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Abstract.10

Background: Amyloid-� soluble oligomers (A�o) 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.
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Objective: This study’s aim is to better understand the relationship between brain and retinal A�o deposition and in particular
to quantify levels of the toxic A�o as a function of age in the retina of a rodent model of AD.
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Methods: Retinas and brain tissue from 5×FAD mice were stained with Congo red, Thioflavin-T (Th-T), and A� plaque-
specific and A�o-specific antibodies.

17
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Results: We show that retinas displayed an age-dependent increase of Th-T-specific amyloid fibrils. Staining with anti-A�
antibody confirmed the presence of the A� plaques in all 5×FAD retinas tested. In contrast, staining with anti-A�o antibody
showed an age-dependent decrease of retinal A�o. Of note, A�o was observed mainly in the retinal nuclear layers. Finally,
we confirmed the localization of A�o to neurons, typically accumulating in late endosomes, indicating possible impairment
of the endocytic pathway.
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Conclusion: Our results demonstrate the presence of intraneuronal A�o in the retina and its accumulation inversely correlated
with retinal A� plaque deposition, indicating an age-related conversion in this animal model. These results support the
development of an early AD diagnostic test targeting A�o in the eye.
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INTRODUCTION 29

Alzheimer’s disease (AD) is a progressive neu- 30

rodegenerative disorder associated with a gradual 31

decline in cognitive function, memory loss, abnor- 32

mal behavior, and reduction of brain volume [1–4]. 33

The neuropathological lesions observed in the brain 34
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of AD patients include extracellular deposition of35

amyloid-� (A�) plaques; intracellular deposition36

of hyperphosphorylated tau protein in the form37

of neurofibrillary tangles, ubiquitin, cerebral amy-38

loid angiopathy, severe synaptic loss, and neuronal39

death [2, 3, 5, 6]. Brain accumulation of mis-40

folded/aggregated A� is believed to be one of the41

major pathological constituents for the development42

of the disease. A� peptide is derived from a larger pro-43

tein, namely the amyloid-� protein precursor (A�PP)44

[5]. A�PP is enzymatically cleaved into amyloido-45

genic and non-amyloidogenic entities. In AD, the �-46

and �-secretase sequentially cleave A�PP and pro-47

duce the A� peptide fragments (36–43 amino acids)48

[7–9], that aggregate and lead to accumulation of49

brain deposits or plaques [6, 10, 11]. Enzymatic50

cleavage leads to the formation of two major isoforms51

of A�; A�40 (∼80–90%) and A�42 (∼5–10%) [5, 12,52

13]. In sporadic and familial AD, three major assem-53

blies of A� have been reported [11, 14, 15], including54

monomeric A� composed of low molecular weight55

dimers and trimers; soluble oligomers, containing56

12–24 monomers which become elongated to form57

protofibrils; and insoluble fibrils [16, 17]. A� solu-58

ble oligomers (A�o) are neurotoxic and responsible59

for triggering the pathophysiology of AD [18–21].60

Experimental detection of A�o in peripheraltissues61

and/or blood precedes its central accumulation in the62

brain by some two decades [22, 23], highlighting A�o63

as a potential early diagnostic marker.64

Various diagnostic approaches have been used65

for the detection of AD, which include neuro-66

clinical and neuropsychological examinations, blood67

and cerebrospinal fluid (CSF) screening, and brain68

imaging. However, most of these approaches are69

non-specific, and some are invasive, expensive, and70

time-consuming. Thus, there is an urgent need for71

a non-invasive and cost-effective diagnostic screen72

to identify AD-affected subjects in the preclinical or73

early clinical stages. Visual disturbances are often74

an early complaint reported by AD patients [24,75

25], and have been linked to abnormalities of ocu-76

lar physiology [26–32]. Patients experience altered77

color vision [33, 34], peripheral vision loss [35–37],78

and modified sensitivity to contrast and sometimes79

visual acuity [33, 38]. Alteration of retinal morphol-80

ogy has been reported in AD patients and include81

changes to the vasculature [26], optic nerve head [39],82

ganglion cell and axon loss [40, 41], and thinning83

of the retinal nerve fiber layer [28, 40–50]. A study84

by O’Bryhim and colleagues using optical coher-85

ence tomography and angiography demonstrated that86

individuals with preclinical AD displayed early reti- 87

nal architecture and vascular changes [51]. Another 88

study demonstrated the feasibility to noninvasively 89

detect and quantify, using a clinical scanning laser 90

ophthalmoscope, amyloid deposits in the retina of 91

human subjects given an oral solid lipid curcumin flu- 92

orochrome [47]. Koronyo et al. show in some cases 93

that A� deposits in the retina was associated with 94

blood vessels similar to cerebral vascular amyloid 95

pathology [47] supporting other studies which indi- 96

cate alteration to retinal vasculature [52–54]. While 97

A� deposits have been reported in the retina, how 98

such levels change with age is not well documented. 99

Furthermore, the relationship between retinal and 100

brain soluble A�o and insoluble oligomers is not well 101

understood. 102

In this report, we assess in the 5×FAD mouse 103

model age-related A�o and A� plaque burden 104

in the retina and brain of 6- to 17-month- 105

old animals. Oakley and colleagues developed 106

the 5×FAD, a transgenic rodent model that co- 107

expresses five mutations [A�PP K670N/M671L 108

(Swedish) + I716V (Florida) + V717I (London) and 109

PS1 M146L+L286V] that displays intraneuronal 110

accumulation of A�42 before plaque formation [55]. 111

We show that retinal accumulation of A�o was simi- 112

lar to brain in the early stage of the disease and their 113

levels were inversely proportional to the age-related 114

increased in A� plaque increase. 115

We showed that A�o was colocalized to 116

late-endosomal compartments in retinal neurons, 117

indicating impairment in their ability to process and 118

degrade this oligomeric species. Our study highlights 119

the possibility of targeting A�o in the eye apreclinical 120

diagnostic test for AD. 121

MATERIALS AND METHODS 122

Animals 123

The 5×FAD transgenic mice were made by co- 124

injecting two vectors encoding A�PP (with Swedish 125

(K670N/M671L), Florida (I716V), and London 126

(V717I) mutations and PSEN1 (with M146L and 127

L286V mutations), each driven by the mouse Thy1 128

promoter. This strain does not carry the retinal degen- 129

eration allele Pde6brd1 . The 5×FAD mouse model 130

rapidly develops severe amyloid pathology. Plaques 131

spread throughout the hippocampus and cortex by 132

six months of age. Synapse degeneration, neuronal 133

loss and deficits in spatial learning are observed at 134

approximately four months [55]. Age-matched wild 135
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type littermates were used as controls (Supplemen-136

tary Table 1).137

All procedures followed the requirements of the138

National Health and Medical Research Council of139

Australia statement for the use of animals in research,140

the Association for Research in Vision and Ophthal-141

mology (ARVO) Statement for the Use of Animals142

in Ophthalmic and Vision, and were approved by the143

Howard Florey Animal Ethics Committee (13-068-144

UM). Mice were housed with free access to water145

and normal rodent chow (Barastoc, Melbourne, VIC,146

Australia) in the Melbourne Brain Centre (Parkville,147

VIC, Australia). Room temperature was maintained148

at 21◦C, with animals exposed to a 12 h light/dark149

cycle (on at 7 AM, <50 lux inside the cage).150

Tissue collection and histological assessment of151

brains and eyes152

All mice (Supplementary Table 1) were perfused153

with saline and 10% neutral buffered formalin. Mouse154

brains and eyes were then fixed in 10% neutral155

buffered formalin, dehydrated using graded ethanol,156

washed with xylene, and finally embedded in paraf-157

fin. 3 × 6 � m sections of each brain and retinal tissue158

were cut with a microtome (Thermofisher Scientific,159

Waltham, MA, USA) and then processed for rou-160

tine hematoxylin and eosin (H & E), Congo red, and161

Thioflavin T (ThT) staining as well as immunohis-162

tochemistry and immunofluorescence. Sections were163

deparaffinized with xylene and rehydrated through164

graded alcohols and finally deionized water.165

Congo red Aβ staining166

Sections were placed in Congo red (Leica biosys-167

tems, Wetzlar, Germany) working solution for 20 min168

then rinsed in 5–8 changes of deionized water. This169

was followed by staining in Gill llHematoxylin (Leica170

biosystems) for 1–3 min and rinsing in three changes171

of deionized water. Sections were dehydrated in two172

changes of 95% alcohol and three changes of absolute173

alcohol for 1 min each. Finally, sections were cleared174

in two changes of xylene and mounted in a xylene175

miscible medium. Amyloid fibrils appeared as dull176

to brick red under light microscopy (Olympus CX177

43, Shinjuku, Tokyo, Japan) and apple green bire-178

fringence under polarized light (Olympus CX 43).179

Thioflavin-T staining of Aβ plaques180

Following deparaffinization with xylene and181

ethanol, tissue sections were incubated in filtered182

1% aqueous ThT (Sigma-Aldrich, St. Louis, MO, 183

USA) for 8 min at room temperature. Sections were 184

then rinsed in three changes of deionized water and 185

mounted in aqueous mounting media (Agilent, Santa 186

Clara, CA, USA). Finally, slides were sealed with 187

clear nail polish and stored in a cold and dark place. 188

Generally, ThT binds to the side chain channels along 189

the long axis of amyloid fibrils. Upon binding to amy- 190

loid fibrils, ThT has a strong signal at excitation and 191

emission maxima of 450 and 482 nm, respectively 192

under fluorescence microscopy (Olympus VS 120). 193

Immunohistochemical assessment of Aβ plaques 194

and soluble oligomers 195

Sections were pre-treated with antigen retrieval 196

method (1× citrate buffer for 20 min in a water bath; 197

pH 6) to expose the target antigen. Sections were 198

then treated with 90% formic acid for 5 min at room 199

temperature followed with cell membrane permeabi- 200

lization which was achieved using 1% triton X for 201

1 min prior to addition of 0.3% H2O2 for 15 min 202

to inactivate endogenous peroxidases. Sections were 203

then blocked with Protein Block Serum-Free (Agi- 204

lent, Santa Clara, CA, USA) for 15 min. Sections 205

were then stained for 1 h with the following pri- 206

mary antibodies in PBS: mouse purified 4G8 anti-A� 207

against 17–24 of A� peptide (1 : 500; Bio legend, 208

San Diego, CA, USA) or A11 rabbit anti-A�o Anti- 209

body (1 : 250; Merck Millipore, Burlington, MA, 210

USA) respectively. Sections were also stained with 211

IgG1 isotype control (BRIC 222 recognizing CD44 212

[56] or IgG2b isotype control (BRIC 126 recogniz- 213

ing CD47 [57] antibodies to confirm specificity and 214

selectivity of both A11 and 4G8 antibodies. Next, 215

sections were incubated for 1 h at room temperature 216

with secondary antibodies in PBS: HRP-conjugated 217

anti-mouse IgG(Sigma-Aldrich) or anti-rabbit IgG 218

(Sigma-Aldrich) respectively. After washing three 219

times with PBS, sections were covered with DAB 220

solution and incubated for 5–10 min. Slides were 221

then counterstained with hematoxylin for 1 min then 222

imaged using the Olympus VS 120 Slide Scanner and 223

were analyzed using ‘Olympus OlyVIA’ software. 224

Immunofluorescence co-localization studies 225

Double immuno-labelling was achieved by two 226

different fluorescent labels, each having a sepa- 227

rate emission wavelength. Sections were incubated 228

overnight with both A11 and 4G8 at 4◦C. Further, 229

and in other experiments, sections were incubated 230
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with A11 and mouse Anti-NeuN mAb, clone A60231

(Merck Millipore) to demonstrate neuronal homing232

of the oligomers. Additionally, sections were incu-233

bated with A11 and mouse anti-lysosomal-associated234

membrane protein 2 (LAMP2, Stressgen Bio reagents235

Corp, Victoria, British Columbia, Canada) anti-236

bodyto assess whether A�o localize to lysosomes/late237

endosomes. In both cases sections were incubated238

overnight at 4◦C. Sections were then incubated with239

goat anti-rabbit IgG conjugated to FITC (Sigma-240

Aldrich) and donkey anti-mouse IgG conjugated to241

Texas red (Sigma-Aldrich) respectively for 2 h at242

4◦C. Sections were then mounted using fluorescence243

mounting media (Agilent, Santa Clara, CA, USA).244

Finally, the mounted sections were imaged using245

Olympus VS 120 Slide Scanner with a standard246

FITC/Texas Red double band-pass filter set.247

Image quantification248

Three sections from different 5×FAD and wild249

type mice were used for image quantification (Sup-250

plementary Figure 1). Three different areas of251

hippocampus, cerebral corte, × and retina were252

analyzed. Immunofluorescence signal intensity was253

visualized by capturing red and green fluores-254

cent field images using the Olympus VS 120255

Slide Scanner. Images were analyzedusing ‘Olympus256

OlyVIA’ software. Age-dependent accumulation of257

A� plaques and A�o in 5×FAD was quantified using258

image processing software, cellSense (Olympus).259

The mean color threshold of fluorescent particles260

(red particles for plaques and green particles for261

oligomers) was calculated in several brain regions262

and eyes for each age group and the final result was263

presented as percentage fluorescence intensity and264

expressed as mean ± S.E.M.265

Statistical analysis266

One-way ANOVA with Dunnett’s post-test was267

performed using GraphPad Prism version 7.00 for268

Windows (GraphPad, San Diego, CA, USA), for sta-269

tistical analysis.270

RESULTS271

Histological assessment of retinal and cerebral272

lesions in 5×FAD mice273

We first performed an initial assessment to confirm274

the presence of the typical neuropathological lesions275

associated with AD in the brain and retina of the 276

6–7-month-old 5×FAD mice (Fig. 1). H & E stain 277

displayed widespread vacuolations, neuronal death, 278

and presence of eosinophilic structures in the corti- 279

cal and hippocampal region of the brain (Fig. 1C), in 280

contrast with the retina which at the same age did not 281

display the above structural changes (Fig. 1D). 282

Retinal and cerebral detection of Congophilic 283

and ThT-specific Aβ fibrils in 5×FAD mice 284

One of the distinctive neuropathological features 285

associated with human AD brains is the presence of 286

extracellular A� plaques [4, 6, 58]. We initially used 287

Congo red and ThT [59] to assess age-dependent 288

accumulation of amyloid fibrils and compare amy- 289

loid burden in the retinas and brains derived from 290

6-, 7-, 12-, 14-, and 17-month-old 5×FAD and WT 291

mice (Fig. 2). Here, we show the distinctive Con- 292

gophilic red-brick coloration confirming the presence 293

of amyloid fibrils in the brain and retina starting from 294

6 months (Fig. 2A, B) of age, respectively. This was 295

confirmed by the presence of apple-green birefrin- 296

gence when examined under cross-polarized light 297

(Fig. 2C, D). However, retinal apple-green birefrin- 298

gence was less intense compared to the brain. This 299

pattern of amyloid fibrils distribution in retina and 300

brain in these different age groups was confirmed 301

with ThT staining; which displayed more pronounced 302

staining in all age groups tested starting from 6 303

months onward (Fig. 2E, F). Congophilic- and ThT- 304

specific retinal amyloid fibrils were clearly visible in 305

the inner nuclear layer (INL), inner plexiform layer 306

(IPL), and the ganglion cell layer (GCL) of all age 307

groups (Fig. 2F). These results confirm that the retina 308

of the 5×FAD mice show signs of AD pathogenesis 309

[37]. Of note, Congophilic- and ThT-specific amy- 310

loid fibrils were not visible in the brains and retinas 311

of the age-matched 6-month-oldwild type littermates 312

(Supplementary Figure 2). 313

Retinal and cerebral immunodetection of Aβ 314

plaques and Aβsoluble oligomers in 5×FAD 315

mice 316

5×FAD mice are known to exhibit cerebral accu- 317

mulation of intracellular A�o and extracellular A� 318

plaques [55]. Although, amyloid fibrils are a neu- 319

ropathological hallmark of human AD, there is strong 320

evidence that oligomers are the most toxic species and 321

appear to be the main causative agent of neurologi- 322

cal deficits [20, 60]. Moreover, it is now recognized 323
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Fig. 1. Photomicrographs of the microscopic lesions in the brains and retinas of six-month-old 5×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×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
5×FAD 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 A�o accumulation inserum of AD patients and324

experimental models can occur years before plaque325

build-up in the brain [61–63]. We hypothesized that326

A�o accumulation in the retina might also pre-327

cede cerebral plaque build-up in 5×FAD mice in328

an age-dependent manner. We initially examined329

brains and retinas for the presence of A�o and A�330

plaques by immunohistochemistry using A11 and331

4G8, respectively (Figs. 3–5). 6-month-old 5×FAD332

mice displayed abundant intraneuronal A�o deposits333

in the cerebral cortex, hippocampus, retinal nuclear334

layers (INL & ONL), and GCL (Fig. 3A–C) as well335

as few extracellular A� plaques (Fig. 3D–F). Inter-336

estingly, 12-month-old 5×FAD mice exhibited more337

pronounced extracellular cortical and hippocampal338

A� plaques but lower levels of intracellular A�o339

compared to the 6-month-old age group (Fig. 4A–F).340

Nonetheless, levels of intracellular A�o appeared341

lower in these brain structures compared to the 6-342

month-old age group (Fig. 4A, B). Similarly, retinal343

A�o which could be seen in the GCL, INL, and ONL344

appeared less abundant in this age group compared345

to the 6-month-old mice (Fig. 4C). Occasional A�346

plaques were also evident in the retinal layers of 12-347

month-old 5×FAD mice, and their levels appeared348

lower than the 6-month-oldage group (Fig. 4F). As 349

the age of the 5×FAD mice progressed, fewer intra- 350

cellular A�o deposits were observed as opposed to 351

the abundant accumulation of A� plaques in the cere- 352

brum of 14- and 17-month-old mice (Fig. 5). Retinal 353

A� plaques were also conspicuous in the ganglion 354

layer but A�o appeared to be absent in the 14- and 17- 355

month-old 5×FAD mice (Fig. 5C, F). No A�o and A� 356

plaques deposits were seen in age-matched wild type 357

littermates (data not shown). These results support 358

previous findings that A� plaque burden increased 359

over the course of the disease in both brain and retina, 360

whereas A�o levels appear to decrease in an age- 361

dependent manner [64]. 362

Aβ oligomers co-accumulate with Aβ plaques 363

and co-localize with an endosomal marker in 364

neurons of 5×FAD mice 365

Our immunostaining results confirmed that accu- 366

mulation of intracellular A�o and A� plaques in 367

the retinal layers parallels their brain build-up. We 368

then investigated whether A�o and A� plaques 369

co-localize/accumulate in different regions and struc- 370

tures of the retina and brain of the various age groups 371
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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×FAD 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×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 A11 and 4G8 (Supplementary Figure 3).372

This immunofluorescence study confirmed the pres-373

ence of intracellular A�o and A� plaques in the retina374

of the 6-month-old 5×FAD mice (Supplementary375

Figure 3). Here, retinal A�o was more prominent in376

the GCL and INL, and to a lesser extent in the IPL and377

ONL (Supplementary Figure 3). While present, reti-378

nal A� plaques were less prominent in this age group379

(Supplementary Figure 3). Remarkably, both A�o380

and A� plaques were widespread in hippocampus381

and cerebral cortex of the 6-month-old 5×FAD mice382

(Supplementary Figure 4). At 12months of age, reti-383

nal oligomers and plaques co-localized in the GCL,384

INL, IPL, and ONL (Supplementary Figure 3) and co-385

accumulated and displayed very strong staining in the 386

cerebral cortical region and hippocampus (Supple- 387

mentary Figure 4). The immunofluorescence studies 388

appeared to be more sensitive than immunohisto- 389

chemistry as the latter allowed stronger detection 390

of retinal A� plaques in the 12-month-old 5×FAD 391

mice. Surprisingly, A�o were detected in the retina 392

and cerebrum of the 17-month-old 5×FAD mice 393

(Supplementary Figures 3 and 4). Finally, and as 394

expected, the 17-month-old 5×FAD mice displayed 395

conspicuous widespread accumulation of cerebral 396

A� plaques, which were also observed in the reti- 397

nas of these animals (Supplementary Figures 3 and 398

4). No staining for both A�o and A� plaques was 399
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Fig. 3. Photomicrographs of the amyloid-� oligomers and plaques in the brain and retina of a six-month-old 5×FAD mouse. A) Immunohis-
tochemical staining with A11 rabbit anti-A�o polyclonal IgG antibody of a 6-month-old 5×FAD 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-A� monoclonal
IgG antibody of a 66-month-old5×FAD mouse which shows characteristic extracellular AD A� 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-� oligomers and plaques in the brain and retina of a twelve-month-old 5×FAD mouse. A)
Immunohistochemical staining with A11 rabbit anti-A�o polyclonal IgG antibody of a 12-month-old 5×FAD 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-A� monoclonal IgG antibody of a 12-month-old 5×FAD mouse which shows widespread and intense staining of the extracellular AD
A� 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-� oligomers and plaques in the brain and retina of a seventeen-month-old 5×FAD mouse. A)
Immunohistochemical staining with A11 rabbit anti-A�o polyclonal IgG antibody of a 17-month-old 5×FAD mouse which shows scarce
intraneuronal stained structures in the hippocampus, and in the B) cerebral cortex (arrows). C) A�o 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-A� monoclonal IgG antibody of a 17-month-old 5×FAD 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 group400

(data not shown).401

Immunofluorescence signal intensity of both A�402

plaques and oligomers were quantified by an image403

processing software, cellSense (Fig. 6) in the retina,404

hippocampus, and cortex of the 6-month (n = 5), 12-405

month (n = 5), and ≥14-month (n = 7) 5×FAD groups406

and compared with 6–7-month (n = 5), 12-month407

(n = 6), and 14-month (n = 5) wild type littermates.408

Of note, three different areas of each section were409

analyzed. A� plaque loads significantly increased410

from 6 months and onward (p < 0.001) in the retina411

(Fig.6G, I), hippocampus (Fig. 6D, F), and cortex412

(Fig. 6A, C) of the 6–7-, 12-, and ≥14-month-old413

age 5×FAD groups. In contrast, A� oligomers lev-414

els significantly decreased between 6-7 months and415

12 months (p < 0.001) in the retina (Fig. 6H, I), hip-416

pocampus (Fig. 6E, F), and cortex (Fig. 6B, C) of417

the 6–7-month, 12-month, and ≥14-month-old age418

5×FAD groups.419

Disturbances of the endosomal/lysosomal system420

is thought to be involved in neuronal toxicity and421

A� accumulation [65]. Inhibition of A� secretion can422

lead to intraneuronal A� accumulation in the endoso-423

mal/lysosomal compartment, which destabilizes its424

membrane leading to A� deposition in the cytoso- 425

lic compartment [66–68]. To verify the presence 426

of A�o deposits in the brain and retinal endoso- 427

mal/lysosomal, we co-stained A11 and LAMP2, a 428

marker against late endosome and lysosomes (Fig.7). 429

Our data showed that A�o co-localized with the lyso- 430

somal marker in the hippocampus, cortex and in the 431

ONL, OPL, and INL of the retina in all age groups 432

(Fig. 7A–F). Our results strongly indicate binding of 433

A11 antibody in these organelles where clearance of 434

A�o is believed to occur. Finally, we confirmed that 435

A�o accumulation was in fact occurring in cerebral 436

and retinal neurons as evident by co-staining with 437

NeuN in all age groups (Fig. 7G, H). Moreover, A�o 438

deposits were more prominent in the retinal GCL 439

and INL in the retina in the 6-month-old age group 440

(Fig. 7H). 441

DISCUSSION 442

One of the principal neuropathological lesions 443

associated with AD is the extracellular deposition of 444

A� plaques [6]. Among the three major assemblies 445

of A�, soluble oligomers are considered the most 446

neurotoxic form and is the intermediary conforma- 447
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Fig. 6. Quantification of amyloid-� plaque burden and amyloid-� 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 (5×FAD = 5;
wild type = 5); 12-month-old (5×FAD = 6; wild type = 6); and ≥14-month-old (5×FAD = 7; wild type = 5). Total A� oligomer load (A�o)
in the cerebral cortex (B, C, K), hippocampus (E, F, K), and retina (H, I, K) was quantified in 6-month-old (5×FAD = 5; wild type = 5);
12-month-old (5×FAD = 6; wild type = 6); and ≥14-month-old (5×FAD = 7; wild type = 5). Data represents mean ± SEM.

tion recognized in early pathogenesis [11]. Soluble448

oligomers can lead to synaptic dysfunction, whereas449

large, insoluble deposits are believed to function as450

reservoirs of the bioactive oligomers [19]. In AD,451

A�o are believed to form in the early phase of the452

disease and are present in blood and other tissues453

[69–71]. Current strategies for AD detection include454

measurement of CSF-borne A�42 levels and amyloid455

positron emission tomography (PET) imaging [70].456

However, these approaches are considered to be inva-457

sive, display a high degree of multicenter variability,458

and are costly. A blood-based biomarker approach is459

gaining momentum as several groups have demon-460

strated its potential value, albeit work remains at461

experimental phase [72, 73]. Since A�o is considered462

the toxic species and accumulates in preclinical stage463

of the disease [74–77], several reports have demon-464

strated its potential as an early marker of the disease465

[78–80]. A recent study by Nakamura and colleagues466

has identified high-performance plasma A� biomark- 467

ers using a combination of immunoprecipitation and 468

mass spectrometry [81]. These authors measured and 469

compared A�PP669–711/A�1–41 and A�1–40/A�1–41 470

ratios in order to predict A�-PET imaging status in 471

cognitively normal, mild cognitive impaired, and AD 472

individuals and shown that this test was highly pre- 473

dictive of brain A� burden. 474

In this study, we set out to provide proof-of-concept 475

for early retinal detection of AD through identify- 476

ing and quantifying levels of retinal A�o in an AD 477

mouse model. The eye is not considered as a hermetic 478

anatomical structure and the barriers that separate 479

the eye from the periphery are not completely sealed 480

[82]. The blood-ocular barriers comprise the blood- 481

retinal and blood-aqueous barrier; the latter is formed 482

by tight junctions of the inner non-pigmented ciliary 483

epithelium and the non-fenestrated endothelial cells 484

of the iris blood vessels [82]. In contrast and because 485
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Fig. 7. Immunofluorescence co-localization of retinal and cerebral amyloid-� oligomers with lysosomal-associated membrane protein 2
(LAMP2) or neuron-specific nuclear protein (NeuN). Retinal and cerebralco-staining with A11 rabbit anti-A�o polyclonal IgG antibody
(green) and anti-mouse LAMP2 monoclonal IgG antibody (red) of a 6-, 12-, and 17-month-old 5×FAD mice or anti-mouse NeuN monoclonal
IgG antibody (red) of a 6-month-old 5×FAD mouse. LAMP2 co-localized with A�o 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). A�o 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 blood486

vessels, plasma proteins and molecules can enter the487

stroma as part of aqueous humor production [82].488

Therefore, there is a distinct possibility that blood489

borne-A�o might reach different structures of the490

eye, including the retina, and this provides a great491

potential to develop a non-invasive retinal eye test for492

AD. Of note, eye inflammation leads to blood-ocular493

barrier disruption, which also results in increased vas-494

cular permeability, potentially allowing higher levels495

of A�o to spread in all structures of the eye.496

Visual disturbances are part of early complaints497

reported by AD patients [83]. These disturbances498

include reduced blood vessel diameter and venous499

blood flow. Studies by Berisha and colleagues [26]500

and Feke and colleagues [52] suggested that alter-501

ations in retinal blood flow can distinguish mild502

cognitive impairment and AD. Furthermore, a study503

by Hadoux and colleagues demonstrated signifi-504

cance differences in the retinal reflectance spectra505

when comparing PET-specific A� burden in mild506

cognitively impaired individuals with age-matched507

PET-negative control individuals [84]. The authors508

show a direct correlation between retinal imaging509

scores and cerebral A� plaque burden [84].510

In this study, we used 5×FAD mice brain511

and retinal tissues for pathological assessment and512

immune-detection of age-dependent A�o accumula-513

tion. H & E staining revealed vacuolations, neuronal514

loss, and presence of eosinophilic aggregates in the515

neocortex and hippocampus of the brain but no obvi-516

ous lesions were observed in the GCL and INL of517

the retina. We then used Congo red and ThT staining518

to demonstrate age-dependent accumulation of amy-519

loid fibrils in the retina and brain of 5×FAD mice.520

We show that Congophilic-amyloid fibrils increased521

with age in the cortex and to a lesser extent in the522

retina. We wanted to verify whether the staining523

method was sensitive enough for the detection of524

retinal amyloid fibrils, hence we stained with ThT.525

This fluorescence reaction revealed staining of retinal526

amyloid fibrilsin the GCL and INLof 5×FAD mice.527

Amyloid fibrils were observed in the neocortex and528

the inferior layer of the hippocampus of 6-month-old529

5×FAD mice. In older 5×FAD mice, amyloid fib-530

rils were widely distributed throughout the cortex,531

hippocampus, brain stem, and cerebellum. Further-532

more, we used lesion specific markers for immuno533

detection of A�o and A� plaques. In young mice (6534

months), we found high levels of A�o in the hip-535

pocampus and neocortex and in retinal layers such as536

theGCL and INL, and to a lesser extent the IPL and537

ONL. Occasional A� plaques were also seen in the 538

brain and retina of this age. The middle age group (12 539

months) displayed both A�o and A� plaques in the 540

brain. Retinal A�o and to lesser extent A� plaques 541

were observed in this age group, indicating that the 542

retinal microenvironment is less efficient in sustain- 543

ing plaque build-up. Finally, older 5×FAD mice (17 544

months) displayed widespread and extensive plaque 545

burden in both brain and retina but only traces of 546

A�o. Taken together, these results strongly support 547

the A�o conversion to plaque paradigm in the brain. 548

Studies by Kawarabayashiand colleagues [85] using 549

the Tg2576 AD mouse model showed that full-length 550

unmodified A� was present in the brain of young 551

littermates which then turned into soluble A�o at 552

6–10 months of age, followed by insoluble forms 553

of A� which increased exponentially and converted 554

into diffuse plaques from 12 to 23 months. Similar 555

findings were reported for theA�PPsw-tauvlw mouse 556

model which displayed an age-dependent exponen- 557

tial increase of A�o deposition followed by plaque 558

build-up [86]. 559

We extend previous experimental studies to show 560

that A�o strongly co-localizes with A� plaques in 561

both brain and retina of 5×FAD mice. A similar pat- 562

tern of age-related changes in A�o and A� plaques 563

was evident between the brain and retina of 5×FAD 564

mice. Specifically, both show an initial accumulation 565

of the toxic soluble A�o entities that are converted 566

into A� plaques with age. 567

In the 6-month-old 5×FAD mice, A�o localized 568

predominantly to the retinal inner and middle nuclear 569

layers. This is an important finding as it providesa 570

rationale for the development of imaging approaches 571

for detecting AD manifestation in the retina. Liu 572

and colleagues have shown that the majority of A� 573

plaques were present in the GCL and IPL with some 574

plaques found in the ONL, photoreceptor outer seg- 575

ment, and optic nerve in 14-month-old Tg2576 mice 576

[87]. That ours and other preclinical studies demon- 577

stratea propensity for A�o and A� plaques to localize 578

to the inner retina is consistent with clinical observa- 579

tions of GCL and nerve fiber layer thinning and optic 580

nerve degeneration in AD patients [88]. 581

Koronyo-Hamaoui and colleagues [89] confirmed 582

the presence of retinal A� plaques by systemic 583

administration of curcumin in A�PP (SWE)/PS1 584

(�E9) mice. They confirmed presence of curcumin- 585

positive retinal A� plaques in the retinal nerve fiber 586

layer, GCL, IPL and OPL, and INL of the retina. The 587

authors showed that plaques were detected as early as 588

at 2.5 months of age which indicate that A� plaques 589



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

12 U. Habiba et al. / Retinal Detection of Aβ Oligomers

in the retina precede brain plaques build-up. In our590

study, we detected both A�o and A� plaques in the591

retinal layers of 6-month-old 5×FAD mice. Specif-592

ically, we found that A�o was similarin the retinal593

layers when compared to levels in the brain of young594

mice. This suggest that detection of A�o in the retina595

may be a sensitive marker for early diagnosis of AD.596

More work is required to understand the molecular597

‘behavior’ of both A�o and A� plaques in the retina.598

We confirmed that A�o was found in neurons as599

evident by co-staining with NeuN [90, 91]. It was600

previously reported that A� build-up is initiated in601

the intracellular compartments (reviewed by Bayer602

and colleagues [92]). This is consistent with other603

reports that A�42 accumulates intraneuronally before604

being converted into extracellular plaques in human605

AD [90, 93, 94]. Our findings clearly show that A�o606

localized to neurons in the hippocampus, neocortex607

and in various retinal layers, especially in the ONL,608

INL and GCL in 5×FAD mice across all ages. A�609

has been found in four intraneuronal compartments610

associated with the lysosomal system such as rab5-611

positive endosomes [66], autophagic vacuoles [95],612

lysosomes [96, 97], and multivesicular bodies [98].613

Inhibition of A� secretion can lead to accumulation614

of intraneuronal A� in the lysosomal compartment615

and destabilizes its membrane and also deposits in the616

cytosolic compartment in the early AD pathogenesis617

[99]. In agreement, we show that A�o co-localizes618

to late endosomes in retinal cells, indicating that619

disturbance of the endocytic pathway leads to its620

accumulation [100, 101].621

Conclusion622

Our study demonstrated an age-dependent623

inversely proportional accumulation of A�o versus624

A� plaques in the retina of a transgenic AD animal625

model. The presence of these toxic A� soluble626

oligomers was detected as early as 6 months of627

age in this animal model, probably mimicking628

prodromal human AD pathogenesis. More work629

is needed in earlier age groups perhaps using a630

less ‘aggressive’ animal model in order to prove631

that the toxic assemblies can be detected in the632

retina before identification of cognitive deficiencies.633

Studies are currently underway to establish this634

before the useof fluorescence confocal scanning635

laser ophthalmoscopy for the non-invasive detection636

of retinal A�o preceding their accumulation in the637

brain.638
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BT, Gómez-Isla T (2011) Brain oligomeric �-amyloid 1020

but not total amyloid plaque burden correlates with neu- 1021

ronal loss and astrocyte inflammatory response in amyloid 1022

precursor protein/tau transgenic mice. J Neuropathol Exp 1023

Neurol 70, 360-376. 1024

[87] Liu B, Rasool S, Yang Z, Glabe CG, Schreiber SS, Ge 1025

J, Tan Z (2009) Amyloid-peptide vaccinations reduce 1026

{beta}-amyloid plaques but exacerbate vascular depo- 1027

sition and inflammation in the retina of Alzheimer’s 1028

transgenic mice. Am J Pathol 175, 2099-2110. 1029

[88] Morin PJ, Abraham CR, Amaratunga A, Johnson RJ, 1030

Huber G, Sandell JH, Fine RE (1993) Amyloid precur- 1031

sor protein is synthesized by retinal ganglion cells, rapidly 1032

transported to the optic nerve plasma membrane and nerve 1033

terminals, and metabolized. J Neurochem 61, 464-473. 1034

[89] Koronyo-Hamaoui M, Koronyo Y, Ljubimov AV, Miller 1035

CA, Ko MK, Black KL, Schwartz M, Farkas DL 1036

(2011) Identification of amyloid plaques in retinas from 1037

Alzheimer’s patients and noninvasive in vivo optical imag- 1038

ing of retinal plaques in a mouse model. Neuroimage 54 1039

Suppl 1, S204-217. 1040

[90] Gouras GK, Tsai J, Naslund J, Vincent B, Edgar M, 1041

Checler F, Greenfield JP, Haroutunian V, Buxbaum JD, Xu 1042

H, Greengard P, Relkin NR (2000) Intraneuronal Abeta42 1043

accumulation in human brain. Am J Pathol 156, 15-20. 1044

[91] Umeda T, Tomiyama T, Sakama N, Tanaka S, Lambert 1045

MP, Klein WL, Mori H (2011) Intraneuronal amyloid 1046

� oligomers cause cell death via endoplasmic reticulum 1047

stress, endosomal/lysosomal leakage, and mitochondrial 1048

dysfunction in vivo. J Neurosci Res 89, 1031-1042. 1049
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