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Abstract

The Alzheimer amyloid-β (Aβ) accumulates in several types of retinal degeneration and in

Alzheimer disease (AD), but its source has been unclear. We detected the neuronal 695 amino acid

form of Aβ-precursor protein (AβPP) in the normal retina and AβPP751 in the retinal pigment

epithelium (RPE) and anterior eye tissues. Similar to the brain, α- and β-secretases cleaved AβPP

to soluble derivatives (sAPP) α or β and membrane-bound C-terminal fragments (CTF) α or β in
the retina and RPE. Levels of sAPP were particularly high in the vitreous and low in aqueous

humor revealing a molecular barrier for AβPP. In contrast, Aβ40 and Aβ42 levels were only 50%

lower in the aqueous than the vitreous humor, indicating relatively barrier-free movement of Aβ.
These studies demonstrated a relatively high yield of AβPP and Aβ in the ocular fluids, which

may serve as a trackable marker for AD. In addition, failure of free clearance from the eye may

trigger retina degeneration in a manner similar to Aβ-related neurodegeneration in AD.
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INTRODUCTION

Alzheimer disease (AD) is an extensively studied neurodegenerative disease associated with

amyloid-β (Aβ) deposits in senile plaques and cerebrovascular amyloid and microtubule

associated protein tau (MAPT) deposits in neurofibrillary tangles (NFT). It annually afflicts

more than 4.5 million Americans and costs over $100 billion in healthcare expenses within

the USA (http://www.alz.org/national/documents/report_alzfactsfigures2009.pdf;

http://www.nia.nih.gov/NR/rdonlyres/0FA2EE06-0074-4C45-BAA3-34D56170EB8B/0/

Unraveling_final.pdf). Several studies have provided evidence that Aβ is deposited in the

eyes of patients with age-related macular degeneration (AMD), within drusen deposits
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between the retinal pigment epithelium (RPE) and the choroidal Bruch’s membrane [1–6].

Depending on the type, size, confluence, and location of the drusen, the disease can progress

towards geographic atrophy and choroidal neovascularization. Aβ, a clinical biomarker in

AD, is an integral component of drusen. Like senile plaques, drusen also contains deposits

of apolipoprotein E (ApoE), a major risk factor for AD as well as AMD [7].

The Aβ sequence spans portions of the ectodomain and transmembrane domains of a larger

type-I integral membrane Aβ protein precursor (AβPP) of 695–770 residues generated by

alternative splicing of a single gene on chromosome 21 and undergoes proteolytic

processing as described below [8, 9]. Most AβPP (~90%) is cleaved between residues 16

and 17 of AβPP to secreted derivative sAPPα and a membrane-bound C-terminal fragment

(CTF) of 83 aa – CTFα - by an enzyme known as α-secretase. About 5–10% of AβPP is

also processed by β-secretase (a.k.a. BACE-1) at the N-terminal side of Aβ to sAPPβ and a

membrane-bound CTF of 99 aa (CTFβ). A multisubunit complex protease, γ-secretase,

cleaves CTFα and β within their transmembrane domains to secrete the 3 kDa P3 and 4 kDa

Aβ, respectively. A large body of literature suggests that Aβ aggregation, accumulation and

deposition triggers the neurodegenerative cascade that leads to dementia in AD.

Recently, an animal model of AMD has been developed using a transgenic mouse model

expressing the ε variant of human ApoE coupled with a high-fat diet [10]. In this model,

retina degeneration was successfully treated using an anti-Aβ antibody [11]. Accordingly, it

was thought that Aβ, together with related factors, could induce AMD.

Electroretinograms (ERGs) of AD patients indicate pathological changes similar to those of

glaucoma, a leading cause of blindness [12, 13]. In one study of experimental glaucoma,

immunohistochemistry suggests that Aβ can accumulate around retinal ganglion cells

(RGCs), and anti-Aβ treatment reduces RGC apoptosis [14]. Others have developed a

noninvasive diagnosis method for AD based on accumulation of Aβ in specific forms of

cataract [15]. However, in all these studies, the source of Aβ remained unclear and one was

left to wonder whether the paper-thin retinal tissue could generate sufficient Aβ to induce

damage and eventual neurodegeneration. Therefore, a systematic investigation of AβPP

changes in various ocular tissues associated with environmental and genetic risk factors is

critical to elucidate the pathogenesis of both AMD and glaucoma. With the ocular tissues

being easily accessible, data gathered from studies using the eye as a model may also prove

to be useful for understanding protein accumulation in the brain. In this study, we

characterized the dynamics of AβPP metabolism in the eye under normal conditions, to set

the standards for future studies on the role of AβPP in retina and central nervous system

degeneration.

MATERIALS AND METHODS

Chemicals, antibodies, and standard peptides

All chemicals were purchased in the highest purity available (analytical or molecular,

biological grade), unless stated otherwise. The γ-secretase inhibitor, LY411575, was custom

synthesized at the Mayo Clinic chemistry core facility [16].

The rabbit antibody O443 against the C-terminal 20 residues of AβPP

(CKMQQNGYENPTYKFFEQMQN) and the anti-PS1 antibody against residues 2–13

(CRKTELPAPLSYF) were as described previously [17, 18]. The R7 antibody against the

Kunitz protease inhibitor (KPI) domain of AβPP was a gift from Dr. Nikolaos Robakis [19].

Other antibodies used were obtained from several sources as follows: monoclonal 6E10

(against residues 1–17 of Aβ, Covance, Emeryville, CA, USA), 22C11 (N-terminal 66–81

aa of AβPP, Boehringer Mannheim, GmbH Germany), anti-human BACE-1 (Abcam 23796
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against recombinant BACE-1; Abcam2077 against residues 485–501), anti-PEN-2 (Zymed,

CA, USA), anti-Nicastrin (Cell Signaling, Danvers, MA, USA), anti-APH1a (Abcam,

Cambridge, UK) and peroxide-conjugated secondary antibodies (Jackson ImmunoResearch

(West Grove, PA, USA).

The LC99 construct consisting of the signal sequence of AβPP fused to its C-terminal 99

residues was expressed in Chinese hamster ovary (CHO) cells and used as a standard for C-

terminal fragment β (CTFβ) [20]. CHO-2B7 cells (a gift from Todd Golde, Mayo Clinic,

Jacksonville, FL, USA) expressing wild type AβPP695 were used as a standard for CTFα
and AβPP.

ELISA kits for Aβ40 (IBL Co. Ltd, Gunma, Japan) and Aβ42 (Innogenetics, Gent, Belgium)

were used for the analysis of Aβ. These kits were subjected to multiple validation tests

including lack of cross reactivity with full-length AβPP and other Aβ-like fragments.

However, they still showed low levels of nonspecific reactivity based on the samples

measured. To ensure specificity, we included a competition with the Aβ1–16 peptide with

detection antibody for each sample tested in the assay and subtracted the nonspecific

reactivity before calculating the values.

Animals

All animal procedures were approved and supervised by the Institutional Animal Care and

Use Committee of the Medical University of South Carolina and adhered to the tenets of the

Declaration of Helsinki and the ARVO Statement for the Use of Animals in Ophthalmic and

Vision Research. BALB/c mice were obtained from the Jackson Laboratory (Bar Harbor,

ME, USA) and maintained in a 12-hour light/dark cycle. BACE-1 knockout mice and AβPP-

PS1 transgenic mice were obtained from the Jackson laboratory. Over-expressing AβPP

mice (AβPP-YAC), generated under the yeast artificial chromosome [21], were gifts from

Bruce Lamb (Department of Genetics, Case Western Reserve University, Cleveland, OH,

USA). AβPP knock-out mice (AβPP-KO) were gifts from Dr. Hui Zheng (Huffington

Center on Aging, Baylor College of Medicine, Houston, TX, USA). One- to three-month-old

mice were used for the experiments. Bovine eyes were obtained on dry ice from Cocalico

Biologicals, Inc. (Reamstown, PA, USA).

Eye dissection and tissue isolation

Eyes (bovine and mice) were enucleated and dissected to obtain the retina (RET), RPE,

aqueous humor (AQE), and vitreous humor (VIT). The anterior segment of the eye was

removed using a fine scissor with a circumferential cut behind the limbus to release the

cornea. Aqueous humor was collected from the center of the cornea using a disposable

plastic syringe. A 26 gauge needle (through the corneal edge) was used to collect vitreous

humor. The whole eye was then cut into two, equal hemispheres and the retina was carefully

removed. The lens was removed from the anterior cup and the lens epithelium was

dissected. The RPE was removed from the interior surface of the posterior globe under a

dissecting microscope by repetitive brushing in the presence of PBS. Since mouse eyes are

very small, they were supported within small wells drilled into a plexiglass sheet under the

microscope (Nikon SMZ 800, Japan). All ocular tissue collections were immediately frozen

on dry ice and stored at −80°C until analysis.

Biochemical analysis

Dissected tissues were homogenized using a high-speed tissue homogenizer (PRO

Scientific, Oxford, CT, USA) and 10 volumes of homogenization buffer (10 mM HEPES,

pH7.4; 1 mM EDTA, 0.25 M sucrose + 5 mM o-phenanthroline and protease-inhibitor

cocktail; Sigma-Aldrich CO. St Louis, MO, USA). Total membrane pellets were obtained by
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centrifugation in a Sorvall RCM100 microultracentrifuge for 60 min at 100,000g and

analyzed by Western blotting as described previously, with the exception that the signal was

detected using a chemiluminescence detector (Fluorchem HD, Alpha Innotech, Santa Clara,

CA, USA) [17].

Aβ was analyzed using ELISA kits obtained from IBL (Aβ40) and Innogenetics (Aβ42) and

the assay carried out according to manufacturer’s instructions, with a few key modifications.

The major modification in the Aβ40 assay was the replacement of its detection antibody and

other detection reagents with the same reagents from the Innogenetics kit to reduce

background. Nonspecific immunoreactivity was determined and subtracted for each sample

after competition of the detection antibody with the Aβ1–16 peptide.

In vivo studies

To analyze the effect of cycloheximide (CXM) on AβPP metabolism, non-transgenic wild-

type BALB/c mice were used at 8–10 weeks-of-age (body weight 26.2 ± 2.3 g), and groups

of mice intraperitoneally-injected with either saline or 6 mg/kg CXM. Four mice were

dissected at each indicated time point (0.5, 1, 2, 4 hours) post-treatment and analyzed as

described earlier.

γ-Secretase activity was inhibited in transgenic mice over-expressing the human AβPP gene

with the Swedish double-mutation mice, K670N/M671L, under the control of the Yeast

Artificial Chromosome [21] by intraperitoneal injection of a potent γ-secretase inhibitor,

LY411575, in 3 mg/kg in corn oil as reported previously [22]. Mice for this study were

fasted overnight, treated in groups of 4 for 8 hours or 12 hours, euthanized in a CO2-

saturated chamber followed by decapitation. The animals were dissected under a microscope

to obtain the RPE and other retina tissue and brain for further analysis, as described earlier.

RESULTS

AβPP is expressed in the retina and the RPE

To identify the ocular tissue in which AβPP is expressed, the cornea, retina, RPE, aqueous

humor, vitreous humor, iris, and lens were analyzed from bovine eyes (Fig. 1A, E). The

retina (Fig. 1B), RPE (Fig. 1C), and vitreous humor (Fig. 1F, 1G) from bovine and murine

eyes, were also compared. Western blotting utilized the O443 antibody against the last 20

amino acids (aa) of AβPP (Fig. 1A–D), 6E10 against Aβ1–16 (Fig. 1E), 22C11 against

AβPP ectodomain (61–81 aa; Fig. 1F), and 10D1 end-specific for sAPPβ (Fig. 1G). Brains

from AβPP transgenic mice were used as positive controls (Fig. 1D). To identify the specific

AβPP bands, we included knockout mouse controls and competition assays (Fig. 2).

The O443 antibody detects full-length AβPP of 110–130 kDa in the cornea, retina, RPE, iris

and vitreous humor, but not in the lens and aqueous humor (Fig. 1A). The migration pattern

on polyacrylamide gels is consistent with a mix of mature and core glycosylated AβPP695

(695 aa) that are characteristic of neurons in the retina (Fig. 1A) [17]. The longer KPI

domain-bearing AβPP751 is seen in the cornea, RPE and iris (Figs. 1A, 2). Similar AβPP

patterns were found in the murine retina (Fig. 1B) and RPE (Fig. 1C) as well. C-terminal

fragments (CTFs) of ~11 kDa, generated predominantly by α-secretase, were observed both

in the retina and RPE (Fig. 1A–C), but not in the other tissues. Additional bands detected

between 14 and 110 kDa persist after competition and are also seen in AβPP-KO mice

suggesting that they are nonspecific, and were therefore ignored (Fig. 2).

Previous studies have reported significant levels of AβPP in the lens and have attributed its

presence to cataract formation [23–25]. We were unable to detect AβPP in the normal adult
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bovine lens lysate (Fig. 1A, E). Further studies using eyes from cataract patients are needed

to confirm and understand the cause of Aβ accumulation.

Secreted-AβPP accumulates in the vitreous humor

The bovine eye tissues listed above were probed with the 6E10 antibody to detect α-

secretase-cleaved AβPP that forms soluble (sAPPα) (Fig. 1E). Although this antibody can

also detect full-length AβPP, the relative increase in band intensity in the aqueous and

vitreous humors compared to the other tissues suggests that it is the cleaved and secreted

product, sAPPα, which lacks the intracellular domain required for O443 reactivity. Since

6E10 does not detect mouse AβPP, we demonstrated the presence of total sAPP in the

mouse vitreous humor with 22C11 against residues 66–81 from the N-terminus of AβPP

(Fig. 1F). In addition, sAPPβ derived by BACE-1 cleavage was also detected in the vitreous

humor (Fig. 1G).

The overwhelmingly high levels of sAPPα in the vitreous humor (Fig. 1E) is comparable

only to that found in the cerebrospinal fluid (CSF; Annamalai and Sambamurti, 2005,

unpublished observations). As the tissues surrounding the vitreous humor, including the

retina, are very thin and of low volume, the presence of this large a quantity of sAPPα in the

vitreous suggests that its clearance is very slow, leading to an accumulation of sAPPα.

Some sAPPα is also seen in the aqueous humor (Fig. 1E), but its levels are orders of

magnitude lower, suggesting that the protein is unable to efficiently diffuse across the

hyaloid membrane that separate the two humors [26].

The retina secretes most of the sAPP detected in aqueous and vitreous humors

Since large amounts of sAPPα and sAPPβ are found in the vitreous humor (Fig. 1), it is

important to identify their source. Is the neural retina responsible for most of the sAPP or is

it derived predominantly from other tissues in the eye? To identify the type of AβPP within

the eye, we biased the gel system to increase separation at the higher size range and

compared the bands detected by 6E10 with a second antibody R7 (Fig. 3), raised against

portions of the KPI domain in AβPP751 [19].

The 6E10 antibody detects a major band of 110 kDa and a relatively minor band of 120 kDa

in the vitreous and aqueous humors (Fig. 3A). The R7 antibody detects a larger 120 kDa

band (Fig. 3B) that co-migrates with the minor 120 kDa sAPPα band detected by 6E10 in

the vitreous and aqueous humor lanes and shown in Fig. 3A. R7, however, does not detect

the major smaller 110 kDa sAPPα band in the aqueous and vitreous humors. Since the

intensity of the 120 kDa KPI-containing band detected by 6E10 is faint compared to the 110

kDa band, most sAPP is derived from the neuronal form, AβPP695, and therefore from the

retina. Earlier, we noted that the retinal AβPP is smaller than in other eye tissues, including

the RPE (Fig 1). However, the RPE layer surrounding the retinal tissue showed two bands.

One of these bands is larger while the other migrates with the retinal AβPP695. The smaller

band could either be the core glycosylated form of AβPP751 containing the KPI domain or

AβPP695. To distinguish between these possibilities, we measured AβPP in primary porcine

RPE cells and a human RPE cell line (ARPE-19). Both O443 (Fig 3C) and R7 (Fig 3D)

detected both AβPP bands showing that they contain the KPI domain seen in AβPP751.

Therefore, unlike the retina, little or no AβPP695 is expressed in RPE cells.

Interestingly, a large fraction of the sAPP in aqueous humor is also derived from AβPP695

(Fig. 3A, AQE). As the surrounding tissues express predominantly AβPP751, this finding

suggests that sAPP diffuses from the vitreous into the aqueous humor. However, the large

difference in the concentration of sAPPα in the vitreous and aqueous humors suggest that

either this transfer is fairly inefficient or that the protein is rapidly cleared from the aqueous
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humor. This result is surprising, because most of the studies on fluid dynamics in the eye

would suggest that the flow should be in the other direction (i.e., from the aqueous to the

vitreous and on toward the choroid via the RPE [27]). However, consistent with our

findings, one report shows that the flow can occur in both directions [28]. Moreover, the

tight RPE barrier does not normally allow the clearance of peptides and proteins.

Our study of the retina and RPE, demonstrate that AβPP is processed by the major α- and β-
secretase pathways previously identified in the brain and suggest that a pathway exists for

the clearance of sAPPα via the anterior eye chamber, although this is a slow and inefficient

route based on the large accumulation of this protein in the vitreous humor. Additional

studies are needed to understand the clearance pathways for sAPPα from the closed vitreous

humor system which will provide valuable information on the causes of protein

accumulation with age. The fate of secreted AβPP derivatives is a poorly understood area of

study even in the brain, as most of the focus has been on Aβ42 and its potential toxicity in

AD. This is likely to change with the discovery of a toxic fragment derived from the AβPP

ectodomain, termed N-APP [29].

AβPP is rapidly turned over in the eye and in the brain

To understand AβPP turnover rates in vivo, total protein synthesis was inhibited with a

single intraperitoneal injection of CXM (6 mg/kg) in mice, and tissue was collected at 0.5, 1,

2 and 4 hours after treatment. Levels of AβPP and CTFα in both the retina (Fig. 4A) and the

RPE (Fig. 4B) dropped rapidly (0.5 hours) and remained low for 4 hours (Fig. 4C–D). Both

cortices (CTX) and hippocampi (data not shown) extracted from the same mice showed a

more gradual, but sustained reduction in AβPP and CTFα. The simplest conclusion from

these studies is that the protein synthesis inhibitor, CXM, diffuses into the eyes more rapidly

than the brain, but one cannot rule out the possibility that AβPP is even more rapidly turned

over in the retina and RPE than in the brain. Regardless of the details, however, the data

show that AβPP is rapidly metabolized in vivo by α- and β-secretase in the eye and the

brain, as in neuronal cells in culture [19].

Retina and RPE cells express all the factors necessary for Aβ production

Retina and RPE cells were dissected from mouse eyes and analyzed for the presence of

BACE-1 and the four known subunits of γ-secretase (PS1, Aph-1, Pen-2, and NCT) by

Western blotting. Transformed CHO cells and brain from normal and BACE-1 knockout

mice served as controls. A 70 kDa BACE-1 immunoreactive band is observed in all tissues

except in BACE-1 knockout mouse brain (Fig. 5A). BACE-1 immunoreactivity was higher

in the RPE than in the retina, but the protein is normally preferentially expressed in neurons

in the brain. The reason for this discrepancy is not clear, but it is a consistent finding in

mice. Since RPE cells continuously phagocytose retinal membranes for their maintenance, it

is possible that some of the signal arises from retinal membranes. PS1, Aph-1, Pen-2 and

NCT were expressed in all studied tissues (Fig. 5B–E), demonstrating that both the retina

and the RPE possess all the components necessary for Aβ production.

CTFs from AβPP are processed by γ-secretase in the eye

The CTFα and CTFβ fragments generated by α- and β-secretase cleavage of AβPP are

further processed by γ-secretase to generate Aβ and a 3 kDa fragment (P3) in the brain [8].

LY411575 (γ-secretase inhibitor, 3 mg/kg) treatment of mice expressing the entire AβPP

gene in a yeast artificial chromosome with a familial AD (FAD) mutation (KM670NL) for 8

or 12 hours, increased the levels of both CTFα and CTFβ in the retina (Fig. 6A–B), RPE

(Fig. 6C–D), and brain (Fig. 6E–F) demonstrating that all the major AβPP processing

pathways described in the brain are active in the retina and the RPE. AβPP levels remain

constant during this treatment showing that its synthesis and turnover by the α- and β-
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secretase pathways are rapid and not affected by the inhibition of γ-secretase in the brain

and the eye.

The KM670NL mutant form of AβPP is a better substrate for β-secretase, and therefore

yields higher levels of CTFβ and Aβ [8]. Consistently, relative to CTFα, the brains of these

mice show high levels of CTFβ (Fig. 6E–F). However, CTFβ levels in the retina (Fig. 6A–

B) and RPE cells (Fig. 6C–D) remain relatively low, suggesting that β-secretase processing

is less efficient in the retina and RPE than the brain and may consequentially yield lower

levels of Aβ than the brain.

Both Aβ40 and Aβ42 are present in the aqueous and vitreous humors

Using sensitive commercial Aβ ELISA kits (Innogenetics and IBL America), we measured

the levels of Aβ40 and Aβ42 in the various eye tissues from bovine and transgenic mice. Aβ
was not detected in the retina and RPE (data not shown). These data are consistent with

other recent reports [30]. On the other hand, significant amounts of Aβ40 and Aβ42 were

detected in the aqueous and vitreous humors of all the models tested (Fig. 7). We had a

similar observation in the brain, where Aβ levels are normally low, as it is secreted and

mostly concentrated in the CSF (Annamalai and Sambamurti, 2005, unpublished

observation). Moreover, in the eye, the vitreous consistently showed higher levels of Aβ
than the aqueous humor. As sAPP appears to be produced in the retina, secreted into the

vitreous humor and transported into the aqueous humor, we conclude that Aβ follows the

same path. However, unlike sAPP, Aβ40 and Aβ42 levels are only marginally higher in the

vitreous humor than the aqueous humor. We therefore conclude that the hyaloid membrane

barrier between the aqueous and vitreous humors does not permit easy access to large

proteins, such as sAPPα, but is sufficiently permeable to permit diffusion of a small peptide

like Aβ. Aβ is reported to be rapidly transported from the brain into the circulation using the

low-density lipoprotein receptor-related protein (LRP) [31]. Additionally, the multi-drug

resistance, or P-glycoprotein pathway, has been identified as an Aβ transporter [32]. It is

possible that the transport of Aβ from the vitreous to the aqueous humor depends on the

activity of one or more such transporters, instead of passive diffusion, and may therefore not

be size-limited.

DISCUSSION

AβPP is a highly expressed protein within the nervous system with a short half-life of about

20 min, at least such is the case in cell culture [9, 19]. Its mismetabolism leads to

accumulation of Aβ42, which aggregates to yield oligomers that are generally considered

the trigger in AD pathogenesis [33]. A number of studies suggest that several forms of

retinal degeneration including AMD and glaucoma are associated with increases in Aβ and

may be triggered by its toxicity. Despite the critical nature of this information, the presence

of AβPP and its metabolism to Aβ has not been systematically studied in the eye. One

exception is a report showing that Aβ42 is greatly reduced and MAPT is increased in the

vitreous humor and CSF of AD patients [34].

In addition to demonstrating that AβPP is expressed and secreted from the retina and RPE

cells into the vitreous humor, our studies demonstrate that a molecular barrier exists between

the aqueous and vitreous humors. This barrier ensures that sAPP levels in the aqueous

humor are low, but Aβ remains high, which should allow its rapid clearance from the eye

via Schlemm’s canal. Thus, the aqueous humor may be a valuable sampling location that

can identify genetically- and epigenetically-induced increases in Aβ42 characteristic of FAD

mutations, or reductions in Aβ in the CNS in response to treatments.
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Although the collection of ocular fluids raises concern for safety and acceptance, eyes have

been safely tapped for a number of ocular treatments (e.g., [35–37]). In addition, there are

patents for the diagnosis of AD based on the activity of acetylcholinesterase activity in

ocular fluids [38]. Albeit, Aβ levels are lower in ocular fluids than in the CSF, they do not

show a high level of variance making them stable markers for analyses. In addition the rapid

turnover of ocular fluids would imply by extension, that Aβ might allow superior

measurement for detection of Aβ changes after treatment with drugs. In clinical studies of

the γ-secretase inhibitor, LY450139, which inhibits Aβ production at the last and, arguably

the most sensitive step in its generation, reduced plasma Aβ without affecting CSF Aβ
levels. This response likely developed due to the large available pool and slow turnover of

CSF [39]. In contrast, as the vitreous humor is in direct contact with a large part of the

retina, it can be expected to directly reflect changes in Aβ production in this part of the

CNS.

Since Aβ appears to accumulate and deposit in some forms of retinal degeneration, such as

AMD and glaucoma, these patients may benefit from treatment with anti-amyloid drugs

developed for AD. It will also be important to identify the transport pathways for Aβ from

the vitreous to the aqueous humors. Given that the ocular chambers are readily accessible,

the eye may lead to a better understanding of the pathways leading to Aβ accumulation and

aggregation in the CNS. Such studies may also explain some of the differences in the

epidemiology of AD and AMD [7].

The presence of the AβPP pathway within the eye supports the notion that it may form the

basis for degenerative diseases, such as AMD and glaucoma, and can explain the abnormal

neurons reported in the eyes of AD patients [40]. It is critical to evaluate the changes in

human disease by a careful analysis of Aβ, AβPP, ApoE, MAPT and related proteins in the

aqueous and vitreous humors to understand their role in neurodegeneration. Finally, our

study suggests that aqueous humor proteomics focused on small peptide metabolites may

prove of considerable value for development of diagnostic systems for diseases of the retina

and the central nervous system, in general.
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Figure 1. AβPP and its metabolites are regionally expressed in the eye
Bovine eyes were dissected to obtain the cornea (COR), retina (RET), retinal pigment

epithelium (RPE), iris, aqueous humor (AQE), vitreous humor (VIT), and lens were

analyzed by Western blotting with the O443 antibody to detect full length AβPP and CTFs

(A–D), 6E10 against Aβ 1–16 aa in various bovine tissues (E) or 22C11 against AβPP 61–

81 aa (F) to detect full-length AβPP and sAPPα, and 10D5 specific for sAPPβ (G) in

vitreous humor samples. Bovine (BOV), murine (MUS) and AβPP knockout mouse (KO)

tissues were utilized. Although murine eyes are small and difficult to digest, it is an

important genetically tractable model system and was therefore also tested. Brains from

AβPP-PS1 transgenic mice were used as positive controls (TGBr; D). Please note that the

lane labels are the same in all subsequent figures.
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Figure 2. Competition and KO mice identify the genuine AβPP bands in retina and RPE
Bovine, wild type murine (MUC), and AβPP knockout murine (KO) retina (A, B) and

retinal pigment epithelium (RPE) (C, D) were analyzed by Western blotting with O443 (A,

C) or O443 preabsorbed with a peptide corresponding to the C-terminal 50 residues of

AβPP (B, D). Note that bands in the 110–130 kDa and the 11–14 kDa range comigrate with

similar bands in brain extracts and are lost upon peptide preabsorption. Brains from AβPP-

PS1 transgenic mice were used as positive controls (TGBr)
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Figure 3. The predominant AβPP in the vitreous humor is the neuronal AβPP695 form
AβPP in the aqueous (AQE) and vitreous (VIT) humors, retina (RET), and retinal pigment

epithelium (RPE) were compared by Western blotting with the 6E10 antibody against the

Aβ1–16 sequence (A) and R7 against the KPI domain absent in AβPP695 (B). Note the

absence of the major sAPP band corresponding to AβPP695 in panel B with R7. R7 does

detect a minor smaller band in the vitreous humor, but this protein migrates slightly faster

than the major sAPPα - AβPP695 band detected by 6E10 in panel A and is relatively fainter

than the 120-kDa sAPPα - AβPP751. To determine whether RPE cells express any

AβPP695, we compared the AβPP bands in porcine RPE cells and the human ARPE-19 cell

line with O443 to detect all AβPP forms and R7 to detect the KPI-containing AβPP751.
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Figure 4. AβPP and CTFs are rapidly turned over in the eye and the brain
Nontransgenic BALBc mice (10–12 weeks) were administered saline (C) or cycloheximide

and the tissues were collected at the indicated time post administration. Tissues from AβPP

knockout mice (KO) were included as controls. Retina (RET), retinal pigment epithelium

(RPE), and cortex (CTX) samples were analyzed by Western blotting with O443 antibody to

detect full length AβPP (A) and CTFs (B). The AβPP (C) and CTF (D) bands (n=3) were

quantified by densitometry and the relative densities were plotted.
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Figure 5. BACE-1 and γ-secretase subunits are expressed in the retina and RPE cell layers
BACE-1 (A), PS-1 (B), Aph-1 (C), Pen-2 (D), and nicastrin (NCT) (E) were analyzed in

mouse (MUS), mouse retina (RET) and retinal pigment epithelium (RPE) cells. Transfected

CHO cells (TF) were included as positive controls for all analyses and BACE-1 knockout

(B-KO) mouse brain was also included for (A). BACE-1 and all γ-secretase subunits are

expressed in the retina and RPE cells. Note that no knockout models exist for PS-1, Aph-1,

Pen-2, and NCT.
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Figure 6. CTFα and CTFβ accumulate upon treatment with a γ-secretase inhibitor
YAC-AβPP transgenic mice (12–15 weeks of age) were administered saline (C) or the γ-

secretase inhibitor LY411575 for 8 or 12 hours. Retina (RET, A–B), retinal pigment

epithelium (RPE, C–D) and total brain (E–F) extracts from control and treated mice were

analyzed by Western blotting with the O443 antibody. The bar graphs show a plot of the

relative density (n=2) of CTFα and CTFβ bands after normalization to the full-length AβPP

bands. With an n of 2, we are still able to see significant increases in CTFα and CTFβ after

LY411575 treatment by ANOVA (Fisher’s Protected Least Significant Difference (PLSD))

in the retina (P<0.0001) and RPE (CTFβ P<0.01; CTFα P<0.0001). Brain CTFβ was

significantly increased (P<0.01) for 8 and 12 h but CTFα was significant only at 12 h).
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CTFβ/CTFα ratio was highest in the brain (39±7%) but significantly lower in the retina

(15±6%; P<1E-4) and RPE (19±6%, P<0.001).
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Figure 7. Relative Aβ and AβPP in bovine aqueous and vitreous humors
Vitreous (VIT) and Aqueous (AQE) humor levels of sAPPα (Relative band intensity) were

determined by densitometry of Western blots (n=3). Aβ40 and Aβ42 levels (pM) were

determined by ELISA after subtracting the background from peptide competition assays as

described in the Materials and Methods section. The average Aβ levels are shown inside the

bars (x 1000 pM). Note that when compared to the vitreous humor, 39–47% of Aβ40

(P=0.006) and Aβ42 (P=0.05) were recovered in the aqueous humor, but sAPPα levels drop

precipitously by over 99% (P=0.004).
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