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Chapterr  4 
VCAM-l-MEDIATE DD RAC SIGNALIN G 

CONTROLSS ENDOTHELIA L CELL-CEL L 
CONTACTSS AND LEUKOCYT E 
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Leukocytee adhesion is mediated totally and transendothelial 
migrationn partially by heterotypic interactions between the 
pVV and pVintegrins on the leukocytes and their ligands, 
Ig-likee cell adhesion molecules (Ig-CAM), VCAM-1, and 
ICAM-1,, on the endothelium. Both integrins and Ig-CAMs 
aree known to have signaling capacities. In this study we 
analyzedd the role of VCAM-1-mediated signaling in the con-
troll  of endothelial cell-cell adhesion and leukocyte transen-
dotheliall  migration. Antibody-mediated cross-linking of 
VCAM-11 on IL-1 ^-activated primary human umbilical vein 
endotheliall  cells (pHUVEC) induced actin stress fiber forma-
tion,, contractility, and intercellular gaps. The effects induced 
byy VCAM-1 cross-linking were inhibited by C3 toxin, indicat-
ingg that the small GTPase p21Rho is involved. In addition, 
thee effects of VCAM-1 were accompanied by activation of Rac, 
whichh we recently showed induce intercellular gaps in pHU-
VECC in a Rho-dependent fashion. With the use of a cell-
permeablee peptide inhibitor, it was shown that Rac signaling 
iss required for VCAM-1-mediated loss of cell-cell adhesion. 
Furthermore,, VCAM-1-mediated signaling toward cell-cell 
junctionss was accompanied by, and dependent on, Rac-medi-
atedd production of reactive oxygen species and activation of 
p388 MAPK. In addition, it was found that inhibition of 
Rac-mediatedd signaling blocks transendothelial migration of 
monocyticc U937 cells. Together, these data indicate that 
VCAM-1-induced,, Rac-dependent signaling plays a key role 
inn the modulation of vascular-endothelial cadherin-mediated 
endotheliall  cell-cell adhesion and leukocyte extravasation. 

humann umbilical vein endothelial cells; vascular-endothelial 
cadherin;; F-actin; reactive oxygen species; p38 mitogen-acti-
vatedd protein kinase; vascular cell adhesion molecule 

THEE ENDOTHELIAL LINING of the vasculature represents an 
importantt and dynamic barr ier that controls diffusion 
andd t ransport of plasma proteins and solutes and mi-
grat ionn of leukocytes (4, 17). Under a variety of (patho)-
physiologicall  conditions, such as immune surveillance 
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orr inflammation, activated leukocytes are recruited 
fromm the circulation into the t issues. This extravasa-
tionn process is composed of a tightly controlled se-
quencee of events, driven by chemokines that are pre-
sentedd on the endothelial cell surface, and by adhesion 
molecules.. Extravasation is init iated by selectin-medi-
atedd rolling and integrin-dependent adhesion of the 
leukocytess to the endothelium. This adhesion is fol-
lowedd by spreading, crawling, and the actual t ransen-
dotheliall  migration of the leukocyte (10, 53, 63). 

I tt is well established that leukocyte integrins are 
essentiall  for stable adhesion to the endothelium and 
cann also mediate rolling interactions (2, 8, 18, 27, 51). 
Variouss studies have demonstrated that leukocyte-en-
dotheliumm interactions are accompanied by changes in 
intracellularr Ca2+ levels (30, 38), the organization of 
thee endothelial actin cytoskeleton (38, 46), and phos-
phorylationn of myosin light chain kinase (23, 26, 46). 
Evidencee that this signaling is init iated by Ig-like cell 
adhesionn molecules (Ig-CAM) has come from studies 
showingg endothelial cytoskeletal rearrangements, pro-
teinn phosphorylation, and activation of transcript ion 
factorss upon intercellular adhesion molecule (ICAM)-1 
orr vascular cell adhesion molecule (VCAM)-1 cross-
linkingg (19, 21, 36, 40, 44). Furthermore, ICAM-1-
mediatedd lymphocyte migration across endothelium 
appearss to require the activation of the small GTP-
bindingg protein Rho (1), which is a member of the 
familyy of Rho-like GTPases that are known to control 
cytoskeletall  rearrangements and cadherin function (6, 
29,, 54, 57). 

Previouss studies from various laboratories, including 
ourr own, have shown that endothelial cell-cell junc-
t ionss play an important role in the control of leukocyte 
transmigrat ionn (17, 24, 28, 50, 56). Endothelial cell-cell 
adhesionn is largely dependent on the homotypic cell 
adhesionn molecule vascular-endothelial cadherin (VE-
cadherin,, CD 144) (15). VE-cadherin is a t ransmem-
branee glycoprotein, complexed via its cytoplasmic tail 
too armadil lo family members such as (3- or -y-catenin, 
which,, in turn, are associated with a-catenin and the 
actinn cytoskeleton (14, 16). Inhibition of VE-cadherin 
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functionn increases neutrophil transmigration in vitro 
(28)) and promotes neutrophil extravasation in a mu-
rinee model for acute peritonitis (24). Furthermore, leu-
kocytee adherence to endothelial cells results in the 
formationn of intercellular gaps and a transient and 
focall  loss of VE-cadherin localization between adjacent 
endotheliall  cells (50, 56). This gap formation is impor-
tantt for efficient transendothelial migration (56) and 
suggestss that leukocyte adhesion induces endothelial 
signalingg toward the cell-cell junctions. 

Recently,, we demonstrated that in human bone mar-
roww endothelial cells, VCAM-1 cross-linking results in 
thee formation of gaps and increased endothelial per-
meabilityy (56). Furthermore, we showed that in pri-
maryy endothelial cells, VE-cadherin-mediated cell-cell 
adhesionn is controlled, at least in part, by the Rho-like 
GTPasee Racl and involves Rac-mediated formation of 
reactivee oxygen species (ROS) (57). In the present 
study,, we further investigated the intracellular signal-
ingg events that occur upon VCAM-1 cross-linking and 
thatt might control VE-cadherin function. We show that 
VCAM- 11 cross-linking results in the formation of gaps 
andd a concomitant focal loss of VE-cadherin staining. 
Thiss effect was dependent on the activation of the 
smalll  GTPase Racl and the formation of ROS. More-
over,, we identified p38 mitogen-activated protein ki-
nasee (p38 MAPK) as a downstream component in this 
VCAM-1-inducedd signaling pathway toward VE-cad-
herin.. These data reveal a VCAM-1-mediated signaling 
cascadee that plays an important role in the modulation 
off  endothelial junct ions during leukocyte extravasa-
tion. . 

MATERIAL SS AND METHODS 

AntibodiesAntibodies and reagents. Mouse monoclonal antibodies 
(MAb)) against VE-cadherin (cl75), [J-catenin, phosphoty-
rosinee (PY-20), or Rac were from Transduction Laboratories 
(Bectonn Dickinson, Amsterdam, The Netherlands). VCAM-1 
antibodyy (1G11) was purchased from Immunotech SA (Mar-
seille,, France), and the phospho-p38 MAPK and p38 MAPK 
rabbitt polyclonal antibodies were purchased from Cell Sig-
nalingg Technology (Beverly, MA). Texas red-phalloidin, 
FITC-Dextrann 3000. dihydrorhodamine-123 (DHR), and Al-
exaa 488 goat-anti-mouse Ig secondary antibody were all from 
Molecularr Probes (Leiden, The Netherlands). Cross-linking 
studiess were performed with goat-anti-mouse-Ig F(ab)2 frag-
mentss from Jackson ImmunoResearch (Baltimore, MD). 
Goat-anti-mouse-Igg conjugated to horseradish peroxidase 
(HRP)) was purchased from CLB (Amsterdam, The Nether-
lands).. Af-acetyl-L-cysteine (NAC) and catalase were from 
Sigmaa (Sigma Chemical, St. Louis, MO). The inhibitor of p38 
MAPKK (SB-203580) was purchased from Calbiochem (La 
Jolla,, CA). Clostridium botulinum exoenzyme C3 was ob-
tainedd from Kordia Laboratory Supplies (Leiden, The Neth-
erlands).. The Racl7-32 peptide that was recenüy shown to 
inhibitt Rac function (58) was designed in combination with 
thee protein transduction domain of the human immuno-
deficiencyy virus TAT-protein (41). The isolated transduction 
domainn (YGRKKRRQRRRG) as well as the resulting fusion 
peptidee CVGRKKRRQRRRGTCLLISYTTNAFPGEY) was syn-
thesizedd at the Netherlands Cancer Institute (Amsterdam, 
Thee Netherlands). Peptides were dissolved in dimethyl sul-

foxidee (100 mg/ml) and used in a final concentration of 0.2 
mg/ml. . 

CellCell culture. Primary human umbilical vein endothelial 
cellss (pHUVEC) were harvested as described (7) and main-
tainedd in RPMI 1640 (GIBCO, Grand Island, NY) supple-
mentedd with 10% (vol/vol) heat-inactivated human serum 
(HAS;; CLB), 2 mM glutamine (GIBCO), 100 U/ml penicillin, 
andd 100 u.g/ml streptomycin (GIBCO) in fibronectin-coated 
culturee flasks. The cells were used from passages 2-4. 

Primaryy human monocytes were isolated from fresh buffy 
coats,, using centrifugal elutriation as described previously 
(25).. U-937 cells (a monocytic cell line) derived from a human 
histiocyticc lymphoma were purchased from American Type 
Culturee Collection (Manassas, VA). The cells were grown in 
culturee flasks in a humidified, 5% COï-95% air atmosphere in 
RPMII  1640 (GIBCO) containing 10% heat-inactivated fetal 
calff  serum (GIBCO), 2 mM L-glutamine, 50 IU/ml penicillin, 
andd 50 ng/ml streptomycin (complete medium). 

RacRac activation. The Rac activity assay was performed as 
previouslyy described (48) with minor modifications. Briefly, 
pHUVECC cultured in fibronectin-coated 80-cmz cell culture 
dishess until confluency were stimulated overnight with IL-1 p 
(100 ng/ml) and incubated for 45 min with anti-VCAM-1 an-
tibodies.. After VCAM-1 was cross-linked widi the secondary 
antibodyy for the indicated periods, cells were washed with 
ice-coldd PBS containing 2 mM Ca2+-0.5 mM Mgz+ and sub-
sequentlyy lysed for 10 min on ice in lysis buffer [50 mM 
Tris-HCl,, pH 7.2, 5 mM MgClz, 1% NP-40, 10% glycerin, 150 
mMM NaCl, and a protease inhibitor cocktail (Roche)]. Cleared 
lysatess were incubated for 30 min at 4°C with glutathione 
S-transferase-p21-activatedd kinase (GST-PAK) protein, after 
whichh glutathione-Sepharose beads were added to precipi-
tatee GTP-bound Rac. Total lysates and precipitates were 
analyzedd on Western blot with die MAb against Racl. 

Immunocytochemistiy.Immunocytochemistiy. Cells, cultured on fibronectin-
coatedd glass coverslips, were treated widi IL-i p overnight, 
andd VCAM-1 was cross-linked as described in Rac activation 
forr various periods. Next, cells were fixed and permeabilized 
withh 2% paraformaldehyde and 0.5% (vol/vol) Triton X-100 in 
washingg buffer [PBS containing 0.5% (vol/vol) HAS and 1 
mMM Ca2+] for 20 min at room temperature. Cells were 
stainedd with the indicated mouse monoclonal or polyclonal 
antibodies,, washed, and incubated with Alexa 488-conju-
gatedd goat-anti-mouse-Ig antibodies. F-actin was visualized 
byy Texas red-phalloidin (1 U/ml). Images were recorded with 
aa Zeiss LSM 510 confocal laser scanning microscope. For 
time-lapsee confocal microscopy, cells were kept in culture 
mediumm in a temperature-controlled incubation chamber at 
37°C.. To assess the role of Rho, we pretreated monolayers for 
188 h with the C3 toxin (5 u-g/ml). 

DetectionDetection of ROS production. To measure generation of 
ROSS in endothelial cells, we cultured pHUVEC on fibronec-
tin-coatedd glass coverslips and stimulated them with IL-1 p 
(100 ng/ml) for 6 h. Next, the VCAM-1 antibody was added for 
300 min, and cells were simultaneously loaded with DHR (30 
(JLM)) for 30 min. After the cells were washed, VCAM-1 was 
cross-linked,, and die fluorescence of DHR was quantitated by 
time-lapsee confocal microscopy. For ROS scavenging or inac-
tivation,, cells were incubated overnight widi 5 mM NAC or 3 
mg/mll  catalase as described (12). We found no effects of these 
pretreatmentss on the expression of VCAM-1 by the endothe-
liall  cells. 

DetectionDetection of p38 MAPK by Western blotting. Endothelial 
cellss were grown to confluency in 60-mm dishes, stimulated 
overnightt with IL-10 (10 ng/ml), and treated with anti-
VCAM-11 antibody for 30 min. Next, cells were washed and 
incubatedd widi die cross-linking secondary antibody [F(ab)z 
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fragments].. At the indicated times, cells were washed with 
ice-coldd PBS containing 1 mM CaCb and 0.5 mM MgCl? and 
lysedd in 100 pi of SDS-sample buffer. Samples were run on 
12.5%% SDS-PAGE and transferred onto 0.2-nm nitrocellulose 
filterss (Schleicher and Schuell, Dassel, Germany). The blots 
weree blocked with 5% dried milk protein in TBST buffer [10 
mMM TrisHCl, pH 7.4, 150 mM NaCl, and 0.5% (vol/vol) 
Tweenn 20], washed with TBST, and incubated with anti-
phospho-p388 MAPK antibody (1:500 in TBST) or anti-total 
p388 MAPK antibody (1:500 in TBST) to assess equal load-
ing.. This was followed by incubation with goat-anti-rabbit-
IgG-HRPP (1:4,000; Amersham) at room temperature. p38 MAPK 
proteinss were visualized using the ECL kit (Amersham). 

TransmigrationTransmigration assay. Migration assays were performed 
inn Transwell plates (Costar, Cambridge, MA) of 6.5 mm in 
diameter,, with 5-u.m pore filters. Before the assays were 
performed,, U-937 cells were pretreated for 24 h with 1 mM 
dibutyryll  cAMP to induce expression of the C5a receptor. 
Confluentt endothelial monolayers on the filters were treated 
withh IL-i p (10 ng/ml) and, where indicated, pretreated in 
parallell  with C3 toxin (5 ug/ml, 18 h), the Tat-Racl7-32 
peptidee (30 min), or carrier. Monolayers were then washed 
withh transmigration medium (RPMI with 0.25% human se-
rumm albumin). At the start of the assay, 105 U-937 cells were 
placedd in the upper compartment of the Transwells and 
allowedd to migrate toward 10 nM C5a in the lower compart-
mentt for 120 min in a tissue culture incubator. Next, cells in 
thee lower compartment were harvested and quantitated by 
fluorescence-activatedd cell sorter (FACS) analysis in the 
presencee of a known amount of fluorescent beads (Molecular 
Probes).. The percentage of migrated cells was calculated as a 
fractionn of the input. Statistical analysis was performed 
usingg a Student's f-test. 

ElectricElectric cell-substrate impedance sensing. Endothelial cells 
weree added at 100,000 cells per array to fibronectin-coated 
electrodee arrays (surface area 0.8 cm* and grown to conflu-
ency.. Each array contains a 0.001-cmz-diameter gold elec-
trodee and a 1-cm2 gold counter electrode. The arrays are 
connectedd to a phase-sensitive lock-in amplifier that allows 
continuouss recordings of the electrical resistance of the 
monolayers,, which was on average between 10 and 15 X 103 

ft.ft. After electrode check of the arrays and of the basal 
electricall  resistance of the endothelial monolayers under 
restingg conditions, VCAM-1 was cross-linked as described in 
RacRac activation and the electrical resistance was continuously 
monitoredd at 37°C at 5% COz with the electric cell-substrate 
impedancee sensing (ECIS) model 100 controller (BioPhysics, 
Troy,, NY) as described previously (61). 

RESULTS S 

VCAM-1VCAM-1 cross-linking induces intercellular gaps in 
pHUVEC.pHUVEC. To document the morphological changes 
wi th i nn endothelial monolayers in response to VCAM-
1-mediatedd signaling, we incubated IL-IB-treated 
pHUVECC wi t h anti-VCAM-1 antibody that was subse-
quent lyy cross-linked for 30 min. This cross-linking 
mimicss the clustering of integrins on the leukocyte and 
leadss to the clustering of their l igands after leukocyte 
celll  adhesion (47). Because of the lack of an appropriate 
VE-cadherinn polyclonal antibody, endothelial cell-cell 
junct ionss were stained with a polyclonal anti-B-catenin 
antibody.. As shown in Fig. I A, VCAM-1 cross-linking 
resultedd in stress fiber formation, intercellular gaps, 
andd loss of cell-cell adhesion. At sites of gap formation, 
concomitantt loss of B-catenin staining was observed. 

Thiss effect was transient, because these events were 
completelyy restored after —6 h of cross-linking. Treat-
mentt of endothelial cells with only the anti-VCAM-1 or 
thee cross-linking F(ab)2 antibody did not alter the mor-
phologyy of the monolayer (Fig. I A). Figure IB shows 
thee surface distribution of cross-linked VCAM-1, which 
cann be seen in small clusters covering the endothelial 
celll  surface. Complementary analysis of monolayer 
electricall  resistance shows that VCAM-1 cross-linking 
inducess a transient loss of resistance (Fig. \Q. The 
effectt of VCAM-1 is restored after 2 h, in line with our 
earl ierr data (56), obtained with permeability assays. 
Thee difference with the experiments in Fig. \A, which 
requiredd more time for restoration of the VCAM-1 
effects,, are likely due to the difference in substrate; we 
foundd that cells grown on fibronectin-coated glass cov-
erslipss consistently require more time to reseal their 
junct ionss compared with cells cultured on fibronectin-
coatedd ECIS electrodes or fibronectin-coated t issue cul-
turee plastic. 

Activationn of ICAM-1 has been shown to induce ac-
tivationn of p21Rho (49). Because VCAM-1 activation 
leadss to a Rho phenotype in the pHUVEC (i.e., induc-
tionn of stress fiber formation), we tested for a role for 
Rhoo by t reatment of the cells with the Rho-inactivating 
C33 toxin, before VCAM-1 cross-linking. Figure \D 
showss that C3 prevented the VCAM-1-induced forma-
tionn of actin stress fibers, focal adhesions, and intercel-
lularr gaps, indicating that Rho activity is required for 
thiss response. 

VCAM-1VCAM-1 cross-linking induces Rac activation in en-
dothelialdothelial cells. Recently, we showed that transduction 
off  endothelial cells with a cell-penetrating constitu-
tivelyy active form of Rac (Tat-RacV12) induced (Rho-
dependent)) formation of stress fibers and concomitant 
losss of VE-cadherin-mediated cell-cell adhesion (57), 
althoughh transduction with a cell-permeable Tat-
RhoV144 protein only partially mimicked the effects of 
Tat-RacV12.. Because these effects were very similar to 
thosee of VCAM-1 cross-linking, we analyzed whether 
VCAM-1-mediatedd loss of cell-cell adhesion involves 
activationn of Rac using a pull-down assay. As shown in 
Fig.. 2A, cross-linking of VCAM-1 resulted in Rac acti-
vationn within 5 min that lasted up to 15 min. At later 
t imee points (>30 min), Rac activity decreased to con-
troll  levels (not shown). 

Too test whether Rac activity was required for the 
VCAM-1-mediatedd loss of cell-cell adhesion, we per-
formedd VCAM-1 cross-linking in the presence of a 
cell-permeablee peptide inhibitor of Rac, Tat -Rac l7-32. 
Thiss peptide represents a part of the effector loop of 
Racll  and wil l compete in the cells with Rac-effector 
interactions,, thereby preventing downstream signal-
ingg (58). In parallel experiments, we confirmed that 
thiss peptide blocked membrane ruffling in epithelial 
cells,, induced by hepatocyte growth factor (not shown). 
I nn the presence of this Tat -Racl7-32 peptide, VCAM-
11 -mediated loss of cell-cell adhesion and focal loss of 
B-cateninn staining was completely abolished (Fig. 2B). 
Thesee data indicate that Rac activity is involved in 
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Fig.. 1. Effect of VCAM-1 cross-linking on the actin cytoskeleton and cell-cell contacts. A: primary human umbilical 
veinn endothelial cells (pHUVEC) were incubated for 30 min with medium (control), the monoclonal anti-VCAM-1 
antibody,, the cross-linking F(ab)2 antibodies, or with both of these in sequence to cross-link endothelial VCAM-1 
[VCAM-1/F(ab)z]-- Only under conditions of cross-linking of VCAM-1 was prominent formation of stress fibers 
observed,, accompanied by the appearance of intercellular gaps (asterisks). Endothelial cells were stained for 
F-actinn (red) and (i-catenin (green). Images are representative of at least 3 independent experiments. Bar, 20 p,m. 
B:B: monolayers of pHUVEC were incubated with antibodies to VCAM-1 followed by cross-linking or were incubated 
withh control antibodies (control), after which the cells were fixed and stained with antibodies to VCAM and with 
Texass red-phalloidin to visualize F-actin. VCAM-1 cross-linking induced intercellular gaps (asterisks) and clus-
teringg of VCAM-1 on the endothelial cell surface, as concluded from the punctate staining of VCAM-1 compared 
withh the control. Bar, 20 (xm. X-L, cross-linking. C: monolayer electrical resistance was monitored, as described in 
MATERIALSS AND METHODS, for a period of 2 h after the addition of a cross-linking antibody to endothelial cells that 
weree preincubated with the anti-VCAM-1 ) or a control antibody . The drop in resistance surpasses the effect 
off  addition of reagents to the cells, as shown for the control. The effect of VCAM-1 cross-linking was transient, and 
endotheliall  resistance was back to normal after 2 h. D. pHUVEC were pretreated with the Rho-inactivating C3 
toxin,, after which VCAM-1 was cross-linked for 30 min. C3 pretreatment prevented both the VCAM-1-mediated 
inductionn of F-actin stress fibers and intercellular gaps (asterisks). Cells were stained for F-actin (red) and 
phosphotyrosinee (green), to detect focal adhesions. Images are representative of at least 3 independent experi-
ments.. Bar, 20 p.m. 

VCAM-1-mediatedd signaling, resulting in loss of cell-
celll  adhesion. 

VCAM-1-mediatedVCAM-1-mediated loss of cell-cell adhesion requires 
formationformation of ROS. ROS, e.g., H2O2, have been shown to 
reducee cadherin-based cell-cell adhesion and to affect 
endotheliall  cell function (39). In addition, our group 
recentlyy showed that ROS mediate the formation of 
gapss in pHUVEC transduced with the cell-permeable 
Tat-RacV122 protein (57). In line with these data, we 

observedd a rapid increase (within 5-15 min) in ROS 
productionn upon VCAM-1 cross-linking in pHUVEC 
(Fig.. 3/1). This effect lasted for ~30-45 min, after 
whichh the response declined. Moreover, Rac activity 
wass shown to be essential for the formation of ROS 
uponn VCAM-1 cross-linking, because the effect was 
blockedd completely in the presence of the inhibitory 
Tat-Racl7-322 peptide (Fig. 3B). This peptide does not 
inhibitt Rac activation (data not shown). As expected, 
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Fig.. 2. Role of Rac in the VCAM-1 signaling. A: after cross-linking of 
VCAM-1,, pHUVEC were lysed and Rac GTP was isolated using the 
GST-PAKK pull-down assay, as described in MATERIALS AND METHODS. 
VCAM-11 cross-linking induced an increase in the levels of activated 
Rac,, as shown by Western blotting of the samples with an anti-Rac 
MAbb (top) .Cell lysates were blotted in parallel to control for differ-
encess in the total amount of Rac protein (bottom). B: VCAM-1 
cross-linkingg was performed after pretreatment with a cell-perme-
ablee peptide inhibitor of Rac (Tat-Rac 17-32). Cells were stained with 
Texass red-phalloidin to detect F-actin (red) and with polyclonal 
antibodiess for 3-catenin to visualize cell-cell junctions (green). The 
Tat-Racl7-322 peptide prevented VCAM-1-induced intercellular gap 
formationn (asterisks). Bars, 20 ji.m. Data are representative of 3-4 
independentt experiments. 

formationn of ROS was also prevented in the presence of 
thee oxygen scavengers NAC (not shown) and catalase 
(Fig.. 2>B). Moreover, we found that after preincubation 
withh NAC or catalase, which by itself left the actin 
cytoskeletonn and p-catenin distribution unaltered, 
VCAM-1-mediatedd gap formation and concomitant loss 
off  p-catenin staining was prevented (Fig. 3Q. This 
findingfinding is in line with our recent findings in human 
bone-marroww endothelial cells (56). The induction of 
actinn stress fibers was not reduced by NAC or catalase, 
indicatingg that ROS are not required for this effect and 
thatt the induction of stress fibers is not sufficient to 
inducee intercellular gaps. To test whether these effects 
alsoo accompanied direct leukocyte-endothelium inter-
actions,, we seeded primary human monocytes for 30 
minn on monolayers of IL-1 p-activated pHUVEC. These 
experimentss showed that scavenging of ROS also pre-
ventedd interendothelial gap formation, induced by ad 

Timee (mini 

|| E 1» -I H 
II S 75-J 

!ee ] 
!B!B a 

XV ^ X X 
D D 

controll N-AC Catalase e f.C'Monocytes s 

VCAM-11 N-AC/VCAM-1 Cat/VCAM-1 

Fig.. 3. Role of ROS in the effects of VCAM-1 in pHUVEC. A: 
pHUVECC were labeled with dihydrorhodamine-123 (DHR) before 
VCAM-11 cross-linking, as described in MATERIALS AND METHODS. 
VCAM-11 induced a time-dependent increase in endothelial ROS (A), 
whichh was detectable for 30-45 min. Control cells do not show 
increasedd production of ROS . Data are representative of 3 inde-
pendentt experiments and are presented as the percent increase over 
basall  values. B: the VCAM-1-induced increase in endothelial ROS 
wass blocked by preincubation of pHUVEC with the Tat-Racl7-32 
peptide.. As a control, cells were preincubated overnight with cata-
lase,, which prevented the VCAM-1-induced increase in ROS produc-
tion.. Data are presented as percentages of maximum increase, mea-
suredd 30 min after cross-linking of VCAM-1. Data are means of 2 - 3 
independentt experiments. C: preincubation of pHUVEC with the 
oxygenn scavenger 7V-acetyl-L-cysteine (NAC) prevented VCAM-1-in-
ducedd intercellular gap formation (asterisks), indicating that ROS 
aree required for this effect. Preincubation of pHUVEC monolayers 
withh catalase had a comparable effect. Endothelial cells were stained 
forr F-actin (red) and p-catenin (green). Stress fiber formation was 
stilll  induced; this was not caused by the NAC or Tiron pretreat-
ments.. Bar, 20 u,m. Cat, catalase. E>. monocytes were seeded for 30 
minn on monolayers of activated pHUVEC, pretreated or not with 
NACC to scavenge ROS. Phase-contrast images show the induction of 
intercellularr gaps (asterisks) in the endothelial monolayer; this is 
preventedd by the NAC pretreatment. Images are representative of 3 
independentt experiments. Adherent monocytes appear as phase 
bright.. Bar, 50 u-m. EC, endothelial cells. 
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Fig.. 4. Phosphorylation of p38 MAPK after VCAM-1 activation. A: 
VCAM-11 was cross-linked for various periods as indicated, and cell 
lysatess were blotted with either phospho-specific antibodies to p38 
MAPKK (pp38; tofti or antibodies that detect all p38 in the lysate. as 
aa loading control (bottom). VCAM-1 cross-linking induced a rapid 
andd transient phosphorylation of p38 MAPK. This phosphorylation 
off  p38 MAPK by VCAM-1 activation was prevented by the Tat-
Racc 17-32 peptide (S; VCAM-1 cross-linking for 2 min) as well as by 
preincubationn of the cells with NAC (Q, indicating that the phos-
phorylationn of p38 MAPK is downstream of Rac as well as ROS. D. 
preincubationn of the endothelial monolayers with the p38 inhibitor 
SB-2035800 (SB) largely prevented the effects of VCAM-1 on induc-
tionn of F-actin stress fibers and intercellular gap formation (aster-
isks).. Endothelial cells were stained for F-actin (red) and 3-catenin 
(green).. Blots and images are representative of 3-5 independent 
experiments.. Bar, 20 u.m. 

hesionn of primary monocytes (Fig. 3D). ROS scaveng-
ingg did not interfere with the adhesion of the mono-
cytess to the endothelium. Together, these results point 
too a role for ROS as important signaling molecules 
involvedd in VCAM-1-mediated and monocyte adhesion-
inducedd loss of cell-cell adhesion. 

VCAM-1VCAM-1 cross-linking results in phosphorylation of 
p38MAPK.p38MAPK. MAPKs, such as p42/p44 MAPK, JNK, and 
p388 MAPK, are essential signaling molecules impli-
catedd in cell growth, differentiation, and cellular re-
sponsess to environmental stress. Furthermore, p38 
MAPKK is required for oxidant-induced rearrangement 
off  the endothelial cytoskeleton (31) and VEGF-medi-
atedd stress fiber formation (45). Because these events 
aree also induced by VCAM-1-mediated signaling, we 
analyzedd whether p38 MAPK is activated by VCAM-1. 
Ass shown in Fig. 4 A cross-linking of VCAM-1 induced 
aa maximal phosphorylation of p38 MAPK within 2-5 
min,, followed by a decline after 10 min. The VCAM-1 -
mediatedd phosphorylation of p38 MAPK was prevented 
byy the Tat-Racl7-32 peptide, indicating that activa-
tionn of Rac is required (Fig. AB). Moreover, pretreat-
mentt of endothelial cells with NAC also largely pre-
ventedd VCAM-1-induced phosphorylation of p38 
MAPK,, providing evidence that p38 MAPK activation 
occurss downstream of Rac and ROS (Fig. AC). To test 
whetherr p38 MAPK is involved in VCAM-1-mediated 
losss of cell-cell adhesion, we pretreated endothelial 

cellss with SB-203580 (a pharmacological inhibitor of 
p388 MAPK) for 30 min, after which VCAM-1 was cross-
linked,, also for 30 min in the presence of the inhibitor. 
Figuree AD shows that in the presence of SB-203580, 
VCAM-1-inducedd gap-formation and loss of cell-cell 
adhesionn was partially reduced, confirming the notion 
thatt p38 MAPK is involved in VCAM-1-mediated loss 
off  cell-cell adhesion. 

RoleRole for the VCAM-1-mediated Rac signaling in leu-
kocytekocyte transendothelial migration. To further establish 
thee contribution of VCAM-1-mediated activation of Rac 
too leukocyte transendothelial migration, we analyzed 
C5a-inducedd migration of monocytic U-937 cells across 
pHUVECC in an in vitro Transwell-based assay. The 
migrationn of U-937 cells across monolayers of activated 
HUVECC is mediated by very late antigen (VLA)-4 and 
VCAM-11 when HUVEC are activated by IL-1 and C5a 
iss the chemotactic factor (9). Before the induction of 
transendotheliall  migration, the HUVEC monolayers 
weree pretreated either with carrier, the isolated pro-
teinn transduction domain (Tat-peptide), or the Tat-
Racl7-322 peptide. The pHUVEC were washed to re-
movee excess peptide, and migration of U-937 cells 
towardd a gradient of C5a was analyzed. These experi-
mentss showed that inhibition of endothelial Rac 
stronglyy reduced the efficiency of U-937 transendothe-
liall  migration (Fig. 5). This inhibition was more pro-
nouncedd compared with the effect of C3, used to inac-
tivatee endothelial Rho, suggesting that the role of Rac 
iss dominant over Rho in the control of leukocyte trans-
migration.. This is in line with earlier data showing 
thatt activated Rac can induce loss of endothelial cell-
celll  adhesion, whereas active Rho is less effective in 
thiss respect (57). 

MM  M -

-- + + + + C5a 

\\ \ 
\ \ />. />. 

Fig.. 5. Role of endothelial Rac and Rho proteins in transendothelial 
migrationn of monocytic U-937 cells. As indicated, monolayers of 
pHUVECC on Transwell filters were pretreated with carrier, the Tat 
controll  peptide, or the Tat-Racl7-32 peptide for 30 min or with the 
Rho-inactivatingg C3 toxin for 18 h. After the monolayers were 
washed,, C5a-induced transendothelial migration of U-937 cells was 
assayedd as described in MATERIALS AND METHODS. Data represent 
meanss  SE of 3 independent experiments performed in duplicate. 
*P<*P<  0.01; **P<  0.002 vs. Tat control. 
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DISCUSSION N 

Thee interplay between activated leukocytes and the 
vascularr wall is an important aspect of various (patho)-
physiologicall  processes, including immune surveil-
lance,, (chronic) inflammatory disorders, and stem cell 
homing.. Since the initial studies of Huang et al. (30), 
whoo showed that endothelial calcium signaling contrib-
utess importantly to neutrophil transendothelial migra-
tion,, the insights in the active role of the endothelium 
inn the extravasation process have been growing 
steadily.. The identification of ICAM-1-mediated acti-
vationn of the small GTPase Rho (1, 19, 20), together 
withh the studies that showed neutrophil-induced acti-
vationn of endothelial myosin light chain kinase and its 
rolee in transendothelial migration (23, 26, 46), further 
underscoredd the role for endothelial signaling in the 
transmigrationn process. In the present study we pro-
videe evidence for a signaling pathway that controls 
VE-cadherin-mediatedd endothelial cell-cell adhesion 
duringg the process of leukocyte transendothelial mi-
gration. . 

Givenn the close interaction and interdependence of 
thee VE-cadherin-catenin complex with the actin cy-
toskeleton,, it is apparent that increased stress fiber 
formation,, mediated by Rho, wil l impose contractile 
strengthh on the cadherins, counteracting their adhe-
sivee function. In line with this, it has been shown that 
Rhoo activity is required for the modulation of cadherin 
functionn (60, 62). However, transduction of pHUVEC 
withh a cell-permeable, activated form of RhoA is not 
sufficientt to induce large intercellular gaps (57) and 
inducess only a partial increase in endothelial perme-
ability.. Similarly, activating Rho by the cytotoxic ne-
crotizingg factor from Escherichia coli also did not im-
pairr endothelial integrity or the distribution of VE-
cadherin,, despite the induction of prominent stress 
fibersfibers (60). Finally, the effect of Rho inactivation with 
thee C3 toxin on leukocyte transendothelial migration 
aree limited (Fig. 5 and Ref. 56). Together, these data 
indicatee that additional signaling must be involved in 
thee induction of reduced endothelial cell-cell adhesion 
afterr activation of endothelial adhesion molecules. 

Ourr current data suggest that the production of ROS 
byy the Racl GTPase may constitute this additional 
signalingg toward endothelial cell-cell junctions. In an 
earlierr study we showed that protein transduction of 
ann activated form of Rac is sufficient to induce (Rho 
dependent)) loss of endothelial cell-cell adhesion and 
thatt this effect was mediated by ROS (57). The addition 
off  H202 to endothelial (as welll  as epithelial) cells leads 
too a rapid and dramatic loss of cadherin-based cell-cell 
adhesionn (data not shown; Ref. 59). In the current 
studyy we have shown that inactivation of ROS with 
catalasee or scavenging of ROS with NAC prevents 
VCAM-11 or monocyte adhesion-induced interendothe-
liall  gap formation in pHUVEC. Finally, scavenging of 
ROSS (40, 56) as well as inhibition of Rac signaling (Fig. 
5)) reduces monocyte transendothelial migration, indi-
catingg that the Rac-ROS pathway is an essential com-
ponentt of endothelial signaling during transendothe-

liall  migration. The work of Matheny et al. (40) is of 
particularr relevance because these authors showed 
thatt VCAM initiates production of ROS in the endothe-
lium,, which was found to mediate efficient lymphocyte 
transendotheliall  migration. It is important to empha-
sizee that it is not clear to what extent this pathway is 
usedd by transmigrating leukocytes in general. This wil l 
likelyy depend on the adhesion molecules used by vari-
ouss types of leukocyte. In agreement with this, we 
foundd that neutrophil transendothelial migration, 
whichh is mainly dependent on fS2-integrin-ICAM-l in-
teractionss (52), does not seem to require ROS-mediated 
signalingg in endothelial cells. 

Thee current data suggest the following model (Fig. 
6).. Upon integrin-mediated adhesion of leukocytes to 
endotheliall  cells, Ig-CAMs such as VCAM-1 are clus-
teredd and initiate intracellular signaling via an as yet 
unidentifiedd mechanism. This signaling involves acti-
vationn of a Rac-dependent pathway, which results in 
thee production of ROS and activation of p38 MAPK. 
Thee link among cadherin function, Rac, and ROS has 
beenn established in several different cell systems (6, 
28,, 29, 54, 57, 59), but the molecular details of the 
connectionn between p38 MAPK and cadherin function 
havee yet to be explored. However, there are various 
studiess that provide evidence that p38 MAPK is in-
volvedd in reorganization of the endothelial actin cy-
toskeletonn (31, 33) and in TNF-induced vascular per-
meabilityy (22, 34, 43). Our data indicate that inhibition 
off  p38 MAPK also reduces the effects of VCAM-1 on 
actinn reorganization (Fig. 4D), although this does not 
appearr to occur after ROS scavenging, which reduces 
p388 MAPK activity (Fig. 3Q. This discrepancy might 
bee due to the different means of interfering with the 
pathway.. For instance, NAC pretreatment blocks acti-
vationn of MAPK but leaves basal activity intact. In 
addition,, this signaling pathway may not be completely 
linear,, and it may be that p38 MAPK is required for 
Rhoo to be fully active. Future experiments are required 

ff leukocyte j 

lHHp511 -integra» 

Endotheliall cells VCAM-1 1 

Tyrosinee phosphatases/kinases 

Cadherin-cateninn complex 
Fig.. 6. Schematic representation of VCAM-1-induced endothelial 
signalingg pathways. VE-cad, vascular-endothelial cadherin; a, p, and 
y:y: a-, |3-, and -y-catenin. Dashed arrows from p38 MAPK indicated the 
lackk of knowledge about the link between this kinase and endothelial 
contractilityy or tyrosine phosphatases that could link p38 MAPK to 
thee control of VE-cadherin. For further details, see text. 
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too clarify the role of p38 MAPK in this signaling path-
way. . 

VCAM-11 cross-linking also leads to Rho-dependent 
formationn of actin stress fibers and contractility, which 
iss required but is not sufficient (57) to disrupt cell-cell 
adhesion.. The Rac-ROS pathway, in combination with 
Rho-mediatedd contractility, may regulate leukocyte ad-
hesionn (42) and transendothelial migration, in part 
becausee of its role in inducing a transient and focal loss 
off  endothelial cell-cell adhesion. In this regard it is of 
interestt that shear stress has recently been identified 
ass a transmigration-promoting stimulus and that cell 
tension,, which wil l be affected by fluid shear, can 
inducee Rac activation (11, 32). 

Havingg identified the Rac-mediated signaling in the 
controll  of VE-cadherin-mediated cell-cell adhesion, a 
numberr of important questions require further analy-
sis.. First, it is unclear how adhesion molecules such as 
VCAM-11 may transduce signals into the cell. The 
COOH-terminall  domains of ICAM-1 and VCAM-1 are 
onlyy 29 and 19 amino acids long, respectively, and no 
signalingg motifs have been identified, other than a 
seriess of basic amino acids in the juxtamembrane re-
gionn that have been implicated in binding ezrin/ra-
dixin/moesinn (ERM) proteins (64). Interestingly, the 
associationn of VCAM-1 with ERM proteins was re-
centlyy described by Barreiro et al. (3) to occur in an 
endotheliall  docking structure for adherent leukocytes 
thatt contains adhesion, signaling, and structural pro-
teins,, suggesting that formation of this structure may 
bee required for the induction of adhesion-induced en-
dotheliall  signaling. Ig-CAM deletion mutants and 
transfectionn studies with (domains of) ERM proteins 
aree required to provide more insight in this topic. 

Second,, the link between Rac and endothelial ROS is 
unclear.. Endothelial cells have been reported to ex-
presss the Rac-controlled neutrophil NADPH oxidase in 
associationn with the actin cytoskeleton (37), but 
whetherr this complex is implicated in the control of 
VE-cadherinn function and cell-cell adhesion is pres-
entlyy unknown. A group of related enzymes (NADPH 
oxidases,, or NOXs) has recently been identified (35), 
andd preliminary data, based on RT-PCR analysis, show 
thatt a subset of these proteins is expressed in HUVEC 
ass well. However, the mode of regulation and possible 
functionn of these enzymes in endothelial cells remain to 
bee established. 

Finally,, it is unknown how activation of Rac ulti-
matelyy contributes to reduced cadherin function. The 
productionn of ROS may play an important role in that 
ROSS can inactivate tyrosine phosphatases (5), leading 
too a net increase in tyrosine kinase activity. In this 
respectt it is of interest that the SHP-2 tyrosine phos-
phatasee was found to be associated with the VE-cad-
herinn complex and becomes dissociated upon cell treat-
mentt with thrombin (55). Regulation of the composi-
tionn of these protein complexes may be another 
mechanismm to control the tyrosine phosphorylation sta-
tuss and function of the cadherins and associated mol-
ecules. . 

Inn conclusion, the present study provides new data 
onn endothelial signaling, initiated by cross-linking of 
VCAM-1.. This signaling modulates endothelial cell-cell 
adhesion,, monolayer integrity, and, probably as a re-
sult,, leukocyte transendothelial migration. Given the 
importancee of VCAM-1 in the induction of atheroscle-
rosiss (13), it is very likely that the relevance of VCAM-
1-inducedd Rac activation and production of ROS ex-
tendss beyond the process of leukocyte transendothelial 
migrationn and that this pathway has an important, 
moree general role in the control of endothelial cell 
function. . 
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