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1. Introduction

The blood-brain barrier (BBB) plays an essentid io maintaining the extracellular
milieu necessary for neuronal function. Unravelitigg molecular mechanisms of BBB
function is paramount in understanding the pathdrmeisms 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 cgliels, the most important being the
brain endothelial cells that line the cerebral bla@ssels. The capillaries are surrounded by
astrocytic endfeet. The cerebral endothelial c6IECs) are ensheathed by the basement
membrane which is shared with pericytes (Figureld)contrast to peripheral capillaries
which are fenestrated permitting the free exchaoigsolutes between the blood and the
interstitial space, brain endothelial cells arehtiig interconnected through tight junctions
(TJs).

Astrocyte

Basement
membrane

Endothelial
cell

Figure 1. Schematic drawing of the blood-brain barrier

Tight junctions severely restrict paracellular spart of molecules through the BBB.
This confines the passage of solutes to the trokrepath. However, that pathway is also

restricted by the low pinocytic, high enzymatic aspekcific transporter activity of the CECs.



Thus the brain endothelial cells and the BBB cdntine transport of substances between
blood and brain, effectively regulating the inflaknutrients and the removal of metabolites,

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

blood composition (e.g.: caused by digestion/aligmrpexertion etc.).

1.2. Interendothelial junctions
One of the unique features of CECs is that panalegltransport is limited by the close

and strong connection of the cells. The structesponsible for this is the interendothelial
junctional complex, which consists of several pragFigure 2). Transmembrane proteins
interconnect the endothelial cells, while cytoplasnplaque proteins anchor the
transmembrane proteins to cytoskeletal structuPesteins involved in signal transduction

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

proteins like ZO-2 have signaling roles as wellafeger et al., 2008).

Tight
junction |

CLAUDIN

Adherens

anr |:f>
s 3 .c‘ﬂte‘“ K i
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Figure 2: Proteins of theinterendothelial junctions
The picture shows some of the most important comesits of the

interendothelial complex and their interactions.

Tight junctions (TJs) are specialized contact zarfespi-, meso- and endothelial cells.
They are responsible for the polarization of théleading to the separation of an apical from

a basolateral membrane domain and the restrictiotheo paracellular pathway: these two



roles are the fence and the gate function respgti¥reeze-fracture electronmicrographs
show complex networks of continuous multistrandeghtt junctions in capillaries and
postcapillary venules (Nagy et al., 1984). The smmembrane proteins of TJs are occludin,
claudins and junctional adhesion molecules (JAMBgEse proteins are anchored to the
cytoskeleton through the junctional plaque protesugh as zonula occludens (ZO-1, -2 and -
3) proteins.

Adherens junctions (AJs) are located basal to Tdisparticipate in the organization
and maintenance of tight junctions. In epitheliglls the appearance of TJs during
development is preceded by the E-cadherin medittedation of AJs. Furthermore, the
disruption of AJ increases TJ permeability (Gumbimmd Simons, 1986). The main
transmembrane proteins of AJs are cadherins whiehcannected through catenins to the

actin cytoskeleton.

1.2.1 Transmembrane proteinsof thetight junction

The first transmembrane protein discovered to lwaliped to tight junctions was
occludin. Occludin is an approximately 60 kDa tsfpi@an membrane protein with two
extracellular loops, a short intracellular turmrsheort N- and a longer C-terminal cytoplasmic
domain (Furuse et al., 1993).

Overexpression experiments using full-length andated occludin in Madin—Darby
canine kidney (MDCK) epithelial cells otenopus cells (Balda et al., 1996 and Chen et al.,
1997), as well as a study using a synthetic pemofeesponding to the second extracellular
loop of occludin (Wong and Gumbiner, 1997) suggesteole for occludin in the barrier and
fence functions of tight junctions. However, oveyessing occludin in cell types which do
not possess tight junctions (L1 fibroblast, Furasal., 1998b) leads to the formation of short
TJ like strands only, indicating that occludin ist the only TJ protein participating in the
composition of the paracellular seal. This is sufgzbby the finding that occludin-deficient
embryonic stem cells differentiated into polarizgithelial cells bearing well-developed tight
junctions that exhibited no barrier dysfunctioni{@aet al., 1998).

The mystery of how TJs can be present without aiclwas resolved when claudin-1
and -2 were discovered in 1998 (Furuse et al., 1998the twenty-four claudins known to
date, claudin-5 is characteristic to endothelidiscé&dditionally, claudin-1, -3 and -12 have
also been observed in CECs, while the other mendietre claudin family are expressed in a

tissue specific combination resulting in tissuecHpe barrier characteristics (Krause et al.,
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2008). Similarly to occludin, claudins have fouartsmembrane domains; however, there is
no sequence homology. Claudins overexpressed iotlelchl cells are recruited to the
existing TJ strands. Moreover, when expressedinolilasts lacking tight junctions, claudin-1
and 2 produce very long strands that have a mooglgalesembling very closely endogenous
TJs (Furuse et al., 1998b).

In the same year another membrane spanning protdime TJ has been found: the
junctional adhesion molecule or JAM (Martin-Padetaal., 1998). Today six JAMs are
known, divided into two groups based on sequenceotmgy. JAM-A (also called JAM-1) is
involved in the barrier function of tight junctionsboth endothelial and epithelial cells and in

the development of apicobasal cell polarity in legiial cells.

1.2.2 PDZ proteinsof the junctional complex

The PDZ domain is a common structural domain oB80amino-acids found in the
signaling proteins of bacteria, yeast, plants, anidhals (Ponting, 1997). PDZ is an acronym
combining the first letters of three proteins — tpeynaptic density protein (PSD95),
Drosophila disc large tumor suppressor (DIgA), aodula occludens-1 protein (ZO-1) —
which were first discovered to share the domairesehdomains help anchor transmembrane
proteins to the cytoskeleton and hold togetheradigg complexes (Ranganathan and Ross,
1997).

The transmembrane proteins of tight junctions amehared to the cytoskeleton
through zonula occludens proteins ZO-1, ZO-2 and3Z@O0O proteins are members of the
MAGUK family (membrane-associated guanylate kinksmologues) with binding domains
to both TJ and AJ proteins, as well as to actin:1Z(20 kDa) was the first TJ-associated
protein identified in 1986 (Stevenson et al., 1988p-2 and ZO-3 were identified later
(Gumbiner et al., 1991; Balda et al., 1993 and kHeskt al., 1998). The zonula occludens
proteins share a similar structural organizatiothwhe N-terminal region containing three
PDZ domains, followed by a Src homology 3 domaid arGUK (guanylate kinase) domain,
which is enzymatically inactive. ZO proteins arethé center of a network of protein
interactions. Experiments with transfected fibrabdaand epithelial cells show that the first
PDZ domain of ZO-1, ZO-2 and Z0O-3 binds directlytihe C-termini of claudins (Itoh et al.,
1999). The second PDZ domain of ZO-1 is respondinen homo- and heterodimerization
through interaction with another ZO protein (Uteqganov et al., 2006; Umeda 2006); and

for binding to connexins in epithelial cells (Giepns et al., 1998; Kausalya et al., 2001) and
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also in brain capillary endothelium (Nagasawa gt28106). The third PDZ domain of ZO-1
interacts in vitro with JAM-1. The GUK region issgonsible for occludin (Fanning et al.,
2007 and Schmidt et al., 2004) amaatenin (Rajasekaran et al., 1996 and Itoh etl@By)
interaction. The C-terminal, proline-rich domain £D-1 interacts with actin and cortactin
(Itoh et al., 1997; Fanning et al., 1998 and Kagseb al., 1998), functionally linking TJ
membrane proteins to the actin cytoskeleton, bgibgnto membrane proteins through its N-
terminal half, and to actin through its C-termihalf. ZO-2 differs from ZO-1 in that its C-
terminal region is shorter; otherwise the domaracitire of the two proteins is very similar.
The interactions of ZO-2 are very similar to thaZ®-1 (Itoh et al., 1999; Itoh et al., 1999b
and Wittchen et al., 1999). ZO-1 and ZO-2 are esgmd in both epithelia and endothelia,
whereas ZO-3 is exclusively expressed in epithi@hiako et al., 2003). Also, ZO-3 knockout
mice did not show any phenotypic effects, which lisgthat the physiological function of
Z0-3 might be redundant (Adachi et al., 2006).

Other PDZ domain containing proteins of the junugiioplaque are AF-6/afadin (lkeda
et al., 1999 and Zhadanov et al., 1999), MUPPloftatet al., 2005 and Sugihara-Mizuno et
al., 2007) and the MAGI (MAGUKSs with inverted domastructure) proteins. Among several
differentially spliced members of the MAGI familygnly MAGI-1 and MAGI-3 are
associated with TJ (Ide et al., 1999 and Laurd.eR@02). These PDZ proteins interact both
with other junctional proteins, and proteins imvadvin signal transduction, beside their

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

1.2.3 Non-PDZ proteinsof the junctional plaque

Cingulin and JACOP/paracingulin are two vertebigieeific, junction-associated
proteins characterized by a globular head domaingiked-coil rod domain, and a small
globular tail. Cingulin was identified as a TJ-sfiegrotein which co-purified with myosin,
and was specifically expressed in tissues contgiapithelial TJ (Citi et al., 1998). The head
domain interacts with several TJ proteins (Cordsnen al., 1999; Cordenonsi et al. 1999b
and Bazzoni et al. 2000), and with actin (D'Atrdaiti, 2001). However, the key functional
interaction is with ZO-1, through the conservedMZI(ZO-1 Interaction Motif) which is
required both for ZO-1 binding, and for junctiometruitment of cingulin in transfected cells
(D'Atri et al., 2002). Paracingulin has sequence @omain organization similar to cingulin;
however, unlike cingulin, it is present at both &d&l adherens-type junctions, and is absent

from junctions of the small intestine, whereas itletected in endothelial cells (Ohnishi et al.,
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2004). Since JACOP/paracingulin contains the ZINhdm, it is likely that ZO-1 is involved
in its junctional recruitment.

Angiomotin (Amot), JEAP (Angiomotin-like-proteinignd MASCOT (Angiomotin-
like-protein2) are three members of a family oftphos characterized by the presence of a
central coiled-coil domain, and a C-terminal PDZeraction sequence motif. The first
member of this family: Amot, plays a role in theogth factor stimulated migration of
endothelial cells (Ernkvist et al., 2008). MASCOmdaJEAP interact with MAGI-1, thus
localizing to the TJ (Patrie, 2005).

1.2.4 Proteinsof theadherensjunction

The transmembrane proteins of the adherens jurscioanthe cadherins; in the case of
vascular endothelial cells mainly VE-cadherin, whis linked through the catenina-{ -
andy-catenin) to the cytoskeleton. A proper functiontloé adherens junction is needed for
tight junction formation and blockade of cadherinthwpeptides directed against the
extracellular region of cadherin causes an increaB&8B permeability (Pal et al., 1997).

Catenins are members of the armadillo protein fgnfitfcatenin is the mammalian
homologue of the Drosophila armadillo protein. Tinst catenin discovered was the 94 kDa
B-catenin (Nagafuchi et al., 1989), which is 65% btogous to the 85 kDg-catenin (also
called plakoglobin). Cadherin is bound by the meddégion offi- andy-catenin, while the
102 kDaa-catenin is bound by their N-terminal regigh.andy-catenin anchor cadherin to
the cytoskeleton througé-catenin. An intimate connection between TJ andsAsuggested
by the finding that the TJ protein ZO-1 and the gkdtein a-catenin are able to interact
(Imamura et al., 1999). However, recently it hasrbshown that-catenin does not bind f
catenin and actin at the same time. Further ingastin of the interactions ad-catenin
suggests that its main role is in restricting therfation of lamellipodia present in migrating

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

1.2.5 Regulation of thejunctional complex by phosphorylation

Phosphorylation is one of the key mechanisms bychvlthe cell regulates protein
function. The relationship of protein phosphoryatiand TJ function was first analyzed in
1989 using MDCK | and Il kidney epithelial cell tules (Stevenson et al., 1989). These
cultures show a pronounced difference in the tigégnof their junctions characterized by
transepithelial electrical resistance measureminivas found that in the low resistance

MDCK II cultures phosphorylation of ZO-1 was twias strong as in high resistance MDCK |
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cultures while the total amount and localizatiod dot differ. Ever since, there is intensive
research focused on the regulation of the junctioomplex. There is considerable amount of
data indicating that various kinase systems cagchthe permeability properties of the tight
junction.

Tyrosine phosphorylation plays a crucial role ie #ssembly and function of TJs.
However, the exact role of tyrosine phosphorylatismot yet understood completely and
may depend on the developmental status of the jigidtion. In the case of mature tight
junction an increased phosphorylation has beenceded with decreased TEER (Staddon et
al., 1995). In both MDCK and brain endothelial sedh increased tyrosine phosphorylation of
occludin was observed. Similar results have beeairdd by Wachtel et al. (1999) showing
that increased tyrosine phosphorylation resultedoacludin degradation and increased
permeability. Furthermore, tyrosine phosphorylatodrVE-cadherin is also accompanied by
an increase in vascular permeability and leukodigpedesis (Turowski et al., 2008).

Src kinases could also be major players in thelagign of TJ function. The effect of
Src kinase seems also to be dependent on the gewvetdal status of the TJ. In mature
epithelia activation of Src is involved in the digtion of interendothelial junctions induced
by LPS (Sheth et al., 2007), progastrin (Hollantlele 2003) or plasmodium falciparum
(Gillrie et al., 2007).

Mitogen activated protein kinases (MAPKSs) form anily of protein kinases, with
ERK1/2, JNK and p38 as the best characterized membBAPKs may be involved in the
regulation of junctional permeability, especiallpder pathological conditions. Oxidative
stress-induced activation of MAPK pathways is ageamed by an increase in paracellular
permeability in endothelial cells. By using a sfiedcRK1/2 inhibitor PD98059, Kevil et al.
(2000) were able to inhibit the increase in perniggland occludin redistribution elicited by
hydrogen peroxide. A similar result has been oktiwith the p38 inhibitor SB202190
(Kevil et al. 2001), indicating that ERK1/2 and pB&y be key players in the junctional
damage elicited by oxidative stress. On the otlaexdhn an ischemia/reoxygenation model,
inhibition of ERK activity during the reoxygenatigohase prevented barrier restoration,
demonstrating that ERK activity could be esserbatebuild a disrupted endothelial barrier
(Wachtel et al., 2002).

A crosstalk between PKC and the MAPK signaling paiy also regulates TJ
opening: in corneal epithelial cell lines activatiof PKC with PMA (phorbol 12-myristate
13-acetate) triggers a decrease in TEER throughdtieation of MAPK (Wang et al., 2004).
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The interaction between TJ proteins and MAP kinasésdirectional. Not only MAP
kinases can regulate TJ proteins but TJ proteiesselves can play a role in activating the
ERK pathway. Silencing JAM-1 hinders the migratioh HUVEC cells on vitronectin
induced by basic fibroblast growth factor (0FGR)edo the inability of the growth factor to
activate ERK (Naik et al., 2003). Occludin also egms to participate in the activation of the
MAPK signaling pathway. Thus in hepatic cell lingsrived from occludin-deficient mice,
MAPK activation is downregulated triggering apopgoand increased claudin-2 expression.
When occludin is transfected into these culturesPHAbecomes activated, reversing the

increase in claudin-2 expression and apoptosis {Muwat al., 2005).

1.3. Oxidativestressand the blood brain barrier

Cerebral hypoxia and ischemia have severe consegseregarding the central
nervous system (CNSThe most vulnerable cells in the CNS are neurorwyelver,
increasing number of experimental data suggests dbéeebral endothelial cells are also
affected by hypoxia and may play an important rolethe pathogenesis of hypoxic or
ischemic damage. Oxygen free radicals play an itapbrrole in the damage caused by
hypoxia and ischemia which are released mainlyngureperfusion (McCord and Roy, 1982
and Granger, 1988), when blood supply returnseditfsue after a period of ischemia.

It has been shown that exposure of endothelias ¢elfeactive oxygen species is one
of the main causes of endothelial dysfunction (hage et al., 1999 and Wu et al., 1998). In
endothelial cells, hypoxic environment regulates éxpression of a nhumber of genes with
products that are vasoactive or mitogenic for viesdissue such as cyclooxygenase (North et
al., 1994), nitric oxide synthase (Xu et al., 2000¢ndothelin (Tsang et al., 2001). Moreover,
oxidative stress can induce chromosomal aberratmitgonuclei and apoptosis in these cells
(Bresgen et al., 2003peveral proteins which have been shown to be resgulay hypoxia
play significant roles in cell adhesion or intelalr interactions such as hypoxia inducible
factor (HIF-1, Wang and Semenza, 1993), integrimz(®ha et al., 1998) or ICAM
(intercellular adhesion molecule) (Hess et al.,4)99

Hypoxia and ischemia may affect the integrity oé tBBB (Olesen, 1986). The
increased cerebrovascular permeability leads t@gexsc brain edema which contributes
significantly to the development of cerebral edeasavell. The combination of hypoxia and
aglycemia may result in an even more rapid increapermeability as shown by Abbruscato
and Davis (1999).
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The permeability of the endothelial barrier is Elygdetermined by the integrity of the
tight junctions and adherens junctions. In thispees the transmembrane proteins of the
junctional complexes may have a special importance.

The mechanism by which oxidative stress leads to irmreased endothelial
permeability is not completely understood. The expental data obtained from epithelial
cells and endothelial cells of non cerebral origuggest that proteins of the tight junction
may be directly involved (Park et al., 199Results indicate that junctional proteins of CECs
are regulated by oxidative stress (Mark and Da2@§)2; Brillaut et al., 2002 and Fischer et
al., 2002); however, the results are not consistent

1.4. Hyperosmosisand the blood-brain barrier

One of the most important functions of the mammmaBBB is to restrict the free
movement of different substances between bloodrendal tissue. Despite its undisputed
importance in the normal function of the centralvoeis system, BBB can be a major
impediment for the treatment of diseases of the CMSwell: due to the relative
impermeability of the barrier many drugs are unaboleeach the brain at therapeutically
relevant concentrations. Different attempts havenb®ade to overcome the limited access of
drugs to the brain, such as chemical modificatiofsthe drug, development of more
hydrophobic analogs or linking the active compotoad specific carrier (Pardridge et al.,
2002). An alternative possibility would be a coifid and reversible opening of the BBB.
Disruption of the BBB by rapid intracarotid infusioof hyperosmolar solutions such as
mannitol has been used both experimentally andcelig to increase the transport of
different substances to the brain parenchyma (Nkwewval., 1991; Kroll and Neuwelt, 1998;
Rapoport et al., 2000 and Doolittle et al., 200@annitol has been successfully used in the
concentration of 1.4-1.6 M in perfusion. This cauaerapid opening (within minutes) of the
BBB which is reversible. The barrier function ssatd recover approximately 1 hour after
treatment, but complete recovery is achieved ofigr -8 hours (Rapoport et al., 1980 and
Siegal et al., 2000).

Despite clinical and experimental interest, to d#te mechanism of osmotic
disruption of the BBB is poorly understood.

Since the permeability of the BBB is largely detgrad by the intercellular junctions
(TJ and AJ) these structures may play a significalg in the permeability increase elicited
by hyperosmolar solutions. This is supported bylierastudies which have demonstrated
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hypertonic solution induced opening of tight juocti(Brightman et al., 1973; Dorovini-zis et
al., 1983 and Lossinsky et al., 1995).

Tyrosine phosphorylation of junctional componeats in particulaphosphorylation
of cateninshas been proposed as a critical step in modulatiecell adhesion and contact.
Several lines of evidence suggest that tyrosinesmpimarylationof the cadherin-catenin
complex regulates the association of cadherin-gammplexes with theytoskeleton (Roura
et al., 1999 and Gaudry et al., 2001) which conftlience paracellular permeability as well.

Furthermore, the junctional complex is under thgulation of several signaling
pathways among which MAPKs have been shown to beaéed by osmotic stress (Koh et
al., 2001 and Duzgun et al., 2000).

15 Aims
Understanding the finely tuned regulation of BBBrmeability is of critical
importance for the treatment of CNS diseases. i risspect both controlled opening for
therapeutic purposes and counteracting increasadheadility in stroke, trauma or
neurodegenerative disorders has been the longgeahof BBB research.
The main aims of our studies were to elucidatentmdecular changes appearing in
BBB endothelial cells in response to stress trigdeby hypoxia/reoxygenation and
hypoglycemia or hyperosmotic mannitol treatment.
Specifically:
» Do the aforementioned stress factors affect:
0 the expression,
o0 localization and
o interaction of junctional proteins?
* What signal transduction pathways are activatedxigative or hyperosmotic
stress?

* How do these changes affect the integrity of th&3BB
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2. Materialsand Methods

2.1. Chemicalsand antibodies

All chemicals if not otherwise stated were purcldaisem Sigma. PP-1, Y27632 were
from Tocris, Genistein from Gibco and U0126 wagsrfr@ell Signaling Technology. Protein
G sepharose was purchased from GE Healthcare. W Used the following polyclonal
antibodies: anti-pan-cadherin, aatieatenin, ant-catenin (Sigma), anti-VE-cadherin (Santa
Cruz), anti-occludin (Zymed), anti-ERK1/2, phospHated anti- ERK1/2 (phosphorylated at
Thr183/Tyrl85) and p38 (phosphorylated at Thr18€18¢%) (Cell Signaling Technology).
Anti-B-actin  (Sigma) and anti-phosphotyrosine (clone PBYB&ckton Dickinson) are
monoclonal antibodies. Goat anti-mouse and anbitalHRP conjugated secondary
antibodies were purchased from GE Healthcare. DMBMIlbecco's modified Eagle's
medium) was from Life Technologies and ECGF (eneldh cell growth factor) from
Collaborative Research. DMNQ was purchased fronxialeDMEM/F12 (1:1 mixture of
DMEM and Ham's F-12 Nutrient Mixture) was purchadeoim Sigma; plasma-derived

bovine serum (PDS) was from First Link.

2.2. Cdl cultures

Cloned capillary endothelial cells from murine braortex microvessels were isolated and
cultured according to Tontsch and Bauer (1989) slitiht modifications. Briefly, after removing
meninges under sterile conditions, brains werentotsmall pieces and digested in two steps with
collagenase type Il (Sigma) and collagenase/digjsasehe), followed by centrifugation on Percoll
gradient. The microvessel fragments were seedeglastic culture dishes. Cultures were
maintained in DMEM supplemented with 10% FCS (fetf serum), ECGF alpha (4 ng/ml)
and heparin (10Qg/ml) at 37 °C in a humidified atmosphere of 5%,@0d 95% air.

The GP8 rat brain endothelial cell line was obtdifieem Dr. John Greenwood
(London, UK). The cells were cultured in 6 cm Pelishes (Greiner) coated with rat tail
collagen in DMEM/F12 supplemented with 20% PDS, 1@@ml heparin and 5Qg/ml
gentamicin at 37 °C in a humidified atmosphere aming 5% CQ. GP8 cells cultured under
these conditions have been shown to maintain gd®@ &haracteristics (Greenwood et al.,
1996) and have been successfully used in a greabemuof BBB studies (Adamson et al.,
1999; Etienne et al., 1998 and Reijerkerk et 80&).
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2.3. Induction of oxidative stress

For the production of hypoxia, confluent culturdsclmoned murine brain endothelial
cells were maintained in a special air tight cham{®illups-Rothenburg) at 3T in an
atmosphere containing 5% @@nd 95% N for 16 hours followed by reoxygenation
performed in an atmosphere containing 5%,C@% N and 25% Q@ for 4 hours. In
addition, the effects of oxidative stress have hieeastigated by treating the cultures with 10
uM DMNQ (2,3-Dimethoxy-1,4-naphthoquinone) for 1-@uns as well. DMNQ is a redox-
cycling quinone widely used in the research of akite stress, because it induces
intracellular superoxide anion formation (Powelaét 2004 and Namgaladze et al. 2005).
During the experiments the culture medium contaieitter 1g/dmglucose or was glucose
free (hypoglycemia) depending on the experiment MAP kinase inhibitor U0126 was
used in 10uM concentration concurrently with either DMNQ tne@nt or induction of

hypoxia/reoxygenation.

2.4. Hyperosmotic mannitol treatment
Confluent monolayers of GP8 cells were treatecenurs free culture medium with 10

or 20 % mannitol for 10 or 30 minutes. 1 U0126 (MAP kinase inhibitor), 1(uM
Y27632 (Rho kinase inhibitor), 56M Genistein (tyrosine kinase inhibitor), i verapamil
(L-type Cd" channel inhibitor), 1M EDTA (ethylenediaminetetraacetic acid) or (1l PP-

1 (Src kinase inhibitor) was applied simultaneousith mannitol treatment. For testing the
reversibility of the mannitol induced changes, typerosmotic medium was replaced after
treatment by standard culture medium. The culturee allowed 10-60 minutes of recovery

before the cells were harvested.

2.5. Cdl viability test

The viability of the endothelial cells in resportseoxidative stress was assessed by
measuring the LDH (lactate dehydrogenase) activityhe cell culture medium after each
experiment. For this purpose a commercially avélalytotoxicity detection kit (Roche) was
used. For further analysis we used only culturél no increased LDH activity.

LDH is a stable cytoplasmic enzyme that is preseral cells. It is rapidly released
into the cell-culture supernatant when the plasnganbrane is damaged. LDH activity is
determined in a coupled enzymatic reaction; dutimg reaction, the tetrazolium salt INT (2-
(4-lodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetadimm chloride) is reduced to formazan.
The increase in supernatant LDH activity directlyrrelates to the amount of formazan
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formed over time. This formazan dye is easy toygssace 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 diameteshdivere washed twice with PBS
(phosphate buffered saline) and scraped into 30€epdold lysis buffer (20 mM Tris-HCI pH
7.5, 150 mM NacCl, 0.5% Triton-X-100 0.5% NP-40, #n€aCh, 5 mM NaF, 1 mM Na
orthovanadate and 1 mM Pefabloc (Roche)) and intedban ice for 30 minutes. Lysates
were clarified by centrifugation at 10000 g at 4f8€ 10 minutes and protein concentration
was determined with the BCA (bicinchoninic acid)thwal (Pierce). The supernatant was
mixed with 5x Laemmli sample buffer (60mM Tris-HQIH 6,8), 25% glycerol, 2% SDS
(sodium dodecyl sulfate), 14,4 mM 2-mercaptoethafdl% bromophenol blue) and was
used as the Triton X-100 soluble fraction. The giellas resuspended in Laemmli sample
buffer and used as the Triton X-100 insoluble factSamples in Laemli sample buffer were
boiled for 3 minutes. Proteins were electrophorassgdg standard, denaturing, SDS-PAGE
(SDS polyacrylamide gel electrophoresis) proced(edsctrophoresis buffer: 25 mM Tris,
192 mM glycine, 0,1% SDS) and blotted (transferfénuf15,6 mM Tris, 120 mM glycine,
20% methanol) onto PVDF (polyvinylidene fluoride)embranes (Pall). Blocking the
nonspecific binding capacity of the membranes wasied out at room temperature for 30
minutes in TBS-T (Tris buffered saline (10 mM THE&I (pH 7,5), 150 mM NacCl) with 0.1%
Tween 20) containing either 5% casein (nonfat mokvder), or 3% bovine serum albumin in
the case of phospho-specific antibodies. After kilog the blots were incubated with the
primary antibodies using the following dilutionsTBS-T: anti-pan-cadherin: 1:2000, aat-
catenin: 1:1000, anfi-catenin: 1:2000, anfi-actin: 1:5000, anti-VE-cadherin: 1:1000, anti-
phosphotyrosine (clone PY20): 1:1500, anti-occludin1000, anti-ERK: 1:1000, anti-
phospho-ERK: 1:1000 and anti-phospho-p38: 1:100ferAvashing the membranes three
times for 10 minutes in TBS-T the blots were indebawith the secondary antibodies diluted
1:5000 in TBS-T, then washed again three times I6r minutes in TBS-T. The
immunoreaction was visualized by an ECL chemilumieace detection kit (GE healthcare)
on x-ray film (AGFA).

2.7. Immunoprecipitation
For Immunoprecipitation and co-immunoprecipitatexperiments, cells from a 6 cm
diameter dish were homogenized in 500 pl lysisduf@0 mM TrisHCI pH 7.5, 150 mM
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NaCl, and 0.5% Triton-X 100, 0.5% NP-40, 2 mM GaCs mM NaF, 1 mM Na
orthovanadate and 1 mM Pefabloc). The lysates wenérifuged at 10000 g in a microfuge
and the supernatant was subjected to immunopratgit After preclearing with protein G-
Sepharose supernatants were incubated willy primary antibody (phosphotyrosine @+
catenin) at 4 °C for 4 hours. The formed immunodexgs were precipitated by incubating
the samples overnight with protein G-Sepharose bfa# Healthcare). The precipitates were
washed 4 times with lysis buffer, boiled in Laemsdimple buffer, and subjected to SDS-

PAGE and immunoblotting.

2.8. Immunofluorescence

For immunofluorescent studies cells were cultured collagen/fibronectin coated
coverslips. Cells were fixed using a mixture of ma@d ethanol/acetic acid (95/5) for 10
minutes and then washed three times for 5 minutd2BS. After blocking with 3% bovine
serum albumin for 30 minutes coverslips were intedbavith primary antibodies against
catenin (1:100) for 90 minutes. Excess primarylantties were removed by three washes in
PBS lasting 5 minutes each. The coverslips werebaied with Cy3 conjugated anti-rabbit
secondary antibody diluted 1:500 in PBS, and thash&d three times for 5 minutes in PBS.
Coverslips were mounted in anti-fading embeddingioma (Biomeda) and the distribution of
the signal was studied using a Nikon Eclipse TE2D@@rescent microscope (Nikon, Japan)

and photographed with a Spot RT digital camerad®stic Instruments, USA).

2.9. Measurement of transendothelial electrical resistance

For the measurement of transendothelial electresastance (TEER) cells were grown
on Millicell-CM filter inserts (filter area: 1.1 cmpore size: 0.41m, Millipore) coated with
fibronectin. The TEER was measured using a chamlemtrode and an EVOM epithelial
voltohnmmeter (World Precision Instruments). Theistesce of the cell free filter was
measured in each experiment and was subtractedtiremesistance obtained with cells on
the filter to find the resistance of the endotHeti@anolayer itself. With this method resistance

values above 10Qxcn¥ could be obtained.
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3. Resaults
3.1. Oxidative stress

3.1.1 Cdl viability

To exclude that the changes observed after hypexigygenation arises from
nonspecific cell injury, LDH (lactate dehydrogenassease was determined in order to asses
cell viability and membrane integrity. Hypoxia folved by 4 hour reoxygenation caused no
significant increase in the LDH activity of the tule medium (166+/-28 and 184+/-32 U/ml)
indicating that the endothelial cells maintaineceithmembrane integrity during the

experiment.

3.1.2 Expression and interaction of junctional proteins

Exposure of cerebral endothelial cells to 16 hdwsoxia and 4 hours reoxygenation
led to a significant decrease in the expressioacofudin as shown by western-blot analysis
(Figure 3). Although maintenance of the cells imogise free medium alone caused no
significant change in occludin levels, the decreasé its expression after
hypoxia/reoxygenation was more pronounced in glecége medium than in glucose
containing medium. Similar results were obtainemshgi®MNQ to produce oxidative stress.
Exposure to 1@uM DMNQ for 2 hours caused a decline in occludinelewwherea$-actin
levels remained unchanged (data not shown).

The changes observed in proteins associated withatiherens junctional complex
were less pronounced. Expression of cadherin waghtl§i reduced after
hypoxia/reoxygenation in the presence and absehg&icose as well, whereas actin levels
remained unchanged during the treatment (Figurén8nunoprecipitation experiments have
shown that the interaction between cadherin Buadtenin is disrupted after oxidative stress
(Figure 4). Since3-catenin levels did not change significantly and tecrease of cadherin
levels is moderate, the low level of cadherin ia Bacatenin precipitate can be only partly
explained by the downregulation of cadherin. Sinyléhe association of-catenin witha-

catenin is also reduced (Figure 4).



22

+G -G
kDa C HR C HIR
57 — s s smms e |« occludin
112 - e = |« cadherin

W e .
39— -2“ <« actin

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 hypoxibovied by 4 h
reoxygenation or kept under normoxic condition Ire tpresence (lanes 1, 3) a d
absence (lanes 2 and 4) of glucose. As controeMpeession of actin is shown und r
the same conditions. One representative of sixgaddent experiments is shown.
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Figure 4. Interaction of cadherin, p-catenin and a-catenin in response to

hypoxia/reoxygenation in cerebral endothelial cells.

B-catenin was immunoprecipitated from control cedisd cells exposed t
hypoxia/reoxygenation. The associated cadherin arzhtenin was detected
immunoblotting. One representative of two indepemn@speriments is shown.
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3.1.3 Changesof transendothelial resistance

Due to changes observed in the expression andagtien of junctional proteins we
decided to study the effect of oxidative stresshentransendothelial resistance which reflects
junctional integrity. Exposure of cells to i DMNQ caused a rapid drop of TEER to 50%
of the initial value after 20 minutes. Continuouge@sure of the cells to DMNQ caused a

further drop in TEER which was reduced almost t@ zdter 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 endothdial cells.

Cultures of brain endothelial cells were grown oterf inserts and treated wit |

10uM DMNQ. The integrity of the barrier was assessgd TEER measuremer
(average+SD, n=8).

3.1.4 Activity of MAPK

In looking for signal transduction pathways whossivation could lead to the
dysfunction of the junctional complex we decidedstady the activation of the MAPK
pathways. By using an antibody which recognizey tmé phosphorylated and thus the active
form of the ERK1/2 we have shown that oxidativeess$r produced by the treatment of
cerebral endothelial cells with gM DMNQ for 2 hours leads to an increased
phosphorylation of ERK1/2 (Figure 6, lane 3). Tmesence of glucose can strongly influence
the activity of ERK1/2. Glucose free medium hasefffect on the activation of the ERK1/2
under control conditions (Figure 6, lane 2); howewabdsence of glucose strongly potentiates
the activation of ERK1/2 in response to oxidatitess (Figure 6, lane 4). The activation of
ERK1/2 could be almost completely blocked by itsiloitor U0126 (Figure 6, lanes 5 and 6).
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Figure 6: Effect of glucose on the activation of ERK 1/2 by oxidative stress.

Cells were treated with 10 uM DMNQ for 2 h in thregence (lanes 3 and 5) a d
absence (lanes 4 and 6) of glucose. Activation BKEcan be almost complete
blocked by its inhibitor U0126. One representati¥donrr independent experiments s
shown.

3.2. Hyperosmotic stress

3.2.1 Tyrosine phosphorylation

To determine endothelial signaling mechanisms aty by hyperosmotic
environment we treated CECs with 20% mannitol (#)la concentration which is used to
reversibly open the BBB in clinical trials. Undeontrol conditions two phosphorylation
bands can be detected at 50-60 kDa and 110 kDaré-igA). Mannitol induces a rapid and
strong phosphorylation on tyrosine residues of @nst in the range of 50-190 kDa. A 30
minute hyperosmolar treatment followed by the reg@haent of the hyperosmotic medium
with standard medium lead to a remarkable reduatiotyrosine phosphorylation after only
10 minute recovery time which returned to normakle after 60 minutes (Figure 7A). We
have used inhibitors of different signaling pathwadyg determine the mechanisms through
which mannitol induces tyrosine phosphorylationdaidn of the ERK inhibitor U0126 (10
puM) and the Rho inhibitor Y27632 (1M) did not affect the induction of tyrosine
phosphorylation by mannitol. However, the Src kenashibitor PP-1 (10uM) and the
tyrosine kinase inhibitor genistein (pM) blocked the activation of tyrosine kinases (Fegu
7A). To get an insight into the role of extracaliulC&" we used verapamil and EDTA.
Neither the L-type calcium channel blocker veraparar EDTA was able to inhibit tyrosine
phosphorylation induced by mannitol (Figure 7B)rtRearmore we have shown that tyrosine
phosphorylation is more intense in the Triton X-Hauble 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) mannitot 80 min. Recovery time
and the effect of the Erk inhibitor U0126 (uM), Rho-kinase inhibitor Y27632 (1
KUM), Src inhibitor PP1 (1M ), tyrosine kinase inhibitor genistein (p®) was tested
(B) Effect of the L-type C4d channel blocker verapamil (10M) and EDTA (5 mM) on
the mannitol induced tyrosine phosphorylation. @egresentative of four independe 1t
experiments is shown. (Ma=mannitol)

3.2.2 Activation of MAP kinases

To detect possible activation of different MAP Ildea by hyperosmosis we used
antibodies which detect the phosphorylated and altisated form of MAP kinases. Addition
of 10% mannitol caused phosphorylation of ERK1/4dclvhwas more pronounced when we
used 20% mannitol (Figure 8A). The phosphorylatwas considerably weaker after 60
minutes recovery time and could be inhibited by BRK inhibitor U0126 but not the Src
inhibitor PP1 (Figure 8A). Under basal conditions eould not detect phosphorylation and
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thus activation of ERK1/2 (Figure 8A). The total amt of ERK1/2 was not changed by

mannitol treatment. Furthermore, we found no attiveof 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) mannitidatment for 10 or 30 mi
was tested on the activation (phosphorylation) BKE/2 (A) and p38 (B). The tote
amount of ERK1/2 is shown on (A), lower panel. Besicontrol (B): endothelial cell
treated with phenylarsine oxide. One representatitaree independent experiments is
shown. (Ma=mannitol)

3.2.3 Phosphorylation of B-catenin

AJ proteins are often phosphorylated on tyrosirsdrees. By immunoprecipitation
using phosphotyrosine antibodies we have shownattatget of the hyperosmosis induced
tyrosine phosphorylation is the adherens junctiaotgin (-catenin and the tyrosine
phosphorylation of the Triton X-100 solublg-catenin is stronger compared to the
phosphorylation of the Triton X-100 insolublg-catenin (Figure 9B). Under control
conditions there were no signs of tyrosine phosghbon of B-catenin (Figure 10A).
Mannitol induced a strong phosphorylation on tymesresidues op-catenin which almost
disappeared after only 10 minutes recovery timguifé 10A). Tyrosine phosphorylation of
B-catenin could be prevented by the Src-kinase itdribPP-1 and the tyrosine kinase
inhibitor genistein but not with the ERK1/2 inhimitU0126 or the Rho inhibitor Y27632
(Figure 10A). The L-type calcium channel blockerrapamil was also ineffective in

inhibiting tyrosine phosphorylation @tcatenin 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 8n. (A) Tyrosine
phosphorylation of proteins in the Triton X-100 wdae fraction (lanes 1, 2) ar |
insoluble fraction (lanes 3, 4) was tested. (B)oByne phosphorylation induced |y
mannitol of Triton X-100 soluble (lanes 1, 2) antsaluble (lanes 3, 4j-catenin.
Immunoprecipitation was performed using anti-phagpiosine antibodies and the bl it
was stained with anfi-catenin antibody. (C) Distribution di-catenin between th
Triton X-100 soluble (lanes 1, 2) and insolublen@a 3, 4) fractions. One representat ve
of two independent experiments is shown. (Ma=mainit
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Figure 10: Phosphorylation of B-catenin.

CECs were treated with 20% (1.1 M) mannitol forrBh. Recovery time an
the effect of the ERK inhibitor U0126 (10 uM), Rkimase inhibitor Y27632 (10 uM]
Src inhibitor PP1 (10 puM), tyrosine kinase inhibigenistein (50 pM) was tested. B
catenin control western-blot from the the same desnig also shown (A). (B) show ;
the effect of L-type calcium channel blocker verapg10 uM). One representative « f
three independent experiments is shown. (Ma=malhnito
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3.24 Localization of B-catenin

We have used immunofluorescent staining to study ltdtalization of3-catenin.
Under control conditiong-catenin is localized mainly to the cell membraimeresponse to
20% mannitol treatment for 30 minutes the membstaming became discontinuous without
major change in staining intensity reflecting a isegtbution rather than a change in

expression op-catenin (Figure 11).

Control Mannitol

Figure 11: Redistribution of B-catenin in CECstreated with 20% mannitol.
Arrows indicatep-catenin staining. Note the discontinuities of thembrane
staining after 30 min of treatment with 20% (1.1 &annitol. Bar = 2@um.

3.25 Interaction of the adherensjunction proteins

Since tyrosine phosphorylation of AJ proteins mégca AJ function we tested the
integrity of the adherens junctions following maohitreatment by co-immunoprecipitation.
Although total levels of cadherin remained unchanhge response to mannitol treatment
considerably lower levels of cadherin were foundBinatenin precipitates from mannitol
treated cels. Similarilgi-catenin almost disappeared fr@ixtatenin precipitates indicating a

dissociation of the cadherir-cateninf-catenin complex (Figure 12).



29

IP: B-catenin
_ © _ ©
s = B =
s s & £ &
O = O =
kDa
193 -
Lo, | o e || - — <+ VE cadherin
87 - —
70 -
B WB: VE-cadherin
kDa
1z- s e o | | < a-catenin
87 -

WB:a-catenin

Figure 12: Effect of mannitol treatment on the interaction of B-catenin with
a-catenin and cadherin.

CECs were treated with 20% (1.1 M) mannitol forr8id. Immunoprecipitatior
was performed using arfticatenin antibodies and the blots were stained aritin VE-
cadherin (A) andi-catenin (B) antibodies. (Ma=mannitol)
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4. Discussion

Being located at the forefront of the defense théhe CNS, the cerebral endothelium
Is exposed to a great variety of environmentakstfactors. Any alteration in its function may
have severe consequences for the CNS. In our stedyave tried to address the question of
how CECs respond to two different stress typesdaiirie stress, that accompanies cerebral
iIschemia and osmotic stress, which has been sdobgssed to reversibly open the BBB for
therapeutic purposes. Since a detailed in vivohmaucal and molecular study of CECs is not
possible, we have used cultures of cloned muringinbendothelial cells and GP8
immortalized rat brain endothelial cells which acting to literature data and our results
retain in vivo characteristics, such as the exjpoassf von Willebrand factor and tight
junction proteins (Tontsch and Bauer, 1989 and @weed et al., 1996).

4.1. Oxidative stress and the blood brain barrier

Although there is a general agreement that CECsemsitive to oxidative stress, its
effect on endothelial viability is still controvéat Plateel et al. (1995) reported that LDH
activity in the culture medium of CECs did not iéase even after prolonged hypoxia. On the
other hand Mertsch et al. (1995) demonstrated fezgnit membrane damage even after 120
minutes hypoxia/30 minutes reoxygenation. Thisréigancy may arise from the differences
in the experimental conditions. To assess the manebrintegrity of CECs after
hypoxia/reoxygenation we have measured the LDHviagtin the culture medium. Our
results show that CECs do not exhibit a significactease in LDH activity in response to
hypoxia/reoxygenation indicating that the experitakrronditions used do not affect cell
viability.

The results presented here clearly indicate thaf<C&re sensitive to oxidative stress
and changes in the endothelial function appearredfee integrity and viability of the cells
are seriously affected. Oxidative stress causeda@drand intense decrease of the
transendothelial resistance which is a sign ofdased paracellular permeability. This led us
to assume that junctional proteins which are resipbe for the maintenance of the
paracellular barrier may represent a potential efargf reactive oxygen species. In our
experiments oxidative stress led to a downregutatiboccludin. The decrease of occludin
was even more pronounced in the absence of gluaasadition which better mimics the in
vivo situation when the blood supply of the branmpaired by different factors (e.g. stroke).

Changes in the expression of junctional proteinsegponse to hypoxia/reoxygenation have
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been demonstrated in several studies as well. &isgthal. (2002) have shown that hypoxia
causes a decrease in ZO-1 levels accompanied bynaeased phosphorylation and
redistribution of this protein. VEGF may play anpamtant role in this process (Fischer et al.,
2002). ZO-1 levels were also reduced by hypoxia in alveaklls, while occludin was
relocalized from the membrane to the cytoplasm (Bpet al., 2006). Results obtained from
the study of endothelial cells of non-cerebral iorigupport the idea that glucose may be an
important factor in the regulation of junctionabins in oxidative stress. Consistent with
our data presented here, Park et al. (1999) hawersthat dermal microvascular endothelial
cells respond to a combination of oxidative strasd absence of glucose with a significant
downregulation of occludin and cadherin and contami increase in permeability. A
proteolytic degradation of occludin associated vatreduction of TEER has been described
in Caco-2 epithelial cells (Rao et al., 2002) adl.wéowever, Mark and Davis (2002) found
using bovine brain microvascular endothelial cétiat hypoxia followed by reoxygenation
causes an increase in the expression of junctigmateins like ZO-1 and occludin
accompanied by an increased permeability to sucrose

The mechanism by which occludin is downregulatedubject of extensive study.
Most of our knowledge stems from experiments wipitheelial cells or endothelial cells of
non cerebral origin which makes it difficult to eldate the mechanism of occludin
downregulation in CECs. An important but not yedrifled issue in this respect is occludin
phosphorylation. A decreased phosphorylation ofuatic on threonine residues in response
to PKC (protein kinase c) activation in LLC-PK1 Iseled to a drop in the transendothelial
resistance (Clarke et al., 2000). In accordancé whese results it has been shown that
increased serine phosphorylation of occludin iatesl to the localization of occludin to the
tight junctions (Andreeva et al., 2001). An impaoitaole of occludin phosphorylation in the
regulation of epithelial or endothelial permeabiig supported by other experimental data as
well (Antonetti et al., 1999 and Hirase et al., 2DOMoreover, it has been shown that
inhibition of tyrosine phosphorylation leads to egthdation of occludin which is probably
mediated by metalloproteases (Wachtel et al., 1988) important pathway of occludin
downregulation involves proteasomal degradatiohalt been shown that occludin is able to
bind the ubiquitin ligase Itch which mediates thHequitination of occludin leading to its
degradation (Traweger et al., 2002). However, meadtlievidence of increased proteasomal

degradation of occludin in response to oxidativesst is available so far.
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MAP kinases are among the signaling pathways detivay oxidative stress. Our
finding that ERK1/2 was phosphorylated and thusvatgd in response to oxidative stress is
supported by results obtained from different typeendothelial and epithelial cells (Kevil et
al., 2000 and Lee et al., 200@)n important element of the regulation of MAPK ady in
conditions of oxidative stress is glucose depromatiAlthough absence of glucose alone did
not activate ERK1/2, absence of glucose combindt wxidative stress induced a drastic
activation of ERK1/2. The precise role of ERK1/2 the regulation of paracellular
permeability is still controversialt has been shown that activation of MAPK pathwisgd
to occludin downregulation and increased permdgiChen et al., 2000) and inhibition of
ERK1/2 during oxidative stress significantly redsi¢ke downregulation of occludin (Park et
al., 1999). The study performed by Kevil et al.@Pon HUVECS led to a similar result. On
the other hand, results by Wachtel et al. (2002)atestrate that ERK activity is essential to
rebuild a disrupted endothelial barrier after isoree

Besides tight junctions, adherens junctions playngportant role in maintaining the
paracellular barrier and the integrity of the BB8well (Pal et al., 1997). Cadherin is also
susceptible to ischemic downregulation (Abbrus@atd Davis, 1999b and Bush et al., 2000)
and a dissociation of the cadherin — catenin compleresponse to ischemia or oxidative
stress has been detected in MDCK (Madin-Darby @akidney) cells (Bush. et al., 2000)
caco-2 cells (Rao et al., 2002) and dermal microwas endothelial cells (Park et al., 1999).
Here we show that a dissociation of the cadher[rcatenin anda-catenin -[3-catenin
complex occurs in cerebral endothelial cells inpoese to hypoxia/reoxygenation as well.
Although cadherin levels were slightly reducgdcatenin 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 sequences of the hyperosmotic
environment is cellular shrinkage which at the lesfethe cerebral endothelium may lead to
the opening of the BBB (Greenwood et al., 1988)wkleer, there is evidence that reversible
osmotic disruption and reconstruction of the BBBiag due to simple mechanical shrinkage
of the endothelial cells but is mediated by thavatibn of several intracellular signaling
mechanisms. Nagashima et al. (1997) have shown akpbsure of rat brain capillary
endothelial cells to 1.4 M mannitol caused a rapalease of intracellular aconcentration

which reached its peak value within 10 seconds #ite application of mannitol and returned
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to the basal level within 200 seconds. Other ingastrs found similar results in aortic
endothelial cells as well showing that hyperosmetamditions leads to Gaentry from the
extracellular space (Marchenko et al., 2000).

We obserwed that 20% (1.1 M) mannitol induced aidrapnd reversible
phosphorylation of brain endothelial proteins. Thisding is in line with the results of
Ragette et al. (1997) showing that exposure ofioedt lung microvascular endothelial cells to
hyperosmotic conditions induced a genistein-inhitde increase of protein tyrosine
phosphorylation. However, tyrosine phosphorylatdiected different protein bands in these
cells and the kinetics of the phosphorylation wdteént as well. Hyperosmosis-induced
protein phosphorylation has been reported by Szsal. (1997) in Chinese hamster ovary
cells which affected proteins at 42, 85 and 120.KOeese and our data suggest that protein
targets of hyperosmosis-induced tyrosine phosphatoyl are cell specific. However,
relatively few proteins have been identified sotéabe phosphorylated on tyrosine residues in
response to osmotic stress.

Another network of signaling pathways which coutldztivated by hyperosmosis are
MAP kinases. Activation of ERK1/2, p38 and JNK heen observed in different cell types
like inner medullary collecting duct cells (Berladt, 1997) and bovine aortic endothelial cells
(Gatsios et al., 1998 and Duzgun et al., 2000)s@&studies have demonstrated that different
osmotic agents may induce MAPK activation diffehgnfThe downstream elements of
MAPK pathways are less well characterized. p38,eanber of the MAPK family has been
shown to be involved in the activation of the ti@amnsion factor osmosis response element
binding protein (OREBP/TonEBP) and thus may paéite in the regulation of potentially
osmoprotective genes. However, inhibition of p383B203580 was only partially able to
block the hypertonic induction of ORE reporter domst which suggests that other signaling
pathways may play a role in this process (Ko ¢t28l02). Beside regulation of osmosensitive
genes MAPKs have been shown to mediate several afhects of hyperosmosis like
increased leukocyte migration (Schéffler et al.0®@0Q L-selectin expression (Rizoli et al.,
1999) and IL-8 production (Németh et al., 2002).

In our study mannitol was able to induce a rapahcentration dependent activation
of ERK1/2. No activation of p38 could be observiederestingly, activation of ERK1/2 was
independent of tyrosine phosphorylation because 2680%vas able to inhibit only the

activation of ERK1/2 and had no influence on tynesphosphorylation.
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Rho and the Rho/ROK (Rho-kinase) pathway could bésivolved in mediating the
effect of hyperosmosis. This activation has beeswshto lead to the phosphorylation of
myosin light chain (Ciano et al., 2003). FurthereyjoRho family-dependent cytoskeleton
remodeling may be an important osmoprotective nespahat reinforces the cell cortex
(Ciano et al., 2002). However, as demonstratedimegperiments, mannitol induced tyrosine
phosphorylation in cerebral endothelial cells doe$ require activation of Rho and the
Rho/ROK pathway.

In contrast, we have shown that PP1, a selectigda@mily inhibitor, strongly reduced
tyrosine phosphorylation. It has been shown thanbess of the Src family, especially Fyn
are volume sensitive enzymes and are able to pbogpte protein components of the cell-
cell contact apparatus in different cell types (@sveet al., 2000 and Ko et al., 2002).
Recently Src has been found to localize to thenAWVECs (Lambeng et al., 2005).

Furthermore, we found that one of the targets iafsiype phosphorylation [$-catenin.
B-catenin in the Triton X-100 soluble fraction ispidly phosphorylated in response to
mannitol treatment and its phosphorylation statarns to control level within 10 minutes
after the removal of mannitol. No significant chang the Ser phosphorylation pfcatenin
was observed (data not shown).

Alteration of cadherin-mediated cell-cell adhesisrirequently associated to tyrosine
phosphorylation of3-catenin and the phosphorylation occurs mainly gn86 and Tyr-654
(Roura et al.,, 1999). Furthermore, it has been shtvat tyrosine phosphorylation @
catenin decreases the affinity @fcateninfor the cytosolic domain of E-cadherin (Roura et
al., 1999). Tyrosinephosphorylation off3-catenin (Tyr-142) has been reported to be
responsible for the disruption af-cateninp-catenin binding and altered cell adhesion as well
(Ozawa and Kemler, 1998, Pai et al., 2004).

In our attempt to decipher the signaling pathwageding to phosphorylation ¢
catenin we have found that the Src family kinasebihor PP-1 was able to inhikfg-catenin
phosphorylation. Src family members have been shtiwbe important regulators of AJ
protein phosphorylation and they can be activateditferent extracellular stimuli including
osmotic stress as demonstrated by Kapus et al9JI8THO cells. The mechanism by which
Src regulates BBB function is largely unknown. Aating to Kusaka et al. (2004) inhibition
of Src activation is able to reduce the BBB pernil#gghncrease, edema formation and
phosphorylation of VEGF and MAP kinases induced $ybarachnoid hemorrhage.
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Furthermore, in vitro studies have revealed that &n directly phosphorylate junctional
proteins (Kale et al., 2003) and Src induced tyregphosphorylation db-catenin and ZO-1

in epithelial cells can lead to redistribution ofingtional proteins and increase in
transepithelial electric resistance (Basuroy et aD03). Similarly to general tyrosine
phosphorylation, tyrosine phosphorylationfe€atenin could not be prevented by U0126 and
Y27632 indicating that ERK1/2 and Rho dependertiyays do not play a significant role in
this process.

An important regulator of tyrosine phosphorylatisncalcium which may exert its
effect through activation of different signaling tipaays. Furthermore an increase in
intracellular calcium in response to mannitol hisaaly been demonstrated. Despite these
findings our results show that extracellular catcidoes not play a major role in mannitol

induced tyrosine phosphorylation agatatenin phosphorylation in CECs.
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5. Summary

The blood-brain barrier plays an important role nmaintaining the constant
biochemical environment necessary for the physiodgactivity of neurons. Neurological
disorders or different stress factors affecting lbh@n may affect the BBB as well which in
turn could aggravate neuronal injury and negativelijpence the outcome of the disease. In
our experiments we have studied at molecular lavelconditions which may occur in vivo
as well: oxidative stress, which accompanies aelangmber of neurological disorders and
hyperosmotic stress which has been used for thetiapeopening of the BBB.

Our results show, that oxidative stress inducesvendegulation in the expression of
the tight junction protein occludin. A significafdactor in the regulation of occludin under
these experimental conditions is glucose: its atsemay significantly aggravate the damage
caused by oxidative stress. Furthermore, oxidatikess leads to disruption of the cadhé¥in-
catenin complex and an activation of ERK1/2, whishmore intense in the absence of
glucose. We have shown that one of the causeseoBBB breakdown is probably the
structural alteration of the junctional complex sed by oxidative stress, a process in which
ERK1/2 may play an important role.

Regarding the effects of hyperosmotic mannitol weantl that mannitol induced a
rapid, concentration dependent and reversible ityeophosphorylation of a broad range of
proteins between 50 and 190 kDa. One of the tagjetgosine phosphorylation turned out to
be the adherens junction protgircatenin. Phosphorylation @fcatenin on tyrosine residues
caused its subcellular redistribution and its dissteon from cadherin and-catenin as shown
by co-immunoprecipitation studies. All these effecbuld be inhibited by the Src-kinase
inhibitor PP-1 but not by the Erk inhibitor U0126e Rho-kinase inhibitor Y27632 or the
calcium channel blocker verapamil. Sin@ecatenin is a key component of the junctional
complex its Src-mediated phosphorylation may playngportant role in the mannitol induced
reversible opening of the BBB.

Our results clearly demonstrate, that CECs areagiiayers in the studied processes,
are able to respond quickly to environmental stinauld we were able to unravel some

molecular elements of the endothelial response.
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