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Abstract-P-glycoprotein (P-gp) is expressed at high levels in a variety of non-cancerous tissues such as the 
endothelial cells of the blood-brain barrier (BBB) capillaries. These thin capillaries tightly regulate the move- 
ment of substrates from the circulating blood into the brain. P-gp may be involved in the exclusion of various 
drugs from the capillary endothelial cells, blocking their entry into the brain. However, interactions of drugs with 
P-gp expressed in brain capillaries remain to be characterized. We have performed photoaffinity labeling studies 
using [‘251]arylazidoprazosin (IAAP) to evaluate the inhibitory efficiency of various compounds. Cyclosporin A 
(CsA) and its (derivative PSC 833 (PSC) were the most effective inhibitors of IAAP binding among the drugs 
tested. The magnitude of inhibition was: PSC > CsA > quinidine > vinblastine > verapamil > actinomycin D > 
colchicine > re:serpine > bilirubin > doxorubicin > progesterone. Cremophor El, the vehicle used to administer 
CsA and PSC intravenously, was also able to inhibit IAAP photolabeling of P-gp. Labeling experiments were 
also performed using a photoactivatable [3H]CsA derivative. Photolabeling of P-gp with this compound was 
abolished almclst completely by CsA and PSC. In vivo studies were also performed by treating rats with CsA [ 10 
mg/(kg . day) ‘for 10 days]. Following this treatment, no alteration in the level of P-gp expression in brain 
capillaries war. observed. These results suggest that, at the proper dosage. administration of CsA to cancer 
patients could help to enhance the response of brain tumors to chemotherapeutic agents without modifying the 
intrinsic level ‘of P-gp expression in this tissue. 
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Clinical resistance to ‘chemotherapeutic agents is a major 
problem in the treatment of many cancers. One form of 
resistance, termed MDR”, is defined by the ability of 
cancer cells to become resistant to a variety of structur- 
ally unrelated cytostatic agents [ 1,2]. This phenomenon 
is characterized by the overexpression of a glycoprotein, 
P-gp, at the surface of cancer cells [3]. P-gp is the prod- 
uct of the mdr genes and is believed to function as an 
energy-dependent drug efflux pump [4, 51. 

P-gp is also expressed in non-cancerous tissues, such 
as the endothelial cellls of the BBB capillaries [6-lo]. 
The endothelial cells of the brain capillaries are respon- 
sible for the barrier properties of the BBB. These capil- 
laries possess tight inierendothelial cell junctions, sparse 
pinocytic vesicular transport and an absence of pores or 
fenestrations [ 111. This barrier protects the brain from 
many exogenous toxins and sudden fluctuations in the 
levels of systemic substances. Hydrophobic antitumor 
agents, such as Vinca alkaloids and AdriamycinB, and 
lipid-soluble compounds, such as CsA, cannot accumu- 
late in the brain [ 12, 131. It has been proposed that P-gp 
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expressed in the BBB capillaries is responsible for 
the extrusion of these compounds from the endothelial 
cells [7]. 

The class I isoform is the major form of P-gp ex- 
pressed in brain capillaries [14, 151. In immunohisto- 
chemical studies, P-gp has been shown to be expressed 
on the luminal membrane of those endothelial cells [7]. 
In vitro studies performed with cultured cells have dem- 
onstrated that P-gp of capillary endothelial cells trans- 
ports vincristine and CsA [9, 161. Recently, evidence of 
a direct implication of P-gp in the barrier functions of the 
BBB has been provided by generation of mice homozy- 
gous for a disruption of the class I isoform (mdr3) [ 141. 
Injection of vinblastine to these mice lacking cellular 
expression of P-gp resulted in elevated drug levels in 
many tissues, especially in the brain. Thus, P-gp con- 
tributes to the barrier functions of the BBB by extruding 
compounds that are potentially toxic to the brain from 
the capillary endothelial cells. 

The fact that P-gp plays such a role in the BBB cap- 
illaries also suggests that this protein is responsible for 
the lack of responsiveness of brain tumors to chemother- 
apy. Many studies have been performed in order to find 
compounds able to inhibit P-gp activity and restore sen- 
sitivity of cancerous cells to chemotherapeutic agents. 
The in vitro revertant activity of calcium-channel block- 
ers, calmodulin inhibitors, antiarrhythmics, antimalari- 
als, steroids, immunomodulators and antibiotics has 
been widely evaluated [17]. Among these compounds, 
CsA, an immunosuppressive cyclic undecapeptide of 
fungal origin, and its non-immunosuppressive analog, 
PSC, have been found to be very effective agents in 
reversing MDR [ 18, 191. CrEl, which is the vehicle used 
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to dissolve CsA and PSC, has also potential chemosen- 
sitizing properties [20, 211. However, interaction of 
drugs with P-gp expressed in brain capillaries remains to 
be characterized. 

In this study, we have performed photoaffinity label- 
ing experiments using IAAP and a photoactivatable CsA 
derivative (SDZ-[‘HI-205-536) to characterize the inter- 
action of various drugs with P-gp expressed in BBB 
capillaries. Among the drugs tested, CsA and PSC were 
the most effective inhibitors of IAAP and SDZ-[3H]- 
205-536 photolabeling. We also treated rats with CsA 
[lo mg/(kg . day) for 10 days] to see if this compound 
could modulate the in viva expression of P-gp in brain 
capillaries. Following this treatment, no alteration in the 
level of P-gp expression was observed. These results 
suggest that, at proper dosage, CsA and its non-immu- 
nosuppressive derivative, PSC, could be effective in re- 
versing the chemoresistance of brain tumors, in vivo. 

MATERIALS AND METHODS 

Chemicals 

Monoclonal antibody C219 (mAb C219) was pur- 
chased from ID Laboratories (London, Ontario). Horse- 
radish peroxidase-conjugated rabbit anti-mouse anti- 
body, enhanced chemiluminescence (ECL) reagents, and 
NCS tissue solubilizer were from Amersham (Oakville, 
Ontario). IAAP (2200 Ci/mmol) and En3Hance were 
purchased from DuPont-New England Nuclear 
(Markham, Ontario). Cyclosporin A, PSC 833, and the 
photoactivatable CsA derivative SDZ-[3H]-205-536 
(19.6 uCi/pg) were provided by Sandoz Pharma Ltd. 
(Base& Switzerland). All other reagents were from the 
Sigma Chemical Co. (St. Louis, MO). 

Isolation of brain capillaries 

Capillaries were isolated from Sprague-Dawley male 
rats. The brains were cleared of meninges, superficial 
large blood vessels and choroid plexus. The cerebral 
cortex was homogenized in 5 vol. of PB composed of 
147 mM NaCI, 4 mM KCl, 3 mM CaCI,, 1.2 mM 
MgCl,, 5 mM glucose, 15 mM HEPES-Tris, pH 7.4, 
with a Polytron homogenizer (Brinkmann Instruments, 
Rexdale, Ontario). The homogenates were mixed with 
an equal volume of 31% (w/v) Dextran T-70 in PB. 
Brain capillaries were then purified according to the pro- 
cedure of Dallaire et al. [22]. The final pellets containing 
isolated microvessels were resuspended in PB and stored 
in liquid nitrogen until used. y_Glutamyhranspeptidase 
activity was assayed using a slight modification of the 
method described by Orlowski and Meister [23] to eval- 
uate enrichment factors of each preparation. Protein con- 
tent was determined in all experiments using the method 
of Bradford [24]. 

Detection of P-gp 

P-gp was detected by western blot analysis. SDS- 
PAGE was performed according to the method of Laem- 
mli [25]. Brain capillaries were resuspended in sample 
buffer to a final protein concentration of 1 mg/mL and 
loaded on 6.0 or 7.5% acrylamide/bis-acrylamide (29.1: 
0.9) gels, without prior heating. The proteins were trans- 
ferred electrophoretically to 0.45~pm pore size Immo- 
bilon-P membranes (Millipore, Bedford, MA). Blots 
were blocked overnight at 4”, with 5% (w/v) nonfat 
powdered milk in TBS containing 50 mM Tris-HCI, 150 

mM NaCI, 0.3% (w/v) Tween-20, pH 7.0. The mem- 
branes, washed three times with TBS, were incubated 
with the mAb C219 (200 ng/mL) for 2 hr at 37’. The 
antibody was diluted in TBS containing 1% (w/v) BSA. 
Horseradish peroxidase-conjugated rabbit anti-mouse 
antibody was used as secondary antibody. Detection was 
made with ECL reagents according to the manufactur- 
er’s instructions. The blots were exposed to preflashed 
Fuji films. 

PhotoaJiniry Labeling with MAP 

Capillary proteins (50 pg) were incubated with 20 nM 
IAAP in a reaction buffer containing 20 mM Tris-HCl, 
pH 8.0, and proteinase inhibitors (2 pg/mL aprotinin, 10 
pg/mL pepstatin A, and 100 pg/mL bacitracin). The in- 
cubation was carried out for 1 hr at 25” in the dark and 
followed by cross-linking under a Spectroline UV lamp 
(Fisher Scientific, Montrbal, Quebec) at 254 nm for 5 
min at 4”. The unincorporated radioactive prazosin an- 
alogue was removed by centrifugation (8000 g, 10 min). 
The labeled P-gp was recovered by immunoprecipitation 
with mAb C219. Immunoprecipitation was carried out 
for 16 hr at 4” in 0.25 mL of Buffer A (50 mM Tris-HCI, 
150 mM NaCl, 0.1% (w/v) SDS, 1% (w/v) Triton X-100, 
0.5% (w/v) deoxycholate, pH 7.4). Immune complexes 
were isolated by incubation for 2 hr at 25” with protein 
A-Sepharose beads, followed by two washes in Buffer 
A, one wash in buffer containing 50 mM Tris-HCl, 150 
mM NaCl, 0.01% (w/v) SDS, 0.1% (w/v) Triton X-100, 
0.05% (w/v) deoxycholate, pH 7.4, and two final washes 
in buffer containing 50 mM Tris-HCl, 150 mM NaCI, 
pH 7.4. The beads were then resuspended in Laemmli 
sample buffer and electrophoresed on a 6.0% SDS-poly- 
acrylamide gel. The gels were exposed to preflashed 
Kodak films with an intensifying screen (Picker, Mon- 
treal, Quebec) at -80” for 2-4 weeks. 

Photo&i&y labeling with a photoactivutable 
CsA derivative 

Capillary proteins (100 pg) were incubated with the 
photoactivatable CsA derivative SDZ-[3H]-205-536 (0.6 
uCi) in a reaction buffer containing 20 mM Tris-HCl, 
pH 7.4. The incubation was carried out for 1 hr at 25” in 
the dark and followed by cross-linking under a UV lamp 
at 254 nm for 10 min at 4”. The unincorporated radio- 
active CsA analogue was removed by centrifugation 
(8000 g, 10 min). The pellets were resuspended in 20 
mM Tris-HCI, pH 7.4. Laemmli sample buffer was then 
added, without boiling the samples. The proteins were 
separated using a 6.0 or 7.5% polyacrylamide gel. In 
some experiments, P-gp was immunoprecipitated with 
mAb C219 using the protocol described for the IAAP 
photolabeling experiments. The gels were stained with 
Coomassie Brilliant blue, sliced in 2-mm strips, and 
placed in individual vials. The strips were then treated 
with NCS tissue solubilizer, and the radioactivity was 
measured by liquid scintillation counting. 

Cyclosporin treatments 

Sprague-Dawley rats weighing 300-350 g were 
treated daily with S.C. injections of CsA. CsA was used 
in PB with 15% (w/v) CrEI and 3% (w/v) ethanol. Two 
different control groups were used in the experiments: 
the first group (Ctl) received only PB and the second 
group (CrEI) received the CsA vehicle (PB, CrEl and 
ethanol). Rats were injected with PB, CrEl or CsA [ 10 
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mg/(kg . day)] for 10 days. The rats were decapitated 24 
hr after the last injection, and capillaries were purified 
from the brain cortex. Whole blood concentrations of 
CsA were determined using a fluorescence polarization 
monoclonal antibody assay (Abbott Laboratories, Ab- 
bott Park, IL). 

Densitometric and s,fatistical analyses 

The absorbance of the bands obtained from western 
blot analysis and from photolabeling studies were eval- 
uated with an LKB Ultrascan XL densitometer. Molec- 
ular mass determination was performed using the fol- 
lowing standards: myosin (200 kDa), @galactosidase 
(116 kDa), phosphorylase b (97 kDa), bovine serum al- 
bumin (66 kDa), and ovalbumin (43 kDa). Statistical 
analyses were made with a paired Student’s t-test, using 
the StatView program and a Macintosh computer. 

RESULTS 

Inhibition of IAAP photolabeling with various drugs 

Capillary proteins were incubated with increasing 
concentrations of IAAP and cross-linked under UV light. 
P-gp was immunoprecipitated with mAb C219. A pro- 
tein with a molecular mass of 155 kDa corresponding to 
P-gp was photolabeled with IAAP (Fig. 1). The amount 
of photolabeled P-g:p was directly proportional to the 
amount of IAAP use’d between 5 and 30 nM. According 
to these results, an IAAP concentration of 20 nM was 
chosen for drug inhibition studies since photolabeled 
P-gps could be well visualized when exposing the gels to 
preflashed Kodak films for 2-3 weeks. 

Several agents were tested for their ability to inhibit 
IAAP photolabeling of P-gp (Fig. 2). Photolabeling was 
performed in the presence of a lOO-fold molar excess of 
various compounds without preincubation of the brain 
capillaries with the drugs. At this concentration, proges- 
terone, doxorubicin and bilirubin inhibited poorly the 
labeling of P-gp. Verapamil, vinblastine, quinidine, CsA 
and PSC were the most effective inhibitors of the pho- 
tolabeling of P-gp. The efficiency of each agent is sum- 
marized in Table 1. 

Since CsA and PSC were the most effective agents 
tested, the inhibition of IAAP labeling was further char- 
acterized by perfomling photoaffinity labeling experi- 
ments in the presence of increasing concentrations of 

Ctl Vbl Qui Ver CsA PSC 

Ctl Dox AcD Col Bil Prg Res 

P%P + 

Fig. 2. Photoaffrnity labeling of P-gp in the presence of various 
drugs. Protein samples (50 ug) from brain capillaries were in- 
cubated with IAAP (20 nM) and cross-linked with UV light. 
P-gp was immunoprecipitated with mAb C219, and the gels 
were exposed to Kodak films. Photolabeling was performed in 
the presence of 2% (w/v) ethanol (Ctl), which was the vehicle 
used to dissolve the drugs, or in the presence of a lOO-fold 
molar excess of vinblastine (Vbl). quinidine (Qui). verapamil 
(Ver), cyclosporin A (CsA), PSC 833 (PSC), doxorubicin 
(Dox), actinomycin D (AcD), colchicine (Co]), bilirubin (Bil), 
progesterone (Prg) and reserpine (Res). These inhibition studies 
were performed without preincubation of the brain capillaries 

with the drugs. (N = 2.) 

these drugs (Fig. 3A and 4A). The concentrations of CsA 
and PSC that inhibited IAAP photolabeling of P-gp by 
50% UC,,) were 26.9- and 4.3-fold molar excess, respec- 
tively, as determined by densitometric analysis of the 
autoradiograms (Fig. 3B and 4B). 

Inhibition of IAAP photolabeling by CrEl 

Inhibition studies were also performed with CrEl, the 
vehicle that is widely used clinically to administer CsA 
intravenously. A concentration of 0.001% (w/v) of CrEl 

Table 1. Effects of various drugs on IAAP photoaffinity label- 
ing of P-gp expressed in brain capillaries 

Agent 
IAAP photoaffinity labeling of P-gp 

(% of control) 

0 1 5 10 15 20 30 nM 

Fig. 1. Photoaffinity labeling of P-gp as a function of IAAP 
concentration. Protein samples (50 pg) from brain capillaries 
were incubated in the presence of 0, 1.5, 10, 15.20, and 30 nM 
IAAP for 60 min at 25” and irradiated at 254 nm for 5 min with 
a UV light. P-glycoprot,cin was immunoprecipitated with mAb 
C219, and the gels were exposed to pretlashed Kodak films. 

(N = 2.) 

Control 
Progesterone 
Doxorubicin 
Bilirubin 
Reserpine 
Colchicine 
Actinomycin D 
Verapamil 
Vinblastine 
Quinidine 
Cyclosporin A 
PSC 833 

100 
78.4+ 3.1 
75.8 + 10.7 
69.6 + 12.7 
59.6+ 5.3 
56.5 + 10.0 
56.2 f 1.5 
32.7 z!z 5.9 
32.0+ 3.0 
30.0+ 2.8 
18.9t 5.5 
14.3 t 6.7 

The photolabeling of P-gp with IAAP was performed in the 
presence of lOO-fold molar excess of various drugs, as de- 
scribed in Materials and Methods. The absorbance of the pho- 
tolabeled protein bands was estimated with an LKB Ultroscan 
XL densitometer. The relative area of the bands is expressed as 
a percentage of the total amount of the photolabeled protein 
detected in the absence of drugs. Values represent means * SD 
for two experiments. 
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0 1 10 100 1000 molar ity was measured. This CsA derivative photolabeled a 
t excess protein of 155 kDa from the brain capillaries, and this 

labeling was abolished almost totally in the presence of 
a IOO-fold molar excess of vinblastine, quinidine, CsA 
or PSC (Fig. 6). 

B. CsA chronic treatment 
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Fig. 3. Inhibition of IAAP labeling with CsA. (A) Protein sam- 
ples (50 pg) from brain capillaries were incubated with IAAP 
(20 nM) and cross-linked with UV light. P-gp was immunopre- 
cipitated with mAb C219, and the gels were exposed to Kodak 
films. Photolabeling was performed in the presence of 2% (w/v) 
ethanol (0), or l-, lo-, lOO-, and lOOO-fold molar excess of 
CsA. These inhibition studies were performed without preincu- 
bation of the brain capillaries with the drugs. (B) The absor- 
bance of the photolabeled protein bands was estimated with an 
LKB Ultroscan XL densitometer. The relative area of the bands 
is expressed as a percentage of the total amount of the photo- 
labeled protein detected in the absence of drug. Values repre- 

sent means f SD for two experiments. 

tively, as determined by densitometric analysis of the 
autoradiograms (Fig. 3B and 4B). 

Inhibition of IAAP photolabeling by CrEl 

Inhibition studies were also performed with CrEl, the 
vehicle that is widely used clinically to administer CsA 
intravenously. A concentration of 0.001% (w/v) of CrEl 
inhibited IAAP photolabeling of P-gp by more than 50% 
(Fig. 5A). This inhibition was not due to UV light ab- 
sorption by CrEl since, at the lowest concentration where 
inhibition occurred, there was no significant absorbance 
by CrEl. Almost no UV light absorption could be mea- 
sured at a CrEl concentration ranging from 0.0001 to 
0.01% (w/v) (Fig. 5B). 

Photolabeling of P-gp with the [3H]CsA analog 

Labeling experiments were also performed on brain 
capillaries using the photoactivatable CsA derivative 
SDZ-[3H]-205-536. Capillary proteins were photola- 
beled with the [‘H]CsA analog and cross-linked under 
UV light, and P-gp was immunoprecipitated with mAb 
C219. The immune complexes were separated by gel 
electrophoresis, the gels were sliced, and the radioactiv- 

Interaction of CsA with P-gp expressed in brain cap- 
illaries was investigated further by treating rats with 
daily S.C. injections of CsA [lo mg/(kg . day)] for 10 
days. Trough CsA blood concentration, measured 24 hr 
after the last injection, was 1927 f 240 pg/L. Control 
rats were injected with PB or with the vehicle CrEl (eth- 
anol 3% and CrEl 15% in PB) for the same period of 
time as the CsA-treated rats. Capillaries were isolated 
from cerebral cortex 24 hr after the last injection. y-Glu- 
tamyltranspeptidase activity was measured in the ho- 
mogenate and the isolated brain capillaries to evaluate 
the purity of the preparations. The enrichment of y-glu- 
tamyhranspeptidase activity in the brain capillaries pre- 
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Fig. 4. Inhibition of IAAP labeling with PSC. (A) Protein sam- 
ples (50 pg) from brain capillaries were incubated with IAAP 
(20 nM) and cross-linked with UV light. P-gp was immunopre- 
cipitated with mAb C219, and the gels were exposed to Kodak 
films. Photolabeling was performed in the presence of 2% (w/v) 
ethanol (0). or l-, lo-, lOO-, and IOOO-fold molar excess of 
PSC. These inhibition studies were performed without preincu- 
bation of the brain capillaries with the drug. (B) The absorbance 
of the photolabeled protein bands was estimated with an LKB 
Ultroscan XL densitometer. The relative area of the bands is 
expressed as a percentage of the total amount of the photola- 
beled protein detected in the absence of drug. Values represent 

means f SD for two experiments. 
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Fig. 5. Inhibition of IAAP labeling with CrEl. (A) Protein sam- 
ples (50 pg) from brain capillaries were incubated with IAAP 
(20 nM) and cross-linked with UV light. P-gp was immunopre- 
cipitated with mAb C219, and the gels were exposed to Kodak 
films. Photolabeling was performed in the presence of 0, 
0.0001, 0.001, 0.01, 0.1, 1, and 10% (w/v) CrEl. These inhibi- 
tion studies were performed without preincubation of the brain 
capillaries with the CrEl. (B) The absorbance of the photola- 
beled protein bands was estimated with an LKB Ultroscan XL 
densitometer. The relative area of the bands is expressed as a 
percentage of the total iamount of the photolabeled protein de- 
tected in the absence of CrEl (H). The absorbance of CrEl 
under UV light (254 nm) was measured with a spectrophotom- 
eter to verify if the inhibition of IAAP labeling observed was 
due to intrinsic UV light absorption of CrEl (0). Values rep- 

resent means f SD for two experiments. 

pared from the PB-, CrEl- and CsA-treated rats was 34.2 
* 4.9, 28.5 + 5.9 and 30.9 rf. 8.6, respectively. 

The weak inhibition obtained with progesterone and 
doxorubicin, at the concentration tested, is consistent 
with results obtained in cancer cells where a lO,OOO-fold 
molar excess of progesterone and doxorubicin was 
needed to produce 67 and 69% inhibition of P-gp pho- 
tolabeling with IAAP, respectively [27]. Progesterone 
has been shown to have a higher affinity for P-gp class 
II isoform than for the class I isoform [28]. Since we 
have shown that class I is the dominant isoform ex- 
pressed in brain capillaries [ 151, this may explain the 
lack of inhibition by progesterone reported here. Doxo- 
rubicin has been reported to inhibit poorly photolabeling 
of P-gp by another probe, [3H]azidopine [29], a finding 
that is consistent with our results. 

P-gp expression in brain capillaries isolated from the Reserpine, colchicine and actinomycin D inhibited 
different groups was evaluated by western blot analysis. moderately the IAAP photolabeling of P-gp expressed in 
Capillary proteins were solubilized with 1% (w/v) Triton brain capillaries. These results are in agreement with 
X-100 and 0.5% (w!v) deoxycholate and centrifuged, IAAP photolabeling inhibition studies performed with 
and the supematant was used for immunoblot analysis. vincristine-resistant human neuroblastoma cells [30]. 
This solubilization step was performed because mAb Verapamil, vinblastine and quinidine inhibited photola- 
C219 reacts with two proteins of the brain capillaries; beling of P-gp with good efficiency. Vinblastine has 
P-gp and an unrelated 190-kDa protein [15, 261. In con- been shown to be transported by P-gp and to inhibit with 
trast with P-gp, the I90-kDa protein is not solubilized high efficiency the IAAP photolabeling of P-gp [27,3 I]. 
with these detergents. Following this procedure, mAb Verapamil and quinidine are compounds known to in- 
C219 detected a protein of 155 kDa in capillaries iso- teract with P-gp and reverse MDR [17]. Although these 
lated from all groups (Fig. 7A). The absorbances of the compounds are very potent inhibitors of IAAP photola- 
immunoreactive bands were evaluated with a laser den- beling, CsA and PSC showed an even higher efficiency. 
sitometer. A correction was applied to the amount of PSC was at least 6 times more potent than CsA in in- 
P-gp detected in brain capillaries isolated from each hibiting IAAP photolabeling of P-gp. PSC is a non-im- 

group, in order to compare the levels of expression di- 
rectly. This was done by dividing the scanned area of the 
autoradiograms by the enrichment factor of each prepa- 
ration. The groups treated with PB were considered as 
the control groups, and levels of P-gp were expressed as 
a percentage of those obtained for this control. P-gp 
expression levels were not significantly different (P > 
0.14) in capillaries isolated from groups treated with PB, 
CrEl or CsA (Fig. 7B). 

Photoaffinity labeling studies using IAAP or the pho- 
toactivatable CsA derivative SDZ-[3H]-205-536 were 
also performed on brain capillaries isolated from each 
group (Fig. 8). The amount of photolabeled P-gp in the 
CsA-treated groups was not significantly higher than the 
amount of photolabeled P-gp detected in the PB and the 
CrEl groups. 

DISCUSSION 

It has been shown that mice lacking cellular expres- 
sion of P-gp accumulate elevated levels of vinblastine in 
many tissues, especially the brain, demonstrating the in- 
volvement of P-gp in the barrier functions of the BBB 
[14]. Finding compounds able to inhibit this drug efflux 
pump would help to establish new chemotherapeutic ap- 
proaches for the treatment of brain tumors. We have 
used IAAP, a photoaffinity probe previously shown to 
label P-gp overexpressed in MDR cell lines [27], to 
study the interaction of drugs with P-gp expressed in 
BBB capillaries. Photolabeling of P-gp with IAAP was 
inhibited by various drugs. At a IOO-fold molar excess, 
the efficiency of these compounds was in the order: PSC 
> CsA > quinidine > vinblastine > verapamil > actino- 
mycin D > colchicine > reserpine > bilirubin > doxoru- 
bicin > progesterone. 
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Fig. 6. Photolabeling of P-gp with the [3H]CsA analog. Protein samples (100 pg) from brain capillaries were 
incubated in the nresence of a 0.84 t&l concentration of the nhotoactivatable CsA derivative SDZ-[3H]-205-536 
(0.6 PCi), and cioss-linked with iV light. P-gp was imminoprecipitated using mAb C219. The immunopre- 
cipitated complexes were separated by SDS-PAGE using a 7.5% polyacrylamide gel. The gels were sliced in 
2-mm strips, and each fraction was placed in an individual vial. The strips were then treated with NCS tissue 
solubilizer, and the radioactivity was measured by liquid scintillation counting. Labeling was performed in the 
presence of 2% (w/v) ethanol (Cd) or lOO-fold molar excess of vinblastine (Vbl), quinidine (Qui), cyclosporin 

A (CsA) or PSC 833 (PSC). (N = 2.) The size of the molecular weight standards is indicated by arrows. 

munosuppressive analog of CsA and has been reported 
to be up to 20-fold more potent than CsA in reversing 
MDR in cancer cells [32-341. Our results support the 
assertion that PSC is one of the most potent agents tested 
so far to inhibit P-gp in virro. 

The potency of CrEl as an inhibitor of IAAP photo- 
labeling of P-gp has also been tested since this com- 
pound has been shown to reverse the MDR phenotype in 
cancer cells [20, 211. CrEl is a nonionic surfactant con- 
taining polyethoxylated castor oil. It is used to solubilize 
many hydrophobic drugs, including CsA and PSC. At 
low concentrations (0.001 to O.l%), CrEl inhibited 
IAAP photolabeling of P-gp with very good efficiency. 
CrEl, at a similar concentration, has been reported to 
enhance the sensitivity of tumor bearing mice to Adria- 
mycin [21]. These results suggest that CrEl used as a 
carrier for CsA or PSC in clinical trials has the potential 
to enhance the reversal of MDR mediated by these 
agents. 

The interaction of CsA with P-gp expressed in brain 
capillaries was further investigated by treating rats with 
CsA for 10 days. The S.C. route was chosen since it 
provides reproducible and steady CsA blood levels with 

little variation over a 24-hr period in rats [35]. Following 
this treatment, neither CsA nor CrEl altered significantly 
the level of P-gp expression in brain capillaries. Al- 
though CsA is highly lipophilic, the accumulation of this 
compound into the cerebral compartment is extremely 
low [ 13,361. It has been suggested that the active efflux 
of CsA by P-gp present in the luminal membranes of 
brain capillaries is responsible for the low penetration of 
CsA into the brain [ 161. We have show that CsA directly 
interacts with P-gp expressed in this tissue since this 
protein was photolabeled with the [3H]CsA derivative. 
This labeling was inhibited by CsA, PSC, vinblastine, 
and quinidine. However, chronic administration of CsA 
to rats did not alter the intrinsic level of P-gp expressed 
in brain capillaries even though the CsA blood levels 
reached were adequate for MDR modulation [37]. 

In vitro studies on the modulation of P-gp expression 
by CsA have yielded contradictory results. An increase 
in P-gp expression in human colon carcinoma cell lines 
following treatment with verapamil, nifedipine, and CsA 
has been reported [38]. However, no modulation of P-gp 
expression was observed with sublines of the EMT6 
mouse tumor cell line grown in the presence of various 
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Fig. 7. lmmunodetectiou of P-gp in brain capillaries following 
CsA chronic treatment. Rats were treated with daily S.C. injec- 
tions of PB (Ctl). CrEl or 10 mg/(kg . day) of CsA for 10 days. 
Rats were killed 24 hr after the last injection, and brain capil- 
laries were isolated from the three different rat groups. (A) 
Brain capillaries were solubilized with 1% (w/v) Triton X-100 
and 0.5% deoxycholate for 30 min and centrifuged at 8000 g for 
10 min. Protein samples (10 pg) from the supematant were 
resolved by SDS-PAGE using a 6% polyacrylamide gel and 
immunoblots were performed using mAb C219, as described 
under Materials and Methods. (B) The immunoreactive bands 
were analyzed with a laser densitometer and the relative area is 
expressed as a percentage of the total amount of the immuno- 
reactive protein present in the capillaries isolated from the PB- 
treated rats (Ctl). Values were corrected for the enrichment 
factor of each preparatic’n and represent means f SEM for four 

different treatments. 

concentrations of CsA [39]. These different results may 
be explained by the CsA dosage used, the intrinsic level 
of P-gp expression in different cell lines, or physiolog- 
ical and morphological differences between tissues and 
cell lines. These factors have been shown to influence 
the relative sensitization of resistant cell lines in vitro 
[40]. This is an important issue since increased levels of 
P-gp expression following administration of an MDR 
reversing agent could alter the efficiency of therapeutic 
regimens. The lack of induction of P-gp expression in 
brain capillaries suggest that CsA has the potential to 
enhance the accumulation of chemotherapeutic agents 
into the cerebral compartment and may be useful in pa- 
tients with brain tumors. 

expression in BBB capillaries. These results suggest 
that, at the proper dosage, administration of CsA or PSC 
to patients with brain tumors could help to enhance the 
response of their tumors to chemotherapeutic agents. 

In conclusion, CsA and PSC were, among several 
agents tested, the most effective inhibitors of photola- 
beling of P-gp expressed in brain capillaries. Chronic 
treatment of rats with CsA did not alter the level of P-gp 
BP 50:10-G 
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Fig. 8. Photolabeling of P-gp following CsA chronic treatment. 
Rats were treated with daily S.C. injections of PB (Ctl), CrEl or 
10 mg/(kg . day) of CsA for 10 days. Rats were killed 24 hr 
after the last injection, and brain capillaries were isolated from 
the three different rat groups. (A) Protein samples (50 pg) from 
brain capillaries were incubated with IAAP (20 nM), and cross- 
linked with UV light. P-gp was immunoprecipitated with mAb 
C219, and the gels were exposed to Kodak films. Photolabeling 
was performed on brain capillaries isolated from 3 rat groups, 
for 4 different treatments. (B) Protein samples (30 pg) from 
brain capillaries were incubated with the photoactivatable CsA 
derivative SDZ-[3H]-205-536 (0.6 pCi), cross-linked with UV 
light, and separated by SDS-PAGE using a 6.0% polyacryl- 
amide gel. The gels were stained with Coomassie Brilliant blue 
and sliced in 2-mm strips. The strips were treated with NCS 
tissue solubilizer. and the radioactivity was measured by liquid 
scintillation counting. Data are means of a representative ex- 
periment performed in triplicate. The size of the molecular 

weight standards is indicated by arrows. 
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