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Abstract.
Background: Neurodegenerative diseases are widespread yet challenging to diagnose and stage antemortem. As an extension
of the central nervous system, the eye harbors retina ganglion cells vulnerable to degeneration, and visual symptoms are often
an early manifestation of neurodegenerative disease.
Objective: Here we test whether prion protein aggregates could be detected in the eyes of live mice using an amyloid-binding
fluorescent probe and high-resolution retinal microscopy.
Methods: We performed retinal imaging on an experimental mouse model of prion-associated cerebral amyloid angiopathy in
a longitudinal study. An amyloid-binding fluorophore was intravenously administered, and retinal imaging was performed at
timepoints corresponding to early, mid-, and terminal prion disease. Retinal amyloid deposits were quantified and compared
to the amyloid load in the brain.
Results: We report that by early prion disease (50% timepoint), discrete fluorescent foci appeared adjacent to the optic disc.
By later timepoints, the fluorescent foci surrounded the optic disc and tracked along retinal vasculature.
Conclusion: The progression of perivascular amyloid can be directly monitored in the eye by live imaging, illustrating the
utility of this technology for diagnosing and monitoring the progression of cerebral amyloid angiopathy.
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INTRODUCTION

Neurodegenerative disorders, including
Alzheimer’s disease (AD), cerebral amyloid
angiopathy (CAA), Parkinson’s disease, and prion
disease, affect more than 55 million people world-
wide [1]. Protein aggregates are a central feature,
accumulating in the brain and contributing to
synaptic loss and neuronal death. Non-invasive,
inexpensive screening technologies are urgently
needed for early diagnosis and monitoring disease
progression. Patients with neurodegenerative disease
often present with visual impairment as an early
symptom [2, 3]; for example, patients with prion
disease frequently develop diplopia, supranuclear
palsies, and loss of vision in early disease stages
[4–6] and thus may visit an ophthalmologist [7].
Given that the eye is an extension of the central
nervous system (CNS), and that amyloid-� (A�),
�-synuclein, and prion aggregates may develop
in the human retina [8–12], antemortem detection
of retinal aggregates using imaging could offer a
practical approach to diagnose early disease as well
as track aggregate load and response to therapy.

Efforts to use fluorescence imaging to detect reti-
nal amyloid in mouse models and humans with
neurodegenerative disease have yielded inconsistent
results, potentially due to structural differences in
the amyloid-binding probes employed. Congophilic
dyes bind to amyloid with high specificity and have
been used for decades to detect amyloid in post-
mortem tissue [13–15]. More recently, the natural
fluorophore curcumin was reported to bind retinal
A� antemortem in an AD mouse model and in
patients [16–18]. However, the bioavailability of cur-
cumin is low, and high oral doses (1 g curcumin per
day) over 2 to 10 days were required to visualize
the purported A� deposits in AD patients [16, 18].
Additional fluorescent dyes with high signal-to-noise
ratios have been used to visualize amyloid deposits
in tissue and to distinguish between amyloids of dif-
fering protein composition or conformation [19–22].
For example, the ARCAM-1 fluorophore selectively
labels A�-containing deposits in mouse and human
retina [19], but the poor solubility of this fluorophore
precludes its further development for use in human
patients.

A significant challenge for development of new
probes with suitable properties for the antemortem
detection of retinal amyloid is the lack of reliable
experimental model systems with abundant ocu-

lar amyloid deposits [19]. To determine whether
retinal amyloid could be detected antemortem
using retinal imaging microscopy, here we evalu-
ate a more soluble analog of ARCAM-1, known
as ARCAM-11, in an experimental mouse model
with ocular prion deposits. We investigated prion-
infected tg(GPI-PrP) mice (line tg44), which express
glycosylphosphatidylinositol (GPI)-anchorless PrPC

that is secreted into the extracellular space [20].
Prion-infected tg(GPI-PrP) mice develop multifocal,
perivascular prion plaques in the brain, similar to
those observed in humans with CAA due to A�, as
well as deposits within the optic nerve and retina
(ganglion and inner nuclear layers) [21]. The GPI-
anchorless prion aggregates accumulate adjacent to
the capillary and arteriolar basement membranes
and eventually replace the vessel wall with amyloid
[22, 23]. Therefore, prion-infected tg(GPI-PrP) mice
are a useful model of cerebrovascular amyloid dis-
ease. In a longitudinal study, we initially observed
amyloid retinal deposits adjacent to the optic disc,
and by later timepoints, extensive amyloid had also
deposited radially along blood vessels. Collectively,
these data show that as amyloid load rises in the
brain, an increase in retinal vascular aggregates could
be visualized in live mice using an amyloid binding
dye, indicating the utility of retinal imaging for the
early diagnosis and monitoring of prion-induced, and
potentially also A�-induced, CAA.

MATERIALS AND METHODS

Synthesis of fluorescent probes

The synthesis and characterization of ARCAM-1
was previously reported by Cao et al. [24]. ARCAM-
11 was modeled after ARCAM-1, considering
modifications to the structure that enhanced aque-
ous solubility (Supplementary Table 1) and improved
other pharmacological properties. ARCAM-11 was
provided by Amydis for this study and had a purity
of 98%.

Study approval

All animal studies were approved by the Institu-
tional Animal Care and Use Committee at UC San
Diego. Protocols were performed in strict accordance
with good animal practices, as described in the Guide
for the Use and Care of Laboratory Animals pub-
lished by the National Institutes of Health.
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Prion infections and retinal imaging

Male and female tg(GPI-PrP) mice [20] (n = 29,
6–8 weeks old) were anesthetized with ketamine and
xylazine and inoculated into the left parietal cortex
with 30 �l of 1% mock brain homogenate or prion-
infected brain homogenate prepared from terminally
ill tg(GPI-PrP) mice infected with prions (strain GPI-
ME7), or served as uninculated controls. Mice were
monitored three times per week for the development
of terminal prion disease including ataxia, kyphosis,
stiff tail, hind leg clasp, and hind leg paresis.

For the fluorescence retinal imaging experiments,
prion-inoculated (4–6 mice per timepoint) and mock-
or uninoculated mice (3–5 mice per timepoint) were
anesthetized with ketamine and xylazine prior to
retinal examination with a Phoenix Micron IV
retinal microscope for fluorescence retinal imaging
(Phoenix Research Laboratories, Pleasanton, CA).
An initial retinal scan was performed using the
bright field and fluorescent light source (450 nm
excitation) and images were collected. Freshly
prepared ARCAM-1 (100 �L of 10 mg/mL in 20%
DMSO/80% propylene glycol) or ARCAM-11
(100 �L of 2 mg/mL in phosphate-buffered saline)
was intraperitoneally or intravenously administered,
respectively, and retinal images were collected for
20–30 min. Animals were then euthanized and the
imaged eye (right) was either formalin-fixed for
flat-mount [method previously published in [19]],
or frozen for biochemical studies. The left eye was
embedded in optimal cutting temperature (OCT)
compound and frozen on dry ice for cryosections.
The left and right hemibrains were immediately
fixed in formalin or frozen for histological or
biochemical studies, respectively. A schematic of the
experimental design is displayed in Fig. 2A (created
with BioRender™).

Immunohistochemical stains

The formalin-fixed brain was treated for 1 h in 96%
formic acid, post-fixed in formalin, cut into 2 mm
transverse sections, and paraffin-embedded for histo-
logical analysis. Five-micron sections were cut onto
positively charged glass slides and immunostained
using an anti-PrP antibody [SAF84: epitope in the
globular domain, amino acids 160–170 of mouse PrP
(Cayman Chemical; 1:1,200)]. Immunostaining was
performed on an automated tissue immunostainer
(Ventana Discovery Ultra, Ventana Medical Systems,

Inc) with cell conditioning 1 (CC1) and protease (P2)
antigen retrieval, respectively.

For immunofluorescence, unfixed OCT-embedded
brain sections were used. Ten-micron sections were
cut into positively charged slides, dried at room tem-
perature for 1 h, hydrated by passage of sections
through an ethanol gradient (100%, 90%, 70%) and
fixed with 4% paraformaldehyde for 30 min. Sections
were next washed in water for 5 min, treated with
5�g/ml of proteinase-K (PK) for 10 min to digest
PrPC, and washed in water for 7 min. Slides were
then placed in citrate buffer (pH 6), heated in a pres-
sure cooker for 20 min, cooled for 5 min, and washed
in distilled water. Sections were immunostained with
anti-PrP antibody (SAF84) for 1 h, followed by anti-
mouse biotin (Jackson Immunolabs) for 30 min, and
then streptavidin–HRP (Jackson Immunoresearch)
for 45 min. The nuclei were stained with 4′,6-
diamidino-2-phenylindole (DAPI).

Tissue staining with amyloid-binding
fluorophores

Unfixed OCT-embedded eye and brain sections
were stained with ARCAM-1 and ARCAM-11 as
previously described [19]. Ten-micron sections were
cut into positively charged slides, dried at room tem-
perature for 1 h and then hydrated by passage of
sections through an ethanol gradient (100%, 90%,
70%) followed by distilled water (5 min each). Slides
were incubated in phosphate-buffered saline (PBS)
for 30 min and incubated in 60 �M ARCAM-1 or
ARCAM-11 in PBS for 30 min at room temperature.
The slides were then rinsed three times with PBS,
stained with DAPI, and coverslipped using Prolong
Gold Antifade mounting media (ThermoFisher).

Western blot of brain and eye

Brain and eye tissues were homogenized in
PBS using a Beadbeater™ tissue homogenizer. The
total protein concentration was measured in 10%
brain and eye homogenates by bicinchoninic acid
assay (Pierce). For quantifying PK-resistant prion
aggregates (PrPSc) in brain, 80 �g of total protein
were incubated with 2% sarcosyl in PBS (final
concentration) at 37◦C for 30 min, digested with
50 �g/ml PK at 37◦C for 30 min and the reac-
tion stopped by boiling samples for 5 min in LDS
loading buffer (Invitrogen). Samples were elec-
trophoresed in 10% Bis-Tris gel (Invitrogen) and
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transferred to a nitrocellulose membrane by wet
blotting. Membranes were incubated with mon-
oclonal antibody POM19 (discontinuous epitope
at C-terminal domain, including amino acids
201–225 [25]) followed by incubation with an
HRP-conjugated anti-mouse IgG secondary anti-
body (Jackson ImmunoResearch). The blots were
developed using a chemiluminescent substrate (ECL
detection kit, ThermoScientific) and visualized using
a Fuji LAS 4000 imager.

PrPSc from 10% eye homogenates in PBS
was concentrated by sodium phosphotungstic acid
(NaPTA) precipitation prior to immunoblotting.
Briefly, 500 �g of protein was incubated in 2%
sarcosyl (final concentration) in PBS at 37◦C for
30 min, digested with benzonase™ (Sigma-Aldrich)
followed by treatment with 20 �g/ml PK at 37◦C for
30 min. After addition of 4% NaPTA to a 170 mM
MgCl2 solution containing protease inhibitors (Com-
plete TM, Roche), extracts were incubated at 37◦C for
30 min and centrifuged at 18,000 × g for 30 min at
25◦C. Pellets were resuspended in 2% sarcosyl prior
to electrophoresis and immunoblotting.

Image J quantifications

For quantitative analysis of PrPSc deposition in
retina, images obtained with the Phoenix Micron
IV fluorescence rodent retinal imaging system were
converted to grayscale (16 bits) with FIJI (an ImageJ-
based image processing software) to distinguish
between areas of fluorophore-labeling and back-
ground. The area covered by fluorescently-labeled
prion deposits was determined using a standardized
histogram-based threshold technique using a macro
that we developed to demarcate the prion deposits by
the pixel intensity, and then subjected to “Measure”
analysis.

PrPSc deposition in immunostained brain sec-
tions was measured by scanning slides with a Zeiss
AxioImager, converting images into TIFF files, and
quantifying PrPSc with FIJI software as described for
the retina.

RESULTS

ARCAM-1 selectively binds to prion aggregates

We first tested whether ARCAM-1 binds prion
plaques ex vivo in brain sections of prion-infected
tg(GPI-PrP) mice that develop vascular plaques
(prion-associated CAA). We performed labeling of

adjacent brain sections with either ARCAM-1 or an
anti-prion antibody and observed that the ARCAM-
1 bound specifically to plaque-like deposits in the
prion-infected brain, with no labelling of the mock
control brain sections (Fig. 1A). To next determine
whether ARCAM-1 crosses the blood retinal bar-
rier (BRB) and binds prion aggregates in live mice,
we injected mice intraperitoneally with ARCAM-
1. Retinal imaging was performed pre- and 1 min
post-fluorophore injection in live uninfected and ter-
minal prion-infected mice using the Phoenix Micron
IV microscope (450 nm excitation). We observed
bright fluorescent deposits surrounding the optic disc
and along retinal vessels immediately post-injection
(Fig. 1B). A postmortem retinal flat-mount of this
same mouse revealed fluorescent aggregates around
the optic disc and along the vasculature (Fig. 1C),
similar to vascular aggregates observed in the brain
of prion-infected tg(GPI-PrP) mice [20]. ARCAM-1
and PrP antibody immunolabelling of adjacent frozen
sections confirmed that the retinal PrPSc was labelled
by ARCAM-1 (Fig. 1D). Collectively, these results
indicate that ARCAM-1 crosses the BRB and binds
retinal perivascular amyloid in live prion-infected
mice.

Retinal prion deposits detected near optic disc in
early disease (50% timepoint)

The poor solubility of ARCAM-1 in aqueous
solutions limits its use in humans. A newly devel-
oped fluorophore (ARCAM-11) was next tested for
the detection of retinal amyloid in cohorts of live
mice over time. This fluorophore had a similar
fluorogenic core as ARCAM-1 but contains pharma-
cophore elements that render this molecule superior
in aqueous solubility compared to ARCAM-1 [by
four orders of magnitude (Supplementary Table 1)].
We intracerebrally inoculated tg(GPI-PrP) mice with
GPI-anchorless prion-infected or mock control brain,
and performed retinal imaging on cohorts of mice
injected intravenously with ARCAM-11 at early,
mid-, and terminal disease timepoints (50%, 75%,
and 100%) (Fig. 2A). Retinal amyloid was again read-
ily detected and was visible by 1 min post-injection
(Fig. 2B).

At the 50% timepoint, prion-infected mice (n = 6)
showed mild kyphosis. No retinal lesions were
observed by brightfield or fluorescent microscopy
prior to probe exposure (Fig. 2C). However, after
intravenous administration of ARCAM-11, four of
six prion-inoculated mice showed punctate fluores-



P.A
guilar-C

alvo
etal./A

ntem
ortem

R
etinalD

etection
ofP

rion
A

m
yloid

1141

Fig. 1. ARCAM-1 labels prion aggregates in brain and retina. A) Brain sections (cortex) from prion-infected or mock-inoculated tg(GPI-PrP) mice stained with ARCAM-1 probe or immunolabelled
for PrPSc show the probe binds submeningeal plaque-like deposits that appear similar to PrPSc. Scale bar = 50 �m. B) Real-time retinal imaging on mock or prion-exposed tg(GPI-PrP) mice,
pre- and post-ARCAM-1 injection. Unbound ARCAM-1 appeared within the vasculature by one minute and rapidly disappeared (B, blue arrows); the remaining fluorescence corresponds to
ARCAM-1 labeled amyloid. Fluorescent deposits surround the optic disc (OD) and retinal vessels extending from the disc (red arrowheads) in prion-infected mice (right eye for all mice). C)
A retinal flat-mount from the same prion-infected tg(GPI-PrP) mouse shown in (B) confirms that fluorescently-labelled deposits surround the optic disc and retinal vessels. Inset shows fibrillar
deposits surrounding a retinal vessel. D) Representative images of ARCAM-1- and PrP-immunolabelled cryosections show fluorescent ARCAM-1 in the retinal ganglion layer and a similar PrPSc

localization in the -immunolabelled contralateral eye (same prion-inoculated tg(GPI-PrP) mouse from B and C). Scale bar = 200 �m.
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Fig. 2. ARCAM-11 fluorophore labels retinal prion aggregates at early disease. A) Schematic representation of the retinal imaging study (IC,
intracerebral). B) Retinal images from prion-infected tg(GPI-PrP) mice, post-ARCAM-11 injection (elapsed post-injection time shown in
minutes; OD, optic disc) (right eye for all mice). The ARCAM-11 fluorophore is detected in the vasculature and retina within the first minute
post-injection. By 21 minutes, the probe is bound to retinal deposits and is no longer visible in the vasculature. C) ARCAM-11-labeled
deposits occupy an increasingly larger area in the prion-infected tg(GPI-PrP) mice imaged at later disease timepoints (different animals at
each timepoint, noted as 50%, 75%, and 100%). White arrows indicate fluorescently-labeled deposits on the optic disc, and red arrows indicate
cotton-wool spots and show the co-localization with the fluorescently-labeled deposits. No mock-inoculated or uninoculated tg(GPI-PrP)
mice showed white foci or fluorescent deposits at any timepoint. D) Graphs show that the retinal area having fluorescent deposits increases
in mice imaged at later timepoints. E) Immunoblots and quantification of PrPSc levels in eye homogenates from prion-infected tg(GPI-PrP)
mice at timepoints from 50% to 100% (normalized to the PrPSc average at terminal disease). F) Immunoblots of PrPSc in brain homogenates
and corresponding quantification. G) Hippocampal (left) and cortical (right) sections immunolabeled for PrP reveal GPI-anchorless PrPSc

accumulating perivascularly, periventricularly (V = ventricle), and adjacent to the meninges (M). Scale bar = 100 �m. H) The percent area
covered by GPI-anchorless plaques in hippocampus, cerebral cortex, and cerebellum increased with time. ∗p < 0.05, ∗∗∗p < 0.001, One-way
ANOVA with Tukey’s post-test (D-F) and two-way ANOVA with Bonferroni post-test (H).

cent deposits adjacent to the optic disc (Fig. 2C, white
arrow), which fluoresced approximately 1 min post-
injection and continued to fluoresce throughout the

imaging period (25–30 min). The fluorescent deposits
comprised up to 0.2% of the retinal area imaged
(Fig. 2D).
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At the 75% timepoint, most prion-inoculated mice
(n = 4) showed kyphosis and tip-toe walking. Strik-
ingly, retinal brightfield imaging revealed white foci
surrounding the optic disc of all mice, with two mice
additionally showing perivascular white foci radiat-
ing centrifugally from the disc (Fig. 2C, red arrows),
reminiscent of cotton wool spots in the retina of AD-
affected patients [26, 27]. ARCAM-11 co-localized
with the white foci from the first minute post-injection
in three mice (one died during imaging) Fig. 2C,
arrows), revealing deposits that were 7- to 10-fold
larger than those observed at the 50% timepoint and
affecting approximately 1.4% of the imaged retina
(Fig. 2D).

The terminal prion-inoculated mice (n = 6) showed
signs of ataxia, weight loss, and hind leg clasp. Reti-
nal brightfield imaging revealed prominent white foci
surrounding the optic disc and radially tracking dor-
sal and ventral retinal vessels (Fig. 2C). Following
ARCAM-11 administration, all six mice showed fluo-
rescent retinal deposits surrounding the optic disc and
extending from the disc along the vessels (Fig. 2C,
arrows), again co-localizing with the white foci. The
retinal area containing fluorescent deposits was 2
to 4-fold larger than at the 75% timepoint and var-
ied from 0.8% to 4.7% (2.4 ± 1.7%) of the imaged
retina (Fig. 2D). No mock- or uninoculated tg(GPI-
PrP) mice (n = 13) showed retinal abnormalities or
fluorescent deposits at any timepoint (Fig. 2C).

To determine whether there was a correlation
between brain and ocular PrPSc levels, we mea-
sured PrPSc levels in brain and globe lysates by
immunoblotting using the anti-PrP antibody POM19
[25]. While brain PrPSc levels were similar among
the mice within each timepoint, ocular PrPSc lev-
els were more variable (Fig. 2E, F). Ocular PrPSc

was detected at the 50% timepoint (Fig. 2E), yet the
levels were low (8 ± 5% of terminal level). By the
75% timepoint, ocular PrPSc levels were markedly
higher (67 ± 33% of the terminal level), suggesting
prion spread into the eye in early to mid-disease
(Fig. 2E). By comparison, PrPSc levels in the brain
were high at the 50% timepoint (68 ± 7% of termi-
nal disease level) (Fig. 2F) and had increased by the
75% timepoint with little measureable change by ter-
minal disease. Histologically, perivascular plaques at
the 50% timepoint targeted predominantly the hip-
pocampus and cerebral cortex, whereas at the 75%
timepoint, plaques were larger and distributed more
broadly across the brain, to include the thalamus and
cerebellum (Fig. 2G, H). By the 100% timepoint,
certain brain regions (i.e., cerebral cortex) showed

a still higher PrPSc plaque area (Fig. 2G, H), an
increase not detectable in the immunoblots of hemi-
brain lysates. Collectively, these data show that in the
tg(GPI-PrP) mouse model of prion disease, extensive
retinal vascular amyloid was identified antemortem
by early disease using a fluorescent amyloid bind-
ing dye and retinal microscopy. These studies reveal
a tractable ocular amyloid model for future devel-
opment of topical amyloid binding dyes for clinical
use.

DISCUSSION

Efficient diagnosis of neurodegenerative disease is
critical to initiating early intervention, prior to exten-
sive synapse loss. Here we show an experimental
model system with abundant ocular amyloid, facil-
itating the evaluation of a peripherally administered
fluorophore. The fluorophore rapidly and specifically
bound to ocular amyloid with a high signal inten-
sity, enabling early antemortem amyloid detection
using standard retinal imaging cameras and providing
a clear proof-of-concept.

The present study is the first report of white foci,
or “cotton wool spots”, in the retina of prion-affected
mice, similar to those observed in AD patients [16, 26,
27]. The white, variably-sized foci were visible in the
retina of all mice by the 75% timepoint at sites similar
to the fluorescent probe, presumably bound to PrPSc.
These ocular lesions, which can result from vascular
insufficiency and neuronal loss, have been reported
in patients with vascular dementia, and are associated
with accelerated rates of cognitive decline [26–30].
Here the co-localization of prions with cotton wool
spots in the prion-infected mice suggests that vas-
cular amyloid should be also considered among the
differentials for white foci in the retina.

Our studies provide evidence supporting the fur-
ther development of amyloid-binding probes as
an adjunct screening method for the antemortem
diagnosis of neurodegenerative disease, particularly
diseases characterized by extracellular amyloid, such
as AD and GPI-anchorless prion disease [for exam-
ple, caused by nonsense mutations in PRNP (Q145X,
Q160X, or Q163X)] [31]. Patients with familial prion
disease typically have no known family history of
disease due to misdiagnosis, low penetrance, or de
novo occurrence [32–34]. Retinal imaging offers
a rapid, low cost tool for screening or monitor-
ing CNS amyloid load [16, 35, 36] compared to
electroencephalography, positron emission tomog-
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raphy or magnetic resonance imaging. Moreover,
fluorophores that emit at different maximal λemission
when bound to amyloids of different protein com-
position offer an additional advantage as an aid in
differential disease diagnosis [37–39].
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