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Introduction

Alzheimer’s disease (AD) is a progressive neurode-
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Purpose: To investigate the use of an amyloid-targeting fluorescent probe, ARCAM-1,
to identify amyloid-containing deposits in the retina of a transgenic mouse model of
Alzheimer’s disease (AD) and in human postmortem AD patients.

Methods: Aged APP/PS1 transgenic AD and wild-type (WT) mice were given an
intraperitoneal (IP) injection of ARCAM-1 and their retinas imaged in vivo using a
fluorescence ophthalmoscope. Eyes were enucleated and dissected for ex vivo inspec-
tion of retinal amyloid deposits. Additionally, formalin-fixed eyes from human AD and
control patients were dissected, and the retinas were stained using ARCAM-1 or with an
anti-amyloid-8 antibody. Confocal microscopy was used to image amyloid-containing
deposits stained with ARCAM-1 or with immunostaining.

Results: Four out of eight APP/PS1 mice showed the presence of amyloid aggregates in
the retina during antemortem imaging. Retinas from three human AD patients stained
with ARCAM-1 showed an apparent increased density of fluorescently labeled amyloid-
containing deposits compared to the retinas from two healthy, cognitively normal (CN)
patients. Immunolabeling confirmed the presence of amyloid deposits in both the
retinal neuronal layers and in retinal vasculature.

Conclusions: ARCAM-1 facilitates antemortem detection of amyloid aggregates in the
retina of a mouse model for AD, and postmortem detection of amyloid-containing
deposits in human retinal tissues from AD patients. These results support the hypoth-
esis of AD pathology manifesting in the eye and highlight a novel area for fluorophore
development for the optical detection of retinal amyloid in AD patients.

Translational Relevance: This paper represents an initial examination for potential
translation of an amyloid-targeting fluorescent probe to a retinal imaging agent for
aiding in the diagnosis of Alzheimer’s disease.

appearance of amyloids is widely hypothesized to be
a central event that is accompanied by neuronal death
and occurs long before behavioral symptoms emerge.*
More recently, independent studies have described
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generative disorder affecting 5.8 million Americans
aged 65 or older, projected to nearly triple to 14
million by 2060, and is currently one of the top 10
leading causes of death in the US.!3 It is character-
ized by a gradual decline in memory and cognitive
skills as well as the appearance of misfolded protein
deposits known as amyloids in neuronal tissue. The
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the presence of amyloid-containing deposits in the
retina of AD patients.”® Clinical studies of patients
have also reported changes in vision such as impaired
contrast sensitivity and visual acuity as well as dimin-
ished perception and the emergence of visual hallu-
cinations.’”! Examinations of the retinal architec-
ture reveal reductions in melanopsin containing retinal
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ganglion cells in the ganglion cell layer (GCL) that
govern circadian rhythm and a pathological thinning of
the nerve fiber layer (NFL).>-!1-14 Taken together, these
results suggest a potential link between AD pathology
in the retina and other clinical manifestations of the
disease.

As an extension of the nervous system, the retina
provides an ideal setting to screen for neurological
disease preceding symptoms at the cellular level, as it
is relatively easy to examine with noninvasive optical
imaging techniques. Currently, most clinical methods
that have been deployed to study ocular changes in
AD have provided macrolevel structural and functional
information about the retina in patients exhibiting
AD symptoms. Optical coherence tomography (OCT)
and electroretinography (ERG), for example, have
shown changes in retina thickness>'3-!> and optic
nerve function'®!” but have not shed light on the
underlying molecular mechanisms that may cause
these changes. In contrast, fundus imaging (ophthal-
moscopy) can scan a large area of the retina, provid-
ing detailed spatial information about the health of the
tissue. Coupled with fluorescence imaging, which can
provide high contrast images of anatomical features
using fluorescent labels, fundus imaging has become a
common tool in vision research. Recent reports have
shown that curcumin labels amyloid plaques in the
retina.®!® Curcumin is a small molecule fluorophore
naturally found in turmeric with known amyloid-
binding capabilities.!” When given to transgenic AD
mice and human AD patients, it fluorescently labeled
amyloid-containing deposits in the retina that could
be detected by fluorescence fundus imaging.®'® These
recent studies highlight an opportunity for devel-
opment of novel amyloid-targeting fluorophores for
detection of retinal amyloid deposits.

We have previously shown the utility of an amyloid-
binding fluorescent dye, ARCAM-1 (Fig. 1a), in detect-
ing amyloid aggregates in biofluids.”?’-?! ARCAM-1
is a fluorescent probe that binds misfolded protein
aggregates such as f-amyloid (AB) (Fig. 1a).? When
bound to ApB, this dye emits maximal fluorescence
between 515 and 525 nm, overlapping in fluores-
cence properties with common bandpass filters for
ophthalmic dyes such as fluorescein. Here we present
our initial findings that ARCAM-1 can fluores-
cently stain amyloid-containing deposits selectively
in transgenic mouse and human AD brain tissue.
We also show that ARCAM-1 can aid in fluorescent
antemortem detection of amyloid-containing deposits
in the retina of the APP/PS1 mouse model of AD,*?
and for postmortem detection of amyloid-containing
deposits in the retina of human AD patients. Together
with the reports of a structurally similar compound
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Figure 1. ARCAM-1 is an amyloid-staining fluorescent probe. (a)
Chemical structure of ARCAM-1. (b) True-color fluorescence micro-
graph of sections of an APP/PS1 mouse brain and a human
Alzheimer’s disease patient stained with ARCAM-1. Scale bar = 50
um. (c) Fluorescence emission spectra of S-amyloid plaques from a
9-month-old APP/PS1 mouse brain stained with ARCAM-1.

of ARCAM-1, Aftobetin-HCI, which is capable of
fluorescently detecting amyloid deposits in the lens
of living human AD patients in clinical studies,”® the
results from this study highlight an exciting opportu-
nity for developing novel fluorescent ocular tools to aid
in the diagnosis of AD.

Synthesis of ARCAM-1

ARCAM-1 was prepared as previously
reported.’’->*  Briefly, we prepared ARCAM-I
via a Buchwald-Hartwig cross coupling reaction
between 6-bromo-2-naphthaldehyde and piperi-
dine to give 6-(piperidin-1-yl)-2-naphthaldehyde,
which was then condensed with 2-cyano-N-(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)acetamide under basic
conditions. The product was purified by silica gel
chromatography and characterized by 'H-NMR,
3C-NMR, and high-resolution mass spectrometry.

Study Approval

The antemortem in vivo imaging of APP/PS1 mice
and related experiments were conducted following an
approved protocol from the UC San Diego Institu-
tional Animal Care and Use Committee. Protocols
were performed in strict accordance with good animal
practices, as described in the Guide for the Use and
Care of Laboratory Animals published by the National
Institutes of Health. Human patient samples for
unfixed frozen brain staining were obtained in accor-
dance with the UC San Diego IR B for human research.
Tissue donors were neurologically and psychometri-
cally studied at the Shiley-Marcos Alzheimer’s Disease
Research Center (ADRC) at UC San Diego. Upon
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autopsy, patient brains were collected by the UCSD
ADRC Neuropathology Core. Fixed human brain and
eye samples were obtained from the University of
Miami Brain Endowment Bank in accordance with
the university IRB for human research. A total of five
postmortem cases (one female and four males) over the
age of 70 were examined in this study. Neuropathol-
ogy of three patients confirmed Alzheimer’s disease
and two were confirmed cognitively normal. Two out
of the three were AD at Braak V/VI while one was low
level. Of the two advanced AD cases, one had comor-
bid Lewy body diseases and Parkinson’s disease.

Antemortem Fluorescence Imaging of Mouse
Retinas and Tissue Collection

Fundus images of 11 mice retina (three wild-
type and eight transgenic APP/PS1) were obtained
using a Micron IV ophthalmoscope (Phoenix Systems)
equipped with a long-pass filter (BLP01-488R-25,
Semrock) and a CCD camera with 2.0 um pixel
resolution. Mouse pupils were first dilated with
1% tropicamide (Akorn) and 2.5% phenylephrine
HCIl (Paragon). Mice were then anesthetized with
an intraperitoneal (IP) injection of ketamine and
xylazine at 10% v/w and placed on a 37°C heating
pad. Fluorescence images were obtained before and
after an IP injection of ARCAM-1 (100 pL of a
10 mg/mL solution, prepared in 20% DMSO 80%
propylene glycol); during imaging, the eyes of each
mouse were covered with 2.5% hydroxylpropyl methyl-
cellulose (Hypromellose) ointment (GONAK, Akorn)
to prevent dryness and cataract formation. Mice were
euthanized by CO, and cervical dislocation 20 minutes
after ARCAM-1 injection. The brain was removed and
embedded in optimal cutting temperature medium at —
78°C without fixation. The eyes were enucleated with
the left eye (OS) placed in 4% paraformaldehyde at
room temperature for 2.5 hours and the right (OD)
embedded in optimal cutting temperature medium at
—78°C without fixation. The retina was dissected from
the OS in 1x phosphate buffered saline (1xPBS) and
placed in room temperature methanol for 20 minutes
and then rinsed in 1xPBS before being mounting to a
microscope slide. The OD was cryosectioned at —20°C
and sections stored at —80°C prior to staining.

Staining of Mouse and Human Eye and Brain
Tissue

For ARCAM-1 staining of unfixed frozen mouse
and human brain sections, slides were first dried for
one hour and then hydrated through an ethanol gradi-
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ent (100%, 90%, 70%) into distilled water for five
minutes each. Slides were next buffered with 1xPBS for
30 minutes, rinsed, and treated with a 60 uM ARCAM-
1 solution in 1xPBS for 30 minutes at room temper-
ature. The slides were then rinsed three times with
1xPBS. Slides were coverslipped with DAKO mount-
ing medium (Agilent, Santa Clara, CA, USA).

For immunolabeling of unfixed frozen mouse retina
sections with anti-A 8 antibodies, slides were first dried
for one hour and then hydrated through an ethanol
gradient (100%, 90%, 70%) into distilled water for five
minutes each and then let sit in 1xPBS for 15 minutes.
Slides were then permeabilized in 1XPBS+0.1% Triton
X-100 and blocked with 10% serum for one hour
at room temperature. The 6E10 anti-Af primary
antibody (Covance Cat. SIG-39320, 1:500) was then
added onto slides and incubated at 4°C overnight.
The following day, slides were rinsed three times
with 1xPBS+0.1% Triton X-100 and the secondary
antibody added (donkey anti-mouse AlexaFluor594,
Abcam Cat. ab150108, 1:2000) for one hour at room
temperature. The slides were then rinsed with 1xPBS
and coverslipped with DAKO mounting medium
containing DAPI.

For staining of formalin-fixed human retina and
brain sections, tissues were first embedded in optimal
cutting temperature medium and cut using a cryostat
to 10 um thickness. For immunolabeling, slides were
dried at 35°C for one hour before rehydrating in 1XPBS
for 10 minutes and then placed in 3% hydrogen perox-
ide for 10 minutes at room temperature and washed
once in distilled water. For antigen retrieval, the tissues
were placed in 98% formic acid for five minutes at room
temperature and then washed with water five times for
one minute each. Slides were blocked in TNB block-
ing buffer (0.1 M Tris-HCI pH 7.5, 0.15 M NaCl and
0.5% TNB (Perkin Elmer FP1012)) for one hour and
incubated at 4°C with the primary antibody (6E10,
Biolegend Cat. 800701, 1:500 or 4GS, Biolegend Cat.
800701, 1:500) overnight. The next day, slides were
rinsed with 1x PBS+0.1% Triton X-100 five times.
Slides were then incubated in a humidity chamber at
room temperature with the secondary antibody (Biotin
goat anti-mouse, Jackson Cat.115-066-072, 1:500) for
45 minutes and washed again in 1xPBS+0.1% Triton
X-100 five times and incubated at room temperature
with Streptavidin conjugated enzyme conjugate. For
DAB and Fast Red staining, tissues were incubated in
Streptavidin-HRP (Jackson Cat. 016-030-084, 1:1000)
or Streptavidin-AP (Jackson Cat. 016-050-084, 1:1000)
dilution for 30 minutes. After washing the slides
in 1xPBS+0.1% Triton X-100, contrast stains were
preformed following kit protocols (Invitrogen Cat.
00-2020 for DAB and Vector Cat. SK-5105 for
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Fast Red). Slides were then counterstained with
hematoxylin and dehydrated using an ethanol gradi-
ent (50% to 100%), washed in xylene, and sealed with
Cytoseal XYL. For ARCAM-1 and Thioflavin-S (ThS)
staining, slides were dried at 35°C for one hour before
rehydrating in 1x PBS for 10 minutes. Tissues were
placed in a humidity chamber and incubated with
ARCAM-1 (60 uM in 1xPBS) or ThS (1% solution in
1xPBS) for 30 minutes in the dark and washed with
Ix PBS for five minutes three times. Tissues were then
counterstained with DAPI (300 nM in 1xPBS) for five
minutes, rinsed with 1x PBS, and then mounted with
DAKO mounting media.

For ARCAM-1 and ThS staining of formalin-fixed
whole-mount human eyes, the globes were first washed
with distilled water to remove excess formalin. The
cornea-iris complex was then removed with the lens
to separate the anterior segment, exposing the eyecup
containing the intact retina. Incisions were placed
along the four cardinal axes while maintaining the
orientation of the retinal fields to create four leaflets
(e.g., nasal/temporal and superior/inferior, as deter-
mined by position of the optic nerve and superior
and inferior rectus muscles). The vitreous humor was
removed carefully, and the retina carefully separated
by peeling back from the retinal pigment epithelium
using a spoon blade and blunt forceps. The retina was
then transferred to a large glass microscope slide with
the GCL face up and one corner of the superior-
temporal leaflet was cut to mark orientation. Whole-
mount retinas were floated in 1xPBS and then in 98%
formic acid for three minutes before rinsing twice with
distilled water for five minutes. The tissue was then
placed in 1xPBS for five minutes before mounting onto
a glass microscope slide and excess buffer wicked off.
ARCAM-1 (60 uM in 1xPBS) or ThS (1% solution
in 1xPBS) was added onto slides for 30 minutes and
then rinsed three times with 1xPBS. Tissues were then
counterstained with DAPI (300 nM in 1xPBS) for three
minutes and rinsed three times with 1xPBS. Slides were
then mounted with a coverslip with DAKO mounting
medium.

Imaging Stained Eye and Brain Tissues

True color images were obtained on an Olympus
MVX10 Macroview equipped with a CCD camera, a
long-pass filter (MWB2, Olympus, Tokyo, Japan) and
2x plano apochromatic objective (MVX, Olympus,
Tokyo, Japan) with 0.5 NA. Each slide was illuminated
with epifluorescence and imaged with an exposure time
of 0.2 to 0.8 seconds, depending on the sample. Bright-
field images of DAB and Fast Red stains were imaged
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on an Olympus EX41 equipped with 4x, 10x, 40x,
and 60x objectives and a DP controller.

Confocal images were obtained on an Olympus
FluoView FV1000 spectral deconvolution confocal
microscope with 5% power and a 10x objective. Blue,
green, and red channels were imaged using 405 nm,
488 nm, and 534 nm excitation laser lines, respec-
tively. Spectral deconvolution of the emission spectra
from stained tissues was measured at 1 nm incre-
ments from 450 to 650 nm. For background regions, a
minimum of 10 randomly selected areas were measured
as a control. The wavelength corresponding to the
highest relative fluorescence intensity was taken as the
maximum Aemission. ‘Current offsets to the photomul-
tiplier tube, exposure times, and gain were adjusted
during imaging to avoid overexposure and saturation
of the fluorescence images. Laser power to the 405 nm
excitation line was kept below 5% power, all other lasers
were kept below 15% to avoid photobleaching.

Data Analysis and Image Processing

Fundus images were exported to ImageJ® and
Image-Pro Premier (MediaCybernetics, Rockville,
MD, USA) for quantifying amyloid aggregates. A
difference of Gaussian image was created and then
contrast adjusted using thresholding in ImageJ to
reduce shadowing effects (i.e., alignment deviations
during imaging) due to random motion from the mice
during imaging. Files were then processed in Image-
Pro Premier using a point-based detection param-
eter where only adjacently localized high-intensity
pixels were counted. The area, perimeter, and major
and minor axes (assuming an ellipsoid shape) were
measured after object detection. For the represen-
tative images shown, fundus images were imported
into Photoshop 7 (Adobe, San Jose, CA, USA) and
an unsharp mask with a 10-pixel radius at 50% was
applied.

Statistics

Spectral measurements are represented as the mean
=+ standard deviation. For comparisons between two
data sets, a nonparametric Mann-Whitney test for two
samples was used and the data presented as the mean
=+ standard deviation. For comparisons between three
or more data sets, a Kruskal-Wallis test was performed
first to determine statistical differences. Post hoc analy-
ses were then carried out with Dunn’s test for statisti-
cal significance and the data reported as the mean +
standard deviation. Statistical significance was set at
*P < 0.05, and **P < 0.01.
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ARCAM-1 Fluorescently Labels Amyloid
Plaques in APP/PS1 Mouse and Human AD
Brain Tissue

We first evaluated the ability of ARCAM-1 (Fig. 1a)
to stain plaques in neuronal tissue. We stained unfixed
hippocampal tissue from an APP/PS1 mouse model for
AD and unfixed frontal cortex tissue from a human
AD patient with ARCAM-1 (Fig. 1b). In both cases,
the tissue was illuminated with 488 nm light, and we
observed fluorescently stained deposits consistent with
dense-core plaques with emission intensities approxi-
mately three to five times greater than background and
a Maximum Aemission DE€tween 515 and 525 nm (Fig. 1¢).
We also observed labeling of the vasculature in the
human AD brain sections (Supplementary Fig. S1).

ARCAM-1 Enables Antemortem Labeling of
Amyloid Deposits in the Retina of APP/PS1
Mice

ARCAM-1 was next administered to aged APP/PS1
mice via an intraperitoneal (IP) injection and the
retinas were imaged at less than SmW/cm® using a
Phoenix Systems Micron IV fluorescent ophthalmo-
scope. In contrast to age-matched wild-type (WT)
mice, the retina of APP/PS1 mice presenting senile
plaque brain pathology showed distinct fluorescent
focal deposits that exhibited a ~1.5-fold increase
in intensity (compared to the fluorescence of the
background tissue) approximately 10 minutes after
injection of ARCAM-1 (Fig. 2a and Supplementary
Figs. S2-S4). These deposits were observed in four
out of eight APP/PS1 mice ranging from 7.5 to 12
months of age (three female and one male, Supplemen-
tary Fig. S3) and zero of the three age-matched WT
control mice. Fundus images pre- and post-ARCAM-1
injection revealed that mouse 3 exhibited an increase in
the number of observable fluorescent deposits postin-
jection, suggesting that ARCAM-1 not only facilitated,
but enabled, the detection of deposits (Supplementary
Fig. S4). In mouse 4, however, we observed the same
number deposits by fundus imaging pre- and postinjec-
tion with ARCAM-1, but the fluorescence intensity of
the objects compared to background tissue was greater
in the postinjection images compared to in the prein-
jection images (Supplementary Fig. S4). Processing of
the postinjection in vivo fluorescence fundus images
using a difference of Gaussian filter (see Fig. 2a and
Supplementary Fig. S5 for examples of such processed
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images) revealed that there was an average of 15.5+ 1.9
aggregates in the retina of the four mice with positive
staining and these deposits appeared on average 7.9 £+
0.2 um in radius (Supplementary Table S1).

To better characterize these aggregates, we eutha-
nized the mice and examined cross-sections from one
of the eyes for staining with ARCAM-1. True color
imaging revealed that these fluorescent deposits gener-
ally reside in the outer nuclear layer (Fig. 2b and
Supplementary Fig. S6) and were approximately 15
to 20 um in diameter, consistent in size with the
deposits visualized from the in vivo retinal scans;
additionally, the deposits were immunoreactive with
an anti-Ag8 antibody (6E10) (Fig. 2b). The other eye
was dissected for whole-mount imaging, where the
ARCAM-1-labeled deposits were found to be globu-
lar in shape (Fig. 2c) with a broad emission profile
(Fig. 2d), indicating that deposits were present in
both eyes. To rule out that these aggregates were
age-dependent lipofuscin deposits commonly found
in neuronal tissue, we measured the emission of the
deposits labeled with ARCAM-1 (maximum Aepmission =
517 + 8 nm) and found the deposits were indeed blue-
shifted relative to the known native autofluorescence
properties of lipofuscin (550-590 nm).?%>’ Moreover,
the results from spectroscopic inspection of these
retinal foci were consistent with the spectral properties
of ARCAM-1 when bound to amyloid aggregates in
the brain (Fig. 1¢c and Fig. 2d).

ARCAM-1 Fluorescently Stains Amyloid
Deposits in the Retina of Alzheimer’s Disease
Patients

ARCAM-1 was next evaluated for its capability
to fluorescently stain amyloid-containing deposits in
human retinal tissue. In retinal whole-mounts from
AD patients, staining highlighted fluorescent deposits
similar in size and morphology to those seen in the
APP/PS1 mouse retinas (Fig. 2¢c and Fig. 3a). We
examined the retina of five patients in total: two cogni-
tively normal, one low-grade AD, and two with severe
AD at Braak stage V/VI (Table). In examining the
whole-mount retina of these patients, the density and
number of fluorescently stained deposits in the retina
increased with increasing severity of the disease (i.e.,
more fluorescent deposits were observed in patients
with more advanced AD pathology) (Supplementary
Figs. S7-S11). Although these objects were seen in the
cognitively normal patients as well, AD patients had
two or more times as many labeled deposits (Supple-
mentary Figs. S12a, d), with amyloid deposits having
an average radius of 7.5 £ 1.3 um (Supplementary
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Figure 2.  ARCAM-1 staining of retinas from a wild-type mouse or a mouse model of Alzheimer’s disease. (a) In vivo fundus images from a
wild-type and age-matched APP/PS1 AD mouse after an IP administration of ARCAM-1. Rightmost micrographs show Gaussian filtered and
contrast adjusted fundus images to highlight fluorescent deposits. Scale bars for full and magnified images = 200 and 100 um, respectively.
The shadowing seen in the brightfield fundus images are due to alignment drift from the objective of the microscope.*' (b) Cross sections
from a wild-type and APP/PST mouse stained with ARCAM-1 (true color image shown, see also Supplementary Fig. S3) and 6E10 anti-AS
antibody (shown with the red and blue confocal channels to highlight the 6E10 staining of an AS deposit (red) and the DAPI staining of the
nuclei to identify the neuronal layers in the retina (blue)). Scale bars = 50 um. (c) Confocal images of a whole-mount retina from an APP/PS1
mouse treated antemortem with ARCAM-1. Scale bar = 80 um. (d) Average fluorescence emission spectra of the aggregates seen in (a) - (c)
versus background tissue fluorescence. Maximum Aemission Of stained aggregates = 517 + 8 nm. White arrows indicate labeled deposits.

Table. Details of Postmortem Human Cases

Patient Age Sex Brain Neuropathology (NIA ABC Score)*?
Alzheimer’s patient 1 (AD 1) 71 M High level Alzheimer’s disease, Braak V/VI (A3 B3 C3)
Alzheimer’s patient 2 (AD 2) 82 F High level Alzheimer’s disease, Braak V/VI (A3 B3 C3)
Alzheimer’s patient 3 (AD 3) 85 M Low level Alzheimer’s disease (A1 B1 C1)
Cognitively normal patient 1 (CN 1) 73 M Normal

Cognitively normal patient 2 (CN 2) 74 M Normal

translational vision science & technology

Fig. S12b), similar in size to other reports of human
retinal amyloid deposits® 7-'® and to the deposits seen
in APP/PS1 mice (Supplementary Table S2). In the
three AD patients, the superior regions of the retina
appeared to contain a higher density of labeled aggre-
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gates compared to the inferior regions (Supplementary
Figs. S12¢, e and Supplementary Fig. S13). Further-
more, cross sections of the retina from the two patients
with advanced AD pathology (AD1 and AD2) revealed
aggregates stained with ARCAM-1 were found in both
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Alzheimer’s

ARCAM-1 staining of retina from a cognitively normal human (CN1) and an Alzheimer’s disease patient (AD2). (a) Confocal fluores-

cence micrographs from whole-mount retina stained with ARCAM-1 and counterstained with DAPI. Scale bars for the full and magnified inset
=300 and 50 um, respectively. (b) Cross sections from the same retina in a) stained with ARCAM-1 and DAPI. White arrows indicate large
deposits, while white arrowheads indicate small aggregates. Scale bar = 50 um. (c) Micrographs of various brain regions from the patients
in (@) immunostained with the 6E10 anti-amyloid 8 antibody and visualized with Fast Red. Scale bar = 500 pm. (d) Retinal cross sections
labeled with 6E10 and visualized with Fast Red; white arrows indicate positive labeling. Scale bar = 50 um.

the nuclear and plexiform layers (Fig. 3b and Supple-
mentary Fig. S7 and S8).

Next, we examined the corresponding fixed brain
sections from each patient to evaluate the severity of
amyloid deposition. Indeed, brain sections from all
three AD patients were reactive to anti-Af antibod-
ies (6E10 and 4G8), visualized with the Fast Red
and DAB chromophores (Fig. 3¢ and Supplementary
Figs. S7-S11). Interestingly, one cognitively normal
patient (CN2) had some ApB plaques in the brain
sections as well as some amyloid-containing deposits
in retinal whole-mount and cross-sectional staining
(Supplementary Fig. S11). Retinal cross sections from
the two patients with severe AD brain pathology
(AD1 and AD2) and the CNI1 patient were also
immunostained using the 6E10 anti-A8 antibody to
examine if they had any amyloid-containing deposits.
Like the results from ARCAM-1 staining, immunoflu-
orescence staining revealed the presence of amyloid-
containing deposits in both the nuclear and plexiform
layers from the AD patients (Fig. 3d and Supple-
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mentary Fig. S7 and S8). Finally, we stained part of
the retinal whole-mounts and cryosections from these
human retinas with Thioflavin-S (ThS), a common
amyloid-binding histological staining agent,”® and
found similar results as those seen with ARCAM-1
(Supplementary Figs. S7-S11). Of note, immunoflu-
orescent positive reactivity was also found in some
vasculature of AD retina cross sections (Fig. 3d), but
not in the retinas of the cognitively normal patients
(Supplementary Fig. S10 and S11).

Discussion

The results presented here support the presence
of amyloid-containing aggregates in the retinas of
an AD mouse model and human AD patients that
can be identified using ARCAM-1. Consistent with
reports of curcumin labeling amyloid deposits in
retinal tissue, our results support the hypothesis that
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AD pathology also emerges in the eye. Notably,
in contrast to the maximum fluorescence emission
wavelength of curcumin when bound to amyloids
(~550 nm), utilizing the specific emission signature
of ARCAM-1 when bound to amyloid (515-525 nm)
allows for identification of the presence of B-amyloid-
containing aggregates in retinal layers that could other-
wise be mistaken for common autofluorescence (550—
590 nm).?*?” We also found that the average size of
aggregates in the human retina labeled by ARCAM-
1 (147.1 & 32.0 um?, Supplementary Table S1) was
smaller than those reportedly labeled by curcumin
(~520 um?)."* When ARCAM-1 was applied to
retinas from human patients, we observed an apparent
high degree of amyloid-containing aggregates in AD
patients compared to healthy controls (Supplementary
Figs. S12a, d). Cursory inspection found ARCAM-
1-labeled amyloid-containing deposits throughout the
retina. Interestingly, there appeared to be a higher
density of labeled deposits in the superior region of
the retina from AD compared to the superior region
of the retina of CN patients, which is consistent with
previous reports that suggest that amyloid-containing
deposits are more prevalent in the superior region of
retinas from AD patients (Supplementary Figs. S12¢, e
and Supplementary Fig. S13).%7 To examine whether
these qualitative observations were statistically signif-
icant, we treated the number of observed amyloid
deposits from multiple 1.6 mm? image fields of the
five patients as either 1) independent measurements
or 2) as averaged densities per patient prior to statis-
tical analyses. In the former case, we found that the
density of labeled deposits was significantly higher
for AD patients compared to control patients, and
that there was a significantly higher density of labeled
deposits in the superior region of the retina from
AD compared to the superior region of the retina of
CN patients (Supplementary Figs. S12a, c). However,
while we found a similar trend in the data when
we first averaged the density of labeled objects per
patient, the data did not reach statistical significance
(Supplementary Figs. S12d, e). We note, though, that
stratifying patients simply as AD or CN does not
account for the heterogeneity in the spatial distribu-
tion of amyloid-containing deposits in the retina or
for differences in the abundance of retinal amyloid-
containing deposits that could correlate with disease
progression (i.e., the AD classification encompasses
a spectrum of the disease from mild to severe). Due
to the limited number of samples available for this
study, we could not adequately account for these
important parameters in our analyses and, thus, our
results may not be representative of the general
population.
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Although this initial study is supportive of the
hypothesis that the presence of amyloid deposits can
be detected in the retinas of an AD mouse model
and in the retinas of human AD patients, there were
two technical issues that we encountered with these
specimens over the course of this work that should
be noted. First, while we were able to observe retinal
amyloid deposits in both male and female aged (7.5-
12 month) APP/PS1 mice (Supplementary Table S1
and Supplementary S3), such retina deposits were
observed only in four of eight mice. These results are
consistent with a recent report that found plaque-
like deposits in one out of eleven APP/PS1 mice in
retinal whole-mounts, and another that examined
the SXFAD mouse model for AD, where the authors
were only able to detect retinal deposits in four out
of nine mice using retinal cross section immunohisto-
chemistry.”?-3 ARCAM-1 was found to both facilitate
the detection of deposits that were observable prein-
jection (by increasing the fluorescence intensity of
objects by ~150% over background after injection
compared to before injection) and enable detection
of objects that were not observed before injection
(for instance, in mouse 3 the number of observed
deposits increased from 8 before injection to 17 after
injection). However, the observation that any retinal
deposits exhibited autofluorescence that could be
visualized without fluorescent dyes was surprising,
and additional work will be necessary to shed light
on the origin of such autofluorescence. We, there-
fore, caution that neither of these two common AD
mouse models of brain amyloid pathology are ideal for
examining retinal amyloid pathology, highlighting the
need for better animal models for the rapid develop-
ment of new retinal diagnostic tools for AD. Second,
tissue preparation plays a large role in the staining
of retinal amyloid deposits by ARCAM-1 or anti-ApB
antibodies. Due to the nature of most amyloid-
binding dyes, the preservation of the stacked beta
sheet structure of the amyloid is required for binding.
Extensive tissue preparation typically used for antigen
retrieval from, for example, paraffin-fixed tissue, and
often required for antibody staining, may modify
the surface of the amyloid structure and prevent the
binding of amyloid-targeting dyes.>! We, therefore,
were able to stain amyloid deposits in the brain or
retina with either ARCAM-1 or anti-Ag antibodies
(Supplementary Table S3), but costaining was
precluded with the formalin-fixed human tissue
procured for this study. These findings may have
relevance for some of the reported mixed results from
groups studying AD pathology in the eye,’-!8:32-37
where using molecular dyes such as congo red or
curcumin to detect amyloid deposits in the retina
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may have been hampered by the use of aggressive
tissue preparation methods, including long tissue
fixation periods, stringent washing steps for paraffin
embedding, or harsh antigen retrieval protocols (which
greatly reduces the secondary and tertiary protein
motifs). Thus, there is a fine balance required for tissue
preparation to both preserve the amyloid structures
for dye binding and to access the epitopes from fixed
tissue for antibody detection. While more difficult
to acquire, using frozen, unfixed rather than fixed
brain and retinal samples may enable more detailed
examination of tissue in future studies.

Although our results in mice and human retina
revealed a higher density of amyloid-containing aggre-
gates in the outer retinal layers (e.g., the outer nuclear
and outer plexiform layers, Figs. 2b, 3b, & 3d), this
observation may be, in part, due to the higher density
of neurons and synapses in these layers as compared to
the inner layers. Furthermore, as noted in other studies,
cross section pathology is likely to miss deposits in
neuronal layers due to sampling frequency (e.g., the
low probability of finding aggregates in a 10 um thick
cross section).>* 3> Specifically, while we did not readily
detect amyloid deposits in the GCL, it does not neces-
sarily indicate the absence of these aggregates in the
retinal ganglion cells or the nerve fibers. Whole-mount
imaging provides a more accurate representation of
the spatial distribution of these aggregates across the
retina but is limited by the Z-axis resolution due to
scattering of emitted fluorescence from layers distal to
the objective. Indeed, fundus imaging of the APP/PS1
mice could readily image the surface of the inner retina
and was able to detect 15.5 + 1.9 aggregates from
most likely the GCL and NFL, but inspection of the
deeper retinal layers showed a higher density of labeled
deposits that may have been precluded due to limita-
tions of the fundus camera used in this study (Supple-
mentary Table S1, Supplementary Fig. S6). Addition-
ally, while ARCAM-1 has previously been shown to
exhibit excellent specificity and enhanced fluorescence
in the presence of amyloid aggregates over serum
proteins,?! the high background fluorescence observed
in the mouse retinas after injection suggests that the
initial formulation for IP injections used in this study
leads to a flooding of the dye into the background
retinal tissue. Thus, future work that includes dose-
ranging studies and imaging with advanced ophthal-
moscopy systems could lead to an improvement
in signal-to-noise, enabling even greater fluorescence
contrast between the amyloid-containing deposits and
background tissue for antemortem imaging.

An interesting finding from the present study is
that the behavioral classification of AD did not always
match the retinal or brain pathology, as in the case of
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patient CN2 (Supplementary Fig. S11). Indeed, this
patient exhibited amyloid plaque deposition in their
frontal cortex and had a higher degree of amyloid-
containing aggregates found in the retina in compar-
ison to the other cognitively normal patient CNI1
(Supplementary Fig. S10). Additionally, in the two
severe AD cases (AD1 and AD2), there was a higher
density of ARCAM-1-labeled deposits in the superior
region of the retina than in the low-level AD case
(AD3, Supplementary Table S2). While much more
work is required to examine a potential correlation
between amyloid deposition in the brain and retinas
in human AD cases, the results presented here are
consistent with the idea that amyloid deposition in the
brain and retina may precede changes in cognition or
memory.

Finally, the presence of amyloid found in the human
retinal and brain vasculature (Fig. 3d and Supple-
mentary Fig. S1) presents another potential oppor-
tunity for early detection of amyloid-related disease.
The retinal vasculature lies in between the cell bodies,
with the innermost vessels lying in the NFL, which
is the most accessible for optical imaging. Cerebral
amyloid angiopathy (CAA) is accompanied by a form
of amyloidosis in the neuronal vasculature that is
reported to appear in up to 45% of AD patients and
is one of the leading causes for hemorrhagic stroke
in the elderly.’® While it is primarily defined by the
buildup of amyloid in the small and medium size blood
vessels in the brain, case reports have suggested that
there are changes to the NFL in patients diagnosed
with CAA .0 Thus, our finding that there is amyloid
in the inner retinal blood vessels may suggest a link
between CAA in the retina and AD pathology that can
be identified in a noninvasive way such as with fluores-
cence imaging. Taken together, our results support the
hypothesis of the presence of AD pathology in the eye
and highlight a promising opportunity for fluorophore
development as new clinical tools for aiding in early-
stage diagnosis of AD.
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