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Summary

Vascular permeability is a highly coordinated process that integrates vesicular trafficking, complex

junctional rearrangements, and refined cytoskeletal dynamics. In response to the extracellular

environment, these three cellular activities have been previously assumed to work in parallel to

regulate the passage of solutes between the blood and tissues. New developments in the area of

vascular permeability, however have highlighted the interdependence between trans- and para-

cellular pathways, the cross-communication between adherens and tight junctions, and the

instructional role of pericytes on endothelial expression of barrier-related genes. Additionally,

significant effort has been placed in understanding the molecular underpinings that contribute to

barrier restoration following acute permeability events and in clarifying the importance of context-

dependent signaling initiated by permeability mediators. Finally, recent findings have uncovered an

unpredicted role for transcription factors in the coordination of vascular permeability and clarified

how junctional complexes can transmit signals to the nucleus to control barrier function. The goal

of this review is to provide a concise and updated view of vascular permeability, discuss the most

recent advances in molecular and cellular regulation, and introduce integrated information on the

central mechanisms involved in trans-endothelial transport.
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Introduction

One of the main roles of endothelial cells is to function as a selective barrier between the blood

stream and tissues. As sophisticated gate-keepers, endothelial cells possess a broad number of

mechanisms that regulate transport of solutes, large molecules, and cells across the vessel wall.

In general terms, the endothelial barrier is controlled by the combined activities of: 1)

heterotypic cell associations (inflammatory cells and mural cells); 2) transcellular transport

(across the endothelium) and 3) junctional complexes or intercellular junctions (paracellular

tranport, i.e. between endothelial cells) (Figure 1). Together, these extracellular associations

and cellular functions maintain and actively regulate transport across the endothelium. The

dynamic and highly responsive control of the endothelial barrier enables macromolecular

transport to be reduced or accelerated, facilitates immune surveillance and enables the

deposition of matrix proteins immediately outside the vascular wall (provisional matrix) to

initiate mechanisms of repair. In recent years, information related to the processes that

coordinate transcellular and paracellular transport have been broadly expanded and focus has
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been placed on integration of these two mechanisms, as well as in understanding tissue-specific

control of barrier function. In this review, we will summarise the recent conceptual

advancements in both the cellular and molecular control of permeability regulation, and present

these findings in the context of previous knowledge in the field.

Mural cell control of vascular permeability

Historically, the majority of research on vascular permeability has been centered on

transcellular regulation and endocytic transport. Nonetheless, in the last four years, a series of

publications have focused on the contribution of mural cells as important instructional partners

in the control of vascular permeability. These cells appear to convey tissue-specific control to

endothelial barrier function. The term mural cell describes endothelial–associated cells that

might not form a permanent sheath, but instead are dynamically associated with capillaries and

functional participants of the “vascular unit”. Mural cells include pericytes, smooth muscle

cells and macrophages. Depending on the tissue, mural cells also include astrocytes (brain)

and podocytes (kidney) as per their tight association with blood vessels.

Recent evidence has brought to light the importance of pericytes in the regulation of

permeability. Specifically, mice that lack pericytes showed increased permeability to water

and a wide range of low- and high-molecular-mass tracers. The effect was most noticeable in

the brain, indicating a stronger relevance of these cells in barrier regulation at this site.

Interestingly, in adults, this in crease in permeability was mediated by endothelial transcytosis,

which was reduced following activation of platelet derived growth factor (PDGFB) signalling

(1).

Studies performed in developmental systems have further demonstrated a role for pericytes,

and specifically PDGFRB signaling in the development of the blood brain barrier shortly after

birth (2). Pericytes were shown to alter endothelial expression by suppression of molecules

that increased vascular permeability (2). In particular, presence of pericytes is necessary to

regulate the balance between angiopoietin-1 (high) and -2 (low) and thus control pro-

permeability signals. Furthermore, through heterotypic cell interactions, pericytes instruct

endothelial cell expression to suppress immune surveillance, a central feature of the blood brain

barrier. Thus, absence of pericytes in Pdfrb−/− mice yield vessels with robust endothelial

expression of IcamI, Alcam and Lgals3 (2). Combined, these experiments provide strong

evidence that pericytes contribute to the stabilisation of the endothelial barrier, particularly in

the brain, through regulation of endothelial expression and transendothelial transport to

enhance barrier stability and suppress inflammation. Although there is much to be uncovered

on the molecular cross-talk between endothelial cells and pericytes, the strong in vivo evidence

indicating regulation of transcellular transport by pericytes points to a complex signalling

circuitry that links heterotypic cell interactions with mechanisms of vesicular transport (3).

Transcellular permeability

Transcellular permeability is defined as an energy-dependent trafficking of macromolecules

from the luminal space to the interstitium by means of vesicular transport. This transport can

occur through: (a) caveolae; (b) vesiculo-vacuolar organelles (VVOs) and/or (c) transcellular

channels (4, 5) (Figure 1 and Figure 2). In this section, we will highlight the conceptual

advancements made in caveolae-mediated transport, and specifically focus on the integrative

links between transcellular and paracellular transport.

Caveolae are vesicles with high levels of caveolin-1 (Cav-1). This structural protein is critical

for caveolae formation, as deletion of Cav-1 in mice results in the reduction of albumin

transport (6, 7). More recently, it has become evident that along with its structural role, Cav-1

acts as a scaffold protein, recruiting Src kinase and G proteins to caveolae (8). As such, caveolae
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are capable of internalising cell surface macromolecular complexes and participating in cell

signalling. Nonetheless, the extent to which this signalling function plays into regulation of

vascular transport is yet to be clarified.

Endothelial signalling can affect transcellular trafficking through the phosphorylation of Cav-1

on Y14. Specifically src kinases have been shown to mediate Cav-1 phosphorylation

downstream of growth factor signalling or upon generation of reactive oxygen species (9).

While the role of phosphorylation on Cav-1 has been controversial, recent findings have shown

that Cav-1 tyrosine phosphorylation is necessary for caveola biogenesis through a direct

feedback loop that inactivates Erg-1 (early growth response-1) and thus enables transcription

of both Cav-1 and cavin-1 (10).

Studies from Cav-1 null mice have suggested an active crosstalk between transcellular and

paracellular pathways. Specifically, complete deletion, as well as, transient siRNA knockdown

of Cav-1 result in an increased paracellular transport of albumin in small capillaries and veins

(11, 12). This elevation in paracellular permeability, a possible compensatory mechanism for

the impaired transcellular transport, was accompanied by abnormal tight junction assembly,

detachment of endothelial cells from the basement membrane, and increased nitric oxide (NO)

production (6, 11, 12). Endothelial nitric oxide synthetase (eNOS) inhibition restored

junctional integrity in Cav-1 null mice, suggesting that eNOS-dependent redox signalling may

indirectly mediate changes in paracellular permeability (11) (Figure 2). Recent elegant work

has found that NO and peroxynitrile generation in the absence of Cav-1 promotes nitration of

p190RhoGAP-A resulting in impaired GAP activity and subsequent RhoA activation. This

increase in active RhoA is responsible herens junctions and increase in paracellular transport

(13). These findings provided the missing molecular link to explain the crosstalk between

Cav-1 and paracellular junctional complexes. In addition, Cav-1 may affect junctional integrity

directly, through its interactions with Src, PKC, claudin-5, and actin-binding proteins, which

are all involved in adherens and tight junction assembly and maintenance (8, 14). Cav-1 also

binds TRPC1, a calcium transport channel important for the intracellular calcium release

underlying actin-myosin remodelling (15, 16).

Consistent with the notion that Cav-1 regulates junctional complexes, it is interesting that Cav-1

levels are lower in postcapillary venules (17). Unlike arteries, venules display increased basal

paracellular permeability and exhibit “unstable” junctional complexes (see discussion of

constitutive VE-cadherin phosphorylation). These findings might imply that differences in

Cav-1 levels may determine whether certain vascular beds are more amenable to increased

transcytosis.

Together these findings provide molecular basis to the concept that transcellular vesicular

trafficking, specifically through the contribution of Cav-1, regulates junctional integrity, and

therefore, paracellular permeability in endothelial cells.

Paracellular permeability

As alluded to previously, maintenance of barrier function also requires the dynamic opening

and closing of inter-endothelial junctions, which consist of a complex network of adherent

proteins organised into adherens junctions and tight junctions. Although originally considered

structural in function, it is now clear that the anchorage of adherens and tight junctions to the

actin cytoskeleton allows the direct transmission of signalling events critical not only for barrier

stability but also for the regulation of cell polarity, cellular movement, fluid sensing, and cell-

contact inhibition (18). The distribution and predominance of junctional proteins at inter-

endothelial contacts varies between different vascular beds, which suggest that junctional

arrangement is unique to the functional needs of specific vascular networks (18, 19).
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Adherens junctions are mostly formed by the clustering of homophilic calcium-dependent VE-

cadherin proteins. The stability of VE-cadherin complexes between adjacent cells is regulated

by phosphorylation. In fact, exposure of endothelial cells to several permeability mediators,

such as VEGF, histamine and thrombin, results in tyrosine phosphorylation of VE-cadherin at

Y658 and Y731, which correspond to the binding sites for p120 and β-catenin, respectively

(20). Phosphorylation of VE-cadherin results in internalisation of the protein and disruption

of barrier integrity resulting in vascular permeability. In addition, three other tyrosines (Y645,

Y685, and Y733) and one serine (S665) have been reported to be potentially phosphorylated

in vitro and participate in the regulation of permeability and leukocyte transmigration (20–

23). Recently, a sophisticated study has demonstrated that phosphorylation of tyrosine residues

658 and 685 of VE-cadherin is constitutive in veins, but not in arteries. This phosphorylation

is mediated by src and can be enhanced in response to bradykinin or histamine. More

importantly, point mutations, Y658F and Y685F, prevent internalization of VE-cadherin and

thus block vascular permeability (24). The endogenous phosphatase for VE-cadherin, VE-PTP

is frequently associated with the protein and prevents VE-cadherin phosphorylation, promoting

an important stabilizing role of endothelial contacts in vivo (25, 26).

Intracellularly, VE-cadherin is directly and indirectly bound to a complex network of proteins

including catenins, actin binding proteins, RhoGTPases, kinases, and phosphatases, that are

important for its tethering and signalling to the actin cytoskeleton (4, 18) (Figure 2). While β-

catenin and plakoglobin prevent VE-cadherin proteolysis, p120-catenin alters retention of VE-

cadherin at the cell surface (8, 27). Additionally, β-catenin and p120 are also critical for spatial

organisation and control of the actin cytoskeleton by way of RhoGTPase activation

(p190RhoGAP, Rac1, Cdc42, RhoA), and α-catenin recruitment (18). Mice engineered to

express a VE-cadherin-α-catenin fusion protein developed strong stable junctions, highlighting

the relevance of plasticity of cadherin- catenin complexes in the regulation of permeability

(28).

Phosphorylation of other adherens junctional components also modulate the affinity of

adherens junction complex components for one another, thus affecting junctional stability

(8). Whether these phosphorylation events are important for barrier regulation in vivo is only

beginning to be understood. Recently, the generation of a serine phosphodeficient p120 mouse

demonstrated the requirement of PKCα-mediated p120 phosphorylation for p120/VE-cadherin

dissociation following thrombin and lipopolysaccharide (LPS) stimulated permeability (29).

Therefore, generation of phospho-mutant mice will enable dissection of the molecular events

that are downstream of individual permeability mediators in vivo.

Major tight junction proteins include claudin-5, occludin, and junctional adhesion molecules

(JAM). Similar to adherens junctions, phosphorylation of both tight junction proteins and their

intracellular partners (ZO-1 and MAGUKS) regulate tight junction assembly and mediate

changes in vascular permeability (30, 31). Although complete deletion of claudin-5 leads to

early lethality shortly after birth due to blood brain barrier disruption, occluding knockout mice

have no apparent defects, making its function in endothelial tight junctions less obvious (32).

While all JAM members are present in endothelial cells, only JAM-C leads to increased

permeability when expressed at the cell surface of microvascular cells following stimulation

with VEGF or histamine (33). Although the mechanism of JAM-C mediated permeability is

still unclear, recent evidence suggests that JAM-C regulation of αVβ3 integrin localisation and

activation downstream of Rap1b signalling may account for barrier breakdown (34). JAM-like

molecules have also been implicated in permeability regulation, as mice null for endothelial

cell-selective adhesion molecule showed reduced vascular permeability to VEGF (35).
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Emerging data has indicated that adherens and tight junctions do not function independently

in the regulation of barrier function, and in fact, communication between these complexes is

important for permeability regulation. Akt activation downstream of VE-cadherin cell surface

clustering results in nuclear expulsion of the transcription factor FoxO1. FoxO1 normally

inhibits claudin-5 expression, thus translocation from the nucleus results in enhanced claudin-5

expression at tight junctions (36). Furthermore, VE-cadherin transmits shear stress signals to

stabilise occluding through recruitment of Tiam1/Rac-1 and mediates reduction of occludin

phosphorylation (37). These findings place VE-cadherin as a key sensor and molecular

integrator of adherens and tight junctions.

Overall, this data indicates that intracellular signalling cascades and homeostasis of barrier

function are more linked than previously appreciated. Furthermore, the interaction between

adherens and tight junctions reveals an exquisite level of molecular regulation that is only now

starting to be unraveled.

Signalling mechanisms and intracellular regulation of vascular permeability

Most mediators of permeability lead to phosphorylation of junctional proteins and

reorganisation of the acto-myosin apparatus, although these consequences can occur

downstream of different signal transduction pathways (Figure 3). The kinetics of these changes

varies between permeability agents, as some can lead to transient and reversible effects, as in

the case of thrombin and histamine, or sustained and prolonged regulation, as seen with VEGF

and LPS stimulation. This section will review recent literature on some of the most well studied

permeability agents and the signaling pathways that discern them.

1. Inflammatory mediators

Histamine, thrombin, and bradykinin exposure result in a transient increase in vascular

permeability followed by barrier stabilisation. Thrombin signalling through its receptor,

PAR-1, yields a transient increase in vascular permeability which is followed by an equally

rapid restoration. PAR-1 activates several downstream G proteins, which promotes

intracellular calcium release, RhoA-dependent activation of myosin light chain kinase and cell

contraction (38). Rho activation leads to stress fiber assembly and cell contraction, a

mechanism that is responsible for enhancement of permeability. Histamine also promotes

permeability through calcium release and myosin light chain kinase activation, but in addition,

mediates src-dependent phosphorylation of adherens and tight junction proteins. Conversely,

bradykinin, acting through B1 and B2 receptors, results in an eNOS/iNOS dependent increase

in permeability, although it is unclear whether nitrosylation of junctional proteins following

increased NO production leads to barrier destabilisation (4, 39).

Long-term mediators of permeability such as LPS and tumour necrosis factor (TNF)-α, result

in nuclear factor (NF)-κB transcriptional expression of cytokines and leukocyte adhesion

molecules. ICAM-1 cell surface activation results in RhoA directed stress fiber formation as

well as increased NO production, which further potentiates increased permeability (39).

2. Vascular endothelial growth factor (VEGF)

VEGF induces vascular permeability by several mechanisms, including junctional

remodelling, induction of fenestrae, and VVOs (40). VEGF concurrently activates multiple

signalling pathways downstream of VEGFR2 that have been implicated in vascular

permeability. These include PLC-dependent intracellular calcium release, src kinase-mediated

phosphorylation/internalisation of junctional proteins, RhoGTPase activation, cytoskeletal

rearrangement, and eNOS signalling (41). More recently, in vivo data has demonstrated the

requirement for VE-PTP/VE-cadherin dissociation (26, 42) and FAK-dependent β-catenin
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phosphorylation (43) in VEGF-mediated permeability. Furthermore, the T-cell-specific

adapter, TSAd was found to be essential for src activation and subsequent phosphorylation of

junctional proteins downstream of VEGFR2 (44). The contribution of eNOS signalling upon

VEGFR2 activation has remained elusive, but recent data suggest that nitrosylation of β-catenin

by NO may be an additional mechanism of junctional destabilisation by mediating the

dissociation of β-catenin from VE-cadherin (45).

Although there have been great strides in understanding the molecular players that coordinate

permeability downstream of VEGF, the complexity of the signalling networks has made it

difficult to understand how all of these pathways interact to control barrier function.

Furthermore, quantitative assessment of each of these signalling pathways in vivo has not been

obtained. It is possible that subsets of downstream mediators are activated in distinct vascular

beds or under different physiological contexts upon VEGF exposure. With regards to

angiogenesis, the in vivo presentation of VEGF isoforms (in the context of matrix or soluble)

results in differential signal transduction outputs (46, 47). It is likely that similar nuances

partake in the regulation of vascular permeability by VEGF.

3. Angiopoietin (Ang)/Tie receptor signalling

Tie receptors and their ligands (Ang1–4) are critical regulators of vascular maturation and

quiescence (48). Tie-2 is constitutively phosphorylated upon binding to Ang-1 in mature

vessels. In fact, Ang-1 secretion from perivascular cells is important for maintaining vascular

stability and endothelial cell adhesion while inhibiting vascular permeability (49, 50). Ang-1/

Tie-2 signalling has been shown to inhibit VEGF-mediated vascular permeability via several

downstream signalling cascades. These include p190RhoGAP driven cytoskeletal modulation

(51), sequestration of Src from VEGFR2 by the RhoGTPase effector protein mDia (52),

inhibition of calcium release (53), and phosphorylation of eNOS by atypical PKC-zeta (54).

One of the main questions in understanding Ang-1 signalling is how it can orchestrate both

vascular remodelling and quiescence by signalling through the same receptor. Recent evidence

suggests that Ang-1 stimulation leads to differential Tie-2 localisation and signalling depending

on whether endothelial cells have engaged cell-cell contacts or not. Homotypic cell interactions

between endothelial cells trigger recruitment of Tie2 to cell-cell contacts upon Ang-1 exposure

leading to enhanced vascular stability following Akt-mediated eNOS phosphorylation. In

contrast, migrating endothelial cells displayed Dok-R phosphorylation and Tie-2 recruitment

to the cell rear (55, 56).

Endothelial produced Ang-2 is considered to be the natural antagonist of Ang-1 activity by

inhibiting phosphorylation of Tie-2 (48). Thus, Ang-2 sensitises the endothelium to both

growth factors and inflammatory mediators, which increase vascular destabilization (57). The

mechanism of Ang-2 action is not fully understood, but recent evidence suggests that Ang-2

regulates Tie-2 interaction with αVβ3 integrin, resulting in FAK activation and consequent

integrin internalisation and degradation (58). Although both Ang-1 and Ang-2 mediate Tie-2

clustering at cell-cell contacts, their differential signalling may explain their opposing effects

on vascular stability. Several groups have also demonstrated that Ang-2 can act as a partial

agonist of Tie-2 signalling through Tie-2 phosphorylation (59, 60) and can enhance barrier

function following endothelial stress (61). Generation of mice with endothelial specific

deletion of Ang-2 will help to address its physiological role in vivo and enable a better

understanding of the homeostatic functions of Ang-2 in the endothelium.

Barrier stabilisation

Barrier restoration is critical for maintenance of basal permeability and recovery following

exposure to acute inflammatory events, yet our understanding of how this process occurs at
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the molecular level has remained elusive. Here, we discuss some of the mediators of barrier

stability and their known mechanisms of action (Figure 4).

Although the mechanisms of barrier breakdown following thrombin have been well studied,

the actual process whereby the endothelial barrier is stabilised quickly thereafter has only begun

to be understood. Recent evidence has demonstrated that a G protein downstream of thrombin

activation Gβ1, increases barrier stabilisation by redistribution of focal adhesion kinase (FAK)

to adherens junctions following Fyn-induced phosphorylation of FAK (62) (Figure 4 C). How

FAK becomes targeted to adherens junctions remains to be clarified.

Signalling via cAMP also contributes to the regulation of barrier function. Increases in cAMP

levels downstream of the G protein, Gαs, reduces vascular leakage through activation of protein

kinase A (PKA) and the guanine exchange factor, Epac (Figure 4 C). Epac mediated Rap1

activation results in increased junctional adhesions and reorganisation of actin filaments (63).

Emerging evidence on Rap1 suggests it has a cooperative association with VE-cadherin as they

can both modulate each other’s responses (64,65). Interestingly, Rap1 can increase KRIT-1

targeting to endothelial cell-cell junctions, suppressing stress fibre formation and stabilizing

the barrier. Thus, defects in Rap1 signalling downstream of mutated KRIT-1 protein may

explain the loss of vascular integrity seen in cerebral cavernous malformations (66).

More recently, fibroblast growth factor (FGF) has been found to play an important role in

adherens junction integrity. Absence of FGF signalling was found to reduce expression of the

phosphatase, SHP2, resulting in increased phosphorylation of VE-cadherin, impairing its

ability to bind p120 catenin (67, 68) (Figure 4 A). VEcadherin itself can affect barrier stability

by inhibiting growth factor signalling pathways including VEGF, TGFB, and PDGF, which

promote permeability following angiogenic responses (19) (Figure 4 B).

Another emerging and potent barrier stabilising factor is sphingosine-1-phosphate (S1P). S1P

circulates at high levels in the blood and signals through the G-coupled protein receptor S1P1

to mediate cortical actin organisation via a number of downstream targets including Rac-1,

cortactin, FAK, paxillin, and actinin 1 and 4 (8, 38, 69) (Figure 4 D). Two recent studies have

unequivocally demonstrated the effect of S1P in barrier stability in vivo. Pharmacological or

genetic blockade of the S1P signalling axis results in adherens junctions destabilisation,

permeability and in some cases angiogenesis (70, 71).

Unlike thrombin, S1P signals exclusively through the G protein Gi. Gi activation leads to PLC-

dependent calcium release, which is necessary for FAK phosphorylation (38). FAK activation

is required for barrier integrity, as impairment of FAK function leads to increased endothelial

permeability and subsequently abrogates S1P barrier enhancement (38, 69, 72). Although S1P

signals through a different G protein cascade, Fyn activation of FAK as seen downstream of

thrombin, may also play a role in S1P signalling.

Interestingly, FAK has been shown to both preserve and disrupt the endothelial barrier (43,

73, 74). This dual ability has been proposed to be regulated by other events including:

differential posttranslational modifications, spatial/temporal activation, cellular localisation,

or association with binding partners (38, 75). Recent evidence in support of this, demonstrated

that alternative phorylation and cellular localisation of FAK contribute to the differential mode

of barrier restoration seen following thrombin and S1P stimulation (62, 69, 76).

Transcriptional mechanisms of barrier regulation

While most events in the regulation of barrier function are nontranscriptional in nature,

evidence that transcriptional activation/repression is also required has recently been revealed

(Figure 5). Both shear stress and Ang-1 signalling to Akt mediates endothelial quiescence by
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FoxO1 phosphorylation and subsequent exclusion from the nucleus (Figure 5 A). FoxO1 target

genes include Ang-2 and genes important for matrix remodelling and migration. Thus,

inhibition of FoxO1 is important for restricting the expression of barrier destabilising proteins

(77, 78) (Figure 5 C). In addition, interaction of FoxO1 with β-catenin and Tcf was found to

transcriptionally repress claudin-5 expression. VE-cadherin sequestration of β-catenin from

the nucleus inhibits its association with FoxO1, enabling claudin-5 expression and junctional

stability (36) (Figure 5 B). Conversely, another forkhead member, FoxM1, positively regulates

β-catenin expression (Figure 5 F). Surprisingly basal permeability was not affected following

endothelial deletion of FoxM1 in vivo; however, barrier stability could not be restored

following thrombin treatment (69).

The Krüppel-like family member, KLF4, directly binds the VEcadherin promoter and

upregulates its expression. Basal permeability is increased following KLF4 knockdown in
vitro and in mouse lung microvasculature (79) (Figure 5 D). Analogously, KLF2 also stabilises

barrier function, as heterozygous loss of KLF2 in mice leads to increased basal permeability

and exacerbated barrier disruption upon addition of histamine and H2O2. How KLF2 mediates

barrier function and whether this requires transcriptional activation of KLF2 was not

determined (80).

In addition to junctional proteins, elements of the cytoskeleton and regulation of its dynamics

are essential to the initiation and restoration of vascular permeability. Along these lines, the

contribution of small GTPases, as means of controlling contractility and dynamics of the

cytoskeleton, have received significant attention (81–83). Transcriptional regulation of

RhoGTPases was found to be coordinated by factors that regulate multiple aspects of the

permeability response. For example, CREB (cAMP response element binding) directly

regulates p190RhoGAP, a RhoA inhibitor important for barrier stabilisation (Figure 5 E). In

support of this, in vivo expression of endothelial dominant negative CREB enhanced basal

permeability and exacerbated the response to thrombin and LPS (84).

Recently, two nuclear hormone receptors, Nur77 and estrogen receptor, have also been

implicated in barrier regulation. Nur77 is increased upon exposure to VEGF, histamine, and

serotonin resulting in barrier destabilisation through the downregulation of several adherent

junctional components. Transcriptional activity of Nur77 was found to be required, but whether

Nur77 directly binds to the promoters of these adhesion molecules was not addressed (85).

Interestingly, estrogen signalling through the estrogen receptor directly upregulates claudin-5

expression and thus, possibly is important for barrier stability and restoration (86). It is apparent

from these results that regulation of barrier function cannot simply be explained by transient

signalling events. Additional research on transcriptional mediation may reveal further insight

into the complexities of permeability regulation.
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Figure 1. Pathways that regulate barrier function in endothelial cells
Scheme shows two endothelial cells and the subendothelial space. Vascular permeability is

regulated and maintained through three compartments including: paracellular junctions

(adherent and junctional complexes), transcellular pathways (channels, VVOs and caveolae)

and heterotypic cell interactions (usually pericytes). The three pathways are interconnected

molecularly (blue arrows), however the details of this cross-talk remain largely unclear. BM:

Basement membrane.
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Figure 2. Cross talk between transcellular trafficking and paracellular junctional complexes
Caveolae fission and loss of Cav-1 enhancee NOS mediated NO production. Nitrosylation of

p190RhoGAP impairs inhibition of RhoA, resulting in stress fiber formation, junctional

instability, and increased paracellular permeability. Direct nitrosylation of junctional proteins

may also regulate junctional disassembly.
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Figure 3. Signal transduction pathways that increase paracellular permeability
VEGF activation of VEGFR2 initiates several downstream signalling cascades leading to

adherens protein internalisation, calcium release, and stress fiber formation. Thrombin and

histamine, via G-protein coupled receptors, results in RhoA activation, calcium release and the

development of stress fibers. Ang-2 inhibits the barrier stabilising effect of Ang-1 thus making

the barrier vulnerable to permeability enhancing agents. LPS and TNF-α signalling result in

NF-κB nuclear translocation where increased ICAM-1 expression leads to RhoA activation

and NO-mediated nitrosylation of junctional proteins. Bradykinin promotes eNOS signalling.

Goddard and Iruela-Arispe Page 16

Thromb Haemost. Author manuscript; available in PMC 2014 March 05.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 4. Signalling mechanisms leading to enhanced barrier stability and restoration
A) FGF signalling increases basal barrier function through SHP2 phosphatase mediated p120/

VEcadherin complex stabilisation. B) VE-cadherin can inhibit growth factor receptors that

normally enhance permeability. C) Gβγ and Gas signal transduction results in FAK, Epac/Rap1

and PKA activation. All three of these targets coordinate to increase cortical actin and stabilise

junctional complexes. D) S1P signalling leads to FAK phosphorylation via a PLC-dependent

mechanism. Differential phosphorylation and cellular recruitment of FAK may explain how

thrombin and S1P regulate FAK by distinct mechanisms.
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Figure 5. Transcriptional regulation of vascular permeability
A) Akt phosphorylation by several stimuli results in FoxO1 phosphorylation and nuclear

translocation. Subsequently, FoxO1 target genes including claudin-5 (B) and Ang-2(C) are

expressed and repressed, respectively. Claudin-5 inhibition by FoxO1 requires complex

formation between β-catenin and Tcf. Therefore, VE-cadherin/β-catenin complex formation is

important for claudin-5 expression as it prevent β-catenin translocation to the nucleus. D) KLF4

stabilises the barrier by enhancing expression of VE-cadherin. E) CREB upregulates

p190RhoGAP, which is important for inhibiting RhoA activation at adherens junctions. F)

Both estrogen receptor (not depicted) and FoxM1 increase claudin-5 expression, thus

promoting barrier stability.
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