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Alzheimer’s disease (AD) is the most common form of dementia, and the pathological changes of senile plaques (SPs) and
neurofibrillary tangles (NFTs) in AD brains are well described. Clinically, a diagnosis remains a postmortem one, hampering both
accurate and early diagnosis as well as research into potential new treatments. Visual deficits have long been noted in AD patients,
and it is becoming increasingly apparent that histopathological changes already noted in the brain also occur in an extension of the
brain; the retina. Due to the optically transparent nature of the eye, it is possible to image the retina at a cellular level noninvasively
and thus potentially allow an earlier diagnosis as well as a way of monitoring progression and treatment effects. Transgenic animal
models expressing amyloid precursor protein (APP) presenilin (PS) and tau mutations have been used successfully to recapitulate
the pathological findings of AD in the brain. This paper will cover the ocular abnormalities that have been detected in these

transgenic AD animal models.

1. Introduction

Alzheimer’s disease (AD) is a form of dementia affecting 26.6
million people worldwide as of 2006; a figure predicted to
quadruple by 2050 [1]. It manifests clinically with progressive
cognitive impairment that can be divided into a predementia
phase and mild, moderate, and severe dementia phases which
are increasingly accompanied by noncognitive and neurolog-
ical disturbances [2].

There has been much work investigating the pathogenesis
of AD which has resulted in several key findings allowing for-
mation of several hypotheses.

The most well-regarded theories as to the pathology un-
derlying the degeneration of neurons in the brain are the for-
mation of extracellular senile plaques (SPs) via amyloid-beta
(Af3) deposition [3] and formation of intracellular neurofi-
brillary tangles (NFTs) via hyperphosphorylation of tau pro-
tein [4]. Indeed the presence of SPs and NFTs remain the
mandatory pathological findings to make a definitive diagno-
sis [5], a stipulation that has not changed since they were first
described in 1906 by Alois Alzheimer [6].

The exact mechanisms as to how Af deposition and NFT
formation cause neurotoxicity and neuronal loss remain
unclear although several factors have been postulated. These
include increased oxidative stress by production of reactive
oxygen species by A [7, 8], increased oxidative stress
mediated by metal ions within A [9], and interaction of Af
peptides with the N-methyl-d-aspartate (NMDA) receptor
resulting in neurotoxicity [10]. Additional theories of AD
pathogenesis include chronic inflammation [11] and reduced
synthesis of acetylcholine [12]. The different hypotheses
proposed are summarised in Table 1.

In fact, to go back a step in the pathogenesis of AD, it is
also not clear what causes the aggregation of Af as amyloid
plaques; however, there is much evidence that it involves the
dyshomeostasis of metal ions. Af is known to precipitate out
in the presence of primarily zinc but also copper and iron
ions [20] due to a high-affinity metal-binding site [21], and
occupation of this binding site has been shown to prevent the
formation of A from APP by inhibiting the initial cleavage
of APP by a-secretase [22]. The relevance to AD is clear in
that pathology only seems to occur when Af precipitates out
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TasLE 1: Hypotheses implicated in the development of Alzheimer’s disease.

Mechanisms implicated in AD

Pathophysiology

References

Amyloid hypothesis

Tau hypothesis

Aggregation of Af peptides produces oligomers resulting in
neurotoxicity and neuronal loss

Hyperphosphorylation of tau proteins causes misfolding of
microtubules, which leads to formation of NFT and disruption of the
neuronal cytoskeleton

Loss of cholinergic neurotransmission in the cerebral cortex. Oldest

[13-16]

[17, 18]

Cholinergic hypothesis

hypothesis on which current available treatments are based on

This hypothesis links AD to neuronal damage caused by

Glutamatergic hypothesis

overactivation of N-methyl-d-aspartate (NMDA) receptors by
glutamate. It is suggested that low activation of NMDA receptor is

essential for learning and memory

In AD brains, Af generates reactive oxygen and nitrogen species
which react with other molecules to form free radicals causing

Oxidative Stress hypothesis

molecular and cellular damage Oxidative damage is thought to be

(7,9, 19]

early in AD progression because of its link with plaques and NFT.
Oxidative stress by Af3 has been shown to be mediated by metal ions

Chronic Inflammation hypothesis

During AD, cytokines, reactive oxygen species, complement proteins,
and prostaglandins are produced to cause chronic inflammation

(11]

and forms plaques. Many studies have demonstrated that
Ap plaques contain high levels of zinc and copper [23, 24].
The potential significance of zinc in the aetiology of Af for-
mation and therefore AD is underscored by the fact that
the Af plaque load experienced by APP transgenic mice is
attenuated by crossing with mice that lack a zinc transporter
and are thus unable to transport zinc into synaptic vesicles
[25]. In the same vein, it is also worth noting that A3 plaques
are concentrated in the most zinc-rich area of the brain, the
hippocampus [26], and levels of hippocampal zinc have been
shown to be higher in AD brains than age-matched controls
[27]. A comprehensive review of AD and metal dyshomeo-
stasis is provided by Barnham and Bush [28].

Much of the insight we have gained with regards A and
tau pathology has been obtained from specific genetic mu-
tations that account for a subset of AD (approximately 1%
of the disease as a whole) which is inherited in an autoso-
mal dominant manner [29]. There are three genes that have
been identified that cause familial AD (FAD). The first FAD
mutation was found in the APP gene located on chromosome
21 [30]. So far, twenty different mutations affecting the APP
gene causing FAD have been defined [31]. The two other lo-
cations of FAD mutations are presenilin 1 (PS1) on chromo-
some 14 [32, 33] and presenilin 2 (PS2) on chromosome 1
(34, 35].

Although much progress has been made in our under-
standing of AD, this has not as yet been translated into either
effective treatments or, crucially, an earlier or more accurate
diagnosis.

Currently, a firm diagnosis of AD requires histological
analysis of central nervous system (CNS) tissue to find the
pathological changes described above and is thus a postmor-
tem one. Making a clinical, premortem diagnosis relies on
assessment of cognitive impairment and memory loss and
has been reported to be inaccurate in 10-15% of cases [36],
presumably due in part to the similarity of symptoms to

other diseases such as depression and other forms of demen-
tia. In addition, a clinical diagnosis is less than ideal because,
firstly, it is difficult in the early stages to distinguish AD
from normal ageing effects and, secondly, the ability to detect
cognitive impairment implies a significant amount of dam-
age has occurred already, making possible treatments less
likely to be effective.

These problems have led to significant efforts in identify-
ing biomarkers that could be used to diagnose and monitor
AD. There has been some promise in using magnetic reso-
nance imaging (MRI) to determine differential patterns of
brain atrophy [37] as well as using positron emission tomog-
raphy (PET) scanning to detect labelled Af plaques [36].
Other studies have shown that AD patients have higher levels
of tau protein and lower levels of A42 in their cerebrospinal
fluid (CSF) [38-41]. As worthy as these efforts are, they are
not yet accurate enough to be useful for diagnosis with, for
example, the use of MRI to detect atrophy only able to dif-
ferentiate from normal subjects in 85% of cases [37, 42, 43],
which is not an improvement on clinical diagnosis. There is
also the not inconsiderable cost of these techniques to con-
sider, especially in the context of the prevalent nature of
AD, as well as the difficulties of compliance in this group of
patients.

A particularly promising strategy is the eye. Although re-
luctant to quote a cliché that has been adapted by the scien-
tific community from an even more hackneyed phrase, it is
true that the eye can be considered a window to the brain.
The retina exists as an extension of the CNS, and, thanks
to its purpose of receiving light and translating into vision,
it is optically transparent. Changes that occur in the retina
can be visualised noninvasively and directly with increasingly
sophisticated imaging techniques. As impressive as noninva-
sively detecting labelled Af3 plaques with PET imaging is [36],
it is a far cry from the ability to detect changes in single neu-
rons as is now possible in the eye [44-47].
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TABLE 2: Abnormalities detected in the visual pathway of AD patients.

Visual changes Manifestations References
Visual acuity Visual acuity changes reported in AD patients [50, 51]
e Several studies have reported changes in contrast

Contrast sensitivity sensitivity in Alzheimer’s patients compared to controls (48,52, 531
Although controversial, many studies have demonstrated

Colour vision colour vision deficiencies in AD patients, others reporting [54-56]
prevalence to be high

Visual field There are reports to suggest that AD patients exhibit visual (57, 58]
field defects

pupillary function AD patients have{ exhibited atyplcgl pupil response to (59, 60]
cholinergic agonists and antagonists
AD patients appear to be predisposed to a particular type

Lens . [61]
of cataract (equatorial supranuclear)
AD patients have been shown to have a specific pattern of
RNFL thinning, perhaps related to the severity of AD. Also
shown to have decreased retinal blood flow

Retina Changes in retinal function using electrophysiological [62-70]

tests (PERGs and VEPs) have been shown
A plaques have been demonstrated in the retinas of AD

patients

Historically, the visual symptoms that have long been re-
ported in AD patients (see later) have been attributed to neu-
ronal damage to the visual pathways in the brain rather than
the retina [48, 49]; however, there is increasing evidence that
the specific pathological findings in the brain occur in the
retina also, both in AD patients and transgenic AD animal
models.

2. Ocular Manifestation in
Alzheimer’s Patients (Table 2)

2.1. Visual Deficits in AD. Various different aspects of vision
have been reported to be affected in AD since Cogan’s find-
ings in 1985 [71]. These include abnormalities in visual acui-
ty, [50, 51], contrast sensitivity [52, 72], colour vision [54,
55], and motion perception [73, 74].

2.2. Retinal Abnormalities. As would be expected, the major-
ity of the changes that have been observed in AD eyes are in
the retina.

Cross-sectional imaging of the retina using optical coher-
ence tomography (OCT) has demonstrated in various stud-
ies that AD is associated with thinning of the peripapillary
retinal nerve fibre layer (RNFL) [62—64] with the loss oc-
curring superiorly initially [65]. These in vivo findings cor-
respond with the predominantly inferior visual field loss
experienced by AD patients [57] and are corroborated by
histopathological findings of reduced number of RGCs and
axonal degeneration in postmortem AD retinas [75-77]. In
vivo imaging has also suggested a correlation of AD severity
and reduced thickness of the RNFL (presumably due to loss
of RGCs and axonal degeneration) at the macula [63] as well
as a decrease in RNFL thickness and neuroretinal rim of the
optic nerve head [78].

In vivo Doppler imaging techniques have demonstrated
a decrease in retinal blood flow [65] analogous to cerebral
blood abnormalities demonstrated in AD [79], although
whether this is a primary phenomenon or simply a conse-
quence of a thinned retina is hard to say.

Another noninvasive technique which evaluates retinal
function is electrophysiology. Changes in pattern electroret-
inograms (PERG) and visual evoked potentials (VEPs) have
been noted in AD patients [66—68] with specific changes
being correlated with RNFL thickness [69].

APP and Af immunoreactivity has been detected in an
age-dependent manner [80] in the retinas of AD patients,
and, even more excitingly (in terms of finding a retinal bio-
marker for AD), A plaques have been demonstrated as a
postmortem finding in the retinas of AD patients [70]. A
comprehen-sive review has been published on this topic else-
where [81].

2.3. Other Ocular Abnormalities. AD patients have been
noted to suffer from a particular type of cataract, namely,
equatorial supranuclear, with Af deposition localised to the
opacities [61]. Similar cataracts have been noted in Down’s
syndrome subjects, further supporting deposition of Af in
the lens as the cause [82]. This raises the intriguing possibility
that one could detect Af3 in the lens as a screening tool for
AD although clearly this would require the changes in the
lens preceding the symptoms of AD which has not as yet been
proven. It would be interesting indeed if an ocular biomarker
was found for AD that is not connected to the CNS.

A summary of these visual pathway signs and symptoms
that have been described in AD patients is presented in
Table 2.

These findings make a compelling case to investigate ocu-
lar manifestations of AD further, and, for the remainder of



this paper, we shall look at what has been discovered using
animal models of AD.

3. Animal Models of Alzheimer’s Disease

FAD accounts for less than 1% of AD cases [83, 84] and has
been shown to be due to the three genes mentioned above
(APP, PSI1, and PS2) inherited in an autosomal dominant
manner. Their relatively small contribution to the AD burden
as a whole is inversely proportional to the amount of infor-
mation we have gleaned from them, both in terms of forming
and confirming hypotheses about the pathogenesis, and pro-
viding animal models.

The use of animal models in investigating any disease
process is important as they provide a way of standardising
the disease among subjects and can be experimented on in
ways that are simply not possible in human subjects.

Most of the animal models of AD are mice as, firstly, they
are mammals and therefore have a similar CNS structure to
humans, and, secondly, it is relatively easy and inexpensive
to produce transgenic strains expressing one or more of the
elucidated genes.

Currently, transgenic mice come in three varieties: single,
double, or triple transgenic simply referring to the number
of genes they express. The earliest mice models were single
transgenic which increased Af by increasing APP via a mu-
tant APP gene. Early examples include the PDAPP mice
which express an FAD mutation containing a valine residue
substitution at position 717 using a platelet-derived growth
factor-f3 promoter [85] and the Tg2576 mice which express
a different FAD mutation characterised from a Swedish
family of FAD sufferers (K670N/M671L) using a hamster
prion promoter [86]. Both these lines expressing different
FAD-associated mutations and various others that have been
designed since [87-89] have shown amyloid deposition and
glial activation that increases with age [86, 90] and overall
have been successful in mimicking these neuropathological
aspects of AD as well as cognitive deficits [88].

Although these different models do show significant sim-
ilarities across different studies, there are differences such as
timing of onset of the amyloid plaques [91] which is presum-
ably explained by the different host strains, different promot-
ers, and different specific mutations of each model.

APP mutations account for only a small proportion of
FAD [31], and mice expressing FAD mutations of PS1 and
PS2 have also been created. Transgenic mice containing
either FAD PS1 or PS2 mutations show elevated levels of
the relatively amyloidogenic Af42; however, these lines do
not go on to develop plaques [92, 93], a finding that can be
explained by the fact that mice and rats lack two histidines
that make up the A metal binding site [20, 94, 95] and high-
light further the potential importance of zinc dyshomeosta-
sis mentioned earlier.

A natural follow on from this is to create double trans-
genic mice containing both APP and PS1 or PS2 mutations.
Various combinations have been created and investigated,
and, in general, the addition of a PS1 or PS2 mutant gene
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to the APP mutant gene accelerates the rate of amyloid depo-
sition and plaque formation [96-99].

A triple transgenic mouse model was created in 2003
containing APP, PS1, as well as tau transgenes [100] which
successfully recapitulated the amyloidogenic as well as the
NEFT features of AD with the mice developing amyloid pla-
ques as well as NFTs.

More recently, rat models using the same principles have
been established that show similar rates of amyloid deposi-
tion [101-103] and have the theoretical advantage that be-
havioural studies will be more achievable than in mice.

Other avenues explored in rodent models are over ex-
pressing endogenous APP, knockout mice, mutations in
beta, gamma, and alpha secretase, ApoE, however, it is
beyond the remit of this paper to describe all these in
detail and the reader is directed toward a database of AD
animal models kept by the Alzheimer research forum at
http://www.alz-forum.org/res/com/tra and two comprehen-
sive reviews on AD animal models from Spires and Hyman
and from Duyckaerts et al. [31, 104].

Worth briefly mentioning are nonrodent models of AD
which, while having the obvious disadvantage of being so
phylogenetically distinct from humans, have the advantages
that they are easier, cheaper, and quicker to perform exper-
iments on. The Drosophila fruit fly contains a homolog of
APP [105] and presenilin [106] as does the nematode ceano-
rhabditis elegans [107, 108]. Overexpression of these endog-
enous proteins as well as transgenic expression of human
mutant APP, PS, and tau genes in these species has certainly
contributed to this field however not to the same extent as
their rodent counterparts.

The remainder of this paper will focus on what we have
learnt specifically from the eyes of these animal models.

4, Ocular Manifestations of Alzheimer’s
Disease in Animal Disease Models

4.1. Retinal Changes (Table 3)

4.1.1. Amyloid B Deposition. Several studies using transgenic
AD mouse models have demonstrated the presence of Af
in the retina. One study by Liu and colleagues [109] used
the previously described single transgenic Tg2576 mouse
model which contains the APP double Swedish mutation and
shows an age-dependent deposition of extracellular A3 and
amyloid plaques in the cerebellum, hippocampus, and cortex
as well as displaying cognitive deficits [86]. In this study, they
demonstrated extracellular Af immunoreactivity and plaque
like formation using four different monoclonal antibodies
as well as Congo red staining in Tg2576 retinas. The Af
deposition occurred predominantly from the ganglion cell
layer to the outer nuclear level with plaques even found in the
photoreceptor layer and optic nerve head. Another study that
utilised the Tg2576 mouse model was less successful however
in detecting Af deposition [111]. Here, A immunoreac-
tivity was tested using the A monoclonal mouse antibody
1E8 and was only found in the retinal periphery with no
plaque like structures detected. Of relevance is the fact that,
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in the same study, plaque-like structures were found in the
cerebral cortex of the same animals using the same antibody.
Also interesting to note is that the differences in the studies
cannot be explained by a disparity in age of the animals as
Liu et al. mice were aged 14 months as were the animals used
by Dutescu et al. suggesting, perhaps, a differential sensitivity
of the Af antibodies used.

Retinal AB deposition has also been found in double
and triple transgenic mouse models expressing APP and PS
mutations. One study used two different strains of APP/PS
mice [112]. In the first strain which contained mutant
human APP and PS1 genes (Tg2576 x Tgl), they found that
extracellular AS deposition, as determined by immunoreact-
ivity to a monoclonal mouse Af antibody, was present
predominantly in the nerve fibre layer and ganglion cell layer
in animals aged 27 months but not at the younger age of 7.8
months. In the second strain containing the same APP mu-
tant gene but with a different PS1 gene (APPyye/PS1ago),
there was a similar pattern of Af immunoreactivity predom-
inantly in the nerve fibre and ganglion cell layer although
these animals were at an intermediate age of 10.5 months.
This second strain (APPgye/PS1agg) has been used in two
subsequent studies facilitating a comparison of sorts. In
one of these studies by Perez and colleagues [113], Af
plaques, as determined by thioflavin-S and confirmed with
immunostaining, were found from 12 months old but
predominantly in the inner and outer plexiform layers with
far fewer plaques present in the GCL, INL, and ONL. This
fits in with the temporal findings of Ning et al’s study but not
with the localisation. Another study utilising the same mouse
model is from Dutescu and colleagues [111]. In this study,
moderate A3 deposition was detected in the GCL, IPL, INL
and OPL in 9-month-old mice. Overall these results seem
rather inconclusive; however, the lack of AS plaques found
in Ning and Dutescu’s work is potentially explained by the
fact that they were looking at an earlier time point than the
earliest point at which plaques were detected (12 months) in
Perez’ study.

One study has further characterised that the relatively
amyloidogenic form of Af3, AB42, is deposited in the GCL,
INL, and ONL of APP single transgenic and APP/PS1 double
transgenic mice [114].

Recent studies using a triple transgenic mouse model
expressing APP, PS1, and tau mutations have also demon-
strated increased Af deposition across the retina, particularly
in the GCL and the inner segments of photoreceptor [47,
115].

A particularly exciting finding is that, in double trans-
genic mice (APPgye/PSlapg), retinal A plaques can be
stained with curcumin and imaged safely in vivo [70]. In the
same study, they demonstrated that the retinal plaques de-
tected ex vivo occurred prior to plaques in the brain. This is
hugely relevant as it suggests that retinal changes could po-
tentially be used to make a diagnosis of AD, noninvasively,
prior to even the current gold standard of postmortem histo-
logical analysis.

Af3 has also been detected in the retinal and choroidal
vasculature of animal models in keeping with the corollary
in the brain; cerebral amyloid angiopathy [110, 116, 117]. In
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27-month-old double transgenic mice (Tg2576 x Tgl), Af
immunoreactivity was detected in both retinal and choroidal
microvasculature which was not present in younger (7.8
months) animals. At an intermediate age (10.5 months) Af
immunoreactivity was present in the choroidal vasculature
only [112]. It should be noted that the intermediate aged
animals, although double transgenic for APP and PS1 as
with the 7.8- and 27-month old animals, contained different
mutations. Another study using Tg2576 single transgenic
mice [109] detected Af deposition in retinal capillaries of
14-month-old mice. Interestingly, administration of amy-
loid peptide vaccinations increased this vascular deposition
despite decreasing the extracellular plaques which mirrors
what occurs in brains of mice models [118] and supports
the theory that immunotherapy solubilises A allowing it to
drain via the vascular system [119].

4.1.2. APP Immunoreactivity. As one would expected APP
has been detected in the retina of the same animals that
exhibit Af deposition.

In single transgenic Tg2576 mice which overexpress APP,
Liu et al. [109] detected immunoreaction of APP in the GCL
and INL of 14-month-old animals. This was corroborated in
a separate study using the same animals of a similar age
[111].

In double transgenic mice (Tg2576 x Tgl), APP was
likewise detected in the GCL and INL of 27-month-old
animals although was not present in younger, 7.8-month-
old, mice. Unlike the Tg2576 single transgenic mice, APP
was detected to a small degree in the RPE and photoreceptors
[112]. In the same study, a different double transgenic strain
(APPgye/PS1agg) exhibited APP immunoreactivity only in
the GCL at an intermediate age of 10.5 months. The same
animal model in a different study [111] showed moderate
APP staining in the IPL and OPL in 9-month-old animals.

APP immunoreactivity has also been detected in the
retina of a double transgenic mouse model containing the
Swedish APP mutation and a PS1 knock in, although this
study did not clarify in which layers this was confined to
[114].

4.1.3. Tau Protein. The hyperphosphorylation of the micro-
tubule-associated protein tau and subsequent deposition as
neurofilbrillary tangles is associated with various neurode-
generative disorders (collectively called tauopathies) such
as progressive supranuclear palsy, frontotemporal dementia,
and parkinsonism linked to chromosome 17 and AD [120,
121]. Tau inclusions have been observed in the brains of AD
transgenic mice [100, 122, 123] and appear to be a feature
of the AD retina as well. In single transgenic Tg2576 mice
overexpressing APP, hyperphosphorylated tau was detected
using the AT8 antibody adjacent to the Af3 deposition from
the GCL through to the ONL [109]. A different mouse model
that expresses the human P301S tau transgene and develops
tau inclusions throughout the central nervous system [124] is
used as a model for tauopathies rather than specifically AD.
In this transgenic line, hyperphosphorylated tau was found
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in the RNFL which progressed to tau inclusions in the GCL
with associated deleterious effects on axonal growth [120].

4.1.4. Neuroinflammation. Activated microglia and astro-
cytes are thought to initiate neuroinflammation in AD and
have been shown to be upregulated in the brains of mouse
models of AD [125, 126]. Microglial activation in the retina
has been shown in mouse models of retinal degeneration
[127]. It is then relatively unsurprising that significant upreg-
ulation of inflammation has been detected in the retinas of
AD mouse models.

In Tg2576 single transgenic mice, there was increased
activation of astrocytes and microglia in all layers of the
retina compared to wild-type controls as detected using cell-
specific markers GFAP for astrocytes and IBA1 for microglia
[109]. Immunisation with amyloid peptide vaccinations in
the same study led to increased neuroinflammation in the
retina in accordance with similar findings in the brains of AD
mouse models [128].

In double transgenic mice (APPsye/PS1apy), microglial
activation was significantly higher than in age-matched con-
trols as detected using a macrophage marker F4/80 [113].
The same study used GFAP to look for astrocytic activation
and found that there was no measurable upregulation.

In the same double transgenic model aged 10.5 months,
another study found that monocyte chemotactic protein
(MCP) 1, a relatively nonspecific marker of inflammation
was increased in the GCL (the same area as Aff deposition
was occurring) compared with wild-type controls although
F4/80 immunoreactivity was not significantly different [112].
A different double transgenic model (Tg2576 x Tgl) in the
same study found that, at a younger age, F4/80 and MCP-
1 immunoreactivity was significantly less than at a higher
age of 27 months leading them to conclude that this was
due to progression of AD and that the MCP-1 but not F4/80
immunoreactivity in the intermediate aged mice represented
a relatively early stage of inflammation prior to microglial
activation. While this may well be true, the lack of a wild-
type control at the young and old ages makes it hard to be
sure that this is not merely an ageing effect independent of
AD.

Another finding that suggests an important role of neu-
roinflammation in the propagation of AD and indeed other
neurodegenerative disorders is a consistent downregulation
of complement factor H (CFH) in AD brain [129]. CFH is
a cofactor that acts to suppress the alternative complement
pathway; hence, low levels of CFH have a proinflammatory
effect. One paper evaluated the presence of CFH and Af340
and Af42 peptides in the brains and retinas of several
different transgenic AD mouse models (Tg2576, PSAPP, 3
x Tg-AD, and 5 x FAD) and found that there was a con-
sistent inverse correlation between levels of A and CFH
in the retinas of these transgenics [130] suggesting that an
environment promoting complement activation is a feature
of AD retinas. Interestingly, CFH has also been implicated
in the pathogenesis of AMD [131], another neurodegener-
ative disease affecting the retina suggesting, perhaps, a
similar contribution of neuroinflammation to these diseases.

Research into AMD has suggested a link between CFH and
zinc. Zinc has been shown to cause aggregation of CFH
monomers [132] which, combined with the high levels of
CFH and zinc [133] that are found in the sub-RPE deposits
(drusen) that characterise this disease, suggest a critical role
for zinc analogous to the one it is postulated to play in AD.

Unfortunately, to the best of our knowledge, there is no
research that has looked at levels of zinc in the retina of AD
animal models.

4.1.5. Neuronal Cell Loss. In common with other neurode-
generative diseases, cell death and loss of neurons is an end
stage of AD.

In double transgenic mice (Tg2576 X Tgl), a significant
increase in apoptosing cells in the GCL of 27-month-old
animals compared with 7.8 month old animals was detected
using terminal deoxynucleotidyl transferase mediated dUTP
nick end labeling assay (TUNEL) [112]. The same study also
found an increase in TUNEL-positive cells in the GCL of
a different double transgenic model (APPgye/PS1agy) com-
pared with age-matched controls.

In single transgenic Tg2576 mice, using retinal thickness
as a measure of neuronal loss, a reduced thickness was
detected compared with wild-type controls [109]. In addi-
tion, administration of amyloid peptide vaccinations atten-
uated the reduction of retinal thickness in conjunction with
a reduction of Af3 deposition in these animals.

Using TUNEL to look at NMDA-induced apoptosis in
APP and PS1 single transgenic mice and APP/PS1 double
transgenic mice has yielded potential insight into how Af
may cause retinal degeneration [114]. In this study, APP and
APP/PS1 transgenic mice displayed fewer TUNEL-positive
cells in the GCL following injection of NMDA than wild-
type controls suggesting that deposition of A may prevent
activation of NMDA-receptor pathways and mediate retinal
dysfunction in AD in this way. In the same study, however,
there was no detected difference in RGC number or INL
thickness (obviously a relatively crude measure of neuronal
loss) between the APP overexpressing single transgenic mice,
APP/PS1 double transgenic, and PS1 knockin mice and their
wild-type controls. This is clearly at odds with other studies
and may represent a difference in the strains used as well as
less sensitive methods of counting cells.

A relatively recent development now allows direct visu-
alisation of apoptosing ganglion cells in the retina. Using
a fluorophore labelled annexin V protein as a marker of
apoptosis and confocal laser scanning ophthalmoscopy to
detect the fluorescence, it is possible to image single apop-
tosing ganglion cells in real time and in vivo [44, 46]. This
technique has been refined and used to visualise apoptosing
(labelled with annexin V) and necrosing (labelled with
propidium iodide (PI)) cells in a triple transgenic mouse
model of AD [47]. In this study, the triple transgenic
mice displayed increased RGC apoptosis and decreased RGC
necrosis compared with wild-type controls.

4.2. Other Ocular Changes. For obvious and very sensible
reasons, the retina has been the target of most of the research



looking at AD in the eye. It has though been established
that the lenses of AD patients, as mentioned earlier, contain
Af3 aggregates that colocalise with a specific type (equatorial
supranuclear) of cataract [61]. This appears to be similarly
manifested in AD mouse models with the epithelial cells of
the corneas and lenses of single transgenic Tg2576 mice and
double transgenic APP/PS1 mice, being immunopositive for
APP and AB [111].

5. Conclusion

The idea of using the retina as a means of diagnosing or
measuring progression of AD or any other neurodegener-
ative disease is an inherently attractive one for the reasons
outlined above, and the studies discussed here provide much
to be optimistic about. Perhaps one of the main advantages
of using the retina is the ability to noninvasively look directly
at the nervous system. Much of the evidence discussed above
shows that changes in the retina occur later than in the
brain. The single transgenic Tg2576 mouse model has been
shown to develop Af plaques in the brain at 9 months
[86], while similar changes occur in the retina at 14 months
[109, 111]. There is a similar pattern when looking at double
transgenic mouse models with the Tg2576 x Tgl model
showing increased levels of AB40 and Af42 in the brain by
3-4 months [99] while not being raised in the retina of 7.8-
month-old animals [112].

However, a recent study looking at double transgenic
mice has shown very clearly that A plaques appear earlier
in the retina than in the brain by examining the same
animals over time [70] and, further, that they can be imaged
noninvasively at this early stage. This finding raises the profile
of the retina as a potential source of an earlier diagnosis
in AD although it remains to be seen whether this finding
is replicated in other studies and in human subjects. As
discussed earlier, the role of zinc in the formation of Af
plaques appears to be significant and the fact that the retina is
a particularly zinc-rich tissue [134] bodes well for any plaque
pathology being detectable relatively early in the disease.

The rationale for investigating the retina is that, as an
extension of the CNS, it is reasonable to expect to find similar
changes as occur in the brain. A side effect of this research,
however, has been the finding that Af deposition occurs
in the lenses of AD subjects [61] and has been found in
lenses and corneas of single and double transgenic animal
models [111]. Af deposition and hyperphosphorylated tau
have also been detected in the lenses and corneas of triple
transgenic mice [81] raising the slightly unexpected but
equally welcome possibility that an ocular biomarker for AD
may exist that is not connected with the CNS.

Although great progress has been made in this area, there
remain significant questions. Firstly, AB plaques have only
been detected in human AD subjects in one study [70], and it
is this same study that provides the only evidence that retinal
pathology precedes brain pathology; both findings that need
to be corroborated. Secondly, there appears to be significant
crossover of AD with other causes of neurodegeneration.
Glaucoma, for example, is a neurodegenerative disease that
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results in loss of RGCs and manifests with RNFL thinning
and visual field defects (i.e,. similar findings as those
described for AD patients), that have been reported as having
a higher incidence in AD [56]. It is possible that the changes
thus far reported in the eyes of AD patients and animal
models are not as specific for AD as we might hope.

Thirdly, putting aside the question as to whether changes
in the eye precede those of the brain, it is suggested that
cognitive deficits of AD may come before detectable amyloid
pathology in the brain [99] meaning that a holy grail
of detecting AD before its symptoms manifest (implying
significant loss of neurons) by detecting amyloid plaques may
not be possible.

Nevertheless, as an absolute minimum, the ability to
image the retina (and rest of the eye) noninvasively and
relatively cheaply and quickly cannot but massively aid in
assessing possible treatment effects of anti-AD, therapies as
well as improve our knowledge of the underlying mecha-
nisms of this and other forms of neurodegeneration. In com-
mon with AD there is much evidence linking zinc dysho-
meostasis with the onset of AMD, the leading cause of
blindness in the developed world, with large amounts of
zinc found in drusen [133]. An apparent contradiction is
that zinc supplements (presumably in their antioxidant role)
have been shown to be beneficial in the nonneovascular
type of AMD (so called dry AMD) [135]. This is putatively
explained in a review by Nan et al. [136] by the fact that, as
mentioned above, zinc causes aggregation of CFH. The high
concentration of zinc found in drusen leads to a localised
aggregation of CFH causing the sustained inflammatory
response necessary for initiation of the disease. Later in
the disease, the tissue surrounding the zinc-rich drusen is
relatively zinc depleted and hence supplementation is bene-
ficial. This is a typical example of the commonalities be-
tween different neurodegenerative diseases and highlights
how research into one area is likely to benefit in others.

Opverall, the research looking at manifestations of AD in
the eyes of animal models is notable by its paucity and it is
difficult at this early stage to draw any firm conclusions other
than that this is an extremely promising area of investigation
and certainly warrants further research.

References

[1] R. Brookmeyer, E. Johnson, K. Ziegler-Graham, and H. M.
Arrighi, “Forecasting the global burden of Alzheimer’s dis-
ease,” Alzheimer’s and Dementia, vol. 3, no. 3, pp. 186-191,
2007.

[2] H. Forstl and A. Kurz, “Clinical features of Alzheimer’s dis-
ease,” European Archives of Psychiatry and Clinical Neurosci-
ence, vol. 249, no. 6, pp. 288-290, 1999.

[3] M. ]J. Rowan, I. Klyubin, Q. Wang, N. W. Hu, and R. Anwyl,
“Synaptic memory mechanisms: Alzheimer’s disease amyloid
B-peptide-induced dysfunction,” Biochemical Society Trans-
actions, vol. 35, no. 5, pp. 1219-1223, 2007.

[4] G. Sorrentino and V. Bonavita, “Neurodegeneration and
Alzheimer’s disease: the lesson from tauopathies,” Neurologi-
cal Sciences, vol. 28, no. 2, pp. 63-71, 2007.

[5] “Consensus recommendations for the postmortem diagnosis
of Alzheimer disease from the National Institute on Aging



International Journal of Alzheimer’s Disease

)

~

©

and the Reagan Institute Working Group on diagnostic cri-
teria for the neuropathological assessment of Alzheimer dis-
ease,” Neurobiology of Aging, vol. 18, supplement 4, pp. S1-S2,
1997.

M. 1. Khairallah and L. A. A. Kassem, “Alzheimer’s disease:
current status of etiopathogenesis and therapeutic strategies,”
Pakistan Journal of Biological Sciences, vol. 14, no. 4, pp. 257—
272,2011.

D. A. Butterfield, S. Griffin, G. Munch, and G. M. Pasinetti,
“Amyloid f-peptide and amyloid pathology are central to
the oxidative stress and inflammatory cascades under which
Alzheimer’s disease brain exists,” Journal of Alzheimer’s Dis-
ease, vol. 4, no. 3, pp. 193-201, 2002.

A.Y. Abramov, L. Canevari, and M. R. Duchen, “f-amyloid
peptides induce mitochondrial dysfunction and oxidative
stress in astrocytes and death of neurons through activation
of NADPH oxidase,” Journal of Neuroscience, vol. 24, no. 2,
Pp. 565-575, 2004.

P. A. Adlard and A. I. Bush, “Metals and Alzheimer’s disease,”
Journal of Alzheimer’s Disease, vol. 10, no. 2-3, pp. 145-163,
2006.

N.-W. Hu, T. Ondrejcak, and M. J. Rowan, “Glutamate recep-
tors in preclinical research on Alzheimer’s disease: update on
recent advances,” Pharmacology Biochemistry and Behavior,
vol. 100, no. 4, pp. 855-862, 2012.

H. Akiyama, S. Barger, S. Barnum et al., “Inflammation and
Alzheimer’s disease,” Neurobiology of Aging, vol. 21, no. 3, pp.
383—421, 2000.

P. T. Francis, A. M. Palmer, M. Snape, and G. K. Wilcock,
“The cholinergic hypothesis of Alzheimer’s disease: a review
of progress,” Journal of Neurology, Neurosurgery ¢ Psychiatry,
vol. 66, no. 2, pp. 137-147, 1999.

G. G. Glenner and C. W. Wong, “Alzheimer’s disease: initial
report of the purification and characterization of a novel
cerebrovascular amyloid protein,” Biochemical and Biophysi-
cal Research Communications, vol. 120, no. 3, pp. 885-890,
1984.

G. Thinakaran and E. H. Koo, “Amyloid precursor protein
trafficking, processing, and function,” Journal of Biological
Chemistry, vol. 283, no. 44, pp. 29615-29619, 2008.

R. Vassar, B. D. Bennett, S. Babu-Khan et al., “Beta-secretase
cleavage of Alzheimer’s amyloid precursor protein by the
transmembrane aspartic protease BACE,” Science, vol. 286,
no. 5440, pp. 735741, 1999.

P. Tiraboschi, L. A. Hansen, L. J. Thal, and J. Corey-Bloom,
“The importance of neuritic plaques and tangles to the
development and evolution of AD,” Neurology, vol. 62, no.
11, pp. 1984-1989, 2004.

I. Grundke-Igbal, K. Igbal, Y. C. Tung, M. Quinlan, H. M.
Wisniewski, and L. I. Binder, “Abnormal phosphorylation of
the microtubule-associated protein tau (tau) in Alzheimer
cytoskeletal pathology,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 83, no. 13, pp.
4913-4917, 1986.

W. H. Stoothoff and G. V. W. Johnson, “Tau phosphorylation:
physiological and pathological consequences,” Biochimica et
Biophysica Acta, vol. 1739, no. 2-3, pp. 280-297, 2005.

X. Zhu, H.-G. Lee, G. Casadesus et al., “Oxidative imbalance
in Alzheimer’s disease,” Molecular Neurobiology, vol. 31, no.
1-3, pp. 205-217, 2005.

A.1. Bush, W. H. Pettingell, G. Multhaup et al., “Rapid induc-
tion of Alzheimer A amyloid formation by zinc,” Science,
vol. 265, no. 5177, pp. 1464-1467, 1994.

(21]

(22]

(23]

[24]

[25]

[26]

(27]

(28]

(29]

(31]

(32]

(33]

(36]

(37]

A. 1. Bush, W. H. Pettingell, M. D. Paradis, and R. E. Tanzi,
“Modulation of Af adhesiveness and secretase site cleavage
by zine,” Journal of Biological Chemistry, vol. 269, no. 16, pp.
12152-12158, 1994.

E S. Esch, P. S. Keim, E. C. Beattie et al., “Cleavage of amyloid
B peptide during constitutive processing of its precursor,”
Science, vol. 248, no. 4959, pp. 1122-1124, 1990.

M. Stoltenberg, M. Bruhn, C. Sendergaard et al., “Immersion
autometallographic tracing of zinc ions in Alzheimer beta-
amyloid plaques,” Histochemistry and Cell Biology, vol. 123,
no. 6, pp. 605611, 2005.

L. M. Miller, Q. Wang, T. P. Telivala, R. J. Smith, A. Lanzirotti,
and J. Miklossy, “Synchrotron-based infrared and X-ray im-
aging shows focalized accumulation of Cu and Zn co-loca-
lized with beta-amyloid deposits in Alzheimer’s disease,”
Journal of Structural Biology, vol. 155, no. 1, pp. 30-37, 2006.
J. Y. Lee, T. B. Cole, R. D. Palmiter, S. W. Suh, and J. Y.
Koh, “Contribution by synaptic zinc to the gender-disparate
plaque formation in human Swedish mutant APP transgenic
mice,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 99, no. 11, pp. 77057710, 2002.
C.J. Frederickson and G. Danscher, “Zinc-containin neurons
in hippocampus and related CNS structures,” Progress in
Brain Research, vol. 83, pp. 71-84, 1990.

G. Danscher, K. B. Jensen, C. J. Frederickson et al., “Increased
amount of zinc in the hippocampus and amygdala of
Alzheimer’s diseased brains: a proton-induced X-ray emis-
sion spectroscopic analysis of cryostat sections from autopsy
material,” Journal of Neuroscience Methods, vol. 76, no. 1, pp.
53-59, 1997.

K. J. Barnham and A. 1. Bush, “Metals in Alzheimer’s and
Parkinson’s Diseases,” Current Opinion in Chemical Biology,
vol. 12, no. 2, pp. 222-228, 2008.

D. L. Price, R. E. Tanzi, D. R. Borchelt, and S. S. Sisodia,
“Alzheimer’s disease: genetic studies and transgenic models,”
Annual Review of Genetics, vol. 32, pp. 461-493, 1998.

A. Goate, M. C. Chartier-Harlin, M. Mullan et al., “Segrega-
tion of a missense mutation in the amyloid precursor protein
gene with familial Alzheimer’s disease,” Nature, vol. 349, no.
6311, pp. 704-706, 1991.

T. L. Spires and B. T. Hyman, “Transgenic models of Alz-
heimer’s disease: learning from animals,” NeuroRx, vol. 2, no.
3, pp. 423-437, 2005.

R. Sherrington, E. I. Rogaev, Y. Liang et al., “Cloning of a gene
bearing missense mutations in early-onset familial Alzheim-
er’s disease,” Nature, vol. 375, no. 6534, pp. 754-760, 1995.

P. St George-Hyslop, J. Haines, E. Rogaev et al., “Genetic
evidence for a novel familial Alzheimer’s disease locus on
chromosome 14,” Nature Genetics, vol. 2, no. 4, pp. 330-334,
1992.

E. Levy-Lahad, E. M. Wijsman, E. Nemens et al., “A familial
Alzheimer’s disease locus on chromosome I,” Science, vol.
269, no. 5226, pp. 970-973, 1995.

E. I. Rogaev, R. Sherrington, E. A. Rogaeva et al., “Familial
Alzheimer’s disease in kindreds with missense mutations in
a gene on chromosome 1 related to the Alzheimer’s disease
type 3 gene,” Nature, vol. 376, no. 6543, pp. 775-778, 1995.
L. J. Thal, K. Kantarci, E. M. Reiman et al., “The role of
biomarkers in clinical trials for Alzheimer disease,” Alzheimer
Disease & Associated Disorders, vol. 20, no. 1, pp. 6-15, 2006.
C. Davatzikos, S. M. Resnick, X. Wu, P. Parmpi, and C. M.
Clark, “Individual patient diagnosis of AD and FTD via high-
dimensional pattern classification of MRI,” Neurolmage, vol.
41, no. 4, pp. 1220-1227, 2008.



10

(38]

N
=

(49]

(50]

(51]

T. Sunderland, G. Linker, N. Mirza et al., “Decreased f-
amyloid1-42 and increased tau levels in cerebrospinal fluid
of patients with Alzheimer disease,” Journal of the American
Medical Association, vol. 289, no. 16, pp. 2094-2103, 2003.
K. Ishiguro, H. Ohno, H. Arai et al., “Phosphorylated tau
in human cerebrospinal fluid is a diagnostic marker for Alz-
heimer’s disease,” Neuroscience Letters, vol. 270, no. 2, pp. 91—
94, 1999.

D. Galasko, L. Chang, R. Motter et al., “High cerebrospinal
fluid tau and low amyloid beta42 levels in the clinical diag-
nosis of Alzheimer disease and relation to apolipoprotein E
genotype,” Archives of Neurology, vol. 55, no. 7, pp. 937-945,
1998.

R. Motter, C. Vigo-Pelfrey, D. Kholodenko et al., “Reduction
of beta-amyloid peptide42 in the cerebrospinal fluid of pa-
tients with Alzheimer’s disease,” Annals of Neurology, vol. 38,
no. 4, pp. 643648, 1995.

P. Vemuri and C. R. Jack, “Role of structural MRI in Alzheim-
er’s disease,” Alzheimer’s Research and Therapy, vol. 2, no. 4,
article no. 23, 2010.

D. Heister, J. B. Brewer, S. Magda, K. Blennow, and L. K.
McEvoy, “Predicting MCI outcome with clinically available
MRI and CSF biomarkers,” Neurology, vol. 77, no. 17, pp.
1619-1628, 2011.

M. E. Cordeiro, L. Guo, V. Luong et al., “Real-time imaging
of single nerve cell apoptosis in retinal neurodegeneration,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 101, no. 36, pp. 13352-13356, 2004.

L. Guo, T. E. Salt, V. Luong et al., “Targeting amyloid-f in
glaucoma treatment,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 104, no. 33, pp.
13444-13449, 2007.

L. Guo and M. E. Cordeiro, “Assessment of neuroprotection
in the retina with DARC,” Progress in Brain Research, vol. 173,
pp. 437-450, 2008.

M. E. Cordeiro, L. Guo, K. M. Coxon et al., “Imaging multiple
phases of neurodegeneration: a novel approach to assessing
cell death in vivo,” Cell Death and Disease, vol. 1, no. 1, article
no. e3, 2010.

G. Leuba and K. Saini, “Pathology of subcortical visual cen-
tres in relation to cortical degeneration in Alzheimer’s dis-
ease. Neuropathol,” Applied Neurobiology, vol. 21, no. 5, pp.
410-422, 1995.

A. C. McKee, R. Au, H. J. Cabral et al., “Visual association
pathology in preclinical Alzheimer disease,” Journal of Neu-
ropathology & Experimental Neurology, vol. 65, no. 6, pp.
621-630, 2006.

V. Lakshminarayanan, J. Lagrave, M. L. Kean, M. Dick, and R.
Shankle, “Vision in dementia: contrast effects,” Neurological
Research, vol. 18, no. 1, pp. 9-15, 1996.

R. E. Uhlmann, E. B. Larson, T. D. Koepsell, T. S. Rees, and L.
G. Duckert, “Visual impairment and cognitive dysfunction
in Alzheimer’s disease,” Journal of General Internal Medicine,
vol. 6, no. 2, pp. 126-132, 1991.

C. J. Bassi, K. Solomon, and D. Young, “Vision in aging and
dementia,” Optometry and Vision Science, vol. 70, no. 10, pp.
809-813, 1993.

J. T. Hutton, J. L. Morris, J. W. Elias, and J. N. Poston,
“Contrast sensitivity dysfunction in Alzheimer’s disease,”
Neurology, vol. 43, no. 11, pp. 2328-2330, 1993.

M. E Mendez, R. L. Tomsak, and B. Remler, “Disorders of
the visual system in Alzheimer’s disease,” Journal of Clinical
Neuro-Ophthalmology, vol. 10, no. 1, pp. 62—69, 1990.

(55]

[56]

(57]

(58]

(59]

[60]

(61]

[62]

[63]

[64]

[65]

[66]

(67]

(68]

(69]

[70]

International Journal of Alzheimer’s Disease

M. Pache, C. H. W. Smeets, P. E. Gasio et al., “Colour vision
deficiencies in Alzheimer’s disease,” Age and Ageing, vol. 32,
no. 4, pp. 422-426, 2003.

D. G. Cogan, “Alzheimer syndromes,” American Journal of
Ophthalmology, vol. 104, no. 2, pp. 183-184, 1987.

G. L. Trick, L. R. Trick, P. Morris, and M. Wolf, “Visual field
loss in senile dementia of the Alzheimer’s type,” Neurology,
vol. 45, no. 1, pp. 68-74, 1995.

K. W. Whittaker, M. A. Burdon, and P. Shah, “Visual field
loss and Alzheimer’s disease,” Eye, vol. 16, no. 2, pp. 206-208,
2002.

E. Gomez-Tortosa, A. del Barrio, and 1. Jiménez-Alfaro,
“Pupil response to tropicamide in Alzheimer’s disease and
other neurodegenerative disorders,” Acta Neurologica Scan-
dinavica, vol. 94, no. 2, pp. 104-109, 1996.

L. E M. Scinto, K. R. Daffner, D. Dressler et al., “A potential
noninvasive neurobiological test for Alzheimer’s disease,”
Science, vol. 266, no. 5187, pp. 1051-1054, 1994.

L. E. Goldstein, J. A. Muffat, R. A. Cherny et al., “Cytosolic -
amyloid deposition and supranuclear cataracts in lenses from
people with Alzheimer’s disease,” Lancet, vol. 361, no. 9365,
pp. 1258-1265, 2003.

C. Paquet, M. Boissonnot, E. Roger, P. Dighiero, R. Gil, and
J. Hugon, “Abnormal retinal thickness in patients with mild
cognitive impairment and Alzheimer’s disease,” Neuroscience
Letters, vol. 420, no. 2, pp. 97-99, 2007.

P. K. Iseri, O. Altinas, T. Tokay, and N. Yiiksel, “Relationship
between cognitive impairment and retinal morphological
and visual functional abnormalities in Alzheimer disease,”
Journal of Neuro-Ophthalmology, vol. 26, no. 1, pp. 18-24,
2006.

V. Parisi, “Correlation between morphological and func-
tional retinal impairment in patients affected by ocular
hypertension, glaucoma, demyelinating optic neuritis and
Alzheimer’s disease,” Seminars in Ophthalmology, vol. 18, no.
2, pp. 50-57, 2003.

E Berisha, G. T. Feke, C. L. Trempe, J. W. McMeel, and
C. L. Schepens, “Retinal abnormalities in early Alzheimer’s
disease,” Investigative Ophthalmology & Visual Science, vol.
48, no. 5, pp. 2285-2289, 2007.

B. Katz, S. Rimmer, V. Iragui, and R. Katzman, “Abnormal
pattern electroretinogram in Alzheimer’s disease: evidence
for retinal ganglion cell degeneration?” Annals of Neurology,
vol. 26, no. 2, pp. 221-225, 1989.

G. L. Trick, M. C. Barris, and M. Bickler-Bluth, “Abnormal
pattern electroretinograms in patients with senile dementia
of the Alzheimer type,” Annals of Neurology, vol. 26, no. 2,
pp- 226231, 1989.

J. Partanen, P. Hartikainen, M. Kononen, V. Jousmaki, H.
Soininen, and P. Riekkinen, “Prolonged latencies of pattern
reversal visual evoked early potentials in Alzheimer disease,”
Alzheimer Disease and Associated Disorders, vol. 8, no. 4, pp.
250-258, 1994.

V. Parisi, R. Restuccia, F. Fattapposta, C. Mina, M. G.
Bucci, and E Pierelli, “Morphological and functional retinal
impairment in Alzheimer’s disease patients,” Clinical Neuro-
Pphysiology, vol. 112, no. 10, pp. 1860-1867, 2001.

M. Koronyo-Hamaoui, Y. Koronyo, A. V. Ljubimov et al,,
“Identification of amyloid plaques in retinas from Alzheim-
er’s patients and noninvasive in vivo optical imaging of reti-
nal plaques in a mouse model,” Neurolmage, vol. 54, no. 1,
pp. S204-5217, 2011.



International Journal of Alzheimer’s Disease

(71]

D. G. Cogan, “Visual disturbances with focal progressive de-
menting disease,” American Journal of Ophthalmology, vol.
100, no. 1, pp. 6872, 1985.

A. Cronin-Golomb, S. Corkin, J. F. Rizzo, J. Cohen, J. H.
Growdon, and K. S. Banks, “Visual dysfunction in Alzheim-
er’s disease: relation to normal aging,” Annals of Neurology,
vol. 29, no. 1, pp. 41-52, 1991.

G. C. Gilmore, H. E. Wenk, L. A. Naylor, and E. Koss,
“Motion perception and Alzheimer’s disease,” Journals of
Gerontology, vol. 49, no. 2, pp. P52-P57, 1994.

R. Mielke, L. Kessler, G. Fink, K. Herholz, and W. D. Heiss,
“Dysfunction of visual cortex contributes to disturbed pro-
cessing of visual information in Alzheimer’s disease,” Inter-
national Journal of Neuroscience, vol. 82, no. 1-2, pp. 1-9,
1995.

D. R. Hinton, A. A. Sadun, J. C. Blanks, and C. A. Miller,
“Optic-nerve degeneration in Alzheimer’s disease,” New Eng-
land Journal of Medicine, vol. 315, no. 8, pp. 485-487, 1986.
A. A. Sadun and C. J. Bassi, “Optic nerve damage in Alz-
heimer’s disease,” Ophthalmology, vol. 97, no. 1, pp. 9-17,
1990.

J. C. Blanks, D. R. Hinton, A. A. Sadun, and C. A. Miller, “Ret-
inal ganglion cell degeneration in Alzheimer’s disease,” Brain
Research, vol. 501, no. 2, pp. 364-372, 1989.

H. V. Danesh-Meyer, H. Birch, J. Y. E Ku, S. Carroll, and G.
Gamble, “Reduction of optic nerve fibers in patients with
Alzheimer disease identified by laser imaging,” Neurology,
vol. 67, no. 10, pp. 1852-1854, 2006.

A. Ruitenberg, T. Den Heijer, S. L. M. Bakker et al., “Cerebral
hypoperfusion and clinical onset of dementia: the Rotterdam
Study,” Annals of Neurology, vol. 57, no. 6, pp. 789-794, 2005.
K. U. Loffler, D. P. Edward, and M. O. Tso, “Immunoreactiv-
ity against tau, amyloid precursor protein, and beta-amyloid
in the human retina,” Investigative Ophthalmology & Visual
Science, vol. 36, no. 1, pp. 24-31, 1995.

L. Guo, J. Duggan, and M. E. Cordeiro, “Alzheimer’s disease
and retinal neurodegeneration,” Current Alzheimer Research,
vol. 7, no. 1, pp. 3—14, 2010.

J. A. Moncaster, R. Pineda, R. D. Moir et al., “Alzheimer’s
disease amyloid-f links lens and brain pathology in down
syndrome,” PLoS One, vol. 5, no. 5, Article ID e10659, 2010.
R. E. Tanzi and L. Bertram, “New frontiers in Alzheimer’s
disease genetics,” Neuron, vol. 32, no. 2, pp. 181-184, 2001.
P. H. St George-Hyslop, “Genetic factors in the genesis of
Alzheimer’s disease,” Annals of the New York Academy of
Sciences, vol. 924, pp. 1-7, 2000.

D. Games, D. Adams, R. Alessandrini et al., “Alzheimer-type
neuropathology in transgenic mice overexpressing V717F f3-
amyloid precursor protein,” Nature, vol. 373, no. 6514, pp.
523-527, 1995.

K. Hsiao, P. Chapman, S. Nilsen et al., “Correlative memory
deficits, Af elevation, and amyloid plaques in transgenic
mice,” Science, vol. 274, no. 5284, pp. 99-102, 1996.

A. Codita, B. Winblad, and A. H. Mohammed, “Of mice and
men: more neurobiology in dementia,” Current Opinion in
Psychiatry, vol. 19, no. 6, pp. 555-563, 2006.

D. Games, M. Buttini, D. Kobayashi, D. Schenk, and P. Seu-
bert, “Mice as models: transgenic approaches and Alzheim-
er’s disease,” Journal of Alzheimer’s Disease, vol. 9, no. 3, pp.
133-149, 2006.

E. McGowan, J. Eriksen, and M. Hutton, “A decade of mod-
eling Alzheimer’s disease in transgenic mice,” Trends in Ge-
netics, vol. 22, no. 5, pp. 281-289, 2006.

[90]

[91]

[92]

(93]

(94]

[97]

[99]

[100]

[101]

[102]

[103]

[104]

11

J. E. Reilly, D. Games, R. E. Rydel et al., “Amyloid deposition
in the hippocampus and entorhinal cortex: quantitative
analysis of a transgenic mouse model,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 100, no. 8, pp. 4837-4842, 2003.

G. A. Elder, M. A. Gama Sosa, and R. De Gasperi, “Transgenic
mouse models of Alzheimer’s disease,” Mount Sinai Journal of
Medicine, vol. 77, no. 1, pp. 69-81, 2010.

N. Sawamura, M. Morishima-Kawashima, H. Waki et al.,
“Mutant presenilin 2 transgenic mice: a large increase in
the levels of A342 is presumably associated with the low
density membrane domain that contains decreased levels
of glycerophospholipids and sphingomyelin,” Journal of
Biological Chemistry, vol. 275, no. 36, pp. 27901-27908, 2000.
F. Oyama, N. Sawamura, K. Kobayashi et al., “Mutant
presenilin 2 transgenic mouse: effect on an age-dependent
increase of amyloid beta-protein 42 in the brain,” Journal of
Neurochemistry, vol. 71, no. 1, pp. 313-322, 1998.

D.S. Yang, J. McLaurin, K. Qin, D. Westaway, and P. E. Fraser,
“Examining the zinc binding site of the amyloid- peptide,”
European Journal of Biochemistry, vol. 267, no. 22, pp. 6692—
6698, 2000.

S. T. Liu, G. Howlett, and C. J. Barrow, “Histidine-13 is a
crucial residue in the zinc ion-induced aggregation of the Af
peptide of Alzheimer’s disease,” Biochemistry, vol. 38, no. 29,
pp. 9373-9378, 1999.

D. R. Borchelt, G. Thinakaran, C. B. Eckman et al., “Familial
Alzheimer’s disease-linked presenilin I variants elevate aff1-
42/1-40 ratio in vitro and in vivo,” Neuron, vol. 17, no. 5, pp.
1005-1013, 1996.

D. R. Borchelt, T. Ratovitski, J. Van Lare et al., “Accelerated
amyloid deposition in the brains of transgenic mice coex-
pressing mutant presenilin 1 and amyloid precursor pro-
teins,” Neuron, vol. 19, no. 4, pp. 939-945, 1997.

M. A. Chishti, D. S. Yang, C. Janus et al., “Early-onset amyloid
deposition and cognitive deficits in transgenic mice express-
ing a double mutant form of amyloid precursor protein 695,”
Journal of Biological Chemistry, vol. 276, no. 24, pp. 21562—
21570, 2001.

L. Holcomb, M. N. Gordon, E. Mcgowan et al., “Accelerated
Alzheimer-type phenotype in transgenic mice carrying both
mutant amyloid precursor protein and presenilin 1 trans-
genes,” Nature Medicine, vol. 4, no. 1, pp. 97-100, 1998.

S. Oddo, A. Caccamo, J. D. Shepherd et al., “Triple-transgenic
model of Alzheimer’s Disease with plaques and tangles:
intracellular AB and synaptic dysfunction,” Neuron, vol. 39,
no. 3, pp. 409-421, 2003.

D. G. Flood, Y.-G. Lin, D. M. Lang et al., “A transgenic rat
model of Alzheimer’s disease with extracellular Abeta depo-
sition,” Neurobiology of Aging, vol. 30, no. 7, pp. 1078-1090,
2009.

V. Echeverria, A. Ducatenzeiler, L. Alhonen et al., “Rat trans-
genic models with a phenotype of intracellular A accumu-
lation in hippocampus and cortex,” Journal of Alzheimer’s
Disease, vol. 6, no. 3, pp. 209-219, 2004.

E. M. Lopez, K. E S. Bell, A. Ribeiro-Da-Silva, and A. C.
Cuello, “Early changes in neurons of the hippocampus and
neocortex in transgenic rats expressing intracellular human
a-f,” Journal of Alzheimer’s Disease, vol. 6, no. 4, pp. 421-431,
2004.

C. Duyckaerts, M. C. Potier, and B. Delatour, “Alzheimer
disease models and human neuropathology: similarities and
differences,” Acta Neuropathologica, vol. 115, no. 1, pp. 5-38,
2008.



12

(105]

(106]

[107

[108

(109]

(110

[111]

(112

(113]

(114]

[115]

[116]

(117]

[118]

D. R. Rosen, L. Martin-Morris, L. Luo, and K. White, “A
Drosophila gene encoding a protein resembling the human
B-amyloid protein precursor,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 86,
no. 7, pp. 2478-2482, 1989.

C. S. Hong and E. H. Koo, “Isolation and characterization of
Drosophila presenilin homolog,” NeuroReport, vol. 8, no. 3,
Pp. 665-668, 1997.

L. Daigle and C. Li, “apl-1, a Caenorhabditis elegans gene
encoding a protein related to the human S-amyloid protein
precursor,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 90, no. 24, pp. 12045-12049,
1993.

X. Li and I. Greenwald, “HOP-1, a Caenorhabditis elegans
presenilin, appears to be functionally redundant with SEL-
12 presenilin and to facilitate LIN-12 and GLP-1 signaling,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 94, no. 22, pp. 12204-12209, 1997.

B. Liu, S. Rasool, Z. Yang et al., “Amyloid-peptide vaccina-
tions reduce beta-amyloid plaques but exacerbate vascular
deposition and inflammation in the retina of Alzheimer’s
transgenic mice,” The American Journal of Pathology, vol. 175,
no. 5, pp. 2099-2110, 2009.

R. J. Castellani, M. A. Smith, G. Perry, and R. P. Fried-
land, “Cerebral amyloid angiopathy: major contributor or
decorative response to Alzheimer’s disease pathogenesis,”
Neurobiology of Aging, vol. 25, no. 5, pp. 599-602, 2004.

R. M. Dutescu, Q. X. Li, J. Crowston, C. L. Masters, P.
N. Baird, and J. G. Culvenor, “Amyloid precursor protein
processing and retinal pathology in mouse models of
Alzheimer’s disease,” Graefe’s Archive for Clinical and Experi-
mental Ophthalmology, vol. 247, no. 9, pp. 1213-1221, 2009.

A. Ning, J. Cui, E. To, K. H. Ashe, and ]J. Matsubara,
“Amyloid-beta deposits lead to retinal degeneration in a
mouse model of Alzheimer disease,” Investigative Ophthal-
mology & Visual Science, vol. 49, no. 11, pp. 5136-5143, 2008.
S. E. Perez, S. Lumayag, B. Kovacs, E. J. Mufson, and S. Xu,
“Beta-amyloid deposition and functional impairment in the
retina of the APPswe/PS1DeltaE9 transgenic mouse model
of Alzheimer’s disease,” Investigative Ophthalmology ¢ Visual
Science, vol. 50, no. 2, pp. 793-800, 2009.

M. Shimazawa, Y. Inokuchi, T. Okuno et al., “Reduced retinal
function in amyloid precursor protein-over-expressing trans-
genic mice via attenuating glutamate-N-methyl-d-aspartate
receptor signaling,” Journal of Neurochemistry, vol. 107, no.
1, pp. 279-290, 2008.

L. Guo, S. Nizari, E. M. Normando, S. Sensi, and M. E
Cordeiro, Amyloid-f8 and Tau Pathology in the Retina of a
Triple-Transgenic Model of Alzheimer’s Disease (3xTg-AD),
ARVO, Fort Lauderdale, Fla, USA, 2010.

H. M. Wisniewski, A. W. Vorbrodt, and J. Wegiel, “Amyloid
angiopathy and blood-brain barrier changes in Alzheimer’s
disease,” Annals of the New York Academy of Sciences, vol. 826,
pp. 161-172, 1997.

S. X. Zhang-Nunes, M. L. C. Maat-Schieman, S. G. van
Duinen, R. A. C. Roos, M. P. Frosch, and S. M. Greenberg,
“The cerebral beta-amyloid angiopathies: hereditary and
sporadic,” Brain Pathology, vol. 16, no. 1, pp. 30-39, 2006.

D. M. Wilcock, P. T. Jantzen, Q. Li, D. Morgan, and M.
N. Gordon, “Amyloid-f vaccination, but not nitro-nonster-
oidal anti-inflammatory drug treatment, increases vascular
amyloid and microhemorrhage while both reduce parenchy-
mal amyloid,” Neuroscience, vol. 144, no. 3, pp. 950-960,
2007.

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

(131]

[132]

[133]

[134]

[135]

International Journal of Alzheimer’s Disease

D. Boche, E. Zotova, R. O. Weller et al., “Consequence of
Abeta immunization on the vasculature of human Alzheim-
er’s disease brain,” Brain, vol. 131, pp. 3299-3310, 2008.

L. Gasparini, B. Terni, and M. G. Spillantini, “Frontotempo-
ral dementia with tau pathology,” Neurodegenerative Diseases,
vol. 4, no. 2-3, pp. 236-253, 2007.

C. Conrad, A. Andreadis, J. Q. Trojanowski et al., “Genetic
evidence for the involvement of tau in progressive supranu-
clear palsy,” Annals of Neurology, vol. 41, no. 2, pp. 277-281,
1997.

C. Otth, I. I. Concha, T. Arendt et al., “AbetaPP induces cdk5-
dependent tau hyperphosphorylation in transgenic mice
Tg2576,” Journal of Alzheimer’s Disease, vol. 4, no. 5, pp. 417—
430, 2002.

Y. Tomidokoro, Y. Harigaya, E. Matsubara et al., “Brain
Abeta amyloidosis in APPsw mice induces accumulation of
presenilin-1 and tau,” The Journal of Pathology, vol. 194, no.
4, pp. 500-506, 2001.

B. Allen, E. Ingram, M. Takao et al., “Abundant tau filaments
and nonapoptotic neurodegeneration in transgenic mice
expressing human P301s tau protein,” Journal of Neuro-
science, vol. 22, no. 21, pp. 9340-9351, 2002.

J. J. M. Hoozemans, R. Veerhuis, J]. M. Rozemuller, and P.
Eikelenboom, “Neuroinflammation and regeneration in the
early stages of Alzheimer’s disease pathology,” International
Journal of Developmental Neuroscience, vol. 24, no. 2-3, pp.
157-165, 2006.

S. Itagaki, P. L. McGeer, H. Akiyama, S. Zhu, and D. Selkoe,
“Relationship of microglia and astrocytes to amyloid deposits
of Alzheimer disease,” Journal of Neuroimmunology, vol. 24,
no. 3, pp. 173-182, 1989.

C. Zhang, J. K. Shen, T. T. Lam et al., “Activation of microglia
and chemokines in light-induced retinal degeneration,”
Molecular Vision, vol. 11, pp. 887-895, 2005.

A. Monsonego and H. L. Weiner, “Immunotherapeutic
Approaches to Alzheimer’s Disease,” Science, vol. 302, no.
5646, pp. 834-838, 2003.

R. Veerhuis, “Histological and direct evidence for the role
of complement in the neuroinflammation of AD,” Current
Alzheimer Research, vol. 8, no. 1, pp. 34-58, 2011.

P. N. Alexandrov, A. Pogue, S. Bhattacharjee, and W. J.
Lukiw, “Retinal amyloid peptides and complement factor H
in transgenic models of Alzheimer’s disease,” NeuroReport,
vol. 22, no. 12, pp. 623-627, 2011.

E. L. Fletcher, A. 1. Jobling, K. A. Vessey, C. Luu, R. H.
Guymer, and P. N. Baird, “Animal models of retinal disease,”
Progress in Molecular Biology and Translational Science, vol.
100, pp. 211-286, 2011.

S.J. Perkins, A. S. Nealis, and R. B. Sim, “Oligomeric domain
structure of human complement factor H by X-ray and
neutron solution scattering,” Biochemistry, vol. 30, no. 11, pp.
2847-2857, 1991.

1. Lengyel, J. M. Flinn, T. Peto et al., “High concentration of
zinc in sub-retinal pigment epithelial deposits,” Experimental
Eye Research, vol. 84, no. 4, pp. 772780, 2007.

M. Ugarte and N. N. Osborne, “Zinc in the retina,” Progress
in Neurobiology, vol. 64, no. 3, pp. 219-249, 2001.

“A randomized, placebo-controlled, clinical trial of high-
dose supplementation with vitamins C and E, beta carotene,
and zinc for age-related macular degeneration and vision
loss: AREDS report no. 8,” Archives of Ophthalmology, vol.
119, no. 10, pp. 1417-1436, 2001.



International Journal of Alzheimer’s Disease

[136] R. Nan, J. Gor, L. Lengyel, and S. J. Perkins, “Uncontrolled
zinc- and copper-induced oligomerisation of the human
complement regulator factor H and its possible implications
for function and disease,” Journal of Molecular Biology, vol.
384, no. 5, pp. 1341-1352, 2008.

13



	Introduction
	Ocular Manifestation inAlzheimer's Patients (Table 2)
	Visual Deficits in AD
	Retinal Abnormalities
	Other Ocular Abnormalities

	Animal Models of Alzheimer's Disease
	Ocular Manifestations of Alzheimer'sDisease in Animal Disease Models
	Retinal Changes (Table 3)
	Amyloid  Deposition
	APP Immunoreactivity
	Tau Protein
	Neuroinflammation
	Neuronal Cell Loss

	Other Ocular Changes

	Conclusion
	References

