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Photosensitized Oxidative Stress to ARPE-19 Cells
Decreases Protein Receptors that Mediate Photoreceptor
Outer Segment Phagocytosis
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PURPOSE. To determine whether previously shown photody-
namic (PD)-induced inhibition of specific photoreceptor outer
segment (POS) phagocytosis by ARPE-19 cells is associated
with reductions in receptor proteins mediating POS phagocy-
tosis, and if PD treatment with merocyanine-540 (MC-540)
produces additional effects leading to its inhibition of
nonspecific phagocytosis.

METHODS. ARPE-19 cells preloaded with MC-540 or rose bengal
(RB) were sublethally irradiated with green light. Phagocytosis
of POS was measured by flow cytometry and POS receptor
proteins (Mer tyrosine kinase receptor [MerTK] and integrin
subunits av and b5) and b-actin were quantified by Western
blotting at 0.5 and 24 hours after irradiation, with comparison
to samples from nonsensitized control cultures. The intact
integrin heterodimer avb5 was quantified by immunoprecip-
itation followed by blotting. The distribution of N-cadherin,
ZO-1, and F-actin was visualized by fluorescence microscopy.

RESULTS. Mild PD stress mediated by both photosensitizers that
elicits no significant morphologic changes produces transient
and recoverable reductions in MerTK. The individual av and b5
integrin subunits are also reduced but only partially recover.
However, there is sufficient recovery to support full recovery
of the functional heterodimer. Light stress mediated by MC-540
also reduced levels of actin, which is known to participate in
the internalization of particles regardless of type.

CONCLUSIONS. After PD treatment POS receptor protein abun-
dance and phagocytosis show a coincident in time reduction

then recovery suggesting that diminution in receptor proteins
contributes to the phagocytic defect. The additional inhibition
of nonspecific phagocytosis by MC-540–mediated stress may
result from more widespread effects on cytosolic proteins. The
data imply that phagocytosis receptors in RPE cells are
sensitive to oxidative modification, raising the possibility that
chronic oxidative stress in situ may reduce the efficiency of the
RPE’s role in photoreceptor turnover, thereby contributing to
retinal degenerations. (Invest Ophthalmol Vis Sci. 2013;
54:2276–2287) DOI:10.1167/iovs.12-11154

An important function of the retinal pigment epithelium
(RPE) is the efficient phagocytosis of photoreceptor outer

segments (POS), which are periodically shed in a circadian
rhythm.1,2 Interaction between RPE cells and POS of the retina
in the process of photoreceptor renewal is essential for
photoreceptor function and survival such that impairments in
the process at the level of the RPE can result in retinal
degenerations.3

RPE cells reside in a location and perform functions that
make them susceptible to oxidative stress, including stress
from irradiation with visible light.4,5 One mechanism whereby
light damages the RPE is by the formation of reactive species
generated by the endogenous photosensitizer lipofuscin.6–8

Lipofuscin is a photoreactive pigment that increases in the RPE
with age, and is believed to increase cell susceptibility to
photic stress. Light stress mediated by lipofuscin accumulation
has been implicated in several hereditary retinal degenera-
tions9,10 and in the pathogenesis of AMD.7,8,11,12

We previously modeled light stress and its effect on RPE cell
functions using the exogenous photosensitizing dyes merocya-
nine-540 (MC-540) and rose bengal (RB),13 which were
selected for their cellular localization and absorption charac-
teristics.14–18 We found that photodynamic (PD) treatment of
ARPE-19 cells mediated by these dyes inhibits the specific
phagocytosis of POS. Subthreshold PD stress induced by MC-
540 also inhibits the nonspecific phagocytosis of polystyrene
beads. In both cases inhibition of phagocytosis was transient
and recoverable by 24 hours.13

Here, we used a similar model to ask whether impairments
in phagocytosis could be explained by photic stress-induced
changes in the abundance of receptor proteins that mediate
POS uptake. Among the RPE plasma membrane proteins
known to mediate POS binding and internalization are the Mer
tyrosine kinase receptor (MerTK)19 and the avb5 integrin.20–22

avb5 is the only integrin receptor that displays an apical
localization21,23,24 and is the primary RPE receptor involved in
recognition and binding during POS phagocytosis21,25,26 while
MerTK mediates engulfment.27 POS binding via the avb5
integrin receptor initiates a signaling cascade that leads to the
tyrosine phosphorylation of MerTK, whose deficiency almost
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completely abolishes engulfment of bound POS.27,28 Using
sublethal PD stress mediated by MC-540 or RB in ARPE-19 cells,
we report here that MerTK receptor protein is reduced, then
recovers 24 hours after irradiation in the presence of either
photosensitizer, coincident in time with inhibition, and
recovery of POS phagocytosis. Individual integrin receptor
subunits av and b5 are also reduced immediately after PD
treatment, but recover variably at 24 hours. Despite the
variability, however, subunit recovery appears sufficient to
support full recovery of the functional heterodimer avb5. Light
stress mediated by MC-540 has more widespread effects than
by RB, including diminution of the cytoskeletal protein actin,
which participates in internalization of particles regardless of
type. Together these results suggest that phagocytosis recep-
tors in RPE cells are sensitive to photic stress. The outcomes
also support the hypothesis that chronic oxidative stress in
situ, over time may reduce the efficiency of the RPE’s role in
photoreceptor turnover, thereby predisposing to retinal
degenerations associated with aging.

METHODS

Cell Cultures and Induction of Oxidative Stress

Cultures of the human RPE cell line ARPE-19 (American Type Culture

Collection, Rockville, MD) were maintained using biweekly feedings with

Minimal Essential Medium (MEM) supplemented with 10% fetal bovine

serum (FBS) (Sigma-Aldrich Co., St. Louis, MO). Control experiments

were also performed using RPE cultures established from human donor

eyes that were also propagated in MEM-FBS, as described previously.29

For oxidative stress experiments, ARPE-19 cells were seeded in 24-

well plates at confluent density, using two to four replicate wells per

treatment group, and sublethal stress was induced 21 days later by

previously described protocols.13 Briefly, cells were exposed to 8 lM

MC-540 or 600 nM RB in serum free medium for 0.5 hours at 378C, then

washed three times in Hank’s Balanced Salt Solution containing

calcium and magnesium ions (HBSS; Invitrogen, Carlsbad, CA).

Cultures were then irradiated for 30 minutes (for MC-540) or 15

minutes (for RB) with green light derived from four 40 W cool-white

fluorescent tubes at a fluence rate of 1.1 mW/cm2 and covered with a

green filter (520–570 nm) (Lee Filters, Central Way Walworth Industrial

Estate Andover, Hampshire, England). At 0.5 and 24 hours after PD

treatment, oxidative stress was confirmed as sublethal by analysis of

propidium iodide fluorescence, and phagocytic activity was analyzed

by flow cytometry, as described below. At the same time intervals, cell

extracts were prepared for Western blotting or immunoprecipitation to

quantify POS receptor proteins, and the distribution of N-cadherin, ZO-

1, and F-actin was visualized by fluorescence microscopy.

Cell Viability and Morphologic Analyses

To confirm that PD stress was sublethal, an imaging assay was used to

identify dead cells by nuclear staining with the membrane impermeant

fluorescent dye propidium iodide (PI; Sigma-Aldrich Co.). For this

protocol, cells were refed after PD treatment with fresh MEM-FBS and

five microscope fields per culture well were preselected by capturing

digital bright field images to confirm consistent culture morphology. PI

(final concentration 100 lM) was added to the medium and

fluorescence images (555-nm excitation/617-nm emission) were

captured of the selected fields at 0.5 and 24 hours to detect PI-positive

nuclei. Digitonin (final concentration 1 mM; Sigma-Aldrich Co.) was

then added to permeabilize membranes and fluorescence images were

captured again after 30 minutes to quantify total cell number. The

number of viable cells (PI negative) was determined per field and

expressed as a percent of the total cell number per field. Data are

expressed as the mean percent (6SD) viable cells in replicate culture

wells within an experiment.

To evaluate the morphologic effects of PD treatment, cells were

processed for fluorescence microscopy and stained for junctional

proteins N-cadherin and ZO-1, and for the cytoskeletal protein F-actin

by our previously described methods.30 For immunostaining of N-

cadherin, a rabbit polyclonal primary antibody was used (1:200

dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA); for ZO-1

the primary antibody was a mouse monoclonal (1:200 dilution;

Invitrogen, Camarillo, CA). Fluor-conjugated secondary antibodies

were from Jackson ImmunoResearch Laboratories, Inc. (West Grove,

PA). F-actin was visualized by staining with TRITC-conjugated

phalloidin (1:500 dilution; Sigma-Aldrich Co.).

Phagocytosis Assay

As explained with the Results, ARPE-19 cultures used here were in later

confluency (21 days post plating) than in our previous study.13 To

confirm that the previously observed phagocytosis inhibition resulting

from PD treatment also occurs in these post confluent cultures,

phagocytosis was re-analyzed at the later culture interval using the

previously described protocol.13 Briefly, control and photodynamically-

treated cells were challenged 0.5 hours after light irradiation with FITC-

labeled POS (3.2 3 108 POS/mL), incubated for 5.5 hours at 378C, then

washed three times in PBS. The cells were detached by trypsinization

and suspended in PBS containing 10% FBS. The percentage of

fluorescence-positive events (kexcitation ¼ 488 nm, kemission ¼ 525 nm)

from 10,000 unfixed cells per sample was analyzed on a FACSCalibur

instrument (BD Biosciences, San Jose, CA) using CellQuest (BD

Biosciences) software. Data are expressed as normalized phagocytosis

(6SD) for paired control (untreated) and photosensitized cultures. The

rate of phagocytosis by untreated cells was taken as 100%.

Western Blot Analysis of POS Receptor Proteins

For quantitative Western blotting, cell extracts were prepared from

control and PD-treated ARPE-19 cultures by direct lysis in SDS-

containing electrophoresis buffer,31 supplemented with a 1% protease

inhibitor cocktail (Sigma-Aldrich, Co.), 1% b-mercaptoethanol, and

1.5% bromophenol blue dye. Lysates from replicate wells were loaded

volume equivalent on 10% polyacrylamide gels, separated by electro-

phoresis, and transferred to polyvinylidene difluoride (PVDF) mem-

branes (Millipore, Bedford, MA) by standard protocols. Immunoblots

were probed with primary antibodies to the MerTK receptor (1:1000

dilution; Abcam, Cambridge, MA), the av integrin subunit (1:1000

dilution; BD Bioscience), the b5 integrin subunit (1:1000 dilution;

Santa Cruz Biotechnology), b-actin (1:20,000 dilution; Sigma-Aldrich,

Co.), catalase (1:20,000 dilution; Abcam), or glyceraldehye-3-phosphate

dehydrogenase (GAPDH; 1:20,000 dilution; Advanced Immunochemi-

cal Inc., Long Beach, CA). Appropriate secondary antibodies were

horseradish peroxidase-conjugated (1:5000 dilution; Jackson Immu-

noResearch Laboratories, Inc., West Grove, PA) or from LI-COR

(1:20,000 dilution; LI-COR Biosciences, Lincoln, NE). Detection was

by enhanced chemiluminescence (ECL; GE Healthcare, Buckingham-

shire, UK) or the LI-COR Odyssey Infrared Imaging System (LI-COR

Biosciences) according to the manufacturers’ protocols. Quantitative

densitometry of the immunoblots was performed and band density is

given in arbitrary units and expressed as the mean density (6SD) from

replicate culture wells within an experiment. All experiments were

performed a minimum of three times. Consistent outcomes were

obtained and representative experiments are shown.

Immunoprecipitation Analysis of the Integrin
Heterodimer

The intact functional integrin heterodimer avb5 in control and PD-

treated cells was quantified by immunoprecipitation followed by

immunoblotting. To generate protein extracts for immunoprecipita-

tion, samples were lysed for 30 minutes at 48C on a rotating shaker in

50 mM Tris-HCl pH7.8, 150 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 1%
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Triton X-100, freshly supplemented with 1 mM phenylmethylsufonyl

fluoride (PMSF), and a 1% protease inhibitor cocktail. Immunoprecip-

itates were prepared by incubation of precleared lysates (100 lg of

protein per sample) for 2 hours at 48C with 1.5 lg avb5 heterodimer-

specific antibody (P1F6 antibody; Abcam) or with control nonimmune

mouse Immunoglobulin G (Ig G; Jackson ImmunoResearch Laborato-

ries Inc.), followed by agitation overnight at 48C in the presence of

protein G-agarose beads (Upstate-Millipore, Temecula, CA). After four

washes with lysis buffer, samples were eluted by boiling under

reducing conditions in SDS-containing electrophoresis buffer followed

by Western blot analysis using primary antibodies to the av or b5

integrin subunits as described above.

RESULTS

Post Confluent ARPE-19 Cultures Express POS
Receptor Proteins MerTK and av and b5 Integrins

The goal in this investigation was to extend our previous
observation that PD treatment reversibly impairs phagocytosis
in the cell line ARPE-1913 by testing the hypothesis that
phagocytosis receptor proteins are stress susceptible in this
model. Since ARPE-19 cells have been reported to lack the
receptor MerTK,32 we conducted preliminary experiments to
determine expression of our proteins of interest in untreated
ARPE-19 cultures, planned for use as baseline controls.
Consistent with the earlier report,32 MerTK protein levels
were low, but not absent, in confluent ARPE-19 cultures when
analyzed by Western blot quantification of extracts prepared
from cells at 2 days post plating (Fig. 1A). However, MerTK
protein showed a time-in-culture–dependent increase, becom-
ing 5-fold higher in post confluent cultures at day 21 post
plating (Fig. 1A). The protein detected in day 21 ARPE-19 cell
extracts was confirmed as MerTK by demonstrating co-
electrophoresis with MerTK in similarly prepared extracts
from cultures of human donor RPE (Fig. 1A). Day 21 ARPE-19
culture extracts prepared for detection of MerTK also contain
easily detected levels of av and b5 integrin subunits (Fig. 1B).

Stress Induced by Sublethal PD Treatment
Mediated by MC-540 or RB Transiently Reduces
POS Receptor Proteins

Given that our intent was to determine whether PD treatment
diminishes POS receptor proteins, we sought to maximize
protein abundance under control conditions to increase the

likelihood of detecting reductions. Following from the
observation above that the proteins slated for analysis are well
expressed in day 21 post confluent ARPE-19 cultures, all assays
were performed at this time post plating. Several preliminary
experiments were performed to confirm that post confluent
cultures produced outcomes consistent with those previously
obtained in earlier stage cultures.13

Initial experiments showed that the protocol used previ-
ously for subthreshold PD treatment was also sublethal in day
21 cultures: no cytotoxicity was associated with photosensi-
tizer delivery alone or with light irradiation alone (not shown).
Combining photosensitizer delivery with light irradiation for
PD treatment also elicited no significant cytotoxicity for either
photosensitizer (Fig. 2). For PD treatment mediated by MC-540,
pretreatment with 8 lM of the agent, followed by 30 minute
irradiation with green light, produced no significant lethality
when analyzed shortly after irradiation (0.5 hours) or longer
term (24 hours) (Fig. 2A). Similar outcomes were observed for
PD treatment mediated by RB; pretreatment with 600 nM RB
followed by 15 minute irradiation had no significant effect on
cell survival at 0.5 hours or 24 hours (Fig. 2B).

In addition to confirming sublethality, morphologic analyses
were performed to determine whether PD treatment produced
significant alterations in the distribution of proteins known to
be sensitive to redistribution by oxidative stress. Known stress
sensitive proteins in the RPE include cell–cell adhesion
proteins N-cadherin and ZO-1, and cytoskeletal actin.33,34

None of these proteins showed prominent redistributions in
ARPE-19 cells on PD treatment with either photosensitizer (Fig.
3). N-cadherin and ZO-1 demonstrated a junctional distribution
in the post confluent cultures prior to and after PD treatment
at both 0.5 and 24 hours post irradiation. Similarly, the major F-
actin distribution pattern was circumferential both before and
after PD treatment. These outcomes indicate that the PD
treatment is not only sublethal, but also too mild to elicit
prominent morphologic effects.

The key observation leading to the study here was that PD
treatment produces a transient inhibition of specific POS
phagocytosis in ARPE-19 cultures in early confluency13 so
phagocytosis experiments were repeated here to confirm
similar outcomes with post confluent cultures. Consistent with
the results of the previous study, delivery of POS to post
confluent cultures at 0.5 hours after irradiation in the presence
of either photosensitizer inhibited POS uptake over the
subsequent 5.5 hours, and the uptake function was largely
recovered when POS delivery occurred at 24 hours (Fig. 4).
Specific POS phagocytosis was reduced to 27% of uptake by

FIGURE 1. Western blot analysis of MerTK and integrin subunits av and b5 in ARPE-19 cultures at two intervals post plating. (A) Left: Western blot
of MerTK in extracts of duplicate cultures of ARPE-19 cells at 2 days (lanes 1, 2) and 21 days (lanes 3, 4) post plating. Also shown is MerTK in day 21
cultures of human donor RPE cells (lane 5). Right: quantitative densitometry of the MerTK blotting signals for ARPE-19 blots shown at the left. Data
are shown graphically with band density given in arbitrary units (AU); error bars indicate SD. Outcomes differ significantly (paired t-test, P < 0.001).
(B) Western blots of av and b5 integrin subunits in extracts of quadruplicate ARPE-19 cultures on day 21 post plating.
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untreated controls when phagocytosis was initiated 0.5 hours
after PD treatment mediated by MC-540, and recovered to 72%
when phagocytosis was initiated at 24 hours (Fig. 4A). For RB-
mediated PD treatment, POS uptake was reduced to 20% of
controls and recovered to 86% of controls when phagocytosis
was initiated at 0.5 or 24 hours after irradiation, respectively
(Fig. 4B). Further, as previously observed in early stage
cultures,13 recoverable inhibition of the phagocytosis of
nonspecific particles (polystyrene beads) was also observed
in post confluent cultures following PD treatment mediated
only by MC-540 (not shown).

To determine whether mild PD treatment of ARPE-19 cells
sufficient to transiently inhibit phagocytosis affects levels of
POS receptor proteins, experiments were initially performed to
confirm that neither photosensitizer alone, nor light alone,
affected either the receptor proteins or the cytoskeletal
protein actin. Incubation of cells with 8 lM MC-540 or 600
nM RB in the dark did not affect the abundance of any protein
of interest; results for the av integrin subunit at 0.5 hours after
photosensitizer treatment are used for illustration (Fig. 5).

Light irradiation alone in the absence of photosensitizer also
had no effect on protein abundance; results for the av integrin
subunit are included in Figure 5 and outcomes for the other
proteins are shown in Figure 6. Further, no delayed effects of
photosensitizer alone or light alone on protein abundance
were observed; to illustrate, results for light irradiation alone
on the av integrin subunit at 0.5 and 24 hours after light
treatment are compared (Fig. 7).

To determine whether photodynamic stress affects POS
receptor proteins, ARPE-19 cells lacking photosensitizers and
cells preloaded with photosensitizers MC-540 or RB were light
irradiated followed by Western blot analysis of extracts after
0.5 or 24 hours. In our previous investigation,13 and confirmed
here (Fig. 4), delivery of POS to cells at 0.5 hours post
irradiation is followed by impaired phagocytic function, while
delivery at 24 hours is followed by recovered function. In order
for receptor protein abundance to be a significant contributor
to the observed impairment and recovery of phagocytic
function, the protein amount has to be affected at or near
the time of POS challenge. PD treatment mediated by MC-540

FIGURE 2. ARPE-19 cell survival after PD treatment mediated by (A) MC-540 or (B) RB determined by image analysis of nuclear PI fluorescence at
0.5 and 24 hours after light irradiation. PI positive nuclei show dead cells without and with each sensitizer at the concentrations indicated (upper

rows), and total cells in the field after digitonin permeabilization (lower rows). Shown at right is a graphical display of cell survival quantified from
five microscope fields per treatment group for nonsensitized (white bars) or sensitized (hatched bars) cells; data are the mean percent surviving
cells (error bars indicate SD). Outcomes without and with PD treatment do not differ significantly for either photosensitizer at either time point (t-
test analyses). Scale bar: 20 lm.
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FIGURE 3. Fluorescence microscopy of control (nonsensitized) ARPE-19 cultures, and cultures PD treated using MC-540 or RB and stained for F-
actin, N-cadherin, or ZO-1 at 0.5 or 24 hours after irradiation. None of the proteins was prominently redistributed from cell–cell borders by PD
treatment with either photosensitizer. Scale bar: 10 lm.

FIGURE 4. Flow cytometric analysis of specific phagocytic activity of FITC-labeled POS in control (nonsensitized, white bars) or PD-treated cultures
(hatched bars), measured 0.5 hoursþ 5.5 hours and 24 hoursþ 5.5 hours after light irradiation in the presence of (A) MC-540 or (B) RB. Data are
normalized to control cells. Values are means; error bars indicate SD. POS-FITC uptake differed significantly between untreated and PD-treated
cultures using both photosensitizers at both time points (t-test analyses, P < 0.05).
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was found to produce an immediate (at 0.5 hours) 27%
decrease in the abundance of MerTK relative to nonirradiated

cultures (Fig. 8A). An immediate 25% reduction in MerTK
protein expression was also seen in cells sensitized with RB

(Fig. 8B). MerTK protein levels fully recovered after 24 hours in
cells PD treated with either MC-540 or RB (Figs. 8A, 8B).

The effects of PD treatment of ARPE-19 cells on integrin
receptor proteins differed for the two subunits and from the

effects on MerTK. Both integrin subunit proteins were
diminished in cells at 0.5 hours after PD treatment with both

photosensitizers, but the reduction was greater for the av
subunit (reduced 36% and 30% for MC-540 and RB, respec-
tively) than for the b5 subunit (reduced 20% and 13% for MC-

540 and RB, respectively) (Fig. 9). The most interesting
difference, however, was in recovery. Full recovery at 24

hours after treatment was seen only for the av subunit in cells
following PD treatment with MC-540 (Fig. 9A). Levels of av

subunit did not recover after PD treatment with RB (Fig. 9B),
nor did the small reductions in b5 subunit abundance recover

after PD treatment with either MC-540 (Fig. 9C) or RB (Fig.
9D).

Stress Induced by Sublethal Photodynamic

Treatment Induces a Transient but Recoverable

Reduction in the Functional Integrin Heterodimer

With the exception of the av integrin subunit after PD
treatment mediated by MC-540, integrin subunits failed to
recover at 24 hours after being subjected to photic stress (Fig.
9). This observation appears to conflict with our observation
that POS phagocytic function, to which the avb5 integrin
contributes, shows recovery. However, since the functional
protein mediating phagocytosis is the heterodimeric form,21,35

we tested the effects of photic stress on the abundance of the
functional integrin heterodimer. Immunoprecipitation of the
avb5 integrin using a heterodimer-specific antibody was
performed using extracts from control and PD-treated ARPE-
19 cells followed by Western blotting for the integrin subunits
(Fig. 10). Predictably from the analyses of individual integrin
subunits (Fig. 9), av and b5 subunits in heterodimers showed
reductions at 0.5 hours after PD treatment mediated by both
photosensitizers (Fig. 10). The av integrin in heterodimer
immunoprecipitates at 0.5 hours was reduced 53% relative to
control levels in cells PD treated with MC-540 (Fig. 10A), and
36% in cells PD treated with RB (Fig. 10B). Respective

FIGURE 5. Densitometric analysis of the blotting signal for the av
integrin subunit in control (untreated) ARPE-19 cultures (grey bar), in
nonirradiated cultures preloaded with 8 lM MC-540 (hatched grey

bar), or in cultures light irradiated for 30 minutes without photosen-
sitizer (white bar). Data are the mean band densities, given in AU, from
extracts prepared 0.5 hours after light treatment for triplicate culture
wells from each group in a representative experiment; error bars

indicate SD. Outcomes do not differ significantly (t-test analyses).

FIGURE 6. Densitometric analysis of the blotting signal for (A) the b5 integrin subunit, (B) MerTK, or (C) actin in sensitizer-free ARPE-19 cultures
without (grey bars) or with light irradiation for 30 minutes (white bars). Data are the mean band densities, given in AU, from extracts prepared 0.5
hours after light treatment of triplicate culture wells from each group in a representative experiment; error bars indicate SD. Outcomes do not
differ significantly without or with light irradiation for any protein (t-test analyses).

FIGURE 7. Densitometric analysis of the blotting signal for the av
integrin subunit in sensitizer-free ARPE-19 cultures without (grey bars)
or with (white bars) light irradiation for 30 minutes to compare
extracts taken at (A) 0.5 and (B) 24 hours after light treatment. Data are
the mean band densities, given in AU, from extracts of triplicate culture
wells from each group in a representative experiment; error bars

indicate SD. Outcomes do not differ significantly without or with light
irradiation at either time point (t-test analyses).
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outcomes for the b5 integrin were 39% reduction using MC-
540 (Fig. 10C) and 29% reduction using RB (Fig. 10D). The
reductions observed at 0.5 hours were reversible such that by
24 hours, recovery of integrin receptor subunits av and b5 in
functional heterodimers was observed for both photosensitiz-
ing protocols (Fig. 10).

Photodynamic Treatment with MC-540 But Not RB

Induces Transient Reductions in Actin

Photodynamic stress mediated by MC-540, but not by RB,
reduces the nonspecific phagocytosis of polystyrene beads in
addition to the specific phagocytosis of POS in ARPE-19 cells.13

We speculated that the more indiscriminate phagocytosis
inhibition by MC-540 might be explained by more widespread
photodynamic damage to ARPE-19 cells when using this
photosensitizer. We, therefore, tested the effects of PD
treatment on widely expressed cytosolic proteins: the glyco-
lytic enzyme glyceraldehyde-3-phosphate dehydrogenase, the
antioxidant enzyme catalase, and the cytoskeletal protein b-
actin. For all three proteins, PD treatment with MC-540, but
not RB, produced transient reductions (at 0.5 hours) that were
restored at 24 hours; data for actin are shown (Fig. 11). In this
experiment, PD treatment with MC-540 reduced actin levels by
29% (Fig. 11A). Recovery of actin levels at 24 hours often
showed increases relative to the 24 hour control; here actin
was 25% higher in the PD-treated cultures after recovery (Fig.
11).

DISCUSSION

We previously reported that the specific phagocytosis of POS
by ARPE-19 cells is significantly inhibited by sublethal photic
stress induced by PD treatment using MC-540 or RB.13 PD
treatment with MC-540 also inhibited the nonspecific phago-
cytosis of polystyrene beads. The inhibitory effects were
reversible after 24 hours, suggesting transient stress-induced
effects on phagocytic machinery. The investigation here was
aimed at determining whether PD stress diminished phagocy-
tosis receptor proteins MerTK and avb5 integrin, key
molecules involved in POS phagocytosis by RPE cells that
functionally interact to coordinate particle uptake.19–22,35,36

The underlying rationale for this study lies in the
importance of efficient RPE phagocytosis for photoreceptor
survival, and the importance of oxidative stress to the RPE,
including photic stress, as a risk factor for AMD. Several studies
have shown that deficiencies in the MerTK or avb5 integrin
receptors abolish efficient POS phagocytosis by RPE cells, and
cause retinal degenerations in animal models such as the RCS
rat or the b5 null mouse.3,35,37 It is conceivable that sublethal
photic stress to the RPE, which has been implicated in the
etiology of AMD,4,11,12,38 could promote retinal degeneration
in part by rendering phagocytosis less efficient. RPE cells
contain multiple endogenous photosensitizers that could
mediate light stress; lipofuscin is the most widely recog-
nized,6–8,39 but there are others as well such as retinoids,4

porphyrins or flavins,11,40,41 mitochondrial cytochrome c

oxidase,42,43 and melanin.44–46 Since the abundance and

FIGURE 8. Western blot analysis of MerTK protein in ARPE-19 cells lacking photosensitizers (controls) or in cells preloaded with (A) 8 lM MC-540
or (B) 600 nM RB and analyzed 0.5 and 24 hours after light irradiation. Blots from triplicate cultures for each group are shown. Graphs show
densitometric analysis of the bands for control (white bars) or PD-treated cultures (hatched bars) with the band densities in the treated groups
expressed as a percent of their respective controls. Error bars indicate SD. MerTK signals differ significantly without and with both photosensitizers
at the 0.5 hour time point, and without and with MC-540 at the 24 hour time point (t-test analysis, P < 0.05).
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subcellular localization of endogenous photosensitizers is
variable or unknown, to investigate photic stress and
phagocytic function in RPE cells we employed a well-
controlled model using ARPE-19 cells and selected photosen-

sitizing dyes,13 taking advantage of their previously described
properties.14–18,47,48 Photodynamic damage is usually thought
to be mediated by singlet oxygen, but both dyes used here can
generate strongly oxidizing radicals that can also play a

FIGURE 9. Western blot analysis of (A, B) av integrin and (C, D) b5 integrin subunits in ARPE-19 cells lacking photosensitizers (controls) or in cells
preloaded with (A, C) 8 lM MC-540 or (B, D) 600 nM RB, and analyzed at 0.5 and 24 hours after light irradiation. Blots from triplicate cultures for
each group are shown. Graphs show densitometric analysis of the bands for control (white bars) or PD-treated cultures (hatched bars) with the
band densities in the treated groups expressed as a percent of their respective controls. Error bars indicate SD. av integrin signals differ significantly
without and with both photosensitizers at the 0.5 hour time point, and without and with RB at 24 hours (t-test analyses, P < 0.05). b5 integrin
signals differ significantly without and with both photosensitizers at both time points (t-test analyses, P < 0.05).
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significant role in oxidation of target molecules.49,50 Other
properties of photosensitizing dyes that are particularly useful
for the study conducted here are the efficient excitation with
green light that is not itself phototoxic, the ability to limit

lethality by selection of dye concentration and irradiation time
and, importantly, the ability to localize oxidative stress largely
to cell membranes where the dyes localize and where
phagocytosis occurs.

FIGURE 10. Immunoprecipitates (IP) of the integrin heterodimer avb5 followed by Western blotting (WB) for the (A, B) av integrin or (C, D) b5
integrin subunits. IPs were prepared from ARPE-19 cells lacking photosensitizers (controls) or cells preloaded with (A, C) 8 lM MC-540 or (B, D)
600 nM RB and analyzed 0.5 and 24 hours after light irradiation. Blots from triplicate cultures for each group are shown. Graphs show densitometric
analysis of the bands for control (white bars) or PD-treated cultures (hatched bars) with the band densities in the treated groups expressed as a
percent of their respective controls. Error bars indicate SD. av and b5 integrin signals differ significantly without and with photosensitizers at the
0.5 hour time point (t-test analyses, P < 0.05).
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Prior to initiating this investigation, we considered the
question of whether ARPE-19 cells express the MerTK
receptor, which appears to vary in expression depending
upon culture conditions.32,51 The expression of cell type-
specific proteins is often heterogeneous in cultured RPE cells
and in many cases dependent upon time in culture, which
determines the extent of culture differentiation.52 We,
therefore, asked whether MerTK protein in ARPE-19 cells is
sensitive to culture time and found that the levels of MerTK
protein expression increase in post confluency. ARPE-19 cells,
therefore, have value for studying receptor-mediated POS
phagocytosis, especially if post confluent cultures are used as
was done here.

Aside from its importance in mediating specific POS
phagocytosis by RPE, a rationale for considering that photody-
namic stress may affect MerTK is a recent report indicating that
this receptor protein is sensitive to oxidative stress induced by
another treatment, subthreshold exposure to H2O2, which also
inhibited the phagocytic function of ARPE-19 cells.53 The
mechanism of inhibition in this model was attributed to
blockade of focal adhesion kinase (FAK) and MerTK signal-
ing.53 MerTK abundance was apparently not affected53 and it
was not clear whether loss of MerTK function was due to
stress-induced changes in the receptor protein itself or to
stress-induced mitochondrial dysfunction,54,55 leading to local
reductions in energy-dependent activities such as receptor
phosphorylation. Here, we, therefore, focused on the question
of whether photodynamic stress affects the abundance of

receptor proteins MerTK, the individual av and b5 integrin
subunits, and the intact integrin heterodimer avb5 in a time
frame that could explain our observed photic, stress-induced
phagocytosis inhibition. Receptor proteins were found to be
reduced by 0.5 hours after irradiation, which coincides with
the time of onset of phagocytosis in the previous and current
investigation that showed inhibition of phagocytic activity.13

Receptor proteins were further shown to recover by 24 hours
after irradiation, the time at which phagocytic function was
restored. MerTK protein showed full recovery and both
integrin subunits showed sufficient recovery to support full
recovery of the functional integrin heterodimer. It, therefore,
appears that RPE phagocytosis receptors are sensitive to
oxidative stress induced by PD treatment, and that the
transient depletion of receptor proteins MerTK and avb5
integrin contributes to stress-induced impairments in POS
phagocytosis.

It remains to be determined how PD stress produces
diminution of the receptor proteins, but it is unlikely that the
outcome results from diminished synthesis since the proteins
were rapidly depleted, showing significant reductions within
30 minutes. Perhaps a more likely explanation is that oxidative
stress induced oxidative modifications in the receptor proteins
affecting their ability to mediate POS phagocytosis and
targeting them for degradation. At this time, there is no
evidence to indicate that POS receptors are specifically
susceptible to oxidative modification. Protein oxidation
increases with RPE aging and in the b5�/� mouse several

FIGURE 11. Western blot analysis of b-actin in ARPE-19 cells lacking photosensitizers (controls) or in cells preloaded with (A) 8 lM MC-540 or (B)
600 nM RB and analyzed at 0.5 and 24 hours after light irradiation. Blots from replicate cultures for each group are shown. Graphs show
densitometric analysis of the bands for control (white bars) or PD-treated cultures (hatched bars) with the band densities in the treated groups
expressed as a percent of their respective controls. Error bars indicate SD. Actin signals differ significantly without and with MC-540 at both time
points (t-test analyses, P < 0.05).

IOVS, March 2013, Vol. 54, No. 3 Light Stress Decreases POS Phagocytosis Receptors 2285



proteins involved in POS phagocytosis (av, b5, CD36, MerTK)
were analyzed for 4-hydroxynonenal (HNE) adduct formation,
but none was detected.56 Other types of oxidative modifica-
tions in phagocytosis receptor proteins have not yet been
explored. It should also be noted that transient diminution of
receptor protein abundance may not be the only mechanism
whereby PD stress produces transient inhibition of phagocytic
function. Photic stress may also affect MerTK phosphorylation
as reported for H2O2-induced stress,53 but diminished phos-
phorylation is difficult to show conclusively on a background
of diminished total receptor protein, and if found could be
indirect, resulting from stress effects on energy production
rather direct effects on the receptor protein itself. PD stress
could also reduce phagocytosis efficiency by affecting receptor
distribution. However, the PD stress protocol used here is too
mild to produce morphologically detectable changes in the
distribution of membrane-associated (N-cadherin, ZO-1) or
cytosolic proteins (F-actin) that are known to be sensitive to
stress-induced reorganization.33,34

In our earlier study of phagocytosis inhibition by PD
treatment, the photosensitizer MC-540 had greater effects than
RB, producing inhibition of the nonspecific phagocytosis of
beads in addition to the specific phagocytosis of POS.13 The
difference in outcome could be due to the cellular localization
of the photosensitizers.14–18 Both MC-540 and RB localize to
membranes, notably surface membranes, which presumably
accounts for the ability of PD treatment using both dyes to
affect membrane receptors mediating phagocytosis. Addition-
ally, MC-540 is more competent to penetrate to intracellular
membranes, which would increase the likelihood of affecting
cytosolic proteins as well. Using PD treatment with MC-540,
we observed reductions in cytosolic proteins including b-actin.
Actin is particularly relevant here because this cytoskeletal
protein is known to participate in RPE phagocytosis,57,58 and
disruption of actin microfilaments, as has been shown to occur
during rubella virus infection of cultured RPE cells, for
example, renders cells defective in the phagocytosis of latex
beads.59 Reductions in actin due to treatment using MC-540
could, therefore, contribute to our observation of inhibited
nonspecific phagocytosis using this dye, but given its
widespread distribution, MC-540 could also mediate the loss
of other stress-sensitive proteins that participate in particle
uptake.

Overall we conclude that POS receptor proteins MerTK and
avb5 integrin in ARPE-19 cells are susceptible to sublethal
photodynamic oxidative stress. The proteins show a transient
reduction and recovery after PD treatment that coincides with
a transient reduction and recovery in phagocytic function. The
observations support the hypothesis that chronic photic stress
to the RPE in situ could reduce phagocytic efficiency, which
over time would have consequences for the health and survival
of retinal photoreceptors that depend upon efficient RPE
phagocytosis during the essential process of photoreceptor
renewal.
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