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Abstract  

Purpose: Age-related macular degeneration (AMD) and glaucoma are respectively the first and second 
leading causes of blindness in the United States. Mutations in the protein myocilin are known to cause 
glaucoma, and myocilin is only released from ocular tissues on the surface of nanovesicles known as 
exosomes. Exosomes function in cell-cell communication, and likely play a role in both of these disease. 
In this study, I investigate the release and regulation of exosomes from the retinal pigment epithelium 
(RPE) and the ciliary body (CB) to characterize exosome production in healthy tissues.  

Results: RPE and CB constitutively release large quantities of exosomes in situ, and these exosomal 
populations are different from one another. L-DOPA stimulation causes a drastic reduction in exosome 
release from both the RPE and CB, and dopamine cause a similar reduction in RPE but is variable in CB.  

Conclusion: The release of exosomal communication vesicles can be controlled using L-DOPA in both the 
RPE and CB. Regulation of exosome release is likely tied to the GPCR GPR143 and its signaling, such that 
during endocytosis of the receptor exosome release cannot occur. Disruptions in proper exosome 
release likely relate to ocular disease, and warrant further study.  
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Chapter 1: Background and Introduction  

1.1 Anatomy and Physiology of the Eye 

The human eye is a complex and delicate sensory organ that provides us with the sense of sight. 

In terms of structure, the eye can be divided into two functional regions: the anterior and posterior 

segments. The anterior segment mainly consists of the cornea, anterior chamber, crystalline lens, iris, 

and ciliary body (CB). The primary purpose of these structures is to admit and regulate the passage of 

light from the external environment into eye 1. In addition to this function, the CB plays an important 

role in maintaining the health of the anterior segment tissues. It does so by producing a fluid known as 

aqueous humor. This fluid inflates the anterior chamber of the eye and maintains the shape of the 

cornea, allowing for proper refraction of entering light. Because light must pass unobstructed to the 

back of the eye, the anterior segment is 

avascular and cut off from normal blood supply. 

The aqueous humor takes the place of 

vasculature by supplying these tissues with the 

nutrients they need to function. This fluid is 

constantly being released by the CB and drains 

out a portal known as the Schlemm’s Canal. This 

canal joins with the veins of the outer part of 

the eye and carries away waste products 

produced by the anterior segment.   

The posterior segment is dominated by 

the retina. Like the eye, the retina can also be 

subdivided into two major components: the 

 

Figure 1: Ocular anatomy overview  

Diagram of the right eye, seen from above, showing the 
structure of the eye, retina, fovea, and ciliary body.  An 
enlarged diagram of the fovea is shown at lower right: (1) 
axons of ganglion cells; (2) bipolar cells; (3) rods; (4) cones. 
Enlarged diagrams of the ciliary body (upper right) and retina 
(lower left) are also shown 28. 
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neural retina and the retinal pigment epithelium (RPE). The neural retina contains light sensitive, 

photoreceptor cells that are essential for vision. This layer is continuous with the central nervous system 

through the optic nerve, and conveys electrical impulses to the brain through this connection. The 

macula is an area of densely packed photoreceptors that rests in the center of our neural retina. Due to 

its position and large number of receptors, the macula is responsible for our central, high-resolution 

vision 2. This structure allows a person read, recognize faces, and function normally in everyday life. 

Posterior to these structures lies the RPE. The RPE is the outer layer of the retina and is packed with 

melanin, giving this layer its dark appearance. The RPE rests between the choroid, which supplies blood 

and nutrients to the posterior segment, and the photoreceptors of the retina; making the RPE an 

essential mediator between the two tissues 1.  

 

1.2 Posterior Segment Disease: Age-Related Macular Degeneration 

Age-related macular degeneration (AMD) is the leading cause of blindness in persons 65 years of 

age and older in industrialized nations 3. In 2008, 8 million Americans were affected by this disease, and 

the overall prevalence of AMD is projected to increase by more than 50% by 2020 as the average life 

expectancy slowly increases in these nations 2. Unfortunately, our current understanding of the 

molecular events that lead to this disease is minimal. Due to this lack of knowledge, treatment is mostly 

limited to corrective lenses in early stages and low vision therapy as the disease progresses towards 

complete blindness.  

AMD is defined as the loss of centralized, high-acuity vision and results from the death of 

photoreceptors within the macula. The first clinical manifestation of AMD is usually the presence of 

drusen 2. Drusen is the deposition of cellular trash between the RPE and the membrane that lines the 

choroid. By occupying this space, drusen disrupts the blood supply to the retina in these areas and 
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effectively starves these cells to death. The composition of these waste piles varies from person to 

person, and drusen is thought to develop normally as we progress in age. It is when these drusen 

increase in number and become centralized in the macula that they truly pose a threat to normal vision 

and indicate AMD.  

In its advanced stages, AMD can either be defined as “wet” or “dry”. Wet AMD refers to 

photoreceptor atrophy that is accompanied by neovascularization, which is the hypertrophy of blood 

vessels within the retina. Wet AMD occurs when damage to the RPE and choroid, caused by the 

formation of drusen, initiates an inflammatory 

response that can lead to the release of vascular 

endothelial growth factor (VEGF) 2. Increased 

VEGF secretion can result in choroidal 

neovascularization, and subsequently subretinal 

hemorrhages, lipid deposition within the 

vitreous, scaring, and even detachment of the 

RPE from the choroid 2. Dry AMD refers to the non-neovasuclar form of this disease. This type of AMD 

progresses more slowly, and is characterized by large and numerous drusen depositions that are 

centralized within the macula.  

 

1.3 Anterior Segment Disease: Glaucoma  

Glaucoma encompasses a unique family of chronic diseases that all lead to retinal ganglion cell 

death and irreversible damage to the optic nerve. The optic nerve is essential to normal vision as it 

carries visual information from the eye, in the form of electrical impulses, to the brain for interpretation. 

Continual damage to this connection through cell death can cause permanent blindness if not properly 

 

Figure 2: Dry and wet forms of AMD 

Retinal photographs showing advanced non-neovascular AMD 
(left) and advanced neovascular AMD (right) 2.  
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treated. As it stands, glaucoma is now the second leading cause of blindness worldwide and has no 

definitive preventative method or cure 4. It has been well observed that an increase in intraocular 

pressure (IOP) often, but not always, accompanies the optic nerve damage that is associated with 

glaucoma.  In a healthy eye, aqueous humor is continually circulating from behind the iris into the front 

of the eye, and then through a series of microscopic channels known as the trabecular meshwork. Either 

as a result of, or in conjunction with retinal ganglion death, this drainage mechanism becomes obscured 

in different forms of glaucoma and leads to elevated IOPs as well as a range of other symptoms. Due to 

this problem in pressure, glaucoma is thought to be caused by a defect in the anterior segment.  

Myocilin is a ubiquitous intracellular protein found throughout the body, most substantially in 

the heart and skeletal muscles. Interestingly, mutations in myocilin appear to only affect mechanisms in 

the eye despite this large distribution. It was recently determined that myocilin is released by TM cells 

on the surface of small vesicles, possibly indicating that myocilin has a different function in the eye than 

in other tissues5,6. In 2009, it was 

determined that mutations in 

myocilin account for 3-5% of primary 

open angle glaucoma (POAG) 

patients worldwide 7. In addition, it 

has been determined that glaucoma 

associated with mutations in 

myocilin is transmitted as an 

autosomal dominant trait, and 

results primarily in either juvenile or 

early-adult POAG. In terms of 

location, it is now known that the myocilin gene is located on chromosome 1 and affects POAG at the 

 

Figure 3: Aqueous humor production and exosome release from the CB 

Cartoon illustration depicting the flow of AH from the CB where it is 
produced, out into the anterior chamber, and then down through the 
trabecular meshwork and Schlemm’s Canal. It is likely that exosome 
produced form the CB follow this same path and fuse with cells in the 
trabecular meshwork.  

 

C.J. Locke 2015 
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GLC1A locus 7. Of the over seventy different known myocilin mutations, Q238X is the most common and 

surprisingly results in a later onset form of POAG, while the majority of other mutations result in early 

onset. While age may vary with mutation, nearly all patients with myocilin-associated POAG show a 

distinctive increase in IOP. The exact mechanism by which mutations in myocilin affect cell death or IOP 

is still unclear, though it appears that neither haploinsufficiency nor overexpression of the protein are 

directly responsible 8. We now know that myocilin is only released from cells on the surface of small 

vesicles known as exosomes, thus it is possible that these myocilin-associated exosomes play a role in 

the disease process5,9–11.  

 

1.4 Identification and Classification of Exosomes  

Until quite recently, the existence of exosomes and their unique functions were completely 

unknown to the scientific community. Their presence was first described by Pan and Johnstone in 1983 

when they observed small vesicles associated with trasnferrin being released into the extracellular space 

during the maturation of sheep reticulocytes 12. This was a surprising finding, since it was originally 

though that transferrin was simply released from the cell surface through exocytosis. Johnstone defined 

this transportation vesicle as an exosome in 1989, though it wasn’t until the early 2000’s that the field of 

extracellular vesicle research truly began to accelerate 12.   

 Due to the slow and fragmented start of exosome research, there were many terms used in the 

literature that referred to extracellular vesicles. Microvesicles, exosomes, and microparticles are all 

names that have been used to describe these vesicles and, to add to the confusion, these terms have 

also been recycled and used to describe other physiological processes entirely 12.  With much effort, the 

accepted definition of what exosomes are and what they do has recently started to form. Exosomes are 

defined as being small extracellular vesicles, approximately 40 – 100 nm in diameter, that are released 
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by exocytosis from the multivesicular body (MVB) when it fuses with the plasma membrane 12.This 

definition is now different from the class of vesicles known as microvesicles, which are directly shed 

from the cell membrane 12. In addition to their unique synthesis and release process, exosomes can also 

be identified and defined by their common surface proteins. These include the tetraspanins CD63, CD9, 

and CD81 12.  

 

1.5 Exosome Formation and Release  

As previously mentioned, the 

exosome biogenesis and release 

process is unique among other 

forms of extracellular vesicles. 

This process occurs as part of the 

endosomal trafficking pathway, 

and begins with the formation of 

the early endosome. The early 

endosome is an acidic 

compartment that functions to 

sort its contents and assigns them one of three known fates: 1) the molecules within the early 

endosome can be recycled back up to the cell surface by being transferred to the endocytic recycling 

compartment; 2) the contents can be sent to the lysosome for degradation; 3) the cargo can be 

trafficked to the late endosome 13. In the third option, the membrane of the late endosome can then 

invaginate and form many intra-luminal vesicles (ILVs) within itself. If this occurs, the late endosome is 

referred to as a multivesicular body, or MVB 13. The MVB itself can then either fuse with the lysosome 

 

Figure 4: Exosome formation and release  

Depicted in this illustration are the three fates of an early endosome. The 
endosome labeled MVE represents the multivesicular body. Upon fusing with 
the plasma membrane, the cargo of the multivesicular body is released and are 
referred to as exosomes 29.  

1 

2 

3 
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and be degraded, or be trafficked to the cell surface where it fuses with the plasma membrane and 

releases its contents into the extracellular space. At this point, the ILV’s are now referred to as 

exosomes.  

 Exosomes are released from nearly all cells in the human body, most notably including 

endothelial cells, immunocytes, smooth muscle cells, dendritic cells 12. Due to this, exosomes can be 

found in many different kinds of circulating bodily fluids, such as blood, urine, cerebrospinal fluid (CSF), 

and milk 13.Upon comparison of these exosomes, it is clear that exosomes released from different 

parent cell types contain very different cargo. The typical exosome is composed mainly of lipids and 

proteins, which make up its membrane 12. Nucleic acid structures, such as mRNAs and microRNAs, have 

also recently been identified in the lumen of exosomes 12. This has since been a very exciting discovery 

because it suggests that these RNAs could be taken up by downstream recipient cells and modulate 

their bioactivities. The primary function of exosomes is now thought to be cell-cell communication and 

regulation.  
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Chapter 2: Controlled Exosome Release from the 

Retinal Pigment Epithelium in situ  

2.1 Introduction  

Recent studies have indicated that RPE release exosomes and suggest that this process may be 

altered in Age-related Macular Degeneration (AMD) 14,15,16,17,18. Exosomes serve as a critical inter-tissue 

communication and transport system, which may serve a vital role in RPE:retina interaction. We have 

previously characterized myocilin, a protein linked to glaucoma, as an exosome-associated protein and 

have shown that it is released from trabecular meshwork cells on the surface of exosomes rather than 

through the traditional secretory pathway 5. Most recently, we have shown that myocilin enters the 

endocytic compartment during receptor-mediated endocytosis of GPR143, a G-protein coupled receptor 

(GPCR) activated by L-DOPA 10,19. Our data suggests that myocilin functions as a scaffold protein 

associated with the cytoplasmic domain of the activated GPCR 10. In this study, we sought to corroborate 

our data from various heterologous cell-culture model systems, which suggest that myocilin participates 

at multiple stages in the endocytic pathway. Herein we test RPE tissue in situ that endogenously 

expresses natural levels of both GPR143 and myocilin. RPE are also thought to release exosomes 

20,14,15,18, making them ideal for this investigation, as they require minimal manipulation. 

2.2 Methods 

Stimulation of GPR143 with L-DOPA 

 Individual eyes were dissected to remove vitreous and retina yielding eye-cups lined with the 

RPE. For each pair of eyes, we incubated one eye with Dulbecco’s modified essential medium (DMEM) 

as a control and the other with DMEM containing 1μM L-DOPA to activate GPR143. Since donor tissue is 
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not amenable to extended time course analyses, we chose to stop all experiments after a 25-minute 

incubation as our previous work indicated that was the peak of myocilin recruitment to the endocytic 

compartment 10. The eye-cup was rinsed several times in warm DMEM, then 1.5 ml DMEM or DMEM 

containing 1μ L-DOPA was added and eye-cups were placed in a humidified incubator at 37oC, 5% CO2 

for 25 minutes. The media was then harvested and saved for exosome isolation.  

Isolation of exosomes 

To isolate exosomes released into the conditioned medium by RPE, we used differential 

ultracentrifugation as previously described 21,9,6,5. Briefly, the conditioned medium was collected at the 

end of the incubation, and then cells and debris were pelleted at 25,000xg for 30 min. The supernatant 

was collected and exosomes were pelleted by centrifugation at 100,000xg for 1 hour at 4oC. To remove 

trapped medium, exosomes were washed by resuspension in PBS containing calcium and magnesium, 

and then pelleted again by centrifugation at 100,000xg for 1 hour at 4oC. Isolated exosomes were either 

solubilized for protein analysis by SDS:PAGE or resuspended for characterization by nanoparticle 

tracking 22. 

Cell surface biotinylation  

To investigate whether myocilin is part of two distinct endocytic compartment stages in RPE, we 

used a cell surface biotinylation strategy as described 10. For this experiment eye-cups were produced as 

above, then chilled to 0-2oC using a salted ice bath. Apical proteins were labelled with NHS-Sulfo-LC-

biotin using two 15 minute reactions, then the reaction was terminated with excess tris buffered with 

glycine. Eye cups were recovered to 37oC, then one eye of each pair was incubated with control DMEM 

and the other with DMEM containing 1.0μM L-DOPA. The incubation was terminated after 25 minutes, 

and RPE protein was solubilized in detergent buffer containing protease inhibitors as described 10. 

Lysates were cleared of debris by centrifugation, then biotinylated proteins (and proteins bound to 
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them) were captured using agarose-conjugated streptavidin. To reduce nonspecific binding to the 

agarose, 1 mg/ml bovine serum albumin was added to the lysate prior to biotin capture, and this protein 

is seen as background in the unbound fraction as nonspecific band on the western blot. The presence of 

myocilin was tested for in both the unbound flow through fraction and the fraction bound to 

streptavidin. 

2.3 Results 

As illustrated in figure 5, RPE in situ 

constitutively release abundant exosomes to the 

medium from the apical surface. We 

characterized the exosomes released by RPE 

into the medium by nanosight particle tracking 

analysis to determine the number and size 

distribution as illustrated in Figure 5 A. Results 

suggest that RPE incubated in control DMEM 

constitutively release several distinct 

populations of exosomes with peak diameters of 

45, 65, and 90 nm. These results were similar 

among the three pairs of human donor eyes 

tested. In each experiment, results from the 

paired eyes, incubated in DMEM supplemented 

with 1.0 μM L-DOPA to activate GPR143 had 

significantly fewer exosomes. Results presented 

in Figure 5 B. represent the number of particles 

tracked in the exosome fraction from eyes incubated with DMEM and the paired eye incubated with 

 

Figure 5: Controlled exosome release from RPE in situ. 

Panel A. Graph represents mean particle concentration 
observed in the size range of exosomes presented at 1 nm 
intervals to illustrate the full population of exosomes. Error 
bars SEM of 1 experiment measured in triplicate. Panel B. 
Graph illustrate the percent reduction in exosome release 
upon stimulation of RPE with L-DOPA. Data presented 
represent the mean values of three experiments, each 
measures in triplicate. Panel C. Photomicrograph of a 
representative silver stained SDS:PAGE gel of either the 
isolated exosomes (EX) or exosome depleted conditioned 
medium (CM) from a pair of human eye cups incubated in 
either DMEM or DMEM containing 1 μM L-DOPA. Panel D. 
Graph illustrates total exosome protein (mean +/- SEM) from 
3 experiments. * denotes a significant difference, p<0.001 
using paired t-test analysis. 
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DMEM containing L-DOPA. To assess the relative 

quantities of each population of exosomes 

between paired samples, we calculated the total 

number of exosomes in each exosome group from 

3 pairs of eyes, with each sample measured three 

times. In each case, the population from RPE 

incubated with control DMEM contained more 

exosomes than the paired samples incubated with 

DMEM containing L-DOPA. Our results suggest 

that RPE are constitutively releasing exosomes to 

the apical medium and that activation of GPR143 

reduces exosome release. Using Wilcoxon 

nonparametric analysis to compare the 

populations overall, results indicate a significant 

reduction of exosomes upon treatment with L-

DOPA, p<0.0001. Figure 5 C illustrates the total 

protein present in the pelleted exosomes 

observed by silver staining. Protein in the 

exosome fraction from RPE incubated in the 

control DMEM alone indicates the presence of 

multiple proteins distributed across a wide size 

range. The conditioned medium depleted of the 

exosomes, loaded in the adjacent lane, shows that the two fractions are distinct, and that the proteins in 

the exosome compartment are not simply residual medium. For example, there are several proteins 

 

Figure 6: GPR143 activation halts myocilin exosome 
release while recruiting cytoplasmic myocilin to the 
receptor.   

Panel A. Western blot illustrating myocilin presence in 
the RPE released exosome (EX) fraction of the depleted 
conditioned medium (CM). RPE were either incubated 
with DMEM or DMEM containing 1 μM L-DOPA for 25 
minutes. Panel B. Quantitative densitometry analysis of 
9 similar experiments illustrates L-DOPA stimulation 
significantly reduces myocilin release on exosomes from 
RPE. Results are presented as mean +/- SEM and * 
denotes p<0.01 using paired t-test analysis.  Panel C. 
Western blot analysis of myocilin in flow through (FT) 
and bound (BD) fraction of cell lysates after capture of 
biotinylated proteins using immobilized streptavidin. 
Panel D. Quantitative densitometric analysis of myocilin 
present in the bound fraction from paired eye incubated 
in either DMEM or DMEM containing 1μM L-DOPA. 
Results are presented as the mean +/- SEM from 5 
experiments, * denotes p<0.01 by paired t-test analysis.       
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present in the exosome fraction not detected in the depleted medium fraction, indicating that the 

protein populations are distinct. The proteins present in the exosome depleted CM lanes represent RPE 

secreted soluble proteins, as the DMEM contained no exogenous proteins or serum. In contrast, there is 

little detectable protein observed in the exosome fraction from the paired eye incubated in DMEM 

containing L-DOPA despite the observation that the paired exosome depleted medium appears quite 

similar to that from the control eye. Together this suggests that what we are observing is specific for the 

exosome fraction, the RPE continued to secrete the similar proteins after GPR143 activation. This 

experiment was repeated three times using three pairs of human donor eyes, and the mean total 

protein in the exosome fraction is presented in Figure 5 D. Results indicate a significant reduction in 

exosome protein from RPE stimulated with L-DOPA. The drastic reduction in exosome release in an 

almost immediate time-frame suggests that RPE exosome release is under tight control by signal 

transduction systems. The pathway that governs the ‘constitutive’ release of RPE exosomes needs 

significant further investigation.  

Our previous work, as well as that of others, has indicated that myocilin is released on exosomes 

23,5,6,9,21,10. To determine whether myocilin associates with RPE exosomes, we isolated the exosomes as 

described above, and used western blotting to determine myocilin presence. For comparisons, we 

examined the conditioned medium after exosomes were isolated as described above. Results presented 

in Figure 6 A illustrate the following key points: RPE in situ release myocilin predominantly associated 

with exosomes, and the release of myocilin is reduced by stimulation of GPR143. There is little myocilin 

present in the exosome depleted medium fraction regardless of GPR143 signaling, indicating that 

myocilin release by RPE is unlikely through the traditional secretory pathway, similar to observations 

from other cell types 21,6,5,23. Further, when exosome release is diminished, myocilin release is similarly 

diminished, indicating the tight link between both exosome release and myocilin release. To provide 

statistical analysis of these observations, densitometry was used to quantify the myocilin band of 
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western blots (Figure 6 B). There is significantly less myocilin observed in the exosome fraction from 

cells incubated with L-DOPA to stimulate GPR143. We attempted to perform similar analysis of myocilin 

in the exosome-depleted medium but we were unable to as the bands were not readily detectable. 

 

Results illustrated in figure 6 C indicate the presence of myocilin primarily in the bound fraction 

with little observable in the flow through. Densitometric analysis of 5 similar experiments using 

additional pairs of donor eyes is shown in Figure 5 D. Results indicate a greater amount of myocilin in 

the bound fraction after ligand activation of GPR143 with L-DOPA than the paired control DMEM group. 

This indicates myocilin recruitment to the endocytic compartment upon GPR143 activation and 

receptor-mediated endocytosis. This result is in agreement with results obtained using several 

heterologous cell lines transfected to express GPR143 and myocilin, providing further evidence for a role 

for myocilin in receptor-mediated endocytosis with GPR143 10. 

2.4 Discussion 

To our current knowledge, exosomes are generated in the MVB and are released when the MVB 

fuses with the plasma membrane. The association of myocilin with exosomes indicates that myocilin 

functions in the endosomal compartment. We have also shown that myocilin functions at a different 

stage of the endocytic compartment, namely receptor-mediated endocytosis. Specifically, we have 

shown the physical recruitment of myocilin to cell surface proteins during endocytosis of activated 

GPR143, as well as co-localization of myocilin and cell surface proteins in endosomes, and the binary 

interaction of myocilin with the cytoplasmic domain of GPR143 10. From that data, our interpretation 

was that myocilin enters the endocytic pathway bound to an activated GPCR during endocytosis. This 

represents the beginning of the endosomal compartment, whereas the exosomes represent the end of 

the exosome compartment and release from the cell. 
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Taken together our 

data suggests multiple, discrete 

points of myocilin function in 

the endosomal trafficking 

system: receptor-mediated 

endocytosis as the entry point 

and on the surface of exosomes 

that serves as the exit point 

(Figure 7). Whether myocilin 

traffics through the endosomal 

system in a continuous process 

is unknown. We have 

determined that myocilin 

partitions approximately 50:50 between the soluble cytoplasmic fraction and the membrane fraction of 

retina/RPE preparations from human donor eyes 24. These data are consistent with a transient 

recruitment of cytoplasmic myocilin to the endosomal/membrane compartment by ligand activated 

GPR143. One potential explanation is that myocilin is part of the machinery that drives membrane 

dynamics to produce or move the early endosome as well as participates in MVB movement or fusion 

with the plasma membrane during exosome release. Along these lines, we determined that cytoplasmic 

myocilin in the retina and RPE is present as a dimer, however, myocilin associated with membranes is 

part of a large protein complex, 405-440kD. Such a complex may be involved in many aspects of 

membrane dynamics, and different membrane trafficking events such as the two observed in this study. 

The nature of the complex and the exact function of myocilin in membrane events remain unknown.    

 

Figure 7 GPR143 regulation of exosome release  

Upon stimulation of GPR143 (green) with its ligand L-DOPA (blue), myocilin is 
recruited to the cell surface and binds to the cytoplasmic tail of GPR143 as part 
of a complex of proteins. When this occurs, the release of exosomes from the 
apical surface halts. We hypothesize that these two pathways are in competition 
for free cytoplasmic myocilin, such that when it is diverted to the cell surface 
exosome release cannot occur.  
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GPR143, previously known as OA1, functions in the RPE pigmentation pathway. Defects in 

GPR143 result in ocular albinism and include RPE endosomal trafficking defects that cause the formation 

of ‘macromelanosomes’ 25 . Exosome release is generally thought to be related to calcium signaling, and 

GPR143 signaling causes rapid transient increases in intracellular calcium19 so we hypothesized GPR143 

activation would stimulate the RPE to release exosomes. Surprisingly, GPR143 signaling resulted in a 

rapid and dramatic reduction of RPE exosome release, observed reproducibly among many pairs of 

human eyes and by each measurement we used. At the same time, stimulation of the receptor resulted 

in recruitment of myocilin to the activated GPCR, further establishing the linkage between myocilin, 

GPR143, and exosomes. GPR143 signaling clearly has some function in control of the 

endosomal/exosomal pathway, and this data illustrates another level of complexity in this process. 

Whether other GPCR’s recruit myocilin or regulate exosome release is unknown, but bares further study. 
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Chapter 3: The Effects of Dopamine and L-DOPA on 

Exosome Regulation  

3.1 Introduction  

Human retinal pigment epithelium constitutively release myocilin associated exosomes in situ, 

and this release can be halted by stimulation of the GPCR GPR143 with its ligand L-DOPA 11. GPR143 

signals through Gαq and the mobilization of intercellular calcium stores upon L-DOPA binding. 

Conversely, this signaling is turned off when GPR143 binds a molecule of dopamine. Once GPR143 has 

bound a ligand, it is removed from the surface in a process known as receptor mediated endocytosis. 

We have recently show that free cytoplasmic myocilin is recruited to the cell surface during this process. 

In addition, myocilin may have multiple discrete functions in the exosome formation and release 

pathway, such that when cytoplasmic myocilin is diverted to the surface exosome release no longer 

occurs. In this study, we sought to continue the investigation of exosome control using porcine tissues as 

a model.  

3.2 Methods 

Stimulation of GPR143 in porcine RPE 

 In order to test the validity of porcine tissues as a model system, we first repeated our previous 

experiment using pig eyes. Briefly, pig eyes were obtained between 4 and 24 hours after death. Porcine 

eye cups were produced by dissecting approximately 2mm above the equator and removing the anterior 

segment. The vitreous was removed, and the neural retina was gently clipped at the optic nerve head 

and removed without damaging the underlying RPE monolayer. After the exposed RPE was rinsed 

several times, both eyes were filled with warmed serum-free DMEM, and one eye from the pair was 
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stimulated with 1μM L-DOPA to activate GPR143. Both eyes were then incubated at 37°C, 5% CO2 for 25 

minutes, as previous experiments have shown that this is the time required for maximal recruitment of 

myocilin to the receptor 10. To test the role of calcium mobilization in exosome release, the same 

procedure was followed using 1μM dopamine to stimulate deactivation of GPR143. The media was then 

harvested, and spun at r.t., 25,000xg for 30min to remove cell debris.  

Stimulation of GPR143 in porcine RPE 

The anterior segments of fresh pairs of pig eyes were removed and the CB was extracted. The 

CB tissue was dissected into approximately 5mm segments and divided evenly among wells of 6-well 

plates. The tissue was treated in triplicate with 2mL of either DMEM only, DMEM containing 1μM L-

DOPA, or DMEM containing 1μM dopamine at 37°C, 5% CO2 for 45 minutes. The media was then 

harvested, and cellular debris was removed by centrifugation. Samples were then stored at -20°C for 

future exosome isolation.   

Ciliary Body Solubiliation Assay 

To account for slight differenced in protein concentration between wells, a solubilized protein 

assay was performed. The CB tissue fragments were solubilized in 0.1M NaCl for approximately one 

hour, and briefly vortexed to ensure mixing. CB tissue was then pelleted by centrifugation for 30min at 

25,000xg. The supernatant was removed and dilited 1:10 for Bradford protein analysis. To correct for 

melanin granuals, the IOD of the dye-free diluted samples was also determeined and was subtraced 

from the Bradford assay values.  
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Exosome Isolation 

To isolate the exosomes, we used an 

updated differential ultracentrifugation 

procedure as previously described 26. In short, 

the exosomes were pelleted by centrifugation 

at 114,000xg for 90 minutes at 4°C. The 

exosomes were then washed in PBS and 

pelleted again using the same parameters, so 

that all residual traces of DMEM were 

removed. The isolated exosomes were then 

either resuspended for characterization by 

nanoparticle tracking analysis or solubilized 

for protein analysis using SDS:PAGE.  

3.3 Results 

Figure 8 illustrates that porcine RPE 

also constitutively release exosomes from 

their apical surface, making them analogous 

to human tissue and an appropriate model 

system. Figure 8 A shows data generated from 

NTA analysis of two experiments conducted in 

paired pig eyes. By looking at the 

unstimulated exosome population shown in 

red, we see that porcine RPE is continually 

 

 

 

Figure 8 Controlled exosome release from porcine RPE in situ 

Panel A. NTA analysis of exosomes collected from porcine RPE 
incubated in either DMEM, DMEM containing 5μM L-DOPA, or 
DMEM containing 5μM dopamine. Graph depicts the mean 
particle concentrations of particles between 40 and 100 nm in 
diameter. Porcine RPE constitutively release exosomes that are 
similar to those released from human RPE, and this is reduced 
by both L-DOPA and dopamine.  

Panel B. Silver stain analysis of two sets of eyes shows that L-
DOPA and dopamine have a similar effect in RPE.  

Panel C. Quantitative analysis of four L-DOPA conditioned 
experiments and five dopamine experiments all standardized 
against the IOD value of each biomarker. Results show that L-
DOPA (p= 0.03) and dopamine (p=0.008) both had a significant 
effect on exosome release, as indicated by the asterisks. In 
porcine RPE in situ, L-DOPA and dopamine both significantly 
diminished exosome release; likely implementing receptor 
mediated endocytosis as the key factor in controlled exosome 
exportation.  

 

 

A 

B C 
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released exosomes. In addition, these 

exosomes are of a similar composition to 

those released by human RPE, with peaks at 

roughly 45 and 95 nm. Stimulation with either 

L-DOPA or dopamine result in a dramatic 

reduction in exosome release. Figure 8 B 

shows silver stain analysis of isolated 

exosomes from pairs of pig eyes. By staining 

all the protein in each exosome sample, we 

see that stimulation with either L-DOPA or 

dopamine reduced the total number of 

exosomes released as compared with the 

unstimulated eye. In addition, the overall 

composition of each exosome sample is very 

similar, suggesting that L-DOPA and dopamine 

regulate the release of all exosome 

populations equally. Figure 8 C shows 

densitometric analysis of four similar 

experiments. Results indicate a significant 

reduction in exosome release when the RPE is 

stimulated with either L-DOPA (p<0.05) or 

dopamine (p<0.01). Our data illustrate that 

porcine and human RPE exosomes are very 

A 

 

B                                               C 

 

Figure 9 Exosome release from the ciliary body  

Panel A. Graph represents mean particle concentrations 
observed in the size range of exosomes presented at 1 nm 
intervals to illustrate the full population of exosomes. The red 
line indicates DMEM conditioned exosomes, blue L-DOPA 
conditioned, and green dopamine conditioned.  Error bars SEM 
of 1 experiment measured in five separate times. 

Panel B. Silver stain analysis of a single CB experiment in which 
porcine tissue was treated in triplicate. The graph below shows 
IOD values that have been corrected using total CB protein per 
well. Results indicate that L-DOPA stimulation decreases 
exosome release while dopamine stimulation is variable.  

Panel C. Quantitative analysis of 3 similar experiments 
standardized using densitometric analysis of the protein ladder 
from each silver stain. The pooled data was compared using 
paired t-test analysis, and * denoted p<0.006. Stimulation with 
L-DOPA significantly reduces the amount of exosomes released 
from the CB, while dopamine stimulation has a variable effect. 
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similar, and stimulation with both L-DOPA and dopamine stop the release of exosomes.  

As illustrated by figure 9, CB are also constitutively releasing exosomes in situ. Figure 9 A shows 

nanoparticle tracking analysis data that has been standardized against the amount of protein present in 

each sampling well. Exosomes isolated from unstimulated CB media are shown in red, L-DOPA 

stimulation is shown in blue, and dopamine stimulation is shown in green. Error bars represent SEM of 

one experiment done in triplicate, in which each of the nine samples was analyzed five times. As 

previously observed in RPE, we observe a clear reduction in exosome release when the CB is stimulated 

with L-DOPA. However, when the CB is stimulated with dopamine, exosome release apparently increase 

from the resting rate. To further investigate these findings, silver stain analysis of isolated exosome was 

performed to visualize the total protein in each sample. Figure 9 B shows a representative silver stain 

from one experiment done in triplicate. The graph beneath this image shows the integrated optical 

density (IOD)/mg protein for each sample relative to its position on the gel. This was done to correct for 

any initial differences in CB tissue amount that would affect the raw volume of exosomes released. 

Figure 9 C shows quantitative analysis of three similar silver stains, and the data has also been 

standardized against initial protein concentration. Figures 9 B & C both corroborate the observation that 

CB continually release a large quantity of exosomes. In addition, both of these figures also illustrate the 

significant reduction in exosome release upon stimulation with L-DOPA (* denotes p < 0.01).  

3.4 Discussion 

 In summary, we have shown for the first time that exosomes from the RPE and CB are different, 

and thus likely have different biological purposes or functions. Exosomes from these tissues are 

constitutively being released, and we can control this release by stimulation of the endogenous GPCR 

GPR143 with its agonist L-DOPA. When we stimulate GPR143 with its agonist dopamine, we find a 

decrease in exosome release in the RPE and a variable response from the ciliary body. One possible way 
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to explain this is that dopamine is not an exclusive ligand to GPR143, as in the case of L-DOPA, and can 

bind to other dopaminergic receptors seen in these tissues. It may be the case that in RPE, the activation 

of other dopaminergic receptors causes the cessation of exosome release from the apical surface. In the 

ciliary body, there are dopaminergic receptors that are known to function in the production and release 

of aqueous humor into the anterior chamber. It is possible that when we stimulate these cells with 

dopamine, we consequentially initiate the AH production process. We may see a variable amount of 

exosome release as these cells begin to release AH in this short time frame. Another possible 

explanation is that the control of exosome release is not the result of downstream calcium signaling, but 

the endocytosis of the ligand-bound GPCR off of the surface as represented by figure 7. We know that 

myocilin functions in receptor mediated endocytosis and is drawn to the cell surface upon stimulation of 

GPR143 10,11. It is also possible that myocilin is necessary for exosome release, such that when myocilin is 

recruited to the activated GPCR exosome release cannot occur 11. This diversion of free cytoplasmic 

myocilin occurs with both L-DOPA and dopamine stimulation, and may be why the same response is 

observed in the RPE. This may also explain why the response observed is so immediate, with a drastic 

reduction of exosome being observed in a short 25 minute time frame. Again, the response to dopamine 

in CB tissues is likely complicated by the stimulation of the production of AH, such that the termination 

of exosome release by recruiting free myocilin to the cell surface and the release of exosomes through 

the exocytosis of AH are in competition with each other. Whether exosome regulation is governed by 

calcium signaling or the diversion of cytoplasmic myocilin is still unclear, and further studies should be 

directed at determining the precise mechanism of controlled exosome release.  
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Chapter 4: The Future of Ocular Exosome Research  

4.1 The Future of Exosomes and Glaucoma Research 

In the future, efforts should be focused on determining how exosomes communicate between tissue 

types and what physiological changes their endocytosis elicits in the recipient cell. Recently, it was found 

that trabecular meshwork (TM) cells respond to aqueous humor exposure by producing two times as 

many myocilin associated exosomes as opposed to normal culture media alone 23. In regular 

physiological conditions, TM cells are continually exposed to AH as it flows from into the anterior 

chamber and out of the Schlemm’s Canal. Exosomes have been identified within the AH 9,5,21,27, and it is 

possible that these exosomes are causing the TM cells to release exosomes of their own. It is likely that 

the exosomes released from the ciliary body are the same exosomes that are found within the aqueous 

humor, and follow the pathway illustrated in figure 3. If this is true, then there may be a communication 

system between the AH producing and AH draining tissues which ensures that intraocular pressure is 

consistently regulated 27. A miscommunication between these two tissue types could lead to the 

characteristic increase in IOP that is the hallmark of glaucoma. Future glaucoma research should aim to 

characterize the exosomal population in the AH of individuals who are affected by this disease, for 

comparison with AH exosomes found in healthy eyes. It is possible that either too many or too few 

exosomes are being release by the CB, and that this malfunctioning in communication leads to the 

observed increase in pressure. Mutations in the gene that encodes the exosome-associated protein 

myocilin have also been shown to cause glaucoma, creating a possible role for myocilin in the regulation 
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of intraocular pressure though its function in exosome release. It was recently shown that different 

myocilin mutations known to cause glaucoma are abnormally recruited to GPR143 during receptor 

mediated endocytosis 10. Taken together, these finding strongly suggest that myocilin, GPR143 

regulation, and overall exosome release are responsible for control of IOP and can cause glaucoma if 

they do not associate properly. Once the exact mechanism of exosome communication and release is 

understood, it may be possible to supplement proper exosome release in diseased individuals and 

artificially control the AH production and drainage pathway; glaucoma could then be cured.  

4.2 The Future of Exosomes and AMD Research  

 Future AMD research efforts should 

first aim to understand the exosomal 

communication pathway between the RPE 

and the photoreceptors of the neural 

retina. Unlike the CB and TM cells, the RPE 

and the retina lie in very close proximity to 

one another and physically interact on a 

daily basis. These exosomes have a much 

shorter distance to travel and likely carry 

completely different cargo, possibly 

explaining the dramatic difference in 

population characteristics observed between exosomes released from porcine RPE and CB. Based off of 

these qualities, the communication pathway between the RPE and the photoreceptors is most likely 

very different from that of the CB and TM, and would explain why it is possible to have AMD without 

having glaucoma or vice versa. By understanding the specific exosomal communication function 

 

Figure 10 Hypothesized exosome communication of the posterior 
segment 

Cartoon representation of exosome communication between the 
RPE and photoreceptors of the retina. 
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between these two tissues, we can begin to understand how disruptions within this system lead to the 

development of AMD.  

As it stands, AMD is first identified by the formation of drusen patches between the basal side of 

the RPE and the blood supply. Interestingly, the heat shock protein (HSP) αB crystalline is commonly 

found within the mass of protein waste that composes drusen 15. HSPs are normally produced by cells 

under conditions of oxidative stress, and function to prevent the aggregation of proteins both intra and 

extra-cellularly. The HSP αB crystalline is known biomarker of AMD, and is also known to be released 

from the RPE on the surface of exosomes15.  Taken together, it is possible that the formation of drusen 

and the cause of AMD is related to abnormal exosome trafficking. It is possible that too many exosomes 

are being released from the apical RPE, and end up working their way through the gap junctions 

between cells to accumulate above the choroid. In addition, it is also possible that exosomes are being 

released from the basal side the RPE and becoming trapped between the bottom of these cells and the 

choroid 15. In either scenario, αB crystalline would be released on the surface of exosomes in large 

amounts in an attempt to break up the exosome conglomerations, only to become stuck and add to the 

growing mass of drusen itself. Future research should thus be focused on determining if improper 

exosome release is causal in AMD, and how this dysfunction can be regulated in afflicted individuals.   
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