportunities

Neuroprotection for glaucoma refers to any intervention aiming at preserving retinal ganglion cells and related signal

transduction pathways. Mean increase of IOP is still considered as the most common risk factor for glaucoma

progression, and it is well known that its reduction allows slowing or halting the disease progression in most cases .

However, up to 20% of patients with glaucoma show disease progression despite optimal IOP control . In addition, 30–

90% of patients showing glaucomatous optic disc damage and visual field loss have normal values of IOP, suggesting that

multiple factors may contribute to the pathogenesis of RGCs death in glaucoma . Several studies

demonstrated that neuronal death represents the ultimate process in the pathophysiology of glaucoma damage, and, in

this scenario, neuroprotective therapeutical approaches appear as crucial to prolong RGC life and possibly improve visual

function .
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The rationale for neuroprotectants is to act against the main pathways involved in the apoptotic ganglion cell death

process, including: (i) the deprivation of NTs resulting from the blockage of the retrograde axonal transport from the lateral

geniculate nucleus of the thalamus; (ii) the abnormal increase of excitatory neurotransmitters and reactive oxygen

species; (iii) the deregulation of ion channel activities; and (iv) the loss of intracellular self-repair processes. All of these

different cellular mechanisms invariably lead to RCG loss and glial cells activation.

Several classes of neuroprotective agents have been studied in glaucoma, most notably NTFs, glutamate N-methyl-D-

aspartate (NMDA) receptor antagonists, α -adrenergic agonists, antioxidant and free radical scavengers, and calcium

channel blockers. Among them, only memantine, a non-competitive NMDA receptor antagonist, and brimonidine, a topical

α - agonist, were evaluated in large randomized controlled trials (RCTs). Specifically, the efficacy of memantine in

reducing glaucoma progression was evaluated through two long-term, phase III RCTs conducted by Allergan (Irvine, CA).

The results of these studies show that daily treatment with 10 or 20 mg of memantine for 48 months was not proven to

significantly delay glaucomatous damage progression, when compared with placebo . Neuroprotective properties of

brimonidine were investigated in a multi-center, phase II RCT and compared with topical timolol in patients with low-

pressure glaucoma (Low Pressure Glaucoma Treatment Study, LoGTS) . The potential mechanisms of neuroprotective

effects of brimonidine include upregulation of brain-derived neurotrophic factor (BDNF) and ciliary neurotrophic factor

(CNTF) in RGCs, activation of cell survival pathways and antiapoptotic genes, and modulation of NMDA receptor.

In LoGTS, twice-daily treatment with topical 0.2% brimonidine tartrate for four years appeared to have beneficial effect on

visual function independently of IOP lowering when compared with 0.5% timolol maleate eye drops. Nevertheless,

problems related with the study design, patient adherence to treatment, the occurrence of adverse events leading to

significant drop-out, the different profiles and diurnal effects of used drugs, and the missing data on visual acuity and

vertical cup-disc ratio questioned the reliability of the study. A recent Cochrane systematic review concluded that results

were not decisive, and that additional clinical trials are strongly recommended to demonstrate whether neuroprotective

agents, including brimonidine eye drops, may be beneficial for patients with glaucoma .

2.1. Neurotrophic Factors Rationale for Use in Glaucoma Treatment and Preliminary Results

NTFs are secreted peptides regulating neuronal survival and function, which include the family of NTs, the glial cell-

derived neurotrophic factor (GDNF) family, and the neuropoietic cytokine family.

NTs belong to a small family of pleiotropic molecules that are indispensable for regulating neuronal development, survival,

and differentiation and promoting synaptic plasticity and axonal regeneration . Currently, four NTs have been isolated:

nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-

4/5). NTs and their receptors modulate multiple signaling pathways through the activation of two types of transmembrane

glycoproteins: the tropomyosin receptor kinases (TrkA, TrkB, and TrkC) and the low-affinity neurotrophin receptor p75 .

Specifically, NGF and BDNF bind with high affinity to TrkA and TrkB, respectively. NT-3 preferentially binds to TrkC, but it

may bind with low affinity to both TrkA and TrkB depending on cellular context. NT-4/5 predominantly acts through TrkB.

The Trk activation induces signaling cascades including the Ras/ERK (extracellular signal-regulated kinase) protein

kinase pathway with stimulation of mitogen-activated protein (MAP) kinases, the phosphatidylinositol-3-kinase (PI-3

kinase)/Akt kinase pathway, and phospholipase C (PLC)-γ1. On the other hand, immature precursor forms of NTs

(proNTs) are able to bind and activate p75  with different functional outcomes in terms of apoptosis or cell survival in

dependence on the concurrent expression of Trk receptors. Therefore, a delicate balance between the relative percentage

of pro- and mature NTs and/or the interaction between Trk and p75  receptor availability determines cellular

homeostasis in the nervous system .

The role of NTs in the maintenance and survival of retinal cells during several degenerative diseases including glaucoma

has been clearly demonstrated . Specifically, various evidence showed that the blockage of axoplasmic flow at

the lamina cribrosa in glaucoma would markedly compromise axonal long-range retrograde transportation via endosome

neurotrophic signaling from the lateral geniculate nucleus in the CNS to ganglion cell bodies . The decrease in

neuronal trophic support, in turn, triggers programmed cell death in RGCs, as shown after experimental axotomy of the

optic nerve in animals . Furthermore, as a result of degenerative changes in the RGCs and optic nerve head, local

production of NTs in the retina is markedly reduced, contributing to disease progression (Figure 1) .
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Figure 1. Biochemical mechanisms of glaucomatous damage. The elevated intraocular pressure (IOP) at the lamina

cribrosa is responsible for the blockage of the retrograde axonal transport of NTs from the lateral geniculate nucleus of the

thalamus to retinal ganglion cells. The deprivation of neuronal trophism in turn triggers apoptotic ganglion cells death,

resulting in decreased local NTFs processing and impaired anterograde transportation along RGCs axons. RGC, retinal

ganglion cell; CRV, central retinal vein; CRA, central retinal artery; NTFs, neurotrophic factors; RPE, retinal pigment

epithelium.

3. Conclusions

Glaucoma is a primary optic neuropathy characterized by irreversible retinal ganglion cells loss. Neuroprotective

treatments act directly on the pathogenetic mechanism of glaucomatous damage and have the potential to reverse the

progressive degeneration of RGCs.

The deprivation of NTFs has been shown to play a crucial role in the loss of RGCs and related axonal damage in

glaucoma, and numerous pre-clinical studies have demonstrated that exogenous topical or intravitreal NTFs efficiently

promote RGC recovery.

Although NTFs represent an innovative therapeutical approach in clinical management of glaucoma, the medical need of

a continuous delivery system to the retina and optic nerve is still open.

In recent decades, considerable progress has been made in drug and gene delivery technology for neurotrophic active

substances. Delivery systems allow for steady release of factors at the required physiological site of action, prolonged

interval between treatments, fewer adverse events, and improved patient adherence.

The results emerging from clinical trials in several neurodegenerative diseases support the possible effectiveness of NTFs

treatment in glaucoma. Various evidence shows that different delivery strategies for the use of NTFs in the treatment of

glaucoma are proving effective for achieving long-term RGC survival and functional improvements, associated with a

good safety profile. Specifically, the most promising technologies include cell-mediated gene therapy, currently being

evaluated in phase II clinical trials for the treatment of glaucoma, and gene delivery approaches via viral and non-viral

vectors, which showed encouraging preclinical results in glaucoma models and need prompt clinical investigation.

References

1. Weinreb, R.N.; Kaufman, P.L. Glaucoma research community and FDA look to the future, II: NEI/FDA glaucoma clinical
trial design and endpoints symposium: Measures of structural change and visual function. Investig. Ophthalmol. Vis.
Sci. 2011, 52, 7842–7851.

2. European Glaucoma Society Terminology and Guidelines for Glaucoma, 4th Edition - Chapter 3: Treatment principles
and options Supported by the EGS Foundation. Br. J. Ophthalmol. 2017, 101, 130–191.

3. Weinreb, R.N.; Liebmann, J.M.; Cioffi, G.A.; Goldberg, I.; Brandt, J.D.; Johnson, C.A.; Zangwill, L.M.; Schneider, S.;
Badger, H.; Bejanian, M. Oral Memantine for the Treatment of Glaucoma: Design and Results of 2 Randomized,
Placebo-Controlled, Phase 3 Studies. Ophthalmology 2018, 125, 1874–1885.

4. Krupin, T.; Liebmann, J.M.; Greenfield, D.S.; Ritch, R.; Gardiner, S. A randomized trial of brimonidine versus timolol in
preserving visual function: Results from the low-pressure glaucoma treatment study. Am. J. Ophthalmol. 2011, 151,
671–681.



5. Ko, M.L.; Hu, D.N.; Ritch, R.; Sharma, S.C.; Chen, C.F. Patterns of retinal ganglion cell survival after brain-derived
neurotrophic factor administration in hypertensive eyes of rats. Neurosci. Lett. 2001, 305, 139–142.

6. Ma, Y.T.; Hsieh, T.; Forbes, M.E.; Johnson, J.E.; Frost, D.O. BDNF injected into the superior colliculus reduces
developmental retinal ganglion cell death. J. Neurosci. 1998, 18, 2097–2107.

7. Ji, J.Z.; Elyaman, W.; Yip, H.K.; Lee, V.W.H.; Yick, L.W.; Hugon, J.; So, K.F. CNTF promotes survival of retinal ganglion
cells after induction of ocular hypertension in rats: The possible involvement of STAT3 pathway. Eur. J. Neurosci. 2004,
19, 265–272.

8. Lambiase, A.; Centofanti, M.; Micera, A.; Manni, G.L.; Mattei, E.; De Gregorio, A.; De Feo, G.; Bucci, M.G.; Aloe, L.
Nerve growth factor (NGF) reduces and NGF antibody exacerbates retinal damage induced in rabbit by experimental
ocular hypertension. Graefe’s Arch. Clin. Exp. Ophthalmol. 1997, 235, 780–785.

9. Lambiase, A.; Aloe, L.; Centofanti, M.; Parisi, V.; Mantelli, F.; Colafrancesco, V.; Manni, G.L.; Bucci, M.G.; Bonini, S.;
Levi-Montalcini, R. Experimental and clinical evidence of neuroprotection by nerve growth factor eye drops:
Implications for glaucoma. Proc. Natl. Acad. Sci. USA 2009, 106, 13469–13474.

10. Cosker, K.E.; Courchesne, S.L.; Segal, R.A. Action in the axon: Generation and transport of signaling endosomes.
Curr. Opin. Neurobiol. 2008, 18, 270–275.

11. Pease, M.; McKinnon, S.J.; Quigley, H.A.; Kerrigan–Baumrind, L.A.; Zack, D.J. Obstructed axonal transport of BDNF
and its receptor TrkB in experimental glaucoma. Investig. Ophthalmol. Vis. Sci. 2000, 41, 764–774.

12. Weltman, J.K. The 1986 Nobel Prize for Physiology or Medicine awarded for discovery of growth factors: Rita Levi-
Montalcini, M.D., and Stanley Cohen, Ph.D. N. Engl. Reg. Allergy Proc. 1987, 8, 47–48.

13. Levi-Montalcini, R.; Skaper, S.D.; Dal Toso, R.; Petrelli, L.; Leon, A. Nerve growth factor: From neurotrophin to
neurokine. Trends Neurosci. 1996, 19, 514–520.

14. Frade, J.M.; Barde, Y.A. Nerve growth factor: Two receptors, multiple functions. BioEssays 1998, 20, 137–145.

15. Deister, C.; Schmidt, C.E. Optimizing neurotrophic factor combinations for neurite outgrowth. J. Neural Eng. 2006, 3,
172–179.

16. Blanco, A.A.; Bagnasco, L.; Bagnis, A.; Barton, K.; Baudouin, C.; Bengtsson, B. European glaucoma society
terminology and guidelines for glaucoma, 4th edition—Chapter 2: Classification and terminology Supported by the EGS
Foundation: Part 1: Foreword; Introduction; Glossary; Chapter 2 classification and terminology. Br. J. Ophthalmol.
2017, 101, 73–127.

17. Anderson, D.R.; Drance, S.M.; Schulzer, M. Comparison of glaucomatous progression between untreated patients with
normal-tension glaucoma and patients with therapeutically reduced intraocular pressures. Am. J. Ophthalmol. 1998,
126, 487–497.

18. Cho, H.K.; Kee, C. Population-based glaucoma prevalence studies in Asians. Surv. Ophthalmol. 2014, 59, 434–447.

19. Rotchford, A.P.; Johnson, G.J. Glaucoma in Zulus: A population-based cross-sectional survey in a rural district in South
Africa. Arch. Ophthalmol. 2002, 120, 471–478.

20. Bonomi, L.; Marchini, G.; Marraffa, M.; Bernardi, P.; De Franco, I.; Perfetri, S.; Varotto, A.; Tenna, V. Prevalence of
glaucoma and intraocular pressure distribution in a defined population: The Egna-Neumarkt study. Ophthalmology
1998, 105, 209–215.

21. Klein, B.E.K.; Klein, R.; Sponsel, W.E.; Franke, T.; Cantor, L.B.; Martone, J.; Menage, M.J. Prevalence of Glaucoma:
The Beaver Dam Eye Study. Ophthalmology 1992, 99, 1499–1504.

22. Hartwick, A.T.E. Beyond intraocular pressure: Neuroprotective strategies for future glaucoma therapy. Optom. Vis. Sci.
2001, 78, 85–94.

23. Schwartz, M.; London, A. Glaucoma as a neuropathy amenable to neuroprotection and immune manipulation. Prog.
Brain Res. 2008, 173, 375–384.

24. Sena, D.F.; Lindsley, K. Neuroprotection for treatment of glaucoma in adults. Cochrane Database Syst. Rev. 2017,
2017.

25. Höltje, M.; Boato, F. Neuroprotection and Regeneration in the Central Nervous System. Klin. Monbl. Augenheilkd.
2020, 237, 128–132.

26. Moramarco, A.; Sacchetti, M.; Franzone, F.; Segatto, M.; Cecchetti, D.; Miraglia, E.; Roberti, V.; Iacovino, C.; Giustini,
S. Ocular surface involvement in patients with neurofibromatosis type 1 syndrome. Graefe’s Arch. Clin. Exp.
Ophthalmol. 2020, 258, 1757–1762.

27. HA, Q.; RW, N.; LA, K.; ME, P.; DJ, T.; DJ, Z. Retinal ganglion cell death in experimental glaucoma and after axotomy
occurs by apoptosis. Invest. Ophthalmol. Vis. Sci. 1995, 36.



28. Raju, T.R.; Rao, M.S.; Nagaraja, T.N.; Meti, B.L.; Schulz, M. Retinal ganglion cell survival and neurite regeneration in
vitro after cell death period are dependent upon target derived trophic factor and retinal glial factor(s). Brain Res. 1994,
664, 247–251.

29. Lambiase, A.; Bonini, S.; Manni, L.; Ghinelli, E.; Tirassa, P.; Rama, P.; Aloe, L. Intraocular production and release of
nerve growth factor after iridectomy. Investig. Ophthalmol. Vis. Sci. 2002, 43, 2334–2340.

30. Oddone, F.; Roberti, G.; Micera, A.; Busanello, A.; Bonini, S.; Quaranta, L.; Agnifili, L.; Manni, G. Exploring serum levels
of Brain Derived Neurotrophic Factor and Nerve Growth Factor across glaucoma stages. PLoS ONE 2017, 12,
e0168565.

Retrieved from https://encyclopedia.pub/entry/history/show/14610


