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Abstract: Amyloid-β (Aβ) accumulations have been identified in the retina for neurodegeneration-
associated disorders like Alzheimer’s disease (AD), glaucoma, and age-related macular degeneration
(AMD). Elevated retinal Aβ levels were associated with progressive retinal neurodegeneration,
elevated cerebral Aβ accumulation, and increased disease severity with a decline in cognition and
vision. Retinal Aβ accumulation and its pathological effects were demonstrated to occur prior
to irreversible neurodegeneration, which highlights its potential in early disease detection and
intervention. Using the retina as a model of the brain, recent studies have focused on characterizing
retinal Aβ to determine its applicability for population-based screening of AD, which warrants
a further understanding of how Aβ manifests between these disorders. While current treatments
directly targeting Aβ accumulations have had limited results, continued exploration of Aβ-associated
pathological pathways may yield new therapeutic targets for preserving cognition and vision. Here,
we provide a review on the role of retinal Aβ manifestations in these distinct neurodegeneration-
associated disorders. We also discuss the recent applications of retinal Aβ for AD screening and
current clinical trial outcomes for Aβ-associated treatment approaches. Lastly, we explore potential
future therapeutic targets based on overlapping mechanisms of pathophysiology in AD, glaucoma,
and AMD.
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1. Introduction

Accumulation of amyloid-β (Aβ) in the retinal layers has been implicated as a key
overlapping feature between three neurodegeneration-associated disorders that have af-
fected millions of older adults worldwide: Alzheimer’s disease (AD), glaucoma, and
age-related macular degeneration (AMD). All three disorders are chronic, age-related disor-
ders with no known cure and can lead to irreversible disability [1–3]. In AD, accumulation
of Aβ in the central nervous system (CNS) has been suggested to induce neurodegener-
ation especially in the hippocampus leading to progressive loss of cognitive function [4].
Visual disturbances and retinal Aβ accumulations have been reported in patients with
early or even preclinical AD with retinal Aβ deposits appearing to be detected earlier
than neurodegeneration and associated cerebral Aβ in AD mice models [5,6]. Similarly,
glaucoma is characterized by retinal neurodegeneration most commonly in relation to
elevated intraocular pressure (IOP). In glaucoma animal models, Aβ has been identified
to be associated with increased retinal ganglion cell (RGC) susceptibility to elevated IOP
and purposed to induce RGC apoptosis and optic nerve (ON) degeneration [7]. For AMD,
severe central vision loss occurs after disruption of the retinal pigmental epithelium (RPE)
with the formation of drusen, which leads to retinal neuronal degeneration, especially
in the photoreceptor cells (PRC) [8]. Through postmortem studies and AMD mice models,
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Aβ deposits have been identified inside RPE cells and drusen that has been suggested to
be associated with AMD progression [8–10].

Epidemiological connections have also been determined between AD, glaucoma,
and AMD. Both glaucoma and AMD also appear to be related to a decline in cognitive
function, although it is unclear if subjects had other undetected co-existing underlying
pathologies [11–14]. Patients who have glaucoma and AMD have been associated with an
increased risk for AD [15]. Similarly, AD patients have an increased prevalence for glau-
coma with glaucoma observed in 7–24% of AD patients in comparison to 4–10% of healthy
controls [16]. Advanced AMD prevalence was also doubled in AD patients in comparison
to controls. However, this association was not obvious after correcting for shared risk
factors such as age, presence of an apolipoprotein E allele, and smoking [17]. Since Aβ ac-
cumulation in the retina is considered to be a mechanistic link between these degenerative
diseases, this warrants further exploration and cross-examination of the pathophysiological
role of retinal Aβ and its implications for disease monitoring and treatment. We describe
recent understandings of how retinal Aβ presents in AD, glaucoma, and AMD. Then,
we evaluate existing findings of clinical trials and discuss potential retinal Aβ-associated
mechanisms that may provide novel targets for therapeutic interventions.

2. Aβ in the Retina

As a developmental outgrowth of the diencephalon, the retina is the innermost layer
of the eye that shares structural and pathophysiological pathways with the CNS includ-
ing a connection between the microvasculature and axonal projections [18], and contain
a diverse population of neurons [19,20]. The exact role of Aβ in the eye is still unknown, al-
though Aβ has been suggested to have an anti-microbial effect in the brain, which may also
apply to its role in the retina [21]. Aβ is a 39–43 amino acid protein peptide that originates
from the amyloidogenic pathway with cleavage of a transmembrane glycoprotein, amyloid
precursor protein (APP), by β- and γ-secretase [22,23]. APP is expressed in various tissues
including the retina and appears to support synaptogenesis and neuronal development
and survival [23]. Through the non-amyloidogenic pathway, proteolytic processing of
APP by α- and γ-secretase generates soluble amyloid precursor protein (sAPPα), which
has been shown to have a neuroprotective function in the retina [24]. Within the retina
during pathological states, these Aβ monomers have been observed to spontaneously
aggregate into dimers, trimers, and oligomers [22]. Through hyperspectral Raman imaging,
soluble Aβ oligomers have been demonstrated to self-assemble into beta-pleated sheets
and form structures such as protofibrils, fibrils, and insoluble amyloid plaques through
hydrogen bonding between peptide bonds of parallel oligomers [22,25]. Similar to Aβ

in the brain, in murine models [26], retinal Aβ oligomers have been shown to be more neu-
rotoxic than fibrils with smaller oligomers formations associated with increased amounts
of neuronal loss. Fibrillar structures have also been observed to shift to oligomer structures
in vivo [23]. The main alloforms of Aβ in the retina are Aβ42 and Aβ40 [22]. Aβ42 has been
observed to be more neurotoxic in the retina even though Aβ40 has been more commonly
found throughout the retina for these neurodegeneration-associated disorders. The exact
Aβ42/Aβ40 ratios in the retina will need to be determined in future studies [23,27].

3. Alzheimer’s Disease

Around 50 million older adults have been diagnosed with dementia worldwide and
AD is the most common cause of dementia [28]. Aβ deposits that form insoluble plaques
in the brain regions have been purposed to be the principal source of neurotoxicity that
leads to brain atrophy and cognitive decline. The highest amyloid load has usually been
observed in the hippocampus [4]. Due to the developmental, structural, and pathological
connections between the retina and the CNS and the accessibility of the neuroretina for
non-invasive imaging, recent studies have explored retinal Aβ as a potential biomarker
for the assessment of cerebral Aβ and AD progression [29–34]. Through positron emission
tomography (PET) imaging cerebral Aβ accumulation may be detected as early as 20 years
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before cognitive decline [30,35]. In a meta-analysis using PET imaging, Aβ accumulation
was identified in 10–44% of subjects with normal cognition, compared to 27–71% of patients
with mild cognitive impairment (MCI) [36]. In a separate meta-analysis, Aβ accumulations
were found in 68–97% of AD patients [37]. While PET imaging has been successful in char-
acterizing cerebral Aβ plaques, it is inaccessible for much of the population, costly, invasive,
and not suitable for population-based screening for AD risk [30,31]. This warrants further
characterization of Aβ in the retinas of AD patients to potentially allow early diagnosis
and intervention of AD, which can be crucial for slowing the process of neurodegeneration
and preserving cognitive function [38].

3.1. Aβ Presentation in the Retinal Enface View and Intra-Retinal Layer View for AD

For post-mortem studies with wholemount retinas and curcumin-based in-vivo imag-
ing studies, increased retinal Aβ was detected in AD patients in comparison to age-matched
normal controls (Figure 1). Various Aβ structures were identified including fibrils, protofib-
rils, and potentially oligomers through transmission electron microscopy of retinal tis-
sue [1,30,39]. Aβ accumulations included both intracellular cyto-deposits and extracellular
deposits described by different studies to range from under 5 µm to over 20 µm with larger
Aβ deposits resembling a more classical cerebral Aβ plaque [30,39]. Across the plane
of the retinal tissue, more Aβ accumulations were identified in the far-peripheral and
mid-peripheral of the superior temporal quadrant than in the central retina [30,39–41].
Aβ deposits in the superior quadrant were associated with cerebral Aβ deposits, especially
in the primary visual cortex (V1) [30]. While the mechanism behind a more superior fo-
cused accumulation is currently unknown, this phenomenon may explain the thinning that
has been observed in the superior quadrant of the retinal nerve fiber layer, ganglion cell
layer (GCL), and inner plexiform layer (IPL), which is made up of the RGC cell bodies and
axons [42,43]. Interestingly, early AD patients have predominantly inferior loss of the visual
field, which corresponds to the involvement of the superior quadrant of the retina [42,44].
Furthermore, the peripheral loss of RGCs with visual field loss has a similar pattern as
what is observed in glaucoma [40].

At the various intra-retinal layers, post mortem human studies showed Aβ deposits
above the RPE and located in the inner retina associated with neuronal loss especially
within the GCL, inner nucleus layer (INL), and IPL (Figure 1), similar to what was described
in AD transgenic mice studies [6,30,45,46]. These findings are in line with Aβ-associated
inner retina degeneration and especially RGC dysfunction as detected through decreased
pattern electroretinogram responses and positive scotopic threshold response amplitudes
found in AD transgenic mice, which may explain the visual disturbances observed in AD
patients [1,6,19]. Additionally, increased Aβ-induced toxicity has been suggested to be
associated with elevated levels of proteasomal proteins. Decreased levels of proteins asso-
ciated with synthesis and elongation (e.g., elongation factor EEF1E1) were also observed
in the retinas of older AD mice model retinas [47]. In mice models with Aβ positive inner
retinas, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) positive
neuronal cells were detected supporting the association between Aβ accumulation and
neurodegeneration [1,48]. This association may explain why in vivo human and animal
studies show inner retinal layer thinning, especially in the GCL, and loss of ON volume
and density [1,18,49]. Intracellular and extracellular Aβ accumulations were the most
concentrated in the RGC of the GCL layer (Figure 2) [30,39]. These deposits were also
identified inside and surrounding the melanopsin retinal ganglion cells (mRGC), which
may be the cause of the mRGC loss and abnormal mRGC morphology in postmortem AD
retinas. mRGCs are intrinsically photosensitive and are essential for circadian photoen-
trainment [40]. In glaucoma, mRGC degeneration was found to induce circadian rhythm
dysfunction, which was associated with sleep disturbances [50]. Indeed, mild-moderate
AD patients have been associated with reduced sleep efficiency and rest-activity circa-
dian dysfunction, which may be in part associated with the observed Aβ accumulation
in mRGCs [40]. Additional research will be necessary to determine if Aβ-induced mRGC
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degeneration can directly affect sleep efficiency in AD patients or if other underlying mech-
anisms are involved. Similarly, in both MCI and AD postmortem retinas, Aβ accumulations
have been detected in and around pericytes [51], which were found within the endothelial
walls of capillaries. Pericytes regulate blood flow and maintain the blood retinal barrier
(BRB) and blood brain barrier (BBB) [52]. These accumulations were found to be associated
with pericyte loss and possibly contribute to the retinal vascular changes that have been
observed in AD patients [51,53].

3.2. Relationship between Aβ in the Retina and Brain for AD

Post-mortem and in vivo human studies have also shown an association between
retinal Aβ deposits and cerebral structural and functional changes [29,30]. In addition to
a positive correlation between supertemporal retinal Aβ42 load and cerebral Aβ, worse
neuropathy cortical assessment scores like neuritic plaque score and cerebral amyloid
angiopathy (CAA) were correlated to increased retinal Aβ load in AD retinal whole
mounts [30,39]. Aβ accumulations positively correlated between ultra-centrifuged ho-
mogenates of the hippocampus and the retina [54]. This relationship may explain why
retinal Aβ count in the superotemporal retina subregions was inversely correlated with
hippocampal volume for both MCI and AD patients in vivo [29]. To note, loss of hip-
pocampal volume has been related to a decrease in executive dysfunction and memory
impairment [55,56]. Proximal and mid-periphery retinal Aβ count and surface area were
also greater in patients with increased cognitive decline as indicated by low cognitive
assessment scores for both MCI and AD patients [29]. These associations support the hy-
pothesis that Aβ-associated neurotoxicity has an associated pathological effect on the retina
and brain. However, it is still unclear if accumulated retinal Aβ causes the observed
neurodegeneration or if it is simply a downstream product of other disease mechanisms
occurring in the CNS. Based on the retinal and cerebral Aβ associations, it may also be
possible that neurodegeneration in both tissues may occur simultaneously and mirror each
other during AD disease progression.

Based on its accessibility in vivo and correlation with cerebral Aβ levels, retinal Aβ

appears to have the potential to become a promising biomarker for early detection of
AD-related cerebral changes and cognitive decline. Several techniques have been purposed
for in-vivo detection and screening of retinal Aβ including the use of confocal imaging
with curcumin, a non-toxic anti-Aβ fluorescent probe, CRANAD-X probes with near-
infrared fluorescent imaging (NIRF), and hyperspectral imaging without the need for
ingestion or injection of fluorescent probes [5,29–33,57–59]. All methods have been able
to identify retinal Aβ in vivo and distinguish AD transgenic mice from wild-type (WT)
mice [29–31,33]. So far, only confocal imaging with orally ingested curcumin has been
tested in humans and was able to distinguish AD patients from controls in addition to
establishing correlations between retinal Aβ and cerebral manifestations [29,30]. However,
since the largest human sample size was 34 patients, further validation in larger sample
sizes will be needed to determine if this method can be applied in population-based
screening applications [29]. Additionally, repeatability and longitudinal studies are needed
to determine if these observed retinal Aβ deposits can be consistently observed and if they
persist or change during the AD disease course. While some differences in the presentation
of the retinal Aβ can be found between AD and other diseases like glaucoma and AMD,
there is still overlapping between the localizations of Aβ (Figure 2). Future studies will
also be needed to better characterize retinal Aβ distribution, manifestation, and population
prevalence in AD patients, especially in comparison to other amyloidogenic and age-related
retinal diseases like glaucoma and AMD that share similar Aβ-associated manifestations
in the retina [1,9,60].

4. Glaucoma

As one of the top three leading causes of irreversible blindness worldwide [61,62],
glaucoma is a multifactorial neurodegenerative disorder that leads to peripheral vision
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loss [63]. Glaucoma is characterized by RGC degeneration and ON damage that leads to
progressive visual field loss, usually associated with acutely or chronically elevated IOP.
While lowering IOP has been the mainstay treatment for glaucoma, some patients with
glaucoma still experience vision loss even with no incidence of elevated IOP or controlled
IOP [64]. This indicates that other factors may be involved in disease progression that works
separately or in tangent to IOP-elevation-induced neurodegeneration. Since Aβ is known
to induce neuronal apoptosis with associated RGC and visual field loss in AD patients
similar to the hallmarks of glaucoma, further exploration of Aβ pathology in glaucomatous
eyes is warranted to determine if Aβ plays a role in glaucoma disease progression [65].

4.1. Aβ Presentation Associated with Upstream Events in Glaucoma Progression

Aβ accumulation has been identified in post-mortem studies in the retina, especially
the GCL and ON in glaucoma patients and animal models (Figures 1 and 2) [1,66–68].
In murine models of glaucoma, Aβ was identified in TUNEL-positive RGC from both
in vivo and in vitro studies indicating that Aβ directly induces an increase in caspase-3
expression leading to RGC apoptosis [69–71]. In WT rat eyes, injected Aβ appeared to have
a time and dose-dependent effect on neurodegeneration with increased axonal swelling
and increased TUNEL expression in the RGC with GCL thinning and ON injury [71].
Retinal Aβ accumulation may be considered to be one of the upstream events in glaucoma
progression [7]. Aβ-associated retinal neuronal cell loss and shrinkage have been associated
with astrogliosis and glial activation in the retina, ON, and superior colliculus, where
the RGC axons synapse in murine models [7,63,72]. These associations may implicate Aβ

in the activation of neuroinflammatory pathways that may lead to progressive glaucoma
progression with or without IOP-elevation-related triggers. Furthermore, an increase
in Aβ levels was observed to be one of the earliest changes in mouse models of glaucoma
in association with the axonal transport deficits of the RGC [2]. Such deficits like cleavage
and modification of cytoskeletal proteins have been shown to occur prior to the structural
loss and neurodegeneration in glaucoma [73,74]. Due to these upstream associations and
its colocalization with degenerative neurons, Aβ has been suggested to cause RGC and
other retinal neurons to be more susceptible to stressors like elevated IOP and cause more
adverse pathological responses to such insults later in life, eventually leading to a poor
disease prognosis [2].

4.2. Aβ Presentation in the Retina and Brain in Glaucoma

Initial Aβ accumulation in the retina has been purposed to occur due to stasis of
the ocular glymphatic system [75,76]. This system has been identified in the eyes of
murine models and appears to be an aquaporin-4 (AQP4)-dependent clearance route found
throughout the retina like its cerebral counterpart, which acts as a quasi-lymphatics system
for the brain for clearing metabolic waste, including Aβ accumulations [60]. Traced Aβ

left the eye through the optic nerve, indicating a glymphatic outflow clearance of Aβ.
Furthermore, the outflow was impaired in chronic ocular hypertension and glaucomatous
murine models [60]. Thus, stasis of ocular fluid from the retinal neurons has been predicted
to lead to pathological Aβ accumulation. The glymphatic outflow is affected by the pressure
barrier across the lamina cribrosa where the RGC axons leave the eye to eventually synapse
at the brain. An increase in IOP or decrease in intracranial pressure (ICP) can increase this
translaminar pressure difference, which may disrupt glymphatic outflow. In addition to
elevated IOP being associated with glaucoma, decreased ICP has been reported in primary
open-angle glaucoma and in normal-tension glaucoma patients who do not have elevated
IOP [75,77].

In Vivo, glaucoma patients had decreased Aβ levels in the vitreous, which corre-
sponds with increased retinal Aβ deposition [7,78]. Interestingly, lower levels of vitreous
Aβ were found to associate with lower cognitive function, like in AD pathology [79]. Nev-
ertheless, unlike in AD pathophysiology where cerebral Aβ is most often primarily found
in the hippocampus, no Aβ was found in the hippocampus of chronic glaucoma monkey
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models [7,54]. Instead, Aβ expression was localized to the retina and central visual system,
including in the lateral geniculate nucleus (LGN) and weakly in the V1 [7]. Similarly,
in glaucoma mouse models, Aβ first accumulated in the retina and then progressed to
the ON and later the superior colliculus [14]. For rat models with elevated IOP associated
with impaired learning and memory, chronic high IOP was associated with increased
Aβ expression in the hippocampus [14]. Therefore, glaucomatous neurodegeneration
due to elevated IOP in tandem with Aβ accumulations may originate at the RGC and
then progress through the axons forming the ON. This leads to elevated Aβ in the LGN,
followed by the V1 of the visual pathway, eventually inducing more AD-like pathology
in the brain [7,14,54].

5. Age-Related Macular Degeneration

AMD is the most common cause of irreversible blindness in developed countries
and especially in people over 60 years of age [80]. Early AMD is characterized by RPE
dysfunction with the formation of drusen deposits between the RPE and Bruch’s membrane,
generally in the macula, the central region of the retina [81–83]. Advanced AMD presents
with progressive RPE degeneration and can develop into the exudative AMD (eAMD) with
choroidal neovascularization (CNV) or non-exudative AMD (neAMD) with geographic
atrophy (GA) [8,84]. While there is no cure for AMD, several vasodilation endothelial
growth factor (VEGF) inhibitor therapies have been shown to be safe and effective for
long-term prevention of vision loss in eAMD through the indefinite and recurrent treatment
of CNV growth and exudation [84–86]. However, for neAMD, no such therapy is currently
available for mitigating vision loss due to the loss of the RPE, PRC, and inner retinal layers
in the regions of GA growth [87]. Since Aβ accumulation has been associated with all stages
of AMD progression including drusen, CNV, and GA, recent attempts at identifying new
therapeutic targets and interventions have looked toward further characterizing retinal Aβ

in AMD [87–92].

5.1. Aβ in RPE Degeneration and Associated Neuronal Loss

Initial Aβ accumulation may be due to dysregulation of the autophagic system
in the retina, especially in the RPE [93]. Autophagy is critical for cellular homeostasis
in clearing out unwanted structures through lysosomes [94]. In the retina, the RPE is
essential for recycling the PRC outer segments through phagocytosis and other homeo-
static functions. Similar to how autophagy has been observed to actively suppress Aβ

accumulations in the brain, retinal autophagy appeared to be elevated in human and mice
RPE cell lines after being treated with Aβ [93,95]. Detectable RPE activation of autophagy
colocalized with Aβ deposits especially in aged human RPE cells [93,96]. Clinical tissue
specimens from AMD patients suggested that autophagy is upregulated and impaired
in the RPE cells [96,97]. In aged familial AD mice models, which show AMD pathology [98],
Aβ was identified in late endosomes and lysosome compartments of retinal neurons, which
may destabilize the lysosome membrane and lead to neurotoxic Aβ deposits in the cy-
tosolic compartment [99]. Thus, impaired autophagy may be implicated for Aβ-related
neurodegeneration through the RPE cells or directly in retinal neurons.

Aβ accumulation has also been connected to well-established AMD risk factors includ-
ing high cholesterol and high-fat diets [83,100,101]. In cognitively normal AMD patients,
curcumin-based imaging identified Aβ lesions concentrated in the macula and posterior pole.
This finding is in line with the general localization of AMD maculopathy (Figure 2) [30]. Ad-
ditionally, these Aβ lesions were usually larger, more diffuse, and less peripherally located
than typical Aβ accumulations found in AD patients [30]. Similarly, in post-mortem studies
of AMD retinas, some classical sub-RPE soft drusen were shown to be immunopositive
for Aβ [102], which were found in amyloid vesicles that appeared to make up a portion of
drusen in donor eyes (Figure 1). These drusen were associated with a disrupted RPE and
are often also found in the posterior pole [102–104]. Since the RPE functions as a BRB for
the neuroretina and plays a key role in the maintenance of the PRC, RPE dysfunction has
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been considered to the main culprit in AMD progression [105]. Interestingly, in AD mice
models, which show AMD pathology, Aβ deposits had been identified inside and around
the RPE [106,107]. Increased RPE apoptosis with positive TUNEL staining and caspase-3
expression was observed in human RPE cell lines treated with Aβ [8].

Figure 1. Amyloid-β (Aβ) accumulations in the retina for Alzheimer’s disease (AD), glaucoma, and age-related macular
degeneration (AMD). (A–F) Aβ deposits in relation to AD patients (Cited and modified from [30], used under an open-access
license agreement). (A–C) In retinal donor tissue from AD patients, Aβ accumulations are identified through anti-Aβ

monoclonal antibodies (4G8, 6E10, 12F4) and curcumin in multiple retinal layers and especially in the ganglion cell layer.
In vivo imaging with curcumin fluorescent probe for (D) healthy subject and (E) AD patient with Aβ accumulations circled
in red. (F) Curcumin-positive deposit identified above retinal pigment epithelium (RPE) for AD patients in vivo. (G,H) Aβ

deposits in primate glaucoma model (Cited and modified from [68] used under an open-access license agreement). Anti-Aβ

immunostaining show Aβ deposits (green) in (G) optic nerve and (H) retinal layers, predominantly in the ganglion cell layer.
(I,J) Aβ deposits in AMD retinal donor tissue (Cited and modified from [102] used under an open-access license agreement).
Aβ accumulations identified through anti-Aβ monoclonal antibody (green) in (I) amyloid vesicles inside drusen located
between the RPE and Bruch’s membrane and (J) in the RPE.
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5.2. Aβ Presentation in Different Stages of AMD

Even in early AMD, Aβ deposition is considered to potentially sustain chronic in-
flammation through accumulation throughout the RPE and in drusen [108]. Injection of
Aβ in both WT murine models and human RPE cells has also triggered a neuroinflam-
matory environment with upregulation of inflammasome activation, potentially leading
to the death of RPE cells through pyroptosis [8,109]. In AD mice models, Aβ deposits at
the RPE have been associated with increased disorganization of the tight junction cells
and infiltration of pro-inflammatory-activated microglial cells. Both pathological events
can contribute to RPE degeneration [95]. Using a familial AD mice model to study AMD
pathology, Aβ accumulations in sub-RPE drusen were observed with early PRC functional
deficiencies without PRC cell loss, indicating that Aβ pathology may lead to RPE dysfunc-
tion that disrupts its neuroprotective effect for the PRC [91]. Aβ-treated PRC cell lines
also showed a dose-response decrease in PRC viability, indicating a direct effect on visual
sensitivity in AMD [110]. Since retinal Aβ accumulations in AMD associated drusen prior
to neurodegeneration of the PRC, it supports the use of preventative strategies like the use
of nutritional supplements and maintaining a healthy diet in early AD [111].

Since increased RPE dysfunction and drusen load has been associated with increased
AMD disease severity, Aβ accumulation in the RPE may play a role in progression to
advanced AD [106,112]. For eAMD, in human RPE cell lines, high doses of Aβ-induced
RPE apoptosis and increased expression of VEGF. As a signaling protein that promotes
vessel growth, VEGF in the retina can lead to increased angiogenic cytokine levels and
susceptibility to abnormal vessel growth in the macula, potentially progressing to eAMD
with CNV [8,113,114]. Low concentrations of Aβ were associated with an increased level
of pigment epithelium-derived factor, which had a neuroprotective effect and inhibited
apoptosis of RPE cells, thus leading to an increased RPE proliferation and cell count [113].
Therefore, it appears that increased amounts of Aβ can overwhelm protective mechanisms
in the RPE against stressors.

For neAMD, while the exact mechanism behind GA is unknown, growth of GA has
been associated with deposition of inflammatory cellular debris in the Bruch’s membrane
leading to the hyperactivation of the alternative complement pathway and resulting in RPE
cell death [87,115,116]. Thus, Aβ deposition may be the main culprit behind GA pathol-
ogy. In spheroid cultures of human RPE cells, “stressed” RPE spheroids produced an
increased amount of drusen, which contained Aβ and complement factors [81]. Similarly,
in transgenic mice that overproduce Aβ, increased drusen-like deposits with Aβ and
complement proteins were identified with increased glial cell response [117]. Furthermore,
Aβ has been shown to inhibit complement factor I (CFI). A missense CFI variant is one of
the loci associated with AMD [118]. CFI decreases activation of the alternative complement
pathway by cleaving C3b to iC3b [119]. Therefore, increased Aβ deposition may lead to
the GA-associated hyperactivation of the complement system, which may contribute to
retinal neuronal loss through GA progression [116].
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Figure 2. Amyloid-β (Aβ) accumulation in the retinal layers for Alzheimer’s disease (AD), glaucoma, and age-related
macular degeneration (AMD) in human and primate studies. Structurally, the neuroretina is made up of distinct layers.
The inner retina is composed of the inner limiting membrane (not labeled), retinal nerve fiber layer (RNFL), ganglion
cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer
(ONL), and external limiting membrane (ELM). The outer retina contains the photoreceptor layer (PRL) and retinal pigment
epithelium (RPE). The retina has distinct alternating layers of synapses (e.g., IPL and OPL) and cell bodies (e.g., GCL, INL,
ONL) of neurons (blue) and glial cells [25]. Aβ accumulations are found broadly throughout the retinal layers including
within and around neurons and their supporting cells for AD [30,39,41]. For glaucoma, Aβ elevations are more concentrated
in the GCL, which includes the beginnings of the optic nerve that are composed of axons of the retinal ganglion cells [67,68].
AMD-associated Aβ deposits are mostly reported within and around the RPE, which allows recycling and maintenance
of photoreceptor cells (rods and cones) [30,102–104]. (Cited and modified from [120], used under an open-access license
agreement).

6. Treatment Approaches for Reducing Aβ Accumulation

Aβ accumulations in the retina have been suggested to be an overlapping aspect
in the pathophysiology of disorders like AD, glaucoma, and AMD, which do not have a cure
and can contribute to irreversible neurodegeneration [121]. Recent clinical trials have tested
treatment approaches that focused on reducing Aβ deposits in the retina [4,116,122–127].
The mechanisms of action mostly included direct binding and clearance of Aβ through
monoclonal (mAb) anti-Aβ antibodies, use of β-secretase inhibitors to reduce the produc-
tion of Aβ, or use of polyclonal amyloid antibodies that also decreased Aβ accumula-
tions [4,116,122–127]. While many treatment approaches were able to generally decrease
Aβ load [127,128], most did not appear to be able to achieve the primary objective of
mitigating disease pathology.

6.1. Anti-Aβ Antibody-Associated Clinical Trials for AD

In patients with AD, multiple mAb anti-Aβ systemic intravenous treatments (i.e.,
aducanumab, gantenerumab, and solanezumab) were applied and showed promise in re-
moving Aβ through systematic dosing by increasing clearance through binding, preventing
aggregation, or through Fc-mediated phagocytosis in MCI and AD patients [129–131]. How-
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ever, no evidence of cognitive improvement was seen in the treatment group for mAb
anti-Aβ antibodies in comparison to the placebo group in phase III trials for prodromal,
mild, and mild-to-moderate AD [122–124]. Similarly, beta-site APP cleaving enzyme 1
(BACE1) inhibitors (i.e., verubescestat and CNP520), which decrease the rate of proteolytic
cleavage of APP to Aβ, also showed promise in reducing Aβ load, but were unsuccessful
in reducing cognitive decline or preventing future cognitive decline in cognitively normal
older adults and AD patients [125,126,132]. It has been suggested that a longer observation
period or higher level of dosing may have been needed to see a difference between groups
since AD-associated cognitive decline may occur over decades especially in prodromal AD.
However, higher doses may lead to increased occurrence of side effects like microhemor-
rhages that have been observed during clinical trials [124,133]. Additionally, no protective
effects of cognition were observed in patients with more severe AD that has a more rapid
rate of cognitive loss [123–125]. This indicates that the Aβ-disaggregating effects of anti-Aβ

fluorescent probes like curcumin or near-infrared imaging probes, as shown in the brain
and retina of AD mice models, may not have much potential as therapeutic agents [32,58].
Furthermore, the suppressive effect of curcumin on Aβ accumulation appears to weaken
the correlation between retinal Aβ and cerebral Aβ levels, which may affect its ability to be
used in early detection and tracking of AD onset and progression in vivo through retinal
imaging [58].

On the other hand, some limited success has been observed in intravenous im-
munoglobulin (IVIG) treatment [127]. IVIG contains polyclonal variants of naturally
occurring antibodies against Aβ, which led to increased binding and clearance of Aβ. IVIG
demonstrated the ability to reduce Aβ in both the retina and the brain after 2 months
of therapy for patients with MCI in a proof of mechanism study [4]. Yet like mAb an-
tibodies, no cognitive benefits were seen in a phase III trial for mild to moderate AD
patients [134]. IVIG did show promise in preventing cognitive loss in MCI and prodromal
AD. In a retrospective study, previous treatment for IVIG showed a lower risk of develop-
ing AD-associated dementia after 5 years for a predementia MCI group [135]. Furthermore,
the IVIG-treated MCI group showed increased preservation of cognitive function with less
brain atrophy. The treated group also showed decreased conversion to AD after 1 year
of study in comparison to the placebo group in a Phase II trial. However, no difference
in cognitive difference was observed between groups after two years [127]. These results
may indicate that IVIG has a limited protective effect on cognitive decline that becomes
less significant after 1 year. Nevertheless, it is unknown if the neuroprotective effect of
IVIG arises from its anti- Aβ components or from the combination of its more varied
mechanisms of action that allows IVIG to also attenuate inflammation and bind other
neurotoxic peptides like hyperphosphorylated tau [136,137]. Therefore, this may indicate
that a more multifactorial treatment may be beneficial for treating AD pathology, which
will need to be validated in future studies and clinical trials.

6.2. Aβ-Associated Clinical Trial Targets for Glaucoma and AMD

For the neurodegeneration-associated ocular disorders, some treatment approaches
for reducing Aβ accumulation have been explored. In glaucoma, when given systemically
in murine models, α2 adrenergic agonists (α2ARA) like brimonidine (BMD) show promise
in reducing Aβ production by promoting the non-amyloidogenic pathway, which elevates
sAPPα levels [24]. sAPPα appeared to act as a BACE1 inhibitor for transgenic APP
mice in vivo [138]. Use of this α2 agonist in an ocular hypertensive glaucoma rat model
showed decreased Aβ, which was associated with decreased RGC apoptosis and axonal
degeneration in comparison to that of a non-treated rat [24]. BMD’s IOP-independent
neuroprotective effects may also explain why low-pressure glaucoma patients appeared to
have less visual field loss after the use of BMD eyedrops, if they did not develop an ocular
allergy [139]. BMD was shown to be safe in humans as an intravitreal implant in a phase II
trial, which may indicate that its benefits for treating glaucoma-related amyloidosis may
outweigh the risk of its potential adverse effects [128]. Interestingly, BMD has also been
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shown to have some limited success in slowing GA growth in neAMD [128]. On human
RPE cell lines, BMD has been shown to have a similar neuroprotective effect even when
the RPE cells were treated with stressors [140,141]. In a phase II trial, an intravitreal implant
of BMD slowed GA growth in the treatment group in comparison to the sham group only
at Month 3, with no differences between groups for the primary study endpoint at Month
12 [128]. This may indicate that the protective effect wanes after the initial beneficial
reaction and a higher or more frequent dosage will be needed to sustain the effect on GA
growth.

Similarly, a mAb anti-Aβ was also tested in GA secondary to neAMD [128]. mAb anti-
Aβ antibodies associated with Fc-mediated phagocytosis of Aβ were predicted to reverse
the Aβ inhibition of CFI. Increasing activation of CFI decreases C3b levels, which should
decrease alternative complement activation [108,116]. In AMD-associated murine models,
mAb anti-Aβ was shown to reduce Aβ accumulation and complement activation that has
been purposed to lead to GA growth [92,142]. Nevertheless, no difference in GA growth
was detected for the intravenous mAb anti-Aβ antibody-treated group in comparison to
that of the placebo group in a phase II clinical trial for human mAb GSK933776 [116]. Since
the mAb antibody was given intravenously, perhaps not enough antibody accumulated at
the RPE and other areas of maculopathy in the retina. Alternatively, similar to AD treatment,
therapeutic interventions for GA may be needed to be given at an earlier stage of AMD to be
effective for slowing the growth of GA. Treatment prior to GA onset may be more effective
for preventing unrecoverable RPE degeneration and PRC loss. Since GA progression has
been demonstrated to involve multiple underlying mechanisms, a multifactorial treatment
that can target Aβ and its associated pathological cascades may prove to be beneficial [112].

6.3. Conclusions for Current Aβ-Associated Interventional Targets and Future Directions

Ultimately, while many treatment trials appear to be generally successful in removing
or preventing Aβ accumulations, most treatments have not been as successful in mitigating
cognitive decline or vision loss in these disorders. While this may be a result of insufficient
Aβ removal or due timing of the treatment in the disease course, it may also indicate that
the treatment may have been too specific to removing Aβ without treating the existing
pathological cascades that had already been triggered or amplified by the presence of
Aβ deposits. Several Aβ-associated effects appear to be overlapping between AD, glau-
coma, and AMD including an increase in the inflammatory pathways, oxidative stress,
cytoskeletal disruption, synaptic remodeling, and vascular alterations (Figure 3). Further
understanding of these mechanisms may provide new targets for potential therapeutic
interventions against neurodegenerative diseases that may yield more optimistic outcomes.
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Figure 3. Flowchart for overlapping retinal amyloid-β (Aβ)-associated mechanisms and effects in AD, glaucoma, and
AMD. Elevated Aβ levels in various structural formations, especially oligomers and plaques, have been associated with
increased upregulation of pathology cascades. These pathways have been associated with increased Aβ accumulations and
increased neurodegeneration with a potential loss of cognition and vision. Abbreviations: AD: Alzheimer’s disease; AMD:
age-related macular degeneration; NF-κb: nuclear factor kappa B; NLRP3: NLR family pyrin domain containing 3; MAPK:
mitogen-activated protein kinase; IPL: inner plexiform layer; RGC: retinal ganglion cell; PRC: photoreceptor cell; ON: optic
nerve: RPE: retinal pigment epithelium.

6.4. Inflammatory Pathway

Aβ accumulation in the retina has been demonstrated to upregulate inflammatory
pathways, which has been associated with increased retinal neurodegeneration
(Figure 3) [143]. Upregulation of microRNA that target genes regulating pathways linked
to neurodegeneration and inflammatory cascades was observed in relation to elevated
Aβ levels in vivo leading to a pro-inflammatory environment with retinal cell loss and
break down [143,144]. In AD, glaucoma, and AMD, colocalization of Aβ deposits and
microglia indicated with iba-1 positive cells has been identified in transgenic mice mod-
els [8,66,72,107,145]. Activated microglia were shown to displace toward more vertical
formations that may distribute signaling to different microglia plexuses throughout the reti-
nal layers including the IPL, INL, and RPE, which can then migrate and surround Aβ

deposits [45,48,117,145,146]. While acute activation appeared to decrease Aβ accumulation
through phagocytosis, chronic activation of microglia led to a more proinflammatory milieu
that was linked to increased neurotoxicity [45]. This may be associated with the presence of
the CD36 receptor on microglia that form Aβ-CD36 complexes, which elicits phagocytosis
but also induce pro-inflammatory cytokine release. In CD36 knockout mice, injection of
Aβ did not trigger the inflammatory cascade that was associated with RGC death [72].

6.4.1. NF-κb Signaling Pathway and Associated Inflammatory Cascades

Aβ-inducted microglia activation was found to associate with upregulation of the nu-
clear factor kappa B (NF-κb) inflammatory pathway with enhanced expression of pro-
inflammatory elements. In Aβ-treated human RPE cells, increased RelA, RelB, and c-Rel
signaling of the NF-κb family, all appeared to cause pro-inflammatory cytokine and RPE
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degeneration with silencing of the transcription factors leading to decreased cytokine
release [147]. Aβ has been shown to lead to enhanced levels of the NF-κb inflammatory
pathway elements like interleukin 6 (IL-6), IL-8, tumor necrosis factor α (TNFα), p16, and
matrix metallopeptidase 9 (MMP-9) that contributed to RPE degeneration and PRC death
in murine models and human RPE cells [90,91,95,119,148]. Thus, the NF-κb inflammatory
pathway may cause PRC loss in neurodegenerative diseases, especially in AMD where
RPE degeneration is closely linked to PRC loss. When pro-inflammatory cytokines like
IL-6 and TNFα were reduced through the treatment of transforming growth factor β1
in WT rats injected with Aβ, decreased apoptotic markers were detected in the rat neu-
roretina [149]. In particular, MMP-9 has been shown to impair the barrier integrity of
RPE cells through chronic inflammation with proteolysis of tight junction proteins such
as zonula occludens-1 and occludin, which leads to increased RPE cell senescence [95].
Inhibition of NF-κb signaling through an IkB kinase inhibitor also prevented the disruption
of RPE tight junctions in Aβ-treated WT mice [106]. Furthermore, when WT mice were
treated with elovanoids, a lipid mediator, which has been shown to downregulate the gene
expression of Aβ-associated inflammatory components, the RPE and PRC of Aβ-injected
mice retinas were spared from degeneration [91]. This supports the direct effect of Aβ

neurotoxicity on the PRC and indicates that inhibition of several elements in this signaling
pathway may be beneficial for preventing neuronal loss.

Increased Aβ neurotoxicity and increased NF-κb signaling have also been associated
with NLR family pyrin domain containing 3 (NLRP3) inflammasome assembly and acti-
vation [48,89]. NLRP3 inflammasome activates caspase-1 and causes the maturation of
interleukin 1 beta (IL-1β), a proinflammatory mediator that may also activate IL-6, and
IL-18, which is associated with interferon-gamma production [150]. The components of this
pathway lead to pyroptosis proinflammatory cell death, which has been observed in WT
mice injected with Aβ and human RPE cells treated with Aβ [8,89,151]. In AD, a higher
expression of IL-1β was detected in microglia of postmortem AD retinas in comparison to
controls, which indicated inflammasome activation and is in line with the expression of
microglia in the brains of AD patients [48,152]. Interestingly, overexpression of angiotensin-
converting enzyme 2 prevents upregulation of IL-1β, decreased leukocyte recruitment, and
cytokine release in Aβ-treated human RPE cells, which indicates that an axis of the renin-
angiotensin hormonal system has a protective effect on retinal cells against Aβ-associated
inflammation [151]. Furthermore, upregulation of liver x receptor α also protected against
Aβ-associated inflammasome activation in RPE cells in vivo [89,90]. Future research may
determine if inhibition of these Aβ-induced inflammatory pathways will mitigate neu-
rodegeneration, especially in AMD where RPE dysfunction plays a major role in disease
progression.

6.4.2. Complement System Activation

Furthermore, Aβ accumulation has also been associated with activation of the com-
plement system leading to the formation of membrane attack complexes and increased
inflammation-inducing retinal neurodegeneration [48,108,119]. Evidence of both the classi-
cal and alternative complement system has been identified in Aβ-injected WT mice retinas
with the increased expression of multiple complement factors [119]. Complement C3 was
upregulated in astrocytes of postmortem retinal tissue, which indicates that activation of
the complement cascade in AD retinas may be associated with neurodegeneration [48].
As previously described, Aβ accumulation has been purposed to lead to increased alterna-
tive complement activation through inhibition of CFI, which increases C3 production and
may contribute to increased GA progression in neAMD [108]. While direct inhibition of Aβ

has so far been unsuccessful in decreasing GA progression [116], direct local C3 inhibition
did reduce GA growth rate in comparison to a sham group in a phase II trial [153]. Alto-
gether, several potential therapeutic measures may be associated with the inflammatory
pathways associated with retinal Aβ accumulation. Direct targeting of these elements may
yield positive results for neurodegeneration-associated diseases that affect the retina.
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6.5. Oxidative Stress

Since the retina is one of the most energy-demanding and oxygen-consuming tissues
in the human body, the retinal neurons are highly susceptible to Aβ-associated oxida-
tive stress, which may contribute to neurodegeneration in AD, glaucoma, and AMD
(Figure 3) [95,154,155]. Aβ accumulation in the retina increases oxidative stress markers
in a time and dose-dependent manner, which may induce the observed increased RGC
apoptosis, ON damage, glial cell activation, and RPE degeneration [109,156]. Aβ-induced
oxidative stress with increased production of reactive oxygen species (ROS) may act as
a second messenger to activate the mitogen-activated protein kinase (MAPK) cascade,
which can upregulate the NF-κb inflammatory pathway and assembly of NLRP3 inflamma-
somes leading to increased neurodegeneration [109,155,157]. Inhibition of c-Jun N-terminal
kinase signal pathway, which is part of the MAPK superfamily, reduced neurodegeneration
in a transgenic APP mouse model with increased Aβ accumulation [155]. Aβ accumulation
also appeared to decrease the levels of the brain derived neurotrophic factor, a neuroprotec-
tive neurotrophin, which when restored lead to decreased oxidative markers and appeared
to prevent Aβ-induced RGC apoptosis and ON damage in Aβ-injected WT rats [71,156].
Therefore, prevention of Aβ-associated oxidative stress may provide potential treatments
for mediating neurodegeneration, especially for glaucoma where RGC and ON are the most
directly affected.

Aβ-associated oxidative stress may also be due to DNA alteration. Since the retina
has high metabolic damage, mitochondria function is crucial for cell maintenance [158].
Mitochondrial DNA (mitoDNA) is susceptible to Aβ-induced oxidative damage due to
poor DNA repair capacity, which can induce increased cell stress and eventually cause cell
death [159]. In cybrid human RPE cells treated with Aβ that contained mitoDNA from
AMD patients, an upregulation of ROS species was observed with increased apoptotic
markers and decreased cell viability in comparison to treated cybrid cells with mitoDNA
from normal controls [3]. The oxidative effects of Aβ in AMD cybrids were reversed by
treatment of mitochondria-derived peptides, which are documented to have a protective
effect against Aβ-associated oxidative stress and noted for its effect against AD [3,160].
Furthermore, increased accumulation of Aβ may be due to oxidative stress-induced DNA
methylation alterations. In photo-oxidative damaged human RPE cells, decreased levels
of DNA methyltransferase 1 were observed with abnormal methylation of specificity
protein 1 (SP1) binding sites in the BACE1 promoter, which appeared to increase BACE 1
production through increased binding of SP1 to the BACE1 promoter. Inhibition of SP1
through mithramycin A treatment led to the downregulation of BACE1 and decreased
Aβ accumulation and oxidative stress-associated RPE degeneration [27]. In particular,
AMD includes risk factors such as chronic photo-oxidative light exposure and smoking,
which can cause oxidative stress in the retina. This in turn may lead to increased Aβ

accumulation in the retina [27,161,162]. Indeed, AMD patients have also been shown to
have impairment in DNA methylation [163]. Future studies are needed to determine if
prevention of the pathway components associated with Aβ-induced oxidative stress can
prevent irreversible neurodegeneration and decrease disease progression.

6.6. Cytoskeletal Disruption

Cytoskeletal protein and organization modifications in retinal neurons have been
observed in relation to Aβ accumulation, which has been implicated in AD, glaucoma,
and AMD (Figure 3) [110]. Aβ neurotoxicity may be due to its potential to affect the as-
sembly and disassembly of cytoskeleton proteins and lead to decreased cell viability [164].
Cytoskeletal modifications appear to occur prior to more widespread neurodegenera-
tion [2]. Loss of retinal neurons like the PRC has been observed in AD, glaucoma, and
AMD [110,160]. In a WT mouse PRC cell line, Aβ treatment led to increased actin cy-
toskeletal reorganization and decreased cell viability in a dose and time-dependent man-
ner [110]. Aβ treatment also appeared to induce phosphorylation of tau, a microtubule-
associated protein, which has been found in neurofibrillary tangles and cytoskeletal pathol-
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ogy in AD [110,165]. When Aβ-injected transgenic tauopathy mice models were treated
with Epothilone D, a microtubule stabilizer, the increased Aβ-associated tau hyperphos-
phorylation and aggregation was prevented, which reduced RGC and axonal loss [166].
Therefore, this supports existing studies and potential treatments that aim to directly treat
tauopathy for AD.

Similarly, WT rats injected with Aβ showed a downregulation of retinal neuronal
microtubule-associated protein 2 (MAP-2), which is involved in the microtubule of axons
and dendrites in addition to affecting the neuroplasticity of post-mitotic neurons [83]. MAP-
2 impairment has been observed in advanced AMD with MAP-2 identified in abnormal
PRC with increased axonal tortuosity and irregularly located nuclei of postmortem retinal
tissue with GA [167,168]. Therefore, Aβ accumulations may be related to AMD pheno-
types that show PRC loss prior to RPE degeneration. Aβ-treated RPE cells also showed
actin cytoskeleton disorganization, which further decreases PRC cell viability [169]. Early
cytoskeletal modifications have also been observed in a transgenic glaucoma mouse model
with Aβ elevations. Increased Aβ accumulation has been purposed to increase intracellular
calcium concentration, which can modulate calpain, a calcium-dependent protease that can
cleave structural proteins of the cytoskeleton [170]. Increased calpain has been observed
in the same mice model even without elevations of IOP. Therefore, Aβ-associated early
cytoskeletal disruptions may warrant further studies to identify elements that may be
modified to prevent further disease progression.

6.7. Synaptic Remodeling

Aβ accumulations were found to be associated with synaptic cleft remodeling. In AD,
glaucoma, and AMD, increased Aβ elevation appears to cause dysregulation of neuro-
transmitter levels, which has been implicated in increased excitotoxicity and synaptic loss
(Figure 3) [24,146,171]. Murine models of age-related neurodegeneration show Aβ deposits
in the retina and dysregulation of glutamate levels at the synaptic cleft with activation of
N-methyl-D-aspartate (NMDA) receptor activation leading to increased neuronal degener-
ation [146,172]. Glutamate is the main neurotransmitter of the retina and glutamatergic
synapses are found in the outer plexiform layer and IPL of the retina. Indeed, Aβ deposits
have been located in the IPL in postmortem AD retinas in comparison to healthy con-
trols [30]. This may also explain thinning of the IPL that was observed in mild-to-moderate
AD patients since these layers contain the synapses of the retinal neurons [65]. Thinning
of the IPL has also been observed in glaucoma and AMD patients in vivo, which may
suggest an associated synaptic degeneration. Additional studies would be necessary to
determine if the thinning is due to Aβ accumulation [173,174]. When aging AD mice mod-
els were immunized with glatiramer acetate, the retinal and brain glutamine synthetase
levels became comparable to healthy WT mice, which appeared to restore glutamate levels,
reduce excitotoxicity, and reduce synaptic loss [175]. Similar effects were observed with
high concentration dosing of α2ARA, which appeared to modulate excitotoxicity and
decrease excessive glutamate at synaptic clefts, which may help explain its potential effect
in mitigating glaucoma and neAMD progression [24,128]. Thus, targeting early synaptic
changes in these disorders may prevent progression to Aβ-induced neurodegeneration.

Pre-clinical AD patients have also shown early disruption of the cholinergic system
in association with retinal Aβ load [171]. In muscarinic acetylcholine receptor knockout
mice as an AD model, decreased activation of cholinergic receptors co-occur with increased
Aβ load [176]. Postmortem studies showed decreased acetylcholinesterase and choline
acetyltransferase activity in cognitively normal elderly subjects at risk for AD [177]. Simi-
larly, in a cognitively normal population with cerebral Aβ load, increased area of inclusion
bodies with Aβ correlated with IPL thickness, especially near the ON [171]. The IPL
is a cholinergic-rich retinal layer that contains the retinal synapses that are the closest to
the brain [178]. Early changes in the IPL may indicate dysregulation of cholinergic synapses
that can lead to synaptic loss with disease onset and progression. Future studies on the ef-
fects of synaptic cleft dysfunctions in association with Aβ may help determine if similar
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changes are observed in early glaucoma and early AMD disease due to IPL alterations and
Aβ accumulations also being observed in these aging-related neurodegenerative diseases.

6.8. Vascular Alterations

Elevated Aβ has been detected in and around the retinal vasculature in postmortem
and in vivo studies, which has been purposed to affect the vessel structure and perfu-
sion [51,179]. Vascular risk factors exist for AD, glaucoma, and AMD, which have been
considered to play a role in disease pathogenesis (Figure 3) [29,180,181]. In AD, postmortem
retinas showed Aβ deposits within and around isolated pericytes. Increased pericyte loss
and decreased vascular platelet-derived growth factor receptor-β (PDGFRβ) signaling
were also observed, which is associated with BRB breakdown. This mechanism reflects
what has been described in the brain in association with BBB breakdown, which has been
demonstrated to be related to cognitive decline in AD patients [51,182,183]. Furthermore,
PDGFRβ deficiency was associated with increased retinal vascular Aβ burden and worse
neuropathy cortical assessment scores including increased CAA severity, increased brain
Aβ plaques, and decreased cognitive status [51]. This indicates that a parallel vascular
amyloidosis mechanism may occur in the BBB and BRB in patients with AD, which further
supports the use of retinal Aβ as a biomarker for early detection of AD disease progres-
sion [184]. For AD patients in vivo, impairment of retinal neurovascular coupling was
also inversely correlated with level Aβ in the cerebral spinal fluid, a surrogate of cerebral
Aβ [185]. Since both cerebral and retinal blood flow has been observed to be low in AD,
the resulting hypoperfusion may impair endothelial function and production of nitric oxide,
which may lead to further vessel impairment and Aβ accumulation in vessels [185,186].
Of note, some studies that compared healthy subjects with or without cerebral Aβ load did
not observe any retinal vascular differences between groups [53,187]. Therefore, additional
underlying mechanisms may contribute to the observed vascular alterations in AD outside
of amyloidosis.

Similarly, in retinal neurodegenerative disorders, Aβ accumulation may be associated
with changes in the retinal vasculature. In glaucoma, vascular impairment has been
observed with dysregulation of vascular pulsation, which may affect glymphatic clearance
leading to increased Aβ accumulation, especially at the lamina cribrosa where the ON
exits the eye [75,188]. Hemorrhages have also been located in the optic disc [189]. Indeed,
elevated Aβ has been observed at the ON head tissues from postmortem glaucomatous
eyes, which may help explain these vascular changes [67]. Furthermore, Aβ accumulation
was observed in the retina and choroidal vessels of an AMD mice model, which has been
shown to influence blood flow dynamics and lead to increased endothelial cell apoptosis,
potentially due to increased susceptibility to Aβ-induced inflammation [179]. Dysfunction
of retinal and choroidal vessels increases the risk of PRC loss since they supply oxygen and
nutrients to the outer retina. Additionally, elevated Aβ levels in human RPE cells showed
increased expression of VEGF, which are implicated in the growth of CNV in eAMD [113].
Therefore, new treatment targets that can mitigate Aβ-associated vascular impairment may
be beneficial for preventing disease progression in these neurodegenerative disorders.

7. Conclusions and Future Directions

Retinal Aβ accumulations in neurodegeneration-associated disorders like AD, glau-
coma, and AMD have been extensively studied and regarded as an overlapping patho-
logical feature between these disorders with no successful cure. Found in various retinal
layers, Aβ has been characterized extensively in animal and human studies. In AD, reti-
nal Aβ accumulations have been shown to be associated with Aβ load in the brain and
correlated with metrics of cognitive functioning. In glaucoma and AMD, Aβ has been
identified in the RGC and RPE, respectively, which are directly affected by the disease
pathology. Importantly, Aβ accumulation in the retina and associated pathology have
been observed to occur prior to irreversible neurodegeneration in these diseases, which
indicates its potential to be a biomarker for early detection of disease progression. Due to
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the connections and parallel pathways between the retina and the CNS and the accessibility
of the neuroretina for non-invasive imaging, the retina has provided a unique opportu-
nity for tracking and understanding the alterations in the brain that may occur during
neurodegeneration. However, retinal Aβ imaging is currently not ready to be applied for
population-based screening. Future studies are needed to further characterize the distri-
bution, manifestation, and prevalence of retinal Aβ among AD, glaucoma, and AMD to
better differentiate these amyloidogenic pathologies prior to widespread screening for early
detection of AD. Additionally, longitudinal studies will also be necessary to determine if
retinal Aβ loads persist over time and how these deposits change with disease progression.

Furthermore, while retinal Aβ has been shown to contribute to increased neuronal loss
in line with these pathologies, treatment approaches directly targeting Aβ accumulation
systematically and locally has largely been not effective at mitigating disease progression
and achieving the primary objective of preserving cognition and vision in various stages of
disease severity. This may indicate that either not enough Aβ deposits had been removed to
produce a measurable clinical effect or Aβ accumulations had already initiated pathological
cascades that have led to progressive neurodegeneration. Thus, Aβ-based treatment for
AD, glaucoma, and AMD still requires further development and exploration before it may
be beneficial for clinical application. One possible direction for new treatment approaches
may involve directly targeting the pathological mechanisms that are associated with retinal
Aβ accumulation. Among the many Aβ-associated pathological mechanisms, the patho-
physiology of AD, glaucoma, and AMD appear to be affected by Aβ-induced inflammatory
pathways, oxidative stress, cytoskeletal disruption, synaptic remodeling, and vascular
alterations. Understanding of the mechanisms behind these shared pathological effects has
yielded several potential therapeutic targets that may provide possible treatment targets
for these neurodegenerative diseases. Future studies based on the pathway components
may lead to therapeutic measures that can ameliorate the pathological effects of these
neurodegenerative diseases and protect against loss of cognition and vision. Ultimately, for
AD, glaucoma, and AMD, Aβ accumulation in the retina with its associated pathological
cascades may hold the key for further understanding the pathophysiology of complex
neurodegeneration-associated diseases, which can potentially lead to novel treatments and
clinical applications.

Author Contributions: Conceptualization, L.W. and X.M.; writing—original draft preparation, L.W.;
writing—review and editing, L.W. and X.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by NIH R01 NS107318, NIH K01 AG056841, American Parkinson’s
Disease Association, Parkinson’s Foundation the Stanley Fahn Junior Faculty Award PF-JFA-1933,
Maryland Stem Cell Research Foundation Discovery Award 2019-MSCRFD-4292.

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

References
1. Gupta, V.K.; Chitranshi, N.; Gupta, V.B.; Golzan, M.; Dheer, Y.; Wall, R.V.; Georgevsky, D.; King, A.E.; Vickers, J.C.; Chung, R.;

et al. Amyloid beta accumulation and inner retinal degenerative changes in Alzheimer’s disease transgenic mouse. Neurosci. Lett.
2016, 623, 52–56. [CrossRef]

2. Wilson, G.N.; Smith, M.A.; Inman, D.M.; Dengler-Crish, C.M.; Crish, S.D. Early Cytoskeletal Protein Modifications Precede Overt
Structural Degeneration in the DBA/2J Mouse Model of Glaucoma. Front. Neurosci. 2016, 10, 494. [CrossRef] [PubMed]

3. Nashine, S.; Cohen, P.; Chwa, M.; Lu, S.; Nesburn, A.B.; Kuppermann, B.D.; Kenney, M.C. Humanin G (HNG) protects age-related
macular degeneration (AMD) transmitochondrial ARPE-19 cybrids from mitochondrial and cellular damage. Cell Death. Dis.
2017, 8, e2951. [CrossRef] [PubMed]

4. Kile, S.; Au, W.; Parise, C.; Sohi, J.; Yarbrough, T.; Czeszynski, A.; Johnson, K.; Redline, D.; Donnel, T.; Hankins, A.; et al.
Reduction of Amyloid in the Brain and Retina After Treatment With IVIG for Mild Cognitive Impairment. Am. J. Alzheimer’s Dis.
2020, 35, 1533317519899800. [CrossRef] [PubMed]

5. Koronyo-Hamaoui, M.; Koronyo, Y.; Ljubimov, A.V.; Miller, C.A.; Ko, M.K.; Black, K.L.; Schwartz, M.; Farkas, D.L. Identification
of amyloid plaques in retinas from Alzheimer’s patients and noninvasive in vivo optical imaging of retinal plaques in a mouse
model. Neuroimage 2011, 54 (Suppl. 1), S204–S217. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neulet.2016.04.059
http://doi.org/10.3389/fnins.2016.00494
http://www.ncbi.nlm.nih.gov/pubmed/27857681
http://doi.org/10.1038/cddis.2017.348
http://www.ncbi.nlm.nih.gov/pubmed/28726777
http://doi.org/10.1177/1533317519899800
http://www.ncbi.nlm.nih.gov/pubmed/32048858
http://doi.org/10.1016/j.neuroimage.2010.06.020
http://www.ncbi.nlm.nih.gov/pubmed/20550967


Int. J. Mol. Sci. 2021, 22, 2360 18 of 25

6. Criscuolo, C.; Cerri, E.; Fabiani, C.; Capsoni, S.; Cattaneo, A.; Domenici, L. The retina as a window to early dysfunctions of
Alzheimer’s disease following studies with a 5xFAD mouse model. Neurobiol. Aging 2018, 67, 181–188. [CrossRef] [PubMed]

7. Yan, Z.; Liao, H.; Chen, H.; Deng, S.; Jia, Y.; Deng, C.; Lin, J.; Ge, J.; Zhuo, Y. Elevated Intraocular Pressure Induces Amyloid-beta
Deposition and Tauopathy in the Lateral Geniculate Nucleus in a Monkey Model of Glaucoma. Investig. Ophthalmol. Vis. Sci.
2017, 58, 5434–5443. [CrossRef] [PubMed]

8. Gao, J.; Cui, J.Z.; To, E.; Cao, S.; Matsubara, J.A. Evidence for the activation of pyroptotic and apoptotic pathways in RPE cells
associated with NLRP3 inflammasome in the rodent eye. J. Neuroinflamm. 2018, 15, 15. [CrossRef] [PubMed]

9. Shoda, C.; Kitagawa, Y.; Shimada, H.; Yuzawa, M.; Tateno, A.; Okubo, Y. Relationship of Area of Soft Drusen in Retina with
Cerebral Amyloid-beta Accumulation and Blood Amyloid-beta Level in the Elderly. J. Alzheimer’s Dis. 2018, 62, 239–245.
[CrossRef] [PubMed]

10. Huang, P.; Sun, J.; Wang, F.; Luo, X.; Feng, J.; Gu, Q.; Liu, T.; Sun, X. MicroRNA Expression Patterns Involved in Amyloid
Beta-Induced Retinal Degeneration. Investig. Ophthalmol. Vis. Sci. 2017, 58, 1726–1735. [CrossRef]

11. Lee, S.S.; Wood, J.M.; Black, A.A. Impact of glaucoma on executive function and visual search. Ophthalmic Physiol. Opt. 2020, 40,
333–342. [CrossRef] [PubMed]

12. Jonas, J.B.; Wei, W.B.; Zhu, L.P.; Xu, L.; Wang, Y.X. Cognitive Function and Ophthalmological Diseases: The Beijing Eye Study. Sci.
Rep. 2018, 8, 4816. [CrossRef]

13. Zhu, Z.; Liao, H.; Wang, W.; Scheetz, J.; Zhang, J.; He, M. Association between age-related macular degeneration and subjective
cognitive complaints. Br. J. Ophthalmol. 2020, 104, 1228–1233. [CrossRef] [PubMed]

14. Yuan, Y.; Chen, Z.; Li, L.; Li, X.; Xia, Q.; Zhang, H.; Duan, Q.; Zhao, Y. High intraocular pressure produces learning and memory
impairments in rats. Brain Res. 2017, 1675, 78–86. [CrossRef]

15. Lee, C.S.; Larson, E.B.; Gibbons, L.E.; Lee, A.Y.; McCurry, S.M.; Bowen, J.D.; McCormick, W.C.; Crane, P.K. Associations between
recent and established ophthalmic conditions and risk of Alzheimer’s disease. Alzheimer’s Dement. 2019, 15, 34–41. [CrossRef]

16. 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] [PubMed]

17. Williams, M.A.; Silvestri, V.; Craig, D.; Passmore, A.P.; Silvestri, G. The prevalence of age-related macular degeneration
in Alzheimer’s disease. J. Alzheimer’s Dis. 2014, 42, 909–914. [CrossRef]

18. den Haan, J.; Verbraak, F.D.; Visser, P.J.; Bouwman, F.H. Retinal thickness in Alzheimer’s disease: A systematic review and
meta-analysis. Alzheimer’s Dement. 2017, 6, 162–170.

19. Mirzaei, N.; Shi, H.; Oviatt, M.; Doustar, J.; Rentsendorj, A.; Fuchs, D.T.; Sheyn, J.; Black, K.L.; Koronyo, Y.; Koronyo-Hamaoui, M.
Alzheimer’s Retinopathy: Seeing Disease in the Eyes. Front. Neurosci. 2020, 14, 921. [CrossRef]

20. Snyder, P.J.; Alber, J.; Alt, C.; Bain, L.J.; Bouma, B.E.; Bouwman, F.H.; DeBuc, D.C.; Campbell, M.C.W.; Carrillo, M.C.; Chew,
E.Y.; et al. Retinal imaging in Alzheimer’s and neurodegenerative diseases. Alzheimer’s Dement. 2021, 17, 103–111. [CrossRef]
[PubMed]

21. Kumar, D.K.; Choi, S.H.; Washicosky, K.J.; Eimer, W.A.; Tucker, S.; Ghofrani, J.; Lefkowitz, A.; McColl, G.; Goldstein, L.E.; Tanzi,
R.E.; et al. Amyloid-beta peptide protects against microbial infection in mouse and worm models of Alzheimer’s disease. Sci.
Transl. Med. 2016, 8, 340ra72. [CrossRef] [PubMed]

22. Inyushin, M.; Zayas-Santiago, A.; Rojas, L.; Kucheryavykh, Y.; Kucheryavykh, L. Platelet-generated amyloid beta peptides
in Alzheimer’s disease and glaucoma. Histol. Histopathol. 2019, 34, 843–856.

23. Naaman, E.; Ya’ari, S.; Itzkovich, C.; Safuri, S.; Macsi, F.; Kellerman, L.; Mimouni, M.; Mann, I.; Gazit, E.; Adler-Abramovich, L.;
et al. The retinal toxicity profile towards assemblies of Amyloid-beta indicate the predominant pathophysiological activity of
oligomeric species. Sci. Rep. 2020, 10, 20954. [CrossRef] [PubMed]

24. Nizari, S.; Guo, L.; Davis, B.M.; Normando, E.M.; Galvao, J.; Turner, L.A.; Bizrah, M.; Dehabadi, M.; Tian, K.; Cordeiro, M.F.
Non-amyloidogenic effects of alpha2 adrenergic agonists: Implications for brimonidine-mediated neuroprotection. Cell Death.
Dis. 2016, 7, e2514. [CrossRef] [PubMed]

25. Fonseca, E.A.; Lafeta, L.; Cunha, R.; Miranda, H.; Campos, J.; Medeiros, H.G.; Romano-Silva, M.A.; Silva, R.A.; Barbosa, A.S.;
Vieira, R.P.; et al. A fingerprint of amyloid plaques in a bitransgenic animal model of Alzheimer’s disease obtained by statistical
unmixing analysis of hyperspectral Raman data. Analyst 2019, 144, 7049–7056. [CrossRef]

26. Shankar, G.M.; Li, S.; Mehta, T.H.; Garcia-Munoz, A.; Shepardson, N.E.; Smith, I.; Brett, F.M.; Farrell, M.A.; Rowan, M.J.; Lemere,
C.A.; et al. Amyloid-beta protein dimers isolated directly from Alzheimer’s brains impair synaptic plasticity and memory. Nat.
Med. 2008, 14, 837–842. [CrossRef] [PubMed]

27. Huang, P.; Sun, J.; Wang, F.; Luo, X.; Zhu, H.; Gu, Q.; Sun, X.; Liu, T.; Sun, X. DNMT1 and Sp1 competitively regulate the expression
of BACE1 in A2E-mediated photo-oxidative damage in RPE cells. Neurochem. Int. 2018, 121, 59–68. [CrossRef]

28. Arvanitakis, Z.; Shah, R.C.; Bennett, D.A. Diagnosis and Management of Dementia: Review. JAMA 2019, 322, 1589–1599.
[CrossRef]

29. Dumitrascu, O.M.; Lyden, P.D.; Torbati, T.; Sheyn, J.; Sherzai, A.; Sherzai, D.; Sherman, D.S.; Rosenberry, R.; Cheng, S.; Johnson,
K.O.; et al. Sectoral segmentation of retinal amyloid imaging in subjects with cognitive decline. Alzheimer’s Dement. 2020, 12,
e12109. [CrossRef] [PubMed]

30. Koronyo, Y.; Biggs, D.; Barron, E.; Boyer, D.S.; Pearlman, J.A.; Au, W.J.; Kile, S.J.; Blanco, A.; Fuchs, D.T.; Ashfaq, A.; et al. Retinal
amyloid pathology and proof-of-concept imaging trial in Alzheimer’s disease. JCI. Insight. 2017, 2, e93621. [CrossRef]

http://doi.org/10.1016/j.neurobiolaging.2018.03.017
http://www.ncbi.nlm.nih.gov/pubmed/29735432
http://doi.org/10.1167/iovs.17-22312
http://www.ncbi.nlm.nih.gov/pubmed/29059309
http://doi.org/10.1186/s12974-018-1062-3
http://www.ncbi.nlm.nih.gov/pubmed/29329580
http://doi.org/10.3233/JAD-170956
http://www.ncbi.nlm.nih.gov/pubmed/29439351
http://doi.org/10.1167/iovs.16-20043
http://doi.org/10.1111/opo.12679
http://www.ncbi.nlm.nih.gov/pubmed/32189400
http://doi.org/10.1038/s41598-018-23314-5
http://doi.org/10.1136/bjophthalmol-2019-314853
http://www.ncbi.nlm.nih.gov/pubmed/31801734
http://doi.org/10.1016/j.brainres.2017.09.001
http://doi.org/10.1016/j.jalz.2018.06.2856
http://doi.org/10.1038/s41433-020-0836-x
http://www.ncbi.nlm.nih.gov/pubmed/32152519
http://doi.org/10.3233/JAD-140243
http://doi.org/10.3389/fnins.2020.00921
http://doi.org/10.1002/alz.12179
http://www.ncbi.nlm.nih.gov/pubmed/33090722
http://doi.org/10.1126/scitranslmed.aaf1059
http://www.ncbi.nlm.nih.gov/pubmed/27225182
http://doi.org/10.1038/s41598-020-77712-9
http://www.ncbi.nlm.nih.gov/pubmed/33262378
http://doi.org/10.1038/cddis.2016.397
http://www.ncbi.nlm.nih.gov/pubmed/27929541
http://doi.org/10.1039/C9AN01631G
http://doi.org/10.1038/nm1782
http://www.ncbi.nlm.nih.gov/pubmed/18568035
http://doi.org/10.1016/j.neuint.2018.09.001
http://doi.org/10.1001/jama.2019.4782
http://doi.org/10.1002/dad2.12109
http://www.ncbi.nlm.nih.gov/pubmed/33015311
http://doi.org/10.1172/jci.insight.93621


Int. J. Mol. Sci. 2021, 22, 2360 19 of 25

31. Yang, J.; Yang, J.; Li, Y.; Xu, Y.; Ran, C. Near-infrared Fluorescence Ocular Imaging (NIRFOI) of Alzheimer’s Disease. Mol. Imaging
Biol. 2019, 21, 35–43. [CrossRef]

32. Dao, P.; Ye, F.; Liu, Y.; Du, Z.Y.; Zhang, K.; Dong, C.Z.; Meunier, B.; Chen, H. Development of Phenothiazine-Based Theranostic
Compounds That Act Both as Inhibitors of beta-Amyloid Aggregation and as Imaging Probes for Amyloid Plaques in Alzheimer’s
Disease. ACS Chem. Neurosci. 2017, 8, 798–806. [CrossRef]

33. Hadoux, X.; Hui, F.; Lim, J.K.H.; Masters, C.L.; Pebay, A.; Chevalier, S.; Ha, J.; Loi, S.; Fowler, C.J.; Rowe, C.; et al. Non-invasive
in vivo hyperspectral imaging of the retina for potential biomarker use in Alzheimer’s disease. Nat. Commun. 2019, 10, 4227.
[CrossRef]

34. Chibhabha, F.; Yang, Y.; Ying, K.; Jia, F.; Zhang, Q.; Ullah, S.; Liang, Z.; Xie, M.; Li, F. Non-invasive optical imaging of retinal Abeta
plaques using curcumin loaded polymeric micelles in APPswe/PS1DeltaE9 transgenic mice for the diagnosis of Alzheimer’s
disease. J. Mater. Chem. B 2020, 8, 7438–7452. [CrossRef] [PubMed]

35. Bilgel, M.; An, Y.; Zhou, Y.; Wong, D.F.; Prince, J.L.; Ferrucci, L.; Resnick, S.M. Individual estimates of age at detectable amyloid
onset for risk factor assessment. Alzheimer’s Dement. 2016, 12, 373–379. [CrossRef] [PubMed]

36. Jansen, W.J.; Ossenkoppele, R.; Knol, D.L.; Tijms, B.M.; Scheltens, P.; Verhey, F.R.; Visser, P.J.; Aalten, P.; Aarsland, D.; Alcolea,
D.; et al. Prevalence of cerebral amyloid pathology in persons without dementia: A meta-analysis. JAMA 2015, 313, 1924–1938.
[CrossRef] [PubMed]

37. Ossenkoppele, R.; Jansen, W.J.; Rabinovici, G.D.; Knol, D.L.; van der Flier, W.M.; van Berckel, B.N.; Scheltens, P.; Visser, P.J.;
Verfaillie, S.C.; Zwan, M.D.; et al. Prevalence of amyloid PET positivity in dementia syndromes: A meta-analysis. JAMA 2015,
313, 1939–1949. [CrossRef] [PubMed]

38. Crous-Bou, M.; Minguillon, C.; Gramunt, N.; Molinuevo, J.L. Alzheimer’s disease prevention: From risk factors to early
intervention. Alzheimer’s Res. Ther. 2017, 9, 71. [CrossRef] [PubMed]

39. Lee, S.; Jiang, K.; McIlmoyle, B.; To, E.; Xu, Q.A.; Hirsch-Reinshagen, V.; Mackenzie, I.R.; Hsiung, G.R.; Eadie, B.D.; Sarunic, M.V.;
et al. Amyloid Beta Immunoreactivity in the Retinal Ganglion Cell Layer of the Alzheimer’s Eye. Front. Neurosci. 2020, 14, 758.
[CrossRef] [PubMed]

40. La, M.C.; Ross-Cisneros, F.N.; Koronyo, Y.; Hannibal, J.; Gallassi, R.; Cantalupo, G.; Sambati, L.; Pan, B.X.; Tozer, K.R.; Barboni, P.;
et al. Melanopsin retinal ganglion cell loss in Alzheimer disease. Ann. Neurol. 2016, 79, 90–109.

41. den Haan, J.; Morrema, T.H.J.; Verbraak, F.D.; de Boer, J.F.; Scheltens, P.; Rozemuller, A.J.; Bergen, A.A.B.; Bouwman, F.H.;
Hoozemans, J.J. Amyloid-beta and phosphorylated tau in post-mortem Alzheimer’s disease retinas. Acta Neuropathol. Commun.
2018, 6, 147. [CrossRef]

42. Berisha, F.; Feke, G.T.; Trempe, C.L.; McMeel, J.W.; Schepens, C.L. Retinal abnormalities in early Alzheimer’s disease. Investig.
Ophthalmol. Vis. Sci. 2007, 48, 2285–2289. [CrossRef]

43. Shao, Y.; Jiang, H.; Wei, Y.; Shi, Y.; Shi, C.; Wright, C.B.; Sun, X.; Vanner, E.A.; Rodriguez, A.D.; Lam, B.L.; et al. Visualization of
Focal Thinning of the Ganglion Cell-Inner Plexiform Layer in Patients with Mild Cognitive Impairment and Alzheimer’s Disease.
J. Alzheimer’s Dis. 2018, 64, 1261–1273. [CrossRef] [PubMed]

44. Trick, G.L.; Trick, L.R.; Morris, P.; Wolf, M. Visual field loss in senile dementia of the Alzheimer’s type. Neurology 1995, 45, 68–74.
[CrossRef] [PubMed]

45. Salobrar-Garcia, E.; Rodrigues-Neves, A.C.; Ramirez, A.I.; de Hoz, R.; Fernandez-Albarral, J.A.; Lopez-Cuenca, I.; Ramirez,
J.M.; Ambrosio, A.F.; Salazar, J.J. Microglial Activation in the Retina of a Triple-Transgenic Alzheimer’s Disease Mouse Model
(3xTg-AD). Int. J. Mol. Sci. 2020, 21, 816. [CrossRef] [PubMed]

46. Perez, S.E.; Lumayag, S.; Kovacs, B.; Mufson, E.J.; Xu, S. Beta-amyloid deposition and functional impairment in the retina of
the APPswe/PS1DeltaE9 transgenic mouse model of Alzheimer’s disease. Investig. Ophthalmol. Vis. Sci. 2009, 50, 793–800.
[CrossRef]

47. Mirzaei, M.; Pushpitha, K.; Deng, L.; Chitranshi, N.; Gupta, V.; Rajput, R.; Mangani, A.B.; Dheer, Y.; Godinez, A.; McKay, M.J.;
et al. Upregulation of Proteolytic Pathways and Altered Protein Biosynthesis Underlie Retinal Pathology in a Mouse Model of
Alzheimer’s Disease. Mol. Neurobiol. 2019, 56, 6017–6034. [CrossRef] [PubMed]

48. Grimaldi, A.; Pediconi, N.; Oieni, F.; Pizzarelli, R.; Rosito, M.; Giubettini, M.; Santini, T.; Limatola, C.; Ruocco, G.; Ragozzino,
D.; et al. Neuroinflammatory Processes, A1 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]

49. Chan, V.T.T.; Sun, Z.; Tang, S.; Chen, L.J.; Wong, A.; Tham, C.C.; Wong, T.Y.; Chen, C.; Ikram, M.K.; Whitson, H.E.; et al.
Spectral-Domain OCT Measurements in Alzheimer’s Disease: A Systematic Review and Meta-analysis. Ophthalmology 2019, 126,
497–510. [CrossRef]

50. Feigl, B.; Zele, A.J. Melanopsin-expressing intrinsically photosensitive retinal ganglion cells in retinal disease. Optom. Vis. Sci.
2014, 91, 894–903. [CrossRef]

51. Shi, H.; Koronyo, Y.; Rentsendorj, A.; Regis, G.C.; Sheyn, J.; Fuchs, D.T.; Kramerov, A.A.; Ljubimov, A.V.; Dumitrascu, O.M.;
Rodriguez, A.R.; et al. Identification of early pericyte loss and vascular amyloidosis in Alzheimer’s disease retina. Acta Neuropathol.
2020, 139, 813–836. [CrossRef]

52. Brown, L.S.; Foster, C.G.; Courtney, J.M.; King, N.E.; Howells, D.W.; Sutherland, B.A. Pericytes and Neurovascular Function
in the Healthy and Diseased Brain. Front. Cell Neurosci. 2019, 13, 282. [CrossRef]

http://doi.org/10.1007/s11307-018-1213-z
http://doi.org/10.1021/acschemneuro.6b00380
http://doi.org/10.1038/s41467-019-12242-1
http://doi.org/10.1039/D0TB01101K
http://www.ncbi.nlm.nih.gov/pubmed/32662804
http://doi.org/10.1016/j.jalz.2015.08.166
http://www.ncbi.nlm.nih.gov/pubmed/26588863
http://doi.org/10.1001/jama.2015.4668
http://www.ncbi.nlm.nih.gov/pubmed/25988462
http://doi.org/10.1001/jama.2015.4669
http://www.ncbi.nlm.nih.gov/pubmed/25988463
http://doi.org/10.1186/s13195-017-0297-z
http://www.ncbi.nlm.nih.gov/pubmed/28899416
http://doi.org/10.3389/fnins.2020.00758
http://www.ncbi.nlm.nih.gov/pubmed/32848548
http://doi.org/10.1186/s40478-018-0650-x
http://doi.org/10.1167/iovs.06-1029
http://doi.org/10.3233/JAD-180070
http://www.ncbi.nlm.nih.gov/pubmed/30040712
http://doi.org/10.1212/WNL.45.1.68
http://www.ncbi.nlm.nih.gov/pubmed/7824139
http://doi.org/10.3390/ijms21030816
http://www.ncbi.nlm.nih.gov/pubmed/32012676
http://doi.org/10.1167/iovs.08-2384
http://doi.org/10.1007/s12035-019-1479-4
http://www.ncbi.nlm.nih.gov/pubmed/30707393
http://doi.org/10.3389/fnins.2019.00925
http://www.ncbi.nlm.nih.gov/pubmed/31551688
http://doi.org/10.1016/j.ophtha.2018.08.009
http://doi.org/10.1097/OPX.0000000000000284
http://doi.org/10.1007/s00401-020-02134-w
http://doi.org/10.3389/fncel.2019.00282


Int. J. Mol. Sci. 2021, 22, 2360 20 of 25

53. van de Kreeke, J.A.; Nguyen, H.T.; Konijnenberg, E.; Tomassen, J.; den Braber, A.; Ten, K.M.; Yaqub, M.; van Berckel, B.;
Lammertsma, A.A.; Boomsma, D.I.; et al. Optical coherence tomography angiography in preclinical Alzheimer’s disease. Br. J.
Ophthalmol. 2020, 104, 157–161. [CrossRef] [PubMed]

54. Schultz, N.; Byman, E.; Wennstrom, M. Levels of Retinal Amyloid-beta Correlate with Levels of Retinal IAPP and Hippocampal
Amyloid-beta in Neuropathologically Evaluated Individuals. J. Alzheimer’s Dis. 2020, 73, 1201–1209. [CrossRef] [PubMed]

55. Hickie, I.; Naismith, S.; Ward, P.B.; Turner, K.; Scott, E.; Mitchell, P.; Wilhelm, K.; Parker, G. Reduced hippocampal volumes and
memory loss in patients with early- and late-onset depression. Br. J. Psychiatry 2005, 186, 197–202. [CrossRef] [PubMed]

56. Frodl, T.; Schaub, A.; Banac, S.; Charypar, M.; Jager, M.; Kummler, P.; Bottlender, R.; Zetzsche, T.; Born, C.; Leinsinger, G.; et al.
Reduced hippocampal volume correlates with executive dysfunctioning in major depression. J. Psychiatry Neurosci. 2006, 31,
316–323.

57. Sidiqi, A.; Wahl, D.; Lee, S.; Ma, D.; To, E.; Cui, J.; To, E.; Beg, M.F.; Sarunic, M.; Matsubara, J.A. In vivo Retinal Fluorescence
Imaging With Curcumin in an Alzheimer Mouse Model. Front. Neurosci. 2020, 14, 713. [CrossRef]

58. Mei, X.; Yang, M.; Zhu, L.; Zhou, Q.; Li, X.; Chen, Z.; Zou, C. Retinal Levels of Amyloid Beta Correlate with Cerebral Levels
of Amyloid Beta in Young APPswe/PS1dE9 Transgenic Mice before Onset of Alzheimer’s Disease. Behav. Neurol. 2020, 2020,
1574816. [CrossRef]

59. Sharafi, S.M.; Sylvestre, J.P.; Chevrefils, C.; Soucy, J.P.; Beaulieu, S.; Pascoal, T.A.; Arbour, J.D.; Rheaume, M.A.; Robillard, A.;
Chayer, C.; et al. Vascular retinal biomarkers improves the detection of the likely cerebral amyloid status from hyperspectral
retinal images. Alzheimer’s Dement. 2019, 5, 610–617. [CrossRef] [PubMed]

60. Wang, X.; Lou, N.; Eberhardt, A.; Yang, Y.; Kusk, P.; Xu, Q.; Forstera, B.; Peng, S.; Shi, M.; Ladron-de-Guevara, A.; et al. An ocular
glymphatic clearance system removes beta-amyloid from the rodent eye. Sci. Transl. Med. 2020, 12, eaaw3210. [CrossRef]

61. Quigley, H.A.; Broman, A.T. The number of people with glaucoma worldwide in 2010 and 2020. Br. J. Ophthalmol. 2006, 90,
262–267. [CrossRef]

62. Flaxman, S.R.; Bourne, R.R.A.; Resnikoff, S.; Ackland, P.; Braithwaite, T.; Cicinelli, M.V.; Das, A.; Jonas, J.B.; Keeffe, J.; Kempen,
J.H.; et al. Global causes of blindness and distance vision impairment 1990–2020: A systematic review and meta-analysis. Lancet
Glob. Health 2017, 5, e1221–e1234. [CrossRef]

63. Wei, X.; Cho, K.S.; Thee, E.F.; Jager, M.J.; Chen, D.F. Neuroinflammation and microglia in glaucoma: Time for a paradigm shift. J.
Neurosci. Res. 2019, 97, 70–76. [CrossRef]

64. Hasegawa, T.; Ikeda, H.O.; Iwai, S.; Sasaoka, N.; Kakizuka, A.; Tsujikawa, A. Hop flower extracts mitigate retinal ganglion cell
degeneration in a glaucoma mouse model. Sci. Rep. 2020, 10, 21653. [CrossRef] [PubMed]

65. Salobrar-Garcia, E.; de Hoz, R.; Ramirez, A.I.; Lopez-Cuenca, I.; Rojas, P.; Vazirani, R.; Amarante, C.; Yubero, R.; Gil, P.; Pinazo-
Duran, M.D.; et al. Changes in visual function and retinal structure in the progression of Alzheimer’s disease. PLoS ONE 2019, 14,
e0220535. [CrossRef] [PubMed]

66. Song, X.Y.; Wu, W.F.; Gabbi, C.; Dai, Y.B.; So, M.; Chaurasiya, S.P.; Wang, L.; Warner, M.; Gustafsson, J.A. Retinal and optic nerve
degeneration in liver X receptor beta knockout mice. Proc. Natl. Acad. Sci. USA 2019, 116, 16507–16512. [CrossRef]

67. Gupta, V.; You, Y.; Li, J.; Gupta, V.; Golzan, M.; Klistorner, A.; van den Buuse, M.; Graham, S. BDNF impairment is associated
with age-related changes in the inner retina and exacerbates experimental glaucoma. Biochim. Biophys. Acta 2014, 1842, 1567–1578.
[CrossRef] [PubMed]

68. Ito, Y.; Shimazawa, M.; Tsuruma, K.; Mayama, C.; Ishii, K.; Onoe, H.; Aihara, M.; Araie, M.; Hara, H. Induction of amyloid-beta(1-
42) in the retina and optic nerve head of chronic ocular hypertensive monkeys. Mol. Vis. 2012, 18, 2647–2657.

69. Guo, L.; Salt, T.E.; Luong, V.; Wood, N.; Cheung, W.; Maass, A.; Ferrari, G.; Russo-Marie, F.; Sillito, A.M.; Cheetham, M.E.; et al.
Targeting amyloid-beta in glaucoma treatment. Proc. Natl. Acad. Sci. USA 2007, 104, 13444–13449. [CrossRef]

70. Yu, P.; Zhou, W.; Liu, L.; Tang, Y.B.; Song, Y.; Lu, J.J.; Hou, L.N.; Chen, H.Z.; Cui, Y.Y. L-Satropane Prevents Retinal Neuron
Damage by Attenuating Cell Apoptosis and Abeta Production via Activation of M1 Muscarinic Acetylcholine Receptor. Curr. Eye
Res. 2017, 42, 1319–1326. [CrossRef] [PubMed]

71. Mohd Lazaldin, M.A.; Iezhitsa, I.; Agarwal, R.; Bakar, N.S.; Agarwal, P.; Mohd, I.N. Neuroprotective effects of brain-derived
neurotrophic factor against amyloid beta 1-40-induced retinal and optic nerve damage. Eur. J. Neurosci. 2020, 51, 2394–2411.
[CrossRef]

72. Simons, E.S.; Smith, M.A.; Dengler-Crish, C.M.; Crish, S.D. Retinal ganglion cell loss and gliosis in the retinofugal projection
following intravitreal exposure to amyloid-beta. Neurobiol. Dis. 2021, 147, 105146. [CrossRef]

73. Cooper, M.L.; Crish, S.D.; Inman, D.M.; Horner, P.J.; Calkins, D.J. Early astrocyte redistribution in the optic nerve precedes
axonopathy in the DBA/2J mouse model of glaucoma. Exp. Eye Res. 2016, 150, 22–33. [CrossRef]

74. Dengler-Crish, C.M.; Smith, M.A.; Inman, D.M.; Wilson, G.N.; Young, J.W.; Crish, S.D. Anterograde transport blockade precedes
deficits in retrograde transport in the visual projection of the DBA/2J mouse model of glaucoma. Front. Neurosci. 2014, 8, 290.
[CrossRef]

75. Wostyn, P.; De Groot, V.; Van Dam, D.; Audenaert, K.; Killer, H.E.; De Deyn, P.P. Age-related macular degeneration, glaucoma
and Alzheimer’s disease: Amyloidogenic diseases with the same glymphatic background? Cell Mol. Life Sci. 2016, 73, 4299–4301.
[CrossRef] [PubMed]

76. Wostyn, P.; Van Dam, D.; Audenaert, K.; Killer, H.E.; De Deyn, P.P.; De Groot, V. A new glaucoma hypothesis: A role of glymphatic
system dysfunction. Fluids Barriers CNS 2015, 12, 16. [CrossRef]

http://doi.org/10.1136/bjophthalmol-2019-314127
http://www.ncbi.nlm.nih.gov/pubmed/31118186
http://doi.org/10.3233/JAD-190868
http://www.ncbi.nlm.nih.gov/pubmed/31884473
http://doi.org/10.1192/bjp.186.3.197
http://www.ncbi.nlm.nih.gov/pubmed/15738499
http://doi.org/10.3389/fnins.2020.00713
http://doi.org/10.1155/2020/1574816
http://doi.org/10.1016/j.trci.2019.09.006
http://www.ncbi.nlm.nih.gov/pubmed/31650017
http://doi.org/10.1126/scitranslmed.aaw3210
http://doi.org/10.1136/bjo.2005.081224
http://doi.org/10.1016/S2214-109X(17)30393-5
http://doi.org/10.1002/jnr.24256
http://doi.org/10.1038/s41598-020-78731-2
http://www.ncbi.nlm.nih.gov/pubmed/33303850
http://doi.org/10.1371/journal.pone.0220535
http://www.ncbi.nlm.nih.gov/pubmed/31415594
http://doi.org/10.1073/pnas.1904719116
http://doi.org/10.1016/j.bbadis.2014.05.026
http://www.ncbi.nlm.nih.gov/pubmed/24942931
http://doi.org/10.1073/pnas.0703707104
http://doi.org/10.1080/02713683.2017.1315142
http://www.ncbi.nlm.nih.gov/pubmed/28632409
http://doi.org/10.1111/ejn.14662
http://doi.org/10.1016/j.nbd.2020.105146
http://doi.org/10.1016/j.exer.2015.11.016
http://doi.org/10.3389/fnins.2014.00290
http://doi.org/10.1007/s00018-016-2348-1
http://www.ncbi.nlm.nih.gov/pubmed/27572287
http://doi.org/10.1186/s12987-015-0012-z


Int. J. Mol. Sci. 2021, 22, 2360 21 of 25

77. Berdahl, J.P.; Allingham, R.R. Intracranial pressure and glaucoma. Curr. Opin. Ophthalmol. 2010, 21, 106–111. [CrossRef] [PubMed]
78. Yoneda, S.; Hara, H.; Hirata, A.; Fukushima, M.; Inomata, Y.; Tanihara, H. Vitreous fluid levels of beta-amyloid((1-42)) and tau

in patients with retinal diseases. Jpn. J. Ophthalmol. 2005, 49, 106–108. [CrossRef] [PubMed]
79. Wright, L.M.; Stein, T.D.; Jun, G.; Chung, J.; McConnell, K.; Fiorello, M.; Siegel, N.; Ness, S.; Xia, W.; Turner, K.L.; et al. Association

of Cognitive Function with Amyloid-beta and Tau Proteins in the Vitreous Humor. J. Alzheimer’s Dis. 2019, 68, 1429–1438.
[CrossRef]

80. Wong, W.L.; Su, X.; Li, X.; Cheung, C.M.; Klein, R.; Cheng, C.Y.; Wong, T.Y. Global prevalence of age-related macular degeneration
and disease burden projection for 2020 and 2040: A systematic review and meta-analysis. Lancet Glob. Health 2014, 2, e106–e116.
[CrossRef]

81. Usui, H.; Nishiwaki, A.; Landiev, L.; Kacza, J.; Eichler, W.; Wako, R.; Kato, A.; Takase, N.; Kuwayama, S.; Ohashi, K.; et al. In Vitro
drusen model—Three-dimensional spheroid culture of retinal pigment epithelial cells. J. Cell Sci. 2018, 132, jcs215798. [CrossRef]
[PubMed]

82. Blasiak, J. Senescence in the pathogenesis of age-related macular degeneration. Cell Mol. Life Sci. 2020, 77, 789–805. [CrossRef]
83. Taylor-Walker, G.; Lynn, S.A.; Keeling, E.; Munday, R.; Johnston, D.A.; Page, A.; Scott, J.A.; Goverdhan, S.; Lotery, A.J.; Ratnayaka,

J.A. The Alzheimer’s-related amyloid beta peptide is internalised by R28 neuroretinal cells and disrupts the microtubule associated
protein 2 (MAP-2). Exp. Eye Res. 2016, 153, 110–121. [CrossRef]

84. Hernandez-Zimbron, L.F.; Zamora-Alvarado, R.; Ochoa-De la Paz, L.; Velez-Montoya, R.; Zenteno, E.; Gulias-Canizo, R.; Quiroz-
Mercado, H.; Gonzalez-Salinas, R. Age-Related Macular Degeneration: New Paradigms for Treatment and Management of AMD.
Oxid. Med. Cell Longev. 2018, 2018, 8374647. [CrossRef] [PubMed]

85. Wang, L.; Swaminathan, S.S.; Yang, J.; Barikian, A.; Shi, Y.; Shen, M.; Jiang, X.; Feuer, W.; Gregori, G.; Rosenfeld, P.J. Dose-Response
Relationship between Intravitreal Injections and Retinal Nerve Fiber Layer Thinning in Age-Related Macular Degeneration.
Ophthalmol. Retina 2020. [CrossRef] [PubMed]

86. Ammar, M.J.; Hsu, J.; Chiang, A.; Ho, A.C.; Regillo, C.D. Age-related macular degeneration therapy: A review. Curr. Opin.
Ophthalmol. 2020, 31, 215–221. [CrossRef] [PubMed]

87. Lashkari, K.; Teague, G.C.; Beattie, U.; Betts, J.; Kumar, S.; McLaughlin, M.M.; Lopez, F.J. Plasma biomarkers of the amyloid
pathway are associated with geographic atrophy secondary to age-related macular degeneration. PLoS ONE 2020, 15, e0236283.
[CrossRef] [PubMed]

88. Tsao, S.W.; Gabriel, R.; Thaker, K.; Kuppermann, B.D.; Kenney, M.C. Effects of Brimonidine on Retinal Pigment Epithelial Cells
and Muller Cells Exposed to Amyloid-Beta 1-42 Peptide In Vitro. Ophthalmic Surg. Lasers Imaging Retina 2018, 49, S23–S28.
[CrossRef] [PubMed]

89. Lei, C.; Lin, R.; Wang, J.; Tao, L.; Fu, X.; Qiu, Y.; Lei, B. Amelioration of amyloid beta-induced retinal inflammatory responses by
a LXR agonist TO901317 is associated with inhibition of the NF-kappaB signaling and NLRP3 inflammasome. Neuroscience 2017,
360, 48–60. [CrossRef]

90. Dai, B.; Lei, C.; Lin, R.; Tao, L.; Bin, Y.; Peng, H.; Lei, B. Activation of liver X receptor alpha protects amyloid beta1-40 induced
inflammatory and senescent responses in human retinal pigment epithelial cells. Inflamm. Res. 2017, 66, 523–534. [CrossRef]

91. Do, K.V.; Kautzmann, M.I.; Jun, B.; Gordon, W.C.; Nshimiyimana, R.; Yang, R.; Petasis, N.A.; Bazan, N.G. Elovanoids counteract
oligomeric beta-amyloid-induced gene expression and protect photoreceptors. Proc. Natl. Acad. Sci. USA 2019, 116, 24317–24325.
[CrossRef]

92. Ding, J.D.; Johnson, L.V.; Herrmann, R.; Farsiu, S.; Smith, S.G.; Groelle, M.; Mace, B.E.; Sullivan, P.; Jamison, J.A.; Kelly, U.; et al.
Anti-amyloid therapy protects against retinal pigmented epithelium damage and vision loss in a model of age-related macular
degeneration. Proc. Natl. Acad. Sci. USA 2011, 108, E279–E287. [CrossRef] [PubMed]

93. Feng, Y.; Liang, J.; Zhai, Y.; Sun, J.; Wang, J.; She, X.; Gu, Q.; Liu, Y.; Zhu, H.; Luo, X.; et al. Autophagy activated by SIRT6 regulates
Abeta induced inflammatory response in RPEs. Biochem. Biophys. Res. Commun. 2018, 496, 1148–1154. [CrossRef] [PubMed]

94. Mitter, S.K.; Song, C.; Qi, X.; Mao, H.; Rao, H.; Akin, D.; Lewin, A.; Grant, M.; Dunn, W., Jr.; Ding, J.; et al. Dysregulated
autophagy in the RPE is associated with increased susceptibility to oxidative stress and AMD. Autophagy 2014, 10, 1989–2005.
[CrossRef] [PubMed]

95. Feng, L.; Liao, X.; Zhang, Y.; Wang, F. Protective effects on age-related macular degeneration by activated autophagy induced by
amyloid-beta in retinal pigment epithelial cells. Discov. Med. 2019, 27, 153–160.

96. Muraleva, N.A.; Kozhevnikova, O.S.; Fursova, A.Z.; Kolosova, N.G. Suppression of AMD-Like Pathology by Mitochondria-
Targeted Antioxidant SkQ1 Is Associated with a Decrease in the Accumulation of Amyloid beta and in mTOR Activity. Antioxidants
2019, 8, 177. [CrossRef]

97. Golestaneh, N.; Chu, Y.; Xiao, Y.Y.; Stoleru, G.L.; Theos, A.C. Dysfunctional autophagy in RPE, a contributing factor in age-related
macular degeneration. Cell Death. Dis. 2017, 8, e2537. [CrossRef]

98. Park, S.W.; Im, S.; Jun, H.O.; Lee, K.; Park, Y.J.; Kim, J.H.; Park, W.J.; Lee, Y.H.; Kim, J.H. Dry age-related macular degeneration like
pathology in aged 5XFAD mice: Ultrastructure and microarray analysis. Oncotarget 2017, 8, 40006–40018. [CrossRef] [PubMed]

99. Habiba, U.; Merlin, S.; Lim, J.K.H.; Wong, V.H.Y.; Nguyen, C.T.O.; Morley, J.W.; Bui, B.V.; Tayebi, M. Age-Specific Retinal and
Cerebral Immunodetection of Amyloid-beta Plaques and Oligomers in a Rodent Model of Alzheimer’s Disease. J. Alzheimer’s Dis.
2020, 76, 1135–1150. [CrossRef]

http://doi.org/10.1097/ICU.0b013e32833651d8
http://www.ncbi.nlm.nih.gov/pubmed/20040876
http://doi.org/10.1007/s10384-004-0156-x
http://www.ncbi.nlm.nih.gov/pubmed/15838725
http://doi.org/10.3233/JAD-181104
http://doi.org/10.1016/S2214-109X(13)70145-1
http://doi.org/10.1242/jcs.215798
http://www.ncbi.nlm.nih.gov/pubmed/30082277
http://doi.org/10.1007/s00018-019-03420-x
http://doi.org/10.1016/j.exer.2016.10.013
http://doi.org/10.1155/2018/8374647
http://www.ncbi.nlm.nih.gov/pubmed/29484106
http://doi.org/10.1016/j.oret.2020.10.004
http://www.ncbi.nlm.nih.gov/pubmed/33045458
http://doi.org/10.1097/ICU.0000000000000657
http://www.ncbi.nlm.nih.gov/pubmed/32205470
http://doi.org/10.1371/journal.pone.0236283
http://www.ncbi.nlm.nih.gov/pubmed/32764794
http://doi.org/10.3928/23258160-20180814-04
http://www.ncbi.nlm.nih.gov/pubmed/30339264
http://doi.org/10.1016/j.neuroscience.2017.07.053
http://doi.org/10.1007/s00011-017-1036-4
http://doi.org/10.1073/pnas.1912959116
http://doi.org/10.1073/pnas.1100901108
http://www.ncbi.nlm.nih.gov/pubmed/21690377
http://doi.org/10.1016/j.bbrc.2018.01.159
http://www.ncbi.nlm.nih.gov/pubmed/29402409
http://doi.org/10.4161/auto.36184
http://www.ncbi.nlm.nih.gov/pubmed/25484094
http://doi.org/10.3390/antiox8060177
http://doi.org/10.1038/cddis.2016.453
http://doi.org/10.18632/oncotarget.16967
http://www.ncbi.nlm.nih.gov/pubmed/28467791
http://doi.org/10.3233/JAD-191346


Int. J. Mol. Sci. 2021, 22, 2360 22 of 25

100. Kauppinen, A.; Paterno, J.J.; Blasiak, J.; Salminen, A.; Kaarniranta, K. Inflammation and its role in age-related macular degenera-
tion. Cell Mol. Life Sci. 2016, 73, 1765–1786. [CrossRef]

101. Ratnayaka, J.A.; Serpell, L.C.; Lotery, A.J. Dementia of the eye: The role of amyloid beta in retinal degeneration. Eye 2015, 29,
1013–1026. [CrossRef] [PubMed]

102. Johnson, L.V.; Leitner, W.P.; Rivest, A.J.; Staples, M.K.; Radeke, M.J.; Anderson, D.H. The Alzheimer’s A beta -peptide is deposited
at sites of complement activation in pathologic deposits associated with aging and age-related macular degeneration. Proc. Natl.
Acad. Sci. USA 2002, 99, 11830–11835. [CrossRef]

103. Dentchev, T.; Milam, A.H.; Lee, V.M.; Trojanowski, J.Q.; Dunaief, J.L. Amyloid-beta is found in drusen from some age-related
macular degeneration retinas, but not in drusen from normal retinas. Mol. Vis. 2003, 9, 184–190. [PubMed]

104. Anderson, D.H.; Talaga, K.C.; Rivest, A.J.; Barron, E.; Hageman, G.S.; Johnson, L.V. Characterization of beta amyloid assemblies
in drusen: The deposits associated with aging and age-related macular degeneration. Exp. Eye Res. 2004, 78, 243–256. [CrossRef]
[PubMed]

105. Boulton, M.; Dayhaw-Barker, P. The role of the retinal pigment epithelium: Topographical variation and ageing changes. Eye
2001, 15 Pt 3, 384–389. [CrossRef]

106. Jo, D.H.; Cho, C.S.; Kim, J.H.; Kim, J.H. Intracellular amyloid-beta disrupts tight junctions of the retinal pigment epithelium via
NF-kappaB activation. Neurobiol. Aging 2020, 95, 115–122. [CrossRef] [PubMed]

107. Dong, Z.Z.; Li, J.; Gan, Y.F.; Sun, X.R.; Leng, Y.X.; Ge, J. Amyloid beta deposition related retinal pigment epithelium cell
impairment and subretinal microglia activation in aged APPswePS1 transgenic mice. Int. J. Ophthalmol. 2018, 11, 747–755.
[PubMed]

108. Lashkari, K.; Teague, G.; Chen, H.; Lin, Y.Q.; Kumar, S.; McLaughlin, M.M.; Lopez, F.J. A monoclonal antibody targeting amyloid
beta (Abeta) restores complement factor I bioactivity: Potential implications in age-related macular degeneration and Alzheimer’s
disease. PLoS ONE 2018, 13, e0195751. [CrossRef]

109. Wang, K.; Yao, Y.; Zhu, X.; Zhang, K.; Zhou, F.; Zhu, L. Amyloid beta induces NLRP3 inflammasome activation in retinal pigment
epithelial cells via NADPH oxidase- and mitochondria-dependent ROS production. J. Biochem. Mol. Toxicol. 2017, 31. [CrossRef]

110. Deng, L.; Pushpitha, K.; Joseph, C.; Gupta, V.; Rajput, R.; Chitranshi, N.; Dheer, Y.; Amirkhani, A.; Kamath, K.; Pascovici, D.; et al.
Amyloid beta Induces Early Changes in the Ribosomal Machinery, Cytoskeletal Organization and Oxidative Phosphorylation
in Retinal Photoreceptor Cells. Front. Mol. Neurosci. 2019, 12, 24. [CrossRef] [PubMed]

111. Garcia-Layana, A.; Cabrera-Lopez, F.; Garcia-Arumi, J.; Arias-Barquet, L.; Ruiz-Moreno, J.M. Early and intermediate age-related
macular degeneration: Update and clinical review. Clin. Interv. Aging 2017, 12, 1579–1587. [CrossRef] [PubMed]

112. Chew, E.Y.; Clemons, T.E.; Agron, E.; Sperduto, R.D.; Sangiovanni, J.P.; Davis, M.D.; Ferris, F.L. III Ten-year follow-up of
age-related macular degeneration in the age-related eye disease study: AREDS report no. 36. JAMA Ophthalmol. 2014, 132,
272–277. [CrossRef]

113. Masuda, N.; Tsujinaka, H.; Hirai, H.; Yamashita, M.; Ueda, T.; Ogata, N. Effects of concentration of amyloid beta (Abeta) on
viability of cultured retinal pigment epithelial cells. BMC. Ophthalmol. 2019, 19, 70. [CrossRef] [PubMed]

114. Wu, L.; Tan, X.; Liang, L.; Yu, H.; Wang, C.; Zhang, D.; Kijlstra, A.; Yang, P. The Role of Mitochondria-Associated Reactive Oxygen
Species in the Amyloid beta Induced Production of Angiogenic Factors b y ARPE-19 Cells. Curr. Mol. Med. 2017, 17, 140–148.
[CrossRef] [PubMed]

115. Zanzottera, E.C.; Ach, T.; Huisingh, C.; Messinger, J.D.; Freund, K.B.; Curcio, C.A. Visualizing retinal pigment epithelium
phenotypes in the transition to atrophy in neovascular age-related macular degeneration. Retina 2016, 36 (Suppl. 1), S26–S39.
[CrossRef]

116. Rosenfeld, P.J.; Berger, B.; Reichel, E.; Danis, R.P.; Gress, A.; Ye, L.; Magee, M.; Parham, L.R.; McLaughlin, M.M. A Randomized
Phase 2 Study of an Anti-Amyloid beta Monoclonal Antibody in Geographic Atrophy Secondary to Age-Related Macular
Degeneration. Ophthalmol. Retina 2018, 2, 1028–1040. [CrossRef]

117. Prasad, T.; Zhu, P.; Verma, A.; Chakrabarty, P.; Rosario, A.M.; Golde, T.E.; Li, Q. Amyloid beta peptides overexpression in retinal
pigment epithelial cells via AAV-mediated gene transfer mimics AMD-like pathology in mice. Sci. Rep. 2017, 7, 3222. [CrossRef]

118. Seddon, J.M.; Yu, Y.; Miller, E.C.; Reynolds, R.; Tan, P.L.; Gowrisankar, S.; Goldstein, J.I.; Triebwasser, M.; Anderson, H.E.; Zerbib,
J.; et al. Rare variants in CFI, C3 and C9 are associated with high risk of advanced age-related macular degeneration. Nat. Genet.
2013, 45, 1366–1370. [CrossRef]

119. Lin, R.; Fu, X.; Lei, C.; Yang, M.; Qiu, Y.; Lei, B. Intravitreal Injection of Amyloid beta1-42 Activates the Complement System and
Induces Retinal Inflammatory Responses and Malfunction in Mouse. Adv. Exp. Med. Biol. 2019, 1185, 347–352. [PubMed]

120. de Campos, V.S.; Calaza, K.C.; Adesse, D. Implications of TORCH Diseases in Retinal Development-Special Focus on Congenital
Toxoplasmosis. Front. Cell Infect. Microbiol. 2020, 10, 585727. [CrossRef]

121. Gupta, V.; Gupta, V.B.; Chitranshi, N.; Gangoda, S.; Vander, W.R.; Abbasi, M.; Golzan, M.; Dheer, Y.; Shah, T.; Avolio, A.; et al.
One protein, multiple pathologies: Multifaceted involvement of amyloid beta in neurodegenerative disorders of the brain and
retina. Cell Mol. Life Sci. 2016, 73, 4279–4297. [CrossRef]

122. Ostrowitzki, S.; Lasser, R.A.; Dorflinger, E.; Scheltens, P.; Barkhof, F.; Nikolcheva, T.; Ashford, E.; Retout, S.; Hofmann, C.; Delmar,
P.; et al. A phase III randomized trial of gantenerumab in prodromal Alzheimer’s disease. Alzheimer’s Res. Ther. 2017, 9, 95.
[CrossRef] [PubMed]

http://doi.org/10.1007/s00018-016-2147-8
http://doi.org/10.1038/eye.2015.100
http://www.ncbi.nlm.nih.gov/pubmed/26088679
http://doi.org/10.1073/pnas.192203399
http://www.ncbi.nlm.nih.gov/pubmed/12764254
http://doi.org/10.1016/j.exer.2003.10.011
http://www.ncbi.nlm.nih.gov/pubmed/14729357
http://doi.org/10.1038/eye.2001.141
http://doi.org/10.1016/j.neurobiolaging.2020.07.013
http://www.ncbi.nlm.nih.gov/pubmed/32795848
http://www.ncbi.nlm.nih.gov/pubmed/29862171
http://doi.org/10.1371/journal.pone.0195751
http://doi.org/10.1002/jbt.21887
http://doi.org/10.3389/fnmol.2019.00024
http://www.ncbi.nlm.nih.gov/pubmed/30853886
http://doi.org/10.2147/CIA.S142685
http://www.ncbi.nlm.nih.gov/pubmed/29042759
http://doi.org/10.1001/jamaophthalmol.2013.6636
http://doi.org/10.1186/s12886-019-1076-3
http://www.ncbi.nlm.nih.gov/pubmed/30849957
http://doi.org/10.2174/1566524017666170331162616
http://www.ncbi.nlm.nih.gov/pubmed/28429668
http://doi.org/10.1097/IAE.0000000000001330
http://doi.org/10.1016/j.oret.2018.03.001
http://doi.org/10.1038/s41598-017-03397-2
http://doi.org/10.1038/ng.2741
http://www.ncbi.nlm.nih.gov/pubmed/31884636
http://doi.org/10.3389/fcimb.2020.585727
http://doi.org/10.1007/s00018-016-2295-x
http://doi.org/10.1186/s13195-017-0318-y
http://www.ncbi.nlm.nih.gov/pubmed/29221491


Int. J. Mol. Sci. 2021, 22, 2360 23 of 25

123. Honig, L.S.; Vellas, B.; Woodward, M.; Boada, M.; Bullock, R.; Borrie, M.; Hager, K.; Andreasen, N.; Scarpini, E.; Liu-Seifert, H.;
et al. Trial of Solanezumab for Mild Dementia Due to Alzheimer’s Disease. N. Engl. J. Med. 2018, 378, 321–330. [CrossRef]

124. Doody, R.S.; Thomas, R.G.; Farlow, M.; Iwatsubo, T.; Vellas, B.; Joffe, S.; Kieburtz, K.; Raman, R.; Sun, X.; Aisen, P.S.; et al. Phase 3
trials of solanezumab for mild-to-moderate Alzheimer’s disease. N. Engl. J. Med. 2014, 370, 311–321. [CrossRef] [PubMed]

125. Egan, M.F.; Kost, J.; Tariot, P.N.; Aisen, P.S.; Cummings, J.L.; Vellas, B.; Sur, C.; Mukai, Y.; Voss, T.; Furtek, C.; et al. Randomized
Trial of Verubecestat for Mild-to-Moderate Alzheimer’s Disease. N. Engl. J. Med. 2018, 378, 1691–1703. [CrossRef]

126. Neumann, U.; Ufer, M.; Jacobson, L.H.; Rouzade-Dominguez, M.L.; Huledal, G.; Kolly, C.; Luond, R.M.; Machauer, R.; Veenstra,
S.J.; Hurth, K.; et al. The BACE-1 inhibitor CNP520 for prevention trials in Alzheimer’s disease. EMBO Mol. Med. 2018, 10, e9316.
[CrossRef]

127. Kile, S.; Au, W.; Parise, C.; Rose, K.; Donnel, T.; Hankins, A.; Chan, M.; Ghassemi, A. IVIG treatment of mild cognitive impairment
due to Alzheimer’s disease: A randomised double-blinded exploratory study of the effect on brain atrophy, cognition and
conversion to dementia. J. Neurol. Neurosurg. Psychiatry 2017, 88, 106–112. [CrossRef] [PubMed]

128. Kuppermann, B.D.; Patel, S.S.; Boyer, D.S.; Augustin, A.J.; Freeman, W.R.; Kerr, K.J.; Guo, Q.; Schneider, S.; Lopez, F.J. Phase
2 study of the safety and efficacy of brimonidine drug delivery system (brimo dds) generation 1 in patients with geographic
atrophy secondary to age-related macular degeneration. Retina 2021, 41, 144–155. [CrossRef]

129. Sevigny, J.; Chiao, P.; Bussiere, T.; Weinreb, P.H.; Williams, L.; Maier, M.; Dunstan, R.; Salloway, S.; Chen, T.; Ling, Y.; et al.
The antibody aducanumab reduces Abeta plaques in Alzheimer’s disease. Nature 2016, 537, 50–56. [CrossRef] [PubMed]

130. Klein, G.; Delmar, P.; Voyle, N.; Rehal, S.; Hofmann, C.; Abi-Saab, D.; Andjelkovic, M.; Ristic, S.; Wang, G.; Bateman, R.; et al.
Gantenerumab reduces amyloid-beta plaques in patients with prodromal to moderate Alzheimer’s disease: A PET substudy
interim analysis. Alzheimer’s Res. Ther. 2019, 11, 101. [CrossRef] [PubMed]

131. Samadi, H.; Sultzer, D. Solanezumab for Alzheimer’s disease. Expert. Opin. Biol. Ther. 2011, 11, 787–798. [CrossRef]
132. Moussa-Pacha, N.M.; Abdin, S.M.; Omar, H.A.; Alniss, H.; Al-Tel, T.H. BACE1 inhibitors: Current status and future directions

in treating Alzheimer’s disease. Med. Res. Rev. 2020, 40, 339–384. [CrossRef] [PubMed]
133. Salloway, S.; Sperling, R.; Fox, N.C.; Blennow, K.; Klunk, W.; Raskind, M.; Sabbagh, M.; Honig, L.S.; Porsteinsson, A.P.; Ferris,

S.; et al. Two phase 3 trials of bapineuzumab in mild-to-moderate Alzheimer’s disease. N. Engl. J. Med. 2014, 370, 322–333.
[CrossRef]

134. Relkin, N.R.; Thomas, R.G.; Rissman, R.A.; Brewer, J.B.; Rafii, M.S.; van Dyck, C.H.; Jack, C.R.; Sano, M.; Knopman, D.S.; Raman,
R.; et al. A phase 3 trial of IV immunoglobulin for Alzheimer disease. Neurology 2017, 88, 1768–1775. [CrossRef]

135. Fillit, H.; Hess, G.; Hill, J.; Bonnet, P.; Toso, C. IV immunoglobulin is associated with a reduced risk of Alzheimer disease and
related disorders. Neurology 2009, 73, 180–185. [CrossRef]

136. Gong, B.; Levine, S.; Barnum, S.R.; Pasinetti, G.M. Role of complement systems in IVIG mediated attenuation of cognitive
deterioration in Alzheimer’s disease. Curr. Alzheimer Res. 2014, 11, 637–644. [CrossRef] [PubMed]

137. Hromadkova, L.; Kolarova, M.; Jankovicova, B.; Bartos, A.; Ricny, J.; Bilkova, Z.; Ripova, D. Identification and characterization
of natural antibodies against tau protein in an intravenous immunoglobulin product. J. Neuroimmunol. 2015, 289, 121–129.
[CrossRef]

138. Obregon, D.; Hou, H.; Deng, J.; Giunta, B.; Tian, J.; Darlington, D.; Shahaduzzaman, M.; Zhu, Y.; Mori, T.; Mattson, M.P.; et al.
Soluble amyloid precursor protein-alpha modulates beta-secretase activity and amyloid-beta generation. Nat. Commun. 2012, 3,
777. [CrossRef] [PubMed]

139. 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. [CrossRef]
[PubMed]

140. Ramirez, C.; Caceres-del-Carpio, J.; Chu, J.; Chu, J.; Moustafa, M.T.; Chwa, M.; Limb, G.A.; Kuppermann, B.D.; Kenney, M.C.
Brimonidine Can Prevent In Vitro Hydroquinone Damage on Retinal Pigment Epithelium Cells and Retinal Muller Cells. J. Ocul.
Pharmacol. Ther. 2016, 32, 102–108. [CrossRef] [PubMed]

141. Ortin-Martinez, A.; Valiente-Soriano, F.J.; Garcia-Ayuso, D.; Alarcon-Martinez, L.; Jimenez-Lopez, M.; Bernal-Garro, J.M.;
Nieto-Lopez, L.; Nadal-Nicolas, F.M.; Villegas-Perez, M.P.; Wheeler, L.A.; et al. A novel in vivo model of focal light emitting
diode-induced cone-photoreceptor phototoxicity: Neuroprotection afforded by brimonidine, BDNF, PEDF or bFGF. PLoS ONE
2014, 9, e113798. [CrossRef]

142. Catchpole, I.; Germaschewski, V.; Hoh, K.J.; Lundh von, L.P.; Ford, S.; Gough, G.; Adamson, P.; Overend, P.; Hilpert, J.; Lopez, F.J.;
et al. Systemic administration of Abeta mAb reduces retinal deposition of Abeta and activated complement C3 in age-related
macular degeneration mouse model. PLoS ONE 2013, 8, e65518. [CrossRef] [PubMed]

143. Pogue, A.I.; Lukiw, W.J. Up-regulated Pro-inflammatory MicroRNAs (miRNAs) in Alzheimer’s disease (AD) and Age-Related
Macular Degeneration (AMD). Cell Mol. Neurobiol. 2018, 38, 1021–1031. [CrossRef]

144. Romano, G.L.; Platania, C.B.M.; Drago, F.; Salomone, S.; Ragusa, M.; Barbagallo, C.; Di, P.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]

145. Grimaldi, A.; Brighi, C.; Peruzzi, G.; Ragozzino, D.; Bonanni, V.; Limatola, C.; Ruocco, G.; Di, A.S. Inflammation, neurodegenera-
tion 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]

http://doi.org/10.1056/NEJMoa1705971
http://doi.org/10.1056/NEJMoa1312889
http://www.ncbi.nlm.nih.gov/pubmed/24450890
http://doi.org/10.1056/NEJMoa1706441
http://doi.org/10.15252/emmm.201809316
http://doi.org/10.1136/jnnp-2015-311486
http://www.ncbi.nlm.nih.gov/pubmed/26420886
http://doi.org/10.1097/IAE.0000000000002789
http://doi.org/10.1038/nature19323
http://www.ncbi.nlm.nih.gov/pubmed/27582220
http://doi.org/10.1186/s13195-019-0559-z
http://www.ncbi.nlm.nih.gov/pubmed/31831056
http://doi.org/10.1517/14712598.2011.578573
http://doi.org/10.1002/med.21622
http://www.ncbi.nlm.nih.gov/pubmed/31347728
http://doi.org/10.1056/NEJMoa1304839
http://doi.org/10.1212/WNL.0000000000003904
http://doi.org/10.1212/WNL.0b013e3181ae7aaf
http://doi.org/10.2174/1567205011666140812113707
http://www.ncbi.nlm.nih.gov/pubmed/25115545
http://doi.org/10.1016/j.jneuroim.2015.10.017
http://doi.org/10.1038/ncomms1781
http://www.ncbi.nlm.nih.gov/pubmed/22491325
http://doi.org/10.1016/j.ajo.2010.09.026
http://www.ncbi.nlm.nih.gov/pubmed/21257146
http://doi.org/10.1089/jop.2015.0083
http://www.ncbi.nlm.nih.gov/pubmed/26624556
http://doi.org/10.1371/journal.pone.0113798
http://doi.org/10.1371/journal.pone.0065518
http://www.ncbi.nlm.nih.gov/pubmed/23799019
http://doi.org/10.1007/s10571-017-0572-3
http://doi.org/10.3389/fphar.2017.00168
http://doi.org/10.1038/s41419-018-0740-5
http://www.ncbi.nlm.nih.gov/pubmed/29880901


Int. J. Mol. Sci. 2021, 22, 2360 24 of 25

146. Chang, L.Y.; Ardiles, A.O.; Tapia-Rojas, C.; Araya, J.; Inestrosa, N.C.; Palacios, A.G.; Acosta, M.L. Evidence of Synaptic and
Neurochemical Remodeling in the Retina of Aging Degus. Front. Neurosci. 2020, 14, 161. [CrossRef] [PubMed]

147. Sun, J.; Huang, P.; Liang, J.; Li, J.; Shen, M.; She, X.; Feng, Y.; Luo, X.; Liu, T.; Sun, X. Cooperation of Rel family members
in regulating Abeta1-40-mediated pro-inflammatory cytokine secretion by retinal pigment epithelial cells. Cell Death. Dis. 2017, 8,
e3115. [CrossRef]

148. Feng, L.; Cao, L.; Zhang, Y.; Wang, F. Detecting Abeta deposition and RPE cell senescence in the retinas of SAMP8 mice. Discov.
Med. 2016, 21, 149–158. [PubMed]

149. Fisichella, V.; Giurdanella, G.; Platania, C.B.; Romano, G.L.; Leggio, G.M.; Salomone, S.; Drago, F.; Caraci, F.; Bucolo, C. TGF-beta1
prevents rat retinal insult induced by amyloid-beta (1-42) oligomers. Eur. J. Pharmacol. 2016, 787, 72–77. [CrossRef]

150. He, Y.; Hara, H.; Nunez, G. Mechanism and Regulation of NLRP3 Inflammasome Activation. Trends Biochem. Sci. 2016, 41,
1012–1021. [CrossRef]

151. Fu, X.; Lin, R.; Qiu, Y.; Yu, P.; Lei, B. Overexpression of Angiotensin-Converting Enzyme 2 Ameliorates Amyloid beta-Induced
Inflammatory Response in Human Primary Retinal Pigment Epithelium. Investig. Ophthalmol. Vis. Sci. 2017, 58, 3018–3028.
[CrossRef]

152. Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.K.; David, E.; Baruch, K.; Lara-
Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 2017,
169, 1276–1290. [CrossRef]

153. Liao, D.S.; Grossi, F.V.; El Mehdi, D.; Gerber, M.R.; Brown, D.M.; Heier, J.S.; Wykoff, C.C.; Singerman, L.J.; Abraham, P.;
Grassmann, F.; et al. Complement C3 Inhibitor Pegcetacoplan for Geographic Atrophy Secondary to Age-Related Macular
Degeneration: A Randomized Phase 2 Trial. Ophthalmology 2020, 127, 186–195. [CrossRef] [PubMed]

154. Chu, L.; Xiao, L.; Xu, B.; Xu, J. Dissociation of HKII in retinal epithelial cells induces oxidative stress injury in the retina. Int. J.
Mol. Med. 2019, 44, 1377–1387. [CrossRef] [PubMed]

155. Buccarello, L.; Sclip, A.; Sacchi, M.; Castaldo, A.M.; Bertani, I.; ReCecconi, A.; Maestroni, S.; Zerbini, G.; Nucci, P.; Borsello, T.
The c-jun N-terminal kinase plays a key role in ocular degenerative changes in a mouse model of Alzheimer disease suggesting
a correlation between ocular and brain pathologies. Oncotarget 2017, 8, 83038–83051. [CrossRef]

156. Mohd Lazaldin, M.A.; Iezhitsa, I.; Agarwal, R.; Bakar, N.S.; Agarwal, P.; Mohd, I.N. Time- and dose-related effects of amyloid
beta1-40 on retina and optic nerve morphology in rats. Int. J. Neurosci. 2018, 128, 952–965. [CrossRef]

157. Sarkar, A.; Gogia, N.; Glenn, N.; Singh, A.; Jones, G.; Powers, N.; Srivastava, A.; Kango-Singh, M.; Singh, A. A soy protein Lunasin
can ameliorate amyloid-beta 42 mediated neurodegeneration in Drosophila eye. Sci. Rep. 2018, 8, 13545. [CrossRef] [PubMed]

158. Country, M.W. Retinal metabolism: A comparative look at energetics in the retina. Brain Res. 2017, 1672, 50–57. [CrossRef]
[PubMed]

159. Karunadharma, P.P.; Nordgaard, C.L.; Olsen, T.W.; Ferrington, D.A. Mitochondrial DNA damage as a potential mechanism for
age-related macular degeneration. Investig. Ophthalmol. Vis. Sci. 2010, 51, 5470–5479. [CrossRef]

160. Nashine, S.; Cohen, P.; Nesburn, A.B.; Kuppermann, B.D.; Kenney, M.C. Characterizing the protective effects of SHLP2,
a mitochondrial-derived peptide, in macular degeneration. Sci. Rep. 2018, 8, 15175. [CrossRef]

161. Suzuki, M.; Tsujikawa, M.; Itabe, H.; Du, Z.J.; Xie, P.; Matsumura, N.; Fu, X.; Zhang, R.; Sonoda, K.H.; Egashira, K.; et al. Chronic
photo-oxidative stress and subsequent MCP-1 activation as causative factors for age-related macular degeneration. J. Cell Sci.
2012, 125 Pt 10, 2407–2415. [CrossRef]

162. Cano, M.; Thimmalappula, R.; Fujihara, M.; Nagai, N.; Sporn, M.; Wang, A.L.; Neufeld, A.H.; Biswal, S.; Handa, J.T. Cigarette
smoking, oxidative stress, the anti-oxidant response through Nrf2 signaling, and Age-related Macular Degeneration. Vision Res.
2010, 50, 652–664. [CrossRef] [PubMed]

163. Huang, P.; Wang, F.; Sah, B.K.; Jiang, J.; Ni, Z.; Wang, J.; Sun, X. Homocysteine and the risk of age-related macular degeneration:
A systematic review and meta-analysis. Sci. Rep. 2015, 5, 10585. [CrossRef] [PubMed]

164. Bamburg, J.R.; Bloom, G.S. Cytoskeletal pathologies of Alzheimer disease. Cell Motil. Cytoskelet. 2009, 66, 635–649. [CrossRef]
165. Naseri, N.N.; Wang, H.; Guo, J.; Sharma, M.; Luo, W. The complexity of tau in Alzheimer’s disease. Neurosci. Lett. 2019, 705,

183–194. [CrossRef] [PubMed]
166. Nishioka, C.; Liang, H.F.; Barsamian, B.; Sun, S.W. Amyloid-beta induced retrograde axonal degeneration in a mouse tauopathy

model. Neuroimage 2019, 189, 180–191. [CrossRef]
167. Zhang, H.; Morrison, M.A.; Dewan, A.; Adams, S.; Andreoli, M.; Huynh, N.; Regan, M.; Brown, A.; Miller, J.W.; Kim, I.K.; et al.

The NEI/NCBI dbGAP database: Genotypes and haplotypes that may specifically predispose to risk of neovascular age-related
macular degeneration. BMC. Med. Genet. 2008, 9, 51. [CrossRef] [PubMed]

168. Pow, D.V.; Sullivan, R.K. Nuclear kinesis, neurite sprouting and abnormal axonal projections of cone photoreceptors in the aged
and AMD-afflicted human retina. Exp. Eye Res. 2007, 84, 850–857. [CrossRef]

169. Bruban, J.; Glotin, A.L.; Dinet, V.; Chalour, N.; Sennlaub, F.; Jonet, L.; An, N.; Faussat, A.M.; Mascarelli, F. Amyloid-beta(1-42)
alters structure and function of retinal pigmented epithelial cells. Aging Cell 2009, 8, 162–177. [CrossRef]

170. Crish, S.D.; Calkins, D.J. Neurodegeneration in glaucoma: Progression and calcium-dependent intracellular mechanisms.
Neuroscience 2011, 176, 1–11. [CrossRef] [PubMed]

171. Snyder, P.J.; Johnson, L.N.; Lim, Y.Y.; Santos, C.Y.; Alber, J.; Maruff, P.; Fernandez, B. Nonvascular retinal imaging markers of
preclinical Alzheimer’s disease. Alzheimer’s Dement. 2016, 4, 169–178. [CrossRef]

http://doi.org/10.3389/fnins.2020.00161
http://www.ncbi.nlm.nih.gov/pubmed/32256305
http://doi.org/10.1038/cddis.2017.502
http://www.ncbi.nlm.nih.gov/pubmed/27115165
http://doi.org/10.1016/j.ejphar.2016.02.002
http://doi.org/10.1016/j.tibs.2016.09.002
http://doi.org/10.1167/iovs.17-21546
http://doi.org/10.1016/j.cell.2017.05.018
http://doi.org/10.1016/j.ophtha.2019.07.011
http://www.ncbi.nlm.nih.gov/pubmed/31474439
http://doi.org/10.3892/ijmm.2019.4304
http://www.ncbi.nlm.nih.gov/pubmed/31432102
http://doi.org/10.18632/oncotarget.19886
http://doi.org/10.1080/00207454.2018.1446953
http://doi.org/10.1038/s41598-018-31787-7
http://www.ncbi.nlm.nih.gov/pubmed/30202077
http://doi.org/10.1016/j.brainres.2017.07.025
http://www.ncbi.nlm.nih.gov/pubmed/28760441
http://doi.org/10.1167/iovs.10-5429
http://doi.org/10.1038/s41598-018-33290-5
http://doi.org/10.1242/jcs.097683
http://doi.org/10.1016/j.visres.2009.08.018
http://www.ncbi.nlm.nih.gov/pubmed/19703486
http://doi.org/10.1038/srep10585
http://www.ncbi.nlm.nih.gov/pubmed/26194346
http://doi.org/10.1002/cm.20388
http://doi.org/10.1016/j.neulet.2019.04.022
http://www.ncbi.nlm.nih.gov/pubmed/31028844
http://doi.org/10.1016/j.neuroimage.2019.01.007
http://doi.org/10.1186/1471-2350-9-51
http://www.ncbi.nlm.nih.gov/pubmed/18541031
http://doi.org/10.1016/j.exer.2007.01.005
http://doi.org/10.1111/j.1474-9726.2009.00456.x
http://doi.org/10.1016/j.neuroscience.2010.12.036
http://www.ncbi.nlm.nih.gov/pubmed/21187126
http://doi.org/10.1016/j.dadm.2016.09.001


Int. J. Mol. Sci. 2021, 22, 2360 25 of 25

172. Tackenberg, C.; Grinschgl, S.; Trutzel, A.; Santuccione, A.C.; Frey, M.C.; Konietzko, U.; Grimm, J.; Brandt, R.; Nitsch, R.M. NMDA
receptor subunit composition determines beta-amyloid-induced neurodegeneration and synaptic loss. Cell Death. Dis. 2013, 4,
e608. [CrossRef] [PubMed]

173. Cifuentes-Canorea, P.; Ruiz-Medrano, J.; Gutierrez-Bonet, R.; Pena-Garcia, P.; Saenz-Frances, F.; Garcia-Feijoo, J.; Martinez-
de-la-Casa, J.M. Analysis of inner and outer retinal layers using spectral domain optical coherence tomography automated
segmentation software in ocular hypertensive and glaucoma patients. PLoS ONE 2018, 13, e0196112. [CrossRef] [PubMed]

174. Muftuoglu, I.K.; Ramkumar, H.L.; Bartsch, D.U.; Meshi, A.; Gaber, R.; Freeman, W.R. Quantitative analysis of the inner retinal
layer thicknesses in age-related macular degeneration using corrected optical coherence tomography segmentation. Retina 2018,
38, 1478–1484. [CrossRef] [PubMed]

175. Doustar, J.; Rentsendorj, A.; Torbati, T.; Regis, G.C.; Fuchs, D.T.; Sheyn, J.; Mirzaei, N.; Graham, S.L.; Shah, P.K.; Mastali, M.; et al.
Parallels between retinal and brain pathology and response to immunotherapy in old, late-stage Alzheimer’s disease mouse
models. Aging Cell 2020, 19, e13246. [CrossRef] [PubMed]

176. Davis, A.A.; Fritz, J.J.; Wess, J.; Lah, J.J.; Levey, A.I. Deletion of M1 muscarinic acetylcholine receptors increases amyloid pathology
in vitro and in vivo. J. Neurosci. 2010, 30, 4190–4196. [CrossRef]

177. Potter, P.E.; Rauschkolb, P.K.; Pandya, Y.; Sue, L.I.; Sabbagh, M.N.; Walker, D.G.; Beach, T.G. Pre- and post-synaptic cortical
cholinergic deficits are proportional to amyloid plaque presence and density at preclinical stages of Alzheimer’s disease. Acta
Neuropathol. 2011, 122, 49–60. [CrossRef]

178. Zhang, J.; Yang, Z.; Wu, S.M. Development of cholinergic amacrine cells is visual activity-dependent in the postnatal mouse
retina. J. Comp Neurol. 2005, 484, 331–343. [CrossRef] [PubMed]

179. Aboelnour, A.; Kam, J.H.; Elnasharty, M.A.; Sayed-Ahmed, A.; Jeffery, G. Amyloid beta deposition and phosphorylated tau
accumulation are key features in aged choroidal vessels in the complement factor H knock out model of retinal degeneration.
Exp. Eye Res. 2016, 147, 138–143. [CrossRef] [PubMed]

180. Yanagi, M.; Kawasaki, R.; Wang, J.J.; Wong, T.Y.; Crowston, J.; Kiuchi, Y. Vascular risk factors in glaucoma: A review. Clin. Exp.
Ophthalmol. 2011, 39, 252–258. [CrossRef] [PubMed]

181. Lambert, N.G.; ElShelmani, H.; Singh, M.K.; Mansergh, F.C.; Wride, M.A.; Padilla, M.; Keegan, D.; Hogg, R.E.; Ambati, B.K. Risk
factors and biomarkers of age-related macular degeneration. Prog. Retin. Eye Res. 2016, 54, 64–102. [CrossRef]

182. Nikolakopoulou, A.M.; Zhao, Z.; Montagne, A.; Zlokovic, B.V. Regional early and progressive loss of brain pericytes but not
vascular smooth muscle cells in adult mice with disrupted platelet-derived growth factor receptor-beta signaling. PLoS ONE
2017, 12, e0176225. [CrossRef] [PubMed]

183. Halliday, M.R.; Rege, S.V.; Ma, Q.; Zhao, Z.; Miller, C.A.; Winkler, E.A.; Zlokovic, B.V. Accelerated pericyte degeneration and
blood-brain barrier breakdown in apolipoprotein E4 carriers with Alzheimer’s disease. J. Cereb. Blood Flow Metab. 2016, 36,
216–227. [CrossRef]

184. Jiang, H.; Wang, J.; Levin, B.E.; Baumel, B.S.; Camargo, C.J.; Signorile, J.F.; Rundek, T. Retinal Microvascular Alterations as
the Biomarkers for Alzheimer Disease: Are We There Yet? J. Neuroophthalmol. 2020. [CrossRef]

185. Querques, G.; Borrelli, E.; Sacconi, R.; De Vitis, L.; Leocani, L.; Santangelo, R.; Magnani, G.; Comi, G.; Bandello, F. Functional
and morphological changes of the retinal vessels in Alzheimer’s disease and mild cognitive impairment. Sci. Rep. 2019, 9, 63.
[CrossRef] [PubMed]

186. Provias, J.; Jeynes, B. The role of the blood-brain barrier in the pathogenesis of senile plaques in Alzheimer’s disease. Int. J.
Alzheimer’s Dis. 2014, 2014, 191863. [CrossRef] [PubMed]

187. den Haan, J.; van de Kreeke, J.A.; van Berckel, B.N.; Barkhof, F.; Teunissen, C.E.; Scheltens, P.; Verbraak, F.D.; Bouwman, F.H. Is
retinal vasculature a biomarker in amyloid proven Alzheimer’s disease? Alzheimer’s Dement. 2019, 11, 383–391.

188. Iliff, J.J.; Wang, M.; Zeppenfeld, D.M.; Venkataraman, A.; Plog, B.A.; Liao, Y.; Deane, R.; Nedergaard, M. Cerebral arterial
pulsation drives paravascular CSF-interstitial fluid exchange in the murine brain. J. Neurosci. 2013, 33, 18190–18199. [CrossRef]
[PubMed]

189. Graham, S.L.; Butlin, M.; Lee, M.; Avolio, A.P. Central blood pressure, arterial waveform analysis, and vascular risk factors
in glaucoma. J. Glaucoma 2013, 22, 98–103. [CrossRef]

http://doi.org/10.1038/cddis.2013.129
http://www.ncbi.nlm.nih.gov/pubmed/23618906
http://doi.org/10.1371/journal.pone.0196112
http://www.ncbi.nlm.nih.gov/pubmed/29672563
http://doi.org/10.1097/IAE.0000000000001759
http://www.ncbi.nlm.nih.gov/pubmed/28650925
http://doi.org/10.1111/acel.13246
http://www.ncbi.nlm.nih.gov/pubmed/33090673
http://doi.org/10.1523/JNEUROSCI.6393-09.2010
http://doi.org/10.1007/s00401-011-0831-1
http://doi.org/10.1002/cne.20470
http://www.ncbi.nlm.nih.gov/pubmed/15739235
http://doi.org/10.1016/j.exer.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27181225
http://doi.org/10.1111/j.1442-9071.2010.02455.x
http://www.ncbi.nlm.nih.gov/pubmed/20973906
http://doi.org/10.1016/j.preteyeres.2016.04.003
http://doi.org/10.1371/journal.pone.0176225
http://www.ncbi.nlm.nih.gov/pubmed/28441414
http://doi.org/10.1038/jcbfm.2015.44
http://doi.org/10.1097/WNO.0000000000001140
http://doi.org/10.1038/s41598-018-37271-6
http://www.ncbi.nlm.nih.gov/pubmed/30635610
http://doi.org/10.1155/2014/191863
http://www.ncbi.nlm.nih.gov/pubmed/25309772
http://doi.org/10.1523/JNEUROSCI.1592-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24227727
http://doi.org/10.1097/IJG.0b013e3182254bc0

	Introduction 
	A in the Retina 
	Alzheimer’s Disease 
	A Presentation in the Retinal Enface View and Intra-Retinal Layer View for AD 
	Relationship between A in the Retina and Brain for AD 

	Glaucoma 
	A Presentation Associated with Upstream Events in Glaucoma Progression 
	A Presentation in the Retina and Brain in Glaucoma 

	Age-Related Macular Degeneration 
	A in RPE Degeneration and Associated Neuronal Loss 
	A Presentation in Different Stages of AMD 

	Treatment Approaches for Reducing A Accumulation 
	Anti-A Antibody-Associated Clinical Trials for AD 
	A-Associated Clinical Trial Targets for Glaucoma and AMD 
	Conclusions for Current A-Associated Interventional Targets and Future Directions 
	Inflammatory Pathway 
	NF-b Signaling Pathway and Associated Inflammatory Cascades 
	Complement System Activation 

	Oxidative Stress 
	Cytoskeletal Disruption 
	Synaptic Remodeling 
	Vascular Alterations 

	Conclusions and Future Directions 
	References

