Pharm Res (2014) 31:1588-1604
DOI 10.1007/s11095-013-1264-4

RESEARCH PAPER

Marked Differences in the Effect of Antiepileptic and Cytostatic
Drugs on the Functionality of P-Glycoprotein in Human and Rat
Brain Capillary Endothelial Cell Lines

Dana Aims « Maren Fedrowitz « Kerstin Romermann « Andreas Noack « Wolfgang Loscher

Received: 4 June 2013 / Accepted: 9 December 2013 / Published online: 30 January 2014

© Springer Science+Business Media New York 2014

ABSTRACT

Purpose The expression of P-glycoprotein (Pgp) is increased in
brain capillary endothelial cells (BCECs) of patients with
pharmacoresistant epilepsy. This may restrict the penetration of
antiepileptic drugs (AEDs) into the brain. However, the mecha-
nisms underlying increased Pgp expression in epilepsy patients are
not known. One possibility is that AEDs induce the expression
and functionality of Pgp in BCECs. Several older AEDs that induce
human cytochrome P450 enzymes also induce Pgp in hepato-
cytes and enterocytes, but whether this extends to Pgp at the
human BBB and to newer AEDs is not known.

Methods This prompted us to study the effects of various old
and new AEDs on Pgp functionality in the human BCEC line,
hCMEC/D3, using the rhodamine 123 (Rhol 23) efflux assay. For
comparison, experiments were performed in two rat BCEC lines,
RBE4 and GPNT, and primary cultures of rat and pig BCECs.
Furthermore, known Pgp inducers, such as dexamethasone and
several cytostatic drugs, were included in our experiments.
Results Under control conditions, GPNT cells exhibited the
highest and RBE4 the lowest Pgp expression and Rhol 23 efflux,
while intermediate values were determined in hCMEC/D3.
Known Pgp inducers increased Rho |23 efflux in all cell lines, but
marked inter-cell line differences in effect size were observed. Of
the various AEDs examined, only carbamazepine (100 M) mod-
erately increased Pgp functionality in hCMEC/D3, while valproate
(300 uM) inhibited Pgp.

Conclusions These data do not indicate that treatment with
AEDs causes a clinically relevant induction in Pgp functionality in
BCEC:s that form the BBB.
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ABBREVIATIONS

AEDs antiepileptic drugs
ANOVA  analysis of variance
BBB blood-brain barrier

BCEC brain capillary endothelial cell
CAR constitutive androstane receptor
DMSO  dimethylsulfoxide

pBCEC  porcine brain capillary endothelial cell
PBS phosphate-buffered saline

Pgp P-glycoprotein

PXR pregnane X receptor

rBCEC  rat brain capillary endothelial cell
Rhol23  rhodamine 123

RT room temperature
INTRODUCTION

The efflux transporter P-glycoprotein (Pgp; ABCBI) plays an
important neuroprotective role at the blood-brain barrier
(BBB) by extruding a variety of structurally unrelated poten-
tially toxic compounds and preventing their accumulation
within the brain (1-3). Unfortunately, Pgp impedes also the
entry of various drugs that are used in the treatment of brain
diseases, including anticancer drugs, antiepileptic drugs
(AEDs), and HIV protease inhibitors (4). A major concern
regarding the chronic administration of such drugs is the
potential for induction of Pgp expression at the BBB, which
may further decrease their clinical efficacy and cause drug-
drug interactions (4,5). However, only relatively few studies
have evaluated whether drugs used for treatment of brain
diseases induce Pgp expression and functionality in brain
capillary endothelial cells (BCECs) that form the BBB, and
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respective data are conflicting. For instance, Lombardo et al
(6) reported that a 3-day exposure to various AEDs (pheno-
barbital, phenytoin, carbamazepine, topiramate, tiagabine
and levetiracetam) induces the expression of Pgp in a rat
BCEC line, GPNT. In apparent contrast, we did not deter-
mine any effect of major AEDs (phenobarbital, phenytoin and
carbamazepine) on expression or functionality of Pgp in
GPNT cells (7).

The known Pgp-inducing effect of older enzyme-
inducing AEDs, such as phenobarbital, phenytoin, and
carbamazepine, in hepatocytes and enterocytes is medi-
ated via activation of nuclear receptors, including
pregnane X receptor (PXR; NRI1I2) and constitutive
androstane receptor (CAR; NRI1I3) (8-12). However,
the expression of such nuclear receptors varies widely
among tissues and cell types, so that Pgp induction is
tissue or cell specific (9,13). PXR expression is very low and
CAR expression is below detection threshold in GPNT cells,
which could explain the lack of AEDs to induce Pgp in these
cells in our recent study (7). Furthermore, drug affinities for
PXR and CAR vary considerably across species (14,15), so
that data from rodent cell lines cannot simply be extrapolated
to humans.

The purpose of this study was to compare the effects of
prolonged exposure with therapeutically relevant concentra-
tions of older and newer AEDs (phenobarbital, phenytoin,
carbamazepine, topiramate, levetiracetam, valproate) on
Pgp functionality in rat and human BCEC lines. Three cell
lines, RBE4 (16), GPNT (17), and hCMEC/D3 (18), were
used for this purpose. These cell lines markedly differ in
expression of Pgp and nuclear receptors (7,19,20), and are
widely used as i vitro models of the BBB. Our hypothesis was
that RBE4 and hCMEC/D3 cells would be more susceptible
to Pgp induction than GPN'TT cells, which, to our knowledge,
has not been examined before. However, compared to our
previous study (7), culturing of GPNT cells was modified to
enhance their susceptibility to Pgp induction (see Methods). In
addition to AEDs, we included several cytostatic drugs (doxo-
rubicin, puromycin, vincristine, and the hPXR agonist rifam-
picin) with known Pgp-inducing activity in our study, because
only few reports on the effects of such drugs on Pgp in BCECs
are available and data are, at least in part, conflicting
(7,17,20-24). Furthermore, the glucocorticoid dexametha-
sone, which has been shown to induce Pgp in various cell
lines, including BCECs (7,9,17,25), and the Pgp inhibitor
tariquidar (26) were included as reference standards, since,
depending on drug concentration and cell preparation, AEDs
may increase or decrease the function of Pgp (27). In addition
to immortalized rat and human cell lines, some experiments
were performed in primary cultures of rat and porcine brain
endothelial cells (rfBCECs, pBCECs). To our knowledge, this
1s the first study that compares the effect of various drugs on
Pgp functionality in BCECs from three species, demonstrating

marked quantitative differences in drug effects between the
cell lines.

MATERIALS AND METHODS
BCEC Lines

The RBE4 cell line, a well established i vitro model of the BBB
(19), was kindly provided by Prof. Frangoise Roux (INSERM
U26, Hopital Fernand Widal, Paris, France). The RBE4 cell
line has been obtained after transfection of a primary rat brain
endothelial cell culture with the plasmid pE1A-Adenovirus
encoding gene (16). RBE4 cells were cultured on collagen
type I coated 100-mm tissue culture plates (Sarstedt,
Nuembrecht, Germany) and maintained (according to a pro-
tocol provided by F. Roux) in alpha-MEM/Ham’s F-10 (1:1
vol/vol; Gibco®/Life Technologies, Darmstadt, Germany)
medium supplemented with 10% fetal calf serum (Linaris
GmbH; Wertheim-Bettingen, Germany), 100 U/ml penicillin
(Biochrom AG, Berlin, Germany), 100 pg/ml streptomycin
(Biochrom AG), 1% L-glutamine (200 mM; Sigma-Aldrich,
Taufkirchen, Germany), and 1 ng/ml basic fibroblast growth
factor (bFGF; Life Technologies) in humidified 5% COo/
95% air at 37°C. Cells were used for experiments from
passage 61 to 71.

The GPNT cell line was kindly provided by Prof. Frangoise
Roux. The GPNT cell line has been derived from the rat
brain endothelial cell line, GP8, by transfection with a selec-
tion plasmid containing the puromycin resistance gene (17).
This transfection resulted in enhanced stability of the mor-
phological phenotype of the immortalized cells and a marked
increase in the expression of Pgp (17). GPNT cells were
cultured on collagen type I coated 100 mm Petri-dishes and
maintained (according to a protocol provided by F. Roux) in
alpha-MEM/Ham’s F-10 (1:1 vol/vol) medium supplement-
ed with 10% fetal calf serum, 100 U/ml penicillin, 100 pg/ml
streptomycin, 1 ng/ml basic b-FGF and 5 mg/ml puromycin
(only first two passages, then without puromycin) in
humidified 5% CO3/95% air at 37°C. For the drug
uptake assays, GPNT cells were seeded on collagen-
coated 6-well plates (Greiner Bio-One, Frickenhausen,
Germany) at a density of 1x10* cells/em” and were grown
until 100% confluence. Passages 30 to 59 were used for the
uptake assays.

The initial exposure to puromycin in the GPNT cultures
was reduced compared to our previous study (7) to avoid
maximum induction of Pgp by puromycin already before
the experiments with other known Pgp inducers and AEDs.
In preliminary experiments, we compared Pgp expression by
Western blot in GPNT cells that were exposed to puromycin
over the first two vs. first four passages, showing that the longer
puromycin exposure resulted in a more than twofold increase
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in Pgp expression compared to the reduced exposure used for
the present experiments. For uptake experiments the cells
were grown for at least one passage without puromycin.

Human cerebral microvascular endothelial cells
(hCMEC/D3) were kindly provided by Dr. Pierre-Olivier
Couraud (Institut Cochin, Paris, France). The cell line was
derived by lentiviral transfection of BCECs isolated from
brain tissue obtained following surgical excision of an area
from the temporal lobe of an adult patient with epilepsy (18).
hCMEC/D3 cells were cultivated (according to a protocol
provided by P.-O. Couraud) in endothelial cell basal medium-
2 (EBM®-2, Lonza, Cologne, Germany) supplemented with
5% fetal calf serum (Linaris GmbH; Wertheim-Bettingen,
Germany), 1% penicillin (100 U/ml)/streptomycin
(100 pg/ml) (Biochrom AG), 1.4 uM hydrocortisone
(Sigma-Aldrich, Munich, Germany), 5 pg/ml ascorbic acid
(Sigma-Aldrich), 1% lipid concentrate (Gibco®/Life
Technologies), 10 mM HEPES (Gibco®/Life Technologies)
and 1 ng/ml basic FGF (Life Technologies). Cells were pas-
saged every 3—4 days on collagen type I (100 pg/ml) (Life
Technologies) coated 100-mm tissue culture plates (Sarstedt)
at 37°C and 5% CO, from passage 30 to 39. In order to
determine whether the presence of hydrocortisone in the
culture medium affected drug effects, an additional experi-
ment was performed without hydrocortisone in the medium
(see Results).

Primary Culture of Rat Brain Endothelial Cells
(rBCECs)

Rat brain capillary endothelial cells (' BCEC) were prepared
essentally as described previously (17,28) from 2 to 3 weeks-
old Sprague—Dawley and Wistar rats (obtained from Charles
River; Sulzfeld, Germany). For establishing the rBCEC prep-
aration, two rat strains were used to examine possible strain
differences. In short, cerebral cortices were dissected free from
meninges in phosphate-buffered saline (PBS) with 1% penicil-
lin (100 U/ml)/streptomycin (100 pg/ml) (Biochrom AG) on
ice and were mechanically dissociated with scalpels. The
homogenate was suspended in enzyme solution: DMEM/F-
12 (Gibco®/Life Technologies) supplemented with 1 mg/ml
dispase II (Roche), 0,1 mg/ml DNAse I (Roche), 270 U/ml
collagenase II (Biochrom AG), and 1% penicillin (100 U/ml)/
streptomycin (100 pg/ml) (Biochrom AG) and was incubated
for 1.5 h at 37°C with gentle agitation. The cell pellet was
separated by centrifugation in 20% bovine serum albumin
(Linaris GmbH) solution (1,000 g, 15 min, 4°C) and incubated
again in the enzyme solution for 1 h at 37°C. The homoge-
nate was filtered and the retained capillary fragments were
removed from the filter with EBM-2 (Lonza) medium supple-
mented with 20% fetal calf serum, 1% penicillin (100 U/ml)/
streptomycin (100 pg/ml) (Biochrom), 1 mM HEPES
(Gibco®/Life Technologies), 1% L-glutamine (200 mM,
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Sigma-Aldrich), and 0.5 pg/ml hydrocortisone (Sigma-
Aldrich). The cells were seeded on collagen type IV (Sigma-
Aldrich) coated 28 em?® plates and cultivated for 72 h in
presence of 4 pg/ml puromycin (Sigma-Aldrich) for removal
of pericytes (28) in humidified 5% CO9/95% air at 37°C.
Thereafter, puromycin was removed and replaced by 2 ng/ml
basic FGF (Gibco®/Life Technologies). For uptake assays
rBCEC cells from passages 1 and 2 were seeded on collagen
IV coated 6-well plates. BCECs from Sprague—Dawley rats
grow better and attached better to the plates than BCECs
from Wistar rats, but this did not affect the uptake assays (see
Results), so that cells from both rat strains were used for final
analyses of data.

Primary Culture of Porcine Brain Endothelial Cells
(pBCECs)

Porcine brain endothelial cells (pBCECs) were prepared as
described by Patabendige et al (29,30) with slight modifica-
tions. In brief, porcine brain hemispheres obtained from local
abattoir were washed in PBS (Gibco®/Life Technologies).
After removal of meninges and white matter, cortices were
dissociated with scalpels. Brain extract was homogenized by
using an overhead stirrer (Heidolph Instruments, Schwabach,
Germany). Thereafter the homogenate was filtered through a
150 pm nylon mesh (SFT' GmbH, Grafschaft-Gelsdorf,
Germany), followed by a filtration through a 71 pm nylon
mesh (SFT' GmbH). Only capillaries collected on 71 pm
meshes were used for functional analysis of Pgp and digested
with gentle shaking at 37°C, 5% CO? and 95% humidity for
I h in digest mix containing Medium199 (Gibco®/ Life
Technologies), 210 U/ml collagenase (Gibco®/ Life
Technologies), 90 U/ml trypsin (Sigma-Aldrich), 0,1 mg/ml
DNase I (Roche), 20% fetal calf serum (Linaris GmbH), and
1% penicillin (100 U/ml)/streptomycin (100 pg/ml)
(Biochrom AG). The capillary fragments were removed from
the filters and washed three times in MEM/HEPES
(Gibco®/Life Technologies) containing 1% penicillin (100
U/ml)/streptomycin (100 pg/ml) (Biochrom AG) and 10%
fetal calf serum (Linaris GmbH) by resuspendation and cen-
trifugation (240 g, 5 min, 4°C). Thereafter the cells were
seeded on collagen type I (Life Technologies)/fibronectin
(Biochrom AG) coated 75 em? flasks (Greiner Bio-One) in
DMEM (Gibco®/Life Technologies) supplemented with
10% plasma derived bovine serum (First Link Ltd.,
Birmingham, United Kingdom), 1% penicillin (100 U/ml)/
streptomycin (100 pg/ml) (Biochrom AG), 1% hour-
glutamine (200 mM, Sigma-Aldrich), and 125 pg/ml heparin
(Sigma-Aldrich). For removal of pericytes (30) cells were cul-
tivated with 4 ng/ml puromycin (Sigma-Aldrich) during 72 h
in humified 5% CO?/95% air at 37°C.. For uptake experi-
ments pBCECs (passage 1) were seeded on collagen type 1
(Life Technologies)/fibronectin (Biochrom AG) coated 12-
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well plates (Greiner Bio-One) with a density of 2% 10” cells/

sz.

Drug Treatment

All cell lines reached confluence after 2-3 days. In several
preliminary experiments, drug exposure was started at differ-
ent times (1-6 days) after cells had reached confluence, show-
ing that starting drug exposure 3 days after reaching conflu-
ence resulted in the most consistent drug effects. Based on
these data, all experiments shown in this study were per-
formed as follows. Three days after reaching confluence, cells
were washed with phosphate-buffered saline (PBS) and incu-
bated for 3 days with or without known Pgp inducers or AEDs
in different concentrations which were added to the respective
cell medium. In some experiments, exposure was increased to
6 days. Shorter periods of drug exposure were not examined,
because in patients, both AEDs and cytostatic drugs are
typically administered over prolonged periods of time. The
choice of drug concentrations was based on therapeutic plas-
ma concentrations of AEDs in epilepsy patients (Table I) and
previous Pgp studies with AEDs, dexamethasone and cyto-
static drugs (7,17,31-33). Cells were closely monitored for any
signs of toxicity, particularly when using cytostatic drugs. For
inhibition of Pgp, tariquidar (Xenova Ltd., Slough, Berkshire,
UK) was used at a concentration of 0.5 pM.

Phenytoin and carbamazepine were dissolved in ethanol
(<0.3% ethanol in final solution) and stored at —20°C. Stock
solutions of other drugs, including phenobarbital and
valproate (both used as sodium salt), were prepared using
sterile deionised water, PBS or medium as solvent. In general,
dimethylsulfoxide (DMSO) was avoided for dissolving drugs
with presumed Pgp-inducing activity, because we previously
found that prolonged exposure to DMSO enhances Pgp
expression (7). Stock solutions of all drugs were diluted in the
cell culture medium immediately before adding to the cells.
Only the Pgp inhibitor tariquidar was dissolved in DMSO
(<0.1% DMSO in final solution) and was added to the medi-
um for short-term (3 h) exposure of the cells (see below). In
previous experiments, determination of AED concentrations
in the medium by high pressure liquid chromatography

substantiated that the intended drug concentrations were
obtained (34), so that lack of AED effects in the present study
was not due to poor drug solubility. The medium with the
respective drug was changed every 24 h. Control cells were
treated either with medium, or with 0.3% ethanol. Because
we did not determine any difference between cells treated with
medium or 0.3% ethanol, data are shown together as controls
in the Results section.

After the end of the drug treatment cells were washed with
PBS and subjected to the functional assay as described below.
Usually, per experimental day, at least 4 drugs (or different
concentrations of one drug) and vehicle controls were tested in
one cell line, at least each in triplicate. Adequate controls, also
in triplicate, were included on each day. Most experiments
were repeated at least once.

Functional Analysis of Pgp

Uptake assays with the cell-permeant, cationic, green-
fluorescent Pgp substrate rhodamine 123 (Rho123; Sigma-
Aldrich) were performed to evaluate Pgp transport function
(35). The Rhol23 uptake/efflux assay has previously been
validated for this purpose in the three cell lines used in the
present study (18,20,36-38) as well as in primary rat BCEC
cultures (39). Cells were grown on collagen type I (100 pg/ml)
(Gibco®/Life Technologies) coated 6-well plates (Greiner
Bio-One). Following drug treatment (see above), the medium
was changed to protein-reduced Opt-MEM (Gibco®/Life
Technologies) for 1 h, after which cells were incubated with
5 uM (RBE4) or 10 uM (GPNT; hCMEC/D3; pBCECs)
Rho123 (dissolved in ethanol; Sigma-Aldrich) in Opti-MEM
by shaking for 2 h at 37°C and 5% CO,. Protein-reduced
Opti-MEM was used to minimize interactions of Rho123 with
serum proteins in the medium, because Rhol23 is highly
bound to such proteins. The lower concentration of Rho123
used in RBE4 cells was based on the lower Pgp expression and
functionality of these cells (see Results); however, for compar-
ison some experiments in RBE4 cells were also repeated with
10 uM Rho123 (see Results). For rBCECs, which were grown
on collagen type IV coated 6-well plates, 2 uM of Rho123 was
used. Following incubation with Rhol23, cells were washed

Table I Therapeutic Plasma Con-

centrations (Reference Range) of Drug Therapeutic plasma concentrations Concentrations (UM) used
Antiepileptic Drugs in Patients in the present study
With Epilepsy. Data are From ug/ml UM
Patsalos et dl. (66)
Carbamazepine 4-12 [7-51 10100
Levetiracetam [2-46 70-270 100-300
Phenobarbital 1040 43-172 100-300
Phenytoin 10-20 40-79 10-100
Topiramate 5-20 15-59 30-300
Valproic acid 50-100 347-693 50-600
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once with ice-cold PBS and scraped in 500 pl ice cold PBS
and collected in 1.5 ml tubes, which were centrifuged 8 min at
130 X gat 4°C. The cell pellet was resuspended in 150 pl lysis
buffer (25 mM Tris, 50 mM NaCl, 0.5% (w/v) sodium
deoxycholate (DOC) and 0.5% (w/v) Triton X-100). Protein
determination was performed with the Pierce BCA Protein
Assay kit (Thermo Scientific, Bonn, Germany) according to
the manufacturer’s instructions. Fluorescence was measured
with the FLUOstar OPTIMA (BMG Labtech, Ortenberg,
Germany) and was calculated as absolute fluorescence in the
cell lysate per mg of protein. Phenol red, which is usually
included in the medium, did not interact with the fluorescence
of Rhol123, which was proven by using medium without
phenol red.

To control for the extent of Pgp functionality in each
experiment, the Pgp inhibitor tariquidar (0.5 pM) was added
to part of the non-treated cells 1 h before Rho123 and during
the 2 h of incubation with Rho123. Furthermore, a known
inducer of Pgp (dexamethasone) was included as reference
standard in most experiments with AEDs or cytostatic drugs.

In some experiments with RBE4 and GPNT cells, we also
performed functional Pgp analysis by determining uptake of
[*H]-digoxin (7), but results were more variable compared to
uptake assays with Rho123, so that only experiments with the
latter compound were used for final analysis.

Western Blotting

Cells were scraped and lysed in buffer containing (25 mM
Tris, pH 8, 50 mM NaCl, 0.5% (w/v) DOC, 0.5% (w/v)
Triton X-100) supplemented with complete protease inhibitor
(Roche, Mannheim, Germany). Protein concentrations in the
lysates were determined by using the Pierce BCA Protein
Assay kit (Thermo Scientific). Equal amounts of total protein
were separated on 7.5% SDS-PAGE gels and transferred to
PVDF membranes which were blocked overnight in 5% milk
in phosphate buffered saline supplemented with Tween-20
(PBST: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPO4,
1.4 mM KHyPO4, pH 7.3, 0.05% (w/v) Tween-20) at 4°C.
Membranes were incubated with primary antibodies anti-
PGP (C219) 1:200 (Signet Laboratories, Dedham, MA,
USA) and anti-B-actin 1:100 (Sigma-Aldrich) for 2 h in 2%
milk in PBST shaking at room temperature (RT) and washed
three times for 10 min in PBS-T. Secondary antibodies anti-
mouse-HRP 1:1,000 and anti-rabbit-HRP 1:1,000 (Dako,
Hamburg, Germany) were incubated for 1 h in 2% milk in
PBST at RT and washed three times for 10 min in PBST.
Proteins were detected by enhanced chemiluminescence using
SuperSignal West Femto Chemiluminescent Substrate
(Thermo Scientific) and the Chemidoc™ XRS Imager (Bio-
Rad Laboratories, Munich, Germany) . Relative protein ex-
pressions were quantified densitometrically with Quantity
One 1-D Analysis software (Bio-Rad Laboratories) and
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calculated by normalization to the reference signals of B-actin
with GraphPad Prism software (GraphPad, San Diego, CA,
USA). In additional Western blot experiments, we normalized
Pgp expression relative to Coomassie-stained proteins on the
gel (see Results).

Statistics

Drug effects were compared with individual controls, using
either Student’s #test or, when data were not normally dis-
tributed, the C-test of Mann and Whitney, using PRISM 5
software (GraphPad Software Inc., La Jolla, CA, USA). For
analysis of effects of several drugs determined in the same
experiment, analysis of variance (ANOVA) followed by
Dunnett’s or Bonferroni’s Multiple Comparison Tests were
used to compare drug effects with control. Tests used were
two-sided and a P<0.05 was considered significant.

RESULTS

Pgp Expression and Functionality in RBE4, GPNT,
and hCMEC/D3 Cells Under Control Conditions

As reported previously (18), monolayers of h(CMEC/D3 cells
were characterized by tightly packed elongated cells with a
spindle-shaped morphology (Fig. 1a), similar to primary cul-
tures of human brain endothelial cells. A similar morphology
was observed for RBE4 cells (Fig. 1c), whereas GPNT cells
were considerably smaller and exhibited a cobblestone shape
(Fig. 1b). In Western blots from the three cell lines, Pgp was
detected at the expected molecular weight (170 kDa) with
different intensities between cell lines (Fig. 1d). Using equal
amounts of protein (~35 pg per cell line) for blotting, the
highest expression of Pgp was seen for GPNT cells and the
lowest expression for RBE4 cells, with a 9-fold difference in
Pgp expression between RBE4 and GPNT and a 3-fold
difference between hCMEC/D3 and GPNT (Fig. le).
hCMEC/D3 cells exhibited a 3-fold higher Pgp expression
than RBE4 cells. Similar results were obtained when
Coomassie staining instead of B-actin was used for normali-
zation (not illustrated).

As shown in Fig. 2, the differences between cell lines in
functionality of Pgp (as determined by uptake of Rhol23)
corresponded to the relative expression of Pgp illustrated in
Fig. 1. In each cell line, uptake of the Pgp substrate Rho123
was correlated with the concentration (5 or 10 uM) of Rho123
used. Uptake at 5 and 10 pM Rho123 was 74,000 vs. 159,000
(fluorescence in arbitrary units/mg protein) in RBE4, 9,200 vs.
17,400 in GPNT, and 32,400 vs. 64,700 in hCMEC/D3,
respectively (Fig. 2). Thus, the by far highest Rho123 uptake
(and thus lowest Pgp functionality) was found in RBE4 cells,
followed by hCMEC/D3 and GPNT, with an 8-fold
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Fig. 1 Morphology and Pgp expression of the three cell lines hCMEC/D3, RBE4 and GPNT. Morphological characteristics are shown by phase contrast
microscopic views of monolayers of h\CMEC/D3 (a), GPNT (b) and RBE4 cells (c). Bars indicate 100 um. Cells were cultivated on 6-well plates over three
passages. Cell density was 236 cells/mlin A, 613 cells/mlin Band 621 cells/mlin (d). Pgp expression in the three cell lines is shown in (d) and (€). Sample size was 3
per cell line; all samples were compared in the same Western blot and normalized on expression of 3-actin. Relative expression (e) is shown as means = SEM.

hCMEC/D3 RBE4

Statistical difference between cell lines is indicated by asterisk (P<0.01).

difference in uptake of Rhol23 between RBE4 and GPNT.
Addition of the Pgp inhibitor tariquidar (0.5 pM) significantly
enhanced Rho123 uptake in all 3 cell lines (Fig. 2), but the
extent of this increase depended on the basal functionality of
Pgp in each cell line. Thus, in the cell line with the lowest Pgp
activity (RBE4), tariquidar increased Rho123 uptake only 1.2-
fold, whereas uptake was increased 12.5-fold in the cell line
with the highest Pgp activity (GPNT), and hCMEC/D3 cells
exhibited an intermediate (2.7-fold) increase of Rhol23 up-
take with tariquidar. We also compared Pgp induction by
dexamethasone (1 uM) in the 3 cell lines under the same
conditions, resulting in a significant decrease in Rho123 up-
take only in RBE4 cells (Fig. 2). The experiment illustrated in
Fig. 2 was repeated once, resulting in comparable differences
between cell lines (not illustrated).

Induction of Pgp Functionality by Dexamethasone
and Cytostatic Drugs

The experiment illustrated in Fig. 2 had already indicated that
Pgp in the 3 cell lines differed markedly in its susceptibility to
the known Pgp inducer dexamethasone. For further evalua-

tion of such differences, the RBE4, GPNT and hCMEC/D3

cell lines were exposed over 3 days to various concentrations
of dexamethasone and the cytostatic drugs doxorubicin, pu-
romycin, rifampicin, and vincristine (Fig. 3). Furthermore,
tariquidar was included in these experiments as a Pgp inhib-
itor. RBE4 was the most sensitive cell line to the Pgp inducing
effects of dexamethasone (0.5 and 1.0 uM), doxorubicin (0.23
and 0.46 pM), and puromycin (2.65 and 5.3 pM), while
rifampicin (2.5-50 pM) exerted only moderate effects
(Fig. 3a). The effect of dexamethasone (1 pM) on Rhol23
uptake in RBE4 was both determined with 5 pM (Fig. 3a) and
10 pM (Fig. 2a) Rho123, resulting in about the same reduc-
tion of Rhol23 uptake (61% vs. 68%) after treatment with
dexamethasone, thus indicating that the concentration of
Rhol23 (5 vs. 10 uM) did not alter the consequences of Pgp
induction in this assay.

Compared to RBE4, GPNT was much less sensitive to the
Pgp-inducing effect of dexamethasone (1 uM), whereas high
concentrations of doxorubicin (0.92 pM) and puromycin
(10.6 uM) significantly increased Pgp functionality (Fig. 3b)
without inducing toxicity. In contrast, such high concentra-
tions of doxorubicine and puromycin induced toxicity in
RBE4 cells, so that Rho123 data from such concentrations
were not evaluated for the latter cell type. Interestingly,
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Fig. 2 Functionality of Pgp in the three cell lines hCMEC/D3, RBE4 and
GPNT. Sample size was 3 per drug exposure; Rhol23 uptake assays in all
samples were performed in one experiment to avoid inter-day variation. Data
are shown in arbitrary units as means = SEM. In each cell line, the uptake of
Rho 123 was determined for 5 and 10 uM Rhol 23 to test the concentration-
dependence of the uptake of the Pgp substrate. In addition, using 10 uM
Rhol23, the effects of preexposure with the known Pgp inducer dexameth-
asone (DEX) and the Pgp inhibitor tariquidar (TQD) were determined.
Significant differences to control (10 uM Rhol23) are indicated by asterisk
(P<0.0001).

Rhodamine 123
(fluorescence/ mg protein)

GPNT cells were more sensitive than RBE4 cells to the Pgp
inducing effect of rifampicin (Fig. 3b). hCMEC/D3 was the
least sensitive cell line with respect to Pgp induction. Only
high concentrations of dexamethasone (5 and 10 pM) signif-
icantly reduced Rho123 uptake, doxorubicin (0.23 pM) was
not effective at all, and puromycin and rifampicin exerted only
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moderate effects (Fig. 3¢). Interestingly, at low concentrations
(5 and 10 pM), rifampicin increased the uptake of Rho123,
while a significant decrease, indicating induction of Pgp, was
seen at 50 pM (Fig. 3c). The vinca alkaloid vincristine, which
was only tested in hCMEC/D3 cells, significantly reduced
Rhol123 uptake by 28% at a concentration of 20 nM
(Fig. 3c). At higher concentrations of doxorubicin (0.92 pM),
puromyin (2.65 pM), rifampicin (200, 500, 1,000 pM) and
vincristine (40 nM) toxicity was observed in hCMEC/D3 cells,
so that Rhol23 data from such concentrations were not
evaluated.

In view of the low sensitivity of hCMEC/D3 cells to Pgp
inducers, we thought that the presence of hydrocortisone
(1.4 pM) during culturing the cells (see Methods) may have
had an influence, because hydrocortisone is a known Pgp
inducer (40). We therefore compared the effects of dexameth-
asone (1 pM) and doxorubicin (0.92 pM) in cells in which we
either added or removed hydrocortisone during cell culturing
before the drug experiment (Fig. 4). When hydrocortisone was
present in the culture medium before the experiments, uptake
of Rho123 was 58.000 fluorescence units/mg protein (Fig. 4a)
compared to 124,000 in the absence of preexposing to hydro-
cortisone (Fig. 4b), thus indicating that the preexposure to
hydrocortisone markedly enhanced the functionality of Pgp.
Such preexposure also significantly increased the expression of
Pgp (as indicated by Western blot), in that the average Pgp
expression was 1.8-fold higher in hCMEC/D3 cells cultured
in the presence of hydrocortisone (P=0.0359; not illustrated).
Dexamethasone (1 uM) had no effect on Rho123 in cells that
were preexposed to hydrocortisone (Fig. 4a), but markedly
decreased Rho123 uptake in cells that were not preexposed to
hydrocortisone (Fig. 4b). A similar difference was seen with
doxorubicine (not illustrated), but this drug exerted toxic
effects on the cells, particularly in cells that had not been
preexposed to hydrocortisone. Tariquidar was slightly more
active to increase Rho123 uptake in hCMEC/D3 cells in the
presence (3.7-fold) vs. absence (2.8-fold) of hydrocortisone
during cell culturing (Fig. 4). It should be noted that culturing
hCMEC/D3 cells in the absence of hydrocortisone resulted in
more dead cells compared to cell culturing with hydrocorti-
sone, so that most of the experiments performed in this study
with hCMEC/D3 cells used the hydrocortisone-containing
culture medium originally described for these cells (18).

Induction of Pgp Functionality by Antiepileptic Drugs

In contrast to the known Pgp inducers (Figs. 3 and 4), AEDs
were almost ineffective to induce Pgp in any cell line, although
various drug concentrations, including concentrations that
exceeded the therapeutic range (Table I), were tested
(Fig. 5). In RBE4 cells, only carbamazepine (at 10 and
50 uM) and topiramate (at 100 uM) significantly decreased
Rhol23 uptake, but the effect size was small (Fig. 5a). In
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Fig. 3 Effect of known Pgp inducers and the Pgp inhibitor tariquidar on Pgp B>

functionality as determined by the Rho 123 uptake assay in the three cell lines
RBE4, GPNT, and hCMEC/D3. In the figure, data from various experiments
are summarized and illustrated in percent control. Usually, per experimental
day, at least 4 drugs (or different concentrations of one drug) were tested in
one cell line, at least each in triplicate, plus vehicle controls and dexametha-
sone and tariquidar as reference standards (see Fig. 4 for examples of such
individual experiments). When drug effects were variable or not concentra-
tion-dependent, the experiment was repeated. Drug concentrations inducing
toxic effects are not illustrated (see Results). The number of samples per drug
concentration is indicated in the bars; data are shown as means + SEM.
Individual controls from the various experiments were summarized and
shown as 100%. Significance of differences (as calculated by comparing with
controls of the individual experiments) is indicated by asterisk (P<0.05).
Rho 123 was used at 5 UM in experiments with RBE4 cells, but 10 uM in
GPNT and hCMEC/D3 (see Methods). Data for hCMEC/D3 (c) are from
cells preexposed to hydrocortisone during culturing of the cells. Abbreviations:
Dex dexamethasone; Dox doxorubicin, Puro puromycin, Rif rifampicin, Vin
vincristine, TQD tariquidar.

contrast, valproate increased the uptake of Rhol23 at
300 pM, indicating inhibition of Pgp as seen with tariquidar
in these cells. This effect of valproate was lost at 600 pM
(Fig. Ha).

In GPNT cells, no significant effects of AEDs were seen at
therapeutic concentrations or above (Fig. 5b). In hCMEC/
D3, carbamazepine (at 100 pM) significantly decreased
Rho123 uptake, but effect size was small (Fig. 5¢). Valproate
significantly increased Rho123 uptake at 300 uM but, similar
to RBE4 cells, this effect was lost at 600 pM (Fig. 5¢). In order
to determine whether preexposure to hydrocortisone altered
the efficacy of AED:s to induce Pgp, we also performed exper-
iments in hCMEC/D3 cells without hydrocortisone
preexposure (Fig. 4b). Except for a nonsignificant trend for
decreased Rhol23 uptake with phenytoin (50 pM), none of
the AEDs induced Pgp functionality, but valproate significant-
ly increased Rho123 uptake at 300 uM (Fig. 4b). A nonsignif-
icant trend for such an effect was also seen in the presence of
hydrocortisone (Fig. 4a; note that sample size was only 3), and
this effect became significant when the experiment was re-
peated with a larger sample size (Fig. 5¢). Such variation in the
effect of an AED from experiment to experiment was also seen
with some of the other AEDs in different cell lines; in such
cases the experiment was repeated at least once.

The lack of any marked effects of AED exposure on
Rhol23 uptake prompted us to increase the length of
drug exposure from 3 to 6 days for some AEDs (car-
bamazepine, phenytoin, topiramate in GPNT, valproate
in hCMEC/D3). No alteration in the effect of AEDs
was observed.

A decreased uptake of Rho123 is most likely a consequence
of increased expression and/or functionality of Pgp (41). In
order to determine whether drug exposure increased the
expression of Pgp, we performed Western blots for some of
the experiments shown in Iigs. 3 and 5. As illustrated in Iig. 6,
consistent with the significant decrease in Rhol23 uptake,
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dexamethasone increased Pgp expression in RBE4 and
GPNT cells. A significant increase in Pgp expression was also
seen with puromyein (Fig. 6b). AEDs did not significantly alter
Pgp expression with one exception: topiramate increased
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Fig. 4 Comparison of drug effects on Pgp functionality in hCMEC/D3 cells
that were either preexposed to hydrocortisone (a) or not preexposed to
hydrocortisone (b) during cell culturing. Data are shown in arbitrary units as
means = SEM of 3 samples per drug. All data are from the same experimental
day. Significant differences to control are indicated by asterisk (P<0.05).
Abbreviations: Dex dexamethasone, CBZ carbamazepine, LEV levetiracetam,
PB phenobarbital, PHT phenytoin, TPM topiramate, VPA valproate, TQD
tariquidar.

Pgp expression in RBE4 cells (Fig. 6a) which was con-
sistent with its significant effect on Rhol23 uptake illus-
trated in Fig. 5a.

Fig. 5 Effect of AEDs on Pgp functionality as determined by the Rhol23 P>

uptake assay in the three cell lines RBE4, GPNT, and hCMEC/D3. In the
figure, data from various experiments are summarized and illustrated in
percent control. Usually, per experimental day, at least 4 drugs (or different
concentrations of one drug) were tested in one cell line, at least each in
triplicate, plus vehicle controls and dexamethasone and tariquidar as reference
standards (see Fig. 4 for examples of such individual experiments). When drug
effects were variable or not concentration-dependent, the experiment was
repeated. The number of samples per drug concentration is indicated in the
bars; data are shown as means = SEM. Individual controls from the various
experiments were summarized and shown as 100%. Significance of differ-
ences (as calculated by comparing with controls of the individual experiments)
is indicated by asterisk (P<0.05). Rho 123 was used at 5 uM in experiments
with RBE4 cells, but 10 uM in GPNT and hCMEC/D3 (see Methods). Data
for hCMEC/D3 () are from cells preexposed to hydrocortisone during
culturing of the cells. Abbreviations: CBZ carbamazepine, LEV levetiracetam,
PB phenobarbital, PHT phenytoin, TPM topiramate, VPA valproate.
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In Table II, the maximum effect size of drug exposure on
Rho123 uptake is compared across the three cell lines. With
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Fig. 6 For some of the experiments on Pgp functionality illustrated in Figs. 3
and 5, also Pgp expression was determined by Western blot. In the figure,
data from several experiments in RBE4 and GPNT cells are summarized and
illustrated in percent control. The number of samples per drug concentration
is indicated in the bars; data are shown as means = SEM. Significant differ-
ences to control are indicated by asterisk (P<0.05). Abbreviations: CBZ
carbamazepine, Dex dexamethasone, PHT phenytoin, Puro puromycin, TPM
topiramate, VPA valproate.

Pgp expression (% control)

few exceptions, RBE4 was the most sensitive cell line, both to
known Pgp inducers and AEDs. Among the 6 AEDs exanmined
in this study, only carbamazepine (in RBE4 and hCMEC/D3)
and topiramate (in RBE4) moderately induced Pgp functionality,
while Pgp was inhibited by valproate (in RBE4 and hCMEC/
D3). The inhibitory effect of valproate on Pgp in hCMEC/D3
cells was more pronounced when these cells were used without
hydrocortisone preexposure (see Fig. 4b).

Drug Effects in Primary Cultures of Rat Brain
Endothelial Cells (rBCECs)

For comparison with the rat RBE4 and GPNT cell lines, some
experiments were performed in primary cultures of rat

Table Il Effect Size Following Drug Exposure of RBE4, GPNTand hCMEC/
D3 Cells in the Rhodamine |23 Uptake Assay

Treatment Effect size (relative to control)
RBE4 GPNT hCMEC/D3

Dexamethasone —60% (0.5 uM) —24% (I uM) —20% (10 uM)
Doxorubicin —87% (046 uM) —68% (0.92uM)  N.E. (0.23 uM)*
Puromycin —92% (5.3 uM) —81% (10 uM) —28% (I uMy?*
Rifampicin —7% (10 uM) —-32% (10 uM)  —149% (50 uM)*
Vincristine n.t. n.t. —28% (20 uMy*
Tariquidar +89% (0.5 uM)  +1042% (0.5 uM) +238% (0.5uM)
Carbamazepine  —26% (50 uM) N.E. (100 uM) —24% (100 uM)
Levetiracetam  NL.E. 300 uM)  N.E. (300 uM) N.E. (300 uM)
Phenobarbital ~ N.E. (300 uM)  N.E. (300 uM) NL.E. (300 uM)
Phenytoin N.E. (50 uM) NLE. (50 uM) NL.E. (100 uM)
Topiramate —29% (100 uM) N.E. (100 uM) N.E. (300 uM)
Valproate +76% (300 uM) N.E. (300 uM) +19% (300 uM)°

For each treatment, the drug concentration with the highest effect size (in
percentvs. control) is shown. Only significant differences to control were used
for calculation of effect size. Data were calculated from the experiments
shown in Figs. 3 and 5. In addition, the cell line with the most marked
alteration in rhodamine |23 uptake in response to drug exposure is indicated
in bold

#Higher concentrations were toxic

P Also significant increase (+ 40%) in hCMEC/D3 cells that were not
preexposed with hydrocortisone (see Fig. 4)

BCEGs. As shown in Fig. 7a, b, expression of Pgp in such
cultures was similar to that observed in the RBE4 and
hCMEC/D3 cell lines, but much lower compared to GPNT
as shown in Iig. 1d, e. With increasing passages, Pgp expres-
sion significantly decreased, so that only cells of the first two
passages were used for functional experiments. Functionality
of Pgp in rBCECs was proven by Rho123 efflux. The average
uptake of Rho123 (determined at 2 pM) was 61,514£5,161
fluorescence units/mg protein (mean £ SEM from 24 deter-
minations) and did not differ significantly in rBCECs from
Wistar or Sprague—Dawley rats (not illustrated). As shown by
a representative experiment in Fig. 7¢, Rho123 accumulation
was not affected by exposure with dexamethasone (10 uM),
but significantly reduced by puromycin (I pM), indicating
increased functionality of Pgp. When exposure with dexa-
methasone was increased from 3 to 6 days, also no effect on
Rho123 uptake was observed (not illustrated). Tariquidar
(0.5 uM) more than doubled intracellular concentrations of
Rho123, indicating significant inhibition of Pgp functionality
(Fig. 7¢). Similar results were obtained with these drugs in
rBCECs of both Wistar and Sprague—Dawley rats, so that all
experiments performed in rBCECs from these two rat strains
were summarized and shown together in Fig. 7d.
Dexamethasone did not alter Rhol23 uptake (or efflux) in
any experiment, while puromycin significantly decreased
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Fig. 7 Expression and functionality of Pgp in primary cultures of BCECs isolated from Wistar and Sprague—Dawley rats. Representative expression of Pgp in
rBCEC:s isolated from Wistar rats (aand b); note the significant difference between passage | and 3 (P=0.0056). A representative example of a Rhol23 uptake
experiment with rBCECs (¢). Data are given as means + SEM of three samples per treatment; significant differences to control are indicated by asterisk (P<0.05).
(d) Data from various experiments in rBCECs from Wistar and Sprague—Dawley rats are summarized and illustrated in percent control. The number of samples
per drug concentration is indicated in the bars; data are shown as means = SEM. Individual controls from the various experiments were summarized and shown
as 100%. Significance of differences (as calculated by comparing with controls of the individual experiments) is indicated by asterisk (P< 0.05). Abbreviations: CBZ

carbamazepine, Dex dexamethasone, PHT phenytoin, Puro puromycin, TQD tariquidar.

uptake (by 70% on average) and tariquidar increased uptake
(2.3 fold on average) in all experiments with these compounds.
Similar to tariquidar, a significantly increased uptake of
Rhol123 was also observed with carbamazepine (100 pM),
and, to a lesser extent, with phenytoin (100 pM).

Drug Effects in Primary Cultures of Porcine Brain
Endothelial Cells (pBCECs)

For comparison with rat and human BCECs, some experiments
were performed in primary cultures of porcine BCEC:s (Fig. 8). As
shown in Fig. 8a, expression of Pgp in such pPBCEC cultures was
considerably higher than that observed in hCMEC/D3 cells.
Relative Pgp protein expression (normalized to actin) of
hCMEC/D3 cells was only 28% of that determined in
pBCECs, which was confirmed by repeating the experiment
(not shown). Functionality of Pgp in pBCECs was proven by
Rhol23 efflux. The average uptake of Rhol23 (determined at
10 uM) was 27,404 + 4,384 fluorescence units/mg protein (mean
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+ SEM from 11 determinations). The Rhol23 uptake in
pBCECs was 2.4-times lower than in hCMEC/D3 cells (64,700
fluorescence units/mg protein at 10 puM; see Fig. 2c¢), thus
reflecting the higher Pgp expression in pBCECs (Fig. 8a).
Inhibition of Pgp by tariquidar (0.5 uM) caused a 3.5-fold increase
in the uptake of Rho123 in pBCEC:s (Fig. 8b). Similar to tBCECs,
dexamethasone (1 or 10 uM) did not significantly decrease the
uptake of Rho123 in pBCECs, whereas a significant decrease was
seen with puromycin (1 uM). Increase of the concentration of
puromycin to 10 uM was associated with toxicity (not shown).
Carbamazepine (100 pM) and phenytoin (uM) did not signifi-
cantly alter the uptake of Rho123, although a nonsignificant trend
for increased uptake was seen with carbamazepine (P=0.0614).

DISCUSSION

The clinically important question whether AEDs induce Pgp
at the BBB and thereby potentially reduce their own
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Fig. 8 Expression and functionality of Pgp in primary cultures of porcine
BCECs. Representative expression of Pgp in pBCECs (a) for passage | (P1)
and passage 2 (P2). For comparison, Pgp expression was determined in
hCMEC/D3 cells, using equal amounts of protein (20 ug) for blotting. Note
the higher Pgp expression in pBCEC vs. h\CMEC/D3. (b) Data from two
experiments in pBCECs are summarized and illustrated in percent control.
The number of samples per drug concentration is indicated in the bars; data
are shown as means = SEM. Individual controls from the two experiments
were summarized and shown as |00%. Significance of differences is indicated
by asterisk (P<0.05). Abbreviations: CBZ carbamazepine, Dex dexametha-
sone, PHT phenytoin, Puro puromycin, TQD tariquidar.

penetration into the brain is unresolved and previous studies
on this question are equivocal (42,43). Rather than studying
AED effects on Pgp expression as in most previous studies, we
decided to study alterations in Pgp functionality in response to
AED exposure, because only increased Pgp functionality at
the BBB would reduce brain penetration of AEDs. We and
others have previously shown that various major AEDs, in-
cluding phenobarbital, phenytoin, topiramate, lamotrigine,
levetiracetam, and oxcarbazepine, are substrates of rodent
and human Pgp, whereas this is equivocal for some other
AEDs, including carbamazepine and valproate (42,43). In
previous experiments, we had used uptake of digoxin and
vinblastine for determining AED effects on Pgp functionality
in cell lines, including GPNT, but none of the AEDs tested
(phenobarbital, phenytoin, carbamazepine) exerted any sig-
nificant effect (7). For the present study, we used uptake of
Rhol23 as a functional assay of Pgp activity for studying
effects of various AEDs and, for comparison, known Pgp
inducers in three BCEC lines, including human hCMEC/

D3 cells. A preliminary comparison of drug effects on digoxin
vs. Rho123 uptake showed that Rho123 uptake was less var-
iable, thus providing more reliable results on Pgp functionality
in cell lines (see Methods). Rho123 is a widely used substrate of
Pgp for uptake/efflux assays (18,35,37,41). Some reports have
suggested that Rho123 efflux occurs also in BCRP(ABCG2)-
expressing cell lines, but Robey et al. (44) reported that
Rho123 was not able to detect BCRP activity, and also our
own experiments in BCRP-transfected kidney cell lines did
not detect any BCRP-mediated uptake of Rhol23 (K.
Rémermann, unpublished data).

In the three BCEC lines used in the present study, the
uptake of Rho123 markedly differed, with highest uptake in
RBE4 and lowest uptake in GPNT, reflecting the significant
differences in Pgp expression and functionality between these
cell lines. GPNT cells are known to express much more Pgp
than RBE4 cells (19), which was also seen in our experiments.
In hCMEC/D3 cells, Pgp expression was higher than in
RBE#4 cells, but clearly below the expression seen in GPNT
cells, resulting in a Rhol23 uptake in between RBE4 and
GPNT. As shown by directly comparing the effects of
dexamethasone and tariquidar on Rhol23 uptake in the
three cell lines, the effect size of Pgp inducers and inhib-
itors depended on the magnitude of Pgp functionality.
With tariquidar, the increase in Rhol23 uptake was
negatively correlated with the magnitude of control up-
take (the higher the basal uptake of Rhol23, the lower
the effect of tariquidar), whereas with dexamethasone the
opposite was found (the higher the basal uptake of
Rhol123, the higher the effect of dexamethasone). In
other words, cells with high basal Pgp functionality, such
as GPNT and hCMEC/D3 cells, were not very sensitive
to the Pgp inducer dexamethasone but highly sensitive to
the Pgp inhibitor tariquidar, whereas the opposite was
true for cells with low basal Pgp functionality, such as
RBE4.

The rat BCEC line RBE4 is a widely used cell line that
expresses many properties also expressed by brain endothelial
cells un vivo (19,45). However, it has only rarely been used to
study effects of Pgp inducers and inhibitors in uptake/efflux
assays, so that no previously published data are available on
the drugs used in the present study. Most likely as a result of
low Pgp expression and functionality, RBE4 was the most
sensitive cell line to known Pgp inducers, such as dexametha-
sone, doxorubicin, and puromycin, but RBE4 cells were rath-
er insensitive to the anti-tuberculosis drug rifampicin. The
latter drug is a high-affinity ligand for human PXR (hPXR)
but not for rodent PXR (46), which could explain its low
efficacy in inducing Pgp in RBE4 cells; however, the more
potent effect of rifampicin observed in GPN'T cells may indi-
cate that hPXR is not the only mediator of rifampicin’s effect
on Pgp functionality. Among the AEDs, both carbamazepine
and topiramate significantly decreased uptake of Rho123 in
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RBE4, indicating Pgp induction, while valproate seemed to
inhibit Pgp at 300 uM, which is within the therapeutic range
of this drug. Interestingly, this effect was lost at 600 uM.

In comparison to RBE4, GPN'T cells are more often used
to study effects of drugs on Pgp expression and functionality
(6,7,17,21). The high Pgp expression of these cells is a conse-
quence of transfection with a selection plasmid containing the
puromycin resistance gene and exposure to puromycin during
culturing of the cells (17,21). In a previous study of our group,
effects of exposure to dexamethasone (1 pM) and doxorubicin
(1 uM) on Pgp functionality and expression were quite vari-
able (7), so that we reduced the preexposure to puromycin in
the present experiments to avoid maximum induction of Pgp
by puromycin already before the experiments with other
known Pgp inducers and AEDs. This resulted in lower ex-
pression of Pgp (see Methods) and higher sensitivity to dexa-
methasone and doxorubicine, but not AEDs. Indeed, none of
the AEDs used in the present study exerted any effect on
Rho123 uptake, thus substantiating our previous experiments
in which uptake of either digoxin or vinblastine were used to
determine Pgp functionality (7). In addition, we did not ob-
serve any effect of AED exposure on Pgp expression in GPNT
cells [7; present study], which is in sharp contrast to the study
of Lombardo e al (6), in which six AEDs (phenobarbital
[300 uM], phenytoin [100 uM], carbamazepine [100 pM],
topiramate [100 uM], tiagabine [30 pM] and levetiracetam
[300 pM]) were reported to increase Pgp protein expression
about 3-fold after 3 days exposure of GPNT cells. As discussed
recently (7), the uniform increase of Pgp in the experiments of
Lombardo et al (6) in response to six AEDs (each tested at only
one concentration) may be an artifact, at least in part, as a
result of the solvent (DMSO) used in these experiments, which
was avoided in our experiments with AEDs and cytostatic
drugs.

The hCMEC/D3 cells are a line of human cerebral mi-
crovascular endothelial cells that was developed and first
described by Weksler ef al in 2005 (18) and has been widely
used as a model of the human BBB since then. Like other
immortalized BCEC lines, hCMEC/D3 cells show insuffi-
cient tightness when grown as a cell monolayer, not develop-
ing the low paracellular permeability observed with primary
BCEC cultures or kidney cells lines (e.g., LLC, MDCK; (42)),
so that these cells have only limited use for bidirectional
transport studies, but can be used for a variety of other
applications, including efflux assays with Pgp substrates such
as Rho123 (18,20,47). To our knowledge, the effects of AEDs
on uptake of a Pgp substrate have not been examined previ-
ously in hCMEC/D3, but 3 days exposure to the PXR agonist
rifampicin was reported to increase Pgp expression (23). In
our experiments, rifampicin significantly decreased the uptake
of Rho123 in hCMEC/D3 cells and similar effects were also
determined for the known Pgp inducers dexamethasone, pu-
romycin and vincristine. In contrast, most AEDs did not affect
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Pgp functionality in this cell line except for moderate Pgp-
inducing effect of carbamazepine. Because the medium rec-
ommended by P.-O. Couraud’s group for culturing the cells
contains 1.4 pM hydrocortisone, we thought that this
preexposure to a known Pgp-inducing agent could probably
affect the ability of other drugs to induce Pgp. For instance,
Martin ¢t al (11) have shown that pretreatment of cell lines
with dexamethasone as a media supplement masked the in-
duction of Pgp by other Pgp inducers. In hCMEC/D3 cells,
hydrocortisone is added to the medium to enhance tight
junction proteins (48), which is not needed for uptake assays
such as the Rho123 assay. Nevertheless, even when these cells
are used for Pgp efflux assays, medium with hydrocortisone is
generally used (20) and we observed more dead cells when
culturing hCMEC/D3 cells without hydrocortisone.
However, because we wanted to know how preexposure to
hydrocortisone affects drug effects in the Rhol23 assay, we
performed experiments in which hydrocortisone was
completely removed from the culture medium. As expected,
the hCMEC/D3 cells exhibited an increased uptake of
Rho123 and became more sensitive to the Pgp-inducing effect
of dexamethasone, but the effects of AEDs did not significant-
ly change.

Overall, none of the six AEDs tested caused an induction of
Pgp functionality that was comparable to the effects of dexa-
methasone or cytostatic drugs in the three examined BCEC
lines. This could either mean that most AEDs do not induce
Pgp at the BBB at therapeutically relevant concentrations or
that immortalized BCEC lines are only a relatively insensitive
tool to investigate potential effects of AEDs on Pgp expression
and functionality. A similar lack of any robust Pgp-inducing
effect of AEDs was recently also found for kidney (MDCK)
cells (7) and for intestinal Caaco-2 cells (D. Alms, unpublished
data). Three of the AEDs examined, i.c., phenobarbital, phe-
nytoin, and carbamazepine, have been reported to induce
Pgp in hepatocytes and intestinal cells, most likely via activa-
tion of the nuclear receptors CAR or PXR (43), but whether
such an effect also occurs in other cell types, such as BCECs, is
less well established. In this respect, it is also important to note
that induction of Pgp is tissue-specific, which may relate, at
least in part, to tissue differences in the expression of nuclear
receptors (9,13,25,49). In general, the brain or BCEC:s isolat-
ed from the brain are less sensitive to the Pgp inducing effects
of several prototypical inducing agents, including dexameth-
asone, than intestine or liver (25,49). CAR and PXR are
expressed in brain capillaries or BCECs from mouse, rat,
pig and human (3) and were shown to mediate drug effects
on Pgp. For instance, the PXR ligand dexamethasone (0.1—
0.5 pM) increased Pgp expression and functionality in rat
brain capillaries (50) and the hPXR ligand rifampicin
(10 pM) increased Pgp expression in brain capillaries from
hPXR transgenic mice (51). Both PXR ligands were also
found to increase Pgp functionality in the present study in
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immortalized BCEC lines. Exposing rat brain capillaries to
the CAR activator phenobarbital increased the transport
activity and protein expression of Pgp; induction of transport
was abolished by a protein phosphatase 2A inhibitor (52).
However, phenobarbital was used at a concentration
(1 mM) that 1s >5-times higher than the upper limit of the
therapeutic range of this AED in patients with epilepsy
(170 uM; Table I). This may explain why we did not observe
any significant effect of phenobarbital when using therapeuti-
cally relevant concentrations in the present experiments in
BCEC lines from rats and humans.

Similarly, we did not observe any meaningful induction of
Pgp in brain capillaries following treatment of rats with anti-
convulsant doses of phenobarbital (30 mg/kg/day) or phenyt-
oin (50 mg/kg/day) for 11 days (53). In apparent contrast,
treating rats over 4 days with 80 mg/kg/day phenobarbital
increased Pgp-mediated transport and protein expression in
brain capillaries assayed ex vwo (52). Such high dose of pheno-
barbital is in the neurotoxic range of this compound and thus
of no relevance for effects occurring at the much lower anti-
convulsant doses (54). Such differences in drug concentrations
or doses between studies may explain many if not all of the
equivocal data reported on AEDs and brain Pgp induction in
rodents (43). In addition to the role of drug concentration
or dose used in experiments on induction of Pgp, there are
substantial species differences in ligand affinities for rodent
versus human PXR, so that data on Pgp induction in
rodents cannot be simply extrapolated to humans. To our
knowledge, this is the first study that compares the effect of
various AEDs and known Pgp inducers on Pgp functional-
ity in rodent and human BCEC lines at therapeutically
relevant concentrations.

The only AED that was found to significantly increase Pgp
functionality in hCMEC/D3 cells was carbamazepine. In
other tissues, inducing effects of carbamazepine and some
other AEDs, including valproate, are primarily mediated by
CAR and/or PXR (8-12,55,56). With respect to the relatively
small effects of carbamazepine (and the lack of other AEDs to
induce Pgp at all) observed in the present study in hCMEC/
D3 cells, it is important to note that both PXR and CAR are
downregulated in these cells (20), which we have previously
reported also for GPN'T and RBE4 cells (7). However, CAR
and PXR are not the only transcription factors that regulate
Pgp and mediate drug effects on this transporter, but other
nuclear receptors such as the aryl hydrocarbon receptor
(AhR), which is highly expressed in hCMEC/D3 (20), the
farnesyl-X receptor, the glucocorticoid receptor, and class I
histone deacetylases (HDAC1) may also be important in this
respect (3,57,58).

With respect to the induction of Pgp functionality by car-
bamazepine in hCMEC/D3 cells seen in our experiments, it is
important to note that this drug has been shown to induce
intestinal Pgp expression and functionality in humans n viwo

(57). Whether a similar i viwo alteration of Pgp occurs at the
BBB of humans is not known, but the fact that the i vitro effect
of carbamazepine in a human BCEC line is in line with the
i vio effect of this drug on intestinal Pgp in humans may
indicate that data from human cell lines reflect the i viwo
situation.

Interestingly, the HDAC inhibitor valproate significantly
inhibited Pgp function in both RBE4 and hCMEC/D3
cells at therapeutic concentrations (300 pM), but in both
cell lines this effect was lost at higher concentrations. In
a previous study by Weiss ¢t al (27) in a MDR I-transfected
kidney cell line (LLC), valproate was the only AED that
inhibited Pgp in therapeutic concentrations (250-500 uM),
but the mechanism of this effect is not known. In
human tumor cell lines, valproate (0.5-1.5 mM) was
shown to induce Pgp, which was related to its HDAC-
inhibitory activity (59). Thus, depending on cell line and
drug concentration, valproate can both induce and in-
hibit Pgp functionality, which deserves further studies on
the mechanisms of these effects. Biphasic effects of drugs
on Pgp functionality have also been described for other
drugs and are most likely a consequence of concentration-
dependent interactions with different drug binding sites
of Pgp (42).

In order to exclude that the lack of any marked induction of
Pgp functionality by AEDs was due to the use of immortalized
BCEC lines, some experiments were also performed in pri-
mary cultures of rat and porcine BCECs. Similar to the
findings in rat and human BCEC lines, the known Pgp induc-
er puromycin induced Pgp functionality in primary BCEC
cultures from both species, whereas tariquidar inhibited Pgp
function. The effect size of tariquidar on Rho123 uptake was
2.3-fold, 2.7-fold, and 3.5-fold in rBCECs, hCMEC/D3, and
pBCECs, respectively, reflecting the higher Pgp expression in
pBCECs compared to rBCECs and hCMEC/D3 cells.
However, in apparent contrast to rat and human BCEC lines,
dexamethasone did not induce Pgp in primary cultures of rat
and porcine BCECs. In rBCECs this could have been due, at
least in part, to the preexposure with hydrocortisone and
puromycin in the culture medium (see Methods). Indeed,
Narang et al. (60) previously reported that dexamethasone
increased Pgp expression and functionality in rBCECs when
cells were cultured without hydrocortisone or puromycin.
pBCECs were cultured without hydrocortisone, but
puromycine was used to eliminate pericytes, as commonly
done during preparation of primary cultures of BCECs (28).
Thus, the different extent of Pgp inhibition or induction that
has been observed for some of the drugs among the different
BCEC preparations used in the present study may not only
result from the immortalization process or the selected species,
but also from the degree of Pgp induction by hydrocortisone,
puromycine or none, which may strongly determine the reg-
ulatory responsiveness and sensitivity of the transporter
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towards other drugs. This does, however, not explain the
different sensitivity of rBCECs and pBCECs to exposure with
puromycin, because this drug (at 1 pM) decreased Rho123
uptake by 70% in rBCECs but only 20% in pBCECs.
Another factor that may affect the effect size of exposure of
BCECs with Pgp-inducing drugs is the duration of exposure.
For instance, Lemmen ez al. (61) recently reported that induc-
tion of Pgp in pBCEC:s by rifampicin was maximal after 6 and
12 h of exposure, but decreased at 24 and 48 h. In the present
study, all drugs were compared at the same exposure duration
(3 days; in some experiments 6 days), so that transient drug
effects on Pgp occurring with shorter exposure might have
been missed. Furthermore, the choice of Pgp substrate used
for functional analysis of Pgp may affect results obtained with
Pgp inducers. For the present experiments, we used the
Rho123 assay, because this assay proved to be less variable
(and more sensitive to known Pgp inducers) than other assays
previously used by us in this respect (see Methods).

In our experiments with primary cultures of rat and por-
cine BCECs, a 3 day exposure with carbamazepine and
phenytoin did not induce but rather inhibited Pgp function-
ality, resembling the findings of Weiss et al (27) with these
AEDs in the calcein uptake assay in primary cultures of
porcine BCECs and the bodipy-verapamil accumulation as-
say in LLC-MDRI cells. To our knowledge, only one previous
study used primary cultures of rat BCEC:s to study effects of
AED exposure (62). The authors reported that all AEDs
(phenobarbital, phenytoin, carbamazepine, valproic acid) in-
creased Pgp expression about 3-fold, which was associated
with a moderate (10-30%), but statistically significant de-
crease in the accumulation of Rhol23 by phenobarbital,
phenytoin and valproic acid, but not carbamazepine.
However, cells were drug-exposed for 60 days at increasing
drug concentrations, and the authors mentioned that a 30-day
exposure to AED:s failed to induce Pgp function and level (62).
This finding is difficult to interpret, because drug-provoked
induction of Pgp expression and functionality is known to
occur rapidly in order to allow cells to protect themselves from
potential intoxication by drugs and other xenobiotics (63).

CONCLUSIONS

Our data do not support the notion that treatment with
therapeutic concentrations of AEDs causes a clinically rele-
vant induction in the functionality of Pgp in BCECs that form
the BBB. Although some Pgp induction was seen with carba-
mazepine in both RBE4 and hCMEC/D3 cells, this was not
confirmed in primary BCEC cultures. Unless there is a gen-
eral difference in the sensitivity of Pgp at the BBB between
in vitro and in vivo drug exposure, it thus seems unlikely that
AEDs reduce their own penetration into the brain via Pgp
induction, which then critically contributes to development of
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AED resistance in patients with epilepsy. Rather, the in-
creased Pgp expression at the BBB that has been determined
in patients with AED-resistant epilepsy may be a consequence
of genetic polymorphisms in the ABCBI gene or, more likely,
of excessive neuronal release of the Pgp inducer glutamate in
response to seizures (4,46). The situation is different with
cytostatic drugs, most of which induced Pgp functionality in
all BCEC lines and primary BCEC cultures, although inter-
esting differences were observed among cell lines. Further
study is needed to uncover the molecular mechanisms behind
these inter-cell line differences in Pgp induction. Our data
demonstrate that studies on the Pgp induction potential of
xenobiotics in BCECs should not rely on a single cell line, but
rather a battery of cell lines should be used to avoid false
negative or positive results. As shown by the present data,
any Pgp-inducing compounds in the culture medium, which
are often added to increase the viability or barrier function of
BCECs (hydrocortisone) or to eliminate pericytes (puromycin)
in i vitro models of the BBB, may strongly determine the
regulatory responsiveness and sensitivity of Pgp towards other
drugs. It remains to be determined how closely such i vitro
experiments on Pgp induction reflect the i vivo situation, but,
as discussed above, the study of Giessmann et al (64) with
carbamazepine indicates that data from human cell lines such
as hCMEC/DS3 provide a clue to what would happen i vwo.
We plan to use ''C-labeled Pgp ligands and positron emission
tomography (PET) to further study the effect of AEDs on Pgp
expression and functionality at the BBB i viwo (65).
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