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PURPOSE. The inflammatory response in age-related macular
degeneration (AMD) is characterized by mononuclear leuko-
cyte infiltration of the outer blood–retina barrier formed by the
retinal pigment epithelium (RPE). A key mechanistic element
in AMD progression is RPE dysfunction and apoptotic cell loss.
The purpose of this study was to evaluate whether monocyte
chemoattractant protein (MCP)-1–activated monocytes induce
human RPE apoptosis and whether Ca2� and reactive oxygen
species (ROS) are involved in this process.

METHODS. A cell-based fluorometric assay was used to measure
intracellular Ca2� concentrations ([Ca2�]i) in RPE cells loaded
with fluorescent Ca2� indicator. Intracellular RPE ROS levels
were measured by using the 5- and 6-chloromethyl-2�,7�-dichlo-
rodihydrofluorescence diacetate acetyl ester (CM-H2DCFDA)
assay. RPE apoptosis was evaluated by activated caspase-3,
Hoechst staining, and apoptosis ELISA.

RESULTS. MCP-1–activated human monocytes increased [Ca2�]i,
ROS levels, and apoptosis in RPE cells, all of which were
inhibited by 8-bromo-cyclic adenosine diphosphoribosyl ribose
(8-Br-cADPR), an antagonist of cADPR. Although the ROS scav-
engers pyrrolidinedithiocarbamate (PDTC) and N-acetylcyste-
ine (NAC) significantly inhibited ROS production and apopto-
sis induced by activated monocytes, they did not affect
induced Ca2� levels. The induced Ca2� levels and apoptosis in
RPE cells were inhibited by an antibody against cluster of
differentiation antigen 14 (CD14), an adhesion molecule ex-
pressed by these cells.

CONCLUSIONS. These results indicate that CD14, Ca2�, and ROS
are involved in activated monocyte-induced RPE apoptosis and
that cADPR contributes to these changes. Understanding the
complex interactions among CD14, cADPR, Ca2�, and ROS
may provide new insights and treatments of retinal diseases,
including AMD. (Invest Ophthalmol Vis Sci. 2011;52:
6026 – 6034) DOI:10.1167/iovs.10-7023

The retinal pigment epithelium (RPE), the key supportive
retinal epithelium, is interposed between the outer retina

and its choroidal blood supply as part of the blood–retina

barrier. The RPE is believed to be a key participant in the
development of age-related macular degeneration (AMD).1–5

RPE atrophy characterizes atrophic or dry AMD that may
evolve to exudative or wet AMD. Mononuclear phagocyte
infiltration of the outer blood–retina barrier has been linked to
retinal diseases that are leading causes of blindness in the
United States. These diseases include AMD, uveitis, endoph-
thalmitis, proliferative vitreoretinopathy (PVR), and prolifera-
tive diabetic retinopathy (PDR).4,6–11 Previous studies have
described RPE-to-mononuclear phagocyte contact and RPE ap-
optosis within AMD lesions4,12–16 and suggest an association
between reactive oxygen species (ROS) and AMD.17–19 How-
ever, the mechanisms that underlie the development of AMD
are poorly understood. As Ca2� and ROS have been implicated
in apoptosis in other systems,20–24 monocyte chemoattractant
protein-1 (MCP-1)—the most potent monocyte chemoattrac-
tant and stimulator—is produced by RPE as well as retinal and
choroidal microvascular endothelial cells, and activated mono-
nuclear phagocytes induce RPE apoptosis,25,26 we hypothe-
sized that MCP-1–activated monocytes induce RPE apoptosis
and that Ca2� and ROS are involved in apoptosis. In the
present study, we provide evidence that MCP-1–activated
monocytes induce intracellular Ca2� signaling and subsequent
ROS accumulation that promotes RPE apoptosis. We also show
that this pathway may be mediated by activation of cyclic
adenosine diphosphate ribose (cADPR), which is known to
induce intracellular Ca2� signaling, ROS accumulation, and
apoptosis.27–33

METHODS

Materials

Flasks (Falcon and Primaria) were purchased from Becton-Dickinson
Inc. (Lincoln Park, NJ) and 35-mm glass-bottom culture dishes were
purchased from MatTek Corporation (Ashland, MA). Separation media
(Ficoll-Paque Plus and Fico/Lite-Monocytes) were purchased from Am-
ersham Biotechnologies (Arlington Heights, IL) and Atlanta Biologics
(Atlanta, GA), respectively. MCP-1 was purchased from R&D Systems
(Minneapolis, MN). Dulbecco’s modified Eagle’s medium (DMEM)/F12,
phenol red-free DMEM/F12, papain, Hoechst 33342, 8-bromo-cyclic
adenosine diphosphoribosyl ribose (8-Br-cADPR), 1,2-bis(2-aminophe-
noxy) ethane-N,N,N�,N�-tetraacetic acid tetrakis(acetoxymethyl ester)
(BAPTA-AM), pyrrolidinedithiocarbamate (PDTC), N-acetylcysteine
(NAC), and poly-D-lysine–coated 96-well plates were purchased from
Sigma-Aldrich (St. Louis, MO). PBS, Hanks’ balanced salt solutions
(HBSS), Trizol reagent, and Taq DNA polymerase were obtained from
Invitrogen (Carlsbad, CA). An assay kit (NucView 488 caspase-3 assay
kit) was purchased from Biotium, Inc., Hayward, CA. A fluorescent
Ca2� indicator dye (Fura red-AM; acetoxymethyl ester) and 5- and
6-chloromethyl-2�,7�-dichlorodihydrofluorescence diacetate, acetyl es-
ter (CM-H2DCFDA) were purchased from Molecular Probes (Eugene,
OR). A DNA removal kit (DNAfree) and a first-strand cDNA synthesis kit
(RETROscript) were purchased from Ambion (Austin, TX). Oligonucle-
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otides were synthesized by Integrated DNA Technologies, Inc. (Cor-
alville, IA).

Human RPE Cell Culture

Human eyes from 17 donors 50–86 years of age were obtained from
enucleation at the University of Michigan. Human RPE cells were
isolated from donor eyes within 4 hours after enucleation by enzymatic
digestion as previously described.34,35 The protocol adhered to the
provisions of the Declaration of Helsinki for the use of human tissue in
research. In all experiments, simultaneous, parallel assays were per-
formed on cultured human RPE cells between passages 2 and 6. At
least three RPE cell lines from different donors were used for each set
of experiments. For imaging experiments, RPE cells were seeded on
22 � 22 mm coverslips in 35-mm culture dishes or on 35-mm glass-
bottom culture dishes and grown in phenol red-free complete medium
for at least 4 days.

Monocytes and Treatment

Human peripheral monocytes were isolated as previously described.36

Human monocytic U937 cells were purchased from American Type
Culture Collection (Rockville, MD) and cultured at 37°C with 5% CO2

in RPMI-1640 medium supplemented with 10% heat-inactivated FBS,
L-glutamine (2 mM), streptomycin (100 �g mL�1), and penicillin G
(100 U mL�1). Freshly isolated human peripheral monocytes or cul-
tured human monocytic U937 cells were preincubated with RPMI
culture medium containing MCP-1 (40 ng/mL) for 24 hours before
co-culturing with RPE monolayers. Functional blocking antibody
against cluster of differentiation antigen 14 (CD14), which was char-
acterized by our previous studies,25,37,38 was included in selected
assays to antagonize the effects of MCP-1–activated monocytes.

Cell-Based Fluorometric Assay

Intracellular Ca2� levels were quantitatively determined by a cell-based
fluorometric assay using a fluorescent Ca2� indicator (Fura red-AM).
RPE cells grown on 96-well culture plates were incubated with the
Ca2� indicator (Fura red-AM; 10 �M) for 1.5 hours at 37°C in the dark,
after which RPE cells were washed, and control medium, MCP-1,
monocytes, or MCP-1–activated monocytes were added to RPE cells.
The dye was excited at 420 nm and 480 nm, and the fluorescence
emission was measured at 660 nm using a fluorometer (FlexStation
Scanning Fluorometer; Molecular Devices, Sunnyvale, CA). The fluo-
rescence ratio (F420/F480) was used as a direct index of intracellular
Ca2� concentrations ([Ca 2�]i).

Measurement of Intracellular ROS Production

Intracellular ROS production by human RPE cells in response to mono-
cytes was measured based on deacetylation and oxidation of nonfluo-
rescent reduced CM-H2DCFDA into fluorescent CM-DCF as described
previously.26,35

Detection of Activated Caspase-3

Activated caspase-3 was measured by a commercially available
caspase-3 substrate assay kit (NucView 488; Biotium, Inc.) as previ-
ously described.26 In brief, after treatment, RPE-monocytes co-cultures
were incubated with 5 �M caspase-3 substrate (NucView 488) in the
dark for 30 minutes and washed once with HBSS/HEPES. The cover-
slips were mounted onto slides and the cell staining was observed
under a fluorescence microscope using a FITC filter. The numbers of
stained RPE (green) were scored as activated caspase-3–positive cells.

Hoechst 33342 Staining of Nuclei

After challenge, RPE 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 as described previously.26 After two HBSS/
HEPES washes, the coverslips were mounted on microscope slides

with HBSS/HEPES and immediately viewed in a microscope using a UV
filter. The numbers of stained RPE that exhibited apoptotic nuclear
condensation and fragmentation were scored as apoptotic.

Cell Death Detection ELISA

RPE apoptosis was also evaluated by DNA fragmentation as measured
using a kit (Cell Death Detection ELISAPLUS kit; Roche Applied Science,
Indianapolis, IN) following procedures outlined by the manufacturer.

Total RNA Isolation

Total RNA was isolated from cultured human RPE cells using reagent
(Trizol; Invitrogen) following the manufacturer’s instructions. The
concentration of total RNA was measured by ultraviolet spectropho-
tometry.

RT-PCR Analysis

Total RNA was treated with DNase I (DNAfree) and reverse transcribed
with random decamers using reverse transcriptase (RETROscript) as
previously described.39 PCR was performed with cluster of differenti-
ation 38 (CD38)-specific primers, with the forward primer sequence:
5�-TTG GGA ACT CAG ACC GTA CCT TG-3� and the reverse primer
sequence: 5�-CCA CAC CAT GTG AGG TCA TC-3�. The housekeeping
gene hypoxanthine guanine phosphoribosyl transferase 1 (HPRT1)
served as a control. The forward primer for HPRT1 was 5�ACCGTGT-
GTTAGAAAAGTAAGAAG-3� and the reverse primer was: 5�-
AGGGAACTGCTGACAAAGATTC-3�.40 The PCR products were gener-
ated by adding Taq DNA polymerase and cycled 40 times for CD38 or
HPRT1 (1 minute at 94°C, 0.5 minute at 64°C, 0.5 minute at 72°C),
followed by a 7-minute extension at 72°C. The RT-PCR products were
separated by 1.5% agarose gel electrophoresis.

Statistical Analysis

Data are expressed as mean � SE (SEM) and evaluated by unpaired
Student’s t-test or ANOVA followed by Newman-Keul’s post test. P �
0.05 is considered statistically significant.

RESULTS

MCP-1–Activated Monocytes Increase Ca2� Levels
in RPE Cells

To examine the effects of MCP-1–activated monocytes on
[Ca2�]i in RPE cells, confluent monolayers of RPE cells loaded
with fluorescent Ca2� indicator dye (Fura red-AM) were ex-
posed to MCP-1–activated human monocytic U937 cells, and
fluorescence ratio (F420/F480) of emissions was measured
after excitation at 420 nm and 480 nm, as a direct index of
[Ca2�]i of RPE cells. As shown at the right-hand side of Figure 1A,
the MCP-1–activated U937 cells (40 ng/mL for 24 hours) me-
diated an increase in F420/F480 ratio compared to control
(RPE alone) or RPE stimulated with unactivated U937 cells
(RPE/U937) (n � 9; P � 0.05). To determine whether this
increase in F420/F480 ratios was Ca2� specific, RPE cells were
pretreated with an intracellular Ca2� chelator, BAPTA-AM,
then exposed to MCP-1–activated U937 cells in the presence or
absence of BAPTA-AM. As shown in Figure 1B, the heightened
F420/F480 ratios were blocked by BAPTA-AM treatment. To
determine whether this response was also observed using
human monocytes, human peripheral blood monocytes were
freshly isolated and activated with MCP-1 (40 ng/mL for 24
hours). Figure 1C shows that MCP-1–activated freshly isolated
human monocytes also induced an increase in F420/F480 ra-
tios in RPE cells. Unstimulated monocytes had no significant
effect on the F420/F480 ratio in RPE cells (Fig. 1C).
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Activated Monocytes Induce ROS Accumulation in
RPE Cells

Previous studies have shown that Ca2� signaling is required for
ROS production.41–43 As ROS are involved in apoptosis21–24

and retinal degeneration,17–19 ROS production due to RPE
exposure to activated monocytes was studied using the ROS-
sensitive fluorescent dye CM-H2DCFDA. RPE cells were loaded
with nonfluorescent CM-H2DCFDA that becomes fluorescent
in the presence of ROS. As shown in Figure 2A, MCP-1–
activated U937 cells promoted intracellular ROS accumulation
in RPE cells. This result was confirmed using MCP-1–activated
freshly isolated human monocytes in a second assay in which
intracellular ROS levels were determined by monitoring DCF

fluorescence with a fluorometer (FlexStation Scanning Fluo-
rometer; Molecular Devices) (Fig. 2B). ROS-induced fluores-
cence levels in RPE cells exposed to monocytes (P � 0.05) or
MCP-1–activated monocytes (P � 0.01) were significantly
higher than those of control RPE cells (Fig. 2B).

Activated Monocytes Provoke Apoptosis in
RPE Cells

One potential important consequence of Ca2� and ROS signal-
ing is the induction of apoptosis, a key mechanism of RPE loss
during AMD. Thus, we examined whether MCP-1–activated
monocytes could induce RPE apoptosis. Figure 3A shows flu-
orescence images of cells stained with Hoechst 33342 and
caspase-3 substrate (NucView 488; Biotium, Inc.). The Hoechst
33342 dye is a fluorescent indicator that binds specifically to
the nuclear chromatin, which is traditionally used to monitor
the apoptotic status of cells. As shown in the middle panel of
Figure 3A, the RPE cells co-cultured with MCP-1–activated
U937 cells had condensed nuclei, which is the hallmark of cells
undergoing apoptosis. We stained RPE cells with propidium
iodide and did not find propidium iodide–positive RPE cells
under the same condition (data not shown), indicating that
MCP-1–activated U937 cells induced RPE apoptosis rather than
necrosis. In contrast, RPE cells exposed to control medium
remained healthy with normal nuclear structure with no ap-
parent chromatin condensation. We also confirmed our obser-
vations using a more specific activated caspase-3 assay (Fig. 3A,
right panel). In this assay, caspase-3 substrate is cleaved by

FIGURE 2. Activated monocytes induce ROS production in RPE cells.
(A) RPE cells were preloaded with 5 �M CM-H2DCFDA, and then
exposed to control medium (RPE alone), or MCP-1–activated U937
cells (RPE/U937/MCP-1) for 1 hour. Differential interference contrast
(DIC) and fluorescence images of intracellular ROS deposition were
displayed. Scale bar, 20 �m. (B) RPE cells were preloaded with 5 �M
CM-H2DCFDA, and then exposed to control medium (RPE alone),
monocytes (RPE/Mo), or MCP-1–activated monocytes (RPE/Mo/MCP-1)
for 1 hour. Intracellular ROS production was measured with a fluorom-
eter (FlexStation Scanning Fluorometer; Molecular Devices). Data are
presented as mean � SEM (n � 3). *P � 0.05, **P � 0.01, compared
with RPE alone (control).

FIGURE 1. Activated monocytes stimulate Ca2� signals in RPE cells.
(A) RPE cells were preloaded with 10 �M fluorescent Ca2� indicator
dye (Fura red-AM; Molecular Probes), and fluorescence intensities were
measured from RPE cells exposed to control medium (RPE alone),
U937 cells (RPE/U937), or MCP-1–activated U937 cells (RPE/U937/
MCP-1). (B) Fluorescent Ca2� indicator dye–preloaded RPE cells were
preincubated with or without 10 �M BAPTA-AM for 30 minutes, and
then exposed to control medium (RPE alone) or MCP-1–activated U937
cells in the presence (RPE/U937/MCP-1�BAPTA-AM) or absence (RPE/
U937/MCP-1) of BAPTA-AM. Fluorescence intensities were measured.
(C) Fluorescent Ca2� indicator dye–preloaded RPE cells were exposed
to control medium (RPE alone), monocytes freshly isolated from hu-
man peripheral blood (RPE/Mo), or MCP-1–activated monocytes (RPE/
Mo/MCP-1). Data represent the mean � SEM (n � 3–20). *P � 0.05,
**P � 0.01, ***P � 0.001, compared to control or RPE/Mo; ###P �
0.001, compared to RPE/U937/MCP-1.
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activated caspase-3 to release a high-affinity DNA dye that
accumulates as a green nuclear stain. Thus, this assay is used to
detect apoptotic cells containing activated caspase-3. Figure 3B
quantifies the detection of apoptotic cells with activated
caspase-3 and summarizes the results from four independent
experiments. A significant increase in RPE apoptosis was ob-
served when RPE monolayers were co-cultured with MCP-1–
activated U937 cells. Treatment of RPE cells with activated
U937 cells led to a sixfold increase in the number of activated
caspase-3–positive RPE cells (Fig. 3B; P � 0.05). The RPE
apoptosis, as measured by a third assay, cell death detection
ELISA, was also significantly increased by U937 cells and MCP-
1–activated U937 cells (Fig. 3C), or by MCP-1–activated freshly
isolated human monocytes (Fig. 3D).

Effects of cADPR Antagonist on Activated
Monocyte-Induced Ca2� Levels, ROS
Accumulation, and Apoptosis in RPE Cells

The results show that activated monocytes trigger RPE Ca2�

signaling, ROS generation and apoptosis (Figs. 1–3). There is
increasing evidence that cADPR participates in Ca2� signaling,
ROS production, and apoptosis.27–33 To assess the potential
role of cADPR in the activated monocyte-induced increase in
RPE Ca2�, ROS, and apoptosis, first the effect of the cAPDR
antagonist 8-Br-cAPDR on the activated monocyte-induced
Ca2� levels was tested. As shown in Figure 4A, exposure of
RPE to activated monocytes increased F420/F480 ratios, indi-
cating an increase in intracellular Ca2� in RPE cells. Pretreat-
ment of RPE with 8-Br-cAPDR inhibited this increase. Next the
effect of 8-Br-cAPDR on activated monocyte-induced ROS pro-
duction was examined. RPE pretreatment with 8-Br-cAPDR,
which was effective in reducing activated monocyte-induced
F420/F480 ratios (Fig. 4A), also inhibited ROS accumulation
(Fig. 4B). The effect of 8-Br-cAPDR on the activated monocyte-
induced RPE apoptosis was also examined. RPE pretreatment
with 8-Br-cAPDR also inhibited activated monocyte-induced
RPE apoptosis (Fig. 4C). CD38 cyclizes nicotinamide adenine
dinucleotide (NAD�) to produce cADPR, and human mono-
cytes express CD38.44 To examine whether human RPE could
express CD38, RT-PCR analysis and immunofluorescence mi-
croscopy were performed. Both CD38 transcript (Fig. 4D) and
protein (Fig. 4E) were expressed by human RPE cells. These
parallel sets of observations in Figure 4 suggest that cADPR
signaling may contribute to RPE apoptosis.

Effects of ROS Inhibitors on Activated Monocyte-
Induced Ca2� Levels, ROS Accumulation, and
Apoptosis in RPE Cells

The effects of the ROS inhibitors PDTC and NAC on induced
Ca2� levels, ROS generation, and apoptosis in RPE cells were
tested. PDTC and NAC did not significantly affect activated
monocyte-induced Ca2� levels (Fig. 5A), although RPE pre-
treatment with NAC and PDTC abolished and inhibited ROS
generation, respectively (Fig. 5B). Pretreatment with PDTC and
NAC, which were effective in the suppression of activated
monocyte-increased ROS levels (Fig. 5B), inhibited activated
monocyte-induced RPE apoptosis (Fig. 5C).

Taken together, the findings suggest that Ca2� signaling
may be required for activated monocyte-induced ROS genera-
tion in RPE cells and that activated monocytes induce RPE
apoptosis via both intracellular Ca2� signaling and ROS pro-
duction.

Effects of Anti-CD14 Antibody on Activated
Monocyte-Induced Ca2� Levels, ROS
Accumulation, and Apoptosis in RPE Cells

To identify functionally whether adhesion molecule CD14 was
involved in activated monocyte-induced intracellular Ca2� in
RPE cells, the activated monocyte-induced Ca2� rise in the
presence or absence of anti-CD14 antibody was tested. As
shown in Figure 6A, the activated monocyte-induced F420/
F480 ratio was significantly inhibited by anti-CD14 antibody,
indicating that CD14 may be involved in activated monocyte-
induced increase in intracellular Ca2� in RPE cells.

As the activated monocyte-induced Ca2� levels were signif-
icantly inhibited by anti-CD14 antibody (Fig. 6A), it was tested
whether activated monocytes induced RPE ROS production
and apoptosis via CD14. Functional blocking antibody against
CD14 significantly reduced activated monocyte–induced apo-
ptosis by different assays: Hoechst 33342 staining for con-
densed nuclei (Fig. 6C) and caspase-3 substrate staining (Fig.

FIGURE 3. Activated monocytes induce apoptosis in RPE cells. (A)
Differential interference contrast (DIC) and fluorescence images of
cells stained with Hoechst 33342 and caspase-3 substrate (NucView
488; Biotium, Inc.) in RPE cells exposed control medium (RPE alone),
unstimulated U937 cells (RPE/U937), or MCP-1–activated U937 cells
(RPE/U937/MCP-1). Scale bar, 10 �m. (B) A quantitative analysis of
activated caspase-3–positive RPE cells. Activated caspase-3–positive
RPE cells were determined after staining with caspase-3 substrate. (C)
RPE cells were treated as described in (A) for 6, 12, and 24 hours. DNA
fragmentation or released mono- and oligonucleosomes were mea-
sured by a cell death detection ELISA. (D) RPE cells were treated with
MCP-1–activated freshly isolated human monocytes (RPE/Mo/MCP-1)
for 24 hours. DNA fragmentation or released mono- and oligonucleo-
somes were measured by a cell death detection ELISA. Data are pre-
sented as mean � SEM (n � 3–6). *P � 0.05, ***P � 0.001, compared
with RPE alone (control).
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6C) and quantitative measurement (Fig. 6D) for activated
caspase-3, and apoptosis ELISA for DNA fragmentation (Fig.
6E). However, anti-CD14 antibody had no effect on the acti-
vated monocyte-induced ROS generation (Fig. 6B). Thus, CD14
appears to be responsible for activated monocyte–induced
Ca2� increase and apoptosis in RPE cells.

DISCUSSION

As monocytic infiltration is a key component of retinal diseases
such as PVR, AMD, and uveitis, as evidenced by their presence in
histopathologic lesions,4,6,7,10,11,45–50 and MCP-1 plays an impor-
tant role in regulation of the monocytic infiltration, and is associ-
ated with AMD and retinal detachment,51–53 it is important to
examine how monocytes induce RPE apoptosis. Both RPE cells
and monocytes have critical regulatory functions in the develop-

FIGURE 5. Effects of ROS scavengers on activated monocyte-induced
RPE Ca2� levels, ROS production, and apoptosis. (A) Fluorescent Ca2�

indicator–preloaded RPE cells were preincubated with or without ROS
scavenger, NAC, or PDTC for 30 minutes, and then exposed to MCP-
1–activated monocytes in the presence or absence of NAC or PDTC.
(B) CM-H2DCFDA-prelabeled RPE cells were preincubated with or
without NAC or PDTC for 30 minutes, and then exposed to unstimu-
lated monocytes (Control), MCP-1–activated monocytes in the pres-
ence or absence of NAC or PDTC. Fluorescence intensities were
measured. (C) RPE cells were preincubated with or without ROS
scavenger (PDTC or NAC) for 30 minutes, and then exposed to MCP-
1–activated monocytes. The number of cells with activated caspase-3
was determined after staining with caspase-3 substrate (NucView 488;
Biotium, Inc.). Data are presented as mean � SEM (n � 3–12). **P �
0.01, ***P � 0.001, compared with control. #P � 0.05, ###P � 0.0001,
compared with RPE/Mo/MCP-1.

FIGURE 4. Effects of cADPR antagonist on activated monocyte-in-
duced RPE Ca2� levels, ROS production, and apoptosis. (A) Fluores-
cent Ca2� indicator–preloaded RPE cells were preincubated with or
without cADPR antagonist 8-Br-cADPR for 30 minutes, and then ex-
posed to control medium (Control) or MCP-1–activated monocytes
(RPE/Mo/MCP-1) in the presence or absence of 8-Br-cADPR. (B) CM-
H2DCFDA–prelabeled RPE cells were preincubated with or without
8-Br-cADPR for 30 minutes, and then exposed to control medium or
MCP-1–activated monocytes in the presence or absence of 8-Br-cADPR.
Fluorescence intensities were measured. (C) RPE cells were preincu-
bated with or without cADPR inhibitor, 8-Br-cADPR, for 30 minutes,
and then exposed to MCP-1–activated monocytes. After 6 hours, the
number of cells with activated caspase-3 was determined after staining
with caspase-3 substrate. (D) RT-PCR analysis of CD38 expression in
human RPE cells. Total RNA isolated from human RPE cells was treated
with DNase I and reverse transcribed (RT). PCR was performed using
a primer set specific for CD38 or hypoxanthine phosphoribosyltrans-
ferase 1 (HPRT1), which serves as an endogenous control or reference.
Lanes 1 to 3 indicate RPE cells derived from three different donors. (E)
Immunofluorescence labeling of CD38 in human RPE cells. Isotype-
matched IgG2a serves as a control. Data are presented as mean � SEM
(n � 3–12). *P � 0.01, **P � 0.001, compared to control; #P � 0.05,
compared to RPE/Mo/MCP-1 without 8-Br-cADPR.
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ment of these diseases, and monocytes and monocyte-derived
cytokines influence RPE functions and integrity.34,54–60 It is well
established that activated monocytes and macrophages are capa-
ble of directing apoptosis in various types of cells, including RPE
cells.25,26,51,61–68 The present authors previously reported that,
using a human RPE culture model, RPE apoptosis was induced by
activated monocytes.25 The association of superoxide anions with
mononuclear phagocyte-induced apoptosis in mouse RPE cells
from wild-type and heterozygous superoxide dismutase 2-knock-
out (Sod2�) mice was also examined.26 Mononuclear phagocyte–
induced mouse RPE apoptosis involved enhanced intracellular
O2

�� generation, loss of mitochondrial membrane potential, and
caspase activation, especially when mononuclear phagocytes
were immunologically activated and RPE Sod2 gene was partially
knocked out.26 This suggested that elevated O2

�� levels due to
genetic abnormalities of Sod2 or immunologic activation of mono-
nuclear phagocytes lead to greater levels of RPE apoptosis.26 Our
present study adds new facets to the mechanisms of activated
monocyte-induced RPE apoptosis in that CD14, Ca2�, and ROS
are involved in the induced RPE apoptosis and that the induced
Ca2� and ROS may be mediated by cADPR.

This study demonstrates increases in intracellular Ca2�, ROS, and
apoptosis when RPE cells are exposed to activated monocytes (Figs.
1–3). Our data are consistent with previous studies in other cell
systems showing that several apoptotic stimuli cause Ca2� increase,
ROS induction, and apoptosis.21,22,69–71

We also evaluated the potential pathways involved in acti-
vated monocyte-induced Ca2� signaling, ROS accumulation,
and apoptosis in RPE cells. Previous evidence implicates CD38
and cADPR in Ca2� signaling, ROS production, and apoptosis
induced by various stimuli in other cell types.27–33 Although a
possible link among cADPR, Ca2�, and ROS production has not
been studied in RPE cells, CD38 is expressed in rat RPE cells.72

The present study shows that human RPE cells also express
CD38 (Figs. 4D, 4E). CD38 binds to its substrate, NAD�, and
catalyzes the cleavage of NAD� into cADPR with its ADP-
ribosyl cyclase activity.73 We show that pretreatment of RPE
with 8-Br-cAPDR, a selective and potent antagonist of cADPR-
mediated Ca2� signaling,74 inhibited the induced Ca2� increase, ROS
production, and subsequent apoptosis in RPE cells (Fig. 4). There-
fore, we speculate that cAPDR may mediate activated monocyte-
induced Ca2� signaling, ROS production, and apoptosis.

It has been reported that antioxidants inhibited apoptosis
induced by various apoptotic stimuli.69,75–80 In the present
study, two antioxidants, NAC and PDTC, were used to test
their effects on activated monocyte-induced Ca2�, ROS, and
apoptosis in RPE cells. Pretreatment RPE with NAC completely
blocked ROS production and partially inhibited apoptosis in-
duced by activated monocytes, but this pretreatment did not
inhibit activated monocyte-induced Ca2� increase, indicating
Ca2� signaling may precede ROS production in RPE cells.
Similarly, pretreatment of RPE with PDTC inhibited the in-
duced ROS production and apoptosis, but did not significantly
inhibit the induced Ca2� increase. Although NAC completely
blocked the induced ROS production, it did not completely
inhibit the induced apoptosis of RPE, suggesting that other
signaling molecule(s) may play a role in RPE apoptosis.

Previous studies demonstrated that CD14 is involved in the reg-
ulation of apoptosis and apoptotic cell clearance.81–84 In addition,
lipopolysaccharide (LPS)-mediated activation of microglial and pe-
ripheral blood mononuclear (PBM) cells increases cADPR, intracel-
lular calcium levels, and ROS accumulation.85,86 Anti-CD14 antibody
was shown to block the increase in cADPR in LPS-activated PBM
cells, but its effects on intracellular calcium levels and ROS accumu-
lation were not studied.86 Removal of monocytes from the activated-
PBM cells also inhibited the cADPR increase.86 This indicates that
activated monocytes and CD14 may both be involved in the activa-
tion of cADPR. The present study shows that anti-CD14 antibody

FIGURE 6. Effects of anti-CD14 on activated monocyte-induced RPE
Ca2� levels, ROS production, and apoptosis. (A) Activated monocytes-
induced RPE Ca2� levels were measured using a fluorometer (FlexSta-
tion Scanning Fluorometer; Molecular Devices) in the presence or
absence of antibody directed against CD14. RPE cells were loaded with
a Ca2� indicator dye (Fura red-AM; 10 �M), for 1.5 hours at 37°C. After
incubation with anti-CD14 antibody for 1 hour, RPE cells were chal-
lenged with MCP-1–activated monocytes (RPE/Mo/MCP-1). (B) CM-
H2DCFDA–prelabeled RPE cells were preincubated with or without
anti-CD14 antibody for 1 hour, and then exposed to MCP-1–activated
monocytes in the presence or absence of anti-CD14 antibody. Fluores-
cence intensities were measured. (C) Differential interference contrast
(DIC) and fluorescence images of cells stained with Hoechst 33342 and
caspase-3 substrate (NucView 488; Biotium, Inc.) in RPE cells exposed
control medium (RPE alone), or MCP-1–activated U937 cells (RPE/
U937/MCP-1) in the presence or absence of anti-CD14 antibody for 6
hours. Scale bar, 20 �m. (D) RPE cells were preincubated with or
without anti-CD14 antibody for 1 hour, and then exposed to control
medium (RPE alone), monocytes (RPE/Mo), or MCP-1–activated mono-
cytes in the presence or absence of anti-CD14 antibody. After 6 hours,
the number of cells with activated caspase-3 was determined after
staining with caspase-3 substrate. (E) RPE cells were treated as de-
scribed in (C) for 24 hours. DNA fragmentation or released mono- and
oligonucleosomes were measured by a cell death detection ELISA. Data
are presented as mean � SEM (n � 3–12). *P � 0.05, ***P � 0.001,
compared with control or RPE/Mo/MCP-1 (without antibody); ##P �
0.01, ###P � 0.001, compared with RPE/Mo/MCP-1 or RPE/U937/
MCP-1 (without antibody).
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significantly inhibited MCP-1–activated monocyte-induced Ca2� and
apoptosis in RPE cells. As the activated monocyte-induced RPE Ca2�

rise (Fig. 1) precedes the induced RPE apoptosis (Figs. 3 and 6), these
findings support the role of CD14 in activated monocyte-induced
RPE apoptosis through Ca2� signaling.

Monocyte and macrophage infiltration are observed in mu-
rine AMD models.87,88 Both RPE and microvascular endothelial
cells produce MCP-1. The finding in the current study that
MCP-1–activated monocytes induce RPE apoptosis implicates
that in addition to RPE, microvascular endothelial cells might
also be involved in atrophic or dry AMD via MCP-1 secretion.
Thus it is possible that both MCP-1 and CD14 could be used as
therapeutic targets for AMD.

In summary, activated monocytes increased intracellular
Ca2� levels, ROS generation, and apoptosis in RPE cells. In
addition, inhibition of cADPR with 8-Br-cADPR reduced the
induced increase in Ca2�, ROS production, and apoptosis. The
generation of ROS and apoptosis, but not the Ca2� increase,
was inhibited by NAC or PDTC. The induction of Ca2� and
apoptosis, but not ROS generation, was incompletely blocked
by anti-CD14 antibody. Activated monocytes may induce
cADPR formation through CD38 activation, and the generated
cADPR could increase RPE Ca2� levels, ROS production, and
apoptosis. Understanding how CD38 is activated, how cADPR
is regulated, and further elucidating the role of CD14 in RPE
cells might therefore provide new insights into retinal diseases,
including AMD, and potential therapeutic targets.
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