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This study investigated retinal changes in a Western diet (WD)—induced nonhuman primate model of
type 2 diabetes. Rhesus nonhuman primates, aged 15 to 17 years, were fed a high-fat diet (n = 7) for
>5 years reflective of the traditional WD. Age-matched controls (n = 6) were fed a standard laboratory
primate diet. Retinal fundus photography, optical coherence tomography, autofluorescence imaging,
and fluorescein angiography were performed before euthanasia. To assess diabetic retinopathy (DR),
eyes were examined using trypsin digests, lipofuscin autofluorescence, and multimarker immunofluo-
rescence on cross-sections and whole mounts. Retinal imaging showed venous engorgement and tor-
tuosity, aneurysms, macular exudates, dot and blot hemorrhages, and a marked increase in fundus
autofluorescence. Post-mortem changes included the following: decreased CD31 blood vessel density
(P < 0.05); increased acellular capillaries (P < 0.05); increased density of ionized calcium-binding
adaptor molecule expressing amoeboid microglia/macrophage; loss of regular distribution in stratum
and spacing typical of ramified microglia; and increased immunoreactivity of aquaporin 4 and glial
fibrillary acidic protein (P < 0.05). However, rhodopsin immunoreactivity (P < 0.05) in rods and
neuronal nuclei antibody—positive neuronal density of 50% (P < 0.05) were decreased. This is the first
report of a primate model of DR solely induced by a WD that replicates key features of human DR.
(Am J Pathol 2023, 193: 1789—1808; https://doi.org/10.1016/].ajpath.2023.02.019)

The worldwide epidemic of type 2 diabetes (T2D) and
accompanying diabetic retinopathy (DR) is predicted to in-
crease substantially in the coming years. Western diets (WDs)
and sedentary lifestyles often lead to hyperlipidemia, which is
associated with macrophage activation and chronic low-grade
inflammation.' This chronic inflammation is further asso-
ciated with insulin resistance in adipose, muscle, and liver
tissue, a hallmark feature of T2D.*° DR, the most common
microvascular complication of diabetes, is the major cause of
blindness in working age adults worldwide. More than 60% of
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the individuals with 20 years of T2D develop DR.® The
pathogenesis of DR currently remains incompletely under-
stood and has limited treatment options. Validated animal
models that exhibit the full spectrum of retinal pathology are
highly valuable to investigate the pathogenesis of DR and
foster the development of therapeutics for human DR.
Commonly used animal models of DR include diabetic mice
and rats; however, these are severely limited in that they do
not develop advanced disease, do not have a macula, and have
significant differences in the mechanism of retinal vascular
formation from humans.’

Investigation of primate models of genetic T2D has
shown the presence of vascular changes like human DR,
including areas of capillary nonperfusion, microaneurysms,
cotton-wool spots, intraretinal hemorrhages, and macular
hard exudates.® ™! However, studies in diabetic nonhuman
primate (NHP) models have been limited because primates
typically require >10 years of diabetes before exhibiting
retinal vascular changes and are costly because of the low
birth rate.'” Although both type 1 diabetes models'® and
T2D models have been identified,”'" studies have focused
primarily on examination of vascular changes.

The current study describes a novel NHP model fed a
WD and provides both detailed clinical and histologic
characterization, including comprehensive in vivo retinal
imaging and histologic assessment beyond the vasculature
to include changes in microglia/macrophages, astrocytes,
Miiller cells, retinal pigment epithelium (RPE), and the
neurons of the retina. Microglial changes in the neural retina
were compared with the ciliary body and the choroid.

Materials and Methods

Animals

Thirteen adult rhesus macaques (6 females and 7 males), aged
15 to 17 years, ranging in weight from 4.7 to 19.2 kg, were
assigned to the study. Animals were maintained on either a
standard chow diet (Fiber Balanced Diet 5000; Purina Mills,
St. Louis, MO) containing 14% of calories from fat, 60% of
calories from carbohydrates, and 26% of calories from pro-
tein; or a WD high in fat and simple carbohydrates (Lab Diet
SLOP; Purina Mills) containing 36.1% of calories from fat,
45.7% of calories from carbohydrates, and 18.2% of calories
from protein. Animals were maintained on the WD for a
minimum of 5 years, and all developed T2D in the later years,
with all animals being classified as diabetic for a minimum of
2 years, as determined by hemoglobin Alc > 6.0%. Six of
seven animals (average hemoglobin Alc before insulin
treatment of 11.4%) were maintained on long-acting insulin
during the studies (glargine, 10 to 34 units per day), whereas
one animal did not require insulin. Blood pressure was
recorded before and after a procedure, and all diabetic NHPs
were found to have elevated pressures.'* All animal care and
procedures were performed according to the Institutional
Animal Care and Use Committee at the Oregon National
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Primate Research Center at Oregon Health and Science
University (Beaverton, OR).

Clinical Observation Methods and Procedure

Retinal color fundus, optical coherence tomography, fluo-
rescein angiography, and autofluorescence imaging were
undertaken before euthanasia. Rhesus NHPs were anes-
thetized by an i.m. injection of Telazol (1:1 mixture of
tiletamine hydrochloride and zolazepam hydrochloride; 3.5
to 5.0 mg/kg) and maintained with ketamine (1 to 2 mg/kg)
as required; or were sedated with ketamine (10 mg/kg
intramuscularly) or Telazol (3 to 5 mg/kg intramuscularly)
followed by intubation and anesthesia with inhalant iso-
flurane (1% to 2%) vaporized in oxygen during retinal im-
aging. Imaging modalities included color fundus
photography (FF450; Zeiss, Oberkochen, Germany), spec-
tral domain optical coherence tomography and fundus
autofluorescence (Heidelberg Spectralis, Heidelberg, Ger-
many), and fluorescein angiography.

Tissue Processing and Immunofluorescence
Histochemistry

A total of 13 pairs of rhesus NHP eyes were collected,
including the T2D primates (n = 7) and their age-matched
controls (n = 6), for histologic examination. The eyes were
immersion fixed in 4% paraformaldehyde in 0.1 mol/L
phosphate buffer (pH 7.4) overnight at 4°C immediately
after euthanasia and then transferred into phosphate-
buffered saline.

The neural retina and RPE were prepared as retinal whole
mounts, as previously described,’” or for cryostat cross-
sections. Briefly, for whole mounts, the retina with the
attached RPE was dissected from the sclera, and five to six
radial cuts were made to permit the retinal eyecup to be
flattened onto a histologic glass slide, placing extra cuts in
the parafoveal region because of the higher curvature of the
globe at the NHP fovea. Cellular parameters were analyzed
utilizing various combinations of double-marker immuno-
fluorescence in the central, middle, and peripheral retina.
Frozen sections were prepared from eight animals (controls,
n = 4; and T2D, n = 4) by embedding a part of the pos-
terior eyecup and generating transverse cryostat sections
(12 pm thick), allowing analyses of both the retina and
choroid in the central, middle, and peripheral regions. These
regions are identified as follows: the line from the optic
nerve head to the peripheral edge of the retina is equally
divided in three distances. The area close to the optic nerve
within the first distance is called central. The area close to
the peripheral edge within the third distance is called
peripheral. The retinal area between the central and the
peripheral area is called the middle area.

The following primary antibodies/markers were used on
both retinal whole mounts and frozen sections: CD31
(ab9498; Abcam, Cambridge, MA; used at 1:100) for blood
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vessels; glial fibrillary acidic protein antibody (GFAP; GAS;
Sigma, St. Louis, MO; used at 1:200) for astrocytes;
vimentin-Cy3 antibody (C-9080; Sigma-Aldrich, St. Louis,
MO; used at 1:100) for Miiller cells; aquaporin-4 (AQP4;
sc-20812; Santa Cruz Biotechnology, Dallas, TX; used at
1:100) for water channel protein; ionized calcium-binding
adaptor molecule-1 (Iba-1; number 19-19741; Wako, Pure
Chemical Industries, Osaka, Japan; used at 1:100) for
microglia/macrophages; biotinylated Griffonia simplicifolia
(Bandeiraea) isolectin B4 (GS lectin; Sigma-Aldrich; used
at 1:200) for blood vessels, microglia, and macrophages;
mouse anti-thodopsin (Rho; MAB 5356; Chemicon,
Temecula, CA; used at 1:1000) for photoreceptors; and
mouse anti-human neuronal nuclei antibody (NeuN; MAB
377, Chemicon; used at 1:200) for neuronal cell counts.
Omission of primary antibody was undertaken as a control
experiment for all markers utilized.

Microscopy

For multiple-marker immunofluorescence, retinal whole
mounts and frozen sections were examined and imaged
using laser-scanning confocal microscopes. Imaging was
performed using either a Zeiss LSM 610 or a Zeiss LSM
800 (equipped with Airyscan module) Metaconfocal mi-
croscope (Carl Zeiss, Oberkochen, Germany). Images were
captured with either the Zeiss LSM 9 610/800 acquisition
software or ZEN imaging software version 3.7 (Carl Zeiss)
for the two respective microscopes. Z-stack images were
collected to provide z projections. The optimal interval,
pinhole diameter, and optical depth parameters were
consistently maintained as required for the 20x objectives,
using an image frame size of 1024 x 1024 pixels. The laser
lines were 405, 488, 514, and 633 nm. Scan speed and
number of averaged images remained consistent for all
images captured in each experiment for both qualitative and
quantitative purposes.

For examination of retinal digests, analysis and imaging
were undertaken using a Zeiss Axio Imager Upright mi-
croscope (Jena, Germany). Images were captured with ZEN
imaging software. Image analysis was performed using
Adobe Photoshop CS5 software version 12.0 (Adobe Sys-
tems, San Jose, CA).

Quantitative Analysis of Relative CD31™ Blood Vessel
Density

For relative CD31% blood vessel density, at least 10 images
(20x objective) were taken from each animal eye (two
images for the central retina, four images for the mid retina,
and four images for peripheral retina) using a Zeiss Axio
Imager Upright microscope. The relative CD31" blood
vessel density in the entire image (13.5 x 10 cm) was
measured by determining the frequency of positive immu-
nolabeled CD31" vascular structures coinciding with the
intersection of 100 intersection points with a diameter of 0.8
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cmin a 13.5 x 10-cm frame superimposed over the image,
as reported previously.'®"’

Trypsin Digest Preparation and Quantitative Analysis
of Relative Acellular Capillary Density

Trypsin digests of retinal whole mounts were prepared to
permit examination of the frequency of acellular capillary
density using the method described by Kuwabara and
Cogan,'8 with minor modifications. Retinas were scanned
using the Aperio CS slide scanning system with Spectrum
Plus information management system (Aperio Technologies
Inc., Vista, CA). A total of 10 to 15 random, nonoverlap-
ping fields of retina were imaged (100,000 um?). Acellular
capillaries >50 pm in length were counted from each image
for each retina and expressed relative to control.

Quantitative Analysis of Iba-1" Microglia/Macrophage
Density

For assessment of Iba-1" microglia/macrophage density, at
least five images (10x objective) were taken in each animal
(one image for central, two images for mid, and two images
for peripheral regions of the retina) for each marker using a
Zeiss Axio Imager Upright microscope. The Iba-1" micro-
glia/macrophage density in the whole area of the image was
measured using Image] software version 1.53j (NIH,
Bethesda, MD, htps://fimagej.nih.gov/ij/download.html).
The Iba-1" microglia/macrophages were determined by
both their Iba-1 labeling and their morphology: microglia
located primarily in the retina, exhibiting round and irreg-
ular somas with a ramified extensive process field; and
macrophages located primarily in the ciliary body and
choroid, exhibiting larger and irregular somas either without
processes or with short processes. For counting purposes,
only cell bodies with DAPI counterstaining were analyzed
(ie, microglia/macrophage processes without associated cell
body were not counted).

Quantitative Analysis of NeuN™ Cell Density

For NeuN™ neuronal cell density, at least three images (40x
objective) were taken in each animal using a Zeiss LSM 800
Metaconfocal microscope. The NeuN™" cell density in the
whole area of the image was measured using Imagel soft-
ware. The NeuN™ cells were determined by their NeuN™
soma labeling and double labeling with DAPI in either the
ganglion cell layer or the inner nuclear layer.

Quantitative Analysis of Rho and GFAP/AQP4
Expression

For Rho immunoreactivity, at least three images (20x
objective) were taken in each NHP from midperipheral retina.
For GFAP and AQP4 immunoreactivity, at least five images
(10x objective) were taken from each animal (one image for
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central, two images for middle, and two images from periph-
eral retinal regions) for each marker using a Zeiss Axio Imager
Upright microscope. All microscope settings remained
consistent for all images captured in each experiment for both
qualitative and quantitative purposes. To ensure identical in-
cubation conditions, control and T2D specimens were always
stained and imaged together. The immunoreactivity of Rho
(intensity) in three to four selected regions was measured, and
the intensity of GFAP and AQP4 immunoreactivity in the
entire image was measured using ImageJ software.

Quantitative Analysis of Lipofuscin Density in RPE

Lipofuscin is understood to be composed of products resulting
from incomplete digestion of photoreceptor outer segments,
lipids, and proteins.'’ Lipofuscin also contains fluorophores
that autofluoresce when excited by specific wavelengths of
light. Lipofuscin autofluorescence can be detected without the
need for any labeling with a fluorescent antibody.”’ Transverse
frozen sections of control and T2D NHP eyes were prepared as
above. These unstained sections were then examined using all
fourlaserlines (405, 488, 514, and 633 nm) to ensure the widest
emission spectra of the naturally occurring lipofuscin, to pro-
vide a qualitative assessment of lipofuscin density. A minimum
of three images (63 x objective) were taken in each animal
using a Zeiss LSM 800 Metaconfocal microscope. Lipofuscin
collections were visible as small round autofluorescent gran-
ules with laser light excitation fluorescence emission without
prior fluorophore conjugation. The relative density of lip-
ofuscin granules in the RPE in each of the three entire fields of
view captured in the central, midperipheral, and peripheral
retina was counted by a masked experienced microscopist
(P.H.) while utilizing Image] software to provide a semi-
quantitative determination of relative lipofuscin density in
control versus high-fat diet fed animals.

Statistical Analysis

To account for variation, the density or immunoreactivity of
positive labeling, as determined by brightness of the emis-
sion spectra, was normalized by dividing by the mean
values of age-matched naive controls in the same region or
tissue and was expressed as the percentage of relative
densities for each animal.

Data are reported as means = SEM. Statistical differences
between the high-fat diet fed and age-matched control
groups were determined by applying one-tailed #-test for
unpaired groups with equal variance. P < 0.05 was
considered statistically significant.

Results

Clinical Observations and Premortem Imaging

Figure 1 shows the premortem imaging of a representative
animal maintained on a standard chow diet. Figure 1A is a
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retinal image from a fluorescein angiogram that shows no
breakdown of the blood-retinal barrier and no evidence of
retinal pathology. The choroidal flush is evident. Figure 1B
shows low-level fundus autofluorescence, which is typically
observed in NHPs in this age group. Macular optical
coherence tomography (Figure 1, C and D) displays a
normal foveal contour and thickness with no evidence of
intraretinal or subretinal fluid and no evidence of diabetic
macular edema. There is no evidence of foveal atrophic
changes or of intraretinal opacities.

The NHPs maintained on a WD demonstrate classic signs
of T2D compared with lean animals maintained on standard
chow (Figures 2, 3, 4, 5 and 6). Table 1 highlights differ-
ences in body weight and body composition for these ani-
mals, as well as levels of fasting glucose, homeostatic model
assessment for insulin resistance measurements, and he-
moglobin Alc when animals are not maintained with
exogenous insulin for the treatment of hyperglycemia. The
NHPs were maintained on insulin for 2 years before the
terminal study. Because of study limitations, the six controls
used in this study were not analyzed for body composition
or glucose homeostasis. To demonstrate obesity, dyslipi-
demia, and T2D of the selected obese cohort in this study,
reference values of 20 middle-aged male NHPs collected as
part of the NHP Obesity Resource at Oregon National Pri-
mate Center are provided (Table 1).

In the NHP cohort fed the WD, fundus changes typical of
human DR were observed, including venous engorgement and
tortuosity (Figure 2), aneurysms (Figure 2 and 3), and macular
exudates. The predominant findings, however, were venous
tortuosity and leakiness, most marked in the peripheral retina,
like that in human DR (Figure 3). Infrequently, there was
evidence of changes in the nerve fiber layer suggestive of
nerve inflammation and infarcts (Figure 4). By fluorescein
angiography, there was evidence of leaky vessels (Figure 5A)
and venous tortuosity (Figure 5B). On color fundus images
(Figure 6, A—F), there was evidence of venous tortuosity
(Figure 6, B, E, and F) and venous beading (Figure 6, C, D,
and F). Fundus autofluorescence is shown in Figure 6, G—L,
with dot and blot hemorrhages (most prominent in Figure 6, G
and I) and venous tortuosity (most prominent in Figure 6, G,
H, K, and J). Fluorescein angiography also showed the same
vascular pathology (Figure 6, M—R).

CD31" Blood Vessel Density Decreases while Acellular
Capillaries Increase in T2D Retinas

In the retinas of control NHPs, CD317" blood vessels were
distributed in two layers in the central to middle regions of
the retina, the superficial (inner) (Figure 7A) and deep
(outer) (Figure 7C) retinal plexuses. In the peripheral region,
there was only the superficial plexus, similar to the human
retinal vasculature.”' The superficial plexus of CD31" blood
vessels consisted of arteries, veins, and capillaries, whereas
the deep intraretinal vascular plexus in the NHPs consisted
only of capillary-sized vessels (Figure 7C). In the retinas of
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Premortem imaging of a representative control animal maintained on a standard chow diet. A: A fluorescein angiogram with no detectable

breakdown of the blood-retinal barrier and no evidence of microaneurysms, hemorrhage, or neovascularization. The choroidal flush is evident. B: A low level of
fundus autofluorescence typically observed in healthy nonhuman primates of this age group. C: Macular optical coherence tomography (0CT) displayed a
normal foveal contour and thickness with no evidence of intraretinal or subretinal fluid. C and D: Green line (C) represents the level at which the OCT cross-
section (D) was taken. D: There was no evidence of foveal atrophic changes or of intraretinal opacities. Scale bars = 200 um (C and D).

the NHPs fed the WD, the density of CD317" blood vessels
of both plexuses decreased (Figure 7, B and D, comparing
with Figure 7, A and B), and the capillaries in the outer
plexus became noticeably thinner and less bright for CD31
staining compared with control (Figure 7D), suggestive of
capillary obliteration or compromised rheology. Blood
vessel loss was greatest in the peripheral region of the su-
perficial plexus (inner) and in the central region of deep
plexus (outer) (Figure 7, E and F).

Retinal digests, used to count acellular capillaries in
control and T2D retinas, indicated a significant increase in
the NHP cohort fed the WD (Figure 8, B and D) compared
with control NHPs (Figure 8, A and C); quantitative data are
shown (Figure 8E). The higher frequency of acellular cap-
illaries in these animals supports the significant vascular
regression/occlusion occuring in the WD-fed animals and is
consistent with the observed decrease in CD31" blood
vessel density in this group of animals. To characterize the
relationship between endothelial cells and microglia/mac-
rophages, vessels were stained with GS lectin and microglia/
macrophages were labeled with Iba-1. As shown in
Figure 8F, large Iba-1" cells interpreted as activated
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microglia/macrophages were prominent surrounding the
blood vessels in the peripheral region of the diabetic retina.

Increased Iba-1" Amoeboid Microglia/Macrophage
Density, Loss of Reqular Stratification, and Spacing of
Ramified Microglia in the Retina of WD-Fed Mice
Infrequent Iba-1" microglia/macrophage were observed in
retinal sections (Figure 9A) and flat mounts (Figure 9C) of
control primates. Although Iba-1 labeling does not differ-
entiate between macrophages and ramified microglia
(Figure 9C), the morphology of the cell was used to char-
acterize each population. Iba-1" ramified cells, character-
ized as resting microglia, exhibited an extensively ramified
process field, showed a regular contact-spacing distribution
across the retina, and were located in the retinal ganglion
cell layer (Figure 9A) and outer retina with predominantly
stratified distribution, as previously reported in humans.”
Iba-17" cells with morphology typical of macrophages
were evident between the ganglion cell layer and the inner
nuclear layer (Figure 9B).
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Figure 2  Representative in vivo imaging of rhesus macaques fed a high-fat (HF) Western diet (WD) utilizing three image modalities: color fundus, fluorescein
angiography, and fundus autofluorescence. Retinal images of a rhesus macaque 5 years following the introduction to WD. A and D: Color fundus photographs. B, C,
and E: Higher-magnification images of the blue, red, and yellow boxed areas, respectively, in A and D. Attenuation of the blood column with regions of
constriction evident at higher magnification in WD-fed nonhuman primates. F—J: This interpretation is confirmed with fluorescein angiograms with additional
evidence of breakdown of the evident due to a loss of clear vessel outlines indicative of leakage of fluorescein into the tissue parenchyma. G, H, and J: Higher
magnification images of the blue, red, and yellow boxed areas with marked vessel tortuosity. K—0: The fundus autofluorescence (K and N) shows small white
exudates in regions aligned to the vessels highlighted in the blue, red, and yellow boxed areas shown at higher magnification (L, M, and 0). 0D, oculus dexter;
0S, oculus sinister.

Color fundus

Fluorescein
angiogram

Fundus
autofluorescence

Figure 3 In vivo fluorescein angiograms observed
in high-fat diet fed rhesus nonhuman primates
(NHPs): fluorescein angiography imaging of two
representative macaque monkeys 5 years after intro-
duction to Western diet (WD). A: The initial choroidal
flush after intravascular administration of fluorescein.
B: Areas of breakdown of blood-retinal barrier as re-
gions of hyperfluorescence in the peripheral retina.
Because fluorescein binds to plasma albumin, sites of
fluorescein leakage indicate sites of plasma leakage
into retinal perivascular space. This feature mimics a
similar sign seen in human diabetic retinopathy. No
features of proliferative diabetic retinopathy are
evident at this stage of the rhesus NHPs fed a WD.
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Fundus
autofluorescence

Figure 4

OCT enface

OCT cross-section

A—C: Fundus autofluorescence (A), optical coherence tomography (OCT) enface (B), and OCT cross-section (C) of a Western diet fed rhesus

nonhuman primate 5 years after initiation of diet. A and B: Cotton-wool spots are clearly evident in the nasal region along the horizontal meridian adjacent to
the optic disc. B and C: Green boxed area and green horizontal line (B) represent the level at which the OCT cross-section (C) was taken. OCT cross-section

shows marked hyperreflectiveness (red arrowheads) in the nerve fiber layer.

In the middle and peripheral regions of the retina of T2D
primates, the density of Iba-1" microglia/macrophage was
significantly increased (Figure 9D) compared with controls
(Figure 9C). Many of the Iba-1" microglia/macrophages
changed their morphology from ramified to amoeboid, and
the cells lost the regular distribution in stratum and spacing
(Figure 9D) that is typical of ramified microglia
(Figure 9C). Increased numbers of Iba-1* microglia/mac-
rophages were typically seen in regions with fewer CD31%
blood vessels (Figure 9D, compared with Figure 9C).
Some of the Iba-1" microglia/macrophages demonstrated
activated morphology with shorter processes and enlarged
soma (Figure 9, B and D). The density of the Iba-1" cells
was greater in the WD retinas compared with that in con-
trols (Figure 9G). Many of the Iba-1" macrophages were
detected in the ciliary bodies (Figure 9E) of the control
NHPs. Although the number of Iba-1" macrophages in the
ciliary body of the T2D mice was not statistically

Figure 5

significant between the WD-fed and control animals, the
intensity of the Iba-1" staining increased and the macro-
phages showed shorter and more prominent amoeboid
processes (Figure 9, F and H).

GFAP" Astrocyte Intensity Is Increased in WD-Fed NHP
Retinas Compared with Chow-Fed Controls

In the control retinas, GFAP™" cells are only present in the
ganglion cell and nerve fiber layers of the inner retinal re-
gion (Figure 10A). Consistent with earlier reports of astro-
cyte morphology in human, primate, and cat retinas,” °
GFAP™" cells exhibit bipolar morphology with processes
predominantly aligned to the axon bundles in the ganglion
and nerve fiber layers of the central and middle (Figure 10C)
retinal regions supportive of astrocytes. The GFAP™ astro-
cytes gradually change to a stellate morphology in the pe-
riphery (Figure 10E). The highest concentration of GFAP™

Representative fluorescein angiography of nonhuman primates that developed type 2 diabetes. Leaky vessels and hemorrhages are visible in the

17-second frame (A), whereas occluded vessels (red arrowheads) and venous tortuosity are evident distal to the occlusion (insets; B).
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Figure 6

Representative color fundus (A—F), autofluorescence (G—L), and fluorescein angiography (M—R) images from nonhuman primates that

developed type 2 diabetes. Boxed areas are magnified to demonstrate evidence of alterations in vessels, dot and blot hemorrhages (G, K, and I), and venous
tortuosity (B, C, E, F, H, I, L, N, 0, Q, and R). HF, high fat; 0D, oculus dexter; 0S, oculus sinister.

astrocytes is around the optic nerve head, and density de-
creases toward the periphery (compare Figure 10, C—E), as
previously described.”** In the WD-fed NHP retinas, as-
trocytes significantly increase their expression of GFAP in
the region of the optic nerve, midretina, and peripheral
retina (Figure 10, B, D, and F, comparing with Figure 10, A,
C, E, and G).

Increased Vimentin Expression and Vessel
Ensheathment by Miiller Glia in WD-Fed NHP Retinas

In control retinas, lateral processes of vimentin™ Miiller
cells demonstrated labeling primarily in the inner retina
(Figure 11A). The present results confirmed previous re-
ports showing a uniform topography of vimentin® Miiller
cells evenly distributed from central-mid (Figure 11C) to
peripheral (Figure 11, E and G) regions.”’
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In WD-fed NHP retinas, Miiller cell expression of
vimentin is increased in cross-sections at the level of the
inner nuclear layer (Figure 11B versus Figure 11A). The
WD-fed samples showed enhanced vimentin™ Miiller cell
processes ensheathing intraretinal vessels of larger caliber
(Figure 11, B, D, and F, comparing with Figure 11, A, C,
E, and G) in retinal whole-mount images. Ensheathment by
vimentin* Miiller cell processes along vessel segments was
observed in the peripheral retina of WD-fed NHPs
(Figure 11, F and H, comparing with Figure 11, E and G).

Marked Decrease in NeuN™ Cells in Ganglion Cell Layer
and Loss of Structural Integrity of Rod Outer Segments
of WD-Fed NHP Retina

In control retinas, many NeuN" neurons are regularly
distributed in the ganglion cell layer (Figure 12A). In
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Table 1  Characteristics of Nonhuman Primates

Characteristic WD (n =7) Chow (n = 6) Reference controls (n = 20)
BW at time of T2D diagnosis, kg 18.8 + 2.6 N/A N/A

BW at time of necropsy, kg 14.7 £ 2.7 6.3 £ 1.3

Glucose (fasting), mg/dL 160.7 + 65.6 71.5 £ 27.5 54.4 4+ 5.78

HOMA-IR 74.0 £77.1 2.78 + 1.95

HbA1c at time of T2D diagnosis, % 11.4 £ 2.2 5.0 £ 0.6

Body fat at time of T2D diagnosis, % 417 £ 2.3 20.2 + 6.6

Cholesterol at time of T2D diagnosis, mg/dL 189 + 38 113 + 37

Triglyceride at time of T2D diagnosis, mg/dL 225 + 151 51.8 + 24.8

Data are given as means + SD.

BW, body weight; HbA1c, hemoglobin Alc; HOMA-IR, homeostatic model assessment for insulin resistance; N/A, not applicable; T2D, type 2 diabetes; WD,

Western diet.
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Figure 7 (D317 blood vessel (BV) density is decreased in type 2 diabetes (T2D) retina. The density of CD31" blood vessels decreased and (D31 capillaries
in the outer plexus became thinner and less bright in T2D retina compared with control. A—D: Retinal flat mounts from the midperiphery of rhesus T2D
nonhuman primates and control retinas: control (A and C) and 72D (B and D) stained with CD31 (green). A and C or B and D: Taken from the same region. A
and B: Focus on inner blood vessel plexus. C and D: Focus on outer blood vessel plexus. C and D: Arrows indicate the CD31™ outer plexus capillaries. E: The
quantitative data of inner blood vessel density. F: The quantitative data of outer blood vessel density. *P < 0.05. Scale bars = 100 um (A—D).
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Figure 8

The number of acellular capillaries is increased in type 2 diabetes (T2D) retina. A—D: Trypsin-digested retinas were stained with hematoxylin and

eosin. A—D: Compared with control (A and C) retinas, the T2D primate retinas (B and D) showed an increased number of acellular capillaries. C and D: High-
magnification images from selective areas (green boxed areas) from A and B, respectively. A—D: Arrows indicate acellular capillary. E: The quantitative data.
F: Retinal flat mounts from peripheral region of T2D nonhuman primate retina stained with ionized calcium-binding adaptor molecule 1 (Iba-1; green) and
biotinylated Griffonia simplicifolia (Bandeiraea) isolectin B4 (lectin; blue), demonstrating copious numbers of Iba-1* microglia surrounding lectin®™ blood
vessels. *P < 0.05. Scale bars: 500 pm (A and B); 100 um (C and D); 50 pum (F).

contrast, the T2D retinas showed about a 50% reduction in
the density of NeuN™ neurons (Figure 12).

Rho is an opsin protein that labels rod outer segments.”® In
control retinas, Rho immunoreactivity was evenly distributed
in fiber-like structures (Figure 13, A and C). In the WD-fed
retinas, Rho' staining became irregular and uneven
(Figure 13, B and D, comparing with Figure 13, A and C) with
a31% reduction in staining intensity (Figure 13E), suggestive
of a loss of structural integrity of rod outer segments.
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Iba-1 Expression and Lipofuscin-Like Granules Increase
in RPE Cells of WD-Fed Animals

In control NHP eyes, Iba-1 consistently labeled the
microglia/macrophages, whereas the RPE cells were
consistently negative for this marker (Figure 14A). Auto-
fluorescent granules were evident under all laser excitation
wavelengths because of the autofluorescence from lip-
ofuscin granules in RPE cells.”” By way of example,
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Figure 9  Ionized calcium-binding adaptor molecule 1—positive (Iba-1") microglia/macrophage density is increased in type 2 diabetes (T2D) retina
compared with controls. A and B: Retinal sections from midperiphery regions of rhesus nonhuman primates (NHPs): control (A) and T2D (B) double stained
with Iba-1 (red) and DAPI (blue). C and D: Retinal flat mount from middle-peripheral region of rhesus NHPs: control (C) and T2D (D) stained with Iba-1 (red)
and CD31 (green). E and F: Ciliary body flat-mount control (E) and T2D (F) single stain using Iba-1 (red). G: The retinal quantitative data. H: The ciliary body
quantitative data. A—D and G: Iba-1"* microglia/macrophage density increases significantly in midperiphery and peripheral regions of the T2D retina. E, F, and
H: Iba-1" macrophages increase their size and brightness with prominent processes in the ciliary body of T2D NHP nonhuman primates (F) comparing with
controls (E); however, the Iba-1" macrophage density did not increase, leading us to suggest that Western diet induced activation of the resident microglia/
macrophage population without recruitment of circulating monocytes (H). *P < 0.05. Scale bars: 50 um (A and B); 100 um (C and D); 50 um (E and F). CB,
ciliary body; Cho, choroid; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium.

Figure 14, C, E, and G, shows the autofluorescence in the
red and green channel, even without primary or secondary
antibodies.

In WD-fed animals, RPE cells exhibited Iba-1 immu-
noreactivity in two of the three retinas examined
(Figure 14, B, F, and J; for low-magnification images, see
Figure 14B compared with Figure 14A). Increased

The American Journal of Pathology m ajp.amjpathol.org

numbers of lipofuscin granules (Figure 14, D, F, and H)
were associated with this Iba-1 immunoreactivity when
compared with control (Figure 14I). This finding of
increased lipofuscin accumulation in the WD-fed NHPs is
similar to age-related changes in the human as lipofuscin
represents the by-product of incomplete digestion of rod
outer segments.'”
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Glial fibrillary acidic protein—positive (GFAP™) astrocyte intensity increases across type 2 diabetes (T2D) retina. A and B: Retinal cross-sections

from middle region of control (A) and T2D (B) using GFAP (red) and DAPI (blue) staining. C—F: Retinal flat mounts from control (C and E) and 72D (D and F)
stained with GFAP (red) are from central-middle region (C and D) and from peripheral region (E and F). G: The quantitative data confirming that GFAP*
astrocyte intensity increased over the entire T2D retina compared with control. *P < 0.05. Scale bars: 20 um (A and B); 100 um (C—F). GCL, ganglion cell

layer; INL, inner nuclear layer; ONL, outer nuclear layer.

Increased AQP4 Expression on Retinal Astrocytes and
Miiller Glia in T2D

AQP4 belongs to the aquaporin family of integral membrane
proteins that form pores/channels in the membrane of biological
cells, facilitating transport of water between cells. AQP4 is
highly expressed on the abluminal processes of astrocytes
abutting cerebral microvasculature. In control retinas, AQP4"
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expression was seen mainly in the inner retina, especially in the
nerve fiber layer and surrounding blood vessels (Figure 15A).
AQP4" expression was evident throughout the retina, with
stronger expression in the central-mid region (Figure 15, C and
E) and lower AQP4" expression in the periphery (data not
shown). Consistent with earlier reports,”*" AQP4 ™" expression
was evident on both GFAP™ astrocytes (Figure 15C) and
vimentin " Miiller cells (Figure 15E).
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In the WD-fed retinas, the bright AQP4 " expression was
more intense and expansive from the nerve fiber layer to
the inner nuclear layer (Figure 15B compared with
Figure 15A). AQP4" expression was observed on the
processes of both GFAP™ astrocytes and vimentin* Miiller
cells and was more prominent than in the control retinas
(Figure 15, D and F, compared with Figure 15, C and E).
AQP4" intensity in the central and peripheral regions
(Figure 15G) and along the large blood vessels in central-
middle regions (Figure 15H) of WD-fed retina was
significantly greater than in controls.
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Figure 11 Vimentin (Vim)™ Miller cells sur-
rounding blood vessels (BVs) in type 2 diabetes (T2D)
retina. A and B: Retinal sections from the mid region
of control (A) and T2D (B) were stained with vimentin
(red) and DAPI (blue). C—H: Retinal flat mounts of
control (C, E, and G) and T2D (D, F, and H), demon-
strating staining with vimentin (red). C and D: Sec-
tions are from central-mid region. E and F: Sections
are from peripheral region. G: Represents the boxed
area from E. H: Represents the boxed area from F.
Vimentin™ Miiller cells are distributed along the blood
vessels in the T2D nonhuman primate retina. Scale
bars: 20 um (A, for A and B); 100 um (D, for C—F); 50
um (H, for G and H). GCL, ganglion cell layer; INL,
inner nuclear layer; ONL, outer nuclear layer.

Discussion

In the NHPs, T2D was induced by WD feeding for >5
years. The diet was like human high-fat diets that induce
T2D.*" All the NHPs on a WD became obese, hypergly-
cemic, hypertriglyceridemic, and hypertensive, and devel-
oped T2D (eg, fasting glucose >7 mmol or >126 mg/dL).
Meanwhile, the controls had normal glucose, lipids, and
blood pressure. Many salient features of human DR were
observed in the WD-fed NHPs, including venous engorge-
ment and tortuosity, exudates, and vascular leakage; nerve
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Figure 12

Neuronal nuclei antibody—positive (NeuN") neuronal density is decreased in type 2 diabetes (T2D) retina. Retinal cross-section from the mid

region of nonhuman primate retina: control (A) and T2D (B) double stained with NeuN (green) and DAPI (blue). NeuN™ neurons are uniformly located in
ganglion cell layer (GCL) in control (A), but their density is decreased in T2D (B) retina comparing with control (C). *P < 0.05. Scale bar = 20 pm (B, for A

and B). INL, inner nuclear layer; ONL, outer nuclear layer.

fiber infarction was observed less frequently. The NHPs
showed vascular changes in the superficial retinal vessels,
consisting of decreased blood vessel density in the periph-
eral retina. The deep vascular layer demonstrated reduced
vascular density in the central retina. Consistent with other
NHP DR models, the diabetic NHPs showed an increase in
acellular capillaries. WD-induced diabetic NHPs demon-
strated increased Iba-1" cell density, RPE with increased
lipofuscin-like granules, and increased GFAP, vimentin, and
AQP4 intensity compared with controls. Prolonged WD
feeding resulted in neuronal loss in the ganglion cell layer
and in the ONL compared with standard chow-fed NHPs.
These findings support the marked similarity observed in the
retinas of humans with T2D and the WD-fed NHPs studied
here.

The significance of this study lies in the extensive use of
multimarker immunofluorescence on both retinal whole
mounts and frozen sections for colocalization of multiple
cell types from distinct lineages in the retina, RPE, and
ciliary body. This helped compare changes in multiple cell
types within each part of the eye.

Vascular damage in obesity and diabetes results from
increased cellular oxidative stress, activation of protein ki-
nase C, release of superoxide, and production of advanced
glycation end products, advanced lipoxidation end products,
oxidized low-density lipoproteins and their receptors, and
reactive oxygen species.”” °> These mediators, when in
excess, can induce microvascular dysfunction, activate glial
cells, and promote neuronal loss in the diabetic retina.>* ¢
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Activated microglia express high levels of IL-12, IL-23,
tumor necrosis factor-a, IL-1[3, and IL-6,>” which damage
pericytes and endothelial cells, causing vascular dysfunc-
tion.”® Tn DR, macroglia, such as astrocytes, become acti-
vated and secrete proinflammatory mediators, including IL-
6, CXCL-2, and vascular endothelial growth factor.>?*°
Activation of microglia can directly influence Miiller cells
via bidirectional signaling between the two cell types. Miiller
cells can further increase the state of activation of microglia by
increasing their migration and adhesive cell contacts.”’
Miiller cells have been strongly implicated in the neuro-
degeneration associated with DR. In DR, Miiller cells express
reduced levels of glutamine synthetase that converts the
potentially toxic glutamate into glutamine.*” ** Activated
microglia are also a source of glutamate, reactive oxygen
species, increased caspase 3, matrix metalloproteinases, and
nitrous oxide. All of these are considered neurotoxic media-
tors involved in neurodegeneration.”> Neuronal damage,
chronic neurodegeneration, and dying cells, in turn, further
activate the microglia,”® which is a major driver of DR.®*’
The marked increase in fundus autofluorescence observed
in the T2D eyes in this study is likely due to lipofuscin
accumulation in the RPE.*® Lipofuscin, a by-product of
incomplete digestion of ingested photoreceptor outer seg-
ments,48 was increased in T2D NHP retinas. DR is associ-
ated with changes in the subcellular structure of RPE cells
and alterations of their secretome, which fosters the break-
down of the outer blood-retinal barrier.”””" Accumulation
of lipofuscin within the RPE is associated with RPE
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A—D: Rhodopsin (Rho)* immune staining in rod outer segments. Retinal sections from midperipheral regions of nonhuman primates (NHPs):

control (A and C) and type 2 diabetes (T2D; B and D). A and B: Double stained with Rho (green) and DAPI (blue). C and D: Enlarged images of the boxed areas
in A and B. Comparison of panels (C and D) shows a reduction in Rho™ immune intensity as well as a loss of the vertical orientation of the rod outer segments
in T2D NHPs compared with control. E: The quantitative plot demonstrating that Rho™ immune-staining intensity was reduced by about 31% in T2D NHPs
comparing with control and is statistically significant. *P < 0.05. Scale bars: 50 um (B, for A and B); 10 um (D, for C and D). INL, inner nuclear layer; ONL,

outer nuclear layer.

dysfunction.”’ Lipofuscin accumulation, as observed in the
current study, may serve to compromise the RPE cells’
capacity to phagocytose rod outer segments, which, in turn,
compromises RPE and photoreceptor function. Interest-
ingly, the RPE cells in the diabetic NHPs became Iba-1
positive. Iba-1 is a cytoplasmic signaling protein that is
primarily expressed in macrophages/microglia and is up-
regulated during their activation. However, Iba-1 can be
expressed by other cells in response to injury’” and is
associated with cell proliferation and migration.” Together
with reports from earlier work, the current findings indicate
that a WD causes significant stress in RPE cells, resulting in
their activation.

AQP4, a water channel protein, facilitates the movement
of fluid across cell membranes.” AQP4 is highly expressed
on the abluminal processes of astrocytes abutting cerebral
microvasculature. AQP4 has been implicated in several
pathophysiological processes. Recent evidence suggests
AQP4 is involved in diverse functions, including neuro-
inflammation, cell migration, and Ca*t s.ignaling.5 ° In the
current study, AQP4" was increased in central and periph-
eral regions and along large blood vessels (Figure 15) of the
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diabetic NHPs. Polymorphisms exist in the AQP4 gene that
are associated with increased expression and the presence of
diabetic retinopathy.”® Vujosevic et al’’ showed that AQP4
levels increased 25-fold in the aqueous humor of diabetics
with DR and sixfold in diabetics without DR compared with
controls. Elevation in AQP4 has been associated with hy-
pertension. However, in the study by Vujosevic et al,”’ no
statistical difference in blood pressure was observed be-
tween controls and diabetics; but the use of antihypertensive
medications was not recorded in this study. Animal models,
including both spontaneous diabetic and streptozotocin
(STZ)—induced diabetic rats, have been associated with
increased retinal AQP4 expression,S 8762 Wwhich can be
reduced by administration of the anti-inflammatory drug,
minocycline.58’59 However, other studies showed reduced
AQP4 in db/db mice®” and in STZ diabetic rats.”® Results in
rat Miiller cell cultures suggest that activation of AQP4 was
most affected by glucose variability and a different sus-
ceptibility, depending on the basal glucose conditions.
Although DR in humans is clinically and histologically
well characterized,” less is known about retinal findings in

NHP experimental models of diabetes. Jonasson et al®®
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Figure 14  Retinal pigment epithelium (RPE) cells expressed ionized calcium-binding adaptor molecule 1 (Iba-1)" and increased numbers of lipofuscin-like
granules in type 2 diabetes (T2D). Retinal sections from midperipheral region of rhesus nonhuman primates (NHPs). A, C, E, and G: Controls. B, D, F, H, and J:
T2D. A and B: Stained with Iba-1 (red) and DAPI (blue). C and D: Represent adjacent sections of A and B and were stained only with DAPI (blue). Images show
autofluorescent granules (red channel). E and F: Stained with Iba-1 (red) and DAPI (blue). Images show autofluorescent granules (green channel). G and H:
Same images as E and F, but only with the green filter and DAPI. I: Increase in the relative thickness of the lipofuscin layer in the Western diet—fed animals
compared with chow-fed controls. J: Same image as F but only showing Iba-1 and DAPI. Data are shown using adjacent sections and the same images with
different combinations of filters intended to show the autofluorescence granules and Iba-1" labeling more clearly. Images suggest that RPE cells become Iba-
1" and contain more lipofuscin-like granules in the T2D nonhuman primate. To quantitate the change of lipofuscin-like granules, the thickness of lipofuscin-
like granules in the RPE cells of control and T2D NHP were compared. I: The increased amount both in extent and density of lipofuscin-like granules in RPE of
the T2D NHPs comparing with control. *P < 0.05. Scale bars = 20 um (A—H and J).
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Figure 15  Aquaporin 4 (AQP4) expression on glial fibrillary acidic protein (GFAP)™ astrocyte and vimentin (Vim)™ Miiller cells is increased in the type 2
diabetes (T2D) retina. A and B: Retinal cross-sections from the central-mid region of control (A) and T2D (B) nonhuman primate retinas triple stained with
vimentin (red), AQP4 (green), and DAPI (blue). C—F: Retinal flat mounts of control (C and E) and T2D (D and F) retinas from the central-mid region. C and Dz
Double stained with GFAP (red) and AQP4 (green). E and F: Double stained with Vim (red) and AQP4 (green). G: The relative intensity of AQP4 expression in the
different retinal regions. H: The relative intensity of AQP4 expression along blood vessel (BV). Images support that AQP4 expression is mainly in the inner
portion of the retina and around BV and that AQP4 expression is on both GFAP™ astrocytes and vimentin™ Miiller cells. In T2D retina, the AQP4 expression
increased. G and H: Increased intensity of AQP4 expression in the central and peripheral regions of the retina and along the BV in T2D compared with controls.
*P < 0.05. Scale bars: 40 um (A and B); 50 pm (C—F). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.

describe an 11-year study of rhesus monkeys with diabetes with normal or moderately increased cholesterol and no
induced by either STZ or pancreatectomy. The NHPs had a hypertension. Non-proliferative diabetic retinopathy was
duration of diabetes of up to 12.5 years, an average hemo- seen in these NHPs, including cotton-wool spots, degener-
globin Alc of 14.3%, and marked elevations in triglycerides ation of macular RPE, vascular leakage, attenuation of
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vessels, and elevated posterior vitreous fluorescein levels
correlating with blood-retinal barrier leakage.®’

In the study by Tso et al,"’ the NHPs had various com-
binations of spontaneous diabetes or artificially induced
diabetes utilizing STZ and fludrocortisone used for artificial
induction of hypertension. Two groups of nonhypertensive
monkeys with diabetes induced by either pancreatectomy or
STZ induction showed no significant findings of DR by the
end of the study. A two-monkey group with STZ-induced
diabetes for an average of 13.5 and 15.9 years and sponta-
neous hypertension showed no signs of DR until the onset
of hypertension. Once hypertensive, these NHPs showed
signs of ischemic retinopathy, including peripapillary
cotton-wool spots, atrophic maculae, capillary dropout on
fluorescent angiography, focal capillary leakage, and
reduced nasal ciliary artery hypoperfusion toward the end of
their life. NHPs that spontaneously developed diabetes and
then were given fludrocortisone to induce hypertension also
demonstrated ischemic retinopathy with petechial hemor-
rhages, small focal intraretinal capillary leakage spots,
cotton-wool spots, tortuosity and dilation of arterioles, ex-
udates, and retinal atrophy, but only after induction of hy-
pertension with fludrocortisone. Using a spontaneous model
of diabetes and hypertension, Kim et al'*'" demonstrated
that the severely hypertensive and severely diabetic animals
exhibited DR, whereas those with less severe hypertension
and diabetes had less consistent retinal pathology. The
findings of the above-mentioned studies demonstrate the
importance of concomitant hypertension in initiating/driving
the development of DR in NHPs.

Our study has some limitations, including the use of GFAP
as a marker of both astrocytes and Miiller cells. Although
GFAP labels both astrocytes and activated Miiller glia,”®"*
astrocytic labeling is distinguishable from Miiller glia by
virtue that astrocytic labeling is restricted to the nerve fiber
layer and ganglion cell layer, where astrocytic processes are
either stellate or closely ensheathed around the superficial
retinal vascular plexus and nerve fiber bundles.”’ In contrast,
Miiller glial cells run radially throughout the entire thickness
of the retina from the inner limiting membrane to the outer
limiting membrane. Although both retinal macroglia share the
ensheathment of the superficial plexus, ganglion cells, and
nerve fiber bundles, the Miiller glia have a uniform topog-
raphy of distribution across the retina, whereas the astrocytes
are centered more around the optic nerve head. Moreover, the
two cell types have distinct process characteristics.”” Thus,
differences in morphology, topographic distribution, and
residence in distinct strata of the retina allow use of GFAP to
distinguish astrocytes from Miiller cells.

In summary, this study in a WD-induced model of dia-
betes provides a unique description of retinal histologic
changes, morphology, and localization not present in prior
studies, while also reporting levels of hyperglycemia and
hyperlipidemia, body fat percentages, and body weight, as
well as duration of the diabetic state for these NHPs with
DR. After the 5-year period of WD feeding, the NHPs
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experienced a similar degree of pathology that is seen in early
to moderate non-proliferative diabetic retinopathy in humans,
including venous engorgement and tortuosity, exudates, and
vascular leakage; nerve fiber infarction was seen less
frequently. On histologic assessment, the diabetic NHPs
showed an increase in acellular capillaries, increased density
of Iba-17 cell density, increased lipofuscin-like granules and
changes in the subcellular structure of RPE, and disruption of

the blood-retinal barrier*”"" compared with controls. More-

over, the diabetic NHPs exhibited increased GFAP, vimentin,
and AQP4 intensity compared with control animals. Finally,
prolonged WD feeding resulted in neuronal loss in the gan-
glion cell layer and in the ONL. These findings support the
marked similarity observed in the retinas of humans with T2D
and the WD-fed NHPs studied here.
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