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Efflux transport systems for drugs at
the blood-brain barrier and
blood-cerebrospinal fluid barrier

(Part 1)

Hiroyuki Kusuhara and Yuichi Sugiyama

Penetration through the blood-brain barrier (BBB) and blood-

cerebrospinal fluid barrier (BCSFB) is necessary if a drug is to achieve

the required concentration for a desired pharmacological effect. Efflux

transport systems at the BBB and BCSFB provide a protective barrier

function by removing drugs from the brain or cerebrospinal fluid and

transferring them to the systemic circulation, respectively; several

transporters at the BBB and BCSFB have been identified. Efflux transport

should be taken into consideration during drug development to improve

brain penetration and to avoid drug-drug interactions involving these

transporters and subsequent side effects.
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v Brain capillary endothelial cells (BCEC)
and the choroid plexus, also known as the
blood-brain barrier (BBB) and blood-cerebro-
spinal fluid barrier (BCSFB), are interfaces that
separate the brain parenchyma and cerebro-
spinal fluid (CSF) from the systemic circu-
lation, respectively. These barriers restrict the
penetration of drugs and toxic substances
from the circulating blood into the CNS. As a
consequence, some drugs cannot achieve a
concentration sufficient to exert their desired
pharmacological effects.

The surface area of the BBB has been esti-
mated to be 5000-fold greater than that of
the BCSFB, and therefore the BBB is consid-
ered to be the main route for the uptake of
endogenous and exogenous ligands into the
brain parenchymal-4. The brain capillaries are
characterized by tight junctions and the
paucity of fenestra and pinocytotic vesicles
(Fig. 1)+-4. By contrast, the capillary in the
choroid plexus does not have tight junctions

and is more leakyl-4, whereas choroid epi-
thelial cells are connected to each other by
tight junctions (Fig. 1)14. These anatomical
features minimize the non-specific perme-
ation of xenobiotics via the paracellular route,
such that BCECs and choroid epithelial cells
act as static walls. Compounds circulating in
the blood must penetrate the brain via the
transcellular route and, therefore, molecules
with a low intrinsic permeability across the
lipid bilayer, either because of having a large
MW or high hydrophilicity, exhibit poor brain
penetration.

Levin demonstrated that there is a positive
correlation between the lipophilicity of 27 se-
lected compounds and their ability to cross
the BBB (Fig. 2)5. However, there are drugs
that exhibit poor brain penetration despite
their high lipophilicity, for example, the anti-
neoplasmics doxorubicin and vincristine
(Fig. 2)5. The poor brain distribution of these
compounds was difficult to explain by the sta-
tic wall concept alone, and this led to the pro-
posal that efflux transport systems exist at the
BBB and BCSFB barriers and actively eliminate
drugs from the brain. As a result, the total up-
take of drug into the brain parenchyma and
CSF is reduced. Because transporter-mediated
efflux is a saturable process, non-linearity in
the penetration of drugs into the CNS is likely
to occur. Drug-drug interactions are also
possible through the inhibition of efflux
transporters. Brain penetration of drugs that
pharmacologically target the CNS could
therefore be improved either by co-adminis-
tering suitable inhibitors or by modifying the
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Figure 1. Schematic diagrams of the blood-brain barrier [BBB, (a)] and blood-cerebrospinal fluid barrier [BCSFB (b)]. The tight junction is a
specific feature of brain capillary endothelial cells and choroid epithelial cells. It minimizes the penetration of drugs from circulating blood
into the brain parenchyma and cerebrospinal fluid via the paracellular route. Therefore, drugs have to penetrate the CNS transcellularly.
These barriers restrict the penetration of drugs that have low intrinsic permeability across the lipid bilayer because of their high MW and/or
high hydrophilicity. This leads to poor drug distribution in the brain. Both brain capillary endothelial cells and choroid epithelial cells
provide a barrier function to protect the CNS and are referred to as the blood-brain barrier and the blood-cerebrospinal fluid barrier,
respectively. Transporters play an important role in restricting the penetration of drugs into the CNS by removing them into the circulating
blood. (c) shows the mechanisms of transport that occur in the blood capillaries of other tissues where cell-cell junctions are not as tight as

in the BBB and BCSFB. Abbreviation: CSF, cerebrospinal fluid.

drug so that it is not recognized by the efflux transporter.
Whether poor brain penetration of a drug is attributed to
poor membrane permeability or active efflux should be in-
vestigated further to be understood during drug develop-
ment.

This review focuses on the role of transport systems at
the BBB and BCSFB barriers. Other reviews dealing with
similar topics have also been published-46.7,

Brain efflux index (BEI) method: evaluating efflux
transport

An intracerebral microinjection technique that measures
the fraction of drug remaining in the brain is a simple
method to evaluate efflux transport. Two studies have
characterized the efflux transport of 1-naphthyl-17p-glu-
curonide (N173G) and a cyclic peptide, RC160 (a somato-
statin analogue), following their microinjection into the
cerebral cortex of rats and mice, respectively, and meas-
urement of the radioactivity of N17p3G or RC160 remaining
in the braing®. The injection site was examined (parietal
cortex area 2, hippocampal fissure, entorhinal cortex, field
CA2 of Ammon’s Horn and frontal cortex) and a volume of
0.2-2 pl/rat of radioactive compound was microinjected
into the cerebral cortex10. To correct for any inter-individ-
ual differences in the quantity of injected drug, a reference
compound, [14C]carboxy-inulin, [3H]inulin or [*4Clinulin,
was co-administered with the test compounds.10. Depending
on the injection site, the radioactivity of [14C]carboxy-
inulin associated with CSF specimens ranged from 2% to

60% of the total injected radioactivity of [14C]carboxy-in-
ulin?0, Increasing the volume of the injection reduces the
recovery of [14C]carboxy-inulin in the brain, from 70% to
509%10. Parietal cortex area 2 and 0.2 pl appeared to be the
optimal injection site and injection volume, respectively20.
No significant reduction in recovery of [*4C]carboxy-inulin
and [3BH]mannitol in the ipsilateral cerebrum was observed
following microinjection, suggesting that leakage is only a
minor contribution to the total efflux from the braino.

p-Aminohippurate (PAH) is a low-MW, hydrophilic or-
ganic anion. The efflux of [3H]JPAH from the brain is rapid
after injection; the elimination half-life being 20 min
(Fig. 3a)11. The elimination is saturated at high concen-
trations and an apparent K, (Michaelis-Menten constant)
value for the efflux of PAH (determined by using concen-
trations of non-radiolabeled PAH in the injectate), was
2.4 nmol/0.2 pl injectate (Fig. 3b)!l. Administration of un-
labeled PAH to the CSF did not affect the elimination of
[3BH]PAH from the brainil. These results support the hy-
pothesis that PAH elimination after microinjection into
the cerebral cortex occurs mainly via the BBB in a carrier-
mediated manner, and that the BEI method is a good
approach for evaluating efflux via the BBB11. The efflux
transport of the cyclic peptide BQ123 (an endothelin-
receptor antagonist), taurocholate (TCA, a bile acid),
quinidine (an anti-arrhythmic drug), HSR903 (a quinolone
antibiotic), azidodeoxythymidine (AZT) and dideoxyinosin
(DDI) (both antiviral agents) has been characterized by this
method?12-15,
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Figure 2. The positive correlation between the lipophilicity
(octanol-water partition coefficient /v molecular weight) and
the permeability coefficient across the blood-brain barrier (BBB)
is shown. The permeability coefficients of 27 compounds were
evaluated in vivo using the single time point method. The

drugs were administered intravenously to rats, and plasma
concentrations measured between 0 and 6 min. The permeability
coefficient was then obtained from the concentration of drug in
the brain, the area under the plasma concentration-time curve
and the surface area of the BBB. Based on these data, a strategy
that increases a compound’s lipophilicity has been adopted in
drug development to improve brain penetration. However, as
shown, doxorubicin, epipodophylotoxin, vincristine and
bleomycin did not fit this correlation. This led to the hypothesis
that transporter-mediated efflux transport across the BBB might
occur. Reproduced, with permission, from Ref. 5.

Multispecific transporters expressed at the CNS barriers
Efflux transporters: P-glycoprotein

There are two isoforms of human P-glycoprotein (P-gp)
that are referred to as MDR1 and MDR2 (also called MDR3).
There are three isoforms in mouse: Mdrla (Mdr3), Mdrlb
(Mdr1) and Mdr26.16-18. Human MDR1 and mouse Mdrla
and Mdr1b are primary active transporters that have broad
substrate specificity for compounds such as vinca alkaloids
and anthracyclines, and as a result they confer multidrug
resistance to tumor cells (Table 1)¢.16-18, Human MDR2 and
mouse Mdr2 are flippases for phosphatidylcholine on the
canalicular membrane of the liver and these do not confer
multidrug resistance®16-18. Although P-gp is an efflux trans-
porter, it decreases not only the steady-state accumulation
but also the uptake of colchicine, vinblastine, etoposide
and daunorubicin at an early phase9.20, This phenomenon
is also observed in vivo. In mdrla-deficient CF-1 mice, the
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brain uptake determined at an early phase using the brain
perfusion technique was significantly increased, which is
consistent with a previous observation in vitro2l. The
precise molecular mechanism for this has not yet been elu-
cidated; it has been proposed that P-gp might act as a
‘hydrophobic vacuum cleaner’, in that the substrates are
recognized and extruded directly from the plasma mem-
brane before entering the cytoplasm®.16-18,

P-gp is also expressed in organs associated with elimi-
nation processes such as the liver and the kidney16.18.22,
and with barriers restricting the penetration of xenobiotics
into cells in the small intestine, testes and placenta23-26,
Immunohistochemical studies have revealed that P-gp is
expressed on the brain capillary and localized on the lumi-
nal membrane23.27-30, which is consistent with the locali-
zation of P-gp on primary cultured BCECs or immortalized
BCECs28.31, However, Pardridge and colleagues have
demonstrated overlapping expression of P-gp with glial
fibril acidic protein (GFAP, a marker protein for astrocytes),
but not with GLUT-1 (a glucose transporter expressed on
BCECs), in human brain tissues. This suggests that P-gp is
expressed on the astrocyte, but not on the BCECS32. The
role of P-gp on the BBB has been investigated in vitro and
in vivo and is discussed in Part 2 of this review.

Western blot analysis demonstrated the expression of
P-gp on the choroid plexus, and the band corresponding
to P-gp was not detected in Mdrla/Mdrlb double knockout
mice33:34. In contrast to the BBB, there is no staining in cap-
illaries of the human choroid plexus23. P-gp is localized
sub-apically on primary cultured rat choroid epithelial
cells, but the localization of P-gp in vivo remains to be iden-
tified33. Considering the direction of P-gp mediated trans-
port, substrates of P-gp might be taken up into the CSF.
After intravenous administration of doxorubicin and
99mTc-sestamibi (a radiolabelled pharmaceutical) to non-
human primates and rats, respectively, the CSF concen-
tration was low compared with the concentration in
blood33:34, These results could be attributed to the active ef-
flux mediated by multidrug resistance-associated protein-1
(MRP1) on the basolateral membrane, because these com-
pounds are also substrates of MRP135. The physiological
relevance of P-gp in choroid epithelial cells therefore
remains unclear.

Efflux transporters: multidrug resistance-associated protein 1
The multidrug resistance-associated protein-1 (MRP1) is a
primary active transporter that transports conjugated
metabolites such as glutathione- and glucuronide-conju-
gates (Table 1)1836.37, MRP1 confers multidrug resistance to
anticancer drugs, such as doxorubicin, daunorubicin,
epirubicin, vincristine, vinblastine and etoposidel8.36.37, |n
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MRP1 is expressed and localized on
the basal membrane of testis Sertoli
cells and the basolateral membrane of
lung epithelial cells40.41, Western blot
analysis has demonstrated that MRP1
is expressed in the enriched membrane
fraction of human and rat choroid
plexus and whole cell lysate of mouse
choroid plexus, and Mrpl has been
localized to the basal membrane of pri-
mary cultured rat choroid epithelial
cells33. The presence of expression of
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Figure 3. (a) The time-profile of the remaining fraction of [3H]PAH in the brain after
microinjection into the parietal cortex area 2 region is shown. 100-BEI (%) represents the
recovery of [3H]PAH corrected by that of a marker compound, [14C] carboxy inulin.

MRP1 on the BBB is debatable. Western
blot analysis and RT-PCR suggest that
MRPL1 is expressed on isolated rat brain
capillaries, primary cultured bovine
BCECs and immortalized mouse
BCECs42-44. However, Seetharaman and

Drug DiscoveryToday

The elimination half-life of [3H]PAH from the brain was ~20 min. (b) Concentration-
dependence for the efflux of [3H]PAH after microinjection is shown. The efflux was
evaluated in the presence of 0.2, 2, 5, 10 or 20 nm/0.2pl injectate non-radiolabeled PAH
in the injectate. The apparent K, value was determined to be 2.4nmol/0.2pl injectate by
fitting to the Michaelis-Menten equation. Because the efflux of [3H]PAH from the brain
exhibited saturation, the involvement of an efflux transport system is suggested.
Reproduced, with permission, from Ref. 11. Abbreviation: V,, velocity of efflux.

coworkers report that no expression of
MRP1 was detected in isolated human
brain capillary by immunohistochemi-
cal staining?®, whereas expression of
P-gp and platelet-endothelial cell
adhesion molecule-1 (PECAM-1; an

endothelial marker) was clearly de-

contrast to conjugated metabolites, the reduced form of
glutathione is required for any ATP-dependent uptake of
vincristine in membrane vesicles prepared from cells ex-
pressing MRP136.38, Correspondingly, reduced-glutathione
transport via MRP1 is also stimulated by vincristine and
verapamil, suggesting that MRP1 co-transports vincristine
and reduced-glutathione3e.

tected?d. In addition, no significant
immunohistochemical staining was reported in mouse
brain4s. The expression of MRP1 is greater in bovine brain
homogenate and bovine primary cultured BCECs than in
brain capillary43. This contradictory evidence for the ex-
pression of MRP1 on BCECs could be because of contami-
nation of the capillary fraction with parenchymal cells, the
level of which might vary between laboratories.

Table 1. Substrates of primary active transporters at the blood-brain and blood-cerebrospinal fluid barriers

Primary active transporter Species Substrate examples

Mdrla Mouse

Asimadoline, cyclosporin A, digoxin, glucocorticoids, etoposide,

Refs

14, 15, 21,

vinblastine, indinavir, ivermectin, loperamide, morphine, phenytoin,
verapamil, vecuronium, anti-emetics, anthracyclines

MDR1 Human

Anthracyclines, B-adrenoceptor blockers, aldosterone, cyclosporin A,

6, 16,18

glucocorticoids, vinca alkaloids, digoxin, diltiazem, glucuronide

MRP1

MRP5

Human

Human

conjugates, etoposide, ivermectin, loperamide, methotrexate,
morphine, anti-emetics, calcium-channel blockers, phenytoin,
ranitidine, rapamycin, rhodamine-123, HIV protease inhibitors

Glucuronide and glutathione conjugates?,
3-a-sulfatolitho-cholyltaurine, vincristine

cAMP, cGMP, glutathione conjugates, fluorochrome

18, 36-39

47,48

aln the presence of glutathione.
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Table 2. Substrates of secondary and tertiary active transporters for organic anions at the blood-brain and

blood-cerebrospinal fluid barriers

Secondary/tertiary  Species
active transporter
(organic anions)

Substrate examples Refs

Oatpl Rat Opioid agonists, glucuronide conjugates, estrone sulfate, ochratoxin A, 49, 50
ouabain, pravastatin, N-(4,4-azo-n-pentyl)-21-deoxyajmalinium, rocuronium

Oatp2 Rat Biotin, bile acids, dehydroepiandrosterone and estrone sulfates, digoxin, 49, 50
opioid agonists, ouabain, pravastating, N-(4,4-azo-n-pentyl)-21-
deoxyajmalinium, rocuronium

OATP/OATP A Human Bile acids, sulfobromophthalein, estrone sulfate, deltorphin Il, N-(4,4-azo-n- 49, 50
pentyl)-21-deoxyajmalinium, [D-pen 2,5]enkephalin, N-methyl-quinidine,
N-methyl-quinine, rocuronium

Oatl Rat Cidofovir, dideoxynucleotides, glutarate, urate, indomethacin, methotrexate, = 54-56
ochratoxin A, salicylates, p-aminohippurate, prostaglandin E,

OAT1 Human p-aminohippurate

Oat3 Rat Cimetidine, estrone sulfate, ochratoxin A, p-aminohippurate 54-56

aOnly in oocytes.

Zhang examined the expression of

MRP1-MRPG on primary cultured | cerebrospinal fuid Benzylpenicilin

bovine BCECs and the capillary en- E,178G Phenol red

riched fraction, and the expression of LTC4 Fluorescein

MRP1, MRP4, MRP5 and MRP6 was Estrone sulfate Riboflavin 24D

demonstrated both in the primary cul-
tured cells and in the capillary enriched
fraction4é. Recently, MRP5 was shown
to accept glutathione conjugates and
cyclic nucleotides as substrates47.48,
However, further studies are required
to confirm their expression at the BBB.

Uptake transporters: organic anion
transporting polypeptide

The organic anion transporting
polypeptide (Oatp) family has been
characterized as a multispecific organic
anion transporter (Table 2). Generally,
members of the Oatp family accept
amphipathic organic anions such as
TCA and estradiol-17B-glucuronide
(E,17BG) as substrates49:50, Rat Oatpl
and Oatp2, and human OATP A, have
been shown to be expressed at the BBB
and BCSFB51-53, In the rat choroid
plexus, immunohistochemical stain-
ing localized Oatpl to the brush-
border membrane of the choroid
plexus, and Oatp2 to the basolateral
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Figure 4. A possible scheme for efflux transporter systems for organic anions at the
blood-cerebrospinal fluid barrier of the rat is shown. Oatpl and Oatp2 are expressed on
the brush-border and basolateral membrane, respectively. MRP1 expressed on the
basolateral membrane is considered to actively eliminate glutathione conjugates and
glucuronides that are formed in the choroid epithelial cells. They are considered to be
responsible for the efflux transport of estradiol-17B-glucuronide (E173G) and 1-naphthyl-
17B-glucuronide. Although the molecular mechanisms have not yet been identified, the
uptake systems for benzylpenicillin and 2,4 D are suggested to be different from Oatpl.
Abbreviations: OA, organic anion; Oatpl, organic anion transporting polypeptide 1;
Oatp2, organic anion transporting polypeptide 2; Oat, organic anion transporter 1;
Mrp1, multidrug resistance associated protein 1; UGT, UDP-glucuronosyl transferase; GST,
glutathione transferase; LTC,, leukotriene C,; 2,4D, 2,4-dichlorophenoxyacetate.
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membranes152 (Fig. 4). Using P-gp and GFAP as markers for
the luminal membrane of the BCEC and the interface
between the abluminal membrane of the BCEC and the
astrocyte foot, respectively, double immunofluorescence
staining revealed that Oatp2 is expressed on both the lu-
minal and abluminal membrane of the BCEC in rat brains2.
In humans, immunohistochemical staining of brain tissue
suggested that OATP A is expressed in the brain capillaries,
although its localization has not been confirmed>5s.
Because Oatp2 can mediate bi-directional transport, in-
volvement in both uptake and efflux is possible. Localization
of Oatp2 at the luminal membrane of the BBB suggests that
substrates of Oatp2 are absorbed by the brain from sys-
temic blood. However, the distribution volume of TCA,
determined using the in situ brain perfusion technique, is
close to the capillary volume and adherent water volume,
that is, the volume of a non-brain-permeable marker, in
the rat!3. Further studies are therefore required to reveal
the mechanism of Oatp2 transport.

Uptake transporters: organic anion transporter

The organic anion transporter 1 (OAT1) is a multispecific
transporter that accepts small, hydrophilic, organic anions
such as PAH (Table 2). Northern blot analysis has shown
that both OAT1 and OAT3 (Table 2) are expressed in the rat
brain, although their localization in the brain has not been
determined>4-56. A transport feature of OATL1 is its trans-
stimulation by dicarboxylate, which was also observed in
the brush-border membrane vesicles of the choroid
plexus54-57, It is therefore hypothesized that OAT1 is local-
ized to the brush-border membrane of the choroid plexus
and is responsible for the efflux transport of 2,4-
dichlorophenoxyacetate (2,4 D) from the CSF57. According
to in vivo studies using the BEI technique, there is an efflux
transport system for PAH at the BBB11. Because PAH is a
typical substrate for members of the OAT family34-56, OAT1
and/or its related protein(s), such as OAT3, are expected to
be responsible for the uptake of PAH from the brain to the
BCEC.

In Part Two of this article we present an overview of the
in vitro and in vivo studies that have been used to examine
transports at the BBB and BCSFB, and refer to the trans-
porter that we have described here.

References

1 Pardridge, W. (1995) Transport of small molecules through the blood-
brain barrier: biology and methodology. Adv. Drug Deliv. Rev. 15, 5-36

2 Terasaki, T. and Hosoya, K. (1999) The blood-brain barrier efflux
transporters as a detoxifying system for the brain. Adv. Drug Deliv. Rev.
36, 195-209

3 Suzuki, H. et al. (1997) Role of efflux transport across the blood-brain
barrier and blood-cerebrospinal fluid barrier on the disposition of
xenobiotics in the CNS. Adv. Drug Deliv. Rev. 25, 257-285

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

research focus | reviews

Tsuji, A. and Tamai, 1. (1999) Carrier-mediated or specialized transport
of drugs across the blood-brain barrier. Adv. Drug Deliv. Rev. 36,
277-290

Levin, V.A. (1980) Relationship of octanol/water partition coefficient
and molecular weight to rat brain capillary permeability. J. Med. Chem.
23, 682-684

Schinkel, A.H. (1999) P-Glycoprotein, a gatekeeper in the blood-brain
barrier. Adv. Drug Deliv. Rev. 36, 179-194

Spector, R. (2000) Drug transport in the mammalian CNS: multiple
complex systems. A critical analysis and commentary. Pharmacology 60,
58-73

Leininger, B. et al. (1991) In vivo study of the elimination from rat brain
of an intracerebrally formed xenobiotic metabolite, 1-naphthyl-p-b-
glucuronide. J. Neurochem. 56, 1163-1168

Banks, W.A. et al. (1994) Saturable efflux of the peptides RC160 and
Tyr-MIF-1 by different parts of the blood-brain barrier. Brain Res. Bull.
35, 179-182

Kakee, A. et al. (1996) Brain efflux index as a novel method of
analyzing efflux transport at the blood-brain barrier. J. Pharmacol. Exp.
Ther. 277, 1550-1559

Kakee, A. et al. (1997) Selective brain to blood efflux transport of para-
aminohippuric acid across the blood-brain barrier: in vivo evidence by
use of the brain efflux index method. J. Pharmacol. Exp. Ther. 283,
1018-1025

Takasawa, K. et al. (1997) In vivo evidence for carrier-mediated efflux
transport of 3'-azido-3'-deoxythymidine and 2',3'-dideoxyinosine across
the blood-brain barrier via a probenecid-sensitive transport system.

J. Pharmacol. Exp. Ther. 281, 369-375

Kitazawa, T. et al. (1998) Efflux of taurocholic acid across the
blood-brain barrier: interaction with cyclic peptides. J. Pharmacol. Exp.
Ther. 286, 890-895

Kusuhara, H. et al. (1997) P-Glycoprotein mediates the efflux of quinidine
across the blood-brain barrier. J. Pharmacol. Exp. Ther. 283, 574-580
Murata, M. et al. (1999) Efflux transport of a new quinolone
antibacterial agent, HSR903, across the blood-brain barrier.

J. Pharmacol. Exp. Ther. 290, 51-57

Oude Elferink, R.P.J. et al. (1995) Hepatobiliary secretion of organic
compounds; molecular mechanisms of membrane transport. Biochim.
Biophys. Acta 1241, 215-268

Safa, A.R. (1996) Multidrug resistance. In Principles Of Antineoplasmic
Drug Development And Pharmacology (Schilsky et al., eds), pp. 457-486,
Marcel Dekker

Kusuhara, H. et al. (1998) The role of P-glycoprotein and canalicular
multispecific organic anion transporter in the hepatobiliary excretion
of drugs. J. Pharm. Sci. 87, 1025-1040

Shalinsky, D.R. et al. (1993) Regulation of initial vinblastine influx by
P-glycoprotein. Br J. Cancer 67, 30-36

Stein, W.D. et al. (1994) Kinetic evidence suggesting that the multidrug
transporter differentially handles influx and efflux of its substrates.
Mol. Pharmacol. 45, 763-772

Dagenais, C. et al. (2000) Development of an in situ mouse brain
perfusion model and its application to mdrla P-glycoprotein-deficient
mice. J. Cereb. Blood Flow Metab. 20, 381-386

Simons, N.L. et al. (1997) Renal secretion of xenobiotics mediated by
P-glycoprotein: importance to renal function in health and
exploitation for targeted drug delivery to epithelial cysts in polycystic
kidney disease. Adv. Drug Deliv. Rev. 25, 243-256

Cordon-Cardo, C. et al. (1989) Multidrug-resistance gene
(P-glycoprotein) is expressed by endothelial cells at blood-brain barrier
sites. Proc. Natl. Acad. Sci. U. S. A. 86, 695-698

Hunter, J. and Hirst, B.H. (1997) Intestinal secretion of drugs. The role
of P-glycoprotein and related drug efflux systems in limiting oral drug
absorption. Adv. Drug Deliv. Rev. 25, 129-157

Hughes, C.S. et al. (1998) Modulation of doxorubicin concentration by
cyclosporin A in brain and testicular barrier tissues expressing
P-glycoprotein in rats. J. Neurooncol. 37, 45-54

155



reviews | research focus DDT Vol. 6, No. 3 February 2001

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Lankas, G.R. et al. (1998) Placental P-glycoprotein deficiency enhances resistance protein in human lung cancer and normal lung. Clin. Cancer
susceptibility to chemically induced birth defects in mice. Res. 4, 2279-2289

Reprod. Toxicol. 12, 457-463 42 Huai-Yun, H. et al. (1998) Expression of multidrug resistance-associated
Thiebaut, F. et al. (1987) Cellular localization of the multidrug- protein (MRP) in brain microvessel endothelial cells. Biochem. Biophys.
resistance gene product P-glycoprotein in normal human tissues. Res. Commun. 243, 816-820

Proc. Natl. Acad. Sci. U. S. A. 84, 7735-7738 43 Regina, A. et al. (1999) Dexamethasone regulation of P-glycoprotein
Tsuji, A. et al. (1992) P-glycoprotein as the drug efflux pump in activity in an immortalized rat brain endothelial cell line, GPNT.
primary cultured bovine brain capillary endothelial cells. Life Sci. 51, J. Neurochem. 73, 1954-1963

1427-1437 44 Kusuhara, H. et al. (1998) Characterization of efflux transport of
Seetharaman, S. et al. (1998) Multidrug resistance-related transport organic anions in a mouse brain capillary endothelial cell line.
proteins in isolated human brain microvessels and in cells cultured J. Pharmacol. Exp. Ther. 285, 1260-1265

from these isolates. J. Neurochem. 70, 1151-1159 45 Wijnholds, J. et al. (2000) Multidrug resistance protein 1 protects the
Sugawara, |. et al. (1990) Specialized localization of P-glycoprotein choroid plexus epithelium and contributes to the blood-cerebrospinal
recognized by MRK16 monoclonal antibody in endothelial cells of the fluid barrier. J. Clin. Invest. 105, 279-285

brain and the spinal cord. Jpn J. Cancer Res. 81, 727-730 46 Zhang, Y. et al. (2000) Expression of various multidrug resistance-
Tatsuta, T. et al. (1992) Functional involvement of P-glycoprotein in associated protein (MRP) homologues in brain microvessel endothelial
blood-brain barrier. J. Biol. Chem. 267, 20383-20391 cells. Brain Res. 876, 148-153

Pardridge, W.M. et al. (1997) Brain microvascular and astrocyte 47 Jedlitschky, G. et al. (2000) The multidrug resistance protein 5
localization of P-glycoprotein. J. Neurochem. 68, 1278-1285 functions as an ATP-dependent export pump for cyclic nucleotides.
Rao, V.V. et al. (1999) Choroid plexus epithelial expression of MDR1 J. Biol. Chem. 275, 30069-30074

P-glycoprotein and multidrug resistance-associated protein contribute 48 Wijnholds, J. et al. (2000) Multidrug-resistance protein 5 is a

to the blood-cerebrospinal-fluid drug-permeability barrier. Proc. Natl. multispecific organic anion transporter able to transport nucleotide
Acad. Sci. U. S. A. 96, 3900-3905 analogs. Proc. Natl. Acad. Sci. U. S. A. 97, 7476-7481

Warren, K.E. et al. (2000) Effect of P-glycoprotein modulation with 49 Muller, M. and Jansen, P.L. (1997) Molecular aspects of hepatobiliary
cyclosporin A on cerebrospinal fluid penetration of doxorubicin in transport. Am. J. Physiol. 272, G1285-G1303

non-human primates. Cancer Chemother. Pharmacol. 45, 207-212 50 Meier, PJ. et al. (1997) Substrate specificity of sinusoidal bile acid and
Hendrikse, N.H. et al. (1998) 99mTc-sestamibi is a substrate for organic anion uptake systems in rat and human liver. Hepatology 26,
P-glycoprotein and the multidrug resistance-associated protein. 1667-1677

Br. J. Cancer 77, 353-358 51 Angeletti, R.H. et al. (1997) The choroid plexus epithelium is the site of
Loe, D.W. et al. (1996) Biology of the multidrug resistance-associated the organic anion transport protein in the brain. Proc. Natl. Acad. Sci.
protein, MRP. Eur. J. Cancer 32A, 945-957 U. S. A. 94, 283-286

Hipfner, D.R. et al. (1999) Structural, mechanistic and clinical aspects of 52 Gao, B. et al. (1999) Localization of the organic anion transporting
MRPL1. Biochim. Biophys. Acta 1461, 359-376 polypeptide 2 (Oatp2) in capillary endothelium and choroid plexus
Stride, B.D. et al. (1997) Pharmacological characterization of the murine epithelium of rat brain. J. Histochem. Cytochem. 47, 1255-1264

and human orthologs of multidrug-resistance protein in transfected 53 Gao, B. et al. (2000) Organic anion-transporting polypeptides mediate
human embryonic kidney cells. Mol. Pharmacol. 52, 344-353 transport of opioid peptides across blood-brain barrier. J. Pharmacol.
Mao, Q. et al. (2000) Functional reconstitution of substrate transport by Exp. Ther. 294, 73-79

purified multidrug resistance protein MRP1 (ABCC1) in phospholipid 54 Inui, K.1. et al. (2000) Cellular and molecular aspects of drug transport
vesicles. J. Biol. Chem. 275, 34166-34172 in the kidney. Kidney Int. 58, 944-958

Wijnholds, J. et al. (1998) Multidrug resistance protein 1 protects the 55 Burckhardt, G. and Wolff, N.A. (2000) Structure of renal organic anion
oropharyngeal mucosal layer and the testicular tubules against drug- and cation transporters. Am. J. Physiol. 278, F853-F866

induced damage. J. Exp. Med. 188, 797-808 56 Sekine, T. et al. (2000) The multispecific organic anion transporter
Wright, S.R. et al. (1998) Immunohistochemical detection of multidrug (OAT) family. Pflugers Arch. 440, 337-350

Contributions to Monitor

We welcome recommendations of papers for review within Monitor, in the fields of combinatorial chemistry, pharmacoge-
nomics, pharmacoproteomics, bioinformatics, new therapeutic targets, high throughput screening, new drug delivery
technologies and other promising lines of research. Details of recent papers or those in press should be directed to Dr Debbie
Tranter, Editor, Drug Discovery Today, Elsevier Science London, 84 Theobald’s Road, London, UK WC1X 8RR. tel: +44 (0) 20
7611 4132, fax: +44 (0) 7611 4485, e-mail: deborah.tranter@current-trends.com

Contributions to Profiles

We welcome contributions for the Profiles series, which gives a commentary on promising lines of research, new technol-
ogies and progress in therapeutic areas. Articles should provide an accurate summary of the essential facts together with an
expert commentary to provide a perspective. Brief outlines of proposed articles should be directed to the Monitor Editor (see
below). Articles for publication in Monitor are subject to peer review and occasionally might be rejected or, as is more often
the case, authors might be asked to revise their contribution. The Monitor Editor also reserves the right to edit articles after
acceptance.

All suggestions or queries relating to Monitor should be addressed to Dr Debbie Tranter, Editor, Drug Discovery Today,
Elsevier Science London, 84 Theobald’s Road, London, UK WC1X 8RR. tel: +44 (0)20 7611 4132, fax: +44 (0)7611 4485,
e-mail: deborah.tranter@current-trends.com

156



