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Abstract

Purpose

The role of pigment epithelium-derived factor (PEDF) in glaucoma is unknown. There is

a higher risk of glaucoma among people of African descent, also the reason for which is

unknown.  The goal of this study was to measure and compare levels of PEDF in human

aqueous humor from Caucasians and African Americans and examine PEDF effects on

the permeability of Schlemm’s Canal (SC) endothelia, part of the blood-aqueous barrier.

Methods

Eight African American and 10 Caucasian aqueous humor samples were assayed for

PEDF using ELISA. SC cells plated at confluence on Transwell filters were exposed to

human retinal pigment epithelia media or purified PEDF and assayed for transendothelial

electrical resistance (TEER) using an ohmmeter at 0, 24, and 48 hour time points.

Results

PEDF levels in aqueous humor were detected in 14/18 samples, ranging from non

detectible levels to 374.11ng/ml. PEDF maintained net TEER of human SC endothelial

monolayers from 11±2  to 10.16±3.31Ωcm2 in hRPE media (3.38ng/mL) and 13.7±0.6 to

15.7±0.6Ωcm2 in purified PEDF (1µg/mL).

Conclusions

There is no statistically significant relationship between PEDF content and race of donor

for aqueous humor. PEDF increases and stabilizes resistance in SC and has an effect on

the blood-aqueous barrier.
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Introduction

Glaucoma, the leading cause of irreversible blindness worldwide, is a group of

diseases that are characterized by the deterioration of the optic nerve and subsequent loss

of vision. Damage to the optic nerve is usually caused by an increase in intraocular

pressure (IOP). Currently, there are several effective treatments to reduce the pressure

within the eye and slow vision loss, but at present, glaucoma has no cure. There are many

types of glaucoma, including open-angle, angle-closure, and secondary glaucoma. Open-

angle glaucoma frequently involves elevated IOP that is a result of decreased outflow of

fluid from the eye from the conventional outflow pathway. The conventional outflow

pathway is also the pressure-dependent outflow pathway, and thus is the physiological

“shock absorber” for the eye that is responsible for dampening pressure spikes and

oscillations.

Resistance generated in the conventional outflow pathway of the eye, the main

route in which aqueous humor flows out of the eye and into the bloodstream, pressurizes

the eye. More specifically, resistance is generated in the juxtacanalicular region of the

conventional pathway that includes the juxtacanalicular trabecular meshwork and the

inner wall of Schlemm’s canal.1  This generated pressure in turn then pushes aqueous

humor across the trabecular meshwork and into the Schlemm’s canal to be drained into

the blood. The flow of aqueous humor crossing the endothelial monolayer is influenced

by IOP (~15 mmHg) and the venous pressure (~7 mmHg) in the vasculature.2 The inner

wall of SC is part of the blood-aqueous barrier, playing a major role in resistance

generation at the level of SC cells and is functionally responsible for preventing elements

from the blood inside SC from refluxing back into the eye.
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In addition to the accumulation of extracellular matrix materials in the

juxtacanalicaular region in glaucoma, another manner by which resistance is increased is

the collapse of SC lumen; as the trabecular meshwork expands outward with increasing

IOP, the SC lumen diameter decreases and may collapse; which is thought be a

contributor of primary open-angle glaucoma. 3 Another manner by which resistance is

generated is through the tightness of SC junctions at the level of the inner wall

endothelium. Aqueous humor passes through SC cells via transient transceullar and

paracellular pores or openings. As junctions in SC becomes more complex, the

paracellular permeability decreases (and pores close), thus allowing less aqueous humor

to flow into the blood stream.4

Glaucoma is more prevalent in African Americans, the cause of which is

unknown. Moreover, IOP levels are generally higher in African Americans with

glaucoma.  The incidence rate of glaucoma is about 5 times higher in African Americans

and is typically diagnosed 10 years earlier compared to other ethnicities. Taken together,

there appears to be a connection between IOP levels (outflow resistance) and

pigmentation levels in people of African descent.5

Pigmented cells in the eye produce many factors that affect neighboring cells.

Pigment epithelium-derived factor (PEDF), a 50 kDa protein and 418 amino acids long,

is produced by pigmented epithelium in the eye and has many documented functions.

Some known functions of PEDF are to inhibit angiogenesis by causing apoptosis in

endothelial cells.6 PEDF promotes antiangiogenic activity by competing with VEGF, a

protein which stimulates vascular growth.7  PEDF is also neuroprotective,  inhibiting

apoptosis of cerebellar granule cells. 6  PEDF is produced by retinal pigment epithelium
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cells (RPE), which makes up the deepest layer of the retina, and participates in the

regulation of retinal endothelial barrier function. 8   A recent study found that PEDF plays

a role in maintaining barrier function of the pigment layer of the retina by promoting the

proteolysis of VEGF receptors and other membrane proteins. 9  Some studies posit that

PEDF is protective against glaucoma because PEDF is known to prevent retinal ganglion

cell death, the cells essential for transmitting images from the eyes to the brain.10 Thus it

appears that PEDF may have both a neuroprotective role in neurons by preventing cell

death and by regulating access of blood contents to neurons. In addition to the pigmented

cells, PEDF is found to be made by other tissues of the eye. In a study by Nahoko Ogata,

the genes coding for PEDF are found in the lens and corneal epithelial and endothelial

cells. These sites for synthesis probably contribute to the PEDF found in aqueous humor

and vitreous humor.11

The reason for the increased likelihood among African Americans to develop

elevated IOP and glaucoma is currently unknown. The role of pigmentation levels and

function of pigmented cells in the development of glaucoma are also unknown.
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Hypotheses: The role of PEDF in aqueous humor is to regulate the permeability of the

inner wall of SC, thus modulating the blood-aqueous barrier. The level of PEDF in

aqueous humor is related to the level of pigmentation in individuals.
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Methods

PEDF Assay of Aqueous Humor Samples:

Eighteen aqueous humor samples were obtained from consenting patients at Duke

University Eye Center during cataract surgery with no known glaucoma history. Twenty

to 100 µL of aqueous humor were obtained from each patient and stored at -80°C. The 18

samples were diluted with assay buffer (1% BSA in PBS and 0.01% Thimerosal) and

then assayed for PEDF concentration using an Chemikine ELISA assay. The PEDF

standard stock solution (500 ng/ml) was reconstituted in 500 µL of distilled water to

make standards. Serial dilutions were used to represent the following concentrations:

62.5, 31.25, 15.63, 7.81, 3.91, 1.95, 0.98, 0 ng/mL.  A 96 well plate coated with a mouse

monocloanal antibody developed against human PEDF is used to collect PEDF in the

aqueous samples. After an hour of covered incubation at 37°C, the wells are washed out

with 1X plate wash buffer (0.05% Tween and 0.01% Thimerosal in 1 L of deionized

water) and treated with a second antibody, biotinylated PEDF-specific mouse monoclonal

antibody. During another hour covered incubation time at 37°C, the biotinylated PEDF-

specific mouse monoclonal antibody detects the captured PEDF. After another wash with

the 1X wash buffer, the biotinylated mouse monoclonal antibody is detected by

peroxidase-labeled streptavidin (SRP). After the last hour of covered incubation at 37°C

and a thorough wash with buffer, tetramethylbenzidine (TMB) substrate is added to the

wells. The TMB substrate reacts with the peroxide of the SRP to create a blue colored

byproduct. After ten minutes of uncovered incubating at room temperature to allow full

HRP activity to be detected by TMB, a stop solution containing HCl is added to the wells

containing the TMB substrate to convert the blue byproduct to a more stable yellow
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byproduct. A Flex Station 3 Microplate reader was used to test the absorbance at 450 nm.

Regression analysis was used to generate a best fit line to data and generate standard

curve and r2 value.

BCA assay of Aqueous Humor Samples:

The eighteen aqueous humor samples were also tested for total protein content

using a Pierce BCA protein assay. The standards were made with BSA standard

(2mg/mL). Serial dilutions were used to make the following solutions: 2000 µg/ml, 1500,

1000, 750, 500, 259, 125, 25, 0 µg/ml. A 96 well clear bottom plate was used. 5 µL of

aqueous humor sample were added to the wells, as well as 5 µL of each standard.

Working reagent was prepared using a mixture of 50 parts solution A (sodium carbonate,

sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1M sodium hydroxide)

and 1 part solution B (4% cupric sulfate). Two hundred µL of working reagent was added

to each well and incubated covered at 37°C for 30 minutes. A Flex Station 3 Microplate

reader was used to test the absorbance at 562 nm.

Transendothelial Electrial Resistance of SC cells with RPE media:

To test the effects of PEDF on human Schlemm’s canal endothelial monolayers,

conditioned media was collected from human RPE cells in culture at confluence for 10-

12 weeks. The cells were in DMEM media for 48 hours, and then the media was

collected and the dead cells were spun out of solution using centrifugation. Three

different strains of human SC cells were plated at confluence with a density of 0.15 x 106

cells on transwell filters in DMEM containing 10% FBS. After two weeks in a 37°C

incubator, non-pigmented adult RPE and pigmented fetal RPE media at 1:1 and 1:5

dilutions in 0.2% Lactalbumin in DMEM (LD DMEM) was added to the filters, as well
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as purely 10% DMEM and 0.2% LD DMEM were added to two filters. For pretesting

0.2% LD DMEM was placed on all filters. After 24 hours of incubation, the media

dilutions were added to the filters. They were tested for trans-endothelial electrical

resistance and then more media was added. The filters were tested at 0, 24, and 48 hour

time points. Three lines of SC cells were plated on 12 transwell filters each. After two

weeks, RPE media was added to the filters, and they were tested for TEER with an

ohmmeter. Non-pigmented adult RPE and pigmented fetal RPE medias were used. They

were diluted 1:1 and 1:5 in 0.2% lactabumin in DMEM.

PEDF Assay of RPE Media:

The same ELISA assay for PEDF was performed on hRPE conditioned media as

described above. The assay was performed in duplicate. The samples used were 100%

npRPE, 1:1 npRPE in 0.2% LGDMEM, 1:5 in 0.2% LGDMEM, 100% pfRPE,  1:1

pfRPE in 0.2 % LGDMEM, 1:5 pfRPE in 0.2% LGDMEM, DMEM containing 10%

FBS, and 0.2% LGDMEM.  One hundred µL of RPE media was added to the wells. The

other reagents and procedure are the same as listed above.

BCA Assay of RPE Media:

The same BCA assay for PEDF was performed on hRPE conditioned media. The

assay was performed in duplicate. The samples used were 100% npRPE, 1:1 npRPE in

0.2% LGDMEM, 1:5 in 0.2% LGDMEM, 100% pfRPE,  1:1 pfRPE in 0.2 % LGDMEM,

1:5 pfRPE in 0.2% LGDMEM, DMEM containing 10% FBS, and 0.2% LGDMEM. Five

µL of RPE media was added to the wells. The other reagents and procedure are the same

as listed above.

Transendothelial Electrial Resistance of SC cells with Purified PEDF:
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The same Transendothelial Electrical Resistance test was performed on SC cells

with purified PEDF (1uM ). Human SC cells were plated at confluence with a density of

0.15 x 106 cells on 6 transwell filters in DMEM containing 10% FBS. After two weeks in

a 37°C incubator, 0.2% LD DMEM  was added to the 3 filters and 1uM purified PEDF in

0.2% LD DMEM was added to the other 3 filters. The filters were tested at 0, 24, and 48

hour time points with an ohm meter.
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Results

Two approaches were used to test the potential involvement of PEDF in SC

barrier function.  The first was to determine the concentration of PEDF in human aqueous

humor samples and the second was to examine the effect of PEDF (purified or in

conditioned RPE media) on barrier function in SC monolayers. To determine the

concentration of PEDF in aqueous humor samples in the 8 AA samples and the 10 C

samples, a PEDF ELISA assay was used. The antibody coated plate binds to the proteins

changes the color of the sample to be detected by a plate reader for absorbance. A similar

procedure was used to determine the concentrations of total protein in these samples

using a BCA protein assay. The concentration of peptide bonds changes the color of the

sample to be detected by a plate reader for absorbance. The absorbance readings for these

two assays were then calculated into concentrations using the linear functions created

from the standard graphs. These calculated concentrations were what were compared

among the aqueous humor samples to determine if there is a statistical difference in

PEDF concentrations among African Americans and Caucasians. A time line of the

effects of RPE media on SC cells was used to show the effects of PEDF on the resistance

in the SC cells. RPE conditioned media was used because it produces PEDF. A PEDF

ELISA was tested on the nonpigmented and pigmented RPE media to find the

concentrations of PEDF in the media. Media were applied to the SC filters and the TEER

was measured over 2 days at the 24 and 48 hour point to see the changes that PEDF has

on SC resistance over time.

Figure 1 shows the standard curve for PEDF concentration and the equations used

to calculate the concentrations. The absorbances of the standards detected by the plate
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reader were plotted against the known concentrations of the standards to create a linear

function. The R-squared value of this line is 0.9986. Table 1 shows the results of the

PEDF assay of aqueous humor. The concentration of PEDF in the 8 African American

aqueous humor samples ranged from 374.11 ng/mL to non-detectible levels. The

concentration of PEDF in the 10 Caucasian aqueous humor samples ranged from 10.72

ng/mL to non-detectible levels.

Figure 1: Standard Curve for PEDF Concentration

Figure 2 shows the standard curve for total protein concentration and the

equations that used to calculate the concentrations. The absorbances of the standards

detected by the plate reader were plotted against the known concentrations of the

standards to create a linear function. The R-squared value of this line is 0.9976. Table 1

also shows the results of the BCA assay of aqueous humor. The concentration of total

protein in the 8 African American aqueous humor samples ranged from 1083868 ng/mL

to non-detectible levels. The concentration of total protein in the 10 Caucasian aqueous

humor samples ranged from 593019 ng/mL to non-detectible levels.
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Figure 2: Standard Curve for Total Protein Concentration

Table 1: Concentration of PEDF and Total Protein in Aqueous Humor Samples

Race Gender
PEDF

(ng/mL)
Protein
(ng/mL)

AA female 374.11 NDw
AA female 50.48 ND
AA female 4.37 1083868
AA female ND 362.33
AA male 1.56 673113
AA male 0.48 966981
AA male 0.14 350
AA male ND 1157.5
C female 10.72 593019
C female 2.97 ND
C female 1.67 437
C female 1.47 ND
C female 0.37 ND
C female 0.22 503.33
C female ND 2397.17
C male 0.72 366.33
C male 0.61 1871.67
C male ND 159434
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Figure 3 is a time-line of the effects of non-pigmented adult RPE media on TEER

of Schlemm’s canal cells. TEER was measured at the 0, 24, and 48 hour time points. The

TEER of the filter treated with 10% FBS DMEM went 10.8 ± 1.3 Ωcm2 to 9.8 ± 2.68

Ωcm2 after 48 hours. The TEER of the filter treated with 0.2% LGDMEM went 10.6 ±

2.07 Ωcm2 to 4.2 ±1.79 Ωcm2 after 48 hours. The TEER of the filter treated with 1:5

npRPE went from 9.25 ± 0.96 Ωcm2 to 4.25 ± 2.63 Ωcm2 after 48 hours. The TEER of

the filter treated with 1:1 npRPE went from 9.75 ± 0.5 Ωcm2 to 4.25 ± 1.5 Ωcm2 after 48

hours.

Figure 3: SC cells treated with non-pigmented RPE conditioned media

Figure 4 is a time-line of the effects of non-pigmented adult RPE media on TEER

of Schlemm’s canal cells. TEER was measured at the 0, 24, and 48 hour time points. The

TEER of the filter treated with 10% FBS DMEM went 10.8 ± 1.3 Ωcm2 to 9.8 ± 2.68

Ωcm2 after 48 hours. The TEER of the filter treated with 0.2% LGDMEM went 10.6 ±

2.07 Ωcm2 to 4.2 ±1.79 Ωcm2 after 48 hours. The TEER of the filter treated with 1:5
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pfRPE went from 11.33 ± 2.16  Ωcm2 to 10.5 ± 1.52 Ωcm2 after 48 hours. The TEER of

the filter treated with 1:1 pfRPE went from 11 ± 2 Ωcm2 to 10.16 ± 3.31 Ωcm2 after 48

hours.

Figure 4: SC cells treated with pigmented RPE conditioned media

The results of the PEDF assay are as follows: the concentration of PEDF in the

npRPE media is not detectible and the concentration of PEDF in the pfRPE media is 3.38

ng/mL. The results of the BCA assay are as follows: the concentration of total protein in

the npRPE media is 1173.17 ng/mL and the concentration of total protein in pfRPE

media is 817.5 ng/mL.

Figure 5 is a time-line of the effects of purified PEDF on TEER of Schlemm’s

canal cells. TEER was measured at the 0, 24, and 48 hour time points. The TEER of the

filters treated with purified PEDF (1uM) in 0.2% LGDMEM went from 13.7 ± 0.6 Ωcm2

to 15.7 ± 0.6 Ωcm2 after 48 hours. The TEER of the filter treated with 0.2% LGDMEM

went from 15.3 ± 0.6 Ωcm2 to 6.3 ± 0.6 Ωcm2 after 48 hours.



18

Figure 5: SC cells treated with purified PEDF
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Discussion

For the first time a direct comparison of PEDF levels in aqueous humor taken

from Caucasian and African Americans was conducted. Using a PEDF ELISA assay, the

concentrations of PEDF in 10 Caucasian and 8 African American aqueous humor

samples were found to be highly variable. While the concentrations of PEDF in African

American subjects was generally higher, as a whole data weren’t statistically different

between the two races. We also determined the effect of PEDF on cultured SC cells for

the first time. Transendothelial electrical resistance of SC cells treated with fetal

pigmented RPE conditioned media was significantly higher than TEER of cells treated

with nonpigmented RPE conditioned media. Interestingly, lower levels of PEDF in RPE

media (3.38 ng/mL) was sufficient to elevate TEER compared to cells treated with

purified PEDF (1uM).

The results of the PEDF ELISA assay showed no statistically significant

difference between Caucasian and African American donors (table 1). The PEDF content

in the African Americans varied from non detectable levels to 374.11 ng/ml. The PEDF

content in Caucasians also varied from non detectable levels to 10.72 ng/ml. The average

among all the PEDF levels in all the African American patients is 54 ng/ml and the

average among the Caucasian patients is 2 ng/ml. There does appear to be an increased

level of PEDF in African Americans compared to Caucasians, but the results are not

statistically significant (p=0.22). For the AA donors, 3 of the 8 samples were above mean

values, but in the C donors, only 1 of the 10 were above mean levels. There is also no

relationship between gender and PEDF level in either race. A study by Marím-Lambíes at

the Hospital Universitario La Fe found a PEDF content of 449.2 ± 158.7 ng/ml in 20
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aqueous humor samples.13 Another study, by Jian-Ping Tong, et al, had significantly less

values: 0.35 +/- 0.57 ng/mL in 10 aqueous humor samples.14 Like the results of the

present study, PEDF concentrations in aqueous humor samples were variable among

different studies These variable amounts indicate that PEDF content in aqueous humor

samples may be very variable in general. Also, a more accurate PEDF assay may need to

be created to produce more consistent results. The results may not be significant due to

the limitations of the study. A larger number of samples would be needed to help

determine if there is a statistically significant difference in PEDF concentration between

African Americans and Caucasians. Also, given the limited amount of aqueous humor in

an eye, about 250 µL, a very small amount of sample could be obtained during cataract

surgery.15  A larger sample volume to be used in the assay may give more accurate

results.

The range of the total protein in aqueous humor samples was broad (table 1). The

concentrations of total protein found in the 8 AA samples ranged from non-detectible

levels to 1084 ug/mL. The concentration of total protein found in the 10 C samples

ranged from non-detectible levels to 593 ug/mL. The average protein concentration in the

African American samples was 454ug/mL, and in Caucasians was 108ug/mL, showing an

increased average of protein concentration in people of African descent, though again not

a statistically significant increase. A study by Koliakos found a 279 ± 144 ug/ml total

protein content in 25 aqueous humor samples.16 This value is comparable to the average

total protein concentrations from this study. Interestingly, the amount of total protein

found in the 25 patients from Koliakos’ study were less than the results from this study.
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Similar to the PEDF assay, a larger sample volume may have given more consistent

results due to additional replicates and serial dilutions.

The results of the transendothelial electrical resistance test shows a plateau in

electrical resistance over time in the SC cells treated with pigmented RPE media (figure

4). This is true for both dilutions of the RPE media (1:5 and 1:1) In contrast, there was a

decline in TEER in the SC cells treated with nonpigmented RPE media (Figure 3). These

results were compared to filters treated with 10% FBS in DMEM and 0.2% Lactalbumin

in DMEM. The 10% FBS in DMEM contains many types of proteins, including PEDF.

The 0.2% Lactalbumin in DMEM, in contrast, has no PEDF content. The results of the

SC cells treated with 10% FBS in DMEM, like the pigmented RPE media, was a plateau

of a relatively steady TEER. These similar results imply that pigmented RPE media has a

similar effect on the resistance in Schlemm’s Canal cells, as does the FBS media. The

results of the SC cells treated with 0.2% LDH in DMEM, like the nonpigmented RPE

media, showed a decline in TEER. These similar results imply that nonpigmented RPE

media has a similar effect on the resistance in Schlemm’s Canal cells, as does the LDH

media (our negative control). Both the FBS media and the pigmented RPE have PEDF

content, whereas the LDH and nonpigmented do not. The LDH media was used because

it is a substitute for serum that still have nutrients to nourish the cells, but no PEDF

content. Thus, a conclusion can be drawn, PEDF plays a role in the increasing barrier

function of human SC cells in a time and dose-dependent manner. Similarly, PEDF plays

a role in retinal endothelial barrier function by decreasing permeability in retinal vascular

cells.9
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The results of the transendothelial electrical resistance test with purified PEDF

were similar to those of the transendothelial electrical resistance experiment with hRPE

media. The three filters with purified PEDF increased from 13.7 ± 0.6 Ωcm2 to 15.7 ± 0.6

Ωcm2, The three filters without PEDF decreased in TEER from 15.3 ± 0.6 Ωcm2 to 6.3 ±

0.6 Ωcm2. These results support the claim that PEDF increases resistance in SC cells. The

amount of PEDF in the hRPE media (3.38 ng/mL) was significantly smaller than the

purified PEDF (1uM) and still increased TEER. This could indicate that small

concentrations of PEDF are required to maintain normal resistance in SC and larger

concentrations of PEDF could increase resistance in SC at harmful levels, thus leading to

glaucoma.

The present study looks at PEDF content as being an influence as to the increased

rate of glaucoma in African Americans in terms of elevated IOP. Though the results of

this study don’t show there to be a statistically significant relationship between PEDF

content and pigmentation, there may be a relationship that wasn’t detected by our

experiment due to the limited number of samples and the small sample size and

variability. In the future, experiments should be done gathering a larger sample size of

aqueous humor from patients of varying levels of pigmentation to determine if there is a

correlation between pigmentation and PEDF content. Also, further experiments should be

done to determine how much of an effect PEDF has on increasing resistance in SC cells

compared to other factors that increase resistance. If PEDF plays a significant role, then

drugs that control PEDF concentration could be developed to help lower the increased

resistance in the conventional outflow pathway, and thus decrease the severity of

glaucoma. It will also be interesting to compare PEDF levels in patients having glaucoma
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with normal and elevated IOPs. A level of resistance is required to maintain SC barrier

function, and thus PEDF may play a role in the generation the required resistance to

pressurize the eye. Therefore, the drugs created to manage PEDF levels would be need to

be engineered to maintain a healthy level of PEDF.
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