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ABSTRACT

Members of the claudin-family are involved in formation of barriers that control access 
of the paracellular space of epithelium. Likewise, endothelium-specific claudin-5 is involved 
in the function of the blood-brain-barrier (BBB). Here, we assessed the role of claudin-5 
in non-BBB endothelial barriers using lentiviral-driven overexpression and silencing of 
claudin-5 in its native environment of primary vascular endothelial cells (EC). Effects were 
monitored using macromolecular tracers between 342 Da and 40 kDa. Measurements were 
made both in absence and presence of transmigrating leukocytes. Freeze-fracture preparations 
were analyzed for effects at the ultrastructural level. We show that overexpression of 
claudin-5 leads to formation of elaborate networks of junction strands, which are absent in 
untransduced endothelial cells. Concomitantly, a modest, non-size selective enhancement 
of the barrier function was observed. In contrast, silencing of endogenous claudin-5 does 
not influence barrier function. The efficient sealing of endothelium during diapedesis of 
monocytes or granulocytes is also claudin-5 independent. Collectively, these data provide 
evidence for a limited contribution of claudin-5 to the barrier function of HUVEC, implying 
that, unlike selective barriers in epithelium, the barrier of non-BBB endothelium seems 
largely independent of claudin-directed tight junction structures.   

ABSTRACT

Members of the claudin-family are involved in formation of barriers that control access 
of the paracellular space of epithelium. Likewise, endothelium-specific claudin-5 is involved 
in the function of the blood-brain-barrier (BBB). Here, we assessed the role of claudin-5 
in non-BBB endothelial barriers using lentiviral-driven overexpression and silencing of 
claudin-5 in its native environment of primary vascular endothelial cells (EC). Effects were 
monitored using macromolecular tracers between 342 Da and 40 kDa. Measurements were 
made both in absence and presence of transmigrating leukocytes. Freeze-fracture preparations 
were analyzed for effects at the ultrastructural level. We show that overexpression of 
claudin-5 leads to formation of elaborate networks of junction strands, which are absent in 
untransduced endothelial cells. Concomitantly, a modest, non-size selective enhancement 
of the barrier function was observed. In contrast, silencing of endogenous claudin-5 does 
not influence barrier function. The efficient sealing of endothelium during diapedesis of 
monocytes or granulocytes is also claudin-5 independent. Collectively, these data provide 
evidence for a limited contribution of claudin-5 to the barrier function of HUVEC, implying 
that, unlike selective barriers in epithelium, the barrier of non-BBB endothelium seems 
largely independent of claudin-directed tight junction structures.   
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INTRODUCTION

Epithelial and endothelial cell monolayers form barriers that regulate access of water and 
solutes to the paracellular space, thus allowing formation and maintenance of compartments 
that differ in fl uid and solute composition.

 Studies on structure and regulation of the paracellular barrier have strongly focused on 
tight junctions in epithelial cells. Many of the resulting fi ndings seem applicable to endothelial 
barriers. In particular,  the well-developed tight junctions found in the endothelium of the 
blood-brain barrier (BBB)  contain many of the structural proteins that were initially described 
in epithelial models, including an endothelial-specifi c member of the claudin family; claudin-
5 (Morita et al., 1999b; Wolburg and Lippoldt, 2002). Indeed, BBB endothelial cells display 
structural and functional properties closely resembling epithelium.  

Related to specifi c local requirements, barrier properties of the endothelium show a 
wide variation along the vascular tree, ranging from highly restrictive in the BBB to highly 
permissive in postcapillary venules. This variation is a result of heterogeneity and segmental 
variation in the expression and activity of cellular structures involved in the two principle 
pathways that control passage over the endothelium, the transcellular and paracellular route 
(Bazzoni and Dejana, 2004; Simionescu et al., 2002). Systematic ultrastructural analysis of 
freeze-fracture preparations of vessels derived from different positions in the vascular tree, 
revealed an almost continuous presence of junction strands. Although complexity of the strands 
varied with their exact position, discontinuities were limited to venules, suggesting effi cient 
sealing of the vessel wall, in particular in larger vessels, by junction strands (Simionescu et 
al., 1975; Simionescu et al., 1976). However, study of in vivo permeability, in combination 
with ultrastructural analysis have shown that in aorta endothelium, where junction strands 
are relatively well-developed, non-widened intercellular clefts are permeable to tracers up to 
the size of horseradish peroxidase (HRP) (Chen et al., 1995; Chen et al., 1997; Huang et al., 
1992; Okuda and Yamamoto, 1983). This is in marked contrast to the high stringency of the 
BBB and the barriers found in many epithelia.

From both in vivo and in vitro studies of epithelial cells, evidence is accumulating 
that members of the claudin family of 4-pass transmembrane proteins are not only a major 
structural component of tight junction strands but also are a major determinant in the barrier 
characteristics of the resulting tight junctions (Furuse et al., 1998; Furuse et al., 2001; Morita 
et al., 1999a; Simon et al., 1999; Van Itallie et al., 2001; Yu et al., 2003).  Claudin-5 was 
detected specifi cally in endothelial cells, suggesting a role in the control of the endothelial 
barrier (Morita et al., 1999a; Morita et al., 1999b). Indeed, mice defi cient in claudin-5 
showed barrier failure, which was, however, size-selective and limited to the endothelium 
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of the BBB (Nitta et al., 2003). These observations leave questions as to the signifi cance of 
claudin-5 expression in non-BBB endothelium unanswered and may indicate the presence of 
alternative, claudin-5 independent, barriers.

Here, we studied the contribution of claudin-5 to the barrier function of non-BBB 
endothelial cells in an in vitro model. In primary endothelial cells claudin 5 levels were 
manipulated by lentivirus-driven overexpression or silencing and effects on paracellular 
permeability were monitored in a two-compartment system using macromolecular tracers 
ranging from 342 Da to 40 kDa. Measurements were performed both in the absence and 
presence of transmigrating infl ammatory cells. In addition, freeze-fracture preparations were 
analyzed for effects at the ultrastructural level.
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MATERIALS AND METHODS

Cell culture.  Human umbilical vein endothelial cells (HUVEC) were isolated and cultured as described (Horrevoets 

et al., 1999; Jaffe et al., 1973). The culture medium was composed of medium 199 (Invitrogen, Paisley, Scotland), 

supplemented with 20% (v/v) fetal bovine serum, 50 μg/ml heparin (Sigma, St. Louis, MO), 12.5 μg/ml endothelial 

cell growth supplement (Sigma) and 100 U/ml penicillin/streptomycin (Invitrogen). All culture surfaces were 

fi bronectin-coated.

Semi-quantitative real-time reverse transcription (RT)-polymerase chain reaction (PCR). Real-time RT-PCR 

was performed on total RNA isolated using the Absolutely RNA RT-PCR miniprep kit (Stratagene, La Jolla, CA), 

according to the manufacturer’s instructions. Gene-specifi c primers for human claudin-5, VE-cadherin, ZO-1 and 

β-actin were designed using Primer3 (Rozen and Skaletsky, 2000). β-actin levels were used to normalize levels of 

the assayed mRNAs. Primer sequences: Claudin-5: (forward) 5’-CCC AGA GGC TCC TGC TGA C-3’, (reverse) 

5’-GCA GAT TCT TAG CCT TCC CAC TCC-3’. VE-cadherin: (forward) 5’-AAG TGT GTG AGA ACG CTG 

TCC-3’, (reverse) 5’-AGG AAG TGG ACC TTG GTA TGC-3’. ZO-1: (forward) 5’-TAA GCC AGC AAC TTT 

CAG ACC-3’, (reverse) 5’-TCG GGC AGA ACT TGT ATA TGG-3’.

β-actin (forward) GGG AAA TCG TGC GTG ACA TTA AG, (reverse) TGT GTT GGC GTA AG GTC TTT G.

Electrophoresis and immunoblotting. Cell lysates were made in a buffer containing 50 mM Tris-Cl pH 7.6, 1% 

(v/v) Triton X-100, 60 mM octyl β-D-glucopyranoside (Sigma), 150 mM NaCl and supplemented with mammalian 

protease inhibitor cocktail (Sigma). Equal amounts of protein were used for SDS-PAGE followed by transfer to 

nitrocellulose for immuno-blot analysis. Incubation- and wash buffer contained 10 mM Tris-Cl pH 7.4, 150 mM 

NaCl, 0.05% (v/v) Tween-20 (TBS-T) and was supplemented with 5% (w/v) non-fat dry milk during blocking of the 

fi lter and incubation with antibodies. Primary antibodies were diluted according to the manufacturer’s instructions. 

The following antibodies were used: anti-claudin-5 polyclonal antibody (Zymed, South San Francisco, CA), anti-

ZO-1- and anti-VE-cadherin monoclonal antibodies (BD Biosciences, San Diego, CA). Signals were visualized 

using HRP-conjugated secondary antibodies (Bio-Rad, Hercules, CA) in combination with a chemiluminiscent 

substrate (ECL, Amersham Biosciences, U.K).  Quantifi cation of signals was performed using ImagQuant software 

(Amersham Biosciences, U.K.)

Immunofl uorescence. Primary endothelial cells were grown on fi bronectin-coated coverslips or fi lters. Cells were 

washed with serum-free medium at 37°C and fi xed for 15 min. with methanol at room temperature. PBS was used 

as incubation- and wash buffer and was supplemented with 1% (w/v) BSA during antibody incubations. Antibodies 

(see previous section) were diluted according to the manufacturer’s instructions. Signals were detected using anti-

mouse Alexa-488 (green) and anti-rabbit Alexa-568 (red). Coverslips were mounted in Mowiol (Calbiochem, La 

Jolla, CA) and images were recorded using a Bio-Rad MRC 1024 confocal laser scanning microscope (CLSM).
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Lentiviral claudin-5 overexpression. The entire human claudin-5 open reading frame cDNA was obtained by 

RT-PCR, cloned behind the CMV promoter of the pRRL-cPPT-CMV-X2-PRE-SIN-IRES-eGFP vector (kindly 

provided by Dr. J. Seppen, department of Experimental Hepatology, Academic Medical Center, Amsterdam, The 

Netherlands), and verifi ed by sequencing. Lentiviruses were generated in HEK293T cells as described (Naldini et 

al., 1996; Zufferey et al., 1998) and virus-containing supernatants were titrated on HUVEC to determine the titers 

needed to transduce >90% of the cells. The otherwise identical vector, but without claudin-5 cDNA, was used to 

generate mock viruses for control transductions. Freshly isolated or fi rst passage HUVEC cultures were transduced 

in normal growth medium at approximately 80% confl uency during 24 h after which they were used for further 

experimentation. 

RNA Interference. Stable partial silencing of the claudin-5 mRNA was achieved by lentiviral delivery of expression 

cassettes encoding siRNA directed against several target sequences that were selected as optimal using the Whitehead 

Institute (Cambridge, MA) siRNA selection program (Yuan et al., 2004). The siRNA expression cassette was obtained 

by PCR amplifi cation of the RNA polymerase III H1 promoter from the pSUPER vector (Brummelkamp et al., 2002), 

using the forward T3 primer and a reverse primer  The reverse primer comprises respectively (5’-3’) CTGTCTAGAC: 

XbaI with spacing nucleotides, AAAAA: RNA polymerase III termination signal, GAATCTGCTTAGTAAATGG: 

shRNA sense 19 nucleotide strand, TCTCTTGAA: loop sequence, CCATTTACTAAGCAGATTC: shRNA antisense 

19 nucleotide strand, GGGGATCTGTGGTCTCATACA: H1 promoter sequence. Underscored sequence: shRNA 

15. Sense strand sequences of shRNA 2: CTAAGAATCTGCTTAGTAA, shRNA 3: TAAATGGTTTGAACTCTCA, 

shRNA 7: CACATGCAGTGCAAAGTGT, shRNA 12: GAAGAACTACGTCTGAGGG. The PCR product was 

cloned into the pGEM-T easy vector (Promega, Madison, WI), digested with XbaI and SpeI restriction enzymes, and 

ligated into an NheI site of the lentiviral vector LV-CMV-GFP(dU3/NheI) (kindly provided by Dr. N.A. Kootstra, 

Sanquin Research at CLB, Amsterdam, The Netherlands) (Naldini et al., 1996; Tiscornia et al., 2003; Zufferey et 

al., 1998). Viral constructs were packaged and transduced into HUVEC as described in the previous section. The 

otherwise identical lentiviral vector, lacking the siRNA expression cassette, was used as a control. Freshly isolated 

or fi rst passage HUVEC cultures were transduced at approximately 80% confl uency for 24 h after which they were 

used for further experimentation.

Permeability assays. After transduction, confl uent cell layers were trypsinized and re-seeded at the same density 

in multiwell dishes (Costar Corning, NY) on fi bronectin-coated Transwell polycarbonate fi lters, (pore size 3 

μm, diameter 6.4 mm or 23.1 mm). The larger size (23.1 mm) fi lters were exclusively used when quantifying 

transmigration of leukocytes. Monolayers were used 4 days after seeding (van Nieuw Amerongen et al. 1998). 

For permeability assays, M199 supplemented with100 U/ml penicillin/streptomycin and 1% (w/v) human serum 

albumin was used in all stages. Cells were washed once and equilibrated for 1 h at 37°C or 45 min at 37°C followed 
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by 15 min on ice if measurements were to be made at 4°C. Medium from the upper chamber was then replaced 

by an equal volume of medium, at the appropriate temperature, containing tracers: 14C sucrose, 0.02 MBq/ml, 3H 

inulin 0.02 MBq/ml (Amersham Biosciences, UK), and 10 μg/ml HRP (Sigma). When permeability was measured 

under conditions of transmigration, 0.5 to 1.0x106 monocytes or granulocytes, freshly isolated as described 

in Hilkens et al. (1997), were added per ml medium. For monocyte transmigration, the chemoattractant CCL2 

(R&D systems, Minneapolis, MN)  was added to the lower compartment to a fi nal concentration of 1x10-8 M. For 

granulocytes, CXCL8 (Peprotech, Rocky Hill, NJ) was used at a fi nal concentration of 3x10-8 M. The cells were 

then incubated for 1 h at the appropriate temperature after which transwell inserts were removed. Tracers were 

quantifi ed by two-channel liquid scintillation counting. HRP was quantifi ed in a microtiter plate assay with 3,3’,5,5’-

tetramethylbenzidine as chromogenic substrate. Leukocytes were quantifi ed using either a counting chamber or the 

Cy-quant assay (Molecular Probes, Leiden, The Netherlands). 

Statistical analysis. Data are reported as mean ± standard deviation (SD). Differences in mean values were analyzed 

using Student’s t test. Differences were considered signifi cant at the P<0.05 level.           

Freeze fracture electron microscopy. Cells cultured on polycarbonate-fi lters were fi xed in McDowell’s fi xative 

(4 % (w/v) paraformaldehyde and 1 % (v/v) glutaraldehyde in 0.1 M PBS pH 7.4), rinsed  in the same buffer and 

subsequently cryoprotected with 2.3 M sucrose in 0.1 M PBS (pH 7.4). Samples were frozen in liquid ethane at 90 

°K. Freeze-fracturing was performed in a BAF300 (BAL-TEC, Balzers, Liechtenstein) at a vacuum of <10-5 Pa. 

Cells were fractured at a temperature of 150 °K, replicated with 2 nm platinum at an angle of 45o, and 20 nm carbon 

was deposited at an angle of 90o to strengthen the replica. Samples were cleaned with commercial regular bleach, 

rinsed with distilled water and mounted on bare 300 mesh copper grids. The replicas were studied in a Philips EM-

420 transmission electron microscope (Philips, Eindhoven, The Netherlands) operated at 100kV and equipped with 

a SIS MegaviewII camera. To evaluate the presence and relative amounts of tight junctions of the different cell types 

at least 15 grid holes, fully covered by fracture faces of endothelial membrane, were scanned. The area of 1 grid hole 

of a 300 mesh grid equals approximately 2000 μm2. 

RESULTS

Endogenous claudin-5 is induced in post-confl uent cultures of human umbilical 
vein endothelial cells (HUVEC). In order to study the functional consequences of claudin-5 
overexpression or claudin-5 silencing, we chose to use a native, vascular cell type in which 
claudin-5 expression levels can be manipulated in a continuous background of accessory 
junction proteins. We examined in HUVEC the endogenous expression and localization of 
claudin-5. In addition, we examined expression of ZO-1, a cytoplasmic protein connecting 
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multiple transmembrane junction proteins to the actin cytoskeleton (Bazzoni et al., 2000b; 
Fanning et al., 1998; Furuse et al., 1994; Itoh et al., 1999), and VE-cadherin, a transmembrane 
component of endothelial adherens junctions (Lampugnani et al., 1992; Lampugnani et al., 
1995). Cells, grown to different densities or as a confl uent monolayer for different periods of 
time, were harvested for further analysis. First, RNA was isolated and expression of claudin-
5, VE-cadherin and ZO-1 mRNA was assessed using semi-quantitative RT-PCR. Second, 
lysates were prepared for Western blots that were subsequently stained with either anti-
claudin-5, anti-VE-cadherin or anti-ZO-1 antibodies. For RNA levels, the combined result of 
three independent isolates is shown in Figure 1A.  Protein levels of a single, representative 
isolate are shown in Figure 1B. 

The error bars in Figure 1A indicate a considerable variation between individual 
isolates, probably resulting from different growth rates, combined with the lack of a sharp 
criterion for confl uency. During culture, expression of ZO-1 mRNA and protein remained at 
a relatively constant level whereas VE-cadherin, although expressed at considerable levels 
in subconfl uent cells, showed a gradual increase at both the RNA-and protein level when 
layers reached confl uency. In contrast, claudin-5 protein was not detected earlier than one 

Figure 1. Expression of adherens- and tight junction 
genes as function of HUVEC monolayer confl uency. 
Sparse: HUVEC were seeded at 1x104 per cm2 and 
grown for 24 h. 0, 24 and 72 h: cells were seeded at 
3x104 and grown to confl uency after which growth was 
continued for the times indicated before either RNA 
or lysates were harvested. (A) mRNA as measured 
using semi-quantitative RT-PCR. Results were 
normalized for ß-actin and expressed as percentage of 
the maximum value measured for the specifi c mRNA. 
Means ± SD from three independent HUVEC isolates 
are shown. Signifi cant (P <0.05) increase of mRNA 
levels relative to sparse cultures is indicated (*).  (B) 
Protein detected by Western blotting. Equal amounts 
of total protein were loaded on SDS-PAGE gels that 
were subsequently used for immunoblotting with ZO-
1-, VE-cadherin- and claudin-5-specifi c antibodies. 
Equal loading was confi rmed by a second incubation 
with anti-alpha-tubulin antibodies.
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day after cells had formed a confl uent monolayer. In good agreement, a sharp increase in 
claudin-5 mRNA was observed at the time point at which cells reach confl uency. These 
observations indicate a tight transcriptional control of claudin-5, conceivably associated with 
contact inhibition. Although the process of junction assembly in endothelium is far from 
being understood (Bazzoni and Dejana, 2004), the observed temporal expression of these 
junctional components is consistent with a coordinated expression of essential adherens- and 
tight junction constituents in HUVEC under the applied culture conditions.     

Using immunofl uorescence microscopy, we examined the localization of claudin-5 in 
HUVEC in comparison to ZO-1 and VE-cadherin. ZO-1 was described to localize to the tight 
junction in a variety of epithelia and endothelium (Stevenson et al., 1986).  VE-cadherin can 
be expected to localize in very close proximity to tight junctions as ultrastructural studies 
have shown that tight- and adherens junctions are intermingled along the intercellular cleft 
of endothelial cells (Simionescu, 2000). Indeed, Figure 2 shows that the signal of claudin-5 
colocalized with both VE-cadherin and ZO-1, in the areas of cell-cell contact. Taken together, 
these data show that expression of junction-related genes and the correct targeting of their 
gene products are conserved in early passage cultured HUVEC. This allows a functional 
study of claudin-5 in a native type of primary vascular endothelial cell. 

claudin-5

claudin-5

ZO-1 merge

mergeVE-cadherin

Figure 2. Endogenous claudin-5 colocalizes with VE-cadherin and ZO-1. HUVEC were grown in a two-compartment 
system during 4 days. Cells were fi xed with methanol and stained with anti-claudin-5 polyclonal antibody combined 
with either an anti-VE-cadherin or an anti-ZO-1 monoclonal antibody. For detection, anti-mouse Alexa-488 (green) 
and anti-rabbit Alexa-568 (red) were used. Recordings were made using CLSM. A single 0.5 μm Z-section is shown. 
Bar, 30 μm.
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 Lentiviral-mediated claudin-5 overexpression and silencing in HUVEC. The 
system used to introduce and express claudin-5 mRNA or silencing/short hairpin (sh)RNA 
should meet two criteria. First, as it is assumed that a claudin-dependent barrier function 
involves interaction of claudins on adjacent cells, a high transfection-effi ciency is required. 
Second, gene transfer should not interfere with the formation of closed cellular sheets 
and accompanying barrier formation. As non-viral techniques do not meet these criteria, 
we introduced claudin-5 cDNA in HUVEC by lentiviral transduction (Naldini et al., 1996; 
Zufferey et al., 1998). Claudin-5 transcription was under control of the constitutive CMV 
promoter. Five days after transduction, cell lysates were prepared, and used for Western 
blotting. Immunostaining using claudin-5 antibodies detected a major band of 23 kDa, the 
predicted size for claudin-5 (Swiss Prot. No. O00501). Massive overexpression was detected 
in claudin-5 transduced cells as compared to mock-transduced cells (Figure 3A). Fig. 3B 
serves to illustrate the effects of claudin-5 overexpression at the cellular level. To allow not 
only a qualitative- but also a (semi-)quantitative appreciation of these effects, the  settings 
of the CLSM were optimized such that the dynamic range of the image covers the range of 
signal intensities in claudin-5 overexpressing cells and were kept constant when recording 
endogenous claudin-5 in mock-transduced cells. We observed a considerable increase of 
claudin-5 signal both in the cytoplasm, in particular near the nucleus, and at the areas of 
cell-cell contact, indicating correct targeting of the exogenously expressed claudin-5. This is 
further confi rmed by colocalization of claudin-5 and VE-cadherin signals, both at the lateral 
membrane and in a limited number of the cytoplasmic structures (Figure 3C). Nevertheless, 
the size and abundance of the observed claudin-5 positive cytoplasmic structures may indicate 
that a part of the exogenously expressed claudin-5 is retained intracellular and therefore does 
not participate in cell-cell interaction. No signs of adverse effects of lentiviral transduction 
on integrity of the monolayer were observed. 

Five shRNA encoding sequences, downstream of the H1 promoter on a lentiviral vector, 
were tested for their effectiveness to reduce claudin-5 mRNA.  Four days after transduction, 
RNA was isolated and used for semi-quantitative RT-PCR to assess the amount of claudin-5 
mRNA. In parallel, lysates were prepared and used for Western blots that were developed 
using claudin-5 antibodies. Three out of fi ve shRNA were found to affect claudin-5 expression.  
Relative to mock-transduced cells, shRNAs 2 and 15 induced a 3- to 4-fold decrease in 
claudin-5 mRNA levels whereas effects of shRNA 3 were limited (Figure 4A). Effects at 
the protein level were consistent with mRNA determinations (Figure 4B). Quantifi cation of 
Western blots showed a reduction of claudin-5 protein levels to 28% (shRNA 2) and 25% 
(shRNA15) of mock-transduced controls.  Fig. 4C semi-quantitatively illustrates effects of 
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claudin-5 silencing at the cellular level. Here, settings of the CLSM  were optimized such that 
the dynamic range of the image covers the range of signal intensities of endogenous claudin-
5 and were kept constant when recording sh-15 transduced cells.  An uniform disappearance 
of the claudin-5 signal from the cell-cell contacts was observed. Surprisingly, combined 
transduction of shRNAs 2 and 15 did not result in further reduction of the claudin-5 mRNA 
level, suggesting a limiting step in siRNA downstream effector mechanisms (data not shown). 
Taken together, these data show that lentiviral transduction of claudin-5 cDNA or claudin-5 
specifi c shRNA-encoding constructs is a highly effi cient approach to manipulate claudin-5 
levels in HUVEC without adverse effects on the integrity of the monolayers.  

claudin-5 mergeVE-cadherinC

20

HUVE
C

M
OCK

CLA
UDIN

-5

A mock claudin-5B

25

actin

Figure 3. Lentiviral overexpression of claudin-5 in HUVEC.  (A) Claudin-5 protein detected by Western blotting. 
Four days after transduction of HUVEC, lysates were prepared and analyzed by immunoblotting with claudin-
5- specifi c antibodies. HUVEC: non-transduced control. Mock: transduced with virus containing vector without 
claudin-5 cDNA insert. Claudin-5: transduction with virus containing claudin-5 cDNA under control of the CMV 
promotor. Molecular weight (kDa) is indicated at the right side of the fi gure. Equal loading was confi rmed by 
a second incubation with anti-actin antibodies. (B) Effect on claudin-5 immunofl uorescence. After transduction, 
cells were seeded on fi bronectin-coated glass coverslips and grown for 4 days. Cells were fi xed with methanol and 
stained with a primary antibody against claudin-5 and an Cy-3-conjugated secondary antibody. Immunofl uorescent 
recordings were made using  CLSM with settings optimized for claudin-5 transduced cells. Subsequently, mock-
transduced cells were recorded with identical settings. Bar: 30 μm. (C) Colocalization of overexpressed claudin-5 
with VE-cadherin. After transduction, cells were seeded on fi bronectin-coated glass coverslips and grown for 4 days. 
Cells were fi xed with methanol and stained with anti-claudin-5 polyclonal antibody, combined with an anti-VE-
cadherin monoclonal antibody. For detection, anti-mouse Alexa-488 (green) and anti-rabbit Alexa-568 (red) were 
used. Immunofl uorescent recordings were made using CLSM. A single 0.5 μm Z-section is shown. Bar: 10 μm.
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Overexpression of claudin-5 enhances barrier function in a size-independent 
manner, but silencing of claudin-5 has no signifi cant effect. A potential role of claudin-5 
in paracellular permeability was assessed in a two-chamber system. Monolayers of HUVEC 
transduced with lentiviruses that induced either overexpression or silencing of claudin-5 were 
grown on Transwell fi lters as described in Materials and Methods and were tested for their 
permeability for sucrose (342 Da), inulin (5kDa) and HRP (40 kDa). To exclude possible 
contributions of a vesicle-dependent transcellular pathway, measurements were made at both 
37°C and 4°C. Figure 5A illustrates the barrier properties of monolayers of mock-transduced 
cells from 6 different HUVEC isolates that were used in the overexpression- and silencing 
experiments that are reported in this paper. At 37°C, the total tracer passage decreased with 
an increase of the molecular weight of the tracers used. At 4°C, a comparable trend was 
observed as vesicle-independent tracer passage decreased from 8.2±1.8 % for sucrose via 
5.8±2.1 % for inulin to 1.7±1.2 % for HRP. The low passage of HRP indicates the presence of 
well-developed intercellular connections (Chen et al., 1995; Chen et al., 1997; Huang et al., 
1992; Okuda and Yamamoto, 1983).  Opening of the paracellular space, by incubation of the 

Figure 4. Silencing of endogenous claudin-5 expression in 
HUVEC. Effects of three different short hairpin (sh)RNAs 
(2, 3 and 15), directed against claudin-5, expressed by 
using the H1 promotor and transduced on a lentiviral 
vector, were tested. (A) Effect on claudin-5 mRNA levels.  
Four days after transduction and approximately three 
days after reaching confl uency, total RNA was isolated 
and claudin-5 mRNA levels were determined using 
semi-quantitative RT- PCR. Results were normalized for 
ß-actin and expressed as percentage of the value of the 
mock transduction. (B) Effect on claudin-5 protein.  Four 
days after transduction and approximately three days 
after reaching confl uency, lysates were made and equal 
amounts of protein were analyzed on a 12% (w/v) SDS-
PAGE. Subsequently, immunoblotting with claudin-5-
specifi c antibodies was performed. Equal loading was 
confi rmed by a second incubation with anti-α-tubulin 
antibodies. M: mock transduction. (C) Effect on claudin-
5 immunofl uorescence.  After transduction, cells were 
seeded on glass coverslips coated with, successively, 
gelatin and fi bronectin  and grown for 4 days. Cells 
were fi xed with methanol and stained with a primary 
antibody against claudin-5 and a Cy-3-conjugated 
secondary antibody. Immunofl uorescent recordings were 
made using  CLSM with settings optimized for mock-
transduced cells. Subsequently, sh15-transduced cells 
were recorded with identical settings. Bar: 60 μm.
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monolayers with 1 U/ml thrombin (Rabiet et al., 1996; van Nieuw Amerongen et al., 1998), 
induced an approximately 3-fold permeability increase for sucrose and inulin whereas HRP 
passage was increased 10-fold as compared to non-stimulated controls,  thus confi rming the 
presence of a functional barrier in non-stimulated mock-transduced cells. (Figure 5B). 

The standard deviations in fi gure 5 illustrate variation in basal permeability between 
different isolates of primary HUVEC used in our experiments. To more accurately analyze the 
effects of claudin-5 overexpression or silencing on permeability, we have chosen to express 
the results relative, as a percentage of mock-transduced cells. Permeability is thus normalized, 
allowing  combination of data obtained with different isolates. In addition, differences in 
permeability resulting from alterations in claudin-5 expression levels can be discerned from 
variations in basal permeability between isolates.   Lentiviral overexpression of claudin-5 
induced a modest but signifi cant (P<0.001) decrease in permeability, independent of the size 
of the tracer and the temperature of the incubation (Figures 6A and 6B). 

Together with the observed increase of claudin-5 signal at the cell-cell contacts upon its 
overexpression, these data suggest that the overexpressed claudin-5 enhances the paracellular 
barrier function. In contrast, lentiviral directed silencing of endogenous claudin-5 did not 
affect tracer passage (Figures 6C and 6D), notwithstanding the fact that a signifi cant reduction 
of claudin-5 at the RNA- and protein level was observed (Figures 4A and 4B), as well as a 

Figure  5. Barrier properties of HUVEC monolayers in a 
two-compartment system.  (A) Permeability for inert tracers. 
Cells were grown as described in materials and methods. 14C 
sucrose (342 Da), 3H inulin (5 kDa) and HRP (40 kDa) were 
added to the upper compartment and diffusion was allowed 
during 1 h at the indicated temperatures after which tracer 
passage to the lower compartment was measured. Tracer 
passage was expressed as percentage of the tracer added to the 
upper compartment (input). Means ± SD of mock-transduced 
cells from 6 independent HUVEC isolates are shown. Tracer 
passage is not signifi cantly different for sucrose as compared 
to inulin, both at 37°C and 4 °C (P 0.06 and 0.05, respectively). 
Signifi cant differences (P<0.01) in tracer passage between 
HRP and both sucrose and inulin are indicated (**). (B) 
Effect of thrombin on the paracellular barrier of HUVEC. 
Measurements were performed as described under (A). 
Monolayers were incubated at 37°C with tracers in the 
presence of 1u/ml thrombin. Tracer passage was expressed 
as percentage of the tracer added to the upper compartment 
(input). Means ± SD measured in a single HUVEC isolate 
are shown. Relative to controls, thrombin incubation causes 
a highly signifi cant (P<0.001) increase in permeability for 
sucrose, inulin and HRP (indicated by ***).
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nearly complete absence of fl uorescence at the lateral membrane (Figure 4C).  
Claudin-5 does not contribute to endothelial barrier function during diapedesis 

of infl ammatory cells. Based on the physiological signifi cance of the endothelium in 
infl ammatory processes, it might be envisioned that claudin-5 has a function in the sealing 
of the paracellular space during diapedesis of infl ammatory cells (Muller, 2003). To examine 
this possibility, we measured the effect of claudin-5 overexpression and claudin-5 silencing 
on both the rate of diapedesis of either granulocytes or monocytes and the passage of tracers 
during diapedesis of these infl ammatory cells in the two compartment system. Compared to 
mock-infected cells, cells overexpressing claudin-5 allowed identical rates of transmigration 
of either granulocytes or monocytes, indicating that access of infl ammatory cells to the 
paracellular space is not affected by claudin-5 overexpression. (Figure 7A). 

Figure 6. Effects of claudin-5 overexpression or claudin-5 partial silencing on barrier properties of HUVEC 
monolayers. (A, B) Effect of claudin-5 overexpression. 24 h after lentiviral transduction of claudin-5, HUVEC 
were seeded in a two compartment system and grown for 4 days. 14C sucrose (342 Da), 3H inulin (5 kDa) and HRP 
(40 kDa) were added to the upper compartment and diffusion was allowed during 1 h at the indicated temperatures 
after which tracer passage to the lower compartment was measured. Tracer passage was expressed relative to 
mock-transduced cells. Means ± SD from 3 independent HUVEC isolates are shown. Highly signifi cant differences 
(P<0.001) between mock- and claudin-5 transduced cells are indicated (***). (C, D) Effect of partial silencing of 
endogenous claudin-5. 24 h after lentiviral transduction of shRNA 15, HUVEC were seeded in a two compartment 
system and grown for 4 days. The procedure performed is identical to that described in (A, B). Tracer passage was 
expressed relative to mock-transduced cells. Means ± SD from 3 independent HUVEC isolates are shown. 
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Accordingly, also silencing of endogenous claudin-5 did not affect transmigration 
rates (Figure 7C).  The permeability of mock-transfected HUVEC monolayers for the 
smallest tracer, 14C sucrose, was hardly infl uenced by transmigration of either granulocytes 
or monocytes (mock transductions in Figures 7B and 7D), suggesting an effi cient sealing 
of the paracellular space in mock-transduced cells during diapedesis. Claudin-5 does not 
play a role in these sealing mechanisms as claudin-5 silencing did not affect 14C sucrose 
permeability (Figure 7D). The barrier for macromolecular tracers that results from claudin-5 
overexpression was not affected under conditions of diapedesis (Figure 7B). Essentially the 

Figure 7. Transmigration of leukocytes through monolayers of HUVEC with overexpressed or silenced claudin-5. 
24h after lentiviral transduction of either claudin-5 or shRNA 15, HUVEC were seeded in a two compartment system 
and grown for 4 days. 0.5x106 to 1.0x106 per ml of freshly isolated human leukocytes were added to the upper 
compartment and a chemo attractant, CCL2 for monocytes and CXCL8 for granulocytes was added to the lower 
compartment to fi nal concentrations of 1x10-8 M and 3x10-8  M, respectively. (A) Effect of claudin-5 overexpression 
on transmigration of monocytes and granulocytes. Claudin-5 overexpressing monolayers were incubated with either 
monocytes or granulocytes during 1 h and 30 min, respectively. Cells that transmigrated to the lower compartment 
were counted and re-calculated to a 1 h period.  Transmigration was expressed as percentage of number of cells 
added to the upper compartment (input). Means ± SD are shown. (B)  Effect of claudin-5 overexpression on HUVEC 
barrier for 14C sucrose (342 Da) during transmigration of monocytes or granulocytes. The tracer was added to the 
upper compartment together with the indicated number of leukocytes and diffusion was allowed during 1 h at 37°C. 
After this period tracer passage to the lower compartment was measured. Tracer passage is expressed as percentage 
of the tracer added to the upper compartment (input). Means ± SD are shown. (C) Effect of partial claudin-5 silencing 
on transmigration of monocytes and granulocytes. The procedure performed is identical to that described in (A). (D) 
Effect of partial claudin-5 silencing on HUVEC barrier for 14C sucrose (342 Da) during transmigration of monocytes 
or granulocytes. The procedure performed is identical to that described in (B). 
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same results were obtained when 1x10-8 M FMLP was used as a chemoattractant (data not 
shown).

Barrier properties of claudin-5 are dependent on the formation of macromolecular 
junction strands.  The fi nding that overexpression of claudin-5 resulted in a non-size 
selective enhancement of the barrier function for tracers between 342 Da and 40 kDa, 
whereas partial silencing of the endogenous claudin-5 did not result in an opposite effect, 
may seem paradoxical. This prompted us to hypothesize that the molecular context in which 
overexpressed claudin-5 is functioning is different from that of the endogenous claudin-5 and 
thus may affect the outcome of the permeability-assays. To test this option, freeze-fracture 
electron microscopy was performed to analyze occurrence and type of tight junction strands 
in untransduced- and both mock- and claudin-5-transduced- HUVEC monolayers. Scanning 
of at least 30x103 μm2 of e- or p-fracture faces of either HUVEC or mock-transduced 
HUVEC that had formed a functional barrier by criterion of a low permeability for HRP, 
did not reveal strand structures, with the exception of one single isolated tight junctional 
complex that contained a number of unconnected strands of ill-aligned beads that were 
located on smooth ridges of the p-face (Figure 8).  Apparently, the barrier properties of native 
HUVEC and the mock-transduced cells are not associated with the occurrence of typical 
junctional strands. In contrast, in freeze-fracture preparations of claudin-5 overexpressing 
cells, tight junction structures were readily detected. Junctions were sometimes observed 
as isolated strands, but in most cases they formed elaborate networks, up to 5 μm in width, 
of small continuous beads embedded in the p-fracture face with a corresponding network 
of imprints on the e-fracture face (Figure 8). We fi nd formation of these junction strands 
to be associated with a decrease in permeability (Figures 6A and 6B). In mock-transduced 
cells, where junction strands are lacking, we fi nd no effects on tracer permeability upon 
partial silencing of endogenous claudin-5 (Figures 6C and 6D). These fi ndings show that 
a contribution to endothelial barrier function by claudin-5, as measured by passage of inert 
tracers, is dependent on its organization in strand structures.

DISCUSSION

In this report, we provide evidence that in non-BBB endothelium the selective barrier 
function of EC is largely independent from claudin-5-directed tight junctions.

We studied the effects of manipulation of claudin-5 levels by effi cient lentiviral 
transduction in a native, vascular endothelial environment.  We show that expression of 
accessory junction proteins in early passage cultures of HUVEC is maintained, thus providing 
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an appropriate background. Using CLSM, we observed that endogenously expressed claudin-
5 concentrates in lineair patterns in the areas of cell-cell contact and colocalizes not only 
with VE-cadherin but also with ZO-1,  indicating interaction between claudin-5 and adapter 
proteins of the junctional plaque (Itoh et al., 1999, Bazzoni and Dejana, 2004).  In freeze-
fracture replicas of native or mock-transduced HUVEC these lineair structures did not give 
rise to formation of typical tight junction strands. In principle, tight junctions are defi ned 
by electron microscopy as specializations of the plasma membrane that appear as points of 
tight contact between the plasma membrane of adjacent cells in thin sections or as strand 
structures in freeze-fracture preparations (Tsukita et al., 2001). Our observations point at the 
presence, in native HUVEC, of intermediate junction structures that display the characteristic 
composition and localization of junction strands but that do not support the formation of 
specialized plasma membrane structures. For these membrane structures to form, increased 
levels of claudin-5 are essential, as evidenced by our fi nding that overexpression of claudin-
5 is both necessary and suffi cient to allow detection of tight junction strands in freeze-
fraction electron microscopy. Overexpression of claudin-5 resulted in a 33% decrease of the 
paracellular permeability which was independent of the size of the tracers in a range between 
342 Da and 40 kDa. Typically, freeze-fracture preparations of claudin-5 overexpressing 
HUVEC displayed networks of tight junction strands. The high frequency of occurrence of 
these networks indicates that they may very well circumscribe individual cells. In view of 
the current paradigm that explains passage of macromolecules by junction strand dynamic 
behavior (Anderson et al., 2004; Sasaki et al., 2003), our data indicate that temporal gaps 
associated with strand breaking and reformation are suffi ciently large to allow passage of 
molecules of at least the size of HRP. Therefore, these gaps behave size-indiscriminative in 
our experimental set up, where HRP is the largest tracer examined. In effect, the accessible 
surface of the paracellular space is reduced to the same extent for all three tracers used.

Earlier studies that assessed claudin-5 function by overexpression in heterologous NIH/
3T3 fi broblasts and IB3.1 airway epithelial cells (Coyne et al., 2003) or MDCK II cells 
(Wen et al., 2004) show confl icting results. However, two intrinsic properties of claudins 
have to be considered in relation to the host cell type. First, claudins spontaneously form 
paired strand-like structures when overexpressed in cells that do not display endogenous tight 
junctions (Furuse et al., 1998). Although such cells have proven useful in structural studies 
of claudin-based strands (Furuse et al., 1998; Furuse et al., 1999; Sasaki et al., 2003), the 
value of functional studies in this type of cells is limited by the absence of components of 
the junctional complex that may affect claudin function (Bazzoni and Dejana, 2004; Itoh et 
al., 1999). Second, distinct species of claudins may interact, both within- and between tight 
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junction strands (Furuse et al., 1999). This implies that when a given claudin is overexpressed 
in cells that produce other claudin species, no clear distinction can be made between functional 
effects resulting from interference of the overexpressed claudin with endogenous strands 
and effects that refl ect intrinsic properties of strands mainly consisting of the overexpressed 
claudin. Using a rat lung endothelial cell line in which ZO-1 and ZO-2, but not claudin-1, 
claudin-5 and claudin-12, are expressed, Soma et al. (2004) showed that induction of claudin-
5 results in a reduced permeability for inulin (5 kDa) but not for mannitol (182 Da). However, 
when phosphorylation of Thr207 on the claudin-5 cytoplasmic C-terminus was blocked, the 
permeability for both tracers showed a reduction. Consequently, claudin-5 overexpression 
using an in vitro model of native, vascular endothelial cells is likely to provide the best 
approximation of the physiological situation. 

Despite the absence of TJ strands, mock-transduced HUVEC monolayers were found 
to possess substantial paracellular barrier properties.   We measured a low permeability for 
HRP, indicating that the monolayers display structural and functional barrier properties, 
resembling those found in vivo (Chen et al., 1995; Chen et al., 1997; Huang et al., 1992; 

Figure 8. Freeze-fracture replica images of cell-cell contact planes of mock-transduced- and claudin-5-overexpressing 
HUVEC.  Mock: one single pronounced p-face associated junctional complex containing a number of abortive 
strands. No other junction structures were found in approximately 30x103 μm2.   Claudin-5: networks of tight 
junction particles, for a large part embedded in the p-face and complementary e-fracture associated imprints. 
c: cytoplasm, e: e-face, p: p-face, t: tight junction complex. Scale bar in mock image: 500nm, scale bar in clauin-5 
Image: 250nm. 
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Okuda and Yamamoto, 1983). Thrombin stimulation of the monolayers induced a dramatic 
increase in permeability, thus confi rming the presence of a paracellular barrier in the non-
stimulated situation. An 4-fold downregulation of endogenous claudin-5 did not affect 
paracellular permeability, indicating that these barriers are claudin-5 independent.

We did not fi nd evidence for a role of claudin-5 in transmigration of infl ammatory 
cells. In agreement with previous reports, (Huang et al., 1988; Huang et al., 1993), our 
results indicate that in our HUVEC model, at the applied endothelial cell : leukocyte ratios, 
effects of leukocyte traffi c on paracellular leakage are virtually absent. Neither claudin-5 
overexpression nor claudin-5 silencing interfered with effi ciency of leukocyte transmigration 
or endothelial barrier function during leukocyte transmigration. Together, these fi ndings 
indicate the presence of barrier mechanisms that are independent of claudin-5 or tight 
junction strands. Members of the JAM family and VE-cadherin localize to the paracellular 
cleft, undergo homotypic interactions and were reported to contribute to the paracellular 
barrier (Bazzoni et al., 2000a; Corada et al., 1999; Liu et al., 2000; Mandell et al., 2004) It 
has remained unclear, however, whether this contribution is either direct or via facilitation 
of TJ strands. Our results raise the possibility that JAM proteins, VE-cadherin and possibly 
other, as yet unknown, adhesive proteins that concentrate at the intercellular cleft contribute 
signifi cantly to the endothelial barrier, independent of tight junction structures.

Nitta et al., (2003) reported that claudin 5-/- mice showed no signs of edema or vascular 
leakage. However, a size-selective failure of the endothelium was manifested in the BBB, 
which showed an increased leakage of tracers smaller than approximately 800 Da. In our 
experiments, we do not observe any size-selective effect in a range between 342 Da and 
40 kDa when claudin-5 is overexpressed. It should be noted here, that in the claudin 5-
/- BBB, tight junction structures do persist, probably based on the abundantly expressed 
claudin-12 (Nitta et al., 2003). Therefore, the observed size-selectivity should be regarded 
as an intrinsic property of claudin-12 based strands that developed in the absence of claudin-
5. In contrast, in our in vitro model, non-size selective tight junction strands are induced 
upon overexpression of claudin-5 in the absence of substantial amounts of other claudins, 
which can be inferred from the absence of tight junction strands in native or mock-transduced 
HUVEC. Indeed, we found that HUVEC do not express claudin-1, the archetype claudin, that 
shows a wide tissue and cell-line distribution (Tsukita et al., 2001, Turksen and Troy, 2004) 
(data not shown). Nevertheless, a contribution of minor amounts of other claudin species to 
the observed barrier properties can not be excluded.

In conclusion, our data provide evidence that barriers induced by overexpression of 
claudin-5 are associated with tight junction strands and show no size-selectivity.  Furthermore, 
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we show that in endothelium both claudin-5-dependent and claudin-5- independent barrier 
mechanisms are operative. 

For the in vivo situation these fi ndings imply that in considerable areas of the vascular 
tree a signifi cant contribution of tight junction independent mechanisms to the endothelial 
barrier can be expected.
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