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Alzheimer’s disease (AD) is pathologically character-
ized by accumulation of �-amyloid (A�) protein de-
posits and/or neurofibrillary tangles in association
with progressive cognitive deficits. Although numer-
ous studies have demonstrated a relationship be-
tween brain pathology and AD progression, the Alz-
heimer’s pathological hallmarks have not been found
in the AD retina. A recent report showed A� plaques
in the retinas of APPswe/PS1�E9 transgenic mice. We
now report the detection of A� plaques with in-
creased retinal microvascular deposition of A� and
neuroinflammation in Tg2576 mouse retinas. The ma-
jority of A�-immunoreactive plaques were detected
from the ganglion cell layer to the inner plexiform
layer, and some plaques were observed in the outer
nuclear layer, photoreceptor outer segment, and op-
tic nerve. Hyperphosphorylated tau was labeled in
the corresponding areas of the A� plaques in adjacent
sections. Although A� vaccinations reduced retinal A�
deposits, there was a marked increase in retinal mi-
crovascular A� deposition as well as local neuroin-
flammation manifested by microglial infiltration and
astrogliosis linked with disruption of the retinal or-
ganization. These results provide evidence to support
further investigation of the use of retinal imaging to diag-
nose AD and to monitor disease activity. (Am J Pathol
2009, 175:2099–2110; DOI: 10.2353/ajpath.2009.090159)

Cerebral abnormalities including neuronal loss, neurofi-
brillary tangles, senile plaques with aggregated �-amy-
loid protein (A�) deposits, microvascular deposition of
A�, and inflammation are well-known pathological hall-
marks of Alzheimer’s disease (AD).1–3 Despite the con-
troversial evidence about the contribution of A� to the
development of AD-related cognitive deficits, accumula-
tion of toxic, aggregated forms of A� plays a crucial role
in the pathogenesis of familial types of AD.4,5 Overex-
pression of amyloid precursor protein (APP) in trisomy 21,
altered APP processing resulting from mutations in APP,
presenilin 1 (PS1), or 2 (PS2), and, as-of-yet unidentified
other familial AD, related mutations, lead to A� deposition
and A� plaques in the brain as well as cognitive abnor-
malities.6,7 Therefore, to understand the molecular basis
of amyloid protein deposition and to detect A� plaques in
brain, parenchyma ante-mortem are currently among the
most active areas of research in AD.

Besides cognitive abnormalities, patients with AD
commonly complain of visual anomalies, in particular,
related to color vision,8,9 spatial contrast sensitivity,10

backward masking,11 visual fields,12 and other visual
performance tasks.13–16 In addition to the damage and
malfunction in the central visual pathways, retinal abnor-
malities such as ganglion cell degeneration,17 decreased

Supported by research grants from Alzheimer’s Drug Discovery Founda-
tion (290202; to Z.T.), Basic Research Program of China (2007CB512200;
to J.G.), University of California Discovery Grant Program, and the Larry L.
Hillblom Foundation (to C.G.G.).

B.L. and S.R. contributed equally to this work.

Accepted for publication July 9, 2009.

Supplemental material for this article can be found on http://ajp.
amjpathol.org.

C.G.G. has stock in and has received consulting fees from Kinexis, Inc.

Address reprint requests to Zhiqun Tan, M.D., Ph.D., University of
California Irvine School of Medicine/Neurology, 100 Irvine Hall, Zot 4275,
Irvine, CA 92697-4275; or Jian Ge, M.D., Ph.D., Professor and Director,
Zhongshan Ophthalmic Center, Sun Yat-sen University, 54 S. Xianlie
Road, Guangzhou 510060, China. E-mail: cjiange@hotmail.com and
tanz@uci.edu.

The American Journal of Pathology, Vol. 175, No. 5, November 2009

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2009.090159

2099



thickness of the retinal nerve fiber layer,18,19 and optic
nerve degeneration20,21 may, in part, account for AD-
related visual dysfunction. Although intracellular A� dep-
osition has been detected in both ganglion and lens fiber
cells of patients with glaucoma, AD, or Down’s syn-
drome,22–25 other typical hallmarks of AD have not yet
been demonstrated. Interestingly, thioflavine-S-positive
A� plaques were recently found in the retinal strata of
APPswe/PS1�E9 transgenic mice26 but not in the other
animal models of AD. The current study used Tg2576
mice that constitutively overexpress APPswe and de-
velop robust A� deposits in brain as well as cognitive
abnormalities with aging.27 We assessed the pathologi-
cal changes in the retina of aged mice following different
immunization schemes. We immunized Tg2576 with fibril-
lar A�42 and with a prefibrillar oligomer mimetic that
gives rise to a prefibrillar oligomer-specific immune re-
sponse. Both types of immunogens have been shown to
be equally effective in reducing plaque deposition and
inflammation in Tg2576 mouse brains.28 In this study, we
also used another prefibrillar oligomer mimetic antigen
that uses the islet amyloid polypeptide (IAPP) instead of
A�, but which gives rise to the same generic prefibrillar
oligomer-specific immune response that also recognizes
A� prefibrillar oligomers.29 A� plaques and microvascu-
lar A� deposition were observed in the control Tg2576
mouse retinas. In contrast, A� and IAPP prefibrillar oli-
gomer vaccinations differentially removed retinal A� de-
posits but exacerbated retinal amyloid angiopathy and
inflammation as demonstrated by a significantly enhanced
microglial infiltration and astrogliosis.

Materials and Methods

Preparation of Peptides

The A� oligomer antigen was prepared from A�1-40

based on our previously published work.30 Briefly, lyoph-
ilized A�1-40 peptides were resuspended in 50% aceto-
nitrile in water and relyophilized. Soluble prefibrillar oli-
gomers were prepared by dissolving 1.0 mg of peptide in
400 �l of hexafluoroisopropanol for 10�20 minutes at
room temperature. The resultant seedless solution (100
�l) was added to 900 �l of MilliQ H2O in a siliconized
Eppendorf tube. After 10�20 minutes incubation at room
temperature, the samples were centrifuged for 15 min-
utes at 14,000 � g, and the supernatant fraction (pH
2.8�3.5) was transferred to a new siliconized tube and
subjected to a gentle stream of N2 for 5�10 minutes to
evaporate the hexafluoroisopropanol. The samples were
then stirred at 500 rpm using a Teflon-coated micro stir
bar for 24–48 hours at 22°C. Oligomers were validated
by atomic force microscopy, electron microscopy, and
size exclusion chromatography as described previously.30

The A� fibril was prepared from A�1-42, because it is
more fibrillogenic as compared with A�1-40. A�1-40, pre-
dominantly in fibrillary form, was previously studied in a
randomized, double-blind, placebo-controlled phase 2a
clinical trial, study AN1792(QS-21)-201 by Gilman and
colleagues.31 Fibrils were formed by dissolving the ly-

ophilized A�1-42 in 50% hexafluoroisopropanol and
stirred with closed caps for 7 days. Solution is stirred
again for 2 days in capped tubes with 20-gauge needle
holes on the top to allow the hexafluoroisopropanol to
evaporate. This whole preparation was done in a fume
food to accelerate evaporation and minimize falling of
dust or other foreign material. Fibrils were precipitated by
centrifugation for 15 minutes at 14,000 rpm and washed
in PBS, and resuspended at 2 mg/ml. For the prefibrillar
oligomer antigen, A� oligomer (AO) molecular mimic was
prepared by conjugating A�1-40 via a C-terminal thioester
to 5-nm colloidal gold as described previously.32 The
same procedure was used for prefibrillar IAPP oligomers,
and products were stored at 4°C until used.

Animals and Immunization Schemes

Both Tg2576 mice derived from the Tg(HuAPP695.
K670N-M671L)2576 line, a widely used strain created by
K. Hsiao27 that exhibits robust cerebral extracellular A�
deposits and cognitive deficits in aged animals, and
nontransgenic littermates were used for experiments and
controls, respectively. Immunization schemes were con-
ducted in a similar way as described previously.28 Briefly,
4-month-old mice were immunized s.c. with a preparation
containing 100 �g of AO, IAPP, or A� fibrils (AF) and
combined with incomplete Freund’s adjuvant (1:1 v/v)
once a month for 10 months. Administration of an equiv-
alent volume of PBS with the adjuvant but without any
peptide antigen to both wild-type and transgenic mice
was used as control. All experimental procedures were
performed under protocols approved by the University
of California Irvine Institutional Animal Care and Use
Committee.

Tissue Preparation

Mice were deeply anesthetized with an overdose of Nem-
butal (100 mg/kg, i.p.) and perfused transcardially with
ice-cold PBS. The eyes were directly collected and fixed
overnight with 4% paraformaldehyde in PBS (pH 7.4,
4°C) following brain removal. Fixed eyes were stored in
PBS containing 20% sucrose and 0.05% sodium azide
(NaN3) at 4°C until use. Following removal of lenses with
forceps fixed eyes were cryomolded with OCT. Cross-
retinal cryostat sections (12 �m) were thaw-mounted onto
“Superfrost plus” glass slides (Fisher, Tustin, CA), air-
dried for 30 minutes and stored at 4°C before staining.
Brain tissue was fixed in the same way as eyes and was
stored in PBS with 0.05% NaN3. Coronal sections (40
�m) through the dorsal hippocampus were prepared
using a Vibratome and were collected in PBS for
immunohistochemistry.

Antibodies and Chemicals

The information for all of the antibodies used in this study
is summarized in Table 128,33–43. The avidin-biotin complex
kit for diaminobenzidine (DAB) staining and VectaShield
fluorescent mounting medium containing 4�,6�-diamidino-
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2-phenylindole were purchased from Vector Laboratories
(Burlingame, CA). Unless indicated, all of the chemical
reagents used in the experiments were purchased from
Sigma-Aldrich (St. Louis, MO).

Immunohistochemistry and Quantification

For immunohistochemistry, cross-retinal sections were
rehydrated, incubated with 70% formic acid for 5 minutes
at room temperature for antigen retrieval, rinsed with
PBS, soaked in 3% H2O2 for 20 minutes at room temper-
ature to abolish the endogenous peroxidase activity for
DAB staining, and/or directly blocked with 5% goat se-
rum in PBS containing 0.1% Triton X-100 and 20 mmol/L
L-lysine for 30 minutes at room temperature before incu-
bating with specific primary antibodies overnight at 4°C.
The immunoreactivity of A�, von Willebrand factor (vWF),
which labels vascular endothelial cells, and IBA1 or glial
fibrillary acidic protein (GFAP), which label microglia or
astrocytes, respectively, was visualized with immuno-
fluorescence microscopy following staining with Cy3-
conjugated goat anti-mouse or FITC-conjugated goat
anti-rabbit IgG and covered with VectaShield 4�,6�-
diamidino-2-phenylindole-containing mounting medium.
The immunoreactivity of APP, hyperphosphorylated tau
(AT8), and A� in selected sections was also detected
using the avidin-biotin complex method, followed by
staining with DAB and brief counterstaining with hema-
toxylin. The histological sublayers of retinal cross-sec-
tions were identified based on nuclear counterstaining
and/or the presence of sclera or pigment epithelium-
choroid layer. Brain sections were immunostained free
floating following the same procedure as with retinal
immunohistochemistry.

The results were evaluated by either fluorescence or
conventional microscopy with a Leica DM microscope.
Images were recorded using a Spot II charge-coupled
device camera with equal exposure times for all different
groups of tissues. For quantification, the number of A�
plaques, both A� and vWF double-stained capillaries or
other vessels, or IBA1-positive cells were counted in
each section at a magnification of �400. Two nonadja-

cent immunostained sections were examined for each
animal. The number of A� and vWF double-stained mi-
crovessels in a given section was used as a score of
amyloid angiopathy.

Congo Red Staining

Congo red staining was performed using a Sigma Congo
red kit for amyloid staining according to the manufactur-
er’s protocol with minor modification. Briefly, sections
were stained in Mayer’s hematoxylin solution for �10
seconds, rinsed in tap water, incubated with alkaline
sodium chloride for 20 minutes, stained in alkaline Congo
red solution for �30 minutes, followed by washing in
absolute ethanol and mounting. Congo red fluorescence
staining was visualized with fluorescence microscopy.

Measurements of the Retinal Thickness

On both sides of each cross-retinal section two images
were taken at 200 and 800 �m from the optic nerve at a
magnification of �200. The distance from the surface of
the ganglion cell layer to the outside border of the outer
nuclear layer was measured using the Adobe Photoshop
7.0 ruler tool. The mean of all four measurements repre-
sented the thickness of the retina. Data from three cross-
retinal sections were obtained for each animal.

Data Analysis

In all of the graphs that include error bars, the data
points represent the means � SEM from all individuals
in each group of animals (N � 7–9). Where applicable,
multiple comparisons were performed by one-way
analysis of variance, followed by Student’s t-test using
Microsoft Excel software. The differences between
groups were considered statistically significant when P
values were �0.05.

Table 1. List of Antibodies Used in the Study

Antibody and related antigen Type Source Dilution References

OPA1-01132 for human APP Rabbit polyclonal Affinity Bioreagents (Golden, CO) 1/100 33
BAM01 (6F/3D) for A�; cross-reacts

with APP
Mouse monoclonal Neomarkers (Fremont, CA) 1/100 (retina) 34, 35

1/500 (brain)
6E10 for A�; cross-reacts with APP Mouse monoclonal Covance (Denver, PA) 1/100 28, 36
12F4 for A�42 Mouse monoclonal Covance 1/500 37
5C3 for A�40 Mouse monoclonal Assay Designs (Ann Arbor, MI) 1/500 34, 35
GA5 for GFAP, a marker for astrocytes or

Müller cells
Rabbit polyclonal Sigma-Aldrich 1/500 38, 39

CP290A for IBA1, a marker for microglia Rabbit polyclonal Biocare (Concord, CA) 1/100 40
AT8 for hyperphosphorylated tau Mouse monoclonal Pierce (Rockford, IL) 1/100 41
vWF Rabbit polyclonal Sigma-Aldrich 1/100 42
Biotinylated goat anti-mouse IgG Goat polyclonal Vector Laboratories 1/200 43
Biotinylated goat anti-rabbit IgG Goat polyclonal Vector Laboratories 1/200 43
Cy3-conjugated goat anti-rabbit IgG Goat polyclonal Sigma-Aldrich 1/100 43
FITC-conjugated goat anti-rabbit IgG Goat polyclonal Sigma-Aldrich 1/100 43
Cy3-conjugated donkey anti-mouse IgG Donkey polyclonal Chemicon (Bellerica, MA) 1/100 43
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Results

Accumulation of A� Deposits and
Phosphorylated Tau in the Retinas of Tg2576
Mice

Numerous studies showed abundant expression of APPswe
transgene in the nervous system and A� plaques in the
brain of APPswe transgenic mice older than 12 months.44

As all of the animals used in this study were 14 months
old, immunofluorescence microscopy following 6E10 an-
tibody staining confirmed robust deposition of A�
plaques in both cortical and hippocampal regions in the
Tg2576 mouse brain, whereas an extremely low level of
background staining was detected in the wild-type
mouse brains (Figure 1, A and B). To assess expression
of the transgene in the retina, the immunoreactivity of
human APPswe protein was evaluated following APP-
specific antibody staining. Consistent with a recently
published observation,45 APP immunoreactivity was pre-
dominantly detected in the cytoplasm of cells in the gan-
glion cell layer as well as inner nuclear layer of Tg2576
mice (Figure 1D). By comparison, a much lower intensity
of staining was observed in the corresponding regions of
the retina from wild-type mice (Figure 1C). Interestingly,
examination of A� immunoreactivity in cross-retinal sec-
tions from Tg2576 mice using the human A�-specific
monoclonal antibody, BAM01 (6F/3D), revealed a re-
markable accumulation of A� deposits within the retina.
Importantly, most senile plaque-like staining patterns
were detected from the ganglion cell layer to the outer
nuclear layer (Figure 1, F and H). In rare cases, plaques
were found in the photoreceptor outer segment layer and
optic nerve as well (data not shown). To ensure that the
plaque staining was not due to nonspecific deposition of
DAB, adjacent sections were immunostained with an-
other commonly used monoclonal antibody, 6E10, which
demonstrated a staining pattern similar to that obtained
with BAM01 (Figure 1, I and J). Importantly, although both
BAM01 and 6E10 antibodies were raised from the N-
terminal sequences of A� and may cross-react with APP
and/or other APP C-terminal fragments on Western blots
or enzyme-linked immunosorbent assays, they appear to
stain predominantly A� in immunohistochemistry46,47 and
showed distinct staining patterns from that of APP anti-
body (Figure 1D) using the staining protocol as de-
scribed here. This was further confirmed by a mouse
monoclonal antibody that is specific for A�40 (Figure 1K)
or A�42 (Figure 1L) in corresponding regions of sections
close to those shown in Figure 1, J and H. Moreover,
some of the A� deposits were Congo red-positive (Figure
1, M and P). In contrast, wild-type retinas showed slightly
stained background and no plaques (Figure 1, E and G).
Quantification of plaques within the cross-retinal sections
indicated about two to three visible plaques detected in
the retinas from 85.7% of Tg2576 mice, but no plaques in
the retinas of wild-type mice (Figure 1, Q and R). As
previous studies demonstrated hyperphosphorylated tau
in the Tg2576 mouse brain,48,49 we therefore examined
whether hyperphosphorylated tau was associated with

A� deposits in the Tg2576 retina. Adjacent sections were
stained with the AT8 antibody, which specifically recog-
nizes hyperphosphorylated tau.48,50 Remarkably, hyper-
phosphorylated tau immunoreactivity was detected in re-
gions corresponding to those that were stained by 6E10
for A� (Figure 1, N and O).

A�-Related Vaccinations Reduce A� Deposits
in the Retinas of Tg2576 Mice

To assess the effect of immunotherapy on retinal depo-
sition of A�, immunohistochemistry was performed on
retinal sections from Tg2576 mice after a 10-month re-
gime of vaccinations. Two adjacent cross-retinal sections
from each animal were stained with either BAM01 or 6E10
and analyzed along with sections from control mice. Figure
1, P and Q, shows that there was a decrease in plaque-
containing retinas and the number of plaques per section
that varied with the vaccination immunogen. Particularly,
both AO- and IAPP-immunized animals demonstrated a
significant reduction in the number of A� plaques com-
pared with mice that received PBS adjuvant. The other
groups exhibited less pronounced reductions in �� depos-
its that were not statistically significant.

A�-Related Vaccinations Exacerbate Retinal
Amyloid Angiopathy in Tg2576 Mice

In addition to the accumulation of A� plaques in the brain
parenchyma, progressive deposition of A� peptide in the
cerebral microvasculature, that is, cerebral amyloid an-
giopathy, is a well-known pathological feature of AD.51–53

To examine whether there was any microvascular depo-
sition of A� in the retina, that is, retinal amyloid angiopa-
thy, of AD transgenic mice, cross-retinal sections were
dual-labeled with both BAM01 and a rabbit polyclonal
IgG for vWF, an endothelial cell marker of microvessels.
Both A� and vWF double-labeled microvessels were
quantified and used as retinal amyloid angiopathy scores.
Figure 2 shows representative photomicrographs from
wild-type (Figure 2, A–F) and sham-immunized Tg2576
control mice (Figure 2, G–L) and mice immunized with
AO (Figure 2, M–R). A similar staining pattern was seen in
the mice immunized with either AF or IAPP oligomers as
well (data not shown). Notably, although A� immunore-
activity was detected in vWF-labeled microvessels in
sections from Tg2576 control mice, even greater A� im-
munoreactivity was present in retinal microvessels from
AO-, AF-, or IAPP-immunized mice. Dual-labeled immu-
noreactivity of A� and vWF at a higher magnification
demonstrated both intraendothelial (Figure 2, S and T)
and perivascular (Figure 2, U and V) deposition of A�. In
contrast, vWF-labeled microvessels in the wild-type mice
exhibited no obvious A� immunoreactivity (Figure 2,
A–F). Image analysis of sections from groups of animals
demonstrated a significant increase in the retinal amyloid
angiopathy score of Tg2576 mice compared with wild-
type mice (P � 0.005), as well as in immunized compared
with sham-immunized Tg2576 control mice (Figure 2W).
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Figure 1. Accumulation of senile plaques in Tg2576 Alzheimer’s mouse retinas is altered by A�-based immunotherapy. Immunofluorescence microscopy
following BAM01 antibody staining reveals no signal in the wild-type (A) and robust A� senile plaques in Tg2576 mouse brain (B). DAB staining following APP
antibody labeling in cross-retinal sections shows endogenous background signal (light brown) and expression of transgene APPsw product (dark brown) in
wild-type (C) and Tg2576 (D) mice, respectively. E–H: BAM01 for A� yields low background signal in the wild-type (E) and plaque-like A� deposits in Tg2576
(F, arrow) mouse retinas; a different field at higher magnification for the control (G) and Tg2576 (H, arrows indicate plaque-like A� deposits) mouse retinas.
The adjacent section to F was stained with 6E10 antibody and visualized with immunofluorescence microscopy (I). The boxed area in I is shown in J at a higher
magnification. Sections close to J were stained with a monoclonal antibody for A�40 (K) or for A�42 (L) or with Congo red (M). A section from a different Tg2576
mouse stained with Congo red demonstrates condensed A� plaques that are similar to those detected in AD brain and mouse retinas by others (P, arrow).26 N:
The adjacent section to I was stained with AT8 for hyperphosphorylated tau and visualized by microscopy following DAB staining. The boxed area in N is shown
in O at a higher magnification (arrow indicates plaque-like staining). Cell nuclei were counterstained purple by hematoxylin (C–H, N, and O) or blue by
4�,6�-diamidino-2-phenylindole (K and L). The pigment epithelium-choroid layer (p) is dark brown or black in DAB-stained sections (E, F, and N) and provides
red background fluorescence with sclera (s). Quantification of A� staining for the cross retinal sections from all of the animals shows percentage of A�-positive
sections (Q) and number of A� plaques per section (R). WT, wild-type; Tg, transgenic; Ctl, Control (sham-vaccinated Tg2576); AF, A� fibrils. Bars depict mean �
SEM (n � 7–9), �P � 0.05. os, photoreceptor outer segments; onl, outer nuclear layer; opl, outer plexiform layer; inl, inner nuclear layer; ipl, inner plexiform layer;
g, ganglion cell layer. Scale bar � 800 �m (A and B), 60 �m (C, D, G, H, J, K, L, M, O, and P), and 300 �m (E, F, I, and N).
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Figure 2. Capillary deposition of A� in the retinas from Tg2576 mice following vaccinations. Immunore-
activity of A� (red) and capillary the endothelial cell marker vWF (green) was visualized in Tg2576 (Tg, G–R)
and wild-type (WT, A–F) mice, with or without AO immunization, by immunofluorescence microscopy.
Boxed areas in C, I, and O are shown in F, L, and R, respectively, at a higher magnification. Regions labeled
s and p in G–I and M–O denote background fluorescence from sclera and pigment epithelium-choroid layer,
respectively. S–V: A field in a cross-retinal section from an AO-immunized Tg2576 mouse shows that A�
immunoreactivity (red in S and U) overlaps with vWF immunoreactivity within microvasculature (green in
T, arrowheads) or surrounds vWF staining in the wall of a microvessel (green in V, arrow). inl, inner
nuclear layer; ipl, inner plexiform layer; g, ganglion cell layer. W: Quantification of angiopathy scores for
each group of animals. Bars depict mean � SEM (n � 7–9); �P � 0.05; ��P � 0.005. WT, wild-type; Tg,
transgenic; Ctl, Control (sham-vaccinated Tg2576); AF, A� fibrils. Scale bar � 300 �m (A–C, G–I, and M–O),
60 �m (D–F, J–L, and P–R), and 20 �m (S–V).
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Figure 3. Microglial infiltration is associated with A� deposition in the retinas from Tg2576 mice following vaccinations. Immunofluorescence microscopy reveals
IBA1 immunoreactivity as microglial marker (green) and A� deposition (red) in the retinas from different groups of wild-type (A–C) or Tg2576 mice (D–O) as
indicated at the top of the figure. P: A field shows both IBA1 (green) and A� immunoreactivity in a cross-retinal section from an “AF”-immunized Tg2576 mouse
at a higher magnification. Q: Quantification of IBA1-immunoreactive cells within a retina. Bars depict mean � SEM (n � 7–9); �P � 0.05, ��P � 0.001. WT,
wild-type; Tg, transgenic; Ctl, Control (sham-vaccinated Tg2576); AF, A� fibrils. os, photoreceptor outer segments; onl, outer nuclear layer; opl, outer plexiform
layer; inl, inner nuclear layer; ipl, inner plexiform layer; g, ganglion cell layer. Scale bar � 160 �m (A–O) and 20 �m (P).
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A�-Related Vaccinations Stimulate Microglial
Infiltration and Astrogliosis in the Retinas of
Tg2576 Mice

One of the main characteristics accompanying accumu-
lation of A� plaques in both human Alzheimer’s brain and
transgenic mouse models of AD is an enhanced neuroin-
flammatory response characterized by activation of as-
trocytes and infiltration of microglia. Therefore, we exam-
ined expression of GFAP and IBA1, cell type-specific
markers of astrocytes and microglia, respectively, and
performed quantitative image analysis to evaluate the
degree of microglial infiltration in the immunized animals.
Figure 3 demonstrates representative microphotographs
of IBA1- and A�-immunoreactivity in the retinas of wild-
type, immunized, and sham-immunized mice. Similar to

the microvascular deposition of A�, there was a dramatic
increase in IBA1-immunoreactivity in the retina of Tg2576
mice (Figure 3, D–O) compared with the wild-type mice
(Figure 3, A–C). Importantly, in some cases, the micro-
glial infiltration was closely associated with disrupted
retinal architecture in immunized mice (Figure 3P), in
which all of the different layers from the ganglion cell
layer to the outer nuclear layer were damaged and barely
distinguished. Quantification of IBA1-positive cells dem-
onstrated a significant increase in microglia in the AD
mouse retina (Figure 3Q). Importantly, each type of vac-
cination scheme increased microglial infiltration com-
pared with PBS adjuvant-treated Tg2576 control mice.

To further examine neuroinflammation in the Alzheimer’s
retina, astrocytic/Müller cell activation was evaluated
based on the immunoreactivity for GFAP. In wild-type

Figure 4. Enhanced astrogliosis in Tg2576 mouse retinas following vaccinations. Immunofluorescence microscopy reveals GFAP immunoreactivity (green) as a
marker for astrocytes or Müller cells and A� deposition (red) in the retinas from different treatment groups as indicated at the top of the figure. Cell nuclei are
counterstained blue by 4�,6�-diamidino-2-phenylindole in the merged images. Background fluorescence is evident in the sclera (s) and pigment epithelium-
choroid layer (p) in columns AO and AF. WT, wild-type; Tg, transgenic; Ctl, Control (sham-vaccinated Tg2576); AF, A� fibrils; onl, outer nuclear layer; opl, outer
plexiform layer; inl, inner nuclear layer; ipl, inner plexiform layer; g, ganglion cell layer. Scale bar � 90 �m.
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mice GFAP immunoreactivity was predominantly limited
to the topmost part of the retina or within the ganglion cell
layer (Figure 4). In contrast, the retina of Tg2576 mice
exhibited GFAP immunoreactivity not only in the superfi-
cial part and the ganglion cell layer as in controls but also
in astrocytic processes that penetrated the ganglion cell
layer to reach deeper layers. Notably, each of the vacci-
nations dramatically enhanced this type of staining pat-
tern for GFAP-labeled Müller cell processes (Figure 4).
This observation is consistent with the quantitative
changes in microglial infiltration following vaccination
and supports the notion that A� immunotherapy in-
creases neuroinflammatory responses in the retina.

A�-Related Vaccinations Differentially Modify
Retinal Thickness in Tg2576 Mice

Loss of ganglion cells as well as other retinal neurons has
been demonstrated in both human postmortem tissue
and mouse models of AD.17,45,54 Reduced retinal thick-
ness, a manifestation of cell loss, has been detected in
patients with AD.13,55,56 Because disruption of retinal
architecture was evident in Tg2576 mice, the retinal thick-
ness from the surface of the ganglion cell layer to the
outside border of the outer nuclear layer was assessed. A
significant decrease in the thickness of the retina was
found in Tg2576 control mice in comparison with wild-
type mice (P � 0.0086; Figure 5). Interestingly, the de-
crease in retinal thickness was attenuated following a
10-month vaccination protocol, although overall retinal
thickness was still reduced compared with wild-type
mice.

Discussion

The data presented here are the first demonstration of not
only A� plaques and amyloid angiopathy in the retina of

Tg2576 AD mice but also the effects on retinal pathology
of A�-related immunotherapy. Detection of the A�
plaques was confirmed using four different anti-A� mono-
clonal antibodies as well as Congo red fluorescence.
Moreover, accumulation of A� deposits has been linked
with hyperphosphorylation of tau protein, another patho-
logical feature of AD, possibly through the cdk5-medi-
ated phosphorylation pathway in the Tg2576 mouse
brain.48,49 In this study, we also found a hyperphospho-
rylated form of tau associated with A� plaques within the
retina. Vaccination with either a specific prefibrillar oligo-
meric conformation of A� peptide, A� fibrils, or human
IAPP prefibrillar oligomers differentially reduced retinal
A� deposits in the Tg2576 mice. The changes mediated
by both AOs and IAPP prefibrillar oligomers in the retinas
were statistically significant and in agreement with the
changes in the hippocampus (Figure 6, Supplementary
information) and neocortex as well as previous studies.28

Resembling cerebral amyloid angiopathy in the brain,
however, there was robust microvascular A� deposition
in the retina of AD transgenic mice and a significant
increase in the amyloid angiopathy score following each
of the immunotherapy regimens. This is consistent with
the pathological changes reported in the brain of Alzhei-
mer’s transgenic mice following A�-based immunothera-
py.57,58 In this regard, the pathological changes in the
retina of Alzheimer’s mice seem to parallel those in their
brain (Supplemental Figure S1, see http://ajp.amjpathol/
org). Our findings of increased microvascular deposition
of A� support the notion that vaccination-induced anti-
bodies solubilize A� plaques and promote A� infiltration
into the perivascular space.59,60 Notably, A� plaques are
observed in the retina of other mouse models of AD such
as APPswe/PS1�E926 and 3xTg-AD mice (Z. Tan, unpub-
lished observation). Evaluation of retinal amyloid angi-
opathy may provide an alternative avenue to monitor
A� clearance mediated by immunotherapy. Addition-
ally, our results demonstrate increased retinal neuroin-
flammation in AD transgenic mice as shown by immuno-
reactivity of both the astrocytic marker, GFAP, and the
microglial marker, IBA1. As previously proposed, micro-
glial infiltration and astrogliosis may play important roles
in A� clearance from the central nervous system.61–63

Interestingly, although intraneuronal accumulation of
A� was reported in association with ganglion cell degen-
eration in Tg2576 mice, no A�-associated plaques were
found in their retinas in the previous studies.45 Failure to
detect retinal A� plaques in that study might be ex-
plained by variations between different mouse colonies
and/or the immunoreactivity of the anti-A� antibodies
used for A� detection. Once the correlation between
retinal and brain pathology and cognitive abnormalities is
strengthened in the murine models, detection of retinal
A� might potentially provide an alternative noninvasive
approach to assess progression of AD and response to
therapy.

Our study also revealed a significant reduction in ret-
inal thickness in the Tg2576 mice compared with the
wild-type mice. This is supported by the observations of
retinal degeneration in Tg2576 mice in association with
intraneuronal A� accumulation.45 In addition, A� depos-

Figure 5. Morphormetric analysis of the retinas from wild-type mice and
Tg2576 mice that received different vaccinations. Measurements of retinal
thickness were made from the ganglion cell layer to the outside border of the
outer nuclear layer. WT, wild type; Tg, transgenic; Ctl, Control (sham-
vaccinated Tg2576); AF, A� fibrils. Bars depict mean � SEM (n � 7–9).
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its could directly disrupt the organization of the retinal
neuropil.26 Although the retinal thickness was partially
restored by immunotherapy in our study, the laminar
organization of the retina of immunized AD mice was
severely disrupted. This might be caused by the en-
hanced neuroinflammatory response, including infiltra-
tion of inflammatory cells and local edema. Importantly,
destruction of the retinal architecture because of inflam-
mation and A� deposition is associated with severe vi-
sion deficits in a vision-based behavioral paradigm (S.
Rasool and C. G. Glabe, unpublished observation). In
addition, electroretinogram abnormalities have been re-
ported along with A� deposition in APPswe/PS1�E9 dou-
ble-transgenic mice,26 and impairment of visual function
and visuospatial recognition was previously observed in
aged Tg2576 mice.64,65 Thus, the findings reported here
and by other investigators regarding retinal damage in
AD transgenic mice provide direct physical evidence for
the basis of the visual deficits. Because most of the
commonly used behavioral paradigms, for example,
novel object recognition and water maze learning, re-
quire relatively preserved visual function, the overt retinal
damage observed in AD transgenic mice may impair
performance on these and other vision-based behavioral
tasks.66 Therefore, the use of multifaceted behavioral
measures may provide a more accurate assessment of
cognitive performance in transgenic mouse models of
AD. Further studies are warranted to examine correla-
tions between A�-associated retinopathy and changes in
functional parameters such as the electroretinogram and
visual acuity in AD transgenic mice with and without A�

immunotherapy.
Notably, impairments of visual function were docu-

mented in patients with AD more than two decades
ago.15,67 Retinal pathology, including ganglion cell de-
generation and optic nerve atrophy, might account for
such visual function defects.17,54,68 Noninvasive tech-
niques such as fundoscopy, electroretinography, and op-
tical coherence tomography have confirmed the pres-
ence of abnormal retinal structure and visual dysfunction
in patients with AD.18,20,56,69,70 Historically, A� deposits
in the AD retina have been difficult to detect because of
technical limitations. Recent advances in ocular imaging
and immunohistochemistry suggest that current methods
may now be able to visualize retinal A�.

In summary, our results demonstrate A� plaques with
increased retinal microvascular deposition of A� and
neuroinflammation in Tg2576 mouse retinas. A� and
IAPP prefibrillar oligomer vaccinations reduce retinal A�

deposits but increase retinal microvascular A� deposi-
tion and exacerbate local neuroinflammation manifested
by microglial infiltration and astrogliosis linked with dis-
ruption of retinal organization. Current studies are aimed
at evaluating the correlations between retinal and brain
pathology as well as cognitive abnormalities in animal
models and patients with AD. These studies may help to
establish a noninvasive imaging modality to monitor
disease progression and the response to therapeutic
interventions.
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