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AJ: adherens junction 

BBB: blood-brain barrier 
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bFGF: basic fibroblast growth factor 

Caco-2 cell line: heterogeneous human epithelial colorectal adenocarcinoma cells 

CEC: cerebral endothelial cell 

CNS: central nervous system 

CSK: c-Src tyrosine kinase 

DMNQ: 2,3-dimethoxy-1,4-naphthoquinone 

ECGF: endothelial cell growth factor 

EDTA: ethylenediaminetetraacetic acid 

ERK: extracellular signal-regulated kinase 

FCS: fetal calf serum 

GUK: guanylate kinase 

HUVEC: human umbilical vein endothelial cell 

ICAM: intercellular adhesion molecule 

INT: 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride 

JAM: junctional adhesion molecule 

LDH: lactate dehydrogenase 

MAGI: MAGUKs with inverted domain structure 

MAGUK: membrane-associated guanylate kinase homologue 

MAP kinase: mitogen-activated protein kinase 

MDCK cells: Madin-Darby canine kidney cells 

PAGE: polyacrylamide gel electrophoresis 

PKC: protein kinase C 

PMA: phorbol 12-myristate 13-acetate 

PVDF:  polyvinylidene fluoride 

PY: phospho-tyrosine 

ROK: Rho-kinase 

SDS: sodium dodecyl sulphate 

TJ: tight junction 

Tris: tris(hydroxymethyl)aminomethane 

VE-cadherin: vascular endothelial cadherin 
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1. Introduction 

The blood-brain barrier (BBB) plays an essential role in maintaining the extracellular 

milieu necessary for neuronal function. Unraveling the molecular mechanisms of BBB 

function is paramount in understanding the pathomechanisms of - and designing treatments 

for - several neurological disorders.  

1.1. Anatomy and physiology of the blood-brain barrier 

The blood-brain barrier is formed by several cell types, the most important being the 

brain endothelial cells that line the cerebral blood vessels. The capillaries are surrounded by 

astrocytic endfeet. The cerebral endothelial cells (CECs) are ensheathed by the basement 

membrane which is shared with pericytes (Figure 1). In contrast to peripheral capillaries 

which are fenestrated permitting the free exchange of solutes between the blood and the 

interstitial space, brain endothelial cells are tightly interconnected through tight junctions 

(TJs). 

 

Figure 1: Schematic drawing of the blood-brain barrier 

Tight junctions severely restrict paracellular transport of molecules through the BBB. 

This confines the passage of solutes to the transcellular path. However, that pathway is also 

restricted by the low pinocytic, high enzymatic and specific transporter activity of the CECs. 
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Thus the brain endothelial cells and the BBB control the transport of substances between 

blood and brain, effectively regulating the influx of nutrients and the removal of metabolites, 

protecting the central nervous system (CNS) from harmful substances and fluctuations in 

blood composition (e.g.: caused by digestion/absorption, exertion etc.). 

1.2. Interendothelial junctions 

One of the unique features of CECs is that paracellular transport is limited by the close 

and strong connection of the cells. The structure responsible for this is the interendothelial 

junctional complex, which consists of several proteins (Figure 2). Transmembrane proteins 

interconnect the endothelial cells, while cytoplasmic plaque proteins anchor the 

transmembrane proteins to cytoskeletal structures. Proteins involved in signal transduction 

also interact with building blocks of the interendothelial complex. Moreover, certain structural 

proteins like ZO-2 have signaling roles as well (Traweger et al., 2008). 

 

Figure 2: Proteins of the interendothelial junctions 
The picture shows some of the most important constituents of the 

interendothelial complex and their interactions. 

Tight junctions (TJs) are specialized contact zones of epi-, meso- and endothelial cells. 

They are responsible for the polarization of the cell leading to the separation of an apical from 

a basolateral membrane domain and the restriction of the paracellular pathway: these two 
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roles are the fence and the gate function respectively. Freeze-fracture electronmicrographs 

show complex networks of continuous multistranded tight junctions in capillaries and 

postcapillary venules (Nagy et al., 1984). The transmembrane proteins of TJs are occludin, 

claudins and junctional adhesion molecules (JAMs); these proteins are anchored to the 

cytoskeleton through the junctional plaque proteins, such as zonula occludens (ZO-1, -2 and -

3) proteins. 

Adherens junctions (AJs) are located basal to TJs and participate in the organization 

and maintenance of tight junctions. In epithelial cells the appearance of TJs during 

development is preceded by the E-cadherin mediated formation of AJs. Furthermore, the 

disruption of AJ increases TJ permeability (Gumbiner and Simons, 1986). The main 

transmembrane proteins of AJs are cadherins which are connected through catenins to the 

actin cytoskeleton. 

1.2.1 Transmembrane proteins of the tight junction  

The first transmembrane protein discovered to be localized to tight junctions was 

occludin. Occludin is an approximately 60 kDa tetraspan membrane protein with two 

extracellular loops, a short intracellular turn, a short N- and a longer C-terminal cytoplasmic 

domain (Furuse et al., 1993).  

Overexpression experiments using full-length and mutated occludin in Madin–Darby 

canine kidney (MDCK) epithelial cells or Xenopus cells (Balda et al., 1996 and Chen et al., 

1997), as well as a study using a synthetic peptide corresponding to the second extracellular 

loop of occludin (Wong and Gumbiner, 1997) suggested a role for occludin in the barrier and 

fence functions of tight junctions. However, overexpressing occludin in cell types which do 

not possess tight junctions (L1 fibroblast, Furuse et al., 1998b) leads to the formation of short 

TJ like strands only, indicating that occludin is not the only TJ protein participating in the 

composition of the paracellular seal. This is supported by the finding that occludin-deficient 

embryonic stem cells differentiated into polarized epithelial cells bearing well-developed tight 

junctions that exhibited no barrier dysfunction (Saitou et al., 1998).  

The mystery of how TJs can be present without occludin was resolved when claudin-1 

and -2 were discovered in 1998 (Furuse et al., 1998). Of the twenty-four claudins known to 

date, claudin-5 is characteristic to endothelial cells. Additionally, claudin-1, -3 and -12 have 

also been observed in CECs, while the other members of the claudin family are expressed in a 

tissue specific combination resulting in tissue specific barrier characteristics (Krause et al., 
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2008). Similarly to occludin, claudins have four transmembrane domains; however, there is 

no sequence homology. Claudins overexpressed in endothelial cells are recruited to the 

existing TJ strands. Moreover, when expressed in fibroblasts lacking tight junctions, claudin-1 

and 2 produce very long strands that have a morphology resembling very closely endogenous 

TJs (Furuse et al., 1998b). 

In the same year another membrane spanning protein of the TJ has been found: the 

junctional adhesion molecule or JAM (Martin-Padura et al., 1998). Today six JAMs are 

known, divided into two groups based on sequence homology. JAM-A (also called JAM-1) is 

involved in the barrier function of tight junctions in both endothelial and epithelial cells and in 

the development of apicobasal cell polarity in epithelial cells.  

1.2.2 PDZ proteins of the junctional complex 

The PDZ domain is a common structural domain of 80-90 amino-acids found in the 

signaling proteins of bacteria, yeast, plants, and animals (Ponting, 1997). PDZ is an acronym 

combining the first letters of three proteins — post synaptic density protein (PSD95), 

Drosophila disc large tumor suppressor (DlgA), and zonula occludens-1 protein (ZO-1) — 

which were first discovered to share the domain. These domains help anchor transmembrane 

proteins to the cytoskeleton and hold together signaling complexes (Ranganathan and Ross, 

1997). 

The transmembrane proteins of tight junctions are anchored to the cytoskeleton 

through zonula occludens proteins ZO-1, ZO-2 and ZO-3. ZO proteins are members of the 

MAGUK family (membrane-associated guanylate kinase homologues) with binding domains 

to both TJ and AJ proteins, as well as to actin. ZO-1 (220 kDa) was the first TJ-associated 

protein identified in 1986 (Stevenson et al., 1986). ZO-2 and ZO-3 were identified later 

(Gumbiner et al., 1991; Balda et al., 1993 and Haskins et al., 1998). The zonula occludens 

proteins share a similar structural organization with the N-terminal region containing three 

PDZ domains, followed by a Src homology 3 domain and a GUK (guanylate kinase) domain, 

which is enzymatically inactive. ZO proteins are at the center of a network of protein 

interactions. Experiments with transfected fibroblasts and epithelial cells show that the first 

PDZ domain of ZO-1, ZO-2 and ZO-3 binds directly to the C-termini of claudins (Itoh et al., 

1999). The second PDZ domain of ZO-1 is responsible for a homo- and heterodimerization 

through interaction with another ZO protein (Utepbergenov et al., 2006; Umeda 2006); and 

for binding to connexins in epithelial cells (Giepmans et al., 1998; Kausalya et al., 2001) and 
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also in brain capillary endothelium (Nagasawa et al., 2006).  The third PDZ domain of ZO-1 

interacts in vitro with JAM-1. The GUK region is responsible for occludin (Fanning et al., 

2007 and Schmidt et al., 2004) and α-catenin (Rajasekaran et al., 1996 and Itoh et al., 1997) 

interaction. The C-terminal, proline-rich domain of ZO-1 interacts with actin and cortactin 

(Itoh et al., 1997; Fanning et al., 1998 and Katsube et al., 1998), functionally linking TJ 

membrane proteins to the actin cytoskeleton, by binding to membrane proteins through its N-

terminal half, and to actin through its C-terminal half. ZO-2 differs from ZO-1 in that its C-

terminal region is shorter; otherwise the domain structure of the two proteins is very similar. 

The interactions of ZO-2 are very similar to that of ZO-1 (Itoh et al., 1999; Itoh et al., 1999b 

and Wittchen et al., 1999). ZO-1 and ZO-2 are expressed in both epithelia and endothelia, 

whereas ZO-3 is exclusively expressed in epithelia (Inoko et al., 2003). Also, ZO-3 knockout 

mice did not show any phenotypic effects, which implies that the physiological function of 

ZO-3 might be redundant (Adachi et al., 2006). 

Other PDZ domain containing proteins of the junctional plaque are AF-6/afadin (Ikeda 

et al., 1999 and Zhadanov et al., 1999), MUPP1 (Latorre et al., 2005 and Sugihara-Mizuno et 

al., 2007) and the MAGI (MAGUKs with inverted domain structure) proteins. Among several 

differentially spliced members of the MAGI family, only MAGI-1 and MAGI-3 are 

associated with TJ (Ide et al., 1999 and Laura et al., 2002). These PDZ proteins interact both 

with other junctional proteins, and proteins involved in signal transduction, beside their 

scaffolding function they are important in the organization of the junctional complex.  

1.2.3 Non-PDZ proteins of the junctional plaque 

Cingulin and JACOP/paracingulin are two vertebrate-specific, junction-associated 

proteins characterized by a globular head domain, a coiled-coil rod domain, and a small 

globular tail. Cingulin was identified as a TJ-specific protein which co-purified with myosin, 

and was specifically expressed in tissues containing epithelial TJ (Citi et al., 1998). The head 

domain interacts with several TJ proteins (Cordenonsi et al., 1999; Cordenonsi et al. 1999b 

and Bazzoni et al. 2000), and with actin (D'Atri and Citi, 2001). However, the key functional 

interaction is with ZO-1, through the conserved “ZIM” (ZO-1 Interaction Motif) which is 

required both for ZO-1 binding, and for junctional recruitment of cingulin in transfected cells 

(D'Atri et al., 2002). Paracingulin has sequence and domain organization similar to cingulin; 

however, unlike cingulin, it is present at both TJs and adherens-type junctions, and is absent 

from junctions of the small intestine, whereas it is detected in endothelial cells (Ohnishi et al., 
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2004). Since JACOP/paracingulin contains the ZIM domain, it is likely that ZO-1 is involved 

in its junctional recruitment. 

Angiomotin (Amot), JEAP (Angiomotin-like-protein1) and MASCOT (Angiomotin-

like-protein2) are three members of a family of proteins characterized by the presence of a 

central coiled-coil domain, and a C-terminal PDZ interaction sequence motif. The first 

member of this family: Amot, plays a role in the growth factor stimulated migration of 

endothelial cells (Ernkvist et al., 2008). MASCOT and JEAP interact with MAGI-1, thus 

localizing to the TJ (Patrie, 2005). 

1.2.4 Proteins of the adherens junction 

The transmembrane proteins of the adherens junctions are the cadherins; in the case of 

vascular endothelial cells mainly VE-cadherin, which is linked through the catenins (α-, β- 

and γ-catenin) to the cytoskeleton. A proper function of the adherens junction is needed for 

tight junction formation and blockade of cadherin with peptides directed against the 

extracellular region of cadherin causes an increase in BBB permeability (Pal et al., 1997).  

Catenins are members of the armadillo protein family; β-catenin is the mammalian 

homologue of the Drosophila armadillo protein. The first catenin discovered was the 94 kDa 

β-catenin (Nagafuchi et al., 1989), which is 65% homologous to the 85 kDa γ-catenin (also 

called plakoglobin). Cadherin is bound by the middle region of β- and γ-catenin, while the 

102 kDa α-catenin is bound by their N-terminal region. β- and γ-catenin anchor cadherin to 

the cytoskeleton through α-catenin. An intimate connection between TJ and AJ is suggested 

by the finding that the TJ protein ZO-1 and the AJ protein α-catenin are able to interact 

(Imamura et al., 1999). However, recently it has been shown that α-catenin does not bind to β-

catenin and actin at the same time. Further investigation of the interactions of α-catenin 

suggests that its main role is in restricting the formation of lamellipodia present in migrating 

cells after the formation of cadherin mediated cell contacts (Drees et al., 2005). 

1.2.5 Regulation of the junctional complex by phosphorylation 

Phosphorylation is one of the key mechanisms by which the cell regulates protein 

function. The relationship of protein phosphorylation and TJ function was first analyzed in 

1989 using MDCK I and II kidney epithelial cell cultures (Stevenson et al., 1989). These 

cultures show a pronounced difference in the tightness of their junctions characterized by 

transepithelial electrical resistance measurement. It was found that in the low resistance 

MDCK II cultures phosphorylation of ZO-1 was twice as strong as in high resistance MDCK I 
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cultures while the total amount and localization did not differ. Ever since, there is intensive 

research focused on the regulation of the junctional complex. There is considerable amount of 

data indicating that various kinase systems can affect the permeability properties of the tight 

junction.  

Tyrosine phosphorylation plays a crucial role in the assembly and function of TJs. 

However, the exact role of tyrosine phosphorylation is not yet understood completely and 

may depend on the developmental status of the tight junction. In the case of mature tight 

junction an increased phosphorylation has been associated with decreased TEER (Staddon et 

al., 1995). In both MDCK and brain endothelial cells an increased tyrosine phosphorylation of 

occludin was observed. Similar results have been obtained by Wachtel et al. (1999) showing 

that increased tyrosine phosphorylation resulted in occludin degradation and increased 

permeability. Furthermore, tyrosine phosphorylation of VE-cadherin is also accompanied by 

an increase in vascular permeability and leukocyte diapedesis (Turowski et al., 2008). 

Src kinases could also be major players in the regulation of TJ function. The effect of 

Src kinase seems also to be dependent on the developmental status of the TJ. In mature 

epithelia activation of Src is involved in the disruption of interendothelial junctions induced 

by LPS (Sheth et al., 2007), progastrin (Hollande et al., 2003) or plasmodium falciparum 

(Gillrie et al., 2007). 

Mitogen activated protein kinases (MAPKs) form a family of protein kinases, with 

ERK1/2, JNK and p38 as the best characterized members. MAPKs may be involved in the 

regulation of junctional permeability, especially under pathological conditions. Oxidative 

stress-induced activation of MAPK pathways is accompanied by an increase in paracellular 

permeability in endothelial cells. By using a specific ERK1/2 inhibitor PD98059, Kevil et al. 

(2000) were able to inhibit the increase in permeability and occludin redistribution elicited by 

hydrogen peroxide. A similar result has been obtained with the p38 inhibitor SB202190 

(Kevil et al. 2001), indicating that ERK1/2 and p38 may be key players in the junctional 

damage elicited by oxidative stress. On the other hand in an ischemia/reoxygenation model, 

inhibition of ERK activity during the reoxygenation phase prevented barrier restoration, 

demonstrating that ERK activity could be essential to rebuild a disrupted endothelial barrier 

(Wachtel et al., 2002). 

A crosstalk between PKC and the MAPK signaling pathway also regulates TJ 

opening: in corneal epithelial cell lines activation of PKC with PMA (phorbol 12-myristate 

13-acetate) triggers a decrease in TEER through the activation of MAPK (Wang et al., 2004). 
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The interaction between TJ proteins and MAP kinases is bidirectional. Not only MAP 

kinases can regulate TJ proteins but TJ proteins themselves can play a role in activating the 

ERK pathway. Silencing JAM-1 hinders the migration of HUVEC cells on vitronectin 

induced by basic fibroblast growth factor (bFGF), due to the inability of the growth factor to 

activate ERK (Naik et al., 2003). Occludin also appears to participate in the activation of the 

MAPK signaling pathway. Thus in hepatic cell lines derived from occludin-deficient mice, 

MAPK activation is downregulated triggering apoptosis and increased claudin-2 expression. 

When occludin is transfected into these cultures MAPK becomes activated, reversing the 

increase in claudin-2 expression and apoptosis (Murata et al., 2005).  

1.3. Oxidative stress and the blood brain barrier 

Cerebral hypoxia and ischemia have severe consequences regarding the central 

nervous system (CNS). The most vulnerable cells in the CNS are neurons; however, 

increasing number of experimental data suggests that cerebral endothelial cells are also 

affected by hypoxia and may play an important role in the pathogenesis of hypoxic or 

ischemic damage. Oxygen free radicals play an important role in the damage caused by 

hypoxia and ischemia which are released mainly during reperfusion (McCord and Roy, 1982 

and Granger, 1988), when blood supply returns to the tissue after a period of ischemia. 

It has been shown that exposure of endothelial cells to reactive oxygen species is one 

of the main causes of endothelial dysfunction (Lagrange et al., 1999 and Wu et al., 1998). In 

endothelial cells, hypoxic environment regulates the expression of a number of genes with 

products that are vasoactive or mitogenic for vascular tissue such as cyclooxygenase (North et 

al., 1994), nitric oxide synthase (Xu et al., 2000) or endothelin (Tsang et al., 2001). Moreover, 

oxidative stress can induce chromosomal aberrations, micronuclei and apoptosis in these cells 

(Bresgen et al., 2003). Several proteins which have been shown to be regulated by hypoxia 

play significant roles in cell adhesion or intercellular interactions such as hypoxia inducible 

factor (HIF-1, Wang and Semenza, 1993), integrin (Suzuma et al., 1998) or ICAM 

(intercellular adhesion molecule) (Hess et al., 1994).  

Hypoxia and ischemia may affect the integrity of the BBB (Olesen, 1986). The 

increased cerebrovascular permeability leads to vasogenic brain edema which contributes 

significantly to the development of cerebral edema as well. The combination of hypoxia and 

aglycemia may result in an even more rapid increase in permeability as shown by Abbruscato 

and Davis (1999). 
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The permeability of the endothelial barrier is largely determined by the integrity of the 

tight junctions and adherens junctions. In this respect the transmembrane proteins of the 

junctional complexes may have a special importance.  

The mechanism by which oxidative stress leads to an increased endothelial 

permeability is not completely understood. The experimental data obtained from epithelial 

cells and endothelial cells of non cerebral origin suggest that proteins of the tight junction 

may be directly involved (Park et al., 1999). Results indicate that junctional proteins of CECs 

are regulated by oxidative stress (Mark and Davis, 2002; Brillaut et al., 2002 and Fischer et 

al., 2002); however, the results are not consistent.  

1.4. Hyperosmosis and the blood-brain barrier 

One of the most important functions of the mammalian BBB is to restrict the free 

movement of different substances between blood and neural tissue. Despite its undisputed 

importance in the normal function of the central nervous system, BBB can be a major 

impediment for the treatment of diseases of the CNS as well: due to the relative 

impermeability of the barrier many drugs are unable to reach the brain at therapeutically 

relevant concentrations. Different attempts have been made to overcome the limited access of 

drugs to the brain, such as chemical modifications of the drug, development of more 

hydrophobic analogs or linking the active compound to a specific carrier (Pardridge et al., 

2002). An alternative possibility would be a controlled and reversible opening of the BBB. 

Disruption of the BBB by rapid intracarotid infusion of hyperosmolar solutions such as 

mannitol has been used both experimentally and clinically to increase the transport of 

different substances to the brain parenchyma (Neuwelt et al., 1991; Kroll and Neuwelt, 1998; 

Rapoport et al., 2000 and Doolittle et al., 2000). Mannitol has been successfully used in the 

concentration of 1.4-1.6 M in perfusion. This causes a rapid opening (within minutes) of the 

BBB which is reversible. The barrier function starts to recover approximately 1 hour after 

treatment, but complete recovery is achieved only after 6-8 hours (Rapoport et al., 1980 and 

Siegal et al., 2000).  

Despite clinical and experimental interest, to date the mechanism of osmotic 

disruption of the BBB is poorly understood. 

Since the permeability of the BBB is largely determined by the intercellular junctions 

(TJ and AJ) these structures may play a significant role in the permeability increase elicited 

by hyperosmolar solutions. This is supported by earlier studies which have demonstrated 
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hypertonic solution induced opening of tight junction (Brightman et al., 1973; Dorovini-zis et 

al., 1983 and Lossinsky et al., 1995).  

Tyrosine phosphorylation of junctional components, and in particular phosphorylation 

of catenins, has been proposed as a critical step in modulating cell-cell adhesion and contact. 

Several lines of evidence suggest that tyrosine phosphorylation of the cadherin-catenin 

complex regulates the association of cadherin-catenin complexes with the cytoskeleton (Roura 

et al., 1999 and Gaudry et al., 2001) which could influence paracellular permeability as well. 

Furthermore, the junctional complex is under the regulation of several signaling 

pathways among which MAPKs have been shown to be activated by osmotic stress (Koh et 

al., 2001 and Duzgun et al., 2000). 

1.5. Aims 

Understanding the finely tuned regulation of BBB permeability is of critical 

importance for the treatment of CNS diseases. In this respect both controlled opening for 

therapeutic purposes and counteracting increased permeability in stroke, trauma or 

neurodegenerative disorders has been the long term goal of BBB research. 

The main aims of our studies were to elucidate the molecular changes appearing in 

BBB endothelial cells in response to stress triggered by hypoxia/reoxygenation and 

hypoglycemia or hyperosmotic mannitol treatment. 

Specifically: 

• Do the aforementioned stress factors affect: 

o the expression, 

o localization and 

o interaction of junctional proteins? 

• What signal transduction pathways are activated by oxidative or hyperosmotic 

stress? 

• How do these changes affect the integrity of the BBB? 
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2. Materials and Methods 

2.1. Chemicals and antibodies 

All chemicals if not otherwise stated were purchased from Sigma. PP-1, Y27632 were 

from Tocris, Genistein from Gibco and U0126 was from Cell Signaling Technology. Protein 

G sepharose was purchased from GE Healthcare. We have used the following polyclonal 

antibodies: anti-pan-cadherin, anti-α-catenin, anti-β-catenin (Sigma), anti-VE-cadherin (Santa 

Cruz), anti-occludin (Zymed), anti-ERK1/2, phosphorylated anti- ERK1/2 (phosphorylated at 

Thr183/Tyr185) and p38 (phosphorylated at Thr180/Tyr182) (Cell Signaling Technology). 

Anti-β-actin (Sigma) and anti-phosphotyrosine (clone PY20, Beckton Dickinson) are 

monoclonal antibodies. Goat anti-mouse and anti-rabbit HRP conjugated secondary 

antibodies were purchased from GE Healthcare. DMEM (Dulbecco's modified Eagle's 

medium) was from Life Technologies and ECGF (endothelial cell growth factor) from 

Collaborative Research. DMNQ was purchased from Alexis. DMEM/F12 (1:1 mixture of 

DMEM and Ham's F-12 Nutrient Mixture) was purchased from Sigma; plasma-derived 

bovine serum (PDS) was from First Link. 

2.2. Cell cultures 

Cloned capillary endothelial cells from murine brain cortex microvessels were isolated and 

cultured according to Tontsch and Bauer (1989) with slight modifications. Briefly, after removing 

meninges under sterile conditions, brains were cut into small pieces and digested in two steps with 

collagenase type II (Sigma) and collagenase/dispase (Roche), followed by centrifugation on Percoll 

gradient. The microvessel fragments were seeded on plastic culture dishes. Cultures were 

maintained in DMEM supplemented with 10% FCS (fetal calf serum), ECGF alpha (4 ng/ml) 

and heparin (100 µg/ml) at 37 °C in a humidified atmosphere of 5% CO2 and 95% air.   

The GP8 rat brain endothelial cell line was obtained from Dr. John Greenwood 

(London, UK). The cells were cultured in 6 cm Petri dishes (Greiner) coated with rat tail 

collagen in DMEM/F12 supplemented with 20% PDS, 100 µg/ml heparin and 50 µg/ml 

gentamicin at 37 °C in a humidified atmosphere containing 5% CO2. GP8 cells cultured under 

these conditions have been shown to maintain good BBB characteristics (Greenwood et al., 

1996) and have been successfully used in a great number of BBB studies (Adamson et al., 

1999; Etienne et al., 1998 and Reijerkerk et al., 2006). 
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2.3. Induction of oxidative stress 

For the production of hypoxia, confluent cultures of cloned murine brain endothelial 

cells were maintained in a special air tight chamber (Billups-Rothenburg) at 370C in an 

atmosphere containing 5% CO2 and 95% N2 for 16 hours followed by reoxygenation 

performed in an atmosphere containing 5% CO2, 70% N2 and 25% O2 for 4 hours.  In 

addition, the effects of oxidative stress have been investigated by treating the cultures with 10 

µM DMNQ (2,3-Dimethoxy-1,4-naphthoquinone) for 1-2 hours as well. DMNQ is a redox-

cycling quinone widely used in the research of oxidative stress, because it induces 

intracellular superoxide anion formation (Powel et al., 2004 and Namgaladze et al. 2005). 

During the experiments the culture medium contained either 1g/dm3 glucose or was glucose 

free (hypoglycemia) depending on the experiment. The MAP kinase inhibitor U0126 was 

used in 10 µM concentration concurrently with either DMNQ treatment or induction of 

hypoxia/reoxygenation. 

2.4. Hyperosmotic mannitol treatment 

Confluent monolayers of GP8 cells were treated in serum free culture medium with 10 

or 20 % mannitol for 10 or 30 minutes. 10 µM U0126 (MAP kinase inhibitor), 10 µM 

Y27632 (Rho kinase inhibitor), 50 µM Genistein (tyrosine kinase inhibitor), 10 µM verapamil 

(L-type Ca++ channel inhibitor), 5 µM EDTA (ethylenediaminetetraacetic acid) or 10 µM PP-

1 (Src kinase inhibitor) was applied simultaneously with mannitol treatment. For testing the 

reversibility of the mannitol induced changes, the hyperosmotic medium was replaced after 

treatment by standard culture medium. The cultures were allowed 10-60 minutes of recovery 

before the cells were harvested. 

2.5. Cell viability test 

The viability of the endothelial cells in response to oxidative stress was assessed by 

measuring the LDH (lactate dehydrogenase) activity in the cell culture medium after each 

experiment. For this purpose a commercially available cytotoxicity detection kit (Roche) was 

used. For further analysis we used only cultures with no increased LDH activity.  

LDH is a stable cytoplasmic enzyme that is present in all cells. It is rapidly released 

into the cell-culture supernatant when the plasma membrane is damaged.  LDH activity is 

determined in a coupled enzymatic reaction; during this reaction, the tetrazolium salt INT (2-

(4-Iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride) is reduced to formazan. 

The increase in supernatant LDH activity directly correlates to the amount of formazan 
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formed over time. This formazan dye is easy to assay, since it is water-soluble and has a broad 

absorption maximum at approximately 500 nm. 

2.6. Western-blot  

After our experiments cells from a 6 cm diameter dish were washed twice with PBS 

(phosphate buffered saline) and scraped into 300 µl ice-cold lysis buffer (20 mM Tris-HCl pH 

7.5, 150 mM NaCl, 0.5% Triton-X-100 0.5% NP-40, 2 mM CaCl2, 5 mM NaF, 1 mM Na 

orthovanadate and 1 mM Pefabloc (Roche)) and incubated on ice for 30 minutes. Lysates 

were clarified by centrifugation at 10000 g at 4 ºC for 10 minutes and protein concentration 

was determined with the BCA (bicinchoninic acid) method (Pierce). The supernatant was 

mixed with 5x Laemmli sample buffer (60mM Tris-HCl (pH 6,8), 25% glycerol, 2% SDS 

(sodium dodecyl sulfate), 14,4 mM 2-mercaptoethanol, 0,1% bromophenol blue) and was 

used as the Triton X-100 soluble fraction. The pellet was resuspended in Laemmli sample 

buffer and used as the Triton X-100 insoluble fraction. Samples in Laemli sample buffer were 

boiled for 3 minutes. Proteins were electrophoresed using standard, denaturing, SDS-PAGE 

(SDS polyacrylamide gel electrophoresis) procedures (electrophoresis buffer: 25 mM Tris, 

192 mM glycine, 0,1% SDS) and blotted (transfer buffer: 15,6 mM Tris, 120 mM glycine, 

20% methanol) onto PVDF (polyvinylidene fluoride) membranes (Pall). Blocking the 

nonspecific binding capacity of the membranes was carried out at room temperature for 30 

minutes in TBS-T (Tris buffered saline (10 mM Tris-HCl (pH 7,5), 150 mM NaCl) with 0.1% 

Tween 20) containing either 5% casein (nonfat milk powder), or 3% bovine serum albumin in 

the case of phospho-specific antibodies. After blocking the blots were incubated with the 

primary antibodies using the following dilutions in TBS-T: anti-pan-cadherin: 1:2000, anti-α-

catenin: 1:1000, anti-β-catenin: 1:2000, anti-β-actin: 1:5000, anti-VE-cadherin: 1:1000, anti-

phosphotyrosine (clone PY20): 1:1500, anti-occludin: 1:1000, anti-ERK: 1:1000, anti-

phospho-ERK: 1:1000 and anti-phospho-p38: 1:1000. After washing the membranes three 

times for 10 minutes in TBS-T the blots were incubated with the secondary antibodies diluted 

1:5000 in TBS-T, then washed again three times for 10 minutes in TBS-T. The 

immunoreaction was visualized by an ECL chemiluminescence detection kit (GE healthcare) 

on x-ray film (AGFA).  

2.7. Immunoprecipitation 

For Immunoprecipitation and co-immunoprecipitation experiments, cells from a 6 cm 

diameter dish were homogenized in 500 µl lysis buffer (20 mM TrisHCl pH 7.5, 150 mM 
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NaCl, and 0.5% Triton-X 100, 0.5% NP-40, 2 mM CaCl2, 5 mM NaF, 1 mM Na 

orthovanadate and 1 mM Pefabloc). The lysates were centrifuged at 10000 g in a microfuge 

and the supernatant was subjected to immunoprecipitation. After preclearing with protein G-

Sepharose supernatants were incubated with 5 µg primary antibody (phosphotyrosine or β-

catenin) at 4 ºC for 4 hours. The formed immunocomplexes were precipitated by incubating 

the samples overnight with protein G-Sepharose beads (GE Healthcare). The precipitates were 

washed 4 times with lysis buffer, boiled in Laemmli sample buffer, and subjected to SDS-

PAGE and immunoblotting. 

2.8. Immunofluorescence 

For immunofluorescent studies cells were cultured on collagen/fibronectin coated 

coverslips. Cells were fixed using a mixture of ice cold ethanol/acetic acid (95/5) for 10 

minutes and then washed three times for 5 minutes in PBS. After blocking with 3% bovine 

serum albumin for 30 minutes coverslips were incubated with primary antibodies against β-

catenin (1:100) for 90 minutes. Excess primary antibodies were removed by three washes in 

PBS lasting 5 minutes each. The coverslips were incubated with Cy3 conjugated anti-rabbit 

secondary antibody diluted 1:500 in PBS, and then washed three times for 5 minutes in PBS. 

Coverslips were mounted in anti-fading embedding medium (Biomeda) and the distribution of 

the signal was studied using a Nikon Eclipse TE2000 fluorescent microscope (Nikon, Japan) 

and photographed with a Spot RT digital camera (Diagnostic Instruments, USA). 

2.9. Measurement of transendothelial electrical resistance 

For the measurement of transendothelial electrical resistance (TEER) cells were grown 

on Millicell-CM filter inserts (filter area: 1.1 cm2, pore size: 0.4 µm, Millipore) coated with 

fibronectin. The TEER was measured using a chamber electrode and an EVOM epithelial 

voltohmmeter (World Precision Instruments). The resistance of the cell free filter was 

measured in each experiment and was subtracted from the resistance obtained with cells on 

the filter to find the resistance of the endothelial monolayer itself. With this method resistance 

values above 100 Ω×cm2 could be obtained. 
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3. Results 

3.1. Oxidative stress 

3.1.1 Cell viability 

To exclude that the changes observed after hypoxia/reoxygenation arises from 

nonspecific cell injury, LDH (lactate dehydrogenase) release was determined in order to asses 

cell viability and membrane integrity. Hypoxia followed by 4 hour reoxygenation caused no 

significant increase in the LDH activity of the culture medium (166+/-28 and 184+/-32 U/ml) 

indicating that the endothelial cells maintained their membrane integrity during the 

experiment. 

3.1.2 Expression and interaction of junctional proteins 

Exposure of cerebral endothelial cells to 16 hours hypoxia and 4 hours reoxygenation 

led to a significant decrease in the expression of occludin as shown by western-blot analysis 

(Figure 3). Although maintenance of the cells in glucose free medium alone caused no 

significant change in occludin levels, the decrease of its expression after 

hypoxia/reoxygenation was more pronounced in glucose free medium than in glucose 

containing medium. Similar results were obtained using DMNQ to produce oxidative stress. 

Exposure to 10 µM DMNQ for 2 hours caused a decline in occludin levels whereas β-actin 

levels remained unchanged (data not shown). 

The changes observed in proteins associated with the adherens junctional complex 

were less pronounced. Expression of cadherin was slightly reduced after 

hypoxia/reoxygenation in the presence and absence of glucose as well, whereas actin levels 

remained unchanged during the treatment (Figure 3). Immunoprecipitation experiments have 

shown that the interaction between cadherin and β-catenin is disrupted after oxidative stress 

(Figure 4). Since β-catenin levels did not change significantly and the decrease of cadherin 

levels is moderate, the low level of cadherin in the β-catenin precipitate can be only partly 

explained by the downregulation of cadherin. Similarly the association of β-catenin with α-

catenin is also reduced (Figure 4). 



 22 

C H/R     C H/R

occludin

cadherin

actin

+G -G
kDa

57 –

112 –

39 –

C H/R     C H/R

occludin

cadherin

actin

+G -G
kDa

57 –

112 –

39 –

  

Figure 3: Effect of hypoxia/reoxygenation on the expression of occludin and 
cadherin in cultured cerebral endothelial cells.  

Confluent monolayers were exposed to 16 h hypoxia followed by 4 h 
reoxygenation or kept under normoxic condition in the presence (lanes 1, 3) and 
absence (lanes 2 and 4) of glucose. As control the expression of actin is shown under 
the same conditions. One representative of six independent experiments is shown. 
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Figure 4: Interaction of cadherin, β-catenin and α-catenin in response to 
hypoxia/reoxygenation in cerebral endothelial cells.  

β-catenin was immunoprecipitated from control cells and cells exposed to 
hypoxia/reoxygenation. The associated cadherin and α-catenin was detected by 
immunoblotting. One representative of two independent experiments is shown. 
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3.1.3 Changes of transendothelial resistance 

Due to changes observed in the expression and interaction of junctional proteins we 

decided to study the effect of oxidative stress on the transendothelial resistance which reflects 

junctional integrity. Exposure of cells to 10µM DMNQ caused a rapid drop of TEER to 50% 

of the initial value after 20 minutes. Continuous exposure of the cells to DMNQ caused a 

further drop in TEER which was reduced almost to zero after 1 hour treatment (Figure 5). 
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Figure 5: Effect of oxidative stress induced by DMNQ on the 
transendothelial electrical resistance of cerebral endothelial cells. 

Cultures of brain endothelial cells were grown on filter inserts and treated with 
10µM DMNQ. The integrity of the barrier was assessed by TEER measurement 
(average±SD, n=8).  

 

3.1.4 Activity of MAPK 

In looking for signal transduction pathways whose activation could lead to the 

dysfunction of the junctional complex we decided to study the activation of the MAPK 

pathways. By using an antibody which recognizes only the phosphorylated and thus the active 

form of the ERK1/2 we have shown that oxidative stress produced by the treatment of 

cerebral endothelial cells with 10µM DMNQ for 2 hours leads to an increased 

phosphorylation of ERK1/2 (Figure 6, lane 3). The presence of glucose can strongly influence 

the activity of ERK1/2. Glucose free medium has no effect on the activation of the ERK1/2 

under control conditions (Figure 6, lane 2); however, absence of glucose strongly potentiates 

the activation of ERK1/2 in response to oxidative stress (Figure 6, lane 4). The activation of 

ERK1/2 could be almost completely blocked by its inhibitor U0126 (Figure 6, lanes 5 and 6). 
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Figure 6: Effect of glucose on the activation of ERK1/2 by oxidative stress.  
Cells were treated with 10 µM DMNQ for 2 h in the presence (lanes 3 and 5) and 

absence (lanes 4 and 6) of glucose. Activation of ERK can be almost completely 
blocked by its inhibitor U0126. One representative of four independent experiments is 
shown. 

3.2. Hyperosmotic stress 

3.2.1 Tyrosine phosphorylation 

To determine endothelial signaling mechanisms activated by hyperosmotic 

environment we treated CECs with 20% mannitol (1.1 M) a concentration which is used to 

reversibly open the BBB in clinical trials. Under control conditions two phosphorylation 

bands can be detected at 50-60 kDa and 110 kDa (Figure 7A). Mannitol induces a rapid and 

strong phosphorylation on tyrosine residues of proteins in the range of 50-190 kDa. A 30 

minute hyperosmolar treatment followed by the replacement of the hyperosmotic medium 

with standard medium lead to a remarkable reduction of tyrosine phosphorylation after only 

10 minute recovery time which returned to normal levels after 60 minutes (Figure 7A). We 

have used inhibitors of different signaling pathways to determine the mechanisms through 

which mannitol induces tyrosine phosphorylation. Addition of the ERK inhibitor U0126 (10 

µM) and the Rho inhibitor Y27632 (10 µM) did not affect the induction of tyrosine 

phosphorylation by mannitol. However, the Src kinase inhibitor PP-1 (10 µM) and the 

tyrosine kinase inhibitor genistein (50 µM) blocked the activation of tyrosine kinases (Figure 

7A). To get an insight into the role of extracellular Ca2+ we used verapamil and EDTA. 

Neither the L-type calcium channel blocker verapamil nor EDTA was able to inhibit tyrosine 

phosphorylation induced by mannitol (Figure 7B). Furthermore we have shown that tyrosine 

phosphorylation is more intense in the Triton X-100 soluble cellular fraction compared to the 

Triton X-100 insoluble fraction (Figure 9A).  
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Figure 7: Tyrosine phosphorylation in CECs in response to mannitol 
treatment.  

(A) Cells were treated with 20% (1.1 M) mannitol for 30 min. Recovery time 
and the effect of the Erk inhibitor U0126 (10 µM), Rho-kinase inhibitor Y27632 (10 
µM), Src inhibitor PP1 (10 µM ), tyrosine kinase inhibitor genistein (50 µM) was tested. 
(B) Effect of the L-type Ca++ channel blocker verapamil (10 µM) and EDTA (5 mM) on 
the mannitol induced tyrosine phosphorylation. One representative of four independent 
experiments is shown. (Ma=mannitol) 

3.2.2 Activation of MAP kinases 

To detect possible activation of different MAP kinases by hyperosmosis we used 

antibodies which detect the phosphorylated and thus activated form of MAP kinases. Addition 

of 10% mannitol caused phosphorylation of ERK1/2 which was more pronounced when we 

used 20% mannitol (Figure 8A). The phosphorylation was considerably weaker after 60 

minutes recovery time and could be inhibited by the ERK inhibitor U0126 but not the Src 

inhibitor PP1 (Figure 8A). Under basal conditions we could not detect phosphorylation and 
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thus activation of ERK1/2 (Figure 8A). The total amount of ERK1/2 was not changed by 

mannitol treatment. Furthermore, we found no activation of p38 (Figure 8B).  
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Figure 8: Induction of MAP kinases by mannitol in CECs.  
The effect of 10% (0.55 M) or 20% (1.1 M) mannitol treatment for 10 or 30 min 

was tested on the activation (phosphorylation) of ERK1/2 (A) and p38 (B). The total 
amount of ERK1/2 is shown on (A), lower panel. Positive control (B): endothelial cells 
treated with phenylarsine oxide. One representative of three independent experiments is 
shown. (Ma=mannitol) 

3.2.3 Phosphorylation of ββββ-catenin 

AJ proteins are often phosphorylated on tyrosine residues. By immunoprecipitation 

using phosphotyrosine antibodies we have shown that a target of the hyperosmosis induced 

tyrosine phosphorylation is the adherens junction protein β-catenin and the tyrosine 

phosphorylation of the Triton X-100 soluble β-catenin is stronger compared to the 

phosphorylation of the Triton X-100 insoluble β-catenin (Figure 9B). Under control 

conditions there were no signs of tyrosine phosphorylation of β-catenin (Figure 10A). 

Mannitol induced a strong phosphorylation on tyrosine residues of β-catenin which almost 

disappeared after only 10 minutes recovery time (Figure 10A). Tyrosine phosphorylation of 

β-catenin could be prevented by the Src-kinase inhibitor PP-1 and the tyrosine kinase 

inhibitor genistein but not with the ERK1/2 inhibitor U0126 or the Rho inhibitor Y27632 

(Figure 10A). The L-type calcium channel blocker verapamil was also ineffective in 

inhibiting tyrosine phosphorylation of β-catenin induced by mannitol (Figure 10B).  
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Figure 9: Triton X-100 solubility of the proteins phosphorylated in response 
to mannitol. 

 CECs were treated with 20% (1.1 M) mannitol for 30 min. (A) Tyrosine 
phosphorylation of proteins in the Triton X-100 soluble fraction (lanes 1, 2) and 
insoluble fraction (lanes 3, 4) was tested. (B) Tyrosine phosphorylation induced by 
mannitol of Triton X-100 soluble (lanes 1, 2) and insoluble (lanes 3, 4) β-catenin. 
Immunoprecipitation was performed using anti-phosphotyrosine antibodies and the blot 
was stained with anti-β-catenin antibody. (C) Distribution of β-catenin between the 
Triton X-100 soluble (lanes 1, 2) and insoluble (lanes 3, 4) fractions. One representative 
of two independent experiments is shown. (Ma=mannitol) 
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Figure 10: Phosphorylation of β-catenin. 
CECs were treated with 20% (1.1 M) mannitol for 30 min. Recovery time and 

the effect of the ERK inhibitor U0126 (10 µM), Rho-kinase inhibitor Y27632 (10 µM), 
Src inhibitor PP1 (10 µM), tyrosine kinase inhibitor genistein (50 µM) was tested. A  β-
catenin control western-blot from the the same samples is also shown (A). (B) shows 
the effect of L-type calcium channel blocker verapamil (10 µM). One representative of 
three independent experiments is shown. (Ma=mannitol) 
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3.2.4 Localization of ββββ-catenin 

We have used immunofluorescent staining to study the localization of β-catenin. 

Under control conditions β-catenin is localized mainly to the cell membrane. In response to 

20% mannitol treatment for 30 minutes the membrane staining became discontinuous without 

major change in staining intensity reflecting a redistribution rather than a change in 

expression of β-catenin (Figure 11).  

Control     Mannitol 

  

Figure 11: Redistribution of ββββ-catenin in CECs treated with 20% mannitol.  
Arrows indicate β-catenin staining. Note the discontinuities of the membrane 

staining after 30 min of treatment with 20% (1.1 M) mannitol. Bar = 20 µm. 

3.2.5 Interaction of the adherens junction proteins 

Since tyrosine phosphorylation of AJ proteins may affect AJ function we tested the 

integrity of the adherens junctions following mannitol treatment by co-immunoprecipitation. 

Although total levels of cadherin remained unchanged in response to mannitol treatment 

considerably lower levels of cadherin were found in β-catenin precipitates from mannitol 

treated cels. Similarily α-catenin almost disappeared from β-catenin precipitates indicating a 

dissociation of the cadherin - β-catenin/α-catenin complex (Figure 12).  
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Figure 12: Effect of mannitol treatment on the interaction of ββββ-catenin with 
αααα-catenin and cadherin.  

CECs were treated with 20% (1.1 M) mannitol for 30 min. Immunoprecipitation 
was performed using anti β-catenin antibodies and the blots were stained with anti VE-
cadherin (A) and α-catenin (B) antibodies. (Ma=mannitol) 
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4. Discussion 

Being located at the forefront of the defense line of the CNS, the cerebral endothelium 

is exposed to a great variety of environmental stress factors. Any alteration in its function may 

have severe consequences for the CNS. In our study we have tried to address the question of 

how CECs respond to two different stress types: oxidative stress, that accompanies cerebral 

ischemia and osmotic stress, which has been successfully used to reversibly open the BBB for 

therapeutic purposes. Since a detailed in vivo biochemical and molecular study of CECs is not 

possible, we have used cultures of cloned murine brain endothelial cells and GP8 

immortalized rat brain endothelial cells which according to literature data and our results 

retain in vivo characteristics, such as the expression of von Willebrand factor and tight 

junction proteins (Tontsch and Bauer, 1989 and Greenwood et al., 1996). 

4.1. Oxidative stress and the blood brain barrier 

Although there is a general agreement that CECs are sensitive to oxidative stress, its 

effect on endothelial viability is still controversial. Plateel et al. (1995) reported that LDH 

activity in the culture medium of CECs did not increase even after prolonged hypoxia. On the 

other hand Mertsch et al. (1995) demonstrated significant membrane damage even after 120 

minutes hypoxia/30 minutes reoxygenation. This discrepancy may arise from the differences 

in the experimental conditions. To assess the membrane integrity of CECs after 

hypoxia/reoxygenation we have measured the LDH activity in the culture medium. Our 

results show that CECs do not exhibit a significant increase in LDH activity in response to 

hypoxia/reoxygenation indicating that the experimental conditions used do not affect cell 

viability. 

The results presented here clearly indicate that CECs are sensitive to oxidative stress 

and changes in the endothelial function appear before the integrity and viability of the cells 

are seriously affected. Oxidative stress caused a rapid and intense decrease of the 

transendothelial resistance which is a sign of increased paracellular permeability. This led us 

to assume that junctional proteins which are responsible for the maintenance of the 

paracellular barrier may represent a potential target of reactive oxygen species. In our 

experiments oxidative stress led to a downregulation of occludin. The decrease of occludin 

was even more pronounced in the absence of glucose, a condition which better mimics the in 

vivo situation when the blood supply of the brain is impaired by different factors (e.g. stroke).    

Changes in the expression of junctional proteins in response to hypoxia/reoxygenation have 
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been demonstrated in several studies as well. Fischer et al. (2002) have shown that hypoxia 

causes a decrease in ZO-1 levels accompanied by an increased phosphorylation and 

redistribution of this protein. VEGF may play an important role in this process (Fischer et al., 

2002).  ZO-1 levels were also reduced by hypoxia in alveolar cells, while occludin was 

relocalized from the membrane to the cytoplasm (Bouvry et al., 2006). Results obtained from 

the study of endothelial cells of non-cerebral origin support the idea that glucose may be an 

important factor in the regulation of junctional proteins in oxidative stress. Consistent with 

our data presented here, Park et al. (1999) have shown that dermal microvascular endothelial 

cells respond to a combination of oxidative stress and absence of glucose with a significant 

downregulation of occludin and cadherin and concomitant increase in permeability. A 

proteolytic degradation of occludin associated with a reduction of TEER has been described 

in Caco-2 epithelial cells (Rao et al., 2002) as well. However, Mark and Davis (2002) found 

using bovine brain microvascular endothelial cells that hypoxia followed by reoxygenation 

causes an increase in the expression of junctional proteins like ZO-1 and occludin 

accompanied by an increased permeability to sucrose. 

The mechanism by which occludin is downregulated is subject of extensive study. 

Most of our knowledge stems from experiments with epithelial cells or endothelial cells of 

non cerebral origin which makes it difficult to elucidate the mechanism of occludin 

downregulation in CECs. An important but not yet clarified issue in this respect is occludin 

phosphorylation. A decreased phosphorylation of occludin on threonine residues in response 

to PKC (protein kinase c) activation in LLC-PK1 cells led to a drop in the transendothelial 

resistance (Clarke et al., 2000). In accordance with these results it has been shown that 

increased serine phosphorylation of occludin is related to the localization of occludin to the 

tight junctions (Andreeva et al., 2001). An important role of occludin phosphorylation in the 

regulation of epithelial or endothelial permeability is supported by other experimental data as 

well (Antonetti et al., 1999 and Hirase et al., 2001). Moreover, it has been shown that 

inhibition of tyrosine phosphorylation leads to a degradation of occludin which is probably 

mediated by metalloproteases (Wachtel et al., 1999). An important pathway of occludin 

downregulation involves proteasomal degradation. It has been shown that occludin is able to 

bind the ubiquitin ligase Itch which mediates the ubquitination of occludin leading to its 

degradation (Traweger et al., 2002). However, no direct evidence of increased proteasomal 

degradation of occludin in response to oxidative stress is available so far.   
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MAP kinases are among the signaling pathways activated by oxidative stress. Our 

finding that ERK1/2 was phosphorylated and thus activated in response to oxidative stress is 

supported by results obtained from different types of endothelial and epithelial cells (Kevil et 

al., 2000 and Lee et al., 2006). An important element of the regulation of MAPK activity in 

conditions of oxidative stress is glucose deprivation. Although absence of glucose alone did 

not activate ERK1/2, absence of glucose combined with oxidative stress induced a drastic 

activation of ERK1/2. The precise role of ERK1/2 in the regulation of paracellular 

permeability is still controversial. It has been shown that activation of MAPK pathways lead 

to occludin downregulation and increased permeability (Chen et al., 2000) and inhibition of 

ERK1/2 during oxidative stress significantly reduces the downregulation of occludin (Park et 

al., 1999). The study performed by Kevil et al. (2000) on HUVECs led to a similar result. On 

the other hand, results by Wachtel et al. (2002) demonstrate that ERK activity is essential to 

rebuild a disrupted endothelial barrier after ischemia. 

Besides tight junctions, adherens junctions play an important role in maintaining the 

paracellular barrier and the integrity of the BBB as well (Pal et al., 1997). Cadherin is also 

susceptible to ischemic downregulation (Abbruscato and Davis, 1999b and Bush et al., 2000) 

and a dissociation of the cadherin – catenin complex in response to ischemia or oxidative 

stress has been detected in MDCK (Madin-Darby canine kidney) cells (Bush. et al., 2000) 

caco-2 cells (Rao et al., 2002) and dermal microvascular endothelial cells (Park et al., 1999). 

Here we show that a dissociation of the cadherin - β-catenin and α-catenin - β-catenin 

complex occurs in cerebral endothelial cells in response to hypoxia/reoxygenation as well. 

Although cadherin levels were slightly reduced, β-catenin levels remained unaffected in 

response to oxidative stress. 

4.2. Hyperosmosis and the blood-brain barrier  

It is well known that one of the most important consequences of the hyperosmotic 

environment is cellular shrinkage which at the level of the cerebral endothelium may lead to 

the opening of the BBB (Greenwood et al., 1988). However, there is evidence that reversible 

osmotic disruption and reconstruction of the BBB is not due to simple mechanical shrinkage 

of the endothelial cells but is mediated by the activation of several intracellular signaling 

mechanisms. Nagashima et al. (1997) have shown that exposure of rat brain capillary 

endothelial cells to 1.4 M mannitol caused a rapid increase of intracellular Ca2+ concentration 

which reached its peak value within 10 seconds after the application of mannitol and returned 
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to the basal level within 200 seconds. Other investigators found similar results in aortic 

endothelial cells as well showing that hyperosmolar conditions leads to Ca2+ entry from the 

extracellular space (Marchenko et al., 2000). 

We obserwed that 20% (1.1 M) mannitol induced a rapid and reversible 

phosphorylation of brain endothelial proteins. This finding is in line with the results of 

Ragette et al. (1997) showing that exposure of cultured lung microvascular endothelial cells to 

hyperosmotic conditions induced a genistein-inhibitable increase of protein tyrosine 

phosphorylation. However, tyrosine phosphorylation affected different protein bands in these 

cells and the kinetics of the phosphorylation was different as well. Hyperosmosis-induced 

protein phosphorylation has been reported by Szaszi et al. (1997) in Chinese hamster ovary 

cells which affected proteins at 42, 85 and 120 kDa. These and our data suggest that protein 

targets of hyperosmosis-induced tyrosine phosphorylation are cell specific. However, 

relatively few proteins have been identified so far to be phosphorylated on tyrosine residues in 

response to osmotic stress. 

Another network of signaling pathways which could be activated by hyperosmosis are 

MAP kinases. Activation of ERK1/2, p38 and JNK has been observed in different cell types 

like inner medullary collecting duct cells (Berl et al., 1997) and bovine aortic endothelial cells 

(Gatsios et al., 1998 and Duzgun et al., 2000). These studies have demonstrated that different 

osmotic agents may induce MAPK activation differently. The downstream elements of 

MAPK pathways are less well characterized. p38, a member of the MAPK family has been 

shown to be involved in the activation of the transcription factor osmosis response element 

binding protein (OREBP/TonEBP) and thus may participate in the regulation of potentially 

osmoprotective genes. However, inhibition of p38 by SB203580 was only partially able to 

block the hypertonic induction of ORE reporter construct which suggests that other signaling 

pathways may play a role in this process (Ko et al., 2002). Beside regulation of osmosensitive 

genes MAPKs have been shown to mediate several other effects of hyperosmosis like 

increased leukocyte migration (Schäffler et al., 2000), L-selectin expression (Rizoli et al., 

1999) and IL-8 production (Németh et al., 2002). 

In our study mannitol was able to induce a rapid, concentration dependent activation 

of ERK1/2. No activation of p38 could be observed. Interestingly, activation of ERK1/2 was 

independent of tyrosine phosphorylation because U0126 was able to inhibit only the 

activation of ERK1/2 and had no influence on tyrosine phosphorylation.  
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Rho and the Rho/ROK (Rho-kinase) pathway could also be involved in mediating the 

effect of hyperosmosis. This activation has been shown to lead to the phosphorylation of 

myosin light chain (Ciano et al., 2003). Furthermore, Rho family-dependent cytoskeleton 

remodeling may be an important osmoprotective response that reinforces the cell cortex 

(Ciano et al., 2002). However, as demonstrated in our experiments, mannitol induced tyrosine 

phosphorylation in cerebral endothelial cells does not require activation of Rho and the 

Rho/ROK pathway. 

In contrast, we have shown that PP1, a selective Src family inhibitor, strongly reduced 

tyrosine phosphorylation. It has been shown that members of the Src family, especially Fyn 

are volume sensitive enzymes and are able to phosphorylate protein components of the cell-

cell contact apparatus in different cell types (Owens et al., 2000 and Ko et al., 2002).  

Recently Src has been found to localize to the AJ in HUVECs (Lambeng et al., 2005). 

Furthermore, we found that one of the targets of tyrosine phosphorylation is β-catenin. 

β-catenin in the Triton X-100 soluble fraction is rapidly phosphorylated in response to 

mannitol treatment and its phosphorylation state returns to control level within 10 minutes 

after the removal of mannitol. No significant change in the Ser phosphorylation of β-catenin 

was observed (data not shown).  

Alteration of cadherin-mediated cell-cell adhesion is frequently associated to tyrosine 

phosphorylation of β-catenin and the phosphorylation occurs mainly on Tyr-86 and Tyr-654 

(Roura et al., 1999). Furthermore, it has been shown that tyrosine phosphorylation of β-

catenin decreases the affinity of β-catenin for the cytosolic domain of E-cadherin (Roura et 

al., 1999). Tyrosine phosphorylation of β-catenin (Tyr-142) has been reported to be 

responsible for the disruption of α -catenin/β-catenin binding and altered cell adhesion as well 

(Ozawa and Kemler, 1998, Pai et al., 2004).  

In our attempt to decipher the signaling pathways leading to phosphorylation of β-

catenin we have found that the Src family kinase inhibitor PP-1 was able to inhibit β-catenin 

phosphorylation. Src family members have been shown to be important regulators of AJ 

protein phosphorylation and they can be activated by different extracellular stimuli including 

osmotic stress as demonstrated by Kapus et al. (1999) in CHO cells. The mechanism by which 

Src regulates BBB function is largely unknown. According to Kusaka et al. (2004) inhibition 

of Src activation is able to reduce the BBB permeability increase, edema formation and 

phosphorylation of VEGF and MAP kinases induced by subarachnoid hemorrhage. 
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Furthermore, in vitro studies have revealed that Src can directly phosphorylate junctional 

proteins (Kale et al., 2003) and Src induced tyrosine phosphorylation of β-catenin and ZO-1 

in epithelial cells can lead to redistribution of junctional proteins and increase in 

transepithelial electric resistance (Basuroy et al., 2003). Similarly to general tyrosine 

phosphorylation, tyrosine phosphorylation of β-catenin could not be prevented by U0126 and 

Y27632 indicating that ERK1/2 and Rho dependent pathways do not play a significant role in 

this process.  

An important regulator of tyrosine phosphorylation is calcium which may exert its 

effect through activation of different signaling pathways. Furthermore an increase in 

intracellular calcium in response to mannitol has already been demonstrated. Despite these 

findings our results show that extracellular calcium does not play a major role in mannitol 

induced tyrosine phosphorylation and β-catenin phosphorylation in CECs. 
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5. Summary 

The blood-brain barrier plays an important role in maintaining the constant 

biochemical environment necessary for the physiological activity of neurons. Neurological 

disorders or different stress factors affecting the brain may affect the BBB as well which in 

turn could aggravate neuronal injury and negatively influence the outcome of the disease. In 

our experiments we have studied at molecular level two conditions which may occur in vivo 

as well: oxidative stress, which accompanies a large number of neurological disorders and 

hyperosmotic stress which has been used for therapeutical opening of the BBB. 

Our results show, that oxidative stress induces a downregulation in the expression of 

the tight junction protein occludin. A significant factor in the regulation of occludin under 

these experimental conditions is glucose: its absence may significantly aggravate the damage 

caused by oxidative stress. Furthermore, oxidative stress leads to disruption of the cadherin-β-

catenin complex and an activation of ERK1/2, which is more intense in the absence of 

glucose. We have shown that one of the causes of the BBB breakdown is probably the 

structural alteration of the junctional complex caused by oxidative stress, a process in which 

ERK1/2 may play an important role. 

Regarding the effects of hyperosmotic mannitol we found that mannitol induced a 

rapid, concentration dependent and reversible tyrosine phosphorylation of a broad range of 

proteins between 50 and 190 kDa. One of the targets of tyrosine phosphorylation turned out to 

be the adherens junction protein β-catenin. Phosphorylation of β-catenin on tyrosine residues 

caused its subcellular redistribution and its dissociation from cadherin and α-catenin as shown 

by co-immunoprecipitation studies. All these effects could be inhibited by the Src-kinase 

inhibitor PP-1 but not by the Erk inhibitor U0126, the Rho-kinase inhibitor Y27632 or the 

calcium channel blocker verapamil. Since β-catenin is a key component of the junctional 

complex its Src-mediated phosphorylation may play an important role in the mannitol induced 

reversible opening of the BBB. 

Our results clearly demonstrate, that CECs are active players in the studied processes, 

are able to respond quickly to environmental stimuli and we were able to unravel some 

molecular elements of the endothelial response.   
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