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Abstract: 
 
PURPOSE:  
To investigate the parallels between age-related macular degeneration (AMD) and Alzheimer’s 
disease (AD) by 1) characterizing the distribution of macrophages in the retina and choroid of 
human post-mortem eyes and 2) examining the distribution of APOE alleles in autopsy cases 
with AMD and AD from various age groups. 
 
METHODS: 
1) Autopsy eyes were embedded in paraffin, sectioned, and stained with H&E. 
Immunohistochemistry against CD68+ and CD163+ was performed. Sections for 36 patients 
aged 65+ were graded using the Sarks AMD grading system. Photographs of the stained macular 
and peripheral sections of the retina and choroid were taken using a Vanox AHSB3 microscope 
at 10x magnification and a D800 Nikon camera. The number of macrophages visualized by the 
CD163+ and CD68+ IHC stains was manually counted. 
2) The medical history and genetics testing data were extracted from charts of 576 autopsy cases 
and cross-referenced with the histopathologically-determined AMD grade. The cases were split 
into cohorts based on the age at death and presence of AMD. The cause and age of death, APOE 
allele frequencies, and presence of AMD were compared between the cohorts and with the 
reported global allele frequency distribution of the APOE gene.  
 
RESULTS: 
Cells stained by CD68+ were mainly confined to the inner retina of both the macula and 
periphery. The number of CD68+ macrophages in the outer macula increased with AMD severity 
and differed significantly between normal (Sarks grade I) and intermediate (Sarks grade IV) 
(p=0.037) and normal and advanced (Sarks grade VI) AMD (p=0.013). CD163+ cells were 
confined almost exclusively to the inner retina in both the macula and periphery in normal cases 
and early AMD (Sarks grades I and II). The number of CD163+ macrophages in the outer retina 
increased with AMD severity. There was a significant difference in the number of CD163+ 
stained macrophages in the outer macula between Sarks grade I and grade IV eyes (p=0.007) and 
grade I and VI eyes (p=0.011). There were no differences between the average number of 
CD163+ stained choroidal macrophages in the macula and periphery for and across any Sarks 
AMD stages after correction for multiple comparisons. 
 
In the co-prevalence analysis, the proportions of neither APOE genotypes nor APOE allele 
frequencies significantly differed between the <65 and >70 cohorts (p³0.257). The APOE allele 
frequencies of the <65 cohort significantly differed from the reported global allele frequencies 
(p=0.010); those of the >70 cohort did not (p=0.237). In both the dementia and APOE-tested 
subgroups, patients in the >70 cohort were more likely to have AMD than those in the <65 
cohort (p<0.0001 and p=0.002, respectively). The proportion of individual APOE allele 
frequencies did not significantly differ between AMD and non-AMD cohorts (p³0.122). The 
distribution of APOE allele frequencies of the AMD cohort significantly differed from the global 
distribution (p=0.009), but that of the non-AMD cohort did not (p=0.063). Patients in the AMD 
cohort showed a higher frequency of the E4 allele (p=0.001) and patients in the non-AMD cohort 
showed a higher frequency of the E2 allele (p=0.031) than the global distribution of APOE 
alleles. 
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CONCLUSIONS: 
The alterations in the number and localization of retinal, but not choroidal, CD163+ stained 
macrophages in intermediate and advanced Sarks AMD stages suggest that these retinal 
macrophages may represent a marker for the progression of AMD and may be involved in its 
pathogenesis. The co-prevalence findings support the role of the APOE gene in early-onset AD 
and identify a potential shared genetic factor in AMD and AD with the APOE gene. Additional 
studies are warranted to elucidate the mechanisms behind the co-prevalence of AMD and AD 
and to further examine the role of the APOE gene in AMD pathogenesis. 
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Introduction 

Alzheimer’s disease (AD) and age-related macular degeneration (AMD) are the leading 

causes of disability (cognitive impairment and irreversible blindness, respectively) in the aging 

population of the developed world. Characterized by the loss of neurons and synapses in 

neocortical association areas and the hippocampus, AD accounts for two-thirds of the cases of 

dementia diagnosed in the United States (Katzman & Saitoh, 1991; Simic et al., 2016). The 

incidence of AD doubles every five years past the age of 65, rising from less than 2% of the 

population younger than 60 years to 30% of persons older than 85. The number of Americans 

with AD is expected to triple to 13.2 million by 2050 (Hebert, Scherr, Bienias, Bennett, & Evans, 

2003; Ohno-Matsui, 2011). AMD is caused by degenerative and neovascular changes in the 

macular area of the retina, leading to progressive vision loss. AMD affects over 2 million 

Americans; its prevalence is projected to increase to over 5 million cases by 2050 ((NEI), 2010; 

Kaarniranta, Salminen, Haapasalo, Soininen, & Hiltunen, 2011). Histopathologically, AMD and 

AD share many features: they are both characterized by the aggregation of protein deposits and 

irreversible neuronal damage, suggesting that neurodegenerative changes in the eye due to AMD 

may mirror neuronal changes in the brain in AD. This common loss of neuronal cells, paired 

with their clinical co-prevalence, patterns of inflammation and macrophage accumulation, and 

similar risk and genetic factors, may indicate a shared pathogenesis between the two aging-

related degenerative disorders. 

 The first indication of common pathobiology between AMD and AD is the clinical co-

prevalence of AMD with degenerative disorders of the central nervous system (CNS), especially 

AD. Cross-sectional and longitudinal population-based studies have shown that AMD patients 

have a greater prevalence of cognitive deficits than their peers, measured by performance on 
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cognitive function evaluations such as the mini-mental state evaluation. These same patients 

exhibited increased risk of dementia, even in the absence of detectable vision loss (Pham, Kifley, 

Mitchell, & Wang, 2006; Wong et al., 2002; Woo et al., 2012). Similarly, cohort-based studies of 

AD patients often report the development of visual abnormalities, including issues with visual 

memory, visual attention, motion perception, and object recognition (Jackson & Owsley, 2003; 

Klaver et al., 1999; Proitsi et al., 2012). The Blue Mountains Eye Study, a cross-sectional study 

of older Australians, found that 18% of patients with late AMD and 8.4% of patients with early 

AMD showed cognitive deficits, as compared to 2.6% of normal controls (Pham et al., 2006). 

Furthermore, AMD patients exhibited lower scores on cognitive tests than non-AMD patients, 

with lower scores correlating with the progression of AMD; other cross-sectional studies have 

reported that patients with the lowest cognitive function scores were twice as likely to exhibit 

signs of early AMD than normal controls (Baker et al., 2009; Wong et al., 2002; Woo et al., 

2012). The Rotterdam Study, a population-based analysis in the Netherlands, found that the 

incident risk of AD increased with progressively severe AMD status: approximately 3% for 

patients with early or no AMD and 10% for patients with advanced AMD (Klaver et al., 1999). 

Mouse models of AD exhibit neuronal degeneration in the retina, and human AD patients often 

report decreased vision, thought to be due to the thinning of the retinal nerve fiber layer, damage 

to the inner retina, and/or degeneration of the optic nerve (Ohno-Matsui, 2011). Smoking and 

atherosclerosis are highly implicated risk factors for the development of both disease processes; 

additional shared risk factors are aging, hypertension, obesity, hypercholesterolemia, and history 

of stroke (Kaarniranta et al., 2011; Klaver et al., 1999; Woo et al., 2012). The strong co-

incidence of AMD and cognitive impairment, manifested in AD, suggests that these two aging 

neurodegenerative disorders may have common pathways and etiology. 
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As noted, AMD and other neurodegenerative disorders share a common histology of 

cellular degeneration and accumulation of cellular deposits. Early changes in AMD are 

characterized by the accumulation of drusen, a combination of oxidized lipid and proteins in the 

sub-retinal pigment epithelium space, and associated visual dysfunction (D. H. Anderson et al., 

2004; R. E. Anderson, Rapp, & Wiegand, 1984; Rodrigues et al., 2011; Wong et al., 2002). 

Similarly, early AD is characterized by the accumulation of waste and formation of plaques and 

neurofibrillary tangles (NFTs) in the hippocampus and cortex, which are implicated in cell 

malfunction and ultimately neuronal death (Wong et al., 2002). The Sarks grading system is the 

most commonly used method of staging AMD; eyes are graded by the progressive development 

of a basal linear deposit under the retinal pigment epithelium (RPE), degeneration of the RPE, 

and later, atrophy and disciform degeneration [Table 1]. The progression of AMD is also 

characterized by the accumulation of drusen and changes in choroidal arteries that mirror similar 

arterial degeneration in the brain in AD (Sarks, 1976). 

The Braak & Braak staging system for AD evaluates the accumulation of NFTs and 

neuropil threads (NTs) resulting from cytoskeletal changes within pyramidal projection neurons. 

The stages are classified by the localization of deposits, with the transentorhinal region affected 

first, followed by the hippocampus and limbic system, and eventually the entire neocortex. 

Transentorhinal stages I and II are clinically silent, showing no detectable cognitive impairments. 

Intermediate limbic stages III and IV show spreading of NFTs and NTs from the transentorhinal 

region to the hippocampal formation and the temporal, frontal, and parietal neocortices without 

macroscopically detectable atrophy; these pathologic changes correlate with deficits in recent 

memory, spatial and temporal orientation, word recall, concentration, and comprehension. Due to 

the transentorhinal region’s role as a relay point for neocortical association areas and the 
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hippocampus, data transfer is impeded. It is at these stages that memory impairment, one of the 

first clinical signs of AD, appears, as well as other functional changes in cognition and 

personality (H. Braak & Braak, 1991; Heiko Braak & Braak, 1995; Gotz et al., 2004; Hyman et 

al., 2012). The severe neocortical stages V and VI exhibit substantial degeneration of the 

neocortical association areas and accumulation of large numbers of NFTs and NTs in almost all 

regions of the cerebral cortex, manifesting in significant defects in object recognition, perceptual 

skills, and motor skills. This severe destruction of the neocortex mirrors the processes of 

geographic atrophy (GA) and disciform scarring in AMD (H. Braak & Braak, 1991; Heiko Braak 

& Braak, 1995). Compared to normal aging, AD patients exhibit a three- to six-fold increase in 

the amount of neuronal loss. In some regions of the cortex, especially the temporal lobes, up to 

50% of the width and 80% of the cells are lost (Brun & Englund, 1981). The structure and 

composition of the cortex is also altered in AD; the cortex undergoes spongy degeneration as 

well as severe gliosis of local astrocytes and microglia (Brun & Englund, 1981; Scheltens et al., 

1995). Clinically, AD is often not detectable until its late stages, at which point extensive, 

irreversible neuronal damage has occurred. Biomarkers sensitive and specific to AD at the 

preclinical stage are necessary for the success of future treatments that can successfully prevent 

the onset of cognitive, behavioral, sensory, and motor deficits seen in end-stage AD and for 

differentiating AD from other potential causes of impairment (Asih et al., 2014; Humpel, 2011).  

AD is also characterized pathologically by the accumulation of extracellular amyloid-b 

(Ab) deposits and numerous hyperphosphorylated tau inclusions, which aggregate into plaques 

and NFTs, respectively (Clavaguera et al., 2009; Daulatzai, 2016a). Ab is a polypeptide formed 

by the proteolysis of the amyloid precursor protein (APP) into two isoforms, Ab-40 and Ab-42, 

the latter of which is much more likely to aggregate and may serve as a marker for AD in the 
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brain (Delacourte et al., 2002; Games et al., 1995; Gotz et al., 2004; Simic et al., 2016). These 

Ab deposits are neurotoxic and may lead to the formation of NFTs and apoptosis (Hardy & 

Higgins, 1992). One of the best-known hypotheses for the development of AD is the “amyloid 

cascade hypothesis,” which proposes that the gradual accumulation of Aβ in the brain leads to 

AD pathology; NFT accumulation, vascular damage, and the selective loss of neurons associated 

with memory and learning occur subsequently (Asih et al., 2014; Hardy & Higgins, 1992; 

Selkoe, 2001). Other common hypotheses are that AD represents an accelerated form of normal 

aging, supported by the presence of plaques and NFTs in normal aging controls at much lower 

densities than in AD patients, or that the presence of diffuse senile plaques (SPs) in the 

neocortices of the cognitively-intact elderly may represent a preclinical stage of AD that could 

have developed into AD with cognitive deficits had the subjects lived longer (Hensley et al., 

1995; Hulette et al., 1998).  

Structurally, the protein and lipid molecules that make up drusen are similar to those 

present in the deposits of AD and other amyloid disorders. Vitronectin has been found in both 

drusen and SPs, and likely is a component in the formation of protein aggregates (Kaarniranta et 

al., 2011). Aβ has been found in drusen, the hallmark extracellular deposit of AMD. In human 

post-mortem eyes, accumulations of Aβ were confined only to eyes with AMD pathology, and 

the amount of Aβ-positive drusen was directly correlated with advancing AMD stage and located 

where the degenerating RPE and photoreceptor cells were located (D. H. Anderson et al., 2004; 

Dentchev, Milam, Lee, Trojanowski, & Dunaief, 2003). RPE cells, which deposit drusen and 

contain APP, are thought to be the likely source of Aβ. The role of Aβ in drusen is still unclear – 

whether it participates in the cellular death process or is a result of cellular dysfunction. The Aβ 

in amyloid plaques has been hypothesized to increase the oxidative stress and amount of 
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inflammation in AD, and it may perform the same role in AMD (Dentchev et al., 2003). The 

accumulation of Aβ in the sub-RPE space may also lead to local inflammation, eventually 

resulting in the pathology of AMD: RPE atrophy, choroidal neovascularization (CNV), death of 

photoreceptors, and ultimately loss of vision (D. H. Anderson et al., 2004). Aβ has also been 

implicated in the imbalance of angiogenic factors vascular endothelial growth factor (VEGF) and 

pigment epithelium-derived factor (PEDF), which are thought to contribute to AMD pathology. 

As evidence, mice with a disrupted neprilysin gene, which normally degrades Aβ, display up-

regulation of VEGF and down-regulation of PEDF in the RPE, leading to RPE degeneration and 

the formation of deposits (Ohno-Matsui, 2011). Interestingly, the Aβ aggregations in drusen are 

not morphologically similar to Aβ plaques of the brain, indicating that the Aβ in drusen may not 

be the ocular version of Aβ plaques in the brain. Nevertheless, Aβ may still play an important 

role in the inflammation and apoptosis seen in AMD eyes (D. H. Anderson et al., 2004). While 

the exact mechanism for the formation of these extracellular deposits in AMD and AD remains 

unknown, the pathology of both degenerative diseases seems tightly linked with a decreased 

ability in clearing cellular debris and/or decreased metabolic activity.  

Studies have shown increased numbers and activity of monocytic cells (macrophages and 

microglia) in many neurodegenerative diseases. These cell populations have been hypothesized 

to perform phagocytic functions and play a role in inflammation (Cao et al., 2011). Most of the 

microglia within the CNS are yolk sac-derived, whereas many subpopulations of macrophages 

are bone marrow-derived (Guillemin & Brew, 2004). Macrophages typically express 

differentiation antigens, such as CD68+, which can be useful in visualizing the subpopulations of 

macrophages present in the retina. CD68+ is a glycoprotein marker which binds to low density 

lipoprotein and is found in cytoplasmic granules (Holness & Simmons, 1993). In addition to 
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CD68+, a newly discovered type of differentiation antigen – CD163+ – has been known to stain 

larger numbers and a wider variety of macrophages, especially bone marrow-derived infiltratory 

macrophages (Penfold, Madigan, & Provis, 1991; Skeie & Mullins, 2009). 

Preliminary studies of human post-mortem eyes have identified distinct localizations and 

varying densities of particular types of macrophages throughout the retina in addition to multiple 

microglial subpopulations (Yang, Das, & Kijlstra, 2000). Recent studies of human post-mortem 

eyes and models of induced AMD in rodents have shown that retinal macrophages and microglia 

are central to the progression of AMD and that the accumulation of macrophages in the outer 

retina is associated with visual deficits seen with AMD (Caicedo, Espinosa-Heidmann, Pina, 

Hernandez, & Cousins, 2005; Gupta, Brown, & Milam, 2003; Lad, Cousins, & Proia, 2016; Lad, 

Cousins, Van Arnam, & Proia, 2015). This retinal inflammation seen in AMD may be similar to 

neural inflammation seen in brains with AD. Animal research has implicated retinal 

macrophages as a key component of AMD. Murine studies of retinal dysfunction in laser-

induced CNV have shown significantly increased density and recruitment of immunoreactive 

macrophages and microglia with the activation of surrounding retinal glial cells (Caicedo, 

Espinosa-Heidmann, Hamasaki, Pina, & Cousins, 2005). In human autopsy eyes, increases in the 

number and changes in the localization of CD163+ macrophages from the inner retina to the 

outer retina and subretinal spaces correlated with increasing severity of AMD (Lad et al., 2015). 

Similarly, these monocytic cells have been demonstrated to play a crucial role in the immune and 

inflammatory mechanisms in other retinal degenerative diseases, such as glaucoma and diabetic 

retinopathy, implicating inflammation as a major mechanism in the pathogenesis of AMD 

(Caicedo, Espinosa-Heidmann, Hamasaki, et al., 2005; Caicedo, Espinosa-Heidmann, Pina, et 

al., 2005). Further investigation of the resident microglia in the retina has shown that microglia 
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are predominantly localized near retinal vasculature in normal eyes, but tend to be larger and 

migrate to outer nuclear regions of the retina in human post-mortem subjects with AMD. It has 

been hypothesized that, as in other degenerative disorders of the CNS, the microglia are activated 

in response to neuronal degradation and receptor death in order to remove cell debris (Gupta et 

al., 2003). 

In addition to retinal inflammation, inflammatory changes of the choroid have also been 

implicated in the pathogenesis of AMD. The neovascular, or exudative, form of AMD, also 

called “wet” AMD, is characterized by abnormal angiogenesis of choroidal blood vessels in the 

sub-retinal space, resulting in potential hemorrhage, scarring, and accelerated loss of vision. 

Although atrophic, non-exudative, or “dry” AMD is far more common than exudative AMD, the 

neovascular form is responsible for 90% of significant vision loss due to AMD (Chen, Zhong, 

Liang, Gu, & Peng, 2014). The choroid is the vascular layer that supplies blood, oxygen, and 

nutrients to the outer two-thirds of the retina, including the RPE and photoreceptors, as well as 

much of the rest of the eye (I. a. G. A. L. Bhutto, 2014; Nickla & Wallman, 2010). While a 

reduction in the choriocapillaris is associated with GA in late-stage dry AMD, the choroid plays 

a much larger role in the pathogenesis of exudative AMD through the development of CNV and 

choriocapillaris death (I. a. G. A. L. Bhutto, 2014; Virgili & Bini, 2007). Angiogenesis is one of 

the primary mechanisms of CNV membrane formation in exudative AMD. Macrophages and 

other inflammatory cells, such as lymphocytes, plasma cells, and mast cells, have been found in 

the choroid and especially around choroidal neovascular membranes in AMD patients; 

macrophages in human neovascular tissue have been shown to express VEGF, which facilitates 

angiogenesis (X. Ding, Patel, & Chan, 2009; Grossniklaus et al., 2002; Lopez et al., 1991; 

Penfold, Killingsworth, & Sarks, 1985). Indeed, experimental reduction of macrophages in mice 
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showed dramatically diminished size, vascularity, and cellularity of CNV lesions (Espinosa-

Heidmann et al., 2003). These studies suggest that bone marrow-derived macrophages may be 

integral to the formation and progression of CNV and chronic inflammation seen in neovascular 

AMD (Galimi, Summers, van Praag, Verma, & Gage, 2005). 

Another explanation for the co-prevalence and common pathology of AMD and AD is 

shared genetics. It is well-established that the two main risk factors for AD are aging and family 

history (Daulatzai, 2016a; Katzman & Saitoh, 1991). Children of AD patients exhibit enhanced 

inflammatory responses and a larger production capacity of pro-inflammatory cytokines, 

elevating their predisposition and susceptibility to AD with age (van Exel et al., 2009). There are 

two main forms of AD, early-onset familial AD and late-onset AD, although disagreement 

remains as to which is more influenced by genetic factors (Katzman & Saitoh, 1991). Between 

70 to 80% of the risk of developing AD is genetic; some of the genes implicated are the APP 

gene, MAPT, PSEN1 and PSEN2, the HLA and IPMK loci, and the Apolipoprotein E (APOE) 

gene (Brendza, Bales, Paul, & Holtzman, 2002; Connie, Jana, Elke, Andrew, & Rohan, 2010; 

Gatz et al., 1997; Simic et al., 2016; Sturchler-Pierrat et al., 1997; Yokoyama et al., 2016). The 

APOE gene has been unanimously confirmed as a risk gene for the development of dementia and 

AD (Gotz et al., 2004). Located on chromosome 19, the APOE gene has three common alleles in 

humans: E2, E3, and E4 (Adams et al., 2012; Gotz et al., 2004). The ApoE protein is produced 

by glial cells and involved in lipid transport, especially in mobilizing and redistributing lipids, 

maintaining and repairing neuronal cell membranes, and re-innervating damaged areas (Gotz et 

al., 2004; Klaver, Kliffen, et al., 1998). However, ApoE is also associated with degenerative 

diseases (Klaver, Kliffen, et al., 1998). The heritance of AD appears to be autosomal dominant, 

with the APOE E4 allele conferring a 5- to 20-fold increased risk for developing AD (Gotz et al., 
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2004; Simic et al., 2016). Each additional copy of the E4 allele increases the risk of AD 5.5-fold, 

and the mean age of onset decreases from 84 years to 68 years with an increasing number of 

APOE E4 alleles (Corder et al., 1993; Williams et al., 2015). The E4 polymorphism has been 

linked to 90% of AD cases under the age of 65 and 60% of cases over the age of 65 (J. D. Ding 

et al., 2008; Klaver, Kliffen, et al., 1998). Furthermore, up to 90% of individuals homozygous 

for the E4 allele are likely to develop AD by age 80 (Corder et al., 1993). In contrast, the risk of 

AD has been shown to be lowest in individuals with the E2/E3 genotype, with the E2 allele 

conferring protective effects against the development of AD (Corder et al., 1994). The opposite 

direction of effects for the E4 and E2 alleles supports the integral involvement of APOE in the 

pathogenesis of AD. Specifically, the ApoE protein products seem to be involved in the clearing 

of Ab debris, rather than increasing Ab production (Brendza et al., 2002; Simic et al., 2016). 

ApoE has also been found in SPs of AD brains, and overexpression of ApoE E4 in mice causes 

tau hyperphosphorylation in neurons, another key pathological characteristic of AD (McGeer, 

Klegeris, Walker, Yasuhara, & McGeer, 1994; Tesseur et al., 2000). The APOE gene may also 

be involved in increasing antioxidant enzyme activity in response to oxidative stress to reduce 

DNA damage and neurodegeneration (van Exel et al., 2009). 

Heredity also appears to have a notable influence on AMD risk: AMD has a higher 

occurrence among monozygotic twins and first-degree relatives than unrelated individuals, and 

the lifetime risk of developing AMD is 50% for relatives of AMD patients as compared to 12% 

for relatives of controls (Klaver, Wolfs, et al., 1998; Seddon, Cote, Page, Aggen, & Neale, 

2005). Furthermore, relatives of AMD patients typically develop the symptoms and pathology of 

AMD at a younger age than unrelated individuals (Klaver, Wolfs, et al., 1998). The contributions 

of particular genes are much less certain for the development of AMD than for AD; however, 
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genes such as CFH (which accounts for approximately 50% of the genetic risk in AMD), CFB, 

ARMS2/HTRA1, C2, C3, and recently, APOE have been shown to contribute to the 

pathogenesis of AMD (J. D. Ding et al., 2008; Klaver, Kliffen, et al., 1998; Le Fur et al., 2010; 

Seddon, Reynolds, Yu, Daly, & Rosner, 2011). APOE gene polymorphisms exhibit significant 

association with AMD, although studies disagree on the direction and extent of the risk. Cohort 

studies have shown that the frequency of the E4 allele is significantly lower in AMD patients 

than controls, whereas the frequency of the E2 allele is slightly higher (Bojanowski et al., 2006; 

Zareparsi et al., 2004). Numerous studies report that subjects with the E4 allele have between 40-

70% less risk of developing AMD than those homozygous for the ancestral E3 allele; these 

protective effects do not seem to vary by family history (Baird, Guida, Chu, Vu, & Guymer, 

2004; Klaver, Kliffen, et al., 1998; Zareparsi et al., 2004). Individuals with the E2/E3 genotype 

had a significantly earlier mean age of AMD diagnosis (3.4 years) compared to the E3/E3 

genotype; this was most evident in women and those with exudative AMD (by 3.9 and 4.7 years, 

respectively) (Baird et al., 2004). These results suggest that the APOE E4 allele may play a 

protective role and/or delay the age of AMD onset, whereas the E2 allele lowers the mean age of 

diagnosis. Overall, most studies appear to show an opposite directionality for APOE alleles in 

AD and AMD, with the E4 allele conferring decreased risk and E2 allele conferring increased 

risk of AMD (Klaver, Kliffen, et al., 1998; Logue et al., 2014). This reversed risk pattern for the 

APOE E4 allele in AMD may indicate that the gene serves a different role in the retina than in 

the CNS (Klaver, Kliffen, et al., 1998). However, other clinical studies hypothesize a more 

nuanced involvement of the APOE gene in AMD. Numerous studies have found minimal 

association between the APOE E2 allele and increased risk of developing AMD, some argue that 

the APOE polymorphisms mediate different effects based on AMD sub-type, and others found 
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no association between APOE genotype and risk of early or exudative AMD (Baird et al., 2004; 

Bojanowski et al., 2006; Klaver, Kliffen, et al., 1998; Schmidt et al., 2000; Sun et al., 2011). 

Clearly, there is much to be elucidated regarding the role of APOE polymorphisms in AMD risk.  

Normally, APOE is expressed in photoreceptor cells, retinal ganglion cells, Bruch’s 

membrane, and RPE cells. As a cholesterol transporter, it has been hypothesized that the ApoE 

protein assists in the process of lipid efflux from RPE cells and lipid transport across Bruch’s 

membrane, helping to maintain retinal function (Bojanowski et al., 2006; Ishida et al., 2004; 

Klaver, Kliffen, et al., 1998; Schmidt et al., 2005; Wellington, 2004). Furthermore, ApoE may be 

involved in the process of retinal membrane renewal, as there is high turnover of photoreceptor 

membranes in the macula; failure of this process to work normally may result in AMD (Klaver, 

Kliffen, et al., 1998). In AMD pathology, ApoE staining is present in two characteristic 

pathological markers of AMD – drusen and basal laminar deposits – consistent with the 

involvement of ApoE in other neurodegenerative and systemic pathologies, such as AD and 

atherosclerosis (Ishida et al., 2004; Klaver, Kliffen, et al., 1998; Wellington, 2004). Studies have 

suggested that disruption of ApoE function may lead to the aggregation of deposits between the 

Bruch’s membrane and RPE, resulting in the lipid deposits of drusen. The disruption of clearance 

mechanisms that remove the accumulation of lipid debris at Bruch’s membrane compromises the 

integrity of Bruch’s membrane and may be a key step in the pathogenesis of AMD (Kaarniranta 

et al., 2011; Tuo et al., 2004). It has been hypothesized that the inability of the ApoE E4 protein 

to form dimers, unlike the E2 and E3 variants, may lead to easier transport and enable enhanced 

clearance of lipids through Bruch’s membrane, in effect reducing the accumulation of lipids and 

cellular waste (Kaarniranta et al., 2011; Souied et al., 1998).  
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Additionally, the pathogeneses of AMD and AD seem to involve both proteasomal and 

lysosomal dysfunction, leading to impaired protein clearance and the formation of drusen and 

amyloid plaques (Kaarniranta et al., 2011). Inflammation is also an integral part of the AMD 

disease process. C-reactive protein (CRP) is a systemic inflammatory marker that is often 

associated with drusen; CRP is expressed in significantly higher levels in intermediate and 

advanced AMD patients (Seddon, Gensler, Milton, Klein, & Rifai, 2004). The APOE E3 allele is 

associated with elevated CRP levels in dyslipidemic patients, whereas the presence of an E4 

allele reduces CRP levels by 34% (Judson et al., 2004). Furthermore, recombinant ApoE 

suppresses CCL2 (a chemokine) and VEGF (a cytokine) in cultured human RPE cells, with the 

E4 variant suppressing inflammation more than the E3 variant (Bojanowski et al., 2006). In all, 

the involvement of ApoE in the clearance of lipids, changes to the Bruch’s membrane, and 

inflammation support the findings that the APOE E4 allele is associated with decreased risk of 

AMD.  

As of now, there is still much to be learned about AMD and AD. Both AD and AMD 

share similar pathological processes, such as the accumulation of aggregated proteins and lipids, 

cell degeneration and death, inflammation, oxidative stress, and the breakdown of cell clearance 

mechanisms. Recent research has shown an increase in the number and size of bone marrow-

derived macrophages, as opposed to the resident yolk sac-derived macrophages, in the outer 

retina and subretina of AMD patients, with significant differences between early, intermediate, 

and severe stages of AMD (Lad et al., 2015). Furthermore, nearly all the attention on 

macrophage populations in the choroid has focused exclusively on the exudative form of AMD; 

choroidal macrophages in non-exudative AMD are virtually unexplored. 
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Accordingly, a large-scale examination of the macrophage populations in the retina and 

choroid is necessary to fully characterize the distribution of macrophages in human post-mortem 

eyes across the various stages of AMD. Furthermore, a comprehensive look at the clinical co-

prevalence of AMD and AD and the influence of the APOE gene is necessary to gain a better 

understanding of the pathogenesis of AMD, AD, and their shared disease processes. By 

characterizing the retinal macrophage subpopulations in post-mortem eyes across various stages 

of AMD; investigating the histopathological and inflammatory changes in the retina throughout 

the progression of AMD; and examining the cognitive deficits, prevalence of AD, and the 

associated genetics in a variety of post-mortem populations, the goal of this project is to use 

histopathological analysis to investigate the co-prevalence of AMD and AD, shedding light on 

the similarities in cellular inflammation and neurodegeneration in these two debilitating aging-

related diseases.  
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Methods 

Histopathological Analysis 

Autopsy eyes of patients age 65 and older were analyzed for the study. Dr. Alan Proia, 

M.D., Ph.D, Professor and prior chief of the autopsy service in the Department of Pathology, 

obtained clinical color fundus photographs of the retina from autopsy eyes and made the AMD 

diagnoses in most of the eyes post-mortem due to a lack of clinical ophthalmic history. The eyes 

were graded by Drs. Proia and Eleonora Lad, M.D., Ph.D. using the Sarks AMD grading system 

(Sarks, 1976) prior to being embedded in paraffin and sectioned at 5 µm. Eyes with glaucoma 

and other non-AMD detectable macular pathologies were excluded from the study. The best 

foveal/macular sections were stained with hematoxylin and eosin and CD68+ and CD163+ 

immunostains by the clinical pathology laboratory. Seven eyes with normal retinal anatomy and 

28 eyes with varying stages of AMD were chosen for this study. 

Photographs of the stained macular and peripheral sections were taken using a Vanox 

AHSB3 microscope at 10x magnification and a D800 Nikon camera. All the macular fields, 

identified by the presence of a multi-layer ganglion cell layer, were imaged, as well as one retinal 

peripheral field, obtained by imaging the second field after the end of the multi-layered ganglion 

cell layer. Both the inner and outer regions of the macula and periphery were photographed, with 

the inner retina defined as the retinal nerve fiber layer, ganglion cell layer, inner plexiform layer, 

and inner nuclear layer; the outer macula was defined as the outer plexiform layer, outer nuclear 

layer, and the pigmented layer to the Bruch’s membrane [Figure 1]. The cases were de-identified 

and randomized for quantification in a blinded fashion. The number of macrophages stained with 

the CD68+ and CD163+ IHC stains were manually counted using the count tool function of 

Photoshop software, only counting the stained macrophages with a visible cell body. The cell 
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numbers were input into an Excel spreadsheet, and after quantification was complete, the cases 

were re-identified and sorted by AMD grade. The average number of macrophages in the inner 

and outer macula and periphery and the standard error of the means were computed, and graphs 

comparing the normal (Sarks grade I) and varying stages of AMD for both the CD68+ and 

CD163+ stains, as well as comparisons between the CD68+ and CD163+ stains within each 

AMD grade, were created. Basic statistics comparing the number of macrophages present in the 

outer macular region of the retina between Sarks grade I controls and varying Sarks stages were 

computed with t-tests for unpaired means.  

Using the same procedure, autopsy eyes of 36 patients age 65 and older, including 7 

normal eyes and 29 eyes with varying stages of AMD, were evaluated for the localization and 

characterization of macrophages in the choroid. The choroid was defined as the vascular tissue 

below the Bruch’s membrane above the sclera [Figure 2]. The number of macrophages in the 

choroid visualized with CD163+ IHC stain were manually counted using the count tool function 

of Photoshop software, only counting the stained macrophages with a visible cell body. After 

quantification, the average number of CD163+ stained macrophages in the macular and 

peripheral regions of the choroid and the standard error of the means were computed, and graphs 

comparing the normal (Sarks grade I) and varying stages of AMD were created. Basic statistics 

comparing the number of macrophages present in the macular and peripheral regions of the 

choroid between the varying Sarks stages were computed with t-tests for unpaired means and 

compared to the previously calculated results for retinal macrophages. 
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Epidemiological Analysis  

 The medical history, histopathologically-determined Sarks AMD grade, and APOE 

genetic testing data were extracted from the medical records and autopsy reports in MAW3 of 

352 patients who died at the age of 65 years or younger (“<65 cohort”) and 224 patients who 

died at age 70 or older (“>70 cohort”) whose autopsies were performed at Duke University 

Medical Center. APOE genotype and AMD stage were compared in separate analyses as cohorts 

separated by age at death and by presence of AMD. Statistical analyses were performed with 

ANOVA testing to analyze the age of death, X2 Goodness of Fit tests to compare sample 

distributions against the global APOE allele distribution reported by Eisenberg, Kuzawa, & 

Hayes (2010), and t-tests for one and two proportions for the cause of death, individual APOE 

allele proportions, and AMD analyses.  
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Results 

Quantification of Retinal Macrophages 

For the study, 7 normal eyes (Sarks grade I) and 28 eyes with varying levels of AMD 

from patients 65 years of age and older (range: 68-98) were identified [Table 2]. The population 

was primarily white (67.65%) and female (64.71%), and the predominant comorbidities were 

diabetes (20.59%) and hypertension (38.24%). The average time interval from post-mortem to 

fixation of the tissue was 28.8 hours (range: 6.5-70.3) [Table 3]. In all Sarks AMD grades, there 

was a notably larger number of CD163+ cells than CD68+ cells, with negligibly small numbers 

of macrophages stained by the marker CD68+ in normal controls, especially in the outer regions 

of the macula and periphery [Figure 3]. Immunohistochemistry against both CD68+ and CD163+ 

showed a marked increase in the number of macrophages in the outer macula and periphery 

between normal controls and intermediate-advanced AMD cases (Sarks grades IV-VI). CD68+ 

cells were mainly confined to the inner retina of both the macula and the periphery, although the 

number and size of macrophages in the outer macular region increased notably as AMD 

increased in severity. In early AMD (Sarks grades I and II), cells stained by CD163+ were 

confined almost exclusively to the inner retina in both the macula and periphery. As the severity 

of AMD increased, there were higher numbers of CD163+ macrophages in both the inner and 

outer regions of the retina, with a notable increase in the number of macrophages present in the 

outer macula and outer periphery [Figure 4]. Statistical analysis identified a significant 

difference in the number of CD68+ macrophages in the outer macula between normal (Sarks 

grade I) and intermediate (Sarks grade IV) (t=2.4447, p=0.0371) and normal and advanced 

(Sarks grade VI) AMD (t=3.0032, p=0.0133), as well as a statistically significantly difference in 

the number of macrophages stained by CD163+ in the outer macula between Sarks grade I and 
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grade IV eyes (t=3.5263, p=0.0065) and Sarks grade I and grade VI eyes (t=3.1375, p=0.0106). 

Furthermore, there was a significant difference in the number of CD163+ macrophages in the 

outer periphery between Sarks grade I and grade VI eyes (t=2.3977, p=0.0375).  

 

Quantification of Choroidal Macrophages 

 For the study, 7 normal eyes (Sarks grade I) and 29 eyes from various stages of AMD 

from patients 65 years of age and older (range: 68-98) were identified [Table 4]. The population 

was primarily white (68.57%) and female (62.86%), and the predominant comorbidities were 

diabetes (20.00%) and hypertension (40.00%). The average time interval from post-mortem to 

fixation of the tissue was 28.5 hours (range: 6.5-70.3) [Table 5]. The average number of CD163+ 

macrophages in the macula and the periphery was similar between all Sarks stages. This trend 

also held true when comparing the average choroidal macrophage counts in the macula and 

periphery across all Sarks AMD stages [Figure 5]. There appeared to be no difference in the 

localization and number of choroidal macrophages in the macular region as compared to the 

periphery. Statistical analysis failed to identify any significant differences between the average 

number of CD163+ macrophages in the macula versus periphery for any Sarks AMD stage 

[Table 6]. Furthermore, no significant differences across any of the Sarks AMD stages were 

found for choroidal macrophages in either the macula or the periphery with the exception of the 

Sarks III versus Sarks IV comparison in the macula (p=0.0251) and the Sarks I versus Sarks V 

comparison in the periphery (p=0.0395). However, none of these values remained significant 

after correction for multiple comparisons using the Bonferroni correction [Table 7].  
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Epidemiological Cohort Analysis by Age at Death 

Within the <65 cohort, 18 patients (5.11%) had dementia, of whom 10 (55.56%) had their 

APOE genotype tested. In the >70 cohort, 109 patients (48.66%) exhibited signs of dementia, of 

whom 11 (10.09%) had their APOE genotype tested [Table 8]. The mean age of death did not 

significantly differ among subgroups of the <65 cohort (p=0.052), but was significantly lower for 

the APOE-tested subgroup of the >70 cohort (81.4 years versus 86.4 years for the dementia 

subgroup and 85.8 years for the full cohort; p=0.033) [Figure 6]. Patients in the <65 cohort were 

significantly more likely to expire due to AD-related causes, such as metabolic wasting 

secondary to AD, than those in the >70 cohort (p=0.0134). The older cohort was shown to be 

more likely to expire from pneumonia, infection, or cardiac and/or respiratory failure [Table 9]. 

The proportions of APOE genotypes and allele frequencies did not significantly differ between 

the <65 and >70 cohorts (p³0.2567) [Tables 10-12; Figures 7 and 8]. The APOE allele 

frequencies of the <65 cohort differed significantly from the global allele frequencies reported by 

Eisenberg, Kuzawa, & Hayes (2010) (X2=9.21, p=0.0100), whereas those of the >70 cohort did 

not (X2=2.88, p=0.2369) [Table 13; Figure 9]. The number of E4 alleles and the age of death 

were associated by a moderately strong negative linear relationship in the <65 cohort (r = -

0.5683), but not in the >70 cohort (r = +0.2174) [Figure 10]. In both the dementia and APOE-

tested subgroups, patients in the >70 cohort were more likely to have AMD than those in the <65 

cohort (p<0.0001 and p=0.002, respectively) [Table 14]. There was a slight trend towards higher 

Braak & Braak grades with increasing Sarks stage [Figure 11]. Furthermore, there was a slight 

trend of more advanced AD and AMD staging with an increasing number of APOE E4 alleles, 

but these trends did not reach statistical significance due to the small sample size [Figure 12]. 
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Epidemiological Cohort Analysis by Presence of AMD 

 Of the 21 patients who had APOE genetic testing performed, 7 had an AMD diagnosis 

and/or posthumous pathological evidence of AMD and 14 did not have an AMD diagnosis or 

posthumous pathological evidence of AMD. Individual APOE allele frequencies did not 

significantly differ between the AMD and non-AMD cohorts (p³0.1219) [Table 15]. The 

distribution of APOE allele frequencies of the AMD cohort significantly differed from the global 

distribution (X2=9.46, p=0.0088), but that of the non-AMD cohort did not (X2=5.53, p=0.0630) 

[Table 16; Figure 13]. Patients in the AMD cohort had a higher frequency of the E4 allele 

(p=0.0013) and lower frequency of the E3 allele (p=0.0274), and those in the non-AMD cohort 

had a higher frequency of the E2 allele (p=0.0307) and lower frequency of the E3 allele 

(p=0.0191) than the global distribution. 
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Discussion 

Prior studies characterizing the distribution of macrophages in the retina across varying 

levels of AMD have been limited both in number as well as by a lack of comprehensive 

examinations with sufficient sample sizes, with almost all tending to be qualitative, as opposed to 

quantitative, investigations. Furthermore, no studies have conducted a large-scale investigation 

of the quantification and characterization of macrophages in the choroid across all stages of 

AMD, including the neovascular and atrophic forms of AMD. Perhaps one reason for the lack of 

studies on this topic is ongoing debates as to how to quantify these macrophage populations and, 

more importantly, a lack of appropriate markers. The macrophage cell populations of the retina 

are difficult to visualize, as retinal macrophages are a very heterogeneous cell population. Many 

of the macrophages in the retina have gone undetected for decades, that is, until the relatively 

recent discovery of the CD163+ marker (Penfold et al., 1991; Skeie & Mullins, 2009). By 

establishing systematic methods throughout our study for the process of quantifying 

macrophages in the macula and periphery and by utilizing the novel CD163+ 

immunohistochemical marker, we conducted the largest characterization to date of the 

macrophage populations in the retina and choroid of human post-mortem eyes with varying 

levels of AMD. 

Our histopathology results displayed notable changes in the abundance and localization 

of retinal macrophages stained by CD163+ in eyes with intermediate/advanced AMD, with 

markedly greater numbers of infiltrating macrophages in the retinas of human eyes with 

intermediate/advanced AMD than in normal controls and early AMD eyes. The CD163+ IHC 

marker stained cells in the inner retinas of all eyes examined, although accumulation of 

macrophages was greatest in areas displaying signs of advanced AMD, such as GA, CNV, and 
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disciform scarring. The macrophage infiltration patterns into the outer retina paralleled the 

progression of AMD through its stages. In the choroid, our results revealed no significant 

differences between the average number of CD163+ stained macrophages in the macular and 

peripheral regions within and across any of the Sarks AMD stages once corrected for multiple 

comparisons. These results suggest that retinal macrophages are a more reliable histopathological 

biomarker for the progression of AMD than choroidal macrophages.  

These macrophages are thought to be a major contributor, if not the cause, of the thinning 

and disruption of the Bruch’s membrane, attracted by hard drusen and the accumulation of 

retinal debris. Clinical studies of post-mortem human eyes have shown that normal eyes did not 

express signs of macrophage recruitment to Bruch’s membrane, whereas the presence of thick 

continuous basal laminar deposits and soft drusen was associated with such recruitment 

(Cherepanoff, McMenamin, Gillies, Kettle, & Sarks, 2010). Other clinical and pathological 

studies of human eyes have demonstrated that the presence and degree of macrophage 

recruitment varied according to the Sarks AMD grade: inflammatory macrophages were absent 

in normal aging eyes (grades I-II); macrophages accumulated in the Bruch’s membrane with 

clinical evidence of intermediate AMD (grades III-IV), especially with soft drusen and basal 

laminar deposits; and advanced AMD showed macrophages distributed near the periphery of GA 

(grade V) and present in high numbers in eyes with disciform scars (grade VI) (Cherepanoff et 

al., 2010; Sarks, 1976). The basal laminar deposits (i.e. retinal debris) that accumulate on the 

Bruch’s membrane over the course of AMD may recruit macrophages from the choroid or inner 

retina. In serving to remove waste from the macula, the macrophages may enzymatically degrade 

the Bruch’s membrane, implicating this macrophage recruitment process in the progression of 

AMD (Killingsworth, Sarks, & Sarks, 1990; Skeie & Mullins, 2009). 



 

 

27 

The increased presence of retinal macrophages with increasing severity of AMD supports 

the idea that inflammation is a key process in the pathogenesis of AMD. Previous studies of 

human post-mortem eyes have corroborated such a role for inflammation, with macrophages 

serving as the primary infiltrating inflammatory cells in the progression of the disorder (Yang et 

al., 2000). Prior research has pointed to choroidal macrophages and retinal microglia as some of 

the major immune mediators in the pathology of AMD, with an emphasis on para-inflammation. 

Para-inflammation is a tissue response to harmful stress, and in the case of AMD, it may serve as 

a protective response to age-related damage of the photoreceptors and RPE (Chen et al., 2014). 

Normally, the subretinal space does not contain local immune cells, but with age, the para-

inflammatory immune response activates the complement system in response to free-radical 

damage, resulting in a large-scale subretinal migration and eventual accumulation of 

macrophages and microglia in the subretinal space and choroid. Under pathological conditions, 

sustained para-inflammation – including up-regulation of inflammatory genes and increased 

production of cytokines – can result in damage to the macula, breakdown of the blood-retinal 

barrier, vascular damage, and loss of vision (Xu, Chen, & Forrester, 2009). The presence of free 

radicals and oxidized proteins in AMD lesions are the primary tissue stressors that activate para-

inflammation (Kamei et al., 2007; Xu et al., 2009). Macrophages present in CNV lesions 

typically express “scavenger receptors” for these oxidized lipoproteins, which may enable them 

to target regions with oxidative damage and remove cellular debris (Kamei et al., 2007). 

Ultimately, this para-inflammatory response is part of the larger activation of the complement 

system and overall inflammation proposed to be intimately involved with the pathogenesis of 

both the non-exudative and exudative forms of AMD (Nita, Grzybowski, Ascaso, & Huerva, 

2014).  
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Neuroinflammation has similarly been implicated in AD. Activated microglia, the innate 

immune cells of the CNS, are closely associated with amyloid fibrils and NPs and are increased 

in the diseased neocortex (Katzman & Saitoh, 1991; Markesbery, 1997). The distribution of 

immunoactive microglia in post-mortem human brains follows that of AD pathology, with the 

greatest numbers of microglia in the hippocampus and inferior parietal lobule. Microglia can be 

activated in response to multiple stimuli, perhaps the most notable being inflammatory 

interleukins (Hensley et al., 1995). More than half of the proteins associated with Ab deposits are 

directly linked with the inflammatory system, particularly the opsonizing and activating 

components of the complement system (McGeer et al., 1994). Physiologically, inflammation is 

an adaptive response used to remove pathogens and debris from apoptosis, but pathologically, 

there is an imbalance between homeostatic repair and inflammatory processes that can lead to 

neurodegeneration, cognitive decline, and the development of AD. Inflammation is also involved 

in the normal process of aging, but levels of inflammatory mediators are 2-4 times higher in AD 

patients than in normal controls. Brain pathology causes microglial activation, upregulating the 

synthesis of pro-inflammatory mediators, and the chronic inflammatory environment promotes 

vascular inflammation and neuroinflammation, ultimately resulting in cell injury and subsequent 

death (Daulatzai, 2016a). The hippocampus is particularly vulnerable to these cytokines, and 

systemic inflammation is associated with memory impairment and the development of AD 

(Daulatzai, 2016a; Rogers et al., 2011).  

Numerous studies have examined the effects of lipopolysaccharide (LPS) injection, a 

component of bacterial membranes known to elicit a strong immune response, to investigate the 

role of inflammation in cognitive function and AD pathology. LPS injection into rat brains 

increased production of pro-inflammatory cytokines in the hippocampus, affecting memory 
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consolidation through a similar pathway as in AD (Chapman, Barrientos, Ahrendsen, Maier, & 

Patterson, 2010; Daulatzai, 2016b; Zhu et al., 2014). Inflammation, particularly in response to 

infection, has also been shown to reduce BDNF levels, causing deficits in long-term memory and 

synaptic plasticity. BDNF is crucial for the protection of neurons in response to infection and for 

maintaining synaptic plasticity in the hippocampus (Cortese, Barrientos, Maier, & Patterson, 

2011). Infection and aging also block LTP induction in the rat hippocampus, suggesting that a 

combination of health insults and aging can lead to severe, early-stage failures in synaptic 

plasticity and substantial memory deficits (Chapman et al., 2010; Zhu et al., 2014). Levels of 

pro-inflammatory cytokines correlated with changes in Ab influx; LPS injection in mouse 

models was shown to promote the production of higher levels of Ab-42 in the hippocampus, 

leading to cognitive defects (Jaeger et al., 2009; Kahn et al., 2012). 

Since inflammation is a major process in both AMD and AD, activation of the 

complement system seems highly implicated in the pathogenesis of both age-related 

degenerative disease processes. The complement system, a part of the innate immune system, has 

three distinct pathways: classical, alternative, and lectin. Regulation of the complement system is 

crucial for normal homeostatic functioning in tissues, and this regulatory duty and suppression of 

inflammation is performed by a group of complement proteins. The main component of SPs – 

Aβ – has been identified in drusen along with molecules of the complement system, including 

complement system activation products, such as C3a, C5, and C5b-9 proteins, complement 

activators like complement factor (CF) H, CD35, and CD46 proteins, and complement regulators 

in the choroid and regions of CNV, confirming the role of inflammation and activation of the 

complement system in the deposition of drusen (D. H. Anderson et al., 2004; P. S. Bora et al., 

2005; Kaarniranta et al., 2011; Nita et al., 2014; Ohno-Matsui, 2011; Skeie, Fingert, Russell, 
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Stone, & Mullins, 2010; J. Wang et al., 2008). Patients with advanced stages of AMD display 

high levels of CRP and diminished levels of CF H, which may result in unchecked activation of 

the complement system and macular damage (I. A. Bhutto et al., 2011). Animal models of CNV 

showed that mice who developed severe, premature CNV had down-regulation of CD59, a 

complement regulatory protein; blockage of the alternative pathway during complement 

activation attenuated CNV (N. S. Bora et al., 2007; N. S. Bora et al., 2006). Exposure of 

cytokines expressed by T cells has been shown to promote apoptosis and CNV, indicating that 

activation of both the innate and the adaptive immune systems may be implicated in AMD 

pathogenesis (Knickelbein, Chan, Sen, Ferris, & Nussenblatt, 2015). Similarly, SPs contain these 

activated components of the complement system and inflammatory mediators. It is thought that 

the presence of Aβ activates microglial cells in AD and macrophages near the RPE in AMD by 

secreting inflammatory mediators (Kaarniranta et al., 2011). Aβ aggregates are known to activate 

microglial cells in AD, and these activated cells have been visualized on plaques and in the 

surrounding areas, leading to neuronal cell death. Similarly, the chronic inflammation resulting 

from continued activation of the complement system by Aβ may result in a large-scale migration 

of macrophages from the inner retina to the RPE and Bruch’s membrane, leading to structural 

and neovascular changes, dysfunction of the RPE cell layer, increased inflammation, and 

ultimately degradation of the RPE (Ohno-Matsui, 2011).  

It appears that the pathogenesis of AMD is closely tied to the alternative complement 

pathway, although the pathway involved in AD remains to be determined (Proitsi et al., 2012). 

Polymorphisms of CF H and CF B, regulators of the alternative complement pathway, are major 

genetic factors contributing to AMD (J. D. Ding et al., 2008; Kaarniranta et al., 2011; J. Wang et 

al., 2008). The presence of Aβ in drusen and RPE cells has also been tied to the alternative 
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complement system. Studies in neprilysin gene-disrupted mice have shown that the presence of 

Aβ not only inhibits the degradation of C3b, a protein mediator of the complement system, but 

also decreases the amount and blocks the activity of CF H and CF I, leading to unregulated 

activation of the complement system and chronic inflammation (Ohno-Matsui, 2011; J. Wang et 

al., 2008). Genetic association studies of single nucleotide polymorphisms revealed moderately 

significant associations between AD and CF H, although in an opposite direction to that for CF 

H and AMD, indicating that some of the same loci of the complement system may be implicated 

in both AMD and AD, but the models are not the same and there may not be a simple shared 

genetic mechanism for the development of the two disease processes. However, both AMD and 

AD exhibit up-regulation of the specific miRNAs that down-regulate CF H and normally prevent 

irregular activation of the complement system and unnecessary inflammation, resulting in 

activation of the complement pathway and inflammatory degeneration (Lukiw, Surjyadipta, Dua, 

& Alexandrov, 2012). Another possible explanation is that alternative complement pathway 

activation is a key process in the pathogenesis of AMD, but plays a much smaller role in AD; the 

comorbidity of the two diseases may be due more to shared environmental and lifestyle factors 

than genetic ones (Proitsi et al., 2012). Regardless, it appears that the abnormal activation of the 

complement pathway and resulting inflammation are triggered by Aβ and are important in the 

pathogenesis of AMD (J. Wang et al., 2008). 

As noted, AMD and AD are often not detectable until their late stages, at which point 

extensive, irreversible neuronal damage has occurred. There are myriad different biomarkers 

being investigated for AD, although each is still in its infancy stages of being verified: ELISA 

measurements of Ab, tau, and phospho-tau in the cerebrospinal fluid have been shown to 

diagnose probable AD with a high level of sensitivity and specificity; high concentrations of 
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CRP may be predictive of dementia and cognitive decline; and the plasma levels of cell adhesion 

molecules, such as VCAM-1 and ICAM-1, appear to be increased in AD patients (Asih et al., 

2014; Humpel, 2011). In identifying useful biomarkers, it is important to note that it is much 

more feasible, less expensive, and safer to visualize the retina than the brain. Optical coherence 

tomography (OCT) is a recently developed method of non-invasively imaging cross-sections of 

the retina, in essence serving as a “virtual biopsy” in living organisms (Huang et al., 1991). 

Spectral-Domain Optical Coherence Tomography (SD-OCT) has been shown to be more 

sensitive than color fundus photography in identifying AMD pathologic features such as drusen, 

RPE loss, and GA that are associated with vision loss and advanced AMD (Leuschen et al., 

2013). Macular hyperpigmentary changes seen on color fundus photography, which are 

associated with increased risk of advanced AMD, have been spatially correlated with intraretinal 

hyperreflective foci (HRF) on SD-OCT (Folgar et al., 2012; Ho et al., 2011; Klein et al., 2007; 

van Leeuwen, Klaver, Vingerling, Hofman, & de Jong, 2003; J. J. Wang, Foran, Smith, & 

Mitchell, 2003). HRF are discrete, well-circumscribed lesions with greater reflectivity than the 

RPE and may represent RPE cell migration (Ho et al., 2011). The presence, proliferation, and 

migration of HRF to the inner retina seen on SD-OCT were associated with greater incidence of 

GA at two year follow-up, indicating that HRF may serve as biomarkers for the progression of 

AMD (Christenbury et al., 2013). One potential mechanism connecting inflammation and HRF 

may be that cellular debris from degenerating RPE cells gets sequestered between Bruch’s 

membrane and the basal lamina, generating a local chronic inflammatory stimulus that attracts 

inflammatory mediators like TNF-a, RPE cells, and blood-derived macrophages (D. H. 

Anderson, Mullins, Hageman, & Johnson, 2002; Jin, He, Worpel, Ryan, & Hinton, 2000). The 

combination of oxidative damage, complement activation, and injury to RPE cells activates 
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macrophages to release inflammatory mediators (Christenbury et al., 2013; Jin et al., 2000). In 

mouse models of AMD, the migration of retinal microglia into the subretinal space induced 

changes in RPE cell structure and function through an increased inflammatory response, 

ultimately leading to the pathological changes responsible for vision loss in AMD (Ma, Zhao, 

Fontainhas, Fariss, & Wong, 2009). Thus, there appears to be substantial evidence supporting the 

role of microglia-RPE interactions in the pathogenesis of AMD. Similarly, the accumulation of 

plaques and deposits in the brain may generate a chronic inflammatory response that 

“exacerbates the effects of primary pathogenic stimuli” in AD (D. H. Anderson et al., 2002). 

Interestingly, retinal changes such as the accumulation of retinal Aβ can be detected via retinal 

imaging earlier than plaques in the brain can be visualized, suggesting that retinal imaging can be 

used to detect early biomarkers for AD (Koronyo-Hamaoui et al., 2011; Ohno-Matsui, 2011). 

These potential retinal biomarkers should continue to be explored for early diagnosis of both 

AMD and AD. 

 The epidemiological analysis of cohorts separated by age at death showed that the APOE 

allele distribution of the <65 cohort, but not the >70 cohort, differed from the reported global 

APOE allele frequencies, supporting our hypothesis that the <65 cohort may have a greater 

genetic predisposition to AD. In contrast to our hypothesis, no significant differences in the 

APOE genotypes or allele frequencies were detected between the <65 and >70 cohorts, although 

this may be a result of the very small sample size of cases in each cohort that had APOE 

genotype testing performed. The genetic involvement for the younger cohort was further 

corroborated by the moderately strong negative linear relationship between the number of E4 

alleles and the age of death in the <65 cohort, whereas the >70 cohort showed only a weak 

association between number of APOE E4 alleles and age at death. Of note, patients in the APOE-
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tested subgroup of the >70 cohort were on average significantly younger at death than the rest of 

the >70 cohort (81.4 years versus 86.4 years for the dementia group and 85.8 years for the full 

cohort). This may be an artifact of selection bias: those with a more aggressive form of dementia 

may be more likely to have APOE genotype testing performed during their lifetime. Sixty 

percent of the <65 cohort expired due to AD-related causes, such as metabolic wasting secondary 

to AD, as compared to 9% of the >70 cohort. The older cohort was more likely to expire from 

pneumonia, infection, and cardiac and/or respiratory failure. This suggests that the form of AD in 

the <65 cohort may be more aggressive, or that patients in the >70 cohort lived long enough for 

other fatal health problems to emerge. Finally, patients in the dementia and APOE-tested 

subgroups were more likely to have AMD than patients in the <65 cohort. It is unclear at the 

moment whether the greater prevalence of AMD is due to the genetic involvement of the APOE 

gene or simply age. The results of this analysis are in accordance with the literature arguing for 

the role of the APOE E4 allele in early-onset AD (Perez-Tur et al., 1995; van Duijn et al., 1994). 

This supports the use of our database in the following analyses investigating the role of the 

APOE gene in cohorts separated by the presence of AMD. 

The epidemiological analysis of cohorts separated by presence of AMD showed that the 

distribution of APOE allele frequencies of the AMD cohort significantly differed from the global 

distribution, whereas that of the non-AMD cohort did not. These results implicate the APOE 

gene not only in early-onset AD, but also potentially in AMD, with a higher prevalence of the E4 

allele in the AMD cohort and higher prevalence of the E2 allele in the non-AMD cohort. Thus, 

the clinical co-prevalence of AMD and AD may be partly explained by shared genetic risk 

factors. Interestingly, these results are in opposition to the majority of previous epidemiological 

studies, which report an opposite direction of effect for AMD and AD: the APOE E4 allele 
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conferring decreased risk and the E2 allele conferring increased risk of developing AMD (Baird 

et al., 2004; Bojanowski et al., 2006; Klaver, Kliffen, et al., 1998; Logue et al., 2014; Zareparsi 

et al., 2004). However, studies disagree as to whether the effects vary by AMD subtype, as some 

studies show greater protective effects for atrophic AMD (Baird et al., 2004; Klaver, Kliffen, et 

al., 1998).  

Other studies show a more nuanced involvement of the APOE gene in the development 

of AMD. While most studies agree that the APOE E4 allele confers a protective effect against 

AMD, a number of clinical genotyping studies, typically with 300-600 subjects, have found no 

or only a very weak association between the E2 allele and increased risk of AMD, both restricted 

to the familial and early-onset forms of AMD (Bojanowski et al., 2006; Schmidt et al., 2000). A 

study on the association of the APOE gene and AMD in a Chinese cohort of over 700 

participants showed no evidence of an association of APOE polymorphisms with early or 

exudative AMD, suggesting that the effects of the APOE gene may vary across ethnic groups 

and that it is less likely to be a major AMD susceptibility factor in the Chinese population. 

However, the lack of a significant association may also be due to a lower-occurring frequency of 

the E4 allele in the Chinese population as compared to Caucasians (8.7% versus 12.4-17.9%, 

respectively) (Sun et al., 2011). From a pathogenic perspective, the APOE E4 genotype has been 

associated with increased microglial activation in the brains of mouse models of Ab deposition 

(Rodriguez, Tai, LaDu, & Rebeck, 2014). Altay et. al found an association between increased 

intraretinal HRF, the potential retinal biomarker detected on SD-OCT discussed earlier, and the 

APOE E4 genotype (Altay et al., 2016). These results provide support for an important 

relationship between APOE genotype, inflammatory processes, and AMD risk. 



 

 

36 

However, it is important to note that the APOE gene does not act in isolation; rather, 

gene-environmental interactions dictate the pathogenesis and development of AMD. Smoking is 

strongly associated with late AMD, and the association between AMD and the APOE gene 

appears to vary by smoking status, although clinical studies disagree with regards to the direction 

of involvement for each allele (Adams et al., 2012; Schmidt et al., 2005). In addition, 

multivariate models have found associations between AMD, age, family history, and BMI 

(Seddon et al., 2011). When given a high fat, cholesterol-rich diet, aged mice expressing the 

APOE E4 allele develop CNV, whereas expression of the E4 allele without a high fat diet results 

in only mild retinal changes. This may be due to the inability of the ApoE E4 transporter to 

handle a high cholesterol diet, effectively preventing it from correctly regulating cholesterol 

homeostasis (Malek et al., 2005). Undeniably, both “nature” and “nurture” factors play a 

significant role in the development of AMD. Further studies are needed to elucidate the effects of 

environmental factors and APOE gene polymorphisms on risk of developing AMD. 

Another potential explanation for the discrepancy between these results and the majority 

of those in the published literature is clinical diagnostic bias. Clinicians may show bias in testing 

for APOE genotype and AMD only in patients with severe or unexpected symptoms, and 

accordingly, medical records may not note these diseases in their early stages before such 

symptoms become prominent. Most, if not all, the studies reporting an association between the 

APOE E4 genotype and decreased risk of AMD relied on solely epidemiological data, including 

fundus photography, fluorescein fundus angiography, and clinical ophthalmic diagnoses (Baird 

et al., 2004; Klaver, Kliffen, et al., 1998; Logue et al., 2014; Schmidt et al., 2000; Sun et al., 

2011; Zareparsi et al., 2004). However, as noted earlier, signs of early AMD typically may not 

be detected clinically without concurrent psychophysical testing of rod and cone receptor 
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function or via histopathological diagnosis. By histopathologically examining post-mortem eyes 

and including cases with early and early-intermediate AMD, this study’s dual histopathological-

epidemiological approach enabled a more accurate analysis of the relationship between APOE 

genotype and AMD progression.  

 One potential limitation of our histopathological study was the methodological 

assumption that the macrophages responsible for the pathogenesis and progression of AMD were 

stained by the IHC markers used in the study – namely, CD68+ and CD163+. While prior 

research has found that CD163+ stains a wide variety of blood-derived macrophages implicated 

in AMD, it is possible that there are other types of macrophages that play an important role in 

AMD and are not detected by the IHC markers used (Lad et al., 2015; Yang et al., 2000). If this 

is the case, future studies could incorporate additional stains into a similar methodological 

framework to best visualize the retinal macrophage populations that may contribute to AMD. 

Another limitation impacting cell counts was the use of the best sections through the macula 

from each eye, as opposed to an equal number of evenly spaced sections. Future studies should 

incorporate a standardized number and spacing of sections to allow for stereologic cell counts.  

The histopathological analysis of choroidal macrophages may have also been limited by 

the relatively small number of exudative AMD specimens in our AMD-AD database. Ideally, we 

would use a much larger database with a significant number of exudative AMD cases to examine 

the macrophage localization and quantifications for atrophic and neovascular AMD separately 

across the various stages of AMD, as significant comparisons in this study may be hidden by a 

lack of differences in the number of choroidal macrophages for the non-exudative AMD cases. 

Further investigation is required to better characterize the macrophage populations and determine 

the precise role of retinal and choroidal macrophages in the progression of both non-exudative 
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and exudative AMD. More generally, investigation into the pathogenesis of AMD may elucidate 

similar pathogenic mechanisms in other neurodegenerative disorders characterized by 

inflammation, such as AD. 

In the epidemiological study, the greatest limitation was sample size. Even though a total 

of 712 cases were initially examined, only 576 of those cases could be found. Of those, only 21 

of the cases had APOE testing performed. Accordingly, there were numerous variables that 

appeared to have a substantial effect size but did not reach statistical significance. Furthermore, 

due to the rather small sample size of cases with APOE testing performed, the data did not meet 

the minimum expected counts required for the X2 Goodness of Fit test. The X2 test statistics and 

p-values are reported here, but the results should be interpreted with caution. To ensure that the 

statistical significance reflects the effect size and that statistical analyses are accurate, future 

studies should include a much larger original sample size. 

 As mentioned above, future studies should also explore potential biomarkers to detect 

early-stage AMD and AD. The investigation of intraretinal subretinal drusenoid deposits (SDDs) 

or HRF detected on SD-OCT is an exciting avenue of research, correlating the identification of 

retinal biomarkers found in living patients to the histopathological findings reported in this study 

linking retinal macrophages and inflammation to AMD severity (Christenbury et al., 2013; 

Folgar et al., 2012; Zarubina et al., 2016; Zweifel, Imamura, Spaide, Fujiwara, & Spaide, 2010). 

However, it is still unclear whether these HRF are RPE cells themselves or macrophages that 

have become pigmented after phagocytosing degenerating RPE cells. Future studies should 

investigate these SDDs or HRF through a careful OCT-histopathology correlation to determine 

their origin, providing further insights into the pathological mechanisms of AMD. 
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 This study was novel in its breadth and the large number of cases utilized to characterize 

and quantify the macrophage populations in the progression of AMD and is the largest and most 

comprehensive study to date. Overall, the increased numbers and distinct localizations of 

macrophages stained by the CD163+ IHC stain corroborate the key role of retinal, but not 

choroidal, macrophages and inflammatory processes in the pathogenesis and disease progression 

of AMD, although the exact details of the pathogenic mechanisms in the progression of AMD 

remain unknown. This study was also unique in its dual histopathological and epidemiological 

approach to the co-prevalence of AMD and AD and investigation of the role of the APOE gene 

in AMD. While most studies rely solely on epidemiological evidence, the inclusion of 

histopathological analysis permitted a more clear and objective investigation into the 

inflammatory processes underlying the pathogenesis of AMD and the genetic factors underlying 

the co-prevalence of AMD and AD, ultimately providing a more comprehensive understanding 

of the clinical link between AMD and AD than previous studies. 

 Evidently, there is no simple histopathological or genetic link between AMD and AD, 

and the disease processes are likely contributed to by a multitude of factors. The similar 

progressive pathological development of AD and AMD corroborate the fact that the retina is an 

extension of the brain and that the brain and eye undergo similar aging changes. The common 

histology, clinical pathology, and involvement of various factors – inflammation, the 

complement system, and Aβ – indicate there is still much to the puzzle to be solved. Further 

investigations into the pathogenesis of AMD and AD may lead to a better understanding of 

shared pathogenic mechanisms, and the field shows promise for the identification of retinal 

biomarkers to be used in the detection of early-stage AMD and AD and development of novel 

treatments for both debilitating neurodegenerative disorders. 
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Tables and Figures: 

Age-Related Macular Degeneration (Sarks grading) 
I No basal linear deposit, intact photoreceptors and RPE 
II Patchy basal linear deposits, intact photoreceptors, slightly distorted RPE 
III Thin continuous basal linear deposit under macula, photoreceptors separated from 

RPE 
IV Thick continuous basal linear deposit, attenuated RPE, patchy photoreceptor loss, 

narrowed and wide-spaced choroidal capillaries 
V Basal linear deposit with loss of overlying RPE and patchy photoreceptor loss; CNV 

may be present 
VI Disciform degeneration, visible scarring with occasional cuticular material, 

fibrovascular invasion of choroid 
 
Table 1: Table of Sarks Stages. Adapted from Sarks (1976).  
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Figure 1: CD163+ IHC-stained images for the grading of retinal macrophages. Figure 1 
shows examples of two macular sections that were stained with CD163+ IHC stain, imaged, and 
quantified for retinal macrophages. Fig. 1A is from a normal control case (Sarks grade I), and 
Fig. 1B is from a case with advanced (Sarks grade VI) AMD. 
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Figure 2: CD163+ IHC-stained images for the grading of choroidal macrophages. Figure 2 
shows an example of a macular section that was stained with CD163+ IHC stain, imaged, and 
quantified for choroidal macrophages. This picture is from a case with advanced (Sarks grade 
VI) AMD, characterized by disciform scarring and choroidal neovascularization. 
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Sarks Stage Number of Eyes (CD68+) Number of Eyes (CD163+) 
I 7 7 
II 6 6 
III 6 6 
IV 4 4 
V 6 7 
VI 6 5 

 
Table 2: Distribution of Sarks grades for IHC stained eyes in the retinal macrophage 
quantification phase. 
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Number of Subjects 35 
Age range (years) 68-98 
Race (% white) 67.65 
Average post-mortem interval in hours 
(range) 

28.8 (6.5-70.3) 

Gender (% male) 35.29 
Diabetes (% Y) 20.59 
HTN (% Y) 38.24 

 
Table 3: Table of demographics for cases included in the retinal macrophage 
quantification. Note that although 35 cases were included in this phase of the study, 
demographic information was only obtainable for 34 of the cases.  
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Figure 3: Comparison of CD68+ stained and CD163+ stained macrophages in the retina in 
early (Fig. 3a) and late (Fig. 3b) AMD. In both early (Sarks grade I) and late-stage (Sarks grade 
V) AMD, the number of CD68+ stained macrophages remained fairly constant across the inner 
and outer macula and periphery. The number of CD163+ stained macrophages in the outer 
macula increased substantially with the progression of AMD. Note the substantially larger 
number of CD163+ stained macrophages as opposed to CD68+ stained macrophages. In the 
figure, dark grey columns represent CD68+ stained cells, and light grey columns represent 
CD163+ stained cells. 
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Figure 4: Comparison of different IHC-stained macrophage quantifications in the retina 
for early and intermediate/late AMD. Figure 4 shows the average number of macrophages in 
the inner and outer retinal layers of the macula and periphery between Sarks I (normal) and Sarks 
IV/VI (intermediate/advanced) stages. There was a significantly increased average number of 
CD163+ stained macrophages in the outer macula in the Sarks IV and VI stages (p=0.007 and 
p=0.011, respectively) and outer periphery in the Sarks VI stage (p=0.038), as well as an 
increased average number of CD68+ stained macrophages in the outer macula in Sarks IV and 
VI stages (p=0.037 and p=0.013, respectively). Note the substantially larger number of CD163+ 
stained macrophages as opposed to CD68+ stained macrophages. 
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Sarks Stage Number of Eyes (CD163+) 
I 7 
II 7 
III 6 
IV 4 
V 7 
VI 5 

 
Table 4: Distribution of Sarks grades for eyes stained with CD163+ stain for the choroidal 
macrophage quantification phase. 
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Number of Subjects 36 
Age range (years) 68-98 
Race (% white) 68.57 
Average post-mortem interval in hours 
(range) 

28.5 (6.5-70.3) 

Gender (% male) 37.14 
Diabetes (% Y) 20.00 
HTN (% Y) 40.00 

 
Table 5: Table of demographics for cases included in the choroidal macrophage 
quantification. Note that although 36 cases were included in this phase of the study, 
demographic information was only obtainable for 35 of the cases.  
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Figure 5: Comparison of choroidal macrophages in the macula and periphery across AMD 
stages. No significant differences in the average number of CD163+ stained choroidal 
macrophages were found in the macular and peripheral regions (p≥0.094), unlike the retinal 
macrophages [Fig. 3&4]. Light gray columns represent the average CD163+ stained choroidal 
macrophage counts per field in the macula, and the darker grey columns signify the average 
CD163+ stained choroidal macrophage counts per field in the periphery. 
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Sarks I Sarks II Sarks III Sarks IV Sarks V Sarks VI 
0.2004 0.6374 0.0942 0.2072 0.2068 0.5918 

 
Table 6: P-values for macula versus periphery within each Sarks AMD stage for choroidal 
macrophages. The average number of CD163+ stained choroidal macrophages in macular 
sections did not significantly differ from that in the corresponding peripheral sections for any of 
the Sarks AMD stages.  
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  Sarks I Sarks II Sarks III Sarks IV Sarks V Sarks VI 
Sarks I   0.5615 0.4261 0.1722 0.8535 0.6972 
Sarks II 0.2727   0.9123 0.2676 0.4864 0.8286 
Sarks III 0.6303 0.4583   0.0251 0.2984 0.8451 
Sarks IV 0.2718 0.9827 0.4059   0.1737 0.2078 
Sarks V 0.0395 0.4469 0.0731 0.7711   0.5876 
Sarks VI 0.0539 0.4116 0.0857 0.4255 0.8162   

 
Table 7: P-values for macular and peripheral comparisons across Sarks AMD stages. P-
values for the comparisons of choroidal macrophages in the macula are in the upper right corner, 
and p-values for the peripheral comparisons are in the lower left corner. Only the Sarks grade III 
versus Sarks grade IV comparison in the macula and the Sarks grade I versus Sarks grade V 
comparison in the periphery reached statistical significance at the p=0.05 level. None of these 
values remained significant once corrected for multiple comparisons using the Bonferroni 
correction.   
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 < 65 Cohort > 70 Cohort 
All Cases with Data 352 224 

Cases with dementia/AD 18/352 = 0.0511 109/224 = 0.4866 
Cases with APOE testing from 

those with dementia/AD 
10/18 = 0.5556 11/109 = 0.1009 

 
Table 8: Prevalence of dementia and proportion of cases with APOE genetic testing 
performed in cohorts of human autopsy cases aged <65 years and >70 years at death. 
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Figure 6: Average age of death by cohort and in the dementia and APOE-tested subgroups. 
APOE genotype-tested patients were significantly younger than the rest of the >70 cohort 
(p=0.033). The age of death did not differ among subgroups of the <65 cohort (p=0.052). 
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Cause of Death < 65 Cohort > 70 Cohort P-value 
AD-related 0.60 0.09 0.0134 

Non-AD-related 0.40 0.91 0.0134 
    

Cause of Death < 65 Cohort > 70 Cohort P-value 
AD-related 0.6 0.090909091 0.0134 

Brain 0.1 0.090909091 0.9434 
Accident 0.1 0 0.2825 
Infection 0.1 0.272727273 0.3141 
Unknown 0.1 0.272727273 0.3141 

CV/Respiratory 
failure 

0 0.272727273 0.0745 

 
Table 9: Cause of death by cohort. Patients in the <65 cohort were significantly more likely to 
expire from AD-related causes than those in the >70 cohort. 
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Genotype < 65 Cohort > 70 Cohort P-value 
E2/E2 0.111111111 0 0.2567 
E2/E3 0.111111111 0.090909091 0.8809 
E3/E3 0.333333333 0.545454545 0.3429 
E3/E4 0.222222222 0.181818182 0.8222 
E4/E4 0.222222222 0.181818182 0.8222 
E2/E4 0 0 N/A 

 
Table 10: APOE genotype frequency by cohort. There were no significant differences 
between the cohorts for any genotype. One case in the <65 cohort documented “no E4 alleles 
present” but did not include the genotype, and thus was not included in these calculations.  
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Figure 7: Distribution of APOE genotypes by cohort. There were no significant differences 
between cohorts for any genotype (p≥0.257).  
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Patients with __  
E4 alleles 

< 65 Cohort > 70 Cohort P-Value 

0 0.6 0.636363636 0.8642 
1 0.2 0.181818182 0.9155 
2 0.2 0.181818182 0.9155 

 
Table 11: Prevalence of APOE E4 alleles by cohort. There were no significant differences in 
the number of E4 alleles between cohorts.  
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Allele < 65 Cohort > 70 Cohort P-value 
E2 0.166666667 0.045454545 0.3686 
E3 0.5 0.681818182 0.409 
E4 0.333333333 0.272727273 0.7686 

 
Table 12: APOE allele frequencies by cohort. The proportions of the APOE allele frequencies 
did not significantly differ between the <65 and >70 cohorts (p≥0.369). 
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Figure 8: Distribution of APOE allele frequencies by cohort. The proportions of the APOE 
allele frequencies did not significantly differ between the <65 and >70 cohorts (p ≥ 0.369). 
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APOE Allele Allele Frequency in 
< 65 Cohort 

Global APOE Allele 
Frequency 

Allele Frequency in 
> 70 Cohort 

E2 0.166666667 0.064 0.045454545 
E3 0.5 0.783 0.681818182 
E4 0.333333333 0.145 0.272727273 

 
X2 GOF Test Statistic X2 = 9.21 - X2 = 2.88 

P-Value 0.0100 - 0.2369 
 
Table 13: Comparison of APOE allele frequencies against the reported global APOE allele 
frequencies. The APOE allele frequencies of the <65 cohort significantly differed from the 
global allele frequencies (p=0.010), but those of the >70 cohort did not (p=0.237). Global 
frequencies reported by Eisenberg, Kuzawa, and Hayes (2010). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

61 

  
 
Figure 9: Comparison of APOE allele frequency distributions against the reported global 
APOE allele frequency distribution. The APOE allele frequencies of the <65 cohort 
significantly differed from the global allele frequencies (p=0.010), but those of the >70 cohort 
did not (p=0.237). Global frequencies reported by Eisenberg, Kuzawa, and Hayes (2010). 
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Figure 10: Association between number of APOE E4 alleles and age at death. Figures 10a 
and 10b show the association between the number of APOE E4 alleles and age of death in the    
<65 cohort and >70 cohort, respectively. The number of E4 alleles and age of death were 
associated by a moderately strong negative linear relationship in the <65 cohort (r = -0.568), but 
not in the >70 cohort (r = +0.217).  
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 APOE-tested Subgroup Dementia Subgroup 
AMD < 65 Cohort > 70 Cohort < 65 Cohort > 70 Cohort 
Yes 0 0.64 0.06 0.71 
No 1 0.36 0.94 0.29 

 
Table 14: Prevalence of AMD within the APOE-tested and dementia subgroups for each 
cohort. Within the APOE-tested and dementia subgroups, the >70 cohort was significantly more 
likely to have AMD than the <65 cohort (p=0.002 and p<0.0001, respectively).  
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Figure 11: Comparison of Sarks staging for AMD and Braak & Braak staging for AD. Note 
the trend of higher Braak & Braak grades with increased Sarks stages.  
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Figure 12: Association of the number of APOE E4 alleles with Sarks AMD and Braak & 
Braak AD staging. There is a slight trend of more advanced AMD and more advanced AD with 
an increasing number of APOE E4 alleles.  
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Allele AMD Present Cohort No AMD Cohort P-value 
E2 0 0.15384615 0.1219 
E3 0.57142857 0.61538462 0.7869 
E4 0.42857143 0.23076923 0.1929 

 
Table 15: APOE allele frequencies by presence of AMD. The proportion of individual APOE 
allele frequencies did not significantly differ between the AMD and non-AMD cohorts 
(p≥0.122). 
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APOE Allele Allele Frequency in 
AMD Cohort 

Global APOE Allele 
Frequency 

Allele Frequency in 
No AMD Cohort 

E2 0 0.064 0.154 
E3 0.571 0.783 0.615 
E4 0.429 0.145 0.231 

 
X2 GOF Test Statistic X2 = 9.46 - X2 = 5.53 

P-Value 0.0088 - 0.063 
 
Table 16: Comparison of APOE allele frequencies for each cohort against reported global 
APOE allele frequencies. The distribution of APOE allele frequencies of the AMD cohort 
significantly differed from the global distribution (p=0.009), but that of the non-AMD cohort did 
not (p=0.063). Global frequencies reported by Eisenberg, Kuzawa, and Hayes (2010). 
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Figure 13: Comparison of APOE allele frequency distributions against the reported global 
APOE allele frequency distribution. The distribution of APOE allele frequencies of the AMD 
cohort significantly differed from the global distribution (p=0.009), but that of the non-AMD 
cohort did not (p=0.063). Patients in the AMD cohort showed a higher frequency of the E4 allele 
(p=0.001) and lower frequency of the E3 allele (p=0.027) than the global distribution of APOE 
alleles, and patients in the non-AMD cohort showed a higher frequency of the E2 allele 
(p=0.031) and lower frequency of the E3 allele (p=0.019) than the global distribution of APOE 
alleles. Global frequencies reported by Eisenberg, Kuzawa, and Hayes (2010). 
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