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Abstract. There is increasing recognition that visual performance is impaired in early stages of Alzheimer’s disease (AD);
however, no consensus exists as to the mechanisms underlying this visual dysfunction, in particular regarding the timing,
nature, and extent of retinal versus cortical pathology. If retinal pathology presents sufficiently early, it offers great potential as
a source of novel biomarkers for disease diagnosis. The current project utilized an array of immunochemical and molecular
tools to perform a characterization of retinal pathology in the early stages of disease progression using a well-validated
mouse model of AD (APPSWE/PS1�E9). Analytical endpoints included examination of aberrant amyloid and tau in the retina,
quantification of any neuronal degeneration, delineation of cellular stress responses of neurons and particularly glial cells,
and investigation of oxidative stress. Brain, eyes, and optic nerves were taken from transgenic and wild-type mice of 3 to
12 months of age and processed for immunohistochemistry, qPCR, or western immunoblotting. The results revealed robust
expression of the human APP transgene in the retinas of transgenic mice, but a lack of identifiable retinal pathology during
the period when amyloid deposits were dramatically escalating in the brain. We were unable to demonstrate the presence of
amyloid plaques, dystrophic neurites, neuronal loss, macro- or micro-gliosis, aberrant cell cycle re-entry, oxidative stress,
tau hyperphosphorylation, or upregulations of proinflammatory cytokines or stress signaling molecules in the retina. The
overall results do not support the hypothesis that detectable retinal pathology occurs concurrently with escalating amyloid
deposition in the brains of APPSWE/PS1�E9 mice.
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INTRODUCTION

Alzheimer’s disease (AD) is an age-related,
progressive neurodegenerative disorder that is char-
acterized histopathologically by neuronal loss,
accumulation of senile plaques composed of aggre-
gated amyloid-� (A�) peptides, and the presence
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of neurofibrillary tangles consisting of hyperphos-
phorylated tau [1]. In recent years, a variety of
transgenic mouse models of AD have been devel-
oped. The prudent use of such models can increase
our understanding of the pathogenesis of AD, provide
a platform to screen potential therapies, and assist in
the search for novel biomarkers to detect and mon-
itor disease progression [2]. The development of a
sensitive biomarker that can be used to accurately
diagnose AD concurrent with, or even prior to, the
onset of cognitive impairment is proving one of the
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major challenges in AD research. One area of focus
is the eye, which, uniquely within the central ner-
vous system, is ideally suited to modern, non-invasive
imaging techniques [3, 4]. Indeed, the retina [5] and
its associated optic nerve [6] have been termed “win-
dows to the brain”. A key issue when considering
the retina as a source of biomarkers for AD relates
to whether pathological events actually manifest to a
measurable degree at sufficiently early time points to
prove diagnostically useful. To date, the accumulated
evidence is equivocal.

It has long been recognized that patients with
AD have difficulties with complex visual process-
ing [7]. It is less widely known, but incontrovertibly
the case, that many AD patients have impairments in
“lower” levels of visual processing, including con-
trast sensitivity, color vision, stereoacuity, and visual
acuity [8, 9]. Elucidating the etiology of these impair-
ments, however, has not been straightforward, owing
to the difficulty in discriminating retinal defects
from those originating in the cortex. Nevertheless,
pathology within the pre-cortical visual system, in
particular in retinal ganglion cells (RGCs), has been
proposed as one mechanism that could underlie AD-
associated visual impairments. Research conducted
to date in AD patients provides limited support for
this hypothesis, although it is beset by method-
ological limitations. A number of early histological
studies found RGC loss, retinal nerve fiber layer thin-
ning, and axonal degeneration in AD patients when
compared to age-matched controls [10–14]. These
findings are supported by recent imaging and elec-
trophysiological studies (see [8, 15] for reviews).
Other studies, however, have failed to find differ-
ences between AD patients and matched controls
in RGC density [16] and myelinated axon num-
ber [17]. Meanwhile, studies investigating amyloid-�
(A�) accumulation in the retinas of AD patients have
produced similarly disparate results. While some
researchers have found evidence for the selective
deposition of A� [18, 19] or hyperphosphorylated
tau [20], the majority of studies to date, notably the
rigorous work of Eberhart and colleagues [21], indi-
cate that A� and phospho-tau are not deposited in the
retina in an analogous way to the brain.

Amyloid plaques have been detected in the reti-
nas of transgenic mouse models of AD in advanced
stages of the disease [19, 22–25]. Intriguingly, one
study has demonstrated A� accumulation in retina
prior to that in brain [18]; however, no consensus
has been reached about the timing and extent of
A� accumulation in the retina, or its spatio-temporal

relationship to any pathological changes to neurons or
glia. As reasoned by Krantic and Torriglia [4], there is
an urgent need for studies that analyze the retinas of
AD mice during the period preceding significant A�
accumulation. The aim of the current study, therefore,
was to utilize an array of histological, immunochemi-
cal, and molecular tools to perform a characterization
of putative retinal pathology in the early stages of
disease progression using a well-validated mouse
model of AD (APPSWE/PS1�E9). Analytical end-
points included examination of aberrant amyloid and
tau in the retina, quantification of any neuronal degen-
eration, delineation of stress responses of neurons and
particularly glial cells, and investigation of oxidative
stress.

MATERIALS AND METHODS

Animals and procedures

Double transgenic (APP/PS1) mice expressing
a chimeric mouse/human amyloid precursor protein
and mutant human presenilin 1 (B6C3-Tg(APPswe,
PSEN1dE9)85Dbo/Mmjax) (stock number: 034829-
JAX), and wild-type littermates, were purchased from
Jackson Laboratory (Bar Harbor, ME, USA).

This study was approved by the SA Pathol-
ogy/Central Area Health Local Network Animal
Ethics committee and conformed with the Australian
Code of Practice for the Care and Use of Ani-
mals for Scientific Purposes, 2013. All experiments
also conformed to the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research.
Mice were housed in a temperature- and humidity-
controlled environment with a 12-h light, 12-h dark
cycle and were provided with food and water ad
libitum.

Tissue processing and immunohistochemistry

A total of 50 transgenic (Tg) and 50 wild-type
(WT) mice were used for the study. At each monthly
time point, from 3 to 12 months of age, 5 Tg and
5 WT mice were humanely killed. The brain, both
eyes, and the optic nerves were carefully dissected.
From each animal, the brain, the right eye, and its
corresponding optic nerve were immersion fixed and
processed for immunohistochemistry, while the left
eye and corresponding optic nerve were taken for
RT-PCR and western immunoblotting. Tissues for
immunohistochemistry were fixed in 10% buffered
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formalin for at least 24 h. Following fixation, 2 mm
coronal slices of the brain were taken starting from
the dorsal and proceeding to the caudal portion of
the brain. Brain slices, along with the globe and
optic nerve, were then processed for routine paraffin-
embedded sections. Globes were embedded sagitally,
while optic nerves were embedded longitudinally. In
all cases, 5 �m serial sections were cut using a rotary
microtome. Hematoxylin and eosin staining of retinal
sections was performed using a standard methodol-
ogy. From the right optic nerve of 11-12-month-old
animals, a short piece of tissue was removed for resin
processing and subsequently toluidine blue staining
as previously reported [26].

Colorimetric immunohistochemistry was per-
formed as previously described [27]. Briefly, tissue
sections were deparaffinized and endogenous peroxi-
dase activity was blocked with H2O2. For the majority
of antibodies, antigen retrieval was performed by
microwaving sections in 10 mM citrate (pH 6.0). For
detection of A�, A�1-40, and A�1-42, sections were
incubated for 5 min in 100% formic acid followed
by retrieval in 1 mM EDTA (pH 8.0). Non-specific
labeling was blocked with PBS containing 3% nor-
mal horse serum (PBS-NHS). Sections were then
incubated overnight at room temperature in primary
antibody (in PBS-NHS, see Supplementary Table 1),
followed by consecutive incubations with biotiny-
lated secondary antibody (Vector, Burlingame,
CA) and streptavidin-peroxidase conjugate (Pierce,
Rockford, IL). Color development was achieved
using 3’-,3’-diaminobenzidine for 5 min. Sections
were counterstained with hematoxylin, dehydrated,
cleared in histolene, and mounted. Fluorescent
immunohistochemistry was performed using a 3-step
procedure (primary antibody, biotinylated secondary
antibody, streptavidin-conjugated AlexaFluor 594) as
previously described [27]. Sections were mounted
using anti-fade mounting medium and examined
under a confocal fluorescence microscope. Confirma-
tion of the specificity of antibody labeling was judged
by the morphology and distribution of the labeled
cells, by the absence of signal when the primary
antibody was replaced by isotype/serum controls,
by comparison with the expected staining pattern
based on our own, and other, previously published
results, and, by the detection within retinal samples
of a protein at the expected molecular weight by
western blotting. To provide positive control sam-
ples for the detection of GFAP, cyclin D1, ciliary
neurotrophic factor (CNTF) and heme oxygenase-1
(HO-1) in tissue sections, we used tissue blocks

from a mouse model of branch retinal vein occlu-
sion (BRVO), which shows a pronounced retinal glial
stress response.

Quantification of retinal thickness and
cell-specific immunohistochemical labeling

Retinal thickness measurements and immuno-
labeling for each antigen were performed in
age-matched batches of WT and Tg samples. All
analyses were conducted in a blinded fashion by an
independent reviewer. In order to minimize sampling
errors, all quantifications were conducted on two sec-
tions taken at, or adjacent to, the optic nerve head.
Thickness measurements of the various retinal layers
were taken in both the central retina (at 500 �m either
side of the optic nerve head) and peripheral retina
(at 500 �m from each ciliary body margin) using the
ImageJ Measure tool. To quantify the nuclei of the
outer nuclear layer (ONL), the number of rows of
photoreceptors were counted in 3 columns per image.
Synaptic density was demarcated by ImageJ analysis
of fluorescent immunolabeling for synaptophysin in
both the central and peripheral retina. Images were
captured, thresholded, and fluorescent signal calcu-
lated over a distance of 200 �m per image.

Amyloid load and amyloid-� protein precursor
(A�PP)-dystrophic neurites in the retina were deter-
mined by quantification of the number of individual
plaques/dystrophic neurites present along the entire
length of the retina (from ciliary body to ciliary body).
To verify the lack of amyloid plaques in the retinas
of Tg animals, immunolabeling for A�, MOAB-2,
A�1-40, and A�1-42 was also conducted at three addi-
tional tissue depths: prior to reaching the optic nerve
head, and two levels subsequent to the optic nerve
head.

The number of Brn3a-positive RGCs and
calbindin-positive horizontal cells were quantified
over a total distance of 2 mm, 1 mm each side of the
optic nerve head, using the 20x objective lens of a
light microscope equipped with an ocular micrometer
bar. Owing to the higher density of calretinin-
positive amacrine cells, cone arrestin-labeled cone
photoreceptors, and PKC�-positive bipolar cells,
quantification of these markers was achieved by anal-
ysis of four photomicrographs, two taken in the mid
retina and two in the central retina, either side of the
optic nerve head, comprising a total retinal length of
1.33 mm.

Relative abundances of GFAP and nestin (both
markers of macrogliosis) in WT and Tg groups were
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determined by analysis of four photomicrographs (as
above) using a 4-point grading system, as detailed
previously [28]. Expression of two additional mark-
ers of Müller cell stress, CNTF and cyclin D1, were
similarly evaluated from four photomicrographs per
retina using 4-point grading systems. For glutamine
synthetase, qualitative analysis of four photomicro-
graphs (taken as above) was undertaken to evaluate
any differences in distribution patterns between WT
and Tg retinas. To investigate the presence of any
oxidative stress, the number of cells positively labeled
for HO-1 were quantified along the entire length of
the retina. Likewise, the number of unambiguously
immunopositive cFOS and phosphorylated cJUN
(p-cJUN) cells were quantified along the entire length
of the retina.

The microglial response in Tg versus WT mice
was analyzed by two means: firstly, an iba1-
immunoreactive area for each animal was calculated
by analysis of four photomicrographs (as above).
Color deconvolution was applied to extract the DAB
staining. After manual thresholding, the area of
iba1-positive staining was measured. Evaluations
were performed using the ImageJ 1.42q software
package platform (http://rsb.info.nih.gov/ij/). Sec-
ond, microglial activation status was evaluated in
each animal by quantification of the number of
reactive/amoeboid-type iba1-positive microglia
within the four photomicrographs. Although
microglia are commonly divided into four pheno-
types (ramified, intermediate, reactive, and ameboid),
within the mouse retina phenotypic differences are
apparent between microglial populations present
within the different layers of the retina in healthy ani-
mals and also with regard to elongated perivascular
microglia [29]. Accordingly, unambiguous demar-
cation between ramified and intermediate microglia
is problematic, except in the case when flat-mounted
retinas and a z-stack confocal microscope are used;
the use of which permits visualization of the entire
microglial tree. As such, we demarcated only two
types of microglia: resting microglia featuring a
small soma and multiple thin processes, and acti-
vated microglia that displayed thicker, less numerous
processes together with a larger soma.

For immunohistochemical evaluations, statistical
analysis was carried out by an unpaired Student’s
t-test if parametric assumptions were met and by a
Mann-Whitney test otherwise. The null hypothesis
tested was that values would be the same in WT
and Tg animals. Owing to the fact that three differ-
ent age groups (7–8, 9–10, and 11–12 months) were

analyzed, a Bonferroni correction for multiple com-
parisons was applied to minimize the risk of a Type I
statistical error.

Evaluation of semi-thin toluidine blue stained
optic nerve cross sections

Axon counting was determined using a semi-
quantitative, automated, fixed pattern sampling
approach as previously described [30]. All evalu-
ations were performed in a blinded fashion. Five
photomicrographs were taken from each ON cross-
section, representing a total sampling area of
approximately 6%. Images were contrast-enhanced,
and each axon with a single, intact myelin sheath was
counted using a macro-routine written for ImageJ.
The mean count from the five photomicrographs
was used to extrapolate the number of axons in the
cross-section. Statistical analysis was carried out by
unpaired Student’s t-test. The null hypothesis tested
was that estimated axon number would be the same
in WT and Tg animals.

Western immunoblotting

Electrophoresis/western blotting was performed as
previously described [2]. In brief, tissue extracts from
11–12-month-old animals were sonicated in homog-
enization buffer, diluted with an equal volume of
sample buffer, and boiled for 3 min. Electrophoresis
was performed using non-denaturing 10% poly-
acrylamide gels. After separation, proteins were
transferred to polyvinylidine fluoride membranes for
immunoprobing. Blocking of membranes was car-
ried out in a solution of tris-buffered saline (TBS)
containing 0.1% (v/v) Tween-20 and 5% (w/v) non-
fat dried skimmed milk (TBS-TM). Membranes were
then incubated consecutively with the appropriate
primary antibody (Supplementary Table 1), biotiny-
lated secondary antibody and streptavidin-peroxidase
conjugate. Color development was achieved using
3-amino-9-ethylcarbazole. The images were captured
and analyzed for densitometry using the program,
Adobe PhotoShop CS2. Densitometry values were
normalized for actin. Statistical analysis was carried
out by Student’s unpaired t-test. The null hypothesis
tested was that densitometry measurements for target
proteins (normalized for actin) would be the same in
age-matched WT and Tg animals. To provide positive
control sample for the presence of phosphorylated tau
and HO-1 in western immunoblots, we used mixed
retinal cultures treated with the potent phosphatase

http://rsb.info.nih.gov/ij/
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inhibitor calyculin A (Cell Signaling Technology,
Danvers, MA) and the pro-oxidant hydrogen perox-
ide, respectively.

Real-time RT-PCR

Real time PCR studies were carried out essentially
as described previously [31]. In brief, tissues were
dissected, total RNA was isolated, and first strand
cDNA was synthesized from DNase-treated RNA
samples. Real-time PCR reactions were carried out
in 96-well optical reaction plates using the cDNA
equivalent of 20 ng total RNA for each sample in
a total volume of 20 �l containing either 1 × SYBR
Green or 1 × SSOAdvanced PCR master mix (Bio-
Rad), plus forward and reverse primers. Thermal
cycling conditions were 95◦C for 3 min and 40 cycles
of amplification comprising 95◦C for 12 s, appro-
priate annealing temperature for 30 s and 72◦C for
30 s. Primer sets used are detailed in Supplementary
Table 2. PCR assays were performed using the CFX
cycler (Bio-Rad) and all samples were run in dupli-
cate. All primer sets amplified with high efficiency
and linearity during real-time PCR. Accordingly,
results obtained from the real-time PCR experiments
were quantified using the comparative threshold cycle
(CT) method (��CT) for relative quantitation of
gene expression [32]. All values were normalized
using the endogenous housekeeping gene GAPDH
and expressed relative to the WT group. Statistical
analysis was carried out Student’s unpaired t-test.
The null hypothesis tested was that CT differences
between target and housekeeping genes would be the
same in age-matched WT and Tg retinas.

Terminal deoxynucleotidyl transferase-mediated,
dUTP nick end labeling (TUNEL) assay

TUNEL assays were performed as previously
described [33]. In brief, sections were deparaf-
finized, rehydrated, and treated with proteinase
K. Endogenous peroxidases were inactivated by
incubation in H2O2. Sections were equilibrated in
TdT buffer (30 mM Tris-HCl, pH 7.2 containing
140 mM sodium cacodylate, 1 mM cobalt chloride),
prior to incubation in the same buffer containing
TdT (0.15 U/�l) and biotin-16-dUTP (10 �M). The
reaction was terminated by two washes in saline
sodium citrate solution. Non-specific binding sites
were blocked using bovine serum albumin prior to
incubation of sections with streptavidin-peroxidase
conjugate. Color development was achieved by using

3’–,3’-diaminobenzidine for 5 min. Sections were
counterstained with hematoxylin and subsequently
mounted. The number of TUNEL-positive cells in
the ganglion cell layer and inner nuclear layer were
quantified along the entire length of the retina.

RESULTS

Amyloid plaques and dystrophic neurites

Amyloid plaques were delineated by immuno-
labeling with four antibodies: A� (clone 6E10),
A�1-40, A�1-42, and MOAB-2, a pan-specific anti-
body that recognizes residues 1–4 of A� peptide
40/42. All four antibodies yielded similar patterns of
immunolabeling (see Fig. 1). In the cerebral cortex
and hippocampus of Tg mice, amyloid plaques were
first detected at 4 months of age and their abundance
and burden increased in an age-dependent manner
up to 11 months of age (data not shown). Amyloid
deposition comprised both diffuse deposits and dense
cored (fibrillar) plaques. No amyloid deposits or
plaques were observed in the brains of age-matched
WT littermates (Fig. 1). In the retina, no amyloid
deposits or plaques were observed in any Tg or WT
mice at any time point from 3 to 12 months of age (see
Fig. 1 for representative images and Supplementary
Table 3). The lack of amyloid plaques was consistent
across the four antibodies used. Neither increasing
section thickness, nor increasing primary antibody
concentrations, nor altering antigen retrieval condi-
tions impacted upon the negative results in the retina
(data not shown). In fact, altering antibody dilution,
time spent in formic acid, or concentration of formic
acid used was detrimental to the amyloid signal-to-
noise ratio in the brain. Given the lack of amyloid
plaques in the retinas of Tg mice of all ages, the
remaining analyses were only conducted on animals
taken at the later time points (7 to 12 months). Fur-
ther, to provide greater statistical power to the study
(n = 10 versus n = 5), mice were divided into three age
groups: 7–8, 9–10, and 11–12 months, rather than
analyzed as individual monthly time points.

The APP/PS1 Tg mice used herein are geneti-
cally modified to overexpress mutated human A�PP
protein under the control of a mouse prion protein
promoter element, directing transgene expression
predominantly to central nervous system neurons. As
such, neurons in Tg mice should feature a higher level
of APP transgene expression than that of endogenous
A�PP in age-matched WT neurons. Moreover, A�PP
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Fig. 1. Representative images of A�, MOAB-2, A�1-40, and A�1-42 immunolabeling in the brain and retina of 12-month-old WT and Tg
mice. In Tg parietal cortex (A, B, E, F, I, J, M, N) amyloid plaques are abundant. All four antibodies display high signal-to-noise ratios. In
contrast, no amyloid deposits are evident in sections of WT (C, G, K, O) or Tg (D, H, L, P) retinas. Scale bar: A, E, I, M = 250 �m; B-D,
F-H, J-L, N-P = 50 �m; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.

has been shown to accumulate in dystrophic neurites
surrounding amyloid plaques from the onset of A�
peptide deposition [34, 35]. To confirm these find-
ings and to examine A�PP expression in the retinas
of Tg mice versus WT littermates, we immunolabeled
tissue sections for A�PP using a well-described pri-
mary antibody (clone 22C11) that detects a shared
epitope in the N-terminal region of mouse and human
APP and hence recognizes endogenous murine APP
and the human APP transgene. In the cortex and
hippocampus, results were as anticipated: at all
ages from 7 to 12 months, neuronal cytoplasmic
A�PP expression was higher in Tg than WT mice,
while A�PP-positive dystrophic neurites surrounded
plaques (Fig. 2A-D). In WT retinas, A�PP local-
ized to the cytoplasm of RGCs, but was scarcely
detectable in other neuronal classes (Fig. 2E, F). This

finding concurs with the previously reported distribu-
tion of A�PP in the retina [36]. In Tg retinas of all
ages, A�PP expression was consistently higher than
in WTs and localized to other classes of neurons as
well as RGCs (Fig. 2G, H). RGCs were intensely
labeled by A�PP, but appeared phenotypically nor-
mal with no evidence of any dystrophic neurites.
Quantification of the level of APP transgene expres-
sion in the retinas of Tg mice was achieved by qPCR
analysis using primers directed to human A�PP (see
Supplementary Figure 1). The data revealed that the
prion protein promoter-driven APPswe transgene was
detectable with a Cq of approximately 23 cycles in the
retinas of 11–12-month-old Tg mice. This is a similar
level of expression to that measured in the brains of
12-month-old APPSWE/PS1�E9 mice using the same
APP primers [37]. The overall results indicate that
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Fig. 2. Representative images of A�PP immunolabeling in the brain and retina of 11-month-old WT and Tg mice. In WT parietal cortex
(A) and hippocampus (B), A�PP localizes to the cytoplasm of neurons. In Tg mice, neuronal expression of A�PP is higher, and numerous
dystrophic neurites surrounding amyloid plaques are present within the parietal cortex (C, arrowheads) and hippocampus (D). In the WT
retina, A�PP localizes to the cytoplasm of RGCs (arrow), but is barely detectable within amacrine cells (arrowhead) or other neuronal
cell types. In Tg mice, A�PP expression is markedly higher in RGCs (arrow), and is also clearly detectable in other neuronal populations
(arrowhead); however, no A�PP-positive dystrophic neurites are evident. Scale bar: A, C = 100 �m; E, G = 50 �m, B,D,F,H = 25 �m.

retinal neurons, in particular RGCs, are directed to
express the APP transgene, but that in the cohort of
animals used in this study such expression did not
result in the appearance of plaques.

Retinal thickness and synaptic abundance

To assess retinal pathology in Tg mice, we firstly
investigated the thicknesses of the various retinal lay-
ers in WT and Tg retinas of 9 to 12 months (Fig. 3A-J).
The results showed no significant differences in the
thickness of the ONL or in the number of rows of cells
in the ONL among WT and Tg mice, either in the
central or peripheral retina. In the mouse, the ONL
is comprised overwhelming of rod photoreceptors,
hence, the data indicate a lack of rod photoreceptor
degeneration in Tg mice of 9 to 12 months of age.
Likewise, there were no significant differences in the
thicknesses of the inner nuclear layer, the inner plexi-
form layer, or the outer plexiform layer in the central
or peripheral retina between WT and Tg mice. To
verify the lack of shrinkage in the plexiform layers,
we quantified the density of immunolabeling of the
synaptic marker synaptophysin in WT and Tg mice
(Fig. 3K-M). The data showed no decrease in synap-
tic density in the central or peripheral retinas of 9– to
12–month-old Tg mice as compared to age-matched
WT mice.

Retinal ganglion cells

There is interest into the potential use of optical
coherence tomography imaging of the retinal nerve
fiber layer as a diagnostic tool for early detection
of AD. Thinning of the nerve fiber layer necessar-
ily reflects a loss of RGCs and their axons. We
utilized a number of methodologies to investigate
whether RGC loss was occurring during the period
when amyloid load increased in the brain. Initially,
we quantified numbers of Brn3a-labeled RGCs in
transverse sections of WT and Tg retinas. Brn3a
expression is a sensitive marker for assessing RGC
health: for example, it is downregulated prior to nerve
fiber layer thinning following RGC axonal injury
[38]. The results revealed no significant differences
between WT and Tg mice at any of the three age
groups (Fig. 4A-C). Next, we performed TUNEL
labeling to assess whether any ongoing programmed
cell death is evident in retinas of Tg mice. The results
showed negligible TUNEL-positive cells in the gan-
glion cell layer of the retina in any of the age groups
(Fig. 4D-F). Both of the methods highlighted above
required the use of transverse sections and allowed
analysis of only a proportion of the entire retinal
area. Accordingly, we used the other eye from each
animal of the 11-12 month cohorts to extract total
mRNA and protein. First, we measured the total
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Fig. 3. Analysis of retinal thickness and synaptic density in 9– to 12–month-old WT and Tg mice. Representative images of hematoxylin
and eosin staining in the central (A, B) and peripheral (C, D) retinas of 11-month-old WT and Tg mice. E) Identification of the retinal layers.
F, G) Quantification of the number of rows of cells and the thickness of the outer nuclear layer (ONL). H-J) Quantification of the thicknesses
of the inner nuclear layer (INL), inner plexiform layer (IPL), outer plexiform layer (OPL). K-M) Representative images of synaptophysin
immunolabeling in the central retinas of 12-month-old WT and Tg mice. Quantification of synaptophysin density in the central and peripheral
retina is also shown. In each case, data are expressed as mean ± SEM, where n = 10 for each age-matched group. Student’s unpaired t-tests
revealed no significant differences. Scale bars: 50 �m.

retinal content of mRNAs encoding the RGC-specific
markers Thy1 and �3-tubulin. The data showed there
to be no difference in the level of either marker in
Tg versus WT mice (Fig. 4G). Similarly, analysis
of the protein levels of axonal markers in WT ver-
sus Tg retinas by western immunoblotting revealed
no difference between cohorts (Fig. 4G). Confirma-
tion of the lack of RGC degeneration in Tg mice
was obtained by analysis of optic nerves, whose
axons are formed exclusively by RGCs. Both axon
counting of toluidine blue stained cross-sections
(Fig. 4J-L) and western immunoblotting of optic
nerve extracts for axonal protein content (Fig. 4M. N)
demonstrated no difference between WT and Tg
mice.

Other neuronal classes

Much attention is currently focused on the health
of RGCs during AD, but it is presently unknown
whether the other neuronal classes of the retina are
affected. We quantified the numbers of amacrine
cells, rod bipolar cells, horizontal cells, and cone pho-
toreceptors in WT and Tg retinas of 7 to 12 months of
age by immunohistochemical labeling using specific,
previously-validated antibodies. Calretinin localizes
to amacrine cell bodies and three clearly defined
bands within the inner plexiform layer. There was
no qualitative change to the distribution of calre-
tinin immunoreactivity in Tg mice (Fig. 5A, B),
while quantification of cell numbers within the inner
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Fig. 4. Analysis of retinal ganglion cells (RGC) in 7– to 12–month-old WT and Tg mice. A-C) Representative images of Brn3a immunola-
beling, together with quantification of numbers of Brn3a-labeled RGCs. Brn3a localizes to RGC nuclei (yellow arrow). D-F) Representative
images of TUNEL labeling in an NMDA-treated retina (+ve control, see arrows) and 12-month Tg retina, together with quantification of
numbers of TUNEL-positive cells in the GCL. G) Levels of RGC-specific (Thy1 and �3-tubulin) mRNAs in Tg retinas as measured by qPCR.
Data are normalized for GAPDH and expressed relative to WT. H, I, M, N) Expression of RGC axonal proteins in WT and Tg retinas (H, I),
and WT and Tg optic nerves (M, N) as evaluated by western immunoblotting. Single bands of the expected molecular weight are apparent.
Data are normalized for actin and expressed relative to WT. J-L) Representative photomicrographs of toluidine blue-stained cross-sections of
WT and Tg optic nerves from 12-month-old mice, together with estimated axon counts. Data are expressed relative to WT. For all analyses,
data are expressed as mean ± SEM, where n = 10 for each age-matched group. Student’s unpaired t-tests revealed no significant differences
between WT and Tg cohorts for any of the parameters measured. Scale bar: A, B = 50 �m; D, E = 25 �m, J, K = 10 �m. GCL, ganglion cell
layer; INL, inner nuclear layer; �3-tub, �3-tubulin; p-NFH, phosphorylated neurofilament heavy chain.
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Fig. 5. Analysis of amacrine cells, bipolar cells, horizontal cells, and cone photoreceptors in 7 to 12-month-old Tg retinas. Representative
images of calretinin (A, B), PKC� (D, E), calbindin (G, H), and cone arrestin (J, K) immunolabeling are shown. Calretinin is associated
with amacrine cell somata (arrow) located in the inner part of the INL, layers of terminals visible in the IPL (arrowhead), and displaced
amacrine and ganglion cells in the GCL. PKC� labels bipolar cell somata (arrow) located in the INL and their processes that synapse
with photoreceptors and retinal ganglion cells. Calbindin is associated with horizontal cell somata (arrow) located in the outer part of the
INL and their dendrites in the outer plexiform layer. Cone arrestin labels cone photoreceptor cell bodies (arrow) located in the ONL, inner
and outer cone segments, and synapses in the outer plexiform layer. Quantification of numbers of calbindin-labeled horizontal cells (C),
calretinin-labeled amacrine cells (F), PKC�-labeled bipolar cells (I), and cone arrestin-labeled cone photoreceptors (L) are also shown. In
each case, data are expressed as mean ± SEM, where n = 10 for each age-matched group. Student’s unpaired t-tests revealed no significant
differences between the treatment groups at any of the three age groups for any of the four cell types. Scale bars: 50 �m. GCL, ganglion cell
layer; INL, inner nuclear layer; ONL, outer nuclear layer.

nuclear layer showed no difference between WT and
Tg cohorts in any of the three age groups (Fig. 5C).
PKC� is associated with bipolar cell perikarya and
their axons that extend to the ganglion cell layer.

There was no qualitative change to the distribution
of PKC� immunoreactivity in Tg mice (Fig. 5D, E),
while quantification of somal numbers revealed no
difference between WT and Tg cohorts in any of
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Fig. 6. Analysis of microglia and proinflammatory cytokine levels in WT and Tg mice. Representative images of iba1 immunolabeling in
10-month-old WT and Tg parietal cortex (A, B) and hippocampus (C, D). In Tg brains, reactive microgliosis is evident surrounding amyloid
plaques, signified by red asterisks. E, F) Representative images of iba1 immunolabeling in 11-month-old WT and Tg retina. Microglia in both
cohorts display ramified morphologies. G, H) Quantitative evaluation of iba1 area and semi-quantitative evaluation of activations status of
iba1-positive cells. (I) Levels of IL-1�, TNF�, and IL-6 in Tg retinas as measured by qPCR. Data are normalized for GAPDH and expressed
relative to WT. For all analyses, data are expressed as mean ± SEM, where n = 10 for each age-matched group. Student’s unpaired t-tests
revealed no significant differences between WT and Tg cohorts for any of the parameters measured. Scale bar: A, B = 250 �m; C-F = 25 �m.
GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.

the three age groups (Fig. 5F). Calbindin identifies
horizontal cell bodies together with a single band
of dendrites in the outer plexiform layer. No quali-
tative or quantitative changes were evident between
calbindin immunoreactivity in WT and Tg mice in
any of the age brackets (Fig. 5G-I). Cone arrestin
labels the somata and segments of both short and
mid length cone photoreceptors. As was the case
for calretinin, PKC� and calbindin, no qualitative
or quantitative changes were apparent between cone
arrestin immunolabeling in WT and Tg mice in any
of the age brackets (Fig. 5J-L).

Microglia and proinflammatory cytokines

One of the characteristic features of pathology in
transgenic models of AD is an elevated neuroin-
flammatory profile. This manifests as an increased
recruitment and activation of microglia to the sites
of amyloid plaques, together with an associated

upregulation of proinflammatory cytokines [39, 40].
We investigated microglial responses and mRNA lev-
els of three proinflammatory cytokines implicated in
AD, namely interleukin-1� (IL-1�), tumor necrosis
factor� (TNF�), and interleukin-6 (IL-6), in Tg reti-
nas of 7 to 12 months of age. Qualitative inspection of
the brains of Tg mice showed the expected increase
in iba1 coverage and activation status in the parietal
cortex and hippocampus when compared to WT mice
(Fig. 6A-D). In the retina, quantitative evaluation of
iba1-labeling area and semi-quantitative evaluation
of activations status of iba1-positive cells revealed
no differences between Tg and WT retinas in any
of the three age groups (Fig. 6E-H); indeed, with
very few exceptions, the overwhelming majority of
microglia in both cohorts displayed a ramified-like
morphology. Likewise, qPCR showed that expression
levels of the three proinflammatory cytokines were
not statistically different in Tg versus WT retinas
(Fig. 6I).
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Fig. 7. Analysis of GFAP expression in WT and Tg mice. Representative images of GFAP immunolabeling in 11-month-old WT and Tg
parietal cortex (A, B) and hippocampus (C, D). In Tg brains, numerous GFAP-positive astrocytes are evident surrounding amyloid plaques,
signified by red asterisks. E-G) Representative images of GFAP labeling in a retina subjected to branch retinal vein occlusion (BRVO, +ve
control), and in 12-month-old WT and Tg retinas. GFAP immunoreactivity is chiefly restricted to astrocytes in the retinas of WT and Tg mice.
In contrast, four days after BRVO, a substantial upregulation of GFAP is evident both in astrocytes (arrowhead) and Müller cells (arrow).
Note: the area of retina shown is adjacent to the vein occlusion site and not directly affected. H) Semi-quantification evaluation of GFAP
grade in WT and Tg retinas. Data are expressed as mean ± SEM, where n = 10 for each age-matched group. Mann-Whitney test revealed
no significant differences between the treatment groups. Scale bar: A, B = 250 �m; C, D = 25 �m; E-G = 50 �m. GCL, ganglion cell layer;
INL, inner nuclear layer; ONL, outer nuclear layer. I, J) Expression of GFAP protein in 11–12-month-old WT and Tg retinas as evaluated by
western immunoblotting. A single band of the expected molecular weight is apparent. Data (expressed as mean ± SEM, where n = 10) are
normalized for actin and expressed relative to WT. Student’s unpaired t-test revealed no significant difference between the treatment groups.

Macroglia

Astroglial changes are strongly correlated with
disease progression in mouse models of AD. Most
prominently, GFAP-positive, hypertrophic astrocytes
surround every plaque [41]. In the healthy retina,
Müller cells rather than astrocytes represent the major
glial cell. Müller cells constitutively express glu-
tamine synthetase, but unlike astrocytes, they do
not normally express GFAP. In response to home-
ostatic disturbance, however, both macroglial cell
types upregulate GFAP. Induction of GFAP therefore
represents an early, non-specific, highly sensitive and
easily detectable response to harmful stimuli [42].
We assessed GFAP expression in WT and Tg retinas
of 7 to 12 months of age. Qualitative inspection of
the brains of Tg mice showed the anticipated striking
upregulation of GFAP surrounding amyloid deposits
in parietal cortex and hippocampus when compared

to WT mice (Fig. 7A-D). In the retina, neither
semi-quantitative grading of GFAP immunolabel-
ing nor measurement of GFAP content by western
immunoblotting showed any statistical differences
between Tg and WT retinas (Fig. 7E-J). Notably,
Müller cells failed to upregulate GFAP in a manner
characteristic of retinal injury in Tg mice, although it
is worth noting that the highest immunohistochemical
grades were recorded by the oldest cohorts. Qualita-
tive scrutiny of glutamine synthetase in WT and Tg
cohorts revealed no obvious differences in the pat-
terns or intensities of distribution (data not shown).

Markers of cellular stress

In order to better investigate the effect of retinal
pathology in the APP/PS1 model of AD, we analyzed
various markers of glial or neuronal stress that have
been shown to be robustly induced in situations of
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Fig. 8. Analysis of various cellular stress markers in the retinas of WT and Tg mice. A-C) Expression of nestin in WT and Tg retinas. A) By
western immunoblotting, a single band of the expected molecular weight is apparent in an extract from a retinal culture, but no obvious band
is apparent in WT or Tg retinas. B) Representative image of nestin labeling in a 12-month-old Tg retina. C) Semi-quantification evaluation
of nestin grade in WT and Tg retinas. Data are expressed as mean ± SEM, where n = 10 for each age-matched group. Mann-Whitney test
revealed no significant differences between the treatment groups. n.d., not determined. D-K) Representative images of cyclin D1 and CNTF
labeling in a retina subjected to branch retinal vein occlusion (BRVO, +ve control), and in 12-month-old WT and Tg retinas. D, H) One
day after BRVO, astrocytes (arrowhead) and Müller cells (arrow) label strongly for cyclin D1 and CNTF. Note: the area of retina shown is
adjacent to the vein occlusion site and not directly affected. E, F) Cyclin D1 immunoreactivity is faintly associated with Müller cells in the
retinas of both WT and Tg mice. I, J) CNTF immunoreactivity is faintly associated with Müller cells and astrocytes in the retinas of both WT
and Tg mice. G, K) Semi-quantification evaluation of cyclin D1 and CNTF grades in WT and Tg retinas. Data are expressed as mean ± SEM,
where n = 10 for each age-matched group. Mann-Whitney tests revealed no significant differences between the treatment groups. Scale bar:
B = 50 �m; D-F, H-J = 25 �m. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. L, M) Expression of FGF-2 and
hsp25 proteins in 11–12-month-old WT and Tg retinas as evaluated by western immunoblotting. A single band of the expected molecular
weight is apparent (representative 12 month samples are shown). Data (expressed as the mean ± SEM, where n = 10) are normalized for
actin and expressed relative to WT. Student’s unpaired t-tests revealed no significant difference between the treatment groups.

retinal injury. For each marker, we labeled, in parallel,
tissue sections from a mouse model of branch retinal
vein occlusion to ensure sensitivity and specificity of
each antibody.

Expression of the intermediate filament nestin is
low in the mature rodent retina, but a striking and sus-
tained induction by astrocytes and Müller cells occurs
in numerous pathological situations encompassing

reactive gliosis. We explored whether nestin is upreg-
ulated in Tg mice versus WTs of 7 to 12 months of
age. Results from immunohistochemistry and west-
ern immunoblotting experiments indicate that nestin
expression remains unchanged from its low level in
Tg retinas (Fig. 8A-C).

In the brains of transgenic mouse models of AD,
ectopic neuronal cell cycle events occur prior to the
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appearance of senile plaques [43]. Moreover, in the
retina, Müller cells upregulate factors involved in
dedifferentiation, such as cyclin D1 and proliferat-
ing cell nuclear antigen, in response to retinal injury.
Herein, we evaluated cyclin D1 expression in WT and
Tg retinas. The results showed no positive labeling of
RGCs or any other neuronal classes at any time point
in WT or Tg retinas (data not shown), while semi-
quantitative grading of cyclin D1 immunolabeling in
Müller cells of WT and Tg retinas revealed no differ-
ences between WT and Tg retinas at any time point
(Fig. 8D-F).

Heat shock proteins and trophic factors are
important groups of cellular stress response proteins
in the retina, which are induced by a multitude of
stimuli. In healthy retinas, astrocytes and Müller
cells express low levels of small heat shock protein
25 (hsp25) and fibroblast growth factor-2 (FGF-2),
respectively, while both astrocytes and Müller cells
synthesize low levels of CNTF [27]. We investigated
whether any of these proteins display altered patterns
of expression in Tg mice. Semi-quantitative grading
of CNTF immunolabeling in WT and Tg retinas
revealed no differences at any of the three age groups
studied (Fig. 8H-K). Immunohistochemical obser-
vation of Hsp27 revealed no discernible alteration
in labeling patterns in Tg versus WT mice (data
not shown), while western immunoblotting showed
that the overall levels of both hsp25 and FGF-2 in
the retina were not significantly different in the two
cohorts (Fig. 8L, M).

Oxidative stress is increasingly considered to be
an early, causative event in the development of AD.
The antioxidant enzyme HO-1 is highly sensitive to
oxidative stress, and its induction by glia has been
documented in the brains of both AD patients and
APP/PS1 mice [44, 45]. We utilized immunohis-
tochemistry and western immunoblotting to assess
HO-1 expression in the retinas of WT and Tg mice.
In both WT and Tg mice, HO-1 expression was unde-
tectable within retinal tissue sections at all ages from
7 to 12 months, while western blotting revealed no
discernible upregulation of the protein from the low
basal level (see Fig. 9 for representative results).
In contrast to Tg mice, positive labeling for HO-1
was clearly present in astrocytes, Müller cells and
microglia/macrophages in retinal sections of a mouse
model of BRVO, which served as our positive control
(Fig. 9).

The final markers of cellular stress evaluated were
the immediate early gene c-FOS and the stress-
activated transcription factor p-cJUN. Neuronal and

glial populations of the retina typically upregulate
expression of cFOS and p-cJUN rapidly in response
to stress and injury. In the retinas of mice subjected to
branch retinal vein occlusion, Müller cells and RGCs
labelled positively for both markers (Fig. 10A, B,
E, F). In contrast, no clear-cut response was apparent
in Tg retinas at any time point from 7 to 12 months
of age. The occasional, lightly stained p-cJUN- or
cFOS-positive cell was evident in both WT or Tg
retinas.

Hyperphosphorylation of tau

Although APP/PS1 mice do not develop neurofib-
rillary tangles in conjunction with amyloid deposits,
accumulation of hyperphosphorylated tau in the brain
has been documented [2, 46]. Moreover, hyperphos-
phorylation of tau has also been reported in the retinas
of 13-month-old animals [24]. We utilized western
immunoblotting to assess tau phosphorylation status
in the retinas of WT and Tg mice. In both cohorts,
an abundant signal for tau was present in retinal
extracts (Fig. 10); however, no signals were detected
in any retinal extracts from WT or Tg mice using anti-
bodies directed against p-tau-T181 and p-tau-S262
(Fig. 11). Strong protein signals were detected in an
extract from a retinal culture treated with the potent
phosphatase inhibitor calyculin A, which acted as a
positive control for the validity of the antibodies.

DISCUSSION

In recent years, there has been increasing recog-
nition that visual performance is impaired in early
stages of AD. A lack of consensus exists, how-
ever, as to the exact mechanisms underlying visual
dysfunction in AD, in particular regarding the tim-
ing, nature, and extent of retinal versus cortical
pathology. If retinal pathology presents at a suf-
ficiently early stage of the disease, it offers great
potential as a source of novel biomarkers for diag-
nosis, owing to the numerous possibilities afforded
by modern, non-invasive screening methodologies.
The aim of the current study was to characterize
retinal pathology in the early stages of disease at a
time when amyloid burden is increasing in the brain.
To this end and to impart maximal perspective on
the results, we utilized a very widely-studied trans-
genic mouse model, the APPSWE/PS1�E9 strain from
The Jackson Laboratory. Our results indicated a com-
plete lack of identifiable retinal pathology during the
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Fig. 9. Analysis of heme oxygenase-1 (HO-1) expression in WT and Tg retinas. A) Expression of HO-1 protein in 12-month-old WT and Tg
retinas as evaluated by western immunoblotting. An intense, single band of the expected molecular weight (32 kD) is apparent in an extract
from a retinal culture treated with the pro-oxidant hydrogen peroxide (+ve). In WT and Tg retinas, a faint band of the correct molecular
weight is evident. B) Representative images of HO-1 labeling in a retina subjected to branch retinal vein occlusion (BRVO, +ve control), and
in 12-month-old WT and Tg retinas. HO-1 immunoreactivity is associated with astrocytes and Müller cells (arrows) in the retina analyzed
1d after induction of BRVO, and in activated microglia in the retina analyzed four days after induction of BRVO. Note: the area of retina
shown is immediately adjacent to the vein occlusion site and not directly affected. No HO-1-positive cells are evident in WT or Tg retinas.
Scale bar: 50 �m. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer.

period, namely 4 to 12 months of age, when amy-
loid deposits are dramatically escalating in the brain.
We were unable to demonstrate the presence of amy-
loid plaques, dystrophic neurites, retinal thinning,
neuronal loss, synaptic shrinkage, macro- or micro-
gliosis, aberrant cell cycle re-entry, oxidative stress,
tau hyperphosphorylation, or upregulations of proin-
flammatory cytokines or stress signaling molecules
in the retina. In short, we could identify no differ-
ences at all when comparing the retinas of Tg and
WT mice.

The first issue to consider is the lack of amyloid
plaques in the Tg retina. From a technical standpoint,

there are minimal grounds for disputing the veracity
of the results. We used four different complemen-
tary antibodies to detect amyloid deposits: A� (clone
6E10), A�1-40, A�1-42, and MOAB-2, a pan-specific
antibody to residues 1–4 of A� peptide 40/42. All
four antibodies yielded high signal-to-background
ratios in brain sections labeled in parallel and all
four antibodies delineated plaques from as early as
4 months of age, a time frame consistent with previ-
ous work [39, 47]. Altering assay conditions, such as
increasing section thickness or using a higher primary
antibody concentration, either elicited no improve-
ment in signal strength or was detrimental to the
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Fig. 10. Representative images of p-cJUN and cFOS immunolabeling in 11-month-old WT and Tg retinas. A, B, E, F) Representative images
of p-cJUN and cFOS labeling in a retina subjected to branch retinal vein occlusion (BRVO, positive controls) one day previously. p-cJUN
(A, B) and cFOS (E, F) are upregulated by Müller cells (yellow arrows), astrocytes (yellow arrowheads), and RGCs (black arrows). Note:
the areas of retina shown are not directly affected by the venous occlusion. C, D, G, H) No intensely labeled p-cJUN- or cFOS-positive cells
are evident in WT or Tg retinas. Scale bar: 50 �m. GCL, ganglion cell layer; INL, inner nuclear layer.

Fig. 11. Analysis of hyperphosphorylated tau in WT and Tg
retinas. Expression of tau, p-tau-T181, and p-tau-S262 proteins
in 12-month-old WT and Tg retinas, as evaluated by western
immunoblotting. Representative blots are shown from 12-month-
old animals. Tau is abundant in extracts from WT and Tg retinas.
In contrast, no unambiguous bands of the correct molecular
weight are evident when membranes are incubated with antibodies
directed against p-tau-T181 and p-tau-S262. Intense, single bands
of the expected molecular weights are, however, apparent in an
extract from a retinal culture treated with the potent phosphatase
inhibitor calyculin A (+ve).

signal-to-noise ratio. Thioflavin-S is frequently used
for detecting plaque burden, but it has been shown to
offer inferior sensitivity to that of anti-A� antibod-
ies, including in this mouse strain [39, 47]. Our failure
to detect significant amyloid deposition in the retina
of animals up to one year of age is not inconsistent
with previous studies to have used APPSWE/PS1�E9
mice [22, 23, 25, 48], with one exception [18].
We were unable to confirm the striking findings of

Koronyo-Hamaoui et al. [18] who showed A� accu-
mulation in retina prior to its appearance in the brain.
Although no plaques were evident within the four
levels of the retina that were analyzed, it would be
injudicious to dismiss the possibility that a small
number of plaques may have been present, owing
to the fact that we did not analyze the entire retina.
It is a limitation of the present study that retinal
wholemounts were not used. Yet, this explanation is
only partially satisfactory, since Koronyo-Hamaoui et
al. detected plaques in both wholemounts and trans-
verse sections. Despite the lack of amyloid plaques,
there appears little doubt that the APP transgene
was robustly expressed within the retina. Firstly,
in Tg retinas of all ages, A�PP protein expres-
sion was consistently higher than in WT mice and
was associated with all neuronal classes, not just
RGCs, a result in agreement with earlier work with
this model [48]. Secondly, qPCR analysis of the
human APP transgene in 11–12-month-old Tg retinas
revealed a robust level of expression not dissimi-
lar to that observed in the brains of 12-month-old
APPSWE/PS1�E9 mice using the same qPCR primers
[37]. As expected, RGCs were intensely labeled by
A�PP in Tg retinas, but they appeared phenotypically
normal with no evidence of any dystrophic neurites,
a result which parallels our finding of a lack of
plaques.

A key focus in the search for a retinal biomarker
for AD concerns RGC pathology. An exciting, but
preliminary, body of work has led researchers to
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hypothesize that RGC degeneration not only occurs
in AD patients, but that it is coexistent with the first
clinical manifestations of the disease and can be mon-
itored by recently developed, high resolution imaging
technologies, such as optical coherence tomography,
scanning laser ophthalmoscopy and polarimetry [3, 4,
8, 15, 49]. At this stage, caution should be exercised,
not least because various studies have noted high rates
of glaucoma among patients with AD, and conversely
an increased prevalence of cognitive impairment in
glaucoma sufferers. These clinical associations have
fostered the idea that there are common pathologies
or, at the very least, a close association between AD
and glaucoma [50], but they necessarily complicate
interpretation of data. Rodent models of early-onset
AD help overcome these difficulties. In the brains of
APP/PS1 mice, there is scant evidence of widespread
neuronal loss despite the huge amyloid burden [46].
Logically, therefore, minimal death of RGCs might
also be expected, particularly given the dramatically
lower, arguably non-existent, amyloid burden in the
retina at early-mid stages of the disease. To date,
no consensus has emerged about the scale or tim-
ing of any RGC degeneration [19, 23, 24, 51]. We
quantified RGC degeneration using a complemen-
tary array of techniques, including RGC somal and
synaptic immunolabeling in retinal sections, west-
ern immunoblotting of axonal proteins in retinal and
optic nerve extracts, optic nerve axon counting, and
analysis of RGC-specific mRNAs in the retina. The
combined data showed no differences between age-
matched Tg and WT animals, and we are therefore
obliged to conclude that no overt RGC degeneration
had occurred by 12 months of age. It follows that tech-
niques such as optical coherence tomography, which
is able to quantify thinning of the retinal nerve fiber
layer (a correlate for loss of intra-retinal RGC axons),
would have likewise been unable to discriminate
between WT and Tg cohorts. More subtle analyses
of RGC changes, such as the dendritic shrinkage
noted by Williams et al. [52] in 14-month-old Tg2576
mice, or the decrease in specific components of the
pattern electroretinogram noted by Gao et al. [51]
in 13-month-old APP/PS1 animals, arguably offer
greater potential for detection of RGC abnormalities,
but there remains an overwhelming difficulty to sur-
mount in the use of RGC markers for detection of
AD in patients: the problem of differentiating AD-
specific RGC changes from those emanating from
other optic neuropathies.

To date, researchers have focused on investigat-
ing RGC degeneration in AD, but amyloid deposits

have been observed throughout the various layers of
the retina in older animals, while mechanistic sim-
ilarities exist between AD and age-related macular
degeneration [50]. Therefore, it is important not to
ignore these other neuronal classes. We examined the
outer nuclear layer to delineate any rod photorecep-
tor loss, synaptophysin immunoreactivity to reveal
any decrease in synaptic density, and the distributions
of amacrine, bipolar, horizontal, and cone photore-
ceptor cell markers to detect any adverse effects on
these neuronal classes. Analyses of the thickness of
the outer nuclear layer and the number of rows of
rod photoreceptors showed no alteration between WT
and Tg mice, results consistent with earlier work [51],
synaptophysin immunolabeling was unchanged in Tg
mice, while calretinin, calbindin, PKC�, and cone
arrestin patterns of immunoreactivity were indistin-
guishable in WT and Tg cohorts. The combined data,
suggest that neither inner nor outer retinal neurons
were detrimentally affected in Tg mice at the time
points analyzed.

It has been widely documented that reactive
microglia cluster around plaques in AD brains, but
an increasing body of evidence attests to microglial
changes and neuroinflammatory processes, including
upregulation of proinflammatory cytokines, com-
mencing even before amyloid is deposited (see for
example [53–56]). At present, no data are available
concerning microglial responses in the prodromal
AD retina. Previous studies have shown an approx-
imate two-fold increase in microglial density in the
retinas of 13–15-month-old APPSWE/PS1�E9 mice
with a greater proportion displaying an activated
phenotype [23, 24, 51]. Interestingly, none of these
studies showed activated microglia surrounding amy-
loid plaques, with the logical implication being that
microgliosis encompassed the entire retina. In our
study, we found no evidence for an increased den-
sity of iba1-positive microglia in the retina of 7 to
12 months Tg mice, or for an increased number
of microglia with the activated phenotype, or for
a higher level of expression of mRNAs encoding
stereotypical proinflammatory cytokines. Our results
are consistent with the lack of amyloid deposits in the
retina and the lack of any retinal neurodegeneration.
We can only conclude that the requisite signals for
microgliosis were not present at the time points ana-
lyzed. It is a limitation of our study that analyses were
performed in transverse sections rather than whole-
mounts, which permit more detailed and accurate data
acquisition [29, 57], but this is unlikely to account
for the negative findings, as all of the studies using
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older APPSWE/PS1�E9 mice also used transverse
sections.

The most striking difference between the
macroglial landscapes of the retina and brain is that
Müller cells, rather than astrocytes, represent the
dominant retinal glial cell. Müller cell processes
span the entire retina, providing structural and
metabolic support for every neuron, while astrocytes
are restricted to the nerve fiber layer [42]. Müller
cells constitutively express glutamine synthetase,
but not GFAP and induction of GFAP represents
an early, non-specific, highly sensitive response to
harmful stimuli [42]. To knowledge, no studies have
analyzed GFAP expression in the retinas of APP/PS1
mice, but Müller cells of 9-month-old 3XTg-AD
mice retinas have been shown to display upregulated
GFAP as well as an increase in process number,
especially in close proximity to amyloid deposits
[58]. Furthermore, subretinal injection of human
A�1–42 in C57BL/6J mice resulted in inductions
of GFAP, vimentin, and nestin in Müller cells
[59]. Interestingly, amyloid-induced gliosis in the
brains of APPSWE/PS1�E9 mice does not stimulate
re-expression of nestin by astrocytes, highlighting
differences between the retina and brain [60]. Herein,
we found no evidence for upregulations of GFAP,
nestin, or glutamine synthetase in Müller cells of 7–
to 12–month-old Tg mice, results consistent with
the study as a whole. It is worth noting that GFAP
expression showed a trend to higher scores in older
WT and Tg mice, which likely illustrates an aging
effect. As for microglial analyses, it should again be
acknowledged that the lack of wholemount analyses
is a limitation of the study.

In addition to classical neuronal and glial markers,
we analyzed various stress markers that have been
shown to be robustly induced, either in glia or neu-
rons, in situations of retinal injury. These included
trophic factors, such as CNTF and FGF-2, hsp25, the
cell cycle re-entry marker cyclin D1, the oxidative
stress marker HO-1, and the early response transcrip-
tion factors cFOS and p-cJUN. HO-1 [45] and cFOS
[61] expression by glia, and neuronal cell cycle re-
entry [62] have all been documented in the brain in
the early stages of mouse models of AD. For each
marker, we ran, in parallel, tissue sections from a
mouse model of branch retinal vein occlusion to
ensure sensitivity and specificity of each antibody.
Unlike the retinas that had undergone branch retinal
vein occlusion, no definitive responses were observed
in Tg retinas, results which further testify to the lack
of overt pathology at the ages analyzed. Of particular

note were the negative results obtained with cyclin
D1. Ectopic cell cycling events occur prior to the
appearance of senile plaques in mouse and human AD
brains [43] and may even predict the sites of neuronal
death [63].

Finally, we investigated, by western immunoblot-
ting, whether hyperphosphorylated tau is present
in significant amounts in the Tg retinas. Although
APP/PS1 mice do not develop tangles and neuropil
threads, accumulation of hyperphosphorylated tau in
the brain does occur, notably in dystrophic neurites
[2, 46]. In both WT and Tg retinas, we detected tau,
but not p-tau-T181 or p-tau-S262, elevated levels of
which are present in pre-tangle AD brains [64]. The
results are consistent with the lack of dystrophic neu-
rites in our retinas.

In summary, the results of our study do not sup-
port the hypothesis that detectable retinal pathology
occurs concurrently with escalating amyloid depo-
sition in the brain during the early stages of AD in
our mouse model. These data add a note of caution
to expectations that the retina may prove a source of
biomarkers for early detection of AD. Caveats to this
conclusion relate to the fact that marked variation can
occur not only between different strains of AD mice,
but also between different populations of the same
original strain where genetic backgrounds and hous-
ing/breeding conditions differ. Investigation of early
retinal pathology in other mouse strains, particularly
the 3XTg-AD, is warranted. Likewise, physiological
biomarkers of retinal health, such as measurement of
the electroretinogram and contrast sensitivity testing,
may prove more sensitive than molecular/histological
biomarkers. A final caveat to the findings of this
study relates to whether a forced overexpression
model such as the APP/PS1 mouse strain faithfully
mimics the pathological changes seen in humans
with AD.
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