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1. Introduction

Progressive neurological diseases of the human central nervous system (CNS) are often 

characterized in part by the occurrence of insoluble, pro-inflammatory lesions whose major 

component is amyloid. These include the age-related CNS disorders Alzheimer’s disease 

(AD) and age-related macular degeneration (AMD), two insidious, incapacitating diseases 

that currently represent the most common progressive degenerations of the human brain and 
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retina in the industrialized world [1–19]. The family of major insoluble, pro-inflammatory 

lipoprotein-enriched lesions that characterize AD and AMD - the amyloid/senile plaques of 

AD and the drusen of the aged retina of AMD - are highly enriched in beta amyloid 

precursor protein (βAPP)-derived amyloid beta (Aβ) peptides 42 amino acids in length 

(Aβ42) [11–23]. The ubiquity of Aβ42 peptides as major constituents of AD and AMD 

lesions not only suggests an important underlying commonality in disease pathology but 

implicates a complex and shared plasma membrane-mediated βAPP processing mechanism 

involving the actions of membrane-associated alpha, beta and gamma secretases (α-, β- and 

γ-secretases), accessory enzymes and membrane-structural proteins which are required for 

Aβ42 peptide generation [1–18]. Common ancillary components of the AD senile plaque 

and AMD drusen including complement proteins such as complement factor H (CFH), the 

βAPP-associated proteins sortilin (SORL1), TSPAN12 proteins, additional membrane-

associated lipids and proteins and pro-inflammatory microRNAs (miRNAs) in the 

pathogenic brain neocortex and retina further suggest the shared participation of neuro-

immune, amyloidogenic and pro-inflammatory pathways. While multiple classifications of 

amyloidosis exist, this ‘research perspective’ will focus on what is currently known about 

the contribution of βAPP–derived Aβ42-peptides to the formation of senile plaques and 

retinal drusen in sporadic AD and dry AMD, and how the progressive aggregation of neural- 

and retinal-toxic constituents suggests an underlying commonality in the pathological 

mechanisms for each disease. Importantly, our understanding of the molecular genetics of 

each of these progressive diseases may shed light on similar pathogenic mechanisms in the 

other, and successful pharmacological approaches to one disease may be useful in the 

clinical management of both of these age-related human disorders.

2. Historical – the drusen (amyloid ‘esenile’ plaques) of AD

The French neuropathologists Paul Oscar Blocq (1860–1896) and Gheorghe Marinesco 

(1863–1938) in 1892 first described the presence of ‘sclerotic plaques of neuroglia’, a name 

which Emil Redlich changed to ‘miliary sclerosis’ or ‘drusen’ in the aging human brain 

neocortex [1–9]. The term ‘amyloid’ originated from an early mistaken identification by the 

German neuroanatomist Rudolf Virchow (1821–1902) of a neural and CNS substance 

resembling starch (‘amylum’ in Latin) – since it has been subsequently acknowledged that 

amyloids are, in fact, deposits of ‘proteinaceous albumoid’ material [1–16]. The German 

psychiatrist/neuropathologist Aloysius ‘Alois’ Alzheimer (1864–1915) first made the 

connection between neocortical amyloid-containing drusen and senile dementia, and first 

described these ‘senile plaque’ deposits in the neocortex of a 51 year old psychiatric patient 

in his original, now classical paper entitled “Uber eine eigenartige Erkankung der 

Hirnrinde” (“A characteristic disease of the human cerebral cortex”). Here Alzheimer 

described these lesions as ‘senile drusen, containing amyloid’ [10]. The roughly spherical 

senile plaques of AD represent a very dense, insoluble aggregation of Aβ42 peptides and 

other amyloidogenic material in the extracellular space surrounding CNS neurons, and 

particularly in the neocortex of the brain, hence the classification of AD as a ‘dense deposit 

disease’ [8–11]. Aβ42 peptide deposition is primarily perineuronal and is shed into the 

extracellular space, however βAPP holoprotein may be located within internal neuronal 

membranes, so at least some Aβ42 peptide generation may be intra-neuronal [1–10,11]. A 
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two amino acid shorter, less hydrophobic Aβ40 peptide deposition commonly generated 

along with Aβ42 peptide is primarily perivascular [10–14]. Interestingly, lack of connective 

tissue in the human neocortex places virtually no restriction on the size of neocortical 

amyloid-dense senile plaques which can reach in excess of 100 μm in diameter, although 

most average only one-third to one-half of that size [11–18]. The extreme compactness and 

insolubility of senile plaque deposits made these lesions extremely difficult to analyze until 

George Glenner (1928–1995) found a way to solubilize them by heating purified human 

senile plaque cores in 5 M guanidine-HCl/1 N acetic acid [5–8]. Glenner was subsequently 

able to characterize and sequence their high content of Aβ42 peptides, especially at the 

senile plaque core [7–10]. Once when asked at an Alzheimer meeting what was the 

concentration of Aβ42 peptide(s) at the senile plaque core Glenner answered without 

hesitation ‘at least 5 molar’ [authors personal note]. The term ‘senile drusen of AD’ has 

since been renamed ‘senile plaques’ in part to distinguish them from the drusen of AMD 

(see below). Mature AD senile plaque amyloid is now known to adopt complex cross-beta 

sheet quaternary structures at their cores and the gold test for the presence of AD amyloid is 

by (i) staining for birefringence using the secondary diazo dye Congo red [the sodium salt of 

3,3′-([1,1′-biphenyl]-4,4′-diyl)bis(4-aminonaphthalene-1-sulfonic acid] which gives these 

lesions a ‘glittering geode-like appearance’ under light microscopy; or (ii) by positron 

emission tomography (PET) imaging using various amyloid-binding ligands [11–19]. AD 

senile plaque amyloids are thought to impact AD pathology by at least 4 mechanisms: (i) 
through progressive distortion of neocortical architecture both physically (structurally) and 

functionally; (ii) by promoting mitochondrial dysfunction with the resultant generation of 

reactive oxygen species (ROS) leading to the oxidation of neuronal components and 

apoptosis; (iii) by leading to the activation of microglial cells, the chief innate-immune 

‘phagocytosis’ and ‘scavenging’ cells of the brain and CNS; and/or (iv) by activating 

microglial-mediated pathological pathways that have subsequent cellular and genetic pro-

inflammatory consequences [1–15]. Note that in AD that all four of the pathological effects 

(i–iv) of senile plaques may occur concurrently, or come to the forefront at different stages 

as AD progresses from mild to more severe and terminal stages of the disease [16–19]. It is 

further noteworthy to point out that AD occurs in two major types, a genetic or familial early 

onset form, accounting for only about 5% of all AD cases, and a sporadic or idiopathic late-

onset form of unknown origin, accounting for about 95% of all AD cases, in which 

environmental and genetic differences may act as AD risk factors. Importantly, Aβ42 

peptide and senile plaque generation, accumulation and aggregation is characteristic of the 

neuropathology of both the familial and sporadic forms of AD [1–8].

3. Historical – the drusen of AMD

As for AD, AMD is divided into two major types: (i) an exudative or ‘wet’ form exhibiting 

choroidal neovascularization with subretinal exudation (accounting for about 5% of all 

AMD cases) and (ii) a non-exudative ‘dry’ form accompanied by the formation of retinal 

drusen (accounting for about 95% of all AMD cases) [15,16]. Drusen in the aging human 

retina were first described by the Dutch ophthalmologist Francis Donders (1818–1889) who 

initially referred to them as ‘colloid spheres’ (‘colloidkugeln’ in German) and subsequently 

by the German comparative anatomist Heinrich Muller (1820–1864) who renamed them, 
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based on their ‘glittering’ spheroidal appearance with ‘drusen’, the German word for ‘geode’ 

(from the Greek ‘geodes, ‘earthlike’; essentially hollow masses consisting of a 

cryptocrystalline quartz shell lined internally by various cystalline minerals). In view of their 

anatomical location between the retinal pigment epithelium (RPE) and the choriocapillis (the 

vascular supply of the retina), retinal drusen, similarly to AD amyloid, deprive RPE, 

photoreceptor cells and the retinal ganglion of oxygen and nutrients, processes that lead to 

their atrophy and death. Interestingly, confocal microscopic analyses of middle-to-aged eyes 

indicate that drusen always seem to form non-randomly between two choroidal microvessels 

and immediately above the ‘pillars of choriocapillaris’, a layer of microcapillaries 

immediately adjacent to Bruch’s membrane in the choroid plexus [14–16]. Interestingly, and 

analogous to the amyloid senile plaques of AD, retinal drusen typically range in size from 

~30-to-100 μm in diameter and are sandwiched between the connective tissue of Bruch’s 

membrane and the RPE cell layer which may restrict them from becoming any larger 

[14,15,36]. The source of the proteolipid or ‘albumoid’ material of the retinal drusen may 

have potential contributions from both the RPE cells and the choroid, the presence of 

amyloid, cholesterol, complement factor proteins and other inflammatory components of the 

retinal drusen suggests that these lesions may be products of the innate-immune system 

delivered at least in part from the systemic circulation. To this end patients with 

hyperlipidemia have increased incidence of retinal drusen and increased risk of developing 

AMD [15,17,18]. As is the case for AD senile plaque amyloids, drusen are thought to impact 

AMD pathology: (i) through progressive distortion of retinal architecture both structurally 

and functionally; (ii) by promoting mitochondrial dysfunction with the resultant generation 

of ROS leading to the oxidation of retinal cellular components and apoptosis; (iii) by leading 

to the activation of microglial cells, again the chief innate-immune ‘phagocytosis’ and 

‘scavenging’ cells of the retina; and/or (iv) by activating microglial-mediated pathological 

pathways that have subsequent cellular and genetic pro-inflammatory and innate-immune 

consequences [1–16]. Again, as in AD, all four of the pathological effects (i–iv) triggered by 

retinal drusen may occur concurrently during the onset and propagation of the AMD process 

[14,15].

4. Characteristics and processing of the beta amyloid precursor protein 

(βAPP)

Because Aβ42 peptides common to senile plaque amyloid and retinal drusen are derived 

from βAPP holoprotein we may gain insight into the common pathological mechanisms 

shared by AD and AMD by reviewing what is known about the membrane-embedded βAPP 

holoprotein (Figure 1). Because of its central role in the amyloid cascade hypothesis for AD, 

βAPP is one of the most thoroughly studied CNS proteins in all of neurobiology [16–18]. 

βAPP, encoded at chr21q21.3, undergoes alternative splicing to yield eight possible 

isoforms, three of which (the 695, 751 and 770 amino acid isoforms) predominate in the 

brain and retina [1–6]. βAPP is an evolutionary ancient and highly conserved 

transmembrane receptor-type glycoprotein with homologous single-pass, integral membrane 

proteins in Drosophila melanogaster, the nematode Caenorhabditis elegans and most 

mammals including homo sapiens (Drosophila-Homo sapiens evolutionary divergence ~850 

million years) [1–5,22–26]. Interestingly the species-specific physiological environment of 
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βAPP has been suggested as being as critical as the primary peptide sequence to Aβ42 

peptide formation and the generation of other βAPP-derived cleavage products [22,23]. 

Expressed in neurons throughout the human CNS and enriched in the synapse and neuronal 

membranes the ~770 amino acid βAPP consists of a large N-terminal ~600 amino acid 

extracellular domain containing heparin- and metal-binding sites, a short ~70 amino acid 

hydrophobic transmembrane domain, and a short ~100 amino acid C-terminal intracellular 

domain [22,23]. While the structure of the βAPP holoprotein has been fairly well 

characterized by multiple laboratories the function of βAPP has remained elusive. Currently 

there is evidence for at least 14 functions for βAPP, and these include βAPP as: (i) a 

structural regulator of synapse formation [24,25]; (ii) a facilitator of synaptic activity, 

dendritic spine density and inter-neuronal signaling [25,26]; (iii) a neuronal membrane- and 

synapse-associated factor in neural plasticity and memory [26,27]; a regulator of metal 

metabolism in the brain including copper and iron export [28,29]; (iv) a mediator of human 

hormonal regulation, including chorionic gonadotrophin and other reproductive hormones 

[30]; (v) a cellular adhesion and neuronal migration protein involved in neuronal 

architecture during development [31–34]; (vi) a key signaling protein involved in growth 

cone guidance [34–36]; (vii) a mediator of anterograde neuronal transport [37]; (viii) a 

neuronal regulator of oxidative stress [38]; (ix) a CNS trophic factor involved in neural stem 

cell development, neuronal survival, neurite outgrowth and neuro-repair [39]; (x) a cell 

surface growth factor (as the N-terminal domain of βAPP is similar in structure to cysteine-

rich growth factors and contributes to neuronal growth and mobility) [39,40]; (xi) as a 

kinesin I membrane receptor that directs β-secretase (BACE1) and presenilin 1 (PS1) 

transport [41,42]; (xii) as a modulator of apoptosis-inducing pathways including iron- and 

copper-mediated neuronal death [28,29,43]; (xiii) as a signal transducer and regulator of 

transcription (the C-terminal intracellular domain appears to be involved in transcriptional 

regulation and βAPP can promote gene activation through binding to APBB1/Tip60 and/or 

the iron adaptor protein FE65 to transactivate a wide variety of CNS promoters) [35,38,44] 

and (xiv) as a membrane-resident holoprotein precursor to multiple peptide fragments each 

with neuronal modulatory and sensing activities that include neurotrophic and 

transcriptional effects [39–45]. Interestingly, βAPP holoprotein associates with a group of 

membrane-integral or membrane-peripheral proteins clustered in neuronal lipid raft domains 

[40,42,44]. These include tetraspanin-12 (TSPAN12), presenilin-1 (PS1) and other βAPP-

associated secretases; for example TSPAN12 has been implicated in directing homeostatic 

βAPP processing and PS1 has been implicated in oxygen sensing and as a regulator of glial-

specific gene expression [45–49]. Taken together, the functions of βAPP can be summarized 

as being either ‘neurotrophic’ and supportive of healthy neuronal function or as 

‘amyloidogenic’ and pathological in both the brain and retina. The natural and pathological 

catabolism of βAPP and homeostatic phagocytic-clearance pathways for Aβ42 peptide in 

multiple, interactive brain- and retinal-relevant pathways is further summarized in Figure 1.

5. Involvement of complement factor H (CFH) in AD and AMD

Complement factor H (CFH) is a key, soluble, internally repetitive glycoprotein inhibitor of 

the innate-immune response in the brain and retina, and mutations, deletions, duplications or 

rearrangements in the individual CFH gene are associated with a number of neuroimmune 
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CNS diseases [50–55]. In one study of 2065 Scandinavian patients a CFH Y402H loss-of-

function polymorphism appeared to increase the risk for AMD and predisposed patients for 

co-morbidity in AD [52], but this observation and analysis may not hold true for other 

human populations [53–55]. Low CFH abundance and deficits have been reported in 

sporadic AD neocortex and hippocampus and these correlate with up-regulated pro-

inflammatory signaling in the AD brain [56,57]. Interestingly, loss of function in CFH as a 

result of the Y402H mutation may have the same end effect as an insufficiency in a 

functional CFH with the consequence driving innate-immune alterations and pro-

inflammatory signaling. CFH deficits in sporadic AD and AMD may be driven by the 

significant up-regulation of the inducible, NF-kB-regulated pro-inflammatory 

microRNA-146a (miRNA-146a) in both the brain and retina [56,57].

6. Common epigenetic mechanisms in AD and AMD; microRNA

The human family of microRNAs (miRNAs) constitute a group of about 2200 ~22 

nucleotide non-coding, single-stranded RNAs that recognize, via base-pair complementarity 

and hydrogen bonding, ribonucleotide sequences in the 3′ un-translated region (3′-UTR) of 

their target brain messenger RNAs (mRNAs) [56–62]. A major action of up-regulated 

miRNAs is to down-regulate the expression of their mRNA targets, and hence down-

regulate expression of that target’s mRNA [56–62]. Interestingly, the human neocortex and 

retina share a specific family of about 25–40 high abundance miRNAs suggesting that a 

similar set of genes are regulated in the brain and retina by miRNA-mediated effects [61–

64]. This small family of miRNAs are all inducible, NF-kB regulated and pro-inflammatory 

in nature and consist of the miRNA-9, miRNA-34a, miRNA-125b, miRNA-146a and 

miRNA-155; other miRNAs common to the brain and retina may also be involved in 

neuronal-based signaling pathways [56,57,62]. Interestingly, in the late stages of AD the 

entire primary visual cortex-thalamic-retinal circuit exhibits pro-inflammatory pathology 

suggesting the intriguing possibility that AD-relevant mechanisms can spread to the retina 

via soluble extracellular miRNA signaling [56,57,62]. In support of this idea is the fact that 

miRNAs are highly soluble and mobile, and the same pathogenic miRNAs found within 

neurons and astroglia are also found in the extracellular space and in the circulating 

cerebrospinal fluid (CSF) [60,62].

7. Transgenic murine models for AD (Tg-AD) exhibit accumulation of Aβ42 

in both brain and retina

Transgenic murine models of AD (Tg-AD) have been useful in the analysis of the 

contribution of βAPP, Aβ42 peptides and the pro-inflammatory and altered innate-immune 

signaling mechanisms that characterize AD- and AMD-type neuropathology. For example, 

increases in the abundance of Aβ42 peptides, miRNA-146a and progressive decreases in the 

expression of complement factor H (CFH) in the aging retina of several different Tg-AD 

models and in the aging AD-affected brain indicate a surprisingly maintained inflammatory 

pathology across the antero-posterior-retinal cortical axis [46,63–69]. CFH, a glycoprotein 

and an important repressor protein known to contribute to the regulation of the brain’s 

innate-immune and inflammatory response, is found to be consistently down-regulated not 

only in Alzheimer neocortex but also across the entire visual pathway in late-stage 
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Alzheimer’s disease (Table 1). In one study the 5xFAD Tg-AD model that overexpresses 5 

mutated familial amyloid AD genes exhibited (i) the highest CNS-specific expression of 

amyloid; (ii) the greatest extent of synaptic pathology; (iii) the highest concentration of 

Aβ42 peptides; and (iv) the lowest levels of CFH in the brain and retina [63]. The fact that 

five pathogenic human βAPP genes drive AD-like pathology in the 5xFAD Tg-AD system 

may explain the greater brain and retinal pathology in this particular transgenic model when 

compared to other transgenic models used for progressive neurodegeneration studies 

[46,63,67–69].

8. Co-occurrence of cognitive impairment and AMD in human populations

Genetic- and population-based studies relating the prevalence of cognitive impairment and 

AMD (and vice versa) can be informative when linking the potential occurrence of a 

common disease mechanism. For example, one population-based study evaluated the 

association of cognitive function and dementia with early AMD in 2088 elderly individuals 

aged 69–97 years [69–71]. Using logistic regression and controlling for age, sex, race, 

education, systolic blood pressure, total cholesterol level, diabetes mellitus, smoking status, 

and ApoE genotype, persons with low levels of cognition were more likely to have AMD 

(OR of 2.00; 95% confidence interval, 1.29–3.10). This study concluded that especially in 

older populations, cognitive impairment may share common age-related pathogenesis and 

risk factors with early AMD [69–71]. In another complementary Korean study involving 

360 AMD patients and controls it was found that the rate of mild cognitive impairment 

(MCI) was higher in AMD patients than in controls (52.4% vs 26.8%; p<0.001), with an 

odds ratio (OR) of 3.127 (95% confidence interval, 1.855–5.271) after adjustment for age, 

education, and visual acuity [71]. The results suggested that patients with AMD, especially 

those with the geographic atrophy subtype (i.e. degeneration of the deepest cells of the retina 

in the most advanced (late) forms of dry AMD), are at greater risk for cognitive impairment 

than are non-AMD control subjects [71]. While these studies need to be expanded, much 

recent, independently derived data support the contention that different human populations 

have variable risk for disease due to different genetic backgrounds, lifestyle and other 

environmental factors; however the emerging epidemiological links between cognitive 

impairment and AMD in these early studies are remarkable [68–75].

9. Other inflammatory markers associated with drusen and senile plaques

Table 1 shows common constituents of AD senile plaque and AMD drusen. Other common 

components include complement proteins such as complement factor H (CFH), vitronection, 

the βAPP-associated proteins nicastrin, sortilin, TSPAN proteins, additional membrane-

associated lipids and membrane proteins involved in Aβ42 sensing, the innate-immune 

response and inflammatory signaling [56,57,60,62,67].

10. Environmental neurotoxins in AD and AMD – the possible involvement 

of aluminum

As explained below, it is tempting to speculate that the ubiquitous environmental neurotoxin 

aluminum may contribute to the neuropathology of both AD and AMD. Aβ42 peptide 
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monomers appear to be homeostatically cleared by microglial cells in part through a 

TREM2-TYROBP(DAP12)-mediated phagocytic mechanism [75–83]. When Aβ42 peptide 

monomers become overabundant or assume higher order dimeric or oligomeric structures, 

microglial cells appear to become limited in their ability to phagocytose [34–37,39,82,83]. 

Hence, any factors that promote Aβ42 peptide aggregation might be expected to promote 

amyloidogenesis. Environmentally abundant neurotoxic metals such as aluminum (at ~8% 

of the earth’s crust, an average of 3.3 M, the most abundant neurotoxic metal in the 

biosphere) are capable of aggregating Aβ42 peptide monomers into higher order structures 

at physiologically realistic concentrations, and aluminum is found at significantly higher 

concentrations within senile plaque cores in the AD brain [84–86]. Interestingly, 

combinatorial chelation strategies targeted to remove trivalent metals such as aluminum and 

iron (3+) from the CNS have been shown to be effective in reducing aluminum in the brain, 

both in in vitro studies using human brain cells in primary culture [86] and in early clinical 

trials [87,88]. The metal abundance and aluminum content of AMD retinal drusen is 

currently not known. It is noteworthy that aluminum is also capable of inducing the NF-kB 

sensitive, pro-inflammatory miRNA-34a that in turn down-regulates the expression of 

TREM2, and impairs the ability of normal microglial cells to effectively phagocytose Aβ42 

peptides, resulting in their aggregation [89,90].

11. Relationships between AD and AMD – roles for Aβ42 and sAPPα

A number of studies have demonstrated that Aβ42 peptides accumulate in the drusen of 

AMD patients and that this accumulation is associated with a functional reduction of vision 

[69,91–93]. Aβ42 accumulation is also seen in the retina of AD patients and in transgenic 

murine models of AD, and is currently being developed as an early AD biomarker 

[49,63,94]. Proteome analysis of drusen show accumulation of at least 36 proteins with 

considerable overlap between normal and AMD subjects suggesting that drusen formation in 

AMD may be an amplification or intensification of a naturally occurring process [95]. 

Interestingly, certain drusen from normally aging subjects (that slowly accumulate as a 

natural consequence of aging) do not exhibit extensive Aβ42 peptide abundance, suggesting 

that significant Aβ42 accumulation may be more characteristic of the pathology of AMD 

[3,96–99]. Animal models of AMD generated by high fat-cholesterol (HF-C) diets also 

accumulate amyloid and impaired retinal function can be partially mitigated by anti-amyloid 

therapies [95–97]. Deficits of Aβ42-generating BACE1 have been reported to result in 

another type of retinal degeneration involving vascular dysregulation and accumulation of 

age pigment [98]. Aβ42 is present in the vitreous and aqueous humors at significantly higher 

levels than in blood plasma suggesting that there are considerable amounts of this peptide 

generated within the eye itself [98,99]. Consistent with this finding, high levels of α-, β- and 

γ-secretase processing of βAPP is seen in both the retina and retinal pigment epithelial 

(RPE) cells [98,99]. In addition, Aβ42 levels are two-fold higher in the vitreous humor than 

in the aqueous humor consistent with the gradient of generation of Aβ42 in the retina and 

secretion into the vitreous humor followed by its clearance via Schlemm’s canal [99]. Levels 

of secreted βAPP cleavage products generated by α- and β-secretase activities are very low 

in the aqueous humor, but are extremely high in the vitreous humor, suggesting that βAPP 
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precursor is present at high levels in this compartment and that, unlike Aβ42, there may be a 

strong physiological barrier for its transport into the aqueous humor.

Further evaluation of the secreted βAPP catabolites have shown that there are high amounts 

of sAPPα generated by the non-amyloidogenic pathway and that sAPPα was mostly 

generated from the neuronal 695 amino acid form of βAPP [39,99]. However, the function 

of such high levels of sAPPα in the vitreous humor remains unclear; there is evidence that 

sAPPα in the brain is neuritogenic and neurotrophic [16–19,22,23,49]. Interestingly, βAPP-

knockout mice present a normal electroretinogram (ERG) pattern, suggesting that a virtual 

total loss of βAPP is well tolerated in this system (Prakasam and Sambamurti, unpublished 

observations). Further, high levels of Aβ42 peptides in the eye fluids and its efficient 

clearance suggest that multiple mechanisms of protein turnover or removal via microglial-

cell mediated phagocytosis failure can induce its accumulation [45,77–83]. If the 

accumulating Aβ42 peptides become excessive and toxic, it could be directly damaging to 

the retina and could serve as a useful pathological marker for the failure of Aβ42 peptide 

clearance. Excessive Aβ42 peptides may induce neurodegeneration due to the co-

accumulation of several potentially neurotoxic proteins that are cleared by common 

pathways. Some of these Aβ42 clearance pathways are initiated by several microglial-

enriched Aβ42 recognition and sensor transmembrane glycoproteins including the triggering 

receptor expressed in myeloid/microglial cells (TREM2) and the cluster of differentiation 

protein/sialic acid-binding immunoglobulin-like lectin CD33/Siglec [43,76–83,100–104]. 

Deficits in TREM2 and CD33 leading to an impairment in Aβ42 peptide phagocytosis have 

been observed in both AD and AMD and as such have been proposed to contribute to 

amyloidogenesis, heightened inflammatory response, synaptic dysfunction and related 

aberrant cell membrane and innate-immune processes [49,77–79,100–104; Zhao, 

Bhattacharjee and Lukiw; unpublished observations]. Interestingly, a number of studies 

using transgenic βAPP mice have failed to detect widespread retinal toxicity of Aβ42 

peptides (Prakasam and Sambamurti; unpublished observations), but vitreal injection studies 

lead to rapid retinal cell death - leaving open the question of endogenous versus direct and 

indirect, acute and chronic mechanisms of Aβ42 peptide toxicity [12,99–106].

12. Summary

It is clear that the senile plaque amyloids of AD and the retinal drusen of AMD share several 

basic compositional features with lesion cores significantly enriched in Aβ42 peptides and 

related amyloidogenic molecules. Whether the progressive deposition of Aβ42 peptides in 

AD and AMD is cause or effect is still somewhat open to speculation by many researchers. 

However, (i) gain-of-function gene mutations in the β- and γ-secretases that drive Aβ42 

generation in familial AD; (ii) the progressive, pro-inflammatory nature of senile plaque and 

drusen formation; (iii) temporal studies on Aβ42 abundance, maturation, speciation and 

conformation; and (iv) the fact that synthetic Aβ42 peptides, when added to healthy control 

neurons instill a robust pro-inflammatory response, suggest that the buildup of Aβ42 

peptides in the brain and retina is pathologically linked to each disease process [1,2,49,86–

90]. The involvement of not only Aβ42 peptides, but also the complex enzymatic systems 

necessary to generate them suggests that the progressively deposited lesions of both AD 

amyloid and AMD drusen possess a common disease mechanism involving multiple 
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membrane-associated secretases and the ancillary proteins required to make these secretases 

functional [3,4,107–110]. Indeed, the membrane proteolipid-mediated mechanisms of Aβ42 

peptide generation from βAPP holoproteins are complex, involving multiple βAPP 

processing enzymes and ancillary lipid raft domain membrane proteins including TREM2 

[3,4,45–47,76]. It is further informative to point out (i) that late stages of AD exhibit 

significant retinal pathway involvement including inflammatory neuropathology, altered 

innate-immune signaling and visual disturbances [82,110,111]; (ii) that Tg-AD mice 

engineered to overexpress Aβ42 peptide in the brain cortex also show significant and 

progressive Aβ42 peptide increases in their retina [63]; (iii) that deficiencies in CFH in both 

sporadic and genetic forms of AD and AMD are implicated in aberrant innate-immune and 

pro-inflammatory signaling in both AD and AMD [64–69]; (iv) that both the AD brain and 

the AMD retina exhibit highly selective increases in the same family of NF-kB-sensitive, 

inducible miRNAs including miRNA-9, miRNA-34a, miRNA-125b, miRNA-146a and 

miRNA-155, with known regulatory roles in pro-inflammatory signaling and the innate-

immune response [56,57,62,63]; (v) that patients with low levels of cognition are at 

increased risk for AMD [52,69]; and (vi) that patients with AMD may be at increased risk 

for mild cognitive impairment (MCI), widely thought to be the clinical precursor to AD, 

although it is still not entirely clear if persons with AMD are at increased risk for co-

occurring AD [52,68–71]. These fundamental links underscore multiple common 

mechanisms between Aβ42 peptide neurobiology in AD and AMD at the cellular, 

physiological, genetic, epigenetic and epidemiological levels. Lastly, a clearer understanding 

of the amyloidogenic, pro-inflammatory and altered innate-immune mechanisms of AD may 

have strong relevance to AMD retinal biology with the potential implementation of common 

pharmacological strategies directed toward the treatment and alleviation of each of these 

progressive, age-related diseases [62,94,95,109–112].
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Figure 1. βAPP signaling via the neurotrophic, amyloidogenic or phagocytic (clearance) 
pathways
– beta amyloid precursor protein (βAPP) is a glycosylated integral trans-membrane protein 

of ~695–770 amino acids (~80 kDa MW) that is acted upon by a series of secretases to 

generate a range of neuroactive peptides. For example, α-secretase activity in association 

with tetraspanin (TSPAN12) proximity, distintegrin and metalloproteinase protein 

ADAM10, and other accessory proteins cleave βAPP to generate a ~621 amino acid 

neurotrophic sAPPα peptide via the neurotrophic signaling pathway. Interestingly sAPPα is 

very abundant in the vitreous of the eye and in healthy brain cells, particularly in the 

extracellular space (ECF) [Bhattacharjee, Zhao and Lukiw; unpublished observations]. 

Alternate processing of βAPP by tandem beta- and gamma secretase (β, γ secretase) 

cleavage (in the presence of ancillary membrane proteins such as presenilin 1 (PS1) and 

other proteins can result in the generation of 37–43 amino acid Aβ peptides, the most 

common of which are the peri-vascular Aβ40 and peri-neuronal Aβ42; the Aβ40 and 

especially Aβ42 peptides self-aggregate to form dense senile plaque and retinal drusen 

deposits (yellow ovals); the natural accumulation and aggregation of Aβ40 and especially 

Aβ42 peptides are strongly amyloidogenic; certain neurotoxic trivalent elements such as 

aluminum and iron (Me+++) and perhaps other genotoxic metals in our environment appear 

to stimulate this aggregation while also promoting oxidative stress, inflammation and other 

neurotoxic effects [84–90]. Importantly, Aβ42 peptides added exogenously and acutely may 

activate different cellular responses than the more chronic endogenous generation of these 

peptides [69,91–93,99,106]. Normally Aβ42 peptides are efficiently removed by a 

phagocytosis clearance system involving in part the triggering receptor for myeloid/

microglial cells (TREM2), a variably glycosylated transmembrane sensor-receptor known to 

be enriched in the microglial cell plasma membrane. Signaling via the tyrosine kinase-

binding protein (DNAX activation protein 12) [TYROBP (DAP12)] accessory receptor 

results in phagocytosis and ultimately, removal of Aβ42 peptides (yellow ovals) from the 

extracellular space [78–81]; interestingly, TREM2 knockout/knockdown mice have 

attenuated immunological and inflammatory responses and/or increases in age-related 

neuroinflammatory markers and cognitive deficiency [33,78,82]; TYROBP knockout mice 

exhibit immune system deficits and an impairment in microglial cell differentiation [68,78]; 

insufficient TREM2 may be in part responsible for the inability to adequately phagocytose 

Aβ42 peptides, resulting in their buildup and self-aggregation in the extracellular space. 

Aβ42 peptide sensing and clearance may also be accomplished in part through the 

Zhao et al. Page 17

Mol Neurobiol. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



microglial-enriched transmembrane CD33/Siglec protein and others (see text); interestingly, 

like TREM2, CD33/Siglec exhibits decreased expression in peripheral mononuclear cells in 

AD [99,100]. Upper right inset: miRNA-34a has been found to be significantly increased in 

AD hippocampal CA1, superior temporal lobe, in stressed microglial cells and in the retina 

of transgenic AD murine models overexpressing Aβ42 peptides [63,77; Bhattacharjee, Zhao, 

Lukiw, unpublished observations); miRNA-34a targeting of the TREM2 mRNA 3′-UTR and 

TREM2 down-regulation appears to be in part responsible for this defect [45,77–

81,83,90,102,110]. Because miRNA-34a is encoded on an NF-kB-sensitive transcript, 

natural or synthetic anti-NF-kB and/or anti-miRNA strategies may be clinically useful in the 

restoration of homeostatic phagocytosis and the clearance of excessive Aβ42 peptides from 

the brain, CNS and retina in AD and AMD [39,74,75,111]. Black hatched lines between 

‘neurotrophic’ and ‘amyloidogenic’ and ‘amyloidogenic’ and ‘phagocytic (clearance)’ are 

drawn to delineate specific βAPP cleavage product pathways, however, in brain and retinal 

physiology these pathways are most likely to be highly integrated to achieve homeostasis in 

the βAPP-sAPPα-Aβ42 trafficking system (see text).
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Table 1

Common structural and pathogenic components associated with AD senile plaques and AMD retinal drusen

feature AD AMD reference

location of lesions (early stage) hippocampus, temporal lobe 
neocortex

retinal ganglion cells (RGC), 
photoreceptors [1–16]

location of lesions (late stage) hippocampus, temporal lobe 
neocortex, primary visual cortex

RGC, photoreceptors, subretina 
between Bruch’s membrane and 

the choroid
[1–16]

development of pathology age-related age-related [1–20]

lesions - nature dense, insoluble aggregates; 
misfolded proteins

dense, insoluble aggregates 
misfolded proteins [15–19]

lesions - type senile plaques and neurofibrillary 
tangles (NFT)

retinal drusen [15–19]

lesions-classification ‘dense deposit disease’ ‘dense deposit disease’ [16–18]

lesions - pathology disruptive to brain structure and 
function; pro-inflammatory

disruptive to retinal structure and 
function; pro-inflammatory [12–18]

shape of lesions roughly spherical oblong to roughly spherical [8–12]

size of lesions 20 to >100 um (diameter) 20–100 um (diameter) [8–15; unpublished]

major component of lesions βAPP derived Aβ peptides; Aβ40, 
Aβ42 peptide

βAPP derived Aβ peptides; 
Aβ40, Aβ42 peptide [23,26,39,51,91–95]

other components of lesions complement proteins, CFH, C-
reactive protein (CRP), 

apolipoprotein E (ApoE), 
angiogenic markers (VEGF), 

TREM2

complement proteins, CFH, 
CRP, apolipoprotein E (ApoE), 
angiogenic markers (VEGF), 

TREM2
[34–37,39, 91–95; unpublished]

lesion stain stain with thioflavin S and Congo 
Red

stain with thioflavin T, not 
Congo Red [16–19]

evidence of oxidative stress and 
ROS

surrounding senile plaques surrounding retinal drusen [38,86,87,95]

evidence of innate-immune 
deficits and inflammation

CFH and TREM2 down-
regulation

CFH and TREM2 down-
regulation [46,54,55,62–64,74–83]

glial reactivity activated microglia around senile 
plaques and NFT

activated microglia in subretinal 
space and around drusen [46,48,98–103,111]

common complement factor 
involvement

complement factor H (CFH) complement factor H (CFH) [50–57]

common miRNA involvement miRNA-9, miRNA-34a, 
miRNA-125b, miRNA-146a, 

miRNA-155, others

miRNA-9, miRNA-34a, 
miRNA-125b, miRNA-146a, 

miRNA-155, others
[62,107]

risk factors – lifestyle and 
environment

education, systolic blood 
pressure, total cholesterol level, 

diabetes mellitus, smoking status, 
apolipoprotein E genotype

education, systolic blood 
pressure, total cholesterol level, 

diabetes mellitus, smoking 
status, apolipoprotein E 

genotype

[69–71, 91–93]

genetic linkage - genes CFH deficits in sporadic AD CFH (Y402H) deficits in 
familial AMD [50–55,62–68]

genetic linkage – population and 
linkage studies

Logistic regression; controlling 
for age, sex, race, education, 
systolic blood pressure, total 

cholesterol level, diabetes 
mellitus, smoking status, and 

ApoE genotype, persons with low 
levels of cognition were more 

likely to have AMD (OR of 2.00; 
95% confidence interval, 1.29–

3.10)

rate of mild cognitive 
impairment (MCI) was higher in 
AMD patients than in controls 

(52.4% vs 26.8%; p<0.001), with 
an odds ratio (OR) of 3.127 

(95% confidence interval, 1.855–
5.271) after adjustment for age, 

education, and visual acuity;

[62–72,107–112]
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