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Abstract: Age-related macular degeneration is one of the most common causes of blindness, and the 
incidence exhibits profound racial bias, occurring most frequently in Caucasians. A primary cell 
type affected in the disease is the retinal pigment epithelium, but the etiology is unclear. The end 
10% of the photoreceptor outer segments are shed each day, and the underlying retinal pigment 
epithelium engulfs, digests, and recycles molecules back to the sensory retina. In previous work, we 
showed that GPR143 signaling in response to L-DOPA may be effective in the prevention or delay 
of age-related macular degeneration. In this study, we explore a novel potential effector of GPR143 
signaling, that of outer segment uptake and digestion. Using isolated outer segments, labelled with 
a pH-sensitive marker to fluoresce in lysosomes, we show that GPR143 signaling does not impact 
outer segment uptake, but does have a significant effect on subsequent degradation. Interestingly, 
GPR143 signaling did not affect the digestive capacity of the cells, marked by total proteolytic ca-
pacity and cathepsin D activity. Rather, our data suggest GPR143 improved endosomal trafficking 
efficiency of the phagocytosed outer segments to the lysosome. This result is similar to the effect we 
previously reported for GPR143 on exosome release from the endosomal compartment. Our data 
illustrate that GPR143 is active in endosomal traffic A single paragraph of about 200 words maxi-
mum.  
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1. Introduction 
Age-related macular degeneration (AMD) is a leading cause of vision loss and blind-

ness [1–3]. AMD incidence is racially biased, affecting Caucasians more frequently than 
all other races [1,4–6]. The reason for this bias is unknown. One of the primary cell types 
involved in AMD pathogenesis is the retinal pigment epithelium (RPE) [7–9]. RPE is a 
monolayer of cells that support the sensory retina. RPE is located between the vascular 
choroid and the photoreceptors, and performs a variety of functions including nutrient 
transport. One critical role of the RPE involves daily photoreceptor renewal by phagocy-
tosis and digestion of spent photoreceptor outer segments (POS) [8–10]. The RPE are also 
heavily pigmented, suggesting they could have a role in the racial bias of AMD [11]. 

RPE pigmentation is critical in retinal development. Lack of pigmentation, albinism, 
results in a canonical retinal phenotype that includes reduced numbers of photoreceptors 
and ganglion cells, foveal hypoplasia, nystagmus, and loss of the uncrossed retinal pro-
jection to the brain [12–14]. Interestingly, all of these albinism related changes occur in 
retinal cells that never express any of the pigmentation genes. Together, these retinal 
changes result in low vision. One form of albinism, ocular albinism (OA), includes the 
complete retinal albinism phenotype described above, despite normal to near normal pig-
mentation in the RPE [15–20]. This creates separation between RPE pigmentation and the 
retinal albinism phenotype. OA is caused by a mutation in the gene encoding GPR143, a 
G-protein coupled receptor (GPCR) [11,21–23]. 
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GPCRs impact and control a vast number of cellular activities and represent a large 
class of pharmaceutical targets. We discovered that the ligand for GPR143 is L-DOPA, a 
drug frequently used to treat movement disorders such as Parkinson’s disease [21]. To 
investigate whether L-DOPA and GPR143 might affect AMD incidence, we initiated a 
large-scale retrospective medical record analysis to evaluate the potential association be-
tween L-DOPA prescriptions and AMD incidence [25]. Our results showed that individ-
uals with a prescription history of L-DOPA were significantly less likely to develop AMD 
at any age. Further, if they did develop the disease, the initial onset of AMD was delayed 
by 8 years. In a small ‘proof of principle’ prospective study of patients undergoing treat-
ment for neovascular AMD, L-DOPA reduced necessary anti-VEGF injections by greater 
than 50% [26]. L-DOPA is the only known ligand for GPR143, and GPR143 is the only 
known receptor for L-DOPA. Taken together, we suggest that observations of L-DOPA’s 
effect on vision occur through GPR143 stimulation in the RPE. 

GPR143 is primarily expressed in pigmented cells, such as RPE and melanocytes. The 
ligand for the receptor is L-DOPA, an intermediate byproduct of melanin synthesis 
[21,24]. Thus, cells that express GPR143, also synthesize the ligand, indicating GPR143 
likely functions in an autocrine loop driven by the innate pigmentation levels of the cells 
expressing the receptor. In RPE, downstream effectors of GPR143 signaling include up-
regulation of pigment epithelial derived factor (PEDF) [26,27], and downregulation of 
both vascular endothelial derived factor (VEGF) [27] and exosome release [28]. Both VEGF 
and exosomes stimulate angiogenesis, suggesting that decreased GPR143 signaling would 
be detrimental and foster retinal angiogenesis. Indeed, neovascularization and retinal an-
giogenesis are responsible for most of vision loss in patients with AMD [29], a disease 
with very strong racial bias. While GPR143 is not part of the melanogenic machinery, it 
responds to melanogenesis, which produces L-DOPA as a biproduct, and therefore may 
underly the racial bias of AMD. In this study, we report an unexpected downstream ac-
tivity of GPR143 signaling that occurs within the endosomal trafficking pathway, where 
GPR143 activity enhances POS digestion without affecting the degradative enzymes or 
capacity of the cells. 

2. Materials and Methods 
2.1. Tissue Culture 

RPE were isolated as described [] and maintained in Dulbecco's modified essential 
medium (DMEM) supplemented with 5% fetal bovine serum (FBS). For experiments in 
which tyrosine concentrations were lowered, we used custom manufactured DMEM pro-
duced without tyrosine from the BIO5 media facility. Dialyzed FBS was purchased from 
ThermoFisher Scientific. Cells were cultured in LT media (tyrosine-free DMEM supple-
mented with 5 μM tyrosine, 5% dialyzed FBS, 1% antibiotic-antimycotic ) for 2–4 d before 
experimentation.  

2.2. Gel Zymography 
Porcine RPE monolayers were given 20 photoreceptor outer segments (POS)/cell for 

3 days in low tyrosine media (DMEM w/o tyrosine, 5% dialyzed FBS) ± 1 μM L-DOPA. 
Cells were rinsed with ice cold PBS and scraped in lysis buffer (25 mM Tris, 100mM NaCl, 
1% NP-40, 0.1 mM Leupeptin). Protein content was determined by BCA assay (Ther-
moFisher Scientific, catalog # 23227). Equal amounts of protein were loaded onto a 10% 
SDS-polyacrylamide gels containing 0.2% gelatin. After electrophoresis, the gels were in-
cubated in 65mM Tris (pH 7.4) with 20% glycerol for three washes of 10 minutes each. 
Gels were then incubated in activity buffer (0.1 M sodium phosphate buffer [pH 6.0], 1 
mM EDTA, and 2 mM DTT) for 30 min at room temperature. The activity buffer was ex-
changed for fresh activity buffer and incubated for 48 hours at 37 °C. The gels were stained 
with 0.05% Coomassie Brilliant Blue and then destained with 4% methanol and 8% acetic 
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acid. Gels were scanned using an Epson Perfection V550 Photo scanner. Densitometry was 
performed using ImageJ. 

2.3. Western Blot 
Porcine RPE monolayers were given 20 photoreceptor outer segments (POS)/cell for 

3 days in low tyrosine media (DMEM w/o tyrosine, 5% dialyzed FBS) ± 1 μM L-DOPA. 
Cells were rinsed with ice cold PBS and scraped in lysis buffer (50 mM Tris, 4 mM EDTA, 
1% Tween 20, 1% Triton-X) and Protease Inhibitor Cocktail (Sigma–Aldrich). Protein con-
tent was determined by BCA assay (ThermoFisher Scientific, catalog # 23227). Proteins 
were resolved by SDS-PAGE and transferred to nitrocellulose by electric field overnight. 
Nitrocellulose membranes were blocked in 10% dry milk solubilized in Tris buffered sa-
line (25 mM Tris, 150 mM NaCl, pH 7.45). The blocked membranes were incubated in 
primary antibody diluted in TBST containing 1% BSA for 1 hr at RT on a rocking platform. 
Stained membranes were rinsed four times, 5 min each, in TBST then incubated in the 
appropriate IRDye Secondary Antibody diluted in TBST for one hour. Immunoblots were 
imaged using the Licor Odyssey FC Imaging System (LI-COR Biosciences, Lincoln, Ne-
braska, USA). 

2.4. POS Challenge 
Porcine RPE were plated on a 24 well plate and grown to confluency before starting 

the assay. POS were counted using a hemocytometer. RPE were given 20 POS/cell in the 
presence or absence of 1 μM L-DOPA in LT media for three days. Old media was removed 
and fresh LT media ± 1 μM L-DOPA and POS Cells were added daily. Cells were incu-
bated at 37°C.  

2.5. Cathepsin Activity Fluorometric Assay 
The enzymatic activity of cathepsin D in RPE cells was tested using the cathepsin D 

activity fluorometric assay kit (k143-100, Biovision, Milpitas, CA, USA). After a POS chal-
lenge, RPE cells were lysed cells in 50 μl of cell lysis buffer and incubated on ice for 10 
min. The lysate was centrifuged at 25,000xg for 5 min and then transferred to a new tube. 
The cell lysate (50 μl) and Master Assay Mix (52 μl) were added to a well in a 96-well 
plate. The plate was incubated at 37°C for 2 hrs. The plate was read on a Flexstation 3 
microplate reader with a 328-nm excitation and 460-nm emission filter. I mention that we 
count POS by hemocytometer in the POS challenge protocol. This is from Dorothy's thesis. 

2.6. Labeling POS with pHrodo Green 
To track POS degradation in the lysosome, the POS were labeled with pHrodo Green 
(Thermo Fisher), a pH sensitive dye that increases fluorescence intensity as pH decreases. 
A 0.1 M sodium bicarbonate buffer with pH 8 ± 0.05 was freshly prepared and sterile-
filtered. 50 μL of DMSO was added per 100 μg of dye. The sodium bicarbonate buffer was 
added to the dye at 10 times the volume of the DMSO. The POS were incubated in this 
solution for 30 to 60 minutes in the dark. After the incubation, the solution was centrifuged 
at 5000xg for 10 minutes at 4°C. The supernatant was removed and the labeled POS were 
resuspended in sterile 5% sucrose in 5 mM HEPES. 

2.7. POS Degradation Assay 
Porcine RPE were plated on 8-well chambered coverglass slides and grown to confluency 
prior to starting the assay. Using the 40X objective, 5 phase contrast and 5 corresponding 
fluorescent images were taken of the wells before POS were introduced to account for 
cellular autofluorescence. This photography protocol was used for all experiments to 
maintain consistency. This represents time 0 of the degradation assay. After the POS were 
labeled with pHrodo Green (Thermo Fisher), they were counted using a hemocytometer 
and 2 POS per cell were loaded into each well along with 250 μL of LT DMEM with dFBS 
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and antibiotic-antimycotic. The POS were incubated with the RPE for 4 hours to permit 
cellular internalization. The excess POS were removed, the cells were gently rinsed, and 
fresh LT DMEM with dFBS was added in the presence or absence of 1 μM L-DOPA. Ad-
ditional phase contrast and fluorescent images were taken at 8-hour time points up to 28 
hours. The number and total area of fluorescent POS in each image were quantified using 
ImageJ. Over the course of this experimental series, we analyzed over 1600 images using 
the same settings to produce the data we present.  

3. Results 
3.1. Isolation of POS and RPE from Eyes. 

Freshly enucleated bovine eyes were dissected to remove the anterior segment and 
vitreous, resulting in a retina-lined eye cup. The retina was then removed and placed in 
saline containing 30% sucrose. The retinas were homogenized to break off the outer seg-
ments, which were subsequently isolated by differential ultracentrifugation [30]. RPE cells 
were dislodged from the basement membrane by incubation with trypsin in versine. 

 
Figure 1. Purity of isolated retinal fractions. Green = Size Marker. Lanes 2 and 3 are western blots 
for rhodopsin in samples from total retina, or isolated POS. Lane 4 is a western blot of isolated RPE 
probed for MITFm. 

3.2. Degradation of POS 
Porcine RPE cells were incubated with fluorescently labeled POS isolated from bo-

vine retinas, see methods for details. Figure 1 illustrates the purity of our POS and RPE 
preparations. Rhodopsin, a marker for photoreceptors, is present in the retinal and POS 
fractions, but not the RPE fraction. Similarly, MITFm, a transcription factor in the pigmen-
tation pathway and marker for RPE, is not present in the retina or POS fractions, but is 
present in the RPE. This establishes the identity and purity of the isolated fractions.  

We incubated 2 POS per RPE cell and allowed them to attach and undergo POS up-
take and endocytosis over a 4-hour time period, at which time, excess unbound POS were 
removed and fresh medium was added. The number of particles in the RPE monolayer 
were quantified by fluorescence microscopy over time (Figure 2). The fluorescent label 
used was pH dependent, increasing signal as the pH decreases, so the brightness increases 
as the POS travel to acidic lysosomes. Therefore, the increasing brightness over time as 
shown, is not due to more POS in the cytoplasm, but rather movement of the POS to the 
acidic lysosomal compartment. As the POS are degraded in the lysosome, the brightness 
decreases. The peak number and brightness of fluorescent particles in lysosomes was 
greatest at 12 hours, then declined subsequently as POS were digested, Figures 3 and 4. 
L-DOPA had a significant effect on POS degradation after 12 hours, with fewer particles 
remaining at 20 and 28 hour time points after POS addition (figures 3 and 4). To determine 
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whether increased lysosomal activity was responsible for the significant increase in POS 
digestion, we measured mature lysosomal cathepsin D with and without GPR143 activa-
tion (Figure 5). Cathepsin D is the major RPE protease involved in POS degradation [31]. 
GPR143 activation by L-DOPA did not alter cathepsin D, suggesting it is unlikely that the 
increased POS degradation was due to increased cathepsin D activity (Figure 5).  

 
Figure 2. GPR143 does not alter POS uptake. Results illustrate total POS uptake in RPE without L-
DOPA stimulation (control) or RPE stimulated with L-DOPA. The number of particles were similar 
in in the 2 groups. p>0.9 via paired t-test analysis. 

 
Figure 3. L-DOPA elicits an effect on POS Degradation. Series A and B are representative paired 
RPE monolayers, photographed at the indicated time after incubation with labelled POS. RPE were 
incubated with 2 POS per cell for 4 hours at which time excess POS were removed. (A) Control 
group. Images captured at 4, 12, 20, and 28 hours after POS introduction. (B) L-DOPA treatment 
group. Images captured at 4, 12, 20, and 28 hours after POS introduction. Bar = 20 μm.  

 
Figure 4. GPR143 Activation Enhances POS Degradation. Paired confluence monolayers of RPE 
were incubated with 2 POS/RPE cell. After 4 hours, excess POS were removed and numbers of 
cytoplasmic, fluorescent particles per field were determined. The same microscopic field was im-
aged over time. Data represent 4 regions per well in 4 wells of an 8-well slide. * denotes p<0.01 by 
paired t-test analysis. 
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Figure 5. Active Cathepsin D Levels. Mature cathepsin D was measured in RPE lysates from paired 
confluent RPE by ELISA. Results shown represent mean +/- SD per mg RPE protein. The levels were 
not significantly different when compared using a paired T test. P>0.09. 

To further understand this, we tested whether L-DOPA or POS themselves altered 
proteolytic activity. As shown in Figure 6, uptake of POS caused a significant increase in 
proteolytic activity compared to control. The combination of POS and L-DOPA together 
was not significantly different from the paired control cells. (Figure 6). Our results suggest 
that while GPR143 signaling does increase the efficiency of POS degradation, it does so 
without increasing the cells degrative enzymes and capacity. In previous work we demon-
strated that GPR143 signaling halted exosome release in RPE [27]. Exosomes are released 
when the multivesicular body fuses with the plasma membrane, this is a stage of endoso-
mal trafficking. POS are endocytosed then trafficked in the endosomal compartment to 
the lysosome. To test whether exosome release is an active controlled process we investi-
gated whether time postmortem affected exosome release. Figure 8 shows results ob-
tained using bovine eyes, and exosome collection at increasing times postmortem. All of 
the human eyes used in the previous work were free from ocular disease, like the young 
bovine eyes used here. However, they were not ‘normal’, they were all from enucleated 
eyes without a blood and oxygen supply. Figure 8 illustrates that RPE exosome release is 
fundamentally related to time postmortem, with increased time postmortem resulting in 
increasing exosome release. 

 

 
Figure 6. Comparison of RPE proteolytic capacity with POS and GPR143 activation. Control RPE 
(need to relabel graph) and paired cells either fed POS or POS plus L-DOPA, then lysed and total 
proteolytic activity was measured. Results were compared using standard paired t test. * denotes 
p<0.04 by paired t-test analysis. 
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Figure 7. Unbiased Gelatin Zymography of Porcine RPE Cell Extract with Activated or Inactive 
GPR143. Paired monolayers were treated in triplicate with either L-DOPA +POS, POS only (un-
treated), or naïve, with POS not L-DOPA. Yellow arrow indicates the size of mature cathepsin D. 

 
Figure 8. RPE Exosome Release is Dependent on Time Postmortem. Exosomes were isolated from 
pairs of bovine eyes which were dissected at different times postmortem.  Purified exosomes were 
quantified indirectly using unbiased total protein stain of the purified exosome sample or directly 
using Nanoparticle Tracking Analysis. Representative silver staining of a gel with exosome depleted 
conditioned medium and respective isolated exosomes at 0 and 15 hours post enucleation (A) and 
isolated exosomes at 0 and 24 hours post enucleation (B). Densitometry analysis of the unbiased 
staining of the exosome gels (C). Data analyzed by one-way ANOVA followed by Tukey’s multiple 
comparison test; n=6-27 eyes per time point. Direct quantitation of isolated exosomes at 0 and 24 
hours (D). Data analyzed by unpaired t test; n=12 eyes per time point. 

4. Discussion 
Our results illustrate an unexpected function of GPR143 signaling in POS degrada-

tion. Daily POS uptake and degradation is one of the seminal functions of RPE which 
supports continuous function and survival of the sensory retina [32,33]. In RPE, POS deg-
radation has several well-defined stages: binding, which is specific through the αvβ5 in-
tegrin receptor, phagocytosis, which is POS-specific, and digestion in the lysosomal com-
partment [34–36]. L-DOPA treatment caused faster or more efficient POS degradation 
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without any measurable change in the well-studied POS degradation pathway steps; 
binding, uptake, or lysosomal proteolytic capacity. 

We specifically measured and compared POS early phagocytosis with and without 
activation of GPR143 by L-DOPA. Using labelled POS that we observed, and quantified 
by fluorescence microscopy, there was no difference between RPE POS content with or 
without L-DOPA stimulation during the first 4 hours after POS addition. Results from 
multiple assays using different primary RPE cultures with different batches of labelled 
POS were consistent: GPR143 signaling does not alter the early events in POS degradation, 
binding and phagocytosis.  

However, by 20 hours after POS introduction, the POS content of RPE was signifi-
cantly reduced in RPE treated with L-DOPA compared to control. While GPR143 signal-
ing had no effect on POS uptake, it had a significant effect on POS digestion. We hypoth-
esized several potential mechanisms by which GPR143 signaling could increase POS deg-
radation. The first was an increase in cathepsin D activity, the protease thought to be most 
active in POS degradation [31,37]. We measured active mature cathepsin D by Western 
Blot and found no change in the active proteases in response to GPR143 activation by L-
DOPA. To determine whether increased digestion could be attributed to other proteases, 
we performed unbiased gelatin zymography to investigate RPE proteolytic capacity. 
When examining both active cathepsin D and total proteolytic activity, neither L-DOPA 
nor POS endocytosis affected RPE proteolytic capacity. We concluded that enhanced deg-
radation of POS must be attributed to some other mechanism. 

GPR143 may play a role in endosomal trafficking. The gene encoding GPR143 was 
originally identified as the cause of ocular albinism [15,16,19,20,38–40]. Loss of GPR143 
signaling causes ocular albinism which is characterized by formation of ‘macromelano-
somes’, large misshapen melanosomes which are mislocalized to the basal region of the 
RPE. This is likely due to a defect in endosomal trafficking caused by the loss of GPR143 
signaling. Along these lines, in a previous study we showed that GPR143 signaling halted 
RPE exosome release using human donor eyes [28]. Exosomes are released when the mul-
tivesicular body (MVB) fuses with the plasma membrane [9,28,41,42]. The MVB is a com-
ponent of the endosomal compartment, clearly impacted by GPR143 signaling [28]. Alt-
hough all of the donor eyes were free from ocular disease, they were not ‘normal’. They 
were enucleated eyes from diseased donors. To test whether exosome release is related to 
enucleation, we tested whether time post-enucleation of bovine eyes altered exosome re-
lease. Our results show that exosome release is directly related to time postmortem, most 
likely due to hypoxia, a known driver of exosome release [9,43–45]. RPE exosome release 
in postmortem tissue likely reflects a pathologic response to loss of blood flow and con-
comitant hypoxia, and should not be considered ‘normal’. The effect of GPR143 activity 
to stop pathologic exosome release is likely beneficial. 

Our previous work has suggested that activation of GPR143 signaling is beneficial in 
either delaying the onset of AMD, reducing the risk of developing the disease, even treat-
ing those with neovascular AMD [9,21,26]. Another way of stating reducing the probabil-
ity of developing the disease, is prevention. A primary characteristic of AMD is the accu-
mulation of drusen under the RPE [7,46–49]. In this report, we show that GPR143 signal-
ing enhances the efficiency of the endosomal degradation pathway, this opens the possi-
bility of activating GPR143 to reduce drusen accumulation. Future work will be to deter-
mine whether activation of GPR143 signaling reduces RPE formation of basal deposits as 
part of the beneficial effect on AMD. 
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