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Abstract.

Background: Amyloid- soluble oligomers (ABo) are believed to be the cause of the pathophysiology underlying Alzheimer’s
disease (AD) and are normally detected some two decades before clinical onset of the disease. Retinal pathology associated
with AD pathogenesis has previously been reported, including ganglion cell loss, accumulation of A deposits in the retina,
and reduction of nerve fiber layer thickness as well as abnormalities of the microvasculature.

Objective: This study’s aim is to better understand the relationship between brain and retinal Ao deposition and in particular
to quantify levels of the toxic ABo as a function of age in the retina of a rodent model of AD.

Methods: Retinas and brain tissue from 5xFAD mice were stained with Congo red, Thioflavin-T (Th-T), and AB plaque-
specific and ABo-specific antibodies.

Results: We show that retinas displayed an age-dependent increase of Th-T-specific amyloid fibrils. Staining with anti-A3
antibody confirmed the presence of the A plaques in all 5xFAD retinas tested. In contrast, staining with anti-Ao antibody
showed an age-dependent decrease of retinal ABo. Of note, ABo was observed mainly in the retinal nuclear layers. Finally,
we confirmed the localization of Ao to neurons, typically accumulating in late endosomes, indicating possible impairment
of the endocytic pathway.

Conclusion: Our results demonstrate the presence of intraneuronal Ao in the retina and its accumulation inversely correlated
with retinal AP plaque deposition, indicating an‘age-related conversion in this animal model. These results support the
development of an early AD diagnostic test targeting APo in the eye.

Keywords: Anti-oligomer antibody, Alzheimer’s disease, amyloid-f3 oligomers, retina, retinal immunodetection, 5xFAD
mice

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neu-

" - - - rodegenerative disorder associated with a gradual
Correspondence to: Dr. Mourad Tayebi, Associate Professorin . . .. .

Biomedical Sciences, School of Medicine, Western Sydney Uni- decline in .cogmtlve func.tlon’ men.lory loss, abnor-

versity, Campbelltown, NSW, Australia. Tel.: +61 (02) 4620 3671; mal behavior, and reduction of brain volume [1-4].

E-mail: m.tayebi@westernsydney.edu.au. The neuropathological lesions observed in the brain
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of AD patients include extracellular deposition of
amyloid-B (AB) plaques; intracellular deposition
of hyperphosphorylated tau protein in the form
of neurofibrillary tangles, ubiquitin, cerebral amy-
loid angiopathy, severe synaptic loss, and neuronal
death [2, 3, 5, 6]. Brain accumulation of mis-
folded/aggregated A is believed to be one of the
major pathological constituents for the development
of the disease. AR peptide is derived from a larger pro-
tein, namely the amyloid-[3 protein precursor (ABPP)
[5]. ABPP is enzymatically cleaved into amyloido-
genic and non-amyloidogenic entities. In AD, the 3-
and +y-secretase sequentially cleave ABPP and pro-
duce the AR peptide fragments (36—43 amino acids)
[7-9], that aggregate and lead to accumulation of
brain deposits or plaques [6, 10, 11]. Enzymatic
cleavage leads to the formation of two major isoforms
of AB; AB4o (~80-90%) and AB42 (~5-10%) [5, 12,
13]. In sporadic and familial AD, three major assem-
blies of AP have been reported [11, 14, 15], including
monomeric A3 composed of low molecular weight
dimers and trimers; soluble oligomers, containing
12-24 monomers which become elongated to form
protofibrils; and insoluble fibrils [16, 17]. AR solu-
ble oligomers (APo) are neurotoxic and responsible
for triggering the pathophysiology of AD [18-21].
Experimental detection of Afo in peripheraltissues
and/or blood precedes its central accumulation in the
brain by some two decades [22, 23], highlighting ABo
as a potential early diagnostic marker.

Various diagnostic approaches have been used
for the detection of AD, which include neuro-
clinical and neuropsychological examinations, blood
and cerebrospinal fluid (CSF) screening, and brain
imaging. However, most of these approaches are
non-specific, and some are invasive, expensive, and
time-consuming. Thus, there is an urgent need for
a non-invasive and cost-effective diagnostic:screen
to identify AD-affected subjects in the preclinical or
early clinical stages. Visual disturbances are often
an early complaint reported by AD patients [24,
25], and have been linked to abnormalities of ocu-
lar physiology [26-32]. Patients experience altered
color vision [33, 34], peripheral vision loss [35-37],
and modified sensitivity to contrast and sometimes
visual acuity [33, 38]. Alteration of retinal morphol-
ogy has been reported in AD patients and include
changes to the vasculature [26], optic nerve head [39],
ganglion cell and axon loss [40, 41], and thinning
of the retinal nerve fiber layer [28, 40-50]. A study
by O’Bryhim and colleagues using optical coher-
ence tomography and angiography demonstrated that

individuals with preclinical AD displayed early reti-
nal architecture and vascular changes [51]. Another
study demonstrated the feasibility to noninvasively
detect and quantify, using a clinical scanning laser
ophthalmoscope, amyloid deposits in the retina of
human subjects given an oral solid lipid curcumin flu-
orochrome [47]. Koronyo et al. show in some cases
that AP deposits in the retina was associated with
blood vessels similar to cerebral vascular amyloid
pathology [47] supporting other studies which indi-
cate alteration to retinal vasculature [52-54]. While
AP deposits have been reported in the retina, how
such levels change with age is not well documented.
Furthermore, the relationship between retinal and
brain soluble Ao and insoluble oligomers is not well
understood.

In this report, we assess in the 5xFAD mouse
model age-related ABo and AP plaque burden
in the retina and brain of 6- to 17-month-
old animals. Oakley and colleagues developed
the SxFAD, a transgenic rodent model that co-
expresses five mutations [ABPP K670N/M671L
(Swedish) + 1716V (Florida) + V7171 (London) and
PS1 MI146L+L286V] that displays intraneuronal
accumulation of A4, before plaque formation [55].
We show that retinal accumulation of Ao was simi-
lar to brain in the early stage of the disease and their
levels were inversely proportional to the age-related
increased in AR plaque increase.

We showed that APo was colocalized to
late-endosomal compartments in retinal neurons,
indicating impairment in their ability to process and
degrade this oligomeric species. Our study highlights
the possibility of targeting ABo in the eye apreclinical
diagnostic test for AD.

MATERIALS AND METHODS
Animals

The 5xFAD transgenic mice were made by co-
injecting two vectors encoding ABPP (with Swedish
(K670N/M671L), Florida (I716V), and London
(V7171) mutations and PSEN1 (with M146L and
L286V mutations), each driven by the mouse Thyl
promoter. This strain does not carry the retinal degen-
eration allele Pde6b™! . The 5xFAD mouse model
rapidly develops severe amyloid pathology. Plaques
spread throughout the hippocampus and cortex by
six months of age. Synapse degeneration, neuronal
loss and deficits in spatial learning are observed at
approximately four months [55]. Age-matched wild

87

88

89

920

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

17

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135



136

137

138

139

140

141

142

143

144

145

146

147

148

149
150

151

152

153

154

155

156

157

158

159

160

161

162

163

164
165

166

167

168

169

170

7

172

173

174

175

176

177

178

179

180

181

182

U. Habiba et al. / Retinal Detection of AP Oligomers 3

type littermates were used as controls (Supplemen-
tary Table 1).

All procedures followed the requirements of the
National Health and Medical Research Council of
Australia statement for the use of animals in research,
the Association for Research in Vision and Ophthal-
mology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision, and were approved by the
Howard Florey Animal Ethics Committee (13-068-
UM). Mice were housed with free access to water
and normal rodent chow (Barastoc, Melbourne, VIC,
Australia) in the Melbourne Brain Centre (Parkville,
VIC, Australia). Room temperature was maintained
at 21°C, with animals exposed to a 12 h light/dark
cycle (on at 7 AM, <50 lux inside the cage).

Tissue collection and histological assessment of
brains and eyes

All mice (Supplementary Table 1) were perfused
with saline and 10% neutral buffered formalin. Mouse
brains and eyes were then fixed in 10% neutral
buffered formalin, dehydrated using graded ethanol,
washed with xylene, and finally embedded in paraf-
fin. 3 x 6 . m sections of each brain and retinal tissue
were cut with a microtome (Thermofisher Scientific,
Waltham, MA, USA) and then processed for rou-
tine hematoxylin and eosin (H & E), Congo red, and
Thioflavin T (ThT) staining as well as immunohis-
tochemistry and immunofluorescence. Sections were
deparaffinized with xylene and rehydrated through
graded alcohols and finally deionized water.

Congo red AB staining

Sections were placed in Congo red (Leica biosys-
tems, Wetzlar, Germany) working solution for 20 min
then rinsed in 5-8 changes of deionized water. This
was followed by staining in Gill lHematoxylin(Leica
biosystems) for 1-3 min and rinsing in three changes
of deionized water. Sections were dehydrated in two
changes of 95% alcohol and three changes of absolute
alcohol for 1 min each. Finally, sections were cleared
in two changes of xylene and mounted in a xylene
miscible medium. Amyloid fibrils appeared as dull
to brick red under light microscopy (Olympus CX
43, Shinjuku, Tokyo, Japan) and apple green bire-
fringence under polarized light (Olympus CX 43).

Thioflavin-T staining of AB plaques

Following deparaffinization with xylene and
ethanol, tissue sections were incubated in filtered

1% aqueous ThT (Sigma-Aldrich, St. Louis, MO,
USA) for 8 min at room temperature. Sections were
then rinsed in three changes of deionized water and
mounted in aqueous mounting media (Agilent, Santa
Clara, CA, USA). Finally, slides were sealed with
clear nail polish and stored in a cold and dark place.
Generally, ThT binds to the side chain channels along
the long axis of amyloid fibrils. Upon binding to amy-
loid fibrils, ThT has a strong signal at excitation and
emission maxima of 450 and 482 nm, respectively
under fluorescence microscopy (Olympus VS 120).

Immunohistochemical assessment of AP plaques
and soluble oligomers

Sections were pre-treated with antigen retrieval
method (1 x citrate buffer for 20 min in a water bath;
pH 6) to expose the target antigen. Sections were
then treated with 90% formic acid for 5 min at room
temperature followed with cell membrane permeabi-
lization which was achieved using 1% triton X for
I min prior to addition of 0.3% H;O; for 15 min
to inactivate endogenous peroxidases. Sections were
then blocked with Protein Block Serum-Free (Agi-
lent, Santa Clara, CA, USA) for 15 min. Sections
were then stained for 1h with the following pri-
mary antibodies in PBS: mouse purified 4G8 anti-Af3
against 17-24 of AP peptide (1:500; Bio legend,
San Diego, CA, USA) or Al rabbit anti-Afo Anti-
body (1:250; Merck Millipore, Burlington, MA,
USA) respectively. Sections were also stained with
IgG1 isotype control (BRIC 222 recognizing CD44
[56] or IgG2b isotype control (BRIC 126 recogniz-
ing CD47 [57] antibodies to confirm specificity and
selectivity of both A1l and 4G8 antibodies. Next,
sections were incubated for 1h at room temperature
with secondary antibodies in PBS: HRP-conjugated
anti-mouse IgG(Sigma-Aldrich) or anti-rabbit IgG
(Sigma-Aldrich) respectively. After washing three
times with PBS, sections were covered with DAB
solution and incubated for 5-10min. Slides were
then counterstained with hematoxylin for 1 min then
imaged using the Olympus VS 120 Slide Scanner and
were analyzed using ‘Olympus OlyVIA’ software.

Immunofluorescence co-localization studies

Double immuno-labelling was achieved by two
different fluorescent labels, each having a sepa-
rate emission wavelength. Sections were incubated
overnight with both A7/ and 4G8 at 4°C. Further,
and in other experiments, sections were incubated
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with AI1 and mouse Anti-NeuN mAb, clone A60
(Merck Millipore) to demonstrate neuronal homing
of the oligomers. Additionally, sections were incu-
bated with A7/ and mouse anti-lysosomal-associated
membrane protein 2 (LAMP2, Stressgen Bio reagents
Corp, Victoria, British Columbia, Canada) anti-
bodyto assess whether Ao localize to lysosomes/late
endosomes. In both cases sections were incubated
overnight at 4°C. Sections were then incubated with
goat anti-rabbit IgG conjugated to FITC (Sigma-
Aldrich) and donkey anti-mouse IgG conjugated to
Texas red (Sigma-Aldrich) respectively for 2h at
4°C. Sections were then mounted using fluorescence
mounting media (Agilent, Santa Clara, CA, USA).
Finally, the mounted sections were imaged using
Olympus VS 120 Slide Scanner with a standard
FITC/Texas Red double band-pass filter set.

Image quantification

Three sections from different SxFAD and wild
type mice were used for image quantification (Sup-
plementary Figure 1). Three different areas of
hippocampus, cerebral corte, x and retina were
analyzed. Immunofluorescence signal intensity was
visualized by capturing red and green fluores-
cent field images using the Olympus VS 120
Slide Scanner. Images were analyzedusing ‘Olympus
OlyVIA’ software. Age-dependent accumulation of
A plaques and Ao in 5xFAD was quantified using
image processing software, cellSense (Olympus).
The mean color threshold of fluorescent particles
(red particles for plaques and green particles for
oligomers) was calculated in several brain regions
and eyes for each age group and the final result was
presented as percentage fluorescence intensity and
expressed as mean = S.E.M.

Statistical analysis

One-way ANOVA with Dunnett’s post-test was
performed using GraphPad Prism version 7.00 for
Windows (GraphPad, San Diego, CA;, USA), for sta-
tistical analysis.

RESULTS

Histological assessment of retinal and cerebral
lesions in 5x FAD mice

We first performed an initial assessment to confirm
the presence of the typical neuropathological lesions

associated with AD in the brain and retina of the
6—7-month-old 5xFAD mice (Fig. 1). H & E stain
displayed widespread vacuolations, neuronal death,
and presence of eosinophilic structures in the corti-
cal and hippocampal region of the brain (Fig. 1C), in
contrast with the retina which at the same age did not
display the above structural changes (Fig. 1D).

Retinal and cerebral detection of Congophilic
and ThT-specific AB fibrils in 5 x FAD mice

One of the distinctive neuropathological features
associated with human AD brains is the presence of
extracellular A plaques [4, 6, 58]. We initially used
Congo red and ThT [59] to assess age-dependent
accumulation of amyloid fibrils and compare amy-
loid burden in the retinas and brains derived from
6-, 7-, 12-, 14-, and 17-month-old 5xFAD and WT
mice (Fig. 2). Here, we show the distinctive Con-
gophilic red-brick coloration confirming the presence
of amyloid fibrils in the brain and retina starting from
6 months (Fig. 2A, B) of age, respectively. This was
confirmed by the presence of apple-green birefrin-
gence when examined under cross-polarized light
(Fig. 2C, D). However, retinal apple-green birefrin-
gence was less intense compared to the brain. This
pattern of amyloid fibrils distribution in retina and
brain in these different age groups was confirmed
with ThT staining; which displayed more pronounced
staining in all age groups tested starting from 6
months onward (Fig. 2E, F). Congophilic- and ThT-
specific retinal amyloid fibrils were clearly visible in
the inner nuclear layer (INL), inner plexiform layer
(IPL), and the ganglion cell layer (GCL) of all age
groups (Fig. 2F). These results confirm that the retina
of the 5xFAD mice show signs of AD pathogenesis
[37]. Of note, Congophilic- and ThT-specific amy-
loid fibrils were not visible in the brains and retinas
of the age-matched 6-month-oldwild type littermates
(Supplementary Figure 2).

Retinal and cerebral immunodetection of AS
plaques and ABsoluble oligomers in 5x FAD
mice

5xFAD mice are known to exhibit cerebral accu-
mulation of intracellular Ao and extracellular A
plaques [55]. Although, amyloid fibrils are a neu-
ropathological hallmark of human AD, there is strong
evidence that oligomers are the most toxic species and
appear to be the main causative agent of neurologi-
cal deficits [20, 60]. Moreover, it is now recognized

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

U. Habiba et al. / Retinal Detection of AP Oligomers 5

Fig. 1. Photomicrographs of the microscopic lesions in the brains and retinas of six-month-old 5 x FAD mice. A) Normal appearance of the
cerebral cortex in a healthy wild type mouse following staining with H & E. B) Normal appearance of the hippocampus in a healthy wild
type mouse following staining with H & E (M, molecular layer; CA4, Cornu Ammonis 4; DG, dentate gyrus). C) Normal appearance of the
retina in a healthy wild type mouse following staining with H & E. The photomicrograph was derived from peripheral region of the retina,
away from the optic disc. Widespread vacuolations, neuronal death, and presence of eosinophilic structures in a 6-month-old 5 x FAD mouse
brain. Vacuolations (yellow arrow), neuronal death (black arrow), and eosinophilic structures (red arrows) are observed in the D) cortical and
E) hippocampal region of the brain following staining with H & E (DG, dentate gyrus). F) Normal appearance of the retina in a 6-month-old
5xFAD mouse brain following staining with H & E. The photomicrograph was derived from peripheral region of the retina, away from the

optic disc. Representative of all affected mice in this age group.

that ABo accumulation inserum of AD patients and
experimental models can occur years before plaque
build-up in the brain [61-63]. We hypothesized that
ABo accumulation in the retina might also pre-
cede cerebral plaque build-up in 5xFAD mice in
an age-dependent manner. We initially examined
brains and retinas for the presence of ABo and AP
plaques by immunohistochemistry using A7/ and
4G8, respectively (Figs. 3-5). 6-month-old 5xFAD
mice displayed abundant intraneuronal Ao deposits
in the cerebral cortex, hippocampus, retinal nuclear
layers (INL & ONL), and GCL (Fig. 3A-C)as well
as few extracellular Ap plaques (Fig. 3D-F). Inter-
estingly, 12-month-old 5 x FAD mice exhibited more
pronounced extracellular cortical and hippocampal
AP plaques but lower levels of intracellular ABo
compared to the 6-month-old age group (Fig. 4A-F).
Nonetheless, levels of intracellular ABo appeared
lower in these brain structures compared to the 6-
month-old age group (Fig. 4A, B). Similarly, retinal
Ao which could be seen in the GCL, INL, and ONL
appeared less abundant in this age group compared
to the 6-month-old mice (Fig. 4C). Occasional A3
plaques were also evident in the retinal layers of 12-
month-old 5xFAD mice, and their levels appeared

lower than the 6-month-oldage group (Fig. 4F). As
the age of the 5xFAD mice progressed, fewer intra-
cellular ABo deposits were observed as opposed to
the abundant accumulation of A3 plaques in the cere-
brum of 14- and 17-month-old mice (Fig. 5). Retinal
AP plaques were also conspicuous in the ganglion
layer but Ao appeared to be absent in the 14- and 17-
month-old 5xFAD mice (Fig. 5C,F). No ABoand A
plaques deposits were seen in age-matched wild type
littermates (data not shown). These results support
previous findings that AR plaque burden increased
over the course of the disease in both brain and retina,
whereas Ao levels appear to decrease in an age-
dependent manner [64].

AP oligomers co-accumulate with A plaques
and co-localize with an endosomal marker in
neurons of 5x FAD mice

Our immunostaining results confirmed that accu-
mulation of intracellular ABo and AP plaques in
the retinal layers parallels their brain build-up. We
then investigated whether ABo and AP plaques
co-localize/accumulate in different regions and struc-
tures of the retina and brain of the various age groups
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Fig. 2. Photomicrographs of Congo red- and Thioflavin T-specific amyloid- fibrils in the brains and retinas of six-month-old 5 xFAD mice.
A) Distinctive red-brick staining of amyloid fibrils with Congo red in the brain and B) GCL and ONL of the retina of a 6-month-old 5 x FAD
mouse. The photomicrograph was derived from peripheral region of the retina, away from the optic disc. The presence of the amyloid fibrils
was confirmed with the presence of apple-green birefringence in the C) brain and D) retina under polarized light. Thioflavin T staining
displayed presence of amyloid fibrils in the E) hippocampus and in the F) INL, IPL, and GCL of the retina (blue arrows). Representative of

all affected mice in this age group.

tested using A7/ and 4G8 (Supplementary Figure 3).
This immunofluorescence study confirmed the pres-
ence of intracellular ABo and AR plaquesin the retina
of the 6-month-old 5xFAD mice (Supplementary
Figure 3). Here, retinal ABo was more prominent in
the GCL and INL, and to a lesser extent in the IPL and
ONL (Supplementary Figure 3). While present, reti-
nal A plaques were less prominent in this age group
(Supplementary Figure 3). Remarkably, both Ao
and AP plaques were widespread in hippocampus
and cerebral cortex of the 6-month-old 5x FAD mice
(Supplementary Figure 4). At 12months of age, reti-
nal oligomers and plaques co-localized in the GCL,
INL, IPL, and ONL (Supplementary Figure 3) and co-

accumulated and displayed very strong staining in the
cerebral cortical region and hippocampus (Supple-
mentary Figure 4). The immunofluorescence studies
appeared to be more sensitive than immunohisto-
chemistry as the latter allowed stronger detection
of retinal AP plaques in the 12-month-old 5xFAD
mice. Surprisingly, ABo were detected in the retina
and cerebrum of the 17-month-old 5xFAD mice
(Supplementary Figures 3 and 4). Finally, and as
expected, the 17-month-old 5xFAD mice displayed
conspicuous widespread accumulation of cerebral
AR plaques, which were also observed in the reti-
nas of these animals (Supplementary Figures 3 and
4). No staining for both ABo and A plaques was
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Fig. 3. Photomicrographs of the amyloid-3 oligomers and plaques in the brain and retina of a six-month-old 5 x FAD mouse. A) Immunohis-
tochemical staining with A11 rabbit anti-ABo polyclonal IgG antibody of a 6-month-old 5xFAD mouse which shows intraneuronal stained
structures in the A) hippocampus, in the B) cerebral cortex and in the C) GCL, INL, and ONL of the retina. The photomicrograph was derived
from peripheral region of the retina, away from the optic disc. D) Immunohistochemical staining with 4G8 murine anti-Af3 monoclonal
IgG antibody of a 66-month-old5 x FAD mouse which shows characteristic extracellular AD AP plaques in the D) hippocampus, in the E)
cerebral cortex and in the F) GCL and ONL of the retina. CA4, DG, and M refers to hippocampal Cornu Ammonis, Dentate gyrus, and the
molecular layer, respectively. Representative of all affected mice in this age group.

Fig. 4. Photomicrographs of the amyloid-f oligomers and plaques in the brain and retina of a twelve-month-old 5xFAD mouse. A)
Immunohistochemical staining with A11 rabbit anti-ABo polyclonal IgG antibody of a 12-month-old 5xFAD mouse which shows less
intense intraneuronal stained structures in the A) hippocampus, in the B) cerebral cortex and in the C) GCL of the retina (arrows). The
photomicrograph was derived from peripheral region of the retina, away from the optic disc. Immunohistochemical staining with 4G8 murine
anti-A3 monoclonal IgG antibody of a 12-month-old 5xFAD mouse which shows widespread and intense staining of the extracellular AD
AP plaques in the D) hippocampus, and in the E) cerebral cortex (arrows). E) Very few plaques were observed in the retina (arrows). CA3,
DG, and M refers to hippocampal Cornu Ammonis, Dentate gyrus, and the molecular layer, respectively. Representative of all affected mice
in this age group.
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Fig. 5. Photomicrographs of the amyloid-B oligomers and plaques in the brain and retina of a seventeen-month-old 5xFAD mouse. A)
Immunohistochemical staining with A11 rabbit anti-ABo polyclonal IgG antibody of a 17-month-old 5xFAD mouse which shows scarce
intraneuronal stained structures in the hippocampus, and in the B) cerebral cortex (arrows). C) ABo were absent in the retina in this age
group. The photomicrograph was derived from peripheral region of the retina, away from the optic disc. D) Immunohistochemical staining
with 4G8 murine anti-Af monoclonal IgG antibody of a 17-month-old 5xFAD mouse which shows widespread and intense staining of the
extracellular AD A plaques in the hippocampus, and in the E) cerebral cortex (arrows). F) Plaques were observed in the GCL of the retina
(arrows). CA1, DG, and M refers to hippocampal Cornu Ammonis, Dentate gyrus, and the molecular layer, respectively. Representative of

all affected mice in this age group.

seen in all brain and retinas of wild type age group
(data not shown).

Immunofluorescence signal intensity of both A3
plaques and oligomers were quantified by an image
processing software, cellSense (Fig. 6) in the retina,
hippocampus, and cortex of the 6-month (n=5), 12-
month (n=5), and >14-month (n=7) 5xFAD groups
and compared with 6-7-month (n=35), 12-month
(n=6), and 14-month (n=15) wild type littermates:
Of note, three different areas of each section were
analyzed. AR plaque loads significantly increased
from 6 months and onward (p <0.001) in the retina
(Fig.6G, I), hippocampus (Fig. 6D, F), and cortex
(Fig. 6A, C) of the 6-7-, 12-, and >14-month-old
age 5xFAD groups. In contrast, A} oligomers lev-
els significantly decreased between 6-7 months and
12 months (p <0.001) in the retina (Fig. 6H, I), hip-
pocampus (Fig. 6E, F), and cortex (Fig. 6B, C) of
the 6-7-month, 12-month, and >14-month-old age
5xFAD groups.

Disturbances of the endosomal/lysosomal system
is thought to be involved in neuronal toxicity and
A accumulation [65]. Inhibition of A3 secretion can
lead to intraneuronal A3 accumulation in the endoso-
mal/lysosomal compartment, which destabilizes its

membrane leading to AP deposition in the cytoso-
lic compartment [66-68]. To verify the presence
of APo deposits in the brain and retinal endoso-
mal/lysosomal, we co-stained A/l and LAMP2, a
marker against late endosome and lysosomes (Fig.7).
Our data showed that ABo co-localized with the lyso-
somal marker in the hippocampus, cortex and in the
ONL, OPL, and INL of the retina in all age groups
(Fig. 7A-F). Our results strongly indicate binding of
All antibody in these organelles where clearance of
Apo is believed to occur. Finally, we confirmed that
Ao accumulation was in fact occurring in cerebral
and retinal neurons as evident by co-staining with
NeuN in all age groups (Fig. 7G, H). Moreover, Ao
deposits were more prominent in the retinal GCL
and INL in the retina in the 6-month-old age group
(Fig. 7H).

DISCUSSION

One of the principal neuropathological lesions
associated with AD is the extracellular deposition of
AR plaques [6]. Among the three major assemblies
of AP, soluble oligomers are considered the most
neurotoxic form and is the intermediary conforma-
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Fig. 6. Quantification of amyloid-f plaque burden and amyloid-$3 oligomers with CellSense image processing software. Total A plaque
burden (ABP) in the cerebral cortex (A, C, J), hippocampus (D, F, J), and retina (G, I, J) was quantified in 6-7-month-old (S5xFAD =5;
wild type =5); 12-month-old (5xFAD = 6; wild type =6); and >14-month-old (5xFAD =7; wild type =5). Total Ap oligomer load (ABo)
in the cerebral cortex (B, C, K), hippocampus (E, F, K), and retina (H, I, K) was quantified in 6-month-old (5xFAD =5; wild type=5);
12-month-old (5xFAD = 6; wild type =6); and >14-month-old (5 xFAD =7; wild type =5). Data represents mean & SEM.

tion recognized in early pathogenesis [11]. Soluble
oligomers can lead to synaptic dysfunction, whereas
large, insoluble deposits are believed to function as
reservoirs of the bioactive oligomers [19]. In“AD,
Ao are believed to form in the early phase of the
disease and are present in blood and other tissues
[69—71]. Current strategies for AD detection include
measurement of CSF-borne A4, levels and amyloid
positron emission tomography (PET) imaging [70].
However, these approaches are considered to be inva-
sive, display a high degree of multicenter variability,
and are costly. A blood-based biomarker approach is
gaining momentum as several groups have demon-
strated its potential value, albeit work remains at
experimental phase [72, 73]. Since Ao is considered
the toxic species and accumulates in preclinical stage
of the disease [74-77], several reports have demon-
strated its potential as an early marker of the disease
[78-80]. A recent study by Nakamura and colleagues

has identified high-performance plasma A3 biomark-
ers using a combination of immunoprecipitation and
mass spectrometry [81]. These authors measured and
compared ABPPggo—711/AB1—41 and AB1—40/AB1-41
ratios in order to predict AB-PET imaging status in
cognitively normal, mild cognitive impaired, and AD
individuals and shown that this test was highly pre-
dictive of brain A burden.

In this study, we set out to provide proof-of-concept
for early retinal detection of AD through identify-
ing and quantifying levels of retinal ABo in an AD
mouse model. The eye is not considered as a hermetic
anatomical structure and the barriers that separate
the eye from the periphery are not completely sealed
[82]. The blood-ocular barriers comprise the blood-
retinal and blood-aqueous barrier; the latter is formed
by tight junctions of the inner non-pigmented ciliary
epithelium and the non-fenestrated endothelial cells
of the iris blood vessels [82]. In contrast and because
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Fig. 7. Immunofluorescence co-localization of retinal and cerebral amyloid-8 oligomers with lysosomal-associated membrane protein 2
(LAMP2) or neuron-specific nuclear protein (NeuN). Retinal and cerebralco-staining with A11 rabbit anti-ABo polyclonal IgG antibody
(green) and anti-mouse LAMP2 monoclonal IgG antibody (red) of a 6-, 12-, and 17-month-old 5 x FAD mice or anti-mouse NeuN monoclonal
IgG antibody (red) of a 6-month-old 5xFAD mouse. LAMP2 co-localized with ABo in the (A, C, E) cerebral cortex and (B, D, F) in the
GCL, IPL, INL, OPL, and ONL of the retina in all age groups (arrows). Ao localized to NeuN in the (G) hippocampus, and in the (H) GCL,
IPL, INL, and OPL of the retina in the 6-month-old age group (arrows). Representative of all affected mice in all age groups.
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of the fenestrated structure of the ciliary body blood
vessels, plasma proteins and molecules can enter the
stroma as part of aqueous humor production [82].
Therefore, there is a distinct possibility that blood
borne-ABo might reach different structures of the
eye, including the retina, and this provides a great
potential to develop a non-invasive retinal eye test for
AD. Of note, eye inflammation leads to blood-ocular
barrier disruption, which also results in increased vas-
cular permeability, potentially allowing higher levels
of ABo to spread in all structures of the eye.

Visual disturbances are part of early complaints
reported by AD patients [83]. These disturbances
include reduced blood vessel diameter and venous
blood flow. Studies by Berisha and colleagues [26]
and Feke and colleagues [52] suggested that alter-
ations in retinal blood flow can distinguish mild
cognitive impairment and AD. Furthermore, a study
by Hadoux and colleagues demonstrated signifi-
cance differences in the retinal reflectance spectra
when comparing PET-specific A burden in mild
cognitively impaired individuals with age-matched
PET-negative control individuals [84]. The authors
show a direct correlation between retinal imaging
scores and cerebral AP plaque burden [84].

In this study, we used 5SxFAD mice brain
and retinal tissues for pathological assessment and
immune-detection of age-dependent ABo accumula-
tion. H & E staining revealed vacuolations, neuronal
loss, and presence of eosinophilic aggregates in the
neocortex and hippocampus of the brain but no obvi-
ous lesions were observed in the GCL and INL of
the retina. We then used Congo red and ThT staining
to demonstrate age-dependent accumulation of amy-
loid fibrils in the retina and brain of 5xFAD mice.
We show that Congophilic-amyloid fibrils increased
with age in the cortex and to a lesser extent in the
retina. We wanted to verify whether the staining
method was sensitive enough for the detection of
retinal amyloid fibrils, hence we stained with ThT.
This fluorescence reaction revealed staining of retinal
amyloid fibrilsin the GCL and INLof 5xFAD mice.
Amyloid fibrils were observed in the neocortex and
the inferior layer of the hippocampus of 6-month-old
5xFAD mice. In older 5xFAD mice, amyloid fib-
rils were widely distributed throughout the cortex,
hippocampus, brain stem, and cerebellum. Further-
more, we used lesion specific markers for immuno
detection of ABo and A} plaques. In young mice (6
months), we found high levels of ABo in the hip-
pocampus and neocortex and in retinal layers such as
theGCL and INL, and to a lesser extent the IPL and

ONL. Occasional A plaques were also seen in the
brain and retina of this age. The middle age group (12
months) displayed both ABo and AR plaques in the
brain. Retinal Ao and to lesser extent AR plaques
were observed in this age group, indicating that the
retinal microenvironment is less efficient in sustain-
ing plaque build-up. Finally, older 5 xFAD mice (17
months) displayed widespread and extensive plaque
burden in both brain and retina but only traces of
ABo. Taken together, these results strongly support
the APBo conversion to plaque paradigm in the brain.
Studies by Kawarabayashiand colleagues [85] using
the Tg2576 AD mouse model showed that full-length
unmodified AR was present in the brain of young
littermates which then turned into soluble ABo at
6—10 months of age, followed by insoluble forms
of AP which increased exponentially and converted
into diffuse plaques from 12 to 23 months. Similar
findings were reported for theABPPSY-tau"'" mouse
model which displayed an age-dependent exponen-
tial increase of Ao deposition followed by plaque
build-up [86].

We extend previous experimental studies to show
that APo strongly co-localizes with AP plaques in
both brain and retina of 5xFAD mice. A similar pat-
tern of age-related changes in ABo and A plaques
was evident between the brain and retina of 5xFAD
mice. Specifically, both show an initial accumulation
of the toxic soluble ABo entities that are converted
into AP plaques with age.

In the 6-month-old 5xFAD mice, ABo localized
predominantly to the retinal inner and middle nuclear
layers. This is an important finding as it providesa
rationale for the development of imaging approaches
for detecting AD manifestation in the retina. Liu
and colleagues have shown that the majority of A
plaques were present in the GCL and IPL with some
plaques found in the ONL, photoreceptor outer seg-
ment, and optic nerve in 14-month-old Tg2576 mice
[87]. That ours and other preclinical studies demon-
stratea propensity for ABo and A3 plaques to localize
to the inner retina is consistent with clinical observa-
tions of GCL and nerve fiber layer thinning and optic
nerve degeneration in AD patients [88].

Koronyo-Hamaoui and colleagues [89] confirmed
the presence of retinal AP plaques by systemic
administration of curcumin in ABPP (SWE)/PSI
(AE9) mice. They confirmed presence of curcumin-
positive retinal Af plaques in the retinal nerve fiber
layer, GCL, IPL and OPL, and INL of the retina. The
authors showed that plaques were detected as early as
at 2.5 months of age which indicate that A3 plaques
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in the retina precede brain plaques build-up. In our
study, we detected both ABo and AR plaques in the
retinal layers of 6-month-old 5xFAD mice. Specif-
ically, we found that ABo was similarin the retinal
layers when compared to levels in the brain of young
mice. This suggest that detection of ABo in the retina
may be a sensitive marker for early diagnosis of AD.
More work is required to understand the molecular
‘behavior’ of both ABo and AR plaques in the retina.

We confirmed that ABo was found in neurons as
evident by co-staining with NeuN [90, 91]. It was
previously reported that Af build-up is initiated in
the intracellular compartments (reviewed by Bayer
and colleagues [92]). This is consistent with other
reports that AB4> accumulates intraneuronally before
being converted into extracellular plaques in human
AD [90, 93, 94]. Our findings clearly show that ABo
localized to neurons in the hippocampus, neocortex
and in various retinal layers, especially in the ONL,
INL and GCL in 5xFAD mice across all ages. A3
has been found in four intraneuronal compartments
associated with the lysosomal system such as rab5-
positive endosomes [66], autophagic vacuoles [95],
lysosomes [96, 97], and multivesicular bodies [98].
Inhibition of AP secretion can lead to accumulation
of intraneuronal A in the lysosomal compartment
and destabilizes its membrane and also deposits in the
cytosolic compartment in the early AD pathogenesis
[99]. In agreement, we show that ABo co-localizes
to late endosomes in retinal cells, indicating that
disturbance of the endocytic pathway leads to its
accumulation [100, 101].

Conclusion

Our study demonstrated an age-dependent
inversely proportional accumulation of AfBo.versus
A plaques in the retina of a transgenic AD animal
model. The presence of these toxic AR soluble
oligomers was detected as early as 6 months of
age in this animal model, probably mimicking
prodromal human AD pathogenesis. More work
is needed in earlier age groups perhaps using a
less ‘aggressive’ animal model in order to prove
that the toxic assemblies can be detected in the
retina before identification of cognitive deficiencies.
Studies are currently underway to establish this
before the useof fluorescence confocal scanning
laser ophthalmoscopy for the non-invasive detection
of retinal ABo preceding their accumulation in the
brain.
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