Investigative Ophthalmology & Visual Science

Multidisciplinary Ophthalmic Imaging

Long-term Evolution and Remodeling of Soft Drusen in
Rhesus Macaques

Glenn Yiu,' Sook Hyun Chung,' Iris Natalie Mollhoff,! Yinwen Wang,' Uyen Tu Nguyen,'

Bradley Shibata,! David Cunefare,” Sina Farsiu,” Jeffrey Roberts,> and Sara M. Thomasy

1,4

Department of Ophthalmology & Vision Science, University of California, Davis, Sacramento, California, United States
“Department of Biomedical Engineering, Duke University, Durham, North Carolina, United States

3California National Primate Research Center, Davis, California, United States

“Department of Surgical and Radiological Sciences, School of Veterinary Medicine, University of California, Davis, Davis,

California, United States

Correspondence: Glenn Yiu,
Department of Ophthalmology &
Vision Science, University of
California, Davis, 4860 Y Street,
Suite 2400, Sacramento, CA 95817,
USA; gyiu@ucdavis.edu.

Received: August 20, 2019
Accepted: December 5, 2019
Published: February 21, 2020

Citation: Yiu G, Chung SH, Mollhoff
IN, et al. Long-term evolution and
remodeling of soft drusen in rhesus
macaques. Invest Opbthalmol Vis
Sci. 2020;61(2):32.
https://doi.org/10.1167/iovs.61.2.32

Purrose. To characterize the evolution and structure of soft drusen in aged rhesus
macaques using in vivo multimodal retinal imaging and ex vivo histologic and ultrastruc-
tural analyses as a nonhuman primate model of early age-related macular degeneration
(AMD).

MerHops. Multimodal imaging including fundus photography, spectral domain optical
coherence tomography (SD-OCT), and fundus autofluorescence (FAF) were used to char-
acterize and track individual drusen lesions in 20 aged rhesus macaques (mean age 23.3
=+ 2.7 years) with drusenoid lesions over 2 years, followed by semithin histologic analysis
and transmission electron microscopy (TEM).

Resurts. Although most drusen gradually increased in size, a portion spontaneously
regressed or collapsed over 2 years. Histologic analyses showed that soft drusen exhibit
hypertrophy and dysmorphia of overlying retinal pigment epithelium (RPE), as seen
in early and intermediate AMD, but do not exhibit RPE atrophy, RPE migration, or
photoreceptor degeneration characteristic of advanced AMD. Ultrastructure of soft drusen
showed abundant lipid particles within Bruch’s membrane and AMD-related basal linear
deposits (BlinD) resembling those in human drusen.

Concrusions. The dynamic remodeling, histologic findings, and ultrastructural features of
soft drusen in aged rhesus macaques support nonhuman primates as an animal model of
early AMD and reveal important insights into drusen biogenesis and AMD development.
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ge-related macular degeneration (AMD) is the leading

cause of vision loss in the elderly, and its advanced
forms accounts for approximately 20% of legal blindness
in North America.! Initial stages of AMD are characterized
by pigmentary changes and yellow deposits called drusen,
which are located between the retinal pigment epithelium
(RPE) basal lamina and inner collagenous layer of Bruch’s
membrane (BM).? Later stages may include the develop-
ment of choroidal neovascularization in neovascular or “wet”
AMD and/or geographic atrophy in advanced “dry” AMD.?
The pathogenesis of AMD is multifactorial, likely resulting
from the complex interplay between oxidative stress, lipid
accumulation, and immune dysregulation at the neurovascu-
lar interface between photoreceptors, RPE, and underlying
choriocapillaris vessels.* The current mainstay of AMD ther-
apy includes oral antioxidants that reduce the progression
of intermediate AMD?>° and intraocular injections of antian-
giogenesis agents for neovascular AMD,’” but no treatment
exists for atrophic AMD. Hence, a preclinical animal model
that possesses the full spectrum of AMD characteristics is
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imperative for developing effective therapies for this blind-
ing condition.

Early studies reported a high prevalence of drusenoid
pathology (30%-74%) in free-ranging rhesus macaques
(Macaca mulatta) from Cayo Santiago in Puerto Rico!!
whereas other colonies within the continental United
States have shown variable prevalences (5%-47%), likely
due to differences in environmental conditions, diet,
and genetic background.!*”!> Cynomolgus and Japanese
macaques (Macaca fascicularis and Macaca fuscata) also
exhibit an early onset form of the disease with a domi-
nant mode of inheritance,'®-2! but the precise genetic basis
remains unclear.?’ Rhesus monkeys with drusenoid lesions
share genetic polymorphisms in the age-related maculopa-
thy susceptibility 2 (ARMS2) locus with human patients
with AMD??-2% and demonstrate similar protein components
within the drusen lesions,’ suggesting common mecha-
nisms between drusen formation in humans and nonhuman
primates.
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We recently surveyed geriatric rhesus macaques (age
>19 vyears) at the California National Primate Research
Center (CNPRC) and found a 30.7% prevalence of drusenoid
lesions.’> We performed detailed in vivo characterization
of these eyes using color fundus photography, blue-peak
fundus autofluorescence (FAF), and spectral-domain opti-
cal coherence tomography (SD-OCT) and found that only
approximately half exhibited imaging features of soft drusen
similar to those in human AMD, whereas the remainder
resembled the punctate lesions of lipoidal degeneration, a
process characterized by engorgement of individual RPE
cells with lipid droplets.>~*” Cynomolgus macaques used in
translational studies have also demonstrated similar punc-
tate lesions that are not true soft drusen when evaluated on
histology.?®

Although studies have shown that drusen prevalence
in rhesus macaques increases with age®? these cross-
sectional studies are limited by the qualitative nature of
fundus images that do not clearly distinguish between
drusen phenotypes, absence of longitudinal data to track
the evolution of individual lesions, and lack of histologic
correlates in the same set of animals. In this study, we
employ high-resolution in vivo retinal imaging to track
the evolution of individual drusen lesions in aged rhesus
monkeys over a period of 2 years, followed by ex vivo histo-
logic and ultrastructural analyses of the same animals. We
found that soft drusen in these animals undergo dynamic
remodeling, with most showing steady growth and some
undergoing regression or collapse. They also exhibit histo-
logic and ultrastructural features of lipid particle accumula-
tion resembling human drusen in early AMD but not the
atrophic or neovascular changes associated with progres-
sion to advanced AMD. Our detailed characterization of
this nonhuman primate model of soft drusen reveals criti-
cal insights into the pathogenesis and progression of drusen
and AMD.

METHODS
Subjects

Animals were sedated with intramuscular injection of
ketamine hydrochloride, midazolam, and dexmedetomidine,
followed by pupillary dilation with tropicamide (Bausch
& Lomb, Tampa, FL, USA) and cycloplegia with cyclopen-
tolate (Akorn, Lake Forest, IL, USA). All animals under-
went slit lamp biomicroscopy, dilated fundus biomicroscopy,
and rebound tonometry, followed by SD-OCT imaging, FAF,
and fundus photography. The CNPRC is accredited by the
Association for Assessment and Accreditation of Labora-
tory Animal Care International. All studies using rhesus
macaques (M. mulatta) followed the guidelines of the Asso-
ciation for Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and Vision
Research, complied with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals, and
were approved by the University of California, Davis Institu-
tional Animal Care and Use Committee (protocol 20341).

Multimodal Ocular Imaging

SD-OCT and FAF were obtained with SD-OCT wusing
the Spectralis HRA4+OCT system (Heidelberg Engineering,
Heidelberg, Germany). All animals underwent a 20° x 20°
SD-OCT volume scan with 1024 A-scans per B-scan and
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scan spacing of 25 um, centered on the fovea, in high-
resolution mode, as well as a 30° x 5° SD-OCT raster scan
with 1536 A-scans per B-scan and 234-um spacing between
B-scans, in high-resolution enhanced-depth imaging mode.
Twenty-five scans were averaged for each B-scan using eye-
tracking automatic real-time software (Heidelberg Engineer-
ing), and progression mode was enabled using retinal vessel
tracking to reliably scan the same area on annual follow-
up imaging sessions. Only images with a signal strength
of 6 or greater were included for analysis. Confocal scan-
ning laser ophthalmoscopy was used to capture 30° x 30°
FAF images using an excitation light of 488 nm and a long-
pass barrier filter starting at 500 nm. All in vivo distance
and volumetric measurements are nominal and use dimen-
sions of model rhesus macaque eye based on biometric
measurements, including corneal curvature and axial length
measured from our previous survey of normal animals.>
Near-infrared imaging was obtained but not analyzed due
to the prominent choroidal patterns seen on this modality
in rhesus macaques, which limit useful interpretation.!>3!
Fundus photography was performed using the CF-1 Retinal
Camera (Canon, Tokyo, Japan) with a 50-degree wide-angle
lens. All SD-OCT and FAF imaging was performed by the
first author (GY) at CNPRC. Animals were monitored by a
trained technician and CNPRC veterinarian at all times.

Image Analysis

SD-OCT images were exported from Heidelberg Explorer
software (version 1.8.6.0; Heidelberg Engineering) to the
Duke Optical Coherence Tomography Retinal Analysis
Program (DOCTRAP, version 62.0),°%3% a custom image
segmentation software designed using MATLAB (Math-
Works, Natick, MA, USA) and previously used in OCT
image analyses in humans®3> and macaques.>*:>' For thick-
ness measurements of the RPE-drusen complex (RPE-DC),
segmentation boundaries along the RPE and BM were auto-
matically determined from every horizontal B-scan using
DOCTRAP, followed by manual refinement by experienced
graders.>*-3® The RPE-DC volume was measured across the
central 3-mm and 5-mm circular regions centered on the
fovea. Abnormal thickening of the RPE-DC that was more
than 2 standard deviations greater than mean age-matched
normative data (mean + SD, 16.5 £ 2.7 um) as reported!®
was used to generate drusen maps and measure drusen
volume as previously described for human subjects enrolled
in the Age-Related Eye Diseases Study.** A change in
drusen height greater than 2 standard deviations (5.4 pm)
was classified as drusen enlargement or regression, whereas
changes less than this threshold were classified as stable.
Lesions detected at year 2 but not at baseline were classified
as both enlarged and new, whereas those detected at base-
line but not at year 2 were classified as both regressed and
collapsed.

Histologic Processing

For semithin histologic sections, entire globes (n = 3
per group) were fixed in 2% paraformaldehyde and 0.5%
glutaraldehyde for a minimum of 12 hours, with a small
slit made through the pars plana with a scalpel blade
to facilitate penetration of the fixative. An approximately
15-mm x 5-mm horizontal region of tissue including the
optic nerve and central macula was carefully dissected out.
Tissues were dehydrated using increasing concentrations
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of ethanol from 50% to 100%, preinfiltrated with a 50:50
mixture of ethanol and methylmethacrylate (Technovit;
Kulzer, Wehrheim, Germany) for 2 to 3 hours, and then infil-
trated with methylmethacrylate for a minimum of 24 hours.
Serial sections were cut at a 1.5-um thickness through the
foveal region using a Leica (Wetzlar, Germany) EM UCG ultra-
microtome, with a horizontal orientation along the optic
disc- foveal axis matching the SD-OCT line scans. The slides
were stained with 1% toluidine blue O in 1% sodium borate
for 30 seconds, rinsed, dried, and coverslipped (Permount;
Fisher, Hampton, NH, USA). Histologic sections were imaged
using a 40x objective lens on a Virtual Slide Microscope
(VS120-S6-W; Olympus, Tokyo, Japan) at a resolution of
172.51 nm per pixel. For each eye, we randomly identified
10 soft drusen lesions in the central 3 mm of the macula
and measured the height of the druse (from BM to RPE basal
lamina), the height of RPE cell at the apex of each druse, and
the height of the photoreceptor inner segment (IS) and outer
nuclear layer (ONL) overlying the apical RPE using manual
calipers on ImageJ (v1.49; NIH, Bethesda, MD, USA).

Electron Microscopy

For transmission electron microscopy (TEM), separate eyes
(n = 3 per group) were fixed in 2% paraformaldehyde
and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer,
with fixative injected intravitreally using a 25-gauge needle
through the pars plana at the time of necropsy followed by
immersion of the entire globe in the fixative to ensure a
death-to-preservation time of several seconds. After a mini-
mum of 12 hours of fixation, an approximately 5-mm x
5-mm square region of the macula was dissected, guided
by fundus and SD-OCT images to include an area with
highest drusen density. The tissues were postfixed with 2%
osmium tetroxide, dehydrated with increasing concentra-
tions of ethanol from 50% to 100%, preinfiltrated with propy-
lene oxide and epoxy resin (Poly/Bed 812, Polysciences,
Warrngton, PA, USA), and then infiltrated with resin for a
minimum of 24 hours. Semithin sections were cut at a 1.5-
mm thickness and ultrathin sections were cut at a 100-nm
thickness using a Leica EM UC6 ultramicrotome, with a hori-
zontal orientation along the axis of the optic disc and fovea
similar to the SD-OCT line-scans. TEM was performed using
a Talos L120c system (ThermoFisher Scientific, Hillsboro,
OR, USA).

Statistics

Changes in RPE-DC or drusen volume based on in vivo
imaging were compared using repeated-measures ANOVA.
Comparisons of RPE height, photoreceptor IS and ONL
between eyes with soft drusen, punctate lesions, and normal
aging based on histologic analyses were assessed by 2-way
ANOVA with Bonferroni posttests. Normality was assessed
using the Shapiro-Wilks test, where a P value greater than
0.05 was used to reject the null hypothesis. The relation-
ship between drusen height and RPE height was assessed
by linear regression analysis. P values less than 0.05 were
considered significant for all tests. All statistical analyses
were performed using SPSS Statistics (version 22; IBM,
Armonk, NY, USA).
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REsuLTs
Multimodal In Vivo Imaging of Soft Drusen

We previously identified 20 animals (mean age 23.3 + 2.7
years) that exhibited drusenoid lesions by dilated fundus
biomicroscopy from a cohort of 65 aged macaques evaluated
at CNPRC.!> Among eyes with drusenoid lesions and fundus
images of adequate quality, 47% demonstrated soft drusen,
which appear as yellow-white lesions with indistinct borders
(Fig. 1A), whereas the remaining eyes exhibit fine, punctate
lesions, which are smaller and more uniform in size (Fig. 1B),
as previously described.’®> Both soft drusen and punctate
lesions are variably hyperautofluorescent on blue-peak FAF
(Figs. 1D, 1E). SD-OCT revealed that only soft drusen exhibit
dome-shaped elevation of the RPE over BM, with upward
deflection of overlying outer retinal bands corresponding to
the external limiting membrane, ellipsoid zone, and interdig-
itation zone (Figs. 1G, 1)). By contrast, eyes with the punctate
lesions (Figs. 1H, 1K) or normal aging (Figs. 11, 1L) showed
no visible abnormalities on SD-OCT. We detected no cases
of calcified drusen or subretinal drusenoid deposits (SDDs)
or evidence of pigmentary changes on fundus photography,
which in humans portends a higher risk for progression to
advanced forms of AMD.#!

Two-Year Change in Drusen Volume

We monitored the evolution of soft drusen in these rhesus
macaques over 2 years using FAF (Figs. 2A, 2B) and SD-OCT
(Figs. 2C, 2F) with retinal vessel tracking for image registra-
tion. Semiautomated segmentation of the RPE-DC from these
images provided detailed three-dimensional thickness maps
of the RPE-DC in the 5-mm diameter circular region centered
on the fovea (Figs. 2G, 2H).3?4% Eyes with soft drusen
exhibited a gradual increase in RPE-DC volume over time
(P = 0.015), with a mean increase of 0.018 mm?> (4.6%) at
year 1 and 0.035 mm? (9.2%) at year 2, whereas eyes with
punctate lesions (P = 0.189) or no drusenoid lesions (P =
0.173) did not change with time (Fig. 2I). Abnormal thick-
ening of the RPE-DC that was more than 2 standard devia-
tions greater than mean age-matched normative data!® was
used to generate drusen maps (Figs. 2J, 2K) and measure
drusen volume as previously described in human studies.®
Soft drusen volume increased significantly over the 2 years
(P = 0.009), with a mean increase of 0.012 mm? (42%) at
year 1 and 0.025 mm® (86%) at year 2, whereas eyes with
punctate lesions again showed no significant change with
time (P = 0.158; Fig. 2L). These values are comparable to
drusen volume changes in human eyes with AMD without
signs of geographic atrophy.’*-% Thus, consistent with cross-
sectional studies showing increased drusen prevalence with
age, our longitudinal study in macaques shows that soft
drusen burden increases at a quantifiable rate over time,
similar to those in human AMD.

Dynamic Remodeling of Soft Drusen

Although most drusen increased in size, we noted that a
small number of lesions regressed or completely collapsed
(Figs. 2E, 2F, 2J, 2K), with no subsidence of the outer
plexiform or inner nuclear layers, disruption of outer reti-
nal layers, or signal hypertransmission below BM that
often precedes the development of geographic atrophy in
human AMD.**# We also did not detect any evidence of
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Normal Aging
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Ficure 1. Multimodal imaging of rhesus macaque eyes with drusenoid lesions. Representative images of (A-C) color fundus photography,
(D-F) fundus autofluorescence, and (G-L) SD-OCT of the macular region of macaque eyes with (A, D, G, J) soft drusen, (B, E, H, K) punctate
lesions, and (C, F, I, L) normal aging. SD-OCT scans in G-I correspond to the location of the yellow dashed lines in D-F. Magnified views
in J-L correspond to the blue-dashed regions in G-1. Scale bars: 200 pm.

intraretinal or subretinal fluid or other characteristics of
choroidal neovascularization as seen in neovascular AMD.
The soft drusen uniformly exhibited homogeneous internal
reflectivity (Fig. 3A), in contrast to soft drusen in human
patients with AMD, which may exhibit variably reflective
drusen substructures and intraretinal hyperreflective foci
(Fig. 3B) that predict progression to advanced, atrophic
AMD.47_49

Using registered SD-OCT volumes, we labeled the posi-
tions of individual drusen lesions at years 0 and 2 (Figs. 4A—
4D) and measured the change in RPE-DC and drusen
height over the 2 years (Figs. 4E, 4F). Change in drusen
height greater than 2 standard deviations of mean age-
matched normative data'®> was considered to have signifi-
cantly increased or regressed in size. We found that although
most lesions remained stable (27.9%) or grew (25.9%) over
the 2 years, a portion regressed in size (9.8%; Figs. 4F, 4G).
We found that 25.6% of lesions appeared de novo at year
2 and 10.7% appeared to have completely collapsed after 2
years. These results suggest that although drusen burden
increases with time, some lesions undergo regression or
collapse consistent with drusen remodeling seen on SD-OCT
in humans®>%5! but exhibit none of the imaging features
predicting progression to geographic atrophy in advanced
AMD in humans.

To better understand the relationship between drusen
growth and retinal location, we also compared the change

in height of drusen in the central 1-mm region, 3-mm inner
ring, and 5-mm outer ring (Supplementary Fig. S1). Most of
the drusen were located in the 3-mm inner ring, and few
were located in the central 1-mm foveal region (Supplemen-
tary Figs. S1A-S1C). Interestingly, the drusen at the fovea
were more likely to remain stable, whereas those in the
5-mm outer ring were more likely to be new (Supplementary
Figs. S1ID-S1F). Although the variability between animals
limits our interpretation of this difference, future studies
on the relationship between drusen location and growth
warrant further investigation.

Semithin Histology of Soft Drusen

Methacrylate-embedded  semithin  (1.5-um) histologic
sections provide excellent preservation of chorioretinal
anatomy and reliable measurements of chorioretinal layers
when compared with in vivo SD-OCT in rhesus macaques.*
We analyzed semithin histologic sections from six eyes
of six animals (three with soft drusen, one with punctate
lesions, and two age-matched normals) that underwent
necropsy after the 2-year period to evaluate the ex vivo
anatomic correlate to the in vivo morphology seen on
live imaging. Consistent with the appearance on SD-OCT
(Figs. 5A-50), soft drusen appear as dome-shaped deposits
between the basal lamina of the RPE and BM and consist
of amorphous material and round droplets representing
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Ficure 2. Progression of soft drusen volume in rhesus macaques over 2 years. Representative images of (A, B) fundus autofluorescence
and (C, F) SD-OCT of an eye with soft drusen at years 0 and 2. SD-OCT scans in C and D correspond to the yellow dashed lines in A and B.
Magnified views in E and F correspond to blue-dashed regions in C and D. Although most soft drusen increased in size (arrowheads) over 2
years, some lesions regressed or collapsed (arrow). Segmentation of the RPE (magenta line) and Bruch’s membrane (cyan line) in C-F were
used to generate (G, H) RPE-DC maps and measure (I) change in RPE-DC volume in the 5-mm-diameter circular region from years 0 to 2.
The concentric circles in G and H represent the corresponding 1-mm-, 3-mm-, and 5-mm-diameter regions centered on the fovea at different
time points. Abnormal thickening of the RPE-DC more than 2 standard deviations greater than mean age-matched normative data was used
to generate (J, K) drusen maps and measure (L) change in drusen volume within the central 5-mm-diameter region. Data are presented as

means = SEM. N = 5 animals (10 eyes) per group. *P < 0.05. **P < 0.01. Scale bars: 200 pum.

lipid pools (Figs. 5D-5G), as described by the Sarks
et al.,>*>> and likely represent partially preserved lipopro-
teins as reported by Curcio and colleagues.’*~®! The soft
drusen are sometimes contiguous with basal linear deposits
(BlinD; Fig. 5E), although we did not observe significant
basal laminar deposits (BlamD)—thickening of the RPE
basement membrane commonly seen in both AMD and
normal human aging.’?5%%2 We also did not detect evidence
of SDDs or refractile spherules inside drusen representing
hydroxyapatite®®¢ seen in some human patients with AMD,
although we cannot exclude the possibility that differences
in tissue preservation, fixation, or sampling strategy (e.g., if
tissues were sampled with stepped or serial sections) may
limit our ability to detect these lesions.

The RPE cells overlying soft drusen appear hypertrophic
and dysmorphic, with randomly distributed spindle-shaped
melanosomes compared with normal RPE cells where

melanosomes are typically located apically (Figs. 5E, 5G).
The mean height of RPE cells overlying soft drusen was
significantly higher than RPE adjacent to the lesions (14.7 +
4.7 umvs. 11.1 + 1.5 um; P < 0.001) or RPE in the macula
of eyes with punctate lesions or normal aging (Fig. 5H).
We did not detect significant RPE atrophy or any intrareti-
nal migration of RPE cells, which are histologic correlates
of hyperreflective foci seen on SD-OCT (Fig. 3B)°>% and
precursors to geographic atrophy in human AMD.¥ Inter-
estingly, there was also a slight but significant association
between the height of soft drusen and height of overly-
ing RPE cells (R* = 0.280, P = 0.003; Fig. 5I), suggesting
that larger drusen lesions may be associated with a greater
degree of RPE hypertrophy.

Although photoreceptor outer segments are variably
preserved on semithin histology, both the IS and ONL over-
lying the soft drusen appeared grossly normal compared
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Rhesus macaque

Ficure 3. Comparison of soft drusen in rhesus macaques and humans using SD-OCT. Representative SD-OCT images of soft drusen in
(A) rhesus macaques and (B) a 74-year-old human participant with intermediate nonneovascular AMD. Soft drusen in rhesus macaques
uniformly exhibit homogeneous internal reflectivity similar to some in human AMD (arrowbeads). Human drusen may have complex drusen
substructures (dashed arrow), hyporeflective cores (asterisks), and intraretinal hyperreflective foci (arrow). Scale bars: 200 pm.
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Ficure 4. Evolution of individual drusen lesions in rhesus macaques over 2 years. Representative images of (A, B) color fundus photographs
from the eye shown in Figure 2 at years 0 and 2, showing growth of some drusen (arrowbead) and collapse of others (arrow). (C, D)
Corresponding drusen maps with each druse manually labeled (asterisks) allowed measurement of the change in (E) RPE-DC height and
(F) drusen height at each location for five rhesus macaques at years 0 and 2. Over the 2 years, many drusen were new (on vertical axis)
or increased in size (red-shaded area), although some remained stable (yellow-shaded area), and a minority regressed (green-shaded area)
or completely collapsed (on horizontal axis). (G) Bar graph comparing the proportion of new, enlarged, stable, regressed, and collapsed
drusen in this cohort of animals. Data are presented as means + SEM. N = 5 animals (10 eyes) per group. Scale bars: 200 pm.
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Ficure 5. Semithin histologic analysis of soft drusen in rhesus macaques. (A) Color fundus photograph and (B) fundus autofluorescence
image of the macular region of an eye with soft drusen, along with (C) SD-OCT image scan along the blue dashed line in B. (D, E) Semithin
histologic section across the same druse seen in C shows soft drusen to be dome-shaped deposits between the basal lamina of the RPE (white
arrowbeads) and BM (red arrowhbeads) consisting of amorphous material and round droplets representing lipid pools (yellow arrowbeads),
which extend beyond the border of the mound as basal linear deposits (BlinD, yellow asterisk). The RPE cells overlying drusen (yellow
arrow) are hypertrophic and dysmorphic with scattered melanosomes, although more normal-appearing RPE cells adjacent to the drusen
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(red arrow) have melanosomes that are located along the apical processes. The photoreceptor inner segments (IS) and outer nuclear layer
(ONL) overlying drusen appear normal compared to adjacent regions. (F, G) Semithin histologic sections of a different soft druse showing
again the hypertrophic and dysmorphic RPE overlying the lesion (yellow arrow) and more normal-appearing RPE with apically located
melanosomes (red arrow) nearby. Photoreceptor outer segments were not well preserved in these sections. The magnified views in E and G
correspond to the yellow-dashed regions in D and F. Scale bars: 200 pm. (H) Bar graphs comparing height of RPE cells, photoreceptor IS,
and ONL in regions overlying and adjacent to lesions in eyes with soft drusen (orange bars) and in eyes with punctate lesions (blue bars)
and no lesions/normal aging (green bars). Data are presented as means =+ SEM. NV = 3 animals (3 eyes) per group. *P < 0.05.

with adjacent areas without drusen and did not exhibit the
photoreceptor degeneration typically seen in more advanced
forms of AMD. The photoreceptor IS overlying drusen was
slightly shorter than those in adjacent areas (28.9 &+ 3.5 um
vs. 30.6 + 1.9 um; P = 0.009), but the mean heights of
the ONL were similar (37.9 &+ 5.3 um vs. 38.4 + 4.9 um;
P = 0.510; Fig. 5H). We also noted no choriocapillary loss
or degeneration beneath soft drusen, although we cannot
exclude the possibility of preserved “ghost” vessels with-
out immunostaining for endothelial cells.®® Together, our
data suggest that although soft drusen in rhesus monkeys
exhibit many features of soft drusen in human AMD, they
lack features such as thick BlamD, RPE atrophy, intrareti-
nal RPE migration, or photoreceptor degeneration found in
advanced disease.

Ultrastructure of Soft Drusen

We performed TEM on eyes from two animals with soft
drusen, two animals with punctate lesions, and three aged
controls to assess the ultrastructural correlates to the in
vivo ocular imaging features. Similar to initial descriptions
in human drusen by the Sarks et al.>®> and further elabora-
tion by Curcio and colleagues,’*~®! we found that soft drusen
appear as dome-shaped mounds between RPE basal lamina
and internal collagenous layer of BM. Their interiors consist
of “membranous debris” and vesicular particles, which are
heterogeneous in size and appearance, with an electron-
dense exterior and a more lucent interior likely representing
lipoprotein particles that were partially extracted by tissue
processing (Figs. 6A-6F). The particles extend beyond the
borders of the drusen mounds to form a discrete sublayer
external to the RPE basal lamina analogous to BlinD in
human AMD (Figs. 6D, 6G, 6H). These findings support the
notion that drusen and BlinD are focal and diffuse forms
of the same lipoprotein accumulation in both humans and
macaques. These particles are also present within BM, analo-
gous to the age-related lipid accumulation in human BM and
sometimes referred to as pre-BlinD.>”:%7-% Similar to human
aging,” there were scant RPE basal infoldings in these
aged macaque eyes (Fig. 6B). Interestingly, we did not find
significant electron-dense material internal to the RPE basal
lamina resembling BlamD in human AMD (Fig. GF)>2:54:62
or evidence of SDDs in macaques. Hence, although rhesus
monkeys exhibit the ultrastructural features of soft drusen
and BlinD characteristic of human early AMD, they do not
show features such as BlamD or SDDs that may be associ-
ated with more advanced AMD.

Eyes with punctate lesions exhibited individual RPE cells
with lipid-filled vacuoles of different electron densities likely
due to variable lipid extraction (Figs. 7A, 7B) and are consis-
tent with lipoidal degeneration as previously reported in
macaques.” %’ The lipid-filled cells appear to have normal
melanosomes but fewer lipofuscin granules (Figs. 7A, 7B).
These eyes also demonstrate lipid particles in sublayers
external to RPE basal lamina as BlinD and within BM as

pre-BlinD (Figs. 7C-7F), with some showing disruption of
the RPE basal lamina and lipid particles extending into the
RPE cytoplasm (Figs. 7E, 7F). In comparison, normal aged
macaque eyes without visible lesions showed no drusen or
BlinD (Figs. 7G, 7H), more prominent RPE basal infoldings
(Fig. 7H), and scant lipid particles within BM (Fig. 7H).
These data suggest that aged eyes with punctate lesions
have lipoidal degeneration and also ultrastructural features
of lipid accumulation seen in eyes with soft drusen.

DISCUSSION

Development of treatments for AMD has been hindered by
the lack of good animal models that exhibit the full spec-
trum of nonneovascular AMD features ranging from early
drusen to advanced geographic atrophy. Antiangiogenesis
agents that had revolutionized the management of neovascu-
lar AMD were successfully developed using a laser-induced
model of choroidal neovascularization that could be gener-
ated in various animal species.”’ However, the degenerative
features of AMD are difficult to simulate because laboratory
rodents have a short life span and do not possess a macula.
Hence, although mouse models reveal insights into the role
of oxidative stress, lipid accumulation, and inflammation in
aging and AMD,’® none exhibit the features seen in human
soft drusen in AMD.

Nonhuman primates are the only mammalian species
beside humans to possess a true macula and can also
serve as a model of inherited cone-based retinal degener-
ation.”! Here, we present the first study to combine long-
term, longitudinal imaging of soft drusen in macaques with
detailed structural characterization of these same lesions
ex vivo. The use of high-resolution SD-OCT with retinal
vessel tracking allowed us to track the fate of individual
lesions, and scheduled necropsies of these animals enabled
near-instantaneous death-to-preservation time to provide
unprecedented, high-quality histology and ultrastructure.
We found that soft drusen in macaques undergo dynamic
remodeling and exhibit the lipid particle accumulation seen
in human drusen in early AMD but lack the RPE degenera-
tion associated with advanced atrophic AMD.

The mechanism for drusen biogenesis in humans has
been deduced from their composition on ultrastructure,
which includes round vesicular bodies initially termed
membranous debris,’>~> which on lipid-preserving postfix-
ation appear to be lipoprotein particles secreted basolater-
ally by the RPE into BM.5%:%:6! In our study, TEM of soft
drusen in macaques also demonstrated similar lipid particles
within focal and diffuse deposits in the RPE sublamina and
within BM closely resembling soft drusen, BlinD, and pre-
BlinD in human AMD. The presence of BlinD and pre-BlinD
in eyes with lipoidal degeneration suggests that earlier forms
of the same lipid accumulation process may occur even in
macaques without a funduscopic appearance of soft drusen
and may explain the BM thickening seen on OCT in these
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Figure 6. Ultrastructure of soft drusen in rhesus macaques. TEM images of (A, B) a small soft druse, (C-F) larger drusen, and (G, H) thin
basal linear deposits (BlinD) located between the RPE basal lamina (white arrowbeads) and Bruch’s membrane (BM). The magnified views
in B, D, F, and H correspond to the dashed-yellow areas in A, C, E, and G. The neurosensory retina is located at the upper right and the
choroid/sclera are toward the lower left. The soft drusen in A-F and BlinD in G and H are both largely composed of vesicular particles
with an electron-dense exterior and electron-lucent interior (arrows) consistent with partially extracted lipoprotein particles. Melanosomes
(M), lipofuscin granules (L), and mitochondria (m) in RPE cells; overlying photoreceptor outer segments (OS); and erythrocytes (E) in the
choriocapillaris (CC) can also be seen. The elastic layer (EL) of BM, scant RPE basal infoldings (BI), and fenestrations of the CC (black

arrowhbeads) are better seen on the magnified views. Scale bars: 1 pm.
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Ficure 7. Ultrastructure of RPE lipoidal degeneration and extracellular lipid accumulation in rhesus macaques. TEM of eyes with punctate
lesions without soft drusen show (A, B) individual RPE cells that appear swollen with vacuoles (V) and granules of various electron densities,
likely lipid-filled, grossly normal melanosomes (M), and few lipofuscin granules (L), consistent with lipoidal degeneration. These eyes also
exhibit (C, D) basal linear deposits (BlinD) of lipid particles (white arrows) located between the RPE basal lamina (white arrowbeads) and
Bruch’s membrane (BM), and (E, F) areas showing the lipid particles extending beyond the RPE basal lamina into the RPE cytoplasm and
into BM itself. By contrast, (G, H) normal aged eyes without visible lesions show no drusen or BlinD, rare lipid particles in BM (white
arrow), and normal-appearing RPE cells with basal infoldings (BI). The magnified views in B, D, F, and H correspond to the dashed-yellow
areas in A, C, E, and G. The neurosensory retina is located at the fop and the choroid/sclera are toward the bottom. The elastic layer (EL)
of BM, scant RPE basal infoldings (BI), and fenestrations of the CC (black arrowbeads) are better seen on the magnified views. Scale bars:

1 pm.
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eyes.!> High-performance liquid chromatolography of BM
extracts from human AMD has found these lipoproteins to
be cholesterol rich and, importantly, fatty acids dominated
by linoleate rather than docosahexaenoate, which impli-
cates a dietary source rather than phagocytized photorecep-
tor outer segments.”>’> This may have important implica-
tions for this nonhuman primate model of drusen, where
dietary modifications may potentially impact the progres-
sion of maculopathy.’* Recent studies using oral simvas-
tatin in patients with AMD demonstrated evidence of drusen
regression’>7°—a hypothesis that could be tested in rhesus
macaques in a more controlled manner.

Beyond the similarities between macaque and human
drusen, the unique differences between the two species are
also interesting. SD-OCT of soft drusen in macaques demon-
strates homogeneous internal reflectivity. By contrast, SD-
OCT of human AMD exhibits heterogenous internal reflectiv-
ity of drusen representing calcified nodules”’ and intrareti-
nal hyperreflective foci representing RPE migration®?%—
features that portend progression to atrophic AMD. Histo-
logic correlates in rhesus monkeys also revealed hyper-
trophic and dysmorphic RPE but no RPE atrophy, RPE migra-
tion, photoreceptor degeneration, or SDDs typically seen
preceding geographic atrophy. We hypothesize that drusen
development and remodeling in macaques may occur with-
out RPE loss or geographic atrophy and that soft drusen
may be required but not sufficient to trigger advanced,
atrophic AMD. The absence of SDDs, which accumulate
apical to RPE,”® may suggest differences in lipid transport
across the apical surfaces of polarized RPE cells in different
primate species, although the preponderance of soft drusen
and BlinD over BlamD in macaques may reveal mechanis-
tic insight into lipid retention across the RPE basal lamina
that enables these animals to clear BlamD more effectively
than humans and avoid atrophy. The punctate lesions of
lipoidal degeneration are another feature uniquely seen at
high frequencies in aged nonhuman primates as previously
shown.!>%5-27 We did not find evidence of these lesions as a
precursor to soft drusen during the 2-year follow-up of our
cohort. Instead, lipoidal degeneration may be yet another
manifestation of lipid accumulation in macaques that is
distinct from the processes that promote AMD progression in
humans. Finally, differences in uveal pigmentation between
macaques and humans may contribute to differences in
oxidative stress in addition to lipid metabolism.?!

Together, our data suggest that rhesus macaques may
serve as an important model for macular lipid accumula-
tion and drusen biogenesis, rather than as a model for
AMD progression and geographic atrophy, which is crit-
ical for evaluating clinical biomarkers and therapies for
earlier stages of AMD. Limitations of our study include the
small number of animals and limited duration of follow-
up of 2 years. However, although the development of more
advanced phenotypes may require longer follow-up, many
of the animals in this study died due to natural circum-
stances after the 2-year follow-up, suggesting that we are
observing anatomic findings at the very end of the animals’
life span and that more late-stage findings typically seen
in advanced AMD may be absent in rhesus macaques. Our
study showed, for the first time, dynamic remodeling of soft
drusen in rhesus macaques, with accumulation and some
regression of individual lesions over time but no evidence of
progression to geographic atrophy, challenging the assump-
tion in humans that drusen remodeling may be integral to
atrophy and disease progression.® 728 Although this may
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reflect the environment and diet of primates in captivity,
the use of primate species possessing maculae provides
the unique opportunity to study drusen evolution under
controlled conditions, with the potential to further investi-
gate the role of lipid accumulation,*® immune pathways ®' or
hemodynamic contributions®?%3 to AMD pathogenesis. The
aged rhesus macaques used in this study represent only a
portion of the CNPRC aged rhesus resource, which includes
over 100 animals older than 19 years and 100 recruitment
animals in the 15- to 18-year age range. Future efforts to
manipulate dietary fat intake or modulate oxidative stress
could help trigger more advanced atrophic AMD in these
animals, providing a comprehensive model with the full
spectrum of AMD characteristics for translational research.
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