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Abstract
Disruption of the blood-retina barrier (BRB) is an early phenomenon in preclinical 
diabetic retinopathy (PCDR). Two vascular permeability pathways may be affected, 
the paracellular pathway involving endothelial cell tight junctions, and the endothelial 
transcellular pathway mediated by endocytotic vesicles (caveolae). The relative contri-
bution of both pathways to vascular permeability in PCDR is unknown. We compared 
transcription levels in entire rat retina of genes related to these pathways between 
control conditions and after 6 and 12 weeks of streptozotocin-induced diabetes, as well 
as in bovine retinal endothelial cells (BRECs) and bovine retinal pericytes (BRPCs) 
exposed to VEGF, using real-time quantitative RT-PCR. To confirm endothelial-specif-
icity, immunohistochemical staining was performed in rat retina, and mRNA transcript 
levels were compared between BRECs and BRPCs. mRNA and protein of most paracel-
lular transport-related genes were specifically expressed by retinal endothelial cells, 
whereas vesicle transport-related mRNA and proteins were present in various retinal 
cell types, including endothelial cells. Expression of selected endothelial cell tight junc-
tion genes and particularly that of occludin and claudin-5 was reduced in the diabetic 
retina and in BRECs after exposure to VEGF. Expression of 6 out of 11 vesicular trans-
port-related genes was upregulated after induction of diabetes. Of these, only plasma-
lemma vesicle-associated protein (PV-1) was exclusively expressed in BRECs and not 
in BRPCs. PV-1 transcription was markedly induced in diabetic retina and by VEGF 
in BRECs. Caveolin-1 immunostaining was primarily found in the retinal vasculature, 
and its mRNA levels in BRECs were highly abundant and VEGF-inducible. Whereas 
the endothelial tight junction genes occludin and claudin-5 showed a transient down-
regulation, we observed long-term upregulation in diabetic retina and VEGF-induced 
expression in BRECs of the vesicular transport-related genes caveolin-1 and PV-1. The 
altered gene expression profiles observed in this study suggest a transient induction of 
the paracellular pathway and prolonged involvement of transcellular endothelial trans-
port mechanisms in the increased permeability of retinal capillaries in PCDR.

Diabetes, Diabetic Retinopathy, Blood-Retina Barrier, Blood-Brain 
Barrier, Vascular Permeability, Streptozotocin, Tight Junctions, Caveolae, 
Plasmalemma Vesicle-Associated Protein, Real-time PCR
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Introduction
Blood-retinal barrier (BRB) loss is crucial in the pathogenesis of diabetic retinopathy. 
In preclinical DR it occurs early as diffuse retinal vascular permeability and may repre-
sent an important mechanism accelerating the early retinal changes caused by diabetes 
(Frank, 2004). In the later clinical stage of DR, diabetic macular edema from focal 
profuse vascular leakage due to BRB loss is the major cause of loss of vision in patients 
with DR, particularly in non-proliferative DR in type 2 diabetes mellitus (Fong et al., 
2004).

Two mechanisms have been proposed as possible causes of vascular leakage in DR; 
i.e., increased paracellular leakage due to changes in integrity of endothelial tight junc-
tions, and increased transendothelial transport mediated by caveolae (Antonetti et al., 
1998, 1999; Barber and Antonetti 2003; Brankin et al., 2005; Cunha-Vaz 1980; Hofman 
et al., 2000; Vinores et al., 1993). Retinal vascular permeability has been associated with 
the presence of extravascular albumin (Schlingemann et al., 1999; Vinores et al., 1998), 
decreased tight junctional staining (Antonetti et al., 1998, 1999; Barber and Antonetti 
2003; Brankin et al., 2005) and upregulation of the number of intra-endothelial pino-
cytotic vesicles (Cunha-Vaz 1980; Hofman et al., 2000; Vinores et al., 1993). Leaky en-
dothelial tight junctions have been demonstrated in retinas of diabetic rabbits (Vinores 
et al., 1998), retinas of rats with streptocotozin (STZ)-induced diabetes and in rats after 
intraocular injection with VEGF (Antonetti et al., 1999; Barber and Antonetti 2003). 
However, few or no leaky endothelial tight junctions have been observed in retinas of 
diabetic humans and in retinas of rats with galactose-induced diabetes (Vinores and 
Campochiaro 1989).

To establish the possible contribution of each of these mechanisms to retinal vascu-
lar leakage, we investigated in rat retina the expression of a set of relevant endothelial 
tight junction genes and vesicular transport-related genes and determined their altered 
expression in STZ-induced diabetes. 

Ten tight junction proteins, occludin, claudin-1, -5 and -12, junction adhesion mol-
ecule (JAM)-1, -2 and -3, endothelial cell-selective adhesion molecule (ESAM), polio-
virus receptor-related 1 (PVRL1, also known as nectin) and zonula occludens (ZO-1) 
were selected (Fig.1, Table 3) (Dejana 2004; Harhaj and Antonetti 2004). Of these, oc-
cludin, claudin-5 and ZO-1 have been studied previously in the context of BRB disrup-
tion, demonstrating reduced protein levels and reduced phosphorylation of occludin 
and ZO-1 in diabetes and vascular endothelial growth factor (VEGF)-induced vascular 
permeability (Antonetti et al., 1999; Barber and Antonetti 2003). Only sparse data is 
available on the presence and distribution patterns of other tight junction proteins. 
Three adherens junction proteins, VE-cadherin, β-catenin and N-cadherin were select-
ed (Fig.1, Table 3) (Dejana 2004). VE-cadherin and β-catenin, which form a complex 
in adherens junctions, were found to be essential in endothelial cell survival (Carmeliet 
et al., 1999). Their protein expression is decreased after exposure to VEGF (Kevil et 
al., 1998; Wright et al., 2002), and albumin-derived advanced glycation end products 
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(Otero et al., 2001). Tyrosine phosphorylation of this complex is associated with in-
creased permeability (Esser et al., 1998). Furthermore, decreased VE-cadherin protein 
expression was observed in a patient with DR (Davidson et al., 2000) and diabetes-in-
duced reduction in VE-cadherin expression was reported to be induced by proteolytic 
degradation (Navaratna et al., 2007). N-cadherin is a cell-cell adhesion molecule that 
is involved in binding of endothelial cells and pericytes (Gerhardt et al., 1999), but was 
also found to be expressed in neural cells of the retina (Balsamo et al., 1991; Gerhardt 
et al., 1999; Matsunaga et al., 1988).

Eleven vesicular transport-related proteins were selected based on their presence in 
endothelial cells and/or their interaction with caveolin-1 (Fig.1, Table 3). Plasmalemma 
vesicle-associated protein (PLVAP also known as PV-1 or PAL-E) is an endothelial cell-
specific pinocytotic vesicle component (Schlingemann et al., 1985; Stan et al., 2001; 
Niemela et al., 2005) that is upregulated in human DR (Schlingemann et al., 1999) 
and monkey retina after VEGF treatment (Hofman et al., 2000; 2001a). Caveolin-1 is 
an essential component of caveolae (Drab et al., 2001). Diabetes-induced rat caveo-
lin-1 overexpression in lung alveolae is accompanied by elevated permeability due to 
increased transcytosis, whereas paracellular transport remains unchanged (Pascariu 
et al., 2004). Dynamin 2, which directly interacts with caveolin-1 (Yao et al., 2005), 

plays a regulatory role in VEGFR2-mediated endothelial signaling (Bhattacharya et 
al., 2005). Dynamin-1 and -2 are found in the retina (Sherry et al., 2005; Sontag et al., 

Figure 1. Schematic localization of proteins involved in transcellular and paracellular transport in the 
blood-retinal barrier. Transmembrane adhesion molecules involved in inter-endothelial cell tight junctions 
(occludin (Ocln), claudin(Cldn)1, -5, -12*, junction adhesion molecule(Jam)1, -2, -3, endothelial cell-selec-
tive adhesion molecule (ESAM), nectin) and zonula occludens (ZO-1), and transcellular vesicle transport-
related molecules caveolin-1 (Cav-1), dynamins (Dnm), flotillins (Flot1 and -2), plasmalemma vesicle-
associated protein (PV-1) and molecules of the SNARE-complex: Pacsin, NSF, SNAP, Vamp-1 and -2 were 
investigated in the present study. [1] Budding; [2] Transcytosis; [3] Tethering; [4] Docking; [5] Fusion; [6] 
Release.
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1994), and bind PACSIN2 (also known as syndapin-II, Kessels et al., 2006). PACSIN2, 
NSF, SNAP25 and VAMP (vesicle associated membrane protein)-1 and -2 are all part of 
the SNARE-complex and both VAMPs are expressed in the mouse retina (Sherry et al., 
2005). Flotillins-1 and -2 are integral membrane proteins of caveolae which have been 
identified in mouse retina (Lang et al., 1998).

Leakage of retinal vessels is an early step in DR but the mechanisms involved are 
not fully understood. Therefore, we analyzed the presence and regulation of mRNA 
expression of endothelial paracellular and transcellular pathway-related genes by real-
time quantitative RT-PCR in entire retinas of control and diabetic rats and cultured 
bovine retinal endothelial cells (BRECs) with or without VEGF stimulation and peri-
cytes (BRPCs). Furthermore, the location of protein in the rat retina was investigated 
by immunohistochemistry.

Material and Methods
Animals. Animal handling and experimental procedures were reviewed and approved by the 
ethical committee for animal care and use of the Royal Netherlands Academy for Sciences, acting 
in accordance with the European Community Council directive of 24 November 1986 (86/609/
EEC) and the ARVO statement for the use of animals in Ophthalmic and Vision Research. 

Adult Wistar rats (Charles River, Maastricht, The Netherlands), weighing approximately 250 
g, were randomly divided into two experimental groups: a control group (n = 14) and a diabetic 
group (n = 16). Diabetes was induced by a single intraperitoneal (i.p.) injection of 60 mg/kg 
STZ (Sigma, St. Louis, MO, USA). Immediately prior to use, STZ was dissolved in cold 0.1 mol/l 
citrate buffer, pH 4.5. Control rats received a single i.p. injection of 0.1 mol/l citrate buffer only. 
Diabetes was verified by a serum glucose level >13.9 mmol/l. At 6 weeks, half of the rats were 
randomly selected from the diabetic group and killed with a lethal i.p. dose of sodium pentobar-
bital. At 12 weeks, all remaining rats were killed. Eyes were rapidly enucleated, snap frozen in 
liquid nitrogen and stored at -80°C until use. 

Bovine retinal vascular cell cultures. BRECs and BRPCs were isolated and cultured as described 
previously (Kuiper et al., 2007). Prior to in vitro experiments, cells were plated into 6-well 
culture plates coated with collagen (type IV; Sigma) and fibronectin (Roche, Basel, Switzerland) 
for BRECs or collagen alone for BRPCs. Cells in the third passage were used for all experi-
ments. In this passage, cells formed a uniform monolayer with a typical endothelial morphology.  
BRECs were cultured in confluent monolayers and, after serum starvation of 18 h, exposed to 
medium alone or medium containing 25 ng/ml rhVEGF (R&D Systems, Abingdon, Oxon, UK). 
Cells were harvested by aspirating medium and collected in 0.5 ml TRIzol reagent (Invitrogen, 
Carlsbad CA, USA). 

RNA isolation and mRNA quantification. Total RNA was isolated from dissected retinas and 
cultured cells in TRIzol reagent following the manufacturer’s instructions and dissolved in 
RNAse-free water. The amount of total RNA from rat retina was approximately 12 μg/retina and 
from cultured cells 10 μg/well (spectrophotometric measurements at 260 nm), with no signifi-
cant differences between the experimental groups or wells. The integrity of the RNA samples 
was verified using an ExperionTM Automated Electrophoresis System (Bio-Rad, Hercules CA, 
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Table 1. Gene nomenclature, GenBank accession code, primer sequences, and predicted size and Tm of the 
amplified product for rat genes.

Unigene 
symbol

Description GenBank Forward primer Reverse primer bp Tm

Pecam
Platelet/endothelial cell adhesion 
molecule

U77697 GCCCTGTCACGTTTCAGTTT
CCACGGAGCAAGAAA-
GACTC

206 82

Tek
Tie2/Tek receptor tyrosine kinase 
mRNA, partial sequence

NM_001105737
CCCTGAACTGTGATGAT-
GAGGTGT

TGGTGTTCACGTAT-
GTCTTTCGTT

138 79

Ocln occludin NM_031329 GGTGGCGAGTCCTGCG
CTGTTGATCTGAAGT-
GATAGGTGGA

72 79

Cldn1 claudin 1 NM_031699
CACCATTGGCATGAAGT-
GCATG

GCCACTAATATCGCCA-
GACCTGA

111 78

Cldn5 claudin 5 NM_031701 TGTGTGGGCTTCTGGCACTG
GGCACCGTTGGAT-
CATAGAACTC

79 81

Cldn12 claudin 12 (predicted) NM_001100815 ACTGCTCTCCTGCTGTTCGT
TGTCGATTTCAAT-
GGCAGAG

148 82

F11r F11 receptor (Jam1) NM_053796
CCGTGGATACTTTGAAA-
GAACAAAG

CTGGGCTGGCTG-
TAAATGACCT

69 76

Jam2 junction adhesion molecule 2 NM_001034004
CAACAGGCTCTCCAAG-
GCGACT

GCAGCGATACTCTC-
CAGCATCA

102 78

Jam3 junctional adhesion molecule 3 NM_001004269
GAGGGGCAGGACAT-
GGAAGTCT

CCTCGTCTGTACG-
CACAGCAGAT

119 80

Esam endothelial cell adhesion molecule NM_001004245 TTGTACCAACGCCGCAGCA
GGAGCAATGGCATCT-
TCCTTG

68 78

Pvrl1
poliovirus receptor-related 1 
(nectin)

XM_236210
TGAGTACCACTGGACCA-
CATTGAA

AGGGTTGGTGGCCT-
CACAGA

138 84

Tjp1
tight junction protein 1 (predicted); 
zonula occludens 1 (ZO1)

NM_001106266
GACCATTCAGTTCGCTC-
CCATGA

AGACATGCGCTCTTC-
CTCTCTGCT

150 85

Cav1 caveolin, transcript variant 1 NM_031556
CATGGCAGACGAGGTGAAT-
GAGAA

TCCCTTCTGGTTCCG-
CAATCAC

140 81

Dnm1 dynamin 1 NM_080689
GACCATCAACAACATCG-
GCATCA

ACATCACGCAGCTTCA-
GATTGTCC

147 81

Dnm2 dynamin 2 NM_013199
AAATACGGGATGTGGA-
GAAGGG

TAGACGTTCCTCT-
GCTCTGTGTTG

79 77

Flot1 flotillin 1 NM_022701
TGAGCTGAAGAAAGCCAC-
CTACG

CCTCGATCTGCTGCT-
TCGTCTTG

112 84

Flot2 flotillin 2 NM_031830
TGTGGTTCTCAGT-
GGGGACAACAG

TGGTATCTTTGAGAG-
GTCCACACC

112 81

Plvap
plasmalemma vesicle associated 
protein; PV1

NM_020086
CAGTGCCAAGGCGAC-
CTGAT

CAGCTTGAAGAGCAAG-
GCTTCG

132 82

Pacsin2
protein kinase C and casein kinase 
substrate in neurons 2; Syndapin-II

NM_130740 AGTGCGAGTTCGAGCCCTCT
GTCCCTTGCACCAAC-
CCTGT

119 81

Nsf
N-ethylmaleimide sensitive fusion 
protein 

NM_021748
TCTGGAGCTTTT-
GGGCAACTT

CCCTTTGACTTGCT-
GAGCAATT

72 76

Snap25 synaptosomal-associated protein 25 NM_030991
CTTCATCCGCAGGG-
TAACAAAC

CGCTCACCTGCTCTAG-
GTTTTCAT

68 77

Vamp1
vesicle-associated membrane 
protein 1

NM_013090
TTGAGAGCAGTGCT-
GCCAAGC

CAGTGGCCTCAGCGA-
TACTTACTT

127 79

Vamp2
vesicle-associated membrane 
protein 2

NM_012663
CAAGTGCAGCCAAGCT-
CAAGC

ACGATGATGATGAT-
GAGGATGATG

100 78
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Unigene 
symbol

Description GenBank Forward primer Reverse primer bp Tm

PECAM1 Platelet/endothelial cell adhesion molecule NM_174571
GAGCTAACAGACG-
GGCTGGTT

CTGCTGCCACTCTC-
CACTCC

76 83

TEK
TEK tyrosine kinase, endothelial (venous 
malformations, multiple cutaneous and 
mucosal); Tie2

NM_173964
CGCTAAACTGTGAC-
GACGAGGTGTA

ACCAGGATCT-
GGGCAAATGAGG

91 80

OCLN Occludin NM_001082433
AGTCAAGGCGGGCA-
GAGCAA

TTCCTGTAGGCCAGT-
GTCAAAACT

161 82

CLDN1 Claudin 1 NM_001001854
TGGAAGACGACGAG-
GCACAGAAG

GCCTGACCAAAT-
TCATACCTGGC

169 81

CLDN5 Similar to claudin 5 (LOC617453) NM_001076460
GACCGTGCCCAT-
GTCTCAGAAGTA

ACTTCACCG-
GGAAGCTGAAATCC

149 89

CLDN12 Similar to Claudin-12 (MGC139567) NM_001076123
ACATCCACCT-
GAACAGGAAGTTCG

CCAGAAAGGAGAG-
GGCAAGGACT

149 82

JAM1 Junctional adhesion molecule 1 NM_174095
TGGCTCCCAAATCAC-
CAACAGC

TCTACTTGCAT-
TCGTTTCCCAGGA

157 79

JAM2 Similar to C21ORF43 (MGC151720) NM_001083736
TGGCTCCCAAATCAC-
CAACAGC

TCTACTTGCAT-
TCGTTTCCCAGGA

157 79

JAM3
Similar to junctional adhesion molecule 3 
(LOC513412)

NM_001105364            
AAGAACCCAG-
GGAAACCAGATGG

TGTCT-
GAAGTCGCCCTC-
CTCGT

65 76

ESAM Endothelial cell adhesion molecule NM_001078066
GCTGCCAGTC-
CCCAAGGAGTAA

GGCTTAAAGACCCGT-
GGATGGC

75 81

HVEC
Herpesvirus entry mediator C; poliovirus 
receptor-related 1; nectin-1

XM_612918
CGTGGAGGCCCA-
GAACAGAACTC

AGACGGGGTGTAG-
GGGAACTCTG

148 85

zo1 Tight junction protein 1 XM_582218
TTGGAGGAG-
GGCGACCAGAT

TGGGAGGTCAAG-
CAGGAAGAG

93 78

CAV1 Caveolin 1, caveolae protein, 22kDa NM_174004
CGACCCCAAGCATCT-
CAACGA

GCCATCGAAACTGT-
GTGTTCCTTC

88 77

DNM1 Dynamin 1 NM_004408
GAGATGGAGCG-
CATCGTGACCA

TGAAGTCCTCAT-
GGTTGGTGTTCA

118 83

DNM2 Similar to dynamin 2 (LOC511691) NM_001099369
TCCGTGACCTCAT-
GCCAAAGAC

CCAGCAGCTCATGGT-
GGATGAA

78 78

FLOT1 Similar to Flotillin-1 (LOC532573) NM_001076887
CTCAACACACTGAC-
CCTCAATGTCAA

TTTACCTGGGCAAT-
GCCAGTGACT

89 79

FLOT2 Flotillin 2 NM_001035466
CAGTGGAGCAGATT-
TATCAGGACCG

TTTGTCATACACGTC-
CTTGATGGTGA

125 83

PLVAP Plasmalemma vesicle associated protein; PV1 NM_001035353
GAAGCGTGAGACT-
GAGCACCTCAA

CCAGGAATCGT-
CAACTGCGACTTC

96 81

PACSIN2
Similar to protein kinase C and casein kinase 
substrate in neurons 2 (MGC137898)

NM_001046468
CTTCGCA-
GAACAAGCCCAGCAG

GTCCTCATCCTC-
GAAGGGGTTGT

98 83

NSF
Similar to N-ethylmaleimide-sensitive factor 
(LOC504457)

XM_881729 
AAGGCCCTCCT-
CACAGTGGGAA

TCATGGCCTGA-
CATTTGGCTGT

132 79

SNAP25
Similar to synaptosomal-associated protein 
25 (LOC540853)

NM_001076246
GTGGCTTCATCCG-
CAGGGTAAC

TCCAATGATGCCGCT-
CACCTG

83 78

VAMP1
Similar to vesicle-associated membrane 
protein 1 (LOC513621)

NM_001075630
CCTGGCCCTCCTC-
CTAACATGA

ATGTCCACCACCTC-
CTCCACTTGT

77 80

VAMP2
Vesicle-associated membrane protein 2 
(synaptobrevin 2)

NM_174483
CAGGTGGATGAGGT-
GGTGGACA

TCCAGCTC-
CGACAGCTTCTGGT

80 81

Table 2. Gene nomenclature, GenBank accession code, primer sequences, and predicted size and Tm of the 
amplified product for bovine genes.
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USA). All samples had sharp ribosomal RNA bands with no sign of degradation. A 2-μg aliquot 
of total RNA was DNAse I treated (amplification grade; Invitrogen), reverse transcribed into 
first strand cDNA with Superscript II and oligo(dT)12-18 (Invitrogen). Details of the primers are 
given in Table 1 and 2. Specificity of the primers was confirmed by NCBI BLAST. The presence 
of a single PCR product was verified by both the presence of a single melting temperature peak 
and detection of a single band of the expected size on 3% agarose gel. Non-template controls 
were included to verify the method and the specificity of the primers. Mean primer efficiency 
was 96% ± 3%.

Real-time quantitative PCR was performed using an iCycler iQ system (Bio-Rad). Fluores-
cence was measured following each cycle and displayed graphically. For each primer set, a master 
mix was prepared consisting of 1x iQ SYBR Green Supermix (Bio-Rad) and 2 pmol primers 
completed with RNAse-free water. One μl of cDNA (diluted 1:10) in 19 μl master mix was 
amplified using the following PCR protocol: 50°C for 2 min and 95°C for 5 min, followed by 40 
cycles of 95°C for 10 sec and 60°C for 45 sec, followed by 95°C for 1 min and a melting program 
(60–95°C). Relative gene expression was calculated using the equation: R = E−Ct, where E is the 
mean efficiency of all samples for the gene being evaluated and Ct is the cycle threshold for the 
gene as determined during real-time PCR. 

Normalization of the rat data was performed as described earlier (Hughes et al., 2007). The 
number of template copies for each transcript was determined as follows. A PCR protocol as 
mentioned above with 50 cycles was run on pooled cDNA of rat retina, BRECs or BRPCs. The 
PCR-products were run on a 3% agarose gel and the specific bands were dissected from the gel 
and DNA was isolated with a gel extraction kit (QIAquick; Qiagen, Frankfurt, Germany). The 
correct PCR product was verified by sequencing. Then, three separate serial dilutions were made 
of template ranging from 10-2 to 10-9 ng per sample. On the same plate, 12 pooled cDNA samples 
(dilution, 1:20) were loaded and the starting amount in ng of these samples was calculated using 
standard curves (a representative example is given in Fig.2) and converted to the number of 
transcripts derived from its product length as given in Tables 1 and 2. 

Statistics. Differences in gene expression levels between groups were tested for significance by 
using single ANOVA. P-values <0.05 were considered to indicate significant differences. Signifi-
cant alterations in mRNA levels of 2-fold or more were considered biologically relevant. All PCR 
experiments were performed at least twice.

Immunohistochemistry. Immunohistochemical localization of proteins in rat retina was 
performed as described previously (Hughes et al., 2007; Kuiper et al., 2007). Rabbit anti-occludin 
(71-1500), anti-claudin-5 (34-1600), anti-Jam1 (36-1700) and anti-ZO-1 (61-7300) polyclonal 
antibodies were purchased from Zymed (Invitrogen). Rabbit anti-caveolin-1 (ab2910) and anti-
claudin-1 (ab15098) were purchased from Abcam (Cambridge, UK). Rabbit anti-Vamp1 (Synap-
tobrevin 1: 104002) and anti-Vamp2 (Synaptobrevin 2: 104202) were purchased from Synaptic 
Sytems (Goettingen, Germany). Mouse monoclonal antibodies against Flot1 (610820) and Flot2 
(610383) were obtained from BD Transduction Lab (Alphen aan den Rijn, The Netherlands). 
Cryostat sections (10-μm thick) were stained using an indirect immunoperoxidase procedure as 
previously described (Hughes et al., 2007). Primary antibody was omitted for negative controls. 
Indirect immunoperoxidase staining was performed using histostaining reagents (Powervision; 
ImmunoVision, Daly City, CA, USA).
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Results
Expression of BRB mRNA and protein in normal rat retina
To determine transcript abundance, the number of mRNA molecules present in 1 μg 
total RNA was calculated for each gene in whole rat retina (Table 3). 

Most paracellular transport-related mRNA transcripts were present in rat retina, 
except claudin-12 and VE-cadherin. All transcellular transport-related mRNA tran-
scripts were expressed in normal rat retina, except PV-1. Highest expression was ob-
served for Snap25 and Vamp-2.

Expression of BRB mRNA in diabetic rat retina
Tight junction genes: Transcription levels of several tight junction genes were signifi-
cantly changed after 6 weeks and/or 12 weeks of diabetes (Table 3). Transcript levels of 
claudin-5 and occludin genes were significantly decreased at 6 and 12 weeks, respec-
tively. Transcript levels of claudin-1, Jam1 and ZO-1 genes were significantly increased 
at 6 weeks after induction of diabetes. Of these genes, the difference in expression level 
was higher than 2-fold for claudin-1 and ZO-1 and this change may be considered 
biologically relevant; changes in occludin, claudin-5 and Jam-1 were not higher than 
1.6-fold and are considered to be a trend. Transcription levels of all other junctional 
genes were not significantly altered. 

Adherens junction genes: Only N-cadherin transcript levels were significantly in-
creased after 12 weeks of diabetes, but only 1.5-fold (Table 3).

Vesicular transport-related genes: Transcript levels of six vesicular transport-related 
genes were significantly increased in diabetic retina (Table 3). Caveolin-1, Vamp1 and 
Vamp2 expression levels were significantly and over 2-fold increased after both 6 and 
12 weeks of diabetes; Snap25 levels were increased less than 2-fold after 6 weeks and 

Figure 2. Example of a standard 
curve made from serial diluted 
PCR product. Serial dilutions 
were made in triplicate. A curve 
fit correlation is given using 
the equation Ct-value = a(ng 
mRNA) +b, resulting in a cor-
relation coefficient of 0.99. The 
amount of product is expressed 
as Ct-values (the number of 
PCR cycles at the threshold) 
against the amount of template 
DNA, expressed in nanograms 
(exponential scale). Ct-values 
are reversely related with the 
amount of PCR product and the 
threshold level was set automati-
cally by the software program.
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    Gene  expression (mRNA)  
    Control   Rat Retina BRECs BRPCs

Immunostaining 
in non-endothelial 
retinal cells

   
Mean SD

6 weeks DM 12 weeks DM
Mean SD    Mean SD Fold1   p-values Mean SD Fold1   p-values Mean SD

Endothelial cell 
markers
 

PECAM-1 1.0 1.0 na - -   - na - -   - 723.9 405.1 nd - NO

Tie2 8.1 4.3 na - -   - na - -   - 57.5 20.7 nd - NO

                                     
Tight junctions OCLN 3.7 2.0 3.4 0.5 1.1 ↓ 0.653 2.5 0.5 1.5 ↓ 0.038 3.1 1.8 nd - NO

CLDN1 1.0 0.4 4.6 1.0 4.6 ↑ 0.010 0.8 0.2 1.3 ↓ 0.584 3.0 0.3 nd - YES2

CLDN5 1.0 0.7 0.7 0.1 1.5 ↓ 0.014 0.9 0.2 1.1 ↓ 0.366 1.8 0.2 nd - NO

CLDN12 nd - nd - -   - nd - -   - 2.8 0.5 nd - na

JAM1 1.0 0.4 1.6 0.5 1.6 ↑ 0.022 1.2 0.1 1.2 ↑ 0.135 5.9 2.0 nd - NO

JAM2 5.2 2.6 5.5 0.9 1.1 ↑ 0.667 5.4 1.6 -   0.829 24.2 3.7 nd - na

JAM3 9.7 4.3 12.2 2.8 1.3 ↑ 0.251 11.2 1.6 1.2 ↑ 0.372 13.6 7.4 10.1 5.7 na

ESAM 22.5 8.8 16.3 2.9 1.4 ↓ 0.129 21.6 2.6 -   0.808 243.1 117.8 nd - na

NECTIN 16.6 9.2 26.4 4.0 1.6 ↑ 0.094 22.1 5.7 1.3 ↑ 0.468 nd - nd - YES3

ZO-1 2.0 1.2 7.9 1.3 4.0 ↑ 0.002 3.9 0.4 2.0 ↑ 0.095 40.6 25.7 3.6 2.3 YES4

Transport 
vesicles

CAV-1 22.3 14.2 67.1 16.0 3.0 ↑ 0.001 60.2 7.2 2.7 ↑ 0.007 479.5 245.3 37.6 25.7 YES5

DNM1 27.1 15.4 30.5 9.3 1.1 ↑ 0.593 51.0 10.2 1.9 ↑ 0.006 2.1 0.2 nd - YES6

DNM2 53.3 25.2 49.2 12.3 1.1 ↓ 0.603 69.0 17.3 1.3 ↑ 0.111 27.2 13.6 13.5 6.1 YES6

PV-1 nd - 1.2 0.4 -   0.062 5.0 6.8 -   0.156 0.5 0.5 nd - NO7

FLOT1 1.0 0.7 0.9 0.1 1.1 ↓ 0.749 1.1 0.1 1.1 ↑ 0.274 11.0 4.1 14.8 8.2 YES

FLOT2 9.0 4.8 7.9 0.9 1.1 ↓ 0.447 10.8 1.8 1.2 ↑ 0.433 12.2 5.3 5.6 3.4 YES

PACSIN2 42.8 22.2 38.5 3.5 1.1 ↓ 0.488 32.5 6.2 1.3 ↓ 0.243 44.1 21.5 7.2 4.1 na

NSF 65.1 33.6 51.0 5.4 1.3 ↓ 0.158 64.7 9.1 -   0.972 4.7 0.5 nd - na

SNAP25 454.5 226.1 767.1 59.6 1.7 ↑ 0.007 602.8 88.9 1.3 ↑ 0.247 nd - nd - na

VAMP1 1.0 1.0 2.2 0.6 2.2 ↑ 0.010 2.4 0.4 2.4 ↑ 0.025 2.4 1.1 1.0 0.3 YES

VAMP2 130.1 65.7 299.1 65.1 2.3 ↑ 0.005 273.9 30.2 2.1 ↑ 0.021 6.6 0.8 1.0 0.3 YES

Table 3. Abundance of gene expression in rat retina and cultured bovine retinal microvascular cells (BRECs 
and BRPCs) and protein immunostaining in rat retina. Mean number of molecules with standard deviation 
(SD) are given for each gene in 1 μg total RNA of whole rat retina microvascular cells. Endothelial specific 
immunostaining in total rat retina is indicated as well. Significant (p<0.05) alterations in mRNA levels of 
2-fold or more were considered biologically relevant and are indicated in bold and underlined; significant 
(p<0.05) alterations in mRNA levels of 1.5-fold or more were considered as a trend and are underlined only. 
BRECs, bovine retinal endothelial cells; BRPCs, bovine retinal pericytes; GCL, ganglion cell layer; IPL, inner 
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer.

nd, Not detectable; na, Not analyzed; 1 Fold change (↑, increase; ↓, decrease); 2 Detected in rods and cones 
(Fig. 3G); 3 Detected in ganglion cells (Valyi-Nagy et al., 2004); 4 Detected in outer limiting membrane 
(Tserentsoodol et al., 1998); 5 Detected in retinal endothelial cells (Russ et al., 1998); 6 Detected in endothelial 
cells, pericytes and neural cells of the retina (Balsamo et al., 1991, Gerhardt et al., 1999, Matsunaga et al., 
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    Gene  expression (mRNA)  
    Control   Rat Retina BRECs BRPCs

Immunostaining 
in non-endothelial 
retinal cells

   
Mean SD

6 weeks DM 12 weeks DM
Mean SD    Mean SD Fold1   p-values Mean SD Fold1   p-values Mean SD

Endothelial cell 
markers
 

PECAM-1 1.0 1.0 na - -   - na - -   - 723.9 405.1 nd - NO

Tie2 8.1 4.3 na - -   - na - -   - 57.5 20.7 nd - NO

                                     
Tight junctions OCLN 3.7 2.0 3.4 0.5 1.1 ↓ 0.653 2.5 0.5 1.5 ↓ 0.038 3.1 1.8 nd - NO

CLDN1 1.0 0.4 4.6 1.0 4.6 ↑ 0.010 0.8 0.2 1.3 ↓ 0.584 3.0 0.3 nd - YES2

CLDN5 1.0 0.7 0.7 0.1 1.5 ↓ 0.014 0.9 0.2 1.1 ↓ 0.366 1.8 0.2 nd - NO

CLDN12 nd - nd - -   - nd - -   - 2.8 0.5 nd - na

JAM1 1.0 0.4 1.6 0.5 1.6 ↑ 0.022 1.2 0.1 1.2 ↑ 0.135 5.9 2.0 nd - NO

JAM2 5.2 2.6 5.5 0.9 1.1 ↑ 0.667 5.4 1.6 -   0.829 24.2 3.7 nd - na

JAM3 9.7 4.3 12.2 2.8 1.3 ↑ 0.251 11.2 1.6 1.2 ↑ 0.372 13.6 7.4 10.1 5.7 na

ESAM 22.5 8.8 16.3 2.9 1.4 ↓ 0.129 21.6 2.6 -   0.808 243.1 117.8 nd - na

NECTIN 16.6 9.2 26.4 4.0 1.6 ↑ 0.094 22.1 5.7 1.3 ↑ 0.468 nd - nd - YES3

ZO-1 2.0 1.2 7.9 1.3 4.0 ↑ 0.002 3.9 0.4 2.0 ↑ 0.095 40.6 25.7 3.6 2.3 YES4

Transport 
vesicles

CAV-1 22.3 14.2 67.1 16.0 3.0 ↑ 0.001 60.2 7.2 2.7 ↑ 0.007 479.5 245.3 37.6 25.7 YES5

DNM1 27.1 15.4 30.5 9.3 1.1 ↑ 0.593 51.0 10.2 1.9 ↑ 0.006 2.1 0.2 nd - YES6

DNM2 53.3 25.2 49.2 12.3 1.1 ↓ 0.603 69.0 17.3 1.3 ↑ 0.111 27.2 13.6 13.5 6.1 YES6

PV-1 nd - 1.2 0.4 -   0.062 5.0 6.8 -   0.156 0.5 0.5 nd - NO7

FLOT1 1.0 0.7 0.9 0.1 1.1 ↓ 0.749 1.1 0.1 1.1 ↑ 0.274 11.0 4.1 14.8 8.2 YES

FLOT2 9.0 4.8 7.9 0.9 1.1 ↓ 0.447 10.8 1.8 1.2 ↑ 0.433 12.2 5.3 5.6 3.4 YES

PACSIN2 42.8 22.2 38.5 3.5 1.1 ↓ 0.488 32.5 6.2 1.3 ↓ 0.243 44.1 21.5 7.2 4.1 na

NSF 65.1 33.6 51.0 5.4 1.3 ↓ 0.158 64.7 9.1 -   0.972 4.7 0.5 nd - na

SNAP25 454.5 226.1 767.1 59.6 1.7 ↑ 0.007 602.8 88.9 1.3 ↑ 0.247 nd - nd - na

VAMP1 1.0 1.0 2.2 0.6 2.2 ↑ 0.010 2.4 0.4 2.4 ↑ 0.025 2.4 1.1 1.0 0.3 YES

VAMP2 130.1 65.7 299.1 65.1 2.3 ↑ 0.005 273.9 30.2 2.1 ↑ 0.021 6.6 0.8 1.0 0.3 YES

1988); 7 Also detected in GCL, INL and IPL (Kim et al., 2006); 8 Also detected in neural retinal cells (Sherry 
et al., 2005; Sontag et al., 1994); 7 Specific for non-barrier endothelial cells (Schlingemann et al., 1997, 1999).
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Figure 3. Immunohistochemical staining of endothelial junction proteins in rat retina. A: Occludin im-
munostaining is present at endothelial junctions of a large capillary in the GCL (arrow heads) and in mi-
crovessels (*) of INL and OPL. Weak staining was present in the RPE (arrow). B: Weak and sporadic staining 
of claudin-5 in rat retina, especially in capillaries of the INL. C: Intense staining of claudin-1 was present 
between the RPE and RCL. D: Detail of occludin labeling in microvessels: intense staining at apparent sites 
of endothelial cell-cell contact is visible in ridges, but patchy staining is also present in cytoplasm. E: Detail 
of claudin-5 labeling in microvessels: a weak and patchy cytoplasmic pattern can be observed. F: Detail of 
patchy cytoplasmic staining of claudin-1 in small vessels of the INL .G: Magnification of claudin-1 stained 
area between RPE and RCL. H, I: JAM1 immunostaining was weak and sporadic in microvessels of the INL, 
whereas intense staining was present in the CC (H). JAM1 immunostaining was present in IPL and GCL (I). 
J: ZO-1 immunostaining was present at endothelial junctions of a large capillary in the ganglion cell layer. K: 
Enlarged and rotated image of the capillary shown in J, showing intense staining at apparent sites of endo-
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thelial cell-cell contact. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, 
outer plexiform layer; ONL, outer nuclear layer; RCL, rod and cones layer; RPE, retinal pigment epithelium; 
CC, choriocapillaris. Bars = 20 µm.

Figure 4. Immunohistochemical staining of vesicular transport-related proteins in rat retina. A: Intense 
caveolin-1 immunostaining was present in capillaries of the GCL, INL and CC. B: Detail of caveolin-1 
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Dynamin-1 levels after 12 weeks of diabetes. Transcripts of PV-1, which could not be 
detected in control retina, increased with the duration of diabetes.

Localization of BRB proteins in rat retina
Since we measured mRNA expression in whole retina, the observed expression levels 
may represent gene expression in other cell types than endothelial cells. Therefore, im-
munohistochemical staining was performed to analyze the localization of the respec-
tive proteins. Immunohistochemical results of the present study and those of other 
studies are summarized in Table 3. Immunostaining of occludin, claudin-5, claudin-1, 
JAM1 and ZO-1 was found in retinal endothelial cells (Fig. 3). However, claudin-1 
staining was also found to be prominently present at the border of the RPE cells and 
outer segments of photoreceptor cells (Fig. 3C and G). ZO-1 has been reported to be 
also expressed in the outer limiting membrane (Table 3). Caveolin-1 immunostaining 
was mainly found in vascular structures of the INL and GCL (Fig. 4A and B, Table 
3). Labeling of VAMP1 and -2 (Fig. 4G and H) and flotillin-1 and -2 (Fig. 4C and D) 
was primarily found in the IPL and OPL but flotillin-1 and -2 were also occasionally 
present in vascular-like structures of the GCL (Fig. 4E and F). 

Expression of BRB mRNA in BRECs and BPRCs
Transcript abundance of our gene set was determined in BRECs and BRPCs and the 
number of mRNA molecules present in 1 μg total RNA was calculated for each gene 
(Table 3). The purpose of this analysis was to determine the presence and abundance of 
each gene in retinal endothelial cells as compared to pericytes and its relative contribu-
tion as compared to whole retina. Except for NECTIN, paracellular transport-related 
mRNA transcripts were present in BRECs, including claudin-12 and VE-cadherin, 
which could not be detected in rat retina. Transcription levels of these genes in BRPCs 
were low and restricted to JAM3 and ZO-1. The genes that were previously reported 
as endothelial cell-specific, claudin-5, JAM1, JAM2 and ESAM were exclusively ex-
pressed in BRECs and not in BRPCs. Of all tight junction genes, ESAM was found to 
be the most abundantly expressed in BRECs. The amount of transcripts in BRECs was 
much higher than in whole retina. The number of transcripts found in 1 µg total RNA 

labeling in retinal capillary of INL. A striped pattern is visible, that appeared to be concentrated at en-
dothelial cell-cell contacts. C, D: Weak staining of flotillin-1 (C) and flotillin-2 (D) is present in the GCL 
and IPL and more intense in the RPE layer. E, F: Sporadically intense staining was present of flotillin-1 (E) 
and flotillin-2 (F) in vascular structures of the GCL. G, H: VAMP1 (G) and VAMP2 (H) were stained with 
different intensity and distribution. VAMP1 staining was present in the IPL and OPL and in the RPE layer. 
VAMP2 stained intensely in the OPL and IPL and weakly in axons in the INL and ONL and the layer under-
neath the ONL, apparently the outer limiting membrane (OLM). I: Sporadically intensely VAMP1 stained 
structures were present in the GCL, probably representing a large ganglion cell with dendrite (arrow). 
GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; 
ONL, outer nuclear layer; RCL, rod and cones layer; RPE, retinal pigment epithelium; CC, choriocapillaris.  
Bars = 20 µm.
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of BRECs for occludin and the three claudins was comparable to that found in 1 µg 
total RNA of whole retina. Most transcellular transport-related mRNA transcripts were 
expressed in BRECs, except SNAP25 (Table 3). Transcription levels in BRPCs were 
less abundant and were found to be absent for 4 out of 11 transport vesicle-associated 
genes. In BRECs and BRPCs, transcript levels of caveolin-1 were most abundant of all 
vesicular transport-related genes. The majority of the other transport vesicle-associat-
ed genes had a lower number of transcripts in 1 µg total RNA of BRECs as compared 
to whole retina.

Figure 5. Effect of VEGF on mRNA expression of endothelial junction genes in BRECs. Relative mRNA 
expression levels at various time points after stimulation with 25 ng/ml VEGF in BRECs are shown on a 
logarithmic scale (Log2). Basal control levels have been set to one. Means and standard errors of the mean 
are indicated. An asterisk indicates a significant change (P < 0.05). 
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VEGF induced alterations of BRB mRNA expression levels in BRECs
We hypothesized that VEGF regulates mRNA expression of BRB-related genes in 
BRECs. Indeed, a significant transient downregulation of occludin, claudin-1, claudin-
5 and JAM2 mRNA levels was found after 4 to 24 h exposure to VEGF which was fol-
lowed by significant induction after 48 and/or 72 h (Fig. 5); JAM1 mRNA levels were 
increased after 72 h VEGF treatment in BRECs; mRNA levels of other tight junction 
genes did not significantly change in BRECs due to VEGF treatment. VE-cadherin 
and N-cadherin showed a significant reduction in mRNA expression after 24 h VEGF 
exposure, whereas β-catenin was significantly increased after 72 h VEGF exposure (Fig 
5). Exposure to VEGF caused a moderate but significant increase in caveolin-1, flotil-
lin-1 and -2 mRNA levels after 48 to 72 h. PV-1 mRNA expression was highly increased 
from 5-fold at 24 h up to 13-fold at 72 h of VEGF exposure, whereas transcript levels of 

Figure 6. Effect of VEGF on mRNA expression of vesicle transport-related genes in BRECs. Relative mRNA 
expression levels at various time points after stimulation with 25 ng/ml VEGF in BRECs are shown on a 
logarithmic scale (Log2). Basal control levels have been set to one. Means and standard errors of the mean 
are indicated. An asterisk indicates a significant change (P < 0.05).
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other vesicular transport-related genes did not change significantly (Fig.6).
In summary, STZ-induced diabetes causes temporal up- or downregulation of tran-

script levels of a number of tight junction genes, as well as induction of vesicle trans-
port-related genes in rat retina (Table 3). Expression levels in whole rat retina of some 
tight junctional genes and the majority of vesicle-related genes were not exclusively of 
endothelial origin, which was revealed by immunohistochemical staining and mRNA 
expression in pericytes. Furthermore, SNAP25 and NECTIN mRNA transcripts were 
not detected in BRECs. Exposure to VEGF in BRECs induced a significant tempo-
ral downregulation of occludin, claudin-1, claudin-5 and JAM2 mRNA expression. 
Caveolin-1 transcripts and proteins were predominant in vascular cells and mRNA 
levels were induced in BRECs by VEGF. PV-1 was absent under normal conditions 
and present under diabetic conditions and its mRNA levels were greatly increased in 
BRECs by VEGF. 

Discussion
The present study shows distinct alterations in gene expression in the rat retina after 
induction of diabetes, indicating that both rearrangement of tight junctions and in-
duction of vesicle-mediated transcytosis in endothelial cells of the BRB occur in the 
early diabetic state. We screened a large panel of BRB-related genes to evaluate their 
potential role in BRB breakdown. Although many genes were documented to be ex-
pressed by endothelial cells, we found their proteins to be expressed in other retinal cell 
types as well, thus potentially contributing to the observed expression levels in intact 
retinas. We chose to investigate whole retina, a method that has limitations when genes 
are not exclusively expressed in endothelial cells. We combined these data with gene 
expression data of BRECs. Although expression levels in culture may be diminished, 
the presence in endothelial cells of most transcripts could be proven by this method. 
Furthermore, we showed that only a limited number of genes were altered by VEGF in 
BRECs. The induction by VEGF may be an indication for a contribution of the protein 
to BRB permeability. When combining all data, occludin, claudin-5, caveolin-1 and 
PV-1 stand out in particular, since their expression is predominantly endothelial-spe-
cific and for these genes we observed both mRNA regulation by diabetes in retina and 
corresponding gene expression changes by VEGF in BRECs. Whereas the endothelial 
tight junction genes occludin and claudin-5 showed a transient downregulation, ve-
sicular transport-related genes caveolin-1 and PV-1 showed a prolonged upregulation 
in both diabetic retina and VEGF-treated BRECs. 

This is the first time that transcriptional regulation of a large panel of known and 
potential BRB genes has been investigated under experimental diabetic conditions. 
Previously, it was shown that permeability of the BRB is increased after 2 and 12 weeks 
of STZ -induced diabetes in rats (Antonetti et al., 1998, 1999; Barber and Antonetti 
2003). On the basis of this observation, we hypothesized that mRNA levels of these 
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BRB-related genes are also altered at these time points. The intention of our study 
was to do a wide survey to identify interesting genes that may play a role in diabetes-
induced microvascular permeability. Although gene expression may not entirely reflect 
protein expression, these data provide a starting point for further investigation to study 
the expression, activity and function of these proteins.

Our study identified expression of several tight junction proteins in retinal endothe-
lial cells, of which only a few have been investigated previously in relation to capillary 
permeability. First, protein levels of the tight junction molecule occludin were reported 
before as decreased in diabetes and VEGF-induced retinopathy in rat eyes, as well as 
in cultured retinal vascular cells exposed to VEGF (Antonetti et al., 1998, 1999; Barber 
and Antonetti 2003; Brankin et al., 2005). In the present study, we found that occlu-
din expression was also decreased at the transcriptional level in entire rat retina after 
12 weeks of STZ-induced diabetes. Second, claudin-5 protein was not affected after 
1 month of STZ-induced diabetes or VEGF treatment (Barber and Antonetti 2003). 
However, in our study retinal mRNA levels of claudin-5 were decreased at 6 weeks 
of diabetes. This suggests that expression of both occludin and claudin-5 is modu-
lated during diabetes, but it may be a transient effect. Our data obtained in BRECs 
support this idea, because VEGF also caused a temporal downregulation of occludin 
and claudin-5 expression. 

Occludin is present in both endothelial and epithelial cell barriers, but claudin-5 
is exclusively found in endothelial cells (Morita et al., 1999), suggesting a specific role 
in BRB integrity. This is supported by findings in mice lacking claudin-5 gene expres-
sion which have selective blood-brain barrier dysfunction for molecules < 800 Da only 
(Nitta et al., 2003). Furthermore, claudin-5 is probably more important in endothelial 
cells of the barrier type than in non-barrier endothelium (Fontijn et al., 2006). Claudin 
family members may regulate barrier properties of cells and exhibit distinct tissue ex-
pression patterns (Furuse et al., 1999; Kiuchi-Saishin et al., 2002; Morita et al., 1999; 
Rahner et al., 2001). In brain, four claudins have been identified: claudin-1, -3, -5 and 
-12 (Nitta et al., 2003; Wolburg et al., 2003). Three of these are expressed in retina 
as well. Staining of claudin-1 was present in capillaries of the INL, whereas marked 
labeling was also found in the RPE at the side of the photoreceptor outer segments, 
which has been described previously (Nagasawa et al., 2006). As this may reflect gene 
transcription in the photoreceptor nuclei, the increased expression of claudin -1 which 
we observed in entire diabetic rat retina may reflect altered expression in photorecep-
tors. This is supported by the non-corresponding observation of significant reduction 
of claudin-1 mRNA expression in BRECs after 24 h of VEGF treatment. Claudin-12 
transcripts were not detectable in whole rat retina, but they were expressed in BRECs. 
Another study reported claudin-12 staining at ZO-1-positive tight junctions of brain 
capillaries (Nitta et al., 2003). The localization and relevance of retinal expression of 
claudin-3 remains to be investigated. Taken together, our study has identified expres-
sion of several claudins in the retina, but does not provide evidence for a specific role 
in BRB changes in diabetes.
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Expression of Jam1-3 and Esam was not reported before in retina. In the present 
study, JAM1 protein was expressed in the microvessels of the INL. JAM2, JAM3, and 
ESAM immunostaining was not performed, but JAM2 and JAM3 protein have been 
observed by others in brain endothelial cells (Nagasawa et al., 2006), whereas ESAM 
is known to be endothelium specific (Russ et al., 1998). Nectin was expressed in intact 
rat retina but not in cultured retinal cells. Furthermore, immunostaining with nectin 
antibody labeled unidentified - probably non-vascular - cells in the GCL of the mouse 
retina (Valyi-Nagy et al., 2004). It is therefore unlikely that nectin plays a specific role 
in BRB integrity. 

ZO-1 is an adaptor protein associated with tight junction molecules and adherence 
molecules which is expressed in vascular and neural cells of the ONL of the retina 
(Russ et al., 1998; Tserentsoodol et al., 1998). Both high levels of glucose and low levels 
of insulin reduce ZO-1 protein content in cultured retinal endothelial cells (Gardner 
1995). We found increased ZO-1 mRNA expression in diabetic rat retina, but it is 
unclear whether this is related to altered function of endothelial tight junctions. We did 
not detect significant changes in ZO-1 mRNA levels after VEGF exposure in BRECs.

Adherence junctions are important for the organization of tight junctions, since 
their absence prevented the formation of tight junctions in VE-cadherin-negative mice 
(Vinores et al., 1993). In STZ-induced diabetic rat retina, mRNA of VE-cadherin was 
undetectable and β-catenin levels were unchanged. Moreover, low abundant expression 
of VE-cadherin was present in cultured endothelial cells. The reason for the many folds 
higher expression levels of β-catenin as compared to VE-cadherin in intact rat retina 
and BRECs may be that besides binding to VE-cadherin, β-catenin is also present in 
the cytosol where it participates in Wnt signaling (Funayama et al., 1995). N-cadherin 
was temporarily increased after 6 weeks of STZ induction, suggesting a compensating 
mechanism to stabilize vessel integrity. N-cadherin mediates the heterotypic adhesion 
between endothelial cells and pericytes, but its expression was also detected in neural 
cells of the retina (Balsamo et al., 1991; Gerhardt et al., 1999; Matsunaga et al., 1988).

It is shown here for the first time that mRNA levels of vesicle transport-related genes 
are increased in the diabetic retina. Caveolin-1 immunostaining was mainly found in 
capillaries and its mRNA expression was significantly induced in STZ-induced diabetic 
rat retina, suggesting an important role in transcytosis in the BRB. This is in line with 
a previous study, showing that diabetes-induced caveolin-1 overexpression in rat lung 
alveolae was accompanied by increased permeability caused by increased transcytosis, 
whereas paracellular transport via endothelial tight junctions remained unchanged 
(Pascariu et al., 2004). In vitro, we found an increase in caveolin-1 mRNA levels in 
BRECs after 72 h of VEGF exposure but not at 24 h. In a previous study in hepatic 
sinusoidal endothelial cells, caveolin-1 protein expression did not increase within 24 h 
of exposure to VEGF either (Yokomori et al., 2003).

In the present study, we demonstrated for the first time that PV-1 is upregulated 
in STZ-induced diabetic rat retina and in retinal endothelial cells exposed to VEGF. 
Interestingly, we have found previously that PV-1 is also increased in the retina of 
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human patients with DR, whereas no protein is expressed in non-diabetic controls 
(Schlingemann et al., 1999). The induction of PV-1 expression by VEGF, an important 
contributor to BRB permeability, was striking, making its function as a downstream 
target of VEGF signaling in relation to vascular permeability conceivable. Earlier, we 
have shown in the monkey retina, that PV-1 is also induced by VEGF in vivo (Hofman 
et al., 2001a) and that this was accompanied with an increase and altered distribu-
tion of caveolae or plasmalemmal vesicles (Hofman et al., 2000). PV-1 is expressed 
in distinct vascular beds (Schlingemann et al., 1985, 1997, 1998) , is present during 
wound healing processes and cancer metastasis (Ruiter et al., 1993; Schlingemann 
et al., 1991) and is absent from lymphatic endothelium (Schlingemann et al., 1985). 
Moreover, in the brain and retina, PV-1 expression is absent from barrier endothe-
lium (Schlingemann et al., 1997). In these organs, expression of PV-1 indicates absence 
or loss of the blood-brain and blood-retina barriers, such as in brain tumors, in DR 
(Schlingemann et al., 1999) or in the normal optic nerve head (Hofman et al., 2001b), 
whereas it is not expressed in endothelium with patent blood-tissue barrier character-
istics (Dai et al., 2002; Schlingemann et al., 1997, 1998; Stan et al., 1999). In the light 
of its specific endothelial expression and absence in intact barrier endothelium, PV-1 
could be an important factor in transcellular permeability during preclinical DR.

Most of the other transport vesicle-related genes were expressed in BRECs and thus 
most likely in retinal endothelial cells in vivo as well, but many of these genes encode 
for proteins known to be primarily expressed in the synaptic processes of neuronal 
cells. Although regulation of these genes is not of lesser interest, their involvement in 
transcellular endothelial transport could not be demonstrated in this study. 

In summary, the observed expression patterns of a large set of genes suggest in-
volvement of both endothelial barrier transport pathways in loss of the BRB. Of each 
pathway, two proteins stand out in particular, occludin and claudin-5 in the paracel-
lular pathway and caveolin-1 and PV-1 in the transcellular pathway. Diabetes in rat 
retina and VEGF exposure in BRECs caused a temporal downregulation of occludin 
and claudin-5 and a long-term upregulation of caveolin-1 and PV-1. 
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