
Formation of lipofuscin-like material in the RPE Cell by different
components of rod outer segments

Lei Leia,b,1, Radouil Tzekovb,1,2, J. Hugh McDowellc, Wesley C. Smithc, Shibo Tanga, and
Shalesh Kaushalb,d,*

aState Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University,
No. 54 South Xianlie Road, Guangzhou 510060, China

bThe Department of Ophthalmology, University of Massachusetts Medical School, 381 Plantation
Street, Worcester, MA 01605, USA

cThe Department of Ophthalmology, University of Florida Health Science Center, 1600 SW
Archer Road, Gainesville, FL 32610, USA

dRetina Specialty Institute, 6717 NW 11th Place, Gainesville, FL 32605, USA

Abstract

The mechanisms that control the natural rate of lipofuscin accumulation in the retinal pigment

epithelial (RPE) cell and its stability over time are not well understood. Similarly, the

contributions of retinoids, phospholipids and oxidation to the rate of accumulation of lipofuscin

are uncertain. The experiments in this study were conducted to explore the individual contribution

of rod outer segments (ROS) components to lipofuscin formation and its accumulation and

stability over time. During the period of 14 days incubation of ROS, lipofuscin-like

autofluorescence (LLAF) determined at two wavelengths (530 and 585 nm) by fluorescence-

activated cell sorting (FACS) was measured from RPE cells. The autofluorescence increased in an

exponential manner with a strong linear component between days 1 and 7. The magnitude of the

increase was larger in cells incubated with 4-hydroxynonenal (HNE-ROS) compared with cells

incubated with either bleached or unbleached ROS, but with a different spectral profile. A small

(10–15%) decrease in LLAF was observed after stopping the ROS feeding for 14 days. The

phagocytosis rate of HNE-ROS was higher than that of either bleached or unbleached ROS during

the first 24 h of supplementation. Among the different ROS components, the increase of LLAF

was highest in cells incubated with all-trans-retinal. Surprisingly, incubation with 11-cis-retinal

and 9-cis-retinal also resulted in strong LLAF increase, comparable to the increase induced by all-

trans-retinal. Supplementation with liposomes containing phosphatidylethanolamine (22: 6-PE)

and phosphatidylcholine (18:1-PC) also increased LLAF, while incubation with opsin had little

effect. Cells incubated with retinoids demonstrated strong dose-dependence in LLAF increase, and
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the magnitude of the increase was 2–3 times higher at 585 nm compared to 530 nm, while cells

incubated with liposomes showed little dose-dependence and similar increase at both wavelengths.

Very little difference in LLAF was noted between cells incubated with either unbleached or

bleached ROS under any conditions. In summary, results from this study suggest that

supplementation with various ROS components can lead to an increase in LLAF, although the

autofluorescence generated by the different classes of components has distinct spectral profiles,

where the autofluorescence induced by retinoids results in a spectral profile closest to the one

observed from human lipofuscin. Future fluorescence characterization of LLAF in vitro would

benefit from an analysis of multiple wavelengths to better match the spectral characteristics of

lipofuscin in vivo.
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1. Introduction

Lipofuscin is a conglomerate of lipid-containing pigment granules representing partial

lysosomal digestion and has been described in many somatic and neuronal cells, including

the retinal pigment epithelium (RPE) (Jung et al., 2007; Sparrow et al., 2010a). RPE

lipofuscin is the main source of retinal autofluorescence (AF) and its excessive levels

eventually lead to cell death as part of the pathophysiological process in several sight-

threatening diseases such as the dry form of age-related macular degeneration (ARMD) and

Stargardt disease (Schmitz-Valckenberg et al., 2009).

The human outer retina is exposed to relatively high oxygen tension and intense light, two

factors that result in high levels of lipid peroxidation in the biological membranes of

photoreceptors and particularly in the rod outer segments (ROS). RPE lipofuscin content

increases with age, and the topographical distribution of this process matches the

distribution of rods in the retina (Weiter et al., 1986; Wing et al., 1978). Thus, in the macular

region in humans, the area occupied by lipofuscin in an RPE cell increases from ~1% in the

first decade of life to ~19% in the 9th decade of life (Feeney-Burns et al., 1984). A similar,

approximately 20 fold increase in lipofuscin content as measured by fluorescence

spectroscopy was observed also over the lifespan in mice (Mukherjee et al., 2009). The

characteristics of this increase are somewhat uncertain as some studies showed a relatively

rapid increase during the first 2 decades of life in humans, but a more moderate rate of

increase in later decades (Feeney-Burns and Eldred, 1983; Feeney-Burns et al., 1984; Weiter

et al., 1986). Recent studies employing mathematical and biophysical models of lipofuscin

accumulation suggest that the increase is mostly linear over the human lifespan (Family et

al., 2010; Mazzitello et al., 2009). On the other hand, there is insufficient information about

the time course of lipofuscin or lipofuscin-like material accumulation in RPE cell culture

and whether or not it is similar to the rate of accumulation in vivo.

Previous studies report that supplementation with ROS modified by lipid peroxidation

contribute to the generation of lipofuscin granules in the RPE (Kaemmerer et al., 2007;
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Krohne et al., 2010). However, the human retina is also exposed to different illumination

conditions during daytime and night hours and it is unclear how this change in illumination

could affect the increase in autofluorescence observed with modified ROS. The rate of ROS

phagocytosis by the RPE and the efficiency of ROS intracellular degradation are key factors

vital for the maintenance and normal functioning of the outer retina and are important

factors in controlling the daily accumulation and clearance of RPE lipofuscin (Terman et al.,

2007), yet it is not well understood if the accumulation of lipofuscin is related to different

phagocytosis rate or to different intracellular degradation rate. Furthermore, it is uncertain to

what extent lipofuscin material can be degraded by the RPE cells over time without any

therapeutic intervention. A previous study by Boulton et al. (1989) suggests that this may

not be the case, since they were not able to detect a change in the concentration of

autofluorescent material if cultures supplemented with ROS for 2 months, which were then

maintained an additional 2 months in culture medium without ROS supplementation. These

observations were qualitative, and it remains likely that some degradation occurred, but its

detection would require a proper quantitative assay.

Autofluorescence is an important characteristic of lipofuscin as it is one of the few

observable and measurable parameters to be recorded during lifetime. The spectral profile of

the bisretinoid A2E is one that matches closely the one the spectral profile recorded from

lipofuscin granules (Sparrow and Boulton, 2005). Whether or not products of the lipid

peroxidation of the outer segments also contribute to the AF from RPE cells detected in vitro

or in vivo remains an open question. Additionally, the presence in the outer retina and the

RPE of various retinoids and products of the retinoid visual cycle, leads to the possibility of

formation of bisretinoids and their derivatives, which can affect the function of the

lysosomes or be toxic to other cellular components. Both lipid peroxidation and retinoid/

bisretinoid derivatives formation can contribute to the generation of non-degradable RPE

material, or lipofuscin granules. However, the role of different components of the

photoreceptor outer segments (phospholipids, retinoids, and proteins) in maintaining the

overall RPE lipofuscin levels relatively low during the process of normal aging is unknown.

Another uncertainty related to using the RPE cell culture as model for lipofuscin

accumulation in vivo is the spectral profile of the obtained autofluorescence. When

quantifying RPE lipofuscin accumulation by fluorescence-activated cell sorting (FACS)

appropriate emission filters and corresponding wavelengths need to be used. Nearly all

studies in the past have used filters with single peak transmission wavelength of detection at

530 nm (Krohne et al., 2010; Rakoczy et al., 1992, 1994; Sugano et al., 2006). Although

results obtained in this spectral region provide important information, quantitative

autofluorescence may incompletely distinguish between fluorescent species like lipofuscin,

ceroid, free lipid peroxidation products and other unspecified autofluorescence (Sheehy,

2002). Thus, it is important to look also at a longer wavelength spectral region (580–620

nm), which matches more closely the peak emissions from human lipofuscin in vitro and in

vivo (Docchio et al., 1991; Haralampus-Grynaviski et al., 2003).

Our experiments were designed to address some of the outlined problems and uncertainties

related to the use of RPE cell culture as a model for lipofuscin accumulation.
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2. Materials and methods

2.1. ROS isolation

ROS isolation was performed according to a published method (McDowell, 1993). Retinas

were dissected from adult cattle eyes under red light, which had been enucleated shortly

after slaughter and placed in the dark on ice for a few hours before use. ROS were

sometimes prepared immediately after dissection, but more often the retinas were frozen by

dropping into liquid N2 and stored at −80 °C until use. The ROS was immersed in a solution

containing 0.1 M NaPO4, 1 mM MgC12, 0.1 mM EDTA, pH 7.0 and contain 0.5 mM DTT.

The retinas were vigorously shaken in 45% (w/v) sucrose. The ROS were first floated on

45% sucrose, then sedimented in 15% sucrose, and finally subjected to discontinuous

sucrose density gradient centrifugation. Purified ROS were collected from the interface

between layers of 0.77 M and 0.92 M sucrose. After diluting with buffer and pelleting, the

ROS were suspended in buffer and stored frozen in small aliquots at −80 °C.

2.2. RPE cell culture, ROS modification and bleaching

2.2.1. RPE cell culture—ARPE-19 cells were cultured and maintained as described

before (Lei et al., 2012; Strunnikova et al., 2001). Briefly, ARPE-19 cells were procured

from the ATCC (Manassas, VA) and grown in high glucose DMEM (Cellgro/Mediatech

Inc., Manassas, VA) supplemented with 10% heat-inactivated fetal calf serum FCS (Sigma–

Aldrich, St. Louis, MO) and 1% penicillin/streptomycin (Gibco, Grand Island, NY) at 37 °C

in presence of 5% CO2. Cells were routinely subcultured or harvested for experiments using

TrypLE Express (Gibco). For all subsequent experiments, cells were grown from the frozen

aliquots to ensure that all experiments were conducted on similar cells between P2 to P8.

ROS were prepared from cattle eyes following a described method (Papermaster, 1982). The

yield was normally 10–20 nmol of rhodopsin per retina with an OD280/OD500 ratio of 2.3–

2.6. Protein content of ROS preparations was measured by BioRad BC kit (Bio-Rad

Laboratories, Hercules, CA).

2.2.2. ROS modification—Oxidized ROS using 4-hydroxynonenal (HNE) were prepared

as described before (Kaemmerer et al., 2007). ROS were incubated with 5 mM HNE at room

temperature overnight on a shaker. Unbound HNE was removed by repeated washes in PBS.

The concentrations of protein modifications resulting from this procedure have been

reported previously (Kaemmerer et al., 2007). Modified ROS were stored at −80 °C until

use.

2.2.3. Bleaching—The native ROS were bleached under fluorescent white light conditions

(700 lux) on ice (4 °C) for 1 h and then immediately applied to the RPE cells. Unbleached

ROS were added in the dark under dim red light.

2.3. RPE cell treatment

Post confluent, stationary ARPE-19 cells (same passage) cultures in 10 cm plate were

trypsinized, plated in 24 wells or 8-well chamber slide at a confluent density of 1.66*105/

cm2.
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2.3.1. Time-course experiments—After an additional culturing for 7 days, different

types of ROS were added every day for 14 days. Periodically, on days 1, 3, 5, 7 and 14,

samples were taken for FACS analysis. In another experiment, cells were incubated with

different types of ROS for 7 days and then the incubation was stopped and FACS readings

were taken on day 14 and day 21. The types of ROS were: unbleached ROS, bleached ROS

and HNE-modified ROS (see above). Cells were always fed in the morning and the culture

medium and the ROS were renewed daily. In pilot experiments, cells were incubated with

ROS concentrations equivalent to 4 μg total ROS protein per cm2 growth area, in a way

similar to a published method (Krohne et al., 2010). FACS and fluorescence microscopy

were then taken for the AF analysis.

2.3.2. Different component’s contribution to AF—After an additional culturing for 7

days, several ROS components were added separately: 11-cis retinal, all-trans retinal, 9-cis

retinal, opsin, liposome. All-trans-retinal (Sigma–Aldrich, St Louis, MI), 9-cis-retinal

(Sigma–Aldrich) or 11-cis-retinal (National Eye Institute, Bethesda, MD) were all fed

dissolved in ethanol at a concentration of 10 μM, except in the dose–response experiments,

where the concentrations of 5 μM and 1 μM were also used. Liposomes were prepared as

described below and fed at concentration of 5 μM, as pilot experiments demonstrated cell

death at higher concentrations. Opsin was extracted from bleached ROS by removing

endogenous retinoids using rho-1D4-coupled CNBr-activated sepharose beads as published

previously (Noorwez et al., 2008) and was dissolved in PBS containing 1.0% dodecyl

maltoside and 1 × protease inhibitor cocktail. It was fed in a concentration of 4 μg per cm2

growth area.

2.4. ROS phagocytosis determination

2.4.1. Fluorescent labeling of ROS—The fluorescent labeling of ROS was done

according to a published method (Lei et al., 2012). Briefly, isolated ROS were pelleted in 1×

PBS, resuspended in serum-free culture medium (RPMI or MEM) and transferred to a 1.5-

ml microcentrifuge tube for fluorescent staining. 2 mg/ml stock solution of FITC (Molecular

Probes, Junction City, OR) in 0.1 mol/1 sodium bicarbonate, pH 9.0–9.5, was prepared

under dim red light, filter-sterilized, and stored in aliquots at −20 °C. The FITC stock was

added to the resuspended ROS (final concentration 10 μg/ml), and incubation was continued

for 1 h at room temperature in the dark. The FITC-stained ROS (FITC-ROS) were pelleted

in a microcentrifuge (4 min at 7000 rpm) and resuspended in growth medium.

2.4.2. Incubation of cultured RPE cells with FITC-ROS—For FACS, post confluent,

ARPE cells were fed with FITC-labeled ROS at 4ug/cm2 similar to the method described

before (McLaren et al., 1993) and incubated at 37 °C for periods of 1 h–24 h. At the end of

the incubation time, unattached FITC-ROS were removed and the cells were washed three

times with cold HBSS. To quench external bound ROS and assure purity, samples were

incubated with 0.4% trypan blue for 10 min. These measures to enhance ROS purity were

similar to the ones described in the literature (McLaren et al., 1993; Miceli and Newsome,

1994). FACS analysis was performed at the end of incubation time.

Lei et al. Page 5

Exp Eye Res. Author manuscript; available in PMC 2014 June 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



For confocal microscopy, the ARPE cells were stained with LysoTracker Red DND-99

(Molecular Probes, Junction City, OR) at 75 nM for 2 h after the incubation with FITC-

ROS.

2.5. Liposome preparation

22:6 phosphatidylethanolamine (22:6 PE) and 18:1 (Δ9-Cis) phosphatidylcholine (18:1 PC,

Avanti Polar Lipids Inc, Alabaster, AL) were mixed at a ratio of 6:4 to a final concentration

of 10 mM. The solvent was dried out by argon at room temperature and PBS 1× was added.

Liposomes were extruded with Avanti® Mini-Extruder (Avanti Polar Lipids Inc., Alabaster,

AL) to extrude liposomes with an average diameter of 100 nm. Extruded vesicles were

stored at 4 °C for 3–4 days.

2.6. Flow cytometry

Cells were cultured in 24-well plates and incubated with different components as described

previously. Cells were repeatedly washed, detached with trypsin, and analyzed on C6 flow

cytometer (Accuri Cytometers, Inc. Ann Arbor, MI). A gate was set to exclude cell debris

and cell clusters, and 10,000 gated events were recorded. Experiments were performed in

triplicates. Two channels were used with excitation wavelength of 488 nm: FITC/GFP

channel (533/30 nm) and the PE/PI channel (585/40 nm). The autofluorescence ratio was

defined as published (Lei et al., 2012), namely as a ratio between the fluorescence detected

by the test groups (treated with ROS or with ROS components) vs. the control group (no

treatment).

2.7. Fluorescence microscopy/confocal microscopy

Cells were cultured in 8-well microscopy glass slides (Lab-Tek Chamber Slide; Nunc,

Langenselbold, Germany) and treated with different components as described. After 7 days

feeding, cells were repeatedly washed to remove non-internalized ROS, fixed with 4%

paraformaldehyde (PFA), stained with 1 mg/ml DAPI (AppliChem, Darmstadt, Germany),

and mounted in Vectashield mounting medium (Vector Laboratories, Burlingame, CA).

Intracellular lipofuscin granules were documented on a Leica DM 6000 fluorescence

microscope (Leica Microsystems, Wetzlar, Germany) using a fluorescein filter set with

excitation at 480/40 nm and emission at 535/50 nm. Confocal microscopy was performed

with Leica TCS SP5 Spectral point scanning confocal microscope with a Leica DMI 6000

CFS (Confocal Fixed Stage). Cells were labeled with 1 μg/ml Hoechst stain (Sigma–

Aldrich) for 5–7 min and the 405 nm laser, the 488 nm and the 561 nm lasers were used at

different aims. At UMass Medical School Digital Light Microscopy Core confocal

microscopy was performed with a Solamere Technology Group (Salt Lake City, UT)

CSU10B Spinning Disk Confocal System which consisted of a CSU10B spinning disk

confocal scan head (Yokogawa Electric Corporation, Tokyo, Japan) with high efficiency

dichroic mirrors and laser blocking filters attached to a Nikon TE2000-E2 motorized

inverted fluorescence microscope equipped with Nikon’s Perfect Focus System (PFS)

(Nikon Instruments, Melville, NY) and a custom acousto-optical tunable filter (AOTF)

controlled laser launch with 405 nm, 488 nm, 561 nm and 636 nm lasers.
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2.8. Transmission electron microscopy

Transmission electron microscopy was carried as described in detail before (Lei et al.,

2012). Briefly, Cells were fixed by adding 1 ml of 2.5% glutaraldehyde (v/v) in 0.75 M Na

phosphate buffer (pH 7.2) to each of the wells in the culture plate and allowed to fix

overnight at 4 °C. The next day the fixed samples were washed three times in 0.75 M Na

phosphate buffer (pH 7.2). The cells were then scraped, pelleted, rinsed in DH2O and post-

fixed in 1% osmium tetroxide (w/v) in DH2O. The fixed cells were then washed again in the

DH2O and dehydrated through a graded ethanol series. Samples were then infiltrated with

epoxy resin, polymerized, trimmed and ultrathin sections were cut. The sections were then

collected and mounted on copper support grids and were examined on a FEI Tecani 12 BT

(FEI Inc., Hillsboro, OR) transmission electron microscope. Images were captured using a

Gatan TEM CCD camera (Gatan Inc., Pleasanton, CA).

2.9. Statistical analysis

Differences in autofluorescence between the groups were tested with one-sample t-test,

where the levels of autofluorescence from the control group were assigned to a value of 1.

The threshold for significance (p) was set to <0.05. Values for p > 0.01 and p < 0.05 were

considered significant and indicated with single asterisk *, values for p > 0.001 and p < 0.01

were considered very significant and indicted with double asterisk **. Both the statistical

analysis and the curve fitting (as linear or non-linear regression) were conducted with

GraphPad Prism v.5.0 software (GraphPad Software, Inc., La Jolla, CA).

3. Results

3.1. Lipofuscin accumulation in the RPE during the course of supplementation with
different types of ROS

When ROS are modified with 4-hydroxynonenal (HNE) and fed to ARPE cells, this results

in an increase in LLAF at 530 nm (Krohne et al., 2010). Still, the time course of this effect,

the spectral profile of the resulting autofluorescence at different wavelengths and whether or

not bleaching of ROS would result in a similar increase in LLAF, are all unresolved

questions. To systematically explore these issues, we incubated RPE cells with either

unbleached, bleached or HNE-modified ROS for 14 days. FACS analysis was undertaken on

days 1, 3, 5, 7 and 14. The result was an increase in LLAF over time at both wavelengths

(530 nm and 585 nm) under all conditions tested (Fig. 1). However, the magnitude and the

pattern of the increase were different for unmodified vs. HNE-modified ROS. Thus, when

RPE cells were incubated with unmodified ROS, the relative increase in AF ratio was

always higher at 585 nm compared to the increase observed at 530 nm, whereas the increase

was practically the same for both wavelengths when cells were incubated with HNE-

modified ROS (Fig. 1B–D). Under all these conditions, the time course of this increase

could be well-described with a single exponential function, but exhibited also a well-defined

linear component during the time period between Day 1 and Day 7 (Fig. 1B,C). During the

period from day 7 to day 14, for five out of the six conditions tested (with the exception of

bleached ROS and LLAF measured at 585 nm), the increase continued with a diminished

rate, although no saturation was observed. Surprisingly, under the conditions of

supplementation with bleached ROS and LLAF detected at 585 nm, the increase continued
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in a linear manner with the same slope as during the previous period (Fig. 1C). Overall, the

relative increase in LLAF as a result of supplementation with HNE-modified ROS was

much higher compared to the increased observed after incubation with either bleached or

unbleached ROS, especially during the first 7 days. Of note, LLAF levels were relatively

stable in cells with only ~10–15% reduction over 2 weeks after ROS feeding was stopped,

suggesting that some minimal degradation of lipofuscin-like material takes place even

during this relatively short time period (Fig. 1B,C).

3.2. Relationship between rate of phagocytosis of ROS and LLAF increase

To deconvolute whether the observed increase in LLAF over time, especially from cell

supplemented with oxidatively-modified ROS, is the consequence of enhanced phagocytosis

or decreased degradation, we assessed the early kinetics (up to 24 h) of LLAF accumulation.

The rate of LLAF increase was mirrored by a similar increase in the rate of phagocytosis

(Fig. 2B), i.e. the oxidized ROS were phagocytized more rapidly than either the bleached or

unbleached ROS. FITC-labeled ROS material co-localized with the fluorescent acidotropic

probe Lysotracker, placing it in the lysosome, the cellular compartment where lipofuscin has

been previously identified (Fig. 2A).

Furthermore, to confirm that ROS are phagocytized and undigested material can be present

in the cell, a transmission electron microscopy was carried out. The typical appearance of

intracellular perinuclear cytoplasmic inclusion bodies, containing a membranous swirl and

phagolysosomes (round spots of electron-dense material) were observed (Fig. 3). These

findings were similar to the ones observed in Figs. 4, 5 and 6 in Lei et al. (2012).

3.3. Contribution of individual ROS components to LLAF

Native ROS contains several major components, including retinoids (all-trans-retinal, 11-

cis-retinal), proteins (predominantly opsin) and phospholipids including

phosphatydilethanolamine (PE) and phosphatydilcholine (PC). Previous work has focused

mostly on the in vitro formation of fluorophores from oxidized lipid–protein complexes or

combinations of PE and all-trans-retinal (Boulton et al., 1989; Katz et al., 1996).

Consequently, it is unclear what is the relative contribution of phospholipids or retinoids to

LLAF. It is also undetermined whether or not bleaching of ROS could have an effect on

LLAF. Therefore, we added bleached, unbleached ROS and several individual ROS

components separately to RPE cells and examined the ensuing change in LLAF. Addition of

either bleached or unbleached ROS resulted in a statistically significant, although very mild

increase in LLAF at both wavelengths (Fig. 4A,B vs. Fig. 1C,D).

Addition of retinoids increased LLAF in a characteristic way, with a much larger increase

observed at 585 nm, the typical emission maximum for human lipofuscin (Fig. 4) (Delori et

al., 2011; Docchio et al., 1991; Haralampus-Grynaviski et al., 2003). The most prominent

increase was detected from incubation of the RPE cells with all-trans-retinal, an increase

that was ~20% higher when compared to the increase from addition of either 11-cis or 9-cis-

retinal at 585 nm. The LLAF increase was approximately the same for cells fed with either

of the three retinoids at 530 nm, the emission wavelength region most often reported in the
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literature (Kennedy et al., 1996; Krohne et al., 2010; Rakoczy et al., 1992; Sugano et al.,

2006).

Since the phospholipid content of ROS is high, we also fed the RPE cells with liposomes

that were predominantly composed of 22: 6-PE (DHA-PE), the most abundant phospholipid

in the outer segment (Fliesler and Anderson, 1983), but lacked retinoids or opsin. This led to

a substantial increase in LLAF of approximately the same magnitude at 530 and 580 nm

(Fig. 4A,B). Finally, addition of opsin alone resulted in a statistically significant (p = 0.047),

but relatively small increase in LLAF, at 530 nm (27% increase) and no statistically

significant changeat 585 nm (Fig. 4A,B).

3.4. Dose-dependence of the LLAF increase

In a separate experiment, it was explored whether or not a dose–dependence relationship

exists between the amount of supplemented components and the detected change in LLAF.

Supplementation of the cells with increasing amounts of any of the three retinoids resulted

in a strong increase in LLAF in a clear dose-dependent manner. In contrast, addition of

increasing concentrations of liposomes, resulted in a moderate increase and saturation at ~5

μM (Fig. 5A,B).

In a more limited way, a dose–dependence relationship was explored also for the effect of

increasing the amount of supplementation with HNE-modified ROS. Thus, when cells were

fed with HNE-modified ROS where the amount of oxidation was varied by 50%, the

decrease in ROS oxidation resulted in a decrease in LLAF by ~25%. This change was not

influenced by bleaching the ROS (Fig. 5C,D).

4. Discussion

In the present work, the time dependence of LLAF change as a result of incubation with

three different types of ROS was tested for up to 14 days. When cells were incubated with

unmodified ROS (either bleached or unbleached) a moderate increase in LLAF was

observed. The rate of LLAF increase at 530 nm was comparable to the change observed by

Rakoczy et al. (1992) from challenging a primary RPE cell culture from a 7-year old and a

47-yard old donors. Although the authors did not report the relative increase in

autofluorescence of cells challenged with ROS vs. cells not challenged with ROS (as an AF

ratio, like the one presented in the current report), from the data presented in their Fig. 3 it

can be estimated that the increase in AF ratio from Day 1 to Day 7 occurred at a higher rate

compared to the increase in LLAF observed later, similar to our observation, However, in

addition to the observations at 530 nm showing similar change in LLAF to the one observed

before, we made also observations at 585 nm, which showed slightly different dynamics.

The rate of increase in LLAF at 585 nm for cells incubated with bleached ROS was almost

the same throughout the entire period of observation (14 days), while in the other two

conditions the rate of increase diminished after 7 days. This is a novel observation which

points to a different capacity of the RPE cell to handle phagocytosis of bleached vs.

unbleached photoreceptor outer segments. One possible explanation is that this difference is

related to the presence of larger quantities of all-trans-retinal in the bleached ROS and a
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resulting slightly larger accumulation of undegradable products in the RPE cell, such as A2E

(Sparrow et al., 1999). The well-characterized bisretinoid A2-E could impede the lysosomal

function (Finnemann et al., 2002), or could inhibit directly the RPE65 enzyme and, thus, the

whole retinoid visual cycle (Moiseyev et al., 2010). On the other hand, recent studies have

shown that eyecup fluorescence in mice was independent of either dark or cyclic light

rearing of the mice (Boyer et al., 2012). However, the later work also demonstrated that A2E

accumulation was slightly higher in 129/sv and abca4−/− mice after the age of 3 months and

until 12 months of age (their Fig. 4a,b), which is consistent with our observation and points

to a more complex dynamics between A2E accumulation and autofluorescence than

previously expected.

Supplementation with HNE-modified ROS led to a prominent increase in LLAF and this

matches well with the previously published data by Krohne et al. (2010) detected at 530 nm

for up to 7 days.

Furthermore, the linear rate of phagocytosis observed in the current study for unmodified

ROS over the course of 24 h is in line with previous reports (Kennedy et al., 1996; McLaren

et al., 1993). The relative increase in LLAF correlates very well with the greater initial rates

of phagocytosis of HNE-ROS compared to the other two forms of ROS (Fig. 1B,C, Fig. 2B).

The observation that HNE-modified ROS are phagocytosed at a higher rate compared to

either unbleached or bleached ROS is a novel one, but is in line with similar findings by Sun

et al. (2006), demonstrating that oxidation of ROS phospholipids may serve as physiological

triggering signal for RPE phagocytosis mediated by CD36 and other surface receptors. This

finding also suggests that the rate of phagocytosis is likely an important factor influencing

the rate of early accumulation of lipofuscin-like material in the RPE cell. We have made

similar observations recently when studying the effect of HNE-modified ROS on the

phagocytosis and autofluorescence of microglial cells and macrophages (Lei et al., 2012).

Thus, the similarity between RPE and other phagocytizing cells in the body in terms of

LLAF time course and close relationship to the rate of phagocytosis points to a universal

mechanism and possibly limitations to the capacity of phagocytizing cells to process

extracellular material.

Although the best fit describing the increase in LLAF over time can be obtained with a

single exponential model, the strong linear component observed between days 1 and 7

matches well with recent biophysical models of lipofuscin accumulation in humans (Family

et al., 2010; Mazzitello et al., 2009) and also with the relatively monotonic increase in

lipofuscin content observed between the second and sixth decade of life in human RPE

(Feeney-Burns et al., 1984).

Another interesting aspect of the fate of lipofuscin-like material in the RPE cells is the

possibility for a spontaneous degradation of already accumulated material inside the cells.

Can lipofuscin be degraded once accumulated? Fenney-Burns et al. (1988) had inconclusive

results in their study, while Boulton et al. (1989) did not observe lipofuscin degradation in

cell culture. However, other in vivo studies (summarized by Katz (2002)), suggest

otherwise. Furthermore, a reported decrease in A2-E administered to cultured human RPE

cells (Schutt et al., 2007) and a recent report that a pharmacological intervention can

Lei et al. Page 10

Exp Eye Res. Author manuscript; available in PMC 2014 June 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



decrease the RPE lipofuscin content in monkeys (Julien and Schraermeyer, 2012), also

points in that direction. Our observation of a limited decrease in LLAF after stopping the

treatment is, to the best of our knowledge, the first direct quantitative observation of this

phenomenon.

Mammalian photoreceptor outer segments are composed of phospholipids, proteins (mostly

opsin) and retinoids (Fliesler and Anderson, 1983). We have sought to determine the relative

contribution of each of these components to the formation of RPE lipofuscin-like material. It

has been well-established that the lipid content of lipofuscin increases with age (Bazan et al.,

1990; Feeney-Burns et al., 1988). Thus, it is likely that the inability of RPE cell lysosomal

machinery to degrade lipids and phospholipids would be one of the main sources of

lipofuscin accumulation in the RPE. Our results support such a mechanism and demonstrate

that liposomes composed by 22:6-PE and 18:1-PC (in 6:4 ratio) contributes to LLAF.

However, the spectral signature of this contribution is different when compared to the

spectral signature of the contribution of other ROS components, like retinoids. Thus, LLAF

generated by supplementation of liposomes increases in a similar way at both wavelengths

measured (530 & 585 nm), while the LLAF resulting from supplementation of retinoids

increases predominantly at 585 nm. Given the fact that the dominant emission wavelength

range of human retinal lipofuscin determined in vitro or in vivo is in the region 580–620 nm

(Delori et al., 2011, 1995; Docchio et al., 1991; Haralampus-Grynaviski et al., 2003) and

that 8 out of the 10 fluorophores in chloroform extracts of RPE lipofuscin have emission

peaks between 568 and 670 nm (Kennedy et al., 1995), it is reasonable to assume that

phospholipids have a secondary contribution to LLAF. At this time, it is unclear whether

other phospholipids, like phosphatidylserine, or cholesterol (which is ~10% of the lipid in

the ROS membranes (Fliesler and Bretillon, 2010)), can also increase LLAF.

We also studied the effect of various retinoids on accumulation of lipofuscin. Addition of

all-trans-retinal as well as 9-cis or 11-cis retinal to the RPE cells resulted in a several-fold

increase in LLAF at 585 nm. Under physiological conditions, all-trans-retinal most likely

interacts with PE in the ROS membrane to produce the bisretinoid A2E and its isomers, all

fluorescent components of lipofuscin (Ben-Shabat et al., 2002; Wang et al., 1999). In our

experimental setting, free all-trans-retinal could similarly interact with PE, which is

abundantly present in the RPE cell membrane (Gulcan et al., 1993). Surprisingly, addition of

11-cis-retinal also induced LLAF at levels comparable to those induced by addition of all-

trans-retinal. There are two possible explanations for this effect. First, it is possible that a

fraction of 11-cis-retinal applied to the RPE cells isomerizes spontaneously to the all-trans

form (Futterman and Futterman, 1974) upon interaction with the RPE cell membrane, thus

facilitating the formation of A2E and other autofluorescent bisretinoids. However, this

fraction should be relatively small and cannot explain the level of autofluorescence

observed. More likely, application of 11-cis-retinal by itself could lead to generation of A2E

and other related bisretinoids. This second possibility is strongly supported by recent

findings that lipofuscin-like fluorophores in rod outer segments originate from 11-cis retinal

(Boyer et al., 2012). The third retinoid tested in our experiments was 9-cis-retinal. Although

not considered to be present in substantial quantities in human retina, it was demonstrated

that it concentration can increase in the retina of some RPE65 knockout mice (Fan et al.,
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2006). Additionally, it was shown that it could interact with PE of the RPE membrane in the

dark (Groenendijk et al., 1980) and, thus, form an adduct that may contribute to LLAF as

well. This is consistent with our observation of comparable effectiveness between 9-cis and

11-cis-retinal in terms of LLAF generation at both wavelengths studied (530 and 585 nm).

Bleaching of ROS had a rather small effect on magnitude of LLAF increase up to 7 days,

both when applied to unmodified ROS or to HNE-modified ROS (Figs.1C,D, 3A,B and

4C,D). This was somewhat of an unexpected finding, as it is largely believed that all-trans-

retinal is the primary source of bisretinoids in the retina, which are considered the main

contributories to LLAF (Sparrow and Boulton, 2005; Sparrow et al., 2010a). This

observation, together with the finding that both all-trans-retinal and 11-cis-retinal had

similar effects on LLAF increase (Figs. 4A,B and 5A,B), suggests that both forms of retinal

could contribute to LLAF increase and, therefore, to lipofuscin accumulation. This is

supported by earlier work indicating that fluorescence intensity from RPE samples from rats

maintained under dim cyclic light was higher compared to rats housed under bright cyclic

light (Katz and Eldred, 1989). Furthermore, our observation is consistent with a recent work

in transgenic mice and isolated photoreceptors indicating that both eyecup fluorescence and

the rate of A2E accumulation over time is very similar for mice raised under darkness or

cyclic light (Boyer et al., 2012).

Oxidized protein seems to be the dominating component (up to 58%) of extracocular

lipofuscin (Jung et al., 2007). Analytical studies of retinal/RPE lipofuscin yielded

contradictory results in published works. Bazan et al. (1990) and Warburton et al. (2005)

found both proteins and lipids in lipofuscin. However, Feeney-Burns et al. (1988) and Schutt

et al. (2002) were not able to detect opsin in lipofuscin granules, while Ng et al. (2008)

concluded that human lipofuscin contains mostly retinoids and lipids and only minimal

amounts of protein. Theoretically, protein degradation could be incomplete and could lead to

generation of protein fragments, which may be misfolded and disturb the normal functioning

of the RPE cell (Lin and Lavail, 2010; Tzekov et al., 2011). However, our data demonstrate

very little relative contribution of opsin alone to the LLAF, and thus, argue against a

significant contribution of opsin to lipofuscin formation.

Some limitations have to be considered when evaluating the results from the present study.

Whilst the finding that LLAF increases overtime and the rate of increase seems to slow

down after 7 days is very clear and supported by previous research, the duration of the

experiments did not allow us to reach a point where LLAF would saturate. Hence, future

longer-term experiments would provide a better answer to question of when the RPE cell

would reach its capacity to handle lipofuscin-like material accumulation. Another aspect to

keep in mind is that the ARPE-19 cells are non-melanotic, and, therefore, do not fully reflect

the complex biogenesis of RPE lipofuscin in humans involving melanin and formation of

melanolipofuscin. Furthermore, ARPE-19 cells have shown many similarities with the

native RPE, and are likely to be one of the most widely used cells in retinal and RPE

research, but they may differ in important ways from the native tissue, like alterations in

gene profile, lack of apical processes, relatively low membrane resistance, etc. (Maminishkis

et al., 2006). Although these differences are not critical, to fully understand the dynamics of
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lipofuscin accumulation and clearance in humans, a comparison between ARPE-19 and

other, primary, melanin-containing RPE cell cultures is warranted.

It is also possible that some non-specific uptake (in contrast to a purely receptor-mediated

phagocytosis) may have been present, under current conditions, although, as pointed out in

Materials and Methods, measures were taken to assure purity of ROS and to minimize the

non-specific uptake.

In addition, although retinoids per se exhibit little if any autofluorescence when irradiated at

488 nm (Sparrow et al., 2010b) spontaneous autofluorescence of ROS, especially when

oxidized cannot be excluded and could have contributed to the fluorescence detected in the

present study.

Finally, as the lipofuscin and lipofuscin-like material fluorescence is complex and depends

on the excitation wavelength and has a non-linear wavelength emission profile, it would be

advantageous and is part of our future plans to conduct a more comprehensive evaluation

with recording LLAF at more excitation and emission wavelengths.

5. Conclusions

Accumulation of lipofuscin-like material in the RPE cells exhibited a strong linear

component between days 1 and 7, and bears some similarity to the expected rate of age-

related lipofuscin accumulation in humans. Further, longer-term studies, could explore a

possible correlation with the human RPE lipofuscin content in a more definitive manner. In

such studies, it would be very desirable to record LLAF at longer wavelengths (including

585 nm), as the increase in LLAF intensity with time at this wavelength could differ

substantially from the intensity observed at shorter wavelengths (including 530 nm). Our

observations confirmed the importance of different retinoids, including 11-cis-retinal, in

generating lipofuscin-like material in the RPE cell, but also suggest a sizeable contribution

from phospholipids, while questioning any substantial role for opsin in this process.
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Fig. 1.
Autofluorescence of RPE cells following feeding with either bleached, unbleached, or HNE-

modified ROS at different time points. A: Changes in RPE cells after incubation with

unbleached ROS evaluated by fluorescence microscopy. Representative examples of cells in

control condition (no feeding), at Day 3 and at Day 5 during incubation are presented on the

top row. Representative examples of cells at Day 7 and at Day 14 during incubation and at 7

days post the end of the 14 day incubation period (7 days stop) are presented on the bottom

row. The original magnification used for all micrographs was ×400. B–D: Time course of

mean autofluorescence change in RPE cells (AF ratio) during and after incubation with

HNE-modified ROS (B), unbleached ROS (C) or bleached ROS (D) detected at 533 and 585

nm. The green and red symbols indicate AF ratio from Day 1 to Day 14 at 530 nm and at

585 nm, respectively. The blue and pink symbols indicate AF ratios at 530 and 585 nm

respectively, for the period Day 7 to Day 21, when no incubation took place (530 stop and

585 nm stop). Exponential curve fitting is indicated with green and red solid lines for 530

and 585 nm, respectively, and extrapolation until Day 21 is presented with dashed lines. A

linear regression model (Day 1 to Day 7) is indicated with the same colors and solid lines,

while the extrapolation until Day 21 is indicated with dotted lines. Similarly, a linear

regression model is presented with sold blue and pink lines for 530 and 585 nm. Symbols

represent average values of relative autofluorescence (AF ratio) ±SEM, whereas horizontal

thin solid line indicates the level of autofluorescence at Day 7. For more details see the main

text.
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Fig. 2.
Kinetics of ROS phagocytosis by RPE cells in vitro. A: Confocal micrographs of ARPE-19

cells stained with either the fluorescent acidotropic probe Lysotracker Red (left panels) or

with FITC-modified HNE-ROS (central panels). The right panels represent a combination of

the two stains. Micrographs taken at 24 h (bottom row) demonstrate the presence of more

lysosomes co-localized with FITC-labeled ROS, as indicated by white arrows. B: Time

course of autofluorescence change generated by RPE phagocytosis of FITC-labeled ROS at

various time points during the 24 h period after single feeding with 4 μg/cm2 of four

different types of ROS: Uunbleached ROS labeled with FITC, bleached ROS labeled with

FITC, HNE-modified ROS labeled with FITC or unbleached ROS not labeled with FITC.

The symbols indicate mean values of phagocytosis (±SEM) normalized to non-fed cells. The

autofluorescence was detected and quantified by FACS in the FITC channel (530 nm).
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Fig. 3.
Transmissions electron microscopy of ARPE-19 cell one hour after feeding with bleached

ROS. A: Electron micrographs of ARPE-19 cells fixed at 1 h post-feeding with bleached

ROS at 4 μg/cm2. White arrow indicates a large intracellular inclusion body. Magnification:

×2550; B: Higher magnification of the intracellular inclusion body presented in A.

Magnification: ×4200. Abbreviations: N – nucleus, M – mitochondria.
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Fig. 4.
Autofluorescence of ARPE-19 cells following 7 day feeding with different preparations A:

FACS analysis in FITC channel (detection filter wavelength, 533/30 nm) of the different

groups presented in cells fed with different preparations. B: FACS analysis for the same

conditions as in A, but in PE channel (detection filter wavelength, 585/40 nm); C:

Representative example of a density plot (forward scatter vs. side scatter) from the FACS

analysis under control conditions; the gate (red polygonal line) was set to exclude cell debris

and cell clusters. D: Histograms for some of the data presented on panels A and B. Top row:

histograms of control conditions (black traces) and test conditions (red traces) in the FITC

channel. From left to right: all-trans-retinal condition, liposome condition. Bottom row:

histograms of same conditions as in the top row, but recorded in the PE channel. Asterisks

above bar graphs in A and B indicate statistical significance between the average LLAF in

the control condition and the relative LLAF from cells fed with different components (one-

sample t-test; *p < 0.05; **p < 0.01).
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Fig. 5.
Effect of retinoids and liposomes on RPE cell autofluorescence. A: Average LLAF of

ARPE-19 cells examined by FACS following 7 days feeding with increasing concentration

of retinoids and liposomes at the FITC channel (excitation 488 nm, emission 533/30 nm). B:

Same conditions as in A, but autofluorescence was detected at the PE channel (emission

585/40 nm). C: Average LLAF of ARPE-19 cells following 7 days feeding with different

ratio of liposome and ROS. D: Average LLAF of ARPE-19 cells following 7 days feeding

with 2 different concentrations of HNE-modified ROS (2.5 mM or 5 mM) under bleached or

unbleached conditions.
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