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PURPOSE. Retinal edema, the accumulation of extracellular fluid in the retina is usually
attributed to inner blood retina barrier (BRB) leakage. Vascular endothelial growth factor plays
an important role in this process. The effects of VEGF on the outer BRB, the RPE, however,
have received limited attention. Here, we present a methodology to assess how VEGF
modulates the integrity of the RPE barrier in vivo.
METHODS. Control subretinal blebs (1–5 lL) and blebs containing VEGF (1–100 lg/mL),
placental growth factor (PlGF; 100 lg/mL), or albumin (100–1000 lg/mL) were injected into
New Zealand White or Dutch Belted rabbits with IOP maintained at 10, 15, or 20 mm Hg.
One-hour intravitreal pretreatment with ZM323881 (10 lM/L) was used to inhibit the VEGF
response. Fluid resorption was followed by optical coherence tomography for 1 hour. Retinal
pigment epithelium leakage was assessed by fluorescein angiography.
RESULTS. Increasing IOP resulted in an elevated rate of bleb resorption, while increasing
albumin concentration in the bleb decreased the rate of resorption. Vascular endothelial
growth factor, but not PlGF, caused a significant, concentration-dependent decrease in the
rate of fluid resorption, which was reversed by ZM323881. Compared with albumin-filled
blebs, VEGF-filled blebs showed accelerated early-phase leakage from the choroid.
CONCLUSIONS. Consistent with a localized modulation of RPE function, VEGF induced a
significant reduction in fluid resorption and an increase in hydraulic conductivity. Our results
establish VEGF as a major cytokine regulating RPE barrier properties in vivo and indicate that
the RPE is a principal factor in the pathogenesis of retinal edema.
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etinal edema (RE) is the localized accumulation of
extracellular fluid in the neurosensory retina. The occurrence of edema in the macular area is a primary cause for loss of
visual acuity in various eye diseases, such as diabetic
retinopathy, wet age-related macular degeneration, posterior
segment inflammatory disease, and venous occlusive disease.1,2
These conditions share some of the same features, such as
general thickening resulting from radially-oriented cystoid
spaces filled with optically-clear fluid.1 The development of
RE is attributed to the disruption of one or both blood retina
barriers (BRB), which leads to an imbalance of the hemodynamic forces (hydrostatic and oncotic) between the blood and
the retina.3–5
Vascular endothelial growth factor is a dimeric glycoprotein
with potent vasoactive6 and angiogenic potential,7 a cytokine
that has been shown to disrupt the inner BRB.8–10 The
disruption of the inner BRB allows protein to infiltrate the
retina,11 often leading to an accumulation of extracellular fluid.
Thus, VEGF is generally accepted to be a major player in the
pathogenesis of RE,12–14 and anti-VEGF therapy is traditionally
believed to be beneficial by preventing the VEGF-induced effect
on inner retinal vasculature.15–19
Although leakage across the endothelium of retina vessels
can contribute to the accumulation of extracellular fluid in the
retina, it is the RPE that is ultimately responsible for the

maintenance of the retina in a relatively dehydrated state.20 The
tight junctional complexes between the cells of the RPE, which
form the outer BRB, together with the active regulation of ion
transport across the RPE, are conducive for the removal of
retinal extracellular fluid into the choroidal circulation.
Therefore, a tight RPE barrier is a prerequisite for both
maintaining fluid balance within the retina and resolving
edematous fluid once it accumulates.4 We have recently shown
that the receptors for VEGF are expressed by the RPE,21,22 and
we provided evidence that VEGF can modulate RPE barrier
properties through apically-oriented VEGF type 2 receptors
(VEGF-R2) in vitro.23 Therefore, VEGF action on the RPE was
postulated to influence retinal fluid dynamics; however, the
effect of VEGF on RPE function in vivo has not been
investigated.
The experimental assessment of RPE barrier integrity is a
particularly challenging task in vivo because hydrodynamic
processes through the RPE versus inner retinal vasculature are
usually hard to separate in most species. However, the
merangiotic rabbit retina allows observations limited exclusively to the RPE, as only a small streak of the retina is vascularized,
and most of the retina remains avascular. Thus, experiments in
the area devoid of vessels can be utilized to understand RPE
function, and these principles have been implemented in the
past for in vivo RPE studies.24–28
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In this article, we present a methodology to study the RPE
barrier function in vivo using rabbits under observation with
spectral-domain optical coherence tomography (SD-OCT).
These experiments allow a unique opportunity for highprecision measurements to experimentally determine the
modulatory effects of VEGF on the RPE in vivo.

METHODS
Animals
Eight New Zealand White and 24 Dutch Belted rabbits
weighing 1.5 to 2 kg were anesthetized using intramuscular
ketamine (20 mg/kg) and xylazine (2 mg/kg) (both from Butler
Schein, Columbus, OH, USA). Additional doses were administered as needed during the procedure. The pupils were dilated
using 10% phenylephrine hydrochloride (Bausch & Lomb,
Tampa, FL, USA) and atropine (Bausch & Lomb) drops
administered topically. For local anesthesia, proparacaine
(0.5%; Bausch & Lomb) drops were administered topically
before and during the procedure. Unless noted otherwise, one
bleb per eye was created to evaluate individual treatment in
each animal. Animal handling was performed in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and the study protocol was approved by
the Animal Care and Use Committee at the Medical University
of South Carolina.

FIGURE 1. The process of subretinal bleb resorption. (A) A typical bleb
visualized by a transverse OCT scan through its largest width. The
corresponding retina structures are indicated. (B) The blebs showed a
linear decrease in volume with time. The rate of fluid resorption is
calculated from the linear regression of the change in bleb volume over
the course of 1 hour. Values are expressed as SEM; n ¼ 4.

Subretinal Bleb Formation
A 26-gauge needle was inserted 2 to 3 mm posterior to the
limbus and a 33-gauge blunt needle was advanced through the
26-gauge needle, under infrared guidance with a Spectralis
OCT (Heidelberg Engineering, Heidelberg, Germany), across
the vitreous toward the subretinal space. Once reaching the
subretinal space, sterilized fluid (1–5 lL) was slowly injected to
produce a subretinal bleb. To control IOP at 10, 15, and 20 mm
Hg, the anterior chamber was cannulated using a 25-gauge
needle connected to a heparinized saline reservoir positioned
at the corresponding height. For most experiments (except for
those with IOP as a variable), pressure was maintained at 10
mm Hg. Intraocular pressure was confirmed using the Model
30 Pneumatonometer (Reichert Technologies, Depew, NY,
USA). Infrared fundus images and OCT tomograms (both in
transverse and sagittal directions) as well as full-volume scans
of the injected fluid (bleb) were taken at every 10 minutes over
the course of 1 hour using the Spectralis instrument.

Compounds for Subretinal Injections
Various compounds were injected subretinally (at a concentration of 1–100 lg/mL) following the procedures described
above in the Subretinal Bleb Formation section. These
compounds included human recombinant VEGF (VEGF-A165),
human recombinant placental growth factor (PlGF), bovine
serum albumin (albumin), PBS, and Na-fluorescein (1 mg/mL
diluted in sterile PBS; hereafter termed fluorescein). All these
compounds were purchased from Sigma (St. Louis, MO, USA).
In selected experiments, 10 lL ZM323881 (10 lM; Tocris
Bioscience, Ellisville, MO, USA), a relatively selective VEGF-R2
antagonist, was injected into the vitreous 1 hour prior to
creating VEGF- or albumin-filled blebs. Before injection, all
compounds were sterilized by filtration through a syringe filter.

Fluorescein Angiography
To evaluate the integrity of the RPE barrier, fluorescein was
injected intravenously into the main ear vein. For these studies,
two blebs of similar size were created in one eye. One bleb
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contained VEGF (100 lg/mL) and the other contained an equal
concentration of albumin. In selected animals, eyes were
pretreated with 10 lL ZM323881 (10 lM) 1 hour prior to the
creation of both blebs. Blebs were created using the same
procedures as described above. Early-phase angiographies
were recorded as both infrared and fluorescence (1exc ¼ 488)
signals using the Spectralis for 1 minute immediately post
fluorescein injections. Images were extracted from these
videos using the instrument software.

Data Analysis
The linear dimensions of blebs were determined using
instrument software (Heidelberg Eye Explorer 1.7, Heidelberg
Engineering). The data were then tabulated, and linear
regressions were determined in Prism 6 (GraphPad Software,
Inc., La Jolla, CA, USA). Tabulated data are shown as SEM of 3
to 6 independent experiments (different animals). Total
fluorescence intensity in the blebs was calculated by comparing total pixel intensities in extracted images within the same
size circle for each bleb using ImageJ software (National
Institutes of Health [NIH], Bethesda, MD, USA). Calculation of
error propagation followed basic rules outlined in the
literature.29 Statistical significance was determined at P <
0.05 using the Student’s t-test.

RESULTS
Resolution of Subretinal Fluid Measured in the
OCT
Injection of fluid under the retina resulted in the appearance of
dome-shaped blebs as observed under the OCT instrument
(Fig. 1A). For purposes of volume calculations, the blebs were
considered to be half ellipsoids; thus each volume was
calculated using the following equation:
V ¼ 2=3 pabc;

ð1Þ
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where a and b are the largest radii from sagittal and transverse
directions, respectively, and c is the largest height of the blebs.
As shown in Figure 1B, the volume of the blebs exhibited a
constant decrease over a period of 1 hour. As the volume
changed linearly with time, the rate of volume change (fluid
current) was equal to the slope of the linear regression fitted to
the bleb volume over the course of the experiment (Fig. 1B):
Q ¼ DV =t:

ð2Þ

From this, the rate of resorption (the volume flux) is
calculated as the current passing through the changing bleb
surface, A(t), of the RPE:
J ¼ Q=AðtÞ:

ð3Þ

Injections of blebs filled with fluorescein-containing saline
provided evidence of no lateral leakage and no leakage into the
vitreous during bleb resorption (data not shown). These
experiments supported the idea that the entire volume of the
subretinal blebs was resorbed by fluid transport through the
RPE directly under the bleb.

The Effect of Changing Parameters of Fluid
Dynamics on the Rate of Resorption
Fluid dynamics across the RPE is governed by Starling’s
equation, which states that for equilibrium,
Dp  eDp  Jp =L ¼ 0;

ð4Þ

where Dp is the difference of the choroidal and intraocular
pressures, e is a coefficient, Dp is the difference between
choroidal and intraocular osmotic forces, Jp represents the flux
due to active water pumping, and L is the hydraulic
conductivity of the RPE. Our measurement system allowed a
unique opportunity to observe the validity of these parameters.
To test the effect of IOP on the rate of resorption, blebs
were created at various IOP settings (10, 15, and 20 mm Hg;
Fig. 2A). In Dutch Belted rabbits, the rate of resorption of the
blebs was 8.2 6 0.59 lLcm2h1 at IOP 10 mm Hg, 15.4 6
2.5 lLcm2h1 at 15 mm Hg, and 35.4 6 1.6 lLcm2h1 at
20 mm Hg (all changes were statistically significant). To test
whether this response is strain specific, experiments in New
Zealand White rabbits found similar resorption rates of 5.95 6
1.2 lLcm2h1 at IOP 10 mm Hg, 14.83 6 1.2 lLcm2h1 at
15 mm Hg, and 22.99 6 1.88 lLcm2h1 at 20 mm Hg.
To assess the effects of the oncotic pressure of the blebs on
fluid resorption, increasing concentrations of albumin were
injected subretinally with the IOP maintained at 10 mm Hg.
Contrary to changing the IOP, Starling’s equation predicts that
the higher the oncotic pressure in the bleb, the lower the rate
of fluid resorption (Fig. 2B). In Dutch Belted rabbits, at 0 lg/
mL albumin (PBS-filled blebs), the resorption rate was 8.2 6
0.59 lLcm2h1; at a concentration of 100 lg/mL albumin, it
was 5.0 6 0.9 lLcm2h1; and increasing the albumin
concentration to 1000 lg/mL resulted in a resorption rate of
3.46 6 0.47 lLcm2h1.

The Effect of VEGF Filling on Fluid Resorption
Across the RPE
Vascular endothelial growth factor has been shown to
modulate RPE barrier function in vitro.21,23 To determine if
VEGF can also affect RPE function in vivo, VEGF-containing
subretinal blebs were created in Dutch Belted rabbits with the
IOP maintained at 10 mm Hg (Fig. 3). Increasing concentrations of VEGF (1, 10, 100 lg/mL) in the blebs resulted in a
dose-dependent decrease in the rate of fluid resorption (Fig.
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FIGURE 2. The rate of bleb resorption depends on basic parameters of
fluid dynamics. (A) In both Dutch Belted and New Zealand White
rabbits, the rate of PBS-filled bleb resorption was proportional to the
IOP preset with anterior segment cannulation. (B) In Dutch Belted
rabbits with the IOP maintained at 10 mm Hg, the rate of bleb
resorption was inversely proportional to the oncotic pressure of the
bleb filled with various concentrations of albumin (0 lg/mL albumin
blebs were filled with PBS). Values are expressed as SEM; n ¼ 3 to 4.

3A). Blebs filled with VEGF at a concentration of 1 lg/mL did
not cause any significant changes in resorption (7.8 6 0.9
lLcm2h1) compared with PBS (8.2 6 0.59 lLcm2h1).
However, bleb containing VEGF at a concentration of 10 lg/mL
showed significant decrease in resorption, with a rate of 2.16
6 0.5 lLcm2h1; and increasing VEGF levels to 100 lg/mL
reduced the rate to 0.1 6 0.16 lLcm2h1. The resorption
rate of 100 lg/mL albumin-filled blebs (5.0 6 0.9 lLcm2h1)
was not significantly different from the PBS controls. Regression analysis of VEGF concentration-response data (Fig. 3B)
yielded a half maximal effective concentration (EC50) value of
4.9 lg/mL (log EC50 ¼ 5.3 6 0.15).
Experiments with a selective agonist and antagonist
identified the receptor subtype involved in the VEGF response
(Fig. 4). Blebs filled with the VEGF type 1 receptor (VEGF-R1)
agonist, PlGF (100 lg/mL), did not produce any significant
change in the rate of fluid resorption (7.8 6 1.5 lLcm2h1)
compared with control (100 lg/mL) albumin-filled blebs (5.0
6 I 0.9 lLcm2h1). The lack of a response to PlGF supports
the idea that the effect of VEGF is mediated by the VEGF-R2
receptor. To confirm the direct involvement of VEGF-R2, we
investigated if pretreatment with ZM323881 could reverse the
actions of VEGF on bleb reabsorption. Intravitreal treatment
with 10 lL ZM323881 (10 lM) 1 hour prior to the subretinal
fluid injection suppressed the effect of VEGF on the rate of
fluid resorption (4.8 6 1.1 lLcm2h1). However, pretreating
eyes with ZM323881 1 hour prior to the creation of albuminfilled bleb formation had no significant effect on the rate of
resorption (6.1 6 0.5 lLcm2h1).
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FIGURE 4. VEGF receptor specificity. Blebs filled with PlGF (a selective
VEGF-R1 agonist) showed no significant difference in rate of resorption
when compared with albumin-filled blebs, while VEGF (a nonselective
VEGF receptor agonist) significantly reduced the resorption. Moreover,
1-hour intravitreal pretreatment with 10 lL of 10 lM ZM323881 (a
specific VEGF-R2 antagonist) resulted in a rate of VEGF-filled bleb
resorption that was not significantly different from the rate of albuminfilled bleb resorption. Both the agonist and antagonist experiments
indicate a VEGF-R2–specific response. Concentrations were 100 lg/
mL; **P < 0.01. Values are expressed as SEM; n ¼ 3 to 4.

J ¼ Jp  L*DP;

ð5Þ

where Jp represents active water pumping by the RPE, L is the
hydraulic conductivity, and DP is the pressure gradient moving
the fluid across the RPE. Therefore, the hydraulic conductivity
of the normal RPE (Ln) is the slope of the linear regression
between IOP and the rate of fluid resorption, while Jp can be
calculated from the intersect,
Jn ¼ Jp  Ln ½Pch  Pio ;
FIGURE 3. The resorption of VEGF-filled subretinal blebs. (A) In Dutch
Belted rabbits, VEGF filling exhibited a concentration-dependent
reduction in the rate of resorption compared with both PBS and
albumin. As 10 lg/mL VEGF reduced the resorption rate more than 100
lg/mL albumin, the response to VEGF was beyond the one expected
from oncotic forces alone. (B) The concentration-response curve
exhibited sigmoid characteristics with a unitary slope. The EC50
concentration for VEGF was equal to 4.9 lg/mL (log EC50 ¼ 5.3 6
0.15). IOP was set at 10 mm Hg. Values are expressed as SEM; n ¼ 3 to
4; **P < 0.01, ***P < 0.001.

To investigate if VEGF induced a significant leakage from
the choroid toward the subretinal space, early-phase fluorescein angiography experiments were performed (Fig. 5). Two
adjacent blebs, one filled with VEGF (100 lg/mL) and the other
with albumin (100 lg/mL), were created in the same retina as
shown in the infrared image of the fundus in the presence or
absence of ZM323881 in the vitreous (Figs. 5A, 5D).
Fluorescent images of the fundus immediately following
intravenous angiography (before any significant change in bleb
volume) provided evidence that VEGF-filled blebs contained a
higher amount of fluorescein filtering through the RPE from
the choroidal vasculature compared with albumin-filled blebs
(Figs. 5B, 5C). This effect was reversed with administration of
ZM323881 into the vitreous 1 hour prior to the creation of the
blebs (Figs. 5E, 5F). Plotting the total fluorescence intensity
over time (Fig. 5G) showed an increased rate of fluoresceinfilling with VEGF-filled blebs (kv ¼ 3.5 6 0.2 s1) compared
both to albumin-filled blebs (kn ¼ 2.2 6 0.1 s1) and VEGFfilled blebs following pretreatment with ZM323881 (kvþi ¼ 1.8
6 0.1 s1).

The Hydraulic Conductivity of the RPE
The rate of fluid resorption is related to the hydraulic
conductivity of the RPE by the Dracy equation:
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ð6Þ

if we use Pch ¼ 25 mm Hg for the choroidal perfusion pressure
(from the literature)30 and Pio is the IOP. From regression analysis
of the rate of bleb resorption against increasing IOP in Dutch
Belted and New Zealand White rabbits (data shown in Fig. 2A),
the appropriate equations are Jn ¼ 2:721*Pio  20:75 for Dutch
Belted and Jn ¼ 1:701*Pio  10:94 for New Zealand White
animals. Therefore, for Dutch Belted rabbits, Ln ¼ 2.7 6 0.3
lLcm2h1mm Hg1 and Jp ¼ 47.3 6 4.7 lLcm2h1. Similarly,
for New Zealand White rabbits, Ln ¼ 1.7 6 0.04 lLcm2h1mm
Hg1 and Jp ¼ 31.6 6 0.7 lLcm2h1.
The same formula can be utilized to describe the fluid
resorption post subretinal VEGF administration. Assuming that
Jp is independent of the pressure gradient Lv ¼ ðJv  Jp Þ=ðP’io
Pch Þ ¼ 3.15 6 0.4 lLcm2h1mm Hg1, where Jv is
measured (0.1 6 0.16 lLcm2h1), Jp was determined above,
and P’io was 10 mm Hg (the preset IOP). These calculations
showed that VEGF caused an increase in the hydraulic
conductivity of the RPE and a subsequent increase in fluid
movement from the choroid toward the subretinal space.

DISCUSSION
The occurrence of retinal edema in the macula is a principal
cause for the decrease in visual acuity in various eye
conditions. The most promising treatment nowadays is based
on targeting VEGF, which is believed to work by primarily
preventing retinal vascular changes. Our laboratory has
recently shown that the receptors for VEGF are expressed in
the RPE,21,22 and we have demonstrated that VEGF can
modulate RPE barrier function in vitro.23 In this study, we
used SD-OCT in the merangiotic rabbit retina to study the role
of the RPE in retinal fluid dynamics, as well as the effect of
VEGF on RPE function.
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FIGURE 5. Fluorescein angiogram post subretinal bleb injections.
Fluorescein angiograms were performed following the creation of
approximately equal size side-by-side VEGF- (red arrow) and albuminfilled blebs (white arrow) at equal 100 lg/mL concentrations. Blebs
were injected in the absence (A–C) or the presence of 10 lL of 10 lM
ZM323881 administered 1 hour before bleb injection (D–F). The
infrared fundus images (A, D) show the blebs immediately prior to the
intravenous injection of fluorescein. Representative fluorescence (kexc
¼ 488) images taken consecutively at 20 seconds (B, E) and 30 seconds
(C, F) post intravenous injection of fluorescein. (G) The total
fluorescence (arbitrary unit) of blebs filled with VEGF (&, kv), albumin
(m, kn), and VEGF with ZM323881 in the vitreous ( , kvþi) after
intravenous injection of fluorescein exhibits linear early-phase kinetics.
The k values represent the rate of fluorescence accumulation.



Spectral-domain OCT observation provided evidence that
injecting fluid under the retina created dome-shaped blebs best
approximated with half ellipsoids (blebs used to be considered
spheroids),27,31 which exhibited a linear decrease in volume
over time. This linear volume decrease, the lack of lateral
diffusion, and the result that fluorescein-filled blebs showed no
leakage into the vitreous after 30 minutes of the bleb creation,
supported the idea that subretinal fluid resorption is through
the RPE. These results are broadly consistent with the previous
bleb evaluations through fundus microscope-based observation
systems.27
The movement of fluid across the RPE is expected to be
governed by Starling’s law of fluid dynamics based on the
balance of hydrostatic and oncotic forces.4 Under normal
conditions, the hydrostatic pressure in the choroid is higher
than the IOP (by ~10 mm Hg); which will result in a net
hydrostatic pressure toward the retina.30 On the other hand,
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oncotic pressure pulls fluid in the opposite direction, from the
retina toward the choroidal circulation.4 As oncotic forces
arising simply from the difference in protein levels are
inadequate to achieve this balance by themselves, the RPE
transports ions to remove water out of the retina, keeping it in a
dehydrated state. Although there are a high number of
independent parameters (six), our experiments provided a
way to experimentally verify that Starling’s law governs the
fluid movements across the RPE in vivo. Increasing the IOP
caused an increase in the rate of fluid resorption. Previous
studies have shown very limited correlation between IOP and
bleb resorption.24 The ability of the current study to
demonstrate a strong correlation between IOP and bleb
resorption likely reflects a more precise measurement of bleb
volume using the OCT instrument compared with previous
microscopic observations.27 Our data, showing that IOP can
influence fluid movement in the retina, are consistent with
clinical observations of edema and treatment in patients with
hypotony maculopathy and pseudophakic cystoid macular
edema.32–34 Increasing the concentration of subretinal albumin
lowered the rate of fluid resorption. Again, clinically, it has been
shown that patients with diabetic macular edema have higher
intraocular protein concentration compared with normal
individuals.4,11 Using the change in the rate of resorption at
different IOPs, we were able to calculate the hydraulic
conductivity and the active pumping of the RPE in two rabbit
strains. Although the values were strain specific, they were in
agreement with data published for the hydraulic conductivity
(0.756 lLcm2 h1 mm Hg1 ) 35 and active pumping
(~108ms1 »3.6 lLcm2h1) of ex vivo RPE tissue for other
species.31,35 Our experiments represent the first direct measurement of RPE hydraulic conductivity in vivo.30
Vascular endothelial growth factor is widely accepted as a
vascular permeability factor in endothelial cells6,36 including
retinal vasculature,37 and human recombinant VEGF has been
shown to be active on the blood vessels in rabbit eyes.38–40 Yet,
its role in the RPE is still debated. Experiments with cultured
ARPE-19 and primary porcine RPE cells in our laboratory have
shown that VEGF significantly decreases transepithelial electrical resistance (TEER) and increases permeability to radiolabeled inulin. 22 Other laboratories, however, found no
significant VEGF response in RPE cells.41,42 Subsequent data
from our studies provided evidence that the lack of VEGF
responses in earlier studies could be attributed to the high
endogenous secretion of the anti-angiogenic molecule, pigment-epithelial derived factor.21
The bleb resorption experiments described in the current
manuscript provided evidence that VEGF can regulate RPE
function in vivo. The presence of VEGF in subretinal blebs
reduced the rate of fluid resorption in a concentrationdependent manner. Although the EC50 for this response (4.9
lg/mL) is higher than concentrations of intravitreal VEGF
expected in diseased human eyes (1 ng/mL),43,44 the utilized
levels were similar to those used to elicit responses in other
ocular rabbit studies (500 ng to 10 lg).38,39 The inconsistency
between rabbit and diseased human eyes may reflect
differences between the respective VEGF receptors or that
these acute experiments required a higher level of VEGF
compared with chronic responses to VEGF in disease
conditions. Please note that VEGF, even at a concentration of
10 lg/mL, was more potent than albumin at a concentration of
100 lg/mL, arguing that the response to VEGF is beyond
oncotic.
In our earlier in vitro studies, we found that the VEGF
response in human-derived RPE cultures was mediated by
VEGF-R2.23 In the current study, PlGF (a specific VEGF-R1
agonist) had no effect on rate of resorption, and ZM323881 (a
selective VEGF-R2 antagonist known to inhibit VEGF-R2 in
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human,23 porcine,23 rat,45 and frog46 tissues) reversed the
VEGF-induced decline in subretinal fluid reabsorption. Taken
together, these results supported the idea that responses to
VEGF in the rabbit RPE are also mediated by the VEGF-R2
receptor subtype.
To begin to understand the mechanism responsible for the
VEGF-induced reduction in subretinal fluid resorption, fluorescein leakage across the RPE was evaluated. As shown in
Figure 5, the initial rate of fluorescein accumulation into the
VEGF-filled blebs was greater compared with albumin-filled
blebs. This VEGF-induced increase was blocked by pretreatment with the VEGF-R2 antagonist, ZM323881, and the ratio of
initial rates with and without VEGF was 0.63. This ratio is
consistent with both the ratio of hydraulic conductivities with
and without VEGF (0.85) as well as the ratio of TEER values
from in vitro studies following VEGF treatment compared with
control (0.6–0.85 depending on VEGF exposure time and cell
type).21,23 Based on these data, we concluded that the
activation of VEGF-R2 receptors in the RPE in vivo can
increase RPE permeability. The increased permeability likely
contributes to the development of retinal edema in disease
states where VEGF is elevated in the intraocular environment.
In conclusion, we presented a significantly improved in vivo
model system to study the involvement of RPE in the
pathogenesis of RE. Our results confirmed that hydrodynamics
in the outer retina is governed by Starling’s equation across the
RPE. Taken together, our data showed for the first time that in
addition to affecting the inner BRB, VEGF can also modulate
the outer BRB, thereby causing a decrease in the rate of
resorption, which leads to an accumulation of fluid. These
studies are consistent with the hypothesis that VEGF induces
edematous complications in the eye by targeting both the inner
and outer BRB, and in the RPE the cellular response to VEGF is
mediated by an increase in epithelial permeability. Finally, we
propose that pharmacologic intervention to suppress VEGF
responses in the RPE is a feasible approach to accelerate the
resolution of retinal edema.
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