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Abstract: The blood-brain barrier (BBB) plays an impor-
tant role in controlling the passage of molecules from the
blood to the extracellular fluid environment of the brain.
The multidrug efflux pump P-glycoprotein (P-gp) is highly
expressed in the luminal membrane of brain capillary
endothelial cells, thus forming a functional barrier to lipid-
soluble drugs, notably, antitumor agents. It is of interest
to develop an in vitro BBB model that stably expresses
P-gp to investigate the mechanisms of regulation in ex-
pression and activity. The rat brain endothelial cell line,
GPNT, was derived from a previously characterized rat
brain endothelial cell line. A strong expression of P-gp
was found in GPNT monocultures, whereas the multidrug
resistance-associated pump Mrp1 was not expressed.
The transendothelial permeability coefficient of the P-gp
substrate vincristine across GPNT monolayers was close
to the permeability coefficient of bovine brain endothelial
cells cocultured with astrocytes, a previously docu-
mented in vitro BBB model. Furthermore, the P-gp
blocker cyclosporin A induced a large increase in apical
to basal permeability of vincristine. Thus, P-gp is highly
functional in GPNT cells. A 1-h treatment of GPNT cells
with dexamethasone resulted in decreased uptake of
vincristine without any increase in P-gp expression. This
effect could be mimicked by protein kinase C (PKC)
activation and prevented by PKC inhibition, strongly sug-
gesting that activation of P-gp function may involve a
PKC-dependent pathway. These results document the
GPNT cell line as a valuable in vitro model for studying
drug transport and P-gp function at the BBB and suggest
that activation of P-gp activity at the BBB might be con-
sidered in chemotherapeutic treatment of cancer pa-
tients. Key Words: Brain endothelial cells—P-glycopro-
tein—Blood-brain barrie—Dexamethasone.
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In the CNS, endothelial cells forming the blood—brain
barrier (BBB) are joined together by continuous tight

by Abbott and Romero, 1996). Studies on knock-out
mice suggest a physiological role of the drug transporter,
P-glycoprotein (P-gp), in preventing the entry of toxic
substances, including chemotherapeutic agents, into the
brain (Schinkel et al., 1995, 1997). This 150-180-kDa
phosphoglycoprotein functions as an ATP-dependent
drug efflux pump at the plasma membrane, maintaining
low cytoplasmic drug concentrations (Gottesman and
Pastan, 1993; Shapiro and Ling, 1995).

P-gp was originally identified as a protein overex-
pressed in cancer cells resistant to a diverse array of
hydrophobic drugs (Gupta et al., 1988). In addition,
functionally active P-gp has been shown to be present in
nonmalignant tissues, notably, lung, intestine, and kid-
ney epithelia, as well as brain and testis endothelia (Thie-
baut et al., 1989; Cordon-Cardo et al., 1990; Drion et al.,
1996). P-gp is encoded by a gene family comprising two
MDR genes KIDR1 and MDR3) in humans and three
mdr genes ndrla, mdrlbandmdr?) in rodents (Ng et
al., 1989), although only the expression of hunbR1
and rodenmdrlaandmdrlbappears to selectively con-
fer multidrug resistance (MDR).

It is interesting that another recently described protein
has been shown to be overexpressed in multidrug-resis-
tant tumor cell lines, the MDR-associated protein (MRP)
(Cole et al., 1992; Barrand et al., 1994). Furthermore,
MRP has been found to be expressed at high levels in
normal human lung, testis, and mononuclear blood cells
(Cole et al., 1992) and at low levels in brain and other
tissues (Zaman et al., 1993). The first human MRP de-
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scribed is now called MRP1, and five homologues have dexamethasone treatment increases P-gp efflux pump
been identified (Kool et al., 1999). In rodents, three activity probably by a protein kinase C (PKC)-dependent

Mrp-encoding genes have been identified, withpl mechanism.
being involved like the humaMRP1in MDR. In human
and rat liver, MRP2andMrp2 are known as canalicular MATERIALS AND METHODS

multispecific organic anion transporters (Keppler and ]

Konig, 1997). Rat Mrp3 has been identified as an induc- Chemicals _ . _

ible transporter for the biliary excretion of organic anions _ Fetal calf serum of American origin was obtained from

(Kiuchi et al., 1998). GIBCO (Paisley, Scotland).3H]Colchicine was p_urchased
Previous in vitro studies have indicated that P-gp is from Dupont de Nemours (NEN Products, Les Ulis, France),

. L . and PH]vincristine was obtained from Amersham (Les Ulis,
present and functionally active in primary cultures of rat, France). Cyclosporin A was a generous gift from Sandoz

porcine, and bovine cerebral endothelial cells (Green- pparma Ltd. (Basel, Switzerland). The C219 monoclonal anti-
wood, 1992; Huwyler et al., 1996; Rart et al., 1998)  p_gp antibody was purchased from Valbiotech (Paris, France),
and in immortalized cell lines (Tatsuta et al., 1992; El the 6KQ polyclonal rabbit anti-MRP1 antiserum was kindly
Hafny et al., 1997). However, down-regulation of P-gp provided by Dr. M. Center (Kansas State University, Manhat-
expression has been documented in primary cultures oftan, KS, U.S.A.), and the monoclonal anti-ezrin antibody was
brain microvasculature endothelial cells compared with purchased from Sigma (St. Quentin Fallavier, France). Electro-
isolated brain capillaries (Barrand et al., 1995; Regina et Phoresis reagents were from Amersham. All other reagents
al., 1998). By contrast with P-gp, MRP1 is not expressed Were from Sigma, unless otherwise specified.

in isolated human brain capillaries (Seetharaman et al., |solation of rat brain microvessels

1998), and Mrpl is expressed at low levels in isolated rat  Rat brain microvessels were isolated using a combination of
brain capillaries (Regina et al., 1998). However, Mrpl the methods of Betz et al. (1979) and Abbott et al. (1992).
overexpression and activity are observed in cell cultures Cortical gray matter free of meninges was incubated in 0.1%
derived from these capillaries. Two other laboratories collagenase/dispase solution (Boehringer, Mannheim, Ger-
have described MRP activity in primary cultures of bo- many) fa 2 h followed by density-dependent centrifugation

vine primary brain endothelial cells and in an immortal- hrough a 25% bovine serum albumin (BSA) solution. The
ized mouse brain capillary cell line (Huai-Yun et al. pellet was resuspended in oxygen-saturated physiological

. . . buffer [147 nM NaCl, 4 mM KCIl, 3 mM CaCl,, 1.2 nM
1998; Kusuhara et al., 1998). Thus, a relevant in vitro MgCl,, 5 mM glucose, 15 M HEPES (pH 7.4), and 1%

model that cl(_)sely resembles the _BBB in vivo would be (wi/vol) BSA] and then passed through a 1:24.5-cm column
based on brain endothelial cells with a high P-gp expres- containing 0.25-mm-diameter washed glass beads. The isolated
sion and a low MRP1/Mrpl expression. capillaries remained attached to the beads and were collected
Understanding the cellular factors that regulate the by repeated gentle agitation in physiological buffer and decan-
expression and/or the function of P-gp in brain endothe- tation. The final pellet was resuspended and washed several
lium should lead to the development of successful ther- times in physiological buffer without BSA. An aliquot was
apeutic strategies for overcoming MDR and restricted taken for protein content measurement.
drug delivery into the brain. Glucocorticoids have been cg|| culture
shown to reduce brain edema associated with malignant Rat brain endothelial cell primary cultureBrain capillary
tumors and improve many related signs and symptoms, fragments were isolated from 2—3-month-old Sprague—Dawley
probably by a mechanism involving changes in BBB rats according to the method of Abbott et al. (1992) with some
permeability (Grabb and Gilbert, 1995; Hoheisel et al., modifications. Two or three rats were anesthetized by a com-
1998). In addition, previous studies suggest that glu- bined-intraperitoneal injection of ketamine hydrochloride (50
cocorticoids may regulate P-gp activity. Indeed, tran- Mg/ml, 70 mg/kg; Parke-Davis, Morris Plains, NJ, U.S.A.) and
scriptional activation of MDR genes was demonstrated diazepam (5 mg/ml, 7 mg/kg; Roche, Neuilly-Sur-Seine,
in hepatoma cells treated with dexamethasone, Whereaézrance). After decapitation, brains were removed under sterile

d th d th ite effect | - conditions. Cortical gray matter dissected free of meninges was
examethasone produces th€ opposite erlect In primary;, . pated fo 1 h in acollagenase/dispase solution plus DNase

rat hepatocyte cultures (Fardel et al., 1993). Therefore, | ang Ne-p-tosyl+ -lysine chloromethyl ketone. The homoge-
investigation of glucocorticoid effects on brain endothe- nate was then centrifuged in 25% BSA for removal of myelin,
lial P-gp might be important in determining the effect of and the capillary fraction was incubated ®h in thecollage-
therapies combining glucocorticoids and anticancer nase/dispase solution to remove the capillary basement mem-
drugs. brane. Finally, the capillaries were purified by filtration through
In this study, we have investigated the expression and @ nylon mesh (pore size, 1im) and then plated out on
activity levels of P-gp in an immortalized rat brain en- 35-mm-diameter tissue culture dishes in culture medium
dothelial cell line, GPNT, derived from a previously ~[Ham's F-10 medium containing 16% plasma-derived bovine
characterized cell line, which retains morphological S€"M (First Link, U.K.), 2 i glutamine, 80ug/ml heparin,

o . . . 50 wg/ml gentamicin, 754g/ml endothelial cell growth sup-
characteristics of primary brain endothelial cells and plement, and additional supplements as listed by Abbott et al.

expression of s_;pecific brain endothelial markers and cell (1992)]. The tissue culture dishes had been coated with type |
surface adhesion molecules (Greenwood et al., 1996).collagen with further ammonia fixation. Cultures were main-

The present study reports the expression and activity of tained in humidified 5% C@95% air at 37°C. After 3 days,
P-gp, but not Mrpl, in GPNT cells and shows that contaminating pericytes surrounding endothelial cell colonies
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were removed with a modified glass Pasteur pipette under the added for 60 min. The plates were shaken during both prein-
microscope. Thus, primary cultures of rat brain endothelial cubation and incubation periods to reduce the effect of the
cells were estimated to be 100% pure by morphological criteria. agueous boundary layer on drug accumulation. The cells were
When the endothelial cells had reached confluency, they were rapidly washed three times with ice-cold PBS to eliminate the

trypsinized briefly to remove them from the tissue culture

dishes and plated out on collagen/fibronectin-coated plates.
Experiments were performed on confluent 3- or 4-week-old

cultures.

Rat brain endothelial cell linesThe GPNT cell line was
obtained from a previously characterized rat brain endothelial
cell line, GP8 (Greenwood et al., 1996). GP8 cells were re-
transfected with a selection plasmid containing the puromycin
resistance gene. After repeated limiting dilution cloning of the
parent line, a single clone, designated GPNT (from GP8 and the
company NeuroTech S.A.), was selected using morphological
criteria and retention of BBB characteristics. GPNT cells were
maintained ina-minimal essential medium/Ham’s F-10 (1:1
vol/vol) medium supplemented with 10% heat-inactivated fetal
calf serum, 2 vl glutamine, 2 ng/ml basic fibroblast growth
factor, 5ug/ml transferrin, 5ug/ml insulin, 5 ng/ml selenium,
and 5 pg/ml puromycin in humidified 5% Cg95% air at
37°C. The phenotype of GPNT cells was found to be much
more stable than that of the parental GP8 cell line.

RBE4 cell line.RBE4 cells (Roux et al., 1994) were plated
on collagen I-coated plates and maintaineciminimal es-
sential medium/Ham’s F-10 (1:1 vol/vol) medium supple-
mented with 10% heat-inactivated fetal calf serum, 'm
glutamine, 300ug/ml geneticin (G418), and 1 ng/ml basic
fibroblast growth factor in humidified 5% Cf®5% air at
37°C.

Western blotting

Protein fractions were prepared from cultured cells by sol-
ubilization in 20 nM Tris buffer (pH 7.4) containing 1 M
dithiothreitol, 1% Triton X-100, and a protease inhibitor cock-
tail (Boehringer). Cell lysates were agitated for 30 min on ice
and then centrifuged for 5 min at 10,0Q0Protein concentra-
tions of the supernatants were determined with a Bio-Rad
protein assay. Protein samples were kept-80°C until use.
For immunoblotting, X Laemmli buffer was added to protein

extracellular drug and then lysed in 5Q00f 0.1 M NaOH. The
amount of tritiated drug retained in the cells was counted in
Pico Fluor (Packard, France) Iyscintillation counting (Pack-
ard model 1900 TR). An aliquot of cell lysate was used in
parallel to determine cellular protein concentration (Lowry et
al., 1951). The intracellular colchicine or vincristine level was
expressed in picomoles per milligram of protein.

To determine the effect of energy depletion on drug accu-
mulation, cells were preincubated with culture medium with 10
mM deoxyglucose and 10 Mh sodium azide to reduce ATP
levels (Barrand et al., 1995).

Permeability of confluent GPNT monolay€eFbe permeabil-
ity of GPNT cell monolayers was measured using a method
adapted from those of Dehouck et al. (1992) and Romero et al.
(1997). Cells were grown on collagen-fibronectin-coated poly-
ester filters (Transwell-clear; 12 mm in diameter; pore size, 0.4
um; Costar, Brumath, France) until confluence. Inserts con-
taining confluent monolayers of GPNT cells were washed with
PBS and then transferred to a well containing Dulbecco’s
modified Eagle’s medium (DMEM) without phenol red supple-
mented with 10 il HEPES and 10% fetal calf serum. DMEM
with or without cyclosporin A (1QuM) was added for 30 min.
The tracers JH]vincristine (Amersham; specific activity, 7.6
mCi/mmol; final concentration, Ci/ml) and fluorescein (1
mg/ml) were added to the upper compartment, and after 5, 10,
20, 30, 40, and 60 min, inserts were sequentially transferred to
another well. Incubations were performed at 37°C on a rotating
shaker (100 rpm). Monolayers were then washed with PBS, and
cells were solubilized in 0.M NaOH. The amounts of tracers
in the lower compartment and within the cells were measured
by B-scintillation counting (Packard model 1900 TR) for
[®H]vincristine and with a fluorescence multiwell plate reader
(Wallac 1420 Victor) for fluorescein. Cleared volume was
plotted against time, and the slopes of the curves, representing
the clearance for each condition, were used to calculate the

samples, which were then separated by electrophoresis on a 6v€rmeability coefficientR.) values of the endothelial mono-

sodium dodecyl sulfate (SDS)-polyacrylamide gel and trans-
ferred to a nitrocellulose membrane. P-gp was then identified
by probing with the monoclonal C219 antibody (ig/ml),
whereas the 6KQ polyclonal antibody (1:300 dilution) was
used for Mrpl analysis (Krishnamachary et al., 1994). Protein
bands were detected by enhanced chemiluminescence (ECL
Amersham). After incubation with the anti-P-gp C219 and
anti-Mrp1 6KQ antibodies, membranes were further incubated
with an anti-ezrin monoclonal antibody (Lg/ml) to verify
equal protein loading in all lanes. The intensity of immunore-

active bands was quantitated by densitometry, and the ratios of

P-gp-immunoreactive bands and ezrin-immunoreactive bands
were calculated.

Functional analysis

Drug accumulation studieCellular uptake of the tritiated
substrate JH]vincristine or PH]colchicine was measured as
described previously (El Hafny et al., 1997). Confluent cells,
grown in 24-well plates, were washed three times with phos-
phate-buffered saline (PBS) and preincubated for 30 min at
37°C in a shaking water bath with culture medium with or
without the following inhibitors or competitive substrates: cy-
closporin A (10uM), verapamil (1QuM), colchicine (50uM),
or indomethacin (1@M). Tritiated substrate (10M) was then
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layer: 1PS = 1/m, — 1/m. and P, = PS/S,wherePSis the
permeability—surface area produstis the surface area of the
filter (1.13 cn?), and m, and m; are the slopes of the lines
corresponding to endothelial cells on filters and to filters only,
respectively.

;Dexamethasone treatment

Drug sensitivity assayThe cytotoxicity of vincristine was
evaluated in GPNT cells using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as de-
scribed by Romero et al. (1997). In brief, GPNT cells were
plated in 96-well plates at a density of>6 10° cells per well
with or without dexamethasone (@M, 3 days). Dexametha-
sone used at this concentration was shown to induce GPNT cell
line toward a more differentiated phenotype (I. A. Romero et
al., manuscript in preparation). At confluence, cells were
washed with PBS and incubated for 48 h with or without
increasing concentrations of the cytotoxic drug vincristine.
After a 48-h incubation, 100l of a 1 mg/ml MTT solution was
added to each well for 4 h. The medium was then removed,
cells were washed with PBS, and the formazan precipitate was
then dissolved by addition of 2Qd of 2-propanol. Absorbance
was read at 540 nm using a Labsystems Multiskan RC micro
plate reader. Cell viability was evaluated asJgC.e., the drug
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FIG. 1. Immunodetection of (A and B) P-gp and (C) Mrp1. Membranes were probed with (A and B) monoclonal anti-P-gp antibody C219
and (C) polyclonal anti-Mrp1 antiserum 6KQ. Protein samples (25 ug) were loaded on SDS-polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane. A: GP8 cells (lane 1) and GPNT cells at passages 17, 21, 29, and 31 (lanes 2-5, respectively).
B and C: Rat brain isolated capillaries (lane 5) and RBEC, RBE4, GP8, and GPNT cells (lanes 1-4, respectively). To verify equal protein
loading, membranes were probed with an anti-ezrin antibody.

concentration providing a 50% reduction in absorbance as GPNT cells were cultured up to passage 50 without
compared \_Nl_th control cells <_:u|tured without cytotoxic drug. apparent morphological changes and displayed a highly
P-gp activity and expressiorGPNT cells were incubated  gtgple phenotype (I. A. Romero et al., manuscript in

with dexamethasone (M) for varying intervals (fron 1 h to : : : _
3 days) and with dexamethasone at increasing concentrationsp.reparatlon)' We then investigated the level of expres

(0.01-1uM) for 72 h. Dexamethasone was storedaal niM sion of P-gp and Mrp1 by |mmuno_blot analysis (Fig. 1).
stock solution in ethanol at80°C. Control cells were treated In both GP8 and GPNT cells (Fig. 1A, lanes 1 and 2),
with 0.1% ethanol. Cells were washed with PBS and incubated P-gp was detected with a molecular size of 150-160
in dexamethasone-free medium, and the uptake of vincristine kDa, but the level of expression was much higher in
was measured as described above. Immunoblots were per-GPNT cells compared with the parent GP8 cell line. The
formed in parallel as described above. high level of P-gp expression in GPNT cells was main-
PKC modulation tained through passages 17-31 (Fig. 1A, lanes 2-5). The
Confluent GPNT cells were cultivated for 24 h with serum-  level of expression of P-gp was also much higher than in
free medium supplemented with 1% BSA. This 24-h culture did brain endothelial cells in primary culture or in RBE4
not change the basal vincristine accumulation in P-gp activity cells (Fig. 1B, lanes 1 and 2). However, the level of

experiments. _ _ _ ~ expression of P-gp in GPNT cells was still lower com-
PKC activity was stimulated by incubating GPNT cells with  pared with the level observed in isolated capillaries (Fig.
12-O-tetradecanoylphorbol 13-acetate (TPA; 168@)n(Stan- 1B, lane 5), further confirming the high level of P-gp

imirovic et al., 1995) for short intervals (15—60 min of treat-

ment). The effects of PKC inhibition on P-gp activity were eeressmrj n lbraln er:dgtf;zellu_m mtv“llo.1998 ina th
evaluated by prolonged exposure to TPA (overnight treatment) s previously reported (Regina etal., ), using the

or by incubation with the PKC inhibitor bisindolylmaleimide ~ Polyclonal antibody 6KQ, the expression of Mrpl was
GF 109203X (0.JuM; Calbiochem, France Biochem, Meudon, detected in rat brain endothelial cells in primary culture
France) (Toullec et al., 1991). Vincristine accumulation was and in RBE4 cells (Fig. 1C, lanes 1 and 2); Mrpl
measured as described above. expression was also detected in GP8 cells (Fig. 1C, lane
Statistical analysis 3) with a single immunoreactive t_)and efl?O—_:L80
One-way ANOVA followed by multiple comparisons using kDa. However, at the_same protein Cor!centratlon (25
the Bonferroni adjustment were performed. In all cases, signif- #9), N0 Mrpl expression was detected in GPNT cells

icance levels were set at< 0.05,p < 0.01, andp < 0.001. (Fig. 1C, lane 4) or in isolated capillaries (Fig. 1C, lane
5). In a previous report, 10Qg of protein was used to
RESULTS detect Mrpl in isolated capillaries (Regina et al., 1998).
Expression of P-gp and Mrpl in GPNT cells Functional analysis of P-gp activity

The immortalized brain endothelial cell line GP8 has  Vincristine and colchicine accumulation in GPNT
been previously characterized: It displays a nontrans- cells.As a measure of drug efflux activity in GPNT cells,
formed phenotype highly reminiscent of BBB endothe- [*H]vincristine and fH]colchicine accumulations were
lium (Greenwood et al., 1996). To improve further the monitored following a 1-h exposure. The uptake of
stability of this phenotype, GP8 cells were retransfected [*H]vincristine into GPNT cells is shown in Fig. 2A.
with a plasmid containing a puromycin resistance gene Vincristine accumulation was significantly increased fol-
for selection. After limited dilution, a subclone was se- lowing preincubation of GPNT cells with the P-gp in-
lected and called GPNT. Unlike the parental clone GP8, hibitors cyclosporin A (1QuM) and verapamil (1G«M)

J. Neurochem., Vol. 73, No. 5, 1999
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FIG. 2. Effects of P-gp- and MRP-specific modulators on (A)
vincristine and (B) colchicine accumulation in GPNT cells. Cells
were preincubated for 30 min at 37°C in growth medium alone
(control) or growth medium containing 10 uM cyclosporin A (A
and B), 50 uM colchicine (A), 10 uM verapamil (A and B), or 10
uM indomethacin (A). For ATP depletion (A), cells were preincu-
bated in growth medium with 10 mM deoxyglucose and 10 mM
sodium azide. Then 10 nM [®H]vincristine or 10 nM [®H]colchicine
was added, and uptake was measured after a 1-h incubation.
Data are mean = SEM (bars) values, in pmol of drugs/mg of
protein measured in the cells, of three independent experiments
performed in quadruplicate.

(about four and 2.5 times, respectivefy< 0.001). By
contrast, preincubation with the MRP inhibitor indo-
methacin (1QuM) had no effect on vincristine accumu-
lation. Preincubation of GPNT cells with the P-gp sub-
strate colchicine (5@M) significantly increased vincris-
tine accumulation (2.2 timeg < 0.001). Intracellular
ATP depletion induced a large increase in vincristine
accumulation in GPNT cells (2.5 timep;<< 0.001). In
addition, we investigated the accumulation of colchicine
in GPNT cells (Fig. 2B). Colchicine accumulation was
significantly increased by preincubation with (M
cyclosporin A and 10uM verapamil (about eight and
seven times, respectivelp; < 0.001).

Permeability of GPNT monolayer§he passage of
[®H]vincristine and of the paracellular permeability

A. RBINA ET AL.

The mean= SEM P, in GPNT cells for fluorescein
was 7.08= 0.270x 10 3 cm min* (n = 9 from three
independent assays). Preincubation of cell monolayers
with cyclosporin A had no effect on fluorescein perme-
ability (6.99+ 0.22X 1073 cm min~%, n = 9 from three
independent assays), indicating that cyclosporin A did
not induce permeability changes in the endothelial
monolayer (Fig. 3B). However, the apical-to-basal trans-
port of vincristine was low despite its high lipophilicity
(mean* SEM P, yincristine = 2.672% 0.03 X 1073 cm
min~—%, n = 9 from three independent assays). Preincu-
bation of cell monolayers with the P-gp blocker cyclo-
sporin A significantly increased the meah SEM
Pe vincristine Value to 10.2+ 0.41 X 1073 cm min * (p
< 0.01, n= 9 from three independent assays) (Fig. 3A).

m  fiter A
A GPNT:P, (10'3cmln‘in)=2.67 +0.03
¥ GPNT (cyA 10uM) : P, (10 %cmvmin)=10.20 + 0.41

[A]
o
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o
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FIG. 3. Effect of cyclosporin A (cyA) on apical-to-basal transport
of (A) vincristine and (B) fluorescein across GPNT monolayers.
Confluent monolayers of GPNT cells grown on Transwell-clear
filters were incubated with DMEM without phenol red containing
10 uM cyA for 30 min. Then, DMEM containing [3H]vincristine

tracer fluorescein was measur_ed acro_ss monolayers Of(final concentration, 1 uCi/ml) and fluorescein (final concentra-
GPNT cells grown on collagen-fibronectin-coated Trans- tion, 1 mg/ml) was added to the upper chamber. The fluxes of
well-clear filters. A representative transport assay using vincristine and fluorescein were measured by quantitating the
triplicate filters is shown in Fig. 3. The tracer flux was amount of solute in the basal compartimeri. Gleared VO'UTI‘E? °)f

. : . oth tracers were plotted versus time for filters without cells (m),
measured over a 60-min period in the presence or ab- ooNr ceis (a), and GPNT cells preincubated with cyA (¥). Data
sence of the P-gp blocker cyclosporin A, and the cleared are mean + SEM (bars) values of triplicate filters of one repre-

volumes (inul) were plotted against time. sentative experiment of three.
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B control (ECs= 0.33 + 0.01 pg/m) induced by dexamethasone was not due to an increase in
P-gp expression by GPNT cells, as evidenced by semi-
guantitative immunoblotting (Fig. 5B). Thus, treatment
with dexamethasone induces an increase in drug efflux
activity in the GPNT cell line, suggesting increased P-gp
activity.

Role of PKC in dexamethasone-induced P-gp activa-
tion. It has been previously reported that PKC may
activate P-gp activity in tumor cells (Aftab et al., 1994).
"B N Therefore, we assessed the role of PKC in dexametha-
' sone-induced P-gp activity in GPNT cells. Activation of

PKC with 160 M TPA for 1 h decreased the accumu-

v dexamethasone (ECs5=1.17 + 0.24 pg/mi)

~
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1
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(% of control)
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FIG. 4. Dexamethasone effect on vincristine cytotoxicity in lation of vincristine by 30% in GPNT cells, a decrease
G_Ft"':lT tCecleS- GPT,T cells vz/1ere I\pﬂlflte/c-\jt in 96f-lwell platesuwith or similar to that obtained after a 1-h treatment with dexa-
without dexamethasone uM). confluence, cells were ; _ ;
washed with PBS and incubated for 48 h with increasing con- methaso_n_e (Fig. 6A). By contrast, dO.Wn regulation of
centrations of vincristine. After incubation, 100 ul of a 1 mg/ml PKC activity by pmlonged treatment with 16(_MnTPA

MTT solution was added to each well for 4 h, and MTT reduction completely abolished the dexamethasone-induced de-
was measured. Cell viability was evaluated as ECsy, i.e., the drug crease in vincristine accumulation in GPNT cells (Fig.
concentration providing a 50% reduction in absorbance as com- 6A). SimiIarIy pretreatment of GPNT cells with the
pared with control cells cultured without vincristine. Data are PKC-specific i'nhibitor bisindolylmaleimide GF 109203X

mean = SEM (bars) values of three independent experiments. . IR
(bars) valu mdep xper (0.1 kM) inhibited P-gp activation by dexamethasone

(Fig. 6B). Altogether, these results suggest that dexa-
methasone-induced P-gp activation likely involves a

At the end of the experiment, intracellular accumulation PKC-dependent mechanism.

of both fluorescein and vincristine was alway8.1% of

the initial amount of tracer placed on the apical side. DISCUSSION

In this study, we investigated the levels of expression
and activity of the two drug efflux pumps, P-gp and

Modulation of P-gp activity by dexamethasone

Chemosensitivity assayhe effect of dexamethasone,
a glucocorticoid previously shown to up-regulate P-gp
expression in hepatoma cells (Zhao et al.,, 1993), on
vincristine cytotoxicity was investigated in GPNT cells
using the MTT cell viability assay (Fig. 4). GPNT cells
pretreated with dexamethasone (20 for 3 days) were
significantly less susceptible to vincristine cytotoxicity
with EC5, values of 1.17+ 0.24 ug/ml compared with
control values of 0.33= 0.01 ug/ml (n = 27 from three
independent assayp, < 0.05). Thus, treatment with
dexamethasone leads to an increase in resistance of
GPNT cells to the cytotoxic effect of the P-gp substrate
vincristine.

P-gp activity and expressiof.o investigate whether
the protective effect of dexamethasone was the result of
a modulation of P-gp function in GPNT cells, we mea- time (h)
sured the accumulation of vincristine after treatment with
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dexamethasone (LM) for various intervals or after a ks

72-h treatment with dexamethasone at various concen- 200 - E o g & &= =

trations (1-0.01uM). Dexamethasone concentrations et e

used were in the range of concentrations used by Zhao et SRS P S < — Pop
al. (1993) and Fardel et al. (1993). As shown in Fig. 5A, 133:

[3H]vincristine accumulation was decreased in GPNT §O - = e e— e - - e 710

cells as early & 1 h following treatment with JuM o
dexamethasone. The decrease in vincristine uptake Waé:IG' 5. A: Effect of dexamethasone treatment on vincristine
ccumulation in GPNT cells. Confluent GPNT cells were treated
even more_ pronounced after the cells ha_d been expose or increasing intervals with dexamethasone (10~¢ M), and ac-
for longer intervals to dexamethasone, with a maximum cumulation of [*H]vincristine was measured. B: Effect of dexa-
at 72 h leading to a 50% decrease in vincristine uptake. methasone treatment on P-gp expression in GPNT cells. Protein
A 50% decrease in vincristine accumulation was also samples of control cells and dexametha?one-tr)eated cells were
: . obtained as described. Protein samples (25 ug) were loaded on
observed after treatment with 0M dexamethasone’ a SDS-polyacrylamide gel electrophoresis and transferred to a
30% decrease was observed after treatment with 0.01pitrocellulose membrane for successive blotting with anti-P-gp

uM (data not shown). The increased drug efflux activity €219 and anti-ezrin antibody.
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This high expression correlated also with a high P-gp
activity, as shown by drug accumulation as well as drug
permeability studies. Agents known to inhibit P-gp drug

%g = = efflux activity, cyclosporin A and verapamil, induced
2s " significant increase in intracellular accumulation of the
2 E 1ol ** - cytotoxic P-gp substrates vincristine and colchicine; this
82 increase was severalfold higher than that previously re-
S E ported with human or rat brain endothelial cells in pri-
> ol mary culture (Regina et al., 1998; Seetharaman et al.,

1998). In addition, apical-to-basal transcellular transport

of vincristine across GPNT monolayers was found to be

0.0

extremely low, confirming the high efficiency of P-gp in
these cells. Indeed, the permeability coefficient of GPNT
cells for vincristine P, = 2.67 X 1072 cm min %) is
close to the permeability coefficient of the in vitro BBB
model mentioned above, consisting of bovine brain en-

== control
=3 dex B
= dex+PKC inhibitor

2o | ==PKcinhibitor dothelial cells cocultured with astrocyteB (= 2.41

ge —T— - X 1073 cm min~Y) (Fenart et al., 1998).

> o e GPNT cells did not appear to contain detectable levels
cE | of the multidrug transporter Mrpl. In addition, the accu-

- QO . . .

23 kel mulation of vincristine, a known substrate of both trans-

gg porters P-gp and MRP, was not affected by the specific
>

MRP inhibitor indomethacin, confirming that GPNT
cells did not express MRP activity. Although Mrpl has
0 been found to be expressed and functional in a mouse
brain capillary endothelial cell line (Kusuhara et al.,

FIG. 6. Effect of PKC modulation on vincristine accumulation in

GPNT cells. Confluent cells were cultivated for 24 h with serum-
free medium supplemented with 1% BSA. A: GPNT cells were
preincubated for 1 h with TPA (160 nM) or dexamethasone (dex)
or with TPA (160 nM) overnight with or without a further 1-h dex
incubation. B: Cells were preincubated with the PKC inhibitor
bisindolylmaleimide GF 109203X (0.1 wM) for 1 h with or without
a further 1-h incubation with dex. Cells were washed with PBS,
medium was changed to medium without modulators, 10 nM
[BH]vincristine was added, and the uptake was measured after a
1-h incubation. Data are mean = SEM (bars) values, in pmol of
vincristine/mg of protein measured in the cells, of one represen-
tative experiment performed in quadruplicate.

1998) and in primary bovine brain endothelial cells
(Huai-Yun et al., 1998), this activity likely reflects arti-
factual overexpression of the Mrpl protein due to in vitro
culture conditions. Likewise, in human brain endothelial
cells, MRP1 expression has not been observed in freshly
isolated capillaries, whereas MRP expression/activity
could be demonstrated in primary cultured cells grown
from those capillaries (Seetharaman et al., 1998). In a
previous report, we also observed a weaker Mrpl expres-
sion in freshly isolated rat brain capillaries than in the
corresponding cultured endothelial cells derived from

these capillaries (Regina et al., 1998). This weak Mrpl

expression in isolated capillaries could be demonstrated
Mrp1, in the immortalized rat brain endothelial cell line  only when 100ug of protein was loaded on the gel.
GPNT. We demonstrated that P-gp was highly expressedFurthermore, Mrp1 expression was reduced, and MRP
and active in these cells, whereas no expression or ac-activity was not observed anymore in these endothelial
tivity of Mrp1 was found. We analyzed the regulation of cells cocultured with astrocytes, corresponding to en-
P-gp activity by the glucocorticoid dexamethasone, and hanced differentiation of cultured brain endothelial cells
we showed that in the GPNT model, dexamethasone (Regina et al., 1998). Thus, high expression/activity of
increased P-gp activity, without inducing any increase in P-gp and absence of Mrpl expression/activity would
protein expression, but probably by a mechanism involv- indicate that the GPNT cell line may be a useful model
ing PKC activity. for analyzing P-gp properties at the BBB.

It has been reported that culture conditions induce The ability of dexamethasone to modulate physiolog-
down-regulation of P-gp expression in brain endothelial ical P-gp activity is of clinical interest. Indeed, glucocor-
cells (Barrand et al., 1995; Regina et al., 1998). In a ticoids are usually included in chemotherapy regimens
previously described BBB in vitro model using bovine for the treatment of brain tumors, because of their ca-
brain endothelial cells in primary culture, coculture with pacity to reduce brain tumor-associated vascular perme-
astrocytes was necessary to induce an increased expresability and cerebral edema. Tumor-associated cerebral
sion of P-gp (Feart et al., 1998). It is interesting that edema is a consequence of vascular endothelial growth
P-gp expression was much higher in GPNT cells than in factor production by brain tumor cells. Indeed, vascular
the parent GP8 cell line and that this high expression was endothelial growth factor acts on endothelial cells by
maintained through~45 doublings (15 passages) in solo inducing neoangiogenesis and by increasing vascular
cultures, at a level close to the in vivo situation. permeability (Roberts and Palade, 1995). One mecha-
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nism by which dexamethasone reduces brain edema in-gether, these results suggest that, in rat brain endothelial
volves the reduction of permeability factor expression by cells, dexamethasone increases P-gp drug efflux activity
tumor cells. Indeed, dexamethasone has already beerby increasing PKC-mediated phosphorylation of P-gp.
shown to reduce vascular endothelial growth factor ex-  In conclusion, we have shown that GPNT cells retain
pression by tumor cells (Heiss et al., 1996; MacHein et a P-gp and Mrpl expression pattern close to that of BBB
al., 1999). Another possible mechanism for dexametha- endothelial cells in vivo. These cells express a highly
sone to reduce brain edema would be a direct effect onactive P-gp, which can be further activated by glucocor-
endothelial cells. Previous results using the GPNT cell ticoid treatment, possibly through PKC-dependent P-gp
line have indicated that treatment with dexamethasone phosphorylation. Taking into account the advantages of a
may induce further differentiation of this cell line toward stable immortalized cell line in solo culture over a co-
a BBB phenotype (I. A. Romero et al., manuscript in culture of primary cells, in terms of large-scale produc-
preparation). Indeed, the permeability to low-molecular- tion and standardization, the GPNT cell line model can
weight tracers was decreased, and the pattern of expresbe considered as a valuable in vitro model to investigate
sion of the tight junction protein ZO-1 appeared contin- the passage of P-gp-dependent drugs into brain paren-
uous after dexamethasone treatment. In the presentchyma or the modes of regulation of P-gp activity.
study, dexamethasone treatment increased GPNT resis-

tance to the cytotoxic drug vincristine, together with
higher P-gp activity. However, such an increase in P-gp
activity was not associated with up-regulation of P-gp
expression, suggesting posttranslational regulation in
agreement with previous observations in primary cul-
tures of rat hepatocytes (Chieli et al., 1994). These re-
sults suggest an induction of P-gp activity and BBB REFERENCES

characteristics in dexamethasone-treated brain endothe- _ _
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