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Beta-amyloid (AB) derived from amyloid precursor protein (APP) has been associated with retinal degen-
eration in Alzheimer’s disease (AD) and glaucoma. This study examined whether hypoxia exposure
induces AB accumulation in RGC-5 cells. While levels of APP mRNA and protein significantly increased
in the cells, elevated abundance of AR was also observed in cells and culture medium between 12 or
24 and 48 h after 5% O, hypoxia treatment. Additionally, there is a close relationship between induction
of APP and AP and intracellular accumulation of ROS along with loss of mitochondrial membrane poten-
tial followed by the death of RGC-5 cells in culture under hypoxia. These results suggest a possible
involvement of APP and Ap in the death of RGCs challenged by hypoxia.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

AB, a short peptide of 39-43 amino acid residues in length, is
known as the major component of amyloid plaques in the brain
of Alzheimer’s disease (AD) [1]. The most common forms of AB
are ABi_40 and ABq_4p, which are derived from APP following the
proteolytic cleavage mediated by the orchestration of a group of
different enzymes [1,2]. Studies have shown that AB;_4¢ is more
abundant than ABj_4; in AD brain, whereas AB;_4, appears more
fibrillogenic and toxic than AB;_40 [3]. AP directly induces oxidative
stress and causes both apoptotic and necrotic types of neuronal cell
death in vitro and in vivo [4,5]. Since a decade ago, accumulation of
Ap has been associated with glaucomatous degeneration of retinal
ganglion cell (RGC) [6]. Recently we and others have further dem-
onstrated that AB deposition in the retina is associated with loss of
RGC and thinning of entire retina in AD [7,8]. These findings sug-
gest that AR might play an important role in the pathogenesis of
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retinal degeneration that is commonly found in glaucoma, AD,
and other age-related vision impairments.

Retinal hypoxia is a common pathophysiological mechanism
underlying a broad spectrum of sight-threatening disorders includ-
ing glaucoma and ischemic occlusion of retinal artery or vein [9].
Systemic or neurological complications leading to retinal hypoper-
fusion such as diabetes and AD induce hypoxia in the retina as well
[7,10]. In glaucoma, hypoxia is the major mediator responsible for
RGC loss [9,11]. In addition to the direct toxicity to mitochondrial
function, hypoxic or ischemic stress markedly induces accumula-
tion of AB in the central nervous system both in vivo and in vitro
through upregulating APP expression directly or altering other reg-
ulators in the metabolic pathways of APP and AB [12,13]. Until now
it still remains unclear whether hypoxia directly induces A accu-
mulation in the retinal cells and its relevance for the death of RGCs.
We therefore studied expression of APP along with accumulation
of AB in RGC-5 cells in relation to cell death following hypoxia
exposures.

2. Materials and methods
2.1. Cell culture and hypoxia treatment

The RGC-5 cell, a widely used cell line that has been character-
ized as expressing RGC markers and exhibiting ganglion cell-like
behavior in culture [14], was a kind gift previously from Dr. Neeraj
Agarwal (Department of Cell Biology and Genetics, UNT Health
Science Center, Fort Worth, TX). Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine
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serum, 2 mM GlutaMax (Invitrogen, Carlsbad, CA), 0.1% PenStrep
(Invitrogen) in a humidified atmosphere containing 5% CO, at
37 °C. Cultured cells in 10 cm plates were split by trypsinization
every 3 or 4 days. Cell passages within 10-20 were used for the
experiments. The hypoxia condition was achieved by a hypoxia cell
culture chamber (Stemcell Technologies, Vancouver, BC, Canada)
with 5% 0,, 5% CO, and 90% N, supply regulated by an atmospheric
pressure control system (Guangkong Automation Equipment Co.,
Guangzhou, China). For live cell assay and immunocytochemistry
(ICC), cells were grown on 4-well chamber slides. Following 12—
48 h cultured in the hypoxic condition, cells were either directly
assayed or fixed with 4% paraformaldehyde for immunocytochem-
istry (ICC) or harvested for isolation of total RNA for qRT-PCR and
preparation of whole cell lysates for Western blot. Cells cultured
in normal air with 5% CO, were used as controls.

2.2. Immunocytochemistry

ICC on fixed cells was performed as described [15]. Briefly, cells
were incubated with a universal blocking buffer to minimize non-
specific binding prior to overnight incubation with a primary anti-
body diluted in 1 x PBS at 4 °C. Dilutions of primary antibodies
were: Ab1, rabbit anti-APP (Affinity Bioreagents, Golden, CO),
1:100; 6E10, mouse anti-APP and AB (Covance, Denver, PA),
1:1000; and 12F4, mouse anti-AB4; (Covance, Denver, PA), 1:2000.
Immunoreactivity was examined by fluorescence microscopy fol-
lowing incubation with an Alexa Fluor 488- or 594-conjugated
anti-mouse or rabbit secondary antibody (Invitrogen, 1:1000) and
nuclear counterstaining using Hoechst 33342 (Invitrogen). A nega-
tive control was performed with omitting a primary antibody. Fluo-
rescence micrographs were captured using a Zeiss LSM 510 confocal
microscope or a Leica DLMB fluorescence microscope.

2.3. ELISA assay for AB4

The levels of AB4, in the cell culture medium were examined by
ELISA using a commercial Rat AB4, ELISA kit (Wako, Osaka, Japan)
according to the manufacturer’s protocol. This ELISA system uses
monoclonal antibody BNT77, which recognizes an epitope of
AB(11-28) and is precoated on 96-well surface for capture of
ABx_42, and monoclonal antibody BCO5, which specifically detects
the C-terminal portion of AB4,. 100 pl of cell culture medium from
each sample was assayed in the study.

2.4. Western blot

Western blotting was conducted as described [15]. Briefly,
about 35-40 g total protein of cell lysates were denatured and re-
solved on a 10% SDS-poly acrylamide gel, transferred to a PVDF
membrane (Millipore, Temecula, CA), briefly incubated in Blotto
blocking buffer containing Tween 20 (0.1% v/v, PBST) and 5% (w/
v) milk to block non-specific binding followed by overnight incuba-
tion with a primary antibody in 5% milk powder in PBST at 4 °C.
Dilutions of primary antibodies were: mouse anti-GAPDH (mouse
monoclonal IgG, Kangcheng, Shanghai, China), 1:500; and rabbit
anti-APP polyclonal IgG (Cell Signaling, Danvers, MA), 1:500. The
blotting results on the membranes were visualized by the
enhanced chemiluminescence detection system (Cell Signaling,
Danvers, MA) following 1h incubation with a horse radish
peroxidase-conjugated secondary antibody in RT and washing.
Immunoblot pixel intensity was quantified using Image J software.

2.5. Real-time qRT-PCR

Total RNA was isolated using Trizol (Invitrogen) according to the
manufacturer’s instruction and treated with DNase I (Sigma, St.

Louis, MO) to remove possible DNA contamination. cDNA was syn-
thesized using the PrimeScript RT reagent Kit (Takara, Tokyo, Japan)
following the manufacturer’s manual. qRT-PCR was performed on
an ABI Prism 7000 Real-Time PCR System (Applied Biosystems, Fos-
ter City, CA) using the SYBR Premix Ex Taq (Takara). A PCR reaction
(20 pl) contained cDNA template (approximately 50 ng), SYBR Pre-
mix Ex Taq (10 pl), forward and reverse primers (0.2 pm each) for
the control (B-actin, forward: 5'-GGAGAT TACTGCCCTGGCTCCTA-
3, reverse: 5'-GACTCATCGTACTCCTGCTTGCT G-3) or APP (forward,
5-CCAGCCAGTGACCATCCAGA-3’, reverse: 5'-GCATCGCTTACAAACT
CACCA-3'), and ROX Reference Dye (0.4 pul). The PCR reactions were
subjected to 40 cycles (95 °C, 10s, 1x; 95°C, 55, 60 °C, 31 s, 40x)
followed by melting curve analysis and agarose gel resolution of
PCR product to confirm the specificity of PCR reaction as described
[15,16]. Following determination of the cycle threshold (CT) by
the PCR system, the abundance of the interest gene related to the
internal control of housekeeper (B-actin), was quantified using the
AACT method as described [17], in which ACT is calculated from
CTinterest_CTBfactin and AACT = ACTinterest_ACTcontrob

2.6. TdT-mediated dUTP nick end-labeling (TUNEL)

TUNEL was performed using an in situ cell death detection kit
from Roche as described [15]. For double-labeling cells were incu-
bated in blocking buffer for 30 min at room temperature followed
by 6E10 antibody (1:1000) for AR and an Alexa Fluor 594-conju-
gated secondary antibody against mouse IgG (1:1000, Invitrogen)
for microscopic visualization.

2.7. Measurement of intracellular ROS

Intracellular ROS was measured using a fluorescent probe oro-
dihydrofluorescein diacetate (H2DCFDA, Invitrogen) as described
[18]. Briefly, RGC-5 cells were grown in 35-mm-diameter Petri
dishes at an initial density of 10 cells/ml and kept in the hypoxia
chamber for indicated periods. The cells were washed with PBS
twice prior to incubation with freshly prepared H2DCFDA (10 uM
in medium) at 37 °C in dark for 30 min. Cells were then immedi-
ately analyzed following PBS wash twice by confocal microscopy
(100 M; Carl Zeiss, Jena, Germany) at an excitation wavelength of
488 nm and an emission wavelength of 530 nm. The image results
were quantified using Image-Pro-Plus software.

2.8. Flow cytometric analyses for mitochondrial membrane potential
and annexin V binding

Mitochondrial membrane potential of cells was assayed using
the fluorescent dye JC-1 (invitrogen) and quantified by flow cytom-
etry. Briefly, treated cells were trypsinized and suspended at the
density of 2 x 10° cells/ml and incubated with JC-1 (1 pg/ml) in
serum-free DMEM for 30 min at 37 °C in dark. Cells were then
rinsed twice with PBS and analyzed immediately in FACS-400
(BD Bioscience, San Jose, CA) at ex 488 nm, em 530 nm for green
and em 590 nm for red fluorescence. Apoptosis in the RGC-5 fol-
lowing hypoxia was measured by using the Annexin V-FITC/PI
Detection Kit (Keygen, Nanjing, China) according to the manufac-
turer’s directions. RGC-5 cells were harvested, washed with PBS,
re-suspended in the binding buffer from the kit (10° cells/ml),
and mixed with annexin V-FITC (5 pl) and PI (5 pl). 15 min after
incubation at RT in dark, cells were immediately analyzed by flow
cytometry using FACS-400. The percentages of apoptotic or necro-
tic cells were determined from the number of annexin-V(+):PI(+)
or annexin-V(—):PI(+) cells relative to the total number of cells,
respectively.

All assays were performed in triplicate or up to five replica and
data were expressed as the mean * S.E.M. Statistical analysis was
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performed using Student’s t-test, one way ANOVA. A value of
p < 0.05 was considered to be statistically significant.

3. Results
3.1. Hypoxia induces APP and Ap proteins in RGC-5 cells in culture

Real-time qRT-PCR revealed a significant increase in APP mRNA
level in RGC-5 cells starting at 24 h and almost quadrupled relative
to B-actin control at 48 h after 5% oxygen hypoxia (Fig. 1A). This
was further corroborated by the Western blots showing increased
immunoreactivity of APP protein in the whole lysates of RGC-5
cells by 12 h after hypoxia (Fig. 1B), which followed same trend
as APP mRNA induction and coincided with elevation of AB4, levels
in the culture media at corresponding time courses following hy-
poxia exposures. Immunocytochemistry using two specific anti-
bodies against APP or AB revealed markedly increased
immunoreactivity of APP as well as AB deposits 48 h after hypoxia
(Fig. 1C). By contrast, only a very light basal level of APP, without
AB, was detected in the control cells (Fig. 1D).

3.2. Hypoxia induces accumulation of ROS and mitochondrial stress in
relation to death of RGC-5 cells in culture

ApB triggers ROS production and mitochondrial stress, and ulti-
mately leads to neuronal damage both structurally and function-
ally [19,20]. Normally ROS was undetectable in the control cells,
whereas noticeably increased abundance of ROS was found 24-
48 h in RGC-5 cells following hypoxia (Fig. 2A top row and B). Fur-
thermore, when assayed with JC-1 fluorescent dye, a commonly
used mitochondrial membrane potential indicator, flow cytometry
revealed a dramatic loss of mitochondrial membrane potential in
the cells along with time of hypoxia (Fig. 2A bottom row and C),
suggesting mitochondrial stress and cell damage resulting from
hypoxia. This was further corroborated by the detection of in-
creased cell death with or without elevation of membrane
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phospholipid phosphatidylserine (PS) externalization as demon-
strated by flow cytometric analysis following double-labeling with
propidium iodide (PI) and FITC-annexin V (Fig. 3A). Importantly,
double-label immunofluorescence microscopy further confirmed
association of AR accumulation with cell death by the identification
of AB4; immunoreactivity in TUNEL-positive cells using dual
immunofluorescence microscopy (Fig. 3C).

4. Discussion

Current study has demonstrated an increase in abundance of
APP and AP peptides in RGC-5 cells following 5% oxygen hypoxia
treatment. Increased protein level apparently results, at least in
part, from transcriptional induction of APP gene [21,22], which is
consistent with the observations in RGC-5 cells following chemical
hypoxia mediated by cobalt chloride treatment [23]. There was a
close correlation between accumulation of APP and AB and induc-
tion of ROS and mitochondrial stress, which was further linked
with the sign of cell death demonstrated by the detection of annex-
in V externaliztion and the presence of TUNEL-stained nuclei con-
sistent with apoptosis. Interestingly, the number of dying cells
with absence of annexin V externalization was sharply increased
at 48 h after hypoxia, at which AR abundance elevated both intra-
and extra-cellularly. Previous studies have documented both ne-
crotic and apoptotic types of cell death induced by AB, which were
mainly through induction of ROS and mitochondrial stress, in the
central nervous system [24]. In the present study accumulation
of APP/AB and ROS along with a dramatic loss of mitochondrial
membrane potential was simultaneously detected after certain hy-
poxia exposures. Our findings suggest a possible role of Ap in the
loss of RGCs in response to hypoxic stress. In fact, immunotherapy
that targets AP efficiently ameliorated RGC loss in rats induced by
elevated intraocular pressure [25] and protected retina from
degeneration in AD mice (Li and Tan, unpublished observations).
Additional studies are therefore warranted to characterize the
temporal changes of APP and Ap in matured RGCs and the
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Fig. 1. Increased APP expression and AB in RGC-5 cells in culture under hypoxia. Induction of APP mRNA determined by real-time qRT-PCR (A) and APP protein by Western
blotting (B) in RGC-5 cell in culture between 12 and 48 h under hypoxia. (C) ELISA reveals increase levels of AB in the culture media between 24 and 48 h under hypoxia. (D)
Dual immunofluorescence detects increased immunoreactivity of APP (green) and Ap (red) and a low background signal in RGC-5 cells 48 h after hypoxia and control,
respectively. Nuclei were counterstained in blue with Hoechst 33342. Quantitation is depicted as mean * S.E.M. at indicated times after hypoxia. C, control, *p < 0.05, N = 3.
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Fig. 2. Induction of ROS and changes in mitochondrial membrane potential in RGC-5 cells by hypoxia. (A) Intracellular accumulation of ROS detected by fluorescence
microscopy following H2DCFDA labeling (top row) and loss of mitochondrial membrane analyzed by FACS following JC-1 staining (bottom row) in RGC-5 cells under hypoxia.
Relative abundance of ROS (B) and the results of FACS analysis (C) are quantified and depicted as mean + S.E.M.. *p < 0.05.
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Fig. 3. Death of RGC-5 cells is associated with A in culture under hypoxia. (A). Flow cytometry demonstrates increased both annexin-V-negative (Q1, red box) and annexin-
V-positive (Q2, blue box) in cells following annexin-V-FITC/PI labeling at indicated times after hypoxia. (B) Quantitation of annexin-V-negative (left panel) and annexin-V-
positive (right panel) cell death indicates remarkable increases in two different types of cell death under hypoxia. The results are depicted as mean * S.E.M.. C, control.
*p <0.05, N = 4-5. (C) Double-label immunofluorescence reveals TUNEL-positive (green) cells with prominent A immunoreactivity (red).

relevance for RGC loss in vivo under glaucomatous or other ische-
mic conditions.

In conclusion, the present study has clearly demonstrated
induction of APP and AP associated with accumulation of ROS
and mitochondrial stress along with death of RGC-5 cells in culture
under hypoxia. These observations provide further support for a
possible role of APP and A in the pathogenesis of glaucoma as well
as other neurodegenerative disorders in the retina.
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