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Purpose: Complex two-dimensional (2D) patterns of hyperfluorescent short-wave
fundus autofluorescence (FAF) at the border of geographic atrophy (GA) can predict
its expansion in patients with late non-exudative “dry” AMD. However, preclinical
models do not phenocopy this important feature of disease. We sought to describe
the spatiotemporal changes in hyperfluorescent FAF patterns that occur following acute
oxidative stress, potentially in association with GA expansion.

Methods: Sprague Dawley rats (n = 54) received systemic sodium iodate (25-45 mg/kg,
n =90 eyes) or saline (n = 18 eyes) and underwent serial full fundus imaging by confocal
scanning laser ophthalmoscopy, including blue FAF and delayed near-infrared analysis.
Composite images of the fundus were assembled, and the 2D patterns were described
qualitatively and quantitatively. A subset of eyes underwent tissue analysis, and four
underwent optical coherence tomography (OCT) imaging.

Results: Reproducibly changing, complex patterns of hyperfluorescent FAF emerge at
the borders of toxin-induced damage; however, in the absence of GA expansion, they
percolate inward within the region of retinal pigment epithelium loss, evolving, matur-
ing, and senescing in situ over time. Unexpectedly, the late FAF patterns most closely
resemble the diffuse tricking form of clinical disease. A five-stage classification system is
presented.

Conclusions: Longitudinal, full-fundus imaging of outer retinal atrophy in the rat eye
identifies evolving, complex patterns of hyperfluorescent FAF that phenocopy aspects
of disease.

Translational Relevance: This work provides a novel tool to assess hyperfluorescent
FAF in association with progressive retinal atrophy, a therapeutic target in late AMD.

criteria and an endpoint for late-phase interventional

Introduction

Geographic atrophy (GA) is the late, irreversibly
blinding complication of dry age-related macular
degeneration (AMD), and there are no approved treat-
ments. Regions of GA appear hypofluorescent (dark)
and readily quantifiable using short-wave fundus
autofluorescence (FAF) in the blue-green spectrum,
supporting use of this measure as both enrollment
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clinical trials.'”> In particular, current pivotal phase
3 trials enroll patients with pre-existent GA, and the
rate of GA expansion is employed as a measure of
efficacy, comparing untreated and treated arms over at
least 12 months. Further, to enrich for patients likely
to progress during the course of study, enrollment
criteria often include the presence of hyperfluorescent
(bright) FAF at the border, or in the adjacent junctional
zone surrounding the GA.""*% When present, hyper-
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fluorescent FAF indicates disease activity, suggesting
both increased likelihood and directionality of GA
expansion.” 2 Although it is widely recognized that
endogenous fluorophores such as lipofuscin give rise
to the retinal pigment epithelium (RPE) signal,'>-'# the
pathogenesis of the differing patterns of hyperfluores-
cence is not known.

Following from early case studies and later from the
prospective Fundus Autofluorescence Imaging in Age-
Related Macular Degeneration study of patients with
GA, hyperfluorescent FAF patterns can be described as
nine distinct phenotypes that differentially predict the
rates of future expansion.”?>!%-16 These complex two-
dimensional (2D) FAF patterns are clinically identi-
fied by physicians through the process of whole image
pattern recognition'” and, though only recently and
rarely quantified, have been analyzed by others and
further coalesced into fewer groups, corroborating
their association with differential rates of GA expan-
sion.!218:19 Accordingly, in the absence of hyperflu-
orescent FAF, GA is not likely to expand, whereas
patterns such as banded (see Fig. 2a), patchy, diffuse
non-trickling, and diffuse trickling have the highest
rates of GA expansion.®?-12:29-22 Despite the impor-
tance of hyperfluorescent FAF patterns to patient
prognosis and their critical role in clinical trial design,
complex FAF patterns are not described in animal
models.

Overall, preclinical studies of non-exudative
AMD are hampered by a lack of animal models
that predict clinical trial success. No species other
than Homo sapiens, not even non-human primates,
develop advanced disease,”> and genetic models
do not adequately capture disease complexity.>*2°
Nonetheless, by studying the tissue process of neovas-
cularization per se, rather than AMD, rodent models
have played a critical role in the development of anti-
angiogenic treatments for exudative wet AMD.>"
Therefore, in the current study we elected to study the
tissue process of retinal atrophy rather than AMD, and
we sought to determine, using repeated in vivo confo-
cal scanning laser ophthalmoscopy (cSLO) imaging,
whether hyperfluorescent patterns occur at the distal
borders of GA and beyond and if they predict or
accompany GA expansion.

Sodium iodate (NalOs) is a strong oxidizing agent
that, even when administered systemically, has marked
relative specificity for the eye, causing acute RPE
necroptosis followed by a period of photoreceptor
apoptosis and outer retinal thinning.*®3° It has been
employed by vision scientists for many decades and is a
widely used model of atrophy.**~#3 Unfortunately, the
ocular toxicity of NalOj is also known to be directly
relevant to the human biology, having been inadver-
tently administered to patients undergoing treatment
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for pneumothorax, with ensuing bilateral, macula-
specific vision loss.**

More recently, cSLO imaging has been applied to
the NalOj3; model to enhance decades of histologi-
cal study. To date, FAF imaging has led to descrip-
tions of hyperfluorescent dots, spots, punctate lesions
and non-uniformity of signal, that bear some, but
limited semblance to disease.*>*3-*> Further, applica-
tion of optical coherence tomography (OCT) to the
NalO; model has confirmed the histologically reported
sequence of early RPE loss, followed by progressive
outer retinal thinning and the accumulation of subreti-
nal debris.*>#%-47 However, highlighting the difference
between the evolution of the NalOs-induced atrophy
and the development of clinical GA, the application
of high-resolution OCT to patients with nascent GA
has shown that RPE loss does not occur first as it
does in the NalO; model but rather last, preceded
by early subsidence and progressive thinning of the
outer retina.*® Based on these highly reproducible
OCT findings, the Classification of Macular Atrophy
(CAM) Consensus working group redefined GA* and
developed a classification system that describes sequen-
tial loss of outer retina and RPE into four stages,
proceeding from incomplete outer retinal atrophy
(IORA), to complete ORA (cORA), then incomplete
RPE + cORA (iRORA), and finally complete RORA
(cCRORA) when the RPE is finally lost.*** An appeal-
ing aspect of this observation is that with RPE remain-
ing as the last layer of full-thickness photoreceptor
and RPE loss (PhR/RPE) loss, it could be responsi-
ble for the hyperfluorescent signal at the border and in
the junctional zones of expanding GA and for residual
signal within areas of incomplete GA.

To address the lack of preclinical models of
complex hyperfluorescent FAF, this study describes
the spatiotemporal changes in blue FAF that accom-
pany RPE loss and outer retinal atrophy following
systemic NalOj in the Sprague Dawley (SD) rat. By
reverse translation from clinical observation to the lab,
we hypothesized that regions of PhR/RPE loss will
appear dark but their peripheral borders and adjacent
junctional zones will appear bright and exhibit complex
2D patterns that may in turn predict or accompany GA
expansion. We also used delayed near-infrared analysis
(DNIRA) to enhance visualization of the rodent RPE
layer (and areas of its loss) in vivo> and immunobhisto-
chemistry (IHC) to confirm RPE loss. We also applied
OCT in a subset of animals to correlate the en face
fluorescence with cross-sectional findings. Finally, by
engaging four retina specialists familiar with late dry
AMD, we compared the patterns of hyperfluorescent
FAF observed in the rat against standardized images
that qualitatively describe clinical disease to determine
the most similar features and phenotypes.
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Animals

Fifty-four adult, albino SD rats, 6 to 7 weeks of
age, were obtained from Charles River Laboratories
(Wilmington, MA) and exposed to a 12-hour light/dark
cycle. To avoid excessive exposure to overhead lighting,
animals were housed on the lowest shelves. All exper-
iments were performed in accordance with guidelines
set forth by the ARVO Animal Statement for the Use
of Animals in Ophthalmic and Vision Research, and
animal protocols were approved by the local animal
care committee.

Sodium lodate

Sodium iodate (Sigma-Aldrich, St. Louis, MO) was
prepared fresh daily at a stock solution of 45 mg/mL
in injectable saline (Baxter Canada; Mississauga, ON,
Canada). On day 0 of experimentation, the stock
NalOj solution was diluted to final concentrations of
25 to 33 mg/mL or 45 mg/mL, and animals received
dosages of 25 to 33 mg/kg or 45 mg/kg, administered
intravenously (IV) via tail vein. These two dosages,
designated low or high, were selected to induce small-
size or large regions of GA-like atrophy, respectively.
Control (i.e., non-NalOj challenged) animals received
normal saline via tail vein or nothing.

In Vivo Imaging

Animals were anesthetized with a combination of
ketamine (100 mg/kg) and xylazine (10 mg/kg), and
pupils were dilated with a single drop of 0.8% tropi-
camide in 5% phenylephrine hydrochloride solution
(Diophenyl-T; Sandoz Canada, Boucherville, QB,
Canada). GenTeal lubricating eye drops (Novartis,
Basel, Switzerland) were repeatedly applied to the
corneal surface during all procedures.

Fundus imaging was performed using a Heidelberg
Retina Angiography 2 (HRA2) system (Heidelberg
Engineering, Heidelberg, Germany). Lacking OCT
functionality, this device has brighter luminance in the
infrared (IR) spectrum than instruments with light
deflected for this purpose. During imaging, a 30° lens
was used, and photographs were first acquired using
IR reflectance (820 nm) to determine the general plane
of focus and adjusted thereafter for FAF and DNIRA.
Eyes were screened prior to initiating experiments to
exclude those with significant pre-existent lesions and
to confirm normal baseline retinal structure. Limited
OCT analysis was performed (n = 4 animals) using a
rodent-specific device (see below).
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To visualize potential GA-like atrophy expansion
and distal hyperfluorescent borders, we performed
extensive realignment of the animal, pupillary axis, and
imaging beam to acquire multiple images throughout
the entire fundus, including the far periphery. These
images were obtained in addition to the traditional
emphasis on the region adjacent to the optic nerve head
(ONH).#-31-32 When assembled, the resultant compos-
ite images enable study of the total area of GA-like
atrophy, the distal and proximal border of GA-like
atrophy, and, where possible, the regions beyond.

Fluorescein and Indocyanine Green
Angiography

Because fluorescein dye can interfere with FAF
imaging, fluorescein angiography was not used except
to demonstrate differences between DNIRA and other
forms of routine imaging (see Fig. 2). When applied (n
= 2 animals), it was performed using 2000-kD fluores-
cein dextran, injected IV via the tail vein. By contrast,
indocyanine green (ICG) angiography (0.35 mg/mL in
sterile saline, injected to a final dose of 0.35 mg/kg) was
performed in all animals at the initial fundus screening,
at 2 or occasionally 3 days prior to NalOj injection,
to evaluate the vasculature and as part of the DNIRA
protocol.

Delayed Near-Infrared Analysis

As originally described,”® DNIRA was performed
by the systemic delivery of ICG dye (0.35 to 2.0 mg/kg)
in the days and weeks prior to in vivo imaging in
the corresponding near-infrared (NIR) excitation and
emission spectra (790 nm and 810 nm, respectively),
the ICG channel (Fig. 1), without further injection
of dye. We demonstrated that this delay between dye
injection and imaging permits detection of ICG dye
that has accumulated within the rat RPE layer follow-
ing systemic administration and, critically, diminution
of the background signal. The net effect is signifi-
cant enhancement of the signal-to-noise ratio of the
DNIRA in detection of RPE, over the relatively low
levels observed using FAF. Accordingly, to define the
full extent of RPE loss, NalO3 was injected 2 to 3
days after ICG angiography, 0.35 mg/kg via the tail
vein, and DNIRA imaging was performed at days 3,
7, and 14 after NalOs in the ICG channel, without
further dye injection. When DNIRA was applied to
later timepoints (day 28 or later after NalO;), ICG dye
was again delivered systemically, 2 to 3 days prior to
imaging in the ICG channel, without further injection
of dye (for the time course of imaging, see Fig. 1f).
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Figure 1. ¢SLO imaging confirmed multimodal findings in the normal SD rat eye and demonstrated that DNIRA is distinct from routinely
used modalities. (a) In the SD rat eye, blue short-wave FAF (excitation, 488 nm; emission, 500 nm) showed a diffuse ground-glass glow that
was absent at the ONH and in radial lines corresponding to overlying blood vessels, supporting its use as the gold standard for detection of
the RPE. (b) Fluorescein angiography demonstrated the radial inner retinal blood vessels. (c) ICG angiography (excitation, 790 nm; emission,
810 nm) clearly demonstrated the choroidal vasculature. These methods are distinct from DNIRA (d, e), which was also visualized in the ICG
excitation and emission spectra. (d) When using DNIRA, there was no or negligible signal prior to dye injection (images were taken using
the highest cSLO energy level, “gain,”to activate image acquisition). (e) Images acquired 2 or 3 (or up to 14) days after systemic ICG injection,
without further injection of dye, showed a finely speckled, diffuse fluorescence that, like FAF, was absent at the ONH and in the location of
overlying retinal blood vessels. Fluorescein angiography was performed for illustrative purposes only (n = 2 eyes), and never preceded FAF.
(f) Time course of DNIRA and multimodal cSLO imaging used in this study. In addition to FAF, indicated by the black camera icon, and ICG
angiography, indicated by the green syringe, the DNIRA images were acquired out to 14 days after the initial (pre-NalOs) ICG injection (green
camera icon). For later timepoints, performed at 1, 2, and 4 months, ICG dye was again administered systemically 2, or occasionally 3, days
prior to subsequent multimodal image acquisition, without further injection of dye.

Optical Coherence Tomography juxtapose images with near-equivalent levels of illumi-

) . nation, using the vasculature as markers. Due to the
Though our HRA2 was not equipped with OCT  cyrvature of the eye and small pupillary aperture,
capabilities, we benefited from the temporary loan (pis was often not possible across all edges of the
of a rod;nt-spemﬁc device (Bioptigen Envisu R2200; image. Nonetheless, composite images were described
Leica Microsystems, Wetzlar, Germany). Images were 1,y qualitatively and quantitatively. Quantification of
acquired with a density of 1000 a-scans x 1000 yesiong of atrophy was performed two ways. First,
b-scans, using a radial arm of approximately 1000 o compared the size (area) of the NalOs-induced
um. Applied to multiple regions of interest in four patches at the first and final imaging sessions, looking
eyes, multiple high-resolution images were acquired g,; photential expansion, noting that portions of the
and analyzed both in cross-section (z-axis) and in en

: ; N peripheral borders of large patches often extended
fai:.e slabs (volume intensity projections) through the  peyond image capture, underestimating their full size.
retina.

Second, we performed threshold analysis of the area

of hyperfluorescent signal within the entire image

Post Hoc Image Analysis and Analysis of (described below), which was compared against the

Atrophy total area of the image. Qualitative description of

the complex 2D patterns was performed through the

Following export, the HRA2 images were manually development of a staging system (as described in
assembled into composites with an attempt to best Results).
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Quantitative Analysis of the
Hyperfluorescent Signal

Individually acquired FAF cSLO images were
analyzed using ImageJ 1.48 (National Institutes of
Health, Bethesda, MD) and Java 1.6.0_24 (64-bit),
using an 8-bit image format. Background subtrac-
tion (rolling ball radius 50-150 pixels) was performed
to eliminate noise. An image threshold was adjusted
(minimum, 0; maximum, 243) to set a basal level
of autofluorescence, and measurements expressed as
percentage of hyperfluorescent area over total area,
both measured in pixels. The percent area of hyper-
fluorescent signal per image was then compared
between stages of change after NalOj; (described
below).

Fluorescent Immunohistochemistry

To histologically confirm regions of RPE loss in
areas of NalOs-induced PhR/RPE damage, animals
were euthanized, and wholemount posterior eyecups
were evaluated by fluorescent IHC. Following enucle-
ation and removal of the anterior segment, poste-
rior segments devoid of the lens were fixed in 4%
paraformaldehyde in phosphate buffered saline (PBS)
for 45 to 60 minutes, and, after being rinsed again
with PBS, they were transferred to cold methanol and
stored at —20°C until use. Following removal of the
retina, the presence or absence of the RPE was identi-
fied in wholemount posterior eye cups by blocking with
5% bovine serum albumin in PBS with 0.1% Triton
X-100 (Sigma-Aldrich) for 1 hour at room temper-
ature. Eye cups were then incubated with primary
antibodies against RPE6S5, diluted 1:200 in block-
ing buffer (mouse monoclonal anti-RPE65 antibody,
ab78036; Abcam, Cambridge, UK) and incubated at
4°C overnight on a shaker. After they were washed
four times for 20 minutes each in 1x PBS, the samples
were again subjected to blocking buffer for 1 hour at
room temperature. Eye cups were next incubated with
a 1:400 dilution of Invitrogen Goat anti-Mouse 1gG
(H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 555 (A-21424; Thermo Fisher Scientific,
Waltham, MA) secondary antibody solution overnight
at 4°C with gentle rotation. After they were washed
in 1x PBS four times for 20 minutes each, the
samples were counterstained with nuclear dye, 4',6-
diamidino-2-phenylindole (DAPI), and mounted in
anti-fade fluorescence mounting medium (ab104135;
Abcam) on polytetrafluoroethylene-printed two-well
sides (Electron Microscopy Sciences, Hatfield, PA).
RPE cells were identified by their expression of RPE65
and their unique binucleate appearance. Images were
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captured using a Zeiss LSM700 confocal microscope
(Carl Zeiss Meditec, Jena, Germany) with ZEN Black
2012 software.

Quantitative Polymerase Chain Reaction and
Polymerase Chain Reaction Array Analysis

To confirm the in vivo observation that low-
and high-dose NalOj; differentially induces small
and large regions of RPE loss, respectively, total
RNA was isolated from posterior eyecups (n = 3
per group) at 2 weeks, and RPE65 gene expression
levels were compared against baseline. After enucle-
ation, eyes were dissected in cold RNAlater solution
(Life Technologies, Carlsbad, CA), and the retina,
RPE, and choroid were stored in the RNAlater
solution. Total RNA was isolated using Invitrogen
TRIzol Reagent following the manufacturer’s protocol
(Thermo Fisher Scientific). If required, total RNA was
further purified with the RNeasy MinElute Cleanup
kit (Qiagen, Hilden, Germany). The quantity and
quality of the RNA were confirmed using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific)
and Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA).

cDNA was synthesized using the Qiagen RT? First
Strand Kit with 2 ug of total RNA per reaction. Real-
time polymerase chain reaction (PCR) was performed
using the Qiagen 384-Well Custom RT2 Profiler PCR
Array and Qiagen RT?> SYBR Green ROX qPCR
Mastermix with 10 ng cDNA per well. The reactions
were run on an Applied Biosystems ViiA 7 Real-Time
PCR System (Thermo Fisher Scientific) with default
cycling conditions. Differences in gene expression were
analyzed using the Qiagen RT? Profiler PCR Array
Data Analysis v3.5 web portal (http://pcrdataanalysis.
sabiosciences.com/pcr/arrayanalysis.php) based on the
A ACT method and normalized to peptidyl-prolyl cis—
trans isomerase H (PPIH) as a reference gene. Primer
sequences are proprietary (Qiagen), with details as
follows: RPE65 (NM_053562), amplicon start site
at position 659 and amplicon size 125 base pairs
(bp) (Qiagen catalog no. PPR52080B); and PPIH
(XM_001073803), amplicon start site at position 127
and amplicon size of 54 bp (Qiagen catalog no.
PPR57387B).

Comparison Between Complex Patterns of
FAF in Clinical Disease Versus SD Rat

As AMD is a chronic disorder, composite fundus
images from rats that received NalO; challenge at least
28 days earlier were presented to four retina specialists,
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three of whom were not involved in the study. Each
composite rat image was accompanied by one clini-
cal reference image pattern,’-?-1*-3% and after 18 unique
presentations, clinicians were asked to identify those
with the highest degree of similarity based on their
clinical acumen.

Statistical Analysis

Unless otherwise indicated, statistical analysis was
performed using Prism 5.0 (GraphPad, San Diego,
CA). The relationship between the size of the patch of
NalO;-induced atrophy between imaging sessions was
analyzed using a two-tailed, paired Student’s ¢-test, and
results are presented both as paired data (estimation
plot) and the mean of differences. Statistical analysis
of the influence of NalOj; dose (high, low, or none) on
the resulting patch size, either large (>1/2 fundus) or
small, was performed using Somers’ D test for categor-
ical data, and SPSS Statistics 27.0.1.0 (IBM, Armonk,
NY). Analysis of quantitative PCR data was based
on the replicate 2 22T values for the gene of interest
compared with control (non-NalO3), and findings were
normalized against cyclophilin H (PPIH) using the
Relative Expression Software Tool, Multiple Condi-
tion Solver (REST-MCS, version 2), with statistical
analysis performed based on the protocol by Pfaffl
et al.>* For quantitative image analysis, differences in
the percent of image area exceeding threshold bright-
ness were compared between timepoints and between
superior and inferior fundus, using an unpaired two-
tailed Student’s ¢-test. Statistical significance was preset
at P < 0.05 for all analyses.

First, during prescreening of control, non-NalOs-
challenged eyes (n = 18) and NalOs-challenged eyes (n
= 90), cSLO imaging confirmed the normal, baseline
fundus features of SD rats as previously described
(Fig. 1).>> In particular, blue light FAF showed
a diffuse, ground-glass appearance with absence of
signal at the ONH and in the location of overly-
ing retinal blood vessels (Fig. 1a), consistent with
the presence of autofluorescent bisretinoids such as
lipofuscin within the RPE monolayer and with findings
in the human eye.'?-!>3-62 Accordingly, FAF is the
gold standard for detection of the RPE. Fluorescein
angiography, performed in just two animals for illus-
trative purposes, showed the normal retinal vascula-
ture (Fig. 1b), whereas ICG angiography, performed
in all animals 2 or 3 days prior to NalOs, signifi-
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cantly enhanced visualization of the choroidal vessels
(Fig. 1c). Also, immediately prior to ICG angiogra-
phy, baseline DNIRA images, acquired in the NIR
excitation and emission spectra (790nm and 810 nm,
respectively) before injection of dye, had little or no
detectable signal (Fig. 1d), in some cases precluding
image capture. However, as previously described, cSLO
imaging in the ICG channel performed 2 to 14 days
after ICG delivery, but with no further injection of dye,
showed that the RPE monolayer was highly visible as
a relatively homogeneous fluorescent signal (Fig. le).>"
Like FAF, the normal DNIRA signal was absent at the
ONH and blocked by overlying retinal blood vessels.
Application of DNIRA therefore enhances visualiza-
tion of the RPE layer, as confirmed in the clinical
setting in conjunction with adaptive optics.’?-03-%4 As
such, and as employed in the following experiments, it
is distinct from other routinely used imaging modalities
and makes regions of RPE loss highly visible. The time
course of in vivo ¢cSLO imaging, relative to NalO; and
ICG injection, is provided in Figure 1f.

Next, we applied c¢cSLO imaging to rat eyes
challenged with NalOj;, with the ultimate goal of
comparing the spatiotemporal changes in FAF patterns
against those observed in patients with pre-existent
GA. For comparison, a representative clinical image of
a patient with GA and the banded pattern of hyperflu-
orescent FAF are shown in Figure 2a.

Reasoning that small patches of NalOs-induced
damage would be easier to photograph to their distal
borders than large patches, we delivered low-dose
NalO; (25-33 mg/kg) by IV injection. Analysis of
FAF composite images assembled from throughout the
fundus indicated that areas of NalOs-induced atrophy
were indeed small (less than half the fundus) and
did not appear hypofluorescent in the rat eye, as in
patients with GA. Instead, as shown in a representa-
tive composite FAF image taken 3 days after admin-
istration of the low-dose NalOj, a small region of
nearly normal fluorescence adjacent and inferior to the
ONH was identified by its slightly enhanced border
(Fig. 2b). By 7 days after administration of the NalOs,
FAF imaging of this same representative eye demon-
strated the emergence of complex, alternating iso- and
hyperfluorescent curvilinear patterns (Fig. 2c) along its
borders, in the absence of marked hypofluorescence.
Given that NalOs is well known to induce full thick-
ness loss of both RPE and outer retina,*0-40-47-65-71 this
result of increased, rather than decreased, FAF was
unexpected compared with clinical findings. It does,
however, support preliminary findings by our group.’?

To confirm that the RPE was indeed lost within
this region of hyperfluorescent signal, we performed
both DNIRA and terminal IHC, focusing on early
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Figure 2. Representative composite blue FAF images taken after low-dose NalOs (28 mg/kg, IV) show a small region of RPE damage that
was hyperfluorescent rather than hypofluorescent, as expected in the clinical setting. This region was found to be profoundly hypofluores-
cent with the use of DNIRA. (a) Blue FAF image of a patient with a central region of GA shows a distinct area of hypofluorescence (dark)
surrounded by a hyperfluorescent (bright) border. (b) In the rat eye, a representative composite blue FAF image obtained 3 days after low-
dose NalOs (28 mg/kg, IV) shows a small well-circumscribed region of isofluorescence with a subtle, hyperfluorescent border. This region
is inferior and adjacent to the ONH. (c) By 7 days after the administration of NalOs, a curvilinear pattern of alternating hyper- and isofluo-
rescent FAF emerged. (d) By contrast, using DNIRA in the same eye (representative image from day 3), the area of damage was profoundly
hypofluorescent relative to the surrounding signal, was distinct from the FAF image, and more closely resembled the hypofluorescent FAF
of clinical GA. (e) Fluorescent IHC images of excised posterior eyecups confirmed the presence of a normal, diploid RPE monolayer in control
(non-NalOs-challenged) eyes (n = 18) using nuclear staining (DAPI) and anti-RPE65 antibodies. (e) By contrast, fluorescent IHC images taken
in the region of damage at days 3, 7, 14, and 28 after the administration of NalO3 show that the RPE was rapidly lost, with some indication of
potential RPE regeneration by day 28; same-species immunoglobulin G (IgG) control produced no signal. Original magnifications, 20x and
40x (note that the lower magnification images have been enlarged for consistency). (f) Similarly, and confirming RPE loss, RPE65 messenger
RNA (mRNA) was dose-dependently reduced by NalOs challenge, here shown after 14 days (fold change + SEM, P < 0.001). (g) However,
using composite FAF imaging, the two doses of NalO; differentially induced large areas of damage (>1/2 fundus) in 100% of eyes at 45
mg/kg (n = 60), and variably induced large, small, or no areas of damage at the lower doses of 25 to 33 mg/kg (n = 30), in approximately a

Day 7 Day 14 Day 28 mslgG f)

)

Patch Size Totals
Nopatch _Small __Large
NalO3 Concentration High dose 0 ) 60 60
Low dose 8 12 10 30
Saline/no Nal03 18 [ [ 18
Total 2 12 70 108

Low dose (25-33mg/kg)
High dose (45mg/kg)

p <0.001

third of eyes each (Somers'D test, P < 0.001 for categorical data), indicating that the area of atrophy correlated with NalO; dose.

timepoints prior to any potential RPE regeneration
that could occur in the rodent eye. Accordingly, and
in contrast to FAF, DNIRA imaging of the same
eye taken at day 3 showed a well-defined region of
hypofluorescent signal (Fig. 2d) with sharp borders
more closely resembling clinical GA than did FAF.
Consistent with early reports of DNIRA, this obser-
vation supports regional loss of the RPE monolayer.*"
Further, fluorescent IHC performed following terminal
experimentation and enucleation confirmed that the
NalO;-challenged eyes were devoid of RPE within the
region of bright FAF and dark DNIRA, with loss of
their duplet nuclear signal and RPE65 immunolabeling
(Fig. 2e). NalOs-induced RPE loss is also supported
by significant RPE65 mRNA loss, more so with high-
dose NalO; challenge than low, compared at 2 weeks
(Fig. 2f). In all cases in which a small patch of tissue loss
was induced, it was always adjacent to but not contigu-
ous with, and inferior to, the ONH.

Despite the advantage of using low-dose NalO; to
evaluate the distal borders of small areas of atrophy, we

found that they are difficult to reliably induce, occur-
ring in fewer than one-third of eyes (small patch/low
dose, n = 12/30 eyes, 25-33 mg/kg NalOj3), due to
a tendency to either encompass the entire fundus
(large patch/low dose, n = 10/30 eyes) or not form
at all (no patch/low dose, n = 8/30 eyes) (Fig. 2g).
By contrast, high-dose NalO; (45 mg/kg) induced
large regions of damage in 100% of the eyes (large
patch/high dose, n = 60/60; overall P < 0.001). Accord-
ingly, with the use of high-dose NalO3, we reliably
observed large regions of damage that encircled the
ONH a full 360° and extended to the far retinal periph-
ery (Figs. 3a—3c), but in some cases precluding detec-
tion of their entire distal border. Nonetheless, like
the smaller lesions, these large arcas of RPE loss
did not appear dark compared with the background
fluorescence using FAF as hypothesized, but rather, as
shown in representative serial composite images taken
at days 3, 7, and 14 after the administration of NalOs,
displayed the same evolving changes of iso- and hyper-
fluorescent FAF. In particular, faintly hyperfluorescent
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Figure 3. Representative composite blue FAF images taken of the same eye at days 3, 7, and 14 after the administration of high-dose NalO3
(45 mg/kg, IV) show the emergence and evolution of increasingly complex 2D patterns of hyper- and isofluorescence within a large area of
the fundus (superior fundus only shown). (a) Three days after the administration of NalOs, two narrow slightly hyperfluorescent FAF arcs
(or rings, in full 360° view) can be seen immediately surrounding the ONH and the proximal border, and in far retinal periphery at the distal
border (small white arrows). (b) By 1 week, these hyperfluorescent borders widened and assumed a complex curvilinear pattern of alternating
hyper- and isofluorescent signal. (c) By 2 weeks after the administration of NalOs, these complex patterns extended inward into the region of
damage from both borders (open arrows show the direction in which the evolving patterns of FAF migrated into the mid-region of damage).
(d) In all cases where the border can be viewed, no gross atrophy expansion was observed (84/84 eyes), and no expansion could be measured
using paired composite images, where the area of tissue loss (expressed in pixels) measured at timepoint 1 (TP1) was separated by up to 25
days from timepoint 2 (TP2) (P = 0.320 for all patches, P = 0.2634 for small patches, and P = 0.3653 for large patches; evaluated using paired
estimation analysis and mean of difference).

borders became evident (Fig. 3a) at days 3 and 4 after
the administration of NalOj;, both in the peripapil-
lary region and at the peripheral extent of damage.
Over the next 7 to 14 days, these proximal and distal
borders widened and developed complex hyperfluo-
rescent FAF patterns, leaving a central area not yet
obviously involved. (Figs. 3b, 3c). In the weeks there-
after, the complex hyperfluorescent patterns progres-
sively percolated inward into the region of PhR/RPE
loss (days 14-28). In another representative example

using high-dose NalO; (45 mg/kg), this time compar-
ing early (1 week) and later (1 month) timepoints in
the same animal, the complex hyperfluorescent FAF
patterns again emerged at the proximal and distal
borders (Fig. 4a) and gradually expanded inward to
completely fill the gap or mid-region of RPE loss
(Fig. 4b) where they further matured in situ. Of note,
in none of the NalOs-challenged eyes that developed
patches of atrophy did they expand grossly over time
(n = 82/82) (Figs. 2-5), an observation supported by



translational vision science & technology

Evolving FAF During Progressive Retinal Atrophy TVST | March 2022 | Vol. 11 | No. 3 | Article 3 | 9

1 month post-NalO,
- FAF
1 week post-NalO;

FAF Pattern extends fully

Distal Border between borders

Widening
proximal
border

Figure 4. Representative composite images taken at 1 week and 1 month (28 days) after the administration of NalO; in the same eye
demonstrate the in situ evolution and maturation of complex 2D FAF patterns, whereas representative OCT slab analysis show concor-
dance with the subretinal signal. (a) As previously shown in its early evolution (day 7), the narrow proximal and distal borders widened, and
hyperfluorescent FAF patterns emerged and percolated inward to the central region of damage. (b) By 1 month, complex 2D patterns were
mature and filled the entire region between the two borders. (c) High-resolution OCT comparing normal (day 0) and early (day 3) rat fundus
confirmed loss of the faint, dark RPE band after NalO; administration, which in this case is evident in the inferior peripapillary region and not
the superior peripapillary region. (d) By day 14 after NalO;, OCT images acquired near the distal border of the region of damage revealed
the appearance of hyperreflective base-down triangles and spikes, which are also evident in (e), by using OCT slab analysis through the
reconstructed block taken at slightly different depths in the outer retina. (f, g) Images show the correspondence between en face and cross-
sectional OCT signal corresponding to an obvious, distinct ovoid/circular structure and illustrating a hollow-centered, base-down triangle
(asterisk; also see asterisk in Fig. 5d). A smaller second circle can be seen with close observation. (h) Multiple b-scans through this region,
shown both in the z-axis and in the en face projection.

careful measurements of composite images across 17
paired imaging sessions (n = 34 composite images, P =
0.320) (Fig. 3d).

Next, to preliminarily address the in vivo cross-
sectional changes in retinal morphology that
correspond to the changing patterns of FAF, we

used a rodent-specific, high-resolution OCT device
(Bioptigen). Four eyes were evaluated at multiple
regions of interest, using multiple b-scans.

Consistent with published reports of NalOs toxic-
ity, high-resolution OCT showed loss of the RPE band
as early as 3 days after NalO3.%-%:73 In the represen-
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Compare to Fig 4g),
rodent OCT

Compare to
Fig 5a), rodent

Representative composite images acquired after systemic NalO; demonstrate curvilinear patterns of hyperfluorescent FAF that

bear similarity to human disease. (a) Representative composite FAF image obtained 14 days after NalO; shows complex curvilinear, ovoid
patterns evolving and percolating inward from their borders. (b) By 2 months after the administration of NalOs (shown in a different eye), the
curvilinear patterns remained obvious but were much less distinct and more granular in appearance. (c) Corresponding DNIRA image shows
aclear view to the underlying choroid devoid of an intact RPE monolayer in the region of hyperfluorescent FAF signal. To determine potential
similarity to disease, four retina specialists were presented with standard images exemplifying or defining the patterns of hyperfluorescent
FAF adjacent to GA coupled in 18 pairings; all four of them determined that the NalO3; images most closely resembled the diffuse trickling
form of junctional hyperfluorescence. To demonstrate this, we show two reference images of the diffuse trickling pattern, insets (a) and (b),
which are reproduced from Fleckenstein et al., Invest Ophthalmol Vis Sci, 55(5):2911-2920, 2014, and Fleckenstein et al., Invest Ophthalmol Vis
Sci, 52:3761-3766, 2011, with the permission of ARVO.%2° (d) We also suggest marked similarity to LORD; figure reproduced with permission

from Soumplis et al., Acta Ophthalmol, 91(3):191-195, 2013, with the permission of Blackwell Publishing.”

tative example (Fig. 4¢), as the FAF pattern evolved
and began to fill the area of RPE loss, significant defor-
mation of the outer retina could be observed, accom-
panied by the accumulation of subretinal signal, some
of which appeared as base-down triangles or spikes
of hyperreflective signal (Fig. 4d), occasionally with a
hollow center (Fig. 4e, asterisk). Further, thin projec-
tion images (slabs) derived from serial OCT images
through the outer retina (Figs. 4e—4h) illustrate that the
distinct 2D curvilinear or ovoid structures viewed en
face correlate with the three-dimensional (3D) arrange-
ment of these subretinal deposits. In a representative
example of an en face slab (Fig. 4h), careful evaluation
shows both a large and smaller adjacent circular struc-
ture corresponding to the accumulation of subretinal
signal seen in cross-section.

Next, comparing FAF across even later timepoints,
representative images show that, after the FAF pattern

filled the entire region of damage, it matured in situ,
becoming increasingly less distinct and more granular
(Fig. 5). By 2 months (Fig. 5b), composite images show
a marked reduction in intensity of the hyperfluorescent
FAF pattern, that appears to subside or “burn out.”
Of note, and consistent with observations across all
eyes from timepoints after day 3 post-NalOs; injection,
DNIRA provided a clear view or “window defect” to
the large underlying choroidal blood vessels, suggest-
ing persistent disruption of an intact RPE monolayer
(Fig. 5¢).

With the overarching translational goal of identi-
fying potential similarities between the hyperfluores-
cent patterns of FAF described in this study and those
described in patients with GA, we then sought input
from four retina specialists familiar with dry AMD.
The senior author (SB) and three others (FA, LG, LU)
evaluated 18 pairs of images comparing our rodent
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Figure 6. Proposed staging and quantifcation of changes in hyperfluorescent FAF patterns over time. (a—e) Two representative blue FAF
images, extending from day 2 or 3 to 3 months after NalOs, are shown to illustrate the reproducible sequence of change that we describe
as five stages: induction, evolution (early, middle, and late), maturation, and senescence. The approximate corresponding time period over
which each stage appears is provided. A description of these changes in provided in Table. (f-j) Individual FAF images are readily analyzed
quantitatively to determine the percentage of an image with supra-threshold fluorescence (illustrated in red). (j) Composite images can be
more difficult to assess, as some areas are fully saturated. (k) Student’s t-test confrmed a trend in overall autofluorescence between baseline
and evolution, which signifcantly declined thereafter (P < 0.05). (I) Analysis of FAF images acquired at a single timepoint showed that small
areas of damage appeared in the inferior retina before the upper, and threshold analysis within large areas of damage showed that (m) the
pattern evolved more rapidly in the inferior than in the superior retina (n), confrmed by the increased level of autofluorescence (P < 0.05).
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Table. Stages of Atrophy Evolution

Induction Early Evolution Late Evolution Maturation Senescence

Isofluorescent blue FAF  Widening borders Complex patterns that first Continued After maturity
is observed within assume formed at the borders evolution of is reached,
the region of complex percolate inward into the the FAF the complex
NalOs-induced curvilinear central region of RPE loss. In pattern 2D pattern
damage, with subtly patterns of small regions, the borders eventually becomes far
hyperfluorescent hyperfluores- may account for most of the fills the less obvious
borders. In small centand pattern, obliterating the region within and finely
areas of RPE loss, the isofluorescent central region. In large areas the borders granular,
borders encircle the FAF. of damage, the evolving and matures consistent
region, whereas in Corresponding patterns require weeks to insitu. Atthis  with it
large areas they are DNIRA and involve the entire region of point, the “burning out.”
located proximally histology RPE loss. The inferior retina pattern is
surrounding the ONH  confirm the evolves more rapidly than the  clearly
and distally in the absence of the inferior. evident.
retinal periphery. RPE layer.

results to standard images describing and defining
clinical patterns of FAF.”-?>37* Four out of the four
retina specialists (100%) twice selected the diffuse trick-
ling pattern as bearing the most similarity to our rodent
images. Strikingly, none of the other patterns was
selected even once. The most similar features included
the highly curvilinear, looping, and arching hyperfluo-
rescent patterns surrounding the ovoid regions of iso-
fluorescence and the finely granular patterns that were
especially evident in the late NalO; time course (see
inserts in Figs. 5a and 5b).”-%-2%:3 QOutside of AMD,
our lab noted marked similarity between the clearly
defined curvilinear patterns in early FAF images, days 7
and 14, and observations reported in patients with late
onset retinal degeneration (LORD) (Fig. 5d),”° a rare
monogenic degenerative disease that afflicts younger
patients than does AMD.”>~"® Further, OCT images
from patients with LORD can demonstrate hollow,
base-down triangles (Fig. 5d, asterisk) with marked
similarity to those we observed in the NalO3; model
(Fig. 4g, asterisk).

Finally, in an effort to provide a useful tool to
describe the changes in this model, and in keeping with
the clinical practice of developing classification systems
to describe complex ocular phenotypes, we propose a
five-stage system consisting of induction, early evolu-
tion, late evolution (together forming a spectrum of
evolution), maturation, and senescence. Two represen-
tative FAF images from each stage are shown in Figs.
6a to 6e), and a qualitative description of each is
provided in the Table. As indicated, in addition to
the spatiotemporal description of the hyperfluorescent
FAF pattern, this classification system incorporates

our observations that small patches are limited to the
inferior fundus and mature quickly, rapidly filling their
central gap, whereas in larger patches (360°) the pattern
matures more rapidly inferiorly than superiorly. As
such, phenotypes are described by their overall pattern,
comparing border to central areas, and staged accord-
ing to the most mature finding (whether small or large),
thereby accommodating and incorporating the inter-
and intra-animal variability not possible using a simple
time course as descriptor.

Finally, in an effort to quantify the hyperfluores-
cent patterns, not just the size of the patch of damage,
the area of bright image relative to the entire image
was measured using a thresholding function (Image
J) and compared against the baseline (pre-NalOj3)
image intensity. These data show that maximum bright-
ness occurred during the evolution stage (P < 0.05)
(Figs. 6f—-6k) and declined thereafter. This method
also confirmed the asymmetry between inferior and
superior fundus (P < 0.05) (Figs. 6m—60).

Using clinically relevant cSLO imaging, this transla-
tional study uniquely described complex and evolving
patterns of iso- and hyperfluorescent FAF in the days,
weeks, and months following acute NalOj; challenge in
the SD rat and provided multiple observations relevant
first, to the model, second, to late non-exudative AMD,
and third, to the use of this experimental paradigm for
potential drug testing. We address each of these below.
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First, although the NalO3; model has been described
for 70 years,® by using composite blue FAF imaging
throughout the entire fundus we can report that
histologically confirmed, expansive regions of NalOjs-
induced PhR/RPE loss (1) were not hypofluorescent
with the use of FAF; (2) were hypofluorescent with the
use of DNIRA; (3) displayed reproducibly evolving,
complex 2D patterns of iso- and hyperfluorescent FAF
within their boundaries but not beyond; and (4) did not
expand over time.

We suggest that the lack of profound hypofluores-
cent FAF within the histologically confirmed regions
of RPE loss resulted from low levels of lipofuscin in
the young, normal albino rat, which in turn makes
in vivo detection of expansive areas of RPE loss
less evident. Accordingly, to address and overcome
this limitation, we used DNIRA to enhance detec-
tion of the RPE following ICG dye administration,
and we can confirm here that regions of RPE loss
did indeed appear profoundly hypofluorescent and well
delineated, without terminal experimentation. Since
the first description of DNIRA in the rat,’® the ability
for ICG to label human RPE in vivo has also been
confirmed in the clinical setting in conjunction with
ICG angiography and adaptive optics,®*% showing
that this highly active monolayer internalizes ICG dye
within the first 1 to 2 minutes following its IV injec-
tion. In one case, a study leveraged this observation to
subtract the RPE signal from subsequent choriocapil-
laris filling, thus facilitating detection of the latter.%?
The DNIRA method has also been translated to the
clinical setting in 12 patients, where it was reported to
be insufficiently robust to identify inflammatory cells
such as macrophages.”’

We also report that, in 82 of 82 eyes (100%),
complex, hyperfluorescent patterns of FAF emerged
and evolved within regions of RPE loss, the widely
accepted source of autofluorescence. This contrarian
result suggests that a source other than the RPE is
responsible for the signal. Current speculation includes
the accumulation of autofluorescent debris in the
expanded and deformed subretinal space, production
of autofluorescent material within a cell type other
than RPE, and/or the ingestion of hyperfluorescent
material in inflammatory cells, and this topic is the
subject of ongoing investigation. By contrast, finding
that regions of NalOjs-induced damage do not expand
over time, even after several months, is consistent with
the lack of hyperfluorescent signal beyond the areas
of atrophy and potentially reflects the single and acute
nature of the NalOj insult. In the absence of ongoing
stress or underlying tissue disease, atrophy has no
impetus to expand.
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Second, in addition to providing insights into the
NalOs; model, this study provides a new preclin-
ical approach with which to address hyperfluores-
cent FAF patterns observed in the clinical setting.
As described for nearly 20 years, distinct hyperfluo-
rescent FAF patterns predict different rates of GA
expansion, and, although this classification system is
generally thought to distinguish different subtypes of
AMD, Mones and Biarnes'® questioned a potential
time-dependent element. Our results clearly describe
temporal changes of hyperfluorescent FAF that follow
acute NalOj. However, and to our complete surprise,
as the patterns evolved and matured, they demon-
strated a striking similarity to the diffuse trickling
pattern form of late non-exudative AMD, supported
by 100% consensus among the four retina specialists.
Further supporting this interpretation and confirmed
by our OCT findings, several reports have demon-
strated the co-existence of the diffuse trickling pattern
of FAF and subretinal drusenoid deposits (SDDs),
also known as reticular pseudodrusen (RPDs), in
up to 100% of eyes.?-8":8! Clinical descriptions of
SDDs/RPDs include the presence of shallow mounds,
base-down triangles, and spikes in the subretinal space
that evolve over time and are an independent risk
factor for GA expansion, progression to late AMD,
and systemic cardiovascular disease.’! # SDDs/RPDs
have also been reported in several non-AMD degener-
ative conditions, including LORD and early macular
atrophy with pseudodrusen.”-76:3%-%0 Tt is therefore
compelling that, following NalOs, the 2D curvilinear
fluorescent patterns seen using FAF could be gener-
ated from 3D reconstructions of serial OCT sections
of subretinal signal across multiple regions of inter-
est, albeit in a small number of eyes (n = 4), a marked
weakness of this paper. Taken together, we suggest
that the findings in this study bear phenotypic similar-
ity to aggressive, retinal degenerative disorders, and
weigh in favor of a structural contribution to the 2D
pattern of hyperfluorescent FAF signal. It is also there-
fore conceivable that the NalO; model best mimics
atrophy in the context of diffuse trickling disease and
SDDs/RPDs, rather than AMD with classic, sub-RPE
drusen. The detection of base-down triangles, hollow
triangles, and spikes in both this model and disease
also supports its potential relevance. Of note, we do not
suggest that NalO; recapitulates the etiology of these
diseases.

This study also provides data that may be relevant
to the clinical onset and evolution of nascent GA—
in particular, the concept of outer retinal atrophy. In
contrast to decades of clinical practice that defined
GA as either absent or present, the recently developed
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CAM consensus definition of GA now describes
progressive ORA and RPE loss as a series of repro-
ducible and orchestrated tissue changes. In particu-
lar, high-resolution OCT shows the clinical progres-
sion from iORA to cRORA,* with RPE preserved
until last. As such, ORA has the potential to become a
new therapeutic target, allowing atrophy to be arrested
before it is complete. However, the inward to outward
progression of clinical atrophy is contrary to the
sequence of loss observed in the NalO3; model, which
progresses instead from initial RPE loss to secondary
ORA. Nonetheless, we suggest that this first descrip-
tion of evolving FAF in the absence of RPE provides a
unique opportunity to investigate the process of outer
retinal atrophy and the contribution of ORA to the
FAF signal.

Also potentially relevant to the susceptibility of
the human macula to AMD and other disease, we
report the differential vulnerability of the superior and
inferior rat fundus to NalOs-induced oxidative stress.
Such differential vulnerability was previously reported
in spontaneous and genetic murine models and may
be especially relevant to small animals with overhead
predators.”’ %> An unfortunate spatial vulnerability has
been reported in patients who inadvertently received
systemic NalOj for the treatment of pneumothorax
and developed bilateral macular atrophy.*

Third, from the perspective of using the NalO;
model to investigate much-needed treatments for non-
exudative AMD, this paper also provides an opportu-
nity to utilize patch size (area) as an in vivo measure of
atrophy, but not atrophy expansion, without the need
for terminal tissue analysis. It also shows that compos-
ite or widefield imaging of the rat fundus is required to
fully appreciate the extent of NalO; induced damage,
particularly to its peripheral borders. Further, despite
the positive correlation between NalO3 dose and the
area of atrophy, we have demonstrated that this in turn
influences the relative proportion of expanding border
to spared mid-region, with smaller areas paradoxically
maturing more rapidly than larger ones. These findings
could have significant implications for preclinical drug
testing when selecting regions of tissue for OCT, histo-
logical, or biochemical analysis, without taking these
spatiotemporal changes into account. This study also
suggests that methodologically, the emergence and
evolving tissue changes of ORA can be investigated
preclinically and that DNIRA serves to enhance detec-
tion of the rodent RPE, and therefore regions of its
loss,”® making it a useful preclinical imaging method
to detect atrophy due to any cause.

Taken together, we suggest this in vivo imaging
study supports a general hypothesis that atrophy is
an evolving tissue process, not just the absence of
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tissue, and that complex and changing hyperfluores-
cent that blue FAF patterns derived from the outer
retina can occur in the absence of RPE. As such,
careful evaluation of models of atrophy, like ocular
models of neovascularization that led to today’s anti-
angiogenic therapies, have the potential to support the
development of much-needed treatments for the blind-
ing complications of late non-exudative AMD.
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