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Abstract

This review discusses a novel and inexpensive model for studying wet and dry AMD using polyethylene glycol
(PEG). In this model, various doses of PEG are injected into the subretinal space of mice. The morphology of the
subretinal space and the biochemical and immunological parameters have been evaluated over a period of time. In
vitro, human adult retinal pigment epithelial-19 (ARPE-19) cells were treated with various doses of PEG, and cell
death, CD59, C3, and CD46 were measured. PEG injections into the eyes of wild type mice induce RPE cell atrophy
and proliferation, resulting in consequent loss of photoreceptors. Changes in morphology and gene expression,
involved in complement autophagy and/or phagocytosis, also provide evidence that the PEG-induced pathological
changes observed in mouse eyes are similar to the changes seen in human dry AMD. The formation of choroidal
neovascularization (CNV) in PEG-treated mice indicates that the PEG can be used to induce CNV. This review
article focuses exclusively on PEG-induced AMD models. The applications of the PEG model are to study the
changes that occur during AMD development in response to complement activation in vivo and in vitro. This model
also makes it possible to test potential drug candidates for AMD treatment and prevention.
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Introduction
Age-related macular degeneration (AMD) is the leading cause of

severe visual impairment and blindness in the elderly [1-3]. AMD is
defined as the presence of choroidal neovascularization (CNV) and/or
geographic atrophy in the eye [4]. As the average life expectancy in
developed countries nears 80 years, cases of AMD in the United States
are expected to reach 4 million by 2020 [5,6]. Not only is the number
of cases predicted to rise, but the cost of treatment is expected to sky-
rocket unless a successful treatment is developed that decreases cases
by 10% [5]. The available, somewhat effective, preventative strategies
for AMD include antioxidant and zinc supplementation and laser
photocoagulation [4]. It is estimated that over $8 billion will be spent
on AMD treatment and management in the next few years [5,6].
However, this amount will increase as the elderly population grows.

Currently, only three drugs are available to treat AMD, Lucentis® by
Genentech/Novartis, Eyelea® by Regeneron/Bayer and Macugen,
however Macugen is not used to treat patients anymore because of its
minimal benefits to patients [7,8]. Both drugs are antibodies against
vascular endothelial growth factor (VEGF) [9]. Unfortunately, these
drugs have some serious side effects (e.g., hemorrhage and tissue
damage) [10,11]. The drug delivery is accomplished through frequent
(once or twice a month) and expensive (about $2000 per injection)
ocular injections [12-16]. The ability to deliver an AMD drug with an
eye drop as opposed to an injection would make the product very
economical and preferred. With the rates of AMD rising, there is an
unmet need not only for health and social services for the affected
individuals but also for better ways to prevent the early stages of AMD.

The availability of appropriate and effective animal models for AMD
is a pivotal point in accomplishing the stated goals regarding AMD

treatment. This review is the first to discuss an innovative method of
inducing CNV and geographic atrophy in mice with polyethylene
glycol (PEG) and its applications in studying AMD. Although several
research and review articles have been written on AMD models, here
we focus on PEG-induced models of CNV and retinal degeneration
mimicking dry AMD. Therefore, we only discuss PEG-induced AMD
models, not previously described AMD models.

Later stages of AMD are characterized by central vision loss and the
development of CNV [3,17]. In addition, complement activation is
well-known as being critical to the development of AMD [3,18-22].
Studies in mice have shown that laser-induced CNV and angiogenic
growth-factor generation and release depend upon the formation of
the membrane attack complex (MAC) and its deposition on retinal
pigment epithelial (RPE) and choroidal cells [19-21,23-25]. The
complement system is composed of a number of proteins that circulate
throughout the body via plasma and those that can be membrane
bound [26-28]. The interactions among these proteins are highly
regulated due to the role of the complement system in innate
immunity [19,29-32]. Patients with AMD display elevated levels of the
complement proteins C3, C5, C5b-9 (MAC), and CFH [33,34].
Importantly, PEG is an activator of the classical and alternative
pathways of the complement system [35,36]. Overall, the benefits of
using PEG to induce CNV include its low molecular weight and quick
absorption and secretion.

PEG Models and Their Uses
We published a report in the Journal of Biological Chemistry titled

“Polyethylene glycol (PEG)-induced mouse model of choroidal
neovascularization” as a baseline study describing an animal model for
CNV. We performed a series of studies to evaluate the angiogenic
effects of different doses of subretinal PEG. The methodology
described includes the injection protocol (PEG doses 2.0, 1.0, 0.5, 0.25,
and 0.125 mg), evaluation of CNV size, histological and
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immunohistochemical studies of MAC components, complement
hemolytic assays, inhibition of the systemic complement system by
cobra venom factor, and ELISA. The results supported the hypothesis
that subretinal PEG effectively induces CNV, and the effects of
subretinal PEG on the complement system are representative of CNV
development during AMD (Figure 1).

Figure 1: CNV after subretinal injection of PEG. After subretinal
injection of PBS or 1 mg PEG, animals were perfused with FITC-
dextran. Eyes were fixed with 4% formalin and dissected to make
flat-mounts. (A) Confocal microscopy shows no FITC-dextran–
perfused vessels in PBS-injected eyes. (B) CNV was found in PEG-
injected eyes. Scale bar applies to both images.

This study revealed a dose-dependent effect of PEG on CNV
severity in mice. It also showed that a single subretinal injection of

PEG was sufficient to produce a prolonged effect on the mouse retina
(for at least 42 days after injection), and there was a significant impact
on tissue integrity near the injection site. The paper also discusses how
PEG can activate the complement system. There was a significant
increase of C3 split products and C9 in the eye; however, we did not
find any changes in complement activity in response to PEG injections
in systemic circulation. Given the results of this study, it is
undoubtedly important to recognize the potential application of PEG
in studying CNV in AMD. The remainder of this review will focus on
the use of PEG to induce AMD.

In a second paper published in 2014 in Experimental Eye Research
titled “Polyethylene glycol induced mouse model of retinal
degradation,” we evaluated the potential role of PEG to induce dry
AMD-like changes. Dry AMD is defined as the degeneration of RPE
cells and photoreceptors, RPE proliferation, and drusen accumulation
[17,37]. Here, the focus was on the impact of PEG injection into the
subretinal space on the morphology of the retina and choroid and
corresponding changes in gene expression in these tissues. The
approach used in this study included PEG injection into mice followed
by tissue collection and processing for light and electron microscopy.
The morphological parameters that were evaluated included outer
nuclear layer (ONL) thickness; lengths of photoreceptor inner segment
(PIS) and photoreceptor outer segment (POS); density of nuclei in the
ONL; and number of RPE cells. The number of apoptotic cells was
measured with the terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) method. Lastly, total RNA was analyzed for
changes in gene expression. The results of this study revealed the
potential for using a low dose of PEG (0.5 mg) to create a model of dry
AMD (Figure 2).

Figure 2: Effect of subretinal PEG injection on retina and choroid. Day 5 after injection. Eyes were fixed with 2.5% glutaraldehyde and 1%
osmium tetroxide and embedded in plastic resin. Sections (1 µm) were stained with toluidine blue and basic fuchsin. Images captured using
100x oil objective. (A) Control eye with outer and inner segments of photoreceptors (P) located between RPE and outer nuclear layer (ONL).
(B) Atrophy of RPE and photoreceptors. Note remnants of outer and inner segments of photoreceptors and hyperpigmented nuclei in the
inner nuclear layer (INL). RPE have reduced size and hypopigmentation. (C) Severe degeneration of INL. Only several hyperpigmented nuclei
are visible. Outer and inner segments of photoreceptors are absent. RPE cells proliferate and/or migrate into subretinal space and form several
layers. Arrow points to two spindle-shaped nuclei, most likely representing early stages of CNV formation. Scale bar applies to all images.

Citation: Rudolf XV, Lyzogubov VV, Bora NS, Bora PS (2018) Understanding the Polyethylene Glycol-Induced Mouse Model of Retinal
Degeneration and Choroidal Neovascularization. J Cell Mol Pharmacol 1: 101. 

Page 2 of 5

J Cell Mol Pharmacol, an open access journal Volume 1 • Issue 1 • JCMP-101



Some of the observations made for this model were a reduction in
ONL thickness due to photoreceptor death; RPE degeneration,
depigmentation, and proliferation; autophagosome formation in RPEs;
and upregulation of the genes involved in a response to injury, immune
system regulation, cell death, and proliferation, all of which resemble
the course of action of human AMD pathology.

The papers summarized above provide strong support for the use of
PEG in simulating wet and dry AMD. PEG is not only readily
available, but it is also non-toxic to animals and is excreted in a short
period of time. It is now important to discuss how the two models
introduced above - the PEG-induced mouse model of choroidal
neovascularization and PEG-induced mouse model of retinal
degradation can be used to evaluate potential treatments for AMD.
One example is the use of aspirin to treat AMD.

These models were used in an article published by Goyal et al. in
2016 in Clinical & Experimental Ophthalmology titled “Effect of
aspirin on models of RPE pathology”; this report covers the impact of
aspirin on two major models of AMD: laser photocoagulation and
PEG injection [38]. Aspirin was chosen as the topic of the study in this
paper due to its usage/prescription associated with wet and dry AMD
in humans and its anti-inflammatory activity [39,40]. The researchers
first used an argon laser to induce CNV in mice and then administered
aspirin at 300 mg/kg of food, which is equivalent to 350 mg in humans.
Next, one group of mice was sacrificed, and eye tissues were used to
measure CNV size and VEGF levels. A second group of mice was
injected with PEG and then used for histological analysis. The RPE
layer and choroid thicknesses were used as morphological
measurements for the dry AMD model. In addition to in vivo aspirin
administration, an in vitro experiment was performed using human
adult RPE-19 (ARPE-19) cells in which the effect of aspirin on VEGF
and other complement-associated molecules was tested; the restorative
effect of aspirin on damaged cells was also examined.

Figure 3: Effect of different concentrations of PEG on ARPE-19 cell
proliferation. Ki67 was used as a proliferation marker and labeled
with an immunofluorescent stain. The cell proliferation index was
calculated as the percent of Ki67-labeled cells in a culture. The
highest three concentrations of PEG used here (2 mg/µL, 4 mg/µL,
and 8 mg/µL) show a significant decline in cell proliferation
compared to control *(p<0.05).

In both cases, ELISA was used to measure protein levels. The
outcomes of this study indicated no significant effects of aspirin on
CNV size and VEGF expression; however, aspirin did have a positive
effect on the ability of RPE cells to regenerate in the in vitro damage
experiment.

The most recent in vitro study of PEG applications defined the
effective complement system-activating dose of PEG for RPE cells.
Before any in vivo experiments are conducted, it is critical to
determine a dose or range of doses that cause an appropriate cell
response (i.e., a dose that does not disturb cellular processes and does
not increase cell mortality). Recent data from our lab show a
significant decline in human ARPE-19 cell proliferation when treated
with 2, 4, or 8 mg/μL PEG (Figure 3).

A statistically significant amount of cell death was also observed 24
and 48 hours after treatment with 8 mg/μL PEG (Figure 4).

Figure 4: Effects of different doses of PEG on ARPE-19 cell viability
by measuring cell death. ARPE-19 cells treated with 8 mg/μL PEG
showed significantly higher cell death 24 and 48 hours after
treatment compared to control cells (no PEG) (p<0.05); there was
also a statistical difference in cell death among cells that received 4
mg/μL PEG treatment versus 8 mg/μL PEG (*p<0.05).

The initial analyses of CD59, CD46, and C3 in response to different
doses of PEG indicated a decline in CD59 and CD46 as the PEG dose
increased (Figure 5A and 5B). However, C3 seemed to be unaffected by
the dose increase (Figure 5B). The availability of an inexpensive,
controlled animal model of AMD is more relevant now than ever. The
papers discussed above show a great potential for using PEG as a
controlled way of inducing both wet and dry AMD. PEG injections
into wild type mice induce RPE cell atrophy and proliferation,
resulting in the loss of photoreceptors (Figure 2) [41]. One of the
papers discussed above shows that a dose as small as 0.5 mg of PEG
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produces an effective model of dry AMD in mice [41]. In this paper,
the results clearly demonstrate degenerative changes in RPE (reduction
of RPE thickness, depigmentation, and deposition of drusen-like
structures) and proliferation of RPE (expression of PCNA and an
increase in the density of RPE cell nuclei) in PEG-treated mouse eyes
compared to PBS controls. Morphological changes and gene expression
patterns, involved in autophagy and/or phagocytosis, also provide
evidence that PEG-induced pathological changes in mouse eyes are
similar to the pathological changes seen in human dry AMD [41].

Figure 5: Effects of different doses of PEG on CD59 (A), C3 (B), and
CD46 (B). Linear regressions for relative amounts of CD59 and
CD46 have negative slopes and appear unchanged for C3 in
response to different doses of PEG.

A dose of 1 mg of PEG had a drastic effect on mouse eyes, leading to
the development of CNV (Figure 1) [42]. The early stages of CNV are
less well understood than later stages due to the timing of the
diagnosis. In the above studies, a single injection of PEG allowed
researchers to observe the early events of CNV: RPE cell enlargement
and vacuolization; formation of extensions from present choroidal
capillaries; and vessel penetration into Bruch’s membrane [2]. Not only
did the morphology of the impacted area change after PEG injection,
but the composition of complement components was altered. For
example, C3 levels and C3 split products increased in RPE choroid
tissue on day 1 post-injection, indicating the activation of
inflammatory processes [43]. C9 deposition also increased in the eye
relative to systemic circulation 1 day after PEG injection. Both C9 and
C3 deposition was followed by the previously described morphological
changes.

Recently, Cammalleri and Bagnoli et al. published a paper that
further bolsters the use of a PEG-induced dry AMD model [44]. They
studied whether an orally fed compound based on fatty acids was able

to limit acute inflammatory reactions, including macrophage
infiltration triggered by the drusen-like insult, in a PEG-induced dry
AMD model. Although other AMD models have been described, these
authors used the PEG model (because it is a fast and less invasive
model) specifically to examine the effect of fatty acids on geographical
atrophy [44] With the PEG model, they reproduced the formation of
drusen-like deposits between the RPE and choroid, and PEG activated
the complement system [44]. This turn of events started a cascade of
inflammatory reactions that ultimately degenerated the retina, RPE,
and choroid interface [44].

Since laser induced model is very often used to study pathogenesis
of AMD, here we will compare PEG induced model of AMD with laser
induced model of AMD. The differences in PEG induced AMD model
when compared to laser induced AMD model are that the PEG
induced model is less invasive and easy to induce AMD. PEG model is
also economical; no Argon or Krypton laser is necessary to induce
PEG induced AMD model [41,42]. The similarities are that the PEG
induced AMD model generates same level of CNV complex as
generated by laser induced model. The days needed to generate desired
CNV complex are same in both models [41,42].

The mechanism of both PEG induced AMD model and laser
induced AMD model is the same i.e. both models activate complement
system, MAC is accumulated in RPE and choroid which activates
growth factor like VEGF and FGF and other inflammatory proteins.
This process generates new vessels from choroid to form CNV complex
[41,42].

Conclusions
In conclusion, there are several CNV and dry AMD models

described in the literature, including genetic models, but many of these
models are invasive or do not resemble human CNV or AMD
[1-3,18-31,37-42]. As mentioned, we have focused this review article
only on the PEG-induced models of AMD. However, the applications
of the PEG models described here will be endless, ranging from in vivo
and in vitro studies of cellular responses to AMD development in
response to complement activation by PEG to the testing of potential
drug candidates for AMD treatment and prevention. To our
knowledge, this is the first review article to describe the role of PEG in
the development and study of CNV and dry AMD.
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