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PURPOSE. We determined whether photic stress differentially impairs organelle motility of RPE
lipofuscin and melanin granules, whether lethal photic stress kills cells in proportion to
lipofuscin abundance, and whether killing is modulated by melanosome content.

METHODS. Motility of endogenous lipofuscin and melanosome granules within the same
human RPE cells in primary culture was quantified by real-time imaging during sublethal blue
light irradiation. Cell death during lethal irradiation was quantified by dynamic imaging of the
onset of nuclear propidium iodide fluorescence. Analyzed were individual cells containing
different amounts of autofluorescent lipofuscin, or similar amounts of lipofuscin and a varying
content of phagocytized porcine melanosomes, or phagocytized black latex beads (control for
light absorbance).

RESULTS. Lipofuscin granules and melanosomes showed motility slowing with mild irradiation,
but slowing was greater for lipofuscin. On lethal irradiation, cell death was earlier in cells with
higher lipofuscin content, but delayed by the copresence of melanosomes. Delayed death did
not occur with black beads, suggesting that melanosome protection was due to properties of
the biological granule, not simple screening.

CONCLUSIONS. Greater organelle motility slowing of the more photoreactive lipofuscin granule
compared to melanosomes suggests that lipofuscin mediates mild photic injury within RPE cells.
With lethal light stress endogenous lipofuscin mediates killing, but the effect is cell autonomous
and modulated by coincident melanosome content. Developing methods to quantify the
frequency of individual cells with combined high lipofuscin and low melanosome content may
have value for predicting the photic stress susceptibility of the RPE monolayer in situ.
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Cells of the RPE contain two types of pigment granules that
are believed to have opposing effects in determining the

cellular susceptibility to photic stress: lipofuscin granules and
melanosomes. In the RPE, lipofuscin forms largely from the
incomplete lysosomal digestion of lipids and proteins derived
from phagocytized shed photoreceptor outer segment mem-
branes.1,2 Lipofuscin, which accumulates with age and
occupies an increasing cytoplasmic volume over time,3 is a
complex, photoreactive material containing several fluoro-
phores that are responsible for its characteristic broad-band,
golden fluorescence when excited with blue light.4,5 Blue light
irradiation of isolated lipofuscin generates superoxide anion,
hydrogen peroxide, and singlet oxygen,6–8 reactive species that
cause lipid peroxidation, enzyme inactivation, and protein
oxidation in model systems.9 Chloroform-soluble extracts6,8,10

and chloroform-insoluble components of lipofuscin granules11

are capable of generating toxic reactive species on excitation
with blue light, but the main lipofuscin chromophore(s)
responsible for the granule’s phototoxicity remain unknown.

The best characterized fluorophore of lipofuscin is A2E,12,13

which has been used extensively to model the photochemical
and photobiological properties of RPE lipofuscin. Despite its
extensive experimental use, A2E is neither a major chromo-

phore of lipofuscin granules14 nor a major photoreactive
component of the granules,15 being capable of only inefficient
photogeneration of superoxide anion and singlet oxygen.16–18

Given the small content of A2E estimated in each lipofuscin
granule,19 perhaps it is not surprising that a recent report found
that the distribution of A2E and of lipofuscin does not correlate
in human RPE cells.20 Despite that the photoreactivity of A2E is
low and significantly less than RPE lipofuscin,16–18 A2E has
been used widely. When added experimentally to cultured RPE
cells, even in the absence of irradiation, A2E affects cholesterol
metabolism,21 impairs mitochondrial function and phagocytosis
of outer segments,22 and destabilizes cellular membranes.23

With short wavelength visible light irradiation, A2E-laden RPE
cells exhibit altered gene expression24 and cell death via
apoptosis25–27 or loss of lysosomal integrity.28

Lipofuscin granules, like A2E, also have been experimentally
introduced into cultured RPE cells followed by irradiation,
which produces outcomes, such as the extragranular oxidation
of lipids, inactivation of lysosomal and antioxidant enzymes,
loss of lysosomal integrity, and cell death.19,29 These damaging
effects have led to the view that lipofuscin is phototoxic within
the aging RPE, contributing to light-induced tissue dysfunction
and predisposing to age-related macular degeneration (AMD).30
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Despite the evidence in support of this notion, endogenous
lipofuscin granules, within the RPE cells that generated them,
have not been explicitly shown to mediate phototoxicity in live
cells. This is a relevant issue for two reasons: although
lipofuscin accumulates with age, it varies among individual
RPE cells, and it coexists with another pigment granule, the
melanosome, which is believed to be photoprotective.

Melanosomes are the dominant membrane-limited pigment
granules in young RPE cells. They contain melanin, a complex
oligomeric aggregate consisting of products of enzymatic
oxidation of tyrosine and nonenzymatic transformations of
melanin precursors deposited on a protein matrix.31,32 When
illuminated under aerobic conditions, melanin can generate
superoxide anion and hydrogen peroxide.33–35 Despite its
photoreactivity, RPE melanin usually is considered photoprotec-
tive,36,37 although how melanin protects from light damage is
not entirely clear. Apart from absorbing light, melanin may act as
a cellular antioxidant.37,38 In a variety of model systems, melanin
has been shown to scavenge reactive free radicals,39,40 quench
singlet oxygen41,42 and excited states of photosensitizing
molecules,43–45 and to inhibit lipid peroxidation.46–48 Melanin
also can sequester redox-active metal ions, making them less
likely to induce lipid peroxidation,46 and less available to act as
cofactors in Fenton-type reactions that yield extremely reactive
hydroxyl radicals.49,50 Despite the many properties that predict
melanin would photoprotect RPE cells by acting as an
antioxidant, showing this effect in a cellular system has
presented an experimental challenge. Using conventional
measures of antioxidant-mediated cytoprotection, we previously
were unable to detect photoprotection of ARPE-19 cells by
phagocytized porcine melanosomes when compared to phago-
cytized black beads, which were used to control for the effect of
optical screening.51 Subsequent experiments, using a more
sensitive dynamic imaging protocol to quantify the timing of cell
injury, revealed no protection, but rather detected a slight
increase in phototoxicity conferred by melanosomes compared
to beads,52 an outcome consistent with observations that
melanosomes generate superoxide and hydrogen peroxide on
blue light irradiation.35 In the same study, we observed that
untreated melanosomes conferred protection when compared to
melanosomes that were photobleached, a process that changes
the properties of melanin rendering it more photoreactive.52

This raised the possibility that, despite melanin’s photoreactivity,
melanosomes may help photoprotect RPE cells when irradiation
occurs in the presence of other, more photoreactive substances
or organelles, a context in which the light screening and the
antioxidant properties of melanosomes could be functionally
relevant. This is the typical state for RPE cells in which
melanosomes coexist with the naturally-occurring and more
highly photoreactive organelle, the lipofuscin granule.35

We used cultured human RPE cells containing melanosomes
and lipofuscin granules to analyze biological responses to
treatment with phototoxic blue light delivered at either
sublethal or lethal levels. The outcomes demonstrated that
endogenous lipofuscin granules sensitize living cells to
sublethal irradiation more than melanosomes. This sensitiza-
tion was revealed as greater impairment of organelle motility, a
previously-identified consequence of mild light treatment
especially for organelles with photoreactive contents.53 When
irradiation was elevated to lethal levels, lipofuscin-containing
cells were killed preferentially in proportion to their lipofuscin
content; to our knowledge this is the first explicit demonstra-
tion of the phototoxic effect of endogenous, not phagocytized,
lipofuscin within RPE cells. Further, experimental manipula-
tion of melanosome content in cells containing endogenous
lipofuscin revealed that the susceptibility of each individual
RPE cell to light–induced injury was modulated by its
coincident melanosome content and not solely dependent

upon its lipofuscin abundance. Additionally, comparable
numbers of black beads did not similarly reduce susceptibility
in this model, suggesting that the mechanism of melanosome
protection was not simple light absorbance, but was due to
other properties of the biological granule. Overall the results in
this culture system indicated that melanosomes can protect
RPE cells from photic stress induced in the presence of
lipofuscin. The outcomes raise the possibility that the ratio of
melanin to lipofuscin in individual RPE cells, not the overall
content of autofluorescent lipofuscin throughout the tissue,
may be an effective predictor of the photic stress susceptibility
of the RPE within eyes.

METHODS

Cell Cultures

The RPE cells were isolated from the eyes of four adult human
donors, aged 37, 62, 84, and 86 years, by enzymatic methods
similar to those we have used previously.54 To produce the
cultures, the anterior segment was excised, the vitreous and
retina were removed, then the RPE monolayer lining the
eyecup was dislodged by a 3-hour incubation with 0.3% trypsin
in culture medium (Eagle’s Minimum Essential Medium
[EMEM]). Cells were plated in multiple wells of 24-well plates
in EMEM supplemented with 10% fetal bovine serum (FBS).
Nonadherent cells were removed after 24 hours, followed by
refeeding. To maintain their content of endogenous pigment
granules, the primary cultures were subjected to no or limited
passage (no more than twice) and maintained at confluent
density with biweekly feedings before use. For the experi-
ments, cells were replated in the wells of Nunc Lab-Tek II 8-
chamber glass slides (Thermo Fisher Scientific, Waltham, MA,
USA) at the density required for each type of analysis as
indicated with the Results. Outcomes for experiments did not
differ with RPE donor age. For the representative results that
are shown, the age of the donor providing the cells is indicated
in the Figure legends.

Preparation and Phagocytosis of Melanosomes

For some experiments in which the melanosome content of
individual cells was experimentally manipulated, porcine RPE
melanosomes were delivered to human RPE cells for phago-
cytic uptake. For this purpose, melanosomes were isolated
from porcine RPE as described previously.52,55 Briefly, RPE
cells were scraped from eyecups and homogenized. The
granules then were purified by ultracentrifugation in a sucrose
gradient followed by removal of contaminating materials and
membranes associated with the granule surface by incubation
in Tris buffer containing 0.25% Triton X-100, 2.0% SDS, and a
cocktail of protease inhibitors. Delivery of melanosomes to
RPE cells for phagocytosis was by previously-described
methods, with granule internalization proceeding over 24
hours.56 To control for light screening in some irradiation
experiments, black latex beads (1 lm; Invitrogen, Carlsbad,
CA, USA) were delivered to control cell populations for
phagocytic uptake by the same methods we have used
previously.56

Light Irradiation, Organelle Motility Tracking and
Cell Survival Analysis

Chamber slides containing RPE cells were mounted on the
stage of a Nikon Eclipse TE2000U microscope outfitted with a
motorized, computer-controlled stage (Nikon Instruments,
Melville, NY, USA) and a CoolSnap ES digital camera (Photo-
metrics, Tucson, AZ, USA). The stage was equipped with a Live
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Cell 3 environmental chamber (Pathology Devices, West-
minster, MD, USA) to control temperature, humidity, and CO2

levels. Image acquisition and data analysis were performed
using Premier MetaMorph software (Molecular Devices,
Sunnyvale, CA, USA).

Sublethal blue light treatment of RPE cells, and motility
tracking of endogenous lipofuscin granules and melanosomes
were performed as described previously56 with some modifi-
cations. Fluorescence (lEx ¼ 490 nm, lEm ¼ 617 nm) images
were first captured to identify lipofuscin granules, then the
fluorescence images were merged with bright field images of
the same field to permit discrimination of the two granule
types within the same cells as explained further in the Results.
For motility tracking of individual granules, time lapse bright-
field images were acquired at 1-second intervals over 9 minutes
using the following light irradiation protocol: light OFF during
the first 3 minutes (for tracking of baseline granule motility),
light ON during the second 3 minutes (for motility tracking
during light stress), and light OFF during the final 3 minutes
(for postirradiation motility tracking). Light (400–410 nm, 100
J/cm2) was delivered using the epi-illumination port of the
microscope. After treatment with blue light, images were
collected for another 18 to 24 hours to confirm that the photic
stress was sublethal.53 Movement of granules was quantified by
assembling the time lapse images into stacks and following
selected granules using the Track Objects function of
MetaMorph software, as previously described.53

For lethal light irradiation followed by survival analysis,
confluent cultures were used in which the cells contained
endogenous lipofuscin granules, without or with varying
numbers of porcine melanosomes or black latex beads
introduced by phagocytosis as described above. For the
experiments, cultures were irradiated continuously with blue
light (490 nm, 56 mW/cm2) using the microscope’s mercury
lamp by methods similar to those we have used previously.53

Irradiation was in the presence of 100 lM propidium iodide
(PI), a membrane impermeant red-emitting fluorescent dye (lEx

¼ 555 nm, lEm ¼ 617 nm) that stains the nuclei of damaged
cells. Before light treatment, fluorescence images were
captured to identify lipofuscin granules (lEx ¼ 490 nm, lEm ¼
617 nm) or latex beads (lEx ¼ 555 nm, lEm ¼ 685 nm), which
have a characteristic fluorescence.56 During light treatment,
phase contrast and PI fluorescence images were collected at
30-second intervals for up to 15 hours. For analysis, image
stacks were generated and the time of onset of thresholded
nuclear PI fluorescence was recorded as a dynamic measure of
cell death using published methods.56 To estimate lipofuscin
content in individual cells, each cell was outlined manually and
the percent of cell area occupied by thresholded lipofuscin
fluorescence was determined using the Threshold Image
function of MetaMorph. The same approach was used to
determine the content of phagocytized black latex beads, using
their fluorescence, and phagocytized melanosomes, using
bright-field images. Cells were grouped according to granule
content, as described further in the Results, and survival curves
were plotted using GraphPad Prism software (GraphPad
Software, La Jolla, CA, USA).

RESULTS

Sublethal Irradiation Differentially Affects the
Motility of Endogenous Lipofuscin Granules and
Melanosomes

The motility of endogenous lipofuscin granules and melano-
somes within the same individual RPE cells during treatment
with sublethal blue light treatment was analyzed by published

methods53 (Figs. 1, 2). Using well-spread cells in subconfluent
cultures, granule types were identified by capture of sequential
bright field and fluorescence images before each experiment,
and confirmed by imaging again at the experiment’s end.
Bright field micrographs revealed both granule types (Fig. 1A);
the subset of granules that was lipofuscin was identified by
their autofluorescence (Figs. 1B–D), and those lacking
detectable autofluorescence were identified as melanosomes
(Fig. 1D). In the perinuclear region of the primary cultures,
granules are abundant, closely packed, and relatively nonmo-
tile. However, in the periphery of spread cells individual
granules are more widely separated, which permits them to
translocate over longer distances and allows individual
granules to be discriminated in bright field-fluorescence image
overlays (Fig. 1D). Granules in this subcellular location were
selected for motility tracking (Fig. 2).

In previous studies, melanosomes (endogenous and phago-
cytized granules) within the cytoplasm of cultured RPE cells
were shown to exhibit variable constitutive baseline organelle
movement that was impaired on irradiation with sublethal blue
light.53 Using the same protocol, similar outcomes were
obtained here for endogenous lipofuscin granules (Figs. 2A–
D). Baseline lipofuscin granule motility consisted of short,
oscillatory movements and longer distance translocations (Fig.

FIGURE 1. Discrimination of endogenous lipofuscin granules and
melanosomes in a human RPE cell. Bright field imaging (A) shows all
granules, and fluorescence imaging (B) of the same cell identifies
autofluorescent lipofuscin granules. In the cell periphery, where
granules are less numerous, individual granules can be discriminated
on merged images (C). A magnified region (D) illustrates an adjacent
melanosome (black arrow) and lipofuscin granule (white arrow). Note
that the two images of the lipofuscin granule do not align due to the
granule’s movement between capture of sequential bright field and
fluorescence images. N, nucleus. Age of RPE donor: 84 years.
Magnifications: (A–C) 3400, (D) 3600.
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2D). During 3 minutes of sublethal blue light treatment,
lipofuscin motility slowed and remained impaired during a 3-
minute posttreatment interval (Figs. 2B–D).

When cells containing endogenous granules of both types
were blue light–treated, lipofuscin granules showed greater
impairment of movement than melanosomes within the same
individual human RPE cells (Fig. 3). The total distance traveled
by melanosomes at baseline (75 lM 6 41 SD) was slightly, but
not significantly, longer than the baseline distance traveled by
lipofuscin granules (60 lM 6 37 SD, t-test, P ¼ 0.14).

Individual RPE Cells Are Susceptible to Lethal
Photic Stress in Proportion to Their Lipofuscin
Content

The slowing of organelle motility exhibited by lipofuscin
following mild light treatment (Fig. 3) suggested that lipofuscin
is a greater source of local photogeneration of damaging
reactive species within cells than melanosomes,53 as long has
been presumed. Given that lipofuscin content is a cell
autonomous feature, we next sought to determine whether
greater light stress, at lethal levels, preferentially killed cells
containing lipofuscin, and, more specifically, whether the
killing differed with the amount of lipofuscin in individual
cells. To address this question, confluent human RPE cultures
were used that consisted of cells with varying amounts of
endogenous autofluorescent lipofuscin (Fig. 4A). Lipofuscin
abundance was quantified in individual cells by determining
the percent of cell area occupied by autofluorescent material
as described in the Methods. Lethal light stress induced by
continuous irradiation with blue light for 15 hours in the
presence of PI produced a time-dependent increase in the
fraction of cells with PI-positive nuclei as a marker of cell death
(Fig. 4B). The time of cell death for individual cells with
varying amounts of lipofuscin was recorded and cells were

grouped by lipofuscin content for analysis. Individual cells with
more abundant lipofuscin exhibited an earlier onset and a
more rapid rate of cell death than cells with low lipofuscin
content, in which cell death was delayed (Fig. 4C).

The Susceptibility to Lethal Photic Stress of
Individual RPE Cells Containing Lipofuscin Is
Reduced in Proportion to Their Melanosome
Content and the Reduction Is Not Due to Optical
Screening

Individual cells differ in their susceptibility to lethal light stress
in proportion to their lipofuscin content (Fig. 4), but lipofuscin
granules are not the only granule with the potential to affect
sensitivity to photic stress; melanosomes coexist with lipofus-
cin in RPE cells. To determine whether melanosomes modify
light stress susceptibility in cells containing lipofuscin, cultures
of cells containing endogenous lipofuscin were used. Since the
cells contain relatively few unmodified melanosomes (not
shown), cells were rendered more melanotic by phagocytic
uptake of porcine melanosomes. Individual cells then were
selected for analysis that had comparable lipofuscin content,
determined by quantifying cell area occupied by autofluor-
escent material in fluorescence images (Figs. 5A, 5B), and
either low (Fig. 5C) or high (Fig. 5D) numbers of melanosomes,
determined by quantifying light absorbing material in paired
bright field images. Time of cell death was recorded in these
two cell subpopulations during irradiation of the cultures to
lethality with blue light in the presence of PI. Cells with a
similar lipofuscin content, but more abundant melanosomes
exhibited delayed cell death compared to cells in the same
culture with fewer melanin granules (Figs. 5E, 5F).

To determine whether the protective effect of melanosomes
coexisting with lipofuscin granules (shown in Fig. 5) resulted
from simple optical screening by the melanin granules, similar
experiments were performed using phagocytized black latex
beads in place of the melanosomes. The beads are chemically
inert, but have light-blocking properties similar to melano-
somes, can be loaded similarly into cells by phagocytosis, and
can be discriminated by their endogenous fluorescence.56 The

FIGURE 2. Illustration of the movement of a representative lipofuscin
granule at baseline and with sublethal blue light treatment. Bright field
micrographs, with overlaid movement tracks, show organelle motility
over 3-minute intervals at baseline ([A], track shown in black), then
during ([B], track shown in blue) and after ([C], track shown in green)
blue light irradiation. (D) Graphical representation of the movement of
the lipofuscin granule shown in (A–C). Age of RPE donor: 84 years.
Magnification for (A–C): 3600.

FIGURE 3. Mean total distances traveled over 3-minute intervals (by
the methods illustrated in Fig. 2) by melanosomes (black bars, n¼ 65)
and lipofuscin granules (white bars, n¼56) within the same RPE cells.
Data for distance traveled during and after light treatment are
expressed as a percent of baseline motility (6 SD). Reductions in
movement relative to baseline are significantly greater for lipofuscin
granules than for melanosomes during light treatment and after
irradiation (P < 0.05, t-test). Age of RPE donor: 62 years.
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RPE cells containing comparable endogenous lipofuscin and

either low or high numbers of black latex beads were analyzed

for time of death in cultures subjected to lethal blue light

irradiation in the presence of PI. In contrast to cells containing

FIGURE 4. Confluent cultures of human RPE cells containing
endogenous lipofuscin and subjected to lethal blue light irradiation.
(A) Fluorescence micrograph of a representative culture imaged to
show lipofuscin. Three cells containing abundant lipofuscin are
indicated (white arrowheads). (B) Merged phase contrast and PI
fluorescence images of the same field shown in (A) illustrated before
light treatment (0 hours) and at two time points during irradiation (4
and 8 hours) to show the time-dependent increase in PI-positive nuclei.
The same high lipofuscin cells indicated in (A) are highlighted (white

arrowheads), which became PI-positive early in the irradiation time
course (by 4 hours). Three low lipofuscin cells also are indicated
(white arrows) with nuclei that remain PI-negative through 8 hours.
(C) Survival curves for RPE cells grouped by lipofuscin content (% cell
area occupied by thresholded autofluorescence) showing the time of

FIGURE 5. Human RPE cells containing endogenous lipofuscin
granules and differing numbers of phagocytized porcine melanosomes.
Paired fluorescence (A, B) and bright field micrographs (C, D,
respectively) illustrate cells with comparable lipofuscin and either
low (C) or high (D) melanosome content. (E) Survival curves for RPE
cells with low and high melanosome content during irradiation with
blue light. Each dot represents an individual cell. (F) Demonstration of
the mean time of cell death for cells with low and high melanosome
content. Cell death was significantly later than for cells with higher
melanosome numbers (P < 0.05, t-test). Wide cross bars indicate
means, shorter error bars indicate SD. Age of RPE donor: 37 years.

onset of nuclear PI fluorescence as a real-time measure of cell death
during blue light irradiation over 15 hours. Each dot represents an
individual cell. All survival curves for cells with different lipofuscin
content differ significantly from each other (GraphPad Prism,
Comparison of Survival Curves function, P < 0.0001). Age of RPE
donor: 37 years.
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varying numbers of melanosomes (Fig. 5), time of death was
similar for cells containing low versus high numbers of black
latex beads (Fig. 6).

DISCUSSION

Previous studies showed that isolated RPE lipofuscin granules
are competent to photo-generate oxidizing species 6–8,57 and to

mediate light-induced cell killing when delivered by phagocy-
tosis to cultured cells.19 Here, explicit evidence is provided to
indicate that endogenous lipofuscin granules behave similarly,
mediating photoxic responses in cultured human RPE cells
exposed to either sublethal or lethal levels of blue light.
Following mild light irradiation, the response manifests as
reduced lipofuscin granule motility, and on lethal irradiation
lipofuscin is shown to mediate cell killing. Significantly, the
killing was cell autonomous; that is, susceptibility was
determined by the lipofuscin abundance in individual cells.
Further, melanosomes were shown to reduce the light
susceptibility of lipofuscin-containing cultured cells by a
mechanism that was cell autonomous and not due to simple
light absorbance.

Sublethal photic stress was previously shown to impair the
motility of melanosomes and phagosomes within cultured RPE
cells.53 Photosensitizer-loaded phagosomes exhibited greater
motility impairment than those lacking photosensitizer,53

which supported the interpretation that damaging species
that were photo-generated locally, that is, in the subcellular
domain of the organelle, slowed organelle movement in
proportion to their abundance. Here endogenous RPE lipofus-
cin granules, compared to melanosomes in the adjacent
cytoplasm of the same cells, behaved like photosensitizer-
loaded phagosomes by demonstrating greater motility impair-
ment on mild light treatment. This observation is consistent
with conclusions from studies of isolated RPE granules
showing that melanosomes and lipofuscin granules are photo-
reactive, but that the photoreactivity of lipofuscin is greater,35

and suggests that the relative photoreactive potentials of the
two granule types occur within cells.

In examining the effects of lipofuscin following lethal
irradiation, the focus here was not only on whether
endogenous granules can be shown to increase light suscep-
tibility, but more specifically on whether susceptibility differed
among cells depending on their lipofuscin content and on the
copresence of melanosomes. We took advantage of the
naturally occurring cell–cell heterogeneity in lipofuscin con-
tent in RPE cells58 and on the degranulation that occurs when
RPE cells are propagated in vitro59 to generate a culture system
in which cells varying in lipofuscin abundance could be
identified readily and selected for analysis. Using this approach,
coupled with a real-time assay that quantifies the timing of cell
death,52 it was possible to demonstrate a greater susceptibility
to lethal light exposure of cells containing greater amounts of
autofluorescent lipofuscin compared to those with few
granules. This observation illustrates the importance of a
feature of lipofuscin that is not often considered: phototoxicity
mediated by lipofuscin is cell autonomous and related to the
content in individual cells rather than producing cell death
equivalently throughout the monolayer.

The cell autonomy of light susceptibility was illustrated
further by demonstrating photo-protection conferred by
melanosomes that coexisted with lipofuscin granules in the
cytoplasm of the same cultured RPE cells. Within the aging eye,
RPE pigment granules become more complex, melanosomal
melanin undergoes oxidative modification60 that is believed to
change the photoreactive properties of the pigment granule,35

and compound granules, like melanolipofuscin, increase.3

Therefore, melanosomes lacking detectable lipofuscin auto-
fluorescence are infrequent in RPE cultures from adult human
donors, such as those used here. To study the photophysical
properties of melanosomes that have undergone limited age-
related modifications, we have used previously granules
isolated from the RPE of young pigs.55,61 Porcine granules
were used here as well and delivered to cultures for phagocytic
uptake to generate cells with measurably different ratios of
melanosomes to lipofuscin, and to demonstrate decreased light

FIGURE 6. Human RPE cells containing endogenous lipofuscin
granules and differing numbers of phagocytized black latex beads.
(A) Merged phase-contrast, far-red fluorescence of black latex beads
(shown red), and autofluorescence of lipofuscin (shown yellow) to
illustrate cells with comparable lipofuscin and low (yellow arrow and
label) or high bead content (red arrow and label). (B) Survival curves
for RPE cells with similar lipofuscin content and low or high content of
black beads during irradiation with blue light. Each dot represents an
individual cell. (C) Demonstration of the mean time of cell death for
cells with low and high bead content. Times of death did not differ.
Wide cross bars indicate means; shorter error bars indicate SD. Age of
RPE donor: 37 years.
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susceptibility for cells with higher numbers of melanosomes.
This outcome indicates that the susceptibility of RPE cells to
photic injury is determined not by their lipofuscin content
alone, but is modulated further by their coincident content of
melanosomes. The observation that higher numbers of
melanosomes conferred photoprotection may appear to
conflict with our previous observation of melanosome-
mediated phototoxicity.52 In the previous study, photoxicity
was detected by comparing cells phagocytically-loaded with
melanosomes to cells similarly loaded with black beads,
conditions under which optical screening was comparable
and the phototoxic properties of melanosomal melanin
apparently were revealed. Here, the comparison groups
differed; all cells contained highly photoreactive lipofuscin in
addition to melanosomes, conditions under which the photo-
protective properties of melanosomal melanin were apparently
revealed. Stated differently, the melanosome has photoxic and
photoprotective properties, and the net effect when irradiated
cells also contain lipofuscin is melanosome-mediated photo-
protection.

An additional noteworthy observation was that the photo-
protective effect of melanosomes could not be attributed to
simple light absorbance, since similarly absorbing black
particles did not similarly protect. This outcome was not
surprising given that, to permit detection of granule abundance
and type in this model, the cultured cells were somewhat
flattened on the substrate. Therefore, the granules were not in
an optimal position to screen one another or important
subcellular structures, notably nuclei. This granule position
was useful for the purposes of this investigation where one
goal was to detect nonscreening effects of melanosomes. We
found that, despite the limited light blockade, protection by
melanosomes was nonetheless demonstrable, indicating that
the melanin granule exhibits other photoprotective properties
aside from light absorbance. The most likely are the
antioxidant properties of melanin, which have been shown
many times in noncellular systems,39,46,49,50 but which have
been difficult to demonstrate explicitly within living cells. We
have reported previously indirect evidence for an antioxidant
function of melanosomes within cultured cells in various
experimental systems,56,62,63 and perhaps the protection by
melanosomes of light-irradiated cells containing lipofuscin
shown here is another example. We would like to suggest the
possibility that melanosomes function as an antioxidant under
these conditions, because the two granule types closely
codistribute in the perinuclear cytoplasm. In this subcellular
domain, the short-lived and locally-generated reactive species
originating from irradiated lipofuscin may be scavenged
efficiently by melanin in nearby melanosomes. This granule
codistribution occurs in RPE cells in situ as well where, with
aging, the preferential segregation of melanosomes to the
apical domain declines leading to cosegregation with more
basal lipofuscin granules. In this regard, the culture system
used here bears more resemblance to granule location found in
aged than young tissue. Optical screening is likely to be a more
significant function of melanosomes in situ than in vitro due to
the more cuboidal cytoarchitecture of the RPE within eyes,
especially young eyes.

The observation that RPE cells exhibit toxic responses to
light irradiation in response to their individual lipofuscin
content, as modified by their individual melanosome content,
may have ramifications for understanding in vivo phototoxicity
and the role of photic stress in predisposing to AMD. There has
been considerable interest in recent years in whether fundus
autofluorescence might be useful for predicting AMD disease
susceptibility.5,64,65 The results here raise the possibility that
the frequency and/or topographical location in the monolayer
of RPE cells with a high content of lipofuscin and a low

melanosome number may be more relevant than total
autofluorescence. Newer imaging systems with the ability to
quantify noninvasively the ratio of autofluorescence to
absorbance at the single RPE cell level66 may reveal useful
features of the monolayer for predicting disease or tracking its
progression.
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