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Abstract 

Lymphocyte adhesion to CI\TS endothelium is low by comparison with non-CNS endothelium. It has been proposed that this could be 
due to the high surface charge of brain endothelium, or a low constitutive expression of adhesion molecules. In this study we compared 
the influence of these factors on lymphocyte adhesion to BEC and aortic endothelium (AEC) in culture. Brain endothelium expresses very 
low levels of VCAM-1, and lower levels of ICAM- than aortic endothelium. The negative charge differed between the endothelia, but 
this had a minimal effect on lymphocyte adhesion. The anionic sites were, however, more stable on brain endothelium, remaining 
unchanged after endothelial cell activation with cytokines, while redistribution was observed on cytokine-activated aortic endothelium. 
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1. Introduction 

Lymphocyte traffic into the brain is usually very lim- 
ited, although it increases in inflammatory conditions. The 
initial steps in lymphocyte Imigration include rolling on the 
endothelium, followed by adherence. Since adhesion pre- 
cedes migration, it has been proposed that the low level of 
cell traffic through CNS is related to the low level of 
interaction between lymphocytes and brain endothelium. 
The levels of lymphocyte adhesion to brain endothelial 
cells (BECS) in vitro are also low, by comparison with 
non-CNS endothelium even when it has been upregulated 
with TNFa or IFNy (Male et al., 1990; Pryce et al., 1991, 
1994; May et al., 1993). 

Among the actions performed by inflammatory cy- 
tokines, up-regulation of adhesion molecules seems to be 
the most important for leukocyte adhesion to the EC 
(Springer, 1994). A 1 c ose relationship has been demon- 
strated between the up-regulation of selectins and immuno- 
globulin superfamily cell adhesion molecules (CAMS) on 
EC and increasing levels of leucocyte adhesion in vitro 
(Lowe et al., 1990; Shimizu et al., 1991; Male et al., 1994) 
and in vivo (Argenbright and Barton, 1992). Among the 
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pathways involved in this interaction, that mediated by 
ICAMl /LFAl is considered to be the more relevant for 
adhesion and migration (Shimizu et al., 1991; Kavanaugh 
et al., 1991; Oppenheimer-Marks et al., 1991). Another 
important pathway, at least in some leukocyte/EC interac- 
tion, is that involving VCAMl/VLA4 (Carlos et al., 1991; 
Shimizu et al., 1991; Weller et al., 1991; Yednock et al., 
1992). The importance of the interactions of ICAM 1 /LFAl 
in the binding of lymphocytes to the brain endothelium has 
been well established (Male et al., 1994). Blocking studies, 
however, suggested the participation of other pathways in 
this interaction (Yednock et al., 1992). 

Different populations of leukocytes use distinct sets of 
adhesion molecules to interact with endothelium, and the 
same is true for EC. Differential expression of adhesion 
molecules during inflammation is suggested by studies in 
vitro and in vivo (Raine et al., 1990). Few studies, how- 
ever have assessed the contribution of these systems to the 
lymphocyte adhesion and migration into different organs. 

Besides the increase in adhesion molecules, another 
effect of cytokines on EC, potentially related to cell adhe- 
sion, is the induction of quantitative changes in gly- 
cosaminoglycans (GAG), observed on aortic endothelial 
cells (AEC, Kobayashi et al., 1990) and HUVEC (Klein et 
al., 1992), and in the distribution of the anionic sites 
observed on HUVECS (Klein et al., 1992). 
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The anions on the EC surface are thought to be in- 
volved in regulating the transit of molecules and cells from 
the circulation, either exerting electrostatic repulsion (Bell 
et al., 1984) or by binding proteins, some of them relevant 
for leukocyte adhesion and migration (Tanaka et al., 
1993a,b). Previous studies have also shown that negatively 

charged sites on EC are extremely sensitive to a number of 
biochemical and physiological stimuli (Klein et al., 1992; 
Kobayashi et al., 1990; Nag, 1984), and have been found 

to be altered in certain pathological conditions (Vorbrodt 
et al., 1990; Gotloib et al., 1992). 

BEC differ from other EC in many respects. Compared 
with aortic or epididymal fat microcirculation EC, BEC 
show differences in the distribution of GAG-related an- 
ionic sites (Santos et al., 1995), and a lower ability to 
recruit lymphocytes. Therefore using BEC and AEC cul- 
tures, we addressed the question of the relative contribu- 

tion of the negative charge and expression of adhesion 
molecules, to the levels of lymphocyte adhesion to differ- 

ent EC. 
First we analyzed the effect of inflammatory cytokines 

(TNFa and 1FN-y) on anionic sites on BEC and AEC. 
Then we analyzed the adhesion of lymphocytes to both 
endothelial cells under conditions interfering with the gen- 

eral surface charge, and with specific anions heparan sul- 
fate (HS) and sialic acid. We also examined the expression 
of VCAMl and ICAMl on both resting or TNFa-activated 
EC, and correlated this with how these molecules are used 
by the different endothelia and lymphocytes. 

2. Material and methods 

2.1. Endothelial cell monolayers 

Brain microvascular endothelia were isolated from 3- 
month-old, female Lewis rats (Hughes and Lantos, 1986). 
Cerebral cortex obtained by dissection, was chopped and 
digested for 1 h at 37°C in 15 ml 0.1% (w/v> collage- 

nase/dispase (Boehringer), 10 pg/ml DNAse (Sigma), 
and 0.147 pg/ml N-p-tosyl-L-lysine chloromethyl ketone 
(TLCK, Sigma) in Ca2+- and Mg*+-free balanced salt 
solution (BSS, Gibco), containing 10 mM HEPES, 100 
U/ml penicillin and 100 pg/ml streptomycin. Tissue was 
further disrupted by aspiration through a narrow-bore Pas- 
teur pipette, and myelin removed by density fractionation 
in 250 mg/ml BSA centrifuged at 1000 X g for 20 min. 
The pellet was digested for a further 3 h at 37”C, in 5 ml 
of the collagenase/dispase solution, containing DNAse 
and TLCK (as above), resuspended in BSS, and separated 
from contaminating cells by centrifugation for 10 min on 
Percoll gradients, at 1000 X g. (Gradients were established 
by centrifugation of 50% isotonic Percoll at 25 000 X g for 
1 h.) 

Aortic endothelia were obtained by placing small pieces 

(2-3 mm’) of dissected rat aorta, luminal-side down on 
collagen-coated plates, in RPM1 1640 (Gibco) containing 
10% fetal calf serum (FCS, Gibco), 75 pg/ml endothelial 
growth supplement (ECGS, Sigma), 40 pg/ml heparin, 2 
mM glutamine, 100 U/ml penicillin and 100 pg/ml 
streptomycin [P/S]). After 3 days the explants were re- 
moved and the outgrowing endothelial cells expanded. 
They were passaged by trypsinization when confluent (Mc- 
Guire and Orkin, 1987). Details of the characterization of 

brain and aortic endothelia prepared by these methods are 
presented elsewhere (Hughes and Lantos, 1986; Abbott et 
al., 1992; McGuire and Orkin, 1987). 

BEC were grown in Ham’s F-10 medium (Gibco) con- 
taining 20% (v/v) bovine plasma-derived serum (PDS - 
Advanced Protein Products) and AEC in RPMI- 1640 con- 
taining 20% (FCS), both supplemented with 40 ,ug/ml 
heparin, 2 mM glutamine, P/S, endothelial growth supple- 
ment (ECGS, Sigma). The cultures were maintained at 
37°C in 5% CO,, and fed every 2 days until they had 
formed confluent monolayers. Once confluent, the AEC 
were maintained in the same F-10 medium used for BEC. 
Although most of the characteristics of the aortic endothe- 

lium were preserved after passage, in these experiments 
only 1st passage endothelial cells were used. 

2.2. Lymphocytes 

Lymphocytes were obtained from peripheral and mesen- 
teric lymph nodes of 8-14-week-old female Lewis rats, on 
the day before the adhesion assays. The lymph nodes were 
teased apart with forceps, into BSS and the cell suspension 
was passed through sterile gauze to remove clumps. The 

cells were washed three times in BSS before culturing 
overnight in RPMI-1640 containing 10% FCS, 2 mM 
glutamine, P/S. Activated cells were treated for 16-20 h 

before assay with 5 pg/ml concanavalin A (Con A, 
Sigma). 

2.3. Antibodies 

Anti-ICAM- (clone lA29), anti-LFA-l(WT.1) and 
anti-CD18 (WT.31 are rat-specific antibodies generated in 
the laboratories of Dr. Tamatani and Dr. Miyasaka (Tokyo 
Metropolitan Institute of Medical Science). Anti-VLA-4 is 
a cross-reactive antibody raised to human VLA-4(clone 
HP2/1 from Immunotech, Marseilles, France). It is (Y- 
chain-specific and inhibits VLA4 attachment to VCAMl 
and fibronectin. Anti-VCAMl (5F-10) supematant was 
kindly donated by Dr. Ann Agar, from a clone generated 
by Dr Roy Lobb. It is a rat-specific antibody generated by 
fusion of spleen cells of mice immunized with CHO cells 
transfected with rat VCAM 1. This antibody was shown to 
block the adhesion of lymphocytes to a recombinant hu- 
man VCAMl molecule (May et al., 1993). 
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2.4. Endothelial activation with cytokines 

The monolayers of BEC or AEC were washed with cold 
(4°C) HESS and stimulated with either 100 U/ml of rat 
interferon-y (IFNy, Holland Biotechnology) for 48 h or 25 
ng/ml recombinant human tumour necrosis factor-a 

(TNFo, Genzyme) for 24 h, in BECCM, without ECGS. In 
some experiments, higher doses of these cytokines were 
used, as detailed below. 

2.5. Lymphocyte adhesion assay 

The lymphocyte adhesion assay is based on that de- 
scribed previously (Male et al., 1990): resting or Con-A- 
activated lymphocytes were washed twice in BSS and 
labelled with 51Cr (3 &i/‘106 cells) at 37°C for 90 min. 
They were then washed and resuspended in BSS contain- 

ing 10% FCS. Labelled lylmphocytes were applied to en- 
dothelial cell monolayers which had been washed four 
times with BSS. The wells for each treatment were ran- 
domized across the plates. ‘The lymphocytes were cultured 
on the endothelium for 120 min. Unbound cells were then 
removed by four washes in BSS at 37°C. The bound and 
migrated cells were lysed in 2% SDS and the lysate and 
one wash collected from each well. The number of 
bound/migrated cells was measured by counting released 
51Cr. The results are expressed as percentage cells bound 
as a proportion of the number of cells applied (= 100%). 

2.5.1. Role of the negative charge on the endothelial cell 

surJace on lymphocyte adhesion 

The role of the negative: surface charge on lymphocyte 
adhesion was examined, using three different systems: 

2.5.1.1. Lymphocyte adhesion to growing BEC. In a previ- 
ous study we observed mat the anionic sites related to 
heparin sulphate (HS) developed progressively in culture 
(Santos et al., 1995). For adhesion, therefore, we used 
BEC cultures on the 6th or 7th day, when only the central 
areas of the cell patches have the fully developed charge. 
The lymphocytes were allowed to adhere to BEC for 30 

min and the cultures were immediately fixed with methanol 
or glutaraldehyde. Pictures were taken from different EC 
patches, and the cultures stained for negative charge with 
cationic colloidal gold (OCG), at pH 2.0, as previously 
described (Klein et al., 1993). Briefly, EC cultures were 
fixed in absolute methanol at - 20°C for 15 min, washed 
in BSS and stained with 5 nm cationic colloidal gold 
(BioCell, UK) l/100 in BSS pH 2, for 1 h at room 
temperature. The reaction was developed with silver (Silver 
enhacer kit, Sigma), ‘and counterstained with Harris’ 
haematoxylin. The density of lymphocytes was calculated 
for the areas with low and high negative charge, and 
compared statistically. Whether the distribution of the 
lymphocytes was random ,was assessed by a Poisson test, 
and the differences between the density of lymphocytes 

attached to low and high charged areas of culture tested 
using Student’s t-test. 

2.5.1.2. Interfering with endothelial cell negative charge 
during lymphocyte adhesion. Brain or aortic endothelium 

were preincubated with 1 mg/ml lysine for 1-4 h at 37°C 
in F-10 cell media lacking heparin. The cells were washed 
as above, and overlaid with lymphocytes in BSS contain- 

ing 10% FCS. 

2.5.1.3. Enzyme treatment. Many of the anionic sites on 
BECs in culture are sensitive to neuraminidase, and to 
heparitinase (Santos et al., 1995). HS is also an important 
anion on aortic endothelium in culture (Kobayashi et al., 
1990). To investigate the impact of these anions on lym- 
phocyte adhesion to BEC and AEC in culture, we selec- 
tively cleared the cell surface of sialic acid or HS: conflu- 

ent monolayers were washed with BSS, and incubated with 
either 10 U/ml heparinase III (EC4.2.2.8), or 1 U/ml of 
neuraminidase type X (EC3.2.1.18, both from Sigma) in 
F-10 medium without heparin, for 4 h at 37°C. After 
enzyme digestion, the cells were washed in BSS and 
maintained on ice, before co-incubation with lymphocytes. 
No morphological sign of endothelial cell damage was 
observed at the end of each incubation. In some experi- 
ments, the EC were fixed with formalin before enzyme 
digestion (Cabaiias and Hogg, 1993). The effect of the 
enzymes on the anionic sites was checked in some experi- 

ments, by fixing with methanol or glutaraldehyde and 
staining with CCG, at pH 2.0, as described above. 

2.5.2. Expression of adhesion molecules on BEC and AEC 

Surface expression of ICAMl and VCAMl, and MHC 
class I molecules on brain and aortic endothelium were 
measured by cell surface ELISA, using 3 pg/ml IA29, 1 

pg/ml 5F-10, or l/10 0X18, respectively, followed by 
l/700 biotinylated anti-mouse Ig and l/700 streptavidin 
peroxidase, developed with tetramethyl benzidine. The 

method has been described previously (Male et al., 1987). 
As a negative control, the first antibody was omitted or 

normal MS IgG was used. As an additional control of the 
reaction on ELISA between experiments, empty wells of 
each plate were sensitized with sequential double dilutions 

of mouse IgG, from 2000 to 1.5 ng/ml, and incubated 
with anti-mouse immunoglobulin and streptavidin- 
peroxidase, as described above. 

2.5.3. Role of LFA-1 and a4-integrins on lymphocyte 
adhesion to AEC 

In the antibody-blocking experiments, 51 Cr-labelled 
lymphocytes were preincubated for 10 min with anti-a4 or 
anti LFA-1, and then incubated with the endothelial cells. 
In order to see if FN was involved in the lymphocyte 
binding to the aortic or brain endothelium we used a 

fragment of FN CS-1 peptide (G.P.E.I.L.D.V.P.S.T>, con- 
taining the L.D.V segment, shown to block the interaction 
of VLA-4 with fibronectin. This peptide was used at the 
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concentrations of 10, 50, 100, 250, 500 pg/ml, and as 
control, equimolar concentrations of a control peptide 

V.Y.W.T.P.E.R.V, were used. 

2.6. Signz@ance of the results 

The EIA and the lymphocyte adhesion assays were 
performed in triplicate or quadruplicate, using wells ran- 
domized across the plate. The experiments with staining 
were performed in triplicate. The results presented here are 
representative of experiments performed on at least two 
different occasions. They are expressed as mean + S.E. of 
the O.D. (450 nm) for each antibody, relative to the 

expression of MHC class I molecule (OX1 8 antibody) or 
percentile of adherent lymphocytes, relative to the total 
added. The statistical significance of the differences be- 

tween groups was tested using Student’s t-test or one-way 
ANOVA, with critical level of significance at P < 0.05. 

3. Results 

3.1. Activation with injlammatory cytokines changes the 

distribution of anionic sites on AEC but not on BEC 

TNFa! (25-150 ng/ml) or IFNy (50-250 ng/ml) in 
concentrations that up-regulate adhesion molecules and 
increase lymphocyte adhesion to brain endothelium (Male 
et al., 1990) failed to produce changes in intensity or 
distribution of the anionic sites on BEC. AEC cultured 
under the same conditions presented a more fibrillar distri- 
bution of the anionic sites when treated with TNFa. 

Treatment with 1FN-y induced discrete aggregates of nega- 
tively charged material irregularly distributed among the 
cells. The changes were more intense when the cells were 
fixed with methanol. Although the redistribution of anions, 
following activation was evident on AEC grown in F-10 

medium, its intensity contrasted with the profound changes 

Fig. 1. TNFa (50 ng/ml, 24 h) or IFNy (100 U/ml, 48 h) change the distribution of the anionic sites on aortic (AEC) but not on brain (BEC) endothelial 
cells in culture. A. BEC: the negative charge is normally distributed at the periphery of the cells (A), and remains unchanged after cytokine activation. 

B-D. AEC: on resting AEC the anionic sites distribute as a fine array of CCG particles all over the plasmalemma, with occasional fibrils at the periphery 

of the cells, and higher density in some areas (B). TNFa increases the intensity of the staining, and accentuates the fibrillar aspect (C). fFN+y produces a 

complete redistribution of the anionic sites to form a network of fibrils (D). 
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on GAGS, both biochemical and morphological reported 

on EC cultured in RPM1 medium containing 20% FCS 

(Kobayashi et al., 1990; Klein et al., 1992). In order to 
verify if the conditions normally used for culture of BEC 
could account for the lack of change observed in our study, 
we performed some experiments in which the culture 
medium was replaced by RPM1 containing 20% FCS and 
supplements, 48-96 h before fixation with methanol and 
staining with CCG. The BEC grown for 96 h in RPM1 had 
a similar morphology and distribution of the anionic sites, 
to that seen with F-10 medium (Fig. 1A). This remained 

unchanged after activation with TNFcr or IFNy (not 
shown). On AEC, changing to RPM1 medium caused the 
anionic sites to distribute more uniformly. A fine array of 

CCG particles is observed all1 over the plasmalemma, with 
occasional fibrils at the periphery of the cells (Fig. 1B). 
TNFcv increases the inten&,, of the staining, and accentu- 
ates the fibrillar aspect, producing aggregates and bundles 
of fibrils spanning many cells (Fig. 1C). Activation with 
1FN-y produced a complete redistribution of the anionic 
sites to a network of fibrils (Fig. 1D). After activation, the 
AEC changed in shape. With TNFa the culture became 
more pleomorphic, with some cells presenting a fusiform 
aspect. With IFNy some cells appeared contracted, produc- 
ing areas of discontinuity on the monolayers. 

3.2. Lymphocyte adhesion to BEC in culture is indepen- 

dent of the distribution of HS 

The analysis of the distribution of the lymphocytes 
bound to the growing brain endothelium, using a Poisson 
test, showed that the binding of lymphocytes to the BEC in 
culture is non-random, but it is not influenced by the 
density of anionic sites related to HS (Fig. 2A and B). The 
difference in density of lymphocytes attached to areas of 

high or low negative anionic sites was never statistically 
significant. However the technique coincidentally demon- 
strated a high density of anionic sites at the leading edges 
of the leukocytes, where thley contact the endothelial cell 
surface (Fig. 2C). 

3.3. Comparison of lymphocyte binding to BEC and AEC 
under conditions interfering with the negative surJace 

charge 

The levels of lymphocyte adhesion to aortic endothe- 
lium were usually higher than to the brain endothelium. On 
the experiments presented here, the levels of adhesion of 

activated lymphocytes to AEC varied normally between 32 
and 50% on resting EC, in’creasing to 50-60% when the 
endothelial cells were activated with TNFcr. The levels of 
adhesion to resting BEC, were usually 14-2 I%, increasing 
to 30% on activated cells. No significant change in adhe- 
sion occurred when the EC ((AEC or BEC) were pretreated 
with L-lysine, or when L-lysine was maintained in the 
medium during the adhesion (Fig. 3). 

The enzymes produced only minimal changes on lym- 

phocyte adhesion to brain endothelium (Fig. 3). The levels 

of adhesion to aortic endothelium were usually lower after 
treatment with neuraminidase or heparitinase (Fig. 3). 
These changes were significant in only one of three experi- 
ments with neuraminidase and two of three experiments 
with heparitinase. On BEC, heparitinase reduced signifi- 
cantly the binding of lymphocytes in one experiment only 

(Fig. 3). 

3.4. VCAMl is virtually absent from resting BEC, and 

induced only to low levels after TNFo activation 

Resting brain endothelium in culture expresses low 
levels of ICAMl and virtually undetectable levels of 
VCAMl . Both the molecules increase progressively on 
BEC. ICAMl from 5 (P < 0.01) to 24 h (P < O.OOl), and 
VCAMl from 12 h (P < 0.001). VCAMl starts to decline 
at 48 h. TNFa was more effective in inducing the expres- 
sion of VCAMl in BEC than IFNy (not shown). In one 

experiment the time course of the expression of these 
molecules after activation with TNFcu, showed that, 
VCAMl expression returned to basal levels after 96 h on 
BEC. On AEC, ICAMl and VCAMl are constitutively 

expressed at high levels in culture, and increase slightly 
after 24-48 h of activation. The increase in expression of 
VCAMl on AEC was always statistically significant, from 
12 to 24 h (P < 0.001). The increase in the expression of 
ICAMl was always observed, but did not reach statistical 
significance in some experiments. Unlike BEC, the levels 
of both ICAMl and VCAMl remain on plateau on AEC 
during the 96 h of experiment (Fig. 4A and B). 

3.5. Increased lymphocyte adhesion to AEC corresponds to 

the induction of ICAMl and VCAMI 

Since we observed differences in the levels of expres- 
sion of VCAMl between brain and aortic endothelium, we 
decided to examine if such differences were also related to 
the use of pathways involving the ligands for VCAMI, 
through adhesion blocking experiments, using an anti-a4 
integrin antibody. This antibody was used during lympho- 
cyte adhesion to BEC, and only produced consistent levels 
of blocking when used together with an anti-LFAl anti- 
body (Male et al., 1994). 

The levels of adhesion of resting lymphocytes to AEC 
were around 16%. For activated lymphocytes the levels of 
adhesion to AEC varied normally between 32 and 51%, 
and increased up to 61% when the endothelial cells were 
activated with TNFcv. As demonstrated for BEC (Male et 
al., 1990, 1994), the levels of lymphocyte binding to aortic 
endothelium also increased with EC activation, corre- 
sponding to the induction of ICAMl and VCAMl (Fig. 
5A). The increased binding was observed from 5 h (P < 
0.05) to 24 h (P < 0.001). 

Both antibodies against LFAl and (~4 integrins de- 
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Fig. 2. A and B. Lymphocyte adhesion to non-confluent (5 d culture) BEC monolayer, methanol fixation and (A) haematoxylin staining, (8) cationic gold 

staining at pH 2.0. Anionic sites develop on the central areas of the cell patches. Lymphocytes adhere to brain endothelium independently of the intensity 

of charge on the cell surface. C. During the adhesion the anionic sites on the lymphocytes are redistributed to the areas of contact with the endothelium 
(glutaraldehyde fixation, CCG staining; pH 2.0). 
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Fig. 3. Interfering with the negative charge on BEC or AEC, by preincu- 

bation with L-lysine (1 mg/ml) or pretreatment with neuraminidase type 

X (1 unit/ml), or heparinase III (heparitinase, 5 units/ml), produces only 

small changes in the levels of lymphocyte adhesion. 

creased the binding of lymphocytes to 
non-activated aortic endothlelium (Fig. 
levels of inhibition obtained with the 
were 23-25% to non-activated AEC 

both activated or 
5A and B). The 
anti-a4 antibody 
(P < O.OOS>, and 

15% to activated endothelium (P < 0.01). The anti-LFAl 
antibody was more effective on activated AEC, producing 
a 15-32% (P < 0.05) decrease in lymphocyte binding, and 
only a 9- 12% on non-activated endothelial cells. The two 
antibodies acted synergistically producing further reduc- 

tion (up to 44%, P < 0.005) in lymphocyte adhesion. The 
fibronectin peptide used (CS-1) in concentrations as high 
as 500 pg/ml did not interfere with the adhesion of 

BEC 

AEC 

Fig. 5. Lymphocyte adhesion to AEC. Top: Adhesion of Con A-activated 

lymphocytes to AEC increases after treatment of the EC with TNFo 

(5-24 h). Monoclonal antibodies anti-LFAl (WTl, 5 pg/ml) or anti-o4 

integrin (HP2/1, 10 pg/ml) inhibit the binding of activated lymphocytes 

to activated (top) or resting (centre) AEC, but do not change the 

adhesion of resting lymphocytes (centre: R = resting, A = activated lym- 

phocytes). Bottom: No change was observed with the CSl fragment of 

libronectin. 
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Fig. 4. ICAMI (mAb lA29, solid lines) and VCAMl (mAb 5F10, broken lines) expression was measured on aortic (left) and brain (right) endothelium by 

cell surface ELISA. The monolayers were pulsed for 2-96 h with 25 ng/ml rTNFa, before assay. Both the molecules increase progressively on BEC from 

5 to 24 h. ICAMl and VCAMl are constitutively expressed in high levels on cultured AEC and only increase slightly after 24 and 48 h of activation. The 

levels of ICAMl are maintained in both AEC and BEC. The slight increase observed in VCAMl expression on BEC subsides after 96 h of activation. 
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activated lymphocytes to the AEC (Fig. 5C). Unlike the 
results obtained with activated lymphocytes, the anti-a4 
antibody used alone, or together with anti-LFAl, antibody 
did not change the levels of adhesion of non-activated 

lymphocytes to AEC. 

4. Discussion 

The data presented here show that the anionic sites on 
AEC and BEC are regulated differently by inflammatory 
cytokines. While the anionic sites remain stable on BEC, 
they redistribute extensively on AEC stimulated with TNFcv 

or IFNy. 
Redistribution or loss of EC surface anions has been 

described in a number of pathological conditions, affecting 
the brain (Nag, 1984; Vorbrodt et al., 1990) and other 
organs (Gotloib et al., 1992). The few studies using EC in 
vitro, show that the changes in the negative charge may 
occur as an early event in disease. It can be induced by the 
cytokines (Kobayashi et al., 1990; Klein et al., 1992) 
produced early at sites of inflammation, or result from 
direct damage by aluminium compounds (Vorbrodt and 
Trowbridge, 1993). 

The EC surface anions have long been associated with 
the selective role of the EC in the transport of molecules 
and cells between blood and tissue (Hart et al., 1987; 
Mayhan et al., 1989). Our data shows that, unlike other 
EC, the negative charge on BEC remains unchanged after 
activation by inflammatory cytokines. 

Since our experiments were carried out in non-flow 
conditions, they show that the negative surface charge is 
not a critical determinant of lymphocyte adhesion, once the 
contact has occurred between lymphocyte and BEC or 
AEC. Neither the distinct distribution, nor regulation of the 
surface anions on BEC and AEC, explain the differences 
in levels of lymphocyte adhesion to these EC. 

Another interesting finding presented here, is the redis- 
tribution of molecules containing highly anionic sites (p1 
below 2.0) to the edges of the lymphocytes, during the 
adhesion to the BEC. Lossinsky et al. (1989) reported a 
similar finding in EAE. The redistribution of highly nega- 
tively charged molecules to the areas of cell-cell contact 
suggests their involvement in lymphocyte adhesion and/or 
migration. Further studies are, however, necessary for the 
characterization of these glycomers. 

The expression of VCAMl is also distinct on BEC and 
AEC. On aortic endothelium the expression of VCAMl 
follows a pattern similar to that described for high en- 
dothelial cells and HUVEC, in culture (May et al., 1993; 
Shimizu et al., 1991). However VCAMl is virtually absent 
from resting BEC and increases only to low levels after 
activation with TNFcx. This equates with the recent obser- 
vations on the pathways involved in lymphocyte adhesion 
to and migration through BEC (Male et al., 1994. Pryce 
unpublished). VCAMl was also found to be absent from 

acute lesions in MS (Raine, 1994) and was induced less 
effectively by LPS or TNFo than on meningeal endothe- 
lium, in vivo (Gotsch et al., 1994). On the other hand, 
increased expression of VCAMl in the chronic phase of 
MS has been reported (Raine, 1994) and this molecule is 
apparently involved in the genesis of EAE (Yednock et al., 
1992). This finding, together with the data presented here, 
suggest that the expression of VCAMl and alterations on 
the negative charge, seen on BEC in some diseases, de- 
pends on additional or different stimuli from those needed 
to produce changes on AEC or HEV (May et al., 1993; 
Schmidley and Wissig, 1986). 

On AEC, the increase of both ICAMl and VCAM 1 
expression, following different periods of activation with 
TNFcr, corresponds to the time course of enhanced lym- 
phocyte adhesion. Further evidence for the involvement of 
these molecules in this interaction, is given by the signifi- 
cant reduction in the binding produced by antibodies against 

LFAl or (r4. Moreover, the anti-a4 antibody was more 
effective in blocking the binding of lymphocytes to both 
resting or activated AEC, than the anti-LFAl antibody. 

Using anti-a4 antibodies, interactions mediated by the 
whole range of ligands for VLA4 or (u4p7 integrins may 
be affected. In our experiments, however, the anti-a4 
antibody had no effect on reducing the adhesion of resting 

lymphocytes to AEC, suggesting that a4P7 integrin/ 
MadCAMl binding is not involved in this interaction. 

Apart from VCAMl, FN and thrombospondin (TSP) are 
ligands for VLA4 (Guan and Hynes, 1990; Yabkowitz et 
al., 1993). FN is potentially involved in the adhesion of 
leucocyte to some endothelial cells (Carlos and Harlan, 
1994). Recently, sequences were identified in the 1st and 
4th domain of the VCAMl molecule (Osbom et al., 1994; 
Clements et al., 1994) considered to play a critical role in 
the interaction with VLA-4. The homology shared between 
these segments and the LDV sequence on the CS-1 frag- 
ment of fibronectin, suggested that the sites used by VLA4 
in the interaction with VCAMl and fibronectin, are over- 
lapping or at least contiguous (Clements et al., 1994). In 
fact, cross-inhibition of cell attachment to fibronectin or 
recombinant VCAMl, has been demonstrated, using syn- 
thetic peptides from CSl (May et al., 1993) and VCAMl 
(Clements et al., 19941, respectively. In our experiments, 
however, we were not able to show a decrease in the 
adhesion of lymphocytes to the AEC, using the peptide 
from fibronectin. This peptide and related LDV-containing 
peptides have been shown to inhibit the binding of 
melanoma cells to fibronectin, even when used in molar 
concentrations one-tenth of that used here (Komoria et al., 
1991). Elites et al. (1990) were not able to inhibit the 
binding of VLA4 transfected Ramos cells to HUVEC or 
VCAMl transfected COS cells, using FN40. One possible 
explanation for the absence of blocking observed with the 
FN-peptide is the dynamic of the interactions of the inte- 
grins with their different receptors on the EC surface 
(Hogg et al., 1993). Nevertheless, the absence of blocking 
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of lymphocyte adhesion to AEC with the CSl peptide, 

suggests that FN is not the ligand for VLA4 on aortic 
endothelium. 

TSP is another potential source of differences in lym- 
phocyte adherence to BEC and other EC. This molecule 
was only marginally up-regulated on BEC during cerebral 
malaria (Turner et al., 1994). Although the secretion of this 
molecule by AEC sharply decreases in confluent cultures 
(Mumby et al., 1984), further studies are necessary to 
establish any contribution to the high level of lymphocyte 
adhesion to aortic endothelium. 

The residual levels of adhesion of activated lymphocyte 
to AEC, after blocking LFAl and VLA4, is significantly 
higher than that observed for BEC, suggesting the differen- 

tial participation of other molecules in the lymphocyte 
interaction with these cells. 

In conclusion, our data shows that the negative charge 
on AEC is more responsive to activation with TNFcv and 
1FN-y than the negative charge on BEC. VCAMl is virtu- 
ally absent from resting BEC, and increases to only low 
levels with EC activation. On the aortic endothelium high 

levels of VCAMl and ICAMl are expressed, and unlike 
our previous findings with BEC (Male et al., 1994), LFAl 
and a4 integrins are both used in lymphocyte interaction 

with AEC. The differences observed here can explain, at 
least in part, the usually low levels of lymphocyte adhesion 

to the BEC. 
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