
Cell Tissue Res (2004) 315:157–166
DOI 10.1007/s00441-003-0825-y

R E G U L A R A R T I C L E

Stefan Hamm · B�n�dicte Dehouck · J�rg Kraus ·
Karen Wolburg-Buchholz · Hartwig Wolburg ·
Werner Risau · Rom�o Cecchelli · Britta Engelhardt ·
Marie-Pierre Dehouck

Astrocyte mediated modulation of blood-brain barrier permeability
does not correlate with a loss of tight junction proteins
from the cellular contacts
Received: 16 May 2003 / Accepted: 10 October 2003 / Published online: 13 November 2003
� Springer-Verlag 2003

Abstract In the central nervous system (CNS) complex
endothelial tight junctions (TJs) form a restrictive para-
cellular diffusion barrier, the blood-brain barrier (BBB).
Pathogenic changes within the CNS are frequently
accompanied by the loss of BBB properties, resulting in
brain edema. In order to investigate whether BBB
leakiness can be monitored by a loss of TJ proteins from
cellular borders, we used an in vitro BBB model where
brain endothelial cells in co-culture with astrocytes form a
tight permeability barrier for 3H-inulin and 14C-sucrose.
Removal of astrocytes from the co-culture resulted in an
increased permeability to small tracers across the brain
endothelial cell monolayer and an opening of the TJs to
horseradish peroxidase as detected by electron microsco-

py. Strikingly, opening of the endothelial TJs was not
accompanied by any visible change in the molecular
composition of endothelial TJs as junctional localization
of the TJ-associated proteins claudin-3, claudin-5, oc-
cludin, ZO-1 or ZO-2 or the adherens junction-associated
proteins b-catenin or p120cas did not change. Thus,
opening of BBB TJs is not readily accompanied by the
complete loss of the junctional localization of TJ proteins.

Keywords Claudins · Occludin · Tight junction · Edema
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Introduction

Homeostasis of the central nervous system (CNS) micro-
environment is essential for its normal function and is
maintained by the blood-brain barrier (BBB), which
protects the CNS from compositional fluctuations within
the blood stream. The BBB is formed by highly special-
ized endothelial cells, which inhibit the transcellular
passage of hydrophilic molecules across the BBB by an
extremely low pinocytotic activity and restrict the para-
cellular diffusion of hydrophilic molecules by an elabo-
rate network of complex tight junctions (TJ) between the
endothelial cells (reviewed by Wolburg and Lippoldt
2002). The morphology of BBB TJs resembles those of
epithelial TJs, which in ultrathin section electron micro-
graphs appear as a chain of fusion points of the outer
plasma membrane leaflet of adjacent cells (Farqhuar and
Palade 1963). Despite the structural similarities between
BBB and epithelial TJs (Kniesel and Wolburg 2000),
BBB endothelial TJs are unique in their sensitivity to
ambient factors. Cultured epithelial cells establish a high
transepithelial electrical resistance and low permeability
in concert with a stable TJ morphology, mimicking the
situation in vivo (Gumbiner and Simons 1986). In
contrast, cultured BBB endothelium loses many BBB
characteristics including the formation of proper TJs and
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therefore of a highly restrictive paracellular permeability
barrier. During pathological conditions of the CNS such
as inflammation or tumor formation, loss of barrier
properties of the highly specialized cerebral endothelium
leads to edema formation and exacerbation of clinical
disease. Taken together this indicates that integrity of
BBB TJs strictly depends on signals provided by the CNS
microenvironment (Wolburg et al. 1994).

Neither the cell types within the CNS nor the signals
responsible for the maintenance of BBB characteristics in
cerebral capillary endothelium have been characterized to
date. Astrocytic endfeet are in close proximity to the
endothelial cell plasma membrane and are separated only
by the basal lamina. As the astroglial perivascular sheet is
a unique feature of CNS capillaries and forms at around
the same time as the permeability barrier develops
(Phelps 1972), astrocytes and their precursors have been
implicated in the induction and the maintenance of the
BBB (Goldstein 1988). Several in vitro BBB models,
which utilize the co-culture of cerebral brain endothelial
cells with primary astrocytes, thus mimicking the in vivo
BBB microenvironment, have confirmed this notion
(Meresse et al. 1989; Rubin et al. 1991; Wolburg et al.
1994). In most of those models at least certain BBB
characteristics such as a permeability barrier, high
electrical resistance or even transcytosis of LDL or
transferrin (Cecchelli et al. 1999) across the cerebral
endothelial monolayer can be demonstrated.

The aim of the present study was to investigate the
molecular changes possibly involved in the development
of BBB leakiness with special focus on the molecular
composition of tight junctions. Protein components asso-
ciated with endothelial TJs identified to date include
cytoplasmic peripheral membrane proteins of the MA-
GUK family such as ZO-1 and ZO-2 (reviewed by
Tsukita et al. 1999). Integral membrane proteins exclu-
sively localized at TJs are occludin (Furuse et al. 1993;
Ando-Akatsuka et al. 1996) and the claudins, which
comprise a novel gene family of TJ-associated proteins
with no sequence homology to occludin (Furuse et al.
1998; Morita et al. 1999a). Mice carrying a null mutation
in the occludin gene develop morphologically normal TJs
in most tissues including the brain (Saitou et al. 2000),
proving that occludin is not essential for proper TJ
formation. In contrast, transfection of claudins into
fibroblasts induced TJs in the absence of occludin,
demonstrating that claudins are essential for TJ induction
(Furuse et al. 1999; Morita et al. 1999b). To date, at least
20 members of the claudin family with different tissue
distribution have been described (Mitic et al. 2000). In
BBB endothelium expression of claudin-1 and the
endothelial cell specific claudin-5 has been described
(Morita et al. 1999b; Liebner et al. 2000a). In addition, we
recently demonstrated the localization of claudin-3 in TJs
of cerebral vessels in healthy brain tissue from man and
mouse (Wolburg et al. 2003).

To investigate the molecular composition of endothe-
lial TJs in correlation to barrier characteristics of the
BBB, we applied an in vitro BBB model where induction

and maintenance of a permeability barrier across cerebral
endothelial cells was dependent on the presence of
astrocytes, thus closely mimicking the situation in vivo.
Removal of astrocytes resulted in an increased perme-
ability to small tracers across the monolayer of brain
endothelial cells and an opening of the TJs for horseradish
peroxidase as detected by electron microscopy. We
demonstrate here that surprisingly modulation of the
paracellular permeability across the blood-brain barrier in
vitro does not readily correlate with the loss of TJ proteins
from the endothelial TJs.

Materials and methods

Antibodies and staining reagents

The following specific primary antibodies were used: rabbit
polyclonal anti-human occludin, rabbit polyclonal anti-human
ZO-1, rabbit polyclonal anti-canine ZO-2, and rabbit polyclonal
anti-mouse claudin-3 and rabbit polyclonal anti-human claudin-1
(Zymed: lot no. 10464713, catalog no. 51-9000) (all Zymed
Laboratories, Inc., San Francisco, CA). A rabbit polyclonal anti-
human claudin-1 antibody previously sold by Zymed (lot no.
01162834, catalog no. 71-7800, data not shown) was found to be
cross-reactive with claudin-3. The specificity of the anti-claudin
antibodies employed in this study was therefore verified by
immunofluorescence staining and Western blot analysis of trans-
fected mouse L cells expressing either murine claudin-1 or murine
claudin-3 (data not shown; the transfectants were kindly provided
by M. Furuse, Kyoto, Japan). Rabbit polyclonal anti-human von
Willebrand factor was obtained from Dako A/S (Glostrup,
Denmark); mouse monoclonal anti-mouse b-catenin (Clone 14)
and mouse monoclonal anti-mouse p120cas were obtained from
Transduction Laboratories (Lexington, KY). The rabbit polyclonal
antiserum raised against mouse claudin-5/TMVCF was kindly
provided by D.H. Kalbacher, T�bingen, Germany (Liebner et al.
2000a, 2000b). Secondary antibodies were Cy3-conjugated goat
anti-mouse or goat anti-rabbit IgG (Jackson Immunoresearch
Laboratories, Inc., West Grove, PA) and Alexa-conjugated goat
anti-rabbit IgG (MoBiTec, G�ttingen, Germany).

FITC-labeled phalloidin (Sigma, Deisenhofen, Germany) was
used to stain the actin cytoskeleton.

Isolation of bovine brain capillary endothelial (BBCE) cells

Bovine brain capillary endothelial cells were isolated as described
by Meresse et al. (1989). Using this culture technique with cloned
endothelial cells allowed us to obtain highly pure endothelial cell
cultures without contaminating pericytes. Passaged BBCE cells
were cultured on gelatine coated Petri dishes in Dulbecco’s
modified Eagle’s medium (DMEM; glucose concentration: 1 g/l)
supplemented with 10% (v/v) heat inactivated newborn calf serum
(CS) and 10% (v/v) heat inactivated horse serum (HS) (Life
Technologies, Karlsruhe, Germany), 2 mM l-glutamine, 50 mg/ml
gentamycin and 1 ng/ml basic fibroblast growth factor (bFGF,
Sigma, Deisenhofen, Germany). BBCE cells were used up to
passage 7.

Rat astrocyte cultures

Primary cultures of glial cells were prepared from the cerebral
cortex of newborn rats according to the protocol of Booher and
Sensenbrenner (1972), where after removal of the meninges, the
brain tissue is forced gently through a nylon sieve and plated onto
six-well plates (Greiner, Frickenhausen, Germany) at a concentra-
tion of 1.2�105 cells/ml in DMEM (glucose concentration: 1 g/l)
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supplemented with 10% (v/v) heat inactivated fetal calf serum
(PAN, N�rnberg, Germany), 2 mM l-glutamine and 50 mg/ml
gentamycin. Three weeks after plating the purity of the astrocyte
cultures was confirmed to be >95% by immunofluorescence
staining for glial fibrillary acidic protein (GFAP) and these cultures
were then used in co-culture with bovine brain endothelial cells.

In vitro blood-brain barrier (BBB) culture model

BBCE cells were cultured on collagen-coated filter inserts (Mil-
licell CM, 0.4 mm pore size, 30 mm diameter, Millipore, Eschborn,
Germany). The filter inserts were coated on the upper side with
150 ml rat tail collagen solution (Descamps et al. 1997) supple-
mented with 10� DMEM and 0.3 M NaOH. After incubation for 1 h
at 37�C the collagen coat was rinsed with H2O and PBS. Collagen-
coated filter inserts were placed into six-well plates containing
astrocyte cultures. BBCE cells (4�105 cells/ml) were plated on the
upper side of the filter insert. The co-culture medium was DMEM
(glucose concentration: 1 g/l) supplemented with 10% (v/v) CS and
10% (v/v) HS, 2 mM glutamine, 50 mg/ml gentamycin and 1 ng/ml
bFGF. The co-culture medium was changed every other day. After
3 days BBCE cells reached confluency and were grown for another
7–9 days in co-culture with rat astrocytes to form a tight barrier.

Experimental setup

After 10–12 days in total, co-culture of BBCE cells with astrocytes
was either continued or discontinued by removing the filter inserts
from the co-culture and placing them in new six-well plates for the
time periods indicated in “Results” (Fig. 1). Paracellular perme-
abilities of BBCE cell monolayers in the absence or presence of
astrocytes using radiolabeled tracers 3H-inulin and 14C-sucrose
were tested in each assay and are not identical for different BBCE
clones. Therefore measurements of paracellular permeabilities of
BBCE cells using horseradish peroxidase (see below) or immuno-
fluorescence studies (see below) were always accompanied by
measurements of paracellular permeability using radiolabeled
tracers 3H-inulin and 14C-sucrose as a reference measurement
within each assay. Each assay was repeated with different BBCE
clones and performed at least three times.

Transendothelial permeability of BBCE cell monolayers
for 14C-sucrose and 3H-inulin

For quantitative measurement of the paracellular permeability
across BBCE cell monolayers, the filter inserts were transferred to
six-well plates containing 2.5 ml of HEPES-buffered Ringer’s
solution per well (lower compartment). At time zero, 14C-sucrose
(c=0.05 mCi/ml) and 3H-inulin (c=0.5 mCi/ml) were added in 1.5 ml
of HEPES-buffered Ringer’s solution on top of the BBCE cell

monolayer (upper compartment). Under these conditions hydro-
static pressure did not interfere with the permeability measurement.
Plates were incubated at 37�C in a 5% CO2/95% air atmosphere.
Filter inserts were transferred to new six-well plates containing
2.5 ml HEPES-buffered Ringer’s solution per well every 10 min
over a time period of 40 min. Values were measured in triplicate.
Aliquots were taken from the lower compartment at each timepoint
and from the stock solution and radioactivity was determined by
using a b-scintillation counter (Canberra Packard, Frankfurt a.M.,
Germany). Permeabilities of BBCE cell monolayers for 3H-inulin
and 14C-sucrose were calculated according to the method of
Siflinger-Birnboim and colleagues (Siflinger-Birnboim et al. 1987)
using the clearance principle as described previously (Cecchelli et
al. 1999). All experiments were repeated at least five times.

Ultrastructural analysis of BBCE cell monolayers

Wheat germ agglutinin conjugated horseradish peroxidase (WGA-
HRP) (Sigma, Deisenhofen, Germany) was used for ultrastructural
analysis of BBCE cell monolayer permeability. Filter inserts with
or without BBCE cells were transferred into six-well plates
containing 2.5 ml of HEPES-buffered Ringer’s solution (lower
compartment), and 1.5 ml of HEPES-buffered Ringer’s solution
supplemented with 0.1 mg/ml WGA-HRP was applied to the upper
compartment. After 10 min incubation at 37�C in a 5% CO2/95%
air atmosphere the WGA-HRP solution was removed, and the
specimens were washed twice with HEPES-buffered Ringer’s
solution and fixed for 1 h at room temperature with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4). After washing
with 0.1 M sodium cacodylate (pH 7.4), the fixed BBCE cell
monolayers were incubated for 30 min at room temperature with
the HRP substrate 3, 3’-diaminobenzidine tetrahydrochloride
(1.5 mg/ml; Sigma, Deisenhofen, Germany) and 0.02% H2O2 (v/
v) in a TRIS-imidazol buffer (0.1 M imidazol, 0.05 M TRIS/HCl,
pH 7.0). After washing with 0.1 M sodium cacodylate (pH 7.4),
cells were fixed again for 1 h at RT with 2.5% glutaraldehyde in
cacodylate buffer. Specimens were washed twice with 0.1 M
sodium cacodylate buffer (pH 7.4), postfixed with 1% OsO4 in
0.1 M cacodylate buffer and dehydrated in an ethanol series. The
70% ethanol step was saturated with uranyl acetate for contrast
enhancement. Dehydration was completed in propylene oxide and
samples were embedded in Araldite (Serva, Heidelberg, Germany).
Ultrathin sections were mounted on pioloform-coated copper grids
and contrasted in part with lead citrate. Specimens were observed
and documented with an EM 10A electron microscope (Zeiss,
Oberkochen, Germany). Control samples were processed identi-
cally except that WGA-HRP was omitted from the solution added
to in the upper compartment. No electron-dense HRP reaction
product was seen in these specimens.

Fig. 1 Experimental setup of
the in vitro BBB. BBCE cells
and rat astrocytes were co-cul-
tured for 10–12 days prior to the
assays. Co-culture was either
continued or alternatively dis-
continued by placing the filter
inserts in new six-well tissue
culture plates without astro-
cytes. Permeabilities across the
BBCE cell monolayers were
compared at the timepoints in-
dicated in “Results”
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Immunofluorescence studies

BBCE cells grown on filter inserts were washed with HEPES-
buffered Ringer’s solution and fixed with 1% formaldehyde in PBS
at RT or with methanol at �20�C. After washing/rehydration with
PBS, BBCE cells were permeabilized with 0.1% Triton X-100 in
PBS for 10 min. After washing with PBS the filter membrane with
the BBCE cell monolayers was cut out of the filter inserts and
transferred into a multiwell plate. Following a 10-min incubation
with normal goat serum (NGS), cells were incubated with solutions
of the primary antibodies for 1 h at RT in a humidified chamber; the
antibodies were diluted in PBS supplemented with 10% normal
goat serum (NGS). After four PBS washes, cells were incubated
with secondary antibodies for 1 h at RT in the dark. After washing
with PBS the filter membranes with the stained BBCE cells on top
were mounted with Mowiol 4-88 solution (Calbiochem Co., La
Jolla, CA) and the staining was analyzed using an Axiophot
microscope (Zeiss, Oberkochen, Germany).

Quantification of immunofluorescence stainings was performed
by evaluating the number of high intensity pixels for at least 15
cells using the software Corel Photo Paint 11.

Statistics

Statistical evaluation of permeability and pixel measures was
performed by an unpaired Student’s t-test using the Macintosh
software Instat, with results considered as follows: p<0.05 =
significant; p<0.01 = very significant and p<0.005 = extremely
significant.

Results

Maintenance of a permeability barrier across cerebral
endothelial cells in vitro is dependent on the presence
of astrocytes

An in vitro BBB model was used where cloned bovine
brain capillary endothelial (BBCE) cells are grown on
collagen-coated filter inserts and co-cultured with primary
rat astrocytes in a two-chamber system (Fig. 1). As shown
previously (Dehouck et al. 1990), clones of BBCE cells
were able to form a tight paracellular permeability barrier
for 3H-inulin and 14C-sucrose in the presence (i.e.,
Pe(inulin)=0.07�10�3€0.00�10�3 cm/min and Pe(sucrose)=
0.16�10�3€0.01�10�3 cm/min) but not in the absence
of primary rat astrocytes (Pe(inulin)=0.19�10�3€ 0.01�
10�3 cm/min; p<0.001 and Pe(sucrose)= 0.54�10�3€0.03�
10�3 cm/min; p<0.001).

As only BBCEs grown in the presence of astrocytes
were induced to form a tight permeability barrier, we
asked whether maintenance of the barrier was also
dependent on the presence of astrocytes. Therefore,
BBCE cells were allowed to form a permeability barrier
during 10 days of co-culture with rat astrocytes, then the
filter inserts with BBCE cells were removed from the co-
culture and cultured in the absence of astrocytes for 1�4
consecutive days (Fig. 1). Paracellular permeability of the
radiolabeled tracers 14C-sucrose and 3H-inulin across the
BBCE cell monolayers cultured in the absence of rat
astrocytes was measured and compared to the permeabil-
ity measurements obtained for BBCE cells in continued
co-culture with rat astrocytes during the entire time

period. As soon as 24 h after removal of astrocytes from
the co-culture depending on the investigated BBCE clone,
a two- to threefold increase in the permeability of BBCE
cell monolayers for 14C-sucrose and 3H-inulin could be
measured which did not further increase with time
(Fig. 2). Therefore, establishment and maintenance of a
permeability barrier by BBCE cells in vitro was directly
dependent on the presence of astrocytes and made this in
vitro BBB model suitable for the study of molecular
changes of endothelial TJs associated with alterations of
the endothelial paracellular permeability.

The modulation of the in vitro permeability barrier
of BBCE cells is not correlated with a loss
of the cortical actin belt

TJs are intracellularly connected with the actin cytoskel-
eton and its reorganization can cause paracellular perme-
ability changes of cell layers. Therefore we analyzed the
actin cytoskeleton of BBCE cells from continued or
discontinued co-cultures with astrocytes by using FITC-
phalloidin. In order to be able to correlate these findings
with the permeability barrier characteristics of BBCE cell
monolayers, the paracellular permeability for the radio-
active tracers 3H-inulin and 14C-sucrose was measured
within the very same experimental setup. BBCE cells
grown in co-culture with astrocytes formed a permeability
barrier with Pe(inulin)=0.24�10�3€0.03�10�3 cm/min and
Pe(sucrose)=1.05�10�3€0.13�10�3 cm/min, and analysis
of actin cytoskeleton revealed a strong cortical actin belt
(Fig. 3). Removal of astrocytes from the co-culture
resulted in an increase in BBCE cell monolayer perme-
ability with Pe(inulin)=1.00�10�3€0.19�10�3 cm/min
(p<0.005) and Pe(sucrose)=3.57�10�3€0.69�10�3 cm/min
(p<0.005), but the strong cortical actin belt remained
unchanged (Fig. 3). Thus, the modulation of the in vitro
permeability barrier formed by cerebral endothelial cells
was not correlated with a loss of the cortical actin belt at
the cellular borders.

Modulation of the paracellular permeability barrier
of BBCE cells in vitro at the ultrastructural level

We next asked if the increased permeability observed in
BBCE cell monolayers after termination of the co-culture
with astrocytes was associated with differences in the
integrity of BBCE cell-to-cell contacts. Therefore we
analyzed at the ultrastructural level the passage of
wheat germ agglutinin-horseradish peroxidase conjugates
(WGA-HRP) across the BBCE cell monolayer. This
ultrastructural analysis allowed us to determine whether
the increased permeability across BBCE cell monolayers
after termination of the co-culture was solely due to a
higher paracellular diffusion rate of the tracers or also
mediated by endothelial pinocytosis resulting in an
increased transcellular transport of tracers. In order to
correlate these observations with permeability barrier
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characteristics of BBCE cell monolayers, the paracel-
lular permeabilities for the radioactive tracers 3H-inulin
and 14C-sucrose were always measured within the very
same experimental setup. In BBCE cell monolayers
grown in co-culture with astrocytes (Pe(inulin)=
0.17�10�3€0.02�10�3 cm/min and Pe(sucrose)=0.51�
10�3€0.04�10�3 cm/min) the electron-dense reaction
product of WGA-HRP was detected at the apical plasma
membrane of BBCEs and within rare vesicles along the
apical surface (Fig. 4a, b). Furthermore the WGA-HRP
reaction product could be seen in interendothelial clefts
up to areas where plasma membranes of two adjacent
endothelial cells formed a TJ (Fig. 4a, b). In a total of 32
analyzed BBCE cells WGA-HRP reaction product could
never be detected below the tight junctional area or at the

basolateral surface of the BBCE cells or within the
underlying collagen gel. Removal of astrocytes leading to
increased permeabilities of BBCE cell monolayers for 3H-
inulin and 14C-sucrose (Pe(inulin)=0.51�10�3 €0.06�
10�3 cm/min and Pe(sucrose)=1.37�10�3€0.11�10�3 cm/
min; p<0.005) within 48 h was associated with an
increased diffusion of WGA-HRP through the cell-to-cell
contacts: WGA-HRP reaction product was detected
without any exception throughout the entire intercellular
cleft, additionally along the basolateral membrane in a
total of 38 BBCE cells analyzed and within the collagen
gel (Fig. 4c, d). Quantification of the number of
pinocytotic vesicles in BBCE cells in coculture revealed
48 apical, 36 basolateral and 2 basal vesicles in a total of
32 cells, which averages 2.7 vesicles per cell. Upon

Fig. 3 Actin cytoskeleton of
BBCE cells. Actin cytoskeleton
of BBCE cells of the clone pJ in
co-culture with astrocytes and
after termination of the co-cul-
ture is shown. Immunofluores-
cence of the actin cytoskeleton
with FITC-phalloidin shows a
cortical ring in BBCE cells for
both culture conditions. �250

Fig. 2 Modulation of the in vitro BBB. Effect of the co-culture on
the maintenance of a permeability barrier across a BBCE cell
monolayer. After 10 days of co-culture with astrocytes, BBCE cells
were removed from the co-culture and grown in the absence of
astrocytes for 1, 2 or 4 consecutive days. Permeability changes in

comparison to the co-culture control were measured using 14C-
sucrose and 3H-inulin as tracers. One representative experiment of
n=5 for two different BBCE clones, namely Lau-1 (24 h) and pJ (48
and 96 h), is shown for each timepoint. Bars represent means of
triplicates € SE
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removal of astrocytes vesicle counts revealed 42 on the
apical, 58 on the basolateral and 15 on the basal site of 38
counted BBCEs, which averages 3 vesicles per cell.
Therefore the number of intracellular vesicles staining
positive for the WGA-HRP reaction product was not
increased compared to the number of pinocytotic vesicles
in BBCE cells in co-culture with astrocytes. Thus,
increased permeabilities for 3H-inulin and 14C-sucrose
across BBCE cell monolayers upon removal of astrocytes
was accompanied by an opening of BBCE cell TJs to
WGA-HRP.

Subcellular localization of BBB endothelial
junction-associated molecules

After demonstrating the opening of the tight junctional
barrier at the ultrastructural level, we were interested in
whether the modulation of endothelial TJs between BBCE
cells upon removal of astrocytes was due to the loss of TJ-
associated molecules from the cell borders. Therefore,
permeability measurements were performed in parallel to
immunofluorescence studies for the TJ-associated mole-
cules claudin-1, claudin-3, claudin-5, occludin, ZO-1 and
ZO-2 at 24 h, 48 h or 96 h after termination of the
coculture. We also included an analysis of the adherens
junction-associated proteins b-catenin and p120cas as in
cerebral endothelial cells non-occluding adherens junc-
tions were found in close proximity to TJs (Schulze and
Firth 1993) and were suggested to enhance the occlusive
function of TJs.

Immunostaining for claudin-3 and claudin-5 of BBCE
cell monolayers derived from co-cultures with astrocytes
(Pe(sucrose)=0.47�10�3€0.07�10�3 cm/min) showed a
strict localization for both claudins at the endothelial cell
borders (Fig. 5), whereas no junctional staining of BBCEs
could be observed with the anti-claudin-1 antibody (data
not shown). Immunostaining of BBCE cell monolayers
24 h after removal of astrocytes revealed no signifi-
cant changes in the subcellular distribution of claudin-3
and claudin-5 although the paracellular permeability
was already dramatically increased (Pe(sucrose)=
0.9�10�3€0.007�10�3 cm/min, p<0.05). Lack of signifi-
cant changes in the localization of claudin-3 and claudin-
5 in endothelial cell junctions was confirmed in an effort
to quantify junctional stainings of BBCE monolayers. The

Fig. 4a–d Ultrastructural study of the passage of WGA-HRP
across BBCE cell monolayers. Electron micrographs of BBCE
cells (clone pJ) cultured on collagen-coated filter inserts are shown.
After 12 days of co-culture with astrocytes, co-culture was either
continued (a, b) or discontinued (c, d) for two consecutive days.
Diffusion of WGA-HRP across the BBCE cell monolayer was
investigated for 10 min after adding WGA-HRP to the upper
compartment of the two-chamber system. a, b In the intercellular
cleft, the reaction product penetrates from the “luminal” compart-
ment (asterisks) to the TJ which occludes the cleft (arrows). The
intercellular cleft from this point to the basal membrane is free of
the electron-dense reaction product. c, d After termination of the
co-culture there is no occlusion of the intercellular cleft between
the BBCE cells, and the tracer is allowed to penetrate from the
“lumenal” compartment (asterisks) through the entire intercellular
cleft and is deposited in the underlying collagen matrix (arrow-
heads). Bars 0.5 �m (a, c), 0.25 �m (b, d)

Fig. 5 Subcellular distribution
of claudins in BBCE cells. Im-
munofluorescence staining of
BBCE cells in co-culture with
astrocytes (left panel) and 24 h
after termination of the co-cul-
ture (right panel) are shown. No
difference in the subcellular
distribution of claudin-3 or
claudin-5 can be observed.
Staining for claudin-1 did not
reveal a junctional staining (not
shown). �250
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mean number of high intensity pixels for claudin-3
staining was calculated to be 2,659€1,075 vs 2,305€1,093
(p>0.5) and for claudin-5 2,155€930 vs 2,712€1,143
(p>0.45) when comparing BBCEs in coculture with
astrocytes vs BBCEs 24 h after termination of coculture,
respectively.

Furthermore occludin, ZO-1, ZO-2, b-catenin and
p120cas were exclusively detected at the cell-to-cell
contacts of BBCE cells grown in co-cultures with
astrocytes (Pe(inulin)=0.04�10�3€0.01�10�3 cm/min and
Pe(sucrose)=0.09�10�3€0.01�10�3 cm/min) (Fig. 6). Im-
munofluorescence studies of BBCE cells 96 h after
termination of the co-culture (Pe(inulin)=0.10�10�3€
0.02�10�3 cm/min, p<0.01, and Pe(sucrose)=0.26�10�3€

0.03�10�3 cm/min, p<0.001) showed also no visible
change in the subcellular distribution of these molecules
(Fig. 6 and not shown). Lack of significant changes in the
localization of junctional proteins was confirmed by an
effort to quantify junctional staining of b-catenin in
BBCE monolayers. The mean number of high intensity
pixels for b-catenin staining was calculated to be
14,959€2,564 vs 17,584€5,116 (p=0.4) when comparing
BBCEs in coculture with astrocytes versus BBCEs 4 days
after termination of coculture, respectively. Thus, in vitro
an increase in paracellular permeability across BBCE
monolayers is not readily accompanied by the visible loss
of a tight junction protein from the cell-to-cell contact.

Fig. 6 Subcellular distribution
of junction-associated mole-
cules in BBCE cells. Immuno-
fluorescence stainings of BBCE
cells in co-culture with astro-
cytes (left panel) and 4 days
after termination of the co-cul-
ture (right panel) are shown. No
difference in the subcellular
distribution of occludin, ZO-1,
ZO-2, b-catenin and p120cat can
be observed. �300
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Discussion

The fully differentiated BBB consists of a complex
cellular system of highly specialized endothelial cells, a
high number of pericytes embedded in the basal mem-
brane, perivascular macrophages and astrocytic endfeet.
While the endothelial cells form the barrier proper, the
interaction with adjacent cells seems to be a prerequisite
for barrier function. The complex tight junctions (TJs)
between endothelial cells are primarily responsible for the
barrier function and unlike simple TJs provide a high
electrical resistance (about 2,000 W�cm2) (Crone and
Olesen 1982). The molecular changes involved in
dysfunction of BBB endothelial TJs have not yet been
characterized. Several studies have suggested that TJ
integrity is dependent on the structural organization of the
TJ-associated proteins and their interaction with the actin
cytoskeleton. Thus, breakdown of the BBB as observed in
CNS disorders might be associated with an alteration of
the molecular composition of BBB TJs. This notion is
supported by observations made by us and others. We
have observed a selective loss of claudin-3, but not
claudin-5, ZO-1 or occludin, from BBB TJs in altered
blood vessels in human glioblastoma multiforme and in
experimental autoimmune encephalomyelitis (Wolburg et
al. 2003), whereas leaky blood vessels of the CNS in
dystrophic mdx mice have been shown to demonstrate a
loss of junctional localization of ZO-1 and claudin-1
(Nico et al. 2003).

In order to investigate molecular changes at cerebral
TJs associated with the development of BBB leakiness, we
established an in vitro BBB model which would allow us
to correlate expression and subcellular localization of TJ
molecules in cerebral endothelial cells with their barrier
characteristics. Several in vitro BBB models have been
established which utilize the co-culture of cerebral porcine
or bovine brain endothelial cells with primary astrocytes
mimicking the in vivo BBB microenvironment (Meresse
et al. 1989; Rubin et al. 1991; Wolburg et al. 1994). In this
study we decided to employ an in vitro BBB model, in
which bovine brain endothelial (BBCE) cells are co-
cultured with primary rat astrocytes and which has proven
to maintain many BBB characteristics in addition to a
permeability barrier (reviewed in Cecchelli et al. 1999). In
agreement with numerous previous studies (reviewed in
Wolburg and Lippoldt 2002), BBCE cells grown in
monoculture in vitro did not build a permeability barrier
to tracers, whereas co-culture of BBCE cells with primary
astrocytes for 10 days induced a tight permeability barrier.
We furthermore demonstrate here that removal of astro-
cytes from the co-culture resulted in an increased perme-
ability for tracers across the barrier built by BBCE cells.
Therefore in this in vitro system the permeability barrier of
the BBCE cells was directly dependent on humoral factors
present in the co-culture only. Modulation of the BBB in
vitro was due to the opening of the endothelial TJs as
demonstrated by an ultrastructural analysis using horse-
radish peroxidase. An increase in the number of pinocy-
totic vesicles leading to an increased transendothelial
transport of tracers did not occur.

In cerebral endothelial cells tight and adherens junc-
tions have been described to be intercalated (Schulze and
Firth 1993). This has been supported by the finding that
the TJ protein claudin-5 precisely colocalizes with the
adherens junction protein VE-cadherin (Morita et al.
1999b). In addition, expression and localization of b-
catenin and p120cas have been described to be crucial for
the functional state of adherens junctions in endothelial
cells (Dejana 1996). Therefore we investigated the
subcellular localization of the adherens junction mole-
cules b-catenin and p120cas in BBCE cells in correlation
to the permeability barrier formed in vitro. We did not
observe any changes in the subcellular distribution of b-
catenin and p120cas in correlation to permeability changes
in vitro, suggesting that there is no major alteration in the
molecular architecture of adherens junctions.

The observed maintenance of the cortical actin belt in
BBCE cells after removal of astrocytes further supports the
view that opening of the endothelial junctions is not
mediated by a general loss of junction-associated mole-
cules from the cell-to-cell contacts of BBCE cells. This
notion is also underlined by our observations that the
subcellular distribution of the TJ-associated proteins ZO-1,
ZO-2, occludin, claudin-3 and claudin-5 did not change
during permeability changes in vitro. A lack of sensitivity
of the immunostaining to visualize a change in the
localization of TJ-associated proteins seems unlikely since
we have previously demonstrated that a 30-min treatment
of BBCEs with mannitol, a mannose-derived sugar alcohol
commonly used to increase paracellular permeability
across the BBB (Rapoport and Robinson 1986), resulted
in an increase in the paracellular permeability across
BBCE cell monolayers and under these conditions oc-
cludin staining showed disruptions and large gaps between
the BBCE cells (Brillaut et al. 2002). In the experiments
performed in the present study, no gaps were observed in
between BBCE cells and permeability increase values
were less prominent than in the mannitol treatment.

Using immunostaining techniques, we did not find any
visible loss of TJ molecules from endothelial junctions,
correlating with the early opening of the TJs to paracel-
lular tracers in vitro. Therefore our data suggest that
paracellular permeability is not simply controlled by the
presence or absence of TJ-associated proteins within the
junctions. This is at least true during embryonic devel-
opment, where claudin-5 is detected in cerebral endothe-
lial TJs at early timepoints during brain angiogenesis well
before the formation and maturation of the BBB,
demonstrating that maturation of the permeability barrier
is not attributable to the developmental changes in the
expression of claudin-5. In contrast, during pathological
conditions within the CNS such as glioblastoma multi-
forme or CNS inflammation, the selective loss of claudin-
3, but not of claudin-5, ZO-1 or occludin, from altered
cerebral vessels was observed by us previously (Wolburg
et al. 2003), suggesting that loss of TJ proteins from cell-
to-cell contacts can be a late event in BBB breakdown.

Taken together, our in vitro data demonstrate that
surprisingly TJ-associated proteins retain their localiza-
tion at the endothelial TJ in the face of an increase in
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paracellular permeability. This seems to be in apparent
contrast to in vivo observations, where a complete loss of
TJ-associated proteins from the BBB TJs was observed in
long established pathological conditions accompanied by
BBB breakdown. We thus conclude that loss of localiza-
tion of TJ-associated proteins from the BBB TJs is a
relatively late event, which is not yet observed in the
comparatively short term in vitro experiments performed
here. Consequently, early and more subtle changes at the
TJ distinct from the complete loss of TJ-associated
proteins, i.e., their phosphorylation, cause the increase in
paracellular permeability observed in the present study.
The molecular nature of these changes will have to be
investigated in more detail.
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