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Purpose. To investigate whether P-glycoprotein (Pgp) protects the in
vitro BBB against the cytotoxic effects of anti-tumour drugs.
Methods. In an in vitro BBB coculture model the influence of the
anti-microtubule drugs vinblastine, colchicine, paclitaxel and the non-
antimicrotubule drugs doxorubicin, fluorouracil and etoposide in the
absence or presence of Pgp modulators on the trans-endothelial elec-
trical resistance (TEER), which is an indicator for the integrity, was
investigated.
Results. In the absence of Pgp modulators vinblastine, colchicine and
paclitaxel dose dependently decreased TEER values to less than 20%
of control. Non-anti-microtubule drugs did not affect TEER values.
Following competitive inhibition of Pgp by various Pgp modulators
and substrates, even low concentrations of vinblastine, colchicine and
paclitaxel substantially decreased TEER. IC50 values of LY 335979,
SDZ-PSC 833, cyclosporin A, and verapamil were 0.03, 0.25, 0.46, and
13.7 mM, respectively.
Conclusions. These results indicate that Pgp normally protects the in
vitro BBB against the disruptive effects of anti-microtubule drugs, but
its integrity is lost when anti-microtubule drugs are used in combina-
tion with potent Pgp modulators. In addition, this procedure offers
the possibility to characterize Pgp modulators and substrates with
respect to their efficacy and to elucidate drug interactions at the level
of Pgp.
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INTRODUCTION

The main function of the blood-brain barrier (BBB) is to
protect the central nervous system (CNS) against the fluctu-
ating blood environment and to maintain homeostasis in the
CNS (1). This is caused by the dynamic properties of the
BBB, presented by the endothelial cells, which are influenced
by astrocytes, pericytes, and neurons. With respect to its large
surface area, the BBB is considered to be the most important
barrier for drug transport to the CNS (2). However, certain
conditions, e.g., inflammation or AIDS related dementia, can
increase or decrease the transport of drugs across the BBB

(3). Another important reason for the limited penetration of
compounds into the CNS is the presence of various active
transporters, like the multidrug efflux transporter P-
glycoprotein (Pgp) (4). Pgp actively extrudes its substrates
into the blood stream, thereby limiting its substrates to pass
the BBB and enter the CNS.

Since Pgp is present in various other tissues (4) and mul-
tidrug resistant (MDR) tumors (5), it is conceivable that Pgp
protects the BBB against damaging effects of toxic com-
pounds and limits pharmacological effects of drugs. In case of
MDR tumor cells this is a disadvantage since the efflux of
anti-cancer drugs by Pgp results in low intracellular concen-
trations of anti-tumour drugs, thereby decreasing the effec-
tiveness of chemotherapy.

Several studies have shown that Pgp modulators can in-
hibit Pgp, leading to a higher intracellular accumulation of
anti-tumor drugs and thus an increased anti-tumor effect (6).
However, in non-tumor cells expressing Pgp, this may give
rise to unwanted side effects. It was clearly shown that the
lack of the multidrug resistance related protein 1 (MRP1)
gene in mice led to tissue damage induced by the anticancer
drug etoposide (7).

In the current study it was investigated if Pgp protects the
BBB against the pharmacological effects of various anti-
tumor drugs. Previously, BBB damage was demonstrated by
vinblastine when given in combination with the Pgp modula-
tor SDZ-PSC 833 (8). In this study the inhibition of and the
competition for Pgp was characterized in terms of potency by
using the in vitro BBB coculture model comprising bovine
brain capillary endothelial cells (BCEC) and rat astrocytes.
Integrity assessment took place by measuring trans-
endothelial electrical resistance (TEER), which particularly is
a measure for paracellular permeability (9).

MATERIALS AND METHODS

Materials

SDZ-PSC 833, LY 335979, ritonavir and amprenavir
were provided by Sandoz Pharma (Basel, Switzerland), Eli
Lilly Company (Indianapolis, IN, USA), Abbott Laboratories
(Abbott Park, IL, USA) and Glaxo Wellcome (Green-
ford, Great Britain), respectively. Vinblastine, colchicine, cy-
closporin A, doxorubicin, etoposide, fluorouracil, and vera-
pamil were obtained from Sigma Chemical Co. (Zwijndrecht,
The Netherlands). Other chemicals were all of analytical
grade. Paclitaxel was obtained in the commercial form Taxol
(6 mg/ml paclitaxel in Cremophor and dehydrated ethanol).
A stock solution of 1 mM SDZ-PSC 833 was made in poly-
ethylene glycol (PEG 200, Fluka Chemie, Zwijndrecht, The
Netherlands)/ethanol/5% glucose [(v/v/v) 55/5/10]. A stock
solution of 2 mg/ml ritonavir and amprenavir was made in
ethanol. A stock solution of 10 mM vinblastine, colchicine,
and cyclosporin A was made in ethanol. Stock solutions of
other drugs were made in millipore water (MilliQ). Complete
medium consisted of Dulbecco’s modified Eagle’s Medium
(DMEM) formulated with NaHCO3 (3.7 g/l), Hepes (25 mM),
and D-glucose (4.5 g/l) ans supplemented with extra MEM
nonessential amino acids, penicillin (100.000 U/l), streptomy-
cin (100 mg/l), L-glutamine (2 mM), (all from BioWhittaker,
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Verviers, Belgium), and 10% (v/v) heat inactivated fetal calf
serum.

In Vitro BBB Model

The in vitro BBB model was prepared as described by
Gaillard (10). Briefly, calf brains were obtained at the slaugh-
terhouse (Molendijk B.V., Nieuwerkerk a/d IJssel, The Neth-
erlands). Brain capillaries were isolated from cortices of the
brains. After homogenization of the cortices, trapping on ny-
lon meshes and enzymatic digestion, brain capillaries were
obtained. Astrocytes were isolated from cortices of brains of
newborn Wistar rats (Harlan B.V., Zeist, The Netherlands)
and used to prepare astrocyte-conditioned medium and co-
cultures. BCEC were cultured from brain capillaries on col-
lagen and fibronectin coated culture flasks in 50% astrocyte-
conditioned medium. 125*103 astrocytes per cm2 were seeded
on the bottom of collagen coated Transwell polycarbonate
filters [0.4 mM pore size, surface area: 0.33 cm2 (filter type A)
or 1 cm2 (filter type B) Transwell™, Corning Costar,
Schiphol-Rijk, The Netherlands] in complete medium. After
2 or 3 days 30*103 BCEC were seeded on the top of the filters
in complete medium supplemented with 125 mg/ml heparin.
Tight monolayers were obtained 4–5 days after seeding the
BCEC. At the day of the experiment TEER values of the in
vitro BBB ranged between 240 and 300 V *cm2 with a mean
of 283 V *cm2.

TEER Studies

First, the time-dependent effect (at t 4 0–6 h) of various
concentrations of the anti-tumor drugs vinblastine, paclitaxel,
colchicine, doxorubicin, etoposide, and fluorouracil on TEER
was investigated. Next, various concentrations of the Pgp
modulators LY 335979, SDZ-PSC 833, verapamil, cyclospor-
ine A, and the Pgp substrates ritonavir and amprenavir were
administered in the presence of 10 nM vinblastine, 0.3 mM
paclitaxel, and 0.1 nM colchicine and subsequently TEER was
measured for 6 h. TEER was measured with a current-passing
and voltage-measuring electrode (Millicell-ERS, Millipore
Corporation, Etten-Leur, The Netherlands). The mean
TEER of blank filters (n 4 4) were subtracted, while a cor-
rection was made for the surface area of the filter.

Data Analysis

TEER values were expressed as a percentage of the ini-
tial value (t 4 0 h) which was set at 100%. All measurements
were performed at least on 8 filters. All results were ex-
pressed as mean ± S.D.

TEER values at t 4 6 h were used to obtain effect pa-
rameters of the Pgp modulators with respect to Pgp inhibitory
potency. The data were fitted with a sigmoidal Emax model
using WinNonlin version 1.5 (Pharsight, Mountain View, CA,
USA) to characterise Pgp inhibition:

Fig. 1. Concentration dependent effect of vinblastine (a), colchicine (b), paclitaxel (c), and doxorubicin (dox), etoposide (eto) and fluorouracil
(flu) (d) on TEER in the in vitro BBB coculture model. At t 4 0 h drugs were applied and TEER was set to 100%. Data are expressed in
mean ± S.D.
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TEER =
Emax* C
IC50 + C

(1)

where Emax is the maximal decrease of TEER (percentage),
IC50 is the concentration at half maximal decrease, and C is
the concentration of the inhibitor.

Statistical difference (p < 0.05) of TEER values at t 4 6
h was calculated by an unpaired Student’s t-test (two-tailed).

RESULTS

First, the effect of various anti-tumor drugs on the integ-
rity of the in vitro coculture BBB model, as measured by
TEER, was investigated for 6 h (Fig. 1a–c). Apart from small
fluctuations, TEER was relatively constant over time in the
absence of these compounds (control). The anti-tumor drugs
etoposide, doxorubicin, and fluorouracil did not change the
TEER values in comparison to the control situation in a con-
centration range from 0.1 nM to 10 mM (Fig. 1d). Although in
the presence of 10 nM vinblastine or 0.1 nM colchicine no
difference in TEER in comparison to the control situation
was found, higher concentrations of vinblastine or colchicine
significantly decreased TEER (Fig. 1a,b). TEER decreased to

less than 20% in the presence of 330 nM or more for vinblas-
tine and 3.3 nM or more for colchicine, meaning that the BBB
had lost its integrity. In the presence of paclitaxel TEER
decreased at concentrations higher than 0.3 mM, but the maxi-
mal reduction did not exceed 50% (Fig. 1c).

Since 10 nM vinblastine, 0.1 nM colchicine, and 0.1 mM
paclitaxel did not affect TEER values, i.e., BBB integrity,
these concentrations were used to investigate if Pgp modula-
tors would enhance the effect of these drugs after inhibition
of Pgp. The presence of 10 nM vinblastine together with 0.01
mM cyclosporin A did not change TEER, but higher concen-
trations of cyclosporin A decreased the TEER to less than
20% (Fig. 2a). Similar results were obtained with 0.1 nM
colchicine and 0.1 mM paclitaxel although the maximal de-
crease of TEER by paclitaxel was about 50% (Fig. 2b–c).
Cyclosporin A itself did not affect TEER at any of the con-
centrations applied (data not shown). Since the effect of vin-
blastine, colchicine, and paclitaxel was clearly concentration-
dependently enhanced in the presence of cyclosporin A, it
was explored if this effect could also be used to quantitatively
estimate Emax and IC50 values of the Pgp modulators cyclo-
sporin A, LY 335979, verapamil, and SDZ-PSC 833. The per-
centage decrease in TEER after 6 h was used as the experi-
mental parameter and depicted as a concentration-effect re-

Fig. 2. Concentration dependent effect of cyclosporin A in the presence of 10 nM vinblastine (a), 0.1 nM colchicine (b), and 0.1 mM
paclitaxel (c) on TEER in the in vitro BBB coculture model. Cyclosporin A was applied at t 4 −1 h and the anti-tumor drugs were applied
at t 4 0 h. TEER was set to 100% at t40 h. In control situation only 10 nM vinblastine, 0.1 nM colchicine or 0.1 mM paclitaxel was applied.
Data are expressed in mean ± S.D.
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lationship in Fig. 3. Using the sigmoidal Emax model it was
possible to estimate Emax and IC50 of the different Pgp modu-
lators used (Table I). The IC50 of LY 335979 was the lowest
of all Pgp modulators tested, followed by cyclosporin A,
SDZ-PSC 833, while the IC50 of verapamil was the highest. In
addition, this method was used to characterise other Pgp sub-
strates as well. This was shown by using the HIV protease
inhibitors ritonavir and amprenavir. In the presence 10 nM
vinblastine together with various concentrations of ritonavir
or amprenavir, TEER decreased concentration-dependently as
well (Fig. 4). At all concentrations used, Pgp modulators or HIV
protease inhibitors alone did not affect TEER (data not shown).

DISCUSSION

Pgp limits the entry of Pgp substrates into the brain and
therefore brain concentrations of Pgp substrates will be rela-
tively low under normal conditions. This is consistent with the
view that Pgp protects the brain from penetration by poten-
tially toxic compounds. Indeed, brain concentrations of Pgp
substrates in mdr1a Pgp knockout mice are much higher in
comparison to wild-type mice (11). The limitation of Pgp sub-
strates to enter the brain has also pharmacodynamic conse-
quences. Mdr1a/mdr1b double knockout mice were at least
eight-fold more sensitive to the sedative effect of asimadoline
in comparison to wild-type mice (12). Furthermore, inhibi-

tion of Pgp led to alteration of morphine antinociception in
rats (13).

Etoposide, doxorubicin, and fluorouracil (at concentra-
tions until 10 mM) did not influence TEER values in com-
parison to the control situation. Their pharmacological action
is at the level of DNA synthesis, which apparently does not
have direct effects on the integrity of this BBB model. In
contrast, vinblastine, colchicine, and paclitaxel exhibited a
concentration dependent decrease of TEER. Since TEER
values represent the permeability of the BBB (9), this implies
increased paracellular permeability caused by the pharmaco-
dynamic effects on microtubuli of these compounds, which
resulted in reduced BBB integrity. Vinblastine, colchicine,
and paclitaxel are anti-microtubule drugs. Vinblastine and
colchicine destabilise the polymerisation of microtubules in
cells, while paclitaxel has a stabilising effect (14–15). After
binding of these compounds to free tubulin or assembled mi-
crotubules, cell cycle progression is delayed and a dramatic
increase in apoptosis occurs (16). Concentrations of such
drugs necessary for the anti-proliferative effect do not affect
the overall architecture of the microtubules (17–18), but at
higher concentrations they induce progressive nonspecific cell
death (19).

In vivo, it has been reported that 10 mg/kg vinblastine
disrupted the BBB in rats as was concluded from increased
uptake of Evans blue dye in the brain (20). This is most likely

Table I. Calculated Emax and IC50 of Various Pgp Modulators Using the Sigmoidal
Emax Model. IC50’s Obtained in this Study Are Comparable with IC50’s Found in Other

Studies (Ford, 1995 (26); Fish et al., 1995 (27))

Pgp substrate Emax

IC50 in
this study IC50 (25) IC50 (26)

Verapamil 66% 13.7 ± 0.1 mM 6–10 mM 6–10 mM
SDZ-PSC 833 77% 0.25 ± 0.03 mM 0.1 mM 0.5–2 mM
Cyclosporin A 91% 0.46 ± 0.05 mM 0.8–2 mM 2–4 mM
LY 335979 72% 0.03 ± 0.001 mM Not reported Not reported

Fig. 3. Concentration dependent effect of Pgp modulators on TEER in the presence of 10 nM
vinblastine in the in vitro BBB coculture model. The curve is fitted through the mean (n 4 8)
of the TEER values at t 4 6 h according to Eq. 1 (see Table 1 for parameter estimates). r LY
335979; m cyclosporin A; d SDZ-PSC 833; j verapamil.
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caused by increased paracellular transport through the tight
junctions next to increased pinocytotic transport. Further-
more, Nag et al. (21) demonstrated that in the presence of an
actin disrupting agent (colchicine and cytochalasin B) BBB
permeability was increased in vivo. Apparently the BBB is
likely to be opened both in vivo and in vitro following appli-
cation of anti-microtubule drugs above certain treshold con-
centrations.

Concentrations of vinblastine, colchicine, and paclitaxel
that did not alter TEER, were used to demonstrate that Pgp,
expressed on the endothelial cells of the BBB, has a protec-
tive function. These concentrations are comparible with
plasma concentrations reported in vivo (22–24). The results
clearly showed that after inhibition of Pgp, the disruptive
effect of the anti-microtubule drugs on BBB integrity was
strongly enhanced. TEER decreased in the presence of a Pgp
modulator, similar to the decrease in TEER after application
of a higher concentration of the anti-microtubule drug (Fig.
2). This indicates that after inhibition of Pgp the pharmaco-
dynamic effects of these drugs are increased, most probably
by increased intracellular concentration in the endothelial
cells of the BBB. Subsequently, the increased pharmacody-
namic effects in the presence of Pgp modulators have led to a
loss in integrity of the BBB at considerably lower concentra-
tions than in the control experiments. The protective function
of the Pgp at the BBB was consideraby impaired by Pgp
inhibition, and the microtubuli destabilising Pgp substrates
(colchicine and vinblastine) were more effective than the sta-
bilizing one (paclitaxel).

The influence of anti-microtubule drugs on the perme-
ability of the BBB was used to quantitatively evaluate the Pgp
modulators, LY 335979, SDZ-PSC 833, verapamil, and cyclo-
sporin A with respect to their Pgp inhibitory capacity. Since
the effect of the anti-microtubule drugs on TEER was con-
centration-dependently enhanced in the presence of the Pgp
modulators, this phenomenon was used to quantify their in-
hibitory effect parameters. Using the sigmoid model for
TEER inhibition, Emax and IC50 values could be estimated
(Fig. 3). The IC50 values of the Pgp modulators to inhibit Pgp
in this study are in the same range with those observed in
other in vitro studies (Table I; 25–26). In those studies intra-
cellular accumulation of a Pgp substrate was measured in the
presence and absence of Pgp modulators.

Furthermore, the present data show that it is possible to
demonstrate similar effects of compounds that interact with
Pgp (Fig. 4). Ritonavir and amprenavir, which have shown to
be Pgp substrates interfered also in our in vitro coculture
BBB model (27,28), with the vinblastine efflux by Pgp as
indicated by the reduction in TEER. In conclusion, this study
demonstrates that the disruptive effects of anti-microtubule
drugs on the BBB are enhanced after inhibition of Pgp. This
implies that the function of Pgp is not only to limit com-
pounds from entering the brain, and thereby to protect the
brain, but also to protect the endothelial compartment of the
BBB against pharmacodynamic effects of Pgp substrates. Fur-
thermore, the assay as proposed can be used as a model to
quantitatively assess Pgp modulators and demonstrate inter-
actions of Pgp substrates with Pgp.
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