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

the pathology of diabetic macular edema (DME), but cellular mechanisms 

underlying BRB dysfunction are poorly understood. Therefore, we developed 

and characterized a novel in vitro BRB model, based on primary bovine retinal 

endothelial cells (BRECs). These cells were shown to maintain specific in vivo 

BRB properties by expressing high levels of the endothelial junction proteins 

occludin, claudin-5, VE-cadherin and ZO-1 at cell borders, and the specific pumps 

glucose transporter-1 (GLUT1) and efflux transporter P-glycoprotein (MDR1). 

To investigate the influence of pericytes and astrocytes on BRB maintenance 

in vitro, we compared five different co-culture BRB models, based on BRECs, 

bovine retinal pericytes (BRPCs) and rat glial cells. Co-cultures of BRECs with 

BRPCs and glial cells showed the highest trans-endothelial resistance (TEER) as 

well as decreased permeability of tracers after vascular endothelial growth factor 

(VEGF) stimulation, suggesting a major role for these cell types in maintaining 

barrier properties. To mimic the in vivo situation of DME, we stimulated BRECs 

with VEGF, which downregulated MDR1 and GLUT1 mRNA levels, transiently 

reduced expression levels of endothelial junctional proteins and altered their 

organization, increased the number of intercellular gaps in BRECs monolayers 

and influence the permeability of the model to differently-sized molecular 

tracers. Moreover, as has been shown in vivo, expression of plasmalemma  

vesicle-associated protein (PLVAP) was increased in endothelial cells in  

the presence of VEGF. This in vitro model is the first co-culture model of the BRB 

that mimics in vivo VEGF-dependent changes occurring in DME.

ABSTRACT
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INTRODUCTION

Homeostasis of the retina is maintained by the inner bloode-retinal barrier (iBRB), formed 
by endothelial cells of retinal capillaries. Intact BRB function is essential for proper vision 
and its breakdown greatly contributes to the pathology and vision loss in retinal disorders 
such as diabetic retinopathy (DR), age-related macular degeneration (AMD) and uveitis. 
The major cause of loss of vision in patients with DR is diabetic macular edema (DME), 
which is characterized by vascular leakage and the deposition of hard exudates in  
the central retina.

In the BRB, the main physical barrier is formed by retinal endothelial cells, 
but pericytes and retinal glia were found to contribute to the maintenance of the BRB 
as well (Armulik et al., 2010; Hosoya and Tomi 2008; Runkle and Antonetti, 2011).  
The endothelial cells express adherens and tight junctional complexes and an array of 
specific transcellular transport mechanisms, making the BRB relatively impermeable 
(Tornquist et al., 1990). 

In vitro models of the bloode-brain barrier (BBB) have greatly contributed to our 
understanding of physiology and pathology of the BBB (Calabria et al., 2006; Cecchelli et 
al., 1999; Deli et al., 2003; Demeuse et al., 2002; Gaillard et al., 2000, 2001; Weidenfeller 
et al., 2005, 2007) and have helped to unravel the role of pericytes and glial cells in BBB 
maintenance (Cecchelli et al., 2007; Deli et al., 2005; Nakagawa et al., 2007, 2009; Rubin 
et al., 1991). Pericytes play a role in regulating blood-barrier permeability (Armulik et al., 
2010; Hayashi et al., 2004) and absence of pericytes in pathological conditions such 
as DR coincides with increased permeability (Hammes et al., 2002; Singh and Stewart, 
2009). In contrast, glial cells may play a more dual role. In pathological conditions, Müller 
cells, the principal glial cells of the retina, are major producers of vascular endothelial 
growth factor (VEGF) (Wang et al., 2010), which reduces BRB function (Klaassen et al., 
2009). On the other hand, glial cells were reported to tighten tight junctions and upregulate 
and polarize localization of specific BBB transporters (Cohen-Kashi Malina et al., 2009). 
However, the relative contribution of pericytes and astrocytes in maintaining the BRB 
remains unknown. A major reason for this is the lack of reliable and reproducible in vitro 
models for the BRB based on primary cells.

The integrity of the BRB is altered in a number of pathological conditions such 
as DME due to elevated levels of VEGF (Witmer et al., 2003). Therefore, unraveling 
how VEGF affects the retinal vasculature is crucial in understanding DME pathology. 
Two key cellular mechanisms have been proposed to be induced by VEGF: paracellular 
transport by reduced endothelial junctional integrity (Antonetti et al., 1998, 1999; Barber 
and Antonetti, 2003; Wang et al., 2001) and transcellular transport via caveolae (Hofman 
et al., 2000; Klaassen et al., 2009; Schlingemann et al., 1999; Witmer et al., 2003).  
A relative increase in pinocytotic vesicles at the luminal side of retinal capillaries in 
primate eyes after exposure to exogenous VEGF was found (Hofman et al., 2000), as well 
as altered caveolar protein composition as shown by upregulation of the plasmalemma 
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vesicle-associated protein (PLVAP) (Hofman et al., 2001). In bovine retinal endothelial 
cells (BRECs) treated with VEGF, increased mRNA levels of Cav-1 and PLVAP have been 
demonstrated (Klaassen et al., 2009). These findings suggest the functional relevance of 
Cav-1 and PLVAP in vascular leakage.

To study VEGF-mediated BRB disruption in more detail and to establish the role 
of perivascular cell types in BRB maintenance, we developed a novel in vitro BRB model. 
In the present study five different co-culture BRB models, based on primary cultures 
of BRECs, bovine retinal pericytes (BRPCs) and rat glial cells, were compared and 
characterized. The morphological and functional integrity of the BRB and the presence 
of influx and efflux transporters were assessed by immunofluorescence staining, 
permeability assays and quantitative real-time PCR, respectively. The effects of VEGF 
on BRB breakdown were determined by immunofluorescence staining, cell-based ELISA, 
electron microscopy and permeability measurements.

MATERIALS AND METHODS

Isolation of bovine retinal endothelial cells (BRECs)

BRECs were isolated from freshly-enucleated cow eyes obtained from the slaughterhouse. 
The eyes were kept on ice until isolation of the cells. All following steps were performed 
under sterile conditions at room temperature. The anterior chambers of the eyes were 
removed with surgical scissors in a sterile hood. A fine-tipped paint brush was used to 
separate the retina from the retinal pigment epithelium, and the retina was cut loose 
from the optic nerve with a surgical blade or scissors. The isolated retinas were washed 
thoroughly with 10 ml Dulbecco’s modified Eagle medium (DMEM; Invitrogen, Breda, 
The Netherlands). Three retinas were collected per gentleMACS tube (Miltenyi Biotec; 
Bergisch Gladbach, Germany) and a suspension was made in a gentleMACS dissociator 
(Miltenyi Biotec), using a pre-set program (m_brain_01_01) twice. Next, 10 ml DMEM 
was added and the homogenate was centrifuged for 10 min at 900 ×g. Supernatant 
was removed and the pellet was resuspended in 10 ml DMEM. A 20 ml syringe (BD 
Bioscience; San Jose, CA, USA) and a filter holder (Swinnex 25; Millipore; Billerica, MA, 
USA) were used to filter the suspension through a 60-µm nylon net filter (NY60; Millipore) 
pre-soaked in DMEM. The filter was washed with an additional 10 ml DMEM. The filtrate 
was discarded, and the homogenate remaining on the filter was transferred to 10 ml 
DMEM, which was then centrifuged for 10 min at 200 ×g. Supernatant was discarded, 
and the pellet was resuspended in 6 ml digestion mix which consisted of DMEM, 10% 
fetal calf serum (FCS), collagenase IV (210 U/ml; Sigma-Aldrich; St. Louis, MO, USA),  
pronase E (91 U/ml; Difco, BD Bioscience), and DNase I (170 U/ml; Invitrogen) and 
incubated at 37°C for 30 min.The tubes were gently shaken every 5 min. After digestion, 
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the cell suspension was filtered through a 70-µm nylon net filter (NY70; Millipore) and 
centrifuged for 10 min at 200 ×g. The isolates of 3 retinas were collected in one vial, frozen 
in Recovery Cell Culture Freezing Medium (Gibco, Invitrogen) and stored in liquid nitrogen.  
Prior to the experiments, cells were thawed and resuspended in preheated 12 ml complete 
DMEM (Invitrogen) containing 25 mM HEPES and 4.5 g/l glucose, supplemented with 
10% FCS, 1x MEM non-essential amino acids (Cambrex; Wiesbaden, Germany), 
1% penicillin/streptomycin (PenStrep; Invitrogen), gentamicin sulfate, amphotericin B  
(GA-1000; 0.1%; Invitrogen), 2 mM L-glutamine (Cambrex), 0.1 mg/ml hydrocortisone. 
Cells were seeded in a 75 cm2 flask, coated with collagen type IV (0.01 mg/ml in 0.01% 
v/v acetic acid; Sigma) and fibronectin (0.01 mg/ml stock solution diluted in PBS; Roche; 
Basel, Switzerland). After adherence of the cells, usually after 2-3 h, cells were washed 
with PBS twice, and the medium was replaced by 15 ml complete DMEM supplemented 
with 4 µg/ml puromycin (Perriere et al., 2005). Cells were cultured at 37°C at 10% CO2. 
After two days, medium was replaced with complete DMEM. At 80% confluence, cells 
were transferred to transwell inserts. First passage BRECs were used in all experiments. 
Purity of cell cultures was checked microscopically and by immunofluorescence staining 
of von Willebrand factor (Ruiter et al., 1989) and NG2 (Dore-Duffy, 2008; Schlingemann 
et al., 1990) as markers for BRECs and BRPCs, respectively.

Isolation of primary bovine retinal pericytes (BRPCs) and primary rat 
astrocytes

BRPCs were isolated as described for BRECs, but without puromycin treatment. Cells 
were cultured in complete DMEM (Invitrogen) and seeded in collagen type IV-coated 
plates and flasks. When cells reached 90% confluence, endothelial cells were separated 
from pericytes by short trypsinization (0.05% trypsin-EDTA; Invitrogen). After addition of 
trypsin-EDTA, the majority of endothelial cells were detached and the remaining pericytes 
were washed twice in PBS and supplemented with complete DMEM. Cells were cultured 
until confluence. First passage BRPCs were used in all experiments.
Primary rat astrocytes were isolated from neonatal Wistar rat cortex, as described 
previously (Gaillard and de Boer, 2008).

In vitro BRB model assembly

Cells were cultured on 24-wells transwell polycarbonate inserts (surface area  
0.33 cm2, pore size 0.4 µm; Corning Costar; Canton, MA, USA). Inserts were coated 
for 4 h at room temp with collagen type IV. First, pericytes (40,000 cells per transwell 
insert) and/or astrocytes (~ 45.000 cells per insert) in a volume of 40 µl were seeded 
on the bottom side of the insert twice. The cells were allowed to adhere for 30 min at 
37°C in 10% CO2 and then the procedure was repeated (Fig. 1). After 2 days, BRECs 
(40,000 cells per insert) were added to the upper compartment of the inserts and  
the medium was replaced with preheated and CO2-saturated complete DMEM, 
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supplemented with 312.5 mM 8-(4-chlorophenylthio(CPT))-cAMP (Sigma) and 17.5 
mM RO-20-1724 (Calbiochem, Merck; Schiphol-Rijk, The Netherlands), as described 
previously (Gaillard and de Boer, 2008). Under these conditions, in vitro BRB models 
were established within 3 days using different combinations of the 3 cell types. The barrier 
properties were assessed by measuring TEER values (World Precision Instruments; 
Sarasota, FL, USA). Measurements were performed at 37°C and are expressed as 
relative values after subtracting TEER values from the inserts without cells.

Fig. 1. Schematic overview of BRB model assembly. Two days prior to the seeding of BRECs, BRCPs 
and/or astrocytes are added to the lower compartment of the collagen IV-coated transwell insert. Next, BRECs 
are added to the upper compartment and cultured for 3 days in complete DMEM medium supplemented with 
CPT-cAMP and RO-20-1724. During the experimental period, the barrier properties of the BRB model are 
assessed by daily TEER measurements and permeability analysis.

Permeability analysis

For permeability assays, complete DMEM supplemented with 10% (w/v) FCS was used 
in all stages. Medium from the upper compartment was replaced by an equal volume 
of medium, at the appropriate temperature, with or without rhVEGF (R&D Systems; 
Abingdon, Oxon, UK), containing tracers: 40 kDa or 70 kDa FITC conjugated dextrans 
(Sigma) and 766 Da Cy3 (code: PA23001; GE Healthcare; Eindhoven, The Netherlands). 
To avoid drying, a minimum of ~ 50 µl of medium was kept on the inserts. Samples 
were collected from lower and upper compartments at 1-5 h and 48-54 h after VEGF 
stimulation. Concentrations of the tracer molecules in samples from the upper and lower 
compartments were determined by a fluorescence plate reader (BMG POLARstar; 
MTX Lab Systems; Vienna, VA, USA) for FITC-labelled dextrans (excitation at 490 nm, 
emission at 515 nm) and Cy3 (excitation at 550 nm, emission at 570 nm). Flux across 
cell-free inserts was measured as a control. Relative concentrations as compared to  
the initial concentrations were calculated.
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Cell-based ELISA

BRECs were seeded in a 96-well plates (Corning) coated with collagen type IV  
and fibronectin. Two days after reaching confluence, cells were stimulated with rhVEGF 
and fixed at different time points with 95% ethanol for 15 min at -20°C and kept at 4°C 
in PBS prior to staining. After 3 washes with PBS, cells were permeabilized with 0.2% 
Triton-X100 (Sigma) for 15 min and incubated with 4% normal goat serum (Dako; Heverlee, 
Belgium) for 1 h at room temp. Next, BRECs were incubated for 2 h (or overnight) with 
primary antibody against claudin-5 (dilution 1:500, rabbit polyclonal; Abcam; Cambridge, 
UK), occludin (dilution 1:500, mouse monoclonal; Zymed, Invitrogen), VE-Cad (dilution 
1:500, rabbit polyclonal; Abcam), ZO-1 (dilution 1:500, rabbit polyclonal; Zymed), PLVAP 
(dilution 1:10,000, PAL-E mouse monoclonal (Schlingemann et al., 1985)), Cav-1 (dilution 
1:2000, rabbit polyclonal; Abcam), laminin (dilution 1:2500, rabbit polyclonal; Abcam), 
α/β-actin (dilution 1:1000, clone AC-15; dilution 1:500, mouse monoclonal; Sigma) diluted 
in normal antibody diluent (ScyTek Labolatories; Logan, UT, USA). After washing 3 times 
with PBST (PBS + 1% Tween20, Sigma) and rinsing with PBS, secondary horseradish  
peroxidase-conjugated antibody (dilution 1:1000, rabbit anti mouse and swine anti-rabbit 
peroxidase-conjugated antibody; Dako) was added and then incubated for 1 h at room 
temp. Prior to addition of 3,3`,5,5`-tetramethylbenzidine (Merck), cells were washed  
3 times with PBST and rinsed with PBS. The reaction was stopped with  
1 M H2SO4 (Merck) when blank samples started coloring. The absorbance was measured 
on a plate reader (Bio-Rad; Hercules, CA, USA) with excitation at 450 nm and a filter at 
655 nm. The results are presented as percentage of the absorbance of the untreated 
control group

Immunostaining

Primary BRECs were grown on collagen IV-coated and fibronectin-coated coverslips 
with a diameter of 13 mm (Nunc, Thermo Scientific; Roskilde, Denmark) for single 
antibody staining, or alternatively on Ibidi µ-slides (Ibidi; München, Germany) for 
double staining. Cells were washed, permeabilized and primary antibodies were added 
in a similar way as in the cell-based ELISA protocol described above. To characterize 
primary cell lines, the following primary antibodies were used against: von Willebrand 
factor (dilution 1:400, rabbit polyclonal; Dako), NG2 (dilution 1:200, rabbit polyclonal; 
Abcam), smooth muscle actin (α-SMA; dilution 1:500, mouse monoclonal; Dako), 
and glial fibrillary acidic protein (GFAP; dilution 1:400, mouse monoclonal; Abcam).  
As secondary antibodies anti-rabbit-Cy3 or anti-mouse-Cy3 (Jackson ImmunoResearch; 
West Grove, PA, USA) were used. Primary antibody was omitted for negative controls. 
F-actin was detected with Texas Red-X-phalloidin (dilution 1:1000; Molecular Probes, 
Invitrogen). Nuclei were stained using Hoechst dye (1 µg/ml; Invitrogen). Vectashield 
(Vector Laboratories, Burlingame, CA, USA) and IMM (Ibidi Mounting Medium) were used 
to mount coverslips and Ibidi slides, respectively. Images were recorded using a confocal 
laser scanning microscope SP2 (Leica Microsystems; Mannheim, Germany).
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RNA isolation and mRNA quantification

Total RNA was isolated from BRECs in TRIzol reagent (Invitrogen) following  
the manufacturer’s protocol and dissolved in RNAse-free water. Total RNA was treated 
with DNAse-I (Invitrogen) and reversely transcribed into first strand cDNA with Superscript 
III and oligo(dT)12-18 (both Invitrogen). Real-time quantitative PCR was performed using 
a CFX96 system (Bio-Rad) as described previously (Klaassen et al., 2009). Primer details 
are listed in Table 1. The data is normalized to the geometric mean of the most stable 
genes (GAPDH and ACTG) as determined with NormFinder (Andersen et al., 2004).  
The specificity of the primers was confirmed by NCBI BLAST. The presence of a single 
PCR product was verified both by single melting temperature peak and detection of  
a single band of the expected size on 3% agarose gel.

Table 1. Gene nomenclature and primer sequences for bovine genes.

Electron microscopy

Cell cultures were fixed in situ in a solution containing 4% formaldehyde and 
1% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) at 4°C for several 
days, washed in 0.1 M sodium cacodylate buffer (pH 7.4) for 60 min, post-fixed in  
1% osmium tetroxide for 60 min at 4°C, and then the cell cultures were dehydrated 
and embedded in LX-112 epoxy resin following routine procedures. Ultrathin sections, 
cut with a diamond knife, stained with uranyl acetate and lead citrate, were examined 
with a transmission electron microscope (Tecnai G2 Spirit BioTWIN; FEI, Eindhoven,  
The Netherlands).

Statistics

Data are presented as mean ± SEM. Experiments were repeated at least twice for  
cell-based ELISA, permeability assays and immunohistochemical staining. Student’s 
t-test was used to compare differences between two experimental groups. A two-tailed 
p<0.05 was considered statistically significant.

Unigene symbol Description Forward primer Reverse primer

MDR1 Multidrug resistance protein-1 AGTGAAAAGGTTGTCCAAGAAGCC CCATGCTCCTTGACTCTGCCAT

GLUT1 Glucose transporter-1 GGATCAATGCAGTGTTCTACTACTCG ACACAGACACCACGGTGAAGATGG

GAPDH Glyceraldehyde-3-phosphate dehydrogenase GGCGTGAACCACGAGAAGTATAA CCCTCCACGATGCCAAAGT

ACTG Gamma-actin GATCTGGCACCACACCTTTT CCACATACATGGCAGGAGTG



a novel In vItro Model of the blood-retInal barrIer

49

3

RESULTS

Characterization of primary cell types by immunofluorescence

BRECs formed a confluent monolayer of tightly packed, elongated spindle-shaped cells, 
which strongly expressed the endothelial cell marker von Willebrand factor (Fig. 2).  
The purity of BREC cultures was confirmed by negative staining for the pericyte markers  
NG2 α-SMA, and for the astrocyte marker GFAP (Fig. 2).

BRPCs were characterized by their large size, irregularly spread projections, 
positive immunostaining for NG2 and α-SMA (Fig. 2), and absence of staining of von 
Willebrand factor (data not shown) and GFAP. The mixed primary rat glia cultures 
contained mostly astrocytes, which were positively stained for GFAP (Fig. 2).  
However, fibroblasts were also present in this culture (data not shown).

Fig. 2. Characterization of primary BRECs and BRPCs by immunofluorescence. BRECs strongly express von 
Willebrand factor (vWF), but do not stain for α-SMA, NG2 and GFAP, whereas BRPCs stained for α-SMA and 
NG2 but not for GFAP. Astrocytes were characterized by positive GFAP staining. Staining of pericyte-specific 
markers was not found in astrocyte cultures. Images were acquired using confocal laser scanning microscopy.

Expression and localization of tight junctions and adherens junctions in 
BREC monolayers

Examination of BREC monolayers by immunofluorescence revealed that BRECs, cultured 
in HEPES-buffered DMEM medium, expressed proteins specific for BRB endothelial 
junctions (Fig. 3). At the cell-cell contacts, the major endothelial adherens junction protein 
VE-Cad, the tight junction-associated protein ZO-1 and tight junctional protein claudin-5 
were visualized throughout the monolayer. Expression of tight junctional protein occludin 
was not evenly distributed throughout the monolayer for unknown reasons. However, in 
areas where staining was visible, a distinct staining at cell-cell borders was observed. 
All endothelial junctions showed staining that was localized at the plasma membrane 
suggesting their proper functionality.

BRECs

BRPCs

vWF a-SMA NG2 GFAP

a-SMA

Astrocytes

NG2 GFAP GFAP
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Expression of membrane transporters in BRECs

MDR1 and GLUT1 are expressed in vivo as part of the inner BRB (Greenwood, 1992; 
Takata et al., 1992). High mRNA expression levels of GLUT1 were detected in BRECs, 
which were shown to be reduced with statistical significance in the presence of VEGF 
(p=0.04). MDR1 was expressed in BRECs as well (Fig. 4). After VEGF stimulation  
the expression of MDR1 was decreased, however, not with statistical significance 
(p=0.21).

Fig. 4. Expression of MDR1 and GLUT1 
genes in BRECs in the presence or absence 
of VEGF. BRECs were exposed to 50 ng/ml 
rhVEGF and mRNA expression levels were 
determined using quantitative real-time PCR. 
Data are presented as mean ± SEM (n = 15). 
Asterisks indicate a significant difference  
(p < 0.05).

VE -Cad Claudin-5ZO-1 Ocln

Fig. 3. Characterization of endothelial junctions of BRECs using immunofluorescence. Primary cultures 
of BRECs expressed adherens junction VE-cadherin (VE-Cad), junction-associated protein ZO-1 and  
the tight junctional proteins occludin (Ocln) and claudin-5. Images were acquired using confocal laser scanning 
microscopy.
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Evaluation of different co-culture models

To determine the influence of pericytes and astrocytes on the BRB, different co-culture 
variants of BRECs with BRPCs or glial cells and triple co-culture of BRECs, BRPCs and 
glial cells were compared with BREC monocultures (Fig. 5). The lowest TEER value was 
observed in BREC monocultures (Fig. 5A). Of all co-culture models tested, significantly 
higher TEER value was obtained with the two triple co-culture models of BRECs in 
combination with either BRPCs (p=0.032) or astrocytes (p=0.002) on the bottom side 
of the transwell insert. The triple co-culture with the highest TEER value was the model 
in which astrocytes were seeded on the bottom side of the insert. TEER value of double 
co-cultures of BRECs and astrocytes were higher than double co-cultures of BRECs 
and BRPCs (p=0.029). When BRPCs were added to a double co-culture of BRECs 
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and astrocytes on the bottom side of the insert, TEER value increased even further  
(p =0.011). Repeated experiments resulted in similar results indicating the reproducibility 
of the model. 

To determine dynamic effects of BRPCs and astrocytes on the maintenance 
of the BRB in pathologic conditions, all these models were stimulated with VEGF and  
the permeability of differently-sized tracers was measured (Fig. 5B and C). The highest 
permeability for both 766 Da and 40 kDa tracer was observed in VEGF-stimulated 
endothelial monocultures. The barrier permeability of the 766 Da tracer was significantly 
lower in the triple coculture model, in which BRECs were cultured with astrocytes on  
the bottom of the transwell insert (Fig. 5B). Permeability of the 40 kDa tracer was 
significantly lower in all co-culture models as compared to BREC monolayers (Fig. 5C).  
A paradoxically low permeability of the 40 kDa tracer was found in VEGF-treated  
co-culture models of endothelial cells and astrocytes, but not in the other co-culture 
models.

Addition of VEGF to BRECs cultured on transwell inserts in the presence of 
astrocytes caused a significantly increased permeability of the 70 kDa tracer, as compared 
to controls (Fig. 5D). Simultaneous treatment with VEGF and the anti-VEGF antibody 
Avastin (bevacizumab) reduced 70 kDa tracer flux across BRECs (Fig. 5D). No change in 
permeability was observed after addition of Avastin alone.

A B C

D
Fig. 5. TEER and permeability of different co-culture models after 
VEGF treatment. A) TEER values (Ω*cm2) of different co-culture 
variants expressed as mean ± SEM after subtraction of the mean 
value obtained with inserts without cells, measured at day 3 of cell 
culture (n = 6). The BRB models were constructed from BRECs (E),  
BRPCs (P) and rat glial astrocytes (A) on permeable transwell inserts, 
as presented in Fig. 1. B,C) Permeability of 5 different BRB models 
after VEGF (200 ng/ml) treatment measured using 766 Da (Cy3) (B) or  
40 kDa (C) FITC-labelled dextran as a tracer. Permeability of the 
766 Da tracer was measured at 5 h after VEGF treatment and of the  
40 kDa dextran after 54 h. Bars represent the relative permeability in 
VEGF treated (co-) cultures, as a percentage of values obtained in 
untreated (co-) cultures in the respective models. D) 70 kDa FITC-labelled 
dextran permeability: Permeability of BRECs in contact co-culture with 
rat astrocytes after 48 h of treatment with VEGF (200 ng/ml) and/or 
Avastin (100 ng/ml) that prevented an increase in permeability for 70 kDa  
FITC-labelled dextran. All data are presented as mean ± SEM (n = 5). 
Asterisks indicate statistically significant changes; a single asterisk 
indicates p < 0.05,2 asterisks indicate p < 0.01, and 3 asterisks indicate 
p < 0.001.
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Fig. 6. Effect of VEGF on protein expression in BRECs. Time-dependent changes in expression of VE-Cad, 
ZO-1, claudin-5, occludin (Ocln), α/β-actin, laminin, PLVAP and Cav-1 after addition of VEGF (100 ng/ml), 
as quantified by cell-based ELISA. Values are expressed as mean ± SEM of percentage of the relative 
absorbance at 450 nm. An asterisk indicates a significant change (p < 0.05), as compared to control 
(n = 12).
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VEGF affects endothelial junction expression and causes actin 
rearrangements

VEGF is known to be highly up-regulated during DR and other ocular conditions and plays 
an important role in BRB breakdown. The effects of VEGF on endothelial junction proteins 
and caveolar transport in BRECs were time-dependent (Fig. 6). VEGF significantly 
reduced expression of occludin at 12 h and claudin-5 at 8 h after stimulation, as compared 
to unstimulated cells. Furthermore, the expression of VE-Cad at 8 h and ZO-1 at 12 h was 
also reduced. The downregulation of these proteins was found up to 24 h after stimulation, 
whereas at later time points compensatory effects were observed. A significant increase 
in expression of VE-Cad and occludin was noticed at 24 h and 48 h after addition of 
VEGF, respectively. The control staining of laminin shows stable expression during  
the entire experiment. In contrast, α/β-actin expression was substantially downregulated 
at 24 h after VEGF treatment, as compared to control (Fig. 6).

Examination of BRECs by immunofluorescence staining showed that VEGF 
affects the integrity of endothelial junctions. In BRECs treated with VEGF, an irregular, 
non-continuous pattern of staining of the junctional proteins claudin-5, VE-Cad and ZO-1 
was observed (Fig. 7). In VEGF-stimulated BRECs, VE-Cad staining was dissociated 
from the cell junctions and relocated into the cytoplasm. In addition, cells that were 
treated with VEGF were characterized by increased numbers of intracellular gaps  
(Figs. 7 and 8). This phenomenon was possibly caused by VEGF-dependent actin 
rearrangement, as increased F-actin staining was observed (Fig. 8). The fiber stress after 
VEGF stimulation appeared already at 4 h and had a long-lasting effect. The observed 
actin rearrangements had a negative effect on cell junctions, leading to traction, loss of 
cell-cell contact and disruption of cell junctional complexes (Fig. 7).

VEGF affected the transcellular pathway as well by altering expression of PLVAP 
and Cav-1 protein (Fig. 6). VEGF-stimulated BRECs showed a significant 1.6-fold 
increase in expression of PLVAP at 72 h. Relative amounts of Cav-1 were significantly 
reduced up to 12 h after VEGF stimulation. Significantly increased expression was not 
observed at later time points, as compared to controls.
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A

B

Fig. 8. VEGF-dependent actin filament reorganization in BRECs. A) VEGF induces F-actin staining and 
formation of cellular gaps. BRECs were immunostained for VE-Cad (green) and F-actin (red) after addition of 
100 ng/ml VEGF. Nuclei were stained with Hoechst dye (blue). The intracellular gaps are indicated by arrows. 
B) VEGF induces disruption of endothelial junctions. Transmission electron microscopical images of BRECs at 
12 h after VEGF stimulation. Control cells show closed junctional complexes. Cells incubated in the presence of 
VEGF (100 ng/ml) are characterized by “teared” junctional complexes, reduced cell-cell contact and intercellular 
gaps. Scale bars = 10 µm.
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DISCUSSION

In the present study, we describe a novel reproducible in vitro BRB model on the basis 
of co-culturing primary retinal cells that can be a valuable tool to study BRB physiology, 
pathology and pharmacology. Furthermore, we have characterized these co-cultures as  
a useful model of VEGF-induced BRB loss as occurs in the context of DR and in particular 
DME. The BRB model is based on a triple co-culture system of primary BRECs, BRPCs 
and rat glial cells on permeable transwell inserts. Based on our experience, we conclude 
that the major advantage of primary cells over immortalized endothelial cell lines is  
the tightness of the created monolayer as reflected by high TEER values and high expression 
of adherens and tight junctional complexes. Optimized isolation and purification of BRECs 
(Perriere et al., 2005), as well as the use of HEPES-buffered media (Gaillard and de Boer, 
2008) facilitate the preservation of BRB properties that resemble the in vivo situation.  
The purity of the BREC monolayer was confirmed by negative staining for the pericyte 
markers α-SMA, and NG2 (Dore-Duffy, 2008; Schlingemann et al., 1990) and the astrocyte 
marker GFAP (Eng, 1985). These BRECs express high levels of adherens junctional protein  
VE-Cad and junction-associated protein ZO-1, as well as the tight junction proteins 
claudin-5 and occludin, which were previously shown to be essential in regulating BBB 
permeability (Elias et al., 2009; Murakami et al., 2009; Nitta et al., 2003). In addition, we 
demonstrated expression of the influx glucose transporter protein GLUT1 and the efflux 
transporter MDR1 (also known als P-glycoprotein), both important markers of barrier 
properties (Nakagawa et al., 2009) in isolated BRECs. MDR1 is an ATP-dependent 
efflux pump, that transports lipids, including steroids, and peptides over the BBB (Abbott 
et al., 2006). Our study shows that VEGF stimulation reduces expression of MDR1 in 
BRECs, which may contribute to disruption of the BRB. Moreover, we also observed that  
GLUT1 expression in BRECs after VEGF treatment is significantly reduced, suggesting  
a role of this receptor in VEGF dependent DME.

Five different BRB models, similar as described previously in the context of BBB 
studies (Cohen-Kashi Malina et al., 2009; Nakagawa et al., 2007, 2009), were assessed 
by determining their TEER values and the measurement of permeability by tracers of 
varying size. The results show that monocultures of BRECs display high TEER values 
(~ 400 Ω*cm2) and a low permeability, suggesting reasonably good barrier properties 
already. However, all co-culture models of BRECs with glial cells have even higher 
TEER values, with highest TEER values observed in triple co-cultures with astrocytes 
at the bottom side of the insert and pericytes at the bottom of the well. Astrocytes are 
known to release soluble BBB tightness-enhancing factors (Abbott et al., 2006). Close 
proximity between astrocytes and BRECs seems to play a prominent role in tightening of  
the BRB, since a triple co-culture with astrocytes on the bottom side of the insert resulted 
in higher TEER values than the triple co-culture with pericytes on the bottom side of  
the insert. Pericytes themselves did not show a direct effect on the tightness of the BRB, 
but their presence in combination with astrocytes significantly increased TEER values. 
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The fact that astrocytes are originating from a different species did not seem to matter, 
since TEER values were increased in astrocyte co-cultures. Furthermore, we found that 
protein homology of several neurotrophic growth factors between rat and cow is high 
(NCBI BLAST: 87-100%).

VEGF is a potent angiogenesis and vascular permeability factor (Witmer et al., 
2003). In diabetes, elevated levels of retinal VEGF correspond with BRB breakdown in 
rodents (Murata et al., 1995, 1996), primates (Hofman et al., 2000, 2001) and humans 
(Vinores et al., 1997). Similarly, in BREC monocultures a significantly higher permeability 
for small (766 Da) and larger molecules (40 kDa and 70 kDa) was observed after VEGF 
treatment. Simultaneous treatment of BRECs with VEGF and anti-VEGF antibody Avastin 
(bevacizumab) reduced VEGF-dependent flux of FD-70 across BRECs, suggesting  
a direct effect of VEGF on retinal endothelial cells.

To unravel the role of pericytes and astrocytes in maintenance of BRB properties 
in VEGF-dependent permeability, the co-culture models of endothelial cells with pericytes 
and/or astrocytes in various combinations were treated with VEGF. The results indicate 
that pericytes and astrocytes contribute to barrier integrity, since VEGF-induced 
permeability of tracer molecules was reduced in all tested co-culture models as compared 
to BREC monolayers. The triple co-culture of endothelial cells in contact with astrocytes 
and in the presence of pericytes significantly reduced VEGF-induced permeability of 
small molecules (766 Da tracer). This may reflect a tightening effect of these cell types on 
adherens and tight junctional complexes of BRECs, in line with the higher TEER values 
observed in these co-cultures. Furthermore, pericytes and astrocytes in co-culture models 
of the BRB greatly reduced the flux of the 40 kDa tracer as well.

Previous in vitro studies have attributed VEGF-dependent BRB breakdown to 
phosporylation and ubiquitinization of occludin, resulting in reorganization of tight junctions 
(Antonetti et al., 1999; Harhaj et al., 2006). By using cell-based ELISA, we observed 
that VEGF-stimulated BRECs show a transient drop in expression of the tight junctional 
proteins occludin and claudin-5. Moreover, a significant decrease in relative amounts of 
VE-Cad and ZO-1 proteins was observed. Nonfunctional tight and adherens junctional 
complexes were observed in VEGF-stimulated BRECs by immunohistochemistry, as 
depicted by an irregular, discontinuous pattern of staining of claudin-5, VE-Cad, ZO-1 
proteins and increased intracellular localization of those proteins. In addition, as in  
the in vivo situation, increased levels of a plasmalemma vesicle associated protein, PLVAP, 
were detected in BRECs at 72 h after VEGF treatment (Hofman et al., 2000; Klaassen et 
al., 2009; Schlingemann et al., 1997), suggesting an important role for vesicular transport 
in VEGF-induced BRB disruption in retinal endothelial cells. Surprisingly, a significant 
decrease in levels of Cav-1 protein, the principal caveolae marker, was observed 
after VEGF stimulation. However, the role of caveolin-1 appears to be very complex 
and context dependent, as VEGF was previously shown to increase permeability by 
stimulating caveolae-mediated transcytotic transport in a NOS-dependent process (Feng 
et al., 1999a) and induce translocation of Cav-1 to the nucleus (Feng et al., 1999b).

Our results show that VEGF affects not only paracellular and transcellular pathways 
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in BRECs, but also leads to increased numbers of intracellular gaps, due to actin filament 
rearrangement and stress fiber formation (Rafiee et al., 2004; Xu et al., 2006). Adherens 
junctions are linked to the actin cytoskeleton via plakoglobin and α-catenin (Dejana, 2004; 
Dejana et al., 2009). Additionally, ZO-1, which is an adaptor protein for tight junctions, 
is also proposed to link claudins and occludin to actin, either directly or through other 
binding partners (Hartsock and Nelson, 2008). Consequently, reorganization of the actin 
cytoskeleton after VEGF treatment leads to mechanical disruption of adherens and tight 
junctional complexes, loss of cell-to-cell contact and increased numbers of intercellular 
gaps, which is likely to contribute to increased BRB permeability in vitro.

In summary, we present a reliable and reproducible protocol for assembling  
an in vitro model of the BRB of the healthy retina, as well as of BRB loss as occurs in 
DME. The described BRB model reflects the in vivo situation, thus may contribute to 
future studies of BRB physiology, pathology and pharmacology.
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