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Abstract
Purpose—Degradation of engulfed material is primarily mediated by lysosomal enzymes that
function optimally within a narrow range of acidic pH values. RPE cells are responsible for daily
degradation of photoreceptor outer segments and are thus particularly susceptible to perturbations in
lysosomal pH. The authors hypothesized that elevated lysosomal pH levels could slow enzyme
activity and encourage accumulation of partially digested material. Consequently, treatment to lower
perturbed lysosomal pH levels may enhance degradative activity.

Methods—A high-throughput screening assay was developed to quantify the lysosomal pH of fresh
mouse and cultured ARPE-19 cells. The effect of lysosomal pH on outer segment clearance was
determined.

Results—Lysosomal pH is elevated in RPE cells from ABCA4 knockout mice and in cultured
human ARPE-19 cells exposed to N-retinylidene-N-retinylethanolamine (A2E), tamoxifen, or
chloroquine. The lysosomal pH of fresh RPE cells from ABCA4−/− mice and of chemically
compromised RPE cells was reacidified by elevating intracellular cAMP directly. Compromised
lysosomal pH was also restored by stimulating A2A adenosine or β-adrenergic receptors, consistent
with Gs-protein coupling of these receptors. Restoring lysosomal pH with these treatments enhanced
photoreceptor outer segment clearance, demonstrating functional relevance consistent with an
enhancement of degradative enzyme activity.

Conclusions—Elevation of lysosomal pH in RPE cells interferes with the degradation of outer
segments and may contribute to the pathologies associated with A2E. Pharmacologic elevation of
cAMP can restore an acid pH and improve degradative function.

Phagocytic cells are required to clear engulfed material.1,2 This degradative activity is
particularly important for retinal pigment epithelial (RPE) cells because their daily engulfing
of shed photoreceptor outer segments makes them among the most phagocytotically active
cells in the body.3 As such, this high degradative load makes them particularly susceptible to
factors that decrease lysosomal enzyme activity. For example, the mutations in the enzyme
lysosomal acid lipase in ceroid lipofuscinosis are associated with an accumulation of
lipofuscin-like material in the RPE.4,5
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Lysosomal enzymes function optimally over a narrow range of acidic pH values, and the
primary degradative enzymes of the RPE reflect this tight pH dependence.6 For instance, the
lysosomes of RPE cells have high levels of lysosomal acid lipase,7 and activity of acid lipase
decreases by 60% when pH rises from 4.5 to 5.2.8 The breakdown of proteins in RPE lysosomes
is largely mediated by cathepsin D, and activity of cathepsin D falls by 80% when the pH rises
to pH 5.0.9,10 Similarly, decreases in N-acetyl-beta-glucosaminidase occur when the pH rises
to 5.0.11,12 The sharp pH dependence of these enzymes predicts that conditions that alkalinize
lysosomal pH will interfere with degradative activity.

The pH dependence of degradative enzymes is consistent with reports demonstrating that
elevation of lysosomal pH in RPE cells alters the processing of phagocytosed outer segments.
Chloroquine alkalinizes lysosomes, and rats treated with chloroquine demonstrated incomplete
digestion of outer segments in the RPE.13,14 Chloroquine treatment also led to the
accumulation of material on Bruch membrane.15 Tamoxifen can alkalinize lysosomes, and
tamoxifen decreased activity of cathepsin D in RPE cells.16,17 The potential for N-
retinylidene-N-retinylethanolamine (A2E) to alter lysosomal pH may be particularly relevant
because A2E is increased in the RPE of patients with Stargardt disease and in the ABCA4−/−

mouse model of the disease.18 The effect of A2E on lysosomal pH, however, is unclear.19,20

It has been predicted that the elevation of lysosomal pH would hasten the accumulation of
partially digested outer segment fragments within RPE cells. We hypothesized that
reacidification of lysosomes in compromised RPE cells could enhance the activity of lysosomal
enzymes in situ. In the present study, we measured lysosomal pH in RPE cells from
ABCA4−/− mice and in cultured RPE cells exposed to A2E, chloroquine, and tamoxifen.
Compounds capable of acidifying compromised lysosomes were identified using a high-
throughput screening procedure. Given that the goal in restoring pH is to improve the ability
of lysosomal enzymes to degrade outer segments, we also investigated the relationship between
lysosomal pH and outer segment clearance.

Methods
Cell Culture

The human ARPE-19 cell line was obtained from the American Type Culture Collection
(Manassas, VA).21 Cells were grown for 1 to 2 weeks to encourage some differentiation, as
previously described.22

Lysosomal pH Measurement from ARPE-19 Cells
Measurement of lysosomal pH from ARPE-19 cells was performed using a ratiometric
lysosomal pH indicator dye (LysoSensor Yellow/Blue DND-160; Invitrogen, Carlsbad, CA).
The dye exhibits pH-dependent excitation at 340 nm and 380 nm and permits the ratiometric
assessment of pH changes in acidic organelles independent of dye concentration.23 This is an
advantage in lysosomes because organelle volume fluctuates with the pH.24,25 The sensor
colocalized with a red fluorescent lysosomal stain (LysoTracker Red DND-99; Invitrogen) in
small vesicles (Fig. 1A), with a distribution consistent with lysosomal origin of the signal.
Images in Figure 1A were obtained using a confocal microscope (LSM 510; Carl Zeiss
MicroImaging, Thornwood, NY) and analyzed with Zeiss software (LSM Image Browser).

For measurement of lysosomal pH, cells were loaded with the lysosomal pH indicator dye for
5 minutes at room temperature (RT; 21°C-25°C), followed by 15 minutes for internalization.
Quantitative comparison was performed on parallel cells in a 96-well plate, and the
fluorescence was measured with a 96-well plate reader at RT (Fluroskan; Thermo Fisher
Scientific, Inc., Waltham, MA). Light emitted >520 nm in response to excitation at 340 nm
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and 380 nm was measured for 20 msec every 30 seconds. The ratio of light excited at 340/380
nm was converted to pH by calibration with KCl buffered to pH 4.0 to 6.0 in the presence of
10 μM H+/Na+ ionophore monensin and 20 μM H+/K+ ionophore nigericin dissolved in 20
mM 2-(N-morpholino)ethane sulfonic acid (MES), 110 mM KCl, and 20 mM NaCl and
adjusted to pH 4.0 to 6.0 with HCl/NaOH. The relationship was linear over the range examined
(Fig. 1B). Calibration indicated a baseline pH of 4.4 to 4.5, supporting both the lysosomal
localization of the lysosomal pH indicator dye and the calibration process.6 Lysosomal pH
values were elevated by NH4Cl (Fig. 1C) and by the vH+ATPase inhibitor bafilomycin-A (Fig.
1D), validating the assay. None of these compounds, or any others used later in this study,
altered the signal at 340 or 380 nm in the absence of dye. Drugs tested for their ability to reverse
the effects of tamoxifen or chloroquine were added to cells 5 minutes before the addition of
the alkalinizing agents, and the pH was measured 20 minutes later.

Outer Segment Degradation Assay
The isolation of bovine photoreceptor outer segments was based on published protocols.
26-28 Briefly, bovine retinas were homogenized in 20% sucrose with 130 mM NaCl, 20 mM
Tris-HCl, 10 mM glucose, 5 mM taurine, and 2 mM MgCl2 (pH 7.2). The homogenate was
placed in ultracentrifuge tubes with 20%, 27%, 33%, 41%, 50%, and 60% sucrose and was
centrifuged for 70 minutes at 28,000 rpm on a SW28 rotor (4°C). The supernatant was filtered,
diluted in 0.02 M Tris-HCl buffer (pH 7.2), and centrifuged at 13,000g for 10 minutes (4°C).
The pellet was resuspended in 10 mM PBS, 0.1 mM NaCl, and 2.5% sucrose.

A new approach to quantifying the degradation of photoreceptor outer segments within
lysosomes was developed. Outer segments have been traditionally labeled with FITC, but
because this dye has a pKa of 6.8, a diminished signal in acidic organelles confuses outer
segment degradation with localization and makes the fluorescent readout ambiguous.29 Outer
segments were instead labeled with the pH-insensitive dye calcein. Calcein is unaffected by
pH or calcium levels and has been used to determine the integrity of cellular compartments.
Outer segments were loaded with 5 μM calcein-acetoxymethyl (AM) in PBS for 10 minutes
and spun twice at 14,000 rpm. The AM form of the dye is nonfluorescent until cleaved by
intracellular esterases, greatly attenuating the background signal. The outer segments began
accumulating fluorescence immediately, with the attainment of bright, stable levels after 20
minutes, similar to the loading timeframe found in trabecular meshwork cells.30 It was not
possible to determine whether staining was present within the photoreceptor disc lumen using
light microscopy, although the fluorescence signal was evenly distributed and calcein does
enter cellular organelles, where it can become trapped by resident esterases.31

Outer segments labeled with calcein were added to ARPE-19 cells in 96-well plates. After 2
hours, cells were washed vigorously and incubated with growth medium for another 2 hours.
Baseline fluorescence levels excited at 485 nm were initially read at this point to minimize the
effect of drugs on binding or internalization. Cells were then incubated with alkalinizing drugs
and putative treatments or control solution for 20 hours, after which the cells were washed
twice, and the final fluorescence reading was taken. This time course was based on kinetic
analysis showing most outer segment degradation is complete within 18 hours.32 The “%
ΔPOS” was defined as the percentage change in fluorescence from photoreceptor outer
segments between final and initial reading. Changes in signal were quantified by subtracting
background, calculating the proportional drop in fluorescence between the start and end of
drug addition, and normalizing to controls with control ratios subtracted.

The lysosomal breakdown of outer segments involves the enzymatic degradation of the outer
segment membranes, and we assume that calcein is released once the membrane is ruptured.
If calcein is retained within the disc lumen, this release will require cleavage of the disc
membrane as well. Trials have shown that approximately three quarters of the decline in cellular
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fluorescence over the 20 hours is accounted for by extracellular fluorescence, presumably
reflecting pinocytosis of calcein released from the ruptured outer segment compartments.
Washing of the cells before measurement was thus critical. The remaining loss may reflect
degradation, quenching, or both of calcein. Some residual fluorescence in lysosome-like
organelles was evident after the 24 hours, but intensity was considerably reduced. All
comparisons of outer segment processing were run in parallel.

To localize outer segments (see Figure 7A), cells were cultured on glass chamber slides and
costained with 100 nM LysoTracker Red after 4 hours' exposure to calcein-labeled outer
segments to confirm localization. The red fluorescent lysosomal stain was imaged at 540/>590
nm (excitation /emission), whereas labeled outer segments were imaged at 480/>535 nm on a
Nikon microscope (Eclipse 600; Nikon USA, Melville, NY) and imaged with a 3-CCD digital
camera (Toshiba America, Irvine, CA). Images were manipulated with image processing
software (Image Pro Plus; Media Cybernetics Inc., Silver Spring, MD).

Measurements of Lysosomal pH from Murine RPE Cells
ABCA4−/− mice were a kind gift from Gabriel Travis of the Jules Stein Eye Institute at the
University of California at Los Angeles. Control C57BL/6 mice were obtained from Harlan
(Indianapolis, IN). All mice were treated in accordance with University of Pennsylvania
IACUC and the ARVO Statement on the Use of Animals in Ophthalmic and Vision Research.
Mice were reared at 5 to 15 lux and were killed with a CO2 overdose. Mouse eyes were isolated
based on published protocols with modifications.33 Briefly, intact eyes were washed twice
with PBS and incubated in 2% dispase (wt/vol) and 0.4 mg/mL collagenase intravenously for
45 minutes at 37°C with 5% CO2. Eyes were rinsed twice in growth medium (GM) that
contained DMEM with 1× MEM + nonessential amino acids, 3 mM L-glutamine, 100 μg/mL
streptomycin, and 2.5 mg/mL amphotericin B (Fungizone) or 50 μg/mL gentamicin (or both),
plus 10% fetal bovine serum (all Invitrogen). Eyes were incubated in GM for another 20
minutes in 5% CO2 at 37°C, after which the anterior segments and retinas were removed and
sheets of RPE cells were separated from the choroid with fine forceps. These sheets were
transferred to a 15-mL centrifuge tube and triturated to single cells with GM. Cells from two
to eight eyes were pooled and loaded with 5 μM lysosomal pH indicator dye for 5 minutes at
RT. Excess dye was washed off, and cells were distributed into wells of 384-well plates (UV
Star; Greiner Bio-One, Monroe, NC) and measured as described. These plates made a
significant difference in our ability to detect a signal over background. Murine RPE cells loaded
with the lysosomal pH indicator dye fluoresced brightly (Fig. 2A). The autofluorescence
emitted from ABCA4−/− cells was slightly more intense than that from wild-type cells,
consistent with elevated levels of A2E in knockout animals. However, the fluorescence signal
emanating from the dye was 100-fold greater than the difference in background
autofluorescence, ensuring the independence of the pH measurements. A small portion of the
cell suspension was incubated in pH buffers for simultaneous calibration as described, though
noncalibrated data, expressed in terms of the 340/380-nm signal, were detected in some cases.
Drugs were usually added to the bath, and measurements were taken 20 minutes later.
Comparisons between wild-type and ABCA4−/−, between ABCA4−/− of different ages, and
between treated and untreated mice were performed on measurements made simultaneously
from different wells on the same plate to control for variation. Images for Figure 2A were
obtained on a Nikon microscope (Eclipse 600) with dye (LysoSensor Yellow/Blue; Invitrogen)
detected at 360/515 nm and processed as described.

RT-PCR
Although the pharmacologic identification of the A2A adenosine receptor was suggestive, this
receptor has not been identified on a molecular level in human RPE cells. Receptor identity
was thus confirmed in ARPE-19 and fresh human RPE cells using RT-PCR. RNA was extracted
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from ARPE-19 cells and fresh human RPE cells using reagent (Trizol; Invitrogen). RNA was
treated with RQ1 RNase-free DNase I (Promega, Madison, WI). Reverse transcription was
performed from 1 μg total RNA using first-strand DNA synthesis (SuperScript First-Strand
Synthesis; Invitrogen). Primers were obtained from a previously published paper,34 as follows:
sense, 5′-CAAGAAGGGCTTGGGTTCTG-3′; antisense, 5′-
TGACAGCAGGAGAGGACTGC-3′; 431-base pair product. PCR was performed with 2 μL
first-strand DNA synthesis (SuperScript First-Strand Synthesis; Invitrogen) product, 2 mM
MgCl2, and 0.4 nM each primer with the 0.5-μL recombinant DNA polymerase (AmpliTaq
Gold Polymerase; Applied Biosystems, Foster City, CA) at 95°C for 15 minutes, followed by
35 cycles at 95°C for 15 seconds, 60°C for 30 seconds, and 72°C for 1 minute, with a final
extension step at 72°C for 10 minutes. First-strand DNA synthesis (SuperScript First-Strand
Synthesis; Invitrogen) was omitted from the negative control. The band was visualized on a
2% agarose gel, photographed, and purified with an extraction kit (QIAEX II Gel Extraction;
Qiagen, Valencia, CA). The DNA was sequenced at the University of Pennsylvania Sequencing
Facility and identified with the BLAST nucleotide database (http://www.ncbi.nlm.nih.gov).
Identical processing was used on RNA extracted from fresh human RPE cells. Eyes were
obtained anonymously, and the research was conducted in accordance with the tenets of the
Declaration of Helsinki.

Materials
Myristoylated PKI (14–22) amide was obtained from Tocris Bioscience (Ellisville, MI). A2E
was a kind gift from John Dowling and Tom Jordan of Neuron Systems Inc.; samples were
stored in aliquots at −80°C and were used promptly. A2E was conjugated with LDL by mixing
A2E with LDL (Invitrogen) at a ratio of 14 nmol:10 mg and was incubated at 37°C for 2 hours
in the dark based on published protocols,19 although we found that the inclusion of LDL did
not alter the pH. Attempts to hasten the change using higher concentrations of A2E were not
successful because exposure was toxic, consistent with the loss of lysosomal membrane
integrity found with elevated levels.35,36 All other reagents were obtained from Sigma
Chemical (St. Louis, MO) unless otherwise indicated.

Statistical Analysis
Data are reported as mean ± SEM. Statistical analysis used a one-way ANOVA with Tukey
post hoc test on differences for intragroup comparisons. Results with P < 0.05 were considered
significant.

Results
Increased Lysosomal pH in ABCA4−/− Mice and with A2E

Because the RPE cells of ABCA4−/− mice accumulated A2E at rates higher than those of wild
type,18 the lysosomal pH in these cells was determined. The pH of lysosomes from RPE cells
obtained from ABCA4−/− mice was significantly higher than that of wild-type animals (Fig.
2B). Multiple measurements from numerous mice with a mean age of 7 months demonstrated
pH levels of 4.7 in wild-type mice and 5.5 in ABCA4−/− mice. This difference lies in the most
sensitive portion of the pH-dependent activity range for lysosomal enzymes and is predicted
to reduce the activity of cathepsin D by 70%.10 A significant increase in pH was found in RPE
cells from ABCA4−/− mice as young as 4 months of age (the earliest age compared directly
with wild types). The elevation in lysosomal pH was age dependent, with lysosomes of cells
obtained from older animals more alkaline (Fig. 2C). This is consistent with the age-dependent
accumulation of A2E in the knockout mice.18

Although A2E has been thought to alter lysosomal pH for some time,35,37 its contribution to
lysosomal alkalinization has been unclear; lysosomal pH was elevated by A2E delivered for 4
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weeks,19 though a recent report did not observe this increase when A2E was given for shorter
periods.20 To resolve this question with our quantitative system, ARPE-19 cells were exposed
to A2E for various intervals. Lysosomal pH was not affected in cells fed 100 to 800 nM A2E
for 24 or 48 hours. In contrast, chronic exposure to moderate levels of A2E (14 nM)
significantly alkalinized the lysosomes, with pH levels increasing from 4.5 to 5.0. The
alkalinization was first apparent after 3 weeks of treatment (Fig. 2D). This slow time course
is consistent with both the qualitative increase in pH described in cultured RPE cells fed A2E
for 4 weeks19 and the absence of an effect after acute exposure to A2E.20

Model for Rapid Elevation of Lysosomal pH
The alkalinized lysosomes in RPE cells from ABCA4−/− mice and in ARPE-19 cells exposed
to A2E implied that restoration of lysosomal pH might be beneficial. However, rapid screening
for compounds able to restore an acidic pH required a fast and reproducible method for
elevating lysosomal pH above baseline, and neither fresh murine RPE cells nor A2E added to
cultured cells for 3 weeks qualified as high-throughput. Because tamoxifen can elevate
lysosomal pH and was previously found to be particularly effective at interfering with
lysosomal enzyme activity in RPE cells,16,38 its effect was characterized. Tamoxifen led to a
rapid alkalinization; lysosomal pH reached maximal levels within 10 to 12 minutes and
remained elevated for the entire 30 minutes of observation (Fig. 3A). The response was dose
dependent, with an EC50 of 22 μM (Fig. 3B). Because tamoxifen exhibits estrogenic and
antiestrogenic activity,39 the effect of 17β-estradiol was examined. The alkalinization
produced by tamoxifen was neither mimicked nor blocked by 17β-estradiol (Fig. 3C),
consistent with the receptor-independent effect on lysosomal pH observed previously.16
Chloroquine also elevated lysosomal pH (Fig. 3D).

Pharmacologic Treatment to Lower Lysosomal pH
Initial attempts to identify compounds that could reacidify compromised lysosomes focused
on the effects of catecholamines. Substantial acidification was induced by epinephrine,
norepinephrine, and the β-adrenergic receptor agonist isoproterenol, whereas the α1 receptor
agonist phenylephrine had no effect (Fig. 4A). Timolol inhibited the acidifying effects of
norepinephrine, though it did not increase pH in cells treated with tamoxifen alone.
Norepinephrine also acidified lysosomes in ARPE-19 cells treated with chloroquine,
demonstrating its acidifying effect was not specific to tamoxifen-treated cells (Fig. 4B).
Together, these results implied that stimulation of the β-adrenergic receptor lowered lysosomal
pH in RPE cells perturbed under two different conditions.

Purinergic agents were also assessed, as increasing evidence suggests their signaling has a
considerable impact on RPE physiology.40 The stable nonspecific adenosine receptor agonist
5′-(N-ethylcarboxamido)-adenosine (NECA) reduced lysosomal pH in cells treated with
tamoxifen (Fig. 5A). Because NECA activates A1 and A2A adenosine receptors, more specific
agents were also tested.41 The A2A receptor agonist CGS21680 acidified the lysosomes (Fig.
5B), whereas A1 adenosine receptor agonists N6-cyclopentyladenosine (CPA) and (2S)-N6-
[2-endo-Norbornyl]adenosine (ENBA) were ineffective (Fig. 5C). Stimulation of the A2A
adenosine receptor also lowered the lysosomal pH of RPE cells treated with chloroquine (Fig.
5D). Message for the A2A adenosine receptor was identified in ARPE-19 cells and in fresh
human RPE cells (Fig. 5E). This is the first molecular identification of the A2A adenosine
receptor in human RPE cells to our knowledge, and it supports the pharmacologic
identification.

Given that β-adrenergic and the A2A adenosine receptors are both coupled to Gs proteins whose
activation stimulates adenylate cyclase and increases intracellular cAMP, direct elevation of
cAMP was examined. The cell-permeable analogues chlorophenylthio-cAMP (cpt-cAMP) and
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8-bromo-cAMP lowered lysosomal pH in compromised cells (Fig. 6A). A cAMP-activating
cocktail consisting of 3-isobutyl-1-methylxanthine (IBMX), forskolin, and cpt-cAMP
reacidified lysosomes even more effectively. These observations indicated that cAMP was a
key effector in the receptor-mediated acidification of compromised lysosomes.

The myristoylated cell-permeable version of protein kinase A (PKA) inhibitor PKI (14–22)
amide was added to the cells to determine whether the effects of cAMP required the activation
of PKA. Myristoylated PKI prevented the acidification mediated by the cAMP mix, implying
a central role for PKA in lysosomal reacidification (Fig. 6B).

Restoration of Outer Segment Clearance
The ultimate goal of restoring lysosomal pH in RPE cells is to improve the function of the
degradative enzymes. Because a central role for these enzymes is to clear engulfed outer
segments, the effect of pH manipulations on outer segment clearance was explored. Outer
segments were labeled with the pH-insensitive dye calcein to separate the effects of pH from
degradation (see Methods). Colocalization with the red fluorescent lysosomal stain confirmed
that most labeled outer segments were present in lysosomes before any pharmacologic
intervention was initiated (Fig. 7A). Tamoxifen slowed the degradation of outer segments in
a dose-dependent way, with the decrease proportional to its effect on lysosomal pH (Fig. 7B).
Treatment with chloroquine also slowed the degradation. In contrast, pharmacologic
reacidification of perturbed lysosomes increased outer segment clearance. Degradative
function was improved by treatment with NECA, CGS21680, norepinephrine, and
isoproterenol (Fig. 7C). These observations are consistent with the hypothesis that lysosomal
enzyme activity is sensitive to lysosomal pH and that restoring acidity can improve their ability
to degrade outer segments.

Restoration of Lysosomal pH in Cells Exposed to A2E
Although the mechanisms underlying the increase in pH initiated by tamoxifen, chloroquine,
and chronic exposure to A2E are likely different, it was possible that the pathways used to
reacidify the lysosomes were relevant regardless of the original insult. Direct elevation of
intracellular cAMP with the cAMP-activating mix reduced lysosomal pH in 6-month-old
ABCA4−/− mice from 5.2 to 4.8 (Fig. 8A). The lysosomal pH of ARPE-19 cells challenged
with A2E was significantly decreased by the A2A adenosine agonist CGS21680, with levels
restored near those in control cells (Fig 8B). Similar acidification was found with 10 μM
norepinephrine, suggesting that cAMP-mediated acidification and relevant receptors were
functioning in cells exposed to A2E for extended times.

Discussion
Because pH can modulate the activity of lysosomal enzymes and because the dysregulation of
lysosomal enzymes may be detrimental to the health of postmitotic cells, the observations
described herein offer a reasonable approach to improving lysosomal enzyme activity
compromised by challenges to pH. The development of a high-throughput screening assay to
identify compounds capable of restoring lysosomal pH, combined with a protocol to assess
outer segment clearance independent of pH, have enabled examination of this fundamental
problem on a quantitative scale. The pharmacologic identification of intracellular cAMP as a
key mediator of lysosomal acidification offers a variety of potential options to correct a
compromised pH level. The extension of these approaches to RPE cells from ABCA4−/− mice
demonstrates for the first time that elevated lysosomal pH is a specific defect in these animals,
with the magnitude of the lysosomal alkalinization in adult mice predicted to substantially
lower lysosomal enzyme activity in situ. Furthermore, the restoration of lysosomal pH in RPE
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cells from ABCA4−/− mice by cAMP is predicted to increase enzyme activity twofold to
fourfold.10

Validity and Relevance of the Present Approach
Several considerations support the validity of these findings. First, great care was taken in
developing the protocol for lysosomal pH measurements. Precise control over dye-loading
parameters, coupled to the use of multiwell plates and stringent calibration techniques, led to
a highly reproducible method. Second, acidification by A2A adenosine receptor agonists, β-
adrenergic receptor agonists, and cAMP are all consistent with the existence of a common
second-messenger system. Third, the ability of drugs to produce similar changes in fresh mouse
and cultured human RPE cells suggests a general application of our findings. This also
demonstrates that RPE cells from older ABCA4−/− mice are amenable to treatment. Fourth,
the tight correlation among lysosomal pH, outer segment degradation rate, and predicted
activity of lysosomal enzymes based on biochemical analysis indicates that the interventions
identified above can have significant physiological consequences.8,10,12

Some caution is, of course, necessary in interpreting these results. Our method measured only
the mean levels of lysosomal pH, and it is possible that subpopulations of lysosomes containing
less digestible oxidized material could be relatively unresponsive. However, Figure 8A
demonstrates that the mean lysosomal pH in the 6-month-old ABCA4−/− mice was restored to
4.8 by the cAMP-stimulating mix. This level is very close to that seen in wild-type animals,
suggesting that the pH of most lysosomes had to be improved. Although the pH changes we
measured in lysosomes may differ from those of the phagolysosome, the related shifts in pH
and outer segment degradation imply that the response in these two organelles is at least
qualitatively similar. There are many differences between fresh and cultured cells, with the
absence of melanosomes in the latter particularly relevant. Still, the lysosomal acidification of
older ABCA4−/− mice by cAMP implies merit in using the cultured RPE cells to rapidly identify
compounds that can modulate lysosomal pH in fresh cells.

Mechanisms of pH Change
Although this study demonstrates that lysosomal pH can be raised by a variety of toxins and
restored by manipulating intracellular cAMP, the mechanisms underlying both events remain
to be fully elucidated. A2E is a quaternary amine, with complex effects in RPE cells caused,
at least in part, by its ability to alter lipid composition and produce a detergentlike effect on
intracellular membranes.20,35,37 A2E decreases activity of the vH+ATPase on isolated
lysosomes and reduces the translocation of protons into these isolated lysosomes, indicating
that it may alter lipid-protein interactions in the lysosomal membrane.42 Tamoxifen is a tertiary
amine; its protonation in acidic organelles neutralizes pH while trapping it within the vesicle.
However, tamoxifen can also alter the lipid composition of vesicular membranes within RPE
cells43 and can act within the membrane of other cells to mediate electroneutral transport of
proton/chloride transport and dissipate the proton gradient.44 There may thus be more
similarities in the alkalinizing actions of tamoxifen and A2E than originally thought.
Regardless of these considerations, it is clear that the pH of RPE cells challenged with either
A2E or tamoxifen can be restored by cAMP, implying either that both disturb the same
mechanism or that the cAMP- sensitive effector can sidestep both original insults.

Increased levels of cAMP could acidify perturbed lysosomes through one or more of several
routes. Proton delivery to lysosomes and late endosomes is primarily mediated by the
vH+ATPase,45 creating both a proton gradient and an electrical potential across vesicular
membranes.46,47 Excess positive charge can be neutralized by the influx of Cl− into the
vesicle.48 In this regard, the cAMP-dependent Cl− channel CFTR contributes to lysosomal
acidification and degradative activity in macrophages.49 Functional and immunochemical
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evidence indicates CFTR is present on RPE cells, though its contribution to intracellular
organelles is not yet clear.50-52 Alternatively, cAMP could act on the proton pump. cAMP
can lead to insertion of the plasma membrane variant of vH+ATPase into the plasma membrane
of clear cells and an increase in proton secretion.53 Whether cAMP can regulate proton pump
levels in lysosomes is not known, though increased insertion may be partially responsible for
the increase in endosomal acidification it triggers in liver cells.54

Implications for RPE Health
The actions of tamoxifen, β-adrenergic receptors, and A2E on lysosomal pH raise questions
about RPE health. Typical clinical doses of tamoxifen lead to a plasma concentration of 0.5 to
2 μM, but tissue concentration can be considerably higher.55 The incidence of retinopathies
with moderate doses of tamoxifen treatment is low, but the rare problems that do occur at higher
doses are consistent with lysosomal failure in the RPE.56,57 Extended exposure to tamoxifen
can also lead to decreased levels of enzyme activity independent of pH, possible because of
an altered delivery of lysosomal enzymes.17,38,58 Our results are also consistent with the
small increase in risk for age-related maculopathy in patients treated long term with systemic
β-blockers.59 With tamoxifen and timolol, however, the lack of extensive ocular damage in
spite of widespread use implies the threat is minimal for most people using moderate doses.

The effects of A2E on lysosomal pH may have more direct implications for ocular health.
Evidence has been put forth that A2E accumulates in the RPE of patients with Stargardt's
disease.18,35 The disorder is associated with elevated levels of lipofuscin in RPE cells,
consistent with the reduced degradation of phagocytosed outer segments and the impaired
activity of lysosomal enzymes. Although A2E can reduce the activity of lipases and proteases
within RPE cells,19,60 A2E does not have a direct effect on enzyme activity.20,61 This
suggests A2E may have indirect effects on enzyme activity, and the sharp pH dependence of
RPE lysosomal enzymes makes pH a prime candidate. The effects of A2E in vivo are predicted
to be complex; chemical variants and oxidation products of A2E also lead to cell disease,
whereas exposure to light produces additional toxic effects.62,63 However, changes in
lysosomal pH alone can mimic pathology in the diseased eye, with chloroquine treatment
leading to the accumulation of material on Bruch membrane.15 Combined with the alkalinizing
effects of chronic A2E exposure, this suggests that lowering lysosomal pH may be beneficial
when pathologic levels of undigested material accumulate in the RPE and Bruch membrane.
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Figure 1.
Validation of dye assay. (A) RPE cells were simultaneously labeled with the lysosomal pH
indicator dye (left) and the red fluorescent lysosomal stain (middle). Considerable
colocalization of two dyes was found (right), indicating a predominantly lysosomal source of
the pH dye signal. Scale bar, 20 μm. The lysosomal pH indicator dye was detected at 351/385
nm (excitation/emission), while the red fluorescent lysosomal stain was detected at 543/560
nm. (B) Typical calibration of lysosomal pH from ratios in the presence of ionophores
monensin and nigericin. F340/380 = ratio of fluorescence excited at 340 nm/380 nm. The
calibration curve was well fit with a linear regression (y = y0 + ax). In this case, y0 = 0.30, a =
1.50, and r2 = 0.99. Calibration was performed separately on each plate. (C) The assay was
verified using standard alkalinizing compounds, with lysosomal pH (pHL) elevated by 10 mM
NH4Cl (n = 20). (D) Bafilomycin A (BAF, 200 nM, n = 20) also elevated lysosomal pH level.
†††P < 0.001 vs. control, one-way ANOVA with Tukey post hoc test. Here and throughout,
bars on data plots = mean + SEM; n = number of independent wells.
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Figure 2.
Elevated lysosomal pH in RPE cells from ABCA4−/− mice and in cultured cells exposed to
A2E for extended durations. (A) The lysosomal pH indicator dye was detected in freshly
isolated C57BL6 mice RPE cells. Left: bright-field image. Right: fluorescence image of the
same field, excited at 360 nm (emission, 510 nm). Note that despite the pigment, the signal
from the lysosomal pH indicator dye could be detected in sufficient quantity to visualize
individual lysosomes. Bar, 10 μm. (B) Lysosomal pH was significantly elevated in fresh RPE
cells from ABCA4−/− mice (pH, 5.5 ± 0.2; age, 213 ± 25 days) compared with RPE cells from
age-matched control C57BL6 mice (pH, 4.7 ± 0.2; age 208 ± 28 days; n = 7; experiments using
pooled RPE cells from a total of 28 knockout and 24 wild-type mice). Qualitatively similar
increases in fluorescence ratio were found in seven additional mice of each type. (C) Lysosomal
pH was higher in RPE cells from 10-month-old ABCA4−/− mice than from 2.5-month-old
ABCA4−/− mice (n = 4). In two other experiments, similar increases were found in the
lysosomal pH of cells from the older ABCA4−/− mouse. (D) A2E elevated pHL of ARPE-19
cells, though the treatment at this relatively low dosage took 3 weeks to have an effect (14 nM
A2E given twice/wk; n = 6). Similar results were found in two additional trials. ††P < 0.01,
†††P < 0.001 vs. control, one-way ANOVA with Tukey post hoc test.
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Figure 3.
Effects of tamoxifen on lysosomal pH of ARPE-19 cells. (A) Time course of tamoxifen effect
on the lysosomal pH. Tamoxifen (30 μM) elevated lysosomal pH rapidly, with levels reaching
a plateau within 15 minutes (at which time point all subsequent measurements were made).
Values are expressed as fluorescence ratios normalized to mean control levels at the
corresponding time point. (B) Concentration dependence of tamoxifen on lysosomal pH of
RPE cells. Tamoxifen (TMX; 10–100 μM) was applied to the cultured ARPE-19 cells for 15
minutes. Tamoxifen showed a concentration-dependent effect to increase the lysosomal pH
(pHL), with EC50 = 22 μM. Symbols represent mean ± SEM fit with a single exponential curve
(all n = 30, all different from 0 μM, P < 0.001). (C) Comparison of effects of tamoxifen and
17β-estradiol (17-β) on lysosomal pH of ARPE-19 cells. 17β-estradiol (100 nM), an estrogen
receptor agonist, was applied to the cells in the absence or presence of 10 μM or 30 μM
tamoxifen. The response to tamoxifen was neither mimicked nor inhibited by 17β-estradiol
(n = 6), suggesting the effect of tamoxifen did not involve estrogen receptors. Here and
elsewhere, numbers adjacent to drugs are concentrations in μM. (D) Lysosomal pH was also
elevated by 20 μM chloroquine (CHQ, n = 20). †††P < 0.001 vs. control, one-way ANOVA
with Tukey post hoc test.
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Figure 4.
Stimulation of β-adrenoceptors lowers lysosomal pH. (A) Adrenoceptor agonists lowered
pHL in tamoxifen (TMX)-treated ARPE-19 cells. Adrenoceptor agonists epinephrine (Epi, 10
μM), isoproterenol (Isopro, 10 μM), and norepinephrine (Norepi, 10 μM) helped restore pHL
raised by 30 μM tamoxifen. Phenylephrine (Phe, 10 μM) did not change lysosomal pH.
Acidification by norepinephrine was blocked by β-adrenoceptor inhibitor timolol (Tim, 10
μM), although timolol alone did not change pHL (n = 8–71). (B) Norepinephrine also lowered
pHL in cells exposed to 20 μM chloroquine (CHQ) (n = 5–10). ***P < 0.001 vs. TMX or CHQ
alone, depending on the drug used for the test; one-way ANOVA with Tukey post hoc test.
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Figure 5.
Stimulation of adenosine A2A receptors reduces pHL. (A) Non-selective adenosine receptor
agonist NECA reversed lysosomal alkalinization by 30 μM tamoxifen (TMX) in ARPE-19
cells (n = 26–44). (B–D) Although A2A adenosine receptor agonist CGS21680 (100 nM)
inhibited the effect of 30 μM tamoxifen (B; n = 48) and 20 μM chloroquine (D; n = 16) in
ARPE-19 cells, A1 agonists CPA (100 nM) and ENBA (100 nM) had no effect (C; n = 8–28).
(E) Expression of adenosine receptor subtype A2A in RPE cells. A2A receptor expression in
ARPE-19 cells and postmortem human RPE cells by RT-PCR of expected 431 bp (+). No
bands were seen without reverse transcriptase (−). The sequenced PCR product was verified
as the A2A receptor. *P < 0.05 vs. CHQ alone, ***P < 0.001 vs. TMX alone; one-way ANOVA
with Tukey post hoc test.
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Figure 6.
cAMP derivatives lowered pHL in tamoxifen-treated ARPE-19 cells. (A) Cell-permeant cAMP
analog cpt-cAMP (500 μM), 8-Br-cAMP (8-Br, 500 μM), and a cAMP-stimulating mix of
forskolin (10 μM), cpt-cAMP (500 μM), and IBMX (100 μM) acidified cells exposed to
tamoxifen (30 μM, n = 16–43). (B) Myristoylated PKI (14–22) amide (100 μM), the cell-
permeant inhibitor of protein kinase A, blocked the restorative effects of the cAMP cocktail
on cells treated with tamoxifen (10 μM, n = 8–16), implying a role for PKA. ‡P < 0.005 vs.
TMX + cAMP mix. **P < 0.01, ***P < 0.001 vs. TMX alone; one-way ANOVA with Tukey
post hoc test.
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Figure 7.
Increase in clearance of photoreceptor outer segments. (A) Colocalization of the red fluorescent
lysosomal stain (left) and calcein-labeled photoreceptor outer segments (middle) in ARPE-19
cells. Overlap (right) indicates most outer segments were in lysosomes. Scare bar, 10 μm.
(B) Tamoxifen (TMX) and chloroquine (CHQ) both impaired the ability of ARPE-19 cells to
degrade photoreceptor outer segments. The reduction in the clearance of outer segments by
tamoxifen was dose dependent and proportional to the effect of tamoxifen on pHL (n = 12).
Measurements were made 20 hours after the addition of drugs. %Δ POS is the normalized
percentage change in outer segment fluorescence. (C) The nonselective adenosine agonist
NECA (100 nM) and the specific A2A receptor agonist CGS21680 (100 nM) both lowered the
retention of outer segments that was increased by 30 μM tamoxifen, consistent with an
increased enzymatic function with lowered pHL. Norepinephrine (Norepi, 10 μM) and
isoproterenol (Isopro, 10 μM) also restored outer segment clearance slowed by tamoxifen (n
= 20). ††P < 0.01 vs. control, †††P < 0.001 vs. control, ***P < 0.001 vs. TMX alone, one-
way ANOVA with Tukey post hoc test.
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Figure 8.
Restoration of lysosomal pH in cells exposed to A2E. (A) The lysosomal pH of RPE cells from
6-month-old ABCA4−/− mice was decreased by the cAMP-activating mix to 4.78 ± 0.07 (n =
4). (B) The A2A adenosine receptor agonist CGS21680 (100 nM) acidified the pHL in ARPE-19
cells treated with A2E (14 nM twice a week for 4 weeks; n = 4–12). The lysosomal pH in
treated cells was not significantly different from that in control. ††P < 0.01 vs. control, †††P
< 0.001 vs. control, *P < 0.05 vs. TMX alone, one-way ANOVA with Tukey post hoc test.
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