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Abstract
Fluid accumulation into the subretinal space and the development of macular edema is a common
condition in age-related macular degeneration, diabetic retinopathy, and following ocular surgery,
or injury. Vascular endothelial growth factor (VEGF) and other cytokines have been implicated in
the disruption of retinal pigment epithelium (RPE) barrier function and a reduction in the regulated
removal of subretinal fluid; however, the cellular and molecular events linking these agents to the
disruption of barrier function have not been established. In the current study, cultures of ARPE-19
and primary porcine retinal pigment epithelium (RPE) cells were utilized to investigate the effects
of the VEGF-induced modifications to the barrier properties of the RPE. The barrier function was
determined by transepithelial resistance (TER) measurements and morphology of the RPE
monolayers. In both ARPE-19 and primary porcine RPE cells the administration of VEGF produced
a significant drop in TER, and this response was only observed following apical administration.
Maximum reduction in TER was reached 5 hours post VEGF administration. These responses were
concentration-dependent with an EC50 of 502 pg/mL in ARPE-19 cells and 251 pg/mL in primary
porcine cells. In both ARPE-19 and primary RPE cells, the response to VEGF was blocked by
pretreatment with the relatively selective VEGF-R2 antagonists, SU5416 or ZM323881, or the
protein tyrosine kinase inhibitor, genistein. Administration of the relatively selective VEGF-R2
agonist, VEGF-E, also reduced TER in a concentration-dependent manner (EC50 of 474 pg/mL),
while VEGF-R1 agonist, placental growth factor (PlGF), did not significantly alter the TER.
Immunolocalization studies demonstrated that confluent monolayers exhibited continuous cell-to-
cell ZO-1 protein contacts and apical localization of the VEGF-R2 receptors. These data provide
evidence that the VEGF-induced breakdown of RPE barrier function is mediated by the activation
of apically-oriented VEGF-R2 receptors. Thus, VEGF-mediated increases in RPE permeability are
initiated by a rise in intraocular levels of VEGF.
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Introduction
Macular edema is a major cause of decreased visual acuity. It consists of accumulated fluid in
the subretinal space within the macula, and it is often characterized by radially-oriented cysts
(Tranos et al. 2004). Retinal edema can originate from a large variety of ocular insults, such
as eye injuries, intraocular surgery, venous occlusive disease, diabetic retinopathy, posterior
segment inflammatory disease, or age-related macular degeneration (AMD) (Tranos et al.
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2004). A variety of treatment approaches have been attempted with varying success: topical
and systemic steroids, non-steroidal anti-inflammatory agents, and laser photocoagulation
treatment (Tranos et al. 2004). In recent clinical trials, anti-vascular endothelial growth factor
(anti-VEGF) medications (e.g., pegaptanib sodium, bevacizumab, ranibizumab) have been
shown to reduce the macular thickness in patients with macular edema and wet AMD, and an
increase in visual acuity was reported to follow (Gragoudas et al. 2004; Heier et al. 2006;
Spaide et al. 2006). These studies have provided evidence that the removal of VEGF from the
intraocular environment can reduce macular edema, and supplement previous observations that
intraocular VEGF plays a central role in the development of macular edema (Antcliff and
Marshall 1999; Barber and Antonetti 2003). However, the cellular mechanisms by which
VEGF induces the disruption of RPE barrier function, impairing the efficient removal of
subretinal fluid are not completely understood.

Vascular endothelial growth factor was originally recognized as an endothelial angiogenic and
vasopermeability factor (Neufeld et al. 1999), and more recently has also been shown to induce
functional changes in the retinal pigment epithelium (RPE) (Hartnett et al. 2003; Zech et al.
1998). Cellular events regulated by VEGF are mediated by two receptor tyrosine kinases,
VEGF-R1 and VEGF-R2 (Zachary 2001). The most common human isoform of VEGF is
VEGF-A165; however, other VEGF proteins have been identified VEGF-B, VEGF-C, VEGF-
D from human, VEGF-E from the Orf virus, and VEGF-F from snake venom. In contrast to
VEGF-A, the other VEGF proteins show selectivity for one or the other VEGF-receptor
(Yamazaki and Morita 2006).

Functionally intact tight-junctions are required for the efficient and regulated removal of fluid
from the subretinal space and the barrier function of healthy RPE (Marmor 1999). It is thought
that VEGF signaling modulates the paracellular permeability by altering the protein component
of the junctional complexes (Schneeberger and Lynch 2004). Therefore, in order to begin to
understand how VEGF contributes to the regulation of RPE barrier function, it is essential to
understand how individual VEGF receptors effect RPE physiology. In vascular endothelial
cells, there is growing evidence that increases in permeability and proliferation are mediated
by VEGF-R2 activation, and within the choroid, that these actions can be opposed by VEGF-
R1 stimulation (Autiero et al. 2003; Gille et al. 2001; Nozaki et al. 2006; Shen et al. 1999).
However, a recent study of the RPE concluded that VEGF-R1 receptor activation is responsible
for the VEGF-induced increase in epithelial permeability (Miyamoto et al. 2007). Our studies
were designed to clarify how VEGF modulates RPE barrier properties. Results from these
studies demonstrate that activation of VEGF-R2 receptors on the apical surface of the RPE are
responsible for the VEGF-induced increase in epithelial permeability, and this response is
blocked by the protein tyrosine kinase inhibitor, genistein. These results cast a new light on
the regulation of RPE permeability and the way it can be treated pharmacologically.

Materials and Methods
Tissue culture

The ARPE-19/HPV-16 cell line was obtained from The American Type Culture Collections
(passage 30 at the time of purchase; Manassas, VA). The cells were cultured in 75 cm2 tissue
flasks according to the vendor’s instructions. Cells from passages 31-50 were used in
experimentation. To establish primary porcine RPE cultures, porcine eyes were obtained from
a local abattoir (Burbages, Ravenel, SC). The eyes were bisected; the anterior segment and the
retina were removed. The eyecups were then rinsed with calcium- and magnesium-free
balanced salt solution and incubated with 0.05% trypsin-EDTA (GIBCO BRL, Grand Island,
NY) for 1 h at 37°C. The incubation buffer with the released cells was removed and ten-times
the volume of DMEM/F12/HAM (Sigma Chemical Co., St. Louis, MO) with 10% fetal bovine
serum (FBS; GIBCO), 1.2 g/L sodium bicarbonate (Fisher Scientific, Fair Lawn, NJ), and 10

Ablonczy and Crosson Page 2

Exp Eye Res. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mL/L L-glutamine-penicillin G-streptomycin (2 mM-100 U/mL-0.1 mg/mL; Sigma) was
added. The primary cells were not passaged. Both ARPE-19 and primary RPE cells were plated
on permeable-membrane inserts (Costar Clear Transwell, 0.4 μm pore; Costar, Cambridge,
MA) containing DMEM/F12/HAM with 10% FBS, 1.2 g/L sodium bicarbonate, and 10 mL/
L L-glutamine-penicillin-streptomycin in a humidified incubator and kept at 37°C in 5%
CO2. After the cells attached, the medium was modified to contain only 1% FBS and changed
every 2 to 3 days. Transepithelial resistance of cell monolayers was monitored with an epithelial
volt-ohmmeter (WPI, Sarasota, FL) equipped with an STX2 electrode (WPI). Resistance
measurements for individual wells were determined from four independent measurements, and
corrected for the inherent transwell resistance. For each condition, at least three independent
experiments were performed. Values are expressed as means ± SE and compared by the Student
t test. A P value of less than 0.05 was considered statistically significant.

Cell treatments
Vascular endothelial growth factor (human VEGF-A165, Sigma), PlGF (PlGF-1; Fitzgerald
Industries International, Inc., Concord, MA), or VEGF-E (Fitzgerald) was administered to the
apical or basal sides in concentrations ranging from 15 pg/mL to 500 ng/mL (diluted with
phosphate-buffered saline [PBS]). Baseline transepithelial resistance was measured at -60 min
and immediately prior to agonist administration (t = 0). Following agonist administration,
resistance was measured at 2 hours, unless otherwise noted. To evaluate the actions of VEGF-
R2 antagonists, SU5416 (Calbiochem; San Diego, CA), ZM323881 (Tocris Bioscience,
Ellisville, MO) or the tyrosine kinase inhibitor, genistein (Sigma), cells were treated with the
agents (SU5416, 5 μM; ZM323881, 10 nM; and genistein, 100 μM) or vehicle control (DMSO;
Sigma) one hour prior to agonist administration. The utilized DMSO concentrations in the
vehicle are not expected to change the TER (Konari et al. 1995). Dose-response curves were
analyzed with Prism 4.02 (GraphPad Software Inc., San Diego, CA).

Immunohistochemistry
Cell monolayers were washed 3-times in PBS, fixed in 2% paraformaldehyde (Mallinckrodt
Baker, Inc.) in PBS for 15 min, and again washed 3-times in PBS at room temperature (RT).
Cells were then permeabilized by exposure to 0.2% Triton X-100 (VWR, West Chester, PA)
in PBS for 15 min, washed in PBS (3 times), and incubated with primary antibodies (mouse
anti-ZO-1, diluted 1:100; Zymed Laboratory, Inc., San Francisco, CA; and rabbit anti-VEGF-
R2, diluted 1:100; Chemicon, Temecula, CA) for 1 hour at 4°C. Cells were then washed 3-
times in PBS and incubated with secondary antibodies (fluorescein-conjugated goat anti-
mouse, diluted 1:50; and rhodamine-conjugated goat anti-rabbit, diluted 1:50; Chemicon,
Temecula, CA) for 30 min at room temperature. The inserts with attached monolayers were
mounted on slides and examined using a Leica DM LFSA confocal microscope (Leica
Microsystems, Wetzlar, Germany). The confocal microscope allowed obtaining a stack of 100
images on the Z-axis to visualize the whole volume of the stains. Image transformations to
show cross sections of the volumes, remove autofluorescence, and calculate color distribution
profiles were performed by the Leica microscope software (LCS 2.6, Leica). The intensity
profile of optical confocal sectioning of three fluorochromes along the z-axis was determined
for 10 selected regions of interest. Averages for the profile maxima from these regions were
used to obtain the localization data for the individual stains.

Measurement of barrier function
Paracellular permeability of ARPE-19 cell monolayers was determined by measuring the apical
to basolateral movement of inulin over a time-course of 100 minutes. Lyophilized
carboxyl-14C-inulin (50 μCi, 1.6 mCi/g, Moravek Biochemicals, Brea, CA) was suspended in
2 mL of PBS at a temperature of 60°C. 20 μL aliquots, containing 0.5 μCi (31.25 μg) were
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diluted with 100-times as much cold inulin (MP Biochemicals, Solon, OH) in 340 μL tissue
culture media (DMEM/F12/HAM with 1% FBS) and added to the apical chambers of transwell
filters five hours after treatment with either apical VEGF (10 ng/mL) or vehicle. The five-hour
delay between the VEGF and inulin administrations ensured that the inulin flux was measured
in steady state, as TER changed little between 5 and 24 hours. Aliquots of 100 μL were removed
from the basolateral chamber at the time of inulin administration, and every 20 minutes
afterwards up to 100 min and replaced by equal amounts of inulin-free media. The samples
were placed into individual wells of 24-well microplates, mixed with 900 μL Microscint-20
scintillation fluid (Packard, Meriden, CT), and counted in a scintillation chamber (TopCount,
Packard). Values are expressed as the mean of six independent wells ± SE and compared by
the Student t test. Inulin flux was determined from linear regression analysis of the quantity of
inulin present in the basolateral chamber versus elapsed time using Prism 4.02.

Results
Initial experiments were carried out using the human ARPE-19 cell line. Upon confluence,
TER began to increase, reaching a maximum TER of 45 ± 4 Ωcm2 within 10 to 14 days (Fig.
1A). These TER values are similar to those previously reported for this cell line in confluent
culture (Dunn et al. 1996;Geisen et al. 2006). There was no significant difference between the
TER levels developed in different passages of cultured cells (31-50) and the resistance levels
were not influenced by the presence or absence of serum in the culture media. Confluent
cultures of ARPE-19 cells were routinely maintained for three weeks; however, selected RPE
cultures were evaluated for up to 8 weeks without significant reduction in their TER levels.

Primary cultures of porcine RPE cells were also established. Because passaged primary cells
changed their phenotypic appearances (loss of pigmentation, loss of uniform morphology),
only unpassaged primary porcine RPE cells were used. Due to a slower growth rate, these cells
took 5 to 6 weeks to reach confluence and a maximum TER value of 76 ± 9 Ωcm2 (Fig. 1B).
These cultures maintained their TER values for up to three months with no visible change of
cell pigmentation or morphology.

To determine if confluent RPE monolayers exhibited morphological evidence of tight junctions
necessary for RPE barrier function, the immuno-localization of ZO-1 was assessed by
fluorescent microscopy. Although both ARPE-19 and primary porcine cell monolayers
exhibited continuous cell-to-cell ZO-1 protein contacts, the primary porcine cells were more
uniform in size and shape when compared to the ARPE-19 cell line (Fig. 1C and D). In addition,
there were sporadic binuclear ARPE-19 cells (data not shown).

VEGF-induced changes in transepithelial resistance
To investigate the cellular site and mechanism that mediates VEGF-induced changes in RPE
permeability, TER across monolayers of ARPE-19 and primary porcine cells was monitored.
Previous studies have shown that TER is proportional to permeability in both ARPE-19 cells
and primary RPE cell cultures (Dunn et al. 1996; Jin et al. 2002). Administration of 10 ng/mL
VEGF to the apical surface of the RPE monolayers, produced a significant drop in TER across
both ARPE-19 and primary porcine cells. However, administration of VEGF to the basal
surface of either cell type did not significantly alter TER (Fig. 2A and B). These apical
responses were time-dependent with maximum reduction in resistance of 46 ± 2% in ARPE-19
cells and 31.4 ± 4% in primary porcine monolayers measured at 5 hours. In cultures where the
incubation with VEGF was continued for 24 hours, no recovery of TER was observed (Fig.
3A and B).

The apical VEGF-induced reduction in TER was paralleled by a decrease in the barrier
function. Barrier function was assessed by measuring the apical to basolateral movement of
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carboxyl-14C-inulin in 10 ng/mL apical VEGF-treated versus vehicle-treated ARPE-19 cell
monolayers. The inulin flux was 780 μg/hour after VEGF-treatment, while in controls without
VEGF it was only 580 μg/hour, which meant a 36% reduction in barrier function 5 hours after
VEGF administration.

As shown in Figure 4, the apical VEGF-induced reduction in TER was concentration-
dependent. In ARPE-19 (Fig. 4A) and primary porcine cells (Fig. 4B), the EC50 values were
502 and 251 pg/mL, respectively. The Hill coefficients for these curves were not significantly
different from 1.0.

VEGF-receptor subtype
The Hill coefficients calculated from the concentration response curves provide evidence that
VEGF-induced changes in TER across the RPE monolayers are mediated by a single class of
non-interacting VEGF receptors. To begin to investigate the receptor subtype activated by
VEGF on the apical surface of the RPE cells, TER responses to the VEGF-R1 receptor agonist,
PlGF, and the VEGF-R2 receptor agonist, VEGF-E, were determined in both ARPE-19 cells
(Fig. 5A) and in porcine primary RPE cells (Fig. 5B). Apical administration of 5 ng/mL PlGF
did not significantly change TER in either culture. However, 5 ng/mL apical VEGF-E
significantly reduced TER by 36 ± 2% in ARPE-19 cells and 37 ± 2% in porcine primary RPE
cells. Administration of either agonist to the basal surface did not significantly alter TER.

As shown in Figure 5C, the reduction in TER following administration of VEGF-E to the apical
surface of ARPE-19 cells was concentration-dependent with an EC50 value of 474 pg/mL.
However, increasing VEGF-E concentrations from 5 – 500 ng/mL on the basal surface did not
significantly alter TER. Similarly, increasing the apical concentration of PIGF from 5 – 500
ng/mL did not produce any significant change in TER.

To confirm that the VEGF-induced changes in TER measured in this study were mediated by
the VEGF-R2 receptor and begin to investigate the down-stream signaling mechanism,
monolayers were pretreated with two VEGF-R2 antagonists, SU5416 or ZM323881, or the
pan-tyrosine kinase inhibitor, genistein. SU5416 is a relatively selective VEGF-R2 inhibitor,
but it was also shown to inhibit VEGF-R1 with an IC50 of 90 nM (Glass et al. 2006). Therefore,
we used ZM323881, which is three orders of magnitude more selective for VEGF-R2 and is
not known to inhibit VEGF-R1. One hour pretreatment with 5 μM SU5416 or 10 nM
ZM323881 blocked the VEGF-E-induced decrease in resistance in both ARPE-19 (Fig. 6A
and C) and porcine primary RPE cells (Fig. 6B and D). The addition of SU5416, ZM323881,
or vehicle alone, did not significantly alter TER. Pretreatment of ARPE-19 cells with genistein
(100 μM) or vehicle for 1 hour also abolished the resistance drop induced by VEGF (Fig. 7).
In contrast, apical VEGF alone resulted in a 30 ± 2% drop in the resistance within 2 hours of
treatment.

VEGF-R2 is localized to the apical side of RPE cells
Only apical administration of VEGF agonists significantly altered the TER across RPE
monolayers. These data support the idea that the VEGF-R2 receptor expression is limited to
the apical membrane in these cells. Figure 8A shows a flatmount confocal image of
immunohistochemically stained porcine primary RPE cell monolayer for ZO-1 (green) and
VEGF-R2 (red) proteins. Cell nuclei were stained with DRAQ5 (blue). In these cells, ZO-1
protein again was shown to form continuous cell-to-cell contact, while VEGF-R2 protein was
exhibited as a punctate staining pattern across the monolayer. To investigate the cellular
localization of these proteins at various depths, 100 confocal images were obtained and the
signal profiles were determined (Fig. 8B). This profile does not distinguish between membrane,
cytosol or nuclear location, but rather the relative apical to basal distribution along the z-axis
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for ZO-1 and VEGF-R2 antibodies, and the nucleus. As expected from RPE cell anatomy, the
ZO-1 antibody stained close to the apical surface of the cells. The VEGF-R2 antibody stained
even closer to the apical surface, while the nuclear stain was observed within the central regions
along the Z-axis. The average (n = 10) peak intensities for VEGF-R2 and ZO-1 in porcine RPE
cells were 2.84 ± 0.12 and 2.97 ± 0.10 μm, respectively, from the top of the image stack.

Discussion
When an eye is injured or inflamed, the paracellular permeability of the RPE cells can increase
resulting in the breakdown of the outer blood retinal barrier, and the regulated removal of
subretinal fluid is impaired. Previous in vitro studies have provided evidence that cytokines,
such as HGF or VEGF may mediate this response (Caldwell et al. 2005; Jin et al. 2002; Pe’er
et al. 1995). Moreover, recent clinical studies showed that anti-VEGF medications can reduce
macular fluid accumulation (Gragoudas et al. 2004; Heier et al. 2006; Spaide et al. 2006).

Primary porcine RPE cells and the ARPE-19 cell line were utilized to study the mechanisms
responsible for the VEGF-mediated changes in RPE permeability. The ARPE-19 cell line
expresses several RPE-specific markers (CRALBP and RPE65) and forms polarized
monolayers; however, the TER generated by these cells is normal at 40-70% less than the
primary RPE cells in culture (Dunn et al. 1996; Geisen et al. 2006; Hartnett et al. 2003; Jin et
al. 2002). In the current study, both primary cells and the ARPE-19 cell line produced
monolayers that formed continuous tight-junctioned complexes between cells and generated
TER that was consistent with previous studies (Dunn et al. 1996; Geisen et al. 2006; Miyamoto
et al. 2007). Although the TER values obtained in ARPE-19 cells were lower than those in
primary porcine cells, the administration of VEGF to either cell type resulted in a robust
(30-50%) drop in the TER within 5 hours of treatment. These responses are consistent with
previous studies on HGF or VEGF-induced reduction in TER in primary cultures of bovine
RPE cells (Hartnett et al. 2003; Jin et al. 2002). The results, however, contradict those of
Ghassemifar and colleagues (Ghassemifar et al. 2006), where they found that VEGF slightly
(~10%) increases the TER of ARPE-19 cells and tightens the RPE junctions. The route of
VEGF administration is not reported in that paper, and it is possible that they may have
administered VEGF basolaterally. In our hands, the basolateral route of administration did not
significantly change TER. However, slight increases within the experimental error were seen
with administration of vehicle, PlGF, and basolateral VEGF or VEGF-E.

VEGF-induced reductions in TER were only measurable following apical administration. This
apical selectivity for VEGF-induced reductions in TER is additionally supported by
morphological data demonstrating that the expression of VEGF-R2 receptors is limited to the
apical surface region of cultured RPE monolayers, similar to that observed with the ZO-1
protein. Although apical VEGF secretion from the RPE has been identified, under most
conditions basolateral VEGF secretion from the RPE cells predominates (Blaauwgeers et al.
1999; Maminishkis et al. 2006). The basolateral secretion of VEGF is approximately 10-times
greater than the apical secretion, and has been shown to stimulate VEGF-R2 in the adjacent
choriocapillaris endothelium in a paracrine manner (Blaauwgeers et al. 1999; Marneros et al.
2005). Hence, it is unlikely that VEGF derived from the RPE initiates the breakdown of the
outer blood retinal barrier in vivo. However under conditions where the RPE permeability is
compromised, RPE-derived VEGF may accelerate or prolong increased permeability changes
in the RPE. In light of these results, increase in RPE permeability appears to be initiated by
VEGF secreted from other cells in the neural retina (Antcliff and Marshall 1999) or a shift
toward apical VEGF secretion from the RPE (Kannan et al. 2006; Slomiany and Rosenzweig
2004). Additional studies are needed to determine the factors which regulate the direction and
the degree of VEGF secretion from the RPE in vivo. Finally, these studies provide evidence
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why intraocular administration of anti-VEGF medication is effective in reducing macular
edema.

Molecular and pharmacological studies have demonstrated the existence of two VEGF receptor
subtypes: VEGF-R1 and VEGF-R2 (Zachary 2001). In the vascular endothelium, VEGF
increases paracellular permeability by the activation of VEGF-R2 receptors (Autiero et al.
2003; Gille et al. 2001; Shen et al. 1999). However, a recent study by Miyamoto and colleagues
concluded that the VEGF-R1 receptor subtype mediated VEGF-induced changes in the barrier
properties of ARPE-19 cell monolayers (Miyamoto et al. 2007). Like Miyamoto and
colleagues, we identified VEGF-A165 as an effective cytokine in regulating RPE barrier
function. However, we found that the VEGF-R2 agonist, VEGF-E, but not the VEGF-R1
agonist increased RPE permeability. In our hands, the VEGF-R1 agonist did not induce a
permeability change when used in the same or in higher concentrations than they utilized. In
addition, the VEGF-R2 agonist-induced increases in RPE permeability were abolished by
pretreatment with the relatively selective SU5416, and the three orders of magnitude more
selective ZM323881, both VEGF-R2 antagonists. There are many differences between the two
papers that may explain the contradictory results. The utilized cell line and culture conditions
were different, as well as the source of the agonist ligands. Also the route of VEGF
administration is not clear in their paper (Miyamoto et al. 2007). These seemingly minor
changes may make a considerable difference, because the activity of VEGF receptors can be
complicated by a series of additional factors including agonist-induced crosstalk between
VEGF-R1 and VEGF-R2, hetero-dimerization between individual receptor subunits, and
hetero-dimerization of the agonists themselves (Autiero et al. 2003); moreover, additional
receptors may enhance VEGF receptor signaling (Neuropilin-1) (Becker et al. 2005). Our data
provide convincing evidence that the RPE permeability change measured in this study resulted
from activation of the VEGF-R2 receptor subtype. This conclusion is reinforced by studies
showing that VEGF-R1 signaling reduced laser-induced CNV through an inhibitory action on
VEGF-R2 phosphorylation (Nozaki et al. 2006); moreover, experiments in ARPE-19 cells
indicated that VEGF-R1 activation induced the expression of pigment epithelium-derived
factor (Ohno-Matsui et al. 2003), a potent anti-angiogenic agent that blocks VEGF-R2
signaling in endothelial cells (Cai et al. 2006). Thus, these papers also contradict the hypothesis
of Miyamoto and coworkers that VEGF-R1 activity promotes RPE permeability.

Genistein is a known protein tyrosine kinase inhibitor that has been found to disrupt multiple
signaling pathways such as NF-κB, AKT and MAP kinases (Davis 1995; Li and Sarkar
2002). Pretreatment with genistein blocked VEGF-induced increases in RPE permeability.
Although these results can not identify a specific signaling pathway linking VEGF-R2
receptors to changes in permeability, they do support the idea that the use of cell-signaling
pathway inhibitors will be effective in RPE permeability and macular edema.

In summary, in both human ARPE-19 cells and primary porcine RPE cells we have found that
only apical administration of VEGF produced a rapid, significant and concentration dependent
drop in TER. Studies of antagonists are relatively selective and agonists provided clear
evidence that VEGF-R2 receptors were responsible for the mediation of the VEGF effect, and
that these receptors were localized to the apical surface. These results support the idea that
RPE permeability increases are initiated by a rise in intraocular levels of VEGF, and favoring
the intraocular route for anti-VEGF treatment of macular edema.
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Figure 1.
Resistance and morphology of RPE cell monolayers. A, Increase in transepithelial resistance
of ARPE-19 cell monolayers following cell plating on transwell inserts. The dashed line
represents the average resistance (45 ± 4 Ωcm2) for confluent monolayers between weeks 2
and 5. Cultures were tested for up to 8 weeks; however, routine experiments were performed
following three weeks in culture. B, Increase in transepithelial resistance of porcine primary
RPE cell monolayers following cell plating on transwell inserts. The dashed line represents the
average resistance (76 ± 9 Ωcm2) achieved for confluent monolayers between weeks 5 and 11.
Values are means ±SE. Immunohistochemistry of confluent ARPE-19 cells (C) and porcine
primary RPE cells (D) with mouse anti-ZO-1 as primary, and FITC-conjugated anti-mouse as
secondary antibodies. The magnification was ×200.
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Figure 2.
Polarized response of RPE cell monolayer to VEGF-A165. In both ARPE-19 cells (A) and
porcine primary RPE cells (B), the treatment with VEGF-A165 (10 ng/mL) to the apical side
significantly decreased TER, while the treatment of the basal side did not significantly alter
resistance measurements. Values are means ±SE of individual measurements normalized to
the average TER at t = 0. (* P <0.05, ** P <0.01).
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Figure 3.
Time course of TER changes in response to VEGF-A165. The apical side of confluent
monolayers were treated with 10 ng/mL of VEGF-A165 for 30 minutes to 24 hours. Addition
of 10 ng/mL VEGF-A165 ARPE-19 cells reduced TER to approximately 50% of its original
value within 5 hours (A). The addition of VEGF-A-165 to primary porcine RPE cells reduced
TER by 70% within 5 hours (B). Values are means ±SE of individual measurements normalized
to the average TER values at t = 0. (* P <0.05, ** P <0.01).
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Figure 4.
Concentration-dependent reduction in TER induced by VEGF-A165. In both ARPE-19 cells
(A) and porcine primary RPE cells (B), the percent decrease in resistance was concentration
dependent with an EC50 of 502 pg/mL (LogEC50 = -9.30 ±0.09) for ARPE-19 cells and 251
pg/mL (LogEC50 = -9.60 ±0.05) for porcine primary RPE cells. The Hill coefficients were not
significantly different from 1.0. Values are means ±SE of individual measurements normalized
to the average TER values at t = 0.
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Figure 5.
Responses of RPE monolayers following VEGF-E and PlGF administration. In both ARPE-19
cells (A) and porcine primary RPE cells (B), apically administered VEGF-E (5 ng/mL)
significantly reduced TER; however, apically-administration of PlGF (5 ng/mL) did not
significantly alter resistance. The administration of either agonist to the basolateral side did
not significantly alter TER. C, Concentration-response curves of the ARPE-19 cells to apical
VEGF-E and PlGF and basal VEGF-E. The apical administration of VEGF-E induced a
concentration dependent decrease in TER. The EC50 to this response was 474 pg/mL
(LogEC50 = -9.32 ±0.04). The Hill coefficient was not significantly different from 1.0.
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Apically-applied PlGF or basolaterally-applied VEGF-E were not effective in significantly
altering TER. Values are means ±SE normalized to the average resistance at t = 0. (** P <0.01)
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Figure 6.
Inhibition of VEGF-E165 response by VEGF-R2 antagonists. Pretreatment of ARPE-19 (A) or
primary porcine RPE (B) cells with with 5 μM SU5416 blocked the response to VEGF-E. In
monolayers pretreated with vehicle, VEGF-E induced a significant drop in TER within 120
minutes after treatment. Pretreatment of ARPE-19 cells (C) or primary porcine RPE cells
(D) with the more selective VEGF-R2 antagonist, ZM323881, also blocked the response to
VEGF-E. Again, vehicle pretreatment did not significantly alter VEGF-E-induced reduction
in TER. Values are means ±SE of individual measurements normalized to the average TER
values at t = 0. (* P <0.05, ** P <0.01).
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Figure 7.
Inhibition of VEGF-A165 response by Genistein. Pretreatment of ARPE-19 cells with genistein
(100 μM) for 1 hour blocked the reduction in TER induced by VEGF-A165. The addition of
Genistein alone or vehicle did not significantly alter TER. Values are means ±SE normalized
to the average resistance at t = 0. (** P <0.01)
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Figure 8.
Apical localization of VEGF-R2 in confluent RPE monolayers. A, Immunohistochemical
staining of the porcine primary RPE cell monolayer with mouse anti-ZO-1 and rabbit anti-
VEGF-R2 as primary antibodies, and FITC-conjugated goat anti-mouse (green) and
rhodamine-conjugated goat anti-rabbit (red) as secondary antibodies, respectively. The cell
nuclei were visualized with DRAQ5 (blue). The image was obtained as a Z-stack on the
confocal microscope. The VEGF-R2 staining was only observed in the apical regions and was
absent at depths below the nuclei. The magnification was ×400. B, Color profile in the Z-stack
images. The figure shows the profile for a representative region, containing a single RPE cell.
Optical sectioning revealed that single color profiles represent the localization of the individual
stains in the depth of the image. Analysis of color profiles revealed the close co-localization
of VEGF-R2 receptor and ZO-1 protein in the apical region of the RPE cell.
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