
Organization and signaling of endothelial cell-to-cell junctions in 
various regions of the blood and lymphatic vascular trees

Elisabetta Dejana,
IFOM, FIRC Institute of Molecular Oncology, Via Adamello 16, 20139 Milan, Italy. Department of 
Biomolecular Sciences and Biotechnologies, School of Sciences, University of Milan, Milan, Italy

Fabrizio Orsenigo,
IFOM, FIRC Institute of Molecular Oncology, Via Adamello 16, 20139 Milan, Italy

Cinzia Molendini,
IFOM, FIRC Institute of Molecular Oncology, Via Adamello 16, 20139 Milan, Italy

Peter Baluk, and
Department of Anatomy, Comprehensive Cancer Center, and Cardiovascular Research Institute, 
University of California, San Francisco, USA

Donald M. McDonald
Department of Anatomy, Comprehensive Cancer Center, and Cardiovascular Research Institute, 
University of California, San Francisco, USA

Elisabetta Dejana: elisabetta.dejana@ifom-ieo-campus.it

Abstract

Adhesive intercellular junctions between endothelial cells are formed by tight junctions and 

adherens junctions. In addition to promoting cell-to-cell adhesion, these structures regulate 

paracellular permeability, contact inhibition of endothelial cell growth, cell survival, and 

maintenance of cell polarity. Furthermore, adherens junctions are required for the correct 

organization of new vessels during embryo development or during tissue proliferation in the adult. 

Extensive research on cultured epithelial and endothelial cells has resulted in the identification of 

many molecular components of tight junctions and adherens junctions. Such studies have revealed 

the complexity of these structures, which are formed by membrane-associated adhesion proteins 

and a network of several intracellular signaling partners. This review focuses on the structural 

organization of junctional structures and their functional interactions in the endothelium of blood 

vessels and lymphatics. We emphasize the way that these structures regulate endothelial cell 

homeostasis by transferring specific intracellular signals and by modulating activation and 

signaling of growth factor receptors.
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Introduction

Cell-to-cell contacts control critical endothelial functions both in quiescent conditions and in 

activated situations such as inflammation and angiogenesis (Bazzoni and Dejana 2004; 

Wallez and Huber 2008). Junctional proteins restrain cell migration, inhibit proliferation and 

apoptosis, and contribute to the maintenance of apical-basal polarity. In general, therefore, 

junctional signals should counteract angiogenesis and should be inhibited when vessels are 

induced to proliferate. Indeed, rapid angiogenesis is accompanied by increased vessel 

permeability (Eliceiri et al. 1999), and changes in endothelial barrier function accompany 

most inflammatory conditions (Weis et al. 2004). An intuitive consequence of these 

observations is that cell-to-cell junctions need to be sufficiently dynamic to allow the vessels 

to grow and to return the endothelium to a quiescent state.

In the endothelium, junctional complexes comprise tight junctions (TJs), adherens junctions 

(AJs), and gap junctions (Simionescu 2000). Whereas the first two types of junctions 

establish and maintain cell-to-cell adhesion, gap junctions are specialized to allow the 

passage of water, ions, and other small molecules from one cell to another. These three 

junctional structures are formed by distinct transmembrane proteins that promote 

homophilic cell-to-cell interactions and transfer of intracellular signals.

Notably, the architecture of endothelial cell-to-cell junctions varies in blood vessels to meet 

the functional requirements of the different organs. For instance, in the brain 

microcirculation where strict control of endothelial permeability is exerted between the 

blood and the central nervous system, TJs are enriched. Conversely, in postcapillary venules 

where the exchange between blood and tissues is more dynamic, junctions are specialized 

for reversible leakage of plasma and leukocyte migration in response to inflammatory 

mediators. Junctions are also specialized, albeit differently, in lymphatics where the passage 

of solutes and leukocytes is tightly controlled (Baluk et al. 2007).

Another feature to be considered is that endothelial junctions may be dynamic structures as 

in other cell types. During the time that cells reach confluence, adhesive membrane proteins 

of AJs and TJs first form adhesive complexes at sites of cell-to-cell contacts; the complexes 

then organize into zipper-like structures by lateral adhesion along the cell border (Cavey et 

al. 2008; Chitaev and Troyanovsky 1998; Nelson and Veshnock 1987; Yap et al. 1997, 

1998).

The intracellular partners of the transmembrane adhesive proteins also vary during 

endothelial junction maturation and stabilization (Ayalon et al. 1994; Lampugnani et al. 

1997; Lampugnani and Dejana 1997). Most importantly, even after the contacts have been 

formed in epithelia, adhesion proteins are still in dynamic equilibrium and not only cycle 

continuously between the plasma membrane and intracellular compartments, but also move 

by diffusion within the plane of the plasma membrane (Shen et al. 2008).

Molecular organization of endothelial junctions

Although the molecular composition of the different types of junction varies, they are 

generally formed by both transmembrane and cytoplasmic components. At junctions, 
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dimeric adhesive proteins bind to other identical dimers present on the adjacent cell. The 

result is the lateral clustering of the adhesive molecules at cell-to-cell contacts (Dejana 

2004). The recognition/adhesive information is delivered inside the cell by cytoplasmic and 

transmembrane partners. Therefore, junctions behave as true signaling complexes (Liebner 

et al. 2006).

In recent years, a large effort has been made by several groups to decipher the molecular 

organization of intercellular junctions in endothelial cells. Several transmembrane adhesive 

proteins have been identified including vascular endothelial (VE−) and neural (N−) cadherin 

at AJs (Lampugnani and Dejana 1997; Luo and Radice 2005), occludin (Furuse et al. 1993) 

and members of the claudin family (Nitta et al. 2003), and the junctional adhesion molecule 

(JAM) family at TJs (Imhof and Aurrand-Lions 2004; Vestweber 2003). PECAM-1 (Ilan 

and Madri 2003; Muller 2003) or Sendo-1/Muc18/CD146 (Anfosso et al. 2001) are proteins 

that localize along the intercellular cleft but seem not to participate directly in AJ or TJ 

organization. Although the general organization of AJs and TJs in the endothelium is 

comparable with that of epithelial cells, there are some cell-specific features. For example, 

VE-cadherin, claudin-5, and PECAM-1 have been found in endothelial cells but not in 

epithelial cells. Furthermore, the morphology of the intercellular cleft in the endothelium 

differs from that of many epithelia, as TJs not only are located only on the apical side, but 

may also be intermingled with AJs (Fig. 3).

The molecular organization of endothelial junctions has been described in detail in other 

reviews (see, for instance, Bazzoni and Dejana 2004; Ben-Ze’ev and Geiger 1998; Dejana 

2004; Gonzalez-Mariscal et al. 2008; Gumbiner 2005; Ilan and Madri 2003; Imhof and 

Aurrand-Lions 2004; Matter and Balda 2003; Muller 2003; Vestweber 2003). Here, 

therefore, we briefly mention only the most important apects of their structure.

AJs in the endothelium are formed by the transmembrane adhesive protein VE-cadherin, 

which is, directly or indirectly, bound inside the cells to multiple intracellular partners, 

which include β-catenin, p120, plakoglobin, the phosphatases VE-PTP and DEP-1, and 

others (Bazzoni and Dejana 2004). N-cadherin is also expressed in large amounts in 

endothelial cells but is mostly diffuse in the cell membrane, whereas VE-cadherin is 

clustered at AJs both in vitro and in vivo (Navarro et al. 1998). At TJs, adhesion is instead 

promoted by other adhesive proteins including members of the claudin family, occludin, 

JAMs, and ESAM. The TJ intracellular components are members of the zonula occludens 

protein (ZO) family (ZO-1, -2, and -3), AF6/Afadin, PAR-3/ASIP, MUPP-1, and others 

(Bazzoni and Dejana 2004; Gonzalez-Mariscal et al. 2008).

Many AJ and TJ proteins are ubiquitous along the vascular tree. VE-cadherin and claudin-5 

are present in most blood vessels and in confluent endothelial cells in culture. Other 

junctional markers such as claudin-3 (Wolburg et al. 2002), T-cadherin (Ivanov et al. 2001), 

and desmoplakin (Gallicano et al. 2001; Schmelz et al. 1994) have a more limited 

expression in particular vascular regions. Notably, junction organization and marker 

distribution is comparable in cultured cells and in various types of vessels in vivo (see Figs. 

1, 2).
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Junctions in the endothelium of the initial part of lymphatics differ from those in the 

endothelium of blood vessels (Fig. 3). A recent paper reports that junctions between 

endothelial cells of initial lymphatics are unique. Endothelial borders have discontinuous 

button-like junctions with intermingled flaps resembling valve-like structures (see Fig. 3; 

Baluk et al. 2007). At a molecular level, AJ and TJ proteins are concentrated at the buttons, 

leaving the flaps free to open without disrupting the overall junctional organization. 

PECAM, which is known to promote leukocyte traffic through junctions, is instead 

concentrated between buttons. The more distal collecting lymphatic vessels have continuous 

zipper-like junctions resembling those in the endothelium of blood vessels.

These data underline the specialization of endothelial junctions in lymphatics. In initial 

lymphatics, where intercellular junctions control entry of fluid and cells that drain from 

tissues, the endothelium remains permeable at valve-like regions. In collecting lymphatics, 

which collect lymph and cells from the initial lymphatics, dynamic junctions are not present; 

instead, the endothelium has only zipper-like structures of AJ and TJ similar to those in the 

blood vasculature.

In the brain microvasculature, as described above, endothelial junctions are rich in TJ 

structures that form a complex network along the rim of the endothelial cells (for reviews, 

see Gonzalez-Mariscal et al. 2008; Wolburg and Lippoldt 2002). Most of the components of 

TJs (claudins, occludin, ZO-1, 2 and 3, cingulin, 7H6, etc.) are expressed by the brain 

microvasculature. The integrity of TJ structures is fundamental to the maintenance of the 

normal functions of the central nervous system. On the one hand, conditions that alter the 

structure or molecular composition of TJs may lead to brain edema with harmful 

consequences for brain functional integrity. On the other hand, the tight cell-to-cell adhesion 

promoted by these structures prevents the passage of some drugs from the blood to the 

nervous tissue. Therefore, manipulation of TJ adhesion properties in brain microvasculature 

would have therapeutic consequences.

Cross talk between AJs and TJs

AJs form early during the development of the vascular system in the embryo and earlier than 

TJs. Inhibition of AJ organization causes major defects at early stages of development, as 

found in mice deficient for VE-cadherin, N-cadherin, β-catenin, VE-PTP, or DEP-1 (for a 

review, see Nyqvist et al. 2008).

In cultured cells, AJs organize prior to TJs. Considerable evidence indicates that TJs cannot 

form in the absence of AJs. Although the molecular basis of AJ and TJ reciprocal interaction 

is largely unknown, recent evidence highlights the role of VE-cadherin in this process. 

Taddei et al. (2008) have found that endothelial VE-cadherin at AJs up-regulates the TJ 

adhesive protein claudin-5. This effect requires the release of the inhibitory activity of the 

forkhead box factor FoxO1 and Tcf-4-β-catenin transcriptional repressor complex. VE-

cadherin acts by inducing FoxO1 phosphorylation and inhibition through AKT activation 

and by limiting β-catenin nuclear translocation.

VE-cadherin and N-cadherin may have different functions in endothelial cells. VE-cadherin, 

similar to E-cadherin in epithelial cells, resembles an epithelial cadherin in that it limits cell 
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migration and growth. In contrast, N-cadherin is a mesenchymal cadherin, promotes 

epithelial-mesenchymal transition, and increases cell motility (for a review, see Wheelock et 

al. 2008). Therefore, VE-cadherin is probably more effective than N-cadherin in promoting 

and sustaining TJs organization, further stabilizing intercellular contacts.

Another pathway involving AJ and TJ interaction is the interchange of cytoskeletal 

components between these two structures. A typical example is ZO-1, which has been 

described in epithelial cells to be concentrated at AJs at early steps of their organization 

(Itoh et al. 1997). ZO-1 localization at AJs is attributable to its binding to α-catenin and is 

transient since the protein subsequently moves away and concentrates at TJs.

More recently, the formation of AJs in epithelial cells has been found to be significantly 

delayed in ZO-1 knock out/ZO-2 knock down cells (Ikenouchi et al. 2007). Data show that 

ZO-1 plays crucial roles not only in TJ formation, but also in the conversion from 

“fibroblastic” AJs to belt-like “polarized epithelial” AJs through Rac1 activation.

In vivo, ablation of ZO-2 results in arrested development and embryo lethality before 

vascular development (Xu et al. 2008). Embryos deficient in ZO-1, instead, show defective 

yolk sac vascularization characterized by altered remodeling (Katsuno et al. 2008). The lack 

of ZO-1 might therefore lead to major defects in both vascular AJs and TJs.

Signaling through AJ

VE-cadherin might transfer intracellular signals in various ways. The p85 component of 

PI3K can associate with the VE-cadherin/catenin complex (Carmeliet et al. 1999), and PI3K 

and Akt phosphorylation are activated by VE-cadherin clustering. This may lead to the 

inhibition of endothelial cell apoptosis. Indeed, interference with VE-cadherin expression or 

function renders endothelial cells more susceptible to pro-apoptotic stimuli. Furthermore, 

activation of Akt by VE-cadherin causes FOXO-1 phosphorylation and inactivation of its 

transcriptional activity. This may in turn reprogram gene expression by endothelial cells as 

has been observed for claudin-5 (see above). We have also reported that, similar to E-

cadherin (Nakagawa et al. 2001), VE-cadherin clustering activates the small GTPase Rac 

and inhibits Rho (Lampugnani et al. 2002). This effect is persistent, since Rac activity 

remains high in confluent cells expressing VE-cadherin, in contrast to VE-cadherin −/− cells. 

Nelson and colleagues (2004) have reported that the engagement of VE-cadherin in bovine 

pulmonary artery endothelial cells induces the sustained activation of RhoA and its effector 

ROCK. Evidence that Rac1 and RhoA may have opposing effects in endothelial cells is 

further supported by Wojciak-Stothard and collegues (2005); these authors showed that only 

a balanced amount of active Rac1 supports VE-cadherin-based junctional stability, whereas 

overexpression of a dominant active form of Rac1 leads to junction destabilization.

Although the signaling of VE-cadherin via the small GTPases Rac and Rho has not been 

deciphered completely, a balanced activation/inhibition is evidently required for the 

quiescent and activated/angiogenic endothelium. Rac activation and Rho inhibition are 

considered typical of confluent epithelioid cells (Zondag et al. 2000) and are induced by the 

expression and clustering of E- or VE-cadherin, which are typical epithelioid cadherins (see 

above), whereas N-cadherin, which is associated with a migratory phenotype, induces Rho 
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activation and Rac inhibition (Charrasse et al. 2002). As reported for other cadherins, VE-

cadherin clustering also induces short-lasting mitogen-activated protein kinase (MAPK) 

activation (Nelson et al. 2005), which is probably induced when cells first touch each other 

and then declines when confluency is reached and junctions are fully stabilized.

Several phosphatases (PTPμ, PTP-K, SHP1, SHP2, PTP-LAR, and PTP-B) and kinases such 

as src or csk have been found to associate with the cadherin/catenin complex, although not 

all of them are expressed by endothelial cells (for reviews, see Bazzoni and Dejana 2004; Ha 

et al. 2008). These phosphatases are likely to modulate phosphorylation of the complex 

and/or its intracellular partners. VE-PTP is an endothelial specific phosphatase that can 

associate with VE-cadherin (Nawroth et al. 2002). Similarly, DEP1/CD148, although not 

endothelial-specific, is up-regulated by cell confluency and contributes to VE-cadherin-

mediated inhibition of cell growth (Lampugnani et al. 2003). Importantly, the inactivation of 

either one of these phosphatases induces early embryonic lethality because of major 

alterations of vascular development (Nyqvist et al. 2008).

The function of endothelial N-cadherin remains unclear. Unlike VE-cadherin, N-cadherin 

does not appear to be involved in endothelial cell-to-cell junctions in cultured confluent 

endothelial cells and in mature vessels in vivo (Navarro et al. 1998; Bazzoni and Dejana 

2004). However, recent data show that endothelial-specific deletion of N-cadherin in mice 

leads to a decrease in VE-cadherin expression and a severe vascular phenotype that 

resembles that of VE-cadherin −/− embryos (Luo and Radice 2005). The mechanism through 

which N-cadherin regulates VE-cadherin expression is unknown. Others, using an in vitro 

model of endothelial development within stem-cell-derived embryoid bodies, have observed 

that N-cadherin-null endothelial cells are still able to sprout and form vascular structures 

(Vittet et al. 1997).

N-cadherin might also be important for the interaction between endothelial cells and 

pericytes. In the developing chick brain, antibodies that block N-cadherin disrupt 

endothelial-pericyte interaction and cause vascular haemorrhages (Gerhardt and Betsholtz 

2003; Gerhardt et al. 2000). Furthermore, Tillet and coworkers have shown that a lack of N-

cadherin prevents pericytes from covering endothelial outgrowths (Tillet et al. 2005). N-

cadherin becomes targeted to heterotypic junctions between endothelial cells and pericytes 

through the activation of the G-protein coupled receptor Edg-1/S1P1 (endothelial 

differentiation gene), which is a receptor for platelet-derived sphingosine-1-phosphate 

(S1P), inducing Rac activation and microtubule polymerization (Paik et al. 2004).

Cadherin association with growth factor receptors

Cadherins may associate with growth factor receptors and modulate their intracellular 

signaling properties (Cavallaro and Christofori 2004). The general consequence of this is 

that the type of cellular response to growth factors is dictated by cell density. When 

endothelial cells are activated by VEGF, VEGFR2 (Flk-1 or KDR) associates with the VE-

cadherin/catenin complex and is de-phosphorylated by DEP-1 and other phosphatases 

associated with the complex (Lampugnani et al. 2003). Receptor internalization is also 

reduced (Lampugnani et al. 2006), and since VEGFR2 signals from intracellular 
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compartments, the lack of internalization is accompanied by the inhibition of MAPK 

activation and cell proliferation.

The kinase Csk, which is an inhibitor of src, has been found to be associated with VE-

cadherin. The down-regulation of Csk in endothelial cells induces a significant increase in 

proliferation. Csk binding to VE-cadherin requires phosphorylation of tyrosine 685, and the 

mutation of this tyrosine inhibits Csk association with VE-cadherin, partially blocking its 

inhibitory activity on cell growth (Baumeister et al. 2005).

Recent evidence suggests that VE-cadherin associates with transforming growth factor-β 

(TGF-β) receptor (Rudini et al. 2008). VE-cadherin expression and junctional clustering are 

required for optimal TGF-β signaling in endothelial cells, and the anti-proliferative and anti-

migratory responses of this growth factor are increased in the presence of VE-cadherin. 

Endothelial cells lacking VE-cadherin are less responsive to TGF-β/ALK1- and TGF-β/

ALK5-induced Smad phosphorylation and target gene transcription. VE-cadherin co-

immunoprecipitates with all the components of the TGF-β receptor complex (TβRII, ALK1, 

ALK5, endoglin) and promotes TGF-β signaling by enhancing TβRII/ALK1 or ALK5 

assembly into an active receptor complex.

Overall, these data suggest that VE-cadherin plays an important role in endothelial cell 

stabilization by inhibiting VEGFR2 on one hand and activating TGF-β signaling on the 

other. These two effects contribute to the inhibition of endothelial cell growth and motility.

The interaction of N-cadherin and the fibroblast growth factor receptor (FGFR) has been 

documented in various cell types (Cavallaro et al. 2001). N-cadherin might interact with 

growth factor receptors in vascular cells. Moreover, N-cadherin controls the level of β1 

integrin in endothelial cells (Luo and Radice 2005), and integrated N-cadherin/FGFR 

signaling has been implicated in β1-mediated endothelial cell adhesion. Interestingly, N-

cadherin supports the motility and the metastatic potential of breast cancer cells by binding 

to FGFR and preventing its internalization. Recent observations support the hypothesis that 

N-cadherin-mediated modulation of FGFR activity is involved in endothelial cell survival. 

Indeed, a peptide interfering with the adhesive function of N-cadherin in endothelial cells 

inhibits FGFR signaling, thus resulting in apoptosis (Erez et al. 2004). It is attractive to 

speculate that different cadherins associate with different growth factor receptors and 

modulate downstream effects in a specific way.

Signaling through TJs

TJ components interact with several signal transduction molecules such as G-proteins, 

protein kinases (Bazzoni and Dejana 2004; Gonzalez-Mariscal et al. 2008; Traweger et al. 

2008), and, in general, molecules that regulate cell growth and survival. ZO-1 together with 

the homologous proteins ZO-2/-3, are members of the membrane-associated guanylate 

kinase homologs (MAGUKs; Bazzoni and Dejana 2004; Katsuno et al. 2008), which exhibit 

a PDZ-binding domain in the C-terminus and a src homology region 3 (SH3). PDZ domains 

are known to mediate the anchorage of transmembrane proteins to the cortical actin 

cytoskeleton. ZO-1 exists in two splicing variants characterized by the presence of the 80-

amino-acid α-domain. The α+ isoform is present in epithelial cells, whereas the α− isoform 
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is restricted to endothelial cells and Sertoli cells (Balda and Anderson 1993). ZO-1 localizes 

to the nucleus in sparse or migrating cells when TJs are not or only poorly developed 

(Gottardi et al. 1996). Similarly, ZO-2 is able to shuttle from the cytoplasm to the nucleus 

where it can influence gene transcription and cell behavior (Traweger et al. 2008).

In other systems, the loss-of-function mutation of the Drosophila MAGUK family member 

discs-large-1 leads to an overgrowth phenotype, suggesting that these proteins are involved 

in the downstream signaling from cell-to-cell junctions to regulate contact inhibition of 

growth (Woods and Bryant 1991). Furthermore, ZO-1 interacts with the Y-box transcription 

factor ZONAB, which inhibits the expression of ErbB2 and cell growth. ZO-1 localization at 

TJ is altered in tumor cells, and the expression of deletion mutants of this protein in 

epithelial cells causes epithelial-mesenchymal transition. Recently, ZONAB has been shown 

to interact directly with the Ras family member RalA when cells become confluent, leading 

to de-repression of target gene promoters normally repressed by ZONAB in non-confluent 

cells (Frankel et al. 2005). The interaction of ZONAB with ZO-1 has also been suggested to 

decrease the transcriptional repression by reducing the nuclear localization of ZONAB. 

Interestingly, oncogenic Ras alleviates transcriptional repression by ZONAB (Frankel et al. 

2005), underlining the concept of multilateral cross talk of TJ proteins with other signaling 

pathways.

Some members of the JAM family have been found at TJs in the endothelium. The family is 

formed by at least five members: JAM-A (also called F11R or JAM-1), JAMB, JAM-C, 

JAM-4, and JAM-L. Another protein that is closely related is named ESAM and presents 

many similarities with the JAM group (Bazzoni and Dejana 2004; Ebnet et al. 2004; Imhof 

and Aurrand-Lions 2004). JAM-A, -B, and ESAM have been found to be concentrated at 

endothelial TJs, although they might also occur along the intercellular cleft. JAM-A (but 

also JAM-B and JAM-C) presents, at its C-terminus, a consensus binding sequence for type-

II PDZ domains. Moreover, JAM-A is rather promiscuous and interacts with several PDZ-

containing partners such as ZO-1, AF6/afadin, partitioning defective (PAR) 3/6/atypical 

PKC (aPTC) complex, CASK/lin 2, and MUPP-1 (Bazzoni and Dejana 2004; Ebnet et al. 

2004). Some of these interactions are likely to be important for the anchorage of the protein 

to the actin cytoskeleton.

Several observations of various cell types suggest that JAMs are important in the 

establishment and maintenance of cell polarity. JAM-A (but also JAM-C and possibly JAM-

B) binds the PAR3/PAR6 complex, which can associate with the λ and ζ isoforms of aPKC 

and the small GTPase cdc42. This complex plays a central role in establishing cell polarity 

in Caenorhabditis elegans and in TJ organization in mammalian cells (Ebnet et al. 2001; 

Itoh et al. 2001). Angiogenesis also involves the modulation of cell polarity. JAM-C has 

been shown to be required for tumor angiogenesis and hypoxia-induced retinal 

neovascularization (Lamagna et al. 2005).

Concluding remarks

Endothelial cell-to-cell junctions present a remarkably complex organization that includes 

not only homophilic cell-to-cell adhesion proteins, but also signaling partners. Ablation of 
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various components of either AJs or TJs leads to major problems in vascular development in 

the embryo. In the adult, the lack of a correct structural and functional organization of 

junctions induces vascular fragility and increase in permeability. Phosphorylation of tyrosine 

or serine residues may also cause major changes in the functional properties of junctions (for 

a review, see Dejana et al. 2008). Such modifications may increase junctional protein 

turnover and/or the strength of their association with cytoskeletal or signaling partners. 

These changes cannot be easily appreciated in vivo by simple morphological analysis; more 

specific tools such as antibodies directed against the phosphorylated/activated forms of 

junctional proteins are required.

Many pathological conditions associated with inflammation, tumor vascularization, or 

cerebral edema are characterized by fragile or leaky blood vessels. Defects in endothelial 

permeability and fluid clearance also occur in lymphatics. The characterization of the 

structure and function of endothelial junctions opens new therapeutic possibilities for 

manipulating endothelial permeability and limiting tissue damage.
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Fig. 1. 
Distribution of cell-to-cell junction proteins in cultured endothelial cells. Cultured human 

umbilical vein endothelial cells (HUVEC) were grown to confluence and stained by 

immunofluorescence with antibodies directed against four junctional proteins (arrows): 

PECAM-1 (a) outside adherens junctions (AJs) and tight junctions (TJs), VE-cadherin (b) at 

AJs, ZO-1 (c) at TJs and AJs, and β-catenin (d) at AJs. Bar 20 μm
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Fig. 2. 
Endothelial junction organization in vivo comparable with that observed in cultured 

endothelial cells (Fig. 1). Staining with antibodies to PECAM-1 (a–c) and VE-cadherin (d–
f). The venules (V) of mouse trachea (a, d) and diaphragm (b, e) and the lymphatics (L) of 

diaphragm (c, f) are immunostained (arrows zipper-like junctions of blood vessels, 

arrowheads button-like junctions in lymphatics; see also Fig. 3). Bars 50 μm
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Fig. 3. 
Representation of three types of endothelial junctions (left) and the corresponding electron 

micrographs (right). In small arterioles (a, b), endothelial cell junctions are tight, probably 

being formed by TJs intermingled with AJs to limit exchange between blood and tissues. In 

venules (c, d), junctions are formed by AJs, and small areas of TJs are frequently 

concentrated at the apical side of the intercellular cleft. In initial lymphatics, (e, f) in which 

intercellular junctions control entry (intravasation) and drainage of fluid and cells from 

tissues, junctions are permeable, and endothelial borders have discontinuous button-like 

junctions with intermingled flaps resembling valve-like structures (the junctional structures 

are presented en face; from Baluk et al. 2007). AJ and TJ proteins are concentrated at the 

buttons and allow the flaps to open freely without disrupting overall vascular organization. 

The more distal collecting lymphatic vessels have continuous zipper-like junctions similar to 

those of blood vessels (not shown). In addition to AJ and TJ proteins, other junctional 

adhesive proteins and intracellular partners are present at endothelial junctions but, for 

simplicity, are not reported here. Note the different scales in the electron micrographs as 

well as the corresponding drawings. Bars 1 μm
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