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Purpose. Loss of blood-retinal barrier (BRB) properties is an important feature 

in diabetic macular edema (DME). In our previous studies, we have shown that 

the presence of plasmalemma vesicle-associated protein (PLVAP) in retinal 

capillaries indicates loss of BRB properties and correlates with increased 

vascular permeability. Here, we investigated whether absence of PLVAP protects 

the BRB from VEGF-induced permeability.

Methods. We used lentiviral-delivered shRNA or siRNA to inhibit PLVAP 

expression in endothelial cells in vitro and in vivo. The barrier properties of in vitro 

BRB models and non-barrier type endothelial cells (HUVECs) were assessed 

by measuring transendothelial electrical resistance (TEER) and permeability of 

differently-sized tracers. VEGF-induced changes in endothelial cells in vitro were 

evaluated by studying endothelial junction complexes and VEGFR2 staining.  

The effects of VEGF on formation of caveolae were studied in human retinal 

explants. In the oxygen-induced mouse retinopathy (OIR) model Plvap expression 

was inhibited by siRNA injections and vascular permeability was measured using 

fluorescently-labeled tracers.

Results. Plvap knockdown resulted in decreased VEGF-induced BRB 

permeability of differently-sized fluorescent tracers, both in vivo and in vitro. 

PLVAP inhibition attenuated TEER reduction induced by VEGF in BRB models 

in vitro, and significantly increased TEER of HUVECs. Furthermore, PLVAP 

knockdown decreased VEGFR2 expression in endothelial cells, and prevented 

VEGF-induced caveola formation in retinal explants, whereas only minor 

changes in endothelial junction complexes were observed.

Conclusions. PLVAP is an essential cofactor in VEGF-induced BRB permeability 

and may become an interesting target for DME therapy.

ABSTRACT
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INTRODUCTION

Diabetic macular edema (DME) is the most frequent cause of vision loss among patients 
with diabetic retinopathy (DR). DME is a complex disease that has been associated with 
increased vascular permeability due to loss of the inner blood-retinal barrier (BRB).1 
Disruption of the BRB leads to abnormal inflow of proteins and fluids into retinal tissue, 
which results in thickening of the central fovea and loss of visual acuity. Vascular endothelial 
growth factor (VEGF)-A, a potent inducer of vasopermeability and angiogenesis,  
is a major mediator in this process.2-5

 The inner BRB is composed of endothelial cells, pericytes and astrocytes, which 
form the neurovascular unit.1, 6 The robust interactions between all BRB components have 
been shown to be crucial for formation and maintenance of a physical and biochemical 
barrier between the retina and the vasculature.5, 7, 8 Despite the fact that the mechanisms 
of BRB breakdown in DR are multifactorial9 and affect all components of the neurovascular 
unit,10-12 the most prominent pathological changes are observed in endothelial cells.13-15 
To date, two mechanisms have been shown to contribute to VEGF-induced endothelial 
cell permeability: increased paracellular transport that involves changes in endothelial 
junction integrity, and increased transcellular transport in endothelial cells mediated by 
caveolae.10,13-15 The effects of VEGF on altered tight junction integrity and decreased 
junctional protein expression have been extensively studied,5,10,15-17 but the impact of 
increased caveolae formation in endothelium on BRB permeability remains not fully 
understood.

Plasmalemma vesicle-associated protein (PLVAP, PV-1) is an endothelial-specific 
protein,18, 19 that is known to be a structural component of caveolae, transendothelial 
channels and fenestrae. 20, 21 PLVAP is widely expressed in capillaries and the venous 
vasculature, but is absent in intact BRB and blood-brain barrier (BBB) endothelia.22-27 
However, in pathological conditions, such as diabetic retinopathy,22, 23, 28 ischemia or 
cancer,24, 26, 27 PLVAP expression in BRB and BBB is highly upregulated and correlates with 
increased barrier permeability.10, 23, 25 In addition, PLVAP expression has been described 
to be present in immature as well as leaky endothelium of BRB and BBB.29-31 PLVAP 
expression in endothelium is triggered by VEGF 5, 15, 26, 28, 32 in a VEGFR2-dependent 
manner.26 Therefore, PLVAP may be involved in VEGF-induced BRB loss in DR.

 Although PLVAP expression has been associated with BRB loss, a functional 
contribution of this protein to increased vascular permeability has not yet been shown. 
This study examines the role of PLVAP in VEGF-induced BRB loss in vivo and in vitro. 
To this end, we have assessed the changes that occur in permeability and in endothelial 
junctions and formation of caveolae after knocking down PLVAP, to elucidate the molecular 
mechanisms that underlie the regulatory role of PLVAP in vascular permeability.
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MATERIALS AND METHODS

Lentiviral constructs 

For knockdown of PLVAP expression, short hairpin (sh)RNA lentiviral pLKO.1 constructs 
(SIGMA/TRC; Sigma, Zwijndrecht, The Netherlands) were used. Control cells were 
transduced with non-targeting shRNA (MISSION Non-Target shRNA Control Vector; 
Sigma). Virus particles were generated by co-transfecting the constructs with 3 packaging 
plasmids pMDLg/pRRE, pMD2G and RSV-Rev (Addgene; Cambridge, MA, USA) into 
293T cells.

In vitro BRB model 

Cells were isolated as described previously.5 Three different models were assembled to 
study the endothelial barrier permeability, including 1) a bovine retinal endothelial cell 
(BREC) monolayer, 2) a triple co-culture model with BRECs, pericytes and astrocytes 
and 3) human umbilical vein endothelial cells (HUVECs). In the triple co-culture model, 
BRECs were seeded on top of a Transwell filter, primary rat astrocytes were seeded on 
the reverse side of the Transwell filters, and bovine primary pericytes were cultured on 
the bottom of 24-well plates. 

Permeability assay

Three days after assembling each of the models, shRNA lentiviral particles (50 pg/ml) 
were added to the cells. After 24 h, cells were stimulated apically with human recombinant 
VEGF-A (hrVEGF; 200 ng/ml; Sanquin, Amsterdam,The Netherlands). Permeability of  
the BRB model was measured 72 h after stimulation by adding 766 Da Cy3 (GE Healthcare; 
Eindhoven, The Netherlands) and 70 kDa FITC-dextran (FD; Sigma) to the apical side 
of the transwell insert. Concentrations of the tracer molecules were determined using 
a fluorescence plate reader (BMG POLARstar; MTX Lab Systems, Vienna, VA, USA), 
as described previously.5 Transendothelial electrical resistance (TEER) was measured 
in real-time by using a CellZscope system (nanoAnalytics; Münster, Germany) and 
expressed as Ω·cm2. In all experimental conditions, data was collected in quadruplicate. 
Three independent experiments were performed for each model.

RNA isolation and qPCR

Total RNA was isolated using TRIzol reagent (Life Technologies; Bleiswijk, The 
Netherlands) following the manufacturer’s protocol. Total RNA was treated with DNAse 
I (Amplification Grade; Life Technologies) and reverse transcribed into first strand cDNA 
using Maxima® First Strand cDNA Synthesis Kit (Thermo Scientific; Roskilde, Denmark).5 
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qPCR was performed using a CFX96 system (Bio-Rad; Hercules, CA, US) as described 
previously.15 Expression data was normalized by the geometric mean of the two most 
stable housekeeping genes in each experiment, as determined by NormFinder.33

Oxygen-induced retinopathy (OIR) mouse model 

Animal experiments were performed with the approval of the Animal Ethics Committee of 
the University of Amsterdam and in compliance with the Association for Research in Vision 
and Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmic and Vision 
Research. From postnatal day seven (P7), C57BL/6 mice were exposed to 75% oxygen 
for 5 days.34 At P12, pups were divided randomly, anesthetized and injected intraocularly 
with 1 µl of 50 µM anti-Plvap siRNA (Accell SMARTpool; Thermo Scientific), control 
siRNA (Accell Green Non-targeting siRNA; Thermo Scientific), or remained untreated.  
Pups were then returned to room air. At P17, a fluorescein angiography was performed 
and alternatively eyes were analyzed for PLVAP expression and vascular leakage 
indicated by IgG extravasation into retinal tissue.

Fluorescein angiography 

At P17, OIR mice were anesthetized. The pupils of the mouse eyes were dilated with 
tropicamide eye drops (Mydriacyl; Alcon Laboratories, Fort Worth, TX, USA). A plano 
contact lens (Cantor+Nissel; Brackley, UK) was placed on the mouse eye to prevent 
dehydration of the cornea. Next, mice were injected intracardially with a mixture of  
70 kDa FD (10 mg/ml; Sigma,) and sodium fluorescein (10% in PBS; Sigma). Immediately 
after injections, image acquisition was started using the scanning laser ophthalmoscope 
HRA2 (Heidelberg Engineering; Heidelberg, Germany). The HRA2 was operated in  
the fluorescence mode with the excitation light provided by a 488-nm Argon laser.  
All images were acquired by using the automatic real-time mode. Eyes were enucleated 
20 min after perfusion of tracers, dissected in PBS, fixed in 4% paraformaldehyde for 4 h 
at 4°C and flat-mounted. Images of retinas were recorded using a wide field fluorescence 
microscope (Leica, Mannheim; Germany) at the van Leeuwenhoek Center of Advanced 
Microscopy (LCAM) at the AMC. The images were processed in GIMP software (GNU 
Image Manipulation Program; GNOME Foundation, Cambridge, MA, USA).

Fluorescence immunohistochemistry

Mouse retinas were permeabilized with 0.5 % Triton X-100 for 30 min, and incubated 
for 1 h with 2% normal goat serum (Dako; Glostrup, Denmark). Subsequently, retinas 
were incubated overnight at 4ºC with isolectin IB-4 (Alexa 546-conjugated; Invitrogen),  
anti-PLVAP antibody (rat monoclonal, MECA-32; Abcam, Cambridge, UK) and  
anti-mouse IgG antibody (Dako). Next, retinas were washed 3 times for 30 min in PBS and  
Cy3-, Cy5-, FITC- or Alexa488- conjugated secondary antibodies (Jackson 
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ImmunoResearch; Suffolk, UK) were added. After 2 h incubation, retinas were washed  
3 times for 30 min in PBS. Finally, retinas were flat mounted and covered with fluorescence 
mounting medium (Dako). 

BRECs or HUVECs were cultured on collagen- or gelatincoated plastic coverslips 
(Nunc, Thermo Scientific). Cells were fixed and stained as described previously.5 
The following antibodies were used: anti-claudin-5 (rabbit polyclonal; Life Technologies), 
anti-VE-cad (rabbit polyclonal; Abcam), anti- ZO-1 (rabbit polyclonal; Life Technologies), 
anti-VEGFR2 (rabbit polyclonal; Abcam), phalloidin (Texas Red-X; Invitrogen, Life 
Technologies) and anti-PLVAP (174/2; Abcam). Nuclei were stained using Hoechst dye 
(1 µg/ml; Life Technologies). In all experiments specificity of the staining was tested by 
omitting primary antibody in the staining protocol. Images were recorded using a confocal 
laser scanning microscope SP8 (Leica) at the LCAM, AMC and processed by GIMP 
software (GNU Image Manipulation Program; GNOME Foundation, Cambridge, MA, 
USA).

Cell based ELISA

BRECs were seeded in 96-well plates (Corning; Canton, MA, USA), as described 
previously.5 After reaching confluence, cells were transduced with lentiviral constructs and 
24 h later stimulated with rhVEGF (200 ng/ml). Cells were fixed with 4% paraformaldehide 
(PFA), and stained as described previously.5 The following primary antibodies were used: 
anti-claudin-5 (rabbit polyclonal; Life Technologies), anti-VE-cad (rabbit polyclonal; 
Abcam), anti-occludin (mouse monoclonal; Life Technologies). Primary antibodies 
were detected using HRP-conjugated antibody (rabbit anti-mouse and swine anti-rabbit 
antibody; Dako). Next 3,3′,5,5′-tetramethylbenzidine (Merck; Whitehouse Station, NJ, 
USA) was added. The reaction was stopped with 1 M H2SO4 (Merck). The absorbance 
was measured on a plate reader (Bio-Rad) with excitation at 450 nm and emission  
at 655 nm.

Electron microscopy 

Human donor eyes were provided by the Euro Cornea Bank (Beverwijk, The Netherlands) 
after removal of corneal buttons for transplantation. The use of human material was 
in accordance with the international declaration of Helsinki. The Euro Cornea Bank 
obtained permission from the donors for eye autopsy and the use of clinical information 
for research purposes. Retinas were dissected from donor eyes and sampled using  
a 8 mm biopsy puncher (Stiefel; Watford, UK). Retinas were cultured in Neurobasal 
medium (Gibco, Life Technologies) supplemented with B27 Serum Free Supplement 
(Gibco) and antibiotics (1% PenStrep; Life Technologies). After overnight incubation with 
lentiviral shRNA constructs (shCON or shPLVAP), retinas were stimulated after 72 h 
with 100 ng/ml hrVEGF, samples were fixed and stored in McDowell phosphate buffer.35 
After fixation, the samples were washed in 0.1 M phosphate buffer followed by washing 
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in distilled water, osmication for 75 min in 1% OsO4 in water and washed again in distilled 
water. For contrast enhancement in the electron microscope, biopsies were block stained 
overnight in 1.5% aqueous uranyl acetate and then dehydrated through incubation in 
ethanol and embedded in epon 812 (EMS; Hatfield, PA, USA). The resin blocks were 
polymerized for 48 h at 60°C. Ultrathin sections of 90 nm were cut on a Reichert EM UC6 
(Leica) with a diamond knife, collected on formvar (SPI-Chemicals; West Chester, PA, 
USA)-coated grids and stained with uranyl acetate and lead citrate. Micrographs were 
taken with a Veleta TEM camera (Olympus; SIS, Münster, Germany) at the LCAM at  
the AMC. The images were coded and blind-analyzed using Item software (Olympus soft 
imaging solutions; Olympus, Tokyo, Japan). The number of caveolae in endothelial cells 
was assessed by counting the caveolae-like membrane invaginations on the luminal and 
abluminal side in retinal blood vessels; n=4 from two donors.

Statistical analysis

A two-tailed unpaired t-test was used to evaluate the statistical significance of the data. 
Results are expressed as mean ± SEM. Significant differences were marked as follows: 
*p < 0.05; **p < 0.01; ***p < 0.001.
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RESULTS

PLVAP inhibition reduces VEGF-induced blood-retinal barrier permeability 
in vitro

The endothelial barrier in our in vitro BRB model is formed by bovine retinal endothelial 
cells (BRECs). The basal PLVAP expression in these cells is low, whereas stimulation 
with VEGF (200 ng/ml for 72 h) leads to significant induction of PLVAP expression, both 
at the mRNA (Fig. 1A) and protein level (Fig. 1B). Knocking down PLVAP significantly 
blocked VEGF-induced PLVAP expression (Fig. 1A and 1B), thus confirming an efficient 
inhibition by shRNA.

To study whether absence of PLVAP expression in retinal capillaries is crucial for 
the maintenance of BRB integrity, we knocked down PLVAP expression in BRECs and 
induced BRB breakdown using VEGF (200 ng/ml). As expected, stimulation of BRECs 
with VEGF resulted in a clear drop in TEER values, which reflects the loss of endothelial 
barrier properties (Fig. 1C). Knockdown of PLVAP expression in BRECs prior to VEGF 
stimulation considerably diminished the decrease in TEER value (Fig. 1C), suggesting 
that the absence of PLVAP in endothelial cells has a protective effect on VEGF-induced 

Figure 1. Inhibition of PLVAP expression reduces VEGF-induced permeability in the in vitro BRB model. (A) 
Relative PLVAP mRNA and (B) protein levels in control and shRNA transduced BRECs, that were cultured 
in the presence or absence of VEGF (200 ng/ml). mRNA expression was measured using qPCR, whereas 
protein levels were quantified using cell-based ELISA. Lentiviral delivered shPLVAP constructs significantly 
block VEGF-induced PLVAP expression, both on the mRNA and protein level. (C) Changes in real-time 
transendothelial electrical resistance (TEER) in control and shRNA (shCON or shPLVAP) expressing BRECs, 
cultured in the presence or absence of VEGF (200 ng/ml). Knockdown of PLVAP expression reduces  
the VEGF-induced drop in TEER values. Relative permeability after knocking down PLVAP expression of 767 Da (D) and 
70 kDa tracer (E) was measured in BREC monolayers. Relative permeability in the triple co-culture BRB model of 
767 Da Cy3 (F) and 70 kDa dextran (G) after knocking down PLVAP in endothelial cells. Endothelial permeability 
in all BRB models was induced by VEGF stimulation for 72 h (200 ng/ml). Knockdown of PLVAP expression 
blocked VEGF-induced permeability for 766 Da and 70k Da tracers in the BRB models. In all experiments, n≥7; 
3 independent experiments.
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BRB breakdown. Consistently, knockdown of PLVAP expression in BREC monolayers 
prevented VEGF-induced permeability for small 766 Da (Fig. 1D) and large 70 kDa 
fluorescent tracers, 72 h after stimulation (Fig. 1E). 

Given the fact that the BRB is formed by endothelial cells, pericytes and 
astrocytes,1 we further investigated the impact of knocking down PLVAP on 
VEGF-induced permeability in the triple co-culture BRB model. In agreement with our 
results obtained with endothelial cell monolayers, knockdown of PLVAP in the triple 
co-culture BRB model reduced VEGF-induced permeability for 766 Da tracers (Fig. 1F) 
and significantly inhibited the permeability for 70 kDa molecules, 72 h after stimulation  
(Fig. 1F). Overall, these data indicate that PLVAP is necessary for VEGF–induced BRB 
loss.

The effect of PLVAP inhibition on endothelial junction protein expression 
and integrity 

VEGF stimulation of BRECs for 12 h resulted in endothelial junction disorganization 
along the cell periphery and increased cytoplasmic staining of claudin-5, ZO-1 and  

Figure 2. Knockdown of PLVAP expression does not prevent VEGF-induced alterations in tight junction 
complexes. (A) The presence of VEGF (200 ng/ml) leads to loss of tight junction integrity in BRECs. Inhibition of 
PLVAP expression had a modest effect on the preservation of the tight junction integrity and (B) did not prevent 
downregulation of tight junction expression in BRECs after VEGF stimulation (200 ng/ml), as determined by  
cell-based ELISA. (C) Silencing of PLVAP expression in BRECs cells reduced VEGF-induced stress fiber 
formation. Actin filaments were stained using the phalloidin probe. Images were recorded using confocal 
microscopy and quantified using graphical software.
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VE-cad protein (Fig. 2A), as determined by immunofluorescence. Furthermore, by using 
cell-based ELISA we demonstrated that VEGF induces a moderate, but statistically 
significant downregulation of VE-cad and occludin expression in BRECs (Fig. 2B). 
Knockdown of PLVAP expression had a modest effect on the preservation of endothelial 
junction integrity (Fig. 2A), but it did not rescue the tight junctions from VEGF-induced 
degradation (Fig. 2B).

In our previous study, we have shown that VEGF-induced stress fiber formation 
in endothelial cells leads to the formation of gaps between endothelial cells, which may 
directly contribute to increased barrier permeability.5 A significant reduction in stress 
fiber formation after knockdown of PLVAP expression was observed in VEGF-stimulated 
BRECs (Fig. 2C), which may contribute to the maintenance of the contact between 
endothelial cells and thus the barrier integrity.

Figure 3. Inhibition of PLVAP expression in 
human retinal explants blocks VEGF-induced 
caveolae formation in endothelial cells.  
(A) Human retinal explants were transduced with 
shRNA constructs (shCON or shPLVAP) and 
cultured in the presence or absence of VEGF 
for 72 h (100 ng/ml). VEGF stimulation induced 
caveola formation in endothelial cells (white 
arrows), whereas inhibition of PLVAP expression 
significantly blocked this process. L, lumen of 
a blood vessel; E, endothelial cell; P, pericyte.  
(B) Quantification of caveolae in endothelial 
cells of blood vessels present in human retinal 
explants.

A

B
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Knockdown of PLVAP reduces the number of endothelial caveolae in 
retinal explants after VEGF stimulation

To investigate the role of PLVAP in caveolae-mediated transcellular transport in endothelial 
cells, ex vivo cultured human retinas were transduced with shRNA and cultured in  
the presence or absence of VEGF (100 ng/ml). In retinal explants that received VEGF,  
an increased number of caveolae was observed in endothelial cells (Fig. 3A). Knockdown 
of PLVAP expression significantly blocked the VEGF-induced formation of caveolae 
(Fig. 3B), but did not alter the basal levels of caveolae in endothelial cells. No differences 
in the ratio between luminal and abluminal number of caveolae was observed between all 
investigated conditions (data not shown). 

Knockdown of PLVAP reduces hypoxia-induced retinal vascular leakage 
in vivo

To confirm the role of PLVAP in retinal vascular permeability in vivo, we evaluated the effects 
of knocking down Plvap expression in the mouse OIR model. In this model, we observed 
high PLVAP protein expression and vascular leakage in the retina, as demonstrated by 
extravasation of endogenous IgG molecules (Fig. 4A). Immunofluorescence analysis of 
OIR retinas revealed that intraocular treatment with Plvap-targeting siRNA resulted in 
decreased PLVAP protein expression in retinal blood vessels at P17, as compared to 
eyes treated with control siRNA (Fig. 4B). Furthermore, knockdown of Plvap expression 
in OIR eyes significantly reduced retinal vascular leakage of fluorescein and 70 kDa  
FITC-labeled dextran (Fig. 4C), as compared to untreated and OIR eyes treated with 
control siRNA. 

The angiography images revealed diffuse leakage of fluorescently-labeled tracers 
from preexisting retinal blood vessels, which made it difficult to quantify the changes in 
BRB permeability using this method (Fig. 4C). 

Overall these results indicate that OIR induces BRB leakage and that Plvap plays 
a critical role in hypoxia-driven vascular permeability.
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Figure 4. Knockdown of PLVAP 
expression reduces BRB leakage in 
oxygen-induced retinopathy (OIR).  
(A) In OIR retinas, PLVAP expression 
and extravasation of endogenous 
IgG, a marker of BRB permeability, 
were increased and colocalized.  
(B) Intraocular treatment with siRNA 
targeting Plvap resulted in significantly 
reduced PLVAP protein expression 
in the retinal vasculature in OIR, as 
compared to control non targeting 
siRNA treatment (siCON). Images were 
recorded using confocal microscopy. 
(C) Inhibition of Plvap expression in 
OIR retinas resulted in decreased 
extravasation of fluorescently-labeled 
tracers into the retina. Images 
were recorded using fluorescence 
microscopy. Vascular leakage in OIR 
retinas was visualized by fluorescence 
angiography.Images arerepresentative 
for ach experimental group.  
(D) Extravasation of the tracers was 
quantified using graphical software. 
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PLVAP knockdown induces barrier properties in HUVECs

In physiological conditions, PLVAP protein expression is absent from barrier  
endothelium, 22, 23, 28 but is widely expressed in other endothelia of the vascular 
system.18, 36 Therefore, we hypothesized that inhibition of PLVAP expression in 
a non-barrier type of endothelium, such as HUVECs, results in the formation of  
an endothelial barrier. HUVECs express considerable levels of PLVAP (Fig. 5A) and form  
a relatively permeable barrier, as indicated by low TEER values (Fig. 5B). Knockdown of 
PLVAP expression in HUVECs resulted in a two-fold increase in TEER value (Fig. 5B), 
and reduced permeability for 766 Da (Fig. 5C) and 70 kDa fluorescent tracers (Fig. 5D), 
as compared to untreated HUVECs. These results indicate that the absence of PLVAP 
expression is a prerequisite for induction of endothelial cell barrier properties. 

Figure 5. Blocking PLVAP expression leads to barrier formation in non-barrier type of endothelium. (A) PLVAP 
protein expression in HUVECs. Images were recorded using confocal microscopy. (B) Knockdown of PLVAP 
expression in HUVEC induced increased TEER values and decreased permeability for 766 Da (C) and 70 kDa 
(D) tracers. Permeability of HUVEC monolayers was measured 72 h after lentiviral delivery of shRNA constructs.
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Inhibition of PLVAP expression prevents BRB loss by decreasing VEGFR2 
in endothelial cells

To determine the mechanism that underlies reduced VEGF-induced BRB permeability 
after knockdown of PLVAP expression, we studied expression of VEGFR2, a key mediator 
in VEGF signaling. Low levels of VEGFR2 protein were present in cultured BRECs  
(Fig. 6), as determined by immunofluorescence staining. The addition of VEGF  
(100 ng/ml) to the culture medium for 72 h increased VEGFR2 and PLVAP levels in these 
cells, whereas knockdown of PLVAP expression significantly blocked this upregulation 
(Fig. 6). These data suggest a crucial role for PLVAP as a cofactor for VEGFR2 expression 
in endothelial cells.

Figure 6. Inhibition of PLVAP expression downregulates VEGFR2 levels in endothelial cells. Confocal images 
representing VEGFR2 and PLVAP expression in BRECs. VEGF stimulation (200 ng/ml) resulted in a significant 
increase in VEGFR2 and PLVAP expression after 72 h. Inhibition of PLVAP expression significantly blocked 
VEGF-induced expression of VEGFR2 in BRECs.
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DISCUSSION

In the present study, we observed a significant reduction in VEGF-induced BRB 
permeability after knockdown of PLVAP expression in endothelial cells. Disruption 
of the BRB in patients with DR leads to leakage of plasma proteins and fluid from  
the microvasculature and subsequent retinal edema. Although the mechanisms 
responsible for BRB loss in DR are not completely understood, it has been shown 
that VEGF is a key mediator in this process.2, 4 High VEGF levels have been shown to 
induce PLVAP expression,26, 28 which in physiological conditions is absent from the intact 
BRB.18, 19, 22, 23 The presence of PLVAP indicates the lack of a blood-tissue barrier 

22, 25 
and highly correlates with increased microvascular permeability.10, 23 Since VEGF is 
upregulated early in preclinical DR,2 PLVAP may have a profound effect on the regulation 
of vascular permeability and the progression of the disease.

VEGF has been shown to greatly affect the endothelial barrier by inducing tight 
junction phosphorylation and degradation,5, 13-16, 37 and by increasing transendothelial 
transport mediated by caveolae.15, 38, 39 In the present study, inhibition of PLVAP expression 
did not prevent VEGF-triggered tight junction degradation in retinal ECs and had a modest 
protective effect on the junction integrity, suggesting that PLVAP may regulate BRB 
permeability independently of paracellular transport. In line with this notion, knockdown of 
PLVAP expression in human retinal explants blocked VEGF-induced caveola formation, 
but it did not alter the basal caveolae levels, which is in agreement with previous reports.40

PLVAP is a structural component of caveolae,20 which are involved in many cellular 
functions such as endocytosis, transcytosis and signal transduction.41 VEGF-induced 
caveola formation may contribute to augmented transcellular transport of proteins across 
endothelium and protein accumulation on the abluminal side of blood vessels,42 which 
can lead to changes in osmolarity and consequently inflow of liquid into retinal tissue.43 
Here, we show that knockdown of PLVAP expression reduces VEGF-induced caveola 
formation, and therefore may contribute to decreased endothelial permeability. Increased 
caveola formation in endothelial cells after VEGF stimulation may well be a part of cellular 
signaling, since VEGFR2 is known to be localized in caveolae.44 Thus, it is possible that 
the low number of caveolae after knockdown of PLVAP expression reduces VEGF signaling 
and consequently diminishes vascular permeability. Although our data clearly indicate  
a function of caveolae in VEGF-induced vascular permeability, the exact molecular 
function of caveolae in relation to PLVAP in BRB permeability remains not completely 
understood and needs to be addressed in future studies.

VEGFR2 is the key mediator of VEGF signaling in endothelial cells.45 Low 
levels of VEGFR2 after knockdown of PLVAP expression in endothelial cells are likely 
to underlie decreased VEGF-dependent BRB permeability and induction of barrier 
properties in endothelial cells. Similarly, low VEGFR2 and PLVAP protein levels are 
observed in the intact BRB in healthy patients.46 In contrast, the presence of high VEGF 
and glucose levels in DR induces colocalized VEGFR2 and PLVAP expression and  
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vascular leakage,32, 48 which results in BRB loss.10, 22, 23 Hence, absence of PLVAP 
expression in physiological conditions in the retina seems to be essential for maintaining 
BRB properties. This hypothesis is supported by our results, which showed that  
non-barrier endothelial HUVECs form a barrier after knockdown of PLVAP expression.

The currently available clinical approach to treat DR is mainly based on  
anti-VEGF therapy. Since VEGF is involved in many physiological processes in  
the retina, such as neurogenesis, neuroprotection, glial growth and endothelial cell survival,47 
the long-term use of anti-VEGF compounds may potentially lead to serious side 
effects such as photoreceptor degeneration11 and Müller cell death.48 In addition, 
VEGF-neutralizing antibodies in proliferative DR may shift the balance between VEGF and 
connective tissue growth factor (CTGF) concentrations in the eye,49 which can result in 
fibrosis, retinal detachment and vision loss. Therefore, knockdown of PLVAP expression, 
which attenuates VEGF signaling by reducing VEGFR2 levels and may provide a more 
safe, endothelium-specific approach for DR and DME therapy.

In conclusion, our results demonstrate a crucial role for PLVAP in regulating 
VEGF-induced BRB permeability via VEGFR2, which makes it an interesting novel target 
for treatment of DME.
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