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Abstract We investigated the human apolipoprotein E2
(apoE2) transgenic mouse as an animal model system for age-
related macular degeneration (AMD). Transgenic mice expressing
human apoE2 and C57BL/6J mice were fed normal chow or a
high-fat diet for 4 weeks. Eyes were collected from the mice
and lipid deposits in retinal pigment epithelium (RPE) were
assessed using electron microscopy. The expressions of apoE,
vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), and pigment-epithelium derived factor
(PEDF), which are molecular markers for angiogenesis, were
assessed with immunohistochemistry. Eyes from apoE2 mice,
regardless of diet, contained lipid accumulation in RPE under
electron microscopy, whereas control C57BL/6J eyes did not.
Lipid accumulation was found predominantly in the RPE and
the Bruch’s membrane and increased in the eyes of apoE2
mice after one month of a high-fat diet (8+2 per 50 um?’ for
normal chow and 1122 per 50 pm’, p<0.05). ApoE expression
was similar in the apoE2 and control mice; however, VEGF
and bFGF were overexpressed in the retinal pigment
epithelium of apoE2 eyes compared with control eyes, and
PEDF expression was slightly decreased. These expression
patterns of VEGF, bFGF, and PEDF suggest angiogenesis is
progressing in apoE2 eyes. In conclusion, the eyes of apoE2 mice
develop typical lipid accumulations, a common characteristic
of AMD, making them a suitable animal model for AMD.
The expression profile of VEGF and bFGF on the retinal pigment
epithelium suggests that apoE2 may induce neovascularization
by altering angiogenic cytokines.
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Age-related macular degeneration (AMD) is a blinding
disease that affects the elderly. The disease is characterized
by degeneration of the macular retina and choroid by
atrophy or detachment and scarring caused by choroidal
neovascularization [16]. Early signs of AMD include
pigmentary changes at the level of the retinal pigment
epithelium (RPE) and abnormal accumulations of extracellular
lipids, called drusen, adjacent to the basal surface of the
RPE [1, 8]. Histologically, drusens are located between the
basal lamina of the RPE and the inner collagenous layer of
Bruch’s membrane. The drusen size, number, and degree of
confluence are significant risk factors for the development
of AMD [13, 20]. It has been proposed that drusen, as well
as other age-related changes that can occur in the vicinity
of Bruch’s membrane, may lead to dysfunction and/or
degeneration of the RPE and retina by inducing ischemia
and/or by restricting the exchange of nutrients and waste
products between the neural retina and the choroid.
Vascular endothelial growth factor (VEGF) is a major
vascular growth factor [23, 37] that plays a key role in the
pathogenesis of choroidal neovascularization [15]. Because
of its high degree of selectivity for endothelial cells and
abundant expression in the subfoveal membrane in AMD
patients, selective inhibition of VEGF is being developed
as a potential therapy for AMD [5]. Pigment epithelium-
derived factor (PEDF) is a glycoprotein produced in abundance
in RPE that inhibits angiogenesis and proliferation of
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several cell types [4]. PDGF has been shown to block
neovascularization in an experimental murine model [12,
29,30], and its anti-angiogenic action may stem from its
promotion of endothelial apoptosis [7]. Vascular endothelial
growth factor (VEGF) and pigment-epithelium derived
factor (PEDF) expression are both regulated by oxygen
availability, and the regulation of PEDF by oxygen is
reciprocal to that of VEGF [2, 11, 41]. Basic fibroblast
growth factor (bFGF) is an angiogenic heparin-binding
growth factor that can modulate endothelial cell proliferation
[34]. The expression of bFGF is elevated both in human
maculae of AMD and cultured RPE cell lines [21, 32].
Since these three cytokines are abundantly expressed in the
RPE. the crucial junction between Bruch’s membrane and
the neurosensory retina, changes in their expression levels
may be used as biomarkers for detecting AMD.

The etiology of AMD is thought to involve extracellular
lipid deposits, whcse composition is similar to that of the
lipid plaques that a:cumulate in atherosclerotic lesions [24,
28]. Because of tie potential involvement of abnormal
lipid deposits, genes that cause lipid disorders have
received attention as potential candidates for initiators of
AMD development.

Apolipoprotein E (apoE) plays a central role in lipid
transport and distribution. The presence of dysfunctional
alleles of apoE, such as apoE2, can cause triglyceride and
cholesterol to accumulate in the plasma and subsequently
in peripheral tissues by damaging the normal removal
pathway for liporrotein particles [25]. This mechanism
possibly contributes to extracellular lipid accumulation in
the RPE. ApoE is present in AMD-related tissues, such as
soft drusen, basal laminar deposit, and RPE cells [31].
Small-scale genetic epidemiologic studies have shown the
association of the apoE genotype with the prevalence of
AMD [36]. Although the results have not been consistent,
two case-control studies in the literature suggested a
modestly increased risk for AMD due to the presence of
the APOE-2 allel: [19,38]. When the results from four
case-control stud-es were combined, evidence for an
increased risk of AMD due to the APOE-2 allele was
found for men, bu: not for women (OR for men 1.54, 95%
CI 0.97-2.45) [36]. Using an animal model will help to
clarify the effect of human apoE2 on the development of
AMD and will help to identify the molecular and genetic
mechanisms that could cause AMD.

To study whethe: apoE2 is associated with the development
of AMD, we investigated the lipid accumulation profile in
the eyes of transgenic mice expressing human apoE2 but
not the mouse cot.nterpart. We found that lipid deposits in
RPE were uniformly present in the eyes of transgenic
mice, whereas control eyes did not display this phenotype.
In addition, the upregulation of vascular VEGF and bFGF
and the slight downregulation of PEDF in the eyes of these
apoE2 mice suggest the presence of angiogenesis, which is

a characteristic of AMD. Our results show that apoE2
transgenic mice may be a useful animal model for AMD
research.

MATERIALS AND METHODS

Animal and Tissue Preparations

Human apolipoprotein E2 mice (B6.129P2-Apoe
N8) and C57BL/6J mice were purchased from Taconic
(Germantown, NY, U.S.A.) and Jackson Laboratory (Bar
Harbor, ME, U.S.A.), respectively. The human apoFE2
transgenic mice specifically express human apoE2 but not
mouse apoE (mapoe”/hapoe2™) [39]. The animals were
kept in a specific-pathogen-free room at 21~25°C with a
12-h day/night cycle, and water and standard chow were
provided ad libitum. Eight mice per each group, aged 30—
36 weeks, were fed normal chow or chow containing high
fat (high-fat diet: 15% cacao butter, 0.5% cholate, 1%
cholesterol, 40.5% sucrose, 10% corn starch, 1% corn oil,
and 4.7% cellulose) for four weeks. At the end of this
period, each mouse was anesthetized with an intraperitoneal
injection of avertin (0.4 mg/g), and both eyes were removed
and fixed overnight in 4% paraformaldehyde in PBS buffer
(pH 7.4). One eye from each mouse was used for an
electron microscopic histological study and the central
retina of the other eye was embedded in paraffin for
immunohistochemistry. For electron microscopy, ultrathin
sections were contrasted with uranyl acetate and lead
citrate. Tissue sections were analyzed using a Zeiss EM 9
S-2 electron microscope.

tm1(APOE2)Mae

Immunohistochemistry

Sections of eyes and epithelial sheets were cut at 7 um,
mounted on poly-L-lysine coated slides, and deparaffinized,
and the sections were treated with 100% ethanol. For
immunostaining, the eye sections were first incubated with
3% hydrogen peroxide for 20 min to remove endogenous
peroxidase activity, and then rehydrated with 70% ethanol and
washed in PBS. The specimens were treated with normal
rabbit serum for 30 min to block the nonspecific binding
of antibodies and then incubated overnight at 4°C with
primary antibody. Four primary antibodies were used in
the experiments: goat anti-human apolipoprotein E antibody
(Santa Cruz Biotechnology, goat polyclonal 1gG stock diluted
1:500), goat anti-mouse VEGF antibody (Santa Cruz
Biotechnology), goat anti-mouse PEDF antibody (Santa
Cruz Biotechnology), and goat anti-mouse bFGF antibody
(Santa Cruz Biotechnology). FITC-conjugated 1gG and
TRITC-conjugated IgG (Jackson ImmunoResearch West
Grove, PA, U.S.A.) were used as secondary antibodies. The
slides were mounted with Faramount Aqueous mounting
medium (DAKO, CA, U.S.A)) and observed under a
fluorescence microscope.
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Cell Culture and Lipoprotein Treatments

The ARPE-19 cell line was obtained from American Type
Culture Collection (Manassas, VA, U.S.A.). Cells were
grown in a 1:1 (v/v) mixture of Dulbecco’s Modified
Eagle’s Medium and HAM’s F-12 (Join Bio-Innovation,
Seoul, Korea) supplemented with 10% fetal calf serum and
2.5 mM r-glutamine. The cells were seeded at high density
(100,000 cells/cm®) and maintained in culture by feeding
weekly. Very-low-density lipoprotein (VLDL) and low-
density lipoprotein (LDL) were purchased from Sigma (St.
Louis, MO, U.S.A.). Each lipoprotein was treated with
confluent ARPE-19 cells for 8 h and then the expressions of
VEGF, bFGF, and PEDF were examined by standard Western
blotting methods [17, 18, 26]. The protein concentration in
the cytosolic fraction was measured using a BCA protein
assay kit (Pierce, Rockford, IL, U.S.A.). Anti-VEGF antibody,
anti-bFGF antibody, and anti-PEDF antibody were purchased
from Santa Cruz Biotechnology. To ensure the equal
loading of protein in each lane, the blots were stripped and
reprobed with an antibody against B-actin.

Data Analysis
The data are expressed as the mean+SD unless otherwise
indicated. Student’s r-test was performed for two-group

Table 1. Plasma lipids and glucose concentrations in human
apolipoprotein E2 transgenic and C57BL/6J mice.

Mice Total cholesterol  Triglyceride Glucose
Human apoE2 527+100%* 188+£21* 98+8
C57BL/6) 9016 5243 104+7

Values are milligram per deciliter (mg/dl). Data are means+standard error.
* indicates p<0.0001.

comparisons. Values were considered statistically significant
at p<0.05.

RESULTS

Plasma Lipid and Electron Microscopy

Plasma lipid and glucose concentrations are shown in
Table 1. In line with previously published data, human
apoE2 transgenic mice had severe hyperlipidemia. Plasma
cholesterol and triglyceride concentrations were elevated
5.9- and 3.6-fold, respectively, compared with control
C57BL/6J mice. Ultrastructures of mice eyes were examined
by electron microscopy. All 12 eyes of the apoE2 mice
contained extracellular lipid accumulation, regardless of
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Fig. 1. Electron micrographs of the RPE of control and apoE2 transgenic mice.

Ultrastructure of eyes in the control and human apoE2 mice was examined by electron microscopy. Eyes from human apoE2 mice on either a normal or
high-fat diet showed intracellular lipid accumulation of RPE (arrows). The number of lipid deposits in the eyes of apoE2 mice was 82 per 50 um” for the
normal chow group and 112 per 50 um? for the high-fat diet group (p<0.03). In addition, basement membrane of RPE was thickened in apoE2 mice (dotted
arrows). Control, eyes in C57BL/6J mice; ApoE2-tg, eyes in human apolipoprotein E2 transgenic mice; ApoE2-tg (fat-1m), eyes in human apoE2 mice after

| month of high-fat diet.
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Fig. 2. Immunohistochemistry of PEDF, VEGF, bFGF, and ApoE in RPE of control and apoE2 transgenic mice.

In the figure, arrows indicate the RPE, and dotted arrows the choriocapillaris. PEDF expression was decreased in the RPE (arrows) and choriocapillaris
(dotted arrows) of apoE2 eyes. In apoE2 eyes on high-fat diet, PEDF expression on the choriocapillaris was nearly extinguished (the high fluorescence of the
figure indicates blood czlls, not vessels). VEGF and bFGF expression were markedly increased in the RPE (arrows) and choriocapillaris (dotted arrows) of
apoE2 eyes compared with control eyes (arrows). ApoE expression was increased in the RPE (arrows) and choriocapillaris (dotted arrows) of apoE2 eyes.

Magrification 400x. Le gends are the same as in Fig. 1.

diet. Typical images are shown in Fig. 1. Extracellular lipid
deposits appeared as homogeneous basement membrane-
like material, and basal laminar deposit was located in
Bruch’s membrane in apoE2 transgenic mice. In addition,
increased lipid accumulation was consistently observed in
RPE cells (Fig. 1, short arrow). ApoE2 eyes from mice on
the high-fat diet showed more lipid accumulations than
apoE2 eyes from raice on normal chow. Strikingly, no lipid
accumulations were found in the C57BL/6J mice even
after 1 month on the high-fat diet. Eyes from apoE mice
fed normal chow contained 82 lipid deposits per 50 pm?,
and eyes from apoE mice fed the high-fat diet contained
1122 lipid deposits per 50 pm? (p<0.05).

Immunohistochemical Localization of apoE, bFGEF,
PEDF, and VEG~

The expression pattern of apoE was immunohistochemically
locelized to RPE cells and choroids in both control and
apoE2 eyes, and the expression levels were increased in
apoE2 eyes, especially after high-fat diet, compared with
control eyes. The localization patterns of apoE in eyes were in
accordance with previously reported RT-PCR data. All apoE2
eyes were found tc express a high level of apoE in the area of
lipid accumulation (data not shown). The expression levels of
VEGEF, bFGF, and PEDF were also assessed. VEGF and
bFGF are growth actors whose expressions are upregulated,
whereas PEDF expression is known to be downregulated during
angiogenesis. Incrzased VEGF and decreased PEDF levels
have been found in the eyes of patients with AMD. VEGF,
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bFGF
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Fig. 3. Effect of LDL or VLDL treatment in ARPE-19 on
expression of PEDF, VEGF, and bFGF.

With the treatment of LDL or VLDL, VEGF and bFGF expression
increased in a dose-dependent manner. However, PEDF expression did not
change by LDL or VLDL treatment. B-Actin served as the loading control.
Each test was performed in triplicate.
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bFGF, and PEDF were all expressed in both control and
apoE2 eyes, but VEGF and bFGF expression was increased
in the choriocapillaris of apoE2 eyes compared with
control eyes, and bFGF expression was further elevated
after high-fat diet. PEDF expression appeared to be slightly
decreased in apoE2 eyes compared with control eyes.

Effects of Lipoprotein Treatments in ARPE-16 Cell Line
To examine whether lipoproteins carrying plasma lipids
could affect the expression of angiogenesis-related molecular
markers in the retina, we incubated cultured retinal pigment
epithelium with isolated lipoprotein particles including VLDL
and LDL. The VEGF induction was not affected at 50 ug/ml
but was elevated at 100 to 200 pg/ml concentrations of LDL
particles. VEGF expression was mild, but dose dependently
induced after VLDL incubation. bFGF was dramatically
induced at high levels of VLDL concentrations but bFGF was
mildly induced at 50 and 100 pg/ml LDL. Both VLDL and
LDL incubation did not appear to change PEDF expression.

DISCUSSION

We have shown that human apoE2 transgenic mice display
drusen-like extracellular lipid accumulations and increased
levels of VEGF and bFGF in eyes, which are typical traits
of AMD. Our results showed that human apoE2 transgenic
mice could be used as a mouse model of AMD, and suggest
the significance of the apoE allele in the etiology of AMD.
Additionally, in cultured retina pigmented epithelial cells,
VEGF and bFGF expressions were increased by both
VLDL and LDL incubation.

ApoE is a surface component of lipoprotein particles
including VLDL and LDL and is a ligand for lipoprotein
uptake by hepatic receptors (LDL receptor and LDL
receptor-related protein) [6]. ApoE produced in the liver
accounts for approximately two-thirds of plasma apoE,
although apoE is produced in most other organs, including
eyes. ApoE is a polymorphic protein that has three common
alleles (€2, €3, €4) at a single gene locus. These alleles are
responsible for six phenotypes, three homozygous (E2/2,
E3/3, E4/4) and three heterozygous (E3/2, E4/2, E4/3).
The apoE3 allele is the most common allele in the general
population. Molecular epidemiologic studies have consistently
found that ApoE4 has a mild protective effect against
AMD; however, the role of the apoE2 allele in the
development of AMD is less clear from the epidemiologic
data. Combined results from four case-control studies
found evidence that the apoE2 allele increases the risk of
AMD in men, but not women (OR for men 1.54, 95% CI
0.97-2.45; OR for women 0.74, 95% CI 0.52-1.06) [36],
and two case-control studies reported moderately increased
risk of AMD in individuals with the apoE2 allele {19, 38].
These mixed results may result from the complicated lipid

profile in persons with the apoE2 allele, and more studies
are required to elucidate the relationship between the
apoE2 allele and AMD prevalence.

The lipid profile of individuals with the apoE2 allele is
interesting, In humans, individuals either homozygous or
heterozygous for apoE2, in general, show lower levels of
total and LDL cholesterol levels than the average population
[42]. Accordingly, these persons have a low incidence of
coronary heart disease. However, approximately 5% of apoE2
homozygotes develop type III hyperlipidemia, accumulating
chylomicron remnants in the circulation, and these patients
are at high risk for developing atherosclerosis and coronary
heart disease [27]. Since AMD prevalence is correlated with
atherosclerosis and hyperlipidemia, it is possible that only
individuals homozygous for apoE2 with type III hyperlipidemia
are at high risk for AMD. In fact, epidemiologic studies have
not controlled for hyperlipidemia status, which might confound
the true association of the apoE2 allele with AMD prevalence.

In mice, when mouse apoE is replaced with human apoE2,
nearly 100% of the mice develop type III hyperlipidemia
with impaired removal of hepatic chylomicron remnants
[25, 39]. As a result, their total cholesterol and triglyceride
levels are approximately five times higher than the levels
of control mice [25], and these mice are highly prone to
develop atherosclerosis and have a short lifespan.

Based on evidence from the epidemiologic studies and the
apparent hyperlipidemic characteristics of apoE?2 transgenic
mice, we reasoned that apoE2 transgenic mice could be a
useful animal model for AMD. To test this supposition, we
investigated the presence of basal lipid accumulation in the
retinas of control and apoE2 mice using electron microscopy.
The lipid accumulation was found exclusively in apoE2
eyes, and not in C57BL/6] control eyes, and the number of
lipid accumulations was further increased in apoE2 mice
after four weeks of a high-fat diet. Lipid accumulations
were found in RPE cells, choroid capillaries, and Bruch’s
membrane, a distribution pattern that suggests that the
lipid accumulations in our results are comparable to the
extracellular drusen deposits often found in human AMD.

Interestingly, apoE expression levels were also correlated
with lipid accumulation in our data, and apoE levels were
elevated, especially after high-fat diet. This suggests that
the lipid accumulation could be due to an altered expression
of apoE, whose major function is as a ligand for the LDL
receptor for lipoprotein clearance. In the coronary vessel,
lipid accumulation is correlated with apoE deposition in
atherosclerotic fatty streak lesions [3]. Considering that the
apoE2 allele has lost almost all binding affinity for the
LDL receptor, the extracellular lipid accumulation in apoE2
eyes might have a close connection with the dysfunctional
binding of apoE2 to the LDL receptor. In vitro, ApoE2
retains only 2-3% of the wild-type apoE binding affinity
for the LDL receptor [9, 10, 40]. Others have also reported
that transgenic mice expressing human apoE3-Leiden,
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which also has markedly reduced binding affinity for the
LDL receptor [14], and LDL receptor-deficient mice show
lipid accumulations in the eyes [22, 35]; the similarity
to our data suggests the importance of the apoE-LDL
receptor-mediated lipoprotein clearance pathway for this
process. However, intriguingly, lipid accumulation was not
observed in apoE-deficient mice, although these mice are
severely hyperlipicemic and lack the apoE-LDL receptor
lipoprotein clearance pathway [22]. We do not have a clear
explanation for the phenotype of the apoE-deficient mice;
however, it might be associated with the blunted angiogenic
response in apoE-deficient mice [33]. One study showed
that apoE-deficiert mice did not upregulate VEGF in
response to ischemic conditions, the physiological stimulus
for angiogenesis. ' is possible that the reduced angiogenic
sensitivity of apoki-deficient mice might reduce the lipid
accumulation in eyes that is associated with AMD.

In many AMD cases, growing blood vessels are found in
the central retina, ¢énd the expression of neovascularization
biomarkers are altered in the eyes. Thus, VEGF and bFGF
expressions are elevated in the eyes of AMD patients as
they were in our apoE2 transgenic mice. Although the
presence and disribution of lipid accumulation were
distinctive and bFGF/VEGF expression was upregulated
in the apoE2 eyes, PEDF expression was only slightly
downregulated in "he apoE2 eyes compared with controls.
In the current stucy, some mice consumed a high-fat diet
for cne month, and the excess lipoproteins present following
the prolonged high- fat treatment may augment the angiogenic
signals in the apoE 2 eyes compared with controls.

In conclusion, thz present study demonstrated that the eyes
of apoE2 mice show typical AMD-like extracellular lipid
accumulations, making these mice suitable as an animal model
of AMD. Lipid accumulation may be due to the impaired
binding affinity of apoE2 to the LDL receptor, in line with other
suggested AMD animal models. The expression profile of
VEGF and bFGF on RPE cells suggests that apoE2 may induce
neovascularizatior. by altering angiogenic cytokines.
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