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Abstract: The possible interconnection between the eye and central nervous system (CNS) has
been a topic of discussion for several years just based on fact that the eye is properly considered
an extension of the brain. Both organs consist of neurons and derived from a neural tube. The
visual process involves photoreceptors that receive light stimulus from the external environment
and send it to retinal ganglionic cells (RGC), one of the cell types of which the retina is composed.
The retina, the internal visual membrane of the eye, processes the visual stimuli in electric stimuli
to transfer it to the brain, through the optic nerve. Retinal chronic progressive neurodegeneration,
which may occur among the elderly, can lead to different disorders of the eye such as glaucoma,
age-related macular degeneration (AMD), and diabetic retinopathy (DR). Mainly in the elderly
population, but also among younger people, such ocular pathologies are the cause of irreversible
blindness or impaired, reduced vision. Typical neurodegenerative diseases of the CSN are a group
of pathologies with common characteristics and etiology not fully understood; some risk factors
have been identified, but they are not enough to justify all the cases observed. Furthermore, several
studies have shown that also ocular disorders present characteristics of neurodegenerative diseases
and, on the other hand, CNS pathologies, i.e., Alzheimer disease (AD) and Parkinson disease (PD),
which are causes of morbidity and mortality worldwide, show peculiar alterations at the ocular level.
The knowledge of possible correlations could help to understand the mechanisms of onset. Moreover,
the underlying mechanisms of these heterogeneous disorders are still debated. This review discusses
the characteristics of the ocular illnesses, focusing on the relationship between the eye and the brain.
A better comprehension could help in future new therapies, thus reducing or avoiding loss of vision
and improve quality of life.
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1. Introduction

The brain is linked to particular sense organs. We see from the eyes, and the informa-
tion collected reaches specific neurons of visual cortex in the forebrain. The eye provides a
unique window of the brain due to its special connection; the retina, photosensitive nerve
tissue that covers the inner surface of the eye, is properly considered part of the brain [1-3].
The typical retina of a mammal contains several different types of neurons (Figure 1), each
of which has its own morphology and specific function: The signals of the photoreceptors
(rods and cones) are processed in cascade by groups of amacrine, bipolar, and horizontal
cells that are in connection with the ganglion cells, responsible for transmitting information
to the brain [4]. In detail, the light passes through the cornea, pupil, lens, and vitreous,
and arrives to the retina, generating visual stimuli, which are transformed into electrical
impulses and transported through the optic nerve to the brain. The brain interprets them
by giving shape to images. Therefore, the retina is a functional unit of the central nervous
system that converts a light signal into a nerve impulse, being physically connected to the
brain via axons of the optic nerve. The complex synaptic connections that underlie the
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visual system have long been known [5-7]. Despite their different morphology, retinal gan-
glionic cells (RGCs) and neurons are anatomically similar; both are made up of a cell body;,
dendrites, and axons. RGCs’ axons form the optic nerve (Figure 1) that is covered with the
myelin and with meninges, like all other nerve fiber tracts. The central nervous system and
the eye are protected sites. The eye has the blood-retinal barrier (BRB) and the CNS has
the blood-brain barrier (BBB). These barriers are quite similar, being both composed of
non-fenestrated endothelial cells connected by tight junctions [3]. The endothelial cells that
form the BBB and BRB are able to provide oxygen and glucose in adequate concentrations
for neuronal function, while they prevent the flux of other molecules and cells in order to
protect the neuronal environment [8]. Both the eye and the brain have limited capacities for
regeneration. Apart from the presence of a limited number of progenitors, nerve cells do
not replicate. Hence, degeneration as well as immune-mediated inflammation can induce
irreversible damage to neurons, atrophic alterations like those present in neurodegenerative
diseases, typical of the central nervous system, or blindness.
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Figure 1. Anatomy of eye and retina. The different components and structures of the eye with the
detail (in the right panel) of the composition of the retina.

The retinal tissues consist of neurons, vascular tissue, and glial cells, which interact
each other, resulting in a neurovascular system. In particular, the retina is structurally
made up of two overlapping sheets: one external in contact with the choroid, pigment
epithelium, and the other one internal in relation to the vitreous body, sensory retina. The
pigment epithelium maintains the external blood—ocular barrier. Retinal blood vessels
maintain the internal blood—ocular barrier.

The breakdown of the blood-retinal barrier (BRB) is considered pathognomonic for
the development of retinopathy [9]. Moreover, degeneration of specific retinal neurons
in several ocular diseases (i.e., glaucoma, age-related macular degeneration (AMD), dia-
betic retinopathy (DR), and retinitis pigmentosa (RP)) is the leading cause of irreversible
blindness [3,10]. Indeed, in the industrialized world, the most frequent causes of blindness
are eye neuropathology diseases. Prevalence varies with age. While age-related macular
degeneration is the most frequent cause in old age, younger people are more often affected
by diabetic retinopathy.

Briefly, glaucoma is characterized by progressive optic nerve degeneration and can be
considered a neurodegenerative disorder of both the eye and the brain [11,12]. Age-related
macular degeneration is a common eye disease in the macula, the part of retina responsible for
sharp, central vision. It causes visual recognition difficulties. It is also associated with higher
rates of cognitive decline in late life and higher risk of dementia [13,14]. Neurodegeneration
plays a significant role in the complex pathology of diabetic retinopathy. Evidence suggests
the onset of neurodegeneration occurs early on in such disease [15,16]. Retinitis pigmentosa
is a retinal dystrophy. It is characterized by the progressive degeneration and death of
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photoreceptors, resulting in an initial loss of night vision and a progressive constriction of the
visual field [17,18]. Retinitis pigmentosa does not have similarities with a particular disease
of the CNS but there is evidence that it is correlated with significant reductions in gray matter
volume, mainly in the occipital cortex of RP patients [19].

Nowadays, few drugs are approved for the treatment of the abovementioned eye
diseases [20]. Generally, the therapies are still limited to symptomatic actions. A summary
of the main drugs currently in use in therapy is reported in Table 1.

In order to achieve therapeutic benefits in ocular impairments, focused on tissue
repair or regeneration, several strategies such as gene therapy, stem cell therapy, and
target discovery through genomic research represent significant promise [21]. Currently,
there is no therapy to modify the disease-associated degenerative changes and no effective
treatment to reverse the loss of vision when photoreceptors degenerate or lose their ability
to transmit the visual stimuli to the brain or when retinal ganglionic cells die. In recent
decades, experimental evidence underlines the approach to treat blinding diseases through
regenerative medicine [10,22]. Some innovative ocular therapies, based on a variety of
transplantable products and novel drug-delivery technologies including nanoparticles,
nanomicelles, and liposomes, should be able to revolutionize treatment of numerous
blinding disorders [23].

However, the strong link between the eye and the central nervous system is supported
by evidence that the ocular alterations existing in various neurodegenerative pathologies
of the CNS and visual manifestations sometimes precede central symptoms. Moreover, the
retina is a CNS compartment that can be easily analyzed with optical techniques, such as,
for example, the optical coherence tomography (OCT), so retinal changes may reflect the
pathological features in the brain early in the disease processes [24,25].

Moreover, several etiological factors such as oxidative stress, neuroinflammation,
proteolytic degradation, dysregulation of ocular hemodynamic parameters, trans-synaptic
degenerative changes, genetic causes, and aberrant cellular signaling are involved in
neurodegeneration and cell loss associated with both CNS and retina disorders [26].

Table 1. Some drugs currently used in major ocular diseases.

Route of Drug

Diseases Therapeutic Category Drugs Administration Effect/Mechanism of Action References
Latanoprost Topical instillation Reduction of intraocular
Prostaglandin analogue Bimatoprost P (drops) pressure (IOP)/Increase [27,28]
Travoprost P uveoscleral outflow
. Increase of the trabecular
P?otaglandm/ Rho- ., Topical instillation outflow /Decreasing the
kinase transporter Latanoprost/Netarsudil (drops) aqueous production/Decrease [28-31]
inhibitor association the episcleral venous pressure
. e e Reduction of intraocular
Rho-klr;;li?;;tilzsporter Netarsudil Toplc?(liigst;latlon pressure (IOP)/Increase of the [32]
P trabecular outflow
Timolol
Glaucoma Betaxolol Topical instillation Reduction of intraocular
[3-receptor antagonists Levobunolol p (drops) pressure (IOP)/Decrease [28,33,34]
Carteolol P aqueous humor production
Metipranolol
Brimonidine Topical instillation Reduction of intraocular
2-receptor agonists Apraclonidine P (drops) pressure (IOP)/Decrease [28,33-35]
P P aqueous humor production
Reduction of intraocular
Carbonic anhydrase Brinzolamide Topical instillation pressure (IOP)/Decrease [28,33,34,36]
inhibitors Dorzolamide (drops) aqueous humor production and e
increase uveoscleral outflow
. . . . I, Reduction of intraocular
Cholinergic receptor Pilocarpine Topical instillation
agonists Carbachol (drops) pressure (IOP)/Increase [28,34]

trabecular outflow
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Table 1. Cont.
. . Route of Drug Effect/Mechanism of
Diseases Therapeutic Category Drugs Administration Action References
Ram'blzumab Reduction of new blood
Aflibercept Intravitreal vessel growth/Inhibition of
Anti-VEGF Pegaptanib L growt .. [31,37-39]
Conbercept injection the biological activity of
AMD . VEGF
Brolucizumab
Elimination of the abnormal
Photodynamic therapy Verteporfin Intravenous blood vessels in wet-form [39,40]
macular degeneration
. Reduction of new blood
Ranibizumab Intravitreal vessel growth/Inhibition of
DR Anti-VEGF Aflibercept Fravt rOW: ! [16,41]
Bevacizumab injection the biological activity of
VEGF
Vitamin A Topical Improve photoreceptor
RP Supplements/Vitamin Omega 3 (DHA) . oP metabolism, slowing its [42-45]
. instillation/oral C
Lutein death by apoptosis

AMD: Age-Related Macular Degeneration; DR: Diabetic Retinopathy; RP: Retinitis Pigmentosa; IOP: Intraocular Pressure; VEGF: Vascular
Endothelium Grown Factor; DHA: Docosahexaenoic Acid.

2. CNS and Eye Neurodegeneration

Neurodegenerative CNS pathologies are debilitating and quite untreatable diseases
that involve morphologic alterations and progressive loss of function of neurons, thus caus-
ing progressive degeneration and/or death of nerve cells. They include both movement
disorders (so-called ataxias) or mental disfunction (so-called dementias). CNS diseases
involve neurons, glial cells, and the vascular system, even if only the neurons suffer
progressive damage. The communication between the cells occurs early; then the entire
cellular structure is compromised up to death. Genetic factors are also involved in the
etiopathogenesis of some illnesses; genetic influence increases the chances of developing
neurodegenerative diseases [46,47] (Figure 2). The most known, widespread, and common
illnesses among the elderly population are Alzheimer disease and Parkinson disease, af-
fecting worldwide more than 30 million and 5 million subjects, respectively [48,49]. Some
evidence highlights that neurodegenerative processes involve both the central nervous
system and the retina, being the anterograde (postsynaptic neurons) and retrograde (presy-
naptic neurons) trans-synaptic neurodegeneration, caused by retinal ganglion cells’ death,
the main mechanism involved [50]. Such atrophic neural alterations involve neurons and
axons as a result of injury of the cells with which they are in communication, causing
an interruption of the synaptic stimulus [51]. Therefore, trans-synaptic degeneration is
a process that spreads damage from the initial site to neuronal projections. Such a trans-
synaptic degeneration has been long proven in the motor system and cerebellar pathways;
only over the last decades, the presence of retrograde trans-synaptic degeneration has
been highlighted in the human visual system, with particular relation to glaucoma [52-54].
It contributes to visual impairment observed in association with other various diseases,
including, for example, multiple sclerosis [55]. Moreover, CNS pathologies display ocular
manifestations due to direct degeneration of the visual pathways [56], often related to a
direct injury to the optic nerve and/or retinal ganglion cells [57]. Alzheimer disease and
glaucoma, both being diseases of the elderly, have several epidemiological and histological
overlaps in pathogenesis [58]. Among the etiological factors, the neuroinflammatory re-
sponse is considered of crucial importance in the major neurodegenerative diseases of the
CNS related to age; such inflammatory response in the brain can occur in the retina as it
represents an extension of the brain. Nevertheless, microglial cells, the immunocompetent
cells of the CNS, are key factors in these neurodegenerative lesions as they respond to
injury and degeneration with morphological changes, proliferation, migration, and in-
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flammatory cytokine production [59]. Furthermore, a number of microglia can rapidly
increase under pathological conditions, such as inflammation/neuroinflammation, and,
therefore, they are implicated in the initiation and progression of several neurological disor-
ders; they represent a common hallmark of various retinal degenerative and inflammatory
diseases [60,61].

NEUROINFLAMMATION
PROTEIN ACCUMULATION

AGING
LOSS OF RETINAL GANGLION CELLS GENETIC FACTORS
LOSS OF PHORECEPTORS 1

LOSS OF NEURON

NEURODEGENERATION
(BIOMARKERS)

Glaucoma (amyloid-beta, tau proteins)

Age-related macular degeneration (AMD) (VEGF, lipids)

Diabetic retinopathy (DR) (VEGF, cytochines)

Retinitis pigmentosa (bone-spicules)

Figure 2. Central nervous system and ocular neuropathologies. The CNS and the eye share the same
factors in the etiophatology of disease. Neurodegeneration is common, as are some biomarkers,
reported in parentheses for each pathology.

For some time, science has been studying if retinal neurodegeneration is predictive
for Alzheimer disease (AD) and Parkinson disease (PD). In patients with AD or PD, sev-
eral studies have shown changes in the nerve fibers of the retina [2]. It was noted that
subjects with preclinical AD showed retinal microvascular and structural alterations. Ve-
nous narrowing and reduced blood flow have been especially determined [62]. PD is
also associated with retinal thinning [63,64], which, as a consequence, is associated with
reduced retinal blood flow. Visual abnormalities are prominent in AD, and most of them
are due to RGC loss and are believed to develop before cognitive impairment [14]. In
particular, Alzheimer disease is characterized by the accumulation in the brain parenchyma
of extracellular amyloid-beta (A) peptide aggregates, by intracellular deposits of hyper-
phosphorylated tau protein, by neurodegeneration, and glial activation). However, these
changes occur in the brain long before cognitive deficits. The challenge is to be able to
recognize these disorders before clinical symptoms [65]. Recent evidence from human sam-
ples and mouse models indicates the possibility of detecting protein aggregates and other
distinctive pathological hallmarks in the retina, providing the way for rapid non-invasive
detection of Alzheimer disease biomarkers [66]. Generally, these biomarkers are detected
either through cerebrospinal fluid analysis, brain imaging, or post-mortem. Given that
the eye possesses neural and vascular similarities to the brain, it is now strongly under-
lined that the retina is a direct window through which it is easier to possibly monitor the
neurodegeneration processes linked to Alzheimer disease [14,48,67]. Interestingly, retinal
Ap levels, which reflect those of the brain, appear to become a promising opportunity
for early detection of AD-related cerebral changes and cognitive decline [48]. Currently,
all the ocular biomarkers (i.e., studied with detection of Ap-related retina changes, PET
(positron emission tomography) imaging, OCT (optical coherence tomography) and OTC
angiography, and cerebral spinal fluid molecules) are considered in a promising way as a
means to improve, understand, and monitor adequate AD and other neurodegenerative
diseases’ therapies [68].

It is well known that Parkinson disease is characterized by the loss of dopaminergic
neurons in the substantia nigra. Furthermore, it is also established that, before degener-
ation, in dopaminergic neurons it is evident that proteins accumulate, one of which in
particular, alpha synuclein, seems to play a fundamental role. In fact, as the disease pro-
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gresses, a great amount of this protein (known as Lewy bodies) are found increasingly
widespread [69]. Parkinson disease patients show very early vision defects and alpha-
synuclein accumulations also in the retina [70]. Furthermore, mutations that induce an
increase in the expression of this protein lead to Parkinson disease, demonstrating that
this protein seems to play a crucial role in the pathogenesis. PD is usually diagnosed on
the presence of several motor symptoms, such as tremors, muscle stiffness, and balance
problems. PD is also associated with several non-motor symptoms including disorders
of mood, such as apathy, anhedonia and depression, cognitive dysfunction in the form
of working memory deficits, and complex behavioral disorders [71]. However, motor
symptoms develop after prolonged progression, with significant damage to the dopamin-
ergic neurons. Interestingly, it was demonstrated that in PD there is also a thinning of
the retinal walls and retinal microvasculature alterations [64], so that, this ocular damage
could represent an early non-motor symptom of the disease. Therefore, Parkinson disease
progression is also associated with the structural changes of the retinal nerve fiber layer;
in fact, greater changes at this level as well as macular thickness were found in patients
with PD compared to controls [72]. These axonal alterations caused by PD can be detected
using optical coherence tomography, an imaging technique developed to evaluate retinal
disease, and these special measurements are usefully considered as biomarkers of PD
progression [73]. However, not only AD and PD, but also other neurodegenerative CNS
diseases are related to ocular damages.

Optic neuritis can be an early sign of multiple sclerosis (MS), an autoimmune de-
myelinating and neurodegenerative disease of the central nervous system. Pathogenic
mechanisms include inflammation by T- and B-lymphocytes and cells of innate immunity
as well as oxidative stress; several other factors that lead to neurodegeneration include
microglia activation, chronic oxidative injury, and accumulation of mitochondrial damage
in axons [74,75]. Inflammation of the optic nerve, a condition known as optic neuritis, is
one of the most frequent clinical manifestations and it can be an early sign of MS. The con-
sequences are different vision disturbances such as a decrease in monocular visual acuity,
often associated with pain, oscillopsia, linked to the presence of nystagmus, and diplopia,
i.e., double vision caused by imperfect alignment of the eyeballs usually due to an injury to
the oculomotor system. Patients with multiple sclerosis have also shown a reduction in
the optic nerve perfusion and in the thickness of the retinal nerve fiber layer compared to
healthy subjects. Recent evidence demonstrated that OCT and OCT-angiography images
reflect the loss of retinal ganglion cells and axonal damage due to MS [76].

Additionally, amyotrophic lateral sclerosis (ALS) affects the neurons of the central
nervous system, in particular, the spinal and cortical motor neurons. Itis a fatal, progressive,
degenerative pathology involving loss of the first motor neurons located in the brain
and the second motor neurons located in the brain stem and spinal cord. These events
lead to the loss of control of the muscles responsible for movement. In up to 50% of
the affected population, there are other extra-motor manifestations such as changes in
behavior, executive dysfunction, and language disturbances, and these problems are
so severe to meet the clinical requirements of frontotemporal dementia in 10%-15% of
patients [77]. Underlying the pathology, several molecular mechanisms are involved,
such as excitotoxicity, mitochondrial disorders, alterations in axonal transport, oxidative
stress, accumulation of misfolded proteins, and neuroinflammation, in addition to genetic
factors [78]. Recently, it has been shown that it also affects the visual system; although at
present ophthalmic complications are not considered as a classic symptom of ALS, recent
evidence underlines that retinal changes such as thinning, axonal degeneration, and protein
inclusion have been found in many patients [79]. Therefore, even in these circumstances,
the retinal conditions are being proposed as a possible biomarker of ALS.
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3. Ocular Neurodegenerative Diseases
3.1. Glaucoma

Glaucoma is currently one of the most common causes of irreversible visual impair-
ment and blindness in the world [80]; it includes a group of heterogeneous eye diseases,
with closed-angle glaucoma and open-angle glaucoma the two main types. Generally,
glaucoma is due to the increase in the internal pressure of the eye, that is, the intraocu-
lar pressure (IOP), which irreparably damages neurons; in some cases the reduction of
the blood supply to the optic nerve, which cause loss of visual field, is involved [54,81].
In recent years, the literature argues in favor of the fact that glaucoma is a widespread
neurodegenerative disease involving the CNS, as the correlation is strong between the
dysfunction and death of CNS neurons with retinal ones. Moreover, neurodegenerative
pathways that contribute to transynaptic neurodegeneration in AD, as well as in other CNS
diseases, might also be similar to those in neurodegeneration correlated to glaucoma [11,82].
Retinal ganglion cell damage is a characteristic of both glaucoma and AD, along with dis-
covery of amyloid-beta and tau protein deposition, known to be pathognomonic of AD, in
the retina and aqueous humor of the eye [58]. In particular, primary open-angle glaucoma
(POAG), the most common type, is characterized by slow, progressive, degeneration of
retinal ganglion cells and their axons in the optic nerve, leading to visual field defects [83].
Intraocular pressure (IOP) is considered a major risk factor for the development of POAG,
and the modified optic nerve head is the site of initial damage. However, elevated IOP is
not present in all types of POAG, and in normal-tension glaucoma IOP is not elevated, so
other risk factors are likely involved in the optic neuropathy. Literature evidence provides
that the pressure and composition of the cerebro-spinal fluid (CSF) surrounding the optic
nerve may have critical involvement in the pathogenesis of glaucoma [83]. In this regard,
the presence of the glymphatic system was described. This particular system is a brain-
wide paravascular pathway for CSF-interstitial fluid exchange that facilitates clearance
of interstitial solutes, including amyloid-beta, from the brain. If the glymphatic system
does not operate properly, amyloid-beta brain accumulation occurs in AD. In the same way,
the glymphatic system may also have potential clinical relevance for the understanding of
glaucoma. AP accumulation may be implicated in the development of retinal ganglionic
cells” apoptosis. Recent studies indicated that accumulation of amyloid-beta, which is
associated with the progression of Alzheimer disease, may also be responsible for retinal
ganglion cell death in glaucoma, so the neurodegenerative processes in glaucoma could
share, at least in part, a common mechanism with Alzheimer disease [83]. Interestingly,
literature data, although derived from animal studies, found time-dependent expressions
and localization of A{} in the retina as well as in the optic nerve head after chronic IOP
increase seen in glaucoma [84]. Moreover, nowadays, it is well established that glaucoma
leads to ganglion cell death through several other mechanisms including oxidative stress,
neuroinflammation, and mitochondrial dysfunction [85,86]. Retinal ganglion cells and
optic nerve fibers are particularly rich in mitochondria, necessary organelles to produce
energy for nerve conduction. The reduction in energy production and the increase in the
production of free radicals at the mitochondrial level are to be considered as potential
additional mechanisms in the etiopathogenesis of glaucoma. Definitely, the identification
of cellular mechanisms and molecular pathways related to retinal ganglion cell death is the
first step toward the discovery of new therapeutic strategies to control glaucoma [87,88].

3.2. Age-Related Macular Degeneration

Age-related Macular Degeneration (AMD) is an ocular pathology that involves the
central area of the retina, the so-called macula, causing an irreversible reduction in distinct
vision, and it is one of the leading causes of blindness in developed countries. AMD
is classified into a dry form, with about 80% of incidence in the population affected,
and a wet form or neovascular form, with about 20% of incidence. In particular, in dry
age-related macular degeneration, characteristic lesions, called drusen, appear. These
are accumulations of cellular waste that can be reabsorbed or calcified. In wet macular
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degeneration, in addition to drusen, there is the anomalous formation of new vessels
under the retina, responsible for the exudative evolution of macular degeneration [89,90].
Therefore, localized sclerosis under the retina, the accumulation of lipids, and alterations
in the metabolism of the retinal pigment epithelium (RPE) contribute to the macular
degenerative process [91]. Under these conditions, the physiological metabolism of the
retina is prevented. Moreover, retinal hypoxia may induce an upregulation of VEGF by the
RPE and thus promote the growth of abnormal vessels from choroid, with VEGF being the
main factor related to ocular neovascularization [92,93]. Furthermore, the RPE is crucial for
the maintenance of photoreceptor cells as it promotes a physiological vascular environment.
In particular, RPE keeps retinal nerve tissue healthy by secreting hormones, transporting
molecules, eliminating dead cells, and modulating immune factors. The RPE is responsible
for the transport of nutrients, ions, and water. It absorbs light and protects the retina from
photooxidation; in addition, it is responsible for stabilizing the concentration of ions in the
subretinal space to keep the photoreceptors excitable. To maintain RPE homeostasis and
function, a particular molecular network is necessary, with microRNAs being indispensable
components [94].

With aging, several modifications occur in the RPE cells as a result of their altered
capacity for removing residual substances, leading to a further damage in the pathogenesis
of AMD. The main risk factor for AMD is age, but family history, female sex, smoking, and
high blood pressure can somehow contribute; among these, several studies suggest that
smoking is the main oxidative stress factor [20]. Nevertheless, different oxidative damage,
such as light exposure or inflammation that affect the retina, has been strongly linked with
AMD [37]. Globally considered together, oxidative stress and mitochondrial damage in the
retinal pigment epithelium may play an important role in the pathogenesis of age-related
macular degeneration [95]. It is well known that mitochondrial dysfunction has been
associated with aging, as well as with several age-related diseases, such as Alzheimer
and Parkinson diseases, suggesting that ocular and CNS neuropathologies share more
than one biochemical mechanism. Moreover, AMD also is associated with non-visual
impairment such as phonemic verbal fluency, verbal memory, establishment of cognitive
decline during life, and higher risk of dementia [13,96]. Once again, it is emphasized how
cognitive impairment, as well as visual impairment, is common and superimposed among
older adults.

3.3. Diabetic Retinopathy

Diabetic retinopathy (DR) is a complication of diabetes that affects the eyes, causing
severe visual impairment. It is induced by damage to the blood vessels in the light-sensitive
part of the eye, the retina, with the vasculopathy being the main involved pathophysiologic
mechanism [15]. It can develop in subjects affected by both type 1 and type 2 diabetes.
There are two types of retinopathies. The first is the early diabetic retinopathy, also known
as nonproliferative diabetic retinopathy (NPDR). As the disease progresses, the walls of
the blood vessels weaken and are subject to microaneurysms, small swellings that, when
damaged, lead to bleeding. Then there is the risk of an accumulation of fluids, i.e., forma-
tion of edema, in the macula, which cause reduced vision. The second type is proliferative
or advanced diabetic retinopathy (PDR). It is the most serious type because it coincides
with the abnormal growth of new blood vessels damaging the retina. Diabetes is, in fact,
associated with a growth of weak blood vessels, more prone to rupture, or smaller vessels,
and this leads to a lower oxygen transport capacity to the retinal tissues. As a result, new
vessels are stimulated by the formation of ischemic areas in the retina. In fact, retinal
microvascular disease is an early compromission, induced by low-grade, persistent leuko-
cyte activation, which causes repeated episodes of capillary occlusion and progressive
retinal ischemia [97]. This situation can induce detachment of the retina or an abnormal
flow of fluid into the eye, causing glaucoma. The underlying molecular mechanisms
associated with vascular dysfunction, especially endothelial dysfunction, in DR are multi-
factorial. Chronic inflammation, oxidative stress, leukostasis, dysregulated growth factors
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and cytokines, and disruption of peroxisome proliferator-activated receptor-y are mainly
involved [98]. Diabetic retinopathy is prevalent in around 35% of patients with diabetes.
The disease progresses slowly, causing damages that become progressively irreversible.
Unfortunately, treatment options are limited. As therapeutic approaches, photocoagula-
tion of the ischemic areas of the retina to stabilized blood vessels, intravitreal injections
with VEGF-inhibitory agents or corticosteroids, and ocular surgery can be applied [99].
It is worth noting that anti-VEGF agents used in clinical practice, such as ranibizumab,
bevacizumab, and aflibercept, are considerably different in terms of molecular interactions
when they bind with VEGF [100]; therefore, characterization of such features can improve
the design of novel biological drugs potentially useful in clinical practice. Recent findings
hypothesize that retinal neurodegeneration represents a critical, early component of DR.
It occurs prior to the vascular changes classically associated with DR and contributes
to disease pathogenesis [101,102]. In the retina, neurons, glia, and vasculature form the
blood-retinal barrier (BRB), which functions as the maintenance of energy, homeostasis,
and neurotransmitter regulation. In the progression of diabetes, the BRB is damaged early
and its breakdown is sustained by RPE secretion of different factors, among which the
main ones are vascular endothelial growth factor (VEGF) and proinflammatory cytokines
(i.e., TNF-e, IL-6, IL-13) [103]. It is interesting to note that VEGF may act as a negative
regulator of pericyte function, with these cells being involved in early BRB abnormalities in
diabetic retinopathy [104]. During progression of DR, the retina is infiltrated by the above
mentioned secreted factors’ cells and serum proteins, further damaging blood vessels
and neurons. Moreover, in addition to vascular damage and the loss of BRB integrity,
other neurodegenerative changes occur in the retina such as apoptosis, glial cell reactivity,
microglial activation, and altered glutamate metabolism that could prove some of the
functional deficits in vision [101,105]. Additionally, to point out the neurodegeneration,
clinical evidence indicates CNS lesions in patients with diabetic retinopathy; detection
of small punctate white matter lesions in the brain and cortical atrophy in some regions
suggests that there is an association between retinopathy and brain tissue damage [106].
Other studies highlight that diabetes-induced retinal neurodegeneration and brain neu-
rodegenerative diseases share common pathogenic pathways. Indeed, DR patients might
exhibit abnormalities in the central nervous system, often showing impaired cognition and
increased risks of dementia as well as Alzheimer disease [107].

3.4. Retinitis Pigmentosa

Retinitis pigmentosa (RP) is an inherited retinal dystrophy leading to progressive loss
of the photoreceptors and retinal pigment epithelium and resulting in blindness usually
after several decades [17,108,109]. Usually, it is bilateral, but some evidence reports of
unilateral eye involvement with RP. It affects approximately one subject in 5000 worldwide,
making RP one of the most common inherited diseases of the retina [110]. Generally,
degeneration of rod photoreceptors, the cells controlling night vision, precedes and exceeds
cone degeneration, as a majority of RP genetic mutations affect rods selectively. Early
symptoms of retinitis pigmentosa include impaired night vision and peripheral vision [109].
The main clinical hallmarks consist of bone-spicule deposits, waxy optic disc, and shrinked
retinal vessels. As previously pointed out, retinitis pigmentosa does not share alterations
with neurodegenerative diseases of the CNS; it is linked with reduction of white matter
volume in the brain, as seen in RP patients [19].

There is no definitive therapy. In some cases it is possible to slow down the degenera-
tive process with strategies such as the administration of vitamins, and protection from
sunlight and combined approaches, such as gene-replacement therapy, may be useful to
slow photoreceptor cell death [111,112]. Different RP gene mutations are the basis of alter-
ations in molecular mechanisms such as phototransduction cascade, vitamin A metabolism,
interactive cell—cell signaling or synaptic interaction, and intron splicing of RNA [113].
Moreover, previous studies revealed that an insufficiency of the ubiquitin-proteasome
system (UPS) to process misfolded proteins in affected photoreceptor cells could be in-
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volved [114]. Impairments of UPS function in the central nervous system underlie an
increasing number of genetic diseases, many of which affect the retina [115].

4. Conclusions

As the prevalence of neurological diseases increases dramatically with age and the
aging population increases, neurodegenerative diseases could have an ever-increasing
impact on people’s quality of life. Early diagnosis and optimal follow-up are critical for
better disease management and for delaying progression and disability. Growing evidence
suggests that the eye is like the brain: Both organs can suffer the effects of time and they
could be affected by neurodegeneration. While brain damage occurs mainly in the form
of cognitive diseases, such as Alzheimer or Parkinson, neurodegeneration can present
itself in the form of glaucoma in the eyes. The retina and optic nerve are an embryological
extension of the brain tissue, and the retina provides a unique opportunity to evaluate
the alterations caused by neurological diseases, showing a cellular composition similar
to that of brain tissue. Through optical coherence tomography (OCT), a high-resolution
technology, it is possible to detect alterations in clinical conditions. Therefore, a measure-
ment of changes in intraretinal layer thickness is a reliable signal linked to axonal loss
or related neuroinflammation of neurodegenerative pathologies. Early signs of retinal
damage are present in Parkinson and Alzheimer diseases as well as in multiple sclerosis.
There is increasing evidence that beta-amyloid is a factor involved in the development of
ganglion cell apoptosis in glaucoma; preclinical studies demonstrate that retinal ganglion
cells, subjected to a chronic increase in intraocular pressure, show abnormal processing of a
precursor protein of beta-amyloid, suggesting a correlation between AD and glaucoma [11].
Accumulations of alpha-synuclein in the brain present in Parkinson disease affect dopamin-
ergic neurons, leading to the development of motor symptoms. If high concentrations of
this protein are present in the retina, it leads to the death of amacrine cells that contain
dopamine, leading to a reduction in visual acuity [116]. Moreover, cerebro-spinal fluid
circulatory failure contributes to the development of glaucoma. AMD is a reduction of
visual function related to the aging process of the eye: The macula, containing numerous
photoreceptors, alters until it loses its characteristics. This phenomenon is due to retinal
cell degeneration and death. Moreover, AMD and AD share the same biomarkers; in AMD
there is also evidence of protein misfolding disease similar to Alzheimer disease. Recent
studies show that differential expression of miRNAs (miR-9, miR-23a, miR-27a, miR-34a,
miR-146a, miR-155) has been found to be dysregulated both in AMD and AD [117]. Current
evidence suggests that neurodegeneration of the retina is a critical component of diabetic
retinopathy, in addition to the damage to the blood vessels of the ocular tissue. Retinitis
pigmentosa is a retinal dystrophy characterized by the gradual loss of photoreceptors and
dysfunction of the pigment epithelium. This pathological context put into evidence that
the retina progressively reduces its ability to transmit visual information to the brain via
the optic nerve. A great importance lies in the studies of those measurable substances
within the body, called biomarkers, which monitor the development of the disease and the
effectiveness of potential drugs. Since the neurodegenerative process is already biologically
advanced by the time the symptoms appear, having biomarkers available in the preclin-
ical phase, to signal the pathological process in progress, is essential to obtain effective
therapies, even more if the biomarkers are sensitive to therapeutic treatments.

Author Contributions: All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Cells 2021, 10, 2394 11 0f 15

References

1.  De Moraes, C.G. Anatomy of the Visual Pathways. J. Glaucoma 2013, 22, 52-57. [CrossRef] [PubMed]

2. Guidoboni, G.; Sacco, R.; Szopos, M.; Sala, L.; Verticchio Vercellin, A.C.; Siesky, B.; Harris, A. Neurodegenerative Disorders of the
Eye and of the Brain: A Perspective on Their Fluid-Dynamical Connections and the Potential of Mechanism-Driven Modeling.
Front. Neurosci. 2020, 14, 566428. [CrossRef]

3. Jindal, V. Interconnection Between Brain and Retinal Neurodegenerations. Mol. Neurobiol. 2015, 51, 885-892. [CrossRef] [PubMed]

4. Masland, R.H. The Neuronal Organization of the Retina. Neuron 2012, 76, 266-280. [CrossRef] [PubMed]

5. Helmstaedter, M.; Briggman, K.L.; Turaga, S.C.; Jain, V.; Seung, H.S.; Denk, W. Connectomic Reconstruction of the Inner Plexiform
Layer in the Mouse Retina. Nature 2013, 500, 168-174. [CrossRef]

6. Takemura, S.; Bharioke, A.; Lu, Z.; Nern, A.; Vitaladevuni, S.; Rivlin, PK.; Katz, W.T.; Olbris, D.].; Plaza, S.M.; Winston, P;; et al. A
Visual Motion Detection Circuit Suggested by Drosophila Connectomics. Nature 2013, 500, 175-181. [CrossRef]

7.  Maisak, M.S.; Haag, ].; Ammer, G.; Serbe, E.; Meier, M.; Leonhardt, A.; Schilling, T.; Bahl, A.; Rubin, G.M.; Nern, A.; etal. A
Directional Tuning Map of Drosophila Elementary Motion Detectors. Nature 2013, 500, 212-216. [CrossRef]

8. Diaz-Coranguez, M.; Ramos, C.; Antonetti, D.A. The Inner Blood-Retinal Barrier: Cellular Basis and Development. Vis. Res. 2017,
139, 123-137. [CrossRef] [PubMed]

9. Soni, D.; Sagar, P.; Takkar, B. Diabetic Retinal Neurodegeneration as a Form of Diabetic Retinopathy. Int. Ophthalmol. 2021.
[CrossRef]

10. Ahmad, I; Teotia, P.; Erickson, H.; Xia, X. Recapitulating Developmental Mechanisms for Retinal Regeneration. Prog. Retin. Eye
Res. 2020, 76, 100824. [CrossRef] [PubMed]

11. Chan, J.W,; Chan, N.C; Sadun, A.A. Glaucoma as Neurodegeneration in the Brain. Eye Brain 2021, 13, 21-28. [CrossRef] [PubMed]

12.  Stein, ].D.; Khawaja, A.P.; Weizer, ].S. Glaucoma in Adults—Screening, Diagnosis, and Management: A Review. JAMA 2021,
325,164. [CrossRef]

13.  Zhuang, J.; Madden, D.J.; Cunha, P.; Badea, A.; Davis, S.W.; Potter, G.G.; Lad, E.M.; Cousins, S.W.; Chen, N.-K,; Allen, K ; et al.
Cerebral White Matter Connectivity, Cognition, and Age-Related Macular Degeneration. Neurolmage Clin. 2021, 30, 102594.
[CrossRef] [PubMed]

14. Ashok, A ; Singh, N.; Chaudhary, S.; Bellamkonda, V.; Kritikos, A.E.; Wise, A.S.; Rana, N.; McDonald, D.; Ayyagari, R. Retinal
Degeneration and Alzheimer’s Disease: An Evolving Link. Int. ]. Mol. Sci. 2020, 21, 7290. [CrossRef] [PubMed]

15. Pillar, S.; Moisseiev, E.; Sokolovska, J.; Grzybowski, A. Recent Developments in Diabetic Retinal Neurodegeneration: A Literature
Review. ]. Diabetes Res. 2020, 2020, 5728674. [CrossRef]

16. Wang, W.; Lo, A. Diabetic Retinopathy: Pathophysiology and Treatments. Int. J. Mol. Sci. 2018, 19, 1816. [CrossRef] [PubMed]

17.  Newton, F.; Megaw, R. Mechanisms of Photoreceptor Death in Retinitis Pigmentosa. Genes 2020, 11, 1120. [CrossRef]

18.  Milam, A.H,; Li, Z.Y,; Fariss, R.N. Histopathology of the Human Retina in Retinitis Pigmentosa. Prog. Retin. Eye Res. 1998, 17,
175-205. [CrossRef]

19. Rita Machado, A.; Carvalho Pereira, A.; Ferreira, F.; Ferreira, S.; Quendera, B.; Silva, E.; Castelo-Branco, M. Structure-Function
Correlations in Retinitis Pigmentosa Patients with Partially Preserved Vision: A Voxel-Based Morphometry Study. Sci. Rep. 2017,
7,11411. [CrossRef]

20. Zhang, X,;Li, S.; Tang, Y.; Guo, Y.; Gao, S. Intractable Ocular Diseases and Treatment Progress. AAPS PharmSciTech 2020, 21, 236.
[CrossRef]

21. Cheng, K.-J.; Hsieh, C.-M.; Nepali, K,; Liou, J.-P. Ocular Disease Therapeutics: Design and Delivery of Drugs for Diseases of the
Eye. J. Med. Chem. 2020, 63, 10533-10593. [CrossRef] [PubMed]

22.  Stern, J.H,; Tian, Y.; Funderburgh, J.; Pellegrini, G.; Zhang, K.; Goldberg, J.L.; Ali, R R.; Young, M.; Xie, Y.; Temple, S. Regenerating
Eye Tissues to Preserve and Restore Vision. Cell Stem Cell 2018, 22, 834-849. [CrossRef] [PubMed]

23. Gote, V,; Sikder, S,; Sicotte, J.; Pal, D. Ocular Drug Delivery: Present Innovations and Future Challenges. J. Pharm. Exp. 2019, 370,
602-624. [CrossRef]

24. Snyder, PJ.; Alber, J.; Alt, C.; Bain, L.].; Bouma, B.E.; Bouwman, FH.; DeBuc, D.C.; Campbell, M.C.W,; Carrillo, M.C.; Chew, E.Y,;
et al. Retinal Imaging in Alzheimer’s and Neurodegenerative Diseases. Alzheimers Dement. 2021, 17, 103-111. [CrossRef]

25. Czako, C.; Kovacs, T.; Ungvari, Z.; Csiszar, A.; Yabluchanskiy, A.; Conley, S.; Csipo, T.; Lipecz, A.; Horvath, H.; Sandor, G.L.; et al.
Retinal Biomarkers for Alzheimer’s Disease and Vascular Cognitive Impairment and Dementia (VCID): Implication for Early
Diagnosis and Prognosis. GeroScience 2020, 42, 1499-1525. [CrossRef]

26. Gupta, V,; Gupta, V.B.; Chitranshi, N.; Gangoda, S.; Vander Wall, R.; Abbasi, M.; Golzan, M.; Dheer, Y.; Shah, T.; Avolio, A.; et al.
One Protein, Multiple Pathologies: Multifaceted Involvement of Amyloid 3 in Neurodegenerative Disorders of the Brain and
Retina. Cell. Mol. Life Sci. 2016, 73, 4279-4297. [CrossRef] [PubMed]

27.  Miller, PE.; Eaton, J.5. Medical Anti-glaucoma Therapy: Beyond the Drop. Vet. Ophthalmol. 2021, 24, 2-15. [CrossRef] [PubMed]

28. Marquis, R.E.; Whitson, ].T. Management of Glaucoma: Focus on Pharmacological Therapy. Drugs Aging 2005, 22, 1-21. [CrossRef]
[PubMed]

29. Mehran, N.A; Sinha, S.; Razeghinejad, R. New Glaucoma Medications: Latanoprostene Bunod, Netarsudil, and Fixed Combina-
tion Netarsudil-Latanoprost. Eye 2020, 34, 72-88. [CrossRef]

30. Ostler, E.; Rhee, D.; Burney, E.; Sozeri, Y. Advances in Medical Therapy for Glaucoma. Curr. Opin. Ophthalmol. 2021, 32, 129-133.

[CrossRef] [PubMed]


http://doi.org/10.1097/IJG.0b013e3182934978
http://www.ncbi.nlm.nih.gov/pubmed/23733119
http://doi.org/10.3389/fnins.2020.566428
http://doi.org/10.1007/s12035-014-8733-6
http://www.ncbi.nlm.nih.gov/pubmed/24826919
http://doi.org/10.1016/j.neuron.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23083731
http://doi.org/10.1038/nature12346
http://doi.org/10.1038/nature12450
http://doi.org/10.1038/nature12320
http://doi.org/10.1016/j.visres.2017.05.009
http://www.ncbi.nlm.nih.gov/pubmed/28619516
http://doi.org/10.1007/s10792-021-01864-4
http://doi.org/10.1016/j.preteyeres.2019.100824
http://www.ncbi.nlm.nih.gov/pubmed/31843569
http://doi.org/10.2147/EB.S293765
http://www.ncbi.nlm.nih.gov/pubmed/33500674
http://doi.org/10.1001/jama.2020.21899
http://doi.org/10.1016/j.nicl.2021.102594
http://www.ncbi.nlm.nih.gov/pubmed/33662707
http://doi.org/10.3390/ijms21197290
http://www.ncbi.nlm.nih.gov/pubmed/33023198
http://doi.org/10.1155/2020/5728674
http://doi.org/10.3390/ijms19061816
http://www.ncbi.nlm.nih.gov/pubmed/29925789
http://doi.org/10.3390/genes11101120
http://doi.org/10.1016/s1350-9462(97)00012-8
http://doi.org/10.1038/s41598-017-11317-7
http://doi.org/10.1208/s12249-020-01774-1
http://doi.org/10.1021/acs.jmedchem.9b01033
http://www.ncbi.nlm.nih.gov/pubmed/32482069
http://doi.org/10.1016/j.stem.2018.05.013
http://www.ncbi.nlm.nih.gov/pubmed/29859174
http://doi.org/10.1124/jpet.119.256933
http://doi.org/10.1002/alz.12179
http://doi.org/10.1007/s11357-020-00252-7
http://doi.org/10.1007/s00018-016-2295-x
http://www.ncbi.nlm.nih.gov/pubmed/27333888
http://doi.org/10.1111/vop.12843
http://www.ncbi.nlm.nih.gov/pubmed/33164328
http://doi.org/10.2165/00002512-200522010-00001
http://www.ncbi.nlm.nih.gov/pubmed/15663346
http://doi.org/10.1038/s41433-019-0671-0
http://doi.org/10.1097/ICU.0000000000000740
http://www.ncbi.nlm.nih.gov/pubmed/33395110

Cells 2021, 10, 2394 12 of 15

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

Supuran, C.T. The Management of Glaucoma and Macular Degeneration. Expert Opin. Ther. Pat. 2019, 29, 745-747. [CrossRef]
Kopczynski, C.C.; Heah, T. Netarsudil Ophthalmic Solution 0.02% for the Treatment of Patients with Open-Angle Glaucoma or
Ocular Hypertension. Drugs Today 2018, 54, 467. [CrossRef] [PubMed]

Nocentini, A.; Supuran, C.T. Adrenergic Agonists and Antagonists as Antiglaucoma Agents: A Literature and Patent Review
(2013-2019). Expert Opin. Ther. Pat. 2019, 29, 805-815. [CrossRef]

Guglielmi, P.; Carradori, S.; Campestre, C.; Poce, G. Novel Therapies for Glaucoma: A Patent Review (2013-2019). Expert Opin.
Ther. Pat. 2019, 29, 769-780. [CrossRef]

Conti, F.; Romano, G.L.; Eandi, C.M.; Toro, M.D.; Rejdak, R.; Di Benedetto, G.; Lazzara, F.; Bernardini, R.; Drago, F,; Cantarella, G.;
et al. Brimonidine Is Neuroprotective in Animal Paradigm of Retinal Ganglion Cell Damage. Front. Pharmacol. 2021, 12, 705405.
[CrossRef]

Scozzafava, A.; Supuran, C.T. Glaucoma and the Applications of Carbonic Anhydrase Inhibitors. In Carbonic Anhydrase:
Mechanism, Regulation, Links to Disease, and Industrial Applications; Frost, S.C., McKenna, R., Eds.; Subcellular Biochemistry;
Springer: Dordrecht, The Netherlands, 2014; Volume 75, pp. 349-359. ISBN 978-94-007-7358-5.

Al-Zamil, W.; Yassin, S. Recent Developments in Age-Related Macular Degeneration: A Review. Clin. Interv. Aging 2017, 12,
1313-1330. [CrossRef] [PubMed]

Chen, E.R; Kaiser, PK. Therapeutic Potential of the Ranibizumab Port Delivery System in the Treatment of AMD: Evidence to
Date. Clin. Ophthalmol. 2020, 14, 1349-1355. [CrossRef]

Supuran, C.T. Agents for the Prevention and Treatment of Age-Related Macular Degeneration and Macular Edema: A Literature
and Patent Review. Expert. Opin. Ther. Pat. 2019, 29, 761-767. [CrossRef] [PubMed]

Scott, L.J.; Goa, K.L. Verteporfin. Drugs Aging 2000, 16, 139-146. [CrossRef]

Zhao, Y.; Singh, R.P. The Role of Anti-Vascular Endothelial Growth Factor (Anti-VEGF) in the Management of Proliferative
Diabetic Retinopathy. Drugs Context 2018, 7, 212532. [CrossRef]

Zhao, Y.; Feng, K.; Liu, R.; Pan, J.; Zhang, L.; Lu, X. Vitamins and Mineral Supplements for Retinitis Pigmentosa. ]. Ophthalmol.
2019, 2019, 8524607. [CrossRef]

Jia, Y.-P; Sun, L.; Yu, H.-S,; Liang, L.-P; Li, W.; Ding, H.; Song, X.-B.; Zhang, L.-]. The Pharmacological Effects of Lutein and
Zeaxanthin on Visual Disorders and Cognition Diseases. Molecules 2017, 22, 610. [CrossRef]

Brito-Garcia, N.; del Pino-Sederio, T.; Trujillo-Martin, M.M.; Coco, R.M.; Rodriguez de la Rua, E.; del Cura-Gonzalez, I.; Serrano-
Aguilar, P. Effectiveness and Safety of Nutritional Supplements in the Treatment of Hereditary Retinal Dystrophies: A Systematic
Review. Eye 2017, 31, 273-285. [CrossRef] [PubMed]

Hartong, D.T.; Berson, E.L.; Dryja, T.P. Retinitis Pigmentosa. Lancet 2006, 368, 1795-1809. [CrossRef]

Madore, C.; Yin, Z.; Leibowitz, J.; Butovsky, O. Microglia, Lifestyle Stress, and Neurodegeneration. Immunity 2020, 52, 222-240.
[CrossRef] [PubMed]

Stephenson, J.; Nutma, E.; van der Valk, P.; Amor, S. Inflammation in CNS Neurodegenerative Diseases. Immunology 2018, 154,
204-219. [CrossRef]

Wang, L.; Mao, X. Role of Retinal Amyloid-f in Neurodegenerative Diseases: Overlapping Mechanisms and Emerging Clinical
Applications. Int. . Mol. Sci. 2021, 22, 2360. [CrossRef] [PubMed]

Arvanitakis, Z.; Shah, R.C.; Bennett, D.A. Diagnosis and Management of Dementia: Review. JAMA 2019, 322, 1589. [CrossRef]
Mancino, R.; Cesareo, M.; Martucci, A.; Di Carlo, E.; Ciuffoletti, E.; Giannini, C.; Morrone, L.A.; Nucci, C.; Garaci, F. Neurodegen-
erative Process Linking the Eye and the Brain. Curr. Med. Chem. 2019, 26, 3754-3763. [CrossRef]

Dinkin, M. Trans-Synaptic Retrograde Degeneration in the Human Visual System: Slow, Silent, and Real. Curr. Neurol. Neurosci.
Rep. 2017, 17, 16. [CrossRef]

Lawlor, M.; Danesh-Meyer, H.; Levin, L.A.; Davagnanam, I.; De Vita, E.; Plant, G.T. Glaucoma and the Brain: Trans-Synaptic
Degeneration, Structural Change, and Implications for Neuroprotection. Surv. Ophthalmol. 2018, 63, 296-306. [CrossRef]
[PubMed]

Yiicel, Y.; Gupta, N. Glaucoma of the brain: A disease model for the study of transsynaptic neural degeneration. In Progress in
Brain Research; Elsevier: Amsterdam, The Netherlands, 2008; Volume 173, pp. 465-478. ISBN 978-0-444-53256-5.

You, M.; Rong, R.; Zeng, Z.; Xia, X; Ji, D. Transneuronal Degeneration in the Brain During Glaucoma. Front. Aging Neurosci. 2021,
13, 643685. [CrossRef]

Rocca, M.A.; Mesaros, S.; Preziosa, P.; Pagani, E.; Stosic-Opincal, T.; Dujmovic-Basuroski, I.; Drulovic, ].; Filippi, M. Wallerian and
Trans-Synaptic Degeneration Contribute to Optic Radiation Damage in Multiple Sclerosis: A Diffusion Tensor MRI Study. Mult.
Scler. 2013, 19, 1610-1617. [CrossRef] [PubMed]

Sacca, S.C.; Cutolo, C.A.; Rossi, T. Visual Defects and Ageing. In Biochemistry and Cell Biology of Ageing: Part II Clinical
Science; Harris, ].R., Korolchuk, V.., Eds.; Subcellular Biochemistry; Springer: Singapore, 2019; Volume 91, pp. 393-434.
ISBN 9789811336805.

Gupta, S.; Zivadinov, R.; Ramanathan, M.; Weinstock-Guttman, B. Optical Coherence Tomography and Neurodegeneration: Are
Eyes the Windows to the Brain? Expert Rev. Neurother. 2016, 16, 765-775. [CrossRef]

Sen, S.; Saxena, R.; Tripathi, M.; Vibha, D.; Dhiman, R. Neurodegeneration in Alzheimer’s Disease and Glaucoma: Overlaps and
Missing Links. Eye 2020, 34, 1546-1553. [CrossRef]


http://doi.org/10.1080/13543776.2019.1674285
http://doi.org/10.1358/dot.2018.54.8.2849627
http://www.ncbi.nlm.nih.gov/pubmed/30209441
http://doi.org/10.1080/13543776.2019.1665023
http://doi.org/10.1080/13543776.2019.1653279
http://doi.org/10.3389/fphar.2021.705405
http://doi.org/10.2147/CIA.S143508
http://www.ncbi.nlm.nih.gov/pubmed/28860733
http://doi.org/10.2147/OPTH.S194234
http://doi.org/10.1080/13543776.2019.1671353
http://www.ncbi.nlm.nih.gov/pubmed/31540558
http://doi.org/10.2165/00002512-200016020-00005
http://doi.org/10.7573/dic.212532
http://doi.org/10.1155/2019/8524607
http://doi.org/10.3390/molecules22040610
http://doi.org/10.1038/eye.2016.286
http://www.ncbi.nlm.nih.gov/pubmed/27935602
http://doi.org/10.1016/S0140-6736(06)69740-7
http://doi.org/10.1016/j.immuni.2019.12.003
http://www.ncbi.nlm.nih.gov/pubmed/31924476
http://doi.org/10.1111/imm.12922
http://doi.org/10.3390/ijms22052360
http://www.ncbi.nlm.nih.gov/pubmed/33653000
http://doi.org/10.1001/jama.2019.4782
http://doi.org/10.2174/0929867325666180307114332
http://doi.org/10.1007/s11910-017-0725-2
http://doi.org/10.1016/j.survophthal.2017.09.010
http://www.ncbi.nlm.nih.gov/pubmed/28986311
http://doi.org/10.3389/fnagi.2021.643685
http://doi.org/10.1177/1352458513485146
http://www.ncbi.nlm.nih.gov/pubmed/23572238
http://doi.org/10.1080/14737175.2016.1180978
http://doi.org/10.1038/s41433-020-0836-x

Cells 2021, 10, 2394 13 of 15

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Ramirez, A.L; de Hoz, R.; Salobrar-Garcia, E.; Salazar, ].J.; Rojas, B.; Ajoy, D.; Lopez-Cuenca, L; Rojas, P; Trivifio, A.; Ramirez, ]. M.
The Role of Microglia in Retinal Neurodegeneration: Alzheimer’s Disease, Parkinson, and Glaucoma. Front. Aging Neurosci. 2017,
9, 214. [CrossRef]

Dudvarski Stankovic, N.; Teodorczyk, M.; Ploen, R.; Zipp, F.; Schmidt, M.H.H. Microglia—Blood Vessel Interactions: A Double-
Edged Sword in Brain Pathologies. Acta Neuropathol. 2016, 131, 347-363. [CrossRef] [PubMed]

Karlstetter, M.; Scholz, R.; Rutar, M.; Wong, W.T.; Provis, ].M.; Langmann, T. Retinal Microglia: Just Bystander or Target for
Therapy? Prog. Retin. Eye Res. 2015, 45, 30-57. [CrossRef] [PubMed]

O’Bryhim, B.E.; Apte, R.S.; Kung, N.; Coble, D.; Van Stavern, G.P. Association of Preclinical Alzheimer Disease With Optical
Coherence Tomographic Angiography Findings. JAMA Ophthalmol. 2018, 136, 1242. [CrossRef]

Huang, L.; Zhang, D.; Ji, J.; Wang, Y.; Zhang, R. Central Retina Changes in Parkinson’s Disease: A Systematic Review and
Meta-Analysis. |. Neurol. 2020. [CrossRef] [PubMed]

Yap, T.E.; Balendra, S.I.; Almonte, M.T.; Cordeiro, M.E. Retinal Correlates of Neurological Disorders. Ther. Adv. Chronic Dis. 2019,
10, 204062231988220. [CrossRef]

Serrano-Pozo, A.; Frosch, M.P; Masliah, E.; Hyman, B.T. Neuropathological Alterations in Alzheimer Disease. Cold Spring Harb.
Perspect. Med. 2011, 1, a006189. [CrossRef] [PubMed]

Grimaldi, A.; Pediconi, N.; Oieni, E; Pizzarelli, R.; Rosito, M.; Giubettini, M.; Santini, T.; Limatola, C.; Ruocco, G.; Ragozzino, D.;
et al. Neuroinflammatory Processes, Al Astrocyte Activation and Protein Aggregation in the Retina of Alzheimer’s Disease
Patients, Possible Biomarkers for Early Diagnosis. Front. Neurosci. 2019, 13, 925. [CrossRef] [PubMed]

Grimaldi, A.; Brighi, C.; Peruzzi, G.; Ragozzino, D.; Bonanni, V.; Limatola, C.; Ruocco, G.; Di Angelantonio, S. Inflammation,
Neurodegeneration and Protein Aggregation in the Retina as Ocular Biomarkers for Alzheimer’s Disease in the 3xTg-AD Mouse
Model. Cell Death Dis. 2018, 9, 685. [CrossRef] [PubMed]

Lim, JK.H,; Li, Q.-X,; He, Z.; Vingrys, A.].; Wong, VH.Y.; Currier, N.; Mullen, J.; Bui, B.V.; Nguyen, C.T.O. The Eye As a Biomarker
for Alzheimer’s Disease. Front. Neurosci. 2016, 10, 536. [CrossRef]

Spillantini, M.G.; Schmidt, M.L.; Lee, V.M.-Y.; Trojanowski, J.Q.; Jakes, R.; Goedert, M. a-Synuclein in Lewy Bodies. Nature 1997,
388, 839-840. [CrossRef]

Indrieri, A.; Pizzarelli, R.; Franco, B.; De Leonibus, E. Dopamine, Alpha-Synuclein, and Mitochondrial Dysfunctions in Parkinso-
nian Eyes. Front. Neurosci. 2020, 14, 567129. [CrossRef]

Armstrong, M.].; Okun, M.S. Diagnosis and Treatment of Parkinson Disease: A Review. JAMA 2020, 323, 548. [CrossRef]
[PubMed]

Ma, L.-].; Xu, L.-L.; Mao, C.; Fu, Y.-T,; Ji, X.-Y,; Shen, Y.; Chen, J.; Yang, Y.; Liu, C.-F. Progressive Changes in the Retinal Structure
of Patients with Parkinson’s Disease. J. Parkinsons Dis. 2018, 8, 85-92. [CrossRef]

Satue, M.; Garcia-Martin, E.; Fuertes, I.; Otin, S.; Alarcia, R.; Herrero, R.; Bambo, M.P.; Pablo, L.E.; Fernandez, FJ. Use of
Fourier-Domain OCT to Detect Retinal Nerve Fiber Layer Degeneration in Parkinson’s Disease Patients. Eye 2013, 27, 507-514.
[CrossRef]

Mahad, D.H.; Trapp, B.D.; Lassmann, H. Pathological Mechanisms in Progressive Multiple Sclerosis. Lancet Neurol. 2015, 14,
183-193. [CrossRef]

Faissner, S.; Gold, R. Progressive Multiple Sclerosis: Latest Therapeutic Developments and Future Directions. Adv. Neurol. Disord.
2019, 12, 175628641987832. [CrossRef]

Spain, R.I; Liu, L.; Zhang, X.; Jia, Y.; Tan, O.; Bourdette, D.; Huang, D. Optical Coherence Tomography Angiography Enhances
the Detection of Optic Nerve Damage in Multiple Sclerosis. Br. J. Ophthalmol. 2018, 102, 520-524. [CrossRef] [PubMed]
Masrori, P.; Van Damme, P. Amyotrophic Lateral Sclerosis: A Clinical Review. Eur. J. Neurol. 2020, 27, 1918-1929. [CrossRef]
[PubMed]

Rojas, P.; Ramirez, A.I; Fernandez-Albarral, ].A.; Lopez-Cuenca, I.; Salobrar-Garcia, E.; Cadena, M.; Elvira-Hurtado, L.; Salazar, ].J.;
de Hoz, R;; Ramirez, ]. M. Amyotrophic Lateral Sclerosis: A Neurodegenerative Motor Neuron Disease With Ocular Involvement.
Front. Neurosci. 2020, 14, 566858. [CrossRef]

Soldatov, V.O.; Kukharsky, M.S.; Belykh, A.E.; Sobolev, A.M.; Deykin, A.V. Retinal Damage in Amyotrophic Lateral Sclerosis:
Underlying Mechanisms. Eye Brain 2021, 13, 131-146. [CrossRef] [PubMed]

Bourne, R.R.A,; Stevens, G.A.; White, R.A.; Smith, J.L.; Flaxman, S.R.; Price, H.; Jonas, ].B.; Keeffe, J.; Leasher, ].; Naidoo, K; et al.
Causes of Vision Loss Worldwide, 1990-2010: A Systematic Analysis. Lancet Glob. Health 2013, 1, €339-e349. [CrossRef]
Almasieh, M.; Wilson, A.M.; Morquette, B.; Cueva Vargas, ].L.; Di Polo, A. The Molecular Basis of Retinal Ganglion Cell Death in
Glaucoma. Prog. Retin. Eye Res. 2012, 31, 152-181. [CrossRef]

Sacca, S.C.; Paluan, F; Gandolfi, S.; Manni, G.; Cutolo, C.A.; Izzotti, A. Common Aspects between Glaucoma and Brain
Neurodegeneration. Mutat. Res./Rev. Mutat. Res. 2020, 786, 108323. [CrossRef] [PubMed]

Wostyn, P.; Van Dam, D.; Audenaert, K.; Killer, H.E.; De Deyn, PP,; De Groot, V. A New Glaucoma Hypothesis: A Role of
Glymphatic System Dysfunction. Fluids Barriers CNS 2015, 12, 16. [CrossRef]

Ito, Y.; Shimazawa, M.; Tsuruma, K.; Mayama, C.; Ishii, K.; Onoe, H.; Aihara, M.; Araie, M.; Hara, H. Induction of Amyloid-(1-42)
in the Retina and Optic Nerve Head of Chronic Ocular Hypertensive Monkeys. Mol. Vis. 2012, 18, 2647-2657.

Gupta, N.; Yiicel, YH. Glaucoma as a Neurodegenerative Disease. Curr. Opin. Ophthalmol. 2007, 18, 110-114. [CrossRef]
[PubMed]


http://doi.org/10.3389/fnagi.2017.00214
http://doi.org/10.1007/s00401-015-1524-y
http://www.ncbi.nlm.nih.gov/pubmed/26711460
http://doi.org/10.1016/j.preteyeres.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25476242
http://doi.org/10.1001/jamaophthalmol.2018.3556
http://doi.org/10.1007/s00415-020-10304-9
http://www.ncbi.nlm.nih.gov/pubmed/33174132
http://doi.org/10.1177/2040622319882205
http://doi.org/10.1101/cshperspect.a006189
http://www.ncbi.nlm.nih.gov/pubmed/22229116
http://doi.org/10.3389/fnins.2019.00925
http://www.ncbi.nlm.nih.gov/pubmed/31551688
http://doi.org/10.1038/s41419-018-0740-5
http://www.ncbi.nlm.nih.gov/pubmed/29880901
http://doi.org/10.3389/fnins.2016.00536
http://doi.org/10.1038/42166
http://doi.org/10.3389/fnins.2020.567129
http://doi.org/10.1001/jama.2019.22360
http://www.ncbi.nlm.nih.gov/pubmed/32044947
http://doi.org/10.3233/JPD-171184
http://doi.org/10.1038/eye.2013.4
http://doi.org/10.1016/S1474-4422(14)70256-X
http://doi.org/10.1177/1756286419878323
http://doi.org/10.1136/bjophthalmol-2017-310477
http://www.ncbi.nlm.nih.gov/pubmed/28814415
http://doi.org/10.1111/ene.14393
http://www.ncbi.nlm.nih.gov/pubmed/32526057
http://doi.org/10.3389/fnins.2020.566858
http://doi.org/10.2147/EB.S299423
http://www.ncbi.nlm.nih.gov/pubmed/34012311
http://doi.org/10.1016/S2214-109X(13)70113-X
http://doi.org/10.1016/j.preteyeres.2011.11.002
http://doi.org/10.1016/j.mrrev.2020.108323
http://www.ncbi.nlm.nih.gov/pubmed/33339584
http://doi.org/10.1186/s12987-015-0012-z
http://doi.org/10.1097/ICU.0b013e3280895aea
http://www.ncbi.nlm.nih.gov/pubmed/17301611

Cells 2021, 10, 2394 14 of 15

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

Kamel, K.; Farrell, M.; O’Brien, C. Mitochondrial Dysfunction in Ocular Disease: Focus on Glaucoma. Mitochondrion 2017, 35,
44-53. [CrossRef]

Rolle, T.; Ponzetto, A.; Malinverni, L. The Role of Neuroinflammation in Glaucoma: An Update on Molecular Mechanisms and
New Therapeutic Options. Front. Neurol. 2021, 11, 612422. [CrossRef]

Bucolo, C.; Campana, G.; Di Toro, R.; Cacciaguerra, S.; Spampinato, S. Sigmal Recognition Sites in Rabbit Iris-Ciliary Body:
Topical Sigmal-Site Agonists Lower Intraocular Pressure. J. Pharm. Exp. 1999, 289, 1362-1369.

Stahl, A. The Diagnosis and Treatment of Age-Related Macular Degeneration. Dtsch. Aerztebl. Int. 2020, 117, 513-520. [CrossRef]
Ricci, F; Bandello, F.; Navarra, P.; Staurenghi, G.; Stumpp, M.; Zarbin, M. Neovascular Age-Related Macular Degeneration:
Therapeutic Management and New-Upcoming Approaches. Int. ]. Mol. Sci. 2020, 21, 8242. [CrossRef]

Brown, E.E.; DeWeerd, A].; Ildefonso, C.J.; Lewin, A.S.; Ash, ].D. Mitochondrial Oxidative Stress in the Retinal Pigment
Epithelium (RPE) Led to Metabolic Dysfunction in Both the RPE and Retinal Photoreceptors. Redox Biol. 2019, 24, 101201.
[CrossRef] [PubMed]

Campochiaro, P.A.; Akhlag, A. Sustained Suppression of VEGF for Treatment of Retinal /Choroidal Vascular Diseases. Prog. Retin.
Eye Res. 2021, 83, 100921. [CrossRef]

Kwak, N.; Okamoto, N.; Wood, ].M.; Campochiaro, P.A. VEGF Is Major Stimulator in Model of Choroidal Neovascularization.
Investig. Ophthalmol. Vis. Sci. 2000, 41, 3158-3164.

Intartaglia, D.; Giamundo, G.; Conte, I. The Impact of MiRNAs in Health and Disease of Retinal Pigment Epithelium. Front. Cell
Dev. Biol. 2021, 8, 589985. [CrossRef]

Ruan, Y,; Jiang, S.; Musayeva, A.; Gericke, A. Oxidative Stress and Vascular Dysfunction in the Retina: Therapeutic Strategies.
Antioxidants 2020, 9, 761. [CrossRef] [PubMed]

Whitson, H.E.; Ansah, D.; Whitaker, D.; Potter, G.; Cousins, S.W.; MacDonald, H.; Pieper, C.E; Landerman, L.; Steffens, D.C.;
Cohen, H.J. Prevalence and Patterns of Comorbid Cognitive Impairment in Low Vision Rehabilitation for Macular Disease. Arch.
Gerontol. Geriatr. 2010, 50, 209-212. [CrossRef]

Forrester, ].V.; Kuffova, L.; Delibegovic, M. The Role of Inflammation in Diabetic Retinopathy. Front. Immunol. 2020, 11, 583687.
[CrossRef] [PubMed]

Gui, F; You, Z.; Fu, S.; Wu, H.; Zhang, Y. Endothelial Dysfunction in Diabetic Retinopathy. Front. Endocrinol. 2020, 11, 591.
[CrossRef]

Thagaard, M.S.; Vergmann, A.S.; Grauslund, J. Topical Treatment of Diabetic Retinopathy: A Systematic Review. Acta Ophthalmol.
2021, a0s.14912. [CrossRef]

Platania, C.B.M.; Di Paola, L.; Leggio, G.M.; Romano, G.L.; Drago, F.; Salomone, S.; Bucolo, C. Molecular Features of Interaction
between VEGFA and Anti-Angiogenic Drugs Used in Retinal Diseases: A Computational Approach. Front. Pharmacol. 2015, 6,
248. [CrossRef]

Zafar, S.; Sachdeva, M.; Frankfort, B.J.; Channa, R. Retinal Neurodegeneration as an Early Manifestation of Diabetic Eye Disease
and Potential Neuroprotective Therapies. Curr. Diabetes Rep. 2019, 19, 17. [CrossRef] [PubMed]

Joltikov, K.A.; Sesi, C.A.; de Castro, V.M.; Davila, J.R.; Anand, R.; Khan, S.M.; Farbman, N.; Jackson, G.R.; Johnson, C.A.; Gardner,
T.W. Disorganization of Retinal Inner Layers (DRIL) and Neuroretinal Dysfunction in Early Diabetic Retinopathy. Investig.
Ophthalmol. Vis. Sci. 2018, 59, 5481. [CrossRef]

Rudraraju, M.; Narayanan, S.P.; Somanath, P.R. Regulation of Blood-Retinal Barrier Cell-Junctions in Diabetic Retinopathy.
Pharmacol. Res. 2020, 161, 105115. [CrossRef] [PubMed]

Giurdanella, G.; Anfuso, C.D.; Olivieri, M.; Lupo, G.; Caporarello, N.; Eandi, C.M.; Drago, F.; Bucolo, C.; Salomone, S. Aflibercept,
Bevacizumab and Ranibizumab Prevent Glucose-Induced Damage in Human Retinal Pericytes in Vitro, through a PLA2/COX-
2/VEGEF-A Pathway. Biochem. Pharmacol. 2015, 96, 278-287. [CrossRef]

Barber, A.]. A New View of Diabetic Retinopathy: A Neurodegenerative Disease of the Eye. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 2003, 27, 283-290. [CrossRef]

Dogan, M.; Ozsoy, E.; Doganay, S.; Burulday, V.; Firat, P.G.; Ozer, A.; Alkan, A. Brain Diffusion-Weighted Imaging in Diabetic
Patients with Retinopathy. Eur. Rev. Med. Pharm. Sci. 2012, 16, 126-131.

Huang, X.; Tong, Y.; Qi, C.-X; Xu, Y.-T.; Dan, H.-D.; Shen, Y. Disrupted Topological Organization of Human Brain Connectome in
Diabetic Retinopathy Patients. Neuropsychiatr. Dis. Treat. 2019, 15, 2487-2502. [CrossRef]

Wright, A.E; Chakarova, C.E,; Abd El-Aziz, M.M.; Bhattacharya, S.S. Photoreceptor Degeneration: Genetic and Mechanistic
Dissection of a Complex Trait. Nat. Rev. Genet. 2010, 11, 273-284. [CrossRef]

Sahel, J.-A.; Marazova, K.; Audo, I. Clinical Characteristics and Current Therapies for Inherited Retinal Degenerations. Col Sprin
Harb. Perspect. Med. 2015, 5, a017111. [CrossRef] [PubMed]

O'Neal, T.B.; Luther, E.E. Retinitis Pigmentosa. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2021.

Sahni, .N.; Angi, M.; Irigoyen, C.; Angi, M.; Semeraro, F; Romano, M.R.; Parmeggiani, F; Parmeggiani, F. Therapeutic Challenges
to Retinitis Pigmentosa: From Neuroprotection to Gene Therapy. Curr. Genom. 2011, 12, 276-284. [CrossRef]

Dias, M.F; Joo, K.; Kemp, J.A.; Fialho, S.L.; da Silva Cunha, A.; Woo, S.J.; Kwon, Y.J. Molecular Genetics and Emerging Therapies
for Retinitis Pigmentosa: Basic Research and Clinical Perspectives. Prog. Retin. Eye Res. 2018, 63, 107-131. [CrossRef] [PubMed]


http://doi.org/10.1016/j.mito.2017.05.004
http://doi.org/10.3389/fneur.2020.612422
http://doi.org/10.3238/arztebl.2020.0513
http://doi.org/10.3390/ijms21218242
http://doi.org/10.1016/j.redox.2019.101201
http://www.ncbi.nlm.nih.gov/pubmed/31039480
http://doi.org/10.1016/j.preteyeres.2020.100921
http://doi.org/10.3389/fcell.2020.589985
http://doi.org/10.3390/antiox9080761
http://www.ncbi.nlm.nih.gov/pubmed/32824523
http://doi.org/10.1016/j.archger.2009.03.010
http://doi.org/10.3389/fimmu.2020.583687
http://www.ncbi.nlm.nih.gov/pubmed/33240272
http://doi.org/10.3389/fendo.2020.00591
http://doi.org/10.1111/aos.14912
http://doi.org/10.3389/fphar.2015.00248
http://doi.org/10.1007/s11892-019-1134-5
http://www.ncbi.nlm.nih.gov/pubmed/30806815
http://doi.org/10.1167/iovs.18-24955
http://doi.org/10.1016/j.phrs.2020.105115
http://www.ncbi.nlm.nih.gov/pubmed/32750417
http://doi.org/10.1016/j.bcp.2015.05.017
http://doi.org/10.1016/S0278-5846(03)00023-X
http://doi.org/10.2147/NDT.S214325
http://doi.org/10.1038/nrg2717
http://doi.org/10.1101/cshperspect.a017111
http://www.ncbi.nlm.nih.gov/pubmed/25324231
http://doi.org/10.2174/138920211795860062
http://doi.org/10.1016/j.preteyeres.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29097191

Cells 2021, 10, 2394 15 of 15

113.

114.

115.

116.

117.

Sorrentino, ES.; Gallenga, C.E.; Bonifazzi, C.; Perri, P. A Challenge to the Striking Genotypic Heterogeneity of Retinitis Pigmentosa:
A Better Understanding of the Pathophysiology Using the Newest Genetic Strategies. Eye 2016, 30, 1542-1548. [CrossRef]
[PubMed]

Lobanova, E.S.; Finkelstein, S.; Li, J.; Travis, A.M.; Hao, Y.; Klingeborn, M.; Skiba, N.P.; Deshaies, R.].; Arshavsky, V.Y. Increased
Proteasomal Activity Supports Photoreceptor Survival in Inherited Retinal Degeneration. Nat. Commun. 2018, 9, 1738. [CrossRef]
Campello, L.; Esteve-Rudd, J.; Cuenca, N.; Martin-Nieto, ]. The Ubiquitin-Proteasome System in Retinal Health and Disease. Mol.
Neurobiol. 2013, 47, 790-810. [CrossRef] [PubMed]

Bucolo, C.; Leggio, G.M.; Drago, F.; Salomone, S. Dopamine Outside the Brain: The Eye, Cardiovascular System and Endocrine
Pancreas. Pharmacol. Ther. 2019, 203, 107392. [CrossRef] [PubMed]

Romano, G.L.; Platania, C.B.M.; Drago, E.; Salomone, S.; Ragusa, M.; Barbagallo, C.; Di Pietro, C.; Purrello, M.; Reibaldi, M.;
Avitabile, T.; et al. Retinal and Circulating MiRNAs in Age-Related Macular Degeneration: An In Vivo Animal and Human Study.
Front. Pharmacol. 2017, 8, 168. [CrossRef] [PubMed]


http://doi.org/10.1038/eye.2016.197
http://www.ncbi.nlm.nih.gov/pubmed/27564722
http://doi.org/10.1038/s41467-018-04117-8
http://doi.org/10.1007/s12035-012-8391-5
http://www.ncbi.nlm.nih.gov/pubmed/23339020
http://doi.org/10.1016/j.pharmthera.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31299315
http://doi.org/10.3389/fphar.2017.00168
http://www.ncbi.nlm.nih.gov/pubmed/28424619

	Introduction 
	CNS and Eye Neurodegeneration 
	Ocular Neurodegenerative Diseases 
	Glaucoma 
	Age-Related Macular Degeneration 
	Diabetic Retinopathy 
	Retinitis Pigmentosa 

	Conclusions 
	References

