
272

Abstract The blood-brain barrier (BBB), mediated by
endothelial tight junctions, is defective in malignant gliomas
such as glioblastoma, resulting in cerebral edema and
contrast enhancement upon neuroradiological examina-
tion. The mechanisms underlying BBB breakdown are es-
sentially unknown. Since non-neoplastic astrocytes are re-
quired to induce BBB features of cerebral endothelial
cells, it is conceivable that malignant astrocytes have lost
this ability due to dedifferentiation. Alternatively, glioma
cells might actively degrade previously intact BBB tight
junctions. To examine the latter hypothesis, we have em-
ployed a transepithelial electrical resistance breakdown as-
say using monolayers of the C7 subclone of Madin-Darby
canine kidney (MDCK-C7) cells forming tight junctions sim-
ilar to those of BBB endothelial cells. We found that glio-
blastoma primary cells co-cultured with the MDCK-C7
monolayer (without direct contact of the two cell types)
resulted in marked breakdown of electrical resistance,
whereas primary cultures derived from low-grade gliomas
(fibrillary astrocytoma, oligoastrocytoma) showed delayed
or no effects. These results suggest that malignant gliomas
have acquired the ability to actively degrade tight junc-
tions by secreting soluble factors, eventually leading to
BBB disruption within invaded brain tissue.
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Introduction

The blood-brain barrier (BBB) protects the microenviron-
ment of the central nervous system, which is essential for
its normal function. The BBB is formed by highly spe-
cialized endothelial cells characterized by lack of fenes-
trations, rare endocytotic vesicles and a network of complex
tight junctions between endothelial cells [26, 31]. Normal
astrocytes and possibly other cell types in the brain se-
crete factors that are required to induce BBB features of
endothelial cells [1, 8, 26] and some of these factors have
now been identified [13].

In malignant gliomas, such as glioblastoma, the BBB
is leaky, as visualized by immunohistochemistry of plasma
proteins using biopsy specimens [29] as well as by het-
erogeneous contrast enhancement upon neuroradiological
examination [25]. In contrast, the BBB is usually pre-
served in low-grade (WHO grade II) gliomas such as as-
trocytoma and oligodendroglioma. The increased trans-
cellular and paracellular passage of molecules across the
defective BBB leads to brain edema and substantially con-
tributes to patient morbidity [22]. Glioblastoma vessels, in
particular those with endothelial hyperplasia, commonly
show abnormal structural features of endothelial cells, such
as frequent fenestrations, prominent pinocytotic vesicles,
lack of perivascular glial endfeet, as well as opening, loss
and/or abnormal morphology of tight junctions [6, 14].
Accordingly, immunohistochemical studies have revealed
that some transmembrane tight junction components are
down-regulated in glioblastoma microvessels, including
occludin and claudin-3 [23, 32], while claudin-5 and the
intracellular tight junction component ZO-1 are addition-
ally down-regulated in hyperplastic vessels [14, 28]. Ab-
normal expression of these tight junction components has
been associated with loosening of the BBB, as described
for claudin-5-deficient mice [20].

Two hypotheses may explicate the pathogenesis of BBB
breakdown in malignant gliomas. First, it is conceivable
that dedifferentiated glioma cells have lost the ability of
inducing BBB features in endothelial cells, making the
exuberant de novo vascular proliferations typical of glio-
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blastomas functionally defective. Second, glioma cells might
secrete factors that actively open or degrade initially in-
tact BBB tight junctions. The finding of structural and
functional BBB impairment even in peritumoral brain and
in the invasion area [2, 5] indeed suggests involvement of
factors inactivating the BBB. However, experimental evi-
dence supporting either hypothesis is so far missing. To
examine the latter hypothesis, i.e., active opening of intact
tight junctions, we have employed a transepithelial elec-
trical resistance (TEER) breakdown assay using monolay-
ers of the C7 subclone of Madin-Darby canine kidney
(MDCK-C7) cells, which form tight junctions similar to
those of BBB endothelial cells [16, 34]. In this functional
assay, TEER breakdown indicates disrupted tight junction
function.

Materials and methods

Cell culture

Primary cells from three glioblastomas (TB286, TB288, TB1338)
(WHO grade IV), one fibrillary astrocytoma (WHO grade II) and
one oligoastrocytoma (WHO grade II) were prepared from speci-
mens of patients undergoing tumor resection at the University
Hospital Münster. Neuroradiologically, glioblastomas exhibited
heterogeneous contrast enhancement, whereas low-grade gliomas
did not enhance. Histological diagnosis was performed according
to the WHO classification [10] on both frozen sections (taken ad-
jacent to the tissue used for experiments) and paraffin sections. Im-
mediately after resection, tumor tissue was finely minced with two
scalpels and incubated in cell culture medium (MEM containing
10% fetal calf serum, 100 U/ml penicillin and 100 µg/ml strepto-
mycin) in a culture dish of 10 cm diameter (Nunc, Wiesbaden,
Germany) at standard conditions (37°C, humidified air containing
5% CO2) for 48 h. Subsequently, the medium containing cell and
tissue debris was aspirated and the plate was rinsed twice with phos-
phate-buffered saline (PBS). The remaining adherent cells were
overlaid with medium and cultured under standard conditions. Cells
of the first five passages were used for the experiments. The
melanoma cell line A7, serving as a highly invasive control, and
MDCK-C7 cells have been previously described [33, 34]. All cell
culture reagents were purchased from Biochrom (Berlin, Ger-
many).

TEER breakdown assay

A schematic model of the TEER breakdown assay is given in Fig. 1.
MDCK-C7 cells were grown on filter membranes (growth area,
4.2 cm2; pore diameter, 0.4 µm; thickness, 20 µm; Falcon, Heidel-
berg, Germany). MDCK-C7 cells (106 cells) were seeded on the
reverse side of an upside-down-oriented membrane filter cup. After
4 h, the supernatant was removed and the filter cup was placed in a
six-well culture plate in the right orientation. Medium exchange
and TEER measurement started 48 h after seeding MDCK-C7
cells. After another 4–20 days, tumor cells were added into the up-
per compartment of the filter cup, separated from MDCK-C7 cells
by the filter membrane. The filter cup membrane had been tested
for transmigration and found to be impermeable to MDCK-C7,
melanoma and glioblastoma cells. For control experiments,
MDCK-C7 but no tumor cells were seeded in the upper chamber.
For experiments without tumor cells, lipopolysaccharide (LPS)
from E. coli (0111:B4; lyophilized and sterilized by γ-irradiation;
Sigma-Aldrich, St. Louis, MO) was applied in the upper compart-
ment at final concentrations of 0.01, 1 or 100 µg/ml.

For TEER measurements, published in detail previously[34], we
used commercially available STX-2 chopstick electrodes (WPI,

Sarasota, FL). Background electrical resistance built up by filter
and medium only was constant and extremely low (25 Ω·cm2).
MDCK-C7 cell monolayers were used after exhibiting a resistance
of ≥8 kΩ·cm2. A resistance ≥1 kΩ·cm2 already implicates a tight
MDCK-C7 monolayer. In contrast, the maximum transepithelial re-
sistance of melanoma or glioma cells was 30 Ω·cm2, a value close
to the background resistance of the filter membrane (25 Ω·cm2).
TEER was measured at least once a day in six-well dishes. TEER
values were corrected for background resistance. All experiments
were performed in duplicate.

Results

Glioblastoma cells show electrical resistance breakdown
similar to that of highly invasive melanoma cells

First, we tested the effect of glioblastoma primary cells
(TB286) on the electrical resistance of the MDCK-C7 mono-
layer. Tumor cells (1×106) were seeded in the upper cham-
ber of the filter membrane cup. Within 48 h glioblastoma
cells led to a massive resistance breakdown, similar to
findings obtained with A7 melanoma cells (Fig. 2a). An
additional experiment using another glioblastoma primary
culture (TB1338) resulted in similar effects (data not shown).

Effects of low-grade glioma cells on electrical resistance
are weaker than those of glioblastoma cells

To study whether the grade of glioma malignancy affected
resistance breakdown, we next compared glioblastoma
(TB288) and fibrillary astrocytoma primary cells (Fig. 2b).
Again, the addition of glioblastoma cells led to marked re-
sistance breakdown. In contrast, resistance breakdown

Fig. 1 Schematic model of the TEER breakdown assay. MDCK-
C7 cells (1) were grown on the reverse side of a polycarbonate fil-
ter cup (2) until they reached confluence. The filter cup was
mounted in a 3-cm-diameter culture chamber (cavity of a six-well
dish) (3) so that MDCK-C7 cells were located in the lower com-
partment. Tumor cells (4) were seeded in the upper compartment.
Because of the 0.4-µm pore diameter of the filter, a direct cell-cell
contact of glioma cells and MDCK-C7 cells was excluded. Resis-
tance changes were measured using an ohmmeter (G) (TEER
transepithelial electrical resistance)
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Fig. 2 Course of TEER after adding glioma cells (a–c), MDCK-
C7 cells (a–c) or LPS (d) into the upper compartment (indicated
by arrow). MDCK-C7 cells (indicated by black dots) served as
negative control (no TEER breakdown) and highly invasive A7
melanoma cells (indicated by black triangles) as positive control
(marked TEER breakdown). a TB286 glioblastoma primary cells
induced marked TEER breakdown, reaching the same low resis-
tance as after application of A7 melanoma cells, although some-
what delayed; 1×106 cells were used in all experiments. b TB288

glioblastoma cells rapidly induced sudden TEER breakdown,
whereas addition of low-grade (fibrillary) astrocytoma cells
showed effects that were delayed by 24–72 h; 5×105 cells were
used in all experiments. c TB288 glioblastoma cells showed mas-
sive TEER breakdown, whereas virtually no effect was seen with
low-grade oligoastrocytoma cells; 3×105 cells were used in all ex-
periments. d Addition of LPS to the upper compartment induced
rapid, dose-dependent TEER breakdown. No effect was seen after
application of solvent only



due to astrocytoma cells was delayed by 24–72 h, but the
same low level resistance was eventually reached with all
cells. In another experiment, we compared TB288 glio-
blastoma cells with oligoastrocytoma cells (Fig. 2c). As in
the previous experiment, resistance breakdown by glio-
blastoma cells was massive and nearly complete, although
somewhat delayed, presumably due to the lower number
of cells applied. In contrast, the same number of oligoas-
trocytoma cells had virtually no effect.

MDCK-C7 monolayer resistance is sensitive to LPS

Since LPS is known to induce BBB permeability in vivo,
we tested whether similar effects occur in our BBB model
in vitro. We used the same experimental design as before,
but added only LPS in different concentrations to the me-
dium in the upper chamber. LPS dose-dependently in-
duced resistance breakdown within 24 h (Fig. 2d).

Discussion

We used an in vitro TEER breakdown assay to measure
the effects of high- and low-grade primary glioma cells on
a tight test barrier that reproduces essential features of the
BBB. We found marked TEER breakdown by glioblas-
toma cells, corresponding to data obtained with highly in-
vasive melanoma cells, whereas no or delayed effects
were observed with low-grade glioma cells. These data
suggest that BBB breakdown in malignant gliomas in
vivo is mediated, at least in part, by secretion of soluble
substances by glioma cells, which inactivate endothelial
tight junctions.

The TEER breakdown assay used here, which takes ad-
vantage of the extreme electrical tightness of MDCK-C7
epithelial cell monolayers, was first developed as a sensi-
tive technique to investigate the invasive potential of
melanoma and carcinoma cells [16, 34]. In these tumors,
invasion is understood as the ability of tumor cells to pen-
etrate epithelial barriers carrying tight junctions, which is
a prerequisite to form metastases. In contrast, gliomas
hardly ever systemically metastasize, while invasion here
refers to diffuse tumor cell dissemination within the brain.
Except for choroid plexus epithelial cells and highly spe-
cialized oligodendroglial structures, the only intracerebral
cells carrying tight junctions are endothelial cells forming
the BBB. Our assay, which measures tight junction leaki-
ness, is therefore able to model and quantify not only car-
cinoma invasion, but also BBB breakdown. There is am-
ple evidence indicating that tight junctions of MDCK cell
monolayers and of cerebral endothelial cells are very sim-
ilar (albeit not identical) from the structural, molecular
and functional points of view. Thus, the ultrastructure of
cerebral endothelial tight junctions is more similar to those
of epithelial cells than to tight junctions of somatic endo-
thelial cells [11]. Enzymatic composition and antigenic
expression of MDCK cells resemble that of cerebral en-
dothelial cells [30], although BBB tight junctions contain

claudins-3, -5 and -12, while tight junctions of MDCK
cells may contain claudins-1, -2 and -4 [7]. The validity of
the MDCK-C7 assay has been further corroborated by our
data showing that LPS, known to impair the BBB in vitro
[4] and in vivo [19], dose-dependently induced TEER
breakdown in MDCK-C7 cells. Moreover, the MCDK-C7
assay has the advantage of using a well-established cell line
with stable tight junction morphology in vitro, whereas
BBB models based on primary endothelial cells suffer
from problems due to the loss of typical tight junctions in
vitro [31]. Taken together, the MDCK-C7 assay appears
to be a promising and valid model for analyzing the BBB
in vitro.

The experimental setup, preventing tumor cells in the up-
per compartment from directly interacting with MDCK-C7
cells on the reverse side of the filter in the lower compart-
ment, excludes mechanical forces exerted by tumor cells
on the MDCK-C7 monolayer as well as gap junction-me-
diated interactions between the two cell types as basis of
the observed effects. Rather, our findings suggest that sol-
uble factors secreted by glioma cells have impaired tight
junction function. The nature of these factors is unknown, but
candidates include proteases, vascular endothelial growth
factor (VEGF) and scatter factor/hepatocyte growth factor
(SF/HGF). Specifically, a variety of proteases, including
matrix metalloproteinase (MMP)-2 and MMP-9, plasmino-
gen activators and cathepsin B may impair the BBB, and
malignant gliomas express most of these proteases as well
as MMP inducers such as CD147 at higher levels than
low-grade gliomas [3, 15, 21, 27]. VEGF, which is pro-
duced at much higher levels by malignant gliomas than by
low-grade gliomas, induces BBB opening and edema for-
mation [17, 24]. Interestingly, there is a correlation be-
tween VEGF mRNA level, in vivo capillary permeability
and vascular volume in gliomas [18]. Similarly, SF/HGF,
which is up-regulated in glioma cells with increasing ma-
lignancy [12], increases endothelial cell permeability [9].
It remains to be determined whether these or other sub-
stances released by glioma cells actually affect tight junc-
tions and BBB function of endothelial cells of the sur-
rounding brain.
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