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Abstract

Purpose—To compare the temporal and spatial expression patterns of amyloid precursor protein 

(APP), amyloid-β deposits, inflammatory chemokines, and apoptosis in the retina of a mouse 

model of Alzheimer disease (AD).

Methods—Retinas of transgenic mice harboring a mutant presenilin (PS1) and a mutant APP 

gene were processed for TUNEL and immunohistochemistry with antibodies against APP, 

amyloid-β, monocyte chemotactic protein (MCP)-1, and F4/80. Comparisons were made between 

age groups and between transgenic and wild-type congeners.

Results—The neuroretina demonstrated age-dependent increases in APP in the ganglion cells 

(RGCs) and in neurons of the inner nuclear layer (INL). Amyloid-β demonstrated significant age-

dependent deposition in the nerve fiber layer (NFL). TUNEL-positive RGC increased in an age-

dependent fashion and in transgenic compared with wild-type congeners. Concomitant 

overexpression of MCP-1 and intense immunoreactivity for F4/80 suggested that RGCs upregulate 

MCP-1 in response to amyloid-β. Activated microglia proliferated in response to MCP-1. In the 

outer retina, retinal pigment epithelium (RPE) demonstrated moderate age-dependent APP 

immunoreactivity, but nearby drusenlike deposits were not present. Amyloid-β was observed in 

the choriocapillaris of the older animals.

Conclusions—Amyloid-β deposits accumulate with age in the retina of a transgenic mouse 

model of AD. The amyloid-β loads are accompanied by increased immunoreactivity for MCP-1, 

F4/80, and TUNEL-positive profiles in the RGC layer. The results suggest that amyloid-β causes 

neurodegeneration in the retina of the doubly mutant transgenic mouse model of AD.

Alzheimer disease (AD) is the most common form of dementia among older people and is 

the seventh leading cause of death in the United States. Although the disease principally 

affects the central nervous system (CNS) and memory, cognition, and behavior, complaints 

of visual disturbances are not uncommon in AD.1,2 Recent studies have demonstrated that 

problems with vision in AD may arise not only from cortical abnormalities, but also from 

retinal abnormalities. Several studies have demonstrated abnormalities in the optic nerve 
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head, a reduction in the number of optic nerve fibers, and in the thickness of the 

parapapillary and macular retinal nerve fiber layers (RNFL).3–7 In addition to these 

anatomic changes, there are changes in the pattern electroretinograms associated with AD.
8–10 Furthermore, retinal blood flow studies have demonstrated a significant narrowing of 

the retinal veins and decreased retinal blood flow.6,11 Thus, although the retina is affected in 

AD, little is known of the cellular mechanisms underlying the loss of visual function. Earlier 

histologic studies showed that retinal ganglion cells undergo extensive neurodegeneration in 

AD.12,13 Several proposed mechanisms have been suggested for the retinal 

neurodegeneration, including inflammatory events, amyloid misfolding, and amyloid 

angiopathy.11 Using an established mouse model of AD that develops characteristic AD-like 

amyloid-β deposits in the brain because of the coexpression of a mutant human amyloid 

precursor protein (APP) and a mutant human PS1 transgene,14–16 we sought to gain further 

understanding of the retinal abnormalities that may be associated with the overexpression of 

APP. The significant amyloid load in the CNS of this transgenic animal model makes it an 

ideal candidate for the present study, which addresses the role of amyloid-β in the eye. In 

this study, we characterized the temporal and spatial expression patterns of APP, amyloid-β 
deposits, inflammatory chemokines, and apoptosis in the retina of the double-mutant 

APP/PS1 transgenic mouse.

Materials and Methods

Mouse Strains

Two strains of the bitransgenic APP/PS1 mouse were studied (Table 1). Strain 1 develops 

characteristic AD-like amyloid-β deposits in the brain because of the coexpression of a 

mutant human APP and a mutant human PS1 transgene (Tg 2576 x Tg1).14 –17 Strain 2 was 

obtained commercially (4462; Jackson Laboratories; Bar Harbor, ME) and harbors a mutant 

human presenilin 1 (DeltaE9) and a chimeric mouse/human APP (AppSwe) gene.18 All 

procedures on animals were performed in compliance with the ARVO Statement for the Use 

of Animals in Ophthalmic and Vision Research. The animal protocol was approved by the 

Animal Care Committee at the University of British Columbia and by the Institutional 

Animal Care and Use Committee (IACUC) at the University of Minnesota.

Animals were deeply anesthetized with pentobarbital sodium and killed at 7.8, 10.5, or 27 

months of age. The tissues were fixed by intracardial perfusion by using a saline rinse 

followed by 4% paraformaldehyde in phosphate buffer (PB). The eyes were dissected and 

postfixed in buffered 4% paraformaldehyde. Fixed tissues from strain 1 were shipped on ice 

packs to University of British Columbia (Vancouver BC, Canada) by overnight courier. The 

eyes were washed extensively in phosphate-buffered saline (PBS) at pH 7.4. Whole globes 

were embedded in paraffin and oriented in the sagittal plane to obtain 5-μm sections through 

the axis defined by the pupil and optic nerve. Tissue sections were mounted onto glass slides 

and stored at room temperature.

APP and Amyloid-β Immunohistochemistry

Tissue sections from both strains were deparaffinized and rehydrated by standard 

procedures. Sections underwent antigen retrieval in 10 mM sodium citrate buffer and 
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microwave heating for 13 to 16 minutes. Tissue sections were then washed with PBS (pH 

7.4), treated with 0.3% hydrogen peroxide to abolish endogenous peroxidase activity, and 

blocked for 15 minutes with 1% bovine serum in PBS. The tissue sections were then 

incubated for 32 minutes with mouse anti-APP A4 monoclonal antibody and washed three 

times for 5 minutes with PBS. For amyloid-β immunohistochemistry, the sections underwent 

antigen retrieval in formic acid at room temperature for 6 minutes and incubation in a 

humidified chamber at room temperature with monoclonal mouse antibody against amyloid-

β for 3 hours. Sections processed for APP or amyloid-β immunohistochemistry underwent 

standard incubations in secondary antibodies followed by incubation in avidin biotin 

peroxidase complex (ABC Standard Elite; Vector Laboratories, Burlingame, CA) according 

to the manufacturer’s protocol, and aminoethylcarbazole (AEC) or diaminobenzidine (DAB) 

chromogenic reactions (Table 2).

F4/80 and MCP-1 Immunohistochemistry

After deparaffinization and rehydration, sections of tissue underwent antigen retrieval for 3 

minutes at room temperature with proteinase K diluted per the manufacturer’s protocol 

(Sigma-Aldrich, St. Louis, MO). Tissue sections were then rinsed, treated with 0.3% 

hydrogen peroxide to abolish endogenous peroxidase activity, and blocked for 30 minutes at 

room temperature with 3% normal rabbit serum and 0.3% Triton X-100 (TX-100) in PBS. A 

primary antibody against F4/80 or against MCP-1 was used per Table 2. The sections were 

incubated at room temperature for 1 hour followed by an incubation overnight at 4°C in a 

humidified chamber. Next, the sections were rinsed in PBS for 5 minutes and incubated in 

biotinylated secondary antibodies, followed by avidin biotin peroxidase complex according 

to the manufacturer’s protocol. Antibody binding was visualized by a glucose oxidase driven 

DAB reaction resulting in a brown-black reaction product at sites of antibody binding.

All immunohistochemical sections were rinsed, counterstained with Mayer’s modified 

hematoxylin, dehydrated, and coverslipped for light microscopy. Negative control sections 

were processed identically, but with the omission of the primary antibody. 

Immunohistochemistry on human brain tissue from a donor with Alzheimer disease served 

as a positive control for procedures using antibodies against APP and amyloid-β.

TUNEL Assay

After standard deparaffinization and rehydration procedures, tissue sections were subjected 

to antigen retrieval by heat retrieval with sodium citrate buffer (pH 6) and microwave 

heating. TUNEL solutions were prepared according to the manufacturer’s protocol (Roche 

Diagnostics, Indianapolis IN). Briefly, the slides were rinsed in PBS and excess solution 

removed. Next, 25 μL of TUNEL reaction mixture was placed on each section and allowed 

to incubate in a humidified, darkened chamber for 1 hour at 37°C. The slides were then 

rinsed three times in PBS, counterstained with 4′, 6-diamidino-2-phenylindole (DAPI), and 

coverslipped with aqueous mounting medium (50% glycerol and 50% PBS). The sections 

were imaged on a confocal laser scanning microscope (LSM 510 META; Carl Zeiss 

Meditec, Dublin, CA). Other sections were processed for TUNEL with an alkaline 

phosphatase (AP) reaction that resulted in a blue-black reaction product (Figs. 1M, 1N). The 

sections were immersed with 25 μL of converter-AP solution and placed in a darkened, 
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humidified chamber for 30 minutes at 37°C. After the sections were rinsed three times in 

PBS, a nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate toluidine 

solution (NBT/BCIP; Roche Diagnostics) was placed on each section for 10 minutes at room 

temperature in a darkened chamber. The sections were then coverslipped with aqueous 

mounting medium (50% glycerol and 50% PBS) for bright-field microscopy.

Data Analysis

Cell profiles surrounded by F4/80-immunoreactive microglia in the GCL were quantified. 

Semiquantitative analysis was conducted by examination of five fields per tissue section, 

using a 40× objective lens and 10× eyepieces in a masked fashion. The number of cell 

profiles in the GCL surrounded by positively labeled F4/80 microglia was identified, and a 

percentage was calculated from the total number of retinal ganglion cells in each section. 

Between four and five tissue sections per eye and two eyes from each age group (strain 1) 

and from transgenic and wild-type congeners (strain 2) were analyzed.

TUNEL staining was analyzed by counting all the TUNEL-positive cell profiles in the GCL 

in each section. The value was then divided by the linear length of retina analyzed to obtain 

an average number of TUNEL-positive profiles per 100 μm of GCL. The average was 

obtained from two animals in each age group (strain 1) or in the transgenic and wild-type 

congener groups (strain 2).

A Student’s t-test (unequal variance) was used for statistical analyses of 

immunohistochemical and TUNEL data from the two age groups or between transgenic and 

wild-type congener groups. A one-tailed test was selected based on the directional 

hypothesis that F4/80 immunoreactivity and TUNEL-positive profiles would be greater in 

the 27-month-old (compared with the 7.8-month-old) or in the transgenic (compared to the 

wild-type) animals. The significance level was set at P < 0.05.

Results

Strain 1

APP immunoreactivity was present in the cytoplasmic compartment of cell profiles in the 

GCL and inner nuclear layer (INL) of the retinas in transgenic animals of both age groups. 

The intensity of cellular labeling was significantly stronger and more robust in the retinas of 

the 27-month-old (Fig. 1A) than in the 7.8-month-old (Fig. 1B) animals. The neuropil in the 

inner (IPL) and outer (OPL) plexiform layers and the photoreceptor outer segments (OS) 

were strongly immunoreactive in the 27-month-old animals (Fig. 1A). Neurons in the outer 

nuclear layer (ONL) did not display APP immunoreactivity in either age group (Figs. 1A, 

1B).

The RPE in the outer retina was moderately immunoreactive for APP in the 27-month-old 

animals, whereas the RPE of the 7.8-month-old eyes displayed only background 

(nonspecific) levels of immunoreactivity (Figs. 1C, 1D).

Immunoreactivity for extracellular deposits of amyloid-β was robust in the inner retina, 

principally on the NFL and surrounding the cell profiles in the GCL in the 27-month-old 
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eyes (Fig. 1E and inset). In contrast, amyloid-β immunoreactivity was virtually absent from 

the retinal tissues of the 7.8-month-old animals (Fig. 1F). Amyloid-β deposits were also 

seen in the microvasculature, both in the retina (Fig. 1E, arrowheads) and choriocapillaris 

(Fig. 1G, arrows) of the 27-month-old animals only.

Immunoreactivity for F4/80 demonstrated microglial populations surrounding cell profiles in 

the GCL and sporadic microglial populations in the IPL and the OPL of the 27-month-old 

retinas (Fig. 1I, arrowhead). The 7.8-month-old retinas displayed less immunoreactivity in 

the GCL. Sporadic microglial profiles were evident in the OPL in this age group. The 

number of cell profiles in the GCL that were surrounded by F4/80-immunoreactive 

microglia was significantly greater in the 27-month-old retinas. The average percentage of 

cells in the GCL surrounded by F4/80-immunoreactive microglial cells was 50% (SD = 

15.9%) in the 27-month-old and 10% (SD = 4.2%) in the 7.8-month-old groups and reached 

significance (P < 0.05; Fig. 2A). Other cell types of the retina were not surrounded by 

F4/80-immunoreactive microglia.

Immunoreactivity for MCP-1 was present in the cytoplasmic compartment of the cell 

profiles in the GCL of 27-month-old compared to 7.8-month-old retinas (Figs. 1K, 1L, and 

insets). Cells outside of the GCL were negative for MCP-1 immunoreactivity.

Apoptosis was studied by TUNEL labeling methods. With the TUNEL-AP method, only cell 

profiles in the GCL were TUNEL-positive (Figs. 1M, 1N, and insets). There was a 

significant increase in the number of TUNEL-positive profiles in the RGC layer of the 27-

month-old compared with the 7.8-month-old animals (Fig. 2B; 1.42 cells/100 μm retina 

compared with 0.46 cells/100 μm retina; P < 0.05).

Strain 2

APP immunoreactivity was strongest in the cytoplasmic compartment of cell profiles in the 

GCL, a trend that was consistent with results from strain 1. However, unlike those in strain 

1, cells in the INL and RPE layers did not display immunoreactivity for APP. The age-

matched wild-type congeners did not display APP immunoreactivity in the RGC layer or 

any other layer of the retina (Figs. 3A, 3B).

Consistent with strain 1, amyloid-β immunoreactive deposits were present on the NFL and 

throughout the choroidal vasculature in strain 2. However, unlike in strain 1, the deposits 

were not found in the retinal vasculature in strain 2. Amyloid-β immunoreactivity was not 

evident in the age matched wild-type congener animals (Figs. 3C, 3D).

Immunoreactivity against F4/80 surrounded cells in the GCL at low levels in the strain 2 

animals. F4/80 immunoreactivity was sporadically present in the IPL, but not evident in the 

OPL. Small F4/80-immunoreactive microglial profiles were evident in both transgenic and 

wild-type congeners (Figs. 3E, 3F).

Immunoreactivity for MCP-1 was present in the cytoplasmic compartment of the cell 

profiles in the GCL of transgenic retinas (Fig. 3G). Cells other than those in the GCL were 

negative for MCP-1 immunoreactivity. Wild-type congeners did not display MCP-1 

immunoreactivity above background (Fig. 3H).
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TUNEL-positive cells were seen in the GCL of both transgenic and wild-type congeners. 

There was a significant increase in the number of TUNEL-positive profiles in the GCL of 

the transgenic (1.6 cells/100 μm retina) compared to the age-matched wild-type control 

animals (1.0 cells/100 μm retina; Fig. 2C).

Discussion

Comparisons of Strains

We used two strains of APP/PS1 bitransgenic mice that have been studied previously for 

neurodegenerative, cognitive, and memory deficits associated with amyloid-β deposition in 

the CNS. Strain 1 bears a hamster prion promoter and a platelet derived growth factor 

(PDGF) promoter.14–16 Strain 2 harbors a mouse prion promoter for both transgenes. The 

hamster prion, mouse prion, and the PDGF promoter are all known for their ability to target 

expression of transgenes specifically to neuronal cell types of the CNS.18,19 Although some 

literature exists for retinal expression induced by the hamster prion promoter,20 less is 

known about the activity of the mouse prion or PDGF promoters in the retina. Thus, it is 

possible that the differences observed in the immunohistochemical analyses between strain 1 

and 2 shown here may be promoter-specific. As far as we know, this study is the first to 

provide results on gene overexpression associated with the mouse prion and PDGF 

promoters in the retina of transgenic mice.

Our characterization studies demonstrated many similarities among the two strains. Both 

strains demonstrated immunoreactivity against APP, principally in the cells of the GCL. In 

strain 1, there was a significant increase in APP expression in the 27-month-old animals, 

which is consistent with the previously characterized age-dependent overexpression of APP 

seen in the CNS.14 A comparison between retinal tissue from transgenic and wild-type 

littermates in strain 2 revealed significant APP expression in the transgenic animals only. 

Amyloid-β immunoreactivity was observed principally overlying the NFL in both strains, 

and significantly robust immunoreactivity was evident in the 27-month-old animals of strain 

1. Amyloid-β deposits were also seen in the retinal and choroidal vasculature of both strains, 

with robust immunoreactivity present in the 27-month-old animals of strain 1. Concomitant 

with the amyloid-β deposits, we observed an upregulation of MCP-1 by cells in the GCL in 

both strains. One main difference between the two strains was seen in the immunoreactivity 

for F4/80, a microglia marker in rodent retina. Strain 1 demonstrated an increased number of 

F4/80 microglia profiles surrounding cells in the GCL in the 27-month-old animals only. 

Strain 2 demonstrated F4/80 immunoreactivity in both the transgenic and wild-type 

congeners. The amyloid-β deposits as well as the MCP-1 immunoreactivity in strain 2 were 

of only moderate intensity and thus the lack of F4/80-immunoreactive profiles may represent 

the earliest stage of inflammation before microglial activation. As strain 2 animals, at 10.8 

months of age, were intermediate between the old and young groups of strain 1, it is 

consistent that the levels of immunoreactivity in strain 2 were intermediate between the two 

age groups of strain 1.
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Amyloid-β and Age-Related Retinal Changes

This study looked at the effects of APP overexpression and amyloid-β deposits in the retina 

of a mouse model of AD. Although the data are correlative, the immunohistochemical 

results suggest that the amyloid-β load in the retina of the 27-month animals in strain 1 

promoted the overexpression of MCP-1 by cells in the GCL. Chemokines, such as MCP-1, 

are expressed by RGCs and attract macrophages and microglia in several retinal disorders.
21–23 As amyloid-β is a neurotoxic peptide, its presence in the NFL and GCL may also 

promote apoptosis, leading to the significant increase in TUNEL-positive cells in the GCL 

of the 27-month-old animals. Downstream effects of apoptotic pathways may result in the 

further activation of microglia populations to phagocytize and remove cellular debris 

associated with dead cells (Fig. 4).

Retinal abnormalities such as atrophy of the NFL, loss of cells in the GCL, and an increase 

in astrocyte glial cells in AD were first reported by Hinton et al.12 and later confirmed by 

larger samples in follow-up studies by Blanks et al.24,25 and are consistent with the findings 

reported herein. However, an important difference in the results obtained from clinical 

specimens and those reported here using a transgenic mouse model is that amyloid-β 
deposits have not yet been reported in the retinas of patients with AD.24–26 It is possible that 

earlier histopathologic studies on the retinas of patients with AD missed amyloid-β deposits 

by using thioflavin S staining. Future studies involving more sensitive and specific methods 

may be useful in demonstrating amyloid deposits in postmortem retinal tissue from patients 

with AD. Alternatively, the observed retinal abnormalities and loss of visual function 

associated with AD may be due to decreased retinal blood flow11 or from the sequelae of 

cerebral amyloid angiopathy, also known to arise in AD and suggested to underlie the 

pathogenesis of vision loss in these patients.27–29 In the present study, retinal blood flow was 

not studied, but there is evidence of amyloid accumulation in the retinal and choroidal 

vasculature of the transgenic animals that may have affected local blood flow as well as 

cerebrovascular dysregulation in these animals.29,30

In this study, the retina of the bitransgenic mouse model of AD underwent an age-dependent 

increase in amyloid-β load, and a concomitant increase in expression of MCP-1 chemokine 

and microglial activation (Fig. 4). These processes may support apoptotic pathways within 

cells of the GCL in experimental AD.

Amyloid-β and Eye Disease

Retinal abnormalities in AD have been attributed to amyloidosis, with accumulation in the 

retinal vasculature as described earlier, or possibly in the retina itself. Recent studies have 

suggested that amyloid-β accumulation in the retina is also involved in the pathogenesis of 

two eye diseases: age-related macular degeneration (AMD) and glaucoma. AD, AMD, and 

glaucoma are all age-related neurodegenerative diseases. In AD, extracellular deposits of 

amyloid-β peptides in plaques and neurofibrillary tangles have been linked to 

neurodegeneration and inflammation in the brain.31–33 In AMD, drusen deposits, the 

abnormal, extracellular deposits of cellular debris located between Bruch’s membrane (BM) 

and the RPE, contain complement proteins and amyloid-β peptides.34–37 It has been 

suggested that drusen deposits are the site of local chronic inflammation and that their 
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presence signals an altered patho-physiological state of the RPE.33,34,38 Other studies have 

reported that specific polymorphisms in the human complement factor H (CFH) gene 

increase the risk of AMD by several fold.39–43 It is still not known what triggers the 

complement cascade in AMD; however, amyloid-β may be a candidate peptide, as it has a 

known role in promoting the complement pathways in AD.44,45 Neurodegenerative events 

have also been linked to amyloid-β in both AD and AMD. In AMD, a recent postmortem 

study reported that photoreceptors adjacent to drusen sites exhibit abnormal synaptic 

morphology and neurodegeneration.46 Future studies should address whether amyloid-β 
alone, or in concert with complement proteins,47 oxidatively modified proteins48 and/or 

whether amyloid oligomers49 contribute to synaptic disease and retinal degeneration, as all 

are constituents of drusen. Recently, amyloid-β immunotherapy improved ERG deficits and 

decreased amyloid deposits in the eye and brain of a mouse model of AMD, suggesting that 

amyloid-β immunotherapy attenuates and slows the progression of AMD.50

In this study, surprisingly, few degenerative changes were observed in the outer retina of the 

27-month-old-old APP/PS1 bitransgenic mouse. Whereas RPE cells demonstrated a 

moderate age-dependent overexpression of APP, there were no amyloid-β deposits, or 

drusen-like profiles, surrounding the RPE and BM. There was, however, evidence of 

moderate amyloid-β deposits in the microvasculature of the choroidal circulation underlying 

the BM in 27-month-old eyes. One possible explanation for the observed differences 

between the neurons of the inner retina and the RPE of the outer retina is the cellular 

specificity of the promoter used in the animal models we studied. It is possible that the prion 

promoter favored expression in neuronal more than in RPE cell populations. Future studies 

using a promoter such as one from the tyrosine kinase family51 may allow us to understand 

the downstream events associated with overexpression of APP by the RPE and whether this 

may cause an accumulation of amyloid-β or drusen-like deposits in the outer retina.

Amyloid-β deposition in the retina has also been implicated in glaucoma. To the best of our 

knowledge, there have not been any reported cases of amyloid-β accumulation in 

glaucomatous donor eyes obtained postmortem. However, two recent studies demonstrated 

that abnormal tau (AT8)52 and phosphorylated tau (Tseng H, et al. IOVS 2007;48:ARVO E-

Abstract 3269) are present in human ocular tissues of patients with uncontrolled intraocular 

pressure and in donor eyes with glaucoma. Much stronger evidence for amyloid-β’s role in 

glaucoma exists from studies of experimental glaucoma in which several animal models 

were used. It was shown earlier that APP and amyloid-β are present in the retinal ganglion 

cells after elevated intraocular pressures (IOP) in a rat model53,54 and in the DBA/2J 

spontaneous mouse model of long-lasting, chronic ocular hypertension.55 MacKinnon et al.
53 have shown that in response to chronic elevated IOP, ganglion cells undergo changes that 

promote caspase activation and abnormal processing of APP. These changes in experimental 

glaucoma in response to chronic elevated IOP may contribute to the neurodegenerative 

events associated with the pathophysiology of glaucoma. Similarly, Goldblum et al.55 

demonstrated that strong APP and amyloid-β immunoreactivity is associated with the GCL 

and optic nerve of old DBA/2J mice. Recently, Guo et al.56 demonstrated that the inhibition 

of the formation of amyloid-β at different sites of the pathway can minimize ganglion cell 

apoptosis in a rodent model of unilateral elevated IOP induced by hypertonic saline injection 

in the episcleral veins. These studies suggest potential avenues for future work focused on 
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understanding the relationship between amyloid-β and neurodegeneration in both 

experimental and human glaucoma.

In summary, the APP/PS1 mouse model of AD studied herein demonstrate significant age-

related amyloid-β load overlying the NFL and in the retinal and choroidal vasculature. 

Concomitant age-related increases in the inflammatory cytokine, MCP-1, and microglia 

marker, F4/80, as well as apoptotic profiles in the cells of the GCL suggest that amyloid-β 
plays a significant role in the inflammation and neurodegeneration in the retina in 

experimental AD. Animal models of AD may be useful in elucidating the role of amyloid-β 
in retinal neurodegeneration.
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Figure 1. 
Immunoreactivity for APP in (A, C) 27- and (B, D) 7.8-month-old animals from strain 1. 

(A) Strong DAB (brown) reaction was present in the cytoplasm of the cells in the GCL and 

INL (arrows), as well as in the neuropil of the IPL, OPL, and OS of the 27-month-old retina. 

Inset: another example of APP immunoreactivity in the cells of the GCL (AEC, red). 

Immunoreactivity was again confined to the cytoplasmic compartment of the large-caliber 

cells in the GCL. (B) Sparse DAB (brown) labeling in GCL and INL (arrows) of a 7.8-

month-old retina. The neuropil exhibited background immunoreactivity only. 

Immunoreactiv-ity for APP (AEC, red) was (C) moderate in the cytoplasm of the RPE cells 

in the 27-month-old retina but was (D) at background levels in the RPE of the 7.8-month-old 

retina. Counterstain for nuclei: hematoxylin (blue). Immunoreactivity for amyloid-β in (E, 

G) 27- and (F, H) 7.8-month-old animals from strain 1. (E) Strong AEC (red) reaction was 

present, overlying the NFL (arrows) and in the retinal vasculature (arrowheads) of the 27-

month-old animal. Inset: example of the amyloid-β deposits overlying the NFL of another 

27-month-old animal. (F) A lack of amyloid-β immunoreactivity was found in the 7.8-

month-old animal. The choroid vasculature demonstrated (G) moderate AEC-labeled 

deposits (red) of amyloid-β (arrows) in the 27-month-old animal, but (H) no amyloid-β 
immunoreactivity in the RPE and choroid of the 7.8-month-old animal. Counterstain for 
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nuclei: hematoxylin (blue). Immunoreactivity for F4/80 in (I) 27- and (J) 7.8-month-old 

animals from strain 1. (I) F4/80-immunoreactive profiles were labeled with DAB (brown). 

Intense staining was present in microglial profiles surrounding cells in the GCL (arrows, 

inset) of the 27-month-old animal, with large, ramified microglial profiles in the IPL 

(arrowhead). (J) There were F4/80-immunoreactive microglial profiles in the OPL of the 

7.8-month-old animal, but no F4/80 immunoreactivity surrounding cells in the GCL. A few 

F4/80 microglial profiles were seen in the OPL (arrows, inset). Immunoreactivity for MCP-1 

in (K) 27- and (L) 7.8-month-old animals from strain 1. (K) MCP-1 immunoreactivity 

(DAB, brown) was observed in the cytoplasmic compartment of cells in the GCL in the 27-

month-old animal (arrows, inset), but (L) no MCP-1 immunoreactivity was observed in the 

GCL of the 7.8-month-old animal. Inset: high-power view of cells in GCL (✽). Labeling of 

the GCL of (M) 27- and (N) 7.8-month-old retinas in strain 1 showed TUNEL-AP–positive 

cells (arrows) in animals of both ages, but no TUNEL-AP–positive profiles in other layers of 

the retina. Scale bars: 10 μm (all insets; C, D); 20 μm (A, B, E–M).
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Figure 2. 
(A) Percentage of cells in the GCL exhibiting F4/80 microglial profiles in 27- and 7.8-

month-old animals (strain 1). The mean percentage of RGCs surrounded by F4/80-

immunoreactive microglial profiles was 52.3% (SE ± 15.9%) in 27-month-old and 10.2% 

(SE ± 4.2%) in 7.8-month-old animals. (B) The mean number of TUNEL-AP–positive cells 

in the GCL per 100 μm of retina was greater in the 27-month-old retina (1.5 ± 0.5 SE) than 

in the 7.8-month-old retina (0.5 ± 0.2) in strain 1. (C) The mean number of TUNEL-AP–

positive cells in the GCL per 100 μm of retina was greater in the 10.8-month-old transgenic 

animal (1.8 ± 0.2) compared with wild-type littermates (1.1 ± 0.1; strain 2). All comparisons 

reached significance (P < 0.05).
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Figure 3. 
(A, B) Immunoreactivity for APP in (A) 10.8-month-old transgenic and (B) wild-type 

littermate retinas from strain 2. (A) APP immunoreactive profiles, detected with AEC (red, 

arrows), showed intense staining of cytoplasmic compartments of cells in the GCL in (A) 

transgenic but not in (B) wild-type control retinas. (C, D) Immunoreactivity for amyloid-β 
in (C) 10.8-month-old transgenic and (D) wild-type littermate retinas from strain 2. (C) 

Amyloid-β deposits (AEC, red), were present overlying the NFL (arrows), whereas in (D) 

wild-type control retinas, labeling showed a lack of deposits on the NFL or surrounding cells 

in the GCL. (E, F) Immunoreactivity (DAB, brown) for F4/80 in (E) 10.8-month-old 

transgenic and (F) wild-type littermate retinas from strain 2 showed a similar quality of 

immunoreactivity surrounding cells in the GCL (F, arrows). (G, H) Immunoreactivity for 

MCP-1 (DAB, brown) in 10.8-month-old transgenic (G) and wild-type littermate (H) retinas 

from strain 2 showed staining of cells in the GCL of transgenic retinas (G, arrows), but no 

immunoreactivity in the wild-type control (H). Scale bars, 10 μm.
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Figure 4. 
(A, B) Summary diagram depicting age-dependent changes in APP, amyloid-β, microglia 

cells, and inflammatory cytokines (MCP-1) in the young (A) and old (B) APP/PS1 

bitransgenic mice (strain 1). (A) Sparse immunoreactivity for APP in the cells of the GCL 

and in the INL was seen in the 7.8-month-old animals. An occasional F4/80-immunoreactive 

microglial profile was present in the OPL of the younger animals. (B) Robust 

immunoreactivity for APP was present in the cells of the GCL of the 27-month-old animal. 

The cells in the GCL also displayed robust cytoplasmic immunoreactivity for the cytokine 

MCP-1, and were heavily encrusted with F4/80-immunoreactive microglial profiles. The 

RPE cell of the 27-month-old animals displayed moderate APP immunoreactivity. 
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Concomitant deposits of amyloid-β were evident in the NFL and to a lesser extent, in the 

choroid of the 27-month-old animals of strain 1.
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TABLE 2

Antibodies

Primary Antibody Secondary Antibody Diluent Chromogen
Primary Antibody Catalogue 
Number (Clone Number)

Anti-APP 1:5000; 30 min 
RT (Chemicon Temecula, 
CA)

Biotinylated horse anti-mouse, 
1:100; 30 min RT (Vector 
Labs)

3% normal 
horse serum in 
0.3% TX-100 
and PB

AEC and DAB-GOD MAB348 (22C11)

Anti Amyloid Beta 1:100; 3 
h RT (Dako, Carpinteria, 
CA)

Biotinylated horse anti-mouse, 
1:100; 30 min RT (Vector 
Labs)

3% normal 
horse serum in 
0.3% TX-100 
and PB

AEC M0872 (6F/3D)

Anti F4/80 1:100; overnight 
at 4°C (Serotec, Raleigh, 
NC)

Biotinylated rabbit anti-rat, 
1:100; 30 min RT (Vector 
Labs)

3% normal 
rabbit serum in 
0.3% TX-100 
and PB

AEC and DAB-GOD MCAP497 (CI:A3-1)

Anti MCP-1 1:100; 
overnight at 4°C (R & D 
Systems, Minneapolis, MN)

Biotinylated rabbit anti-goat, 
1:100; 30 min RT (Vector 
Labs)

3% normal 
rabbit serum in 
0.3% TX-100 
and PB

AEC and DAB-GOD AF-479-NA (N/A, polyclonal)
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