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PURPOSE. Oxidative stress of the retinal pigment epithelium by
reactive oxygen species and monocytic infiltration have been
implicated in age-related macular degeneration. The purpose
of this study was to determine the role of superoxide anions
(O2

�) in mononuclear phagocyte-induced RPE apoptosis.

METHODS. Mouse RPE cell cultures were established from wild-
type and heterozygous superoxide dismutase 2-knockout
(Sod2�/�) mice. The intracellular reactive oxygen species,
O2

� and hydrogen peroxide, were measured by using dihydro-
ethidium assay and 5-(and 6)-chloromethyl-2�,7�-dichlorodihy-
drofluorescence diacetate, acetyl ester assay, respectively. RPE
apoptosis was evaluated by Hoechst staining and terminal de-
oxynucleotidyltransferase dUTP nick-end labeling assay.
Changes in mitochondrial membrane potential were detected
by 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimidazolylcar-
bocyanine iodide dye. Activated caspases and caspase-3 were
detected in situ by FITC-VAD-fmk staining and caspase-3 sub-
strate, respectively.

RESULTS. Mononuclear phagocytes and interferon-�–activated
mononuclear phagocytes induced the production of intracel-
lular RPE O2

�, a decrease in RPE mitochondrial membrane
potential, caspase activation, and apoptosis of mouse RPE cells.
All theses changes were significantly enhanced in the Sod2�/�

RPE cells. Activated mononuclear phagocytes induced more of
these oxidative and apoptotic changes in RPE cells than did
unstimulated mononuclear phagocytes.

CONCLUSIONS. The authors have shown that the decreased ex-
pression of SOD2 and increased superoxide production corre-
late with RPE apoptosis induced by unstimulated and activated
mononuclear phagocytes. The authors suggest that elevated
O2

� levels due to genetic abnormalities of SOD2 or immuno-
logic activation of mononuclear phagocytes lead to greater
levels of RPE apoptosis. The present study could serve as a
useful model to characterize RPE/phagocyte interaction in
AMD and other retinal diseases. (Invest Ophthalmol Vis Sci.
2009;50:4998–5005) DOI:10.1167/iovs.09-3620

Oxidative stress from reactive oxygen species (ROS) is
considered to be one of the major factors involved in the

apoptotic retinal pigment epithelial (RPE) death that underlies
age-related macular degeneration (AMD).1–3 In addition, low-
grade inflammation is recognized to play a role in the patho-
genesis of AMD.4–13 The inflammatory response in AMD le-
sions is characterized by an infiltration of the blood-retina
barrier, including the RPE layer by leukocytes, mainly mono-
nuclear phagocytes and lymphocytes.8,12,14–16 The retinal pig-
ment epithelium, which forms the outer blood-retina barrier,
separates the neural retina from its choroidal blood supply and
maintains a physiological environment for photoreceptor func-
tion. The retinal pigment epithelium is considered a primary
target in the development of AMD.2,10,17–24 Although break-
down of the RPE barrier and monocytic infiltration are hall-
marks of AMD, RPE-mononuclear phagocyte interactions re-
main poorly understood.

Activated mononuclear phagocytes have the capacity to
direct apoptosis of various kinds of cells.25–33 Although oxida-
tive stress from ROS has been studied in RPE cells in vitro and
oxidative damage has been associated with AMD, little is
known about the mechanisms for the development of the
disease. We previously exposed cultured human RPE cells to a
natural stimulus—monocyte binding—and found that direct
interactions between cultured human RPE cells and interferon
(IFN)-�–activated monocytes promote RPE cell apoptosis and
induce ROS within human RPE cells.33 However, the apoptotic
mechanisms by which mononuclear phagocytes influence RPE
cell death have not been described.

The major endogenous source of ROS is mitochon-
dria.2,34,35 Under normal aerobic conditions, between 0.4%
and 4% of molecular oxygen is converted to superoxide anions
(O2

�).36 Superoxide dismutase 2 (SOD2) is localized in the
mitochondrial matrix and catalyzes the conversion of O2

� and
water to hydrogen peroxide (H2O2), which is the first step in
metabolic defense against cellular oxidative stress.37 Several
studies showed that the deficiency of SOD2 has been impli-
cated in apoptotic cell death.20,38–46 The homozygous SOD2-
knockout mutants survive for only 3 to 18 days.20,42,43 In
heterozygous SOD2-knockout (Sod2�/�) mice, SOD2 protein
expression in RPE cells was roughly half that of the wild-type
(WT) levels, and SOD2 activity was 60% lower than that of WT
controls.20,38 This Sod2�/� model is comparable to decreased
antioxidant status during aging and may provide insight into
the mechanisms of AMD. Indeed, previous studies showed that
the RPE cells derived from Sod2�/� mice were more suscep-
tible to H2O2-induced cell death than were those derived from
WT controls.20,38

To our knowledge, the role of SOD2 in the regulation of
RPE apoptosis induced by mononuclear phagocytes has not
been evaluated. In this study, we investigated the protective
role of SOD2 in mononuclear phagocyte-induced oxidative
stress and apoptosis by comparing RPE cells derived from WT
with Sod2�/� mice.
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METHODS

Materials
Poly-D-lysine–coated 96-well plates and Hoechst 33342 were pur-
chased from Sigma-Aldrich (St. Louis, MO). Recombinant mouse IFN-�
was purchased from PeproTech, Inc. (Rocky Hill, NJ). Five-(and 6)-
chloromethyl-2�,7�-dichlorodihydrofluorescence diacetate, acetyl ester
(CM-H2DCFDA), 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimida-
zolylcarbocyanine iodide (JC-1), and 5-chloromethylfluorescein diac-
etate (CMFDA) were purchased from Molecular Probes (CellTracker
Green; Eugene, OR). Fluorescein isothiocyanate-Val-Ala-Asp-fluorom-
ethyl ketone (FITC-VAD-fmk) was purchased from Promega (Madison,
WI). A caspase-3 assay kit was purchased from Biotium, Inc. (NucView
488; Hayward, CA). A cell death detection kit was purchased from
Roche Applied Science (In Situ Cell Death Detection Kit, Fluorescein;
Indianapolis, IN). Phycoerythrin-conjugated F4/80 antibody and phy-
coerythrin-conjugated isotype control were purchased from eBio-
science, Inc. (San Diego, CA). All other reagents were purchased from
Sigma-Aldrich or Invitrogen (Carlsbad, CA).

Mice
Sod2�/� mice were obtained from the Jackson Laboratory (Bar Harbor,
ME; stock no. 002973, strain B6.129S7-Sod2tm1Leb) and were fed stan-
dard laboratory chow and water ad libitum. To minimize genetic
variations, Sod2�/� and WT mice were initially derived from breeding
two heterozygous knockout mice. Polymerase chain reaction analysis
was used for genotyping the offspring, as described previously.20,45

Three- to 8-month-old C57BL/6 mice were purchased from the Jackson
Laboratory and were used for preparation of bone marrow-derived
mononuclear phagocytes (BMDM�). All animals used were maintained
and treated in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

RPE Cell Culture
Mouse RPE cells were isolated from eyes obtained from 1-year-old WT
and Sod2�/� mice.20 Kasahara et al.20 found that mouse RPE cells from
1-year-old Sod2�/� mice were more susceptible to H2O2-induced ap-
optosis than controls. The rationale for using 1-year-old Sod2�/� mice
was that RPE cells isolated from these mice are susceptible to oxidative
stress and can grow in cell cultures. RPE cells isolated from Sod2�/�

mice older than 1-year-old are too fragile, and it is difficult for them to
survive in cell cultures because of cumulative oxidative injury. Purity of
the cells was verified by immunostaining with antibody to RPE65, a
specific marker for RPE, and the SOD2 level was determined by
Western blot analysis.20 These cells were cultured in Dulbecco modi-
fied essential medium (DMEM)/F12 with 15% fetal bovine serum (FBS)
at 37°C in a 5% CO2 environment. RPE cells isolated from at least three
pairs of WT and Sod2�/� mice were used for each experiment. RPE
cells at passages 2 to 6 were plated on 96-well plates at a density of 5 �
103 cells/well, 8-well chamber slides at a density of 1 � 104 cells/well,
and 22 � 22-mm glass coverslips in 35-mm culture dishes at a density
of 2.5 � 104 cells/coverslip. The RPE cells were grown in phenol
red-free DMEM/F12 with 15% fetal bovine serum to 70% to 90%
confluence until use.

Preparation of BMDM�

Bone marrow was isolated from femurs and tibias of C57BL/6 mice.
After bone marrow was collected, the tissue was suspended and passed
through a 70-�m cell strainer. BMDM� were matured for 7 days at 37°C
in Roswell Park Memorial Institute (RPMI) 1640 medium with 10% FBS,
10% horse serum, and 20% L-conditioned medium derived from the cell
line L929, as described.26,27 Matured BMDM� were verified by immu-
nostaining with antibody to F4/80, a specific marker for M�.

RPE Coculture with BMDM�

RPE cells were prelabeled with CMFDA (CellTracker Green; Molecular
Probes),33 and BMDM� were added to cultured RPE cells in a 2:1 ratio.

Experiments were conducted in Hanks’ balanced salt solutions (HBSS)/
N-(2-hydroxyethyl)piperazine-N�-(2-ethanesulfonic acid) (HEPES) or
DMEM/F12 medium. When desired, BMDM� were primed for 12 hours
with IFN-� (100 U/mL) before coculture with RPE in the presence of
IFN-� (100 U/mL). Unstimulated BMDM� were exposed to control
medium only. Cocultures were used for experiments involving apo-
ptosis, ROS production, activated caspases, and mitochondrial mem-
brane potential (��m).

Intracellular ROS Measurements

RPE cells were seeded into 96-well plates precoated with poly-D-lysine.
RPE cells were washed with HBSS/HEPES containing Ca2� and Mg2�

but without phenol red. Subsequently, the cells were incubated with 5
�M CM-H2DCFDA (for H2O2 measurements) for 1 hour or dihydro-
ethidium (for O2

� measurements) for 20 minutes at 37°C in the
dark.47–49 RPE cells were then washed and exposed to different treat-
ments. Fluorescence intensity was measured with a scanning fluorom-
eter (FlexStation; Molecular Devices, Sunnyvale, CA). For H2O2 mea-
surements, excitation and emission wavelengths were set to 495 nm
and 528 nm, respectively, and for O2

� measurements, excitation and
emission wavelengths were set to 518 nm and 605 nm, respectively.

Mitochondrial Membrane Potential Measurement

JC-1 dye was used to monitor ��m as previously described.50 In the
undamaged mitochondria, the aggregated dye appears as red fluores-
cence, whereas in the apoptotic cell with altered ��m, the dye remains
as monomers in the cytoplasm with diffuse green fluorescence. The
red/green fluorescence ratio is dependent on ��m. RPE cells were
loaded with JC-1 for 1 hour, washed, and exposed to different treat-
ments. Fluorescence intensity was measured with a scanning fluorom-
eter (FlexStation; Molecular Devices). For green fluorescence measure-
ments, excitation and emission wavelengths were set to 485 nm and
530 nm, respectively; for red fluorescence measurements, excitation
and emission wavelengths were set to 520 nm and 610 nm, respec-
tively.

Hoechst Fluorescence Staining in Living Cells

After challenge, cells were washed with HBSS/HEPES and then stained
with the membrane-permeable and nuclear-specific fluorescent dye
Hoechst 33342 (5 �g/mL in HBSS/HEPES) for 10 minutes in the dark at
room temperature. After two HBSS/HEPES washes (1 minute each), the
coverslips were mounted on microscope slides with HBSS/HEPES and
immediately viewed in an epifluorescence microscope (model E800;
Nikon, Melville, NY) using an ultraviolet filter set. Digital images were
collected with a cooled, CCD camera and the allied software (ACT;
Nikon). The stained RPE cells that exhibited nuclear condensation and
fragmentation were scored as apoptotic.

In Situ Staining of Activated Caspases in
Living Cells

After treatments, cells were stained for 1 hour with FITC-VAD-fmk,
according to the manufacturer’s protocol, and then washed to remove
unbound dye. Images were viewed and collected as described with an
FITC filter set.

Staining of Active Caspase-3 in Living Cells

Activated caspase-3 was measured by caspase-3 substrate (NucView
488; Biotium, Inc.), a cell membrane-permeable dye consisting of a
fluorogenic DNA dye and a DEVD substrate moiety specific for
caspase-3 according to procedures outlined in the manufacturer’s in-
structions. The fluorescence intensity of activated caspase-3 was mea-
sured by ImageJ software (developed by Wayne Rasband, National
Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/
ij/index.html).
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TUNEL Staining

After treatments, cells were fixed with 3.7% paraformaldehyde in
phosphate-buffered saline and subjected to terminal deoxynucleotidyl-
transferase dUTP nick-end labeling (TUNEL) staining using the cell
death detection kit (In Situ Cell Death Detection Kit; Roche Applied
Science) according to the manufacturer’s protocol. Apoptotic RPE cells
were identified and counted.

Statistical Analysis

Data were expressed as mean � SE and evaluated by Student’s un-
paired t-test or one-way analysis of variance followed by a Newman-
Keul’s post hoc test. P � 0.05 was considered statistically significant.

RESULTS

Levels of O2
� and H2O2 in RPE Cells

RPE cells from Sod2�/� mice have reduced SOD2 protein
levels and enzymatic activity.20,38 To test the consequences of
reduced SOD2 protein levels and activity in ambient ROS
levels, we measured the intracellular ROS, O2

� and H2O2, by
using dihydroethidium assay and CM-H2DCFDA assay, respec-
tively. In Sod2�/� mice, the level of O2

� was 143% of that in
WT mice, whereas the level of H2O2 was 55% of that in WT
mice (Fig. 1). Consistent with lower expression of SOD2 pro-
tein and lower SOD2 activity, the level of O2

� in the Sod2�/�

RPE cells was significantly higher than that in the WT RPE cells
(P � 0.0001). In Sod2�/� RPE cells, the significant increase in
O2

� production and decrease in H2O2 production (P �
0.0001) were likely to be related to the decreased catalytic
activity mediating 2O2

� � 2H� 3 H2O2 � O2.

Mononuclear Phagocyte-Induced Apoptosis
Increased in RPE Cells Derived from
Sod2�/� Mice

To investigate whether mononuclear phagocytes could induce
mouse RPE apoptosis, WT RPE cells were exposed to mono-
nuclear phagocytes or IFN-�–activated mononuclear phago-
cytes, then evaluated using both Hoechst staining and TUNEL
analysis of DNA fragmentation. Figure 2 shows mouse WT RPE
cells cocultured with unstimulated mononuclear phagocytes
(Figs. 2A–C) or IFN-�–activated mononuclear phagocytes (Figs.
2D–F) for 24 hours. WT RPE cells, prelabeled with CMFDA
(CellTracker Green; Molecular Probes; Figs. 2A, 2D), are dis-
tinguished from mononuclear phagocytes (Fig. 2C) or IFN-�–
activated mononuclear phagocytes (Fig. 2F). Using Hoechst
33342 staining, apoptotic nuclei, a morphologic marker of cell
death, were observed under a fluorescent microscope. WT RPE
cells stimulated with mononuclear phagocytes (Figs. 2A–C) or

IFN-�–activated mononuclear phagocytes (Figs. 2D–F) exhib-
ited condensed nuclei (Figs. 2B, 2E; arrows). The number of
Sod2�/� RPE cells with nuclear condensation was approxi-
mately twice that of WT RPE cells. (Fig. 2G; P � 0.001).

RPE apoptosis induced by mononuclear phagocytes or ac-
tivated mononuclear phagocytes was confirmed by TUNEL
staining (Fig. 3). In WT mice, RPE cells exposed to mononu-
clear phagocytes (Fig. 3A) and IFN-�–activated mononuclear
phagocytes (Fig. 3B) showed 0.8% and 3.8% TUNEL-positive
cells (Fig. 3E), respectively. However, in Sod2�/� mice, signif-
icantly higher numbers of TUNEL-positive cells were observed
after mononuclear phagocytes (Fig. 3C) or IFN-�–activated
mononuclear phagocytes (Fig. 3D) were cocultured with RPE
cells to induce apoptosis (14.8% vs. 30.2%; Fig. 3E; both P �
0.001). Furthermore, cocultures of RPE with IFN-�–activated
mononuclear phagocytes caused a significant increase in
TUNEL-positive RPE cells compared with RPE cells cocultured

FIGURE 1. Levels of intracellular O2
� and H2O2 in mouse RPE cells.

Mouse WT and Sod2�/� RPE cells were assayed for intracellular ROS,
O2

� (A), and H2O2 (B) by using dihydroethidium assay and 5-(and
6)-chloromethyl-2�,7�-dichlorodihydrofluorescence diacetate, acetyl es-
ter assay, respectively. ***P � 0.0001 compared with WT.

FIGURE 2. Mononuclear phagocytes induce RPE apoptosis. Hoechst
33342 staining of WT RPE cocultured with unstimulated mononuclear
phagocytes (A–C) or with IFN-�–activated mononuclear phagocytes
(D–F). WT RPE cells were prelabeled with CMFDA (A, D). (C) Merged
image of prelabeled WT RPE cells (A, green) and nuclei (B, blue) of WT
RPE and unstimulated mononuclear phagocytes. (F) Merged image of
prelabeled WT RPE cells (D, green) and nuclei (E, blue) of WT RPE and
IFN-�–activated mononuclear phagocytes. WT RPE cells are distin-
guished from mononuclear phagocytes by merged images (C, F). (B, E,
arrows) Condensed WT RPE nuclei. Scale bar, 25 �m. (G) Percentage
of apoptotic nuclei of WT and Sod2�/� RPE cells exposed to unstimu-
lated mononuclear phagocytes (RPE/M�) or IFN-�–activated mononu-
clear phagocytes (RPE/M�/ IFN-�). ***P � 0.001 compared with WT;
##P � 0.01 compared with RPE/M�.
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with unstimulated mononuclear phagocytes (Fig. 3E; P �
0.001).

Mononuclear Phagocyte-Induced O2
� Production

Increased in RPE Cells Derived from
Sod2�/� Mice

Elevated intracellular ROS may play an important role in trig-
gering cell death.51–53 Therefore, we investigated the produc-
tion of O2

� in RPE cells exposed to mononuclear phagocytes
or IFN-�–activated mononuclear phagocytes by using dihydro-
ethidium assay. We first tested the effects of different durations
(1, 2, 3, 4, 8, 16 or 24 hours) on the O2

� production in WT RPE
cells treated by unstimulated and IFN-�–activated mononuclear
phagocytes. We found that the O2

� production in the RPE cells
significantly increased when RPE cells were treated with un-
stimulated or IFN-�–activated mononuclear phagocytes at 1, 2,
3, 4, 8, 16, or 24 hours compared with control RPE cells.
However, there were no further statistically significant in-

creases in intracellular O2
� production in RPE cells treated

with unstimulated or IFN-�–activated mononuclear phagocytes
at 2, 3, 4, 8, 16, or 24 hours compared with the same treatment
at 1 hour Therefore, we chose the 1-hour time point to mea-
sure O2

� production in WT and Sod2�/� RPE cells treated
with unstimulated or IFN-�–activated mononuclear phago-
cytes. As shown in Figure 4, mononuclear phagocytes and
IFN-�–activated mononuclear phagocytes significantly in-
creased O2

� production in WT RPE cells to 144.5% and
189.7%, respectively (both P � 0.001), in comparison with
controls. Mononuclear phagocytes and IFN-�–activated mono-
nuclear phagocytes also significantly increased O2

� produc-
tion in Sod2�/� RPE cells to 187.9% and 222.8%, respectively
(both P � 0.001). Basal O2

� levels were significantly higher in
RPE cells from Sod2�/� mice than those from WT mice (Fig.
1). In both WT and Sod2�/� RPE cells, the increase in the
extent of O2

� production was significantly higher in RPE cells
exposed to IFN-�–activated mononuclear phagocytes than
those exposed to unstimulated mononuclear phagocytes. IFN-�
alone did not significantly increase O2

� production by the RPE
cells from both WT and Sod2�/� mice (Fig. 4).

Mononuclear Phagocyte-Induced Loss of ��m
Enhanced in RPE Cells Derived from
Sod2�/� Mice

Changes in ��m are often associated with an early stage of
apoptosis.20,54–56 To establish whether O2

� production in-
duced by IFN-�–activated mononuclear phagocytes is coinci-
dent with changes in ��m during apoptosis, ��m was mea-
sured with the JC-1 probe. The ratio of red-to-green JC-1
fluorescence is dependent on the ��m.50 As shown in Figure 5,
the ratio of red-to-green JC-1 fluorescence was plotted against
time in WT and Sod2�/� RPE cells exposed to IFN-�–activated
mononuclear phagocytes. For WT RPE cells, the fluorescence
ratio started to decline after a 4-hour exposure to IFN-�–
activated mononuclear phagocytes. However, in Sod2�/� RPE
cells, the decline was first noted after 2 hours of incubation
with IFN-�–activated mononuclear phagocytes, although it was
not statistically significant. The ratios measured at 16 hours for
Sod2�/� RPE cells exposed to IFN-�–activated mononuclear
phagocytes (0.62 � 0.02) were significantly lower than those
(0.76 � 0.02) measured for WT RPE cells exposed to IFN-�–
activated mononuclear phagocytes (P � 0.01). Thus, SOD2
deficiency results in a greater loss of the ��m in the presence
of activated mononuclear phagocytes. The decreases in mito-
chondrial membrane potential are not significantly different
between WT and Sod2�/� RPE cells until 16 hours, suggesting

FIGURE 4. Decreased expression of SOD2 increases mononuclear
phagocyte-induced O2

� production. The production of O2
� in WT and

Sod2�/� RPE cells exposed to control medium (control), IFN-� (RPE/
IFN-�), unstimulated mononuclear phagocytes (RPE/M�), or IFN-�–
activated mononuclear phagocytes (RPE/M�/IFN-�). *P � 0.05, **P �
0.01, and ***P � 0.001 compared with WT; ###P � 0.001 compared
with its own control.

FIGURE 3. Decreased expression of SOD2 increases mononuclear
phagocyte-induced RPE apoptosis. TUNEL staining of WT (A, B) or
Sod2�/� (C, D) RPE cells cocultured with unstimulated mononuclear
phagocytes (A, C) or with IFN-�–activated mononuclear phagocytes
(B, D). Scale bar, 50 �m. (E) Percentage of TUNEL-positive WT and
Sod2�/� RPE cells exposed to unstimulated mononuclear phagocytes
(RPE/M�) or IFN-�–activated mononuclear phagocytes (RPE/M�/ IFN-
�). ***P � 0.001 compared with WT; ###P � 0.001 compared with
RPE/M�.
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that both mitochondria-dependent and mitochondria-indepen-
dent pathways may be operating in RPE apoptosis induced by
mononuclear phagocytes.

Mononuclear Phagocyte-Induced Activation of
Caspases Increased in RPE Cells Derived from
Sod2�/� Mice

Caspase activation has been implicated in RPE apoptosis in
response to various stimuli.2,33,38 Therefore, we first qualita-
tively examined whether caspases are activated in WT and
Sod2�/� RPE cells exposed to unstimulated mononuclear
phagocytes or activated mononuclear phagocytes. As seen in
Figure 6A, there was a marked increase in activated caspases in
RPE cells overlaid with unstimulated mononuclear phagocytes
(Figs. 6Ab, 6Ae) or activated mononuclear phagocytes (Figs.
6Ac, 6Af) compared with control RPE cells (Figs. 6Aa, 6Ad)
from WT and Sod2�/� mice. Moreover, Sod2�/� RPE cells
(Figs. 6Ad–Af) exhibited more caspase activation than WT RPE
cells (Figs. 6Aa–Ac). These data indicate that caspases are
activated during RPE apoptosis that is induced by mononuclear
phagocytes or activated mononuclear phagocytes and that
SOD2 deficiency is associated with higher levels of caspase
activation in RPE cells. Caspase activation was confirmed by a
second assay in which activated caspase-3 was measured by
caspase-3 substrate (NucView 488; Biotium, Inc.), a cell mem-
brane-permeable dye consisting of a fluorogenic DNA dye and
a DEVD substrate moiety specific for caspase-3. The non-
cleaved substrate, which is both nonfluorescent and nonfunc-
tional as a DNA dye, rapidly crosses the cell membrane to enter
the cell cytoplasm, where it is cleaved by activated caspase-3 to
release a high-affinity DNA dye that migrates to the cell nucleus
and binds to DNA, staining the nucleus green. Thus, the sub-
strate is bifunctional and is able to detect intracellular
caspase-3 activity and to stain the cell nucleus at the same time.
By using this assay, we detected significantly higher fluores-
cence intensity of activated caspase-3 in Sod2�/� RPE cells
exposed to activated mononuclear phagocytes (Figs. 6B, 6C;
P � 0.01).

DISCUSSION

Mononuclear phagocyte-induced RPE apoptosis is likely to be
involved in human diseases such as AMD, which is the leading

cause of blindness among people older than 60 in the devel-
oped world. We used a Sod2�/� mouse model to dissect the
role of ROS in RPE apoptosis induced by mononuclear phago-
cytes. Mononuclear phagocyte-induced RPE apoptosis was dra-
matically increased in RPE cells with reduced SOD2 expres-
sion. Mononuclear phagocyte-induced RPE apoptosis involved
enhanced intracellular O2

� generation, loss of ��m, and
caspase activation, all which were enhanced when mononu-
clear phagocytes were activated with IFN-�.

There is emerging evidence that macrophages play an ac-
tive role in promoting apoptosis.57 Lang and Bishop30 first
discovered that macrophage ablation permitted persistence of
viable cells in mouse ocular vessel networks that failed to
undergo normal processes of regression. Their seminal work

FIGURE 6. Decreased expression of SOD2 increases mononuclear
phagocyte-induced activation of caspases. (A) In situ staining of acti-
vated caspases in WT (Aa–Ac) and Sod2�/� (Ad–Af) RPE cells. Fluo-
rescent images of cells stained with FITC-VAD-fmk to localize activated
caspases in RPE cells alone (Aa, Ad), RPE cells cocultured with un-
stimulated mononuclear phagocytes (Ab, Ae), or RPE cells cocultured
with IFN-�–activated mononuclear phagocytes in the presence of
IFN-� (Ac, Af). (B) Differential interference contrast (DIC) and fluores-
cent images of activated caspase-3 in WT (Ba–Bc) and Sod2�/� (Bd–
Bf) RPE cells cocultured with IFN-�–activated mononuclear phago-
cytes. (Bc) Merged image of WT RPE DIC (Ba) and activated caspase-3
fluorescence (Bb). (Bf) Merged image of Sod2�/� RPE DIC (Bd) and
activated caspase-3 fluorescence (Be). (C) Quantification analysis of
activated caspase-3 fluorescence intensity in WT and Sod2�/� RPE
cells exposed to IFN-�–activated mononuclear phagocytes. **P � 0.01
compared with WT. Scale bar, 50 �m.

FIGURE 5. Decreased expression of SOD2 enhances mononuclear
phagocyte-induced loss of ��m. Measurement of the mitochondrial
membrane potential (��m) in WT and Sod2�/� RPE cells exposed to
IFN-�–activated mononuclear phagocytes. ��m was measured by using
5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimidazolylcarbocyanine io-
dide probe. **P � 0.01 compared with WT.

5002 Yang et al. IOVS, October 2009, Vol. 50, No. 10

Downloaded from iovs.arvojournals.org on 04/25/2024



has received support in a number of systems from Caenorhab-
ditis elegans to human cells.25–29,33,58–64

Previously we showed that activated, but not unstimulated,
monocytes, isolated from human peripheral blood, induced
human RPE apoptosis by using a human RPE culture model.33

By using a mouse RPE culture model, we now showed that
unstimulated mononuclear phagocytes and activated mononu-
clear phagocytes induce mouse RPE apoptosis that is compa-
rable with these previous studies and supports the concept
that mononuclear phagocytes may play an active role in cell
death.30

Mechanisms of mononuclear phagocyte-induced cell death
have been described in vitro and in vivo. In the developing
chick retina, Frade and Barde65 demonstrated that macro-
phage-derived nerve growth factor (NGF) triggered retinal cell
death. Addition of NGF-coated glass beads, but not soluble
NGF, caused cell death in the neural retina, suggesting that
NGF may have to be presented locally or bound to the cell
surface to result in cell death.65 Tumor necrosis factor-� or Fas
ligand was shown to trigger the death of developing neurons
but not to trigger the death of Purkinje cells. The death of
Purkinje cells was reported to be promoted by O2

�.66–68

Macrophage-derived tumor necrosis factor may also play a
major role in directing apoptosis of glomerular mesangial
cells.59

ROS are known to induce RPE cell apoptosis and have been
implicated in the development of AMD.2,69,70 Moreover, intra-
cellular ROS generation is considered to be more important to
apoptosis induction than extracellular ROS.51,52 ROS are gen-
erated by different sources. The main sources of intracellular
ROS generation are the mitochondrial electron transport chain,
microsomal electron transport chains, and plasma membrane-
bound and intracellular compartmental NAD(P)H oxi-
dases.2,47,71,72 In RPE cells, ROS are usually reduced by endog-
enous RPE antioxidants and antioxidant enzymes including
SOD, catalase, and glutathione peroxidase.2 SOD catalyzes the
dismutation of O2

� to H2O2, protecting against O2
�. There are

three different isoforms of SOD—SOD1, SOD2, and SOD3—
which are localized in the cytoplasm, mitochondria, and extra-
cellular space, respectively.73,74 H2O2 can be removed by cata-
lase and glutathione peroxidase. However, during aging and
pathologic conditions, RPE defenses decrease, disturbing the
balance between the generation and elimination of ROS, re-
sulting in oxidative damage.2,75

SOD2 is an important enzyme in maintaining mitochondrial
function in the presence of oxidative stress.35 Studies of partial
SOD2 deficiency have shown that increased oxidative damage
is correlated with altered mitochondrial function and that
chronic mitochondrial oxidative stress in Sod2�/� mice results
in the age-related decline of mitochondrial function and induc-
tion of premature apoptosis in the liver.41,46 In the brain,
oxidative stress may exacerbate infarction by generating exces-
sive O2

� in the mitochondrial compartment in Sod2�/�

mice.76,77 In mouse RPE cells, previous studies demonstrated
the critical role of SOD2 in protecting RPE cells in vitro against
H2O2-induced apoptosis.20,38 This protective effect was di-
rectly related to the cellular expression level of the enzyme.20

However, mouse RPE cells with increased SOD2 expression
showed increased oxidative damage induced by activated
mononuclear phagocyte (data not shown), consistent with the
findings of Lu et al.,78 who found that increased levels of SOD2
in transfected human RPE cells increased constitutive oxidative
damage. Using an independent approach, Justilien et al.79 re-
ported the use of ribozyme-mediated partial knockdown of
SOD2 mRNA to induce oxidative damage in the RPE of WT
mice as a possible animal model of early dry AMD.

By partial knockout of SOD2, in this study, we demon-
strated that mononuclear phagocytes induced RPE apoptosis

via intracellular O2
� because mononuclear phagocytes in-

duced O2
� generation within 1 hour of coculture, before the

initiation of RPE apoptosis. Furthermore, mononuclear phago-
cytes induced the activation of caspases, including caspase-3,
loss of ��m, and apoptosis, that were all significantly enhanced
in the RPE cells derived from Sod2�/� mice. Taken together,
these data suggest reduced SOD2 levels are critical to these
changes. These changes in the RPE cells are also dependent on
the activation state of mononuclear phagocytes because acti-
vated mononuclear phagocytes induced more of these oxida-
tive and apoptotic changes in RPE cells compared with un-
stimulated mononuclear phagocytes. We also noted a positive
correlation between intracellular O2

� levels and apoptosis in
mouse RPE cells. The extent of apoptosis is related to the level
of intracellular O2

� production (Figs. 3, 4). In the present
study, we used RPE cells isolated from 1-year-old mice. De-
creased SOD2 in Sod2�/� mice would likely cause cumulative
oxidative injury in these cells and render them more suscepti-
ble to apoptosis.41,46 The aforementioned studies and those
described in the present study clearly indicate the importance
of SOD2 in the RPE in protection against mitochondrial oxida-
tive stress.

Inflammatory macrophages are a heterogeneous group of
cells with diverse functions.60 They can exist in the same tissue
and play critical roles in both the injury and recovery phases of
inflammatory scarring.61 Coculturing fibroblasts and myofibro-
blasts with macrophages results in either deposition of matrix
components or lytic degradation of matrix, depending on the
activation state of the macrophage.62,80,81

The effects of aging on ocular tissues have not been ex-
plored in Sod2�/� mice and remain to be investigated. Princi-
pal risk factors for AMD are age, race, smoking, and hyperten-
sion. A key element in AMD pathogenesis is dysfunction and
apoptotic loss of RPE cells. Thus, it is possible that infiltration
of lymphocytes and mononuclear phagocytes may occur in the
retina of Sod2�/� mice during aging, leading to RPE apoptosis,
as macrophage trafficking in mouse eyes has been shown to
increase with aging.4 Therefore, the present study could serve
as a useful model to characterize RPE/mononuclear phagocyte
interaction in AMD and other retinal diseases. This model
directly links RPE apoptosis that underlies AMD with the
known risk factors for AMD.
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