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Age-associated macular degeneration (AMD), which leads to loss of vision at its end
stage, is one of the most common neurodegenerative diseases among the elderly.
However, to date, no effective drug therapy is available for the prevention of AMD. Here,
we report the occurrence of AMD pathology and its prevention by chronic treatment
with the neurotrophic peptidergic compound P021, in aged rats and 3xTg-AD mice. We
found photoreceptor degeneration, lipofuscin granules, vacuoles, and atrophy in retinal
pigment epithelium (RPE) as well as Bruch’s membrane (BM) thickening; in aged rats, we
even found rosette-like structure formation. Microgliosis and astrogliosis were observed
in different retinal layers. In addition, we also found that total tau, phosphorylated tau,
Aβ/APP, and VEGF were widely distributed in the sub-retina of aged rats and 3xTg
mice. Importantly, chronic treatment with P021 for 3 months in rats and for 18 months
in 3xTg mice ameliorated the pathological changes above. These findings indicate the
therapeutic potential of P021 for prevention and treatment of AMD and retinal changes
associated with aging and Alzheimer’s disease.

Keywords: age-related macular degeneration, Alzheimer’s disease, retina, neurotrophic peptidergic compound
P021, prevention of AMD, aged rats, 3xTg-mice

INTRODUCTION

Age-associated macular degeneration (AMD) involves the degeneration of the small central area
of the retina, called macula, that controls visual acuity. AMD is a leading cause of vision loss in
the elderly. In AMD, the macula is irreversibly destroyed, which leads to loss of vision required for
activities such as driving, recognizing faces, reading, and seeing in color (Lambert et al., 2016).

The prevalence of AMD increases with age. The risk of getting AMD increases from 2% at
50–59 years of age to almost 30% at 75 years of age. The number of AMD cases is estimated to
reach 196 million worldwide by 2020 and 288 million by 2040 if no effective treatment is developed
(Wong et al., 2014).
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There are two forms of AMD: a dry form and a wet form. The
dry form, which is most common, is non-neovascular. It leads to
atrophy of the retinal pigment epithelium (RPE), choriocapillaris,
and photoreceptors. The wet AMD is neovascular. It occurs
when new blood vessels invade from the choroid and penetrate
Bruch’s membrane (BM), causing vascular leakage, hemorrhage,
and scarring. Wet AMD is less common than the dry form but
choroidal neovascularization (CNV) in this form leads to vision
loss. Dry AMD is believed to result from the aging and thinning
of macular tissues, deposition of pigment in the macula, or a
combination of these two processes (Bhutto and Lutty, 2012).

AMD is a multifactorial disease, the etiopathogenesis of
which probably involves several factors that are currently not
understood (Lambert et al., 2016). A growing body of evidence
suggests that the immune system plays a key role in triggering
neuroinflammation in the retina in AMD development (Ambati
et al., 2013). There are no early biomarkers to anticipate AMD,
and no FDA-approved treatments are available, although a few
are in clinical trials, and nutritional intervention may help
prevent its progression from the dry to the wet form (Bandello
et al., 2017).

The retina is a part of the CNS and offers a direct window
to cerebral pathology. Like brain, retina contains neurons,
astroglia, microglia and microvasculature and participates
in similar physiological activities and shows some of the
similar neurodegenerative changes that have been reported in
Alzheimer’s disease (AD; Morin et al., 1993; Patton et al., 2005;
Hart et al., 2016; Li et al., 2016; Trost et al., 2016; Vecino
et al., 2016; Koronyo et al., 2017). The development of ocular
biomarkers can potentially help AD drug discovery (Lim et al.,
2016). AMD and AD share several similarities which include
neurodegeneration, neuroinflammation, and accumulation of
β-amyloid (Aβ) and hyperphosphorylated tau (Johnson et al.,
2002; Ohno-Matsui, 2011; Frost et al., 2016). AMD has also been
referred to as AD of the eye (Kaarniranta et al., 2011).

P021 is a small peptidergic compound derived from ciliary
neurotrophic factor (CNTF) that is orally bioavailable and is
blood-brain barrier (BBB)–permeable; it enhances dentate gyrus
neurogenesis and neuronal plasticity by competitively inhibiting
the leukemia inhibitory factor and by increasing the expression
of brain-derived neurotrophic factor (BDNF; Blanchard et al.,
2010; Li et al., 2010; Chohan et al., 2011; Kazim et al., 2014). In
previous studies, both P021 and its parent non-adamantylated
peptide were found to rescue cognitive impairment, synaptic
deficit, neuroinflammation, and tau and Aβ pathologies in rat
and mouse models of AD (Blanchard et al., 2010; Chohan et al.,
2011; Bolognin et al., 2014; Kazim et al., 2014; Baazaoui and Iqbal,
2017a,b).

Despite lacking a macula, the retina of old mice shows
many AMD features and has been useful in studying risk
factors for AMD, including environment, age, genetics, diet,
smoking, and inflammation (Espinosa-Heidmann et al., 2006;
Handa, 2012; Pennesi et al., 2012; Lambert et al., 2016). Several
animal models of AMD have been generated and have enhanced
understanding of the etiopathogenesis of the disease (Pennesi
et al., 2012). Here, we describe the AMD-like pathology in
aged rats and mice, and the beneficial effect of P021 on

AMD and retinal changes associated with aging and AD in
these models.

MATERIALS AND METHODS

Antibodies and Reagents
The primary antibodies used in this study are listed in Table 1.
Alexa Fluor 488-conjugated goat anti-mouse and Alexa Fluor
488-conjugated goat anti-rabbit IgG, TO-PROTM-3 Iodide, and
ProLong Gold Anti-fade reagent were obtained from Thermo
Fisher Scientific (Rockford, IL, USA). Other chemicals were from
Sigma-Aldrich (St. Louis, MO, USA).

Synthesis and Features of P021
The peptidergic compound P021 (Ac-DGGLAG-NH2; mol. wt.
of 578.3) corresponds to a biologically active region of human
CNTF (amino acid residues 148–151) to which adamantylated
glycine was added at the C-terminal to increase its stability and
lipophilicity (Blanchard et al., 2010; Li et al., 2010; Chohan et al.,
2011). The peptide was synthesized and purified by reverse-phase
high-performance liquid chromatography to ∼96% purity, and
the sequence of the peptide was confirmed bymass spectrometry,
as described previously (Li et al., 2010).

P021 is quite stable in artificial gastric juice (∼90% for
30 min) and in artificial intestinal juice (>95% for 120 min). BBB
studies on P021, which were carried out through a commercial
service (APREDICA, Watertown, MA, USA), demonstrated that
a sufficient amount of P021 crossed the BBB to exert its effect in
the brain (Kazim et al., 2014).

Animals
Female Fisher Rats ∼19–21 months and ∼2–3 months of age
(Charles River, France) weighing approximately 300 g were
used. Fisher rats are commonly used for studies on aging,
and the aged animals are commercially available. Unlike males,
which continue to add weight, female rats present a relatively
stable weight of ∼300 g from ∼3 months to 24 months, and
we successfully used these animals for our previous study, in
which we investigated the chronic effect of compound P021 on
cognitive aging (Bolognin et al., 2014). The vehicle-treated 2- to
3-month-old rats were used as a reference to study AMD-like
pathology in the aged animals and the magnitude of the rescue
of these changes by P021 treatment.

Homozygous 3xTg-AD mice harboring human APPSWE and
tauP301L transgenes with knock-in PS1M146V under the control
of the mouse Thy1.2 promoter, generated in the laboratory of
Dr. Frank LaFerla (Oddo et al., 2003), and age-matched control
mice of the same genetic background (hybrid 129/Sv×C57BL/6)
were obtained from the Jackson Laboratory1. Male and female
3xTg-AD mice and age-matched control mice were bred in
the Laboratory Animal Resource Center of the New York State
Institute for Basic Research in Developmental Disabilities (Staten
Island, NY, USA).

Animals were housed at a standard temperature (22 ± 1◦C)
and in a light-controlled environment (lights on from 7 AM

1https://www.jax.org/strain/004807
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TABLE 1 | Primary antibodies used in this study.

Antibody Specificity Species Type Dilution Source/Reference Cat. No.

Iba-1 Iba-1 R Poly- 1:1,000 Wako Pure Chemical Industries Limited (Richmond, VA, USA) 019-19741
SMI22 GFAP M Mono- 1:2,000 Sternberger Monoclonals Inc. (Lutherville, MD, USA) SMI22
R134d Total tau R Poly- 1:1,000 Grundke-Iqbal et al. (1988)
PHF-1 P-tau (Ser396/404) M Mono- 1:200 Greenberg et al. (1992) Gifted by Dr. Peter Davies
AT-8 P-tau (Ser202/T205) M Mono- 1:1,000 Thermo Fisher Scientific (Rockford, IL, USA) MN1020
4G8 Aβ/APP M Mono- 1:1,000 Biolegend (San Diego, CA, USA) 800712
Anti-A/β Aβ/APP R Mono- 1:500 Cell Signaling Technology (Danvers, MA, USA) 14974
Anti-VEGF (C-1) VEGF M Mono- 1:100 Santa Cruz Biotechnology (Dallas, TX, USA) sc-7269

Key: Iba-1, ionized calcium-binding adaptor molecule 1; GFAP, glial fibrillary acidic protein; VEGF, vascular endothelial growth factor; p-tau, phosphorylated tau; APP, amyloid precursor
protein; Aβ, amyloid-β; Poly-, polyclonal; Mono-, monoclonal; R, rabbit; M, mouse.

to 8 PM), had access to food and water ad libitum, and were
housed (four or five animals per cage) in pathogen-free facilities
with 12-h light/12-h dark cycles. All animal studies were carried
out according to the National Institutes of Health guidelines for
the care and use of laboratory animals. Oral treatment of rats
with P021 or vehicle was carried out as a paid service at Charles
River Labs, Finland, and was approved by the National Animal
Experiment Board, Finland.

Animal Treatment
Female aged (19–21 months) Fisher rats (n = 7) were given
P021 per os by gavage (10 ml/kg body weight) once a day
for 88 days. The dose of P021 was 500 nanomoles (289.15
µg)/kg body weight daily; the dose was based on our previous
study, in which we found that this dose could rescue cognitive
impairment in aged Fisher rats (Bolognin et al., 2014). To be
able to deliver the same constant dose to each animal, we chose
gavage. Furthermore, the administration of P021 by gavage is
more economical than by drinking water. As controls, the second
group of aged (19–21 months) female rats (n = 7) and a group
of young adult female rats (2–3 months, n = 7) were treated
identically, but with normal saline (vehicle) only (Figure 1A).
Administration of vehicle and test compound was done at
7–9 AM daily and blindly to the investigators who collected,
processed, and analyzed the tissue.

At approximately 3 months of age, the female wild type and
3xTg-AD mice were divided into five groups (n = 6–7 mice
per group; Figure 3A): (1) wild type mice, age 3 months,
without treatment (WT-3 m); (2) 3xTg-AD mice, age 3 months,
without treatment (3xTg-3 m); (3) wild type mice, age
3 months, treated with vehicle feed without P021 until the
age of 21 months (WT-21 m/Veh); (4) 3xTg-AD-mice, age
3 months, treated with vehicle feed without P021 until the
age of 21 months (3xTg-21 m/Veh); and (5) 3xTg-AD-mice,
age 3 months, treated with 60 nmol P021/g feed till the
age of 21 months (3xTg-21 m/P021). The first two groups,
WT-3 m and 3xTg-AD-3 m, were the starting points and
were employed as controls to study age-associated AMD-like
changes in WT-21 m and 3xTg-AD-21 m, respectively. We
included WT-21 m/Veh as another reference group to enable
a comparison of AMD-like changes in 3xTg-21 m/Veh with
age-matched WT animals. Given that the study in Fisher rats
demonstrated the therapeutic effect of P021 in the aged animals,
we did not include the WT-21 m/P021 mice group because

the investigation of the genotype effect was not our objective
in the mouse study. P021 was formulated in the feed by
Research Diets (New Brunswick, NJ, USA). Food consumption
and body weight were recorded every 2 weeks and every month,
respectively. The average mouse food consumption was ∼2.7 g
feed/day. The analysis of the animals was carried out blind
to the treatment.

Tissue Processing
The animals were anesthetized by using an overdose of avertin
and then were transcardially perfused by using 0.1 M phosphate-
buffered saline (PBS). Eyeballs were dissected out from the
carcasses, immersion-fixed for 24 h in 4% paraformaldehyde
at 4◦C, and then transferred to 70% alcohol for storage; in
the case of mice, the eyeballs were prefixed by injecting 4%
paraformaldehyde, followed by removal from the carcasses and
immersion fixation as above. After the cornea and lens of the
left eyes were removed, the remaining eye cup was embedded
in paraffin, with the orientation parallel to the optic nerve in
longitudinal position. In all cases, 5-µm serial sections were cut
by using a rotary microtome and were mounted on Superfrost
Plus slides. Processing and analysis of the retinal tissue were
conducted blind.

Histological Analysis
Every 25th retinal section was deparaffinized and subjected
to hematoxylin and eosin (H & E) staining to evaluate the
morphology. The H & E staining images were captured with
a light microscope using 2×, 40×, and 100× objective lenses.
Because there is no significant difference between the 1/5th
to the 1/3rd of the retina from the optic nerve head and the
most peripheral part, we chose the 1/5th position of the retina
from the optic nerve to the most peripheral part of the retina
as the ‘‘central,’’ and the most peripheral part of the retina as
‘‘peripheral.’’ Rows of the outer nuclear layer (ONL) and the
inner nuclear layer (INL) of the retina in each group (every
25th section, 3–5 sections per rat or mouse, n = 5–7 rats per
group; n = 5–6 mice per group) were manually counted in
three columns per image by using a 40× or, where necessary, a
higher magnification objective. The thicknesses of the ONL and
INL of the central and peripheral retina in each group (every
25th section from the optic nerve head, 2–3 sections per rat
or mouse, n = 3–7 rats per group; n = 5–6 mice per group)
were measured and quantified by using the ImageJ/NIH image
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FIGURE 1 | AMD-like retinal pathology is reduced by P021 treatment in aged rats. (A) Experimental design to study the effect of P021 treatment on retina in aged
rats. Fisher rats at age ∼19–21 months received P021 in saline (500 nmoles/kg body weight/day, by gavage) or vehicle only for 3 months, whereas ∼2- to
3-month-old rats received vehicle only for 3 months. (B) Schematic diagram showing the sections of the rat eye employed in the study. (C) Representative images of
the central and peripheral retinas showing the morphology of retinal layers, H & E staining in 5-µm sagittal paraffin sections (Ca–f). Rosette-like rearrangements of
photoreceptor cells that extend from the ONL and across the OPL toward INL (Cb), and photoreceptor inner segments (ISs) that project inward to form the core of
the rosette (blue arrow) were found in ∼22- to 24-month-old vehicle rats. (D–G) Quantification of rows and thickness of the ONL and INL in central and peripheral
retina (n = 3–7 rats; exact “n” values are labeled in each bar). The Student’s t-test was used to analyze the data between 5–6 m/Veh and 22–24 m/Veh, and between
22–24 m/Veh and 22–24 m/P021 rats. The data are shown as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. AMD, age-related macular degeneration; ONL,
outer nuclear layer (photoreceptor cell bodies); OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; m, months;
H&E, hematoxylin and eosin.

analysis system. Processing and analysis of the retinal tissue and
the data were conducted blind to the genotypes and the treatment
of the animals.

Autofluorescence
Paraffin sections were deparaffinized, rehydrated, and covered
with coverslips with 0.1 M PBS and then photographed by
using a confocal microscope with a red channel (λex = 543,
λem = 590/50), as described previously (Marmorstein et al.,
2002). To analyze the lipofuscin granules in RPE (Anderson
et al., 2002; Radu et al., 2005) and the deposits between RPE
and choroid (Cho; Marmorstein et al., 2002), the sections were
photographed by using a 60× objective lens. For quantification,
the number of deposits between RPE and Cho in each section was

manually counted by using a 20× or, where necessary, a higher
magnification objective.

Immunofluorescence
Paraffin sections were deparaffinized, rehydrated, and subjected
to antigen retrieval by boiling for 20min in 10mM sodium citrate
solution (pH 6.0). The sections were then washed three times
in 10 mM PBS for 15 min each and incubated in 0.3% Triton
X-100 for 30 min. The sections were again washed in 10 mM
PBS (15 min, three times each) and blocked in blocking solution
(5% normal goat serum containing 0.1% Triton X-100 and 0.05%
Tween 20 in PBS) for 45 min. The sections were then incubated
overnight at 4◦C with the corresponding primary antibodies (see
Table 1 for antibodies used in this study) diluted in the same
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FIGURE 2 | Chronic treatment with P021 reduces AMD-like pathology of RPE in aged rats. (A) H & E staining of RPE in the retina. AM was short or out of order,
and atrophy and vacuolization of RPE (Ac, yellow arrow) were found in ∼22- to 24-month-old/vehicle rats; no vacuolization was detected in other animal groups
(Aa,b,d). (B) Representative images of auto-fluorescence at λex = 543 (red channel). The number of deposits between RPE and Cho (Bb, blue arrow), and lipofuscin
granules were markedly greater in ∼22- to 24-month-old/vehicle rats than in ∼5- to 6-month-old/vehicle rats (Ba) or ∼22- to 24-month-old/P021 rats (Bb,c). (C)
Quantification of deposits number (n = 7 rats). Students, t-test was used to analyze the data between 5–6 m/Veh and 22–24 m/Veh, and between 22–24 m/Veh and
22–24 m/P021 rats. The data are shown as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01. RPE, retinal pigment epithelium; AM, apical microvilli; BM, Bruch’s membrane;
Cho, choroid; OS, outer segment.

blocking solution. After being washed three times for 15 min
each with 10 mM PBS, sections were incubated with Alexa-Fluor
488-conjugated goat anti-mouse or anti-rabbit IgG secondary
antibodies (1:1,000) in 10 mM PBS with 0.05% Tween 20 for
2 h at room temperature. Sections were subsequently washed one
time and incubated with To-Pro (1:1,000) for 15 min. After being
washed three times for 15min, sections weremounted and cover-
slipped by using ProLong Gold anti-fade reagent. The absence
of primary antibody control staining was included in each
experiment as a negative control. Double immunofluorescence
and To-Pro images were captured at equal camera exposure
(for each antibody staining) with a Nikon EZ-C1 laser confocal
imaging system. The area to be analyzed was selected, converted
to grayscale, and thresholded using Yen’s arithmetic, and the area
percentage of positive staining was measured for each section by
using the NIH ImageJ software package. The staining area was

quantified from two to three sections of each eye and averaged
(n = 5–7 animals per group).

Statistical Analysis
Data were analyzed using Prism version 5.0 software (Graph Pad
Software Inc., La Jolla, CA, USA). Based on the experimental
design, t-test was used to compare the data between 5–6 m Veh
and 22–24 m Veh rats, between 22–24 m Veh and 22–24 m
P021 rats, or between WT-3 m/Veh and WT-21 m/Veh mice,
between 3xTg-3 m/Veh and 3xTg-21 m/Veh mice, and 3xTg-21
m/Veh and 3xTg-21 m/P021 mice. All data were computed as
mean ± SEM. P < 0.05 was considered statistically significant.
This study was limited to investigation of AMD-like changes in
aged rats and mice, and to the prevention of these changes in
aged rats and 3xTg-AD mice by chronic treatment with P021,
and did not include WT mice treated with P021 group. We,
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FIGURE 3 | AMD-like retinal pathology is prevented by P021 treatment in aged 3xTg-AD mice. (A) Experimental design to study the effect of chronic treatment with
P021 on retina in aged 3xTg-AD mice. Starting at 3 months of age, 3xTg mice received mouse chow (AIN-76, Research Diets, New Brunswick, NJ, USA) without
(vehicle) or containing P021 (60 nmoles/g diet); and WT animals received only vehicle diet. At 21 months of age, they were perfused with 0.1 M phosphate-buffered
saline (PBS). A second group of WT and 3xTg-AD mice at 3 months of age was employed as young controls. (B) H & E staining to detect retinal morphology in
5-µm-thick sagittal paraffin sections; (a–e). The sagittal eyecup sections parallel to the axis from pupil to optic nerve; (b). Position of central and peripheral retinas
are labeled in blue; (f–j). Representative images of central retina; (h,i). The extension of cell nuclei from the ONL to the INL (blue arrow); disruption and atrophy of
RPE with increased brown lipofuscin granules (i green “RPE”); (k–o). Representative images of peripheral retina. (C–F) Quantification of rows and thickness of the
ONL and INL in the central and peripheral retina (n = 5–6 mice; exact “n” values are labeled in each bar of panel (C). Students, t-test was used to analyze the data
between WT-3 m and WT-21 m/Veh, between 3xTg-3 m and 3xTg-21m/Veh, and between 3xTg-21m/Veh and 3xTg-21 m/P021 mice. The data are shown as
mean ± SEM. ∗P < 0.05, ∗∗P < 0.01. AMD, age-related macular degeneration; WT, wild type; 3xTg, triple-transgenic; AD, Alzheimer’s disease; RPE, retinal pigment
epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer. NFL, nerve fiber layer.

therefore, could not analyze the data with two-way ANOVA
to separate age and genotype effects. The effect of age and the
effect of P021 treatment were therefore analyzed separately by the
Student’s t-test. Since AMD-like changes are seen in old and not
young mice, no statistical comparison between 3-month-old WT
and 3-month-old 3xTg-AD mice was made. The analysis of data
was performed by someone blind to the genotypes of the animals
and the test reagent.

RESULTS

P021 Rescues the Retinal Pathology in
Aged Fisher Rats
At as early as 12 months of age, OXYS rats and Wistar rats are
known to show AMD-like pathology, such as BM thickening and
lipofuscin accumulation (Neroev et al., 2008; Markovets et al.,
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2011). When we previously evaluated the effect of chronic oral
treatment with P021 on tau pathology and cognitive impairment
in aged rats and mice, we did not observe any worsening in
general physical state because of P021 treatment, suggesting a
probable lack of any side effects (Kazim et al., 2014). Here, to
assess the AMD-like retinal pathology induced by aging and
to study the effect of P021 on the pathology, we investigated
AMD features in rats. Young (∼2–3 months of age) and aged
(∼19–21 m) female Fisher rats were chosen for this study.
The female Fisher rats offer a relatively stable body weight
of ∼300 g from the age of ∼3 months to ∼24 months, and
the aged animals are commercially available. Briefly, the aged
rats were administered P021 (500 nmoles/kg/day) in saline
or vehicle only by gavage, and the young rats were treated
with vehicle only for 3 months (Figure 1A). We studied the
morphological changes in sections of central and peripheral
retinas after 3 months’ treatment (Figures 1B,C). Photoreceptor
cell loss was evaluated by analyzing the rows and thickness of the
layers of photoreceptor cell nuclei (ONL). H & E staining showed
that rows and thickness of ONL in the central and peripheral
retinas were dramatically decreased in∼22- to 24-month-old rats
(Figures 1C,D,F). P021 prevented these pathological changes
more effectively in the central retina (Figures 1D,F) than in the
peripheral retina (Figures 3D,F). There was also no significant
difference between ∼5- to 6-month-old rats and P021-treated
∼22- to 24-month-old rats (Figures 1D,F), which suggests that
P021 can prevent ONL lesions. Also, the rows and thickness
of INL in the peripheral retina were decreased in the ∼22- to
24-month-old/Veh rats compared with the ∼5- to 6-month-
old/Veh rats, and ∼22- to 24- month-old/P021 rats showed a
clear trend to rescue the number of rows (Figures 1C,E,G).
There were no significant differences in the rows and thickness
of INL in the central retina between ∼5- to 6-month-old/Veh
and∼22- to 24-month-old/Veh rats, and P021 had no detectable
effect (Figures 1C,E,G). Additionally, we found that the laminar
arrangement in the central retina in ∼22- to 24-month-old/Veh
rats was distorted by outer retinal folds and rosette-like structures
(Figure 1Cb). These aberrations involved a semi-spherical
organization of photoreceptor cell nuclei that occupied the ONL,
extended across the outer plexiform layer (OPL), and encroached
into the INL. The center of the rosettes appeared to be occupied
by the photoreceptor inner segment (IS). No abnormal structure
like this was observed in the ∼5- to 6-month-old/Veh rats or
∼22- to 24-month-old/P021 rats (Figures 1Ca,c,d,f). Altogether,
these results indicated photoreceptor cell degeneration in the
central retina, and INL degeneration in the peripheral retina in
∼22- to 24-month-old/Veh rats, and suggested that 3-month-
long treatment with P021 protected ∼19- to 21-month-old rats
against AMD-like pathology in the central retina.

P021 Rescues the Pathophysiology of RPE
and BM in Aged Rats
Dysfunction of the RPE presages photoreceptor cell loss, and
the histological abnormalities in RPE are also a hallmark of
human dry AMD (Markovets et al., 2011; Zanzottera et al.,
2015). To investigate the histopathological changes in rats,
the RPE layer was examined in sagittal sections stained with

H & E. Apical microvilli (AM) in RPE were apparent in
∼5- to 6-month-old/Veh rats (Figure 2Aa); in contrast, they
were shortened or disorganized in the ∼22- to 24-month-
old/Veh rats (Figures 2Ab–d), and P021 treatment showed
improvement in the arrangement of AM. Additionally, many
RPE cells were vacuolated (Figure 2Ac, yellow arrows), and
RPE atrophy (Figure 2Ac, yellow RPE) was detected in aged
rats, whereas no apparent abnormalities were observed in the
RPE of ∼5- to 6-month-old/Veh rats and ∼22- to 24-month-
old/P021 rats (Figures 2Aa,d). Furthermore, many lipofuscin
granules (Figures 2Ac,Bb) and deposits (Figures 2Bb,C) were
present between RPE and Cho detected by auto-fluorescence
in ∼22- to 24-month-old/Veh rats, whereas very few lipofuscin
granules were detected in ∼5- to 6-month-old/Veh rats
(Figures 2A,Ba); lipofuscin granules and deposition number
were markedly decreased in ∼22- to 24-month-old/P021 rats
(Figures 2Bc,C). These results suggest that ∼22- to 24-month-
old/Veh rats exhibit RPE abnormalities, and P021 ameliorates
these pathological changes.

Chronic Treatment With P021 Can Prevent
Retinal Lesions in Aged Mice
AMD-like pathology was reported previously in Tg2576-mice
and 5xFAD mice (Liu et al., 2009; Park et al., 2017). The
occurrence of AMD-like changes in 3xTg-AD mice (3xTg-AD)
was not known. Here, we investigated the presence of AMD-like
pathology and its prevention by P021 treatment in aged
3xTg-AD mice.

To evaluate the effect of P021 on the development of retinal
pathology, we fed 3-month-old female 3xTg-AD mice with
formulated feed containing P021 (60 nmoles/g feed) or vehicle
feed until they reached 21 months of age. We used WT-3 m
and 3xTg-3 m mice without any treatment as young controls
(Figure 3A). Paraffin sections of the eyecup parallel to the axis
of the pupil to the optic nerve were employed to study changes
in the retina (Figures 3B,a–e). We found that rows and thickness
of ONL were all significantly decreased in the central retina in
WT-21 m/Veh and 3xTg-21 m/Veh mice and that these changes
in the central retina were prevented in 3xTg-21 m/P021 mice
(Figures 3B,C,E). In the peripheral retina there was a significant
decrease in rows and thickness of ONL in WT-21 m/Veh and
only in the thickness but not in rows of ONL in 3xTg-AD-
21 m/Veh, and P021 treatment showed a trend to rescue these
changes (Figures 3C,E). Rows and thickness of INL in the
central retina were also decreased in WT-21 m/Veh and 3xTg-21
m/Veh mice, and chronic treatment with P021 prevented these
changes in 3xTg-21mmice; although there was an obvious trend,
the rescue of INL thickness by P021 treatment did not reach
statistical significance (Figures 3B,D,F). The age-associated
changes in rows and thickness of INL in the peripheral retina
were smaller than those seen in the central retina, and their
prevention by chronic treatment with P021 did not reach
significance in 3xTg-21 m/P021 mice (Figures 3B,D,F). In
addition, the nuclei of ONL in the central retina were extended
across the OPL or protruded into the INL in the WT-21 m/Veh
and 3xTg-21 m/Veh mice, which made the gap between the ONL
and the INL narrower or unclear (Figures 3Bh,i), whereas this
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pathology was prevented in 3xTg-21 m/P021 mice (Figure 3Bj).
Altogether, these findings indicated the degeneration of both
the ONL and the INL in the central and peripheral retinas in
WT/Veh and 3xTg/Veh mice at 21 months of age, and the
prevention of these changes, especially in the central retina, by
chronic treatment with P021 in 3xTg-AD mice.

P021 Prevents RPE and BM Pathology in
Aged Mice
Disruption and degeneration of RPE are well known to occur
in AMD (Huang et al., 2017). We, therefore, investigated the
occurrence of this pathology in both agedWT and 3xTg-ADmice
and the effect of chronic treatment with P021 on its prevention.
We found that the areas with the greatest photoreceptor
disorganization were often associated with atrophied RPE
and increases in lipofuscin granules in the central retina in
3xTg-21 m/Veh mice (Figure 3Bi). The central retina in WT-21
m/Veh and 3xTg-21 m/Veh mice showed multiple additional
AMD features, including hypo-pigmentation, thinning, and
disorganization of RPE (Figures 3Bi, 4Ad,e). RPE in 3xTg-21
m/Veh mice also showed frequent accumulation of large
lipofuscin granules (Figures 3Bi, 4Ae). We found an increase
in auto-fluorescence attributable to lipofuscin granules in the
aged mice (Figures 4Bc,d,e). We also found thickening of the
BM in 3xTg-21 m/Veh mice (Figure 4Ad) compared to young
and old WT mice Figures 4Aa–c while there was no BM
thickening in 3xTg-21 m/P021 mice (Figures 4Aa,g). Deposits
between the RPE and Cho were detected by auto-fluorescence
in 3xTg-21 m/Veh mice, much more than in WT-21 m/Veh
mice (Figures 4Bd,e); WT-3 m or 3xTg-3 m mice controls,
however, showed very few deposits (Figures 4Ba,b). The number
of deposits was increased both in WT-21 m/Veh and 3xTg-AD-
21 m/Vehmice though in the former it did not reach significance
due to large standard error (Figure 4C). The deposits were
significantly reduced in 3xTg-21 m/P021 mice, although some
small lipofuscin granules could still be observed (Figure 4Bf).
Together, our data indicate that aged mice, especially 3xTg-21
m/Veh mice, exhibit RPE and BM abnormalities that highly
resemble human dry AMD. Most of these AMD features were
prevented by chronic treatment with P021 administered in
the diet.

P021 Reduces Microgliosis in the Retina of
Aged Mice and Rats
In the retina, microglial cells form an important part of the
immune defense and are quiescent, composed of small and
stellate cells strictly limited to the INLs (Lee et al., 2008). In
AMD, activated microglia are localized in the ONLs where they
are associated with photoreceptor degeneration, apparently for
the removal of cell debris (Buschini et al., 2011). We used Iba-1
immunofluorescence to study microgliosis in the retina of aged
mice and rats. Iba-1–positive cells were located mainly in the
inner layers of the retina (Figure 5). In WT-21 m/Veh mice and
3xTg-21 m/Veh mice, Iba-1–positive staining was distributed
into the nerve fiber layer (NFL), ganglion cell layer (GCL), inner
plexiform layer (IPL), OPL, and even into the ONL of the central
retina (Figures 5Ac,d), whereas in WT-3 m, 3xTg-3 m, and

3xTg-21 m/P021mice, Iba-1–positive staining was only observed
in the GCL; very few Iba-1–positive cells were found in the
IPL and other layers (Figures 5Aa,b,e). Moreover, there was
an obvious trend of an increase in Iba-1 immunofluorescence
from the NFL to the ONL in the central retina in WT-21
m/Veh and 3xTg-21 m/Veh mice (Figure 5B). Although the
area percentage of Iba-1–positive staining in the peripheral retina
of WT-21 m/Veh, and 3xTg-21 m/Veh was higher than in the
young controls (WT-3 m and 3xTg-3 m), these changes showed
only a trend towards statistical significance in the WT mice.
Interestingly, the Iba-1 immunostaining in 3xTg-21 m/Veh mice
was significantly higher than in WT-21 m/Veh mice, whereas
it was decreased in 3xTg-21 m/P021 mice to the levels in
WT-3 m/Veh and 3xTg-3 m/Veh mice in the peripheral retina
(Figure 5B), even though there was no obvious difference in the
distribution of Iba-1–positive staining (Figures 5Af–j).

We found Iba-1–positivemicroglial cells not only in the whole
retinal layers, including the NFL, IPL, INL, OPL, ONL, and even
the IS/outer segment (OS), but also in the Cho of the ∼22-
to 24-month-old/Veh rats (Figures 5Cb,e), but the 5–6 m/Veh
rats showed a limited location of Iba-1 only from the NFL to
the INL, and the Cho (Figures 5Ca,d). In contrast, ∼22- to 24-
month-old/P021 rats showed a decrease in localization from the
NFL to the OPL compared with∼22- to 24-month-old/Veh rats,
and no staining was found from the ONL to the OS, especially
in the central retina after P021 treatment (Figures 5Cc,f).
Quantitatively, the relative Iba-1 immunostaining from the NFL
to the OS in the central and peripheral retinas of ∼22- to 24-
month-old/Veh rats was increased significantly in ∼22- to 24-
month-old/Veh rats as compared to ∼5- to 6-month-old/Veh
rats, and P021 treatment dramatically reduced it in ∼22- to 24-
month-old rats (Figure 5D).

Altogether, these findings indicate that microglia are
distributedmore widely in the whole retina of agedmice and rats,
especially in the ONL, which is associated with photoreceptor
degeneration (shown in Figures 1, 3), and that treatment
with P021 can efficiently protect the retina from inflammatory
damage in aged mice and rats.

P021 Reduces Astrogliosis in the Retina of
Aged Mice and Rats
Astrocytes are another key cell type involved in macular
degeneration. Previous studies showed activated astrocytes in
the retina of Tg2576 mice at 14 months (Liu et al., 2009) and
of 3xTg-AD mice at 9 months and ∼18–24 months (Edwards
et al., 2014). To study the localization of astrogliosis and
the response to P021 treatment in the retina of aged mice
and rats, astrocytic/Müller cell activation was evaluated by
immunostaining with anti-glial fibrillary acidic protein (GFAP).
GFAP-positive staining was confined to astrocytes in the GCL
of young mice (Figures 6Aa,b,f,g) and WT-21 m/Veh mice
(Figures 6Ac,h) but was highly elevated in Müller glial cells
in the INL and other layers such as the IPL, OPL, and
ONL of the central and peripheral retina in 3xTg-21 m/Veh
mice (Figures 6Ad,i). In contrast, the GFAP-positive staining
was limited to the NFL and GCL in 3xTg-21 m/P021 mice
(Figures 6Ae,j). The area percentage of GFAP from the NFL
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FIGURE 4 | Chronic treatment with P021 prevents AMD-like features of RPE in aged mice. (A) Representative H & E image of RPE layer. Thickened (blue asterisk)
and atrophic (blue “BM”) BM (Ae). 21-month-old 3xTg/Veh mice showed disarrangement or thinned layer of RPE, full of many brown lipofuscin granules, more than
in 21-month-old 3xTg/P021 mice (Af,g), whereas aged WT mice showed a little decrease in the thickness of RPE (Ac, blue arrow) as compared with young mice,
which showed regular structure and normal arrangement of RPE with no or only a few lipofuscin granules (Aa,b). (B) Auto-fluorescence at λex = 543 (red channel).
Compared with 3-month-old mice and P021-treated 21-month-old 3xTg-mice (Ba,b,f), more deposits (blue arrows) between RPE and Cho, and more lipofuscin
granules were detected in 21-month-old WT and 21-month-old 3xTg-mice (Bc–e). (C) Quantification of number of deposits in different groups of mice (n = 5 mice).
Students t-test was used to analyze the data between WT-3m and WT-21 m/Veh, between 3xTg-3 m and 3xTg-21 m/Veh, and between 3xTg-21 m/Veh and
3xTg-21m/P021 mice. The data are shown as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01. AMD, age-related macular degeneration; 3xTg, triple-transgenic; RPE, retinal
pigment epithelium; BM, Bruch’s membrane; Cho, choroid.

to the ONL in the central retina of 3xTg-21 m/Veh mice
was significantly higher than in 3xTg-3 m mice and WT-21
m/Veh mice and was reduced by P021 treatment to the
levels in WT-3 m/Veh and 3xTg-3 m/Veh mice (Figure 6B).

The central astrocytosis was also increased in WT-21 m/Veh
as compared to WT-3 m/Veh, but the difference did not
reach statistical significance. There was also a similar trend
in the peripheral retina between groups, but the changes did
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FIGURE 5 | P021 reduces microgliosis in the retinas of aged mice and rats. (A) Representative images of Iba-1 immunofluorescence in the central and peripheral
retina of mice. Iba-1–positive staining (green) was confined mainly to the NFL and GCL in the retina of 3-month-old mice (Aa,b,f,g) and P021-treated 21-month-old

(Continued)
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FIGURE 5 | Continued
mice (Ae,j), whereas it was widely distributed in all the retinal layers from the
NFL to the ONL in 21-month-old WT/vehicle and 21-month-old 3xTg/vehicle
mice (Ac,d,h,i). (B) Quantification of the area percentage of Iba-1 from the
NFL to the ONL in the central (n = 5–6 mice) and peripheral (n = 3–6 mice)
retinas of mice. (C) Representative images of Iba-1 immunofluorescence in
the central and peripheral retinas of rats. Iba-1–positive staining (green) was
confined predominately from the NFL to the INL in the retinas of ∼5- to 6-
month-old/Veh rats (Ca,d) and ∼22- to 24-month-old/P021 rats (Cc,f),
whereas it was widely distributed in all the retinal layers from the NFL to the
RPE, and in Cho in ∼22- to 24-month-old/Veh rats (Cb,e). (D) Quantification
of the area percentage of Iba-1 from the NFL to the OS in the central and
peripheral retina of rats (n = 6–7 rats). The sections were counterstained with
TO-PRO 3 iodide, a fluorescent nuclear stain. Student’s t-test was used to
analyze the data between two groups as shown in (B,D). The data are shown
as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001. WT, wild type;
3xTg, triple-transgenic; AD, Alzheimer’s disease; Cho, choroid; RPE, retinal
pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer.

not reach statistical significance due to large standard error
(Figure 6B).

We also studied retinal astrogliosis by GFAP immunostaining
in rats. We found that the area of GFAP-positive staining was
extended from the NFL to the ONL in the central and peripheral
retinas of ∼22- to 24-month-old/Veh rats (Figures 6Cb,e), but
the staining was considerably less and was limited to the NFL
and GCL in ∼5- to 6-month-old/Veh rats (Figures 6Ca,d).
The GFAP staining was reduced very much in ∼22- to 24-
month-old /P021 rats as compared to∼22- to 24-month-old/Veh
rats (Figures 6Cc,f). The area percentage of GFAP-positive
staining was also drastically elevated in the central and peripheral
retinas in ∼22- to 24-month-old/Veh rats as compared to ∼5-
to 6-month-old/Veh rats and ∼22- to 24-month-old/P021 rats
(Figure 6D).

Altogether, the above findings indicate that P021 can prevent
and rescue microgliosis and astrogliosis in the retina of both aged
3xTg-mice and aged rats.

P021 Affects Alzheimer-Like Pathology and
VEGF Changes in the Retina and Optic
Nerve of Aged Rats and Mice
Tau and Aβ pathologies are well-known hallmarks of AD.
Previous studies showed both tau and Aβ pathologies in the
retina of 14 m Tg2576 mice (Liu et al., 2009; Hart et al., 2016)
and APP immunoreactivity in the retina in a number of AD
animal models, including Tg mouse models (hTgAPPtg/tg,
APPSWE/PS1∆E9, and APPSWE/PS1M146L/L286V) that exhibit
several features of AD (Frederikse and Ren, 2002; Ning et al.,
2008; Dutescu et al., 2009; Zhao et al., 2013; Du et al., 2015).
Moreover, several studies found Aβ deposition in the drusen
or retinal layers in AMD animal models (Crabb et al., 2002;
Prasad et al., 2017). Anti-Aβ immunotherapy was reported to
reduce ocular Aβ deposits in a mouse model of AMD (Ding
et al., 2011). In the present study, we investigated the presence
and the effect of P021 treatment on AD pathology in the
retina. We found tau and Aβ pathologies in the retinas of aged
rats and 3xTg-mice: immunofluorescence results showed that

after normalization with negative controls (Supplementary
Figure S1), positive staining of total tau detected by rabbit
polyclonal antibody R134d (Supplementary Figure S2)
and hyperphosphorylation of tau at Ser-396/404 by mouse
monoclonal antibody PHF-1 (Supplementary Figure S3)
were increased in the sub-retinal layers of aged rats and
3xTg-mice, and even 3xTg-21 m/Veh showed increased
PHF-1 immunoreactivity in the optic nerve (Supplementary
Figure S3B, lower panel). Hyperphosphorylation of tau at
Ser-202/Thr-205, detected with mouse monoclonal antibody
AT8 (Supplementary Figure S4), and of Aβ/APP, detected
by mouse monoclonal antibody 4G8 and rabbit monoclonal
Aβ (Supplementary Figure S5), was also highly expressed in
sub-retinal layers. The positive staining was not sharp and
condensed, which appeared as small particles, especially PHF-1,
AT8, 4G8, and Aβ immunostaining in the retina and optic
nerve in mice, but in comparison with the negative controls
(Supplementary Figures S1C,D), the positive staining was
specific. Significantly, P021 treatment prevented the trend in the
increase in tau and Aβ pathologies in the aged mice and rats
(Supplementary Figures S2–S5).

Late-stage dry AMD and wet AMD can coexist in AMD
development (Kaszubski et al., 2016). Excessive amounts
of vascular endothelial growth factor (VEGF) is a major
pathological change in wet AMD, and anti-VEGF can relieve or
delay the progress of wet AMD (Xu et al., 2015; Wang et al.,
2016). Anti-VEGF treatment of the combined dry/wet AMD
phenotype was reported to be effective in a case series of 11 eyes
(Amaro and Roller, 2012). In the present study, we found that
VEGF-positive spots were located mainly in the inner retinal
layers from the NFL to the IPL and in the RPE in young mice,
but they were more widely distributed in the INL, OPL, and ONL
in aged mice and less so in the RPE in aged WT-21 m/Veh and
3xTg-21 m/Veh mice (Supplementary Figure S6). In 3xTg-21
m/P021mice, the localization of VEGF-positive spots was limited
mainly to the GCL to the IPL, similar to in the young control
animals. In the optic nerve, aged 3xTg-21m/Vehmice showed an
increase in VEGF staining, and the size of the staining patch was
decreased after P021 treatment. While tau and Aβ pathologies
found in 3xTg-AD-21 m/Veh and VEGF changes in bothWT-21
m/Veh and 3xTg-AD-21 m/Veh mice were consistent with the
previous literature and appeared specific, they displayed wide
scatter and were therefore not quantified and pursued beyond
2–3 animals/group.

DISCUSSION

In this study, we found for the first time several AMD-like
features that recapitulate human dry AMD, including
photoreceptor cell loss (decrease in rows and thickness of
ONL), rosette-like formation in the photoreceptor cell layer,
RPE disruption, accumulation of lipofuscin and vacuoles in
RPE, increase in auto-fluorescence of RPE, BM thickening,
and the formation of basal deposits between RPE/BM and
Cho in aged rats, mice and 3xTg-AD mice. P021 conferred
protection for the retina against this age- and disease-related
damage. Even neuroinflammation detected by microgliosis and
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FIGURE 6 | P021 reduces astrogliosis in the retinas of aged mice and rats. (A) Representative images of GFAP immunofluorescence in the central and peripheral
retina of mice. GFAP-positive staining (green) was confined predominately to the NFL and GCL in the retina of 3-month-old/vehicle WT and 3xTg mice (Aa,b,f,g),
whereas it was widely distributed from the NFL to the OPL in 21-month-old WT/Veh mainly peripheral (Ac) and 21-month-old 3xTg/Veh mice (Ad,h,i) and was
reduced in 21-month-old 3xTg/P021 mice (Ae,j). (B) Quantification of the area percentage of GFAP from the NFL to the ONL in the central (n = 5–6 mice) and
peripheral (n = 3–6 mice) retinas of mice. (C) Representative images of GFAP immunofluorescence in the central and peripheral retinas of rats. GFAP-positive staining
(green) was confined mainly from the NFL to the INL in the retinas of ∼5- to 6-month-old/Veh rats (Ca,d) and ∼22- to 24-month-old/P021 rats (Cc,f), whereas it
was widely distributed from the NFL to the OPL in ∼22- to 24-month-old/Veh rats (Cb,e). (D) Quantification of the area percentage of GFAP from the NFL to the OS
in the central and peripheral retina of rats (n = 6–7 rats). The sections were counterstained with TO-PRO 3 iodide, a fluorescent nuclear stain. Student’s t-test was
used to analyze the data between two groups as shown in (B,D). The data are shown as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001. WT, wild type;
3xTg, triple-transgenic; GFAP, glial fibrillary acidic protein; Cho, choroid; RPE, retinal pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer, NFL, nerve fiber layer.
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astrocytosis was ameliorated by P021 treatment. Furthermore,
P021 prevented the increase in tau and Aβ pathologies and
VEGF deposition in the sub-retina. These findings are the
first demonstration of AMD-like pathology in aged rats,
and 3xTg-AD mice and its rescue by a neuro-regenerative
compound, P021.

Several studies reported a decrease in rows and thickness
of the ONL or retinal thickness in different animal models of
AMD. The thickness of the ONL in 24-month-old mice treated
with a high glycemic diet was decreased (Rowan et al., 2017).
Rows of ONL were reduced in 4-month-old C57BL/6 mice after
intraocular injection of Aβ40/42 (Prasad et al., 2017). Another
group found that retinal thickness was significantly decreased
in 14-month-old Tg2576 mice (Liu et al., 2009). The decreased
number of rows and reduced thickness in the ONL seen by
H & E staining in aged rats and mice in the present study
are in agreement with these findings. Moreover, the present
study also showed, by Iba-1 and GFAP immunofluorescence
counterstained with To-Pro, a decrease in the rows and thickness
of the ONL and INL in aged mice and rats, and P021 treatment
prevented these changes. These degenerative changes in the ONL
and INL might occur only in the aged animals, because we did
not find these changes in 3-month-old mice or in 5- to 6-month-
old rats, and a previous study reported no significant changes in
rows and thickness of the retinal layer in APPSWE/PS1∆E9 mice
at∼9–12 months of age (Chidlow et al., 2017).

RPE pathology is one of the pivotal AMD features, and drusen
or drusen-like deposition between RPE and BM was reported
in AMD in humans and some animal models (Anderson et al.,
2002; Luibl et al., 2006; Markovets et al., 2011; Ardeljan and
Chan, 2013; Huang et al., 2017). In the present study, we did
not find the drusen-like pathology in aged 3xTg-mice and in
aged rats, possibly because of either the small sample size or
the animal models used. In fact, not all models of AMD exhibit
the typical morphology, and drusen is not uniquely associated
with AMD (Pennesi et al., 2012). Interestingly, we found a
rosette-like formation in ∼22- to 24-month-old rats, similar
to the previous findings that were reported in the retina of a
92-year-old male with AMD (Rayborn et al., 1997) and in a
3-month-old Rdh8−/−/Abca4−/− mouse retina stained with
H & E (Flynn et al., 2014). Our finding of rosette-like
structures is consistent with the disorganized and fragmented
ONL or photoreceptors reported in 24-month-old OXYS rats
(Markovets et al., 2011).

In addition, we also observed BM thickening, atrophy, and
vacuolization of RPE in 21-month-old 3xTg/Veh-mice and∼18-
to 24-month-old rats, which is consistent with previous studies
in 17-month-old Cxcr5−/− mice and a 27-month-old neprilysin-
deficient mouse model of AMD (Yoshida et al., 2005; Huang
et al., 2017). Senescence-accelerated OXYS rats had atrophic
areas in the RPE at 1.5 months of age, and some animals
developed thickened BM by 12 months and obvious atrophy at
24 months (Neroev et al., 2008; Markovets et al., 2011). However,
it is important to note that RPE vacuolization in human AMD is
actually quite rare and is not considered a phenotypic feature of
the disease (Zanzottera et al., 2015), although it has been reported
in mouse models of AMD.

In spite of some studies that reported that lipofuscin deposits
develop with aging (Delori, 1998; Julien and Schraermeyer,
2012), several reports showed that lipofuscin accumulation in
the RPE is an important change in individuals with AMD and
in mouse models (Dorey et al., 1989; Rowan et al., 2017).
Increased lipofuscin granules in RPE cells were also observed in
11- to 13-month-old OXYS rats and in 24-month-oldWistar rats
(Markovets et al., 2011). In the present study, we found that not
only H& E staining but also auto-fluorescence exhibited a drastic
increase in lipofuscin particles in the RPE and a large number of
deposits between the RPE/BM and Cho in aged rats and 3xTg-
mice. These findings suggest that preferential accumulation of
lipofuscin in the RPE or the deposits outside the RPE may be due
to, to a limited extent, the increased phagocytic and metabolic
load on the RPE, which ultimately leads to photoreceptor cell
loss or degeneration of other cellular layers, as was reported
previously (Dorey et al., 1989).

Clinically, fundus auto-fluorescence has proven to be valuable
in the diagnosis and differentiation of retinal disease (Sparrow
and Duncker, 2014). Post-mortem AMD retinas showed
increased autofluorescence in the RPE, BM, or Cho structures,
and the excitation fluorescence was more at 510 nm than at
470 nm (Anderson et al., 2002; Marmorstein et al., 2002).
In the present study, we found the formation of thickened
BM detected by H & E and auto-fluorescence detected at
λex = 542 nm, and increased auto-fluorescence in the OS
and IS in aged mice. The RPE lipofuscin is known to be
produced in the membranes of outer segments (Frost et al.,
2016) from the non-enzymatic reactions of vitamin A aldehyde
(Katz et al., 1987; Eldred and Katz, 1988; Ben-Shabat et al.,
2002). This fluorescent material is transferred to RPE cells within
phagocytosed OS disks (Young and Bok, 1969; Katz et al., 1986)
and becomes deposited in the lysosomal compartment of the
cells or secreted to the outside of the RPE. These granules
are potentially phototoxic and cause further RPE degeneration
(Markovets et al., 2011).

AD pathology includes astrogliosis and microglial activation
(Rodríguez et al., 2009; Heneka et al., 2010; Verkhratsky et al.,
2010). In contrast, in the normal adult retina, microglia are
quiescent, composed of small and stellate cells limited to the
inner retinal layers (Lee et al., 2008). The present study showed
that in the retinas of WT-21 m and 3xTg-21 m mice and ∼18-
to 24-month-old rats, the distribution and intensity of microglial
cells in the sub-retinal layers were higher than those in the young
controls. The increased microgliosis and wide distribution in
aged mice and rats are partially in agreement with findings in the
previous studies in different AMD models (Chen and Xu, 2015;
Prasad et al., 2017).

Impairment of microglial migration into or out of the
sub-retinal space is known to promote the death of photoreceptor
cells (Tuo et al., 2007; Chen et al., 2011). In AMD, microglia
accumulate in the subretinal space (Xu et al., 2009); this is
probably a symptom of inflammatory damage that exacerbates
retinal degeneration (Ambati et al., 2013).

Another key glial cell type in the retina is astrocytes,
and we found that the distribution and intensity of GFAP
were significantly elevated in the whole retinal layers and
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displayed a hypertrophic and reactive morphology in aged
mice and rats. These findings support the earlier report of
increased GFAP-positive cell processes in the retinas of 3xTg-AD
mice ∼18–24 months of age compared to those seen at
9 months (Edwards et al., 2014). The data presented here
suggest that Müller cells and astrocytes in the retina undergo
complex remodeling similar to astrocyte changes in the brain
in AD. Further studies are required to fully understand the
consequences of glial activation in 3xTg-AD mouse retina and
to determine how these changes correlate with tangles or Aβ

amyloid deposition.
Numerous studies examining the retinas of sporadic and

transgenic animal models of AD have reported Aβ deposits
and hyperphosphorylated tau, often in association with retinal
ganglion cell degeneration, local inflammation (i.e., microglial
activation), impairments of retinal structure and function
(Alexandrov et al., 2011; Koronyo-Hamaoui et al., 2011; Zhao
et al., 2013; Tsai et al., 2014; Du et al., 2015; Pogue et al., 2015;
Hart et al., 2016), and an increase in cytoplasmic AβPP in the
photoreceptor layer in transgenic rodents (Ning et al., 2008;
Dutescu et al., 2009). These studies, which included a variety
of transgenic rat and mouse models, demonstrated abundant
tau and Aβ deposits mainly in the innermost retinal layers
(GCL and NFL; Tsai et al., 2014; Du et al., 2015; Gupta et al.,
2016). In the present study, we found that there was a consistent
trend in the increase in total tau, hyperphosphorylated tau, and
Aβ immunostaining in the retina in aged rats and 3xTg-AD
mice, and P021 treatment seemed to alleviate these pathological
changes. These findings are consistent with our previous
studies which showed that P021 improves AD-like pathology
in the brains of AD rat and mouse models (Kazim et al.,
2014; Khatoon et al., 2015). Although in the current study we
found hyperphosphorylated tau and Aβ immunofluorescence
in the retinas of aged rats and 3xTg-mice, both of them were
weak and patchy; these findings are consistent with previous
reports (Koronyo-Hamaoui et al., 2011; Chiu et al., 2012;
Ho et al., 2012; Edwards et al., 2014). In a previous study,
tau was detected in the sub-retinal layers from the NFL to
the OPL, even in the RPE of young and old humans, but the
immunoreactivity was weak or patchy (Löffler et al., 1995).
Furthermore, it was suggested that Aβ and tau pathologies,
combined with gliosis, drive neurodegeneration in AD
(Leyns and Holtzman, 2017).

While in the present study we found Aβ immunostaining
with two monoclonal antibodies, one mouse and another rabbit
IgG and our findings are consistent with several similar studies,
biochemical studies on the affected tissue in the future will
be required to confirm these changes; mouse monoclonal Aβ

antibody 4G8 used in the present study has been reported to
immunostain besides Aβ and APP; fibrils formed from alpha-
synuclein and Islet Amyloid Polypeptide and cross-reactivity of
other Aβ monoclonals have been suggested (Hatami et al., 2016);
(Hunter and Brayne, 2017).

In the present study, we also detected an increase in
VEGF immunostaining in the retinas of aged mice, which is
consistent with previous studies that reported that anti-VEGF
therapy is the standard of care for symptomatic wet AMD

and can significantly improve visual acuity (Avery et al.,
2006; Rosenfeld et al., 2006). Macrophages such as microglia,
together with RPE cells, are a major source of pro-angiogenic
factors, such as VEGF A, and the production of VEGF
(Shen et al., 1998). In the case of the breakdown of the
blood-retina barrier, macrophage cells modulate the disease
through their recruitment from the underlying Cho or from
the systemic circulation into the retina (Ambati et al., 2013).
Thus, the increased microgliosis and astrogliosis found in
the present study could have promoted the secretion and
migration of VEGF into the subretinal layers and exacerbated the
progression of dry AMD and led to the combined phenotype of
dry/wet AMD.

Most of the pathological changes in morphology described
above were prevented or reversed by P021 treatment, although
some remained in the central retina and others in the
peripheral retina. Also, microgliosis and astrogliosis in the
sub-retina of aged rats and 3xTg-AD mice were ameliorated by
P021 treatment. In addition, VEGF pathology showed an obvious
trend of reduction by P021 treatment. Neuroinflammation in
3xTg-AD mice has also been shown to correspond to ONL
degeneration (Tuo et al., 2007; Chen et al., 2011). Aβ or
tau pathology may be the stimulator of neuroinflammation
(Bronzuoli et al., 2016; Ardura-Fabregat et al., 2017). Moreover,
the RPE is pivotal for maintaining the structure and function of
the retina. The early alteration of RPE cells can be a key factor
for the development of the retinopathy in aged rats and mice
and a cause of all subsequent pathological changes. Therefore,
abnormalities of the retina could be initially caused by the
enhanced neuroinflammatory response, including infiltration of
inflammatory cells and local edema, which leads to the RPE
disruption and then the pathology in the sub-retinal layers. It
is thus possible that P021, by virtue of its effect on retinal
pathologies, normalized the tau/Aβ–induced neuroinflammation
in aged 3xTg-ADmice and rats, which in turn contributed to the
beneficial effect of P021 on the pathological changes of the RPE,
neuronal loss in the retina, especially in the ONL and INL, and
even the whole retina.

The PI3K-Akt-GSK-3 pathway was reported to be insensitive
in peripheral blood mononuclear cells of AMD patients and
in cultured RPE cells (Busch et al., 2017; Liu and Yao, 2017;
Zheng et al., 2018). In our previous study, we found that
P021 inhibited the tau and Aβ pathologies by increasing
BDNF-mediated activation of TrkB-PI3K-Akt-GSK-3β signaling
(Kazim and Iqbal, 2016). Thus, in the present study, oral
administration of P021 could have increased the activity of PI3K-
Akt-GSK-3 signaling in the blood circulation system or in the
RPE of the aged rats and mice, and thereby prevented the
AMD-like pathology.

In the present study, aged rats and 3xTg-AD mice were
found to develop multiple pathological features of dry AMD
from the aspect of morphology and immunohistochemistry.
However, there are a few inherent limitations of this study.
First, rodents do not have a macula/fovea and thus cannot
completely mimic the human AMD condition. Second, no
visual ability or electroretinography and biochemical analysis
were conducted. Some of the retinal changes we found could
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be associated with aging and AD. Although our qualitative
observations suggest that P021 may ameliorate tau, Aβ amyloid
and VEGF components of retinal pathology, in-depth and
further biochemical analysis in the future will be needed to
confirm and extend these findings. Finally, some effects of
P021 were rather small in magnitude; they were perhaps
related to the amount of damage in AMD and/or the dose of
P021. Nevertheless, our study suggests that chronic treatment
with P021 is an effective and attainable way to prevent or
inhibit AMD-like pathology and retinal changes associated with
aging and AD. Moreover, our findings demonstrate aged rats
and mice as new models of AMD that can be employed
for preclinical studies to test compounds for therapeutic
intervention of AMD.

ETHICS STATEMENT

All procedures involving rats and mice were reviewed and
approved by the Institute for Basic Research in Developmental
Disabilities Animal Care and Use Committee (protocol number
198) and were carried out according to the guidelines of the
National Institutes of Health.

AUTHOR CONTRIBUTIONS

YL carried out the study and wrote the article. WW studied the
autofluorescence and analyzed the data. NB treated the animals
and extracted the eyeballs and fixed them in paraformaldehyde.
FL helped in discussing the data and writing the article. KI
conceived, designed, supervised the study and wrote the article.

DISCLOSURE

The authors have a U.S. patent on neurotrophic peptides,
which includes compound P021, and additional patent-related
applications are in the process. The animal studies conform to

the National Institutes of Health guidelines and were approved
by our institutional IACUC.

FUNDING

This work was supported in part by the New York State
Office for People with Developmental Disabilities; research grant
#20121203 from the Alzheimer’s Drug Discovery Foundation,
New York, NY, USA; and the State Scholarship Fund of China
(No. 201608440026 and No. 201606785014).

ACKNOWLEDGMENTS

The oral treatment of Fisher rats with P021 or vehicle was carried
out as a paid service at Charles River Labs, Finland, under
the supervision of Drs. Jukka Puolivali and Tony Ahtoniemi.
We are thankful to: Dr. Peter Davies for his generous gift
of tau monoclonal antibody PHF-1; Dr. Eulalia Badmaev for
help in paraffin-embedding of the tissue, paraffin sectioning,
and histological staining; Drs. Wen Hu and Chunling Dai
for valuable guidance in photographing and preparing the
images and conducting statistical analyses; Ms. Maureen Marlow
for copy-editing the manuscript; and Ms. Gisela Ramirez for
secretarial assistance.

DEDICATION

This paper is dedicated to Dr. Inge Grundke-Iqbal, who along
with KI conceived this study. Dr. Grundke-Iqbal passed away on
September 22, 2012.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2019.00
309/full#supplementary-material.

REFERENCES

Alexandrov, P. N., Pogue, A., Bhattacharjee, S., and Lukiw, W. J. (2011).
Retinal amyloid peptides and complement factor H in transgenic models
of Alzheimer’s disease. Neuroreport 22, 623–627. doi: 10.1097/wnr.
0b013e3283497334

Amaro, M. H., and Roller, A. B. (2012). Intravitreal ranibizumab and bevacizumab
therapy for choroidal neovascularization in age-related macular degeneration
with extensive pre-existing geographic atrophy. Arq. Bras. Oftalmol. 75,
273–276. doi: 10.1590/s0004-27492012000400011

Ambati, J., Atkinson, J. P., and Gelfand, B. D. (2013). Immunology of age-related
macular degeneration. Nat. Rev. Immunol. 13, 438–451. doi: 10.1038/
nri3459

Anderson, D. H., Mullins, R. F., Hageman, G. S., and Johnson, L. V. (2002). A
role for local inflammation in the formation of drusen in the aging eye. Am.
J. Ophthalmol. 134, 411–431. doi: 10.1016/s0002-9394(02)01624-0

Ardeljan, D., and Chan, C. C. (2013). Aging is not a disease: distinguishing
age-related macular degeneration from aging. Prog. Retin. Eye Res. 37, 68–89.
doi: 10.1016/j.preteyeres.2013.07.003

Ardura-Fabregat, A., Boddeke, E., Boza-Serrano, A., Brioschi, S., Castro-
Gomez, S., Ceyzeriat, K., et al. (2017). Targeting neuroinflammation to treat

Alzheimer’s disease. CNS Drugs 31, 1057–1082. doi: 10.1007/s40263-017-
0483-3

Avery, R. L., Pieramici, D. J., Rabena, M. D., Castellarin, A. A., Nasir, M. A.,
and Giust, M. J. (2006). Intravitreal bevacizumab (Avastin) for neovascular
age-related macular degeneration. Ophthalmology 113, 363.e5–372.e5.
doi: 10.1016/j.ophtha.2005.11.019

Baazaoui, N., and Iqbal, K. (2017a). Prevention of amyloid—and tau pathologies,
associated neurodegeneration and cognitive deficit by early treatment with
a neurotrophic compound. J. Alzheimers Dis. 58, 215–230. doi: 10.3233/jad-
170075

Baazaoui, N., and Iqbal, K. (2017b). Prevention of dendritic and synaptic deficits
and cognitive impairment with a neurotrophic compound. Alzheimers Res.
Ther. 9:45. doi: 10.1186/s13195-017-0273-7

Bandello, F., Sacconi, R., Querques, L., Corbelli, E., Cicinelli, M. V., and
Querques, G. (2017). Recent advances in the management of dry age-related
macular degeneration: a review. F1000Res. 6:245. doi: 10.12688/f1000research.
10664.1

Ben-Shabat, S., Parish, C. A., Vollmer, H. R., Itagaki, Y., Fishkin, N., Nakanishi, K.,
et al. (2002). Biosynthetic studies of A2E, a major fluorophore of retinal
pigment epithelial lipofuscin. J. Biol. Chem. 277, 7183–7190. doi: 10.1074/jbc.
m108981200

Frontiers in Aging Neuroscience | www.frontiersin.org 15 November 2019 | Volume 11 | Article 309

https://www.frontiersin.org/articles/10.3389/fnagi.2019.00309/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2019.00309/full#supplementary-material
https://doi.org/10.1097/wnr.0b013e3283497334
https://doi.org/10.1097/wnr.0b013e3283497334
https://doi.org/10.1590/s0004-27492012000400011
https://doi.org/10.1038/nri3459
https://doi.org/10.1038/nri3459
https://doi.org/10.1016/s0002-9394(02)01624-0
https://doi.org/10.1016/j.preteyeres.2013.07.003
https://doi.org/10.1007/s40263-017-0483-3
https://doi.org/10.1007/s40263-017-0483-3
https://doi.org/10.1016/j.ophtha.2005.11.019
https://doi.org/10.3233/jad-170075
https://doi.org/10.3233/jad-170075
https://doi.org/10.1186/s13195-017-0273-7
https://doi.org/10.12688/f1000research.10664.1
https://doi.org/10.12688/f1000research.10664.1
https://doi.org/10.1074/jbc.m108981200
https://doi.org/10.1074/jbc.m108981200
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Liu et al. Inhibition of AMD-Like Pathology With a Neurotrophic Compound

Bhutto, I., and Lutty, G. (2012). Understanding age-related macular
degeneration (AMD): relationships between the photoreceptor/retinal
pigment epithelium/Bruch’s membrane/choriocapillaris complex.
Mol. Aspects Med. 33, 295–317. doi: 10.1016/j.mam.2012.
04.005

Blanchard, J., Wanka, L., Tung, Y. C., Cardenas-Aguayo Mdel, C., LaFerla, F. M.,
Iqbal, K., et al. (2010). Pharmacologic reversal of neurogenic and neuroplastic
abnormalities and cognitive impairments without affecting Abeta and
tau pathologies in 3xTg-AD mice. Acta Neuropathol. 120, 605–621.
doi: 10.1007/s00401-010-0734-6

Bolognin, S., Buffelli, M., Puolivali, J., and Iqbal, K. (2014). Rescue of cognitive-
aging by administration of a neurogenic and/or neurotrophic compound.
Neurobiol. Aging 35, 2134–2146. doi: 10.1016/j.neurobiolaging.2014.02.017

Bronzuoli, M. R., Iacomino, A., Steardo, L., and Scuderi, C. (2016). Targeting
neuroinflammation in Alzheimer’s disease. J. Inflamm. Res. 9, 199–208.
doi: 10.2147/jir.s86958

Busch, C., Annamalai, B., Abdusalamova, K., Reichhart, N., Huber, C., Lin, Y., et al.
(2017). Anaphylatoxins activate Ca2+, Akt/PI3-kinase and FOXO1/FoxP3 in
the retinal pigment epithelium. Front. Immunol. 8:703. doi: 10.3389/fimmu.
2017.00703

Buschini, E., Piras, A., Nuzzi, R., and Vercelli, A. (2011). Age related macular
degeneration and drusen: neuroinflammation in the retina. Prog. Neurobiol. 95,
14–25. doi: 10.1016/j.pneurobio.2011.05.011

Chen, M., and Xu, H. (2015). Parainflammation, chronic inflammation and
age-related macular degeneration. J. Leukoc. Biol. 98, 713–725. doi: 10.1189/jlb.
3ri0615-239r

Chen, M., Forrester, J. V., and Xu, H. (2011). Dysregulation in retinal
para-inflammation and age-related retinal degeneration in CCL2 or
CCR2 deficient mice. J. Immunol. 6:e22818. doi: 10.1371/journal.pone.
0022818

Chidlow, G., Wood, J. P., Manavis, J., Finnie, J., and Casson, R. J. (2017).
Investigations into retinal pathology in the early stages of a mouse model of
Alzheimer’s disease. J. Alzheimers Dis. 56, 655–675. doi: 10.3233/jad-160823

Chiu, K., Chan, T. F., Wu, A., Leung, I. Y., So, K. F., and Chang, R. C. (2012).
Neurodegeneration of the retina in mouse models of Alzheimer’s disease: what
can we learn from the retina?Age Dordr. 34, 633–649. doi: 10.1007/s11357-011-
9260-2

Chohan, M. O., Li, B., Blanchard, J., Tung, Y. C., Heaney, A. T., Rabe, A.,
et al. (2011). Enhancement of dentate gyrus neurogenesis, dendritic and
synaptic plasticity and memory by a neurotrophic peptide. Neurobiol. Aging
32, 1420–1434. doi: 10.1016/j.neurobiolaging.2009.08.008

Crabb, J. W., Miyagi, M., Gu, X., Shadrach, K., West, K. A., Sakaguchi, H.,
et al. (2002). Drusen proteome analysis: an approach to the etiology of
age-relatedmacular degeneration. Proc. Natl. Acad. Sci. U S A 99, 14682–14687.
doi: 10.1073/pnas.222551899

Delori, F. C. (1998). ‘‘RPE lipofuscin in ageing and age-related macular
degeneration,’’ in Retinal Pigment Epithelium and Macular Diseases.
Documenta Ophthalmologica Proceedings Series (Vol. 62), eds G. Coscas
and F. C. Piccolino (Dordrecht: Springer), 37–45.

Ding, J. D., Johnson, L. V., Herrmann, R., Farsiu, S., Smith, S. G., Groelle, M.,
et al. (2011). Anti-amyloid therapy protects against retinal pigmented
epithelium damage and vision loss in a model of age-related macular
degeneration. Proc. Natl. Acad. Sci. U S A 108, E279–E287. doi: 10.1073/pnas.
1100901108

Dorey, C. K., Wu, G., Ebenstein, D., Garsd, A., and Weiter, J. J. (1989). Cell
loss in the aging retina. Relationship to lipofuscin accumulation and macular
degeneration. Invest. Ophthalmol. Vis. Sci. 30, 1691–1699.

Du, L. Y., Chang, L. Y., Ardiles, A. O., Tapia-Rojas, C., Araya, J., Inestrosa, N. C.,
et al. (2015). Alzheimer’s disease-related protein expression in the retina
of octodon degus. PLoS One 10:e0135499. doi: 10.1371/journal.pone.
0135499

Dutescu, R. M., Li, Q. X., Crowston, J., Masters, C. L., Baird, P. N., and
Culvenor, J. G. (2009). Amyloid precursor protein processing and
retinal pathology in mouse models of Alzheimer’s disease. Graefes
Arch. Clin. Exp. Ophthalmol. 247, 1213–1221. doi: 10.1007/s00417-009-
1060-3

Edwards, M. M., Rodriguez, J. J., Gutierrez-Lanza, R., Yates, J., Verkhratsky, A.,
and Lutty, G. A. (2014). Retinal macroglia changes in a triple transgenic mouse

model of Alzheimer’s disease. Exp. Eye Res. 127, 252–260. doi: 10.1016/j.exer.
2014.08.006

Eldred, G. E., and Katz, M. L. (1988). Fluorophores of the human retinal pigment
epithelium: separation and spectral characterization. Exp. Eye Res. 47, 71–86.
doi: 10.1016/0014-4835(88)90025-5

Espinosa-Heidmann, D. G., Suner, I. J., Catanuto, P., Hernandez, E. P., Marin-
Castano, M. E., and Cousins, S. W. (2006). Cigarette smoke-related oxidants
and the development of sub-RPE deposits in an experimental animal model
of dry AMD. Invest. Ophthalmol. Vis. Sci. 47, 729–737. doi: 10.1167/iovs.
05-0719

Flynn, E., Ueda, K., Auran, E., Sullivan, J. M., and Sparrow, J. R. (2014). Fundus
autofluorescence and photoreceptor cell rosettes in mouse models. Invest.
Ophthalmol. Vis. Sci. 55, 5643–5652. doi: 10.1167/iovs.14-14136

Frederikse, P. H., and Ren, X. O. (2002). Lens defects and age-related fiber
cell degeneration in a mouse model of increased AβPP gene dosage in
down syndrome. Am. J. Pathol. 161, 1985–1990. doi: 10.1016/s0002-9440(10)
64475-6

Frost, S., Guymer, R., Aung, K. Z., Macaulay, S. L., Sohrabi, H. R.,
Bourgeat, P., et al. (2016). Alzheimer’s disease and the early signs of
age-related macular degeneration. Curr. Alzheimer Res. 13, 1259–1266.
doi: 10.2174/1567205013666160603003800

Greenberg, S. G., Davies, P., Schein, J. D., and Binder, L. I. (1992). Hydrofluoric
acid-treated tau PHF proteins display the same biochemical properties as
normal tau. J. Biol. Chem. 267, 564–569.

Grundke-Iqbal, I., Vorbrodt, A. W., Iqbal, K., Tung, Y. C., Wang, G. P., and
Wisniewski, H. M. (1988). Microtubule-associated polypeptides tau are altered
in Alzheimer paired helical filaments. Brain Res. 464, 43–52. doi: 10.1016/0169-
328x(88)90017-4

Gupta, V. K., Chitranshi, N., Gupta, V. B., Golzan, M., Dheer, Y., Wall, R. V.,
et al. (2016). Amyloid beta accumulation and inner retinal degenerative
changes in Alzheimer’s disease transgenic mouse. Neurosci. Lett. 623, 52–56.
doi: 10.1016/j.neulet.2016.04.059

Handa, J. T. (2012). How does the macula protect itself from oxidative stress?Mol.
Aspects Med. 33, 418–435. doi: 10.1016/j.mam.2012.03.006

Hart, N. J., Koronyo, Y., Black, K. L., and Koronyo-Hamaoui, M. (2016). Ocular
indicators of Alzheimer’s: exploring disease in the retina. Acta Neuropathol.
132, 767–787. doi: 10.1007/s00401-016-1613-6

Hatami, A., Monjazeb, S., and Glabe, C. (2016). The anti-amyloid-beta
monoclonal antibody 4G8 recognizes a generic sequence-independent epitope
associated with alpha-synuclein and islet amyloid polypeptide amyloid fibrils.
J. Alzheimers Dis. 50, 517–525. doi: 10.3233/jad-150696

Heneka, M. T., Rodriguez, J. J., and Verkhratsky, A. (2010). Neuroglia in
neurodegeneration. Brain Res. Rev. 63, 189–211. doi: 10.1016/j.brainresrev.
2009.11.004

Ho, W. L., Leung, Y., Tsang, A. W., So, K. F., Chiu, K., and Chang, R. C. (2012).
Review: tauopathy in the retina and optic nerve: does it shadow pathological
changes in the brain?Mol. Vis. 18, 2700–2710.

Huang, H., Liu, Y., Wang, L., and Li, W. (2017). Age-related macular degeneration
phenotypes are associated with increased tumor necrosis-alpha and subretinal
immune cells in aged Cxcr5 knockout mice. PLoS One 12:e0173716.
doi: 10.1371/journal.pone.0173716

Hunter, S., and Brayne, C. (2017). Do anti-amyloid beta protein antibody cross
reactivities confound Alzheimer disease research? J. Negat. Results Biomed.
16:1. doi: 10.1186/s12952-017-0066-3

Johnson, L. V., Leitner, W. P., Rivest, A. J., Staples, M. K., Radeke, M. J., and
Anderson, D. H. (2002). The Alzheimer’s a beta-peptide is deposited at sites
of complement activation in pathologic deposits associated with aging and
age-relatedmacular degeneration. Proc. Natl. Acad. Sci. U S A 99, 11830–11835.
doi: 10.1073/pnas.192203399

Julien, S., and Schraermeyer, U. (2012). Lipofuscin can be eliminated from
the retinal pigment epithelium of monkeys. Neurobiol. Aging 33, 2390–2397.
doi: 10.1016/j.neurobiolaging.2011.12.009

Kaarniranta, K., Salminen, A., Haapasalo, A., Soininen, H., and Hiltunen, M.
(2011). Age-related macular degeneration (AMD): Alzheimer’s disease in the
eye? J. Alzheimers. Dis. 24, 615–631. doi: 10.3233/JAD-2011-101908

Kaszubski, P., Ben Ami, T., Saade, C., and Smith, R. T. (2016). Geographic atrophy
and choroidal neovascularization in the same eye: a review.Ophthalmic Res. 55,
185–193. doi: 10.1159/000443209

Frontiers in Aging Neuroscience | www.frontiersin.org 16 November 2019 | Volume 11 | Article 309

https://doi.org/10.1016/j.mam.2012.04.005
https://doi.org/10.1016/j.mam.2012.04.005
https://doi.org/10.1007/s00401-010-0734-6
https://doi.org/10.1016/j.neurobiolaging.2014.02.017
https://doi.org/10.2147/jir.s86958
https://doi.org/10.3389/fimmu.2017.00703
https://doi.org/10.3389/fimmu.2017.00703
https://doi.org/10.1016/j.pneurobio.2011.05.011
https://doi.org/10.1189/jlb.3ri0615-239r
https://doi.org/10.1189/jlb.3ri0615-239r
https://doi.org/10.1371/journal.pone.0022818
https://doi.org/10.1371/journal.pone.0022818
https://doi.org/10.3233/jad-160823
https://doi.org/10.1007/s11357-011-9260-2
https://doi.org/10.1007/s11357-011-9260-2
https://doi.org/10.1016/j.neurobiolaging.2009.08.008
https://doi.org/10.1073/pnas.222551899
https://doi.org/10.1073/pnas.1100901108
https://doi.org/10.1073/pnas.1100901108
https://doi.org/10.1371/journal.pone.0135499
https://doi.org/10.1371/journal.pone.0135499
https://doi.org/10.1007/s00417-009-1060-3
https://doi.org/10.1007/s00417-009-1060-3
https://doi.org/10.1016/j.exer.2014.08.006
https://doi.org/10.1016/j.exer.2014.08.006
https://doi.org/10.1016/0014-4835(88)90025-5
https://doi.org/10.1167/iovs.05-0719
https://doi.org/10.1167/iovs.05-0719
https://doi.org/10.1167/iovs.14-14136
https://doi.org/10.1016/s0002-9440(10)64475-6
https://doi.org/10.1016/s0002-9440(10)64475-6
https://doi.org/10.2174/1567205013666160603003800
https://doi.org/10.1016/0169-328x(88)90017-4
https://doi.org/10.1016/0169-328x(88)90017-4
https://doi.org/10.1016/j.neulet.2016.04.059
https://doi.org/10.1016/j.mam.2012.03.006
https://doi.org/10.1007/s00401-016-1613-6
https://doi.org/10.3233/jad-150696
https://doi.org/10.1016/j.brainresrev.2009.11.004
https://doi.org/10.1016/j.brainresrev.2009.11.004
https://doi.org/10.1371/journal.pone.0173716
https://doi.org/10.1186/s12952-017-0066-3
https://doi.org/10.1073/pnas.192203399
https://doi.org/10.1016/j.neurobiolaging.2011.12.009
https://doi.org/10.3233/JAD-2011-101908
https://doi.org/10.1159/000443209
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Liu et al. Inhibition of AMD-Like Pathology With a Neurotrophic Compound

Katz, M. L., Drea, C. M., Eldred, G. E., Hess, H. H., and Robison, W. G.Jr.
(1986). Influence of early photoreceptor degeneration on lipofuscin in the
retinal pigment epithelium. Exp. Eye Res. 43, 561–573. doi: 10.1016/s0014-
4835(86)80023-9

Katz, M. L., Eldred, G. E., and Robison, W. G.Jr. (1987). Lipofuscin
autofluorescence: evidence for vitamin A involvement in the retina. Mech.
Ageing Dev. 39, 81–90. doi: 10.1016/0047-6374(87)90088-1

Kazim, S. F., and Iqbal, K. (2016). Neurotrophic factor small-molecule
mimetics mediated neuroregeneration and synaptic repair: emerging
therapeutic modality for Alzheimer’s disease. Mol. Neurodegener. 11:50.
doi: 10.1186/s13024-016-0119-y

Kazim, S. F., Blanchard, J., Dai, C. L., Tung, Y. C., LaFerla, F. M., Iqbal, I. G., et al.
(2014). Disease modifying effect of chronic oral treatment with a neurotrophic
peptidergic compound in a triple transgenic mouse model of Alzheimer’s
disease. Neurobiol. Dis. 71, 110–130. doi: 10.1016/j.nbd.2014.07.001

Khatoon, S., Chalbot, S., Bolognin, S., Puolivali, J., and Iqbal, K. (2015).
Elevated tau level in aged rat cerebrospinal fluid reduced by treatment with
a neurotrophic compound. J. Alzheimers Dis. 47, 557–564. doi: 10.3233/jad-
142799

Koronyo, Y., Biggs, D., Barron, E., Boyer, D. S., Pearlman, J. A., Au, W. J.,
et al. (2017). Retinal amyloid pathology and proof-of-concept imaging trial in
Alzheimer’s disease. JCI Insight 2:93621. doi: 10.1172/jci.insight.93621

Koronyo-Hamaoui, M., Koronyo, Y., Ljubimov, A. V., Miller, C. A., Ko, M. K.,
Black, K. L., et al. (2011). Identification of amyloid plaques in retinas from
Alzheimer’s patients and non-invasive wvo optical imaging of retinal plaques
in a mouse model. Neuroimage 54, S204–217. doi: 10.1016/j.neuroimage.2010.
06.020

Lambert, N. G., ElShelmani, H., Singh, M. K., Mansergh, F. C., Wride, M. A.,
Padilla, M., et al. (2016). Risk factors and biomarkers of age-related macular
degeneration. Prog. Retin. Eye Res. 54, 64–102. doi: 10.1016/j.preteyeres.2016.
04.003

Lee, J. E., Liang, K. J., Fariss, R. N., and Wong, W. T. (2008). Ex vivo dynamic
imaging of retinal microglia using time-lapse confocal microscopy. Invest.
Ophthalmol. Vis. Sci. 49, 4169–4176. doi: 10.1167/iovs.08-2076

Leyns, C. E. G., and Holtzman, D. M. (2017). Glial contributions
to neurodegeneration in tauopathies. Mol. Neurodegener. 12:50.
doi: 10.1186/s13024-017-0192-x

Li, B., Wanka, L., Blanchard, J., Liu, F., Chohan, M. O., Iqbal, K., et al.
(2010). Neurotrophic peptides incorporating adamantane improve learning
and memory, promote neurogenesis and synaptic plasticity in mice. FEBS Lett.
584, 3359–3365. doi: 10.1016/j.febslet.2010.06.025

Li, L., Luo, J., Chen, D., Tong, J. B., Zeng, L. P., Cao, Y. Q., et al. (2016). BACE1 in
the retina: a sensitive biomarker for monitoring early pathological changes in
Alzheimer’s disease. Neural Regen. Res. 11, 447–453. doi: 10.4103/1673-5374.
179057

Lim, J. K., Li, Q. X., He, Z., Vingrys, A. J., Wong, V. H., Currier, N., et al.
(2016). The eye as a biomarker for Alzheimer’s disease. Front. Neurosci. 10:536.
doi: 10.3389/fnins.2016.00536

Liu, B., Rasool, S., Yang, Z., Glabe, C. G., Schreiber, S. S., Ge, J., et al. (2009).
Amyloid-peptide vaccinations reduce beta-amyloid plaques but exacerbate
vascular deposition and inflammation in the retina of Alzheimer’s transgenic
mice. Am. J. Pathol. 175, 2099–2110. doi: 10.2353/ajpath.2009.090159

Liu, X., and Yao, Z. (2017). Insensitivity of PI3K/Akt/GSK3 signaling in
peripheral blood mononuclear cells of age-related macular degeneration
patients. J. Biomed. Res. 31, 248–255. doi: 10.7555/JBR.31.20160096

Löffler, K. U., Edward, D. P., and Tso, M. O. (1995). Immunoreactivity against
tau, amyloid precursor protein and beta-amyloid in the human retina. Invest.
Ophthalmol. Vis. Sci. 36, 24–31.

Luibl, V., Isas, J. M., Kayed, R., Glabe, C. G., Langen, R., and Chen, J.
(2006). Drusen deposits associated with aging and age-related macular
degeneration contain nonfibrillar amyloid oligomers. J. Clin. Invest. 116,
378–385. doi: 10.1172/jci25843

Markovets, A. M., Saprunova, V. B., Zhdankina, A. A., Fursova, A., Bakeeva, L. E.,
and Kolosova, N. G. (2011). Alterations of retinal pigment epithelium cause
AMD-like retinopathy in senescence-accelerated OXYS rats. Aging 3, 44–54.
doi: 10.18632/aging.100243

Marmorstein, A. D., Marmorstein, L. Y., Sakaguchi, H., and Hollyfield, J. G.
(2002). Spectral profiling of autofluorescence associated with lipofuscin,

Bruch’s Membrane and sub-RPE deposits in normal and AMD eyes. Invest.
Ophthalmol. Vis. Sci. 43, 2435–2441.

Morin, P. J., Abraham, C. R., Amaratunga, A., Johnson, R. J., Huber, G.,
Sandell, J. H., et al. (1993). Amyloid precursor protein is synthesized by retinal
ganglion cells, rapidly transported to the optic nerve plasma membrane and
nerve terminals and metabolized. J. Neurochem. 61, 464–473. doi: 10.1111/j.
1471-4159.1993.tb02147.x

Neroev, V. V., Archipova, M. M., Bakeeva, L. E., Fursova, A., Grigorian, E. N.,
Grishanova, A. Y., et al. (2008). Mitochondria-targeted plastoquinone
derivatives as tools to interrupt execution of the aging program. 4. Age-related
eye disease. SkQ1 returns vision to blind animals. Biochemistry 73, 1317–1328.
doi: 10.1134/s0006297908120043

Ning, A., Cui, J., To, E., Ashe, K. H., and Matsubara, J. (2008). Amyloid-
beta deposits lead to retinal degeneration in a mouse model of Alzheimer
disease. Invest. Ophthalmol. Vis. Sci. 49, 5136–5143. doi: 10.1167/iovs.
08-1849

Oddo, S., Caccamo, A., Shepherd, J. D., Murphy, M. P., Golde, T. E., Kayed, R.,
et al. (2003). Triple-transgenic model of Alzheimer’s disease with plaques
and tangles: intracellular Aβ and synaptic dysfunction. Neuron 39, 409–421.
doi: 10.1016/s0896-6273(03)00434-3

Ohno-Matsui, K. (2011). Parallel findings in age-relatedmacular degeneration and
Alzheimer’s disease. Prog. Retin. Eye Res. 30, 217–238. doi: 10.1016/j.preteyeres.
2011.02.004

Park, S. W., Im, S., Jun, H. O., Lee, K., Park, Y. J., Kim, J. H., et al.
(2017). Dry age-related macular degeneration like pathology in aged 5XFAD
mice: ultrastructure and microarray analysis. Oncotarget 8, 40006–40018.
doi: 10.18632/oncotarget.16967

Patton, N., Aslam, T., Macgillivray, T., Pattie, A., Deary, I. J., and Dhillon, B.
(2005). Retinal vascular image analysis as a potential screening tool for
cerebrovascular disease: a rationale based on homology between cerebral and
retinalmicrovasculatures. J. Anat. 206, 319–348. doi: 10.1111/j.1469-7580.2005.
00395.x

Pennesi, M. E., Neuringer, M., and Courtney, R. J. (2012). Animal models of age
related macular degeneration. Mol. Aspects Med. 33, 487–509. doi: 10.1016/j.
mam.2012.06.003

Pogue, A. I., Dua, P., Hill, J. M., and Lukiw,W. J. (2015). Progressive inflammatory
pathology in the retina of aluminum-fed 5xFAD transgenic mice. J. Inorg.
Biochem. 152, 206–209. doi: 10.1016/j.jinorgbio.2015.07.009

Prasad, T., Zhu, P., Verma, A., Chakrabarty, P., Rosario, A. M., Golde, T. E., et al.
(2017). Amyloidβ peptides overexpression in retinal pigment epithelial cells via
AAV-mediated gene transfer mimics AMD-like pathology in mice. Sci. Rep.
7:3222. doi: 10.1038/s41598-017-03397-2

Radu, R. A., Han, Y., Bui, T. V., Nusinowitz, S., Bok, D., Lichter, J., et al.
(2005). Reductions in serum vitamin A arrest accumulation of toxic retinal
fluorophores: a potential therapy for treatment of lipofuscin-based retinal
diseases. Invest. Ophthalmol. Vis. Sci. 46, 4393–4401. doi: 10.1167/iovs.
05-0820

Rayborn,M. E.,Meyers, K.M., andHollyfield, J. G. (1997). ‘‘Photoreceptor rosettes
in age-related macular degeneration donor tissues,’’ in Degenerative Retinal
Diseases, eds M. M. La Vail, J. G. Hollyfield and R. E. Anderson (New York,
NY: Plenum Press), 17–21.

Rodríguez, J. J., Olabarria, M., Chvatal, A., and Verkhratsky, A. (2009).
Astroglia in dementia and Alzheimer’s disease. Cell Death Differ. 16, 378–385.
doi: 10.1038/cdd.2008.172

Rosenfeld, P. J., Brown, D. M., Heier, J. S., Boyer, D. S., Kaiser, P. K., Chung, C. Y.,
et al. (2006). Ranibizumab for neovascular age-related macular degeneration.
N. Engl. J. Med. 355, 1419–1431. doi: 10.1056/NEJMoa054481

Rowan, S., Jiang, S., Korem, T., Szymanski, J., Chang, M. L., Szelog, J., et al.
(2017). Involvement of a gut-retina axis in protection against dietary glycemia-
induced age-related macular degeneration. Proc. Natl. Acad. Sci. U S A 114,
E4472–E4481. doi: 10.1073/pnas.1702302114

Shen, W. Y., Yu, M. J., Barry, C. J., Constable, I. J., and Rakoczy, P. E. (1998).
Expression of cell adhesion molecules and vascular endothelial growth factor
in experimental choroidal neovascularisation in the rat. Br. J. Ophthalmol. 82,
1063–1071. doi: 10.1136/bjo.82.9.1063

Sparrow, J. R., and Duncker, T. (2014). Fundus autofluorescence and RPE
lipofuscin in age-related macular degeneration. J. Clin. Med. 3, 1302–1321.
doi: 10.3390/jcm3041302

Frontiers in Aging Neuroscience | www.frontiersin.org 17 November 2019 | Volume 11 | Article 309

https://doi.org/10.1016/s0014-4835(86)80023-9
https://doi.org/10.1016/s0014-4835(86)80023-9
https://doi.org/10.1016/0047-6374(87)90088-1
https://doi.org/10.1186/s13024-016-0119-y
https://doi.org/10.1016/j.nbd.2014.07.001
https://doi.org/10.3233/jad-142799
https://doi.org/10.3233/jad-142799
https://doi.org/10.1172/jci.insight.93621
https://doi.org/10.1016/j.neuroimage.2010.06.020
https://doi.org/10.1016/j.neuroimage.2010.06.020
https://doi.org/10.1016/j.preteyeres.2016.04.003
https://doi.org/10.1016/j.preteyeres.2016.04.003
https://doi.org/10.1167/iovs.08-2076
https://doi.org/10.1186/s13024-017-0192-x
https://doi.org/10.1016/j.febslet.2010.06.025
https://doi.org/10.4103/1673-5374.179057
https://doi.org/10.4103/1673-5374.179057
https://doi.org/10.3389/fnins.2016.00536
https://doi.org/10.2353/ajpath.2009.090159
https://doi.org/10.7555/JBR.31.20160096
https://doi.org/10.1172/jci25843
https://doi.org/10.18632/aging.100243
https://doi.org/10.1111/j.1471-4159.1993.tb02147.x
https://doi.org/10.1111/j.1471-4159.1993.tb02147.x
https://doi.org/10.1134/s0006297908120043
https://doi.org/10.1167/iovs.08-1849
https://doi.org/10.1167/iovs.08-1849
https://doi.org/10.1016/s0896-6273(03)00434-3
https://doi.org/10.1016/j.preteyeres.2011.02.004
https://doi.org/10.1016/j.preteyeres.2011.02.004
https://doi.org/10.18632/oncotarget.16967
https://doi.org/10.1111/j.1469-7580.2005.00395.x
https://doi.org/10.1111/j.1469-7580.2005.00395.x
https://doi.org/10.1016/j.mam.2012.06.003
https://doi.org/10.1016/j.mam.2012.06.003
https://doi.org/10.1016/j.jinorgbio.2015.07.009
https://doi.org/10.1038/s41598-017-03397-2
https://doi.org/10.1167/iovs.05-0820
https://doi.org/10.1167/iovs.05-0820
https://doi.org/10.1038/cdd.2008.172
https://doi.org/10.1056/NEJMoa054481
https://doi.org/10.1073/pnas.1702302114
https://doi.org/10.1136/bjo.82.9.1063
https://doi.org/10.3390/jcm3041302
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Liu et al. Inhibition of AMD-Like Pathology With a Neurotrophic Compound

Trost, A., Lange, S., Schroedl, F., Bruckner, D., Motloch, K. A., Bogner, B.,
et al. (2016). Brain and retinal pericytes: origin, function and role. Front. Cell.
Neurosci. 10:20. doi: 10.3389/fncel.2016.00020

Tsai, Y., Lu, B., Ljubimov, A. V., Girman, S., Ross-Cisneros, F. N., Sadun, A. A.,
et al. (2014). Ocular changes in TgF344-AD rat model of Alzheimer’s
disease. Invest. Ophthalmol. Vis. Sci. 55, 523–534. doi: 10.1167/iovs.
13-12888

Tuo, J., Bojanowski, C. M., Zhou, M., Shen, D., Ross, R. J., Rosenberg, K. I.,
et al. (2007). Murine ccl2/cx3cr1 deficiency results in retinal lesions mimicking
human age-related macular degeneration. Invest. Ophthalmol. Vis. Sci. 48,
3827–3836. doi: 10.1167/iovs.07-0051

Vecino, E., Rodriguez, F. D., Ruzafa, N., Pereiro, X., and Sharma, S. C. (2016). Glia-
neuron interactions in the mammalian retina. Prog. Retin. Eye Res. 51, 1–40.
doi: 10.1016/j.preteyeres.2015.06.003

Verkhratsky, A., Olabarria, M., Noristani, H. N., Yeh, C. Y., and Rodriguez, J. J.
(2010). Astrocytes in Alzheimer’s disease. Neurotherapeutics 7, 399–412.
doi: 10.1016/j.nurt.2010.05.017

Wang, W. Q., Wang, F. H., Qin, W. X., Liu, H. Y., Lu, B., Chung, C., et al. (2016).
Joint antiangiogenic effect of ATN-161 and anti-VEGF antibody in a rat model
of early wet age-related macular degeneration. Mol. Pharm. 13, 2881–2890.
doi: 10.1021/acs.molpharmaceut.6b00056

Wong, W. L., Su, X., Li, X., Cheung, C. M., Klein, R., Cheng, C. Y., et al. (2014).
Global prevalence of age-related macular degeneration and disease burden
projection for 2020 and 2040: a systematic review and meta-analysis. Lancet
Glob. Health 2, e106–e116. doi: 10.1016/s2214-109x(13)70145-1

Xu, H., Chen, M., and Forrester, J. V. (2009). Para-inflammation in the aging
retina. Prog. Retin. Eye Res. 28, 348–368. doi: 10.1016/j.preteyeres.2009.06.001

Xu, L., Mrejen, S., Jung, J. J., Gallego-Pinazo, R., Thompson, D., Marsiglia, M.,
et al. (2015). Geographic atrophy in patients receiving anti-vascular endothelial
growth factor for neovascular age-related macular degeneration. Retina 35,
176–186. doi: 10.1097/IAE.0000000000000374

Yoshida, T., Ohno-Matsui, K., Ichinose, S., Sato, T., Iwata, N., Saido, T. C.,
et al. (2005). The potential role of amyloid beta in the pathogenesis of
age-related macular degeneration. J. Clin. Invest. 115, 2793–2800. doi: 10.1172/
jci24635

Young, R. W., and Bok, D. (1969). Participation of the retinal pigment
epithelium in the rod outer segment renewal process. J. Cell Biol. 42, 392–403.
doi: 10.1083/jcb.42.2.392

Zanzottera, E. C., Messinger, J. D., Ach, T., Smith, R. T., and Curcio, C. A. (2015).
Subducted and melanotic cells in advanced age-related macular degeneration
are derived from retinal pigment epithelium. Invest. Ophthalmol. Vis. Sci. 56,
3269–3278. doi: 10.1167/iovs.15-16432

Zhao, H., Chang, R., Che, H., Wang, J., Yang, L., Fang, W., et al.
(2013). Hyperphosphorylation of tau protein by calpain regulation in
retina of Alzheimer’s disease transgenic mouse. Neurosci. Lett. 551, 12–16.
doi: 10.1016/j.neulet.2013.06.026

Zheng, W., Meng, Q., Wang, H., Yan, F., Little, P. J., Deng, X., et al. (2018). IGF-
1-mediated survival from induced death of human primary cultured retinal
pigment epithelial cells is mediated by an Akt-dependent signaling pathway.
Mol. Neurobiol. 55, 1915–1927. doi: 10.1007/s12035-017-0447-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Liu, Wei, Baazaoui, Liu and Iqbal. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 18 November 2019 | Volume 11 | Article 309

https://doi.org/10.3389/fncel.2016.00020
https://doi.org/10.1167/iovs.13-12888
https://doi.org/10.1167/iovs.13-12888
https://doi.org/10.1167/iovs.07-0051
https://doi.org/10.1016/j.preteyeres.2015.06.003
https://doi.org/10.1016/j.nurt.2010.05.017
https://doi.org/10.1021/acs.molpharmaceut.6b00056
https://doi.org/10.1016/s2214-109x(13)70145-1
https://doi.org/10.1016/j.preteyeres.2009.06.001
https://doi.org/10.1097/IAE.0000000000000374
https://doi.org/10.1172/jci24635
https://doi.org/10.1172/jci24635
https://doi.org/10.1083/jcb.42.2.392
https://doi.org/10.1167/iovs.15-16432
https://doi.org/10.1016/j.neulet.2013.06.026
https://doi.org/10.1007/s12035-017-0447-0
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Inhibition of AMD-Like Pathology With a Neurotrophic Compound in Aged Rats and 3xTg-AD Mice
	INTRODUCTION
	MATERIALS AND METHODS
	Antibodies and Reagents
	Synthesis and Features of P021
	Animals
	Animal Treatment
	Tissue Processing
	Histological Analysis
	Autofluorescence
	Immunofluorescence
	Statistical Analysis

	RESULTS
	P021 Rescues the Retinal Pathology in Aged Fisher Rats
	P021 Rescues the Pathophysiology of RPE and BM in Aged Rats
	Chronic Treatment With P021 Can Prevent Retinal Lesions in Aged Mice
	P021 Prevents RPE and BM Pathology in Aged Mice
	P021 Reduces Microgliosis in the Retina of Aged Mice and Rats
	P021 Reduces Astrogliosis in the Retina of Aged Mice and Rats
	P021 Affects Alzheimer-Like Pathology and VEGF Changes in the Retina and Optic Nerve of Aged Rats and Mice

	DISCUSSION
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	DISCLOSURE
	FUNDING
	ACKNOWLEDGMENTS
	DEDICATION
	SUPPLEMENTARY MATERIAL
	REFERENCES


