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ABSTRACT 

Lipofuscin accumulation in the retinal pigment epithelium (RPE) is associated with various 
blinding retinal diseases, including age-related macular degeneration (AMD). The major 
lipofuscin fluorophor A2-E is thought to play an important pathogenetic role. In previous studies 
A2-E was shown to severely impair lysosomal function of RPE cells. However, the underlying 
molecular mechanism remained obscure. Using purified lysosomes from RPE cells we now 
demonstrate that A2-E is a potent inhibitor of the ATP-driven proton pump located in the 
lysosomal membrane. Such inhibition of proton transport to the lysosomal lumen results in an 
increase of the lysosomal pH with subsequent inhibition of lysosomal hydrolases. An essential 
task of the lysosomal apparatus of postmitotic RPE for normal photoreceptor function is 
phagocytosis and degradation of membranous discs shed from photoreceptor outer segments 
(POS) and of biomolecules from autophagy. When the lysosomes of cultured RPE cells were 
experimentally loaded with A2-E, we observed intracellular accumulation of exogenously added 
POS with subsequent congestion of the phagocytic process. Moreover, the autophagic 
sequestration of cytoplasmic material was also markedly reduced after A2-E loading. These data 
support the hypothesis that A2-E-induced lysosomal dysfunction contributes to the pathogenesis 
of AMD and other retinal diseases associated with excessive lipofuscin accumulation. 
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n people over 50, age-related macular degeneration (AMD) has become the most common 
cause for severe visual loss and legal blindness in all industrialized nations. Demographic 
changes with increasing life expectancy will lead to further increase in the number of 

affected individuals. Both atrophic and neovascular late stages of the disease result in irreversible 
loss of function of the central region of the retina, at which visual acuity is the greatest. 
Currently, there is no effective treatment for the majority of patients, and consequently AMD has 
become a major public health problem (1−3). To develop new and effective modes of therapy, 
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understanding of the molecular basis of the disease process is mandatory. However, the 
pathogenesis of the disease is poorly understood. A hallmark of early-stage disease is drusen, 
that is, extracellular deposits that accumulate below the retinal pigment epithelium (RPE) in the 
inner portion of the Bruch’s membrane. These deposits are thought to result from incompletely 
digested material secondary to impaired lysosomal capacity. Therefore, lysosomal dysfunction is 
assumed to play an essential role in the formation of drusen, which triggers neovascular and 
atrophic reactions in advanced AMD with degeneration of the corresponding neurosensory retina 
(4). 

Several lines of evidence indicate that impairment of RPE cell functions is an early and crucial 
event in the molecular pathways leading to clinically relevant AMD changes (5). The RPE serves 
a variety of metabolic functions that are of vital importance for retinal photoreceptors, including 
phagocytic uptake and degradation of the constantly shed photoreceptor outer segments, uptake, 
processing, transport and release of vitamin A (the visual cycle), generation of ion gradients 
within the interphotoreceptor matrix, maintenance of the outer blood−retina barrier, as well as 
active transport of multiple biomolecules between the choroid and the outer retinal layers (6). 
Excessive accumulation of lipofuscin in the lysosomal compartment of postmitotic RPE cells is a 
common feature in various blinding retinal diseases including AMD and may represent a major 
pathogenic pathway (6−8). Lipofuscin granules are easily detected because of their 
autofluorescent properties. They contain a mixture of various biomolecules, mainly proteins and 
lipids, which may form aggregates and are partially modified by oxidation and lipid peroxidation 
as a result of excessive UV-irradiation and high oxygen levels in the eye (9−12). It has been a 
matter of debate whether or not individual compounds of lipofuscin may directly impair RPE 
functions (13). 

Recently, a Schiff base reaction product of ethanolamine and all-transretinal named A2-E (N-
retinylidene-N-retinylethanolamine) was identified as the major fluorophor of ocular lipofuscin 
and its structure and biosynthesis was described (14−18). The compound was shown to damage 
RPE cells in culture via various mechanisms (19−24). After loading the lysosomes of cultured 
RPE cells with A2-E, severe impairment of lysosomal functions was observed, suggesting the 
lysosome as the major point of attack for the toxic effects of the retinoid (25, 26). Recent studies 
revealed that A2-E can integrate into the lysosomal membrane because of its detergent-like 
properties, and upon reaching critical concentrations, causes leakage of the lysosome and other 
organelles (27, 28). Nevertheless, we now provide evidence that interference with lysosomal 
functions occurs already at significantly lower concentrations. Thus, these findings indicate that 
the lipofuscin compound A2-E exerts its inhibitory effects on lysosomal function by an 
inhibition of the lysosomal proton pump, which is in charge of maintaining an acidic milieu 
within the lysosomal compartment. Because acidic conditions are a prerequisite for the activity 
of various lysosomal hydrolases, A2-E-induced increase of the lysosomal pH explains its 
inhibitory effects on lysosomal function. The consequences include strikingly reduced capacity 
for degradation of phagocytosed POS, with intracellular accumulation of undegraded POS 
components and subsequent congestion of the phagocytic process. Further constipation of 
lysosomes also severely impairs autophagic turnover of intracellular structures. These findings 
link the accumulation of lipofuscin as a common downstream pathogenetic pathway in various 
blinding retinal diseases to cellular events resulting in RPE dysfunction. 



 

MATERIALS AND METHODS 

Cell culture and isolation of intact lysosomes 

Primary cultures of human RPE cells were isolated and maintained according to published 
standard procedures (25, 29). For isolation of intact RPE lysosomes the cells were harvested, 
disrupted by nitrogen cavitation, a postnuclear supernatant prepared by low-speed centrifugation, 
and pure intact lysosomes obtained from this supernatant by a sequence of two discontinuous 
gradient ultracentrifugations exactly as described previously (27). In the isolated lysosomal 
fraction, the lysosomal marker β-hexosaminidase was more than 100-fold enriched as compared 
with the cell homogenate, whereas except a slight contamination with the mitochondrial marker 
succinate dehydrogenase, no markers of other cellular compartments were detectable. Latency of 
the isolated lysosomes was above 90%. 

When the effect of A2-E on the function of isolated lysosomes was tested, the compound was 
added as a solution in DMSO (1% of the total assay volume) at concentrations that do not affect 
latency of the lysosomal membrane (27). 

Measurement of ATPase activity 

For measurement of the lysosomal ATPase-activity, isolated lysosomes (10 µg) were incubated 
in the presence of 10 mM HEPES, pH 7.4, 150 mM NaCl, 30 mM KCl, 1 mg/ml BSA, 1 mM 
dithiothreitol, 2.5 mM MgCl2, 92.5 kBq [γ-33P]-ATP (Hartmann Analytic, Braunschweig, 
Germany; specific radioactivity 110 kBq/pmol) in a final volume of 100 µl. After incubation at 
30°C for 20 min, the reaction was stopped by the addition of 100 µl 1.5 M HClO4. [33P]-
orthophosphate released during the incubation was isolated by the formation of an 
ammoniummolybdate complex, which can be extracted by hexanol (33). The stopped samples 
were centrifuged (10,000 g, 4°C, 10 min), and the supernatant mixed with 400 µl 0.9M 
HClO4/0.6M Na2SO4. After vigorous shaking 600 µl ammoniummolybdate reagent consisting of 
4% (NH4)6MoO24 × H2O, methanol, hexanol, H2O; 50/40/1.2/8.8 (v/v/v/v) was added. Then the 
samples were cooled on ice, mixed with 1 ml hexanol, and after phase separation, the upper 
phase mixed with 10 ml UltimaGold cocktail (PerkinElmer Life Sciences, Boston, MA) and 
radioactivity determined in a liquid scintillation counter. Controls for nonlysosomal, in particular 
mitochondrial ATPase activity, caused by the slight mitochondrial contamination, were run by 
the inclusion of 10 mM N-ethylmaleinimide (Sigma, St. Louis, MI), a specific inhibitor of the V-
ATPase activity, in the assay mix (30). 

Measurement of proton-translocating activity 

To measure the proton-translocating activity in lysosomal membranes the ATP-dependent 
acidification of lysosomal vesicles was assayed by the determination of the incorporation of the 
lysosomotropic compound [methyl-3H]-methylamine into the vesicle (31, 32). Isolated 
lysosomes (100 µg protein) incubated in the presence of an ATP-regenerating system (1mM 
ATP, 2mM MgCl2, 9mM phosphoenolpyruvate, 2.5mM NADH, 3.5U pyruvate kinase from 
rabbit muscle, 5U lactic dehydrogenase from rabbit muscle), 20 mM MOPS, pH 7.0, 100 mM 
KCl, 25 mM NaCl, 100 µg/ml bovine serum albumin, 0.5 mM EGTA, 18.5 kBq [methyl-3H]-
methylamine (Hartmann Analytic, Braunschweig, Germany), 7.5 µg/ml phospatidylserine. After 



 

incubation at 30°C for 60 min the reaction was stopped by adding 1 ml of 1 mM EDTA in 10 
mM MOPS, pH 7.0, 140 mM KCl. Then the samples were centrifuged for 5 min at 430,000 g at 
2°C in a Beckman TL100 ultracentrifuge. After washing the pellet with stop buffer and repeated 
ultracentrifugation, the resulting pellet was suspended in 100 µl distilled water and 100 µl 10% 
trichloracetic acid added. Centrifugation (10,000g, 5min, 2°C) yielded a supernatant containing 
radioactive methylamine that was enriched in the lumen of lysosomal vesicles during the above 
described incubation as a consequence of acidification. Radioactivity in the supernatant was 
measured in a liquid scintillation counter after mixing with 10 ml UltimaGold cocktail. 

A2-E-loading of cultured RPE cells 

A2-E was synthesized by coupling all transretinal to ethanolamine, according to the protocol of 
Parish et al. (18). It was complexed with LDL-particles and loaded to cultured RPE cells by 
LDL-receptor-mediated endocytosis exactly as described previously (23, 25). This procedure 
provides efficient and highly specific loading of A2-E to the lysosomal compartment (25). 

Photoreceptor outer segment (POS) isolation and radiolabeling 

POS were isolated from pig eyes (obtained from a local slaughter house) according to the 
method of Schraermeyer et al. (33). The anterior half of the eye was dissected, the vitreous and 
retina removed. Isolated retinae were agitated in KCl-buffer (0.3 M KCl, 10 mM HEPES, 
0.5mM CaCl2, 1mM MgCl2, 48% sucrose) at pH 7 and centrifuged at 7000 rpm in a table 
centrifuge (Sigma 3K10) for 5 min. The supernatant containing POS was filtered through gauze 
and diluted with KCl-buffer (1:1) and centrifuged at 5000 rpm for 7 min. For radiolabeling, the 
Iodobead method was applied (34). POS (500µg total protein) were incubated at room 
temperature for 10 min in 50 mM sodium phosphate, pH 7.0, with 74 MBq carrier-free Na125J 
(Amersham-Pharmacia Biotech, Freiburg, Germany) in the presence of three Iodobeads™ 
(Pierce, Rockford, IL). Radiolabeling was stopped by removal of the Iodobeads. Labeled POS 
were separated from free iodine by repeated washing in PBS and centrifugation at 14,000 g for 5 
min. Specific radioactivity was 60 MBq/mg protein. 

Phagocytosis and degradation of radiolabeled POS 

RPE cultures between passage 3 and 7 were grown to confluence on 96-well tissue culture plates 
and maintained for four weeks. In cultures for which the effect of A2-E was determined, 10 µg 
A2-E/LDL complex was included in the culture medium during this period. Ammonium 
chloride, acting as an inhibitor of lysosomal catabolic functions by raising lysosomal pH, was 
used as a control. Then 80 kBq 125I-labeled POS were added to each well and incubated in 
absence or presence of ammonium chloride (10 mM) for 0, 6, 12, and 24 h. The medium was 
removed, mixed with the same volume of 10% TCA, centrifuged (14000 g, 5 min, 4°C) and the 
supernatant (S1), containing TCA-soluble low-molecular weight protein degradation products, 
collected. The remaining pellet was solubilized in 400 µl NaOH (P1). The remaining cells in the 
wells were washed twice with 250 µl PBS, the washing fractions treated with 10% TCA and 
centrifuged as described above, yielding supernatants S2 and S3 and protein pellets P2 and P3. 
P2 and P3 were dissolved with 200 µl 0.5 M NaOH. The cells in the wells were solubilized with 
200 µl 0.5 M NaOH and treated again with TCA as mentioned before (S4 and P4). The whole 
procedure is summarized in Fig. 1. The fractions were combined as explained in the legend to 



 

Fig. 1 and mixed with 10 ml UltimaGold scintillation cocktail. Their radioactivity was then 
determined in a liquid scintillation counter. Following calculations were made: Phagocytosed 
POS (%) = 100 PM/(TM+PM+TZ+PZ) × 100. Intracellular accumulation of POS (%) = 
PZ/(TM+PM+TZ+PZ) × 100. Proteolysis of POS (%) = TM/(TM+PM+TZ+PZ) × 100 

Autophagic sequestration of endogenous protein 

3-Methyladenine is a specific inhibitor for autophagic sequestration of cytoplasmic proteins. 
Therefore the effect of this compound on intracellular protein turnover can be taken as a measure 
of autophagic sequestration (35, 36). Protein turnover of endogenous proteins in A2-E-loaded 
RPE cells and controls was measured in pulse−chase experiments, as described previously (25). 
Briefly, the cells, grown to confluency in 24-well tissue culture plates, were metabolically 
labeled by the inclusion of 500 kBq/ml [3H]leucine in the culture medium for 72 h (chase 
phase). After removal of the radioactive medium, the cell layers were washed and chased with 
nonradioactive medium (chase phase). Protein degradation was determined by measurement of 
the low-molecular (TCA-soluble) radioactivity released into the medium. The effect of 3-
methyladenine was assayed by adding 10 mM 3-methyladenine (Sigma) to the chase medium. 

RESULTS 

Effects of A2-E on the lysosomal proton pump 

The activity of the ATP-consuming lysosomal proton pump in isolated lysosomes can be 
measured by two different principles: (I) the measurement of its ATPase activity or (II) the 
determination of its acidification (proton-translocating) activity. We used both approaches to 
evaluate the effect of the lipofuscin compound A2-E on the activity of the proton pump. The 
isolation of pure intact lysosomes was a prerequisite for both methods, since ATPase and proton-
translocating activities are abundant in other cellular compartments. When the effect of synthetic 
A2-E on the ATPase activity of purified lysosomes from human RPE was measured by 
determination of the release of [33P]-orthophosphate from specifically labeled [γ-33P]-ATP, a 
dose-dependent inhibition was observed (Fig. 2). Lysosomal ATPase activity was reduced by 
~50% at 1 µM and by ~90% at 2 µM A2-E. The proton-translocating activity of the enzyme 
complex can only be measured indirectly by the determination of intravesicular accumulation of 
lysosomotropic compounds, which is relative to the acidification (31). When isolated lysosomes 
were incubated with the lysosomotropic compound [3H-methyl]-methylamine in the presence of 
an ATP-regenerating system, methylamine accumulation was strikingly reduced by the presence 
of A2-E, indicating an inhibition of the proton translocation to the intravesicular lumen (Fig. 3). 
The effect compared with that observed with the inhibition of ATPase activity. Methylamine 
accumulation was nearly completely abolished by bafilomycin A1, a specific inhibitor of 
vacuolar type H+-ATPase, indicating the specificity of our assay conditions (Fig. 4). 

Effect of A2-E on phagocytosis and degradation of POS 

Degradation of POS by cultured human RPE cells was assayed by adding iodinated POS to the 
culture medium. The conditions used for radiolabeling result in the iodination of proteinaceous 
amino acids in POS and, therefore, the release of low-molecular weight (TCA-soluble) 
radioactivity from POS during the incubation could be taken as a measure of POS breakdown. 



 

POS degradation was strongly reduced in RPE cells that were loaded with A2-E (Fig. 5A). 
Ammonium chloride a specific inhibitor of lysosomal catabolic functions totally abolished POS 
degradation, confirming that the observed POS breakdown is solely brought about by lysosomal 
activity (Fig. 5A). Cell-associated radioactivity that is TCA-insoluble represents POS that were 
taken up by the cells, but remained undegraded. For untreated RPE cells, a “steady-state” of a 
small amount undegraded material was observed, likely to represent material about to be 
intracellularly transported to the lysosomal compartment (Fig. 5B). In A2-E-loaded cells and in 
ammonium chloride-treated cells, a time-dependent increase of intracellular accumulation of 
undegraded POS was seen as a result of impaired lysosomal function (Fig. 5B). The 
disappearance of protein-bound (TCA-insoluble) radioactivity was taken as a measure of 
phagocytic activity of the cells. Controls were able to phagocytose ~40% of the added POS 
within 24h (Fig. 5C). In A2-E-loaded cells, the phagocytosis rate was strikingly diminished. The 
effect of ammonium chloride, which also strongly reduced phagocytosis of labeled POS, 
suggests lysosomal dysfunction as a cause of phagocytosis inhibition (Fig. 5C). 

Effect of A2-E on autophagic sequestration 

Autophagy, a process that sequesters organelles and macromolecules from the cytoplasm and 
transports them to the lysosomes for degradation, is a major pathway of intracellular protein 
turnover (37). It can be measured by the use of 3-methyladenine which acts as a specific 
inhibitor of the process. Thus, by comparing endogenous protein turnover rates in the presence 
and absence of the specific inhibitor, the sequestration rates are reflected by the 3-
methyladenine-sensitive part of total protein degradation. As shown in Fig. 6, A2–E-loaded RPE 
cells have significantly reduced autophagic sequestration rates as compared with untreated 
controls. The effect of A2-E on total protein degradation was not additive to the effects of either 
ammonium chloride or 3-methyladenine on total protein turnover (data not shown). 

DISCUSSION 

Excessive lipofuscin accumulation in the lysosomal compartment of the retinal pigment 
epithelium is a characteristic feature of various blinding diseases, including AMD, and has been 
implicated to be actively involved in disease processes. However, the underlying mechanisms of 
how lipofuscin compounds may interfere with normal RPE cell function have been obscure, 
mainly because of the lack of characterization of lipofuscin compounds. The identification and 
molecular characterization of A2-E as the major fluorophore of ocular RPE-lipofuscin may 
represent an important milestone on the way to a detailed understanding of lipofuscin toxicity, 
since for the first time, a single characteristic compound of ocular lipofuscin has become 
available for research purposes (14−16, 18). Because lipofuscin and its compound A2-E form 
and accumulate in the lysosomes, this cellular compartment should be considered as a primary 
target of the compound’s potential effects. Therefore, we set up a test system, where the 
lysosomes of cultured RPE cells were specifically loaded with A2-E (25). Applying this model, 
we were able to show that A2-E indeed caused severe lysosomal dysfunction. A variety of 
mechanisms of action may be involved in the lysosomal effects of A2-E: (1) An early suggestion 
was that A2-E might directly neutralize the acidic conditions of the lysosomes (14), as shown for 
other amines (38). However, this explanation had to be abandoned, since A2-E, because of its 
structure of a quaternary amine is unable to bind protons. (2) Cationic amphiphiles, such as A2-
E, might act as inhibitors of lysosomal hydrolases (39, 40). A recent study revealed that A2-E 



 

does not directly affect the activity of lysosomal hydrolases (26). (3) Lipofuscin and A2-E are 
known to act as photosensitizers in the generation of reactive oxygen radicals (23, 41, 42). This 
might damage the lysosomal membrane or photodynamically inactivate lysosomal enzymes (7, 
40, 43). (4) Because the structure of A2-E represents a cationic detergent, it has been suggested 
that A2-E may act as a surfactant on cellular membranes (14, 44). A recent study revealed that 
indeed the retinoid has the capacity to cause leakage of lysosomal membranes (27). 

In the present study, we provide evidence that A2-E acts as a potent inhibitor of the lysosomal 
proton pump (V-type H+ATPase), which maintains the acidic intralysosomal pH. This result 
explains former observations of an increase of intralysosomal pH after experimentally induced 
A2-E accumulation in the lysosomal compartment of cultured RPE cells (25). The major cellular 
function of lysosomes is the digestion of intra- and extracellular materials after autophagy, 
phagocytosis, and endocytosis with the help of some 40 lytic enzymes. These hydrolases require 
an acidic environment for activity and become inactivated at a neutral pH. Therefore, 
maintenance of an intralysosomal pH around 4.5 is an absolute prerequisite of proper lysosomal 
function (45). Consequently, the inhibitory effect of A2-E on the lysosomal proton pump should 
be considered a key event in its RPE-damaging action. Because the intracellular levels of A2-E 
measured in RPE isolated from human donor eyes were found to be in the range of 34−134 
ng/105 cells (44), the concentrations of A2-E used in our experimental model are likely to 
represent the in vivo condition. 

The above mentioned detergent-like properties may give clues to understand the retinoid’s 
inhibitory effect on acidification of the lysosomal compartment. For other detergents, it was 
shown that they may cause specific leakage of small compounds from the lysosomal lumen 
without affecting the overall latency of the membrane or activity of integral transporter systems 
(46, 47). Although such a mechanism would explain the observed effects of A2-E on 
methylamine accumulation in our experiments, it is not consistent with the compound’s effects 
on ATPase activity. 

Because the lysosomal proton-translocating ATPase represents an integral protein complex 
whose conformational structure and hence its activity may be influenced by its 
microenvironment in the membrane (48), it appears more likely that the retinoid after its 
integration into the lysosomal membrane directly interacts with the proton pump, thereby, 
inhibiting its activity. Recent studies indicate that integral proteins of the lysosomal membrane 
may be integrated in micro domains of defined lipid environment (49, 50). It is well established 
that such micro domains modulate the biological activity of membrane-bound proteins (51, 52), 
including Tran membrane ion transport systems (53−55). Therefore, the possibility that the 
lysosomal proton pump is located in a defined lipid microdomain and that the effects of A2-E 
may be attributed to a disturbance of the microdomain’s structure are under current investigation 
in our laboratory. 

The severely impaired cellular dysfunction caused by the inhibitory effect of A2-E on the 
lysosomal proton transporter is demonstrated in the experiments on phagocytosis and 
degradation of POS, which represents a major function of the RPE to preserve vision. Our results 
clearly indicate the cells’ capacity to phagocytose and degrade POS is strongly reduced by A2-E-
induced lysosomal dysfunction. This does not contradict the study by Finnemann et al. (56), 
who, after short-term treatment of cells for 6 h, did not detect effects of A2E on cell surface 



 

receptor binding and phagocytosis of POS. We used an entirely different experimental design, 
which also takes long-term effects of specific loading of the lysosomal compartment with A2-E 
into account. Our protocol included a four week-period of continuous loading with A2-E. During 
this period, a slow buildup of intralysosomal A2-E occurs, which, because of inhibition of 
lysosomal acidification, results in constantly progressing intralysosomal storage of undegraded 
material. Thus, in contrast to short-term experiments, we measured phagocytosis in cells, where 
the lysosomal compartment was already “obstipated” by undegraded material. The observed 
effect of A2-E in our experiments obviously represents no direct interference of A2-E with the 
phagocytic process, but rather a consequence of vast intracellular storage and/or of increasing 
intralysosomal pH (57−59). Intracellular accumulation of undigested material is known to cause 
severe cell damage (60). Furthermore, extracellular deposits of undegraded material resulting 
from reduced phagocytic capacity may trigger further damage, as exemplified by the formation 
of drusen, that is, the hallmark of extracellular deposits in AMD posterior to the RPE cell 
monolayer (61−63). 

Inhibition of lysosomal function is also known to affect autophagy, a process for bulk 
degradation of cytoplasm (37). In postmitotic cells, including the RPE, this process is a 
prerequisite for the ongoing renewal of aged or damaged organelles or macromolecules. 
Therefore defects in autophagy are thought to have deleterious effects, finally resulting in age-
dependent degeneration of postmitotic tissues (64). In the present study an inhibitory effect of 
A2-E on the autophagy in human RPE cells was demonstrated, suggesting that such a 
pathomechanism may also contribute to the development of AMD and related diseases. 
Autophagy was already shown to contribute to lipofuscinogenesis (11, 65) in RPE. 

Our present results in combination with previous studies suggest the intralysosomal 
accumulation of the retinoid A2-E and subsequent inhibition of the lysosomal V-type H+ATPase 
as an initial step leading to RPE dysfunction and degeneration. The first consequence of 
impaired lysosomal acidification would be inactivation of lysosomal hydrolases with subsequent 
intralysosomal storage of undigested material and promotion of lipofuscin formation (66). 
Cellular obstipation, extracellular deposition of undegraded material, reduced autophagic 
capacity, and phototoxicity of lipofuscin cause cell damage (8, 61, 67, 68). During ongoing 
lipofuscin accumulation, the intralysosomal A2-E concentration may reach a critical level where 
it is able to cause membrane damage (27). This would result in release of lysosomal hydrolases 
and lipofuscin compounds, including A2-E and other retinoids, to the cytoplasm, causing severe 
cell damage and induction of apoptosis (22, 24, 69−72). With the advent of confocal scanning 
laser ophthalmoscopy RPE-lipofuscin accumulation can now be determined in vivo with 
topographic resolution (73). Clinical findings are in accordance with such a sequence of events 
in that excessive lipofuscin accumulations have been shown to precede atrophy of outer retinal 
layers, including the RPE with concurrent severe functional loss (73). 

Further characterization of ocular lipofuscin is necessary to reveal whether the induction of 
lysosomal dysfunction by the inhibition of the V-type H+ATPase is a unique property of A2-E 
or, whether it is shared by other lipofuscin compounds. 
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Fig. 1 
 

 
Figure 1. Overview on the experimental design for measurement of phagocytosis and degradation of radiolabeled 
ROS in cultured RPE cells. S1+S2+S3 represent TCA-soluble (low-molecular-weight) radioactivity released to the 
medium (TM). P1+P2+P3 is protein-bound radioactivity in the medium (PM). S4 represents intracellular TCA-soluble 
(low-molecular-weight) radioactivity (TZ). P4 is intracellular protein-bound radioactivity (PZ). 



Fig. 2 
 

 
Figure 2. Effect of A2-E on ATPase activity of isolated lysosomes. Isolated lysosomes were incubated in the 
presence of [γ-33P]-ATP and the indicated concentrations of A2-E. Then [33P]-orthophosphate released during the 
incubation was determined as described in the “Materials and Methods” section. Results were corrected for N-
ethylmaleinimid-insensitive (nonlysosomal) ATPase activity. Inhibition is presented in relation to incubations in absence of 
A2-E. Means ± standard deviation of three independent determinations are shown. 



Fig. 3 
 

               
Figure 3. Effect of A2-E on proton translocation activity of isolated lysosomes. Isolated lysosomes were incubated 
in the presence of [methyl-3H]methylamine and the indicated concentrations of A2-E. Intralysosomal accumulation of 
the radioactivity during the incubation was determined as described in the “Materials and Methods” section. Results are the 
means ± standard deviation of three independent determinations. 




