
The endothelial cell (EC) layer inside blood vessels

forms a semi�permeable dynamic barrier between the vas�

cular space of blood vessels and underlying tissues. In

normalcy, ECs tightly adhere to each other and weakly

interact with the cells circulating in blood. An exception

to this rule is endothelium of specialized vessels (e.g.,

lymph node venule endothelium). Inflammatory

cytokines, viruses, and growth factors affecting EC prop�

erties can change endothelial barrier functions, thus dis�

rupting the segregation between blood plasma and inter�

stitial fluid. Among other physiological agents that cause

endothelial dysfunction, thrombin is a special case. This

protease produced on the surface of injured endothelium

from prothrombin circulating in blood not only induces

blood coagulation, but also exerts a specific effect on

endothelium, causing disturbance of its barrier function

and stimulating the release of inflammatory mediators,

vasoregulatory agents, and growth factors. In addition,

thrombin induces leukocyte adhesion on the EC surface

and their subsequent penetration into the underlying tis�

sues. Most effects of thrombin on endothelium are medi�

ated by thrombin receptor and require the proteolytic

activity of thrombin.

THROMBIN AND ITS RECEPTOR

Thrombin is produced by proteolytic cleavage of

prothrombin in the so�called “prothrombinase complex”.

Factors V, X, calcium, and membrane phospholipids are

required for proteolytic cleavage [1]. Human thrombin is

a complex formed by the A chain (49 amino acid

residues) and catalytic B chain (259 amino acid residues)

connected through a disulfide bond. It was shown that

further cleavage of 13 amino acid residues from the A

chain can occur [1]. The thrombin globule forms a so�

called anion�binding exosite on its surface, which partic�

ipates in thrombin binding with substrates [1].

The 47�kD thrombin receptor (proteinase�activated

receptor, PAR) is similar in its structure to G�protein�
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coupled receptors containing seven transmembrane

domains [2]. PAR is inactivated in a unique way: interac�

tion with thrombin results in proteolysis of the 41�

amino�acid residue N�terminal exodomain. The new

amino acid sequence formed serves as a bound ligand

itself [2]. Four types of PARs are currently known, of

which three are thrombin�activated and one is trypsin�

activated [2�5]. In EC, thrombin�activated PAR�1 and

trypsin�activated PAR�2 was found [6]. It is believed that

the later is activated in vivo by tryptases secreted by mas�

tocytes [6]. It was shown that some effects of thrombin,

such as increase in the capillary permeability coefficient,

increase in pulmonary artery pressure, and increase in

the pulmonary weight due to developing edema, are

completely absent in mice deficient in the PAR�1 gene

[7].

Synthetic peptides containing the SFLLRN

sequence downstream to the C�terminus from the cleav�

age site in human PAR�1 can activate PAR�1 in the

absence of thrombin, although much less effectively [8,

9]. These peptides perhaps bind to PAR�1 less tightly, or

the large thrombin molecule serves as an additional lig�

and for PAR�1, enabling conformational changes in PAR

that cause activation. The efficiency of thrombin binding

to PAR�1 is apparently ensured by the interaction

between the anion�binding exosite of thrombin and the

receptor sequence located downstream to the C�termi�

nus from the SFLLRN sequence [1]. In addition, anti�

bodies raised against the proximal region of PAR�1

exodomain (amino acid residues 70�99) and the second

extracellular loop of PAR�1 (amino acid residues 244�

265) prevent thrombin�mediated activation of the recep�

tor, which is indicative of multiple binding sites for

thrombin on PAR�1 [10].

The fact that receptor activation cannot be reversed

by dissociation of the agonist from PAR�1 implies that

activation of PAR�1�containing cells should not depend

on thrombin concentration, which is not true. It was

shown that thrombin�induced EC activation, similar to

activation of Xenopus oocytes or platelets, is dependent

on thrombin concentration [2, 9, 11, 12]. For example,

permeability of umbilical vein EC changes almost lin�

early at 0.001�1 µM thrombin or 10�1000 µM PAR�1

peptide agonist [9]. This phenomenon may be account�

ed for by the assumption that the interaction with the

agonist causes temporal activation of the receptor,

which is then inactivated by a specific mechanism. In

EC, as in other cells, PAR�1 activation by thrombin or

peptide results in desensitization of PAR�1 to both ago�

nists [13, 14]. Restoration of cell sensitivity occurs with�

in 90 min in the case of peptide stimulation and during

a longer period if the cells are stimulated with thrombin

[15]. Inhibitors of endo�/exocytosis and serine/threo�

nine phosphatases but not protein synthesis inhibitors

can delay resensitization of PAR�1 to the agonists at this

stage [16, 17]. The second stage of resensitization lasts

approximately 20 h and results in the occurrence of sen�

sitivity both to the activating peptide and thrombin. This

stage may be delayed by protein synthesis inhibitors [14,

16].

Thus, PAR�1 functions are regulated via its phos�

phorylation and internalization as well as degradation.

Even 2 min after the addition of agonist to megakary�

oblastic cells, 90% of PAR�1 is sequestered into endo�

somes via coated pits [16]. This occurs in response to

the agonist peptide and thrombin, which demonstrates

that internalization does not require the proteolysis of

the receptor. It is known that thrombin�induced inter�

nalization of PAR�1 is regulated by phosphorylation of

its cytoplasmic C�terminal domain [18]. PAR�1 is

phosphorylated in Xenopus oocytes presumably by G�

protein�coupled receptor protein kinase 3 [19]. A novel

33�kD protein kinase, which phosphorylates PAR�1

after stimulation with thrombin, has been found

recently in platelets [20]. It remains unclear, however,

which protein kinase is responsible for thrombin�

induced phosphorylation of PAR�1 in EC. It was

shown that protein kinase C capable of PAR�1 phos�

phorylation does not participate in the thrombin�

induced PAR�1 phosphorylation [21]. The authors of

[22] showed that umbilical vein ECs contain a substan�

tial intracellular PAR�1 pool. Thrombin�stimulated

PAR�1 is translocated from the Golgi organelle to the

membrane surface. This mechanism may account for

the relatively rapid recovery of response to thrombin in

EC compared to other cells. It was recently discovered

that the Hsp90 chaperone can interact with PAR�1

[23]. However, this interaction is likely to mediate sig�

nal transduction by a certain route rather than to deter�

mine the stability or ability of receptor activation on

the whole [23].

PAR�1 is actively expressed in atherosclerotic

plaques, whereas intact artery walls contain a rather

small amount of this protein [24]. Conversely, PAR�1 is

actively expressed in capillaries and venules [25]. For

instance, umbilical vein EC contain approximately 106

PAR�1 molecules per cell [26]. It is PAR�1 that medi�

ates the majority of thrombin effects on endothelium.

For example, barrier dysfunction, prostaglandin synthe�

sis, and expression of specific growth factors may be

induced by PAR�1�activating peptides [27]. However, it

was shown that proteolytically inactive thrombin can

change the permeability of the endothelial monolayer

[28] and that thrombin tetradecapeptide, which also

does not exert proteolytic activity, induces EC prolifera�

tion [29]. The mechanism of this process remains

obscure. It was shown that thrombin contains a chemo�

tactic site and an EC linkage site (Arg�Gly�Asp). The

interaction of the cells with these thrombin sites does

not require proteolytic activity of thrombin and involves

binding sites of the cell surface that are most likely dif�

ferent from PAR�1 [25].



THROMBIN�INDUCED ENDOTHELIAL CELL PERMEABILITY 77

BIOCHEMISTRY  (Moscow)  Vol.  67  No. 1    2002

G�PROTEINS 

AND G�PROTEIN�TRIGGERED CASCADES

Guanine nucleotide�binding regulatory G�proteins

mediate the interaction between PAR�1 and cytoplasmic

or membrane effectors, such as phospholipases and ion

channels. Heterotrimeric G�proteins have a characteris�

tic structure where the α�subunit contains a nucleotide�

binding site and, in some cases, a site for ADP�ribosyla�

tion by a bacterial toxin. The β� and γ�subunits form iso�

prenylated heterodimer tethering the whole complex to

the membrane. Receptor activation resulting in the inter�

action of the receptor with G�protein α�subunit triggers

the exchange of bound GDP for GTP, thereby the het�

erotrimer dissociates, and either α�subunit or βγ�het�

erodimer or both interact with the target protein [30, 31].

It was shown that thrombin receptor can interact with

several different G�proteins, thus triggering multiple sig�

nal mechanisms. It can be assumed that the set of G�pro�

teins with which PAR�1 interacts in certain cells and tis�

sues as well as isomorphous composition and sensitivity to

G�proteins of effector proteins will determine the pattern

of tissue�specific physiological response to thrombin. In

EC, similar to many other cells, PAR�1 is linked to the

pertussis toxin�sensitive Gi, whose activation is coupled

with adenylate cyclase inhibition [32]. In addition, PAR�

1 interacts with Gq, which activates phosphoinositide�

specific phospholipase C [33]. PAR�1 is also linked to

G12/13 [33], which is responsible for the activation of the

small G�protein Rho [34].

Gi�dependent adenylate cyclase inactivation results

in a decrease in the intracellular cAMP concentration

and inhibition of cAMP�dependent protein kinase (pro�

tein kinase A, PKA). The main consequences of this

process will be considered below.

Gq�dependent activation of phospholipase C (pre�

sumably its β isoform [1]) accelerates phosphatidylinositol

4,5�bisphosphate cleavage to inositol�1,4,5�trisphosphate

(IP3) and diacylglycerol. This, in turn, leads to an increase

in the intracellular Ca2+ concentration and activation of

protein kinase C (PKC). The activity of phosphoinositide�

specific phospholipase C is regulated in many cells not

only by Gq α�subunits, but also by Gi βγ�subunits [1]. In

addition, β isoform of phospholipase C can undergo phos�

phorylation by PKA [35], and PKA inhibition as a result

of Gi activation may increase phospholipase C sensitivity

to Gq. However, in EC thrombin�induced increase in Ca2+

and IP3 concentration is not inhibited by pertussis toxin

[36], which is indicative of a crucial role of Gq�proteins in

phospholipase C activation in EC.

Activation of the small G�protein Rho is mediated

by the guanine nucleotide exchange factor, which, in

turn, can be regulated not only by G12/13 α�subunit, but

also by Gq α�subunit and Gi α or βγ�subunits [37].

However, the expression of constitutively active G12 and

G13 but not Gi2 or Gq α�subunits is sufficient for Rho�

mediated induction of stress fiber and focal adhesion

plaque formation in fibroblasts [34]. Thus, G12/13/Rho�

regulated rearrangement of the cytoskeleton may occur in

nonmuscle irrespective of Gi/q, adenylate cyclase inhibi�

tion, phospholipase C activation, Ca2+ mobilization, and

protein kinase C activation. Rho effector proteins in the

cell are Rho�associated protein kinase (ROK) and the

p140mDia protein [38]. It is believed that ROK regulates

binding of integrins with the extracellular matrix, where�

as p140mDia changes the local configuration of profilin,

which modulates actin polymerization [38]. Other mech�

anisms whereby Rho participates in the thrombin�

induced increase in the endothelium monolayer perme�

ability will be discussed below.

Similar to many other cells, in endothelium Ca2+

regulates the activity of myosin light chain kinase

(MLCK), Ca2+/calmodulin�dependent kinase (CAMK),

and calcium�dependent PKC isoforms. In addition,

Ca2+/calmodulin reverses inhibition of actomyosin

ATPase by caldesmon [39, 40]. PKC activation is accom�

panied by suppression of phospholipase C activity and

decrease in Ca2+ concentration [41]. This apparently

ensures a rapid block of the thrombin�induced cascade.

Thrombin induces activation of tyrosine protein kinas�

es Src, FAK, JAK, and Syk [1]. PKC presumably regulates

Src activation [1], whereas MLCK is involved in the regula�

tion of Syk activity in platelets [42]. Tyrosine kinases are

involved in the regulation of Ras activity by Gi βγ with sub�

sequent activation of Raf, which induces mitogen�activated

protein kinases (MAPK) [1]. In addition, an elevated level

of cAMP in the cells inhibits Raf activity. It is believed that

thrombin regulates Raf activity not only via Ras activation,

but also by decreasing cAMP concentration [1].

The activity of phospholipases A2 and D also increas�

es in thrombin�stimulated EC [41, 43, 44]. Presumably,

Gαi2, Ca2+, PKC, and MAPK are involved in phospholi�

pase A2 activation, whereas phospholipase D is activated

by PKC, tyrosine kinases, and Rho [1, 37, 41].

Thrombin�induced activation of phosphoinositide 3�

kinase is mediated by tyrosine protein kinases, Rho, and,

possibly, Raf [1].

Although more and more data on the participation of

Rho, MLCK, and PKC in thrombin�induced disruption

of EC monolayer integrity are accumulating, the role of

Gi, MAPK, tyrosine protein kinase Src, and phospho�

inositide 3�kinase in thrombin�dependent changes in the

cytoskeleton remains discrepant [45]. A possible role of

the Rho�related G�protein Rac in the thrombin�induced

changes in the cell shape is also discussed [45].

MECHANISMS OF REGULATION 

OF ENDOTHELIUM PERMEABILITY 

The data accumulated to date suggest agonist�

induced increase in the endothelium monolayer perme�
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ability. The monolayer integrity is regulated by the equi�

librium between the forces that induce EC contraction

and those that hold EC in the flat state. Activation of the

former and suppression of the latter entail the occurrence

of gaps between the cells and an increase in transendothe�

lial permeability [39, 40, 46]. Stress fiber formation and

activation of actomyosin interaction make the main con�

tribution to the contractile response of the cells. Passive

cell retraction as a result of cytoskeleton rearrangement

and attenuation of cell–cell and cell–substrate junctions

also plays a key role in EC contractile response [39, 40,

46]. For instance, the results of measuring the isometric

contraction of umbilical vein EC grown on collagen sub�

strate and comparing these data with the changes in the

monolayer electric resistance suggest that contraction is

responsible for the rapid and short�term (for several min�

utes) response of EC to thrombin. Attenuation of the

junctions apparently contributes to both the rapid and

slow (more than 60 min) stages of EC response [11].

According to other data, the isometric contraction of

umbilical vein EC may continue up to 60 min [47]. The

F�actin�disrupting agent cytochalasin D completely

inhibits tension development in the stimulated EC [48].

Conversely, the F�actin�stabilizing agent phallacidin

decreases the thrombin�induced increase in monolayer

permeability [49], apparently by blocking cytoskeleton

reorganization during which the peripheral F�actin dis�

appears and multiple stress fibers piercing the EC center

are formed.

ROLE OF INOSITOL�1,4,5�TRISPHOSPHATE 

AND CALCIUM IN BARRIER DYSFUNCTION

It is known that IP3 triggers Ca2+ release from intra�

cellular stores. IP3 concentration in pulmonary artery EC

increases approximately twofold during the first 10 sec

after stimulation with 0.1 µM thrombin and then imme�

diately decreases [50]. In umbilical vein EC, thrombin

causes a 3.5� to 5�fold increase in IP3 concentration [51,

52]. In aorta EC, however, no increase in IP3 concentra�

tion was detected [51].

The fact that cytoplasmic Ca2+ regulates EC barrier

function has been confirmed many times. It was shown

that calcium ionophores increase endothelial permeabili�

ty [53] and that the thrombin effect is attenuated under

calcium shortage [54]. It was also shown that thrombin α
increases Ca2+ concentration in EC by mobilizing Ca2+

from the intracellular stores and via its influx into the cell

[55]. The first process is responsible for the rapid and

short�term increase in Ca2+ concentration, whereas the

second causes a delayed but long�term increase [54, 55].

Calcium concentration in pulmonary artery EC sharply

increases from 50 to 600 nM during 20 sec after thrombin

addition and then immediately starts to drop [50, 53]. In

umbilical vein EC, Ca2+ concentration increases only up

to 250 nM, but it decreases much more slowly [56]. This

finding additionally confirms the finding that physiologic

response to thrombin depends on EC nature and may dif�

fer in its duration and extent.

PHOSPHORYLATION 

OF MYOSIN LIGHT CHAINS AND ITS ROLE 

IN THE REGULATION OF BARRIER FUNCTION 

Similar to many other nonmuscle cells, contraction

triggering in EC is regulated by phosphorylation of the

myosin regulatory light chains (MLC). It was shown that

phosphate incorporation into Ser19 and Thr18 of the reg�

ulatory MLC not only increases actomyosin ATPase

activity, but also shifts the equilibrium between the folded

and unfolded myosin forms [57], thus providing the

assembling and functioning of the contractile apparatus

of the cells. In pulmonary artery and umbilical vein EC,

MLC phosphorylation is maximal 2 min after thrombin

treatment. The degree of phosphorylation decreases by

5 min but does not reach the initial value even 15 min

after stimulation by thrombin [53, 58, 59]. MLC phos�

phorylation is accompanied by a 60% increase in the F�

actin content 90 sec after thrombin treatment; as a result,

90% of soluble myosin becomes associated with F�actin

[47].

The major protein kinase that is responsible for MLC

phosphorylation in EC is so�called nonmuscle myosin

light chain kinase. In EC this enzyme is present in five

isoforms [60]. It was shown that in smooth muscles the

nonmuscle MLCK is expressed at relatively low level,

being present together with a shorter smooth muscle iso�

form, whereas only the nonmuscle MLCK can be detect�

ed in EC [61]. The nonmuscle and smooth muscle

MLCK are the products of the same gene. The longer

nonmuscle MLCK contains a unique N�terminal domain

comprising potential sites of phosphorylation by

Ca2+/calmodulin�dependent protein kinase, protein

kinase C, and type II casein kinase [58]. In addition, at

least one of the nonmuscle MLCK isoforms can undergo

phosphorylation of tyrosine catalyzed by Src kinase [62].

In pulmonary artery EC, MLCK activity increases

approximately twofold 2 min after thrombin stimulation

and then rapidly drops [58], in complete accordance with

Ca2+ concentration curve [53].

It is known that the effector of the small G�protein

Rho, ROK, can phosphorylate MLC at the same sites as

MLCK [63]. More and more data indicate that ROK

together with MLCK regulates the contractile apparatus

assembly in nonmuscle cells. For instance, inhibition of

ROK results in the disappearance of the central stress

fibers in fibroblasts, whereas inhibition of MLCK entails

the disappearance of the membrane layer actin fibers [64,

65]. It is still unclear whether ROK along with MLCK

directly phosphorylates MLC in response to thrombin
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stimulation. However, it was shown that MLCK inhibi�

tion leads to a complete suppression of isometric tension

development in EC [11].

Serine/threonine phosphatases, which are responsi�

ble for protein dephosphorylation in the cell, with respect

to their substrate specificity and resistance to endogenous

inhibitors and different toxins may be divided into type 1

and 2 phosphatases. The catalytic subunits of phos�

phatases 1 and 2a, which are most widely represented in

the cell, are very similar [66]. It was shown that inhibition

of phosphatase 2a does not affect the extent of MLC

phosphorylation in EC and the endothelial monolayer

permeability [67]. Conversely, inhibition of phosphatase 1

increases the extent of MLC phosphorylation in EC and

results in cytoskeleton rearrangement and changes in

endothelial barrier function in the absence of agonists

[67, 68]. Only phosphatase 1, but not phosphatase 2a, was

found in so�called myosin�enriched EC fraction [67].

These data are in good agreement with the current view

that it is phosphatase 1 that is responsible for myosin

dephosphorylation in the cell [66]. The activity of

myosin�associated phosphatases in EC decreases 2� to 3�

fold in 1 min after thrombin stimulation, is restored to the

initial level by in 5 min, and is increased by 15 min [59].

Such mode of phosphatase response may account for the

delay in MLC dephosphorylation after the rapid inactiva�

tion of MLCK in thrombin�stimulated EC.

In smooth muscles, myosin�associated phosphatase

1 is a heterotrimer comprised of: 1) catalytic subunit,

which does not exhibit a high substrate specificity; 2) reg�

ulatory subunit (myosin phosphatase targeting subunit,

MYPT), which is responsible for binding with myosin;

and 3) small subunit, whose function is unknown [66].

Both in smooth muscles and endothelium myosin

dephosphorylation is catalyzed by the phosphatase 1 cat�

alytic subunit δ [67, 69, 70]. In EC, the latter forms a

complex with 110� and 70�kD proteins. Proteins with a

lower molecular weight corresponding to that of myosin

phosphatase small subunit were not found [70]. The 110�kD

protein was identified as MYPT1 (Verin and Garcia,

unpublished data). The 70�kD protein apparently corre�

sponds to one of the recently characterized novel regula�

tory subunits of MYPT3 [71] or p85 [72]. Interestingly, in

contrast to MYPT1/2, MYPT3 decreases phosphatase

catalytic subunit activity towards myosin [71], whereas

p85, conversely, acts similar to MYPT1/2 [72]. The activ�

ity of MYPT1/2�containing enzyme towards myosin is

significantly inhibited on phosphorylation of its regulato�

ry subunit by ROK [66]. It was found that p85 also con�

tains phosphorylation sites for ROK [72], whereas the

shorter MYPT3 most likely lacks them [71]. Anyway, the

presence of several regulatory subunits ensures that there

is an additional mechanism of regulation of myosin phos�

phatase activity in the cell.

The inactivation of Rho by C3�transferase from

Clostridium botulinum completely inhibits the thrombin�

induced increase in umbilical vein EC permeability [59]

and increase in MLC phosphorylation [73]. Similar

results were obtained in experiments with ROK inhibitor

[74], which is indicative of the key role of ROK in the

Rho�mediated barrier dysfunction and MLC phosphory�

lation in response to thrombin. The inhibition of myosin

phosphatase restores the effect of thrombin on C3�trans�

ferase�treated umbilical vein EC [59].

In pulmonary aorta EC, however, the inhibition of

phosphatases 1 and 2b contributes to thrombin�induced

barrier dysfunction and affects the extent of MLC phos�

phorylation [75]. It has been shown earlier that phos�

phatase 2b can dephosphorylate mollusk MLC [76]. It

was found that in pulmonary artery EC the activity of

this Ca2+�dependent phosphatase is maximal 20 min

after thrombin stimulation. The enzyme first undergoes

dephosphorylation (2 min after stimulation), then (in

10�60 min) the extent of its phosphorylation significant�

ly increases [75]. The protein kinase responsible for

phosphatase 2b phosphorylation has not been identified

yet. However, the aforementioned data suggest that,

along with the changes in Ca2+ concentration, phospho�

rylation may regulate phosphatase 2b functions in EC.

Ca2+/CALMODULIN�DEPENDENT PROTEIN

KINASE (CAMK) AND ITS ROLE 

IN BARRIER DYSFUNCTION

Thrombin induces CAMK activation and autophos�

phorylation. The activity of this enzyme reaches maximal

value by approximately 5 min of thrombin stimulation

[77]. CAMK inhibition significantly decreases the throm�

bin�induced increase in the monolayer permeability for

ions and proteins [77]. CAMK can phosphorylate MLCK

in smooth muscles, decreasing MLCK affinity for

calmodulin and thus ensuring MLCK desensitization

towards Ca2+ [78]. MLCK is phosphorylated in EC in the

course of thrombin stimulation [77]. However, similar to

MLC phosphorylation, this process is independent of

CAMK activation [77]. Thus, CAMK regulates endothe�

lial barrier dysfunction in a way that is different from

MLCK phosphorylation.

We have shown that filamin, an actin�binding G�

protein responsible for three�dimensional actin network

formation, is phosphorylated by CAMK in thrombin�

stimulated cells and then translocated to the membrane

layer area [77]. An introduction into EC of myristilated

filamin peptides containing a phosphorylation site for

CAMK not only inhibits filamin phosphorylation and

translocation, but also significantly decreases the change

in the electric resistance of the thrombin�stimulated

monolayer [77].

Further study of the role of CAMK may reveal other

mechanisms whereby this enzyme regulates endothelial

barrier dysfunction.
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ROLE OF PROTEIN KINASE C 

IN THE REGULATION 

OF ENDOTHELIAL BARRIER FUNCTION

Thrombin activates PKC both in the membrane and

cytosolic EC fractions [79]. PKC activity in both fractions

increases after 5 min of thrombin stimulation, reaching a

maximum by 15 min, and then after 60 min of stimulation

returns to the control level [79]. Inhibition or proteolytic

degradation of PKC attenuates thrombin�induced endothe�

lial barrier dysfunction [80, 81], inhibiting MLC phosphory�

lation [53]. It was shown that in vitro PKC can phosphory�

late MYPT1, decreasing phosphatase 1 activity towards

myosin [82]. It is also known that myosin phosphatase

inhibitor CPI�17 can undergo phosphorylation by PKC,

which enhances its inhibitory properties [83]. CPI�17 is

expressed in EC (Verin and Garcia, unpublished data).

However, the question as to whether this protein participates

in thrombin�induced endothelial barrier dysfunction

remains open. The actin�binding regulatory protein

caldesmon undergoes PKC�mediated phosphorylation in

thrombin�stimulated EC [80]. Caldesmon, which inhibits

actomyosin interaction in the absence of calmodulin, can be

directly phosphorylated by PKC in vitro [84]. It was shown

that phosphorylation attenuates the inhibitory properties of

caldesmon [84, 85]. Thus, in addition to Ca2+/calmodulin,

thrombin�induced activation of PKC may affect the proper�

ties of caldesmon and actomyosin contraction overall.

The intermediate filament protein vimentin is also

phosphorylated by PKC in thrombin�stimulated EC [80].

It has been shown in in vitro experiments that vimentin

filaments are disassembled during phosphorylation [86].

Further experiments are required to determine whether

vimentin is rearranged in thrombin�stimulated EC and to

what extent the stability of the intermediate filament net�

work is crucial for endothelial barrier function.

It was also shown that a 15� to 30�min thrombin

stimulation causes dissociation of cell–cell adhesion pro�

teins p120, α� and β�catenin, and plakoglobin from VE�

cadherin [9]. VE�cadherin is a transmembrane protein

that is expressed only in the endothelium. It ensures

Ca2+�dependent junctions between adjacent cells in the

adhesion regions. Catenins regulate VE�cadherin linkage

to the actin cytoskeleton and formation of cadherin mul�

timers. As a result of PKC inhibition in thrombin�stimu�

lated cells, the complexes between VE�cadherin and

p120, α� and β�catenin, and plakoglobin remain stable

[9]; this suggests that PKC participates in thrombin�

induced attenuation of cell–cell junctions.

ROLE OF cAMP IN THE REGULATION 

OF ENDOTHELIUM PERMEABILITY

Elevation of the intracellular cAMP concentration

prevents the increase in permeability, formation of gaps

between the cells, and formation of stress fibers in throm�

bin�stimulated EC [53, 87]. Overexpression of the

endogenous PKA inhibitor PKI enhances thrombin�

induced EC barrier dysfunction, whereas treatment of EC

with pharmacological inhibitors of PKA stimulates stress

fiber formation [87]. Similar to thrombin, PKA inhibitor

induces translocation of MLCK and phosphatase 2B to

F�actin [87]. The adenylate cyclase activator forskolin

and cAMP analogs inhibit the thrombin�induced phos�

phorylation of MLC [53]. MLCK can be directly phos�

phorylated by PKA [78], which decreases MLCK affinity

for calmodulin [88]. Actually, an increase in cAMP level

in endothelium results in MLCK phosphorylation and

decreases the activity of this enzyme [89]. In thrombin�

stimulated EC, however, MLCK does not undergo

dephosphorylation [58, 77] despite the decrease in cAMP

concentration [32]. In addition, PKA inhibitor only

slightly increases the level of basal and thrombin�stimu�

lated MLC phosphorylation, which is suggestive of

another mechanism of Gi�mediated increase in endothe�

lial permeability in response to thrombin.

It has been shown that in nonmuscle cells PKA can

phosphorylate the regulatory protein caldesmon [90].

However, the treatment of platelets with thrombin does

not change the extent of caldesmon phosphorylation [90].

Another actin�binding G�protein, filamin, is also a target

for PKA�mediated phosphorylation. Phosphofilamin is

more resistant to proteolysis and more efficiently cross�

links actin filaments [91]. However, cAMP�dependent

phosphorylation of filamin and caldesmon remains to be

confirmed or refuted.

It was shown that thrombin induces translocation of

focal adhesion proteins paxillin and FAK to the sites of

actin filament linkage. An increase in cAMP concentra�

tion in the cell blocks this translocation, whereas PKA

inhibition in the absence of thrombin induces it [87]. In

view of this, it is worth mentioning that VASP (vasodila�

tor�stimulated phosphoprotein) not only actively partic�

ipates in the actin cytoskeleton rearrangement, but also

is a target for PKA [92]. In EC, VASP is located in the

peripheral regions of the cells at the sites of cell–cell and

cell–matrix junctions [93]. VASP can independently

stabilize newly formed actin filaments or mediate this

process via G�actin�binding G�protein profilin. In addi�

tion, matrix junction proteins zyxin and vinculin are

also VASP ligands [92]. PKA�catalyzed phosphorylation

inhibits VASP�induced nucleation of actin filaments.

Interaction of VASP with profilin, vinculin, and zyxin is

independent of PKA [92]. Such mode of VASP action

suggests the hypothesis of cAMP�mediated regulation of

cell–matrix junction formation. Both phosphorylated

and dephosphorylated VASP forms complexes with

zyxin and vinculin, which are linked to the transmem�

brane proteins integrins via talin. VASP�dependent

actin polymerization, however, is triggered only by

VASP dephosphorylation. Thus, decrease in cAMP con�
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centration in the cell and PKA inhibition should induce

the formation of cell adhesion sites and stress fibers

linked to them [92].

As mentioned above, thrombin induces the dissoci�

ation of catenins from the cell–cell junction transmem�

brane protein cadherin [9]. As a result of thrombin stim�

ulation, the membrane band of β�catenin going contin�

uously along the EC peripheral region becomes thin and

discontinuous [87]. An increase in cAMP concentration

in EC markedly attenuates the thrombin�induced

changes in β�catenin location. Conversely, PKA inhibi�

tion entails almost complete disappearance of β�catenin

from EC peripheral regions in the absence of thrombin

[87]. It is well known that β�catenin undergoes ubiqui�

tin�dependent proteolysis and that its phosphorylation

of glycogen synthase kinase GSK3β triggers its ubiquiti�

nation with subsequent degradation [94]. In addition, it

was shown that the formation of the complex with cad�

herin stabilizes β�catenin [95]. It is unclear whether

cAMP prevents β�catenin dissociation from cadherin

and its possible degradation. However, the phenomenon

of cAMP�dependent catenin stabilization in the mem�

brane area is suggestive of the key role of PKA in this

process.

TYROSINE KINASES AND PHOSPHATASES 

AND THEIR ROLE IN BARRIER DYSFUNCTION

More and more data indicate that tyrosine phospho�

rylation causes an increase in cell–cell junction perme�

ability in the endothelium [96�98]. It has been shown that

inhibitors of tyrosine protein kinases can attenuate the

thrombin�induced increase in endothelial permeability

[74, 97]. The role of tyrosine protein kinases Src and focal

adhesion kinase (FAK) in the physiological response was

studied in greatest detail. It was found that one of the

endothelial MLCK isoforms can undergo phosphoryla�

tion by Src, which increases its activity [62]. Interestingly,

the phosphatase 1 catalytic subunit can be phosphorylat�

ed and inhibited by Src [99]. Thus, tyrosine phosphoryla�

tion of MLCK and phosphatase 1 may be an additional

mechanism that regulates MLC phosphorylation in EC.

In the thrombin�stimulated EC, however, no increase in

the extent of tyrosine phosphorylation of MLCK was

observed [97]. As far as phosphatase 1 phosphorylation is

concerned, it was shown that the inhibition of tyrosine

protein kinases in EC results in the inhibition rather than

activation of phosphatase activity [100].

Another potential Src substrate, cortactin, under�

goes translocation in the thrombin�treated platelets and

EC [101, 102]. Src�mediated phosphorylation attenuates

the ability of cortactin to link the actin fibers in vitro

[103]. Overexpression of cortactin unable to undergo

phosphorylation by Src reduces the thrombin�induced

stress fiber formation [102] and disrupts the ability of EC

to migrate [104]. Whether cortactin and its phosphoryla�

tion contribute to the thrombin�induced endothelial dys�

function remains to be elucidated.

In umbilical vein EC, thrombin induces tyrosine

phosphorylation of junctional proteins p120 and β� and

γ�catenins [105]. Tyrosine phosphatase SHP2, which is

associated with β�catenin in intact cells, is phosphorylat�

ed by Src 5 min after thrombin stimulation and dissoci�

ates from VE�cadherin complex, thus ensuring an

increase in the extent of phosphorylation of the proteins

contained in this complex [105]. With regard for all listed

mechanisms of Src involvement in cytoskeletal

rearrangement, it is interesting that in EC line EA.hy926

the inhibitors of Src were unable to suppress the throm�

bin�induced cell retraction, whereas conventional

inhibitors of nonreceptor tyrosine protein kinases were

sufficiently effective [45]. Whether this phenomenon is

characteristic of all EC or only of EA.hy926 cells is still

obscure.

As an Src substrate [106], FAK participates in tyro�

sine phosphorylation of several proteins, including pax�

illin [107]. However, although FAK catalyzes the phos�

phorylation of focal adhesion proteins, this phosphoryla�

tion is not required for the focal adhesion complex assem�

bling [106, 108]. Overexpression in EC of FAK lacking

the kinase domain reduces the ability of the cells to

migrate and proliferate [108]. It was shown that thrombin

stimulates tyrosine phosphorylation of paxillin and FAK

[109]. Pretreatment of EC with the Rho inhibitor C3�

transferase completely abolishes the thrombin�induced

increase in phosphorylation of these proteins [109].

OTHER EFFECTS OF THROMBIN 

ON ENDOTHELIUM

It was shown that thrombin causes the exposure of P�

selectin on the EC surface [110]. This adhesion protein

ensures the linkage and motility of polymorphous cells

over EC and their penetration into the underlying tissues.

In addition, thrombin induces the synthesis of platelet

activation factor [111]. This phospholipid activates

leukocytes, ensuring their junction to the endothelium

and release of enzymes and reactive oxygen species. In

addition, thrombin affects EC proliferation. It enhances

the responses of umbilical vein EC to growth factors and

has an independent mitogenic effect on capillary EC [25].

Thrombin also stimulates local secretion of endothelial

chemoattractants and growth factors [112]. These effects

may be of physiological importance, because the demand

for new vessels often increases after clot formation or nar�

rowing of vessel lumens caused by fibrin. Interestingly,

fibrin is an optimal substrate facilitating EC attachment

and proliferation [25]. Thus, clot formation entailing an

increase in the local concentration of thrombin and fibrin

is a potent angiogenic factor.
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While the crucial role of thrombin in homeostasis

and clotting was well studied long ago, the effect of

thrombin on endothelium and the importance of this

effect for the organism on the whole remained obscure

for a long time. However, intravenously injected throm�

bin increases permeability of blood vessels, especially

that of microcirculation vessels, resulting in pulmonary

edema and heavy breathing. In addition, thrombin injec�

tion increases leukocyte content in lung alveoli. All these

phenomena are due to the fact that thrombin contributes

to endothelial dysfunction, disrupting the barrier func�

tion of EC monolayer and inducing inflammatory

response. This review emphasizes the complexity of sig�

nal systems that regulate the equilibrium between the

vascular space and underlying tissues and analyzes the

key role of Ca2+, MLCK, myosin phosphatase, Rho�

kinase, and PKC, as well as their cytoskeletal targets in

the thrombin�induced increase in endothelial monolayer

permeability.

This study was supported by NIH grants HL 67307,

HL 68062, HL 50533, and HL 58064 and a grant from the

American Heart Association.

REFERENCES

1. Grand, R. J. A., Turnell, A. S., and Grabham, P. W. (1996)

Biochem. J., 313, 353�368.

2. Vu, T.�K. H., Hung, D. T., Wheaton, V. I., and Coughlin,

S. R. (1991) Cell, 64, 1057�1068.

3. Nystedt, S., Emilson, I. E., Wahlestedt, C., and Sundelin,

J. (1994) Proc. Natl. Acad. Sci. USA, 91, 9208�9212.

4. Ishihara, H., Connolly, A. J., Zeng, D., Kahn, M. L.,

Zheng, Y. W., Timmons, C., Tram, T., and Coughlin, S. R.

(1997) Nature, 386, 502�506.

5. Kahn, M. L., Zheng, Y. W., Huang, W., Bigornia, V., Zeng,

D., Moff, S., Fares, R. V., Jr., Tam, C., and Coughlin, S. R.

(1998) Nature, 394, 690�694.

6. Brass, L. F., and Molino, M. (1997) Thromb. Haemost., 78,

234�241.

7. Vogel, S. M., Gao, X., Mehta, D., Ye, R. D., John, T. A.,

Andrade�Gordon, P., Tiruppathi, C., and Malik, A. B.

(2000) Physiol. Genomics, 4, 137�145.

8. Chen, J., Ishii, M., Wang, L., Ishii, K., and Coughlin, S. R.

(1994) J. Biol. Chem., 269, 16041�16045.

9. Rabiet, M.�J., Plantier, J.�L., Rival, Y., Genoux, Y.,

Lampugnani, M.�G., and Dejana, E. (1996) Arterioscler.

Thromb. Vasc. Biol., 16, 488�496.

10. Nguyen, L. T., Lum, H., Tiruppathi, C., and Malik, A. B.

(1997) Am. J. Physiol., 273, C1756�C1763.

11. Moy, A. B., Engelenhoven, J. V., Bodmer, J., Kamath, J.,

Keese, C., Giaever, I., Shasby, S., and Shasby, D. M. (1996)

J. Clin. Invest., 97, 1020�1027.

12. Ehringer, W. D., Edwards, M. J., Gray, R. D., and Miller,

F. N. (1997) Inflammation, 21, 279�298.

13. Storck, J., and Zimmermann, E. R. (1996) Thromb. Res.,

81, 121�131.

14. Ellis, C. A., Tirruppathi, C., Sandoval, R., Niles, W. D.,

and Malik, A. B. (1999) Am. J. Physiol., 276, C38�C45.

15. Mizuno, O., Hirano, K., Nishimura, J., Kubo, C., and

Kanaide, H. (2000) Eur. J. Pharmacol., 389, 13�23.

16. Brass, L. F., Hoxie, J. A., and Manning, D. R. (1993)

Thromb. Haemost., 70, 217�223.

17. Storck, J., Vahland, M., Breer, T., and Zimmermann, E. R.

(1997) Br. J. Haematol., 99, 555�561.

18. Shapiro, M. J., Trejo, J., Zeng, D., and Coughlin, S. R.

(1996) J. Biol. Chem., 271, 32874�32880.

19. Ishii, K., Chen, J., Ishii, M., Hoch, W. J., Freedman, N. J.,

Lefkowitz, R. J., and Coughlin, S. R. (1994) J. Biol. Chem.,

269, 1125�1130.

20. Ido, M., Hayashi, T., Gabazza, E. C., and Suzuki, K.

(2000) Thromb. Haemost., 83, 617�621.

21. Yan, W., Tirrupathi, C., Lum, H., Qiao, R., and Malik, A.

B. (1998) Am. J. Physiol., 274, C387�C395.

22. Hein, L., Ishii, K., Coughlin, S. R., and Kobilka, B. K.

(1994) J. Biol. Chem., 269, 27719�27726.

23. Pai, K. S., Mahajan, V. B., Lau, A., and Cunningham, D.

D. (2001) J. Biol. Chem., in press.

24. Coughlin, S. R. (1993) Thromb. Haemost., 66, 184�187.

25. Rabiet, M.�J., Plantier, J.�L., and Dejana, E. (1994) B.

Med. Bull., 50, 936�945.

26. Tiruppathi, C., Lum, H., Andersen, T. T., Fenton, J. W., II,

and Malik, A. B. (1992) Am. J. Physiol., 263, L595�L601.

27. Garcia, J. G. N., Patterson, C. E., Bahler, C., Aschner, J.,

Hart, C. M., and English, D. (1993) J. Cell. Physiol., 156,

541�549.

28. Garcia, J. G. N., Siflinger�Birnboim, A., Bizios, R., Del

Vecchio, P. J., Fenton, J. W., II, and Malik, A. B. (1986) J.

Cell. Physiol., 128, 96�104.

29. Schaeffer, P., Riera, E., Dupuy, E., and Hrebert, J. M.

(1997) Biochem. Pharmacol., 53, 487�491.

30. Offermanns, S., and Simon, M. I. (1996) in Cancer

Surveys, Vol. 27, Cell Signalling (Tooze, J., ed.) Cold Spring

Harbor Lab. Press, N. Y., pp. 177�198.

31. Wittinghofer, A. (2000) in GTPases (Hall, A., ed.) Oxford

University Press, N. Y., pp. 244�298.

32. Manolopoulos, V. G., Fenton, J. W., II, and Lekles, P. I.

(1997) Biochim. Biophys. Acta, 1356, 321�332.

33. Barr, A. J., Brass, L. F., and Manning, D. R. (1997) J. Biol.

Chem., 272, 2223�2229.

34. Buhl, A. M., Johnson, N. L., Dhanasekaran, N., and

Johnson, G. L. (1995) J. Biol. Chem., 270, 24631�24634.

35. Rebecchi, M. J., and Pentyala, S. N. (2000) Physiol. Rev.,

80, 1291�1335.

36. Brock, T. A., and Capasso, E. L. (1989) Am. Rev. Respir.

Dis., 140, 1121�1125.

37. Seasholtz, T. M., Majumdar, M., and Brown, J. H. (1999)

Mol. Pharmacol., 55, 949�956.

38. Narumiya, S., Ishizaki, T., and Watanabe, N. (1997) FEBS

Lett., 410, 68�72.

39. Garcia, J. G. N., and Schaphorst, K. L. (1995) J. Inv.

Medicine, 43, 117�126.

40. Garcia, J. G. N., Verin, A. D., and Schaphorst, K. L.

(1996) Sem. Thromb. Hemost., 22, 309�315.

41. Stasek, J. E., and Garcia, J. G. N. (1992) Sem. Thromb.

Hemost., 18, 117�125.

42. Taniguchi, T., Kitagawa, H., Yasue, S., Yanagi, S., Sakai,

K., Asahi, M., Ohta, S., Takeuchi, F., Nakamura, S., and

Yamamura, H. (1993) J. Biol. Chem., 268, 2277�2279.

43. Garcia, J. G. N., Fenton, J. W., II, and Natarajan, V.

(1992) Blood, 79, 2056�2067.



THROMBIN�INDUCED ENDOTHELIAL CELL PERMEABILITY 83

BIOCHEMISTRY  (Moscow)  Vol.  67  No. 1    2002

44. Garcia, J. G. N., Stasek, J. E., Natarajan, V., Patterson, C.

E., and Dominguez, J. D. (1992) Am. Resp. Cell. Mol. Biol.,

6, 315�325.

45. Vouret�Craviari, V., Boquet, P., Pouyssegur, J., and van

Obberghen�Schilling, E. (1998) Mol. Biol. Cell, 9, 2639�2653.

46. Lum, H., and Malik, A. B. (1996) Can. J. Physiol.

Pharmacol., 74, 787�800.

47. Goeckler, Z. M., and Wysolmerski, R. B. (1995) J. Cell

Biol., 130, 613�627.

48. Kolodney, M. S., and Wysolmersky, R. B. (1992) J. Cell

Biol., 117, 73�82.

49. Phillips, P. G., Lum, H., Malik, A. B., and Tsan, M. F.

(1989) Am. J. Physiol., 257, C562�C567.

50. Lum, H., Aschner, J. L., Phillips, P. G., Fletcher, P. W., and

Malik, A. B. (1992) Am. J. Physiol., 263, L219�L225.

51. Jaffe, E. A., Grulich, J., Weksler, B. B., Hampel, G., and

Watanabe, K. (1987) J. Biol. Chem., 262, 8557�8565.

52. Carter, A. J., Eisert, W. G., and Muller, T. H. (1989)

Thromb. Haemost., 61, 122�126.

53. Garcia, J. G. N., Davis, H. W., and Patterson, C. E. (1995)

J. Cell. Physiol., 163, 510�522.

54. Lum, H., del Vecchio, P. J., Schneider, A. S., Goligorsky,

M. S., and Malik, A. B. (1989) J. Appl. Physiol., 66, 1471�

1476.

55. Goligorsky, M. S., Menton, D. N., Laszlo, A., and Lum,

H. (1989) J. Biol. Chem., 264, 16771�16775.

56. Ehringer, W. D., Edwards, M. J., and Miller, F. N. (1996) J.

Cell. Physiol., 167, 562�569.

57. Kamisoyama, H., Araki, Y., and Ikebe, M. (1994)

Biochemistry, 33, 840�847.

58. Verin, A. D., Gilbert�McClain, L. I., Patterson, C. E., and

Garcia, J. G. N. (1998) Am. J. Resp. Cell Mol. Biol., 19,

767�776.

59. Essler, M., Amano, M., Kruse, H.�J., Kaibuchi, K., Weber,

P. C., and Aepfelbacher, M. (1998) J. Biol. Chem., 273,

21867�21874.

60. Lazar, V., and Garcia, J. G. N. (1999) Genomics, 57, 256�267.

61. Verin, A. D., Lazar, V., Torry, R. T., Labarrere, C. A.,

Patterson, C. E., and Garcia, J. G. N. (1998) Am. J. Resp.

Cell. Mol. Biol., 19, 758�766.

62. Birukov, K. G., Csortos, C., Marzilli, L., Dudek, S., Ma, S.

F., Bresnick, A. R., Verin, A. D., Cotter, R. J., and Garcia,

J. G. N. (2001) J. Biol. Chem., 276, 8567�8573.

63. Amano, M., Ito, M., Kimura, K., Fukata, Y., Chikara, K.,

Nakano, T., Matsuura, Y., and Kaibuchi, K. (1996) J. Biol.

Chem., 271, 20246�20249.

64. Totsukawa, G., Yamakita, Y., Yamashiro, S., Hartshorne,

D. J., Sasaki, Y., and Matsumura, F. (2000) J. Cell Biol.,

150, 797�806.

65. Katoh, K., Kano, Y., Amano, M., Kaibuchi, K., and

Fujiwara, K. (2001) Am. J. Physiol., 280, C1669�C1679.

66. Hartshorne, D. J., Ito, M., and Erdodi, F. (1998) J. Muscle

Res. Cell Motil., 19, 325�341.

67. Verin, A. D., Patterson, C. E., Day, M. A., and Garcia, J.

G. N. (1995) Am. J. Physiol., 269, L99�L108.

68. Verin, A. D., Csortos, C., Durbin, S. B., Aydanyan, A.,

Wang, P., Patterson, C. E., and Garcia, J. G. N. (2000) J.

Cell. Biochem., 79, 113�125.

69. Shimizu, H., Ito, M., Miyahara, M., Ichikawa, K., Okubo,

S., Konishi, T., Naka, M., Tanaka, T., Hirano, K.,

Hartshorne, D. J., and Nakano, T. (1994) J. Biol. Chem.,

269, 30407�30411.

70. Verin, A. D., Wang, P., and Garcia, J. G. N. (2000) J. Cell.

Biochem., 76, 489�498.

71. Skinner, J. A., and Saltiel, A. R. (2001) Biochem. J., 356,

257�267.

72. Tan, I., Ng, C. H., Lim, L., and Leung, T. (2001) J. Biol.

Chem., 276, 21209�21216.

73. Garcia, J. G. N., Verin, A. D., Schaphorst, K. L., Siddiqui,

R., Patterson, C. E., Csortos, C., and Natarajan, V. (1999)

Am. J. Physiol., 276, L989�L998.

74. Nieuw Amerongen, G. P., Delft, S., Vermeer, M. A.,

Collard, J. G., and Hinsbergh, V. W. M. (2000) Circ. Res.,

87, 335�340.

75. Verin, A. D., Cooke, C., Herenyiova, M., Patterson, C. E.,

and Garcia, J. G. N. (1998) Am. J. Physiol., 275, L788�

L799.

76. Inoue, K., Sohma, H., and Morita, F. (1990) J. Biochem.,

107, 872�878.

77. Borbiev, T., Verin, A. D., Shi, S., Liu, F., and Garcia, J. G.

N. (2001) Am. J. Physiol., 280, L983�L990.

78. Gallagher, P. J., Herring, B. P., and Stull, J. T. (1997) J.

Muscle Res. Cell Motil., 18, 1�16.

79. Sakamoto, T., Hinton, D. R., Sakamoto, H.,

Gopalakrishna, R., Ryan, S. J., and McDonnell, P. J.

(1994) Curr. Eye Res., 14, 35�45.

80. Stasek, J. E., Patterson, C. E., and Garcia, J. G. N. (1992)

J. Cell Physiol., 153, 62�75.

81. Tiruppathi, C., Malik, A. B., Del Vecchio, P. J., Keese, C.

R., and Giavier, I. (1992) Proc. Natl. Acad. Sci. USA, 89,

7919�7923.

82. Toth, A., Kiss, E., Gergely, P., Walsh, M. P., Hartshorne,

D. J., and Erdodi, F. (2000) FEBS Lett., 484, 113�117.

83. Eto, M., Senba, S., Morita, F., and Yazawa, M. (1997)

FEBS Lett., 410, 356�360.

84. Ikebe, M., and Hornick, T. (1991) Arch. Biochem. Biophys.,

288, 538�542.

85. Vorotnikov, A. V., Gusev, N. B., Hua, S., Collins, J. H.,

Redwood, C. S., and Marston, S. B. (1994) J. Muscle Res.

Cell Motil., 15, 37�48.

86. Inagaki, M., Nishi, Y., Nishizawa, K., Matsuyama, M.,

and Sato, C. (1987) Nature, 328, 649�652.

87. Patterson, C. E., Lum, H., Schaphorst, K. L., Verin, A. D.,

and Garcia, J. G. N. (2000) Endothelium, 7, 287�308.

88. Nishikawa, M., de Lanerolle, P., Lincoln, T. M., and

Adelstein, T. S. (1984) J. Biol. Chem., 259, 8429�8436.

89. Garcia, J. G., Lazar, V., Gilbert�McClain, L. I., Gallagher,

P. J., and Verin, A. D. (1997) Am. J. Respir. Cell Mol. Biol.,

16, 489�494.

90. Hettasch, J. M., and Sellers, J. R. (1991) J. Biol. Chem.,

266, 11876�11881.

91. Wu, M. P., Jay, D., and Stratcher, A. (1994) Cell Mol. Biol.

Res., 40, 351�357.

92. Harbeck, B., Huttelmaier, S., Schluter, K., Jockusch, B.

M., and Illenberger, S. (2000) J. Biol. Chem., 275, 30817�

30825.

93. Drajer, R., Vaandrager, A. B., Nolte, C., de Jonge, H. R.,

Walter, U., and van Hinsberg, V. W. (1995) Circ. Res., 77,

897�905.

94. Aberle, H., Bauer, A., Stappert, J., Kispert, A., and

Kemler, R. (1997) EMBO J., 16, 3797�3804.

95. Nagafuchi, A., and Takeichi, M. (1989) Cell Regul., 1, 37�44.

96. Staddon, J. M., Herrenknecht, K., Smales, C., and Rubin,

L. L. (1995) J. Cell Sci., 108, 609�619.



84 BOGATCHEVA et al.

BIOCHEMISTRY  (Moscow)  Vol.  67  No. 1   2002

97. Shi, S., Verin, A. D., Schaphorst, K., Gilbert�McClain, L.

I., Patterson, C. E., Irwin, R., Natarajan, V., and Garcia,

J. G. N. (1998) Endothelium, 6, 158�171.

98. Shi, S., Garcia, J. G. N., Roy, S., Parinandi, N., and

Natarajan, V. (2000) Am. J. Physiol., 279, L441�L451.

99. Johansen, J. W., and Ingebritsen, T. S. (1986) Proc. Natl.

Acad. Sci. USA, 83, 207�211.

100. Garret, P. H., Verin, A. D., and Garcia, J. G. N. (1997)

Am. J. Resp. Crit. Care Med., 155, A636.

101. Ozawa, K., Kashiwada, K., Takahashi, M., and Sobue, K.

(1995) Exp. Cell Res., 221, 197�204.

102. Dudek, S. M., Birukov, K., Zhan, X., and Garcia, J. G. N.

(1999) J. Invest. Med., 47, 218a.

103. Huang, C., Ni, Y., Wang, T., Gao, Y., Haudenschild, C.

C., and Zhan, X. (1997) J. Biol. Chem., 272, 13911�13915.

104. Huang, C., Liu, J., Haudenschild, C. C., and Zhan, X.

(1998) J. Biol. Chem., 273, 25770�25776.

105. Ukropec, J. A., Hollinger, M. K., Salva, S. M., and

Woolkalis, M. J. (2000) J. Biol. Chem., 275, 5983�

5986.

106. Rodriguez�Fernandez, J. L. (1999) BioEssays, 21, 1069�

1075.

107. Shen, Y., and Schaller, M. D. (1999) Mol. Biol. Cell, 10,

2507�2518.

108. Gilmore, A. P., and Romer, L. H. (1996) Mol. Biol. Cell, 7,

1209�1224.

109. Carbajal, J. M., and Schaeffer, R. C., Jr. (1999) Am. J.

Physiol., 277, C955�C964.

110. Toothill, V. J., van Mourik, J. A., Nienwenhuis, H. K.,

Metzellaar, M. J., and Pearson, J. D. (1990) J. Immunol.,

145, 283�291.

111. McEver, R. P. (1992) Curr. Opin. Cell Biol., 4, 840�849.

112. Strukova, S. M. (2001) Biochemistry (Moscow), 66, 8�

18.


