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Abstract

Age-related macular degeneration (AMD) is a common and devastating disease that can result in 

severe visual dysfunction. Over the last decade, great progress has been made in identifying 

genetic variants that contribute to AMD, many of which lie in genes involved in the complement 

cascade. In this review we discuss the significance of complement activation in AMD, particularly 

with respect to the formation of the membrane attack complex in the aging choriocapillaris. We 

review the clinical, histological and biochemical data that indicate that vascular loss in the choroid 

occurs very early in the pathogenesis of AMD, and discuss the potential impact of vascular 

dropout on the retinal pigment epithelium, Bruch's membrane and the photoreceptor cells. Finally, 

we present a hypothesis for the pathogenesis of early AMD and consider the implications of this 

model on the development of new therapies.
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1. Age-related macular degeneration

1.1. Overview of AMD

Age-related macular degeneration (AMD) is the leading cause of irreversible vision loss in 

the elderly, affecting millions in the US alone (Friedman et al., 2004). Its etiology is 

complex in nature and consists of pathologic degeneration of the central retina, termed the 

macula (Latin: spot), associated with current or imminent vision loss due to advanced age. 

The macula and its foveal center, the area with highest density of cone photoreceptor cells, 

mediate fine visual acuity allowing for activities like driving and recognizing faces. Onset of 
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AMD typically occurs after age 50 and prevalence increases with advancing age. Vision loss 

associated with AMD adversely affects quality of life (Mangione et al., 1999) as patients 

have a higher incidence of depression (Casten and Rovner, 2013) and activity often becomes 

limited due to fear of falling (van Landingham et al., 2014; Wang et al., 2012b). The 

socioeconomic burden from AMD on health care systems (Brechner et al., 2011; Coleman 

and Yu, 2008), family members, and caretakers is substantial (Gupta et al., 2007; Soubrane 

et al., 2007).

Broadly, AMD is grouped into three primary forms that are determined from 

ophthalmoscopic examination: early nonexudative (‘dry’); late non-exudative (‘atrophic’); 

and exudative or neovascular (‘wet’). Patients with early dry AMD typically have little to no 

central vision loss but exhibit drusen and/or retinal pigment epithelial (RPE) changes in the 

macula. Permanent scotoma correlate to areas of cell loss in geographic atrophy (GA) 

associated with the more advanced form of dry AMD. Decreased visual acuity occurs when 

GA involves the fovea but it usually takes years (to decades) after diagnosis of early AMD 

to occur. Dry AMD is the default pathway for AMD and currently has no cure. A minority 

of AMD patients will convert to the wet form, in which choroidal neovascularization (CNV) 

leaks fluid, exudate, and/or hemorrhages under the retina causing acute vision loss. 

Intravitreal anti-vascular endothelial growth factor (VEGF) treatments stabilize most eyes–

and improve vision in some–but requires repeated administration that can last years.

1.2. Classification of AMD

Proposed clinical grading schemes for AMD are based on funduscopic examination of the 

macula (Bird et al., 1995; Davis et al., 2005; Ferris et al., 2005; Klein et al., 1991; Ferris et 

al., 2013). As a high proportion of elderly have at least a few small, hard drusen without 

subsequent development of vision threatening macular degeneration, the term age-related 

maculopathy has been used to encompass all forms of pathologic changes in the macula 

associated with advanced age.

In 1995, an International Consortium classified the various forms of age-related 

maculopathy and proposed a system based on a standard grid using stereoscopic 30° fundus 

photographs centered on the fovea (Bird et al., 1995; Klein et al., 1991):

- grading of drusen is performed based on morphology, size, extent, and location

- hyperpigmentation and hypopigmentation of the RPE is noted by presence and 

location

- GA is distinctly different from hypopigmentation of the retina (discussed below) but 

accounts for presence, location, and area covered

- neovascular AMD looks at typifying features (e.g. subretinal hemorrhage, retinal 

pigment epithelial detachment), location, and area covered by the CNV. Presence of 

CNV reclassifies any eye with GA as neovascular AMD (Bird et al., 1995).

The age-related eye disease study (AREDS) group subsequently proposed a phenotypic 

scoring system (full (Davis et al., 2005) and simplified (Ferris et al., 2005)) for AMD 

severity that approximates 5 year risk of developing advanced AMD. The AREDS report no. 
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8 (Age-Related Eye Disease Study Research Group, 2001) detailed which patients are most 

likely to have a significant risk reduction in developing CNV with AREDS-formula 

vitamins (see subsequent section) by stratifying dry AMD into the following categories:

1. None or ~5–15 small (≤63 μm sized) drusen without pigment abnormalities

2. >15 small drusen or at least 1 intermediate (63–125 μm) druse

3. ~20 intermediate drusen or at least 1 large (≥125 μm) druse; no drusen needed if 

non-center involving GA is present

4. Second eye with advanced AMD (CNV or center-involving GA)

This classification is notable to practicing clinicians because the recommendation for 

starting AREDS-formula vitamins in a patient with AMD was found to be significant for 

patients in category 3 or greater. Experiments suggesting a mechanism of action for 

AREDS-formula vitamins are discussed in Section 3 below.

The above-described classifications for AMD are based solely on ophthalmoscopic findings 

on clinical examination or manual grading of fundus photographs, potentially failing to 

detect relevant subretinal pathology observable using more recent high-resolution imaging 

modalities. In addition, an active area of investigation is drusen detection using automated 

analysis of fundus photos and/or OCT images (Niemeijer et al., 2007; Quellec et al., 2011a, 

2011b).

1.3. Early AMD and drusen

Pathological changes involving choroid, Bruch's membrane (BrM), RPE, and photoreceptor 

cells have all been implicated in early and late stages of AMD.

As noted above, early AMD is characterized by RPE pigmentation abnormalities and the 

presence of drusen. Drusen are ophthalmoscopically visible lesions, characterized by 

appearance (Fig. 1). Their size, number, density, and fluorescence are highly symmetric 

between eyes within an individual (Barondes et al., 1990). Hard drusen tend to be well 

delineated and less than 63 μm (i.e. small). Soft drusen can have distinct or indistinct 

borders and can range from small to large (≥125 μm) in size. Soft indistinct drusen are more 

prevalent in the temporal and superior quadrants whereas pigmentary changes occur more 

frequently in the superior and nasal quadrants of the macula (Wang et al., 1996). 

Histologically, drusen accumulate within Bruch's membrane, between the RPE basal lamina 

and the inner collagenous layer of Bruch's membrane (Russell et al., 2000), following 

Hogan's five layer definition of Bruch's membrane (Hogan et al., 1971).

A very substantial fraction of formed drusen components consists of esterified cholesterol 

and phosphatidylcholine, components likely released by the RPE (Wang et al., 2010a). 

Additional components include complement proteins, apolipoproteins, MHC antigens and 

other pro-inflammatory molecules (Hageman et al., 2001; Crabb et al., 2002; Johnson et al., 

2001; Mullins et al., 2000). As noted by Curcio and colleagues, the genetic contribution to 

AMD of genes involved in lipid trafficking and processing (discussed below) is consistent 

with the lipid composition of drusen, and has important implications for AMD pathogenesis 

(Pikuleva and Curcio, 2014).
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Size and number of soft drusen carry the greatest prognostic significance for vision loss 

from AMD (Davis et al., 2005; Ferris et al., 2005). Additional risk factors for progression to 

advanced AMD include confluence of drusen within 1600 μm of the foveal center, RPE 

alterations and slow choroidal filling on fluorescein angiography (Holz et al., 1994). Hard 

drusen, common to elderly, by themselves do not characterize AMD (Bird et al., 1995).

Drusen are sometimes misnamed with variants due to their high prevalence in elderly eyes 

and similar appearance on funduscopic examination. Cuticular drusen, best seen in the early 

arteriovenous phase of the fluorescein angiogram as a ‘starry sky’ appearance, look 

clinically similar to hard drusen. First described by Gass (Gass et al., 1985), histologically 

they are similar to typical drusen (Russell et al., 2000). Cuticular drusen are common in 

patients with missense mutations in fibulin-5 and those with high-risk Tyr402His alleles in 

complement factor H (CFH) (Grassi et al., 2007; Stone et al., 2004). Subretinal drusenoid 

deposits, also known as reticular pseudodrusen and reticular drusen, look clinically similar 

to soft, confluent drusen, but are readily distinguished from typical drusen by their 

appearance internal to the RPE (i.e., between the RPE and photoreceptor cells) on OCT and 

histology (Arnold et al., 1995; Zweifel et al., 2010a, 2010b).

The importance of photoreceptor cell integrity in visual function is highlighted in eyes with 

advanced dry AMD, where vision loss is commonly known to be associated with areas 

overlying geographic atrophy (Hogan, 1972; Sarks, 1976). In these cases, photoreceptor loss 

is thought to be due to atrophy of the underlying RPE. Three notable studies using OCT to 

characterize photoreceptor cells in eyes with GA confirmed loss of photoreceptors in these 

regions. Notably, for a number of eyes there appeared to be significant photoreceptor cell 

loss in areas overlying intact RPE that were clinically normal (Bearelly et al., 2009; 

Fleckenstein, 2008; Wolf-Schnurrbusch et al., 2008). The disposition of the choroid was not 

determined in these patients.

Interestingly, rod-mediated dark adaptation changes occur early in age-related maculopathy 

(Owsley et al., 2007). Delay in rod-mediated dark adaptation has also been seen in elderly 

adults with normal fundus examinations and known risk factors for AMD, including 

elevated CRP (discussed below) (Owsley et al., 2014). It appears that photoreceptor cell 

(particularly rods) loss occurs in the AMD disease process, although this has been suggested 

to follow the accumulation of subRPE deposits (Jackson et al., 2014).

1.4. Advanced AMD: geographic atrophy

GA is clinically defined as any sharply delineated, roughly round or oval areas of 

hypopigmentation or apparent absence of RPE in which choroidal vessel are more visible 

than in surrounding areas for at least 175 μm in diameter (Bird et al., 1995) (Fig. 2). The 

Beaver Dam Study found the 15 year incidence of developing GA in eyes with early AMD 

is 13.5% (Klein et al., 2007). While the incidence of neovascular AMD was higher than that 

of pure GA in young persons, the incidence of GA was 4 times that of neovascular AMD in 

persons >85 year of age. GA can be diagnosed by ophthalmoscopic examination but 

measurement and monitoring for progression requires photography, autofluorescence, and/or 

OCT imaging (Kanagasingam et al., 2014). Annual growth rate of GA per year is 1.78 mm2 

but can vary based on a number of factors including size/ number of drusen and baseline 
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size of lesion. Visual acuity is often decreased prior to development of GA, and a decline of 

over 4 ETDRS lines may be seen on average over 5 years (Lindblad et al., 2009).

GA is often observed after collapse of pigment epithelial detachments (Casswell et al., 1985; 

Cukras et al., 2010), areas of drusen regression, and hypopigmentation and 

hyperpigmentation (Klein et al., 2008). Histology of human donors with GA show thinning 

or absence of the RPE, atrophy of the choriocapillaris, and degeneration of overlying 

photoreceptors (Sarks et al., 1988). Both photoreceptor loss (Bird et al., 2014) and choroidal 

thinning (Sohn et al., 2014b) have been observed in GA maculas outside of the area of 

atrophy. Early studies of giant cells, macrophages, and other immunocompetent cells in 

atrophic AMD foreshadowed later developments linking the immune system to AMD 

(Penfold et al., 1986, 1985).

There is currently no treatment for GA itself, though patients may have a risk reduction in 

CNV with AREDS formulation vitamins (Age-Related Eye Disease Study 2 Research 

Group, 2013; Age-Related Eye Disease Study Research Group, 2001). There are a number 

of clinicaltrials underway for GA that includes visual cycle modulation [NCT01802866 on 

clinicaltrials.gov], doxycycline [NCT 01782989 on clinicaltrials.gov], complement 

inhibition such as anti-factor D (Do and Pieramici, 2014), and cell-based transplantation. 

Since GA involves loss of multiple tissue layers, cell replacement therapy is likely to require 

a complex reconstruction.

1.5. Advanced AMD: choroidal neovascularization

Neovascular AMD is defined as the presence of choroidal vascularization (CNV), which can 

manifest clinically as exudate, intraretinal fluid, subretinal fluid and/or hemorrhage (Fig. 3). 

It may also manifest as pigment epithelial detachment and disciform scarring. Prevalence is 

estimated at 10% of eyes with AMD (Ferris et al., 1984).

Patients often present with blurred vision and distortion (Fine et al., 1986) and, if properly 

counseled and compliant, may notice changes detectable by Amsler grid home-monitoring 

(Folk, 1985) or by peripheral hyperacuity perimetry (AREDS2-HOME Study Research 

Group et al., 2014).

Untreated, visual decline secondary to CNV can be devastating and was the most frequent 

cause of legal blindness in the elderly (Ferris et al., 1984; Friedman et al., 2004). The most 

frequently identified modifiable risk factor for advanced AMD is cigarette smoking (Seddon 

et al., 1996); however, associations have been made with genetics (see below), obesity 

(Howard et al., 2014), diet (Age-Related Eye Disease Study Research Group, 2001; Eye 

Disease Case-Control Study Group, 1993; Seddon et al., 2003), and cardiovascular risk 

factors (Hyman et al., 2000). AREDS-formula vitamins are recommended to patients with at 

least category 3 nonneovascular AMD to reduce the risk of CNV by approximately 30% 

(Age-Related Eye Disease Study 2 Research Group, 2013; Age-Related Eye Disease Study 

Research Group, 2001).

Prior to the widespread use of OCT (Huang et al., 1991) approximately 10–15 years ago, 

fluorescein angiography was a mainstay for diagnostic imaging as this determined treatment 
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eligibility for Macular Photocoagulation Study (MPS) laser (Macular Photocoagulation 

Study Group, 1982, 1993). OCT is now routinely performed to diagnosis and follow treated 

eyes with CNV due to its high sensitivity, ease of use, and rapid fluid detection in the retina, 

sub-retinal and sub-RPE space (Keane et al., 2012).

Outcomes of eyes sustaining CNV have improved dramatically since the advent of anti-

VEGF therapy 8 years ago (Brown et al., 2006; Rosenfeld et al., 2006, 2005). Intravitreal 

injections of ranibizumab, bevacizumab (CATT Research Group et al., 2011) or aflibercept 

(Bakall et al., 2013; Heier et al., 2012) are standard of care for neovascular AMD and have 

prevented visual impairment and legal blindness in a significant number of patients (Bressler 

et al., 2011). Photodynamic therapy is also an FDA approved treatment for CNV (Treatment 

of Age-related Macular Degeneration With Photodynamic Therapy (TAP) Study Group, 

1999; Verteporfin In Photodynamic Therapy Study Group, 2001) but is usually employed 

only in anti-VEGF injection-resistant cases (Tozer et al., 2013).

2. Genetics of AMD

2.1. Background

AMD is a complex disease, with both environmental (e.g., diet and smoking) (Age-Related 

Eye Disease Study Research Group, 2001; Seddon et al., 1994, 2001b; Christen et al., 1996; 

SanGiovanni et al., 2007; Seddon et al., 1996; Vingerling et al., 1996) and genetic risk 

factors. The notion that AMD is an inherited disease was discussed at least as early as the 

1970s, when Gass noted the similarities between clearly familial drusen and “senile” drusen 

(Gass, 1973). Consistent with this idea, the rates of AMD have been found to vary widely 

between different ethnic groups (Congdon et al., 2004; Grassi et al., 2006). The proportion 

of AMD risk attributable to one's ancestry has previously been estimated at between 45 and 

70% (Seddon et al., 2005) with environmental exposures comprising the remainder of the 

risk.

Prior to the completion of a map of the human genome, candidate gene approaches were 

employed to identify rare, highly penetrant variants associated with AMD (Stone et al., 

2004). These included attempts to extend discoveries of genes associated with rare, early 

onset Mendelian forms of macular degeneration such as Stargardt disease (Allikmets et al., 

1997; Guymer et al., 2001), Sorsby fundus dystrophy (Weber et al., 1994; Tymms, 1999), 

auto-somal dominant radial drusen (Heon et al., 1996) and Best disease (Seddon et al., 

2001a; Lotery et al., 2000), reviewed in (Sohn et al., 2013). Whether variants in Mendelian 

maculopathy genes cause a detectable fraction of AMD has been somewhat controversial in 

the field.

In addition to candidate gene studies, genome-wide scans, using available molecular 

markers, revealed a risk locus in AMD patients on chromosome 1q (Klein et al., 1998; 

Weeks et al., 2001). The identity of the variant(s) and responsible gene(s) would be 

confirmed after the creation of new tools from the human genome project.

With the success of the human genome project and the identification of millions of relatively 

common single nucleotide polymorphisms (SNPs) that differ between individuals, the 

Whitmore et al. Page 6

Prog Retin Eye Res. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



feasibility of discovering genetic associations using genome wide association studies 

became much greater. In 2005, four essentially simultaneous papers were published (3 in 

Science and one in Proceedings of the National Academy of Science) identifying a SNP in 

complement factor H (CFH) as a major genetic risk factor for AMD (Edwards et al., 2005; 

Haines et al., 2005; Klein et al., 2005; Hageman et al., 2005). Other studies soon followed 

supporting the CFH finding (Zareparsi et al., 2005), and also implicating variants in 

LOC387715 (later named ARMS2 for age-related maculopathy susceptibility 2) as the 

second major genetic risk locus for AMD (Jakobsdottir et al., 2005; Rivera, 2005). With 

these two major risk loci identified, a host of replication studies followed along with 

candidate gene approaches focused on the complement pathway (i.e., the molecular pathway 

that includes CFH).

To date, the most comprehensive meta-analysis of thirty-three AMD cohorts identified 

nineteen loci as associated with AMD at genome-wide significance (Fritsche et al., 2013). 

The following section summarizes our knowledge of the CFH, ARMS2, and other AMD 

associated loci and explores potential impact on AMD pathogenesis.

2.2. Complement factor H

The discovery of CFH as the chromosome 1 risk factor in AMD was a major paradigm shift 

in our thinking about this disease. In many ways, the CFH variant is the “perfect storm” for 

molecular genetics. The difference in frequency between cases and controls is very high–in 

initial studies, the allele frequency for the risk allele was nearly twice as high in cases as 

controls, indicating a large effect size. Second, the risk allele is common in the initially 

studied populations (an overall frequency of ~38%). These two features made the detection 

of the risk allele possible in even a relatively small series of cases and controls (Edwards et 

al., 2005), whereas SNPs with smaller effect size and lower frequency require thousands of 

cases and controls (e.g. (Fritsche et al., 2013)). Third, the observation that the variant is in a 

member of the complement system was consistent with previous histopathologic studies that 

noted that complement system genes were excellent candidates for AMD, given the 

appearance of these components in drusen (Johnson et al., 2000; Mullins et al., 2000, 2001). 

Finally, the main variant (that encodes a tyrosine to histidine substitution) was itself very 

plausibly functional, in contrast to the vast majority of SNPs identified in association studies 

that are in intergenic regions or in non-coding sequences of genes.

The CFH gene encodes the full length CFH protein, composed of twenty complement 

control protein (CCP) domains, and the shorter splice-isoform CFH-like 1 (CFHL-1), 

composed of CCP1-7. CCP1-4 and CCP19-20 bind C3b, the pro-inflammatory breakdown 

product of C3. CCP6-8 and CCP16-20 bind C-reactive protein (CRP) (Okemefuna et al., 

2010), and CCP7 and CCP20 bind malondialde-hyde (Weismann et al., 2011). While both 

CCP6-8 and CCP19-20 can bind sulfated GAGs, CCP6-8 preferentially binds heparan 

sulfate in Bruch's membrane while CCP20 binds heparan sulfate in glomerular basement 

membrane of the kidneys (reviewed in (Langford-Smith et al., 2013)). The Y402H 

polymorphism lies within CCP7, whereas variants associated with kidney disease are 

primarily found in CCP19-20.
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Within the CFH locus, the rs10737680 single-nucleotide polymorphism (SNP) was most 

strongly associated with AMD in the recent meta-analysis (Fritsche et al., 2013); however, 

this SNP was not in linkage disequilibrium with rs1061170, the well-studied tyrosine to 

histidine change at position 402 in the pro-peptide (Y402H polymorphism) (Fritsche et al., 

2013), consistent with previous reports. CFH risk alleles also show stronger association with 

AMD in individuals of European ancestry (Fritsche et al., 2013). Moreover, the frequency of 

the Y402H allele does not correlate well with the frequency of AMD across ethnicities, even 

when considering other risk factors for AMD, suggesting that other genetic factors may 

modify the impact of this allele in disease pathogenesis (Grassi et al., 2006). As efficacy of 

complement activation appears to be influenced by several variants in complement 

components (Heurich et al., 2011), determining population frequencies of these variants in 

multiple ethnicities may explain the non-correlation between Y402H frequency and AMD 

prevalence across ethnicities.

The Y402H genotype has been shown to enhance systemic complement activation. Markers 

of chronic complement activation, C3d and Ba, were strongly elevated in plasma of AMD-

affected individuals compared with age-matched controls, and to a lesser extent C3a, C5a, 

and SC5b-9 (Scholl et al., 2008). Furthermore, the CFH risk genotypes increase systemic 

complement activation independent of AMD diagnosis (Scholl et al., 2008). Analysis of 

joint risk between pairs of loci identified CFH and C2-CFB as significant after multiple 

hypothesis testing correction (Fritsche et al., 2013). Systemic complement activation as 

measured by increased complement breakdown products (C3d/C3b ratio) was associated 

with the CFH risk alleles (Smailhodzic et al., 2012). As discussed below, individuals 

homozygous for the Y402H polymorphism show increased choroidal C-reactive protein 

(Johnson et al., 2006). Using a recombinant CFH protein, Ormsby et al. found that the 

Y402H variant reduces binding of CFH and CCP1-7 (used as a proxy for CFHL-1) to CRP, 

with greater impairment for CCP1-7, possibly as a consequence of containing one less 

binding domain than the full length protein (Ormsby et al., 2008). Similarly, Y402H in both 

CFH and CFHL-1 reduces binding with group A streptococcal protein M6 (Ormsby et al., 

2008), a protein which facilitates the streptococcal evasion from complement attack.

The Y402H risk polymorphism reduces CFH and CFHL-1's ability to bind tissue-specific 

glycosaminoglycan moieties in the extra-cellular matrix. Using three partial CFH constructs 

(CCP19-20, CCP6-8 402H, and CCP6-8 402Y), Clark et al. found that the CCP6-8 402 Y 

shows much greater binding affinity for Bruch's membrane than do the two other constructs 

(Clark et al., 2013). CFH binding to oxidation-modified products is also reduced by the 

Y402H polymorphism. The Y402H allele reduces the ability of CFH to bind 

malondialdehyde adducts, potentially reducing the clearance of apoptotic cells (Weismann et 

al., 2011). Similarly, the variant reduces binding of CFH to oxidized phospholipids, a 

possible byproduct of light exposure and strongly aerobic environment of the posterior pole 

(Shaw et al., 2012). The risk genotype also increases circulating oxidative phospholipid 

levels in non-AMD subjects (Shaw et al., 2012). The cumulative effect on CFH function is 

not limited to the eye, as Y402H has been associated with reduced longevity in a cohort of 

Finnish nonagenerians (Jylhävä et al., 2009).
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2.3. The ARMS2/HTRA1 locus

In 2005 a second locus was identified along with CFH as strongly associated with risk for 

AMD (Dewan et al., 2006; Jakobsdottir et al., 2005; Rivera, 2005; Yang et al., 2006). 

Initially the locus was reported as spanning from PLEKHA1 to HTRA1 (PRSS11); however, 

further studies have refined the interval. The risk haplotype contains the A69S coding 

change within the first exon of ARMS2 (LOC387715), a SNP within the ARMS2 intron, a 

complex indel overlapping the polyadenylation site in the 3′ UTR of ARMS2, an intergenic 

SNP, a SNP in the promoter of HTRA1, and a SNP in the first intron of HTRA1 (Fritsche et 

al., 2008). Near complete linkage disequilibrium between variants within ARMS2 with 

variants in the promoter of and first intron of HTRA1 have confounded attempts to pinpoint 

the causal variant within the risk haplotype (Richardson et al., 2010; Yasuma et al., 2010), 

although SNPs in ARMS2 have higher statistical association in a number of reports (e.g., 

(Anderson et al., 2010)).

HTRA1 (High temperature requirement A serine peptidase 1) encodes a protease that cleaves 

multiple extracellular matrix proteins. Expression of HTRA1 protein in the retina has been 

reported to increase in AMD-affected eyes (Tuo et al., 2008), and HTRA1 mRNA has been 

reported to be increased in AMD-affected maculas (Chan et al., 2007). HTRA1 has been 

implicated in TGFB mediated retinal angiogenesis in mice (Zhang et al., 2012b). The 

promoter SNP has been reported to increase expression of HTRA1 mRNA levels (Yang et 

al., 2006), but this finding was not replicated in other studies (Friedrich et al., 2011; Kanda 

et al., 2007). Therefore, although HTRA1, as a protease, is functionally plausible as a gene 

that could contribute to breakdown of Bruch's membrane, studying samples with high-risk 

HTRA1 promoter variants has not consistently shown an effect on HTRA1 levels, raising 

doubts as to the functional importance of HTRA1 in AMD.

ARMS2 is a small, two exon primate-specific gene with no homology to other sequences 

(Rivera, 2005), and age-related macular drusen formation is linked to variants in ARMS2 and 

HTRA1 in rhesus macaques (Francis et al., 2008). Two splicing isoforms have been reported 

(Wang et al., 2012a). The Ala69Ser (A69S) risk allele and the 3′ UTR complex indel have 

both been scrutinized for possible functional impacts. Like the Y402H variant in CFH, 

ARMS2 is an attractive candidate because the risk allele is an amino acid substitution in the 

putative protein. Whereas ARMS2 mRNA is present in placenta (Jakobsdottir et al., 2005; 

Rivera, 2005), transcriptional evidence in other tissues has been contradictory (Jakobsdottir 

et al., 2005; Rivera, 2005; Wang et al., 2012a, 2013). Conflicting reports have localized 

ARMS2 protein to the extracellular matrix of choroidal pillars (Kortvely et al., 2010), inside 

the mitochondria (Fritsche et al., 2008; Kanda et al., 2007) or within the cytosol (Wang et 

al., 2009a). These discrepancies may be due to different combinations of antibodies, cell 

lines, and donor tissue. Another study found that the complex deletion reduced ARMS2 

mRNA stability (Fritsche et al., 2008); however, this was not replicated in (Wang et al., 

2013). Knockdown of ARMS2 transcripts in ARPE-19 cells lowered expression of the pro-

inflammatory genes C3, C5, IL-6, IL-8, and TNF-α (Zeng et al., 2013), but until localization 

of ARMS2 is resolved, the relevance of these findings remains uncertain.
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Until experimental systems are devised to disentangle each variant in the haplotype, the 

effects of ARMS2 and HTRA1 polymorphisms may best be considered as a unit. A meta-

analysis of this region has shown that other variants may also contribute to AMD risk, 

although complete haplotype mapping for those variants was not available (Yu et al., 2013). 

Evidence supports a statistical interaction between smoking and the ARMS2/HTRA1 risk 

genotype leading to increased AMD risk (Schmidt et al., 2006). AMD-affected individuals 

homozygous for the ARMS2/HTRA1 risk genotype showed increased plasma 

carboxyethylpyrrole biomarker levels as compared to AMD-affected individuals 

homozygous for the non-risk genotype (Gu et al., 2009). One 2013 report found that CFH 

and ARMS2 genotypes showed differential response to AREDS vitamin and zinc 

supplementation (Awh et al., 2013); however, a later report examining the same dataset did 

not support this conclusion, likely due to more stringent analytical criteria (Chew et al., 

2014). Unlike risk genotypes of CFH, CFB, and C3, the ARMS2/HTRA1 risk haplotype 

strongly correlates with risk for bilateral AMD (Schwartz et al., 2012). Evidence for a gene–

gene interaction between CFH Y402H and ARMS2 A69S has been described in a Finnish 

population (Seitsonen et al., 2008).

In contrast to CFH association with geographic atrophy, risk alleles in ARMS2/HTRA1 

associate more strongly with choroidal neovascularization in most (Deangelis et al., 2008; 

Fritsche et al., 2013; Sobrin et al., 2011) but not all studies (Tuo et al., 2008). The A69S 

haplotype is also associated with polypoidal choroidal vasculopathy in the Japanese 

population (Gotoh et al., 2009, 2010), and increased expression of human HTRA1 in mouse 

RPE leads to a PCV-like phenotype (Jones et al., 2011).

One surprising finding, in light of the lack of known function for ARMS2, is that individuals 

homozygous for the ARMS2/HTRA1 risk haplotype show significantly elevated serum CRP 

levels as compared to individuals homozygous for the low-risk haplotype in a cohort of 

Japanese individuals over the age of 60 without evidence of AMD (Yasuma et al., 2010). 

The 10q locus has also been found to be associated with increased plasma complement 

metabolites, independent of CFH genotype (Smailhodzic et al., 2012). These results suggest 

that the ARMS2/HTRA1 locus may play a role in inflammation and influence the 

complement cascade.

2.4. Other complement genes associated with AMD

In addition to CFH and ARMS2, several other genes have been associated with risk for 

AMD, particularly in the complement cascade. A two-stage gene association study 

genotyping a total of 1287 individuals identified two haplotypes spanning C2 and CFB that 

conferred protection against AMD (Gold et al., 2006). A second study examining 2172 

individuals over 60 years of age supported the two allele finding, proposing the protective 

haplotypes had independent evolutionary origins (Maller et al., 2006). No epistatic 

interaction between the C2-CFB haplotypes and either CFH and ARMS2 was observed 

(Maller et al., 2006). The 2013 meta-analysis ranked the C2-CFB locus as the third strongest 

association by odds ratio and p-value and supported an interactive effect between a variant 

near C2-CFB and the CFH locus (Fritsche et al., 2013). Two alleles of complement 

component three (C3), differentiated by an arginine to glycine change of amino acid 80, 
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exhibit “slow” (80R) and “fast” (80G) migration by electrophoresis. In a study of three UK 

cohorts totaling 1548 individuals, the 80G allele was shown to be significantly associated 

with increased AMD risk (Yates et al., 2007). The association was confirmed by later 

studies (Fritsche et al., 2013). A three-cohort study of 3137 individuals revealed that the C2-

CFB protective haplotype reduced the rate of AMD progression whereas the C3 risk allele 

increased the rate of progression to advanced AMD (Francis et al., 2009).

A two marker haplotype upstream of the CFI 3′ UTR was associated with AMD in a study 

of 2053 individuals (Fagerness et al., 2009). Further investigation failed to identify possible 

coding variants, suggesting that this haplotype modulates gene regulation (Fagerness et al., 

2009). Meta-analysis identified another SNP in the region (rs4698775) as associated with 

AMD (Fritsche et al., 2013), likely tagging the same haplotype. Hughes et al. identified a 

protective haplotype containing a 84,682 bp deletion spanning CFHR3 and CFHR1 by 

genotyping chromosome 1q23 in 173 neovascular AMD patients and 170 age-matched 

controls (Hughes et al., 2006). The deletion was confirmed by multiplex ligation-dependent 

probe amplification. Western blot revealed loss of CFHR1 and CFHR3 in deletion haplotype 

homozygotes (Hughes et al., 2006). Another study of three case-control cohorts 

demonstrated the deletion of CFHR1 and CFHR3 is protective against AMD (Hageman et 

al., 2006). The finding was also supported by a CNV analysis interrogating the CFH and 

CFHR1-5 locus (Kubista et al., 2011). However, the CFHR3-CFHR1 deletion lacked strong 

signal in meta-analysis (Fritsche et al., 2013). An examination of 35 variants in 138 

extremely discordant sibling pairs identified several variants associated with AMD, 

including variants in CFHR2, 4, and 5 (Zhang et al., 2008). However, the authors 

acknowledged that these variants might be in LD with the nearby CFH risk allele (H. Zhang 

et al., 2008). Targeted re-sequencing and exome-capture experiments have identified rare 

variants iny CFH (R1210C (Seddon et al., 2014); R53C and D90G (Yu et al., 2014)), CFI 

(Seddon et al., 2013), C3 (K155Q (Seddon et al., 2013; Zhan et al., 2013)), and C9 (P167S 

(Seddon et al., 2014); R95* (Nishiguchi et al., 2012)). Overall, the association of variants in 

the genes that participate in the complement system and AMD is extremely compelling.

3. Overview of choroidal structure and function

In view of the activation of the complement system in the aging choroid (discussed below in 

Section 6), a brief discussion of the structure and function of this tissue follows.

3.1. Structure of the choroid

The inner neural retina possesses its own vascular network that enters the eye though the 

optic disc and that supplies and drains the inner retina. The outer retina, including the 

photoreceptor cells and RPE, is nourished by the choroid.

A detailed description of the anatomy of the choroidal circulation is provided elsewhere 

(Hayreh, 1975). In brief, the choroid is supplied by a series of posterior ciliary arteries 

branching from the ophthalmic artery outside of the globe and penetrating the sclera at 

multiple sites. These arteries supply terminal arterioles that supply individual, non-

overlapping choriocapillaris lobules. Blood leaving the choroid collects in a series of vortex 

veins that return the (partially deoxygenated) blood back to the systemic circulation.
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Its most distinctive anatomical feature is the choriocapillaris, a unique, lobular capillary bed 

that runs in a single plane beneath the RPE. The macular region of the choriocapillaris in 

particular shows a honeycomb like network when viewed en face (Fig. 4). The segmental 

pattern of vascular elements in the macula creates “watershed zones”, in which the 

capillaries supplied by different posterior ciliary arteries have potentially non-overlapping 

areas of perfusion (Hayreh, 1990).

The choriocapillaris is a very dense vessel bed, which, in comparison to most tissues, has an 

extremely rich vascular supply–in normal eyes, the volume occupied by the vascular lumen 

in this layer is greater than the volume occupied by the intercapillary septa. Choriocapillaris 

endothelial cells are of the fenestrated type (discussed below), particularly at the inner 

surface (i.e., the surface facing the RPE) (Burns and Hartz, 1992; Mancini et al., 1986). The 

outer layers of the choroid have been traditionally referred to as Sattler's layer (consisting of 

intermediate sized vessels and the intervening connective tissue, adjacent to the 

choriocapillaris) and Haller's layer (consisting of larger vessels that give rise to and drain the 

arterioles and venules of Sattler's layer, respectively, between the Haller's layer and the 

sclera). In contrast to the choriocapillaris, these outer layers are less distinctive from each 

other, without obvious landmarks, and exist in a continuum of progressively larger vessels. 

The division of outer choroid into Sattler's and Haller's layers is nevertheless useful in 

specifying geographic position.

One explanation for the very high level of perfusion of the choroid is that it may be 

necessary due to the enormous utilization of oxygen by the retina, particularly in the dark. 

Elegant functional studies in living animals have been performed in which oxygen sensors 

have been employed to record the partial pressure of oxygen at different depths of the 

choroid and retina. Studies in rats (Lau and Linsenmeier, 2012), cats (Linsenmeier and 

Braun, 1992), and primates (Birol et al., 2007) have shown that the PO2 drops off 

precipitously from the RPE to the inner retina, with the most profound depletion of O2 

within the mitochondria-rich photoreceptor cell inner segments. In fact, the partial pressure 

of oxygen in cat inner segments approaches zero (Linsenmeier, 1986). Thus an extremely 

dense choriocapillaris undoubtedly facilitates the retina's very high consumption of oxygen. 

In conditions of hyperoxia, the O2 penetration into the retina is deeper than in normoxia 

(Wangsa-Wirawan and Linsenmeier, 2003).

One puzzling feature of this relationship is that the PO2 entering the choroid through the 

short posterior ciliary arteries and the PO2 exiting the choroid through the vortex veins is 

essentially equivalent–in other words, although photoreceptors utilize an enormous amount 

of oxygen, the extraction of oxygen from the choriocapillaris is poor (Alm and Bill, 1972; 

Linsenmeier and Padnick-Silver, 2000). It appears that while a very large amount of oxygen 

is being used by the photoreceptor cells, with the highest oxygen metabolism per gram of 

any tissue in the body (Ames, 1992), this utilization of oxygen does not noticeably deplete 

choroidal O2. The notion that the choroid is “overengineered” for O2 delivery suggests other 

functions for the choriocapillaris, discussed further below.
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3.2. Immune state of the choroid

The choriocapillaris has an unusually active baseline immune state. Molecules that in other 

vessel beds are activated during inflammation are constitutively expressed by 

choriocapillaris endothelial cells; these include intercellular adhesion molecule-1 (ICAM-1) 

(McLeod et al., 1995) and MHC class I antigens (Abi-Hanna et al., 1988; Goverdhan et al., 

2005).

ICAM-1 is a single pass, type I transmembrane protein with a primary role in recruiting 

circulating monocytes and neutrophils. It is also expressed in neural retina, within the 

external limiting membrane and in photoreceptor rosettes in end stage AMD (Mullins et al., 

2006); in diabetic retinopathy, ICAM-1 is also expressed in retinal vessels (McLeod et al., 

1995). Compared to the choroidal isoform, retinal ICAM-1 is of slightly lower molecular 

weight owing to its relatively low degree of N-glycosylation (Mullins et al., 2006). This 

adhesive glycoprotein has been of interest in AMD; for example, laser ablation of Bruch's 

membrane in Icam1 −/− mice results in smaller neovascular membranes than observed in 

wild type mice, suggesting a necessary role for ICAM-1 in promoting pathologic 

angiogenesis in AMD (Sakurai et al., 2003). In humans, the macular choriocapillaris was 

found to have more abundant ICAM1 protein than the extramacular choriocapillaris, 

suggesting a mechanism for the macular predisposition of CNV (Mullins et al., 2006). In 

experiments using human organ cultures, the high levels of ICAM-1 in the choriocapillaris 

can be further elevated in response to inflammatory stimuli such as bacterial 

lipopolysaccharides (Zeng et al., 2012) and complement anaphylatoxins (Skeie et al., 2010), 

and de novo synthesis in response to some stimuli is mitigated by the presence of soluble 

components of the AREDS-1 vitamin formulation (Age-Related Eye Disease Study 

Research Group, 2001; Zeng et al., 2012).

Choriocapillaris endothelial cells also have high baseline expression of MHC class I antigen 

with little or no expression of MHC class II antigens. MHC class I proteins normally display 

self antigens to the adaptive immune system, including presentation of viral peptides in 

infected cells. In addition to their role in cell recognition, studies in mice indicate that high 

endothelial cell expression of MHC class I supports CD8+ T cell migration into an inflamed 

tissue (Lozanoska-Ochser and Peakman, 2009). A baseline level of expression of MHC 

antigens is necessary, and loss of MHC class I antigen expression results in induction of 

apoptosis by natural killer cells (Parham et al., 2012). The very high expression of self MHC 

antigens also has repercussions for the replacement of dead choriocapillaris endothelial cells 

(discussed in Future Directions below).

In addition to endothelial cells, the choroid possesses several other types of transient and 

resident cells. These include fibro-blasts, common in connective tissues, neural crest-derived 

melanocytes, pericytes and smooth muscle cells, and an array of hematopoietic cells that 

includes mast cells, resident macrophages/ dendritic cells, and lymphocytes. Moreover, the 

choroid contains neurons, both derived from nerve processes that run along the oculomotor 

and facial cranial nerves (Schrödl et al., 2006) and a class of ganglion cells that resides 

entirely in the choroid (May and Lütjen-Drecoll, 2005; May et al., 2004). The innervation of 

the choroid includes roles for neurons that terminate on large vessel walls and that deliver 
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the potent vasodilator nitric oxide (Li et al., 2010) as well as those without obvious 

innervation of vascular elements. The role of innervation in maintaining a healthy choroid is 

an important and active area of study (Fitzgerald et al., 2005; Jablonski et al., 2007; Li et al., 

2010; Nickla and Wallman, 2010).

4. Molecular changes in the choroid in AMD: C-reactive protein

One molecular clue about the pathogenesis of AMD, and how genetic risk factors may 

influence the course of disease, is the finding of elevated C-reactive protein (CRP) in the 

blood and eyes of patients with AMD and with high-risk CFH genotypes, respectively.

C-reactive protein (CRP) is a 25 kDa protein that is assembled into a pentamer. It is a 

member of the group of proteins called acute phase proteins, that includes serum amyloid A 

component, fibrinogen, ceruloplasmin, and numerous complement proteins (Gabay and 

Kushner, 1999). Acute phase proteins are made in liver and represent a systemic response to 

infection, in which the levels of these proteins spike in the plasma in response to generalized 

distress. Conditions resulting in elevated CRP include bacterial infections, cell or tissue 

damage, and other systemic inflammatory conditions. When hepatocytes are exposed to 

IL-6, IL-1 or IL-17, they increase expression of CRP, which is secreted as a homo-pentamer 

(Eklund, 2009). CRP has functions in binding certain classes of bacteria; it was originally 

identified as a constituent of the serum of severely ill (but not recovering) pneumonia 

patients, and was named after its ability to bind a preparation of pneumococcus termed 

“fraction C” (Tillett and Frances, 1930).

While CRP is elevated in blood in response to severe, systemic infectious diseases, the 

discovery that CRP is modestly (but significantly) elevated in patients with vascular diseases 

has been of enormous benefit in medicine. Although a discussion of CRP in systemic 

vascular disease is beyond the scope of this review, it is notable that individuals with stroke, 

coronary artery disease, and other cardiovascular diseases show significantly increased CRP 

levels (Rifai and Ridker, 2001; Taubes, 2002).

Seddon and colleagues addressed the question of elevated CRP and other circulating 

inflammatory molecules in relation to AMD progression rate and found a significant 

increase in serum CRP levels as the disease progressed in AMD patients. They concluded 

that low-, medium-, and high-risk AMD groups correspond to ≤0.5 mg/L, 0.5–10.0 mg/L, 

and ≥10.0 mg/L serum CRP concentrations, respectively (Seddon et al., 2005, 2004), 

although this association has not been universally reported (McGwin et al., 2005). A more 

recent study by Seddon and others has shown that high levels of serum CRP are associated 

with a higher risk of AMD, regardless of Y402H CFH genotype (Seddon et al., 2010).

Johnson and colleagues sought to determine the localization and abundance of CRP and 

CFH in the extra-macular choroid of donor eyes homozygous for the high-risk Y402H 

genotype and donor eyes homozygous for the low-risk 402Y genotype (Johnson et al., 

2006). While the localization and abundance of CFH was not found to differ between CFH 

genotypes, choroidal immuno-staining of CRP was significantly higher in the 402HH eyes 

compared to the 402YY eyes, and measurements of abundance confirmed a relative increase 

in the level of CRP in the at-risk choroids. Interestingly, the differences observed between 
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the CFH homozygotes were independent of AMD status. Since the high-risk allele affects 

binding of CFH to CRP, possibly due to the reduced binding efficiency of CRP to CFH 

402H (Laine et al., 2007), lack of CFH binding could potentially increase the pro-

inflammatory function of CRP in choroidal tissue, contributing to AMD pathogenesis.

Interestingly, CFH and CRP have distinct, and perhaps opposite, patterns of localization in 

the aging eye. Bhutto and colleagues examined the distribution of CRP and CFH in macular 

tissue from AMD donor eyes versus age-matched control eyes, and found an inverse 

relationship between CRP and CFH levels in eyes with advanced AMD (Bhutto et al., 2011). 

In AMD, Bruch's membrane, drusen, intercapillary pillars, and choroidal vessel walls all 

showed increased labeling of CRP–and decreased labeling of CFH–compared to age-

matched controls. In regions of geographic atrophy, both CRP and CFH levels were lower in 

Bruch's membrane and the choriocapillaris than in healthy controls, consistent with sparse 

perfusion in the former. The findings of increased CRP and decreased CFH in AMD support 

the idea that the maculas of AMD patients have an increased inflammatory 

microenvironment with decreased capacity for complement inhibition.

A number of functional studies have explored the interaction of CRP with cell types 

involved in AMD. In ARPE-19 cells, CRP significantly increases expression of the pro-

inflammatory cytokine IL-8, via activation of several parallel signaling pathways (eg. NF-

kB pathway), in a dose-dependent manner (Wang et al., 2010b). In the same study, CRP 

exposure led to increased VEGF production by ARPE-19 cells, indicating a functional effect 

of CRP on RPE cells. It is not clear that CRP is a major effector on RPE cells in vivo, since 

the RPE is rarely labeled with antibodies directed against CRP in human donor eye sections; 

however, CRP immunoreactivity is occasionally reported with RPE cells located over 

drusen (Johnson et al., 2006). Vascular endothelial cells also respond to CRP by increased 

expression of a pro-inflammatory repertoire of adhesion molecules. Human umbilical vein 

endothelial cells show dose-dependent increases in E-selectin, ICAM-1 and VCAM-1 

(Pasceri et al., 2000). Khreiss and colleagues reported similar findings in coronary artery 

endothelial cells and determined that dissociation of CRP from a homopentamer to its 

monomeric form was required for the activation of endothelial cells in vitro (Khreiss et al., 

2004). Whether choroidal endothelial cells show similar molecular responses has not yet 

been determined.

Given the well-established role of complement genes in AMD (discussed in Section 2 

above), it is of particular interest that CRP is capable of activating complement. While the 

circulating pentameric form of CRP (pCRP) has net anti-inflammatory effects (Filep, 2009; 

Schwedler et al., 2006), monomeric CRP (mCRP) is capable of binding C1q and 

subsequently activating complement via the classic pathway (Wang et al., 2011). One 

stimulus for the dissociation of pCRP to mCRP is membrane lipids on platelets or apoptotic 

cells (Eisenhardt et al., 2009).

5. The complement system: overview

The complement system is a major component of the innate immune system. It is 

evolutionarily ancient, dating from the Cambrian era–C3 and other genes that participate in 
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complement activation in humans have orthologs in members of invertebrate phyla such as 

Cnidarians and Echinoderms (Nonaka and Kimura, 2006; Pinto et al., 2007). These 

molecules play roles in facilitating phagocytosis by opsonization, ligand binding, 

proteolysis, and chemotaxis (Clow et al., 2004; Melillo et al., 2006). At some point in 

phylogeny, these proteins were co-opted by the adaptive immune system (Nonaka and 

Yoshizaki, 2004).

Components of the complement system include a large number of circulating, extracellular 

matrix, and membrane-bound proteins. The system can be divided into three pathways, 

based on its mode of activation. These pathways are distinguished by unique combinations 

of surveillance sensors, triggering events, and downstream effectors. However, each 

pathway merges back into a common trajectory, culminating in the formation of the 

membrane attack complex (MAC) and, potentially, cell lysis. The complement system 

serves as a specialized defense unit, poised to assist other forces once the enemy is engaged 

(classical pathway), to guard the body against stereotypical enemies (lectin pathway), and to 

attack in the absence of appropriate bodyguards (alternative pathway).

The classical pathway usually responds to antigen–antibody complexes. The molecular 

surveillance system in this pathway is the C1 complex, composed of one C1q molecule and 

two molecules each of C1r and C1s (Degn et al., 2007; Wallis et al., 2010). The C1 complex 

becomes activated upon binding either IgM or IgG immune complexes. Activated C1 

complex cleaves complement components C2 and C4, producing C2a, C2b, C4a, and C4b. 

C4b and C2a bind to form C4b2a, a C3 convertase. C4b2a accelerates the already 

spontaneous hydrolysis of C3 into C3a and C3b. C4b2a physically binds C3b, becoming a 

C5 convertase. Cleavage of C5 produces C5a and C5b. C5b accumulatively binds C6 and 

C7, allowing for insertion into the hydrophobic cell membrane. C5b-7 then bind C8, 

creating a small pore complex (Zalman and Muller-Eberhard, 1990). The MAC is achieved 

after the binding of several C9 molecules, forming a formidable thoroughfare through the 

membrane, leading to sublytic injury or lysis and death of the cell (Takano et al., 2013).

The lectin pathway recognizes molecular patterns associated with bacterial cell walls, such 

as mannose residues, either via mannose-binding lectin (MBL) or ficolin (Wallis et al., 

2010). Once activated, MBL or ficolin binds mannose-binding lectin serine peptidases 

(MASPs), a set of three proteins that cleave C2 and C4 (Sekine et al., 2013). Upon cleavage 

of C2 and C4, the lectin pathway merges with the classical pathway (Wallis et al., 2010).

Activation of the alternative pathway follows a different approach than either the classical 

or lectin pathway. Under normal physiological conditions, C3 spontaneously hydrolyzes to 

C3a and C3b in a process termed tickover (Thurman and Holers, 2006). Binding of C3b to 

complement factor B forms a C3 convertase, creating a C3b amplification loop. However, 

the catalytic activity of C3bBb is blocked by the negative regulators, complement factor H 

(CFH) and complement factor I (CFI) (Bexborn et al., 2008). CFH binds to host cell 

extracellular matrix molecules and recruits CFI (Langford-Smith et al., 2013). CFI then 

inactivates C3b, preventing MAC formation on the host cell surface. However, in the 

absence of CFH, the amplification loop rapidly increases local C3b concentration. A second 
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C3b can bind to C3bBb to form C3bBb3b, a C5 convertase, leading to MAC formation 

(Thurman and Holers, 2006).

In addition to MAC formation and cell lysis, the complement cascade performs other related 

functions. Binding of complement components to antigen bound IgM and IgG enables 

opsonization, the coating of foreign cells for disposal by professional phagocytes (Flyvbjerg, 

2010). The breakdown products C3a, C4a, and C5a act as anaphylatoxins, triggering 

extravasation and/or degranulation of host immune cells (Flyvbjerg, 2010). The complement 

system also mediates debris clearance and synapse pruning (Stevens et al., 2007).

Given the proximity of target and non-target cells, Brownian jostling at the site of 

complement activation can lead to bystander injury as MAC may be formed on nearby host 

cells. To minimize these events, the complement system is carefully regulated (Zipfel and 

Skerka, 2009). Complement decay accelerating factor (DAF), a GPI-anchored glycoprotein 

encoded by CD55, resides at host cell surfaces and inhibits C4 and C3. Another 

glycoprotein, CD59, hinders binding of C9 in the C5b-8 complex. The C1-inhibitor 

SERPING1 disables C1r, C1s, MASP-1, and MASP-2. C4 binding protein inhibits C4 

among other roles. Cellular clearance of complement opsonized immune complexes can 

occur through complement receptor 1 (CR1/CD35). Membrane-cofactor protein (MCP/

CD46) works as a cofactor for CFI, mentioned previously. In contrast to the negative 

regulators, properdin (complement factor P) stabilizes the C3bBb complex at the cell 

surface, interfering with the ability of CFH-CFI to inactivate C3b (Zipfel and Skerka, 2009).

Ultimately, regardless of the initial triggering pathway, un-checked complement activation 

results in the formation of the MAC, in which a radial assembly of C9 molecules penetrates 

the plasma membrane forming a pore. The compromise of the plasma membrane floods the 

cell with calcium, admixing cytosolic and extracellular compartments. While cells may 

tolerate a degree of cell surface perforation, sufficient numbers of uncleared MAC 

complexes cause cell lysis.

6. The membrane attack complex in AMD

In light of the compelling evidence of genetic variations in AMD that affect the complement 

system, a survey of the complement system's activity in human macula is essential. As a 

framework for the goal of understanding the impact of complement in AMD, and for 

addressing any complex issue, one may refer to Rudyard Kipling, who wrote in Just So 

Stories for Little Children,

“I Keep six honest serving-men

(They taught me all I knew);

Their names are What and Where and When

And How and Why and Who.”

These questions are taught to aspiring journalists as the keys to properly understanding and 

relating a story. In the case of the complement system in AMD, below we attempt to address 

some of these questions as they pertain to the membrane attack complex.
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Where are complement complexes distributed?

One of the most physiologically important findings of complement in aging human macula 

is that the MAC is distributed primarily at the level of the choriocapillaris. As described 

previously (Hageman et al., 2005; Seth et al., 2008; Skeie et al., 2010; Mullins et al., 2014) 

the abundance of the MAC increases with advancing age and, compared to age-matched 

controls, in donors with AMD. Moreover, eyes from donors with high-risk CFH genotypes 

have significantly elevated levels of the MAC compared to individuals with low-risk 

genotypes (Mullins et al., 2011a).

It is important to note that the RPE may have a better arsenal of anti-complement defenses 

than the choriocapillaris. Several studies have found that CD46 was robustly expressed in 

the RPE, whereas there are inconsistent data regarding cell surface complement inhibitors on 

the choriocapillaris (Ebrahimi et al., 2013; Fett et al., 2012; Vogt et al., 2006). Interestingly, 

reduced expression of CD46 has been described on RPE cells in eyes with advancing 

geographic atrophy (Ebrahimi et al., 2013; Vogt et al., 2011), suggesting that only in 

advancing AMD does the RPE become susceptible to complement injury, consistent with 

findings of occasional MAC deposition on the RPE in advanced AMD (Mullins et al., in 

press). It is therefore likely that the choriocapillaris relies more heavily on CFH for 

protection against complement injury than other cell types in the posterior pole and may be 

more sensitive to CFH dysfunction.

When is complement deposited?

The MAC is abundant in older eyes and has been consistently reported in eyes over 50 years 

of age by immunohistochemistry (Hageman et al., 2005; Seth et al., 2008). Using sucrose 

cryoprotected sections and immunofluorescent detection, we recently described that the 

MAC is present surprisingly early and consistently in the human macula. By 21 years of age, 

the MAC is frequently observed in our hands, with choroidal labeling as early as 5 years of 

age (Mullins et al., in press). These findings suggest that–at some level–choriocapillaris 

endothelial cells are exposed to MAC for decades before the development of significant 

drusen, RPE changes or choroidal vascular dropout. More quantitative ELISA studies, 

however, show a striking increase in aging with additional increases in AMD (Mullins et al., 

2014). Thus, while MAC is formed at the choriocapillaris throughout life, its contribution to 

stress of choroidal EC dramatically increases in aging (Fig. 5).

Why is MAC distributed in aging choriocapillaris?

The striking accumulation of the MAC in the aging macula is surprising. Complement 

activation as a response to injury is well appreciate–dand usually occurs in response to acute 

injury, such as stroke (Ducruet et al., 2009). That MAC is present without any obvious 

damage might suggest that it plays a “housekeeping” role, or at least that at low levels it is 

not pathogenic. Activation of the MAC has been suggested as beneficial in some diseases of 

the central nervous system (Rus et al., 2006) raising the question as to whether some level of 

MAC be helpful in the normal macula.
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One can speculate that a role for the MAC in the human macula is that it serves to opsonize 

debris from the enormous removal and degradation operation performed daily by the RPE. 

Each day, the RPE phagocytoses and completely digests approximately the outer 10% of the 

outer segment layer of the photoreceptor cells. Assuming that the average outer segment is a 

cylinder 1 μm in diameter and 30 μm in length (Forooghian et al., 2010) (assumptions which 

are increasingly or decreasingly accurate depending on one's position in the fundus), then 

the average volume of an outer segment is approximately 24 μm3 and 10% of this value is 

2.4 μm3. With approximately 100 million photoreceptors, the volume of 240,000,000 μm3 

(0.24 cc) needs to be completely turned over each day by a workforce of about 5 million 

RPE cells. The load for each RPE cell is, on average, roughly 48 μm3 per day. During 

normal aging, RPE cells are lost at a rate of about 2% per decade, meaning that this load 

may increase with aging. Macular loss in older eyes is predicted to be higher, although cells 

lost in the macula are potentially replaced by migration from peripheral regions (Del Priore 

et al., 2002). Interestingly, rod loss and RPE loss are not well correlated (Ach et al., 2014).

While cone photoreceptor outer segments turnover less than rods, and AMD is a macular 

disease, this is small help to lightening the load of the RPE, since the central retina–while 

cone enriched–still has many millions of rods (Curcio et al., 1990).

Thus, one can envision a potentially beneficial role for MAC formation between the RPE 

and choroid, particularly if the degradation of outer segments by the RPE becomes slightly 

less perfect during aging. If the MAC is beneficial in removal of outer segment debris, then 

patients with genetic inability to activate MAC might be expected to show increased debris 

in Bruch's membrane or, perhaps, elongated outer segments as we described in Best disease 

(Kay et al., 2012). Experiments in this area will provide useful insights.

While it is feasible that complement activation is beneficial in turning over excess debris 

from the retina, the MAC increases strikingly in aging and in AMD, which we propose 

likely overwhelms the potential benefits.

Another consideration for why the MAC forms where it does may relate to other distinctive 

aspects of the biochemistry of the neural retina and the RPE. Certain classes of long chain 

and very long chain fatty acids are enriched in photoreceptor outer segments (Liu et al., 

2010, 2013). These fatty acids, which show very limited distribution elsewhere in the body, 

can be converted into a distinct array of metabolites by the RPE following phagocytosis. 

These include both neuroprotective molecules like NPD1 (Gordon and Bazan, 2013), as well 

as potentially pro-inflammatory molecules like carboxy-ethyl pyrrole (CEP). 

Posttranslational modification of proteins and lipids by CEP has been of particular interest to 

the field, based on studies by Hollyfield, Salomon, Crabb, and colleagues showing: 1) CEP-

modified macromolecules at the RPE-choriocapillaris interface in AMD; 2) autoantibodies 

in human AMD patients with anti-CEP activity (Gu et al., 2003); 3) biological activities of 

CEP modified proteins that are pro-angiogenic (Ebrahem et al., 2006); and 4) recapitulation 

of aspects of AMD in mice immunized with CEP adducts (Hollyfield et al., 2008). These 

studies, taken together, suggest that a possible explanation for the choroidal deposition of 

MAC is due to the unique microenvironment of the aging Bruch's membrane/

choriocapillaris complex.
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How is complement activated in aging choroid?

The mechanism of complement activation in AMD is not currently understood. It has long 

been appreciated that the initiating stages of complement activation can occur by multiple 

independent pathways that all converge at the cleavage of C3 (Fig. 6). Importantly, single 

nucleotide polymorphisms in multiple members of the alternative and terminal complement 

system have been reproducibly reported as statistically elevated in AMD subjects (described 

above in Section 2).

The mechanism of complement activation in the choriocapillaris could in principle be any of 

the several activation pathways, including the classical, lectin, or alternative pathways. 

Based on the compelling genetic data, as well as studies showing that the alternative 

complement pathway contributes to experimental choroidal neovascularization in mice (e.g., 

(Rohrer et al., 2012)) one may reasonably invoke the alternative pathway as the most 

important in AMD. Whether CRP activation of complement using the classical pathway is 

operative in the human macula is an area of current study.

What is the consequence of increased MAC and anaphylatoxin generation in AMD eyes?

A possible consequence of prolonged exposure of the choriocapillaris to the MAC is that 

bystander lysis to endothelial cells may occur. The evidence for vascular dropout in the 

earliest stages of AMD is addressed below. In addition, MAC activation generates small N-

terminal fragments of C3 and C5 (C3a and C5a) that have inflammatory effects in the 

posterior pole. Receptors for C5a are expressed in the choriocapillaris and treatment of 

human organ cultures with C5a results in increased ICAM1 expression (Skeie et al., 2010). 

The genetic ablation of the C3a and C5a receptors in mice is protective against experimental 

choroidal neovascularization (Nozaki et al., 2006). Stimulation of T-cells with C5a increases 

production of IL-17 (Liu et al., 2011), a molecule that is cytotoxic to the RPE and is 

implicated in AMD (Ardeljan et al., 2014). Thus, direct cytolysis of the choriocapillaris 

endothelium as well as a pro-inflammatory shift in the extracellular microenviroment are 

both potential outcomes of MAC formation that are harmful to the choroid, RPE, and 

photoreceptor cells.

7. Choroidal vascular loss in early AMD

As discussed in the previous section, MAC is deposited in the aging choriocapillaris with 

higher levels in eyes with AMD. In this context, understanding the extent to which 

choriocapillaris undergoes degeneration in early and advanced AMD is necessary.

7.1. Histological studies

Ramrattan et al., in a large morphometric study using paraffin embedded, hematoxylin-eosin 

stained sections of human maculas, quantified elements of the choroid in a series of 95 eyes 

with and without AMD (Ramrattan et al., 1994). These authors found that the length of 

intact choriocapillaris per length of Bruch's membrane over which choriocapillaris 

measurements were collected significantly decreased in AMD, consistent with 

choriocapillaris dropout. While this capillary loss was most striking in eyes with geographic 
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atrophy and disciform scarring, 9 eyes in the study with basal laminar deposits (i.e., early 

dry AMD) also showed significantly decreased choriocapillaris density. Further, 

choriocapillaris ghost vessels have been associated with basal linear deposit and sub-retinal 

drusenoid deposit (Curcio et al., 2013). In contrast, Spraul and colleagues used similar 

methods to study 80 donor eyes (19 of which had atrophic AMD) and detected an increased 

vascular density in the eyes with AMD, although large vessel density was found to be lower 

in AMD (Spraul et al., 1996). One possible reason for the discrepancies between different 

reports relying on hematoxylin-eosin stained sections is that choriocapillaris ghost vessels 

(discussed below) may not be readily distinguished from healthy vessels in the absence of 

markers of viable endothelium or sufficient resolution to thoroughly assess the quality of the 

vasculature. Acellular choroidal capillaries or ghost vessels were generally not discussed in 

these reports. Thus, even a very well powered study that lacks sufficient ability to 

distinguish an empty from a lined capillary lumen will not provide sufficient information 

about the state of the choroid.

One solution to this limitation is the use of transmission electron microscopy, to provide 

sufficient resolution to unambiguously identify vascular loss. In a large histopathologic 

series, Sarks performed light and electron microscopic analysis and noted hyalinization and 

expansion of the extracellular matrix of intercapillary pillars with accompanying loss of 

choriocapillaris (Sarks, 1976). She further noted that as AMD advances, “the space 

previously occupied by the capillary” becomes “filled with collagen and various cells,” with 

a significant decrease in the area of viable capillaries beneath Bruch's membrane prior to 

gross atrophy (Sarks, 1978). Biesemeier et al. performed quantitative histology on a series of 

35 eyes (12 atrophic or neovascular AMD and 23 controls). These authors noted that there 

was substantial loss (27%) of the choriocapillaris in areas with intact RPE in AMD 

compared to controls. The selective loss of the choriocapillaris, compared to the RPE, was 

most notable in dry, early AMD (Biesemeier et al., 2014).

An alternative approach to transmission electron microscopy is the use of molecular markers 

that can identify endothelial cells based on their profile of expressed epitopes. Markers of 

viable EC include proteins like CD31/PECAM1 and CD34 (Lutty et al., 2010), as well as 

endogenous alkaline phosphatase activity. The endogenous alkaline phosphatase activity of 

human choroid has been used to great effect to characterize the choroidal vasculature in 

health and disease in whole mount approaches developed by the Lutty laboratory (Lutty and 

McLeod, 2005; McLeod et al., 2009; McLeod and Lutty, 1994). Our laboratory has largely 

employed the fucose-binding lectin, Ulex europaeus agglutinin-I (UEA-I), to assess the 

human choroidal vasculature using epi-fluorescence microscopy (Mullins et al., 2011b). 

Each of these markers has some limitations. We found that a subset of capillary endothelial 

cells loses CD34 expression and that this phenotype change occurs as a function of age. 

Moreover, the same cells that lose CD34 expression retain both UEA-I-binding 

glycoconjugates and alkaline phosphatase activity, indicating that morphometric studies 

relying on CD34 expression to mark viable endothelium may underrepresent the actual 

number of cells (Sohn et al., 2014a). Alkaline phosphatase activity and UEA-I affinity are 

species specific, and neither of these markers robustly identifies choroidal endothelium in 
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non-human primates (Otsuji et al., 2002), so these approaches in humans are not 

generalizable to other species.

Using a modified version of their alkaline phosphatase method, the Lutty group performed 

partial bleaching of melanin to allow simultaneous quantification of RPE pigment and 

alkaline phosphatase reaction product. These investigators provided evidence for loss of 

choriocapillaris endothelial cells beneath an intact RPE monolayer in 3 donors with 

choroidal neovascularization, whereas 5 donors with geographic atrophy showed 

predominant RPE loss (with a very narrowed, but viable, choriocapillaris). These results 

suggest that different end-stages of AMD exhibit different rates of loss of RPE and 

choriocapillaris. The finding that the endothelium dies adjacent to CNV may seem 

paradoxical, since in a simplistic situation, overgrowth of the choroid would be expected in 

CNV. However, acute injury of choroidal endothelial cells results in increased expression of 

pro-angiogenic genes, linking acute injury with angiogenesis (unpublished data).

We have sought to understand the relationship between RPE and choriocapillaris health in 

eyes with early AMD. To address this question we performed morphometric experiments on 

the choroidal vasculature and drusen in a series of 45 human donor maculae from 45 donors. 

Eyes were selected to include early AMD (n = 21) and age-matched controls (n = 24). 

Masked samples were sectioned and labeled with UEA-I lectin and anti-CD45 antibody. 

Cross sectional areas of choriocapillaris lumens, number of ghost vessels per unit length, 

and combined subRPE drusen and basal deposits (not readily distinguished on frozen 

sections) were quantified. After unmasking the collected data, we determined that there is a 

statistically significant, inverse relationship between the cross sectional area of deposits and 

the vascular density of the choriocapillaris. Somewhat surprisingly, measurement of RPE 

height in the same samples showed no significant difference in RPE as drusen volume 

increased (Fig. 7).

One question raised by the observation that lower capillary density is related to higher 

drusen density is whether the lower vascular density is due to loss of capillaries or a 

congenitally less robust choriocapillaris in eyes that will later develop drusen. To address 

this, we also quantified ghost vessels in the same donor set. Ghost vessels were defined as 

UEA-I negative, hypofluorescent cavities between two intercapillary pillars (Fig. 8). A 

direct relationship was found between drusen and choriocapillaris ghost vessels. Because 

ghost vessels indicate formerly occupied capillaries, we suggested that this relationship is 

most likely due to capillary loss, rather than a congenitally lower vascular density in 

individuals prone to develop drusen.

7.2. Gene expression

Vascular dropout as a feature of early AMD is also seen in molecular studies of affected and 

control human donor eyes. To investigate the effects of early AMD on gene expression in 

human RPE/choroid, we compared gene expression between nine early AMD eyes, 

exhibiting macular drusen and/or RPE changes, and seven control eyes with a recent 

ophthalmological exam negative for AMD, using Affymetrix Human Exon ST 1.0 arrays 

(Whitmore et al., 2013). To disentangle the relative changes within RPE and 

choriocapillaris, we performed Gene Set Enrichment Analysis (GSEA) using pre-defined 
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RPE-specific and endothelium-associated gene sets, assuming that the cross-tissue 

contribution to either set would be negligible. The endothelium-associated gene set 

manifested lower expression in the early AMD samples as compared to controls (GSEA q-

value < 0.1) with a slight increase in RPE-specific gene expression. This finding is 

consistent with morphologic findings of loss of endothelial cells in early AMD. We re-

stratified the data based on CFH Y204H risk genotype (11 high-risk, YH/HH samples; five 

low-risk, YY samples) and found thirty-five genes to be modestly differentially expressed 

between cases and controls (raw p value < 0.01 and at least ±1.5 fold change) though none 

were significant after false discovery rate correction. Nevertheless, several genes, such as 

DCN (fold change AMD vs. control 2.19), TIMP1 (fold change AMD vs. control −2.03), 

and ADAMTS9 (fold change AMD vs. control −2.61), suggest potential functional links 

between CFH genotype and matrix remodeling and angiogenesis (Whitmore et al., 2013).

7.3. Proteomics

Interestingly, these histological and molecular findings are also consistent with proteomic 

studies from the Crabb laboratory, using different samples and different techniques. In a 

well-powered study, Yuan et al. isolated Bruch's membrane/choroid from a large number of 

human maculas assigned as either controls (n = 25) or different AMD classes (n = 24). The 

authors found that AMD maculas showed decreased abundance of proteins such as carbonic 

anhydrase 4, VWF, HLA-A and Plasmalemmal Vesicle Associated Protein-1 (Yuan et al., 

2010)–all proteins that are highly enriched in the choroid (Hageman et al., 1991; Goverdhan 

et al., 2005). These authors also found a slightly increased level of RPE65 in their AMD 

samples (Yuan et al., 2010), presumably attributable to remaining RPE debris or RPE-

derived material in Bruch's membrane.

7.4. Clinical studies

Finally, in vivo assessment of blood flow in AMD has also been performed and is 

supportive of early loss of choriocapillaris in AMD. Pauleikhoff and colleagues measured 

choroidal filling using fluorescein and indocyanine green angiography in eyes with early 

AMD, and found slower kinetics of choroidal perfusion (a prolonged choroidal filling 

phase), consistent with vascular loss in these eyes (Pauleikhoff et al., 1999), an observation 

also made by Hayreh on fluorescein angiography (Hayreh, 1990). The Grunwald lab, using 

laser Doppler flowmetry, has quantified the movement of blood through the subfoveal 

choroid in eyes with early and advanced AMD and demonstrated significantly reduced 

blood volume and blood flow in association with extent of drusen, using linear regression 

(Berenberg et al., 2012). Elegant novel OCT approaches are now allowing the in vivo 

dissection of different layers of choroid (Zhang et al., 2012a). Although not yet widely 

studied, in one case when applied to a patient with geographic atrophy, choriocapillaris 

dropout was observed more diffusely than the area of RPE loss (Kim et al., 2013). Studies 

on additional patients will be needed to determine if this is a generalizable feature of 

geographic atrophy. Thus, in addition to histological observations, quantitative 

measurements of blood flow and microvascular structure in living AMD patients supports 

the notion that vascular changes occur in AMD prior to end stage disease.

Drusen are spatially associated with non-perfused choroid.
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At least as early as Friedman et al. (1963), some investigators have concluded that drusen do 

not form in a random fashion, but instead are distributed in association with underlying 

vascular structures. In his initial report, Friedman observed on whole mounted choroids that 

drusen were more frequently associated with Bruch's membrane overlying collecting 

venules. Sarks made a similar observation on the nonrandom distribution of drusen with the 

choroid; in ultrastructural preparations of AMD eyes, she noted that the smallest drusen 

often form over intercapillary pillars that contain debris, with root-like extensions into the 

choroid which she referred to as “entrapment sites” (Sarks et al., 1999). These studies were 

extended by Lengyel et al., who quantified the subset of drusen that autofluoresce in whole 

mounts and observed that these drusen show a preferential accumulation over intercapillary 

pillars (Lengyel et al., 2004). In morphometric studies, we found that the vascular density 

beneath drusen is approximately one half of the density between drusen (Mullins et al., 

2011b).

Moreover, these spatial findings appear to be related to ghost vessels as well, although this is 

has been more difficult to establish statistically. As discussed above, maculas with more 

ghost vessels had significantly more subRPE deposits than eyes with fewer ghost vessels 

(Mullins et al., 2011b). We have further frequently observed that small drusen are often 

localized to regions of Bruch's membrane directly overlying ghost vessels (Fig. 9).

A final area of choroidal change in AMD that is becoming more widely appreciated is the 

change in choroidal thickness observed in different pathologic states. While previous studies 

of choroidal filling were possible using indocyanine green angiography (Slakter et al., 1995; 

Staurenghi and Flower, 2002), and while ICG continues to offer unique and valuable 

insights (e.g., (Giani et al., 2012)), the interpretation of the resulting data is often difficult. 

With the development of enhanced depth imaging OCT, it is now relatively straightforward 

to collect quantitative measures of choroidal thickness in living patients non-invasively 

(Spaide et al., 2008).

Choroidal thinning has been observed in human patients in normal aging and in eyes with 

AMD–in one study, choroids with early AMD were found to be more than 20% thinner than 

in age-matched control eyes, whereas fellow eyes in patients with polypoidal choroidal 

vasculopathy had choroids that were 69% thicker than the unaffected contralateral eye 

(Chung et al., 2011). Changes in choroidal thickness have been described in other pathologic 

conditions, and is remarkable in myopia (see for example, (Nickla and Wallman, 2010)) and 

central serous chorioretinopathy (Jirarattanasopa et al., 2012). In addition, Spaide recently 

described a clinical entity characterized by severe choroidal thinning, referred to as “age-

related choroidal atrophy” (Spaide, 2009).

Moreover, the study of human donors eyes and living patients indicates that the subfoveal 

choroid in geographic atrophy is significantly thinner than in control donor eyes. Whether 

this choroidal atrophy precedes or results from RPE degeneration in GA is not well 

understood. However, our donor eye studies suggest that eyes with geographic atrophy have 

choroidal thinning even in areas remote from the central GA (Fig. 10), so if RPE injury is 

primary the RPE exerts its effects millimeters from its site of degeneration.
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Choroidal thickness is susceptible to diurnal variations and environmental changes (e.g., 

related to water intake (Arora et al., 2012)), and these changes are on the order of a few 

micrometers to 30 μm, whereas the differences in some disease states may vary by well over 

100 μm. Thus, the profound choroidal atrophy observed in many AMD patients with GA is 

most likely due to innate differences in the vascular, cellular and/or extracellular matrix 

elements of the choroid. What accounts for these differences is poorly understood.

We sought to determine whether eyes with high-risk genotypes in the CFH gene (Y402H 

allele, discussed above) have altered vascularity of the choroid. Specifically, choroidal 

thickness was quantified in 100 donor eyes. These experiments revealed that maculas from 

patients homozygous for the high-risk Y402H genotype in the CFH gene had significantly 

thinner choroids than those with low-risk genotypes (Mullins et al., in press). While the 

cellular and molecular basis of choroidal thinning is not completely understood, and events 

in the choriocapillaris may not be well reflected in the overall choroidal thickness, this study 

suggest a potential role for complement activation in atrophy of the choroid.

8. Possible consequences of vascular loss in AMD

8.1. Hypoxia

The most obvious consequence of depleting a major vascular supply is that the supported 

tissue may become hypoxic, with the well-characterized array of molecular and cellular 

responses (Stitt et al., 2011). Several of these processes, such as increased ICAM1 and a role 

for VEGF upregulation (Ablonczy et al., 2014) have been proposed in AMD. Hypoxia is an 

attractive pathway for AMD pathogenesis. It is consistent with the observed vascular loss in 

early AMD and is a stimulus that promotes angiogenesis, a critical process in end stage, 

neovascular AMD.

As discussed above, elegant experiments by Linsenmeier have shown that the neural retina 

consumes a very large amount of oxygen. A small decrease in perfusion might therefore be 

expected to be quite harmful to the photoreceptor cells, as suggested in the case of retinal 

detachment (Wang and Linsenmeier, 2007). Somewhat perplexing in this context is the 

observations that patients with Best disease can exhibit a subfoveal vitelliform lesion that is 

several times the thickness of the outer nuclear layer and yet retain good (20/25) cone vision 

for decades (Kay et al., 2012). It is possible that partial protection from hypoxia is offered 

by the modestly lower oxygen consumption reported in foveal (compared to perifoveal) 

primate photoreceptor cells (Birol et al., 2007). Moreover, in early AMD, rod loss is more 

notable than cone loss (Curcio, 2001) and rods appear to be more susceptible to mild 

ischemia than cones (Brunette et al., 1986), which may be consistent with the dark 

adaptometry findings in early AMD discussed above.

To date, gene expression studies of AMD eyes have not reported finding altered hypoxia 

pathways (Newman et al., 2012; Whitmore et al., 2013). It is possible that, due to the 

“overengineering” of the choroid described above, the retina does not experience major 

hypoxia with significant choriocapillaris dropout. In any case, further study is required to 

determine whether hypoxia is a major factor in the pathogenesis of early AMD.
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8.2. Impaired thermoregulation

One interesting role for the choroid that has been suggested is that its large amount of flow 

participates in thermal regulation of the RPE and retina (Parver, 1991). The 

microvasculature in other tissues, especially the dermis of the skin, have well appreciated 

functions in thermoregulation, in which dilation leads to shedding of excess heat through the 

skin and vasoconstriction conserves heat. The choriocapillaris itself rather resembles a 

radiator or a cooling coil, particularly in the macular region (Fig. 4). The very high degree of 

metabolic activity by both the photoreceptor cells and the RPE is expected to have 

considerable heat as a byproduct. Moreover, although the absorption of stray photons–

preventing light scattering and phototransduction in off target photoreceptor cells–is one of 

many critical functions of the RPE, this absorption of energy undoubtedly raises the 

temperature of the posterior pole.

Interestingly, raising the temperature of RPE cells in vitro leads to increased synthesis of a 

number of extracellular matrix molecules, including thrombospondin and tropoelastin 

(Sekiyama et al., 2012). The possibility that increased heat increases expression of 

extracellular matrix proteins in vivo might explain the formation of matrix-rich, basal 

laminar deposits, which are increased in aging and AMD (Sarks et al., 2007) and further 

increased in eyes with choriocapillaris dropout. Thus, altered temperature regulation, due to 

loss of choriocapillaris, could contribute to increased Bruch's membrane thickening and 

basal laminar deposits in AMD (Fig. 11). In addition, since mitochondrial function is highly 

dependent on temperature (Brooks et al., 1971), a small difference in temperature in the 

posterior pole could exacerbate phenotypes of AMD attributable to altered mitochondrial 

function.

Formally showing a role for the choroid in thermoregulation has been challenging. 

Temporarily clamping the choroidal (and retinal) circulation is possible using a device like 

an ophthalmodynamometer to raise the intraocular pressure above the blood pressure. In 

seminal studies in primates, Parver and colleagues raised the intraocular pressure in 

nonhuman primates by elevating the height of a fluid reservoir and measured temperature in 

the retina during intense light exposure. In the maculas of animals exposed to a bright light 

source, the retinal temperature increased as a function of intraocular pressure over the course 

of ≥1 min (Parver et al., 1980). This change of slightly over one degree Celsius, while 

subtle, does suggest the choroid can cool the retina. Whether longer term loss of choroidal 

flow would be sufficient to raise the temperature to similar levels as those observed by 

Sekiyama et al. remains to be determined.

8.3. Impaired clearance of Bruch's membrane debris

One hypothesis for the relationship between drusen and vascular loss is that there is a loss of 

endothelial cell uptake in early AMD. Endothelial cells are not generally considered to be 

major phagocytic cells, and debris in Bruch's membrane may be predominantly removed by 

professional phagocytes (Forrester, 2003; Skeie and Mullins, 2009). Endothelial cells may 

remove material by endocytosis (using machinery that includes both fluid phase and 

receptor mediated mechanisms) to deliver material to the lysosomes, or by transcytosis, in 

which material is transferred across the endothelial cell using caveolae or other organelles. 
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Endothelial cells are rarely observed removing material that requires formation of a 

phagosome. However, debris smaller than an organelle may be regularly cleared by a 

healthy choriocapillaris. Monkey (Tserentsoodol et al., 2006) and human (Fig. 12) 

choriocapillaris EC express low density lipoprotein receptor, and may therefore be involved 

in uptake of LDL. Overlay experiments, in which fluores-cent LDL is supplied to sections or 

organ cultures, shows that while the majority of LDL binding activity is present in choroidal 

macrophages, choriocapillaris also binds LDL. Whether the uptake of LDL in vivo is from 

the lumen to Bruch's membrane, from Bruch's membrane to the lumen, or bidirectional, is 

not well appreciated. Experiments in rats and primates show that LDL is trafficked from the 

vasculature through the choroid and into the RPE and photo-receptor cells (Tserentsoodol et 

al., 2006). On the other hand, we have found that human organ cultures, presented with 

fluorescent LDL on the abluminal surface, bind LDL (Fig. 12). If choroidal EC move lipid 

cargoes from Bruch's membrane into the blood, then clearly loss of choriocapillary EC by 

MAC injury or any other mechanism could promote the build up of lipid in Bruch's 

membrane.

The idea that endothelial cells can mobilize lipids from a high concentration in a tissue (such 

as Bruch's membrane) to a lower concentration (in the blood) should not be considered 

highly unusual. In adipose tissue, under conditions of low insulin, lipases hydrolyze 

triglycerides to glycerol and free fatty acids, the latter of which are then delivered to the 

vascular lumen by resident endothelial cells (Thompson et al., 2010). While the details of 

the molecular mechanism(s) of abluminal to luminal transport of lipids has not been 

thoroughly investigated, it is interesting that endothelial cells in obese mice show a loss of 

fenestrations in obese, compared to lean, mice (Cao et al., 2001); this ultrastructural finding 

is particularly interesting in light of the loss of choriocapillaris fenestrae in human eyes 

adjacent to GA (McLeod et al., 2009) and in otherwise non-specified AMD (Biesemeier et 

al., 2014). It is possible that the choriocapillaris assists in clearing lipids from Bruch's 

membrane using a similar mechanism to the loading of capillaries in adipose tissue. This is 

an area for future investigation.

There is additionally structural evidence that choriocapillary EC regulate Bruch's membrane 

composition by elaborating podosome-like organelles into Bruch's membrane. Such 

structures have been exquisitely demonstrated by Guymer and colleagues in hamster choroid 

using freeze fracture and conventional transmission electron microscopy and have also been 

shown in human donor eyes (Guymer et al., 2004) (see also Fig. 13). Extracellular, actin rich 

projections called podosomes or invadosomes in other tissues sequester matrix 

metalloproteinases and are required for normal ocular development and function (Mao et al., 

2009).

The notion that healthy choriocapillaris serves as an active site of removal of debris is 

further buttressed by the studies of where drusen form topographically in aging eyes. As 

discussed above, studies by Lengyel et al. (2004), Sarks et al. (1999) and Mullins et al. 

(2011b) show increased drusen formation in association with areas without flow. Moreover, 

findings that drusen density increases as a function of density of ghost vessels support the 

notion that it is vascular non-perfusion, not the structure of the intercapillary pillar itself, 

that promotes the localized formation of drusen.
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Clearance of material released by the RPE is especially important in the aging macula. 

Curcio and colleagues have provided a detailed characterization of the “oil spill in Bruch's 

membrane”, i.e., the age-related accumulation of lipoprotein-like particles and lipids in the 

inner layers of Bruch's membrane (reviewed in (Curcio et al., 2010, 2009, 2011)). 

Transmission electron microscopy and the quick-freeze/deep-etch method were used to 

examine the ultrastructure of macular Bruch's membrane in four donor eyes from young (27, 

41 yo) and older (76, 78 yo) donors (Ruberti et al., 2003). Lipid-rich particles were present 

in older donors in the lipid wall region between the elastic layer and inner collagen layer of 

Bruch's membrane. These particles exhibited an exterior shell and solid interior and were on 

average 80 nm in diameter, larger than the weave of collagen fibers in the basal lamina of 

the RPE (Ruberti et al., 2003). To determine possible sources of membranous debris 

observed in Bruch's membrane, these authors used osmiumtannic acid-

paraphenylenediamine and transmission electron microscopy to interrogate basal deposits 

and drusen in 20 donor eyes with preserved extracellular lipid (Curcio et al., 2005). 

Membranous debris found in basal laminar deposits ranged from 80 to 200 nm in diameter 

and was arranged in linear tracks or aggregations. In basal linear deposits and drusen, 

pathognomonic signs of AMD, lipids appeared in solid particles or neutral lipid pools 

(Curcio et al., 2005). Additional studies of sixteen human maculas revealed that lipoprotein-

like particles, small granules, and membrane-like structures form the basic structural motifs 

of more complex lipid inclusions (Huang et al., 2007). The particles themselves remain 

relatively constant in size across age (Huang et al., 2008). Lipoprotein-like particles in 

human donor Bruch's membrane-choroids are high in esterified cholesteryl, contain retinol 

equivalents, but are compositionally more like low density lipo-proteins of plasma than that 

of photoreceptors (Wang et al., 2009b).

RT-PCR, Western blotting, and immunohistochemical studies suggest that RPE expresses 

many of the components necessary for lipoprotein processing and secretion. These enzymes 

include microsomal triglyceride transfer protein (required for lipoprotein assembly), the 

unedited isoform of apolipoprotein B (apoB-100), sterol o-acyltransferase 1 (ACAT-1, 

implicated in fatty acid ester formation) (Li et al., 2005b), lecithin cholesterolacyltransferase 

(LCAT), and its cofactor apoA-I (Li et al., 2005a). The composition and morphology of 

lipoprotein-like particles in Bruch's membrane are distinct from plasma lipoproteins, further 

supporting RPE production (Li et al., 2005a).

Given the distinct composition of lipoprotein-like particles in Bruch's membrane, their age-

related accumulation, and their likely production in the RPE, Curcio and colleagues have 

proposed that the pathogenesis of age-related maculopathy parallels the response-to-

retention model of atherosclerosis: the accumulation of lipids in Bruch's membrane inhibits 

transport to and from the RPE while lipid oxidation creates a pro-inflammatory 

environment, eventually leading to the recruitment of professional phagocytes and 

neovascularization (Curcio et al., 2011).

Indeed, the release of material into a surrogate Bruch's membrane (although with no flow 

beneath it) has been observed in vitro and proposed as a model of drusen formation (Johnson 

et al., 2011). The accumulation of this material over an extended period of time congeals 

into the lipid wall discussed above. Moreover, basal linear deposits, a defining histological 
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finding in AMD (Curcio and Millican, 1999; Sarks, 1976), is comprised of vesicular lipid 

pro-files (Curcio and Millican, 1999). Functionally, this material contributes to loss of 

hydraulic conductivity across the Bruch's membrane/choroid (Starita et al., 1996). While this 

material is most likely expelled by the RPE, impaired uptake of lipoproteins from the injured 

or dedifferentiated choriocapillaris may contribute to its accumulation (discussed above).

9. Choriocapillaris phenotype change in aging and AMD

While there are unifying features of EC everywhere in the body (such as tube formation), 

EC show considerable anatomical, molecular and functional heterogeneity, both between 

tissues and within a tissue in different states. These differences may be significant in the 

pathogenesis of AMD and are briefly discussed below.

Structurally, it has long been appreciated that endothelial cells in the central nervous system 

(e.g., brain and retina), which comprise an element of the blood brain/blood retinal barrier, 

are the “continuous” type in which neurons are protected from circulating factors and 

specific uptake by the endothelium is required. In contrast, liver endothelial cells are 

sinusoidal, with discontinuous basal lamina and large (micrometer-sized) spaces between 

adjacent endothelial cells, allowing hepatocytes to seamlessly release newly synthesized 

plasma proteins into the systemic circulation. Fenestrated capillaries, such as those seen in 

renal glomerulus, are transitional between sinusoidal and continuous capillaries, with thin 

walls and diaphragmed openings on the order of 60–80 nm (Stan et al., 2012), depending on 

method of quantification and topographic region (Sugita et al., 1982). The two vascular beds 

of the posterior pole are comprised of capillaries of the continuous (retina) and fenestrated 

(choroid) type. In healthy eyes, retinal EC invariably have associated pericytes and 

astrocytes that help comprise the inner blood retinal barrier (Hosoya and Tomi, 2005), 

whereas pericytes in the choriocapillaris are much less abundant (Tilton et al., 1985) (Fig. 

14). These structural distinctions between retinal and choroidal endothelial cells are born out 

by mRNA expression studies (Browning et al., 2012), proteomics (Zamora et al., 2007) and 

functional experiments as well (Stewart et al., 2011).

Even within a vascular bed, there is heterogeneity of the endothelium. This is notable in 

choroid, in which the glycosphingolipid anchored enzyme, carbonic anhydrase IV, is 

localized to the choriocapillaris but is absent in the EC of intermediate and large caliber 

vessels (Hageman et al., 1991). In addition, MHC class I antigens, highly expressed in 

choroidal EC, are more abundantly expressed in choriocapillaris EC compared to large 

choroidal EC, whereas von Willebrand factor is more highly expressed in large vessels 

(Goverdhan et al., 2005).

In addition to regional variations in EC structure and function, EC can alter their structure 

and function in normal aging and pathologic states. This is very notable in retina, in which 

diabetic changes–including de novo expression of ICAM1–have been extensively 

documented (McLeod et al., 1995).

Less is appreciated about the molecular changes occurring in diseased choriocapillaris. As 

demonstrated by McLeod et al. (2009) and Biesemeier et al. (2014), choroidal EC 

dedifferentiation is an event that occurs in advanced AMD, with loss of fenestrae. We 
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recently found that normal aging is associated with loss of expression of the cell surface 

protein CD34 on otherwise normal choriocapillaris EC in human eyes (Sohn et al., 2014a); 

mining of publically available data sets (Chen et al., 2008; Newman et al., 2012) reveals an 

overall loss of CD34 expression in aged mouse and human eyes (Sohn et al., 2014a). CD34 

is a protein that may act as “molecular Teflon”, serving (among the complex set of 

leukocyte-endothelial cell interactions) as a mechanism to inhibit transmigration of 

circulating leukocytes (Nielsen and McNagny, 2008). Thus in normal aging of the 

choriocapillaris, one tool of the vasculature to limit inflammation is attenuated.

In more extreme situations, choroidal endothelial cells can further alter their phenotype. In a 

lectin histochemical screen of normal and pathologic vasculature in human eyes, we found 

that soybean agglutinin binding glycoconjugates were upregulated on the cell surface of 

neovascular endothelial cells, whereas these molecules were largely absent from normal 

choroid (Mullins et al., 2005). Since these soybean agglutinin binding glycoconjugates are 

extractable with organic solvents, they are most likely cell surface glycolipids. In addition, 

antibodies directed against integrin alpha-v beta-5 heterodimers have been reported to be 

abundantly expressed on pathologic endothelium in CNVMs but not on normal endothelial 

cells (Friedlander et al., 1996).

Thus, in both normal aging and end stage, neovascular AMD, choroidal EC can alter their 

phenotype. The molecular basis and the mechanistic importance of these changes to macular 

pathophysiology remains to be determined, although sublytic complement mediated injury 

could be a contributing factor.

10. Model for AMD pathogenesis

In our view, the notion that MAC leads to choriocapillaris dropout and the subsequent 

sequelae of AMD is very attractive and fits the most genetic, anatomical, clinical, molecular, 

and biochemical data. Specifically, we envision the following pathophysiologic series of 

events (Fig. 15): First, the complement system is activated at the Bruch's membrane/

choriocapillaris zone of the human eye. This deposition is more pronounced in the macula 

than the periphery (Hageman et al., 2005), which may account for the macular predilection 

of degeneration. The possible purpose and mechanism of complement activation, probably 

through the alternative pathway, is not fully appreciated. With increasing age, the deposition 

of MAC accelerates but without major damage to the choriocapillaris or RPE. Due to its 

altered interactions with CFI, CRP, heparin or other moieties, CFH molecules harboring a 

histidine instead of a tyrosine at residue 402 are less efficient at inhibiting the terminal 

complement pathway. As a result, eyes that are homozygous for the high-risk CFH 

genotypes Y402H generate more MAC complexes in the choroid regardless of age, 

compared to eyes with low-risk genotypes (Mullins et al., 2011a). At the generation of each 

MAC complex, a molecule of C5a is released, resulting in increased expression of VEGF by 

the RPE (Nozaki et al., 2006), upregulation of ICAM-1 on the choriocapillaris (Skeie et al., 

2010) and leukocyte recruitment and activation (Liu et al., 2011). In conjunction with these 

data, our findings that AREDS vitamins inhibit monocyte-EC interactions and suppress de 

novo expression of ICAM1 in human choroid organ cultures suggests a mechanism whereby 

AREDS vitamins may protect against AMD progression (Zeng et al., 2012).
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These potentially early events account for the histological observation in human eyes of 

elevated MAC and increased macrophage (Cherepanoff et al., 2010) and other leukocyte 

populations (Ezzat et al., 2008; Murinello et al., 2014) in the choroid. While the 

inflammatory circulating cells are present in increased numbers in the choroid in both dry 

AMD as well as in choroidal neovascular membranes (Grossniklaus et al., 2002), their 

precise contribution to pathology of the posterior pole is not well understood. However, it is 

notable that macrophages may be a source of proangiogenic molecules such as VEGF 

(Grossniklaus et al., 2002) and angiogenin (Pavlov et al., 2014) and can themselves 

synthesize additional complement molecules (Rutar et al., 2014), and cytokines that are 

cytotoxic to neural retina and RPE, such as IL-17, which is elevated in AMD maculas 

(Ardeljan et al., 2014).

In addition to its role in promoting the inflammatory milieu, the main function of the 

membrane attack complex is cytolysis. There are a number of reasons to suspect that the 

creation of MAC leads to choriocapillaris loss. As noted above, the MAC is present from an 

early age and is localized to the choriocapillaris. This pattern of deposition is consistent 

across studies and in different laboratories (for example, (Hageman et al., 2005; Seth et al., 

2008; Skeie et al., 2010)) and has been sufficiently reproducibly observed that there is little 

doubt that choriocapillaris is the main site of MAC deposition. Choroidal endothelial cells 

are susceptible to MAC mediated cell death (unpublished data) and may be more at risk to 

MAC lysis due to more limited repertoire of complement inhibiting cell surface molecules, 

compared to the RPE. Evidence for pronounced loss of the choriocapillaris has been 

documented in AMD using a variety of different methodologies, discussed above. During 

aging, the normal turnover of endothelial cells is also impaired, such that the replacement of 

lost endothelium becomes less efficient over several decades (Wang and Bennet, 2012).

We feel that since MAC is capable of inducing cell death and is robustly present at the level 

of the choriocapillaris, it is the most likely “smoking gun” for endothelial cell death in the 

choriocapillaris. Whether choriocapillaris loss occurs in AMD due to MAC or some other 

mechanism, it is clear that this damage occurs.

These changes are also occurring in the context of reduced regulatory potential from the 

central nervous system–decreased parasympathetic innervation of the choroid has been 

described in aging in both pigeons (Fitzgerald et al., 2005) and man (Jablonski et al., 2007). 

Although we believe the most pronounced changes are occurring at the level of the 

microvasculature of the choroid, pathology of large vessels has also been suggested based 

on measurements of scleral rigidity, with increased resistance in the vortex veins, reflux and 

damage to the choriocapillaris and, ultimately, RPE atrophy (Friedman et al., 1989).

As discussed above, all of these changes in the choroid are accompanied by age-related 

release of RPE-derived lipid into Bruch's membrane. If the choriocapillaris has a normal role 

in clearance of this material, dead or dysfunctional endothelial cells fail to remove this 

debris, resulting in the focal accumulation of lipid that will ultimately form drusen and basal 

deposits.
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Thus, we propose that a choroid-first hypothesis for the pathogenesis of AMD synthesizes 

genetic, immunohistochemical, morphometric, molecular, biochemical, functional, and 

clinical (OCT) data. A cartoon depiction of the events leading to RPE and photoreceptor 

atrophy is shown in Fig. 15.

Post hoc ergo propter hoc? The most obvious objection to this model is that–while we can 

observe choriocapillaris loss in advance of RPE loss–it remains challenging to formally 

demonstrate the cause and effect relationship between deposits in Bruch's membrane and 

choriocapillaris loss by histology alone. One might argue that drusen form without respect to 

the disposition of the choriocapillaris, but that the presence of even small drusen, once 

established, causes a loss of trophic support for the choriocapillaris from the RPE, with 

subsequent atrophy of the former.

Indeed, RPE-derived VEGF is necessary for the maintenance of the choriocapillaris. Elegant 

genetic and biochemical studies in mice have shown that immune neutralization (Ford et al., 

2011), conditional ablation of soluble VEGF isoforms (Saint-Geniez et al., 2009), and 

specific deletion of the VEGF gene in RPE cells results in choriocapillaris dedifferentiation 

(including changes in gene expression and loss of fenestrations) and atrophy (Kurihara et al., 

2012). Thus, an intact and functional RPE cell layer is essential for the persistent function of 

the choriocapillaris.

Studies of developing human eyes have shown that, while the deeper choroidal vessels 

develop by angiogenesis, the cells of the presumptive choriocapillaris proliferate and 

differentiate in situ through a process called hemovasculogenesis (Allende et al., 2006; 

Hasegawa et al., 2007; Lutty et al., 2010). In this process, both the EC and hematopoietic 

cells are formed locally from the same mesenchymal progenitors. In mouse, secretion of 

VEGF by the RPE precedes even pigmentation of the RPE by 2 days (Saint-Geniez et al., 

2006). In terms of understanding the relationship between the RPE and choriocapillaris, it is 

therefore significant that vasculogenesis implies that the choriocapillaris is never NOT under 

influence of the RPE.

In light of this relationship, it is difficult to rule out that the loss of the choriocapillaris may 

be due to Bruch's membrane changes that interfere with RPE trophic support. Thus, even 

though loss of choriocapillaris occurs in advance of RPE loss, establishing the primacy of 

choriocapillaris loss over RPE dysfunction will require additional experiments.

While the relationship between drusen and ghost vessels might feasibly be due to loss of 

trophic support by the RPE, we propose that the association of drusen with both ghost 

vessels and inter-capillary pillars is of high significance to model building. Choriocapillaris 

pillars cannot be readily attributed to a dependency on trophic support from the RPE. In 

other words, the two choroidal structures associated with drusen–intercapillary pillars and 

ghost vessels–have the common features of no flow and no viable endothelial cell.

Further work clearly needs to be performed to clarify the chicken-egg question of whether 

the vascular loss that occurs in early AMD precedes, or follows, the formation of Bruch's 

membrane deposits. Experiments to ablate the choriocapillaris in model organisms will be 

very helpful for providing new information about the timing of these events. Although mice 
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have not, to date, been shown to develop what a strict human pathologist would 

unreservedly call “drusen”, there are a number of models that show Bruch's membrane 

abnormalities and accumulation of subRPE material (e.g., (Malek et al., 2005); see the 

thorough review by Pennesi et al. (2012)). Ablation of different populations of choroidal 

endothelial cells and studying the downstream effect on temperature, hypoxia and lipid 

accumulation in Bruch's membrane will shed new light on this question. These studies are 

underway.

11. Future directions

The notion that AMD is a disease with its earliest molecular and cellular events at the level 

of choriocapillaris endothelial cells has important ramifications for both how existing 

interventions work and how new therapies should be developed. We envision that several 

major areas of investigation are necessary.

One discipline that is seeing exciting developments is the improved ability to image the 

choroid. Early studies, limited to fundus exam, were hampered by the ophthalmologist's 

inability to consistently image the choroid beneath the RPE pigment but were still able to 

provide some insight into choroidal pathophysiology. Current state of the art imaging 

modalities and algorithms are opening the previously closed door to this crucial vascular 

tissue.

As discussed above, retina clinics can now routinely assess choroidal thickness, using EDI-

OCT (recently reviewed in (Skondra et al., 2012)). This field is seeing exponential growth in 

manuscripts pertaining to choroidal thickness in retinal diseases like AMD, central serous 

chorioretinopathy, as well as glaucoma and diabetic retinopathy (reviewed in (Mrejen and 

Spaide, 2013)).

While larger vascular elements of the choroid have been revealed using these modalities, 

assessment of the choriocapillaris has remained a major challenge due to the resolution of 

current instruments. We recently addressed this challenge by quantifying the 

“choriocapillaris equivalent thickness” as the distance between resolvable large vessels of 

the choroid and the clearly-visible Bruch's membrane using an automated 3D algorithm 

(Zhang et al., 2012a). In addition, the development of novel modalities such as swept source 

OCT and phase variance OCT is beginning to provide images of the choroidal 

microvasculature and revealing previously invisible changes in the choroid in central serous 

chorioretinopathy (Ferrara et al., 2014) and in advance of geographic atrophy (Schwartz et 

al., 2014). The ongoing development of these tools, and their implementation in AMD and 

with respect to different genotypes, will be a major step forward in understanding the timing 

of events involving photoreceptor cells, the RPE and the choroid in AMD.

In terms of therapeutic directions, this model of AMD pathogenesis also offers several 

important considerations. For patients with early AMD who still have a functional and intact 

choriocapillaris, rescuing the endangered endothelium from ongoing injury from the 

complement system may be of great benefit from limiting capillary dropout and buttressing 

the macula against further damage. Experiments showing that AREDS vitamins are anti-

inflammatory in the human choriocapillaris suggest a mechanism by which this intervention 
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is beneficial in AMD (Zeng et al., 2012). Studies by the Rohrer et al. (2012) and Kumar-

Singh (Lipo et al., 2013) laboratories have made excellent progress in advancing potential 

therapies for AMD that attenuate complement activation, using both small molecule and 

gene therapy based approaches (e.g., (Birke et al., 2014)). A prediction of this model is that 

therapies that inhibit complement activation in the posterior pole, if applied early enough, 

will prevent choriocapillaris loss, deposition of material in Bruch's membrane, and RPE 

atrophy.

A second major implication of the notion that the choriocapillaris is lost early in AMD is 

related to stem cell replacement therapy. Eyes with advanced AMD show loss of the 

interdependent layers of photoreceptor cells, RPE and choriocapillaris. While considerable 

effort has been turned toward the generation of RPE cells for therapy in AMD, and excellent 

progress is being made in the generation of photoreceptor cells for the treatment of inherited 

retinal diseases, relatively little effort has gone into the replacement of choriocapillaris 

endothelial cells. Although the neural retina, when healthy, enjoys somewhat of an immune 

privileged status, we and others have argued that in retinal diseases (and especially AMD) 

the blood retinal barrier is severely compromised (Tucker et al., 2014). However, even if the 

host can tolerate retina and even RPE cells following allogenic transplant, the active 

baseline immune state of the choriocapillaris, and its constant exposure to the immune 

system, will require careful matching of MHC alleles. In the ideal case, autologous iPSC-

derived endothelial cells expressing host MHC class I alleles will be used to replace 

choriocapillaris cells lost to complement mediated cytolysis. In the case of advanced AMD, 

with atrophy of photoreceptor cells, RPE and choriocapillaris, modular reassembly of the 

missing cell layers may be required.

12. Conclusion

In summary, the choriocapillaris is a unique and vital support structure for the macular retina 

and RPE. It is the key site of MAC deposition and undergoes degenerative changes early in 

association with AMD pathogenesis. We propose that a comprehensive treatment strategy 

for early and late AMD will need to include defense and repair of this fundamentally 

important tissue.
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Abbreviations

AMD age-related macular degeneration

AREDS age-related eye disease study

CCP complement control protein domain

CFH complement factor H (gene or protein)

CNV choroidal neovascularization

CNVM(s) choroidal neovascular membrane(s)

CRP C-reactive protein

GA geographic atrophy

iPSC(s) induced pluripotent stem cell(s)

ICAM-1 intercellular adhesion molecule-1

MAC membrane attack complex

OCT optical coherence tomography

RPE retinal pigment epithelium

SNP single nucleotide polymorphism
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Fig. 1. 
Clinical appearance of drusen. Images of the right fundus of a 78 year old Caucasian female. 

Left panel, photograph demonstrating numerous macular drusen of various sizes; middle 

panel, infrared image showing location of optical coherence tomography scan in right panel 

indicating the sub-RPE location corresponding to drusen.
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Fig. 2. 
Clinical appearance of geographic atrophy. Fundus of an 88 year old Caucasian female. Left 

panel shows the right fundus (VA 20/100) with geography atrophy in the center of the 

macula with surrounding drusen, the largest of which are prominent in the temporal macula. 

Notice the confluence of the GA in this eye compared to the Right panel where the GA rings 

the fovea of the left eye (VA 20/40) in nummular fashion with similarly prominent drusen in 

peripheral macula.
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Fig. 3. 
Choroidal neovascularization. Images of 87 year old male with neovascular AMD of the 

right eye (VA 20/150). Upon presentation (left panel) there was prominent blood in the 

macula that was already dehemoglobinizing in the fovea and inferior macula corresponding 

to hyperreflective material on OCT (right upper panel). 3 months after anti-VEGF injections 

the blood has largely resolved (right lower panel) but VA is 20/100 due to atrophy of the 

outer retina.
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Fig. 4. 
Structure of the human macula. (A) Brightfield image of the extrafoveal macula; in normal 

eyes, the neural retina, RPE and choroid exist as an interdependent unit. Light enters the 

retina from the top of the panel, penetrates the inner retina and excites photoreceptor cell 

outer segments (OS). Stray photons are absorbed by melanosomes in the RPE and choroidal 

melanocytes (m). The phototransduction cascade results in arrest of glutamate release from 

photoreceptor cells and the excitation of neurons in the inner nuclear layer (INL), which in 

turn excite the ganglion cells (GC) that elaborate axons to the brain. The choroid itself is 

divided into the choriocapillaris (CC), Sattler's layer (SL), Haller's layer (HL), and the 

suprachoroidea, adjacent to the sclera (SC). Whereas the choriocapillaris is the vascular 

supply for the photoreceptor cells and RPE, the inner retina has its own vascular network 

(retinal capillaries, RC). B, same field as A shown with UEA-I (red), anti-CD45 antibody 

(green) and the nuclear stain DAPI (blue). Note the labeling of retinal and choroidal 

endothelial cells. The intense fluorescence at the level of the RPE is due to lipofuscin 

autofluorescence. C, flat section through the choriocapillaris layer shows dense, 

anastomosing network of large caliber capillaries (UEA-I, red); D, deeper section through 

the outer choroid. Scalebar, 50 μm.
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Fig. 5. 
Accumulation of the membrane attack complex in aging. Anti-MAC antibody is shown in 

green, UEA-I lectin is depicted in red. A, section of newborn donor without MAC 

immunoreactivity; B, section of 79 year old donor with extensive MAC immunoreactivity in 

the choriocapillaris. ELISA analyses show increased MAC in aging and additional increased 

MAC in AMD (see e.g. Mullins et al., in press AJP). Scalebar, 50 μm.
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Fig. 6. 
Diagram showing some of the key elements of the complement cascade. In the classical 

pathway, initiation occurs when C1q binds to IgG or IgM immune complexes. The lectin 

pathway engages when mannose-binding lectin (MBL) binds pathogen associated 

carbohydrate moieties, such as mannose or glucose. In the alternative pathway, C3 

spontaneously hydrolyzes (dotted line) but negative regulators (e.g., CFH and CFI) bound to 

the extracellular matrix of host cells prevent amplifying cleavage of C3 by C3b (dashed 

line). Without binding opportunities for CFH, as on bacterial cell walls, positive feedback 

occurs ultimately leading to MAC deposition. Figure adapted from Thurman and Holers 

(2006).
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Fig. 7. 
Quantitative measurements of subRPE deposits and vascular density in human eyes. Linear 

regression analysis performed on a series of human donors shows that increasing size and/or 

number of drusen was negatively correlated with vascular density (filled circles/solid 

trendline; r2 = 0.22, P < 0.01). In contrast, the height of the RPE (open squares, dashed line) 

was not correlated with drusen density. Adapted from Mullins et al. (2011b).
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Fig. 8. 
Ghost vessels in the choriocapillaris are associated with pathologic subRPE deposits in 

AMD. A, Section of human macula labeled with UEA-I lectin shows two healthy vessels 

(asterisks) surrounding a UEA-I negative ghost vessel (asterisk). B, Linear regression 

analysis of numbers of ghost vessels versus the square root of drusen density. Drusen and 

ghost vessels showed a strong positive correlation (r2 = 0.57, corrected P < 0.001). Adapted 

from Mullins et al. (2011b).
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Fig. 9. 
In addition to being more abundant in eyes in association with an increasing volume of 

drusen, ghost vessels appear to be frequently spatially associated with drusen as well. 

Section of human macula labeled with UEA-I lectin (red) and anti-CD45 antibody (green). 

Druse (asterisk) appears centered over choriocapillaris ghost (arrow). See also Sohn and 

Mullins, 2012, “Age Related Macular Degeneration – The Recent Advances in Basic 

Research and Clinical Care”, Gui-Shuang Ying, editor.
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Fig. 10. 
Effects of age and AMD on choroidal thickness. (A) Scatter plot of age (x-axis) and 

choroidal thickness (y-axis) of 22 eyes without AMD. Among the non-AMD samples 

included in this study, age showed a statistically significant negative relationship to 

thickness (slope P < 0.05), although the correlation was weak (r2 = 0.19). (B) Donor 

maculae were categorized as controls (CTL), early/dry AMD (ARM), neovascular AMD 

(CNV), or geographic atrophy (GA). Eyes with geographic atrophy showed significant 

choroidal thinning compared to the other categories (P < 0.05). Diamonds indicate 

individuals, and filled squares indicate averages for each category. From Sohn et al. 

(2014b).
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Fig. 11. 
Ultrastructural appearance of basal laminar deposits in a human eye with geographic 

atrophy. Note the characteristic banded pattern with reproducible periodicity. These deposits 

typically form beneath the RPE, between the plasma membrane and basal lamina. Scalebar = 

500 nm.
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Fig. 12. 
The human choriocapillaris has functional binding sites for LDL. Top, While the major site 

of LDL uptake is in choroidal macrophages, organ cultures of RPE/choroid exposed to 

fluorescent LDL show uptake in the choriocapillaris (CC), arrows. Bottom, 

Immunohistochemistry with anti-LDL receptor antibodies show labeling in choriocapillaris 

endothelial cells (CC, arrows), Dr, druse. See also Tserentsoodol et al. (2006).
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Fig. 13. 
Choriocapillaris endothelial cells elaborate processes (arrow) that project into Bruch's 

membrane, where they presumably serve synthetic and/or degradative functions. Loss of 

choriocapillaris vasculature inevitably results in loss of this function. Figure shows a 

transmission electron micrograph of the extramacular region of a 77 year old human donor 

eye. BrM, Bruch's membrane; CCEC, choriocapillaris endothelial cell; CCL, 

choriocapillaris lumen. Asterisk, choriocapillaris basal lamina; scalebar = 2 μm.
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Fig. 14. 
Ultrastructural comparison of endothelial cells (EC) of the retinal vasculature (top) and 

choriocapillaris (bottom) in mouse. In the retina, note the small diameter of the vessel, that 

narrowly permits the passage of a red blood cell (RBC). The retinal endothelium has 

relatively abundant cytosol, tight junctions (arrowhead), and a basal lamina. These 

capillaries are surrounded by pericytes (PC) which also have their own basal lamina and 

dark-staining glial processes. In contrast, choriocapillary endothelial cells (bottom) show a 

very small distance between their lumen and the extravascular space, especially on the 

surface facing the RPE basal infoldings. The inner surface of these cells is also typically 

fenestrated, giving the appearance of beads on a strong (arrows). A choroidal melanocyte 

(MC) is also depicted. Scalebar = 2 μm.
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Fig. 15. 
Schematic diagram depicting the proposed pathological processes involved in the 

development and progression of AMD. In a young macula (A), photoreceptor cells are 

supported by the RPE and choriocapillaris. During normal aging (B), MAC (green profiles) 

accumulates in Bruch's membrane and the choriocapillaris. The continuous exposure to 

MAC, especially in eyes with high-risk CFH genotypes, leads to loss of choriocapillaris 

endothelial cells and formation of ghost vessels (C). Impaired clearance, increased hypoxia 

or other events lead to increased deposition of drusen (D), which can lead to further atrophy 

(E) or choroidal neovascularization (F).
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